
International 
Indian Ocean 

Expedition

Collected reprints V III P ub lished  upon  th e  recom m endation
of th e  Scientific C om m ittee  on O ceanic R esearch (SCOR)
and  th e
In te rg o v e rn m en ta l O ceanographic Com m ission (IOC)

U nesco, Paris 1972



International Indian Ocean Expedition. Collected reprints V III

á#CHW ^.



Copyright in each paper reprinted in this 
collected edition remains in the possession 
of each author and publisher, from whom 
permission to reproduce has been obtained.

Collected edition published in 1972 by the United Nations 
Educational, Scientific and Cultural Organization,
Place de Fontenoy. 75 Paris-7e
Printed by Les Presses Saint-Augustin, Bruges

SC.71/D.37.8/AFSR 
Printed in Belgium



Preface

The eighth and last volume of collected reprints of 
the International Indian Ocean Expedition consists of 
papers received by Unesco between January 1970 and 
July 1971.

For convenience of presentation the papers have 
been grouped, in a very approximate classification, 
under the following main headings :

I. Marine biology;
II. Physical oceanography and marine meteorology;

III. Marine chemistry;
IV. Marine geology and geophysics ;
V. General reports and comments ;

VI. Papers presented by title or abstract only.
Author and subject indexes are now in preparation.
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Abstract
T h i s  p ap er includes 133 diatom  species, m ainly from  shallow w aters and sédiments 
of the C oral, T im or and A rafu ra  Seas and Indonesian  w aters. A few  species have
been described b u t no t figured in previous parts of this series Seven new species
are described and  nam ed and eight species are described bu t no t nam ed, as they 
represent single occurrences.

I n t r o d u c t io n

T h i s  paper, the last in this series, includes species which were collected during 
cruises of H.M.A.S. Gascoyne and H.M.A.S. Diamantina in tropical waters of the 
Indian and south-west Pacific Oceans, as well as a few species which had been 
omitted from the previous parts.

TH E DIATOM  SPECIES 
Sub-Order DISCINEAE 

Family COSCINODISCACEAE 
Genus C o s c i n o s i r a  Gran 1900

1.. Coscinosira oestrupii Ostenfeld (PI. 1, fig. 1; PI. 5, fig. 1).
O stenfeld, 1901, 52.

Cells in chains, cylindrical, w ith  slightly rounded or occasionally concave valves; surface 
w ith irregu lar re ticu la tions; m arginal spinulae absen t; cells united by num erous threads m ore 
or less paralle l to the longitudinal axis. D iam eter 35m.

D i s t r i b u t i o n . Off Timor.

Genus H y a l o d is c u s  Ehr. 1845

2. Hyalodiscus sp. 1 (PI. 1, fig. 2).
Cells in pairs o r solitary, elliptical in g irdle, c ircu lar in valve ■ view ; valves w ith cen tral 

a rea  abou t Ys valve d iam eter, clearly dem arcated  and w ith a verm iculate struc tu re , m arginal 
zone w ith fasciculate rad ia l puncta . D iam eter 40-60/t.

D i s t r i b u t i o n . Bottom sediments o f f  Port Moresby.
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3. Hyalodiscus sp. 2 (PI. 1, fig. 3)
Cells in pairs o r so litary ; elliptical in girdle, c ircu lar in valve view ; surface w ith well-

m arked cen tral area abou t i  d iam eter of valve, irregularly  p u n c ta te ; m arginal a rea  w ith
fasciculate p u n c ta  form ing lines in threé  directions a t  an angle of abou t 30°. P u ncta  are 
coarser than  those of H . stelliger. D iam eter 50-60/1.

D i s t r i b u t i o n . Indonesian w a te r s .

Genus C o s c i n o d i s c u s  Ehr. 1838 
4. Coscinodiscus africanus Janisch (PI. 1, fig. 4).

Jan isch , 1875, 59, 24, 25.
Cells d iscoid; valves flat w ith small, hexagonal areolae rad ia tin g  in narrow  fascicles

from  an  excentric a rea ; areolae uniform  in  size; m arginal spinulae num erous. D iam eter
30-50/1.

D i s t r i b u t i o n . Indonesian area, Arafura Sea, northern Coral Sea (Port 
Moresby area).
5. Coscinodiscus apiculatus Ehr. (PI. 1, fig. 5).

E hrenberg , 1844, 17.
A .S.A. 1886, 64, 5 -8 , 9, 10.

Valves c ircu la r; p u n c ta  in  m ore or less rad ia te  rows; cen tral a rea  hyaline. Close to
C. nitidus. D iam eter 40/*.

D i s t r i b u t i o n . Moresby in shallow sediments.
6. Coscinodiscus gazellae Janisch (PI. 1, fig. 6a, b).

Janisch in A.S.A. 1879, 688, 21, 8.
W ood, Crosby and Cassie 1959, 212, 15, 8.

A large form  referred  to E thm odiscus by H u s te d t.. D epicted by W ood et al. by line 
draw ing only. P late shows fine striate  m arkings.

D i s t r i b u t i o n . Indonesian waters, Arafura Sea, Coral Sea. 
7. Coscinodiscus increscens Karsten (PI. 1, fig. 7).

K arsten  1907, 367, 35, 3, 3a.
Cells discoid; valves slightly convex, hexagonal areolae rad ia ting  from  centre, no 

cen tral area. D iam eter 70-100/*.

D i s t r i b u t i o n . Timor Sea.
8. Coscinodiscus nodulifer Janisch (PI. 1, fig. 8).

Jan isch  in A.S.A. 1886, 59, 21, 23.
K arsten  1907, 36, 6.

Cells discoid; valves raised in the centre, areo late ; areolae sm aller tow ards the m argin 
and w ith a  raised nodule in the centre of the  valve.

D i s t r i b u t i o n . Indonesian waters. 
9. Coscinodiscus obscurus A.S. (PI. 1, fig. 9).

A.S.A. 1886, 61, 16.
Cells solitary; valves circular, w ith large, som ewhat d istan t p u n c ta  w hich are  roughly 

rad ia l and slightly larger halfw ay to m argin  th an  a t centre o r m arg in ; no cen tral a rea  
or rosette. D iam eter 50/*.

D i s t r i b u t i o n . Off Mackay, Queensland. 
10. Coscinodiscus reniformis Castracane (PI. 1, fig. 10).

C astracane 1886, 160, 12, 12.
Stoschia admirabilis Janisch , Gazelle in A.S.A, 140, 17..
S. reniform is H eiden and  K olbe 1928, 476.

V alves irregularly  reniform , one lobe usually larger th an  the o th e r; areolae hexagonal, 
sm all, rad ia ting . L ength , 150-200/*.

D i s t r i b u t i o n .  Indonesia area, Arafura and Coral Seas. 
11. Coscinodiscus senarius A.S. (PI. 1, fig. 11).

A.S.A. 1875, 57, 24.
K arsten  1905, 87, 3, 10.
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Valves convex, coarse areolae in a  triangu lar a rrangem ent one row  of each series 
being rad ia l, and d ividing th a t series from  the ad jacen t triangle of areolae. D iam eter 40-60/*.

D i s t r i b u t i o n . Indonesian w a te r s .

12. Coscinodiscus subtilissimus Karsten (PI. 1, fig. 12).
K arsten  1907, 363, 36, 2, 2a.

Valves convex n ear m argins; otherw ise flat; finely areolate in rad ia l rows; no  central 
a rea  o r rosette. D iam eter 100 to 120/*.

D i s t r i b u t i o n . Indonesian waters. 
13. Coscinodiscus sp. (PI. 1, fig. 13).

A.S.A. 1886, 64, 15.
Valves discoid, m argin  in this specim en apparen tly  slightly c ren a te ; surface flat, punc

ta ta , p u n c ta  random , no central area. D iam eter 45/*.

D i s t r i b u t i o n . Sediments off Port Moresby. 

Genus P l a n k t o n i e l l a  (Wallich) Schütt 1893 

14. Planktoniella formosa (Schimper ex Karsten) Karsten (PI. 1, fig. 14).
K arsten  1928, 146, 218.
H endey 1937, 258.
Valdiviella formosa  Schim per ex K arsten  1907, 369, 39, 12.

Cells discoid, so litary; valves flat w ith hexagonal areolae sim ilar to those of Coscino
discus excentricus and a  broad, c ircu lar wing w ith cham bers separated  by up  to  75 rigid 
rays a ttached  interiorly  to a  ring  outside the valve m argin  and open exteriorly; up p er and 
lower walls w ith rad ia l s tria tion ; junction  of rays and in terio r ring  rounded. D iam eter 
100- 200 /*.

D i s t r i b u t i o n . Indonesian waters and Arafura Sea. 

Family ACTINODISCACEAE 

Genus A c t i n o c y c l u s  Ehr. 1837 em. Ratt. 1890 
15. Actinocyclus alienus Rattray (PI. 1, fig. 15).

R attray  1890, 144.
V alves flat, rounded a t m argins; central space irreg u lar; surface areolate, areolae 

rad ia l to  sub-radial, obscurely fasciculate, secondarily oblique in decussating, outw ardly 
convex rows; narrow  sub-m arginal zone inconspicuous; pseudo-ocellus circular. D iam eter 
100/*.

D i s t r i b u t i o n . Timor Sea.
16. Actinocyclus complanatus Castracane (PI. 1, fig. 16).

C astracane 1886, 145, 4, 9.
R a ttray  1890, 165, 11, 10.

Frustules discoid; valves w ith rounded m argin , c ircu la r; surface puncta te , cen tral space 
subcircular w ith irregularly  arranged p u n c ta ; p u n c ta  rad ia l, finer in m arginal area, 
secondary rows stra igh t o r flexuous, becom ing a rcua te  near m arg in ; pseudonodule distinct, 
m arginal. D iam eter 100/*.

D i s t r i b u t i o n . Sediments at 200m off Port Moresby. 
17. Actinocyclus disseminatus Pantoczek (PI. 1, fig. 17).

Pantoczek 1886-1893, 3, 35.
R a ttray  1890, 141.

Frustules discoid; valves c ircular w ith small cen tral space which is c ircu lar according 
to R a ttray  b u t alm ost triangu lar in the present specim en; surface irregularly  puncta te, 
p u n c ta  larger nearer the  centre, decreasing to m argin , irregularly  arranged, secondary rows 
discernible, oblique. D iam eter 60/*.

D i s t r i b u t i o n . Sediments off Port Moresby. 
18. Actinocyclus dubiosus Karsten (PI. 1, fig. 18).

K arsten  1906, 157, '27, 1, 2.
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Cells solitary, discoid; valves c ircu lar w ith very fine rad ia l areolae and  pear-shaped 
pseudo-ocellus. D iam eter 100/*.

D i s t r i b u t i o n .  Off Mackay, Queensland. 
19. Actinocyclus mirabilis Rattray (PI. 1, fig. 19).

R a ttra y  1890, 159, 11, 16.
Cells d iscoid; valves w ith rounded m arg in ; cen tral space rounded  w ith one or a  few 

puncta , surface w ith rad ia ting  rows of puncta , closer n ear m argin , w ith m inute hyaline in te r
spaces, especially n ear cen tre  and a t  ends of shorter rows. D iam eter 150/*.

D i s t r i b u t i o n .  Indonesian waters. 
20. Actinocyclus ovatus sp. nov. (PI. 1, fig. 20).

Celiae solae; valvae ovate cum  areolis hexangulatis in ordine hexagonale.
Cells solitary, ovate in valve view, discoid in girdle view ; surface w ith uniform  hex

agonal areolae arranged  in three  directions to  give the appearance of an hexagonal system ; 
pseudo-ocellus round , a t apex of oval. D iam eter 30-50/*.

D i s t r i b u t i o n .  Frequent in Indonesian region, Arafura and South Tasman 
Seas. 
21. Actinocyclus pyrotechnicus Deby in Rattray (PI. 1, fig. 21).

R attray  1890, 144, 11, 15.
V alves d iscoid ; surface areolate w ith large cen tra l g ranule o r scattered  sm all granules 

in cen tra l space, decreasing to m arg in  in radial rows w ith hyaline spaces term inating  the 
shorter rows of areolae, and irregu lar subhyaline rows separating  fascicules of areolae; 
pseudonodule n ear m argin  (m ay be absent according to  R a ttra y ). D iam eter 175/*.

D i s t r i b u t i o n .  Phytoplankton in Indonesian waters. 
22. Actinocyclus subocellatus (Grunow) R attray (PI. 1, fig. 22).

R a ttra y  1890, 145.
Coscinodiscus curvatulus v. subocellata  G runow  1884, 83, 4d, 15.
A . curvatulus  Janisch  in A.S.A. 1875, 57, 31.
A . decipiens C astracane 1886.

C en tra l a rea  subcircu lar; areolae hexagonal, slightly sm aller n ear centre  and  m argins, 
in slightly curved, fasciculate and oblique arcuate  secondary rows; pseudonodule circular. 
D iam eter 120-150/*.

D i s t r i b u t i o n .  In sediment at 200m south o f  Port Moresby. 

Genus A c t i n o p t y c h u s  Ehr. 1839 

23. Actinoptychus cathedralis Brun (PI. 2, fig. 23).
B run in A.S.A. 1892, 154, 6.

Sectors 12 to 14; cen tral space c irc u la r ,, slightly depressed; surface areolate giving a
zig-zag p a tte rn , inner stra tum  w ith round , m ore hyaline regions giving a dappled  effect.
D iam eter 50/t.

D i s t r i b u t i o n .  Off Mackay, Queensland. 
24. Actinoptychus maculatus Grove and Sturt (PI. 2, fig. 24).

Grove and  S tu rt in A.S.A. 1892, 132, 18-20.
Valves circular, sectors 8 to 14, cen tral a rea  circular, surface areolate, inner stra tum  

w ith large pores in irregu lar rows giving a dappled  effect. D iam eter 60-80/*.

D i s t r i b u t i o n . Arafura Sea.
25. Actinoptychus trilingulatus (Br.) Ralfs (PI. 2, fig. 25).

R alfs in P ritchard  1861, 840.
A ctinocyclus trilingulatus  Br. 1860, 8, 93.
A.S. 1875, 1, 20.
Boyer 1927, 66.

Valves convex, slightly polygonal; surface finely and evenly a reo late ; sectors wedge- 
shaped ; a lte rn a tin g  sectors have a row of short spines n ear m argin. D iam eter 100/*.

D i s t r i b u t i o n .  Off Mackay, Queensland.
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26. Actinoptychus trifolium Tempére and Brun (PI. 2, fig. 26a-c).
B run e t T em père  1889, 13, 7, 3.
A.S.A. 155, 12.

Cell in  valve view polygonal w ith rounded corners; surface finely areolate, inner layer 
coarsely po ru la te ; in valve view very twisted. D iam eter 120—150/*

D i s t r i b u t i o n . Indonesian w a te r s .

Sub-Order AULISCINEAE 
Family AULISCACEAE 

Genus A s t e r o l a m p r a  Ehr. 1845 

27. Asterolampra dallasiana Greville (PI. 2, fig. 27).
G reville 1860, 115, 4, 10.
A.S.A. 1890, 137, 18.

Cells discoid; valves circular, w ith about 8 wedge-shaped sectors divided by hyaline 
rays, and finely p u n c ta te ; cen tral hyaline area about /•$ d iam eter of valve; sectors joined 
to centre by stra igh t lines. D iam eter 60m.

D i s t r i b u t i o n . Coral Sea; Indian Ocean.

Genus A s t e r o m p h a l u s  Ehr. 1844

28. Asteromphalus cleveanus Grunow (PI. 2, fig. 28).
G runow  in A.S.A. 1875, 38, 13, 14.

Valves m arkedly oval; rays num erous, central hyaline a rea  about ha lf d iam eter of 
valve; sectors fain tly  m arked. D iam eter, 40-60 m.

D i s t r i b u t i o n . Coral Sea; Lake Macquarie.
29. Asteromphalus brookei Bailey (PI. 2, fig. 29).

Bailey 1856, 2, 1, 1.
A.S.A. 1875, 38, 21-23.
Boyer 1927, 73.

Valves circular, rays stra igh t or angled, unb ran ch ed ; segments num erous, w ith m argins 
stra igh t o r curved, about half the radius, the two approxim ate segments w ith m argins 
oblique tow ards cen tre ; areolate, areolae dim inishing from  inner to  ou ter portion  of seg
ments. D iam eter 70-120 m.

D i s t r i b u t i o n . Indian and Pacific Oceans in tropical waters.
30. Asteromphalus heptactis (Brebisson) Ralfs (PI. 2, fig. 30).

R alfs, in P ritchard , 1861, 838.
Boyer 1927, 73.
Spatangidium  heptactis Brebisson 1857, 296.

Valves subcircular, hyaline a rea  excentric. approxim ate rays longer th an  others, which 
are short and zig-zag; hyaline interspace betw een rays has a  lunate  line a t its extrem ity, 
w ith a  small m arginal process; segments coarsely areolate. D iam eter 5 0 -70 m.

D i s t r i b u t i o n . Indian Ocean, Indonesian w a te r s .

31. Asteromphalus-Coscinodiscus (PI. 2, fig. 31 a, b).
O ne valve has the characters of Coscinodiscus excentricus, the o ther of A sterom 

phalus heptactis except th a t the valve appears to be alm ost flat and no t convoluted as in 
typical Asterom phalus  or in the o ther cells of this type described by W ood, 1961, from  
the A ntarctic . Several cells of this type were seen in three samples from  the T im or Sea 
and Indonesian  waters.

Genus S t i c t o d i s c u s  Greville 1861

32. Stictodiscus californicus Greville (PI. 2, fig. 32).
Greville 1861, 9, 79, 10, 1.

Cells discoid; valves c ircular or slightly deform ed; w ith large rad ia l p u n c ta  and broad, 
ra th e r obscure hyaline rays becom ing m ore evident n ear m arg in ; m arg inal p u n c ta  sm aller 
and m ore num erous, rad ia te . D iam eter 40m.
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D i s t r i b u t i o n . Lord Howe Island; Oamaru, fossil (Grove & Sturt 1887, 66). 
33. Stictodiscus hardmanianus Greville (PI. 2, fig. 33).

Greville 1865b, 98, 8, 4.
A.S.A. 1886, 74, 8 ; 131, 5.

Cells discoid, valves c ircu la r; hyaline central a rea ; lines of rad ia tin g  pun c ta  separated  
by hyaline rays; m argin  w ith close rad ia l puncta . D iam eter, 5 0 m .

D i s t r i b u t i o n . Maclean, New South Wales; Oamaru (Gr. & St. 1887, 66). 
34. Stictodiscus harrisonianus (Norm, and Grev.) Castr. (PI. 2, fig. 34).

C astracane 1886, 2, 112.
A.S.A. 1886, 75, 14-16.
Boyer 1927, 71.

V alves c ircular to triangu lar w ith stra igh t o r convex sides and sometimes slightly 
produced angles; rays strong, hyaline, rad ia te  for over half radius, anastom osing, irregular 
towards centre, enclosing coarse p u n c ta ; m arginal pun c ta  rad ia te . D iam eter 60-80/i.

D i s t r i b u t i o n . Indonesian waters. 
35. Stictodiscus simplex, A.S. (PI. 2, fig. 35).

A.S.A. 1886, 74, 11.
Valves c ircu lar; p u n c ta  radial, separated by hyaline rays, large n ear centre, form ing 

a single row betw een rays, replaced by two rows of sm aller p u n c ta  n earer m argin. D iam eter, 
6 0 m .

D i s t r i b u t i o n . Sediments 20 miles south of Port Moresby. 

Genus C y c l o t e l l a  (Kützing) Brebisson 1838 

36. Cyclotella comta (Ehr.) Kützing (PI. 2, fig. 36a).
K ützing 1849, 20.
Boyer 1916, 2, 7 ; 1927, 40.
Discoplea comta  E hr. 1844, 267.

Frustules not undu late , slightly inflated in girdle view ; m argin  w ith rad ia te  striae w ith 
an in tram arg inal zone apparently  cellular, giving an appearance of spines; cen tral portion 
of valve puncta te  or hyaline. D iam eter, 3 0 - 4 0 m .

D i s t r i b u t i o n . Sahul Bank sediments. 
v. unipunctata Fricke (PI. 2, fig. 36b).

Fricke in A.S.A. 1900, 224, 5 -12 .
C entra l area  hyaline w ith a  single punctum . D iam eter 4 0 m .

D i s t r i b u t i o n . Sediment off Port Moiesby.
37. Cyclotella kuetzingiana Thwaites (PI. 2, fig. 37).

Thw aites 1847, 8, 169.
Boyer 1927, 38.

Frustules in  girdle view angular, un d u la te ; valves circular, cen tral p a r t w ith scattered 
puncta , m arg in  striate , striae may be oblique as in the plate. D iam eter, 1 5 - 3 0 m .

D i s t r i b u t i o n . Shallow water i n  the Timor Sea.

Genus A u l a c o d is c u s  Ehr. 1844

38. Aulacodiscus formosus Arnott (PI. 2, fig. 38).
A rno tt in P ritchard  1861, 843.
A.S.A. 1875, 35, 7, 8.

Valves c ircular w ith irregular, hyaline cen tral a rea  and rad ia tin g  -lines of puncta  
ra th e r sim ilar to A . beeveriae bu t pun c ta  m ore num erous and sm aller and  to A . margarit
aceus, bu t w ith raised cunieform  processes which are not ap p aren t in  the illustration. 
D iam eter, 8 0 m .

D i s t r i b u t i o n .  Sediments in Bate Bay, New South Wales. (34° S .).
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Genus A u l i s c u s  Ehr. 1888 

39. Auliscus compositus A.S. (PI. 2, fig. 39)
A.S.A. 1875, 30, 9.
R a ttray  1888, 894.

Valves oblate, cen tra l a rea  hyaline, ste lla te ; elliptical a rea  betw een the two processes 
w ith large, irregu lar areolae w ith a  generally stellate a rrangem ent and separated  by 
irregu larly  re ticu la te  m eshw ork; m arginal a rea  w ith  rad ia l subrectanguia r m eshwork. 
D iam eter, 120m.

D i s t r i b u t i o n . In sediments off Port Moresby. 

Family BIDDULPHIACEAE 
Genus C e r a t a u l in a  Peragallo 1892 

40. Cerataulina curvata sp. nov. (PI. 5, fig. 4; PI. 2, fig. 40).
Celiae curvatae  in serie; a  duobus tuberis connectae; tuberis in extrem is non oppositis. 
Cells in chains connected by two spined processes; frustules curved, in appearance m uch 

resem bling Rhizosolenia stolterforthii, b u t ad jacen t cells m ore closely depressed, processes
of upper and lower valves no t opposite; connective zone w ith num erous in tercalary  bands,
Rhizosoleiiia-like. L ength , 30 to 50/c

D i s t r i b u t i o n . Common in plankton of Timor and Arafura Seas.
41. Cerataulina sp. (PI. 5, fig. 5; PI. 2, fig. 41).

Cells cylindrical, in chains, a ttached  by valve surface and two spined pro tuberances; 
apertu re  m inute, thus differentiating  this species from  C. com pacta  and  C. pelagica ; in te r
calary bands scale-like. D iam eter, 45-50/i.

D i s t r i b u t i o n . North-east Indian Ocean, planktonic. 
42. Cerataulina compacta Ostenfeld (PI. 2, fig. 42).

O stenfeld 1901, in O stenfeld and  Schm idt, 153 a-d.
Cells cylindrical, m uch  longer than  b ro ad ; valves slightly concave, processes sho rt; 

cells in stra igh t chains or solitary, weakly siliceous; p u n c ta  fine. D iam eter 40-50/t.

D i s t r i b u t i o n . North-west o f  Australia. 

Genus B i d d u l p h i a  Gray 1821 

43. Biddulphia connecta sp. nov. (PI. 5, fig. 2).
Cellae b inae ; valvae circulares in m edii in thalis sublatis cum  duobus spinis longis 

e t fasce filorum .
Cells in pairs, c ircu lar in valve view, subrotund in girdle view with narrow  girdle

zone and dom ed valves with raised cen tral portion  term inating  in two long, angled spines;
cells connected by a  bundle of threads in a  m anner som ewhat sim ilar to Coscinosira. 
D iam eter, 50/i.

T his form  is p laced provisionally in the genus Biddulphia  though  it m ay m erit generic 
rank.

D i s t r i b u t i o n . Four cells observed in phytoplankton collected in the Java Sea.
44. Biddulphia sp. (PI. 5, fig. 3).

Cells solitary, hyaline; girdle zone an n u la te ; valves rounded in valve view circular,
w ith four b lu n t processes. Length  150/i.

D i s t r i b u t i o n . Arafura Sea.

Genus T r ic e r a t iu m  Ehr. 1839 

45. Triceratium antedeluvianum (Ehr.) Grun. (PI. 3, fig. 43).
G runow  1868, 24.
A m phite tras antedeluvianum  Ehr. 1839, 142.
Biddulphia  antedeluviana  Boyer 1901, 716.
H endey 1937, 274.
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Cedis so litary; valves q u adrangu lar w ith concave sides, centre  depressed; surface
coarsely areolate, rad ia te  in central portion  and also concentric, subrad iate  in o u ter part. 
D iam eter, 6 5 m .

D i s t r i b u t i o n . Bottom deposits off Port Moresby. 
46. Triceratium bicorne Cleve (PI. 3, fig. 44).

Cleve 1878, 17, 5, 30.
A.S.A. 1886 78, 24, 25.

This form  is referred  to T . dubium  Brightwell by Mills 1916-32 b u t the identity  seems 
doubtful. I t  is m ore closely related  to T . reticulum  bu t is m uch sm aller. Valves q u adrate  
w ith concave sides, one axis longer th an  the o th er; surface coarsely reticulate.

D i s t r i b u t i o n . Rawson Collection; Indonesian waters. 
47. Triceratium biquadratum Janisch (PI. 3, fig. 45).

Janisch  in A.S.A. 1886 98, 4 -6 .
Valves quadrilate ral w ith slightly concave sides; angles rounded, with short, truncate  

processes, sculpture coarsely reticulate, central portion  of valve raised w ith a  c ircular or 
sub-rectangular depression betw een the centre and bases of the process; reticulations 
irregu lar, bu t w ith stronger radial lines in depressed portion  of valve.

H usted t synonymises this w ith T . balearicum  as a variety, bu t Cleve (1881, 25) states
distinctly th a t the sculpture of his species consists of “ rounded p u n c ta  arranged in lines 
rad ia ting  from  the centre to the angles.”

D i s t r i b u t i o n . Rawson Collection from Dunedin area, slide 92. 
48. Triceratium castelliferum Grunow (PI. 3, fig. 46).

G runow  in A.S.A. 128, 8, 17, 18; 152, 18.
Cells solitary; valves triangular w ith stra igh t sides; surface p u n c ta te ; in girdle view 

valves have long, cap itate  processes; girdle deep, p u n cta te  in rows paralle l w ith the longi
tud inal axis. D iam eter, 5 0 m .

D i s t r i b u t i o n . Bottom sediment off Port Moresby. 
49. Triceratium constellatum Tempère et Brun (PI. 3, fig. 47).

B rün et T em père 1889, 61, 6, 12.
A.S.A. 159, 10.

Valves triangular, m argins slightly convex; surface irregularly  punctate, p u n c ta  m ore 
num erous n ear m argins; processes b lunt, no t extending beyond valve m argin, w ith rows 
of fine puncta . D iam eter, 80M.

D i s t r i b u t i o n . On reefs, Lord Howe Island; off Mackáy, Queensland. 
50. Triceratium picturatum Greville (PI. 3, fig. 48).

Greville, 1866, 9, 19.
Valves triangular, m argins slightly convex, processes b lun t, rounded, slightly capitate, 

hyaline; surface of valve puncta te, pun c ta  form ing three small circles m idw ay along sides 
and rad ia ting  m ore or less distinctly from  these circles to m argins and processes. D iam eter, 
6 0 m .

D i s t r i b u t i o n . Dunedin, N.Z. (Rawson Coli. slide 52). 
51. Triceratium papillatum Grove and Sturt (PI. 3, fig. 49).

Grove and S tu rt 1887, 76, 6, 14.
A.S.A. 128, 16.

Valves triangu lar w ith concave sides and rounded ends; w ith prom inen t nipple-shaped 
processes; centre raised w tih a few stout spines; valve surface w ith scattered puncta . 
D iam eter, 4 0 m .

D i s t r i b u t i o n . Timor Sea, sediments; Oamaru (Gr. and St.). 
52. Triceratium scitulum Brightwell (PI. 3, fig. 50).

Brightw ell 1853, 246, 250, 4, 9.
A.S.A. 1886, 84, 5, 6.

Valves q u adrate  w ith concave sides; processes cylindrical, extending beyond ends of 
valve; valve surface convex, coarsely areolate, areolae larger in the centre. D iam eter, 4 5 m .

D i s t r i b u t i o n .  Indonesian waters in shallows.
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53. Triceratium spinosum Bailey (PI. 3, fig. 51).
Bailey 1844, 46, 39.
A.S.A. 1886, 87, 2 -5 .
B iddulph ia  spinosum  Boyer 1901, 703; 1927, 127.

Cell w ith girdle zone w ider th an  valves, the  la tte r  dom ed, w ith  d ig ita te  processes; in 
valve view triangu lar o r q u ad rangu lar, w ith stra ig h t or slightly concave sides; surface 
re ticu la te ; several spines occur near m argin. D iam eter, 85/*.

D i s t r i b u t i o n . Indonesian waters. 

Genus H e m i a u l u s  Ehr. 1844 

54. Hemiaulus polycistinorum Ehr. (PI. 5, fig. 6).
E hrenberg  1854, 36.
A.S.A. 143, 23-29.
Boyer 1927, 142.

V alves lanceolate, concave w ith a  narrow , longitudinal keel on  surface, horns long, 
slightly sigm oid, w ith stout spines; surface coarsely re ticu la te , meshes p rom inent on the  
horns; chloroplasts 2. L ength  of valve 100/*. Boyer doubted  w hether this was an  ex tan t 
species; the  presence of chloroplasts proves this

D i s t r i b u t i o n . In plankton sample off Flores. 

Family CHAETOCERACEAE 
Genus C h a e t o c e r o s  Ehr. 1844 

55. Chaetoceros dadayi Pavillard (PI. 5, fig. 7)
Pavillard  1913, 131, 2b.
C upp  1943, 109, 64.

Cells usually in  short chains; apertu res small or absen t; setae arising from  valve 
com ers, rud im entary  on one side, on the o ther side one seta directed  posteriorly, the  o ther 
anteriorly , setae h irsu te ; chrom atophores num erous, extending in to  setae. D iam eter, 10/*.

D i s t r i b u t i o n . Frequent but never abundant in Indonesian waters and the 
Arafura Sea. 
56. Chaetoceros seriacanthum Gran (PI. 5, fig. 8).

G ran  1897, 21, 3, 39-41 .
G ran  and A ngst 1931, 478, 62.

Cells in  s tra ig h t chains, no t touching a t corners; apertures elliptical to  rectan g u la r; 
setae th in , issuing ju st inside slighdy rounded corners, d irected  posteriorly; no tch  betw een 
valves and  g ird le ; term inal setae diverging. D iam eter, 25/*.

D i s t r i b u t i o n . North-east Indian Ocean. 
57. Chaetoceros sp. (PI. 5, fig. 9).

Cells in  short chains, cylindrical, w ith  dom ed valves, slightly rostra te , connected by a  
cen tral sp ine; setae arising w ithin valve corners, then  tu rn ing  abrup tly  parallel to chain  
axis. D iam eter, 20/*.

D i s t r i b u t i o n . Off Onslow, W.A., in phytoplankton. 
58. Chaetoceros sp. (PI. 5, fig. 10).

Cells in chains a ttach ed  by m ost of valve surface; apertu res very red uced ; setae fine, 
very short, em erging from  rounded corners of valve; chrom atophores num erous, p late-like: 
som ewhat resembles Ch. arm atum  W est b u t has no t the fa tty  in tegum ent o r the  branched  
setae and  the chains do no t taper. D iam eter, 40/*.

D i s t r i b u t i o n . I n d o n e s i a n  w a te r s .

59. -Chaetoceros tetrastichon Cleve (PI. 5, fig. 11).
Cleve 1897, 22, 1, 7.
C u p p  1943, 108, 63.

Cells in sho rt chains; chains s tra ig h t; valve surface flat, apertu res alm ost absent, 
term inal valve dom ed; setae arising from  valve m argins a t rig h t angles to chain  axis then
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tu rn ing  parallel to  this axis posteriorly, spined, no t opposite; chrom atophores num erous, 
ex tending in to  setae. D iam eter, 20/t.

D i s t r i b u t i o n . Indonesian waters; Arafura Sea. 

Sub-Order SOLENIINEAE 
Family BACTERIACEAE 

Genus B a c t e r ia s t r u m  Shadbolt 1 8 5 4  

60. Bacteriastrum elongatum Cleve (PI. 5, fig. 16).
Cleve 1897a, 19, 1, 19.

H ust. in A.S.A. 1920, 328, 10.
Cells cylindrical, in  chains; valves c ircular in  outline, hyaline; cells jo ined by about 

six setae, un ited  a t ju n c tio n ; setae stra ight, term inal setae curved posteriorly, spinulate. 
D iam eter, 10/*.

D i s t r i b u t i o n . Timor and Arafura Sea. 

Family RHIZISOLENIACEAE 
Genus R h i z o s o l e n i a  Ehr. (em. Brightw.) 1858 

61. Rhizosolenia arafurensis sp. nov. (PI. 5, fig. 12).
Celiae gracillim ae; valvae conicae in processis cavis e t obtusis extensis; vittis 

squamosis.
Cells slender, solitary; valves conical, slightly rounded a t junction  w ith girdle zone, 

tapering  to hollow spines w ith rounded ends; in tercalary  bands scale-like. L ength  150-220/*.

D i s t r i b u t i o n . Arafura Sea, north of Darwin.
62. Rhizosolenia curvatulus sp. nov. (PI. 5, fig. 13).

Celiae gracillim ae et cu rvatae ; valvae hem isphericae cum  setis tenuis ad  R . cylindrus 
sim ilis; vittis squamosis.

A small, slender, curved species w ith rounded valves ending in a  curved, thread-like 
spine resem bling th a t of R . cylindrus; in tercalary  bands scale-like; cells often in pairs or 
th rees; differs from  R . stolt erf orthii in the shape of the valves and spines, and the slender
ness of the cells. L ength , 100/*.

D i s t r i b u t i o n . Coral Sea; North-east Indian Ocean, Arafura Sea and Indo
nesian waters; not common. 
63. Rhizosolenia cochlea Brun (PI. 5, fig. 15).

B run 1891, 43, 19, 9.
R . calcar avis v. cochlea O stenfeld 1901, 228, 5.

Cells stout with rounded valves ending in a  spur-like spine directed  alm ost paralle l 
to transverse axis of cell; connecting zone with num erous in tercalary  bands. L ength , 100- 
200/*.

D i s t r i b u t i o n . Indonesian waters. 
64. Rhizosolenia hyalina Ostenfeld (PI. 5, fig. 14).

O stenfeld and Schm idt 1901 (R ed Sea).
Cells solitary, broad, hyaline; valves tapering  in to  a  long, hollow spine, n o t rounded 

a t junction  w ith g ird le ; connecting zone hyaline, no in tercalary  banding  observed. L ength, 
300/*.

D i s t r i b u t i o n . Indonesian waters.

Genus G u in a r d ia  H. Peragallo 1892

65. Guinardia blavyana H. Peragallo (PI. 5, fig. 17). 
Peragallo  1892, 107, 13, 2.
K arsten  1906, 161, 29, 3, 3a.
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Cells in chains, cylindrical; frustu le m ore strongly silicified th an  th a t of G. flacc ida ; 
valves som ew hat undu late , ad jacen t; in tercalary  bands overlapping, ev iden t; chrom ato
phores num erous. L ength  50-70/», d iam eter 20-40/».

D i s t r i b u t i o n . Indonesian waters; Arafura Sea.
66. Guinardia victoriae Karsten (PI. 5, fig. 18).

K arsten  1906, 161, 29, 5.
Cells in chains, evenly ben t on longitudinal axis, m ore m arkedly so th an  th a t  depicted

by K arsten , b u t variab le ; valves and in tercalary  bands as in G. blavyana. D iam eter, 20-40/».

D i s t r i b u t i o n . Indonesian w a t e r s ;  Arafura Sea. 

Sub-Order ARAPHIDINEAE 
Family FRAGILARIACEAE 

Genus D ia t o m a  De Candolle 1805 

67. Diatoma vulgare Bory (PI. 6, fig. 19).
Bory 1828, 20.
Boyer 1916, 10, 9, 10; 1927, 174.

Frustules q u ad rangu lar, sides stra igh t or slightly constricted, valves lanceolate w ith 
rounded apices; costae unequal, transverse; pore p resent a t  one end of valve. L ength  40/».

D i s t r i b u t i o n . I n d o n e s i a n  w a te r s .

Genus C a m p y l o s i r a  Grunow 1880-85
Cells in bands connected by delicate plates w ith num erous ribs; cells in girdle view 

curved, ven tra l valve being less convex th an  dorsal, o r concave; no pseudoraphe o r hyaline 
areas.

68. Campylosira cymbelliformis (A. Schmidt) Grunow (PI. 6, fig. 20).
Cells in  bands un ited  by ribbed plates on valves, fusiform , w ith clavate ends, dorsal 

valve m ore convex th an  v en tra l; areolate in m ore or less long itud inal rows. L ength , 40/».
D i s t r i b u t i o n . Of! Darwin.

Genus T h a l a s s i o t h r i x  Cleve and Grunow 1880 

69. Thalassiothrix heteromorpha Karsten (PI. 6, fig. 21a, b).
K arsten  1906, 397, 12, 11.
T . delicatula  C upp  1943, 188, 137.

Cells solitary, very long and  tenuous w ith tapering  base and  paddle-shaped apex in 
valve view ; striae fine; base no t swollen as in T . m editerranea  and  fan-shaped colonies 
no t form ed. L ength  500-1,000/». C upp  distinguished h e r species by greater tw isting and 
leng th  and fineness of striations, b u t such differences can be expected from  A ntarctic  and 
tropical regions and there  seems no reason to justify separation  of the  form s in to  separate 
species.

D i s t r i b u t i o n . Indonesian waters and Arafura Sea. 
70. Thalassiothrix mediterranea Pavillard (PI. 6, fig. 22a-c).

Pavillard  1916, 39, 2, 3.
Cells slender, long, frequently  un ited  by their tapering  basal portions in to  fan-shaped 

colonies; base tapered  to  a  b lu n t po in t, slightly swollen above; apex rounded in  valve, b lun t 
in girdle view ; surface faintly  striate. L ength , 500-1,000/».

D i s t r i b u t i o n . I n d o n e s i a n  w a te r s .

Genus S y n e d r a  Ehr. 1830 

71. Synedra tabulata (Agardh) Kützing (PI. 3, fig. 52).
K ützing  1844, 68, 15, X , 1-3.
Boyer 1927, 206.
S. affinis K ütz. 1844, 68, 15, 6, 9, 25 1-5.
D iatom a tabulata  A gardh 1832, 40.
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V alves fusiform -lanceolate w ith obtuse, rostra te  to slightly cap ita te  ends; striae m ar
g inal; pseudoraphe broadly  lanceolate. L ength  8 0 - 1 5 0 .

D i s t r i b u t i o n . Lord Howe Island, in shallows; northern Coral Sea: Indo
nesia; recorded as S. affinis from Kerguelen by Heiden and Kolbe, 1928. 
72. Synedra rostrata (Hantzsch) A.S. (PI. 3, fig. 53).

A.S.A. 1920, 305.
Toxarium  rostratum  H antzsch in R abenhorst 1863, 1, 19.

Valves elongate, tum id  in the m iddle and a t ends; p u n c ta  scattered or in arcuate  
rows; frustules arcuate. L ength  500/*.

D i s t r i b u t i o n . Planktonic, marine a t  Lord Howe Island. 

Genus E n t o p y l a  Ehr. 1848 

73. Entopyla ocellata (Arnott) Grunow (PI. 3, fig. 54).
E. ocellata v . pulchella  has already been described in  P a rt V .

T h e  p resen t typical form  is m ore lanceolate and  sm aller th an  v. pulchella.

D i s t r i b u t i o n . Port Hacking; sediments off Port Moresby and b y  Heiden 
and Kolbe 1928, from Kerguelen. 

Genus P l a g io g r a m m a  Greville 1859 

74. Plagiogramma spinosum Cleve (PI. 3, fig. 55).
Cleve 1881, 4 , 55.
Boyer 1927, 178.

Valves constricted in the m iddle and w ith rostrate , b lun t ends; pseudoraphe scarcely 
ev iden t; cen tral space rounded as shown by Cleve (n o t oblong as in Boyer) ; term inal spaces 
e longate; valve surface p u ncta te  in transverse rows; m arg inal spines present. L ength , 75/*.

D i s t r i b u t i o n . Sediments 2 0  miles south of Port Moresby. 
75. Plagiogramma validum Greville (PI. 3, fig. 56).

Greville 1859, 7, 209.
Boyer 1927, 179.

Valves linear-lanceolate, slightly inflated in the  m idd le ; cen tra l space oblong, term inal 
spaces sem icircular; pseudoraphe ev iden t; valve surface w ith transverse rows of puncta . 
L ength  80-90/*.

D i s t r i b u t i o n . Sediments a t  20m off Port Moresby. 

Genus C y m a t o s ir a  Grunow 1862 

76. Cymatosira lorenziana Grunow (PI. 3, fig. 57).
D escribed w ith line d raw ing in  P a rt IV . P la te  illustration.

D i s t r i b u t i o n . Timor Sea.

Genus P s e u d o e u n o t i a  Grunow

Cells un ited  in to  bands by valve surfaces, form ing a  sem icircular b a n d ; valves linear 
w ith  a rcu a te  dorsal and  stra igh t or slightly curved ven tra l m argins; pseudoraphe and  nodules 
absent.

77. Pseudoeunotia doliolus (Wallich) Grunow (PI. 3, fig. 58).
G runow  1880-85 in van H eurck, 35, 22.
C u p p  1943, 190, 140.
Synedra doliolus W allich 1860, 48, 2, 19.

Cells u n ited  in to  sem icircular bands by valve surfaces; valves w ith  a rcua te  dorsal and 
stra igh t ven tra l m argins and bluntly  rounded ends; no nodules o r p seudoraphe; surface 
w ith transverse striae separated  by two rows of fine areolae. L ength , 40-50/*.

D i s t r i b u t i o n . Common in Indonesian waters, found in Coral Sea.
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Genus C l i m a c o s p h e n i a  Ehr. 1841 

78. Climacosphenia elongata Bailey (PI. 3, fig. 59).
Bailey 1853, 7, 8, 3, 10, 11.
A.S.A. 308, 5 -10 .

Frustules flabellate , on long b ranch ing  stipes, narrow ly cu n ea te ; valves clávate, rounded  
a t apex, slightly rounded  a t base; septa 2, w ith num erous oval foram ina. L eng th  150-200#».

D i s t r i b u t i o n . Lord Howe Island; Madras by Subrahmanyan 1 9 4 6 . 

Sub-Order M ONORAPHIDINEAE 
Family ACHNANTHACEAE 

Genus C a m p y l o n e i s  Grunow 1 8 6 2  

79. Campyloneis sp. (PI. 3, figs. 60a, b).
Cells elliptical in  ou tline ; up p er valve w ith  rap h e  and narrow  axial a rea  w ith  trans

verse and  long itud inal striae, the la tte r  paralle l to the m argin , form ing a  square p a tte rn ,
longitud inal striae absent tow ards inner p a r t of valve form ing an  elliptic-lanceolate a rea ;
lower valve puncta te , w ith depressed e lliptic-lanceolate central portion  and d istinct, p u n cta te  
m arg in ; betw een valves a  series of loculi w ith a -c e n tra l  rib. L ength , 40-50/».

D i s t r i b u t i o n . Lord Howe Island (fresh w ater). 

Genus C o c c o n e i s  Ehr. 1838 em. Grun. 1868 

80. Cocconeis disculus (Schum.) Cleve (PI. 3, figs. 61a, b).
Cleve 1895, 172.
H u sted t 1933, 345, 799.
N avicula disculus Schum ann 1864, 21, 2, 23.

Valves flat, ellip tic  lanceolate to ellip tic; up p er valve w ith evident pseudoraphe and 
coarse oblong striae, low er valve w ith  stra igh t raphe, narrow  axial area, small cen tra l nodule 
and fine striae. L ength  25-30/».

D i s t r i b u t i o n . Off Port Moresby on surface of sediments. 
81. Cocconeis nummularia (Greville) Peragallo (PI. 3, fig. 62).

Peragallo  1897, 3, 8, 9.
H u s ted t 1933, 334, 548.
N avicu la  num m ularia  G reville 1859, 6, 249, 5, 6.

Valves flat, e llip tical; up p er valve w ith  p u n cta te  rad ia l striae and  lanceolate pseudo
rap h e ; lower valve w ith  s tra ig h t rap h e  narrow  axial a rea ; valve surface w ith  transverse 
p u ncta te  striae in te rru p ted  by lyrate hyaline areas resem bling those of N avicula  forcipata. 
L ength , 40/».

D i s t r i b u t i o n . Bottom sediments off Port Moresby. 
82. Cocconeis pseudomarginata Gregory (PI. 3, fig. 63).

Gregory 1857, 20, 1, 27.
H u s ted t 1933, 359, 813.

Cells elliptical ; valves, up p er w ith rad ia l transapical striae  in te rru p ted  by several 
a rcua te  depressions on e ith e r side of lanceolate axial a rea ; lower valve w ith  stra igh t raphe  
and  rad ia l lines of p u n c ta  term inating  short of the m arg in  in  single larger p u n c ta  form ing 
a sub-m arginal ring. L ength  35-50/».

D i s t r i b u t i o n . Port Hacking; recorded by Bunbury 1902 from Tasmania, 
Petit 1877 from Lyall Bay, Grove and Sturt 1887 from Oamaru (fossil) and 
Heiden and Kolbe 1928 from St. Paul. 

Sub-Order BIRAPHIDINEAE 
Family NAVICULACEAE 

Genus N a v ic u l a  Bory 1794 

83. Navicula acus Cleve (PI. 3, fig. 64).
Cleve 1894, 106, 3, 29, 30.
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Cells in girdle view w ith rounded valves, in -v a lv e  view naviculate w ith acute ends; 
raphe stra ight, striae transverse, fa in t; cell rectilinearly  cuspidate. L ength , 150-200/».

D i s t r i b u t i o n . Common in phytoplankton in Coral Sea, Arafura Sea and 
Indonesian waters. 
84. Navicula humerosa Breb. v. arabica (Grunow) Peragallo (PI. 3, fig. 65).

Peragallo  1897, 146, 27, 23.
N . arabica G runow  in A.S.A. 1875, 6, 14.

F orm  as in type b u t pun c ta  m ore d istan t especially tow ards centre  of valve, and  
resem bling in their d istribution those of N . granulata. T h is was referred  by Cleve 1895, 
49, to N . brasiliensis v. bicuneata.

D i s t r i b u t i o n . Timor Sea.
85. Navicula cancellata Donkin (PI. 3, fig. 66).

Donkin 1871, 55.
Boyer 1927, 398.

Valves lin ea r-lan ceo la te ,'en d s subacute, rounded ; axial a rea  indistinct, assym m etrical; 
central a rea  c ircu lar; striae coarse, transverse, 
v. retusa (Brebisson) Cleve.

Cleve 1894, 30.
N avicula  retusa Brebisson 1867, 116, 6.

Valves linear, ends rounded. L ength , 100/».
D i s t r i b u t i o n . Indonesian waters. 

86. Navicula clavata Gregory (PI. 3, fig. 67).
Gregory 1856, 46, 5, 17.
A.S.A. 1886, 70, 50.
Boyer 1927, 415.

Valves elliptic, ends rostra te ; raphe  straight, curved a t ends; axial areas narrow , 
d ila ted  a t centre to form  a  very broadly lyrate hyaline area  reaching the m argin  on each 
side of the axial area bu t separated  from  it by transverse p u n c ta ta  s triae ; m arg inal striae 
transverse to  rad ia l, puncta te. L ength , 75-90/».

D i s t r i b u t i o n . Sediments in Port Moresby region. 
87. Navicula cronullensis sp. nov. (PI. 3, fig. 68).

N avicula  sp. n. A.S.A. 1875, 6, 35.
Celiae so litariae; valvae ovatae, term inibus obtusis, cum  striis puncta tis  tenuis, punctis 

proxim is d istantioribus ; vide Schm idt, 6, 35.
Cells solitary; valves elliptical w ith slightly acute b u t rounded ends; rap h e  stra igh t; 

axial a rea  n arrow ; cen tral area small, c ircu lar; surface finely striate , pu n c ta te , striae 
m arked n ear valve m argin  b u t p u n c ta  m ore d istan t nearer axial area. T his species is 
depicted  by Schm idt and is united  w ith o ther forms w hich he suggested are  a  new  species 
b u t did no t nam e. Tw o of the illustrations are la te r referred  to N . glacialis G runow , bu t 
no nam e appears to have been given to  A.S.A. 6, 35, T h e  species could be a  varie ty  of 
the highly variable N . granulata. As Schm idt did no t give a locality  for his specim ens the 
nam e Cronullensis refers to the locality of my specimens.

D i s t r i b u t i o n . Port Hacking.
88. Navicula directa (W. Smith) Ralfs (PI. 6, fig. 23).

Ralfs 1861, 906.
K arsten  1905, 18, 1.
A.S.A. 1875, 47, 1-5.
Boyer 1927, 395.
Pinnularia directa  W. Sm ith 1853, 56, 18, 172.

Valves naviculate, ends acu te ; axial area  ind istinct; raphe  s tra ig h t; cen tral a rea  sm all; 
striae transverse, fine; chrom atophores H -shaped. L ength , 70-100/».

D i s t r i b u t i o n . Indonesian and Arafura Sea waters. 

Genus M a s t o g l o ia  Thwaites 1856 
89. Mastogloia delicatula Cleve (Tl. 3, fig. 69).

Cleve 1894, 16, 1. 20.
H u sted t 1933, 483, 904.
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Valves elliptic-lanceolate w ith rostra te  ends; rap h e  b e n t; axial an d  cen tra l areas n arrow ; 
valves slightly depressed each side of raphe  to abou t h a lf way to  m arg in ; surface pu n c ta te , 
p u n c ta  arranged  in th ree  intersecting  systems; Ioculi of even size, num erous, reaching 
apices. L ength , 35—45/“ .

D i s t r i b u t i o n . Lord Howe Island (common) ; off Port Moresby, in sediments. 
90. Mastogloia elegans Lewis (PI. 3, fig. 70).

Lewis 1865, 19, 1, 9.
H u sted t 1933, 498, 924.

Valves sem ielliptic w ith rostrate  ends; loculi sm all, num erous, rec tangu lar w ith  widest 
sides paralle l to m arg in ; raphe  s inua te ; valve surface striate  paralle l to  transverse axis w ith 
wavy longitudinal ribs. L ength , 70/*.

D i s t r i b u t i o n . Great Barrier Reef, near Mackay. 
91. Mastogloia jelineckii (Grunow) Grunow (PI. 3, fig. 71).

G runow  1867, 99, 1, 11.
H u s ted t 1937, 544, 977.
N avicu la  jelineckii G runow  1863, 151, 5, 12.

Valves elliptic-lanceolate to rhom bic-lanceolate w ith m ore or less rostra te  ends; raphe  
stra igh t o r slightly curved ; axial a rea  n arrow ; loculi narrow , num erous, even; in n er portion  
of valve surface raised above m arg inal portion , w hich is continuous w ith a  narrow  linear 
a rea  ad jacen t to axial a rea ; striae transverse, ou ter p a r t  crossed by longitudinal striae of 
two orders a t  abou t 60°. L ength , 80-100/*.

D i s t r i b u t i o n . Sediments off Port Moresby. 
92. Mastogloia ovulum Hustedt 1933 (PI. 6, fig. 24).

H u sted t 1933, 474, 648.
Valves elliptic or elongate-elliptic; raphe stra igh t o r slightly u n d u la tin g ; axial and  

cen tral areas n arrow ; valves areo late -punctate  in  transapical rows and  stra igh t b u t irregu lar 
longitudinal rows; loculi narrow , ovate, few, reaching apex, varying in  num ber and  spacing. 
L ength , 20-30/*.

D i s t r i b u t i o n . Lord Howe Island (common) ; Borneo (Hustedt). 

Genus D i p l o n e i s  Ehr. 1840 
93. Diploneis adonis (Brun) Cleve (PI. 3, fig. 72).

Cleve 1894, 85.
H u sted t 1937, 613, 1027.
N avicula  adonis B run 1889, 41, 5, 3.

Valves linear-elliptic m ore or less constricted in  the  m iddle, ends ro u n d ed ; central 
nodule m oderate , q u ad ra te ; horns diverging fro m  the m iddle, converging tow ards ends; 
tiansap ical ribs strong, rad ia l, n o t reaching m argin. L ength  100-135/*.

D i s t r i b u t i o n . Sediments off Port Moresby. 
94. Diploneis bombus Ehr. (PI. 3, fig. 73).

E hr. 1844, 19, 31.
A  description was given in P a rt IV , b u t only v. bombiform is  recorded.

D i s t r i b u t i o n . Sediments o f f  P o r t  Moresby.
95. Diploneis gemmata (Greville) Cleve (PI. 3, fig. 74).

Cleve 1894, 98.
T his species was described in P a rt IV , b u t only v. pristiophora  recorded and  figured. 

L ength , 120/*.
D i s t r i b u t i o n . Sediments a t 20m off Port Moresby. 

96. Diploneis mediterranea (Grunow) Cleve (PI. 3, fig. 75).
Cleve 1894, 82.
H u sted t 1937, 596, 1014.
N avicula  gem m ata  v. m editerranea  G runow  in A.S.A. 1875, 8, 42.

V alves elliptic to linear-elliptic  w ith  convex or paralle l sides; cen tral nodule sm all, 
q u ad ra te ; horns parallel or slightly diverging from  base; cham bers no t divided. L ength , 
60/*.

D i s t r i b u t i o n .  Sediments south of Port Moresby.
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97. Diploneis pseudobombiformis Hustedt (PI. 3, fig. 76).
H u sted t 1937, 708, 1087.

Resembles D . bom bus in  shape b u t is nearer D . adonis; longitudinal ribs are  absen t; 
in n er openings to loculi p resen t and a  ban d  crossing the  transapical ribs is m arked. L ength , 
80/i.

D i s t r i b u t i o n . Sediments off Port Moresby. 

Genus P i n n u l a r i a  Ehr. 1843 

98. Pinnularia stauroptera v. interrupta Cleve (PI. 4, fig. 77).
Cleve 1895, 83.
Boyer 1916, 30, 11.

V alve shape as for type (P t. I I ) ,  b u t central a rea  m uch la rg e r; stauros m uch  w ider 
and striae m uch  shorter, particu larly  in  the cen tral region.

D i s t r i b u t i o n . Botany swamps near Sydney, fresh water. 

Genus T r a c h y n e i s  Cleve 1894 

99. Trachyneis antillarum Cleve (PI. 4, fig. 78).
Cleve 1878, 5; 8, 2, 11.
Boyer 1927, 429.

V alves lanceolate, ends obtuse, ro u n d ed ; raphe  curved ; axial a rea  unila terally  b road 
and  lanceolate, on opposite side narrow , d ila ted  in to  rounded  cen tral a rea ; alveoli in  trans
verse to rad ia l rows; surface of valve rounded. L ength , 130-200/i.

D i s t r i b u t i o n . In sediments off Port Moresby. 

Genus P l e u r o s i g m a  W. Smith 1853 

100. Pleurosigma acuminatum (Kützing) Grunow (PI. 6, fig. 25).
G runow  1860, 561, 4, 6.
Frustulia acum inata  K ützing 1833, 14, 39.
N avicula acum inata  K ützing  1844, 102, 4, 26, 30, 15.

V alves sigmoid, sides parallel in  the m iddle, then  sharply bent, a cu te ; ends acu te  or 
rou n d ed ; raphé  central, sigm oid; striae transverse and longitudinal. L ength , 120/i.

D i s t r i b u t i o n . S h a l lo w  w a t e r s  i n  I n d o n e s i a n  r e g io n .

101. Pleurosigma arcticum Cleve (PI. 6, fig. 26).
Cleve 1894, 4, 119.

Both m argins of valve continuously sigmoid, raphe  evenly sigm oid, close to  o u ter m argin  
near apices. L ength  50-70/t.

D i s t r i b u t i o n . Planktonic off Solomon Islands. 
102. Pleurosigma distortum W. Smith (PI. 6, fig. 27).

Valves lanceolate w ith abrup tly  bent, subrostrate  ends, sides evenly ro u n d ed ; raphe 
central, sigm oid; striae longitudinal and transverse. L ength , 60-100/i.

D i s t r i b u t i o n . Indonesian waters and Arafura Sea in plankton. 
103. Pleurosigma elongatum W. Smith (PI. 6, fig. 28).

Valves lanceolate, ra th e r slender, sigmoid, ends acu te, tap e rin g ; rap h e  cen tral sigm oid; 
striae oblique. L ength , 150-200/i.

D i s t r i b u t i o n . Indonesian waters; Arafura Sea. 
104. Pleurosigma galapagense Cleve (PI. 6, fig. 29).

Cleve 1894, 36, 4, 16.
Boyer 1927, 469.

Valves linear-lanceolate, slightly sigmoid a t ends; raphe  cen tral, slightly b en t a t  ends; 
striae oblique. Length  140-180/i.

D i s t r i b u t i o n . Indonesian waters; Arafura Sea; northern Coral Sea a n d  
Torres Strait.
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P l a t e  I

F ig .  1 .— Coscinosira oestrupii. F ig .  2 .—H yalodiscus s p .  1 . F ig .  3 .— Hyalodiscus s p .  2 . F ig .  4 .— Coscino
discus africanus. F ig .  5 .— C. apiculatus. F ig .  6 a ,  b .— C. gazellae. F ig .  7 .— C. increscens. F ig .  8 .—  
C. nodu lifer . F ig .  9 .— C. obscurus. F ig .  1 0 .— C. reniform is. F ig .  1 1 .— C. senarius. F ig .  1 2 .— C. sub
tilissimus. F ig .  1 3 .— Coscinodiscus sp .  F ig .  1 4 .— Planktoniella  form osa. F ig .  1 5 .— A ctinocyclus alienus. 
F ig .  1 6 .—A . com planatus. F ig .  1 7 .—A . dissem inatus. F ig .  1 8 .—A . dubiosus. F ig .  1 9 .—A . mirabilis. 

F ig .  2 0 .—A . ovatus. F ig .  2 1 .—A . pyrolechnicus. F ig .  2 2 .— A. subocellatus.
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P l a t e  I I

F ig .  2 3 .— A ctinop tychus cathedralis. F io .  2 4 .—A . m aculatus. . F ig .  2 5 .—A . trilingulatus. F ig .  2 6 a - c .—  
A . trifo lium . F ig .  2 7 .—Asterolam pra dallasiana. F ig .  2 8 .—A sterom phalus cleveanus . F ig .  2 9 .— A . brookei. 
F ig .  3 0 .—A . heptactis. F ig .  3 1 .— Aslerom phalus-Coscinodiscus. F ig .  3 2 .— Stictodiscus californicus. F ig .  3 3 .—  
S. hardm anianus. F ig .  3 4 .—S. harrisoniana s. F ig .  3 5 .—S. sim plex . F ig .  3 6 a .— Cyclotella com ta , b . ,  v a r .  
puncta ta . F ig .  3 7 .— C. kuetzingiana. F ig .  3 8 .— Aulacodiscus form osus. F ig .  3 9 .— Auliscus com positus. F ig .  

4 0 .— C erataulina curvata. F ig .  4 1 .— C. s p .  F ig .  4 2 .— C. com pacta .

2 0



P l a t e  I I I

F ig .  4 3 .— Tricera tium  an tedeluvianum . F ig .  4 4 .— T .  bicorne. F ig .  4 5 .— T . b iquadra tum . F ig .  4 6 .—
T . castelliferum . F ig .  4 7 .— T . constella tum . F ig .  4 8 .— T . p ic tu ra tu m . F ig .  4 9 .— T . pap illa tum . F ig .  5 0 .—  
7 '. scitu lum . F ig .  5 1 .— T . sp inosum . F ig .  5 2 .— Synedra tabulata. F ig .  5 3 .— S. rostrata. F ig .  5 4 .— 
E ntopyla  ocellata. F ig .  5 5 .—Plagiogram m a spinosum . F ig .  5 6 .— P. validum . F ig .  5 7 .— C ym atosira loren
ziana. F ig .  5 8 .— P seudoeunotia  doliolus. F ig .  5 9 .— Clim acosphenia elongata. F ig .  6 0 a - b .— Cam pyloneis  
sp. F ig .  6 1 a - b .— Cocconeis disculus. F i# .  6 2 .— C. num m ularia . F ig .  6 3 .— C. pseudom arginata. F ig .  6 4 .— 
N avicula acus. F ig .  6 5 .—N . hum erosa  v a r .  arabica. F ig .  6 6 .—N . cancellata. F ig .  6 7 .— N . clavata.
F ig .  6 8 .—N . cronullensis. F ig .  6 9 .— M astogloia delicatula. F ig .  7 0 .—M . elegans. F ig .  7 1 .—M . je lineckii. 
F ig .  7 2 .— D iploneis adonis. F ig .  7 3 .— D . bom bus. F ig .  7 4 .—D . gem m ata . F ig .  7 5 .—D . m editerranea.

F ig .  7 6 .— D . pseudobom biform is.
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P l a t e  IV

loo  102

F i g . 77 .— Pinnularia stauroptera  v a r .  in terrup ta . F i g . 78.— Trachyneis an tillarum . F i g . 79 .— Pleurosigma  
heros. F ig . 80 .— Caloneis bicuneata. F i g . 81.— C. ophiocephala. F ig . 82.— C. perm agna. F i g . 83.'— 
A m ph iprora  gigantea. F ig . 84 .— T ropidoneis approxim ata . F i g . 85 .— A m phora  acuta  var. labyrinthula. 
F i g . 86.—A . groenlandica. F i g . 87.—A . corpulenta. F ig . 88 .— G om phocym bella  brunii. F ig . 89.— 
G om phonem a constric tum . F i g . 90 .— N itzschia  distans. F i g . 91.—N . gruendleri. F ig . 92.—N . hungarica. 
F i g . 93.—N.- k ittlii. F i g . 94.— N . linearis. F i g . 95.— N . m editerranea. F i g . 96.—N . recta. F i g . 97.— 
N . verm icularis. F i g . 98 .— H antzschia  m arina. F i g . 99 .— Surirella arachnoidea. F i g . 100.— S. neum eyeri. 

F i g . 101.— C am pylodiscus brightw ellii. F ig . 102.— C. pacificus.
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io

F io . 1.-—Coscinosira oestrupii. F io . 2 .-B id d u lp h ia  connecta . F io . ^  C eratauhna
curvata. F io  5 - ^ « ^  sp F .o.

araiTrZu. Tto. 1 3 . - R .  c«r,oiJ« i. F io . 1 4 , - f i .  F ie . 1 5 . - R .  »«W «. F io . 1 6 , - B .^ r i a H r u m
elonga tum . F ig . 17.— G uinardia blavyana. F ig . 18.— 6 .  victoriae.
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F ig .  1 9 .— D iatom a vulgare. F ig .  2 0 .— Cam pylosira cym belliform is. F ig .  2 1 a » b .— Thalassiothrix heterom orpha. 
F ig .  2 2 a - c .— T . m editerranea. F ig .  2 3 .— N avicula  directa. F ig .  2 4 .— M astogloia ovu lum . F ig .  2 5 .— Pleuro
sigm a a cum ina tum . F ig .  2 6 .— P. arcticum . F ig .  2 7 .— P. d istortum . F ig .  2 8 .— P . elongatum . F ia . 2 9 .—  

P .  galapagense. F ig .  3 0 .— P. m ajus. F ig .  3 1 .— P. sim ile. F ig .  3 2 .— P . strigosum . F ig .  3 3 a - b .— Tropidoneis  
approxim ata . F ig .  3 4 a - b .— T . m axim a . F ig .  3 5 .— Pleurosigma heros. Fio . 3 6 .— C am pylodiscus thuretii-
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105. Pleurosigma heros Cleve (PI. 4, fig. 79; PI. 6 , fig. 35).
Cleve 1894, 44, 4 , 20.

Valves lanceolate, som ew hat angu lar in the  m iddle, resem bling P. angulatum ', ends, 
however, a re  only slightly b en t and acu te ; raphe  sigm oid, cen tra l; valve surface w ith  oblique 
striae. L ength , 150/i.

D i s t r i b u t i o n . North of Kangaroo Island, South Australia, in plankton. 
Type locality, Macassar Strait. 
106. Pleurosigma majus (Grunow) Cleve (PI. 6 , fig. 30).

Cleve 1894, 44, 4, 15.
P. speciosum  v. m ajor G runow  in Cleve and  G run . 1880.

Valves lanceolate, slightly sigm oid, slightly w ider a t th e  m iddle, ends subacute, 
ro u n d ed ; rap h e  cen tral, displaced n ear ends; striae oblique. L ength , 1 3 0 m .

D i s t r i b u t i o n . Indonesian waters. 
107. Pleurosigma simile Grunow (PI. 6 , fig. 31).

G runow  in Cleve and  G runow  1880, 56.
Gyrosigma simile  Boyer 1916, 76, 23, 4 ; 1927.

V alves very slightly sigmoid, sides paralle l, ends rounded , obtuse; raphe  m ore sigmoid 
th an  valve m argins, nearly  cen tra l; striae "transverse and longitudinal. L ength , 1 2 0 m .

D i s t r i b u t i o n . Indonesian waters. 
108. Pleurosigma strigosum W. Smith (PI. 6 , fig. 32).

W . Sm ith 1853, 64, 21, 203.
Valves lanceolate, sigm oid; sides evenly rounded, ends subacu te ; rap h e  strongly sigmoid, 

excentric a t  ends; striae oblique. L ength , 1 5 0 -2 0 0 M -

D i s t r i b u t i o n . Indonesian waters; Arafura Sea. 

Genus C a l o n e i s  Cleve 1894 

109. Caloneis bicuneata (Grunow) Boyer (PI. 4, fig. 80).
Boyer 1927, 311.
N avicula  bicuneata  G runow  1860, 10, 546.
A.S.A. 1875, 50, 37.

Valves lanceolate, sigm oid; sides evenly rounded , ends subacute; rap h e  strongly sigm oid, 
raphe  cu rv ed ; cen tral a rea  sm all, c ircu la r; long itudinal lines irreg u lar; surface striate , 
puncta te . L ength , 1 0 0 - 2 0 0 m .

D i s t r i b u t i o n . Lake Macquarie; sediments south of Port Moresby. 
110. Caloneis ophiocephala (Cleve and Grove) Cleve (PI. 4, fig. 81).

Cleve 1894, 6 6 .
N avicula  ophiocephala  Cleve and Grove 1887, 57, 9, 13.

Valves w ith lanceolate ends, round  m iddle p a r t and constricted betw een; rap h e  stra ig h t; 
axial a rea  swollen in the m iddle and in each lobe; striae transverse, in te rrup ted . L ength , 
75 M.

D i s t r i b u t i o n . Sediments off Port Moresby. 
111. Caloneis permagna (Bailey) Cleve (PI. 4, fig. 82).

Cleve 1894, 59.
N avicula  perm agna  Bailey 1850, 2, 40.

Valves ovate-lanceolate w ith ends m ore or less p ro d u ced ; raphe  nearly  s tra ig h t; axial 
a rea  narrow , linear, striae rad ia te , indistinctly  p u n c ta te ; long itudinal lines double. L ength . 
1 5 0 m .

D i s t r i b u t i o n . Sediments 20 miles south of Port Moresby. 

Genus A m p h i p r o r a  Ehr. 1843

112. Amphiprora gigantea Grunow (PI. 4, fig. 83).
G runow  1860, 568, 4, 12.
Cleve 1894, 1, 6 .
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Frustules sharply constric ted ; raphe  sigmoid, junction  line  a rcu a te ; striae  _ curved, 
p u n c ta te ; dorsal p u n c ta  appear in rows in  three  d irections; m ore ven tra l p u n c ta  in  trans
verse curved striae. L ength , 150/».

D i s t r i b u t i o n . Indonesian waters.

Genus T r o p i d o n e i s  Cleve 1891
113. Tropidoneis approximata Cleve (PI. 4, fig. 84; PI. 6 , fig. 33a, b).

Cleve 1894, 26, 3, 20.
Boyer 1927, 480.

Valves narrow , lanceolate, ends acute, valve very convex; central a rea  ind istinc t; w ing 
u n ila teral, close to raphe. L ength , 200-300/».

D i s t r i b u t i o n . Coral Sea; Indonesian waters; Arafura Sea. Type locality 
Java.
114. Tropidoneis maxima (Gregory) Cleve (PI. 6 , fig. 34a, b).

Cleve 1894, 26, 3, 24, 25.
Boyer 1927, 480.
A m phiprora  m axim a  Gregory 1957, 507.

Frustules constric ted ; w ing elevated above central nodule; valves lanceo la te ; w ing 
u n ila te ra l; striae fine. L ength , 150/».

D i s t r i b u t i o n . Indonesian waters.

Family CYMBELLACEAE 
Genus A m p h o r a  Ehr. 1840

115. Amphora acuta v. labyrinthula (Grunow) Cleve (PI. 4, fig. 85).
Cleve 1895, 4, 23.

As for type (P a rt  IV ) bu t surface w ith irregu lar rows of puncta .

D i s t r i b u t i o n . Indonesian waters.
116. Amphora groenlandica Cleve (PI. 4, fig. 8 6 ).

Cleve 1895, 128, 4, 1.
V alves w ith a rcua te  dorsal, stra igh t ven tra l m arg ins; raphe  stra igh t o r slightly b iarcuate , 

close to  ven tra l m arg in ; axial area lin ea r; transverse rows of p u n c ta  on dorsal and  ventra l 
sides of raphe. L ength  70-100/».

D i s t r i b u t i o n . Off Mackay, Queensland.
117. Amphora corpulenta Cleve and Grove (PI. 4, fig. 87).

Cleve and Grove 1891, 6 8 , 10, 14.
Valves p ap illio n a te ; ven tra l m arg in  slightly convex; raphe ven tra l, alm ost paralle l to

m arg in ; dorsal m arg in  alm ost sem icircular b u t w ith cen tral in d en ta tio n ; striae transverse, 
puncta te , p u n c ta  m ore num erous tow ards dorsal m argin. L ength , 150/».

D i s t r i b u t i o n . Sediments off Port Moresby.

Genus G o m p h o c y m b e l l a  O. Müller 1905
118. Gomphocymbella brunii (Fricke) O. Müller (PI. 4, fig. 8 8 ).

O . M üller 1905, 150, 1, 2 -3 .
G om phonem a brunii Fricke in  A .S.A. 238, 4 -6 .

V alves asym m etric w ith respect to long itud inal and transverse axes, one side strongly
convex, the  o th er alm ost straight, ends slightly ro stra te ; raphe  curved, axial a rea  narrow ,
lin ea r; striae coarse, transverse. L ength , 40/».

D i s t r i b u t i o n . Sydney water supply.

Genus G o m p h o n e m a  Agardh 1824
119. Gomphonema constrictum Ehr. (PI. 4, fig. 89).

Described in P art IV , bu t no t illustrated.

D i s t r i b u t i o n . Sydney and Wellington water supplies.
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Family BACILLARIACEAE 
Genus N i t z s c h i a  Hass. em. Grunow 1880

120. Nitzschia distans Gregory (PI. 4, fig. 90).
Gregory 1857, 530, 14, 103, 103b.
Boyer 1927, 512.

Described in P a rt IV  b u t no t figured.
D i s t r i b u t i o n . In plankton off Mackay, Queensland.

121. Nitzschia gruendleri Grunow (PI. 4, fig. 91).
G runow  1878, 14, 4, 24.

Valves linear w ith subconical subacuate ends; keel excentric; keel costae w ide, uneven. 
L ength , 180/t.

D i s t r i b u t i o n . Lord Howe Island.
122. Nitzschia hungarica Grunow (PI. 4, fig. 92).

G runow  1862, 568.
Described in P a rt I I .  Present figure is m uch clearer.

D i s t r i b u t i o n . Lord Howe Island; present along east Australian coast.
123. Nitzschia kittlii Grunow (PI. 4, fig. 93).

G runow  1882, 155, 29, 24, 25.
A .S.A. 347, 15, 16.

Valves bean-shaped, coarsely striate , ends ro stra te ; no  longitud inal fo ld ; keel p u n c ta  
even.

D i s t r i b u t i o n . Sahul Bank.
124. Nitzschia linearis (Agardh) W. Smith (PI. 4-, fig. 94).

W . Sm ith 1853, 39, 13, 110.
Boyer 1927, 518.
Frustulia linearis A gardh fide W. Sm ith..

F rustu le  linear, narrow , a tten u ate  tow ards tru n ca te  ends; valves linear, a tten u ate , 
slightly curved b u t no t sigmoid, ends tru n ca te ; keel p u n c ta  even b u t two m edian  d is tan t; 
striae transverse. L ength , 150/*.

D i s t r i b u t i o n . Lord Howe Island, fresh water.
125. Nitzschia mediterranea Hustedt (PI. 4, fig. 95).

H u sted t in A.S.A. 1912, 331, 22.
Valves deeply constricted in the m iddle into two sub-circular parts w ith rostra te  ends; 

fold ev iden t; keel p u n c ta  even; valve surface w ith  large hexagonal areolae. L ength , 70/*.

D i s t r i b u t i o n . Sediments off Port Moresby.
126. Nitzschia recta Hantzsch (PI. 4, fig. 96).

H antzsch in R abenhorst 1864, 1283.
A.S.A. 334, 19-21.

F rustu le  linear, ends tru n ca te ; valves linear w ith a tten u ate  ends; keel p u n c ta  distinct,
m ore d istan t n ear centre  of valve. L ength , 120/*.

D i s t r i b u t i o n . Sydney w a t e r  supply.
127. Nitzschia vermicularis (Kiitzing) Hantzsch (PI. 4, fig. 97).

H antzsch in  R abenhorst 1864, 1 , 155.
Synedra vermicularis K iitzing 1844, 67.

V alves linear, sigmoid, a tten u ated  towards the obtusely rounded  ends, alm ost rostrate.
L ength , 160/*.

D i s t r i b u t i o n . Off Mackay, Queensland; Lord Howe Island (fresh w a t e r ) .

Genus H a n t z s c h i a  Grunow 1880

128. Hantzschia marina (Donkin) Grunow (PI. 4, fig. 98).
G runow  in Cleve and G runow  1880, 105.
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Boyer 1916, 32, 22 ; 1927, 527.
E pithem ia  m arina  D onkin 1858, 29, 3, 14.

Valves w ith dorsal m argin  slightly concave, ven tra l alm ost stra igh t, ends rostra te , 
cu rved ; keel p u n c ta  prolonged in to  costae extending across valve, w ith striae form ed by a 
double row  of p u n c ta  betw een costae. L ength  lOO/i.

D i s t r i b u t i o n . Lord Howe Island.

Sub-Order SURIRELLINEAE 
Family SURIRELLACEAE 

Genus S u r ir e l l a  Turpin 1828

129. Surirella arachnoidea sp. nov. (PI. 4, fig. 99).
Valve ovate, cum  a rea  depressa e t m argine lev a ta ; costis 8 -9 , elevatis ad  m arginem  

areae, turn depressis.
Valves elliptic-ovate; cen tral a rea  depressed, w ith raised m arg in  giving an  arachnoid  

appearance to  the  valve; costae 8 -9 , coarse, abrup tly  raised a t m argin  of central area , then
abruptly  depressed, m eeting a t cen tral ridge. Length  40-50/t. Som ewhat like S. flum inensis
G runow , differing in shape of valve surface.

D i s t r i b u t i o n . Indonesian waters.
130. Surirella neumeyeri Janisch (PI. 4, fig. 100).

Jan . Gaz. 31, 33.
A.S.A. 1886, 56, 1.

Valves reniform , w ith rad ia tin g  septa and narrow ly reniform  axial area. L ength , 120m. 

D i s t r i b u t i o n . Cook Strait.

Genus C a m p y l o d i s c u s  Ehr. 1841

131. Campylodiscus brightwellii Grunow (PI. 4, fig. 101).
G runow  1862, 445, 9, 5 ; in A.S.A. 1875, 15, 6 , 7.
C. kinkeri, A.S.A. 207, 16.

V alves sub-spherical to ovate ; m arginal costae coarse, rad ia te : a rea  elliptical to sub- 
rectangular, coarsely costate; m edian  space narrow , lanceolate. D iam eter 60 -7 0 m.

D i s t r i b u t i o n . Timor Sea.
132. Campylodiscus pacificus Grunow (P!. 4, fig. 102).

G runow  in  A.S.A. 1875, 16, 12.
Valves c ircu lar to sub-circular in outline, cen tral a rea  depressed, e llip tical: costae

anastom osing close to m argin  and n ear cen tral a rea ; cen tral a rea  elliptic, finely striate ,
m edian  space difficult to  distinguish. L ength , 60-80/1.

D i s t r i b u t i o n . Sediments south of Port Moresby.
133. Campylodiscus thuretii Brebisson (PI. 6 , fig. 36).

Brebisson 1854, 13.
A.S.A. 1886, 51, 15, 16.
Boyer 1927, 554.

Valves alm ost c ircular, costae w ide; cen tral a rea  lanceolate, traversed by transverse 
lines. D iam eter 50/t.

D i s t r i b u t i o n . Arafura Sea.

C o n c l u s i o n

Quantitative and qualitative studies have shown that, in tropical and sub
tropical waters of the Southern Hemisphere, diatoms are largely neritic. In Ant
arctic and sub-Antarctic waters, many species are Oceanic. It will be recognized 
that many species in this paper, though recorded from the plankton, belong to 
genera associated with the benthos, and are no doubt carried into the plankton 
by turbulence. Such species belong to the Pleurosigmas, Cyclotellas, Biddulphias,
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Triceratiums as well as many of the Coscinodiscaceae. They were most frequent 
in plankton from the shallow Timor and Arafura Seas, the waters inside the 
Great Barrier Reef and the island chains.

Study of the sediment flora of the coral shelf south of Port Moresby revealed 
a typical benthic flora, but included parts of the setae of Chaetoceros messanense 
and valves of Rhizosolenia, thus differing from the floras of sediments from deeper 
waters.
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Reprinted from Ibis, vol. 107, 1965, p. 385-386

A SUMMARY OF BIRDS SEEN OVER THE WESTERN INDIAN OCEAN
August-November 1963*

The Woods Hole Oceanographic Institution vessel ‘ R.V. Atlantis II ’ participated in 
the International Indian Ocean Expedition 1 August-11 November 1963. She passed 
through the Red Sea and Gulf of Aden and traversed that part of the western portion 
of the Indian Ocean from 20° N. to 25° S. bordered on the west by the east coast of 
Africa, and on the east by the west coast of India-Ceylon-The Chagos Archipelago- 
Mauritius-the southern tip of Madagascar. About one-third of the total area of the 
Indian Ocean falls within these bounds. Though there was no full-time ornithologist 
aboard, a regular bird-watch was maintained by Dr. R. Risebrough, Mr. M. Palmieri and 
myself. Our combined field-notes have been reported elsewhere (‘ Bird Log Data, 
Atlantis II Cruise 8  ’, 1964 (WHO I Reference No. 64—31) ), but are here summarised 
and related to certain properties of the surface waters, in particular temperature and the 
concentration of inorganic nutrients. Identifications and nomenclature follow the 
‘ Preliminary Field Guide to the Birds of the Indian Ocean ’, (Watson, G. E., Zusi, R. L., 
& Storer, R. W., 1963, Smithsonian Institution, Washington).

The water throughout the whole region, with the exception of the waters about 
Socotra, was warmer than 23°C. in the top metre. Thus the western portion of the 
Indian Ocean at this season falls within the tropical zone as defined by Murphy (‘ Oceanic 
Birds of South America ’, 1936, Vol. 1 : 78—81). This contrasts with the South Atlantic 
Ocean where the 23°C. summer isotherm lies much further north, at approximately 15° S. 
There was, therefore, little in terms of temperature to distinguish the surface waters of 
the region and their bird populations.

We encountered the following species which are also found in the Atlantic and 
Pacific Oceans: Audubon’s Shearwater Puffinus I'herminieri; Red-billed Tropic-bird 
Phaethon aethereus and White-tailed Tropic-bird P. lepturus; Blue-faced Booby Sula 
dactylatra, Red-footed Booby S. sula and Brown Booby S. leucogaster; Greater Frigate- 
bird Fregata minor and Lesser Frigate-bird F. ariel; Bridled Tern Sterna anaethetus, 
Sooty Tern S. fuscata, Roseate Tern S. dougallii, Little Tern S. albifrons, Common 
Noddy Anous stolidus and Fairy Tern Gygis alba.

Palaearctic breeding species seen at sea were: Ruddy Turnstone Arenaria interpres, 
a Curlew Numenius sp. (not madagascarensis), Curlew Sandpiper Erolia testacea, Lesser 
Black-backed Guii Larus fuscus, a Roller Coracias sp. (not garrulus), Swallow Hirundo 
rustica, Spotted Flycatcher Muscicapa striata.

Of those species peculiar to the Indo-Pacific Oceans we saw: Wedge-tailed Shearwater 
Puffinus pacificus and Crested Tern Thalasseus bergii; and of those found only in the 
Indian Ocean we saw : the Sooty Guii Larus hemprichii and of Indo-Atlantic species the 
Lesser Noddy Anous tenuirostris. Pan-antarctic breeding species were represented 
by the wide-ranging Wilson’s Storm-petrel Oceanites oceanicus and the Great Skua 
Catharacta skua.

The colder water around Socotra did not have a distinctive non-tropical bird fauna. 
This agrees with oceanographic evidence which suggests that this cool surface water is 
seasonal, dependent upon the monsoons, and not sufficiently permanent to maintain 
singular populations such as, for example, those occurring in the waters of the Humbolt 
Current off Peru. In his analysis of the pelagic bird faunas of the Indo-Pacific Oceans, 
Serventy (‘ 8 th Pac. Sei. Congr.’ 1953 : 461-488) states that “ No evidence of a trans-

•  C ontribu tion  No. 1610 from  the W oods Hole Oceanographic Institu tion . T h is work was 
done under C ontract N S F  GP-821 with the Office of Naval Research.
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gression [of cool-water species during Glacial Periods] exists in the Indian Ocean; if it 
occurred no southern elements could have survived in the absence of cool-water refuges 
in the geographically limited northern Indian Ocean Unfortunately, conditions for 
observation in the area were poor, and the Socotra Cormorant Phalacocorax nigrogularis, 
and a recently-described gad-fly petrel, Jouanin’s Petrel Bulweria fallax, neither of which 
were seen, may prove to be exclusively associated with this seasonal sub-tropical 
water-body.

There was no particular correlation between the total number of birds seen per day 
and the concentration of inorganic nutrients in the surface-water. High surface nitrate 
and phosphate concentrations and a high nitrate/phosphate ratio are conducive to 
greater densities of phytoplankton growth and, consequently, to more Zooplankton, fish, 
and ultimately birds, as in the Antarctic zone (Murphy, ‘ Proc. Roy. Soc.’ 152B : 642- 
654). Low levels of nutrients should have the opposite effect, though waters clear by 
reason of sparse plankton populations may benefit those birds such as the Sulidae which 
dive for prey detected from above. Our log revealed no particularly great number of 
birds in the areas of high surface nutrients—around Socotra and off the South Arabian 
Coast—which were also the regions of highest chlorophyll density, though large numbers 
have been recorded at this season closer to shore (R. Bailey, R.R.S. ‘ Discovery ’, Cruise 1. 
South East Arabian Upwelling Region, Cruise Report, 1963. The Royal Society). By 
far the largest congregations of sea-birds were seen around the Seychelles, where nutrient 
concentrations were low, but large-scale breeding was in progress at the time on the 
outer islands of the group (R. Bailey, pers. comm.).

In general our log indicated that the presence of islands or at least of submerged banks 
(e.g. Saha de Mahya Bank) was necessary for large congregations of assorted species to be 
seen; the concentration of species and individuals about the islands contrasted with the 
empty mid-ocean sections. This finding applies not only to the land-based Sulidae, 
Fregatidae, and Laridae but, more surprisingly, also to the Procellaridae, as noted by 
Murphy (‘ Oceanic Birds of South America’, 1936, Vol. 1 : 7 8 -7 9 ) .. .“ The pan- 
tropical oceanic birds tend to be more local and sedentary. . . Many must be regarded 
as more or less land-bound, rather than pelagic, and this applies even to the 
Procellariiformes. ’ ’

Tropic-birds were occasionally seen singly far from shore; a specimen of Phaethon 
aethereus was, for example, sighted at 20° N., 6 6 ° E., 210 nautical miles from India and 
twice as far from Arabia, which was down-wind. Small groups of frigate-birds were 
often seen far from land, e.g. Fregata minor at 4° 53' N., 57° 20' E., 480 miles from the 
Somali Coast and 540 miles north of the Seychelles. The most numerous and most 
widely-ranging species of the Laridae was the Sooty Tern Sterna fuscata, observed on 
one occasion at 5° N., 63° E., 570 miles from the Maldives and 660 miles from the 
Seychelles.

One notable feature of our records was the apparent absence of overlap in the ranges 
of related species among the Phaethontidae and Sulidae; individuals of different species 
of the same genus were not seen together or even in the same surface-water region: 
Sula leucogaster—-Red Sea, Somali Coast; 5. dactylatra—Arabian Basin, Mascarene 
Basin; S. sula—Saha de Mahya Bank; Phaethon lepturus—Gulf of Aden, Arabian Basin, 
Seychelles; P. aethereus—Arabian Sea, Socotra. These species may therefore be allo- 
patric in their pelagic distribution, even if sympatric at some breeding stations.

The number of our observations, taken on their own, is insufficient to establish a 
definite pattern, but combined with other data from the region, they should be useful 
in establishing the ranges of species at sea and relating this to the differing surface 
water-bodies.

Woods Hole Oceanographic Institution, R. P o c k l in g t o n .
Woods Hole, Massachusetts, U.S.A.

19 November 1964.
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Reprinted from Ibis, vol. 107, 1965, p. 387

BIRDS SEEN ON COCO ISLAND, CARGADOS CARAJOS SHOALS,
INDIAN OCEAN*

On 1 November 1963 a party of three scientists and one officer from the Woods Hole 
Oceanographic Institution vessel ‘ R. V. Atlantis II ’ spent three hours ashore on a small 
treeless island at the southen tip of the Cargados Carajos Shoals (16° 49' S., 59° 30' E.) 
about 215 miles N.N.E. of Mauritius. The island visited was most probably the one 
designated as “ Coco Island ” on the chart reproduced in the ‘ Preliminary Field Guide 
to the Birds of the Indian Ocean ’ (Watson, G. E., Zusi, R. L., 8c Storer, R. W., 1963, 
Smithsonian Institution, Washington). According to the Guide the Cargados Carajos 
Shoals have been visited by scientific parties only twice; “ the Percy Sladen Trust 
Expedition ” worked in the group mainly making observations incidental to dredgings 
from 26 August to 1 September 1905, and R. Newton worked in the islands 9-15 January 
1955 and 7-21 January 1956. However, ornithologists from Mauritius are fairly regu
larly visiting these islands at present. The following identifications (and nomenclature) 
are taken from the Guide.

L e s s e r  F r ig a t e - b ir d  Fregata ariel. About 2 0 0  pairs were nesting in low bushes, 
1 - 2  ft. from the ground. None of the males was in full courtship plumage, though 
several of the males which were incubating eggs still showed some green iridescence 
of the nape feathers and a small shrunken throat-pouch. However, all other stages of 
the nesting cycle were observed, from which it can be inferred that breeding is continuous 
throughout the year. Plumage of the adult nesting females was surprisingly variable. 
Some had a complete white collar, on others the back of the neck was brownish-black; 
the eye-ring was either red or blackish, and the amount of rufous on the chest showed 
appreciable individual variation. This species, unlike the Greater Frigate-bird F. minor 
was not observed at sea, and it is therefore possible that F. ariel feeds only close to shore. 
If so, this would contribute to the ecological separation of the two species.

R u d d y  T u r n s t o n e  Arenaria interpres. Two groups of six individuals in non
breeding plumage were seen : one on a coral-sand spit south of, and separate from, Coco 
Island, the other on Coco itself.

S a n d  P l o v e r  Charadrius sp. One party of a  dozen small plovers in  dull plumage 
was seen on Coco Island. They were either Greater Sand Plover C. leschenaultii or 
Lesser Sand Plover C. mongolus which are difficult to separate in the field unless seen 
together. The Guide lists only C. leschenaultii as having been recorded from the Islands.

R o s e a t e  T e r n  Sterna dougallii. Confined to the spit of coral sand south of Coco 
Island. Young birds in all stages of development were seen, but no eggs were found. 
Tracks in the sand indicated that the terns share this breeding site with turtles.

S o o t y  T e r n  Sterna fuscata. Many were seen flying over the water as we approached 
the islands, but were not seen ashore, though this species was nesting during October 
on the outer islands of the Seychelles.

G r e a t e r  N o d d y  Anous stolidus. Widespread as a solitary nester on the ground. It 
actively defended its nest-site when approached.

L e s s e r  N o d d y  Anous tenuirostris. Confined to nesting sites above ground, occurring 
in groups of 5-10 pairs in those portions of the low bush not occupied by Fregata ariel, 
and dispersing without protest when approached.

F a i r y  T e r n  Gygis alba. Though normally a tree-nester, on Coco Island it was 
largely excluded from the shrubbery by the other nesting species, and was sitting on its 
solitary egg upon elevated pieces of coral, and even on the ground.

Woods Hole Oceanographic Institution, R. P o c k i . i n g t o n .
Woods Hole, Massachusetts, U.S.A.

19 November 1964.

* C ontribu tion  No. 1611 from the W oods I Iole Oceanographic Institu tion . T h is work was 
d o n e  under C ontract N S F  G I’—821 w ith the'Office of Naval Research.
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Reprinted from Arch. Oceanogr. L im nol., vol. 15. 1967, p. 63-67

ON THE OCCURRENCE OF ACANTHARIA  

IN THE ARABIAN SEA

E. M a s s e r a  B o t t a z z i , K. V i j a y a k r i s h n a n  N a i r  and M. C. B a l a n i

D e p a r tm e n t  o f  Z oo lo g y  a n d  C o m p a ra t iv e  A n a to m y , P a r m a  U n iv e rs i ty , I t a ly  

H e a l th  P h y s ic s  D iv is io n , A to m ic  E n e rg y  E s ta b l i s h m e n t  T ro m b a y , I n d ia  

R e ce iv e d  A p ril  2 9 , 1 9 6 7

ABSTRACT

A  ta x o n o m ic a l  s tu d y  o n  th e  A c a n th a r ia  o f th e  I n d ia n  O c ea n  h a s  b e e n  c a r r ie d  o u t  
b y  m e a n s  o f th e  e x a m in a tio n  o f fo u r  p la n k to n  sa m p le s  c o lle c te d  w ith  a  p la n k to n  
n e t  in  th e  A ra b ia n  S ea  d u r in g  th e  c ru ise  o f IN S  « K is tn a  » (A u g u s t 1 9 6 3 ). P e r 
c e n ta g e  a b u n d a n c e  o f t o ta l  A c a n th a r ia  a n d  r e la tiv e  f re q u e n c y  o f d if fe re n t spec ies 
a re  t a k e n  in to  c o n s id e ra tio n .

The Acantharia are a group of Protozoa characterized by their specific 
and unique capacity to concentrate strontium in their skeletal structures 
in place of calcium. Following the early work of Buetschli on the chemi
cal nature of these protozoans, Schreiber confirmed the presence of 
strontium in their skeletal structures. In recent years with the increasing 
interest of « fallout », the radioecology of Acantharia and their role in 
distributing strontium in the marine environment have become sub
jects of renewed interest and investigation. In a programme of work 
sponsored by IAEA, Italian workers have taken an active part in 
studies on Acantharia in the Mediterranean. Records of Acantharia 
from Indian Ocean, however, are practically nonexistent. It was of 
interest, therefore, to find these protozoans in significant concentrations 
in plankton hauls at four stations in the X III IIOE Cruise of INS  
«K istna» (August 1 9 6 3 ). The plankton collections were accomplished 
with a standard bolting silk plankton net of 5 0  cm diameter and No. 20  
mesh, by making a vertical haul from 2 0 0 -0  m. The percentage 
abundance of total Acantharia in the four samples is given in Table 1 
and the relative frequency of different species at a station is given in 
Table 2 .
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t a b l e  i .  Percentage composition of Acantharia in four plankton samples

I I O E  I .N .S .  
« K is tn a  » 
S ta tio n  N o .

P o sitio n Percentage D isp la cem en t 
vo lum e ( cm 3)

2 9 6 0 3 ° o o ‘N 7 I ° 3 o ‘E 0 .0 2 i . 0 0
2 9 8 o o ° 5 o 'N 7 i 0 I 5 -5*E 1 . 12 1 .5 0
2 9 9 o o ° 0 5 ‘N 7 i ° 2 9 -3 ‘E 1 2 .3 4 1 0 .5 0

3 0 4 0 2 ° 0 0 ‘N 75 ° o o ‘E 2-39 2-75

t a b l e  2 . Relative frequency of different Acantharia species

Order F a m ily  Species Relative *

frequency

+
+
+ + + + 
+ +
+ + + + 
+ + + + 
+
+ + + + 
+
+ +

+
+ +
+ + + + 
+
+ + + + 
+ + +
+ + +
+ + + + 
+ +
+ + +

42

H o l a c a n t h a  A c a n t h o c h i a s m i d a e  

A c a n t h o p l e g m i d a e

S y m p h v a c a n t h a  A m p h i l i t h i d a e

C h a u n a c a n t h a  G i g a r t a c o n i d a e

A r t h r a c a n t h a  

s u b  o rd e r :
S p h a e n a c a n t h a  A c a n t h o m e t r i d a e

L i t h o p t e r i d a e

D o r a t a s p i d a e

A ca n th o ch ia sm a  fu s ifo rm e  

A ca n th o p leg m a  k ro h n i  

A canthocolla  crucia ta  

A m p h ili th iu m  c la va riu m  

A m p h ih e lo n e  hydro tom ica  

A m p h ib e lo n e  a n om ala  

Q u a d r is ta u ru s c ru x  

G igartacon m uelleri 

G igartacon  sp .

H eteracon b ifo rm is

A ca n th o m etra  pe llu c id a  

A ca n th o m etra  tetracopa  

A m p h ilo n c h e  elongata  

L ith o p te ra  fenestra ta  

P le u ra sp is  costata  

L y c h n a sp is  g iltsch i 

L y c h n a sp is  po lya n c istra  

L y c h n a sp is  u n d u la ta  

L y c h n a sp is  m a x im a  

L y c h n a sp is  serrata



Table 2 (Contd.)
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Order F a m ily Species Relative  * 

frequency

Ic o sa sp is  elegans +
D o ra ta sp is  loricata +  +  +  +
D o ra ta sp is  g lad ia ta +  +  +
D o ra ta sp is  m icropora +  +
H y str ic h a sp is  dorsata +  +  +  +
D ic ty a sp is  so lid iss im a +  +

H e x a l a s p i d a e H e xa la sp is  sp . +  +
H exacornis  sp . +  +

D i p l o c o n i d a e D ip lo co n u s fasces +  +  +  +
P h r a c t o p e l t i d a e P hractopelta  d o ra tasp is +  +

P hractopelta  sp . +  +  +  +
S u b  o rd e r  :
P h y l l a c a n t h a  P h y l l o s t a u r i d a e P h y llo s ta u ro s  s ic u lu s +  +  +  +

P h yllo s ta u ru s  s ic u lu s  v a r . +  +
c a te n a tu s

P h y llo s ta u ru s  s ic u lu s  v a r .

q u a d rifo liu s +
P h y llo s ta u ru s  c u sp id a tu s +  +  +  +
A m p h is ta u ru s  co m p la n a tu s +  +  +  +
A m p h is ta u ru s  te trap terus +  +
A m p h is ta u ru s  a tla n ticu s +  +
A ca n th o sta u ru s  p u rp u ra scen s  +  +  +  +

A ca n th o sta u ru s  conacanthus +  +
L o n ch o sta u ru s rom bicus +  +  +  +
Z y g o sta u ru s  am ph ilec tu s +  +

S t a u r a c a n t h i d a e X ip h a c a n th a  q u adriden ta ta +
X ip h a c a n th a  a la ta +
S ta u ra ca n th a  orthostaura +

* The signs indicated correspond to the following codex: 
H—1—!—1- =  1 6  or more findings.
+  +  +  =  8  to 1 5  findings.
+  +  =  3  to 7  findings.
+  =  i to 2  findings.
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Reprinted from The Emu, vol. 76, Parts 1 and 2, 1967, p. 133-138

BIRDS SEEN AT SEA OFF N.W. 
AUSTRALIA JULY 23-30, 1965*

By R o g e r  P o c k l in g t o n

During Cruise 15 (International Indian Ocean Expedition and 
Cooperative Kuroshio Investigations) of the Woods Hole Oceano
graphic Institution vessel R /V  Atlantis II, a regular bird-watch was 
maintained by Mr M. Palmieri, 2nd Mate, Mr P. R. Willis, Medical 
Officer, and myself. Our combined field-notes will eventually be 
presented as a Woods Hole Oceanographic Institution Data Report: 
what follows is a report on the small portion relevant to Australia.

Our cruise course paralleled the coast from Fremantle to NW. 
Cape then struck NE. towards Timor. A list of noon positions with 
distance and bearing to nearest land is given in Table 1.

T a b l e  1

D ay L atitude Longitude Place D istance 
n. m iles

Bearing

23 29°21'S 113°31'E G erald ton 70 065°
24 25°34'S 112°02'E D o rre  I. 50 090°
25 22° 05'S 113°07 'E N .W . C ape 40 090°
26 19°03'S 115°41 'E M onte

Bello Is. 80 190°
27 16°06'S 118°03'E Lacepede I. 240 1 0 0 °
28 13°28'S 120°12 'E Seringapatam

R eef 90 1 0 0 °
29 13°26'S 120°19'E A dele I. 150 130°

(as above)
30 11°02'S 122°00 'E Sawu I. 30 0 1 0 °

Four hydrographic stations were occupied; the one complete one 
showed low nutrients— nitrate, phosphate and silicate— in the top 
150 metres. Weather conditions were good; winds light and mainly 
from the SE. (100°-165°).

The birds seen are listed by species in Table 2.
No Albatross, Cape Pigeons, Prions, Great-winged or Soft- 

plumaged Petrels were seen north of 21°S., i.e. over waters warmer 
than 24-5°C , which indicates that the northern limit of range of 
these species, in the absence of strong winds or other accidents, can 
be correlated with sea surface temperatures of 23-25°C., as we 
found to be the case in the western portion of the Indian Ocean 
one month before. Such typically tropical species as Puffinus pacifi
cus, the Phaethontidae and the Fregatidae were first encountered 
over waters warmer than 24 -5°C.

* C ontribu tion  N o. 1957 fro m  the W oods H ole O ceanographic Institution. 
T his w ork  was done under N .S .F . g ran t 821.
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Table 2

D ay H o u r
Sea

Surface L atitude 
T em pera tu re

Longitude Species— N um bers— R em arks

23
24
25

23
24

23

2 4
25

23

26

27

0950
1640
1000

1045
0925
1520

0830
1745
0800
1800

0845

0700
1400
0630

1230

22-2
22-8
2 3 -9

22-1
20-9
22-5

22-2
2 1 -4
19-3
2 4-5

22-2

2 4 -6

2 5 -2

A LB A TR O SS

22°20 'S  112°50 'E

Y E L L O W -N O SE D  ALB A TR O SS

C A P E  P IG E O N

21°00’S

P R IO N

W E D G E -T A IL E D  SH E A R W A T E R

19°40'S
ís'so's

16°50'S

m W E
116°00'E

117°30'E

D iom edea  sp.

1  sm all, b lack  and white 
3 black-backed, on  w ater 
1 , rep o rted  by  w atch

D. ch lororhynchos

1 , im m atu re , b lack  bill 
1 , im m atu re  
1 , im m atu re

D aption  capensis

1 , flying w ith gad-fly petrels in  w ake
2 , crossed  bows
2 , rep o rted  by  officer o f  the  w atch
1 , the  las t one seen

Pachyptila  sp.

1
Puffinus pacificus

2 , a ll d a rk
T w o flocks o f ca. 20 birds, h a lf  w ith light 
b reast and b ill ligh t h o rn  co lour 
2 , dark-breasted  
1



H o u r

0720

0845

0700
0830
0700
1310
1520
0700
1500

1400
1210
1250

1330

1500

Table 2 continued

Sea
S urface  L atitude  L ongitude

T em p era tu re

G R E A T -W IN G E D  P E T R E L

22-2

S O F T -P L U M A G E D  P E T R E L

22-2

2 0 -4  26°30 'S  112°05 'E
22-8

2 3 - 2
24 0  21°30 'S  113°20 'E

W IL SO N ’S ST O R M -P E T R E L  

2 5 -4  H M O 'S 120° 20 'E

25-3

M A T S U D E IR A ’S S T O R M -PE T R E L

2 4 -6  18°50'S 115°50 'E

Species— N u m b ers— R em arks

P terodrom a m acroptera

2 , close to  ship, little  w hite ab o u t the  
face
1, p u rsu ing  a  P. m ollis, fo rced  it to  dis
gorge a  fish w hich th e  larger petre l ate  
on  the w ater, wings extended

P terodrom a m ollis

6 , close ab o u t ship
m any  ab o u t; light line on d a rk  underw ing 
1 2 + ,  a round  all m orning 
1  

2 
1  

1

O ceanites oceanicus

1 , in  flock o f 5 O ceanodrom a sp.
3
1, stayed un til 1515 ho u rs  in the  wake

O ceanodrom a m atsudeirae

A  storm -petrel, a ll d a rk  brow n w ith 
ligh ter up p er w ing coverts, long wing 
and tail, d irec t flight w ith constan t flap
ping, n o t tra iling  legs, was seen to  land  
on  the  w a ter fo r  th ro w n  food
2 , as above



Table 2 continued

D a y Hour
Sea

S urface  L atitude 
T em pera tu re

Longitude Species— N um bers— R em arks

2 7

28

2 9

30

2 6
2 7

2 8

2 9

2 9
2 7

28

1630

1300
1400
0635
1210
1320
1250

1500
1630

1315
1430
0635
0845

1340
1800

1420

25-6

25-6

2 5 -2

25-3

2 5 -6

25-7

2 5 -2
2 6 0

25-7

M A T S U D E IR A ’S S T O R M -PE T R E L  

15°48'S 118°18 'E

13°28'S 120° 12'E

13°38'S 120°15'E

T R O PIC -B IR D S

18°30'S
15-48'S

13°28'S

BOOBYS

116°00'E  
118°18’E

120° 12'E

ÏS ^O -S  118°50 'E

F R IG A T E -B IR D S  

13°28'S 120° 12'E

Oceanodrom a m atsudeirae  (C o n t)

One specim en was collected  fro m  a  flock 
o f 30 feeding astern
15+.
5, w ith 1 O ceanites oceanicus 
1 2 , criss-crossing w ake 
12, w ith 3 O . oceanicus 
O ne collected fro m  flock o f 20 
2 -6 , a round  all a fte rnoon

Phaethon sp.

1 , adult, no  long stream ers, p ink  plum age 
P haethon lepturus, 5, one co llected  and 
identified as P. 1, fu lvus? , ap rico t plum age

P. lepturus, 2, p u re  w hite plum age 
P. lepturus, 1, w hite plum es and tail 
P. lepturus, 1, white
P. lepturus, 1, close astern , aprico t co lour 
Sula sp.

1, a t a  distance, N O T  Sula  leucogaster 
1

Fregatidae

3, hanging over a  flock o f terns. N O T  
m ale F. m inor, p ro b ab ly  F. ariel



Table 2 continued

Day Hour
Sea

Surface  L atitu d e  
T em pera tu re

L ongitude Species— N u m b ers— R em arks

29

23

26

28

29

30

0630
0845

1505

0950

1210

1420

1505

0717
0740

0800
1115

25-2

22-2

2 5 0

25-7

25-9

2 5 0

F R IG A T E -B IR D S

13°28'S

G R E A T  SK U A

T ER N S

120° 12'E

13°28'S 120° 12'E

Fregatidae  (C o n t)

1 , a t  a  d istance
T h ree  flew over ship; 2 w ere all-black 
m ale F . m inor, o th er w as m ale  F. ariel, 
sm aller w ith  w hite th igh patches 
3, fem ales

Catharacta skua

L ast one seen going n o rth

Sternidae

1 , large, g rey  above, w hite below , p rob . 
Thalasseus bergii o r T . bengalensis 
F lo ck  o f  12, e ither Sterna fu sca ta  o r  S. 
•anaethetus
Sooty-type tern s (S . fuscata  a n d /o r  
anaethetus, 1  d istan t flock o f 1 0

2 , as above
S. fuscata , 14, diving over tu n a  b u t n o t 
getting in to  w ater 
S. fuscata, 2  

S. fuscata, flock o f 1 0 +
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Wilson’s Storm-Petrels were not encountered south of 14°S., but 

from there on they were seen in small numbers well into the Banda 
Sea.

The specimens of Matsudeira’s Storm-Petrel, Oceanodroma 
matsudeirae, are, to our knowledge, the first for this species in the 
Indian Ocean. There are sight records of large, all-dark, fork
tailed Storm-Petrels from around the equator at all times of the 
year in the western Indian Ocean (Bailey, R., R.R.S. Discovery 
III, and Gili, F. B., R. V. Anton Bruun, pers. comm.) which are 
distinct from the dark-rumped race of Leach’s Storm-Petrel, known 
as Swinhoe’s Storm-Petrel, Oceanodroma leucorhoa monorhis, 
which has been collected off the Arabian coast (R. Bailey).

The finding of White-tailed, rather than Red-tailed, Tropic-birds 
in this region was rather a surprise to us. According to the refer
ence books aboard (Alexander 1955, Fisher and Lockley 1954, 
Palmer 1962, Watson, Zusi and Storer 1963) the nearest known 
breeding colony of this species is on Christmas Island, 800 naut. 
miles West, and the apricot colour of the plumage of our specimen 
appears to indicate this race (Phaethon lepturus fulvus). It is 
interesting to note that in flight the tail-streamers, though broad, 
appeared pinkish and, if the small size of body and the extensive 
black patches on the upper-wing are not noticed, the bird might be 
recorded as Phaethon rubricauda, the Tropic-bird to be expected in 
the area (Serventy and Whittell, 1962).

The specimens of Oceanodroma matsudeirae and Phaethon 
lepturus {fulvus?) were delivered to the Division of Birds, U.S. 
National Museum, Washington, D.C., at the end of the cruise.
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N u m e ric a l tax o n o m y  w as d o n e  o n  208 s tra in s  o f  m arin e  b a c te ria . T h e  co llection  
w as seg regated  in to  e ig h t g ro u p s , seven o f  w h ich  c o n ta in e d  Vibrio  sp p . N u cleic  acid  
b ase  ra tio  s tu d ies o n  a  ty p ica l Vibrio  sp. fro m  each  g ro u p  a n d  o th e r  g en era  w ere done.
T h e  p h en o ty p ica lly  d ifferen t Vibrio  sp . h a d  a  n a rro w  ra n g e  o f  b a se  ra tio s . T h e  o th e r  
g en era  h a d  b ase  ra tio s  m o re  s im ilar to  th e  b ase  ra tio s  re p o rte d  fo r  th e ir  g enus th a n  
to  each  o th e r  a s  m arin e  b ac te ria . T h e  tax o n o m ic  g ro u p s  a re  c o m p a red  w ith  generic  
c lassification  a n d  th e  s tra in s ’ sources o f  iso la tio n s.

D u r in g  th e  e ig h th  c ru ise  o f  th e  A n to n  B ru m  
in th e  In d ia n  O cean , a  co llec tio n  o f  over 200 
b a c te ria  w as m ade . T h e  re su lts  o f  a tte m p ts  to  
classify  th e  g ram -n eg ativ e  iso la tes  even to  genera  
o n  th e  b asis o f  c u rre n t (15) in fo rm a tio n  p ro v ed  
conflicting . A ccord ing ly , th e  iso la tes w ere c h a ra c 
te rized  generically  by  m in im al te s ts  u sing  
c u rren tly  accep ted  m a jo r  c rite ria  (T ab le  2). 
S ub seq u en tly , a  n u m erica l tax o n o m y  s tu d y  w as 
d o n e  o n  th e  en tire  co llec tio n  to  exam ine  th e  
va lid ity  o f  th e  ab o v e-u sed  generic  c rite ria  a n d  to  
a ffo rd  a n o th e r  a p p ro a c h  to  c lassifica tion  o f  th e  
co llection . M u ch  o f  th e  e arly  w o rk  w ith  n u m erica l 
tax o n o m y  w as d o n e  w ith  e s tab lish ed  cu ltu res 
e ith e r to  v a lid a te  th e  m e th o d  o r  to  investiga te  
re la tio n sh ip s  o f  specific g ro u p s . P fiste r a n d  B u rk 
h o ld er (13) u sed  n u m erica l tax o n o m y  o n  151 
iso la tes f ro m  seaw ater w ith  a  view  to  estab lish in g  
a  p a tte rn  o f  ch ara c te ris tic s  fo r  fu tu re  m arin e  
iso la tio n s. S p litts to esse r e t  a l. (20) s im ilarly  used  
n u m erica l ta x o n o m y  to  g ro u p  b a c te r ia  iso la ted  
fro m  fro zen  vegetab les. U n fo rtu n a te ly , b o th  
a p p a re n tly  de le ted  50 a n d  2 5 %  o f  th e ir  cu ltu res , 
respectively , th a t  d id  n o t  fit th e  g ro u p s  p ro d u c ed  
b y  th e  re m a in in g  stra in s . I t  w as essen tia lly  th is  
in ab ility  to  g ro u p  som e g ram -n eg ativ e  b ac te ria  
in to  d iscre te  u n its  th a t  w e  w ished  to  exam ine. 
L e ifso n  ( 8 ) critic ized  n u m erica l tax o n o m y  as 
a d d in g  n o th in g  new  in  p rin c ip le  to  ta x o n o m y ; 
how ever, i t  c an  p ro v id e  a n  excellen t to o l, w hen  
p ro p e rly  used  to  in v estig a te  possib le  co rre la tio n s  
be tw een  tax o n o m ic  c rite ria  o f  e s tab lish ed  ta x o 
n o m ic  g ro u p s . T h e  re la tio n sh ip  o f  th e  deo x y rib o -

1 Present address: D epartm ent o f M icrobiology, 
U niversity o f California a t Los Angeles, Calif.

2 T rainee on Public H ealth  Service grant TT-A- 
1259. Present address: D epartm ent o f  M icrobiology, 
W ashington State University, Pullman, Wash.

nucleic  ac id  (D N A ) b ase  co m p o s itio n  a n d  
n u m erica l ana ly sis  ex am in ed  b y  C olw ell a n d  
M an d e l (3) is a n  ex am ple  o f  th is  use.

M a t e r ia l s  a n d  M e t h o d s

Organisms. A to ta l o f 208 bacteria isolated from  
seawater, m ud, fish, shark, and  an  island in the Indian 
Ocean was studied. The strains were coded as to  source 
o f isolation with 100 being seawater, 200 m ud, 300 
fish, 400 shark, and 500 an  island. The details o f  their 
isolation have been reported elsewhere (7).

Determination o f  properties. The 50 properties for 
each strain  were examined (Table 1). All m edia were 
m ade with artificial seawater, except C hapm an Stone 
(Difco) which was m ade with distilled water. Flagella 
stains were done by the m ethod o f Rhodes (14). The 
base m edium  for all tests contained 0.5%  peptone and 
0.05%  yeast extract in artificial seawater (Aquarium  
Systems Inc., Wickliffe, Ohio). A ntibiotic sensitivity 
was determined with standard  BBL sensitivity discs 
im pregnated with low levels o f  concentration for each 
antibiotic. Pteridine 0/129 was applied as a  saturated 
solution to  sterile filter-paper discs. R outine tests were 
done according to  the M anual o f  Microbiological 
M ethods (18) o r Skerm an (16). Lysine decarboxylase 
was exam ined with “pathotec” strips (W arner- 
Chilcot Laboratories, Richm ond, Calif.).

Numerical analysis. The per cent similarity was 
com puted according to  the m ethod of Sneath (17):

% S  = N sp /(N sp  +  Nd) X 100

where % S  =  sim ilarity coefficient; Nsp  =  num ber o f 
sim ilar positive m atches; and N d  =  num ber o f dis
sim ilar m atches. T he card . Fortran  program  was 
written by Paul Fisher a t the  Arizona State Com puter 
Center and program m ed on a  G eneral Electric 225 
com puter. G rouping o f the values was done with the 
m ethod o f  single-linkage clustering (19) by the investi
gator after inspection of the individual strain values. 
The 60%  similarity level was used for grouping be
cause inspection o f the  data showed only a  few strains
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T a b l e  1 . P roperties used in the characteriza tion  o f  m arine bacteria

General 
G ra m  s ta in  
O xidase-positive  
C a ta lase-p o sitiv e  
G ro w th  o n  M cC onkeys 
G ro w th  on  SS a g a r 
G ro w th  o n  C h ap m an  S tone 
G ro w th  o n  b lo o d -ag ar 
H em olysis on  b lo o d

M orphology  
R o d  o r coccus 
N o rm a l o r p leom orph ic  
F lagella  

L eng th  
P o la r 
L a te ra l 
P e ritrich o u s 

M o tile , n o t m o tile  
Spores p resen t 
C o lony  size 
C o lony  opaq u e

C arbohydrates 
A cid  fro m  glucose 
A cid fro m  lac tose  
A cid fro m  xylose 
A cid  fro m  a rab in o se  
G as from  ca rb o h y d ra te s  
O x ida tive  glucose m etab o lism  
F e rm en ta tiv e  g lucose  m etab o lism  
S ta rch  hydro lyzed  
C ellu lose  u tilized  
C h itin  u tilized  
In h ib itio n  by 5 c a rb o n  sugar

N itrogen m etabolism  
H»S p ro d u ced  
G e la tin  hydro lyzed  
C ase in  hydro lyzed  
In d o le  p ro d u ced  
U rease-p o sitiv e  
N itra te  reduced  
Lysine d ecarb o x y lase-positive

A ntib io tics  
C h lo ram p h en ico l sensitive 
T etracy c lin e  sensitive  
Penicillin  sensitive  
E ry th ro m y cin  sensitive  
P te rid in e  0/129 sensitive

M iscellaneous
Pigm ent

R ed
Y ellow
V iolet
O th er

G row th tem perature 
O ver 0  C 
O ver 20 C 
O ver 40 C 

L um inescence
R eq u ire  0.1%  a g a r fo r g ro w th

T a b l e  2 .  D ijferen tia l generic characteristics used fo r  bacteria  with bacillus-like  m orphology

Genus G ram
stain Spores Pigm ent Flagella Hugh-Leifson glucose

P terid ine
0/129

sensitiv ity
Lum ines

cence

B acillu s .......................... + + + ( - ) P e ritrich o u s N o  g row th ( - ) ( - )
B revibacterium ............ + ( - ) + ( - ) P eritrich o u s N o  g row th + ( - ) ( - )
C orynebacterium ........ + ( - ) ( - ) V ariab le N o  grow th ( - ) ( - )
P seudom onas ............... ( — ) ( - ) ( - ) P o la r O xida tive ( - ) ( - )
X a n th o m o n a s ............... ( — ) ( - ) + P o la r O xida tive ( - ) ( - )
A ch ro m o b a c te r ........... (—) ( - ) ( - ) V ariab le F erm en ta tiv e ( - ) ( - )
F lavobacterium .......... (—) ( - ) + V ariab le F erm en ta tiv e ( - ) ( - )
A lca ligenes ................... (—) ( - ) ( - ) V ariab le N egative ( - ) ( - )
V ibrio ........................... (—) ( - ) ( - ) P o la r F erm en ta tiv e + + ( - )
S p irillu m ....................... (“ ) ( - )  . ( - ) B ipo lar N o  grow th ( - ) ( - )
P hotobacterium .......... (—) ( - ) < - ) V ariab le F erm en ta tiv e ( - ) +
H yphom icrobium ( - ) ( - ) P o la r F erm en ta tiv e ( - ) ( - )

“ C h a rac te rized  by p leo m o rp h ic  cells a n d  budd ing .

above the 80%, sim ilarity level and virtually a  con
tinuum  at the 50% sim ilarity level.

Base ratio studies. D N A  was isolated according to  
the  m ethod of M arm ur (10) with Sipex (Alcolac 
Chemical Corp., Baltimore, M d.) for lysis o f the cells. 
The base com position o f the D N A  was determined by 
the therm al dénaturation m ethod of M arm ur and 
D oty (11), with the  use o f a  Colem an Autoset spectro
photom eter equipped with a  special cuvette holder for 
tem perature control.

R e s u l t s

F ig u re  1 show s th e  so r te d  a n d  re o rd e re d  m atrix  
in  w h ich  e ig h t m a jo r  g ro u p s  c an  b e  observed . 
T ab le  2 gives th e  m a jo r  c rite ria  u sed  to  d e te rm in e  
g en era  o f  th e  co llec tio n  as re p o rte d  in  T ab le  3. 
T ab le  3 sum m arizes th e  c h arac te ris tic s  o f  each

gro u p . A t  th e  6 0 %  S  v a lue , s tra in s  o f  e ach  g ro u p  
a re  in te rre la te d  w ith  a t  least o n e  o th e r  g ro u p  
(Fig. 1). G ro u p s  4, 5, 6 , a n d  7 m ay  in d eed  be c o n 
sidered  o n e  g ro u p , a n d  th is  is em p h asized  by  
g ro u p  6  w hich  co n ta in s  s tra in s  show ing  re la tio n 
sh ip  a t  th e  7 0 %  level to  b o th  g ro u p s  5 a n d  7.

T h e  la rg e  n u m b er o f  o rg an ism s be tw een  g ro u p  
3 a n d  4  in c lu d e  m o st o f  th e  gen era  in  o th e r  g ro u p s 
p lu s som e cocci. T h ey  re la te  in  genera l below  th e  
6 0 %  level to  th e  re st o f  th e  co llec tio n  a n d  to  each  
o th e r. T h ey  a p p ea r  to  p ro v id e  a  log ica l c o n 
t in u u m  fro m  th e  first th re e  p re d o m in an tly  g ram - 
po sitive  g ro u p s  to  th e  la s t g ro u p s  w hich  a re  a ll 
gram -negative.

T h e  fo llow ing  p o in ts  fro m  T ab le  3 a p p e a r  sig
n ifican t: (i) T h e  genus Vibrio  w as fo u n d  in  every

55



710

S

«

7 0 -1 0 0  °/< 
6 0 -  6 9  °/c

BELOW 6 0 %

F i g . 1. M atrix sorted and reordered by  single linkage technique. Eight major groups are indicated. Values less 
than 60%  were not plotted.

g ro u p , excep t th e  o n e  sm all Pseudom onas  g ro u p  
(4). (ii) S tra in s  f ro m  b o th  sh a rk  a n d  la n d  a re  a s 
so c ia ted  o n ly  w ith  th e  first th re e  g ro u p s  w hich  
a re  p re d o m in an tly  g ram -p o sitiv e , (iii) A ll lu m i
n escen t b ac te ria  (genus Vibrio  o r  P hotobacter) 
a re  in  o n e  g ro u p  (g ro u p  8). (iv) G ro u p  6, show 
ing  th e  g rea tes t c ro ssin g  o f  s im ilarity  be tw een  
g ro u p s , c o n ta in s  s tra in s  iso la te d  p rim arily  fro m  
m arin e  m u d . (v) G ro u p  2, B revibacterium  show s 
a  h ig h  c o rre la tio n  w ith  a  m u d  h a b ita t,  (vi) P ig 
m en t a p p ea rs  to  be o f  little  significance in  g ro u p 
ing  bac teria , a s  p ig m en ted  fo rm s a re  fo u n d  in  
m o st g ro u p s , (vii) G ro u p s  7 a n d  8 iso la ted  p re 

d o m in a n tly  f ro m  fish in testin e  hav e  n o  p igm en t, 
a tta c k  g lucose, a n d  a re  essen tia lly  e ith e r Vibrio  
o r  A chrom obacter  genera .

T h e  w ide d is tr ib u tio n  o f  th e  Vibrio  genus, as 
well a s  th e  suggestion  by  B elser th a t  m arin e  b a c 
te r ia  m ay  h av e  a  c o m m o n  n a rro w  ran g e  o f  base  
ra tio  (1), p ro m p te d  a n  e x a m in a tio n  o f  th e  base 
ra tio  o f  s tra in s  fro m  each  g ro u p . T h e  m a jo rity  
o f  Vibrio  s tra in s  a re  in  th e  35 to  4 0 %  g u an in e  
p lu s cy tosine  (G C ) ra n g e  (T ab le  4 ); th e  P seu 
dom onas  s tra in s  a re  ch arac te ris tica lly  a b o v e  th is , 
w hereas th e  re m a in in g  gen era  cover a  ran g e

56



T a b l é  3 . A nalysis and characteristics o f  num erical groups
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G roup N o. of 
isolates Genus No. Source N o. Unique group characteristics“

1 25 Bacillus 18 W ater 8 C ata lase-p o sitiv e
Corynebacterium 4 M ud 4
Vibrio 2 Fish 2

B revibacterium 1 Sh ark 1 0

L an d 1

2 1 2 Brevibacterium 1 1 W ater 1 Sensitive , 5 a n tib io tic s
Vibrio 1 M ud 1 0

L and 1

3 18 Alcaligenes 5 W ater 7 S ta rch  (—)
Pseudomonas 4 M ud 3
Vibrio 3 Fish 3
Brevibacterium 2 Shark 1

C orynebacterium 2 L and 4
Bacillus 1

Achrom obacter 1

4 8 Pseudomonas 8 W ater 4 R e sis tan t to  te tracy c lin e , p en ic illin ,
M ud 4 ery th ro m y cin , p te rid in e  0/129; c a ta 

lase-positive, c h itin -p o sitiv e , xylose-
negative , a rab in o se -n eg a tiv e

5 25 Alcaligenes 1 0 W ater 9 R e s is tan t to  te tracy c lin e  a n d  p en ic illin ;
Pseudomonas 5 M ud 8 n itra te -n eg a tiv e
Vibrio 4 F ish 8

Flavobacterium 3
Achrom obacter 3

6 2 0 Achrom obacter 8 W ater 2 R e sis tan t to  te tracy c lin e , ox id ase-p o si
Alcaligenes 6 M ud 16 tive
Pseudomonas 2 F ish 2

Vibrio 2

Hyphom icrobium 1

Flavobacterium 1

7 19 A chrom obacter 1 1 W ater 5 G lu co se -p o sitiv e , no  p igm ent, g e la tin -
' Vibrio 6 M u d 2 p o sitive , an d  n itra te -p o sitiv e

Spirillum 2 F ish 1 2

8 28 Vibrio 15 W ate r 1 0 G lu co se-p o sitiv e , n o  p igm ent, fe rm e n ta 
Photobacterium 6 M ud 1 tive , an d  lum inescen t
Achrom obacter 6 Fish 17
Flavobacterium 1

“ Characteristics possessed by all bu t one or two strains o f the group.

m o re  c h a rac te ris tic  o f  th e ir  gen u s th a n  o f  th e ir  
m arin e  o rig in .

D i s c u s s i o n

I t  is n o t  o u r  p u rp o se  to  review  th e  p re sen t 
s ta tu s  o f  th e  a r t  o f  c lassifica tion  o f  n o n m ed ica l 
g ram -n eg ativ e  bacillu s . T h e  se p a ra tio n  o f  g ram - 
po sitiv e  g en era  fro m  each  o th e r  a n d  th e  g ram - 
negative  b ac te ria  a t  th e  60%  level is ta k e n  a s  a  
c o n tro l fo r th e  n u m erica l analysis. L is to n  (9) 
fu r th e r  suggested  th e  6 0 %  sim ila rity  level fo r 
generic  g ro u p s. T h e  32 iso la tes be tw een  g ro u p s  3

a n d  4  in clu d e  a ll g en era  o f  th e  co llection , excep t 
B acillus  a n d  Pseudom onas. T w o  Sarc ina  spp . a n d  
o n e  M icrococcus  sp . a re  a lso  in  th is  g ro u p . A s 
in d iv id u a l s tra in s , th ese  iso la tes  h av e  little  in  
co m m o n ; a s  a  g ro u p , th ey  a p p e a r  to  rep re sen t a  
tra n s it io n  fro m  g ram -p o sitiv e  to  g ram -n eg ativ e  
b a c te ria  an d , p e rh ap s , a s  W o o d  (21) h a s  sug 
gested  b a se d  o n  o th e r  d a ta , a  t ra n s itio n  fro m  
lan d  a n d  m u d  b a c te ria  to  seaw ate r a n d  fish b a c 
te ria . T h e  a p p ea ran c e  o f  Vibrio  spp . in  every  
g ro u p  excep t o n e  is co n sid ered  sign ifican t in
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T a b l e  4 . Base ratio  o f  typ ica l generic stra ins w ithin each group

G roup S train Genus
P er cen t GC

Vibrio Pseudomonas O ther

i 360 Vibrio 39.3 (85.4)°

2 237 Brevibacterium 37.0 (84.5)

3 1 1 0 Vibrio 40 .7  (8 6 .0 )
339 Pseudom onas 64.3 (95.7)
505 Bacillus 43.6 (87.2)

4 156 Pseudom onas 43 .0  (87.0)

5 330 Vibrio 37.0 (84.5)
234 Pseudomonas 59.0 (93.5)

6 319 Alcaligenes 58.3 (93.2)
213 Vibrio 35.8 (84.0)
1 1 1 A chrom obacter 44.3 (87.5)
243 Pseudomonas 52.2 (90.7)
208 Hyphom icrobium 40.0*
209 Pseudomonas 34.6 (83.5)

7 353 Vibrio 39.4 (85.5)

8 305' Vibrio 39.5 (85.5)
306 V ibrio 39.0 (85.3)
307 Vibrio 43.1 (87.0)
329'' Vibrio 39.5 (85.5)
313' Photobacterium 37.5 (84.8)

In te rg ro u p 510 M icrococcus 45.6 (88.0)
368 Vibrio 39.5 (85.5)
231 Flavobacterium 60.5 (94.1)
509 Flavobacterium 37.5 (84.7)
182 A chrom obacter 35.8 (84.0)

“ V alue in p a ren th eses is T„, o b ta in ed  in s ta n d a rd  sa lin e  c itra te . 
b V alue o b ta in e d  by M . M andel w ith buo y an t density  p rocedure . 
c L um inescen t.

v iew  o f  o th e r  find ings reg ard in g  th e  genus 
Vibrio. C o lw ell a n d  L is to n  (2) fo u n d  th e  sam e 
sp re a d  o f  Vibrio  spp . in th e ir  w o rk  a n d  a t 
tr ib u te d  th is  to  “ ox id a tiv e  a n d  p ig m en ted  V ib r io .” 
A ll o f  o u r  Vibrio  spp ., how ever, a re  n o n o x i- 
d a tiv e  a n d  n o n p ig m en ted . B o th  D e L e y ’s re 
v iew  a rtic le  (5) a n d  th e  s tu d y  o f  Vibrio  spp . by 
D av is  a n d  P a rk  (4) in d ic a te  th a t  Vibrio  spp . a re  
p h en o ty p ica lly  v a riab le  w ith  a  w ide ra n g e  o f  
nucleic  acid  b ase  ra tio s . M a rm u r  e t al. (11) re 
p o r te d  b ase  ra tio s  fo r  Vibrio  spp . fro m  42 to  6 6 '/, 
G C , suggesting  th e  sam e in te rsp e rse d  sp re a d  o f  
th is  genus. In  sp ite  o f  th e ir  p h e n o ty p ic  difference, 
o u r  Vibrio  spp . sh o w ed  a  n a rro w er p e r  cen t G C , 
fro m  36 to  43. T h e  ch arac te ris tic  p leo m o rp h ism  
o f  Vibrio  sp . re p o rte d  by  H a llo c k  (6 ) m ay  p ro v id e  
a  m o rp h o lo g ica l c o ro lla ry  fo r  th is  variab ility .

F lavobacter  sp. hav e  a lso  been sh o w n  by

M a rm u r e t al. (12) to  v ary  in b ase  co m p o s itio n  
fro m  32 to  7 0 %  G C . O u r  d a ta  sh o w ed  n o  g ro u p 
ing  o f  p ig m en ted  b ac teria , a n d  P fis te r  a n d  B u rk 
h o ld e r  (13) g ro u p e d  o n ly  6  o f  76 as F lavobacter  
sp . T h is  w o u ld  suggest th a t  p ig m en t sh o u ld  no t 
b e  used  as a  significant tax o n o m ic  c rite rio n . T h e  
p o te n tia l  significance o f  h a b ita t  o n  tax o n o m y  can  
b e  seen in  g ro u p s  7 a n d  8 . T hese  s tra in s  o b ta in ed  
essen tia lly  f ro m  fish in te stin e  c o u ld  essen tia lly  be 
classified a s  Vibrio  sp . w ith  tw o  v a ria tio n s : (i) 
lu m in escen t (all P hotobacter  sp. a n d  som e Vibrio  
sp .) ; a n d  (ii) p te rid in e  0 /1 2 9  re s is ta n t (a ll A ch ro 
m obacter  sp .). T h e  re la tio n sh ip  o f  Brevibacterium  
sp. to  m u d  is o b v io u s  in  g ro u p  2  w here  th e  one  
w a te r iso la te  is th e  o n e  Vibrio  sp. In  co n clu sio n , 
th e  re la tio n sh ip  be tw een  a ll g ro u p s  a t  th e  60%  
level (F ig . 1) suggests a  c o n tin u u m  o f  m arin e  
b a c te r ia  w ith  a ll po ss ib le  in te rg en eric  stra in s . T h a t
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such should be the case when isolating members 
of the largest group of bacteria (gram-negative 
rods) from the acknowledged site of the origin of 
all life should not be surprising. When generic 
criteria, estáblished on evolved land and patho
genic bacteria, are applied to such marine isolates, 
it can be anticipated that some confusion will 
result. It is also apparent that the genus Vibrio is 
likely to be the major problem in the classifica
tion of marine gram-negative bacteria.
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Reprinted from Bull. natn. Inst. Sei. Ind ia , no. 38, 1968, p. 319-323

OBSERVATIONS ON THE SCATTERING LAYERS OVER THE 
CONTINENTAL SHELF OFF KONKAN COAST (INDIA)

by V.S. R a m a  R a j u

Physical Oceanography Division, National Institute o f Oceanography, Ernakulam

The echograms obtained by R.V. “ V A R U N A ” using asdic during the  September,
1963 cruise are analysed. Scattering layers observed over the shelf area, off R at- 
nagiri, are exam ined and studied in relation to  the therm ocline layer present. 
Com parison o f the  reflections from  the layers in the therm ocline region with 
similar observation in the N o rth  Sea has indicated that the layers are no t directly 
due to  the physical discontinuity.

I n t r o d u c t io n

Extensive sound scattering layers are observed in many parts o f  the world 
oceans in deeper waters (day time layer depths 200—800 m) and few in shallow 
waters. Hersey and Moore (1948) summarized the results of observations o f the 
scattering layers in the Atlantic Ocean and attributed their origin to biological agency 
plankton, especially euphausids from the evidence o f net hauls. Weston (1958) 
reported in his paper a strong and extensive scattering layer at the thermocline 
depth in shallow water (depth about 37 fathoms) in the North Sea and proved by 
calculation that these layers are not directly related to physical discontinuity and 
therefore plankton or fish feeding on plankton is the probable source. Some of the 
earlier observers noticed the continuity of the layers over wide areas and their location 
sometimes coinciding with sharp temperature or density discontinuity; and thought 
the origin is possibly due to physical parameter such as temperature or density. 
But the more recent investigations have positively contributed to the idea that these 
layers are due to biological source, although there exist different layer types in different 
locations and they vary with time. Also the layers are not always caused by the 
same organisms and the sound reflective physical properties of the organisms under 
the observation conditions are not certain. It is known that, at least in some cases, 
the trawling operations conducted at locations where the scattering layers were 
observed by means of echo sounder or asdic have resulted in increased catches 
(Barnes 1959).

The present studies have been made from the echo sounder and asdic records 
of R.V. “VARUNA” obtained during the trawling operations. The scattering 
layers obtained in these records are quite interesting from the point o f view o f their 
occurrence at shallow depths, their vertical movements, their wavy pattern and 
also because of their double layered characteristics.

D e s c r ip t io n  a n d  E x a m in a t io n  o f  t h e  L a y e r s

The layers are recorded by asdic (Simrad type) on 20th and 21st September, 
1963 and they extend at least over a distance of fifty miles to the north and north-
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east of 16°26' N, 72°49' E over the continental shelf where the bottom depth varied 
between 20 and 80 m. The asdic was in use for fish detection at trawling stations 
and in between the oceanographic stations. It has a scale range of 0-1500 m, 
frequency 30 KC. per second and chart speed 2 cm per minute. In operation the 
transducer of the asdic is lowered by about 1/2  m below the keel and the beam can 
be swept through 140°. The face of the transducer is slightly inclined from the 
vertical plane and the ultrasonic sound beam makes an angle of 3° downward with 
the horizontal. The beam width is 17°. The signal or ping length expressed as 
travel distance in water is about 10 m. The draught of the ship is 3.4 m and so only 
the scatterers below this depth are recorded.

The vertical temperature variation of the waters observed at the same time with 
reversing thermometers shows a small increase of temperature (0.5 to 1°C) with 
depth in the surface layer up to 10 m, and the thermocline layer thickness is 10 to 30 
m with its upper surface at about 10 m depth. The thermocline layer shoaled to
wards the shore. The steepest temperature gradient in the thermocline is 0.33°C 
per metre. The thickness of the thermocline layer at different locations is shown in 
figures 1, 2, 3 and 4 along with the spatial and temporal variations of the scattering 
layer depths.
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/ d epth  RANGE• 1 0 -  
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NEAR I6  57N)75 0IE-

35

BOTTOM DEPTH SOM
F io . 1. Spatial and tem poral variations o f the depths o f  the scattering layers showing upw ard 

m igration on 20th Sept, 1963. Ship underway a t 8  K nots.

An examination of the records taken on 20th September by the asdic run 
in between the oceanographic stations from 0345 to 0735 hrs. (1ST) reveals 
clearly the two reflective layers in the mid water and the sea bottom sounded by the 
echo sounder is definitely at a greater depth. These two layers are at a mean depth
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o f 11 and 18 m. As the ship sailed west-ward, the upper layer present at 17 m at 
0345 hrs. moved to the surface by 0400 hrs. and merged with the signal record 
of the outgoing pulse; and the lower layer also moved upwards from 30 m to 14 m 
depth. Similar vertical migration of the layers that do not seem to have any 
clear relation with the illumination o f the water can be observed in all the figures. 
An interesting point noted from the records is that the sound scatterers observed in 
shallow water at a single level bifurcated to two levels, one moving upward and 
the other downward and later on maintained separate levels more or less parallel 
to one another, at least for some time. The bifurcation is clearly illustrated in 
figures 2 and 3.

T I  M E  ( 1 S T )

06 30
t h e r m o c l i n e

+  d e p t h  R A N G E
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5  »______ I______ I I —  - 4 ,  ■ I.
0755

(♦THERMOCLINE DEPTH 
* RANGE.
, NEAR I6*5S'N,72*4l'e*

■**508.

BOTTOM DEPTH 67M*

F ig s . 2,3. Spatial and temporal variations of the depths of the scattering layers showing bifurcation 
of a single layer recorded on 20th Sept, 1963. Ship underway at 8 Knots,

63



322

The scattering layers are not always found in the region of the thermocline. 
Also it is difficult to ascertain exactly from the available data, from which part of 
the thermocline the reflections are arising. However, the records taken from 0515 to 
0550 hrs. (1ST) on 20th September, show that the scatterers are mostly confined to 
the thermocline and the bifurcate^ levels of the layers are situated near the top and 
bottom of the thermocline. And the temporal variation of the layer observed on 
21st September shows that its level is mostly confined to the upper half of the 
thermocline. This particular record also shows superimposition of wave form on 
the layer suggesting that the scatterers are plausibly riding on an internal wave. 
The analysis reveals that the wave has periods varying between 2.5 and 7.5 minutes 
and heights between 2.0 and 8.0 metres. The mean period calculated is 3.5 minutes 
and wave height 4.5 metres. Well-defined wave forms superimposed on scattering 
layers caused by small organisms were recorded by echo sounder of frequency 30 
KÇ per second in the shelf area off the Angola Coast (Vasco Valdez 1960).

The layers observed are, in general, diffuse in character and the few records 
obtained in the early hours o f the day missed observations at sun rise. But the 
migration of the Deep Scattering Layers in the vertical with changes in illumination 
in the Sea water is well known.
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Fig . 4. Wave pattern of the shallow scattering layer recorded on 21st Sept. 1963. Ship trawling 

at about 0.S Knot.

D iscussion

Ever since the scattering layers were recognized in 1942, various attempts are 
made to find out by direct and indirect means the exact source responsible for
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causing these so-called phantom bottoms on the echograms. These layers exist 
in most parts of the deep oceans (Dietz 1962). There are two main possibilities for 
a sound pulse sent down from a transducer getting reflected from the water layers. 
These are (1) a thermocline layer in which the temperature decreases rapidly with 
depth and consequently increases the density of the water column acting as a semi- 
reflector of sound waves and, (2) the presence of organisms containing air bladders 
which act as effective reflectors or organisms present in sufficient concentration and 
having chitinised carapace. Weston (1958) in his study of the scattering layer in the 
North Sea observed with a transducer of frequency 10 KC. per second at a thermo
cline of exceptionally steep gradient (2°C per metre) has proved that the density 
discontinuity is ineffective reflector. Comparing the present observed physical 
conditions clearly reveals that the reflections cannot be due to the physical dis
continuity. Therefore, the shallow scattering layers observed must be due to some 
small organisms (such as euphausids, myctophids, etc.).
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PRELIMINARY REPORT ON THE GEOGRAPHICAL DISTRIBUTION OF 
THE SPECIES OF CARINARIIDAE AND PTEROTRACHEIDAE 
(HETEROPODA, MOLLUSCA) FROM THE INTERNATIONAL 

INDIAN OCEAN EXPEDITION

by P. N. A r a v j n d a k s h a n  

Indian Ocean Biological Centre, National Institute o f Oceanography,
Cochin-A6, S. India

T his is a  description o f  the  d istribu tioú  in th e  Ind ian  Ocean o f species belonging 
to  tw o families o f the  H eteropoda, th ë  C arinariidae and  P terotracheidae. T he 
observations are  based on  p lank ton  collected by A nton Brunn, Argo, Pioneer 
and  Vityaz during  the  IIO E . T he samples obtained by these vessels provide 
broad  coverage o f  the  Ind ian  Ocean, including the  A rabian  Sea and  Bay o f  
Bengal and southw ard  to  40° S. Beyond 40° S there  were only three collections 
a n d  these contained no  specimens. P terotracheids ou tnum ber th e  C arinariids 
in  abundance. T he fo u r species o f the  genus Carinaria, Cardiapoda richardi, 
Pterotrachea scutata  and  P t. minuta deserve special m ention because o f their 
low  density in  the  Ind ian  O cean. M ost abu n d an t and  widely distributed  are 
Firoloida desmaresti and  Pterotrachea hippocampus. Pterosoma planum  and  
Cardiapoda placenta  appear to  be m ore restricted to  the  tropical zone. The 
identification o f th e  specimens is m ainly based upon  Tesch (1949).

I n t r o d u c t io n

This paper is the first result of a  continuing study of heteropod molluscs 
sorted out from the plankton collections deposited at the Indian Ocean Biological 
Centre by the nations that participated in the International Indian Ocean Expedition, 
1960-1965. The heteropod molluscs are of particular interest because of their 
modifications for a pelagic mode of life. The three families, Atlantidae, Carinariidae 
and Pterotracheidae, are seen to be in a clear phylogenetic line when we take into 
consideration their shell-structure. In the case of Atlantidae the animal lives 
encased in the shell, in Carinariids the shell is much reduced, and in Pterotracheids 
it is absent. The Heteropoda is a small group, but it presents difficulties inasmuch as 
some forms lack clear diagnostic characters. Though the earliest publications 
are of limited use now, much knowledge of the group is obtained from the works of 
Smith (1888); Bonnevie (1920) and Tesch (1906, 1910, 1949). It was Tesch who 
arranged all the species in a systematic manner and largely solved the problems of 
identification. Dales ( 1952) has published a paper on the distribution of Carinariidae 
and Pterotracheidae off the Pacific coast of North America. Tokioka (1955) and 
Okutani (1957, 1961) have published a few papers on the heteropods of the Japanese 
waters.
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M a t e r i a l  S t u d i e d

The present discussion is limited to a consideration of Carinariidae and 
Pterotracheidae collected by the research vessels Anton Brunn, Argo, Pioneer and 
Vityaz. The area surveyed included the Arabian Sea, the Bay of Bengal and most 
of the rest of the Indian Ocean (Fig. 1), the southernmost collections being from a 
little beyond 40° S. Since only about one-fourth of the total samples on hand 
at the Indian Ocean Biological Centre have been examined for heteropods thus far 
the present paper is a preliminary one. The patterns of distribution as they appear 
at this stage of study will be indicated-. From the 535 samples analysed till now, all 
the twelve species enumerated by Tesch (1949) have been obtained. The list of the 
species, the total number of stations at which each was represented and the total 
number of specimens present in all these stations together, are given below :

Species Total number 
of stations

Total number 
of specimens in 

all stations 
together

Carinaria lamarcki challengeri 1 2
C. cristata 2 2
C. galea 1 1
C. cithara 6 6
Pterosoma planum 32 45
Cardiapoda placenta 43 143
C. richardi 1 1
Pterotrachea coronata 16 27
Pt. hippocampus 64 155
Pt. scutata 1 1
Pt. minuta 2 2
Firoloida desmaresti 206 1252

R e v ie w  o f  D is t r ib u t io n  o f  S p e c ie s

Family Carinariidae

This family comprises three genera: Carinaria, Ptrerosoma and Cardiapoda. 
Not a single specimen was collected with the shell intact. Though the shell of  
Carinaria is more relied upon for identification characters, the soft parts also give 
certain clues. Of the three genera in this family, Pterosoma and Cardiapoda are 
more frequently represented than Carinaria.

Genus Carinaria Lamarck 1801

This includes four species: Carinaria lamarcki (with one variety, Carinaria 
lamarcki challengeri), C. cristata, C. galea and C. cithara. Of these C. cithara is 
more common in the Indian Ocean. Figure 2 shows the localities of capture of 
Carinaria.
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Carinaria lamarcki challengeri Bonnevie, 1920
The typical Carinaria lamarcki was not obtained. Two specimens of 

Carinaria lamarcki challengeri were collected at Vityaz station 5327 (34°18'S 
77°56'E). The distribution of this species is interesting because, as Tesch points out, 
this is the only heteropod which penetrates into temperate waters. All other ranges 
are tropical-subtropical. These specimens are considered different from the typical 
C. lamarcki because they possess the “clasper” (Bonnevie 1920) consisting of a pair of 
folds on the posteroventral side of the body. Okutani (1961) has also not found the 
“clasper” in the typical specimens of C. lamarcki. One of the present specimens 
is a male (12 mm in length) and the other a female (21 mm). Both cephalic tenta
cles were present. The right tentacle was smaller than the left. This is contrary 
to the observations made by Okutani. In his 15 mm specimen the right tentacle 
was completely absent.
Carinaria galea Benson, 1835

Only a 13 mm female specimen was recorded. The locality was off Mombasa. 
In the Indian Ocean it is distributed from Sumatra to Mombasa, according to 
Tesch. On the East African coast its distribution extends to Durban. It has not 
been recorded from the Atlantic and may be considered an Indo-Pacific species. 
Carinaria cristata (Linne' 1766 )

The species is noted for its remarkably large size. In the present material 
there were only two specimens. The maximum length attained was 28 mm for a 
female. It was collected between Madagascar and Mozambique. In this species 
the right tentacle is longer than the left, an anomaly noted by Tesch is his 86  mm 
specimen. The other specimen was a male, collected north of equator in the eastern 
Indian Ocean. The distribution of Carinaria cristata is known to extend from the 
south-east coast of Africa northward to Mombasa and also includes the eastern 
part of the Indian Ocean.
Carinaria cithara Benson, 1835

Six specimens were obtained, five of them from the north-west part of the 
Indian Ocean. The other was from near.the equator, south of the tip of India. 
An important aspect of its distribution is that not a single specimen was present in 
samples from the Bay of Bengal. Its southernmost record is towards Durban 
(Tesch). In the present material the maximum length was 52 mm for a female 
specimen from Vityaz station 5251 (3° 00' N  11° 01' E). The largest Dana speci
men measured 50 mm. Tesch reported that Carinaria cithara was present at each 
station in the tropical region from Durban to Indo-Malayan waters. Now the 
distribution is known to extend into the Arabian Sea. There are more records 
from the Indian Ocean than from the other oceans. The distribution pattern 
indicates that it is a typical tropical species.
Genus Pterosoma Lesson, 1827

Pterosoma planum is the only species in the genus Pterosoma. It is Indo-Pacific 
and wholly confined to tropical waters. In the eastern Indian Ocean its northern 
most record is at 18° N  in the Bay of Bengal (Fig. 3). Thçre were numerous records
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from the eastera Indian Ocean. To the west, it was found off the Somali coast with 
the northernmost records near 5° N. Thus, it was not found in the Arabian Sea. 
According to the Dana investigations, the southernmost record is 35° 49' S. The 
present records extend only to 15° S. In the present collection the largest specimen 
measured 35 mm in length (excluding the tail). Both cephalic tentacles were present, 
the right one being very small. However, in small specimens the right tentacle is 
absent. Lesson (1830) described a specimen of 80 mm length, while the largest 
specimens reported by Hedley {cited from Tesch) and Tesch measured only 30 mm.

Genus Cardiapoda d ’ Orbigny, 1836

The two species, Cardiapoda placenta and C. richardi are strikingly different 
morphologically, as well as in their distributional ranges. Cardiapoda placenta 
is common in the Indo-Pacific whereas C. richardi is more abundant in the Atlantic, 
particularly the Sargasso Sea. There are numerous records of C. placenta from 
the Caribbean Sea, but none for C. richardi. In turn, C. placenta is rare in the 
Sargasso Sea. The present records are shown in figure 4.

Cardiapoda placenta (Lesson 1830)

Most records for this species are from equatorial waters. There were also 
several records from the Bay of Bengal, but few from the Arabian Sea. They 
were present in large numbers in the eastern Indian Ocean. In the present investiga
tion there were only three records south of 10°S. Previous records showed that 
C. placenta is abundant in Indo-Malayan waters. On the east African coast it was 
found near Madagascar and Mombasa. Its most southern Dana record was at 
35° 49'S, 23° 09'E off the eastern edge of the Agulhas Bank. In the present study it 
was found to be only about 30° S.

Cardiapoda richardi Vayssiere, 1904

Cardiapoda richardi was present at only one locality, “Lusiad” Stn 85 (04°0l'S, 
80° 00' E). It was a small and damaged female specimen. Formerly the species 
was recorded between Ceylon and Seychelles and between Madagascar and east 
Africa. Now the distribution is known to extend to the eastern Indian Ocean. It 
is, clearly, rare and scattered in occurrence.

Family Pterotracheidae

All the known species of Pterotrachea were present. Pterotrachea coronata 
and Pt. hippocampus show wide distribution. Pterotrachea scutata and Pt. minuta 
are of special interest because of their rare occurrence. Firoloida desmaresti is the 
most abundant among all the species mentioned here. Figures 5 and 6  show the 
distribution of Pterotrachea species and figure 7 shows the distribution of Firoloida 
desmaresti.

Pterotrachea coronata : Forskal, 1775

This is one of the largest heteropods. It is widely distributed in the Indian 
Qçean, though the numbers caught are not as large as the catches reported from
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other oceans. In the present collection the largest specimen obtained measured 
100 mm length (75 mm excluding the tail). It was a female and there was no sucker 
on the fin. Tesch could not find a single female with a sucker, but cited Fewkes 
(1883, 1888) and Paneth (1885) who concluded that this is not always the case, and 
that the sucker may occur in Pt. coronata females as well as in males. But 
the present author has not found any female specimen with sucker.

Pterotrachea hippocampus Philippi, 1836

According to Tesch Pt. coronata is more abundant than Pt. hippocampus. 
But the present observations show that Pt. hippocampus was obtained from 64 
tations (Fig. 6) as against 16 stations for Pt. coronata (Fig. 5). In the Indian 

Ocean Pt. hippocampus was found to be most abundant between 5°S and 5°N. 
However, the southernmost record is at 28°00'S, on the African coast. In the 
Bay of Bengal it was not found north of the Andamans, as was the case with Pt. 
coronata (Fig. 5). No specimens were caught in the Arabian Sea.

Pterotrachea scutata Gegenbaur, 1855

Only one specimen was obtained, from Vityaz Stn 5199 (26° 0 2 'S, 91° 3 8 'E). 
The total length of the specimen was 39 mm. It was in a damaged condition. 
Evidently, this is not a common species in the Indian Ocean but in the Atlantic 
and Pacific it is known to have been caught in large numbers.
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Fig. 5. Distribution of Pterotrachea coronata, Pt. scutata and Pt. minuta.
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Pterotrachea minuta Bonnevie, 1920

Two specimens were obtained near the locality at which Pi. scutata was obtained. 
One specimen measured 13 mm and the other 29 mm in length. Bonnevie’s specimen 
measured 13 mm and Tesch’s was 25 mm. This species is rare in all oceans. Tesch 
reported it from near Mombasa and the present observation extends its distribution 
to the eastern Indian Ocean.

Firoloida desmaresti Lesueur, 1817

As has already been stated this is the most abundant species among the Cari
nariidae and Pterotracheidae. It is typically a tropical species, and Okutani did 
not find it in Japanese waters. In the Indian Ocean its southerly range extends 
to 30° S, along the African coast. East of the Agulhas Stream it is not found 
south of 20° S. The records are numerous from the Bay of Bengal, the Arabian 
Sea and the equatorial zone.

To summarise the above review of distribution, it may be said that all the 
species enumerated by Tesch were present in the material examined. Carinaria 
cithara was obtained from the Arabian Sea but not a single specimen was found 
in the Bay of Bengal. Carinaria cristata, C. galea and C. lamarcki challengeri were 
collected ; but it is to be noted that not a single specimen was observed from the 
Arabian Sea or the Bay of Bengal. Pterosoma planum appears to be absent from 
the Arabian Sea. There were numerous records of Cardiapoda placenta from the 
Bay of Bengal but only scattered distribution in the Arabian Sea. Among the 
Pterotracheidae Firoloida desmaresti had the widest distribution. It seems to be 
rare beyond 20° S except on the African coast. Of the Pterotrachea species, Pt. 
hippocampus and Pt. coronata were relatively common. But the former was not 
obtained from the Arabian Sea. Pt. Scutata and Pt. minuta were noted to be 
rare. Only one specimen of Pt. scutata and two of Pt. minuta were collected.
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Reprinted from B ull. natn . Inst. Sei. Ind ia , no. 38, 1968, p. 594-611

PRELIMINARY OBSERVATIONS ON THE DISTRIBUTION OF 
EUPHAUSIACEA FROM THE INTERNATIONAL INDIAN OCEAN

EXPEDITION

by K. G o p a l a k r i s h n a n 1  and E. B r i n t o n  

Indian Ocean Biological Centre, National Institute o f Oceanography, Cochin 16

D uring  th e  In terna tiona l Ind ian  Ocean Expedition (IIO E), 1962-65, highest 
num erical densities o f euphausiids were found  on the western side o f the 
In d ian  O cean. A  reduction in num bers occurred tow ard  the east, bu t there was 
a  secondary  peak a t 80°-90°E, the longitude o f the  western ha lf o f the Bay of 
Bengal. N um bers o f euphausiids considered on a  north -sou th  basis show a 
p ictu re  o f progressive decrease tow ard th e  southern  lim it o f th e  Ind ian  Ocean 
p ro p er (40°-45° S) the zone o f the Subtropical Convergence. The patterns hold 
fo r b o th  seasons considered : April-October and October-April. Observed 
night-tim e num bers are twice as great as day-tim e num bers. T hroughout the 
year, m axim um  num bers o f euphausiids were found in the  western m ost tropi
cal p a rt o f th e  ocean, particularly off A rabia and  Som aliland, agreeing with 
findings fo r m ost o ther taxa reported  in the present series o f papers. Num erical 
densities in the  Bay of Bengal and in waters sou th  of Java were somewhat 
h igher during  the Southwest M onsoon period th an  during the opposite season.
A discussion of distribution  of the  separate euphausiid  species is based on Argo  
sam ples from  an equatorial zone 5°N-5° S extending th e  full b readth  of the 
ocean. Typical Indo-Pacific tropical species are dom inant, bu t surprising num 
bers o f  individuals representing faunas from  m id-latitudes are mixed in, parti
cularly  tow ard the west and in the  zone 0°-5° S.

I n t r o d u c t io n

During IIOE, Zooplankton samples were collected by research vessels from 
nine nations. The composite pattern of stations provides coverage o f most of  
the ocean. Samples were received at the Indian Ocean Biological Centre (IOBC) 
for sorting and further analysis. Of the 2146 samples received, 1909 were collected 
according to the standard method prescribed for vessels participating in the IIOE 
(Currie 1963). Two hundred and thirty five samples are considered non-standard. 
The standard samples were collected by means of the Indian Ocean Standard Net, 
specially devised for the IIOE. The haul was as nearly vertical as possible, from 
approximately 200 m of depth to the surface. In waters over the continental shelf 
where the sonic depth was less than 200  m, the net was usually hauled up from within 
a few meters of the bottom. Such samples are also considered standard because 
the full water column was traversed.

The number of organisms in each of the gross taxa (e.g., Copepoda, fish larvae, 
foraminifera) is routinely determined for each sample. These counts provide 
data for study of the geographical distribution of abundances. In spite of the fact 
that Total Euphausiids, which we are now considering, is made up of many genera 
and species, and, furthermore, each species includes several developmental stages, 
there nevertheless appears to be justification for looking into the distribution of 
Euphausiacea as a whole.

•Present address : Scripps Institu tion  o f O ceanography, L a  Jolla, California, U .S.A .
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First o f all, the bulk o f the present material consists of larvae and immature 
specimens. Inasmuch as all species pass through similar developmental stages, 
and the younger stages of most species are restricted to the near-surface strata 
(e.g. Brinton 1967), it is to be expected that the euphausiid community as a whole 
is representatively sampled.

Secondly, the morphological characters which distinguish genera are mainly 
concerned with limbs that function in feeding. Whether food is gathered selectively 
or by filtering, those species whose feeding habits have been studied are generally 
recognized as omnivores and, hence, play similar roles in the food chains. This 
may be particularly true in the epipelagic part o f the tropical zone — with which 
we are mainly concerned here — because the species attain similar sizes at 
adulthood. We have therefore reasoned that euphausiids constitute an ecological 
entity, in a broad sense.

The importance o f euphausiids in the economy of the sea stems only partly 
from the fact that these crustaceans are omniverous feeders, consuming diatoms, 
Zooplankton, and detritus. In addition, they bulk second to the Copepoda as 
a stock of basic animal protein, if we exclude the larger protozoans from consi
deration. Euphausiids serve as fodder plankton, forming a part of the diets of 
many commercially important fishes, including both filtering and predaceous species. 
They are known as “krill”—the principal food of the baleen whales, particularly 
in northern and southern seas where euphausiid populations frequently form into 
great swarms at the surface. In tropical or subtropical oceanic waters such 
swarming has not been noted. The characteristics of the IIOE samples suggest 
that swarming in the Indian Ocean is infrequent, or that aggregations — if they 
occur at all — are small in relation to the volumes of water strained by the nets.

The distribution of Total Euphausiids has been compiled for the Pacific (Pono
mareva 1966). Numerical densities were shown to be somewhat higher in tropical 
than in subtropical waters, but low as compared particularly with the far eastern 
seas which extend from the East China Sea to Alaska. These latter also yield the 
greater part of the North Pacific fish catch, which itself constitutes 40 per cent of 
the world catch. Maximum densities of euphausiids reported for the Pacific area 
are, it will be seen, no greater than those found in northern parts of the Indian 
Ocean, particularly the western part of the Arabian Sea.

M a t e r ia l  a n d  M e t h o d s

For the estimation of abundances of euphausiids in the Indian Ocean, 1275 
samples were used. These include all of the standard samples sorted and counted 
at IOBC up to January, 1967.

Data for two six-month periods are contrasted. The period April 16—October 
15 agrees with that of the wind regime of the Southwest Monsoon (Wooster, Schaefer 
and Robinson 1966), and the southern hemisphere’s winter. October 16—April 15 
includes the Northeast Monsoon and southern summer. Eight hundred and three 
samples are available for the first period and 472 for the second.

In the laboratory, a three or four ml portion of each sample is first sorted into 
its major taxonomic components. The specimens in each taxon are then counted
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and the counts are corrected so as to provide an estimate o f numbers in the whole 
sample. The sorted fractions range from 5 per cent to 90 per cent of the whole 
sample, depending upon the sample’s initial displacement volume.

In order to prepare generalized charts of the distribution of euphausiid abund
ance, values in each 5°-square o f ocean were averaged. The 5°-squares are quadrants 
of 10° Marsden squares.2 Each average then represents the number of euphausiids 
under 1 m2 of sea surface to a depth of 200  m, for an area of approximately 160,000 
km2 of ocean. In those charts where the abundance values were contoured, each 
of the averages representing a Marsden quadrant was plotted at the midpoint of 
that quadrant, irrespective of the actual positions of the stations. These point 
values were then contoured using geometric intervals of abundance.

The adults of many euphausiid species carry out extensive diurnal vertical 
migrations, swimming down to depths of 300 m or more in the day-time and returning 
to the surface layer at night. Other species do not migrate but,to differing extents, 
avoid capture by nets in the near-surface part of the sea during the day-time (Brinton 
1967). Day and night IIOE samples differ in euphausiid content by an average factor 
of about 2. As will be discussed in later paragraphs, this factor evidently is not 
constant for all parts of the ocean. Therefore, it seemed likely that inaccuracies 
might be introduced by applying a uniform correction factor. We shall therefore 
consider the night-time data as the basis for the present discussion. Night was 
considered to be sunset to sunrise.

In order to make fullest use of the available data (short of applying a correction 
factor to the day-time data), a few day-time samples which contained more euphausiids 
than the night-time average for the pertinent 5°-squares were used in the final 
calculation of that average.

The numbers of standard samples per 5 “-square, including both day and night 
samples, that were available for the preparation of distributional charts are shown 
in Figure 1 for the period April 16—October 15, and in Figure 2 for the period 
October 16—April 15.

R e s u l t s

The distribution of euphausiid abundance for the April-October period, which 
includes the southwest monsoon, indicates that population maxima of > 2 0 0 0  per 
standard sample ( =  10/m3) lie off the coasts of Arabia, Somaliland and the 
Nicobar Islands of the Bay of Bengal. Somewhat less high densities, in the range 
of 750-2000 euphausiids per sample ( s  4 to 10/m3), were found along the coast 
of tropical Africa, and as far north as the Gulf of Oman at the head of the Arabian 
Sea. Waters off the southwest coast of India, and extending eastward around the 
tip of India to Ceylon and the Andaman Islands harboured similar numbers during 
this season. A rich area south of Java was separated from the equally rich southern 
part of the Bay of Bengal by an area west o f Sumatra that was found to be poor 
in euphausiids. This relatively poor area lies at the eastern end of the easterly

2The standard  m ethod o f coding the  M arsden squares and their com ponent quadran ts is
described in  the N ational O ceanographic D a ta  C enter Publication G - l ,  1963. The m ethod 

proved useful and was followed in the  processing.
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Fig. 1. Number of standard samples per 5°-square considered in preparation of plankton charts,
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equatorial current system. Other areas of low euphausiid density were the region 
of the gyral of the central water mass, 15°-25° S, and oceanic waters southeast of 
South Africa. An attempt has been made in Figure 4 to clarify general features 
of the distribution by contouring the data shown in Figure 3.

During October-April, when the cold northeasterly Somali Current is no longer 
developed, the largest populations of euphausiids were nevertheless centered at 
the equator, on the Somali coast (Fig. 5). Off Arabia the population density also 
remained nearly as high as during April-October, but off the west coast of India 
it decreased appreciably. Contours drawn on the basis of individually plotted 
stations (Fig. 6) illustrate that the highest densities off Somalia, Arabia, and the 
tip of India were at near-shore stations, while those off west India lay somewhat 
farther offshore.

South of Java the numbers of euphausiids remained nearly constant year 
round. During October-April, the southern summer, South African and 
Australian coastal populations differed little in size from those measured during 
April-October. However, mid-ocean densities, based on the few data available, 
were then (October-April) somewhat higher in these mid-latitudes.

There is insufficient night-time data from mid-ocean south of the tropics. Day
time data have not been drawn upon to supplement this picture because in 5°-squares 
south of 25°S daytime values for abundance were in many cases disproportionately 
lower than night-time values, as compared with other parts of the ocean where night 
values consistently exceeded day values by a mean factor of 2 (Figs. 7, 8).

Day and night catches are compared (Figs. 7, 8) with respect to the number of 
euphausiids caught. All catches for each 12-hour period have been averaged for 
each 10° zone to provide north-south pictures of relative abundance. The extent 
of day-night variation is seen to be nearly constant from 20°N to 40°S and differs 
little between the two seasons. As has been noted above, the comparatively low 
day-time densities may be owing to the fact that during the day-time many animals 
either migrate into deeper water or are able to dodge the net. Because of 
the substantial extent of the day-night difference in catch, only night-time values 
were used in plotting the foregoing charts of distribution. Only for the Arabian 
Sea (Fig. 6) did we attempt to correct day-time values and incorporate them into 
a composite map. In this case a correction factor of 1.5 was applied to day-time 
values, using the lower limit of the ratio of night-to-day abundance (1.5 to 2) 
evident in Figures 7 and 8 .

Another approach has been made to the study of seasonal and geographical 
variation by plotting mean abundances along east-west axes for each of the two 
seasons (Fig. 9). In each 10°-Zone a curve is plotted for each of the two 6 -month 
periods. Values used in constructing the curves are mean night-catch sizes for 
each rectangular area circumscribed by 5° of longitude and 10° of latitude. The 
mean for each such area was determined by combining the means separately cal
culated for each of the two constituent 5°-squares. In this way, samples are to some 
extent weighted according to the size of the geographical area they represent.
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EUPHAUSIIDS

DENSITY UNDER lw ?, 0 - 2 0 0 m \ z 0  

AVERAGES POR S* SQUARES \

'20

Fig. 3. April 16-October IS period. Euphausiid population density under unit area, 0-200 m 
depth. Densities are averages of all night-time values for each S°-square. Day-time values 

that exceed the night-time mean for the pertinent square are also included.

EUPHAUSIIDS 
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Fia, 4. April 16-October 15 period. Population densities shown in Figure 3 are contoured. 
Dots show the squares from which data are available.

83



6 0 0

EUPHAUSIIDS.
OCTOBER IB -  A PR IL «!3

OENSiTY UNOCft lm 2,  O -B O O m M O  

AVERAGES FOR 5* SQUARES \

CD
C3H 7 6  - 2 2 5
C 3  2 2 6  -7 5 0
E S  7 5  I - 2 0 0 0
■ ■  > 2 0 0 0

' J  '■

sr"*;

Í225

- K- .75'
1 * 1

20 <J0 50 6 0 9 050 70 6 0 lOO liO >20 •40

F ia . 5. October 16-April 15. Euphausiid population density under unit area, 0-200 m depth,
contoured as in Figure 4.
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Fjq. 6. October 16-April 15. Arabian Sea euphausiid population density, based on individual 
Station positions. Day-time vaylçs have been multiplied by a factor of 1.$,
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Fio. 7. April 16-October 15. Day-night variation in euphausiid population density. Curves 
are based on averages of the number of specimens, per standard sample, 

for each 10° zone.
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EUPHAUSIIDS. \
NIGHT CATCH ONLY \
DENSITY UNDER t» * 0 -8 0 0 *  

AVERAGES FO* IO* ZONES
80, , 2 0
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20 '

• 0> 50
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90 ao •O 60  70  6 0  ‘9 090 100 ISO

F i g .  9 .  Chart comparing east-west variation in Total Euphausiids for two seasons. Values are 
mean night-time densities, under unit area, for rectangular areas bounded by 5° of longitude

and 10° of latitude.

The curves in Figure 9 indicate that seasonal change is small and generally 
consistent for each of the 10° zones north of the equator. Arabian Sea and Bay 
of Bengal peaks are somewhat more conspicuous than east-west variations in abund
ance noted in the southern hemisphere.

It is interesting to compare the foregoing pictures of euphausiid abundance 
in the Indian Ocean with that given by Ponomareva (1966) for the Pacific. The 
standard IOSN net-haul strains only 200 m3 of water (approx.), so that a correction 
factor of 5 must be applied to the present data before it can be compared with the 
Pacific data, which was standardized on the basis of 1000 m3. It seems unlikely 
that differences in depth-of-haul are of importance in this comparison; many of 
the data used by Ponomareva are from 0-140-0 m or 0-210-0 m tows, while the 
IOSN haul was from 200 m depth.

The Pacific estimates evidently are based on a combination of day and night 
data. For a comparable estimate of zonal abundances of euphausiids in the Indian 
Ocean we shall therefore consider a curve drawn equidistantly between the day 
and night curves given in each of Figures 7 and 8 , and multiply the extrapolated 
values by a factor of five.

Mean euphausiid abundances for the 10° zones north of the equator in the 
Indian Ocean may then be seen to fall into a range of 2500-4000/1000 m3. The 
Pacific maxima, given a s>  1000/1000 m3, are shown to be restricted to the temperate 
and subarctic far eastern seas and parts of the California Current. An examination 
of Figures 4 and 5 (which illustrate abundances on the basis of approximately 
200 ms of water strained) shows that almost the entire Indian Ocean — excluding
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only the areas circumscribed by the two lowest intervals of abundance— contains 
more than 1000 euphausiids per 1000 m3. Furthermore, the shaded areas cir
cumscribed by the> 750/200 m3 interval accommodate abundances greater than 
3750/1000 m3, while the blackened areas represent >  10,000/ 1000 m3.

A comparison of the Pacific chart with the charts showing distribution and 
abundance of separate Pacific species given in Brinton (1962), on which Ponomareva’s 
chart was partly based, indicates that the densities of Total Euphausiids in the 
Pacific were, indeed, minimal estimates. (This was probably unavoidable because 
the maximum abundance interval for most of the Pacific species was shown in 
the 1962 paper only as>  500/1000 m3.) However, we may still reasonably conclude 
that the areas of high population density in the tropical Indian Ocean are propor
tionately large compared with those in the temperate and subarctic Pacific and that 
maximum Indian Ocean densities are at least as high and probably higher than 
those reported in the Pacific.

D is t r ib u t io n  o f  E u p h a u s iid  Sp e c ie s  D u r in g  L u s ia d  E x p e d it io n

As part of the IIOE called “Lusiad”Expedition, the research vessel Argo studied 
the equatorial belt 5°N-5°S during July-September 1962. The samples afford an 
opportunity to examine geographical variation, particularly along an east-west 
axis, in the occurrence and abundance of tropical species.

Earlier knowledge of the distribution of Indian Ocean euphausiid species is based 
mainly on scattered records from four sources. These are the Deutsche Tiefsee 
Expedition (Illig 1930), the Percy Sladen Trust expedition to the islands of the 
southwestern part of the tropical zone (Tattersall 1912), the John Murray Expedition 
in the northwestern quadrant of the ocean (Tattersall 1939), and 1960-1961 work 
by Vityaz in the Arabian Sea and Bay of Bengal (Ponomareva 1964). Boden (1951) 
gives generalized distributions in South African waters. Baker (1965) compiles 
all Indian Ocean records of species in genus Euphausia, and describes the distribution 
of these species along the 90°E meridian, from the equator to Antarctica, using 
material collected by Discovery prior to IIOE. The most useful taxonomic study 
of the tropical species is contained in Hansen’s (1910) Siboga report on collections 
from the Indo-Australian Archipelago.

The first part of the track of “Lusiad” Expedition consisted of an east-west 
line of stations spanning the ocean along the equator. The return track consisted 
of four north-south transects (5°N—5°S) of the equatorial current system, at 52° E, 
62°E, 79° E and 89° E respectively.

Ninety-four “Lusiad” samples were analyzed at IOBC and the euphausiids 
were studied in detail. This is the first part of a taxonomic and zoogeographical 
study of Indian Ocean euphausiids based on the IOBC samples. All specimens 
were identified to species and classified as calyptopis, furcilia, juvenile, or adult. 
Counts were made of the specimens in the sorted fraction and, as was the case with 
Total Euphausiids discussed in the foregoing section, numbers were standardized 
on the basis of the total sample.

Of the 94 samples, 44 were collected during the night and 50 during the day. 
In the present preliminary study no attempt is made to correct for day-night
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differences in abundance. Also, the plotted densities represent aggregates of all 
developmental stages.

Of 31 species recorded, 10 were present at all or nearly all stations, while 
five others occurred at a majority of the stations.

The most characteristic species of this region, both from the standpoint of 
consistency of occurrence and numerical abundance were the following :

Stylocheiron carinatum G.O. Sars, 1883 
Thysanopoda tricuspidata Milne-Edwards, 1830 
Euphausia tenera Hansen, 1905 
E. diomediae Ortmann, 1894 
Nematoscelis gracilis Hansen, 1910

The first three are widely ranging species occupying tropical-subtropical zones 
of the three oceans. The last two species are confined to Indo-Pacific tropical 
waters (Brinton 1962).

It may be seen in Figure 10 that in each of the six genera a single species is 
numerically dominant in this area, with the exception of Euphausia in which two 
species, E. diomediae and E. tenera are of almost equal importance. In this connection 
it is probably significant that more than one author, following John’s (1936) 
observations on Antarctic species, consider the genus Euphausia to consist of two 
natural groups. Eusphausia diomediae clearly belongs to John’s “Group 1”, while 
E. tenera belongs to “Group 2.” Euphausia tenera proved to be the most abun
dant species in the equatorial belt of the Indian Ocean. Most maxima were at 
or to the north of the equator, as was also the case with T. tricuspata and N. gracilis. 
The maximum number of individuals at a station were of Stylocheiron carinatum 
(1160 specimens, at 0°, 51° E).

Seven species were regularly present throughout the “Lusiad” area, but in 
distinctly smaller numbers than the dominant species listed above. These were 
the following :

Thysanopoda aequalis Hansen, 1905 
Nematoscelis tenella G.O. Sars, 1883 
Stylocheiron affine Hansen 1910 
S. abbreviatum G.O. Sars, 1883 
S. longicorne G.O. Sars, 1883 
S. microphthalma Hansen, 1910 
Euphausia paragibba Hansen, 1910

All of these are pan-oceanic tropical-subtropical species, except E. paragiaba 
and S. microphthalma which, like E. diomediae and N. gracilis, are equatorial Indo- 
Pacific species.

The charts of Euphausia tenera and Stylocheiron microphthalma (Fig. 11), each 
of which is representative of one of the two groups of “Lusiad” species given above, 
contrast with respect to abundaqce bqt not occqrreqce. Both are present at most
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_ * l o c

MEAN CATCH e u p h a u s iid  s p e c i e s
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m  6 5 T-AEOUALIS 3 0
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■  5 APECTINATA 7

1 26 T-O0TUSIFRONS 6
» 2 TXRlSTATA 1

»SEUOEUPHAUSIA LATIFRONS 4 0

EUPHAUSIA DIOMEDIAE 5 0 0

E.TENERA 5 6 0

e . d is t in g u e n o a 100

¿•BREVIS 1 0 3

¿•Pa r a g ib b a 6 0

m  z ¿«s a n z o i e
■ 3 ¿«PSEUDOGIBBA 6

1 6 ¿«SIMILIS 4

R 5 E «MUTICA 3

NEMATOSCELIS GRACILIS 5 0 0

N .ATLANTICA 15

NoMICROPS 4 0

■ i N.TENELLA 41

1 2 5 NEMATOBRACHION FLEXIPES IO

STYLOCHEIRON CARINATUM 1 1 6 0 '

6* AFFINE 0 0

mam 6 9 ¿«m icro ph th a lm a 6 0

M  6 ¿•SUHMII 12

m  64 ¿«ABBREVIATUM 3 0

m  52 ».LONGICORNE IS
■ i So INDICUS 5

1 13 ¿»MAXIMUM 3

F ig . 10. Euphausiid species caught during “Lusiad” Expedition, July September, 1962. (a) 
mean catch per sample, considering only those samples in which the species was present, 
(b) the number of samples in which the species was present, (c) the maximum number 

of specimens caught in a sample.

stations. The mean density of E. tenera was 70 specimens per station, and S. 
microphthalma, 7.

In the Pacific the overall ranges of these two species almost coincide. Also, 
their actual and relative abundances (Brinton 1962, Figs. 43, 85) are the same as 
in the part of the Indian Ocean presently being considered. Population maxima 
for E. tenera in the Pacific were approximately 2000/1000 m*.

The four stations near Africa at which maxima of S. microphthalma were 
recorded (Fig. 11) yielded 125-300/1000 m» (^25-60 per sample). Only five 
of the many Pacific records for this species were based on as many specimens, 
all five being in the range of 125-153/1000 m».

Nematoscelis gracilis is one of the species listed above as being abundant and 
consistently present in the “Lusiad” transects. Its maximum densities were found
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north of the equator and, particularly, off east Africa where 500 specimens were 
caught at one station (Fig. 12). Nematoscelis microps is a closely related species 
which, in the Pacific, has a range that is almost mutually exclusive of that of N. 
gracilis.

In the eastern half of the “Lusiad” area the places of maximum abundance 
of these two species were separate, N. microps occurring mainly south of the equator, 
and N. gracilis to the north of it (Fig. 12). N. gracilis, the equatorial Indo-Pacific 
species, was the more abundant. Both species achieved maximum numbers in 
the western part of the ocean.

A third Nematoscelis species, N. tenella, was, like S. microphthalma, present 
at nearly all stations in small numbers, with maxima of 20 at three stations near 
Africa. Immature specimens believed to be Nematoscelis atlantica were caught 
at two stations on the western side of the ocean,—one at the northernmost (5° N) 
station of the 62° E transect, and the -other near 3° N, 52° E. Both stations are 
somewhat to the east o f the strong northeasterly Somali Current, which feeds water 
into the Arabian Sea from south of the equator. N. atlantica is recognized as a 
central water mass species in the Pacific and may prove to have affinities with the 
analogous zone, 10°-35° S, in the Indian Ocean.

Other species showing restricted distributions in the area of the “Lusiad” 
survey include Euphausia mutica (Fig. 13), the center of distribution of which appears 
to be to the south, and E. distinguenda which is abundant to the north, being perhaps 
the dominant species in the Arabian Sea (Tattersall 1939). Both were encountered 
in the easterly Southwest Monsoon Current, not far from Africa.

Pseudeuphausia latifrons (Fig. 13) is the characteristic euphausiid of tropical 
neritic waters,—from India to Samoa. Its occurrences in the eastern part o f the 
ocean during “Lusiad” appear to reflect transport from coastal waters o f India, 
Ceylon and Sumatra.

Of the species pair Thysanopoda aequalis—T. subaequalis (Boden and Brinton 
1957), T. aequalis dominates throughout this equatorial zone, though T. subaequalis 
was recorded at 14 stations. The distribution of T. subaequalis was similar to that 
of Nematoscelis microps, in that all 11 records were south of the equator or on 
the western side of the ocean. Young of Thysanopoda obtusifrons were found 
at 25 stations, all but two of which were on or south of the equator.

The distribution of another species, Euphausia brevis, is similar to those o f  
Thysanopoda subaequalis and Nematoscelis microps, just discussed. E. brevis was 
caught at 43 stations, all except five of which were at or south of the equator. The 
five exceptions were north of the equator on the two westernmost 5° N  -5° S trans
ects.

Euphausia similis, the curious polytypic species which has centers of distribu
tion in the East China Sea and the Antarctic Ocean, but which has also been recorded 
sporadically in tropical waters of the Indian Ocean and the East Indian Archipelago, 
was caught at seven scattered stations. All were at or south of the equator, and 
only furcilla and juveniles were caught.

Specimens referable to Euphausia pseudogibba were caught at three stations, 
all north of the equator. E. sanzoi, known only from east African waters
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Fig. 13. “Lusiad" Expedition. Distributions of Euphausia distinguenda, Euphausia mutica, 
and Pseudeuphausia latifrons.

and the Red Sea, was caught twice, and only in the westernmost part of the “Lusiad” 
zone.

Stylocheiron suhmi, known in the Pacific as a Central water mass species (Brin
ton 1962), was caught at nine stations, all but one of which were west o f 65° E. 
Stylocheiron indicus, recently described by Silas and Matthews (1967) from the 
south west coast o f India, is represented in the “Lusiad” material by a single im
mature specimen from 62° E, north of the equator. Furcilia larvae of the deep- 
living cosmopolitan species Stylocheiron maximum were found at scattered localities 
throughout the area.

Other species represented only by larvae in the “Lusiad” collections or by 
sparse and scattered records include :

Nematobrachion flexipes (Ortmann) Caiman, 1893 
Thysanopoda monacantha Ortmann, 1893 
T. orientalis Hansen, 1910 
T. pectinata Ortmann, 1893 
T. cristata G.O. Sars, 1883
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D is c u s s io n

The ranges of most euphausiid species sampled by “Lusiad” Expedition (July- 
September, 1962) extended the breadth of the equatorial belt of the 
Indian Ocean. Off Africa, the aggregate of the large populations of individual 
species (Figs. 11,12) contributed to the maximum of Total Euphausiids observed 
there during the Southwest Monsoon period (Fig. 4). This rich region was situated 
in and to the east o f the Somali Current system, the northeasterly component o f  
which is typically strongest during June-September (Wooster, Schaefer and Robin
son 1967).

Upwelling enriches the Somali Current in this season. At the same time, the 
Southwest Monsoon Current evidently carries part of the dense Somali populations 
eastward.

During “Lusiad,” the characteristics of the Southwest Monsoon Current 
differed between the western and eastern sides o f the ocean. On the 53° E transect, 
flow was easterly only to the north of 2° N  (Taft 1965); south of the equator the 
currents were poorly defined, but generally westerly. These observations, together 
with those made along the 62° E transect, suggested to Taft that in this western part 
of the ocean the circulation was in the form of a clockwise gyral, probably centered 
near 3° N. The northern part of the gyral formed the origin of the easterly South
west Monsoon Current. Such a gyral of circulation in the rich area could help 
to explain the meridional type of distribution o f species and abundances on the 
western side of the ocean, as compared with the more clearly zonal distributions 
found to the east, discussed below.

Physical and chemical profiles along the equator (Fisher, 1964; Taft 1965) 
show the presence of relatively cool (<26° C) water in the 0-100 m layer west o f  
55° E‘ (Fig. 14). Salinity, oxygen and inorganic phosphate content are high in 
the upper layers o f this westernmost area, suggesting that the water arose from depths 
below the thermocline.

On the eastern side of the ocean the species distributions tended to be zonal, 
as were the currents, which, for the most part, flowed from west to east. For 
example, Nematoscelis microps (Fig. 12) and Euphausia brevis were present at most 
stations south o f the equator, but not north o f it. Stylocheiron microphthalma 
was, on the average, four times as abundant south of the equator as north of it, 
while Nematoscelis gracilis was more abundant to the north of the equator, also 
by a factor of four.

These differences suggest that the easterly current north of the equator has 
a different origin from that in the 5° zone south of the equator. Some species were 
abundant in the 0° -5° S zone but were rare in the 0°-5° N  zone, except to the west 
where transport from the south by means o f the Somali Current system is evidently 
taking place. These species include Nematoscelis microps, Thysanopoda subaequalis, 
T. obtusifrons, Stylocheiron suhmi, and Euphausia brevis. All are recognized as 
having principal affinities with central water masses (Brinton 1962, discussing dis
tributions in the Pacific), and have not been confirmed to be present in the 
Arabian Sea or Bay of Bengal.
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Of the numerically important species found on the east-west transect along 
the equator proper, only E. brevis peaked in abundance on the eastern side of the 
ocean (Fig. 14). Baker (1965) also found E. brevis to be present as far north as 
the equator during Discovery's 90° E transect, but maximum numbers were found 
in the zone 15°-20° S.

Species which were present in greater numbers north of the equator than south 
of it (we continue to refer to the two easternmost N—S transects) were Euphausia 
tenera, Thysanopoda tricuspidata, and Nematoscelis gracilis. All three are abundant 
tropical species. They differ from the “central” species (discussed in the two 
previous paragraphs) in that they are among the dominant species in the northern 
parts of the Indian Ocean (Tattersall 1939; Ponomareva 1964). Baker found E. 
tenera to be scarce south of 2° S along the 90° E Discovery transect.
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A PRELIMINARY REPORT ON THE DISTRIBUTION AND ABUNDANCE  
OF PLANKTONIC OSTRACODS IN THE INDIAN OCEAN

by J acob G eorge

Indian Ocean Biological Centre, National Institute o f Oceanography, 
Cochin-16, S. India

This paper deals with the distribution and abundance of planktonic ostracods 
as a whole, in the Indian Ocean based on the data from the I.I.O.E. Collections.
The average number of ostracods per haul in each 5° Square has been plotted 
and the variation of population in south-west and north-east monsoon periods 
has been studied. The population of ostracods is found to be remarkably 
high in the northern part of the Arabian Sea. A few samples collected from 
different locations of the Arabian Sea have been analysed and out of the 24 
species observed, Cypridina dentata is found to be the most dominant species.

I n trodu ction

One of the main objects of the biological work of the International Indian 
Ocean Expedition is the study of the qualitative and quantitative distribution of 
planktonic organisms in the Indian Ocean. Since ostracods constitute a large 
portion of the planktonic collection in numerical abundance, their study has 
become particularly important. The main purpose o f this paper is to discuss 
distribution of ostracods in the Indian Ocean, and to consider their comparative 
abundance. Having come to understand that the population of ostracods in the 
Arabian Sea is remarkably high, an attempt has been made to identify the main 
species accounting for the abundance. Samples from selected stations representing 
both coastal and offshore waters have been analysed. The majority of species 
that are found in the open sea belong to one family, Halocypridae. Except 
for two species belonging to the Cypridinidae, all species found in these samples 
come under Halocypridae. Previous marine expeditions have provided material 
which make it possible to identify the majority of the species in the present material. 
However, the juvenile stages of Halocypridae have not yet been adequately described. 
Therefore, the identification of most species listed here in this report has depended 
mainly on the availability of adult specimens.

M aterials E xamined

The observations on distribution and comparative abundance are based on 
1223 standard samples from different parts o f the Indian Ocean. These plankton 
samples were collected by means of the Indian Ocean Standard Net, in a vertical 
haul from 200 m to the surface. The average number of ostracods in a haul for 
each 5° square have been calculated and used in making the distributional charts 
(Figs. 1-3). Samples collected in two different seasons, i.e. April 16 to October 15

Collected reprints o f  the International Indian Ocean Expedition , vol. V III, contribution no. 596 9 7
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(Fig. 1) and October 16 to April 15 (Fig. 2), which correspond with the south-west 
and north-east monsoons respectively, are plotted separately. The study of the 
species occurrence in samples from the Arabian Sea is based on collections 
from 23 stations (Fig. 4). These include six collections of Conch, six of Varuna, 
seven of Anton Bruun, three of Discovery and one of Meteor.

D is t r ib u t io n  a n d  A b u n d a n c e  o f  O s t r a c o d s  in  t h e  I n d ia n  O c e a n

During the course of the present study it has become evident as an outstanding 
fact that ostracods occur far more abundantly in coastal waters than in open ocean. 
Samples collected near the Somali coast, off the south coasts of Arabia and Persia, 
the west coast of India and the west and north-west coasts of Australia indicate 
that the ostracod populations in these areas are of a higher order of density.

Northern parts of the Arabian Sea are found to be favourable regions for the 
massive development of ostracod populations. The population evidently is largest 
during the north-east monsoon period. The average number o f ostracods per 
haul falls between 2001-4000 during the south-west monsoon period, and between 
4001-8000 during the north-east monsoon, throughout the larger portion of the 
Arabian Sea. The particular 5° square falling in between 75°E-80° E and 10° N-15° N  
contained an average of more than 10,000 ostracods per haul, the highest population 
density observed in the Indian Ocean.

The Bay of Bengal is found to be somewhat less favourable for the development 
of ostracod populations, when compared to the Arabian Sea. The western part 
appears to harbour a moderately large population during April-October, but the 
data are not adequate for estimation of populations during the opposite season. 
Around the Andamans and in a part of the Straits of the Malacca a somewhat 
rich population is observed. A uniformly moderate population of ostracods is 
observed near the west and north-west coasts o f Australia throughout the year. 
There is also a high abundance in the waters between Java and north-west coast 
of Australia. Near the Somali coast and particularly the south-west coast of 
Arabia, a moderate population is seen during south-west monsoon period (Fig. 1) 
and a higher one during the north-east monsoon period (Fig. 2). Around Mada
gascar the population is moderate in size throughout the year. An interesting point 
to be noted is the abundance of ostracods in the central part of Indian Ocean, 
between 75° E-800 E longitude'and 5° S-25° S latitude in the October-April period. 
Except for this area, it is mainly in the coastal waters that maximum production 
of pelagic ostracods takes place.

S p e c ie s  o f  O s t r a c o d s  O b s e r v e d  i n  t h e  A r a b i a n  S e a  

Cypridina dentata (Müller)

Stations :—C45, C49, C52, C55, C58, C62, V1797, V1802, V1808, V2040, 
V2041, AB183, AB198, AB200, D5265, M217.
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Cypridina dentata is found to be the most abundant species in the ArabianjSea. 
In the majority of samples it constitutes more than 75 per cent o f the total number 
o f ostracods. It is interesting to note that, out of the 21436 ostracods collected 
by R.V. Conch at Stn. 58, in a single haul, more than 99 per cent are C. dentata. 
Even though C. dentata is found usually to be more or less restricted to coastal 
waters, offshore collections from the northern part of the Arabian Sea show high 
population densities. It may therefore be assumed that the remarkably high 
abundance of ostracods in the Arabian Sea is caused largely by this species.

Cypridina acuminata (Müller)

Station :—VI768
This species was found in a single station where there was a complete absence 

of Cypridina dentata. Out of the 23 ostracods found in the sample, 21 were Cypridina 
acuminata, the rest being Euconchoecia aculeata.

Halocypris inflata (Dana)

Stations C45, C49, C52, AB168, D5265, D5369.
This species was collected in few numbers, and only at stations south oflO °N  

latitude, but representing both coastal and offshore waters. At Stn. AB168, ap
proximately 60 specimens were observed.

Archiconchoecia striata Müller 

Stations :—C52, D5265.
One specimen from each station was obtained.

Euconchoecia aculeata (Thomas Scott.)

Stations :—C45, C49, C52, C58, C62, V1768, V1797, V1802, V1808, V2040, 
V2041, AB182, AB183, AB186, AB198, AB200, D5369, D5383,
M217.

Observed in large numbers in a majority of the samples. An estimated number 
of 550 specimens were present at Stn. M217.

Euconchoecia chierchiae Müller 

Station :—D5265.
A single specimen was obtained from the above station, at which there was 

a complete absence of Euconchoecia aculeata.

Grubea lacunosa (Müller)

Stations :—C49, V2041,

101



646

One female specimen 2.2 mm long from Stn. C49 and one male 3.15 mm long 
from Stn. V2041 were collected, which agree with Müller’s (1908) description of 
E. lacunosa from a female larval specimen measuring 1.6 mm collected from 
Antarctic waters.

Conchoecia atlantica (Lubbock)

Stations :—C45, C49, C55, C58, C62, V2040, V2041, AB170, AB182, AB186, 
AB198, AB200, D5265, D5369, D5383.
Moderate numbers were obtained from these stations.

Conchoecia rotundata Müller

Stations :—C45, C49, C52, C55, C58, C62, Y1808, Y2040, V2041, AB168, 
AB170, AB182, AB183, AB186, AB198, AB200, D5265, D5369, D5383. 

This species was collected in large numbers from coastal as well as offshore 
waters.

lies (1953) confirms the hypothesis put forward by Skogsberg (1920) that 
C. rotundata is probably a mixture of closely allied species. He creates two new 
species, C. skogsbergi and C. teretivalvata, after examining the material from the 
Benguela Current and restricts the specific name C. rotundata to the Pacific material 
described by Müller. The specimens present in these samples do not agree with 
either of these two new species and hence the specific name, C. rotundata Müller is 
retained for the present even though the original description is quite inadequate, 
until a detailed study of the Indian Ocean material is completed.

Conchoecia kyrtophora Müller 

Stations :—C58, D5369.
A few specimens were collected from the above stations.

Conchoecia procera Müller

Stations :—C45, C49, C52, C55, C58, V1808, Y2040, V2041, AB168, AB182, 
ABL83, AB186, D5383, M217, AB198, AB200, D5265, D5369.

As in the case of Conchoecia rotundata, this species was collected in large 
numbers. It is one of the most common species of the Arabian Sea.

Conchoecia acuminata (Claus)

Stations :—C45,C49,C52, C55, C58, C62, V2040, V2041, AB170, AB182, 
AB 186, AB198, D5369, D5383.

Moderate numbers were collected from the above stations.

Conchoecia elegens Sars

Stations :—C45, C49,C52, C58, AB186.

1 0 2
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This species was collected in moderate numbers.

Conchoecia discophora Müller 

Stations :—D5383.
A few specimens were obtained from this station.

Conchoecia subarcuata Claus

Stations :—AB168, AB170, D5265.
Small numbers were collected from these stations.

Conchoecia magna Claus, var. typica Müller

Stations :—C45, C55, C62, AB168, AB170, AB182, AB183, AB198, D5265, 
D5369.

It was present in coastal as well as offshore waters, but found to be more abun
dant in offshore waters.

Conchoecia spinirostris Claus

Stations:—C55, V2040, AB168, AB170, AB182, AB186, D5369.
The distribution was found to be somewhat similar to that o f C. magna var. 

typica.

Conchoecia curta Lubbock.

Stations:—C45, C49, C52, C55, C62, AB170, D5265, D5369.
This species is more abundant in coastal waters than offshore.

Conchoecia decipiens Müller

Stations:—C45, C49, C52, C55, C58, C62, V2040, AB170, AB182, AB 186, 
AB198, D5265.

Moderate numbers were present.

Conchoecia echinata Müller 

Stations:—C62, AB 170.
This was found at only two stations, and the number of specimens is small.

Conchoecia alata alata Müller

Stations:—C55, V1808, V2041, AB168, AB170, AB182, AB198, AB200.
Most abundant in offshore waters.

Conchoecia parthenoda Müller

Stations:—C49, C62, AB168, AB170, D5369.
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A few specimens were collected from the above stations.

Conchoecia bispinosa Claus 

Stations:—AB170, D5369.
A few specimens were collected from these stations.

Conchoecia striola Müller

Stations:—C58, D5265, D5369.
This was present at three stations, and only in small numbers.

Conchoecia parvidentata Müller

One specimen was obtained at Station D5383.
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A PRELIMINARY REPORT ON THE DISTRIBUTION AND RELATIVE 
ABUNDANCE OF EUTHECOSOMATA WITH A NOTE ON THE SEASONAL 

VARIATION OF LIMACINA SPECIES IN THE INDIAN OCEAN

by M. S a k t h i v e l

Indian Ocean Biological Centre, National Institute o f Oceanography, Cochin-\6

Euthecosom ata (holoplanktonic opisthobranch molluscs) sorted ou t from  the 
collections o f the  In ternational Ind ian  Ocean E xpedition are now being studied 
and  the present com m unication is a first report based on an exam ination o f m aterial 
from  395 stations. Species were identified with the  help o f T esch’s studies (1946,
48) on  the  D an a  Collections. Limacina helicina (Phipps) is newly recorded from  
the  In d ian  O cean. Including it, twenty-five species of euthecosom es are known 
to  occur in this Ocean. T his paper reports on twenty species, their d istribu
tion  and  num erical abundance over the Ind ian  Ocean and com pares present 
results w ith earlier records o f the  group in the  Ind ian  Ocean. T he occurrence o f a 
greater num ber o f species as well as o f larger num bers o f individuals o f particular 
species, is noted from  the follow ing areas: the sea east of Som alia, the  M ozam bique 
channel, the equatoria l belt o f the Indian  Ocean, specified areas o f the  A rabian  sea 
and  Bay o f Bengal. The m ost notew orthy of these areas is to  the  east o f Som alia 
from  where consistently high num bers o f individuals were obtained for a  good 
m any species. This area is well-known fo r the  upwelling o f  nu trien t rich  w ater 
during  the south-w est m onsoon period and for its high biological productivity. A 
com parison of different m onths o f the  year w ith respect to  the  num erical abun
dance of three species o f Limacina, indicated th a t all three species were a t maxim um  
abundance during August, which is the peak period of the  south-west m onsoon.
Some species, e .g ., Styliola subula, Cuvierina columnella, Cavolinia globulosa and  
C. inflexa, th a t are com m on in the  equatorial belt and in Somali waters, are  ra re  
in the  Bay of Bengal and the  A rabian  Sea, b u t the  reasons fo r th is a re  yet to  
be unravelled.

I n t r o d u c t io n

Our present knowledge of the Thecosomata (formerly known as Pteropods) 
is based on the reports of the several expeditions carried out during the last hundred 
years. However, owing to the lack of intensive and systematic sampling, informa
tion on the pattern of distribution and relative abundance of these holoplanktonic 
forms in the Indian Ocean is incomplete. The available records are from the 
expeditions listed in Table I.

T a b l e  I

N am e o f the  Expedition

Voyage of H .M .S . Challenger (1873-76) 
D eut.T iefsee  Expedition ‘Valdivia’ (1898-1899) 
John  M urray Expedition (1933-34)
Percy Sladen T rust Expedition (1905)
‘D an a’ (Indo-Pacific 1928-1930)
‘U m itaka  M aru ’ Expedition (Indo-Pacific 1956)

A uthor o f report N o . o f  species o f 
euthecosom es recor
ded in the  Indian 

Ocean
Pelseneer, P. (1888) 2 0

M eisenheimer, J. (1905) 2 1

Stubbings, H .G . (1937) 16
Tesch, J. J. (1910) 18
Tesch, J. J. (1948) 2 1

T aki, I. & O kutani, T .
(1962) 16

1 0 6 Collected reprints o f  the International Indian Ocean Expedition, vol. V III, contribution
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The present report is based on an examination of Euthecosomata sorted out 
from 395 Zooplankton samples collected by R.V. Argo and R.V. Anton Bruun 
during the International Indian Ocean Expedition. The areas explored by these 
two'ships are the Arabian Sea, the Bay of Bengal, the equatorial zone and the south
western part of the Indian Ocean, to 80° E and 45° S. The positions o f the stations 
of Cruises I to VIII of Anton Bruun and of the “Lusiad” and “Podo” cruises of 
Argo are shown in figure 1 together with the distribution of Limacina inflata. No 
collections have been examined from the west coast of India, west coast o f Sumatra 
and the south-eastern part of the Indian Ocean. The report is preliminary in that 
it includes data based on about a fifth of the samples in the international collections 
at the Indian Ocean Biological Centre. The Order Thecosomata includes two 
suborders, Euthecosomata and Pseudothecosomata. The present report deals 
only with the Euthecosomata, as the identification of the Pseudothecosomata has 
not yet been completed. McGowan (1960) states that there are 35 species of 
Euthecosomata recognized. Of these, 24 have so far been recorded from the Indian 
Ocean by previous expeditions. With a new record of L. helicina, the number of 
recorded species now increases to 25. Of the 25, not less than 20 have been found 
in the present collections. The attempt to relate distribution with hydrographical 
factors is done tentatively owing to the limited information available.

R e v ie w  o f  D is t r ib u t io n  o f  S p e c ie s

Systematic List of Species
F am ily  Lim acinidae G ray 1847.

Genus Limacina (Cuvier) L am arck 1819.
1. L . inflata (d ’ Orbigny 1836)
2. L . bulimoides (d ’ Orbigny 1836)
3. L . trochiformis (d ’ O rbigny 1836)
4. L. lesueuri (d ’ Orbigny 1836)
5. L. helicina (Phipps 1774)

Family Cavoliniidae (d ’ O rbigny 1841)
Genus Clio L in n e ' 1767

6 . C. pyramidata  L in n e ' 1767
7. C. cuspidata (Bosc 1802)
8 . C. balantium  (R ang 1834)

Genus Creseis R ang  1828
9. C. virgula R ang 1828

10. C. acicula R ang 1828
Genus Styliola  L esu eu rl8 1 0

11. S . subula Quoy and G aim ard  1827
Genus Hyalocylix  Fo l 1875

12. H . striata (R ang 1828)
Genus Cuvierina Boas 1886

13. C. columnella (R ang 1827)
Genus Diacria G ray  1850

14. D. quadridentata (Lesueur 1821)
15. D . trispinosa (Lesueur 1821)

Genus Cavolinia A bilgaard  1791
16. C. longirostris (Lesueur 1821)
17. C. globulosa (R ang 1850)
18. C. inflexa (Lesueur 1813)'
19. C. uncinata (R ang 1836)
20. C. gibbosa (R ang  1836)
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Limacina inflata (d’Orbigny)

The distribution of this species (Fig. 1) is not uniform over the area of occurrence» 
but it does extend over a wide area with localized regions of greater abundance- 
Such areas are, except for one station, between 20° N and 20° S. They lie mainly 
off the coasts of equatorial Africa and Arabia, between 5° S and 10° N, 45° E and 
55° E. According to McGowan (1960) in the Pacific “this species is responding 
to an ‘enrichment’ of its environment due to the upward mixing of nutrient rich
deepwater in the equatorial current system ” This explanation seems also
to be true in the present instance, since the areas of maximum abundance noticed 
here are regions associated with well-known centres of upwelling off the Somali 
and Arabian coasts during the period of the south-west monsoon. In the southern 
part of the Indian Ocean between 20° S and 40° S, 55° E and 80° E, where the hydro- 
graphic conditions are comparatively stable, the population density is low, a feature 
in which the present observation agrees well with what McGowan has noticed in 
the part of the eastern tropical Pacific in zone 10° - 20° N.

Limacina bulimoides (d’Orbigny)

The general pattern of distribution of this species resembles that of L. inflata, 
but occurrences are scarcer south of 30° S (Fig. 2). Maximum concentrations áre 
between 10° S and 12° N, but mainly east of Somalia. This area is more restricted 
than the area of L. inflata maximum, suggesting an even closer tie with the up- 
welling-enriched conditions off Somalia where the temperature is low during June- 
September.

l i m a c i n a
INFLATA

P : n  m a u i .k o .  o ?  A

140

Fig. 1. The distribution of Limacina inflata.
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Limacina trochiformis (d’Orbigny)

Unlike the reported distribution in the Pacific and Atlantic, L. trochiformis is 
a common and widespread species in the Indian Ocean (Fig. 3). But the area of 
maximum concentration is smaller than that of the two Limacina species discussed 
above. The high abundance of this species is similar to the other two species 
seen off the Somali coast between 0° and 10° N, 45° E and 55° E.

S e a s o n a l  V a r i a t i o n  i n  Limacina inflata, L. bulimoides a n d  L. trochiformis

The above three species of Limacina showed seasonal changes in abundance 
(Fig. 4). Monthly values of population-density were calculated for each species 
for the period 1962-1964. These values represent the average number of specimens 
per standard sample, based on all samples containing positive records (Figs. 1-3). 
The period of December (no samples) and January (three samples) was poorly 
represented in the material examined, whereas April-May and July-October were 
well represented (22-47 samples per month). It can be seen that the three species 
have somewhat independent patterns of fluctuation during January-May, when 
populations are small. In June a decline is discernible, followed by an abrupt 
tenfold increase in July and August. After the August peak, there is a decline 
until November. The area of maximum population-density for all three Limacina 
species has been noted to be off the Somali coast. The strong correlation between 
season and abundance of the species is probably related to enrichment of that region 
by means of intensive upwelling during the south-west monsoon, June-September.

Limacina lesueuri (d’ Orbigny)

Out of 395 samples examined, only 17 contained this species. On this basis 
it is considered rare in the Indian Ocean. From the nature of the distribution 
(Fig. 5) it is evident that all records except one are from south of the equator. There 
is no previous or present record of this species from the Arabian Sea, an area charact
erized by low oxygen concentration at intermediate depths one ml/1 at 150 m, and 
high salinities 34-36.5% (Nejman 1961). It is interesting to note its most frequent 
presence in the Mozambique Channel and to the east of South Africa.

Limacina helicina (Phipps)

This is a cold water species not hitherto recorded from the Indian Ocean. 
There are only three records (Fig. 5), two of which are off Durban and one at 35° S, 
60° E. These occurrences are clearly related to the temperate environment in the 
zone of 25-35° S.

Clio pyramidata Linne'*

According to Tesch (1948) this cosmopolitan species is eurythermie to a certain 
degree. In the North Atlantic it is known to penetrate regularly beyond 40° N.

♦The variants o f Clio pyramidata  have no t been identified yet consequent on the  absence o f the 
shell in m ost o f the  specimens,
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F ig . 2. T he d istribu tion  o f  Limacina bulimoides.
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Fig. 3, The distribution of Limacina trochiformis.
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“At the east coast of Africa it reaches, in isolated individuals, less than 50 specimens 
per hour’s fishing, down to the latitude of Durban”.

In the Indian Ocean this widespread species is apparently most common off 
the Somali coast, in the western equatorial Indian Ocean, the Bay of Bengal and 
northern Arabian Sea (Fig. 6).

Clio cuspidata (Bosc)

The rarity of the species in the present material is clear from the fact that there 
are only two records of adult specimens : 02° 00'S, 62° 20'E and 03° 34'S, 

40° 53' E. Tesch (1948) however, found this to be a common species in the Indian 
Ocean. The rarity of C. cuspidata in the present samples may be due to the fact 
that juveniles have not yet been identified. McGowan (1960) attributed the rare 
occurrence of this species to an extreme form of patchiness in its distribution.

Clio balantium (Rang)

There are only five previous records in the Indian Ocean (Meisenheimer 1905; 
Tesch 1948) of which three are south-east and south of Madagascar, one south 
of Ceylon and the other off the west coast of Sumatra. All three of the present 
records are from the Bay of Bengal 18° 33'N, 91° 16'E, 12° 56'N, 92° 10'E; 14° 15'N 
91° 50'E. Because of imperfect preservation and consequent distortion
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and damage, the identification is tentative. However, the broadly developed fins 
and the conspicuous posterior foot lobe indicate a close resemblance to C. balantium.

Creseis virgula Rang*

The scattered but widespread occurrences of this species are more consistent 
along the equatorial zone, off the Somali coast, the Bay of Bengal, and the 
Gulf of Oman (Fig. 7). All of the samples containing more than 50 specimens 
are from north of 10° S suggesting that this is mainly a tropical species. Occurrences 
south of 20° S are few. Tesch (1948) has also remarked on the wide occurrence of 
this species in the tropical Indo-Pacific.

Creseis acicula Rang

This species is of very general occurrence in the Arabian Sea, the Bay of Bengal, 
the western equatorial Indian Ocean and the Mozambique Channel (Fig. 8). High 
concentrations at a few stations off south-east Africa may be related to the influence 
of the land mass, as this species is recognized as being often abundant close to the 
shore in shallow bays and inlets. The southernmost occurrence was noted at 32° S.

Styliola subula Quoy and Gaimard

Meisenheimer (1905) was of the opinion that S. subula avoids strictly tropical wat
ers and is most common beyond the 10° or 15° parallels, away from the equator. This 
sort of antitropical** distribution was not observed by Tesch (1948) since he noticed 
continuous distribution in the Pacific from the north central through the equatorial 
to the south central waters. Massay (1920) however, found that in the Atlantic 
S. subula avoided the very warm water near the equator. In the Pacific, McGowan 
(1960) points out that the distribution of the species is bisubtropical with “limited 
communication between the two segments of the population of the south and north 
subtropical Pacific”. The distribution in the Indian Ocean further suggests that 
this is not a strictly antitropical species, since six stations of relatively high concentra
tion were found in the western equatorial Indian Ocean (Fig. 9). However, Massay’s 
explanation that “this species avoids the very warm water... ” may still be applicable, 
inasmuch as the tropical maximum is in the area influenced by the cool Somali 
current.

The rare occurrence of the species in (1) the northern Indian Ocean (north 
of 7° N), (2) the southern part between 5° S and 15° S, and (3) the mid-part of the 
equatorial zone, may possibly be attributed to the excluding effect of high-temperature 
suggested by Massay, but both of the principal areas of high occurrence are mixing 
areas,—the terminus of the North Equatorial Current east of Africa, and the region 
of mixing of equatorial and subtropical water south of Madagascar (Orren 1963). 
Tesch (1948) noted that “there are some very rich stations at the west coast of Sumatra

*The identification of variants o f C. virgula is no t yet attem pted  as m ost o f the specimens 
have lost their shells.

**Antitropical is defined by M cG ow an as follows. “ W here the sam e or two closely related 
species inhab it areas bo th  to the north  and to  the south  of the tropical latitudes. These m ay be 
bipolar, biboreal, bitem perate o r bisubtropical.”
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but on the track Nicobar-Ceylon-Seychelles it seemed rather scarce and only north 
of Madagascar, down to Duran was it again numerous”. It is Stubbingsi (1937) 
view that, in the Indian Ocean, this species is “more abundant between 25° S and 
34° S except round the Cape of Good Hope; the scarcity in the northern part of 
Indian Ocean and Arabian Sea is in accordance with Meisenheimeri statements 
regarding its distribution. The distribution of the species on the east coast of Africa 
can possibly be attributed to the presence there of cooler Antarctic water flowing 
up the African coast” .

Hyalocylix striata (Rang)

This is a typical tropical species, apparently very rare south of 20° S. The 
occurrence to 30° S in the Mozambique Channel may be, Tesch (1948) infers, owing 
to transport by the Agulhas Stream. The places of high abundance are along the 
equator, in the northern Arabian Sea, and in the northern and eastern parts of the 
Bay of Bengal (Fig. 10). According to McGowan (1960) “This species, like L. inflata 
and D. trispinosa, is adapted to warmer water conditions, but is able to achieve 
abundance only in those areas where either lateral or vertical movement of water 
mixes in cooler and presumably richer waters”. The observed localities of high 
abundance are in such areas. At the western coast of Sumatra, Tesch (1948) has 
recorded it in every haul, sometimes in quantities of 2000 or even 3000. Stubbings 
(1937) too noted high concentration in the northern Arabian Sea and the Gulf 
of Aden.

Cuvierina columnella (Rang)

This species is most common along the equatorial zone (5° S - 5° N) and the 
Somali coast (Fig. 11). Previous records from Meisenheimer (1905), Stubbings 
(1937) and Tesch (1948) show more or less the same type of tropical distribution. 
Tesch (1948) noted that “from Nicobar to Durban this species was not encountered 
till after passing Ceylon, but from here on it was recorded at a series of stations, 
maximum being found at 8° 27'S, 50° 54'E. It could be followed up to Durban 
and it disappeared again on the route to Cape Town. Two largest catches were 
made close together at the west Sumatran coast by Dana”. The scarcity of the 
species north of 10° N  remains a point of interest.

Diacria quadridentata (Lesueur)

This species is found particularly in equatorial Indian Ocean (Fig. 12). High 
abundance is again noted along the Somali coast. Occurrences beyond 30° S are 
rare. Tesch (1948) found D. quadridentata throughout the tropical region.

Diacria trispinosa (Lesueur)

The distribution of this species in the Indian Ocean is similar to that observed 
by Tesch (1946) in the Atlantic. It ranges widely in tropical temperate waters, from 
40° N to 35° S. High concentrations are noted along the east coast of Africa between 
5° N and 15° S, 40° E and 60° E (Fig. 13). It should be pointed out, however, that forms 
clearly recognizable as adults of D. trispinosa occurred in five stations only out o f
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395 (Fig. 13) and the forms observed in the remaining stations were more or less 
immatures or juveniles corresponding to Cleodora compressa (Souleyet) ; these juveniles 
belong mostly to D. trispinosa but some of these should perhaps be referred to D. 
quadridentata and the difficulty of separating juveniles o f the cosomes according to 
species is too well known to need emphasis here. The distribution observed in 
figure 13 is in good agreement with the published records of Stubbings (1937) and 
Meisenheimer (1905). The paucity o f this species in the northern Arabian sea (see 
Fig. 13) had been remarked upon by Stubbings (1937).

Cavolinia longirostris (Lesueur)

This species is not common south o f 20° S (Fig. 14). Places o f  relatively high 
concentration are patchily distributed throughout the tropical zone. Tesch (1948) 
has recorded high abundance at the west coast of Sumatra. The records of Stubbings 
(1937) show that this species is very common in the Arabian Sea.

Cavolinia globulosa (Rang)

The distribution of this somewhat rare tropical species is centred at the equator, 
10° N  and 10° S. It is not common in the Bay of Bengal, the Arabian Sea and the 
central part o f the southern Indian Ocean (Fig. 15). Tesch (1948) observed that 
this species is practically confined to the tropical belt of the Indo-Pacific and more 
common in Indo-Malayan waters and in the Indian Ocean; this is “foreign 
to the Atlantic”. It is perhaps due to its rigid stenothermic habit that the 
species is unable tó round the Cape of Good Hope. In the Pacific the 
occurrence is also rare (McGowan 1960). Stubbings (1937) was o f the opinion 
that “this is common in the Bay of Bengal and eastern part o f the Indian Ocean, 
and probably occurs almost as frequently in at least the central and southern parts 
of the Arabian sea; at present it is unknown from the northern part o f the Gulf 
of Oman”.

Cavolinia inflexa (Lesueur)

Stubbings (1937) was under the impression that except for a single record in 
the Bay of Bengal and his single shell-less specimen from the central Arabian Sea, 
all the previous records for the species in the Indian Ocean are south of the equator. 
Tesch (1948) recorded “many in Indo-Malayan waters and in the Indian Ocean 
up to S. of Durban”. Meisenheimer (1905) found it to be most common between 
20° S and 40° S. The present records are mostly from off the Somali coast and 
the western equatorial Indian Ocean, 15° N to 10° S and west of 65° E (Fig. 16). 
This is the cooler part of the tropical zone, enriched by the Somali upwelling. The 
scarcity of the species in the northern Indian Ocean remains a matter for further 
investigation.

Cavolinia mcinata (Rang)

Tesch (1948) concluded that “in accordance with Atlantic records this species 
seems to keep in the Indo-Pacifiç within tropical boundaries, 30° lat. being rarely
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reached. Within the tropic circles it is widely spread, but such large 
swarms as were sometimes encountered by the ‘Dana’ in the Atlantic (Tesch 
1946) never occurred in the Indo-Pacific, the largest number being only 69 per haul
at the West Sumatran coast ” On the basis of present observations and earlier
records on the distribution of this species, it may be said that it occurs in the Bay 
of Bengal but is very rare in the Arabian sea and to the south of the equator (Fig. 17).

Cavolinia gibbosa (Rang)

The rarity of this species in all the world oceans is borne out by the single record 
in the present collections, at 10° S - 65° E (Fig. 17). In spite of intensive search 
along the west Sumatran coast Tesch could not find a single individual. All the 
previous records indicate that this species is more common in higher latitudes in 
the south-western part of the Indian Ocean. It is unknown in the northern Indian 
Ocean.

D is c u s s io n

The results derived from the present introductory study of the IIOE Collections 
do not permit definitive conclusions regarding the distribution of euthecosomes. 
This report is intended to provide a comparison of the first results with records 
from the early work in the Indian Ocean. The high concentration of most of the 
species in the region off the Somali coast suggests that this is a suitable habitat in 
several respects. The characteristic features of not only upwelling and enrichment 
of surface water but also a wide range o f temperature probably provides a suitable 
environment or the breeding, spawning and feeding o f several species of eutheco
somes. Tesch (1948) has remarked on the great abundance of euthecosomes from 
west of Sumatra. As only two collections from off the coast of Sumatra have been 
examined in the present study, detailed comparisons with the results of Tesch will 
be attempted later. The Central zone of the southern Indian Ocean, 20°-45° S 
and 50°-85° E, appears to be sparsely populated by euthecosomes as is evidenced 
by the low numbers of all species. Because of the southerly transport between 
Mozambique and Africa, almost all species which occurred off the Somali coast 
were found to occur in the Mozambique Channel also. Scarcity or absence in 
the Arabian Sea and Bay of Bengal of certain otherwise common species, such as 
Cuvierina columnella, Styliola subula, Cavolinia globulosa, and C. inflexa is 
noteworthy. Possible reasons for this paucity in distribution can be considered 
later from the examination of further collections available at IOBC and in relation 
to environmental factors. As only a few specimens in the collections still retained 
their shells, identification of different varieties of the several species has not yet 
been attempted. Juveniles of uncertain identity and distorted specimens have 
also been excluded from this report. In due course, attempts will be made to 
identify the variants and juveniles.
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A PRELIM INARY REPORT ON THE GENERAL DISTRIBUTION 
AND VARIATION IN  ABUNDANCE OF THE PLANKTONIC 

POLYCHAETES IN  THE IND IAN OCEAN

by G e o r g e  P e t e r  
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National Institute o f Oceanography,

Cochin-16, S. India

Pelagic polychaetes in the In ternational Ind ian  Ocean Expedition collections are 
being studied taxonom ically and  zoogeographically and the  present paper is a 
report on  the general pa tte rn  o f d istribution exhibited by the polychaetes. Larval 
form s o f bo ttom  living polychaetes also occurred in the p lankton and  were included 
in enum eration. The year is divided in to  two periods; April 16th to  O ctober 15th 
and  O ctober 16th to  April 15th, corresponding to  th e  south-w est and north-east 
m onsoon seasons respectively. W hen these tw o periods a re  com pared w ith each 
o ther w ith respect to  the abundance o f polychaetes the south-west m onsoon season 
always shows a greater m easure o f abundance. W hen the com puted values for 
population  density o f the  day collection are com pared w ith  those o f th e  night 
collections, the  latter values a re  invariably higher. T he Ind ian  Ocean is divided 
in to  six regions and these are com pared with one ano ther bo th  regionally and 
seasonally with respect to  the abundance of polychaetes. As a general statem ent 
it m ay be rem arked th a t northern  parts o f  the  ocean show greater num ber o f 
polychaetes. In  general the  areas o f high population  density o f polychaetes are 
seen to  be in the regions characterized by regular upwelling.

I n t r o d u c t io n

Planktonic polychaetes make up only, 0.15% of the organisms, numerically, 
in the so far analysed plankton samples of the International Indian Ocean Expedition 
and they rank ninth in numerical importance among the major taxa and are present 
in virtually all samples. It is the purpose of this report to present a general picture 
of the geographical distribution of planktonic polychaetes as a composite group. 
Our knowledge of these organisms in the Indian Ocean is very limited. The 
previously reported collections from this ocean have been confined to material 
from restricted areas (Dales 1963 ; east coast of Africa, 0-10° S and 1957 Pacific 
Ocean) or from a few scattered records (Fauvel 1953). The distribution of 
polychaete species have been extensively mapped for the South Atlantic and for 
the North Pacific by Tebble (1962) and for N orth Atlantic by Stop-Bowitz (1948). 
The present study of the Indian Ocean material has yet to be extended to the species 
level. For the present, only the ploychaetes as a whole and one family will be 
dealt with.

M a t e r ia l s  a n d  M e t h o d s

The essential requirement for an oceanwide study of distribution is a large num
ber of samples collected from all regions, during different seasons. This requirement
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was practically fulfilled by the IIOE. The data considered here are derived from 
the initial gross sorting of the IIOE samples, carried out at the Indian Ocean Biological 
Centre (IOBC). More than 2000 standard samples have been deposited in IOBC, 
of which 1250 have been processed and the organisms in the several major taxa 
counted. These samples were collected by nineteen ships taking part in the IIOE. 
The Indian Ocean Standard Net (IOSN), specially designed for this expedition, 
was used. Vertical hauls were made through a standard stratum o f 200 to 0 meters, 
or to lesser depths in shoal water. These ships have covered all the parts of Indian 
Ocean, and seasonal data are available from most areas. It is convenient for the 
present, to divide the year into only two periods: April 16-October 15 and October 
1'6-April 15. These periods generally coincide with the south-west and north-east 
monsoon respectively, in the northern hemisphere, and the winter and summer 
in-the southern hemisphere. The planktonic polychaeta include five families, of 
which Tomopteridae, Typhloscolecidae and Alciopidae are holoplanktonic. Sub
family Lopadorhynchinae of the family Phyllodocidae and a few genera under 
Aphroditidae are also treated as pelagic. The text figures show distribution of 
Tomopteridae separately inasmuch as they have already been separated during 
sorting. All other groups of pelagic polychaetes are numerically lumped together, 
including both holoplanktonic species and the larvae and post larvae of many bottom 
dwelling polychaetes. D ata from the several samples in each 5° square (following 
the Marsden Square system) have been averaged. These averages representing 
mean densities of polychaetes present under one square meter of sea surface, 
from surface to a depth of 200 meters have been used in making the figures.

R e s u l t s

It is clear from an examination of figures one to four that both the Tomopterids 
and the other polychaetes are more abundant in coastal regions than in oceanic 
waters. They are least abundant in the south-eastern part of the Indian Ocean. 
The Persian Gulf.region is particularly rich in pelagic polychaetes, as is also the 
east coast of Arabia, the Somalia Coast, the west coast of India and the vicinity 
of the Andaman Islands. A generalized picture is given of the change in the distri
bution of pelagic polychaetes in different seasons. The two main seasons prevailing 
in the Indian Ocean, north of about 10°S, are the south-west and north-east monsoons. 
The former is believed to extend roughly from mid-April to mid-October and the 
latter from mid-October to mid-April. Transitional or intermonsoon periods 
are centered at April and October. For the sake of convenience the intermonsoon 
periods have been merged with the monsoon periods; The presèht study on the 
seasonal variation shows that Tomopteridae are more abundant during the south
west monsoon period than during the opposite season. This is also found to be 
true with the other pelagic polychaetes. The maximum abundance of this group 
(Tomopterids), is found in the Persian Gulf region during the south-west monsoon 
(Fig. 1); but during the north-east monsoon period (Fig. 2); it is seen to be on the 
west coast of India. Tn the case of other pelagic polychaetes, the corresponding 
shift is from the Persian Gulf region to the east coast of Arabia (Figs. 3, 4). It 
should be pointed out that the number of collections during the north-east monsoon
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Fio. 1. Distribution of Tomopteridae during the south-west monsoon period (April 16-October 15^
in the Indian Ocean.
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F ig . 2. Distribution of Tomopteridae during the north-east monsoon period (October 16-April 16)
in the Indian Ocean.
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F ig . 3. Distribution of planktonic polychaetes (excluding Tomopteridae) during th e  sou th«  
west monsoon period (April 16-October 15) in the Indian Ocean.
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F ig . 4. Distribution of planktonic polychaetes (Excluding Tomopetridae) during the north-east 
monsoon (October 16-April 15) period in the Indian Ocean.
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period is less than the number obtained during the south-west monsoon. It is 
noted that the high densities seen in the central part of the ocean, on the coasts o f  
Madagascar, Andaman coasts, and off the west coast of Australia, does not show 
any marked change with change of season.

An effort has been made to study the day and night variation in distribution of 
Tomopteridae and other planktonic polychaetes, both longitudinally and latitudinally. 
In general this study shows that the observed population size based on the night 
collections is higher than that based on day collections and this variation is 
more or less uniform in almost all regions. However a notable difference between 
the average number of these groups is seen in the zone of 10°S-20°S latitude— 
where the number obtained from night collections is much higher than that of day 
collections (Figs. 5, 6). Similar variations are noted in the zones of 40°E-50°E 
longitude and 100°E-110°E longitude (Fig. 7a, 7b). But in the region between 
80°E and 90°E longitude the number obtained from night collections is less than 
that obtained from day collections. A possible explanation for these patterns 
of variation can be given only in the light of further observations.

An attempt has been made to compare the distribution of pelagic polychaetes 
as a whole in different regions of the Indian Ocean. For this purpose the ocean 
is divided into six parts as follows :

1. Western part of Arabian Sea, including the regions north of latitude 5° S, 
and west of longitude 65° E.

2. Eastern part o f Arabian Sea, including the regions north of latitude 5° S, 
and east of longitude 65° E.

3. Western part o f Bay of Bengal, including the regions north of latitude 5° S 
and west of longitude 90° E.

4. Eastern part of Bay of Bengal, including the regions north of latitude 5° S 
and east of longitude 90° E.

5. South-western part of the Indian Ocean, including the regions west of 
longitude 75° E and south of latitude' 5° S.

6. South-eastern part of the Indian Ocean including the regions south of 
latitude 5° S and east of longitude 15° E.

It is evident from the year-round collections that the western part of the Arabian 
Sea ijs the richest as far as the pelagic polychaetes are concerned. This area provides 
43 per cent (computed from averages) of the total number collected. The 
western part of the Bay of Bengal yields 19 per cent, and the eastern parts of Arabian 
Sea and Bay of Bengal 14 per cent each. The southern parts of the ocean are 
comparatively poor, providing only 6 per cent in the south-western part and 4 
per cent in the south-eastern part. During the south west monsoon, pelagic poly
chaetes were at maximum abundance, 36 per cent, in the western part of the Arabian 
Sea, while 26 per cent were in the western part of Bay of Bengal. But in the north 
east monsoon period the population peaked at 55 per cent in the western part of 
the Arabian Sea, and was remarkably less, only 10 per cent, in the western part of 
Bay of Bengal.
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lines denote day collections and dotted lines night collections).

In general it is observed that pelagic polychaetes are rich in the areas well- 
known for upwelling. The occurrence of upwelling has been recorded on the 
Somali coast, Persian Gulf region, east coast of Arabia, west coast of India, and 
around the Andaman Islands. It is in these regions that the pelagic polychaetes 
occur in large numbers.
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F ig . 7b. Day and night variation in the distribution of Tomopteridae 
per 10° increment oí longitude.
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A PRELIMINARY REPORT ON THE BIOMASS OF CHAETOGNATHS
IN THE INDIAN OCEAN COMPARING THE SOUTH-WEST AND  

NORTH-EAST MONSOON PERIODS

by VIJAYALAKSHMI R .  NA IR 

Indian Ocean Biological Centre, National Institute of Oceanography, Cochin-16

The da ta  fo r the  present paper have been derived from  the analysis o f 1276 s tandard  
sam ples o f p lank ton  collected during  th e  In ternational Ind ian  Ocean Expedition 
(1962-65). A t the Ind ian  Ocean Biological C entre fractions (3-5 ml) o f the  samples 
were sorted and  the  to ta l num ber o f chaetognaths in the  sam ples were then  
com puted. T he average num ber o f chaetognaths fo r all sam ples from  each 5°
M arsden Square is separately estim ated fo r the south-west and  north-east m on
soon periods. T he period m id-A pril to  m id-O ctober (SW  m onsoon) shows 
a  com paratively h igher density o f chaetognaths fo r all areas except the  eastern 
ha lf o f the A rabian Sea. In  b o th  the  periods the areas o f highest density are in  the 
western p a rt o f the  A rab ian  Sea. T he region 40o-60°E betw een the  equato r 
and the no rthern  lim it o f the ocean is richest in C haetognaths during  b o th  seasons.

I n t r o d u c t io n

Chaetognaths are extremely abundant in the sea and constitute an important 
part of the marine plankton. There is a substantial amount of published informa
tion about the distribution and systematics of Chaetognaths o f other oceans but 
comparatively little on chaetognaths of the Indian Ocean. Mention may be made 
of the systematic account of chaetognatha of Indian coastal waters by George 
(1952), of Tokioka’s publications (1955-1956) on Chaetognaths o f the north-eastern 
and central areas of the Indian Ocean, of the publications of Rao (1958) and Rao 
and Ganapati (1958) on chaetognaths of the Bay of Bengal and lastly o f the work 
of Alvariño (19646) on chaetognaths of the “Monsoon Expedition” of the Argo 
during 1960-61. The Siboga (Fowler 1906), Gazelle (Ritter-Zahony 1909), Sealark 
(Burfield 1926) and Snellius (Schilp 1941) expeditions covered only parts of the Indian 
Ocean. The International Indian Ocean Expedition has, however, achieved a much 
wider coverage.

The majority of chaetognath species live in warm waters but it is not necessarily 
anticipated that their greatest abundance would be found in the tropical and sub
tropical zones. They occur from the surface to depths below 1000 m. Some species 
are restricted to one geographical region, whereas others are cosmopolitan in distri
bution. A total o f about 52 species is widely accepted for the six pelagic genera 
(Alvariño 1965). Nearly 28 species have been heretofore recorded from the Indian 
Ocean. Taxonomic studies on the chaetognaths of the International Indian 
Ocean Expedition Collections are only just beginning but as a provisional estimate 
it may be said that at least 22 species occur in these collections. As most of the 
samples are from 200-0 m depth, mesoplanktonic chaetognaths (200-1000 m, Alvariño 
1964a) are not expected to comprise a significant part of the material. In this pre
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liminary presentation, the chaetognath component of the plankton would be treated 
as a whole leaving the distribution of individual species to be studied separately.

M a t e r ia l  a n d  M e t h o d s

The data presented in this paper have been derived from the analysis of 1276 
standard samples collected during the International Indian Ocean Expedition (1962- 
65). Standard samples are those obtained by a vertical haul of the Indian Ocean 
Standard Net from approximately 200 m depth to the surface. Samples obtained 
from shoal water are considered as standard if the depth of haul and depth of water 
are in close agreement. At the Indian Ocean Biological Centre, fractions (3 to 5 ml) 
of the samples were sorted and the total number of chaetognaths, as well as numbers 
of individuals in all major taxa, were computed for each sample. The average 
number of chaetognaths for all samples from each 5° Marsden square is separately 
estimated for each of two six-month seasons, that is, the south-west monsoon (taken 
as 16th April to 15 October) and the north-east monsoon (taken as 16th October 
to 15th April). For mapping, the contour intervals were chosen so as to reduce 
the effect of patchiness and at the same time provide five population density ranges. 
In figures 2 and 3, each 5°-square with a dot in the centre represents a square for 
which data are available. The figures 2 and 3 give a general picture of the biomass 
of chaetognaths in the Indian Ocean. The distribution of population density is 
illustrated for the south-west and north-east monsoon periods.

D is c u s s io n

Mean values for day-time and night-time densities (Table I), were calculated 
for ten randomly chosen 5°- squares, for each of the two seasons. These averages 
show that there is no significant difference between day and night in the estimated 
abundance of chaetognaths in the standard samples.

The period mid-April to mid-October shows a comparatively higher density of 
chaetognaths for all areas except the eastern part of the Arabian Sea and the south
western quadrant of the Ocean. (In the latter region, however, the mean values

T a b l e  I

5°-Square
SW M onsoon N E M onsoon

D ay N ight D ay N ight

331— 1 1790(2)* 2166(3) 3954(8) 2953(8)
032—2 4769(5) 3569(6) 2874(5) 5357(6)
067— 1 2627(6) 2130(12) 4004(11) 4053(4)
067— 4 3158(9) 2312(5) 3146(2) 3899(2)
1 0 2 — 2 577(3) 187(7) 1191(14) 1373(15)
065—3 792(16) 684(9) 1265(8) 1293(5)
029— 4 4905(2) 2176(4) 2490(8) 2910(4)
064— 4 4254(7) 2841(12) 1899(8) 1687(3)
027—4 1574(8) 1894(7) 1784(4) 1254(4)
327— 1 630(2) 1594(3) 2708(1) 1264(3)

Average 2508 2055 2532 2404

♦Num bers in brackets indicate num ber o f  collections in each 5°-square.
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for the two seasons are nearly equal). In both periods the areas of highest density 
are the western part of the Arabian Sea, including waters of the Somalia region. 
Values for the average number of chaetognaths in all standard samples from different 
geographical regions are as follows:

Area 16th April- 16th October-
15th October 15th April

Western Arabian Sea (W of 65° E, N  of 5° S) 3107 2544
Eastern Arabian Sea (65-80° E, N of 5° S) 1287 1480
Arabian Sea (above two regions combined) 2369 2166
Bay of Bengal (E of 80° W, N of 5°) 2502 1859
SW quarter of the Indian Ocean (W of 80° E, 693 715

S of 5° S)
SE quarter of the Indian Ocean (E of 80° W, 773 495

S of 5° S)
East-west (Fig. lo) and north-south (Fig. 16) plots of the average number of 

chaetognaths for all standard samples, are drawn according to 10 increments of 
longitude and latitude respectively. These show diagrammatically that the region 
40°-60°E between the equator and the northern limit of the ocean is richest in chaeto
gnaths during both seasons. Lowest values are at the eastern and western sides 
of the southern half of the ocean.

For the south-west monsoon there is a maximum peak between 50° E and 60° E 
and a lesser peak between 80° E and 100° E. Similarly for the north-east monsoon 
the maximum is between 40° E and 50° E and a lesser one between 80° and 90°t E, 
but the peaks are observed to be shifted a little to the west. It is interesting to note 
that the north-east monsoon shows a comparatively higher density peak in the 
Arabian sea and the peak in the Bay of Bengal in the north-east monsoon period 
is the least prominent o f all.

Along the north-south axis it is observed there is an almost uniform rate of  
decrease in density as we proceed from the north to the south up to 45° south, 
which is the limit of the 1IOE sampling. This is particularly true south of the equator 
with the values for population density being somewhat lower for the north-east 
monsoon than for the south-west monsoon in almost all the south latitudes. North 
of the equator the major peaks for the two seasons occur. But whereas for the 
north-east monsoon period, the single peak density is observed between 10° N  and 
20° N, with lower but nearly equal values for the belts both above (20° to 30° N) 
and below it (0° to 10° N), the exact opposite is observed for the south-west monsoon 
period, with two peaks, nearly equal to each other occurring between 20° to 30° N  
and again between 0° to 10° N, with a considerably lower value in the intermediate 
belt, 10° to 20° N.

The surface salinity is at a minimum near the equator, reaches a maximum in 
about latitude 20° N  and 20° S again decreases toward high latitudes (Sverdrup et al. 
1942). A majority of chaetognaths appear to show a preference for high salinity 
and high temperature. Rao and Ganapati (1958), after a study of the distribution 
pf chaetognaths of the Visakhapatnam coast in relation to the salinity and tempera-
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ture, concluded that, apart from Sagitta enflata and Krohnitta pacifica, the species 
show aversion to low salinity and temperature. This may account, in part, for 
the highest density of chaetognaths in the zone 0-20° N. Doubtless, the enrichment 
process prevailing along the coasts of tropical east Africa and the Asian land mass 
are also contributing factors. During the south-west monsoon, the highest density

136



751

c h a e to g n a th a

16 APRIL,f5 OCTOBER <962.6

OENSlTY UNOER 1m % 0 - 2 0 0 »  \ 1 0  

AVERAGES FOR S* SQUARES

I »  I <50

m  50.249 

C53 250-1249 
E S W  «260.6249 

>6250

20 50 40 SO 60 70 80 90  (00 ItO 120 >50 140
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is near the Somalia region (Fig. 2). On the western margins o f the ocean where 
the prevailing seasonal winds carry the surface waters away from the coast, an over
turn of the upper layers takes place. During the same season the westerly North 
Equatorial Current disappears and is replaced by the Monsoon Current which flows 
from the west to east. Along the African coast the current is then directed north 
from lat. 10° S. Water deriving in part from the Equatorial Current crosses the 
equator and considerable upwelling takes place off the Somali coast (Sverdrup e t  al. 
1942). During upwelling the nutrient content of the surface water increases and this 
results in an increase in primary production which in turn accelerates the secondary 
production. It is noteworthy, however, that the 5°-squares showing population 
maxima during April-October were n o t  adjacent to the African coast, but at some 
distance from it. This suggests that chaetognaths, as a whole, develop and aggregate 
optimally along the fringe of the enriched area. During the period October to April 
(Fig. 3) an equatorial maximum east of Africa was not noted, but high population 
densities occurred throughout the northern part of the Indian Ocean. Highest 
densities were at the mouth of the Red Sea.
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PRELIMINARY NOTES ON THE DECAPOD LARVAE OF THE
ARABIAN SEA

by M . K r i s h n a  M e n o n ,  P. G o p a l a  M e n o n  and V .T . P a u l i n o s e  

Indian Ocean Biological Centre, National Institute o f  Oceanography,
Cochin-16

T he no te  presents som e general facts regarding the  d istribution o f som e o f  the 
larger groups of decapod larvae in the  A rab ian  Sea. T heir relative num bers 
and  the families and subfamilies, so fa r as can be recognized, represented within 
each group are also indicated. Suitable charts to  illustrate d istribution are provided.
The da ta  collected on the d istribution o f larvae of the  family Penaeidae a re  p re
sented separately in this note. Their general d istribution in  the A rabian Sea and 
the stations a t which fairly good num bers were captured  are  described and  illus
tra ted  with suitable charts. T he possible effect o f the  tim e of h au l and  the  season 
on the num ber o f larvae caught is explained. T he probable  parentage o f  the 
m ore comm only encountered types o f larvae is indicated.

1. A  G e n e r a l  S u r v e y  o f  A l l  M a jo r  G r o u p s  E x c e p t in g  S e r g e s t id s  a n d

P h y l l o s o m a

The following notes are based on a preliminary examination of the decapod 
larvae obtained from the plankton samples collected during the course of the Inter
national Indian Ocean Expedition, from the Arabian Sea. The material is not 
complete since during the initial sorting of the entire sample the Sergestids and 
Phyllosoma larvae were removed. The rest o f the collection from each station 
is being subsorted into a number of smaller groups, families or sub-families in 
order to facilitate their detailed study later by specialists. As the subsorting progres
sed some amount of data relating to their distribution, composition, numbers etc. 
accumulated and they have been made use of in the preparation of these notes. 
In the circumstances the notes could not be anything other than purely preliminary 
in character and may require to be modified in part or supplemented in the light 
of the results of further study.

Though decapod larvae form an important constituent of the plankton they 
seldom occur in these collections in large numbers. Possibly the method of collec
tion of plankton (vertical hauls) may be partly responsible for it. Another peculiarity 
of the present collection is the absence of the early larval stages e.g. nauplii and 
early protozoeae of Penaeids. This is true of most of the other groups also except
ing a few Carideans belonging to 2-3 families such as Pasiphaeidae and Pandalidae 
and some crabs. Swarms of larvae of various species in different stages of develop
ment have been noticed in the sea by previous expeditions (Gurney 1924) and the 
presence of only 1 or 2 stages of a species in most o f the present collections is, in 
all likelihood, the result of the method adopted. Complete series of larvae may 
not thus be available in regard to most of the species. Nevertheless it may be possible
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to establish the probable parentage of several with the help of published descriptions 
of similar larvae and post larvae. The value of the collection, assessed from the 
point of view of their biology suffers therefore to some extent.

Material collected by earlier expeditions has served to establish a relationship 
between the numbers of larvae and the proximity to land of the stations at which 
they have been collected (Ortmann 1893). This implies that larvae of littoral species 
usually remain in the neighbourhood without moving out into the open sea. The 
positions of some of the stations in the Arabian Sea occupied during the course 
of I.I.O.E. that have yielded fairly good numbers of larvae are shown in Fig. 
1. At stations 2005 (Varuna), 2004 (Varuna), 194 (A. Bruun cruise No. 4) and 
47 (Argo, Dodo cruise), the numbers of larvae caught are remarkably large, varying 
between 1460 to 680. It would seem that the relationship generally holds good 
in regard to the present collections also. Gurney (1924) has stated that the ‘Terra 
Nova’ collections, “so far as they permit conclusions to be drawn, fully confirm 
Ortmann’s result.” It is true not only in regard to the total number of larvae 
collected but also to the variety i.e. the number of species represented. Occasionally 
as many as a dozen species have been secured at some stations around the Minicoy 
and Maldive Islands (Station 102, cruise No. 4 and Station 104 on the same cruise 
of I.N.S. Kistna). It should be added however that these collections, though rich 
in variety, are not always equally rich in numbers.

Larvae belonging to all the main groups of decapods are present in the collec
tion excepting those mentioned earlier; but their numbers vary widely. It may 
be stated in general that caridean and crab larvae occur in much larger num
bers than any other group at quite a number of stations. Figures 1—4 furnish 
information on the distribution of the larvae of the Penaeidae and two other 
major groups namely the Anomura and the Brachyura. The Caridea has been left 
out of consideration here because the subsorting into families or subfamilies is 
somewhat unsatisfactory owing to the difficulty experienced in recognizing some o f  
the families, especially their early stages, during the course of subsorting when it was 
not possible to dissect out and study appendages.

The Penaeids will be dealt with in a separate note since a start may be said to 
have been made towards a more detailed study of the family and some additional 
data collected. This was done in view of the economic value of the adults of a 
number of species and in the hope that the study might yield useful information 
regarding the life histories of some that still remain imperfectly known. A few 
Stenopid larvae and Amphion have been secured but their numbers are inade
quate for studying their distribution.

In regard to the distribution of the Anomuran larvae (Fig. 4) a general 
resemblance to that of Penaeids is quite evident. They however seem . to occur in 
comparatively larger numbers in the Gulf of Cambay and neighbourhood than the 
Penaeids. Among them those of the family Axiidae belonging to the Thalassinidea 
and the Galatheids have been obtained at more stations than some of the other 
families. Callianassidae (Thalassinidea), Paguridae and Albuneidae have also 
been obtained from several stations; but Porcellanidae and other families have been 
taken only rarely. Except Pagurids the number of larvae belonging to any Anomu
ran group has not been large at any station.
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In contrast to the Anomura, Crab zoeae and megalopae (Fig. 5) are noticed 
in much larger numbers, the greatest numbers occurring in the regions surrounding 
the southern tip of the Indian Peninsula (a common feature in the distribution of 
all the 3 groups dealt with here ), off the Maharashtra Coast and the northern part 
of the Somali Coast of Africa. Further away from the two latter regions in the 
same latitudes there are considerable areas which are apparently barren and from 
which hardly any larvae have been caught. Larvae provisionally ascribed to the 
primitive Brachyuran group. Dromiacea have been frequently noticed, but only 
in small numbers. They seem to belong to more than one genus. Nothing can 
be ventured here in regard to the comparative numbers and stations of capture of 
any of the other groups of crabs without further detailed study of the material.

2 . P e n a e id a e

The data collected during the subsorting of the plankton samples, and supple
mented by what could be obtained in the course of a subsequent rapid re-examination 
of some of the Penaeid larvae from a few stations are presented in this brief note. 
The reason for selecting the Penaeids first for further study have been explained in 
the previous note. The pattern of distribution of Penaeid larvae conforms in a 
general way with that o f the entire order (minus Sergestids and Phyllosoma) and is 
illustrated in Fig. 2. The maximum average number from a 5°-square area 
(Marsden square) has been obtained around the southern extremity of the Indian 
peninsula (1) and off the Somali Coast of Africa (2). Immediately outside these 
regions the average catch is much less, below 50%. Minimum numbers have usually 
been recorded from areas situated far away from land. An exception however 
is the area adjoining the Gulf of Kutch. This is rather strange in view of the fact 
that the prawn fishery of the area has been reported to be fairly good. It may be 
that the breeding period of Penaeids here does not happen to coincide with the time 
of collection (the first half of November). South of it, there is a barren stretch 
of sea from which apparently no larvae have been caught. A similar area lies 
midway between the two zones of maximum occurrence (Lat. 5°-10° N, Long. 
60°-65° E).

When the actual numbers secured from individual stations are taken into 
consideration it becomes apparent that the averages calculated are far below them 
in respect of several stations. Fig. 3 shows the positions of most of such stations 
At three of them the number obtained is one over hundred. Two of the three stations 
are included in region N o.l. The third, however lies far to the north of region 
No. 2, off the Coast of Arabia and at a comparatively greater distance from land. 
A number of other stations at which fairly good numbers of larvae are recorded, 
as shown in Fig. 3, located in the western part of the Arabian Sea are not also 
close to the coast. They could be larvae of littoral species that have drifted away 
from the coast. Or they may be larvae of deep water species; but the point could 
be settled only after further study of the material.

An attempt was made to discover if there is any relation between the numbers 
caught and the time of haul. Hauls which yielded 20 or more larvae were alone 
taken into consideration in this connection. Of the three hauls that brought up
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over a hundred larvae in each (referred to in the previous para) two were made 
during the day and one at night. The data seem to indicate that night hauls in 
general do not have any marked effect on the number captured. It may be of 
interest to note here that previous workers on the group such as Dakin (1938) and 
Racek (1959) have recorded that late stages of P. plebejus and other species were 
obtained in sufficient numbers only in night hauls. Racek assumes that larvae 
rose to the surface at night and went down during the day. Heldt has reported 
that larvae of Gennadas and Solenocera are unaffected by variations of light intènsity. 
Haii (1962) is not inclined to accept this observation as fully valid since he considers 
evidence on which it is based as insufficient.

The dates on which these hauls were made were also noted. A11 of them happen
ed to be made during what may be called the monsoon period i.e. May-June to 
October-November. Collections made during the remaining months were generally 
much smaller. Equally small collections have been recorded, it is true, on a number 
of occasions during the monsoon period also. Nevertheless it is justifiable to infer 
that Penaeid larvae occur in good number in the plankton of the Arabian Sea in 
the monsoon months and that adult prawns breed in these months (vide Panikkar 
and Menon 1955).

Without detailed study of the material it is impossible to make any remarks on 
its composition i.e. on the genera and species represented. One of the more fre
quently encountered types of larvae at a majority of stations is that of Gennadas. 
Most of those seen are in the mysis stage of development; but a few late Protozoeae 
taken at some stations also seem to belong to this genus. More than one species 
seem to be represented, since they exhibit several small differences in their size, 
character o f rostrum, spines on the abdominal somites etc. A few juveniles and 
adults have also been obtained from some collections; but no attempt was made 
to identify them beyond determining definitely the genus they belong to. The 
adult prawns are stated to be mostly pelagic in habits and this may account for 
the occurrence of the larvae at so many stations (Barnard 1950; Ramadan 1938).

Larvae of the subfamily Solenocerinae are also quite common. The Protozoeae 
stages have seldom been noticed, only the mysis stages occurring in practically 
all samples. In regard to the armature of the abdominal segments and carapace 
they exhibit a number of differences from the typical Solenocera larva (Heegaard 
1966) and it is likely that they belong to different species of the genus. Some of 
them in all probability may even belong to some other closely related genus. The 
exact parentage will be indicated when systematic study of the group is taken up 
later.

It is not possible to state anything definite in regard to the parentage of other 
Penaeid larvae observed. Most of them are in the mysis stage of development and 
one or two early post-larvae have also been noticed in a very small number of collec
tions. Though resemblances between these larvae and the figures of various species 
of the subfamily Penaeinae furnished by previous authors have been noticed they 
could not with any degree of certainty be ascribed to any of these species without 
further study of appendages, gills and other parts. No useful purpose would be 
served by indicating such superficial resemblances here. It can only be stated
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that various species of Penaeinae seem also to be represented frequently in the 
collections.
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LARVAE OF RASTRELLIGER (MACKEREL) FROM THE INDIAN
OCEAN

by K . J . P e te r  
Indian Ocean Biological Centre,

National Institute o f  Oceanography,
Emakulam, Cochin

Three early larval stages of mackerel, probably Rastrelliger kanagurta collected 
during the International Indian Ocean Expedition, have been described and 
illustrated. These records of larvae of such early stages from the Indian Ocean 
are made for the first time. The area and time of capture of larvae throw some 
light on their possible breeding season and spawning grounds.

I n t r o d u c t io n

Mackerel belonging to the genus Rastrelliger is very widely distributed in the 
Indian Ocean, and the mackerel fishery of India is constituted very largely by 
R. kanagurta. But very little is known about its spawning and early larval stages. 
The published records o f young specimens are only of a few juvenile stages. Larvae 
described by Delsman (1926) as Rastrelliger kanagurta were later found to be of 
another species. The available records on the reported capture o f larvae of Rastrel
liger kanagurta are from Vizhingham near Trivandrum (Balakrishnan 1957), and from 
Madras (Kuthalingam 1956). But neither publication includes illustrations or 
descriptions. Another record o f larvae o f Rastrelliger kanagurta is from Gulf 
of Tonkin (Gorbunova 1965). There are several records o f the capture of larvae 
of the genus Rastrelliger from Gulf o f Thailand during the Naga Expedition (Matsui 
1963). A review o f the literature o f the records of the capture of young stages 
of Rastrelliger (Rao 1962) shows that they are only occasionally caught from the 
east and west coast o f India.

O bservations

This paper deals with the records o f occurrence and descriptions o f three early 
larval stages of Rastrelliger from the Indian Ocean plankton, collected by the 
vertical hauls of the Indian Ocean Standard Net from 200 m to the surface, during 
International Indian Ocean Expedition. These three early larvae (represented by 
three specimens only) measured 2 .7  mm, 3.1 mm, and 5.3 mm, in total length, 
and were collected respectively from Persian Gulf, Red Sea and Bay of Bengal 
(Fig. 1). It is noteworthy that such very early stages have not been reported from 
the Indian Ocean hitherto. Details of the station data are given below (Table I).

Collected reprints o f  the International Indian  Ocean Expedition , vol. V III, contribution no. 601 155
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F ig . 1. Localities showing the capture of larvae of Rastrelliger.
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T a b le  I

Details showing the station data regarding the capture o f larvae o f Rastrelliger

Name of vessel Station
No.

Position 
Lat. Long.

Date Time
(Local)

Length
of

specimen
(mm)

R. V. Anton Braun 194 22°22'N 60°05'E 3-11-1963 0450 2.7
R. S. Meteor 73 l ö ^ 'N 41°09'E 7-12-1964 2145 3.1
R. V. Pioneer 16 18°15'N 87°48'E 8-5-1964 2000 5.3

The developmental stages of the larvae (Figs, 2, 3, 4 and 5) very closely resemble 
in general pattern, the Pacific mackerel, Pneumatophorus diego (Ayres), the em
bryonic and larval development o f which has been worked out by Kramer (1960). 
Further, these stages show a high degree of resemblance to the larvae o f Rastrelliger 
described by Matsui (1963). The larvae under description have a fairly stubby 
body, with thirty myomeres, big eyes, wide mouth, coiled intestine and a large head 
devoid of opercular spines. They differ from the larvae o f Scomber and Pneumato
phorus in having a lesser degree o f pigmentation and a comparatively deep body.
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3
Fio. 2. Development of Rastrelliger—three different stages.
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Imm.
Fig. 3. Larva of Rastrelliger (2.7 mm).

Imm.
Fig. 4. Larva of Rastrelliger (3.1 mm).

I------------------ 1
(mm.

Fig. 5. Larva of Rastrelliger (5.3 mm)
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The earliest of the stages collected (Fig. 3) measures 2.7 mm in total length.
It has thirty well defined myomeres, of which seven are abdominal and thirteen 
are caudal. The alimentary canal is short and single coiled, the coiling being through 
the right side. The length of head measures 1.4 mm, and height 1.3 mm. The 
depth o f the body at the region of the stomach is 1.5 mm. The mandibles, maxillae, 
cleithra and opercula are ossified to a greater degree than the rest of the skeletal 
elements. The notochord is straight, and partly ossified. Mouth is rather wide, 
and the inner corner of mouth extending up to the base of middle of eye. The 
diameter of eye measures 0.5 mm. The eyes are pigmented. The dorsal and anal 
fins are represented by the long finfold that extends throughout the length of the 
body. The pectoral fins are represented by two flattened membranous finfolds 
one on either side. The caudal has a symmetrical appearance with the tip o f noto
chord passing through the centre. The dorsal part of the larva is quite unpigmented, 
whereas ventral part exhibits certain definite pattern of pigmentation. There are 
two pigment spots just below the stomach. Located at the anterior and posterior 
margins of the anal opening two pigment spots are also noticeable. Posterior to the 
anal opening, a row o f melanophores numbering up to fifteen are seen on the ventro
lateral margin of the myomeres. They extend from 8th to 29th myomeres. But the 
14th, 15th, 18th and 30th myomeres lack this pigmentation. The caudal also does 
not show any sign of pigmentation.

The next stage in this series (Fig. 4) measures 3.1 mm. The larva has a more 
stubby-bodied appearance. The length o f the head measures 1.5 mm and the height, 
1.6 mm. The myomeres could be separated into seven abdominal and thirteen 
caudals. Some o f the anterior myomeres have developed a zig-zag pattern. The 
processes of branchiostegal rays and gili arches are noticeable. The eyes also show 
proportional increase in size, having a diameter o f 0.6 mm. The mouth lacks teeth 
at this stage. The notochord is still straight. The pectorals show a certain degree 
of advancement in their growth. They measure 0.5 mm in length and are very conspicu
ous. At this stage the larva might be capable of swimming fast. The dorsal parts 
of stomach and alimentary canal are well-pigmented. The pigmentation in the gut 
region is confined to the peritoneal cavity. On the top of the head are noticed two 
small pigment spots. The stomach and intestine retain the same pattern of pigmenta
tion. Posterior to the anal opening as many as eighteen pigment spots could be 
counted. In the caudal region one pigment spot is noticed at the base of the hypural 
plates and another at the distal margin of the caudal rays.

The 5.3 mm long larvae (Fig. 5) looks very deep bodied and short. In relation 
to the greater size of the head, the eyes also show a proportional increase in size 
(0.7 mm in diameter). A lengthening o f the intestine is also observed at this stage. 
The myomeres appear very compact and exhibit a high degree of zig-zagging, indica
ting further advancement in the muscle differentiation towards the adult condition. 
Nine abdominal and twenty-one caudal myomeres could be demarcated. Ossifica
tion of principal caudal rays is already noticed. The vertebral column and urostyle 
are almost completely ossified. The second dorsal, though appearing like a mem
branous finfold, shows signs of ossification of rays especially at the positions o f the 
basais. Even though the entire finfold uniformly, exhibits a thickened margin towards
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the base throughout its length, the future position o f the second dorsal is clearly 
indicated. On close examination as many as twelve thickened basais and an equal 
number of very thin supporting rays could be noticed. Even though the first dorsal 
is not yet formed, its future site is demarcated by the thickening noticed just anterior 
to the second dorsal. The anal also is almost in the same stage of development as 
the second dorsal. It is located just opposite to the second dorsal, having about 
twelve thickned basais. The dorsal and anal finlets are not developed at this stage. 
The caudal has undergone a higher degree of ossification than the dorsal and anal 
and up to fifteen caudal rays could be counted. The tip of the urostyle is curved 
upwards. Of all the fins, the pectorals are the most conspicuous with a high degree of 
muscular support. The total length of the fin including the stalk measures 0.6 mm. 
Six teeth are noticed in the upper jaw and four in the lower. Gili rakers are better 
developed. Four branchiostegal rays are clearly visible. The dorsal side of the 
head and the tip of the snout are pigmented. Pigmentation is also seen all over the 
stomach, especially in the peritoneal cavity. Pigment spots present at the anterior 
and posterior margins of the anal opening as in the previous stages, are noticed in this 
stage too, but they appear to be more dark. Two other pigment Spots are also 
noticed just below the stomach. The ventro-lateral row of pigment spots start 
from the 13th myomere onwards. The 23rd myomere is found to be unpigmented. 
On the caudal region three conspicuous pigment spots are present on the caudal fin 
also, of which two are below the hypurals and one towards the distal end of the fin 
rays. The melanophores on the occipital region and top of head form a more or 
less circular pattern. The number of ventral pigment spots is limited to fourteen, and 
they exhibit some degree o f fading

D iscussion

The above larvae represent three important stages in the life history of Rastrelli
ger. In fact, they form a very significant link in the chain of mackerel fisheries 
research, as they give some clue regarding the location of spawning grounds of this 
commercially important fish. A  comparative study of the material, with that of 
the illustrations and descriptions of Pneumatophorus diego (Kramer 1960) and of 
genus Rastrelliger (Matsui 1963) proves beyond doubt, that the larvae under descrip
tion belong to the gem s Rastrelliger. The larva of Rastrelliger is found to be in a 
more advanced stage o f development, than all its nearest scombrid relatives o f the 
same length size so far described. But the stages of larvae described here differ 
from the Rastrelliger collected from the Gulf of Thailand (Matsui 1963) in the 
following respects: Matsui observed the splitting of the ventral melanophores into 
right and left components only from the 4.5 mm long (standard length) larvae on
wards. But such splitting of ventral melanophores has been observed even in the 
earliest stage referred in this paper. Similarly, the presence of dorsal pigmentation 
along each side of the base of the second dorsal and finlets are not seen in the corres
ponding stages described here. Further, the pigmentation on the top o f head and 
at the tip o f the snout is very conspicuous and it appears at an earlier stage than in 
the specimens described by Matsui. So these changes in the development o f pig
mentation pattern can be considered as a species character. Matsui does not consider
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the larvae from the Gulf of Thiiand, as belonging to the species kanagurta as the 
fish catch records prove otherwise. But Rastrelliger kanagurta is the dominant 
species in Indian waters. It is therefore to be expected that the present series belong 
to Rastrelliger kanagurta.

Literature regarding the breeding periodicity of mackerel (Rao 1962) shows 
that on the west coast the spawning is supposed to take place between March and 
September, and the data for the east coast are too meagre to draw any definite con
clusion. In this connection, it is interesting to note that the present record of capture 
o f larvae from the Arabian Sea area is during November-December and from Bay 
of Bengal, during May. The data based on the capture o f eggs and early stages of 
larvae (whose power of locomotion is very limited) will give a definite clue for the 
location and time o f spawning, than that based on fish catches. The indication of 
spawning grounds, by catching juveniles, or even adults with spent gonads will not 
always give a corrrect picture o f such areas, because by the time they are caught they 
might have travelled long distances away from the actual spawning grounds.
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STUDIES ON THE MATURITY AND SPAWNING OF SILVER 
POMFRET, PAMPUS ARGENTEUS (EUPHR.)

IN THE ARABIAN SEA

by U.K. G o p a l a n *

National Institute of Oceanography, New Delhi

Maturity and spawning of the Silver Pomfret, Pampus argenteus (Euphr.)have been 
studied in an area between the Gulf of Kutch and the Gulf of Cambay. The 
method of studying were: direct observation on the occurrence of maturity stages, 
measurements of the diameter frequency of oocytes, seasonal variation in the 
condition factor and the gonadosomatic index. The results have indicated 
that the species has a prolonged spawning season-commencing from February 
and lasting till August. This has been verified by the seasonal abundance of 
post-larvae and juveniles. A general tendency amongst the fish to migrate from 
the northern waters of Gujarat towards the Gulf of Cambay has also been noticed.

I n t r o d u c t i o n

Pomfrets form one of the principal groups o f edible fishes of India. They are 
caught in considerable quantities from all along the east and west coasts and form a 
major fishery in the states o f Gujarat and Maharashtra. This fishery is contributed 
by three species viz. the Silver Pomfret, Pampus argenteus (Euphr.), Brown Pomfret, 
Parastromateus niger (Bloch) and the Chinese Pomfret, Pampus Chinensis (Euphr). 
Of these, the Silver Pomfret constitutes the main bulk of India’s total pomfret landings 
which in 1962 was 25678 metric tons.

Based on several years of observation on the fishery in Gujarat, certain specific 
problems which require special attention have been pointed out by Gokhale (1960) and 
Lakumb (1961). One of the main features of their findings is the occurrence of large 
numbers o f undersized fishes (juveniles) in the commercial catches in recent years 
when the fishing effort has become many-folds by the introduction o f modern gears 
and techniques. The exploited range of this fishery along Gujarat and Maharashtra 
continues to remain almost the same—the conventional pomfret grounds extending 
between the depths of 25 and 50 metres. Some possibilities of a separate fishery o f  
large sized pomfrets beyond the present exploited radius in deeper waters have been 
expressed by Kewalramani and Pathak in 1964. These observations suggest 
the need for a systematic investigation on the biology and fishery of this species.

Till now, we have very little information on the Indian Pomfrets. Short accounts 
of a general nature have been given by Spence and Prater (1931), Chidambaram and 
Venkataraman (1946), Moses (1947) and Devanesan and Chidambaram (1948). 
Preliminary attempts to study the biology of Pampus argenteus in Maharashtra 
waters have been made by Rege (1958) and Kewalramani and Pathak (1964). Siva- 
prakasam (1965) has made a study of the maturity and spawning of Parastromateus

*Present Address: National Institute of Oceanography, Karikkamuri Cross Road, Cochin-11.
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niger in Saurashtra waters. In the Arabian Sea, the richest Silver Pomfret grounds 
are in the coastal waters extending between the Gulf of Kutch and the Gulf of 
Cambay. The present communication forms part of the author’s studies on the 
fishery and biology of the Silver Pomfret in this area during the period 1961-64.

M a t e r ia l s  a n d  M e t h o d s

Fortnightly samples collected from Veraval (Lat. 20°54' N; Long. 70°22' E) 
and other representative samples collected from various fishing centres between the 
Gulf of Kutch and Gulf o f Cambay formed the material for the present study. 
Most of the samples came from the catches of a traditional gear, Dhakkal (bottom 
drift net) whose operational range was limited to 30-50 metres depth. A few sam
ples were also obtained from the Dol (bag net) operated off Nawabundar and Jafara- 
bad.

After making various morphometric measurements and counts, the fishes 
were weighed on a single-pan Salter balance and then dissected to remove the gonads. 
In fresh condition the gonads were examined to determine the sex and the stages 
of maturity. They were then weighed on a sensitive balance, their volumes noted 
by displacement method and finally these were preserved in 5%  formalin for subse
quent studies.

Samples could not be made available for the months of June and July because of 
the suspension of fishing, due to the onset o f south-west monsoon, which is a usual 
feature. Occasionally a few samples collected from the market were also used for 
the study of the condition of gonads. More details regarding the methods adopted 
for studying the various aspects have been given under pertinent sections of this 
paper. Total length referred to here is the length from the tip o f the snout to the 
end of the upper caudal lobe.

D e s c r ip t io n  o f  G o n a d s

The ovaries of Pampus argenteus are paired L-shaped organs and occupy a 
postero-dorsal position in the viscera, underneath the kidneys. The two lobes lie 
close together with their posterior ends extending very near the cloaca. The ovaries 
are fused together at their posterior ends from where a short oviduct runs forward 
and opens into the cloaca. The testes are relatively small, paired and elongated 
organs occupying a similar position in the viscera. They become milky white on 
attaining maturity. The ovaries and testes could be distinguished easily by the naked 
eye in fishes measuring 14 cm and above.

C l a s s if ic a t io n  o f  M a t u r it y  S t a g e s

•The macroscopic and microscopic variations in the ovaries caused by seasonal 
changes in the degree of maturity gave clear indications to draw the following seven 
arbitrary stages of maturity. Similar classification could not be made in males 
because of difficulties in assigning correct maturity stages to testes. The macro
scopic appearance o f various maturity stages of ovaries have been diagrammatically 
shown in Fig. 1.
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F ig . 1. M acroscopic appearance o f  ovaries o f Pampus argenteus in various stages o f m aturity.
A . Im m ature  virgin 24 cm in length
B . M aturing  virgin 26.5 cm in length
C . Recovering spen t 30 cm  in length
D . M aturing (interm ediate) „  „
E . M ature  „  „
F . R ipening „  „

G . R ipe „  „

1 6 5
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Stage I  {Immature)

Ovaries thin, translucent strips o f tissue weighing less than 0.5 g. Microscopic 
and transparent ova with nucleus at the centre and having diameters less than 5 md 
(1 md-0.021 mm).

Stage II (Maturing virgin and recovering spent)

Creamy to pale yellow ovaries, weight not exceeding 4 g. Maturing group o f  
ova not sharply separated from the immature (reserve stock). Largest ova with 
diameters 12-15 md. Recovering spent ovaries could be distinguished from the 
newly maturing by the presence of a lumen and their flaccid nature.

Stage III {Intermediate)

Ovaries slightly swollen, light yellow with a reddish hue due to branching blood 
vessels. Weighing 4-8 g and having large ova with diameters 24-27 md.

Stage IV {Mature)

Ovaries large, bright yellow, with conspicuous blood vessels and weighing 
between 8 and 16 g. Diameter of the largest ova 33-36 md.

Stage V {Ripening)

Ovaries very much enlarged, yellowish or speckled, weighing 16-30 g Largest 
eggs vacuolated, with diameters 42-45 md.

Stage VI {Ripe and Running)

Ovaries very much distended and jelly like weighing up to 45 g Large ripe ova 
seen through the thin tunica. Transparent ova having oil globules are extruded 
with a slight pressure. Largest ova have diameter between 60 and 63 md.

Stage VII {spent)

Ovaries blood shot, shrunken and flaccid, weighing less than 2.5 g with some 
residual eggs, empty follicles and some oocytes in stage II.

O v a  D ia m e t e r  M e a s u r e m e n t s

Maturation and spawning habits were studied by the method of ova diameter 
measurements as given by Clark (1934) and Hickling and Rutenberg (1936). This 
method has been previously applied to several Indian species by Palekar and Karandi 
kar (1950, 1952 and 1953), Prabhu (1956) and others.

The eggs from a portion of the preserved ovary was separated on a microscopic 
slide and their diameters were measured indiscriminately with the help of an occular 
micrometer having a magnification of 1 md-0.021 mm. Ova measurements from 
various individuals having the same stage o f maturity showed no significant difference 
in the frequency distribution. Measurements from various parts of the ovary 
revealed similar frequencies which indicate that these were uniformly distributed 
throughout the ovaries. Immature oocytes of diameter less than 5 md were not 
measured. Approximately 500 ova were measured from the ovaries of each

1 6 6
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of the four individuals which were taken to account for a typical condition at 
each stage. Percentage frequencies of each 3 md interval have been presented in 
separate polygons in Figure 2. It can be seen from the figure that in stage II there is 
single batch of eggs represented by the mode at 5-8 md. The biggest ova of this 
stage have traces o f yolk granules in the cytoplasm. As the eggs get more and more 
ladened with yolk the mode A shifts to the position o f mode Bj in stage III and 
thereafter to mode B2 in stage IV. A fully mature batch of eggs likely to be spawned 
during the ensuing spawning season gets very sharply differentiated into a distinct 
mode B3 in stage V. About half of this mature stock o f ova suddenly increases 
in size and becomes completely transparent as the ovary ripens fully (stage VI). 
Thus the mode C, at this stage, represents the first batch of eggs to be spawned. The 
other mature eggs represented by the mode'B4 are shifted to the position o f mode C 
after the withdrawal o f mode C, and are spawned. The interval between these two 
spawnings does not seem to be more than a few weeks since the ova at mode B4 
are already in vacuolated condition. A small batch of eggs which gets differentiated 
from the general egg stock is represented at mode B. But owing to the fact that this 
remains far separated from the mature stock and does not show much progression it 
is most likely that this may not be spawned.

Thus from the withdrawal of eggs in successive batches it seems that the fish 
has a succession of spawnings but, as the fully mature eggs get very sharply differen
tiated soon from the smaller eggs, the spawning in this species may be restricted to a 
definite period. Since only half of the mature eggs attain complete ripeness at a 
time, it can be inferred that each individual has at least two spawnings. Prabhu 
(1956) observed that in some species which have prolonged spawning seasons the 
range in the size of mature ova is much larger than wh at has been noted here. Qasim 
(1956) while studying the spawning habits of Blennius pholis confirmed by aquarium 
studies that the presence of multiple batches of ova in the unspawned ovary gives 
rise to more than one spawning.

S p a w n in g  S ea so n

Direct observations on the occurrence of fishes at various stages of maturity 
during the fishing seasons of 1962-63 and 63-64 have been made in order to determine 
the spawning season. The distribution o f  537 females of various maturity stages in 
different months is expressed quantitatively in Table I.

T a b l e  I
Percentage frequency o f  the number o ffem ales in the various m aturity stages during the period

1962-64

M aturity
stages Aug. Sept. Oct. N ov. Dec. Jan . Feb. M arch A pril M ay

N um ber
Exam ined

I*
II 47 .5 73 .8 88 .4 85.8 44 .5 4 1 .6 3 4 .0 1 0 . 0 14.1 1 0 . 6 273
II I 3 7 .5 17.8 5 .7 1 2 . 6 55.5 4 4 .4 3 7 .2 3 1 .0 2 2 .4 2 1 . 1 116
IV 1 0 . 0 8 . 2 2 . 8 1 . 2 13.8 2 9 .5 41 .3 18.9 2 0 .4 80
V 2 .5 9 .0 17 .2 2 9 .3 3 2 .8 50
V I 3 .4 6 . 6 8vn 2 .5 2 . 0 11 .7 8 . 2 1 0

*Im m ature fishes in  stage I occur th roughout the year and  no t included in this table.
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It can be seen from the table that maturity stages II and III occur throughout 
the year. From August to November there is a steady increase in the percentage of 
fishes of stage II. This gradually declines from December when the fishes o f stage III 
become more predominant. By January, fully mature fishes of stage IV are common 
in the catches and their percentage gradually increases and reaches the maximum in 
March. The fishes with ripening ovaries begin to appear from February onwards 
and their frequency of occurrence continues to increase until May when the fishing 
season comes to a  close. A few fishes with ovaries fully ripe and in running condition 
were collected from Nawabundar and Jafarabad, during April and May.

When the fishing season starts in August, spent fishes in stray numbers are seen 
in the catches, and thereafter they are not found till February when they start re
appearing. They become common in the catches in April-May. Some of the fishes 
in seemingly advanced stages of maturity examined during August showed that their 
ovaries contained mature ova in various stages o f resorption indicating that they are 
not likely to be spawned in the current season. They may be similar to the matured 
non-spawners of Norway Pout with resorbing eggs described by Gokhale (1957).

It becomes apparent from the increasing occurrence o f ripe and spent fishes 
during April and May that the spawning activity is in progress in these months. 
Stray numbers of spent fishes observed in late February indicate that the spawning 
has already started in this month. The appearance of a large number of recovering 
spent fishes along with a few spent ones in August suggests that the spawning season 
extends as far as August. Thus the spawning in this species seems to be considerably 
prolonged, extending between February and August with a peak between April-June.

It has also been observed that larger fishes attain maturity earlier than the 
smaller ones.

C o n d it io n  F a c t o r  a n d  Se a s o n a l  C y c l e  in  G o n a d  W e ig h t

The fluctuations in the condition factor or the ponderal index has been attribu
ted to various biological features such as fatness, suitability of an environment or the 
gonad maturity and spawning. It has also been used as an index of the spawning 
season of fish by many earlier investigators. The ponderal index is calculated by 
using the following formula (see Hart 1946; Menon 1950).

W
K =  £  X 100

where W=average weight of fish in g 
L=mean length in cm 
K=condition factor to be calculated

Average weight for each cm group was worked out in each month and from this 
the average ponderal index was calculated. Fishes measuring less than 25 cm were 
found to be immature and hence not considered in this study. The monthly average 
‘K’ values for females have been plotted (Fig. 3).

The curve shows that the condition factor is poorest in September. From 
October onwards it gradually ascends and reaches its maximum in February. A 
sudden decline from the peak condition occurs in March. This point of inflexion 
o f  the curve coincides with the beginning o f spawning which agrees with the direct
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Fig . 3. Seasonal variation in the condition  facto r “ K ”  o f females o f Pampus argenteus.

observations o f gonads. From the values obtained in April and May it can be 
assumed that no drastic change in the condition o f fish is brought about in these 
months. The values in August also indicate that the downward trend in the curve 
is not sharp as has been found in fishes with short duration of spawning season.

Gonad weight expressed as percentage of body weight (gonadosomatic index) 
was calculated and the mean percentage for females in each month is presented in the 
Table II. Gonadosomatic index of females below 25 cm long was found to be fairly 
constant throughout the year and therefore these were not included here. It can be 
seen from the table that the minimum values occur in November when more than 
85 % of the fishes are in Stage II. From the quiescent stage, the gonads start develop
ing from December onwards till the maximum value (2.38) is reached in March. 
The downward trend in the gonadosomatic index from March onwards probably 
indicates the loss of gonad weight due to spawning. As has been found in the 
condition factor, the decline in the gonadosomatic index is also not sharp. The 
descending values of the index from August to November can be attributed to the 
loss of ovary weight due to the progressive resorption of unspawned eggs in the 
ovaries during this period.

T able I I
Seasonal variation in the Gonadosomatic Index

M onth Average 
length o f 

fish in mm

Average 
weight 
in g

Average 
weight 

o f  ovary in g

G onado
som atic
index*

August 310 .0 512 .0 5 .57 1.080
Septem ber 311.6 5 2 3 .0 5 .12 0.970
O ctober 313 .2 542.9 2 .98 0.548
N ovem ber 313.0 509.0 2 .1 4 0 .420
Decem ber 319.0 559.0 2 .7 7 0 .495
January 309 .0 518.0 4 .6 5 0.897
February 306 .0 473 .0 8.63 1.820
M arch 322.0 590.0 14.05 2.380
A pril 314 544 .0 12.03 2 . 2 1 0

M ay 310 547 .0 11.54 2 . 1 0

*G onadosom atic in d ex =  . x  100
W t. o f  body
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A close relation between the cycle o f the gonad weight and the seasonal changes 
■ in the relative condition has been observed by Le Cren (1951) in his study on Perca 
fluviatilis. A similar trend is seen in the present study of Pampus argenteus also.

Size  at  F irst  M aturity

To determine the size at first maturity, data pertaining to 394 fishes caught in 
the trawl during February-March were used. The appearance o f milt in the testes 
and the yolk granules in the ova o f females, were taken as an indication o f their 
maturation. Percentages o f maturing individuals in each cm size group have been 
plotted in Fig. 4.

It can be seen that 5.5 % of the male fishes mature at 20 cm, and all the males 
above 24 cm were either mature or in maturing condition. Maturing females first 
appear in 24 cm group and their percentage increases thereafter. All o f them 
were found to be maturing or mature at length between 26 and 27 cm, minimum length 
of the spent female observed was 27 cm. Thus the males seem to mature at a size 
smaller than that of the females.

L arvae a n d  J uveniles

Large numbers of juveniles of Pampus argenteus with length ranging between 5 
and 19 cm were available throughout the fishing season in the bag net catches from 
Diu Head (20°43'N, 70° 59'E) and Jafarabad (20° 52'N, 71 22'E). Pillai (1948) while
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O  
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Fig. 4. Size at first maturity of Pampus argenteus as indicated by the percentage of maturing

fishes in every 1 cm in length.
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mentioning about the destructive effect of the bag net on the fishery of this region has 
pointed out that enormous quantities of young ones of pomfrets, measuring 2"-3* 
in length are landed regularly along with juveniles of other food fishes.

Examination of the trawl catches during 1961-64 showed that immature pom
frets are caught in grounds off Gujarat and Maharashtra, especially during Decem- 
ber-March. Minimum size recorded in the trawl catch was 5 cm long. Monthly 
observation on the bag net catches at Madhwad, Nawabundar and Jafarabad reveal 
that post-larvae of Silver Pomfret measuring 2-4 cm appear in large numbers from 
March onwards. The field identification of these post-larvae were not difficult 
as fishes of almost all sizes ranging from 5-19 cm were available in the collections 
(Fig. 5). In the post-larvae, pre-dorsal and pre-anal spines were absent and no 
dissimilarity between the upper and lower caudal lobes was observed. In the 
juveniles these characters were conspicuous. The occurrence of the post-larvae in 
March gives a further indication of the spawning season of the fish noted earlier. 
The wide range in the size of young ones i.e. from 2 to 19 cm, may be because the 
spawning season is highly protracted.

M i g r a t i o n  a n d  S p a w n i n g  G r o u n d s

Landing statistics of the past several years reveal that in the northern parts of 
the Kathiawar Peninsula, pomfret landing is at its peak between October and 
December. Fishermen from various parts of Gujarat and Maharashtra migrate to 
Porbundar and nearby places to take advantage of the fishery during this period. 
A sharp rise in the catch rate is recorded at Veraval during December-February. 
In the southern most part of the Peninsula the fishery is relatively more in early 
March and the peak landings are recorded in April-May.

Fig . 5. Post-larvae and juveniles o f Pampus argenteus.
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There seems a general tendency of migration amongst the fish from the northern 
waters of Gujarat towards the mouth of the Gulf of Cambay. The period o f con
gregation of fish in this region coincides with the period of ripening of gonads. Fully 
ripe and running females were available only in small numbers in the commercial 
landings between Diu Head (20° 43' N, 70° 59' E) and Jafarabad (20° 52' N, 71°22'E). 
This might be because o f the migration of the fully ripe and running fishes into deeper 
waters of this region for spawning. The availability of large quantities of post
larvae and juveniles of Pampus argenteus along with those o f  many other fishes like 
Polynemids, Sciaenids and Harpodon in the more inshore waters of this region indi
cates the suitability of this area as a breeding and nursery ground of many species.

The most striking hydrological feature in the mouth of the Gulf of Cambay 
during this period is the low values of salinity which was 28.35 %0 off Jafarabad 
{INS DARTHAK  cruise, March 1966). Interior in the Gulf, the values fall below 
25 %0. Temperature structure in the inshore waters showed no significant varia
tion from surface to bottom. It varied between 28.61 and 25.20° .C at different 
stations in the Gulf. In the fishing ground off Jafarabad it was 25.5° C in March 
1966.

Density of plankton was found to be fairly high in this region during March- 
May.

S u m m a r y  a n d  C o n c l u s io n

Results o f investigation on the maturation and spawning of Silver Pomfret, 
Pampus argenteus (Euphr.) in an area between the Gulf of Kutch and Gulf of Cambay 
indicate that the fish has a prolonged spawning season lasting from February to 
August with peak spawning occurring during April-June. The minimum size at 
first maturity is 22 cm in males and 26 mm in females.

There is a general tendency in the fish to migrate from the northern waters of 
Gujarat towards the Gulf of Cambay during February-May. In this season large 
numbers of post-larvae and juveniles occur in the inshore waters of Jafarabad and 
Nawabundar. This indicates that the spawning ground of this fish is somewhere in 
this area.
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PRELIMINARY REPORT ON THE DENSITY OF FISH EGGS 
AND LARVAE OF THE INDIAN OCEAN

by K . J .  P e t e r

Indian Ocean Biological Centre, National Institute o f Oceanography, 
Ernakulam, Cochin-\%

A n estim ation o f  th e  fish eggs and larvae o f the Ind ian  Ocean has been m ade, 
based on  th e  calculation o f their average num ber in  each 5°-square. Figures 
a re  presented to  show th e  num erical abundance o f fish eggs and  larvae fo r 
A pril-O ctober and October-April periods, and also during day and  night times.
T he areas o f occurrence o f eggs and larvae are  contoured, showing the  different 
grades in the  density o f distribution . This distinguishes th e  various areas o f 
spawning and  larval developm ent. T he highest degree o f concentration o f eggs 
is  observed during  th e  O ctober-A pril period, and  in th e  following period , fo r fish 
larvae. F u rth e r, the  dom inance o f fish eggs in  day collections, and o f larvae 
in  the  night collections is also noticed. T he volum etric ra tio  o f fish larvae to  the 
to ta l biom ass is also represented graphically. T he relationship between 
them  is neither very close, n o r uniform ly proportional in  all zones.

I n t r o d u c t io n

Though fishes exhibit a very wide complexity in their ecological and biological 
aspects, the investigations on their population sizes or geographical ranges are 
generally based on fish catches. But a thorough estimation of the fish eggs and 
larvae will help to a great extent in the evaluation of marine fisheries resources, as 
most of the marine fishes have pelagic larvae and many o f them spawn in the open sea. 
The observations based on eggs and larvae do give a general picture of the abundance 
and variety of fish populations. The data pertaining to the distribution and abun
dance o f fish eggs and larvae dealt with here, are based on the 1352 standard samples 
(collected with the Indian Ocean Standard Net, from 200-0 m depth to the surface) 
taken from different parts o f the Indian Ocean covering oceanic, coastal and 
intermediate zones, at different times. The average number o f fish eggs and larvae, 
and the volume of fish larvae and total biomass calculated for each 5°-square and 10°- 
zones are represented in the text figures and graphs. These average values give a 
general picture of the relative abundance of the fish eggs and larvae in different 
areas.

O b s e r v a t io n s

The composition of fish larvae from the plankton samples processed, has been 
analysed mainly up to the family level. Table I gives the percentage composition 
of the various families represented in the collection. Since the collections are made 
by vertica] hauls, the qualitative representation o f larvae of pelagic groups are not 
well indicated.
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T a b l e  I
Composition o f  fish larvae in the H O E  collections based on 1352 samples

Fam ily Percentage of the sam ple in 
which the various families are 

represented

Albulidae *
Clupeidae *
Engraulidae * *
Bathylagidae *
Stom iatidae * * *
Idiacanthidae **
C hauliodontidae **
A stronesthidae *
M elanostom idae *
Gonostom idae
Sternoptychidae ♦
Synodontidae *
Paralepididae **
M yctophidae ****
Scopelarchidae *
Leptocephala o f Anguilliformes *
Exocoetidae *
Hem irham phi dae *
Bregm acerotidae *
Syngnathidae *
Fistulariidae *
M elam phidae * .
H olocentridae *
Sphyraenidae *
M ugilidae *
Serranidae *♦*
Carangidae ***
Strom ateidae ***
C oryphaenidae *
Pom ocentridae *
Labridae ***
Gem pylidae **
Scom bridae *
Scom berom oridae ♦ *
Thunnidae #*
G obiidae ***
Scorpaenidae ***
Triglidae **
Blenniidae *
B othidae **
Pleuronectidae *
Cynoglossidae
Balistidae

*
*

M onacanthidae *
D iodontidae *
Tetrodontidae *
Lophiidae
A ntennariidae
Ceratiidae

*
*
*

»Represented in approxim ately up  to  5%  of the samples
♦»Represented in approxim ately up to  10% of the samples

»»»Represented in approxim ately up  to  25%  of the samples
***»Represented in approxim ately up  to  55%  of the samples

A pproxim ately 5%  o f the  samples include larvae th a t have no t been yet assigned to  any o f 
the  above families.
The various families are separated based on the classification of Berg (1947).

The concentration in the distribution o f these, has been graded broadly into four 
density intervals and they are contoured as shown in the text figures (Figs. 
1, 2, 3, 4, 5& 6). In the case of fish eggs for the year round period (Fig. 1) the difle-
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rences in the abundance are as follows. The first or highest degree o f concentration 
is noticed in two regions, one off the east of Socotra Island and the other in Persian 
Gulf. The second grade of concentration is noticed in between these two regions 
and also in the middle o f the Red Sea. The third level of abundance is observed near 
the above areas, and also off the Somali coast and the west coast of south India, north 
of 10° N.

When the data are separated into April-October and October-April periods, 
there is a change in the picture. For the first period (Fig. 2), the concentrations in the 
places of the year round maxima appeared somewhat lower near the Persian Gulf, 
whereas the total absence of fish eggs is noticed to the east of Socotra Island. For the 
second period, the highest average density is retained only at one place, i.e. east of 
the Socotra Island (Fig. 3).

An estimation of fish larvae gives a similar picture of distribution of abundance 
(Fig. 4). Here the highest degree of concentration is noticed at four regions, one 
at the middle of the Red Sea, another around the Persian Gulf, the third in the central 
part of the west coast of India and the fourth, off the Bengal coast. The next lower 
degree of concentration is noticed in Bay of Bengal (excluding the central area south 
of 15° N) near and off Somali Coast, off the Arabian coast and in the north eastern 
portion of the Chagos Archipelago.

The pattern o f distribution observed during April-October period is almost 
similar to that of the year round average or the dense area near Chagos. Archipelago 
(Fig. 5). In the October-April period (Fig. 6) a general fall in the abundance is 
noticed. The highest degree of concentration of larvae as in the previous case is not 
seen during this period. The next lower density is found only off the Andhra coast.

Graphical representations made to show the day and night variations in the dis
tribution of fish eggs and larvae, based on the average number in total hauls for each 
10°-zone present the following facts : Graph showing the average number o f eggs 
under lm2 (200-0 m) for each 10°-zone (Fig 7) indicates that the maximum abun
dance o f eggs is (at the 15°N which represents the midpoint of) the 10°-20° zone. 
Further, the relationship between the day and night collections gives certain interesting 
data. The maximum abundance is noticed during day time, as compared 
with the night. This relationship is true for all the zones. In the case of fish larvae 
the graph showing the day and night relationship (Fig. 8) also indicates that the 
maximum concentration is in the 10°-20°N zone and as in the previous case, shows the 
same relationship for all the other zones.

Similarly, the relationship between the volume o f fish larvae and the total biomass 
has been represented (Fig. 9) based on their average volume in total hauls for each 
10°-zone. The relationship between them is neither close nor uniformly proportional 
for all the zones.

178



857

FISH  EGGS

DENS'It UNDER trn¿. 0»200in\20 

k»E«60£S fQft S* SQUARES
m  j<il 
CE3 > - '00 
c rb  101 -200
L-- -1 20) - 400 

> 4 00

u

F ig ,

20 SO 40 *0 60 ?6 60 90  lOO <*0 '20 >30 <40

1. D istribution  and abundance of the to ta l fish eggs fo r the year round  period.

F I S H  E G G S
APRIL 16 - OCTOBER IS \

OENSiTT UNDER l i t 2,  0 - 2 0 0 m \ z 0  

i AVERAGES FOR 5* SQUARES \

m  nil \m i • loo \
101 *  200 

U l  201-400

'50

SO ?0
F ig  , 2, D istribution and abundance of fish eggs for the A pril-O ctober period.

179



20 30 «0 50 60 70 60 90  lOO HO 120 '  130 140

F ig . 3. D istribution  and abundance cf fish eggs for the O ctober-A pril period.

FISH LARVAE

DENSITY UNDER I* 2, 0 -2 0 0 m \2 0  

AVERAGES FOR 5° SQUARES \

□□ N* \
IO! - 2CC 

f ~ H  2 0 1 -4 0 0  
m  > 400

30 so¿0 40 60 70 SO 90 too 120 140HO
F ig . 4, D istribution and abundance of total fish larvae for the year round  period.

1 8 0



859

FISH LARVAE
APRIL 16 -  OCTOBER 15

DENSiTY UNDER I» 2, 0 -200» \ m  

AVERAGES FOR 5* SQUARES

[~°~1 NIL 
I « I I - 100 

loi - 200 
I I 201 -  4 0 0  

>  4 0 0

20 30 «0 SO 60 70 80 90  <00 ItO 120 «30 140

F ig . 5. D istribution  and abundance of fish larvae for the A pril-O ctober period.

FISH LARVAE
OCTOBER 16 -  A P R I L  i s \

I OENSi Tt o n DER I"»2. 0 - 2 0 0 fp \2 0

\ AVERAGES FOR 5® SOuaRES \

il G D  nil \
'\ m

E !  r i
I -  loo 
IO' - 200 
2 0 ' -  4 0 0

'20

30 '3 0

20 30 «0 60 9080 120 <90100 140«IO

F ig . 6. D istribution and abundance of fish larvae for the October-April period.

181



860

270

2 4 0

210

180

150

120

9 0

6 0

3 0

F i g . 7.

182

O

 N jG H T

o /

/o

oo

^  „O"

50°S 4 OS 3  OS 2 0 S lö s 10°N 2 0 ° N  3 0 °N

erage num ber o f fish eggs under lm 2 (20C-0 m) fo r each 10°-zone and iheir variation in 
num ber during day and  night.



861

8 0 0
DAY
n i g h t

7 0 0

6 0 0

5 0 0

4 0 0

3 0 0

200

100

5 0 CS  4 0 CS  3 0 ° S  2 0 ° S 10°N 2 0 ° N  3 0 c N
OO ,

F ig . 8 . Average num ber o f  fish larvae under 1 m 2 (200-0 m) for each 10°-zone and  their varia 
tion in num ber during day and night.

183



862

200

total  bio m a ss

1 5 0

100

50

5 0 °  S  40°S O S  2 0 S  (O S IO°N 20°N  30 * N
a

Fig. 9. Relationship between the volume of fish laivae and the total biomass.

184



863

D iscussion

Figures 1, 2, 3, 4, 5 and 6 show the concentration of fish eggs and larvae during 
different periods. So it is possible to distinguish certain areas o f intensive spawning 
and larval development, as well as other localities where they are less or at a minimum. 
But those areas, where the maximum density of eggs or larvae is noticed, can be 
looked upon as the possible spawning grounds for a good number o f species of 
fish. The eggs collected consisted o f those with embryos in different stages of 
development. Eggs that are in a very early stage o f embryonic development are 
likely to be nearer to the spawning grounds, than those in the advanced stage. The 
dominance of eggs in the day collections is one o f the most interesting observations 
made. The reason for such an abundance of eggs in the day collections may proba
bly be that, at least in some groups o f fishes, spawning might be taking place during 
day time. In the case of fish larvae, the highest degree o f abundance is noticed 
during the night collections, a condition that is usually observed for plankton in 
general. But here it is probably due to the ability o f larval fishes to avoid plankton 
nets in the day time, for which evidence has been published in recent years (Ahlstrom 
1954, 1959; Silliman 1943). Information on vertical migrations of fish larvae is very 
scanty in literature of the subject.
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Prior to the recent international co-operative exploration of the Indian Ocean, 
several expeditions tried to evaluate production in that ocean. The earliest of 
these was the John Murray expedition which used nitrate data to compute the 
production of algae in wet weight (Gilson, 1937), but the Danish Galathea expedi
tion made the most significant contribution to the investigation of production by 
introducing the C11 technique in the study of marine photosynthesis (Steemann 
Nielsen, 1952). The Galathea made single observations on the western part of the 
Indian Ocean at middle latitudes, in the equatorial part as a section from Mombasa 
to Ceylon, the Bay of Bengal and the Indo-Malayan waters (Steemann Nielsen 
and Jensen, 1957).

Hydrographic features

Available information on the hydrography of the Indian Ocean indicates that 
there is a south equatorial current during all seasons starting from Australia and 
flowing across the ocean south of the equator. On reaching the African coast 
it turns south and continues as the Agulhas current. Another current originates 
from the south of Africa and proceeds east, and in between the two is the westward 
north equatorial current which is neutralized or replaced by an eastward current 
during the south-west monsoon. Between the north and south equatorial currents 
runs the countercurrent. The Swedish Deep Sea Expedition made a special study 
of the equatorial currents and countercurrents in the Indian Ocean (Jerlov, 1953).

Quite recently, a considerable amount of information has been gathered on 
the hydrography of the south-eastern part of the Arabian Sea, partly through 
the work of scientists in India attached to the Central Marine Fisheries Research 
Institute. It should, however, be mentioned that this work has been confined to 
classical hydrography and that nutrient analysis and direct current measurements 
have not been carried out.

The hydrographic features of the Arabian Sea show pronounced seasonal 
variations especially along the Indian coast. Four seasons can be arbitrarily 
postulated, viz., monsoon (June, July, August), post-monsoon (September, 
October, November), winter (December, January, February) and summer (March, 
April, May). Along the coast the currents are mainly southerly during the monsoon 
and immediate post-monsoon periods, whereas they are northerly during winter. 
During the summer months, however, stagnant conditions prevail along the 
coast. During the monsoon and immediate post-monsoon periods upwelling occurs 
along the entire west coast with regional variations in intensity (Fig. 1). This 
brings up nutrients from the deeper layers which enrich the surface layers. The 
top of the thermocline is found between 75-100 m at all seasons except during 
the monsoon and immediate post-monsoon period when the thermocline is drawn
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Fig. 1. Distribution of temperature and 
dissolved oxygen at the 10 m level along 
the south-west coast of India during the 
monsoon period of 1962. Note the intense 
upwelling zones off Mangalore and Karwar.

up to the shallower layers, and the temperature discontinuity has even been 
found to start at the surface near the coast.

Observations have been made during the winter in the open part of the 
Arabian Sea. More or less uniform temperature distribution is found up to about 
50 m (Figs. 2-4) but at 75 m there are intense thermal gradients (Fig. 5) leading 
to strong northward currents. Such current patterns have been confirmed from 
dynamical studies (Figs. 6-8). One large divergence zone between 70°-72° E and 
8°-l 10 N has been inferred and a convergence zone with an axis roughly along 74° E 
longitude has also been found. The oxygen distribution at 75 m depth further 
confirms the area and extent of the divergence zone (Fig. 9). In addition it may 
be mentioned here that recent investigations by the Vityaz have indicated an 
equatorial divergence in the central Indian Ocean between 2° and 3° S, a southern 
equatorial divergence at 8° S, a tropical convergence at 20° S and a subtropical 
divergence between 29° and 33° S (Bezrukov, 1963). All these have a marked influ
ence on the production of this region since we must expect a relatively higher 
phytoplankton production in the regions of divergence and Zooplankton abundance 
in the regions of convergence.

Investigations conducted around the Laccadive Islands have indicated that 
a fairly pronounced anticyclonic motion is present around the islands from the 
surface down to the discontinuity layer. At the deeper levels the circulation is 
completely reversed, the motion being cyclonic in most of the stations. It has 
also been found that in these waters the oxygen minimum layer is several metres 
thick and the upper level of this layer is present at 150 m. The observations conclu
sively point to a high level of production in the Laccadive waters. The circulatory 
movements help to maintain the highly productive waters in the vicinity of the 
islands for a considerable length of time (Jayaraman et al., 1960).

Our present knowledge of the distribution of nutrients derives mainly from 
the Dana, John Murray, Discovery, Swedish Deep-Sea and Galathea expeditions. 
The Discovery investigations indicated that in the lower latitudes on the western 
part of the ocean near Africa there is only a shallow surface layer poor in inorganic 
phosphate, and since the nutrient-rich water occurs in the lower part of the photo
synthetic zone the productive capacity is high. From the profiles of nutrients in 
the region of equatorial currents based mostly on data from the Dana and partly 
from the John Murray and Swedish Deep-Sea expeditions, divergences have been 
inferred at about 7° S and 2° N between 40° and 45° E, at about 5° S between 
50° and 60° E, at 8° S near 88p E and at about 5° S and 2° N near 95° E meridians 
(cf. Steemann Nielsen and Jensen, op. cit.). In all these zones of divergence, the 
nutrient-rich water is found within 100 m and hence provides good conditions for 
production. Even in the zones of convergence in the equatorial region of the Indian 
Ocean the nutrient-rich water is fairly near the surface. On the other hand in the 
western part of the ocean, in the middle latitudes (20°-35° S), the surface layer 
is poor in nutrients and the nutrient-rich water is found far below the lower 
boundary of the euphoric zone.

The most recent studies seem to indicate that the Arabian Sea has by far 
the highest concentration of nutrients at or near the base of the photosynthetic 
zone. The Vityaz expedition observed a maximum quantity of nitrite nitrogen 
over a large area equalling 5.4 [zg.at./l (75 mg/m3) which is a very high value 
(Bezrukov, op. cit.). Investigations carried out from the Anton Braun also showed 
that the concentration of nutrients in the Arabian Sea is roughly twice that in the 
North Atlantic (Ryther and Menzel, 1965).
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Primary production
The recently established values of primary production and the data from the 
Galathea and Vityaz expeditions give a general idea of the area and extent of the 
zones of production in the Indian Ocean, since these values are directly com
parable. However, it should be borne in mind that the rates given by the Galathea 
are about 30 per cent lower, whereas those given by the Russian scientists since 
1960 and those computed by the scintillation method are presumed to be correct 
(Steemann Nielsen, 1965). Near the shelf, in the south-eastern part of the Arabian 
Sea, the lower boundary of the photosynthetic zone as determined by light pene
tration is at a depth of about 50 m. The rate of photosynthesis is high in the surface 
waters towards the coast (>10 mg C/m3/hour) suggesting a fairly constant supply 
of nutrients. The rate of production amounts to over 2,000 mg C/m2/day near the 
coast off Cape Comorin. Outside the continental shelf the rate of production is 
moderately high—between 200 to 500 mg C/m2/day. Very high production rates 
exceeding 5,000 mg C/m2/day have been obtained off the south-eastern coast of 
India in the Gulf of Mannar (Prasad and Nair, 1963) and 2,000 mg C/m3/day 
in the surface waters of Palk Bay (unpublished data). Recent reports from the 
Anton Braun (Ryther and Menzei, loc. cit.) show that at two stations off the Gulf 
of Oman extremely high rates of 5,700 and 6,400 mg C/m2/day have been obtained. 
Though these values may be due to bloom conditions, the mean production rate 
for the Arabian Sea stations was found to be 1,800 mg C/m2/day. The Vityaz 
expedition results also indicate that, though production in the open part of the 
ocean is low and does not exceed 10-30 mg C/m3/day, it is high in the coastal 
waters and in the zones of deep water ascent. In the region of Madagascar and 
in the Arabian Sea region, where there is deep water ascent, the values of primary 
production increase and the daily rate is between 50 and 120 mg C/m3/day (Kaba
nova, 1961).

Though the data cannot be directly compared, the estimate of production 
in terms of wet weight of algae worked out from nitrate consumption by the 
John Murray expedition in the Arabian Sea was 14.4 g/m2/day (Gilson, 1937). 
The carbon equivalents of this value compare very favourably with the results 
we have obtained so far for the same region with the C14 technique.

The Galathea's coverage of the Indian Ocean shows that middle latitudes 
in the western part of the ocean outside the continental shelf are characterized 
by a production rate between 100 and 200 mg C/m2/day, which is the normal 
value found in tropical and subtropical oceanic regions where there is no constant 
replenishment of nutrients from below (Steemann Nielsen and Jensen, loc. cit.). 
Over the shelf the production is high practically anywhere in the tropics. In the 
region of the Agulhas, current water from the lowest part of the euphoric zone 
showed a higher production rate, about three and a half times higher, at constant 
light intensity, than the surface water—indicating the productive potential of the 
lower regions. In the equatorial current systems, the measurements made by the 
Galathea show that the rate of production on the whole is moderately high with 
restricted areas of very high production. In the section from Mombasa to Ceylon a 
pronounced maximum of production is seen between 51° and 12° E longitudes. The 
production rate in the equatorial part of the Indian Ocean is thus significantly 
higher than that of tropical waters in general. Quite clearly, the ascent of nutrient 
high bottom water is the most important factor governing the production rate.

In the Bay of Bengal, although the subsurface water rich in nutrients is found 
fairly close to the surface, the rate of production is reduced by the low transparency 
of the water near the subcontinent caused by the influx of organic and inorganic 
material through the big river systems. However, the Andaman Sea shows a higher 
production, presumably because of the increase in the depth of the photosynthetic
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zone and possibly the ‘island mass effect’. In the northern and eastern Bay of 
Bengal, the Anton Brunn has recently observed a winter upwelling area and a higher 
primary and secondary production related to it (LaFond, 1965).

Quantitative distribution of plankton

Eight hundred and thirty-three standard samples taken with the Indian Ocean 
Standard Net, covering the major part of the Indian Ocean up to 45° S, have been 
estimated volumetrically in the Indian Ocean Biological Centre. Average displace
ment volume for every five degree square of the ocean has been determined and 
shows considerable variations in the different regions (Fig. 10). High plankton 
concentration is observed on the northern and western part of the Arabian Sea 
and south of Cape Guardafui where the average volume is over 30 ml. The highest, 
exceeding 50 ml, has been found near the Gulf of Oman and the Saurashtra coast. 
The south-west coast of India and the waters surrounding Ceylon, the Anda
man Sea and the Bengal coast are found to have fairly high quantities of plankton, 
exceeding 20 ml. The equatorial region on the average has only 10 ml of plankton, 
except near the coastal regions. But the observations by Japanese ships during 
both 1962-63 and 1963-64 in connexion with the International Indian Ocean 
programme consistently showed a high plankton concentration in mean displace
ment volume as well as in wet weight for the equatorial region between 77° and 79° E 
(Motoda and Osawa, 1964). This phenomenon of a greater Zooplankton abundance 
in the centre of a vast area of low abundance has been observed in the western 
and central Pacific by a number of authors. South of the equator, plankton is com
paratively more sparse, dwindling in quantity towards the south. It is normally
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Figs. 2-4. Distribution of temperature at 
the sea surface, 20 m and SO m levels 
during the winter period. Note the more 
or less uniform distribution in space at all 
the above levels.



Fio. 5. Distribution of temperature a t the 
75 m level during the winter period showing 
intense westward gradient just south of 
10° N  and the cold-water zone in the 
Laccadive region.
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Fig. 9. D istribution o f  dissolved oxygen 
content at 75 m level. Note the westward 
decrease and the low oxygen zone around 
the divergence zone.
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less than 5 ml in almost all the stations south of 15° S. The waters along the 
west coast of Australia have a low plankton biomass. This observation is in agree
ment with that of Tranter (1962) who points out that the biomass of Zooplankton 
in the open ocean is no higher than in the Sargasso Sea; but on the continental 
shelf and in the upwelling area, south of Java, he observed a higher Zooplankton 
biomass. In general, a northward increase of plankton is found in the Indian 
Ocean from 40° S.

The dry weight of plankton collected during the Vityaz expedition from the 
upper 100 m layers shows areas of high plankton production in the central part 
of the Arabian Sea from Aden Bay to Bombay between the Seychelles and the 
Maldives, off Zanzibar and the Comoro Islands to the north-east of Madagascar, 
off Chagos Bank, off Ceylon, to the south of Indonesia and north-west of Australia 
(Bogorov and Rass, 1961). It will be seen that there is substantial agreement be
tween the two sets of data, while the differences may be partly due to seasonal 
variations, sampling differences, etc.

According to LaFond (1965) the highest production rate yet recorded was 
observed by U.S. and British ships in the summer upwelling areas on the western
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Australia

D istribu tion  of Zooplankton (D iip lac*  mont Vol un») 
tho  I n d i«  O coan b asod  en 833 IOSN tem p los 

c a llo e to d  d iv ina  1962*65

side of the Arabian Sea where the plankton nets were clogged with organisms. FlG- ,0- Distribution of plankton in the 
They have also detected large quantities of organisms with echo sounders in layers
up to  250 m. Net samples. Isolines drawn for every 5 ml.

Production in relation to fish mortality

This account would not be complete without mention of the deleterious side effects 
brought about by the explosive production of plankton in certain regions of the 
Indian Ocean. Ships have reported extensive mass mortality of fish, sometimes 
covering enormous areas about 1,000 km long and 200 km wide (Jones, 1962). 
One such instance reported by the Polish ship Baltiisk amounted to an estimated 
20 million tons, almost half of the world’s total annual catch! Many theories 
have been put forward (Brongersma-Sanders, 1957) but the most likely cause 
would seem to lie in factors consequent on high plankton production. According 
to the investigations conducted by International Indian Ocean Expedition scientists 
(Vinogradov and Voronina, 1962; Ryther, 1964), the presence of a very high
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A b s t r a c t

Larvae of Pseudorhombus elevatus Ogilb) ranging in standard length 
from 3-47 to 7-76 mm. are described. These were brought on board 
R .  V . V a r u n a  in the vertical plankton haul collected during the inter
national Indian Ocean Expedition 1962-65 from two stations off the 
South-West Coast of India. Larvae slightly less than 8 mm. had deve
loped the full complement of dorsal, anal, caudal and pelvic rays but 
lacked pectoral rays and a few gili rakers. Metamorphosis must take 
place at a small size, probably at less than 10 mm. standard length. The 
most notable character of middle and late stage larvae is the pronounced 
elongation of the nine anteriormost dorsal fin rays. Adults of P. elevatus 
Ogilby with mature gonads were sub equently collected from the same 
region. The identification of the larva to species is based mainly on 
meristic characters.

I n t r o d u c t i o n

A l t h o u g h  the distribution o f  the adults o f the genus Pseudorhombus has 
been frequently described (Norman, 1928, 1934; Whitley, 1934; Ginsburg, 
1936; Herre, 1950; Smith, 1955; Silva, 1956; Kuroda, 1957; Kamohara, 
1959; Matsuura, 1962; Smith and Smith, 1963; Abraham, 1963 and 
Pradhan, 1964) little has been published to date on larvae o f Pseudorhombus. 
Gopinath (1946) referred specimens o f flat-fish post-larvae to P. arsius and 
P. triocellatus; Jones and Pantulu (1958) illustrated a late post-larval speci
men o f P. oligodon (10-56 mm. total length) and illustrated a recently trans
formed individual o f  P. arsius from a collection o f specimens ranging in 
size from 10-28 to 13-53 mm. total length; while Pertseva-Ostroumova 
(1965) illustrated an 8-2  mm. specimen o f  Pseudorhombus sp.
178
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M a t e r ia l  a n d  M e t h o d s

From the processed plankton samples o f  R. V . V a r u n a  o f the Inter
national Indian Ocean Expedition (lOBC, 1968), 19 post-larvae o f Pseudo
rhombus species (Table I) were studied. All these were preservéd in 5 per cent, 
neutral formaldehyde. Body proportions were taken using ocular and 
stage micrometers. Measurements were made from the tip o f the lower 
jaw and are included in Appendix I along with meristic characters. Draw
ings o f  larvae were made by using Projectina-Optik, Switzerland.

The composition o f the catches o f the fishing vessels near Quilon (09° 00' 
N , 76° 22' E) from a depth o f 27 to 50 "m. showed that P. elevatus Ogilby 
were present in large numbers in September, October and November, 1967. 
Random samples were preserved in 5 per cent, formaldehyde. Alizarin 
preparations o f the adults were made to ascertain the meristic characters.

T a b l e  I

Data fo r  the stations from  which Pseudorhombus elevatus Ogilby larvae were collected

Name

°f . vessel
Cruise

No.
Sta
tion
No.

Year Month Day Latitude
N

Longitude
E

Local
time

Day / 
night

Depth
of

haul

Depth
at

station
Sampler

No. of 
speci
mens

R. V. Varuna

M

104

M

2004

2005

'1963 1 1

tt

4 09° 0 0 ' 76° 22 ' 

76° 16'

0510

0630

Night

Day

45-0

54-0

60 m 

58

IOSN

IOSN

18

1

R e s u l t s

1. Description o f  Larva! Stages

Larva 3-99 mm (Fig. 1).—The thin transparent body o f  the larva is 
symmetrical and laterally compressed. Length o f the body is about eight 
times its depth. Eyes are symmetrical and black. Notochord is vacuolated 
at the caudal end. There are 29 myotomes, o f which 10 are pre-anal. 
Mouth is small and terminal. Jaws carry small conical teeth. Intestine 
has a single circular coil. Liver is small and is not as massive as in Arno
glossus or Bothus species. At the postero-lateral aspect o f the operculum 
there are sets o f irregularly arranged spinules. Another set o f spinules is 
also present on the head near the dorsal profile, above the level o f  the eye. 
The dorsal fin fold commences just behind the level o f  the spinules. It is 
continuous and confluent with the caudal and anal fin folds. At its anterior 
end a tentacular process is seen in which four interneural spines are faintly
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m arked out. The cleithrum is well differentiated. Embryonic rays are 
seen in the caudal fin. Pectoral rays are not differentiated. Brown stellate 
pigment spots are seen in the dorsal and ventral border o f each myotome 
and on the skin covering the tentacular process.

> mm

F ig . 1. Pseudorhombus elevatus O gilby—L arva  (SL. 3-99 nun).

Larva 4-26 mm (Fig. 2).—The length is more than 5-5 times its depth. 
Thirty myotomes are countable. Four elongated dorsal rays are differenti
ated in the place o f the tentacular process. The first ray is more flat and 
club-shaped than the rest. Rudiment of the fifth ray is seen behind the 
fourth one. The nature and distribution o f pigments and spinules are as 
in the previous stage.

I mm

F ig . 2. Pseudorhombus elevatus Ogilby—L arva (SL. 4-26  nun).

Larva 4-72 mm .—Length o f the body is less than 5-5 times its depth. 
The lower jaw projects beyond the upper. Anterior five rays are elongated. 
Rudiment o f sixth ray is m arked out. Thirty-one vertebral segments are 
differentiated corresponding to  the number o f myotomes, except a t the pos
terior end where the notochord still remains vacuolated. Gili buds arc 
present. Brown stellate pigment spots are also found along the middle of 
each myotome.

Larva 5-48 mm (Fig. 3).—The length of the body is slightly more than 
four times its depth. Five branchiostega! rays are differentiated. There
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are five gili rakers on the lower limb. Thirty-two vertebral segments are 
differentiated. Anterior seven dorsal rays are elongated. A long the dorsal 
and ventral body wall interneural and interhaemal complexes are differenti
ated as in Cynoglossus semifasciatus Day (Balakrishnan, 1961). Ventral 
fin radiais are differentiated. Rudiments o f  ventral fins are also seen. 
Hypural elements are in the process o f formation. The opercular spinules 
have increased in number. Nature and distribution o f  pigments are same 
as in the preceding stages.

t m m

Fig. 3. Pseudorhombus elevatus Ogilby— L arva  (SL. 5-48 mm).

Larva 6-01 mm.— Six branchiostegal rays and seven gili rakers on the 
lower limb are developed. Rudiments o f  10 caudal rays are seen. Isolated  
brown pigment spots are found on the abdomen.

Larva  6-37 mm (Fig. 4).—The length o f  the body is 3-5 times its
depth. There are 34 vertebral segments including the urostyle. Anterior 
eight dorsal rays are elongated and the ninth one is faintly marked. 
Anteriorly only four interneural spines are differentiated following the first 
nine ones while 19 o f them are differentiated near the caudal end. In the 
anal fin fold 15 interhaemal spines are differentiated all o f  them are found
near the caudal end. Differentiation o f interneural and interhaemal spines
near the caudal end earlier than the anterior caudal portion has also been 
observed in Cynoglossus monopus Bleeker (Balakrishnan, 1963). Twelve 
caudal rays are differentiated. The nature and distribution o f  pigments 
and spinules are as in the earlier stages.

Larva 6-86 m m — The length o f the body is nearly thrice its depth. 
Seven branchiostegal rays and eight gili rakers on the lower limb are pre
sent. There are vertebral segments including the urostyle. Sixty-six 
intemeural and 52 interhaemal spines are well marked out, but the rays 
are not fully formed. The anterior nine dorsal rays are elongated. The
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hypural elements are well differentiated and consequently the urostyle gets 
pushed dorsalwards. There are 17 caudal rays o f  which the middle one is 
the longest. Six ventral rays are faintly marked out. The ventral fin radiais 
are symmetrical and short based. The pectoral fin still remains unrayed. 
In addition to the pigmentation found in the earlier stages, isolated stellate 
pigments could be seen on the abdomen and between 24th and 27th vertebral 
segments.

i mm

F ig . 4. Pseudorhombus elevatus Ogilby— L arva (SL. 6-37 mm).

Larva 7-76 mm {Fig. 5).—The length o f the body is less than three 
times its depth. The eyes are still symmetrical. Seven branchiostegal rays 
and nine gili rakers on the lower limb are well differentiated. There are 
34 vertebral segments including the urostyle. The dorsal fin rays commence 
from the very extremity o f  the dorsal fin fold. The anterior nine dorsal 
rays are elongated. The first dorsal ray is especially flat and leaf-like and 
is directed obliquely forwards. Sixty-eight interneural and 54 interhaemal 
spines are well differentiated. The fin rays are faintly marked out. Ventral 
fins have short bases and bear six rays. The pectorals still remain unrayed. 
The nature and distribution o f the pigments and spinules are the same as 
in the preceding stage.

2. Distinctive Characters o f  Adult P. elevatus Ogilby.

The adults o f  P. elevatus Ogilby are characterised by the presence o f  
34 vertebrae including the urostyle, 66-69 dorsal, 50-55 anal, 17 caudal, 
six ventral rays and 13 gili rakers on the lower limb. These characters 
agree with those described by Norman (1934).
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1 rnm

F ig . 5. Pseudorhombus elevatus Ogilby—L arva (SL. 7 - 7 6 m m).

(The an terio r elongated rays o f  the  larvae a re  broken . H ence their relative lengths a re  n o t  
shown in figures.)

D i s c u s s i o n

The thin, flat body, large numbers o f  soft continuous fin rays in the 
•dorsal and anal fins, the absence o f  procurrent rays in the caudal fin, and 
the relatively few (10) abdominal vertebrae help to distinguish the larvae 
as those o f  flat-fish. The presence o f precocious elongated anterior rays 
in the dorsal fin together with symmetrical short-based ventral fins, place 
this larva in the Paralichthys-Pseudorhombus group o f  bothid flat-fish. 
Meristic characters support the assignment to Pseudorhombus elevatus Ogilby. 
Gopinath (1946), Jones and Pantulu (1958) and Pertseva-Ostroumova (1965) 
do not give indication o f the presence o f  a group o f  elongated anterior 
dorsal rays on their specimens— although this character is one o f the most 
diagnostic features o f Pseudorhombus larvae. Larvae o f  the closely allied 
genus Paralichthys, develop a precocious group o f five elongated anterior 
dorsal rays (Okiyama, 1967). It is probable that the two specimens identi
fied and illustrated as Samaris macrolepis Norman by Jones and Pantulu 
(1958, pp. 131-33, Figs. 22-23) are larvae o f Pseudorhombus.

The presence o f  adult P. elevatus, with maturing gonads in the locality 
from where the larvae had been obtained previously, at the same season o f  
the year, strengthens the assignment to this species.

The largest larvae studied, slightly less than 8 mm standard length, 
possessed a full complement o f  dorsal, anal, caudal and pelvic fin rays, and 
lacked only the pectoral rays. The number o f  gili rakers on the lower limb 
is also incomplete. This stage o f  development o f flat-fish larvae usually
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immediately precedes metamorphosis ; hence, metamorphosis probably occurs 
at a length o f 10 mm or less in this species.
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A p p e n d i x  I

Measurement and m eristic counts o f  Pseudorhombus elevatus Ogilby larvae oo

SI.
No.

Stan
dard

length
mm.

Total
length
mm.

Eye
dia

meter
maxi
mum
mm.

Eye
dia

meter
mini
mum
mm.

Snout
length
mm.

Head
length
mm.

Length 
up to 

Cleithra 
mm.

Length 
up to 
anus 
mm.

Depth
at

anus
mm.

Depth
at

caudal
peduncle

mm.

Vertebrae
without
urostyle

Branchio
stega! s

Dorsal
rays

Anal
rays

Clauda!
rays

Gili
rakers Remarks

1 3-47 3*66 0-26 0*26 0-30 0-79 0*89 1*95 0*50 0*17 2 1 •• • • Damaged. Sinter- 
neural spines in

2 3-99 4*13 0*26 0-25 0*17 0*76 0 * 8 6 1*91 0*60 0-23 29 • • t h e  tentacular

> 4*26 4*39 0*26 0*26 0 - 2 0 0-83 0-92 1*85 n-76 0*17 30 4
process

4 4-72 4*86 0*30 0-26 0*13 0*76 0*92 2*16 0 * 8 6 0 - 2 0 31 6

6 4-72 4*86 0*30 0-30 0*26 0-92 1*06 2 - 0 1 C *89 0*23 31 6

6 4*86 4*98 0*30 0*30 0-26 0*96 1*06 2-18 0-89 0*23 31 6

7 4*98 6*08 0*36 0-33 0*33 .1*16 1 * 2 2 2*18 1-26 0*46 31 6

8 6*16 6*25 0*36 0-33 0-40 1 - 1 2 1 - 2 2 2-28 0-99 0-23 32 3 6 5

9 5*31 5*45 0*40 0-33 0-30 0*89 1*19 2-31 1-09 0*30 32 4 7 5

1 0 6*36 6*51 0*36 0*33 0*36 1-19 1*32 2-38 1 - 0 2 0-30 32 4 7 7

1 1 5*48 6*58 0*40 0-40 0*33 1 * 0 2 1 * 2 2 2*34 1*32 0*33 32 6 7 ' 5

1 2 5*61 5*71 0*36 0*33 0-36 1*09 1-29 2*31 1*19 0-26 32 5 7 8 5

13 6*78 5*87 0*43 0*36 0*36 1*09 1*49 2*54 1*35 0*43 32 6 7 9 5

14 6 * 0 1 6*14 0*46 0-36 0-43 1*39 1*52 2*74 1*49 0*40 S2 6 7 1 0 7

16 6*04 6 * 1 1 0*40 0*40 0*40 1*42 1*49 £-71 1-49 0-36 32 6 7 1 0 7 Damaged and dis
torted

16 6*14 6*30 0*40 0*36 0-33 1 * 2 2 1*45 2*51 1*35 0*40 32 6 7 1 1 7

17 6*37 6*90 0*50 0-40 0*46 1-56 1-58 2*84 1*82 0*53 33 7 8 1 2 7

18 6 * 8 6 7*99 0-63 0-50 0*46 1-82 2 * 0 1 3*23 2*41 0*69 33 7 9 +  57 62 17 8

19 7*76 8*98 0-59 0*50 0-59 ■ - • 0 1 2-31 3-70 2-74 0*76 33 7 . 9 + 69 54 17 9
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Phytoplankton studies in the 
Agulhas Current Region 

off the N atal Coast

by Margaret Thorrington-Smith

Introduction

A survey of the Agulhas current region off Natal was conducted by the 
vessel RSA  during June 1965. This survey was a collaborative effort between 
the National Physical Research Laboratory (Oceanography Division) of the 
Council for Scientific and Industrial Research and the Oceanographic 
Research Institute Durban, and represents part of the Republic of South 
Africa’s contribution to the 1.1.O.E. programme. Representatives of the 
Oceanographic Research Institute participated in the cruise to investigate 
productivity and species composition of phytoplankton communities. An 
account of productivity studies is given by Burchall (1968).

Phytoplankton was collected from stations on five transects, A, B, C, D, 
and E, extending off the Natal coast (Fig. I) from the Tugela river mouth in 
the north to Green Point just south of Durban. These stations were located in 
the Agulhas current area of the south-west Indian Ocean. The boundaries 
of the current as indicated in Figs. 1 and 2 are approximate since the edges 
of the current may fluctuate according to prevailing weather conditions.

Phytoplankton samples were collected with a Discovery type N50V 
plankton net and with a Van Dorn water sampler. Unfortunately the 
formalin used for preserving the latter samples had not been neutralised 
adequately. This resulted in a certain amount of damage to the samples by 
accumulated formic acid and flocculent precipitate (Walker 1944). They 
could therefore only be used qualitatively and an assessment of relative 
abundance became dependent on material collected with the net samples. 
In discussing the results it has been necessary, in the absence of more ade
quate quantitative sampling techniques, to assume that these hauls give 
comparable values of relative abundance of species. Limitations imposed 
by factors such as ship’s drift causing variations in the length and depth of 
the water column sampled or inconsistencies in the filtration rate of the net 
must therefore be considered in the evaluation of the results obtained.
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Fig. 1 The Sampling area showing stations where phytoplankton was sampled.
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Sampling methods and microscopic examination of 
plankton samples

Concentrated net samples
Concentrated samples were collected with the Discovery type N50V net, 
hauled from 50 metres to the surface at eight stations: B2, B4, Cl5 D4, D 3, 
D4, Dg and D 6. Station depths are indicated in Fig. 1. The material was 
preserved in 5 per cent formalin.

These samples were used in identification of the species, and the assessment 
of relative abundance. The net has 200 meshes to a linear inch and con
sequently does not retain nannoplankton.

A drop from the well-shaken sample was placed on a microscope slide 
with a grid of 2 mm squares etched on its surface. The preparation was 
sealed around the coverslip to prevent evaporation. All species observed on 
the slide were identified using a Zeiss research microscope fitted with phase 
contrast.

In addition, all phytoplankton cells in a row of ten squares were counted. 
The count for each species was recorded as a percentage of the total numbers 
of cells counted in the sample and is presented in Table 1. A cell which was 
not present in the ten squares counted, but which was present on the slide 
is represented by a +  sign, and a species present as less than 0.5 per cent is 
represented by a +  + .

Unconcentrated bottle samples

Unconcentrated water samples were collected with a Van Dorn water sampler 
from stations A2, A3, A4, B2, B4, C4, C2, C4, D 2, D 3, D 4, D5, E1; E2 and E3. 
Stations B4, C4 and D3 were sampled twice. No bottle samples were obtained 
from Dj or D6. The samples were preserved in 5 per cent formalin. It is 
recommended that formalin always be neutralised with sodium potassium 
tartrate and calcium carbonate (Armstrong and Wickstead, 1962) in future, 
to overcome the effects of acidity of the formalin.

Volumes of 50 ml and 100 ml were concentrated by sedimentation for 
identification with the plankton microscope according to the method 
described by Utermöhl (1958). All phytoplankton species observed in the 
sample were identified. These data were used to supplement the species list 
(Table 1).
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Results

The two main classes of algae represented in the samples were the Bacillario
phyceae and the Dinophyceae. In addition, two species of Cyanophyceae and 
one species of the Chrysophyceae were also present.

Table 1 is a list of all the species identified in the samples collected on the 
RSA cruise with their relative abundance in the net-haul samples.

Species composition

Fig. 2 shows the total number of species identified in the net hauls for the 
eight stations, with diatom and dinoflagellate species differentiated. B2 
situated off the Tugela River mouth is noteworthy for the variety of species 
found while D6 has the fewest different species. The dinoflagellates were 
never present in an abundance greater than 2.3 per cent or less than 0.1 per 
cent of the total number of cells counted in a sample. They attained their 
maximum concentrations at Station D v

gD i a t o m s

D i n o f l a g e l l a t e s

<  u  
I -Of-

0
S t a t i o n s

Fig. 2 

6

U L

B D i a t o m s  

D i n o f l a g e l l a t e s

I

A  B o u n d a ry  o f  A g u lh a s  c u rre n t 

O  E d g e  o f  c o n tin e n ta l  sh e lf  
* 8  n a u tic a l  m ile s . M e a s u re  of

d is t a n c e  o f  sta tion®  fro m  th e  c o a s t lu m

ID i a t o m s

D i n o f l a g e l l a t e s

I
B , B ,  C  D  O . D - D , D ,

N um bers oí' D iatom  and Dinoflagellate species at the net haul stations studied.
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The range of the most common species as calculated by their percentage 
relative abundance in the samples is expressed graphically in Fig. 3.

C h . a t l a n t i c u s  f. a u d a x  

C h . a ff in is  f. d iv e r s u s  

C h . c o m p r e s s u s  

B. e lo n g a tu m  

B a c te r ia s t ru m  v a r ia n s  

C h . a ff in is  v a r. a ff in is  

C h . r a d ic a n s  

C h . m e s s a n e n s i s  

T h a la s s io th r ix  f ra u e n fe ld ii  

C h a e to c e r o s  L o re n z ia n u s

-T "
10 15 20

R a n g e  of re la tiv e  a b u n d a n c e  fo r  all s ta t io n s  e x p re s s e d  
a s a  % o f c e lls  in s a m p le . C irc le  r e p r e s e n t s  th e  m e an .

Fig. 3 Diagram showing the range of relative abundance of the ten most com m on species
in the samples.

Affinity of the different stations in relation to 
ocean currents

The similarity between two stations is a function of the summation of the 
actual species common to both, and is affected also by the relative abundance 
of the different species in the two samples.

Two methods were used to show the affinity between stations.
The first does not take into account the abundance of the species but 

merely the species composition.

7
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i  -  « _________________ T o t a l  r a n g e  o f  a f f i n i t i e s
21 3 5 .4 5  5 3  b e t w e e n  a ll s t a t i o n s

Fig. 4 Diagram to show, by means of num bers o f shared species, the affinities between 
stations in the A gulhas S tream .

All species common to any two stations were recorded as such, and summed 
(Figs. 4, 5 and 6). The lines connecting two stations may be termed lines 
of affinity. The number of species common to both stations is inserted on the 
line. Only data from net haul samples were used for this as there were no 
bottle samples from D, and Dfi.

S
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i ,  i R a n g o  o f  a f f i n i t i e s  w i t h  D ,  o n  t h e
21 2 7  3 5  e a s t e r n  b o u n d a r y  o f  t h e  A g h u l a s  c u r r e n t -

I------------------------- « _____________________ i  T o t a l  r a n g e  o f  a f f i n i t i e s
21 3 5 .4 5  5 3  b e t w e e n  a l l  s t a t i o n s

Fig. 5 Diagram to show relative lack of affinity o f station D 6 on the eastern  boundary 
of the Agulhas Stream, with the other stations.

Fig. 4 includes all stations in the Agulhas current; Fig. 5 shows the relation
ship between Dfi on the eastern boundary and all other phytoplankton 
stations; and Fig. 6 shows the affinities between the coastal stations and the 
others.

It is possible to express the similarity or affinity between two stations by a 
similarity index. This takes into account the relative abundance of species.

9
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'9  B,
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• D ,

Fig. 6  D iagram  to  show, by m eans o f num bers o f  shared species, the affinities o f the 
phytoplankton a t coastal stations both to each other and to  those in the Agulhas Stream.

The index recommended by McIntosh (1967) was used to measure the 
‘distance’ between every pair of stations. The term distance is a measure of 
the ecological relationship suggested by the resemblance or similarity of two 
communities or samples. The distance between two communities is the square 
root of the sum of the squared differences between the measures of each

IO
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species. The distance between two stations j  and h is calculated by the 
formula

X¡¡, Xu, are the measures of the / ,h species in stands / and h respectively 
and S' is the number of species.

The similarity of a set of stations is represented by the matrix of distance 
values between the stations.

If the stations have the same species in equal quantities, i.e., they are 
identical, the similarity index value will be zero. Thus the lower the value the 
closer the resemblance.

The similarity index was computed for all combinations of stations using 
the relative abundance values obtained in the counts. The results are shown 
in Figs. 7. 8 and 9, the values of the index being inserted on the lines between 
stations. Fig. 7 includes all stations in the Agulhas stream; Fig. 8 shows the 
relationship of D6 on the eastern boundary to all other phytoplankton 
stations; and Fig. 9 shows the affinities between the coastal stations and 
the others.

Agulhas current (Figs. 4 and 7)
There is close affinity between stations B2, B4, D3, D4, and D3, as shown 

by a high number of species shared and a low similarity index.
The ocean current date (Anderson, personal communication) show that 

B j, D;i, D4 and Dä are in the core of the Agulhas current and B, is on the 
western boundary. The following species composition appears to be typical 
of the Agulhas stream; Skeletonema costatum, Gosslieriella tropica, Lauderia 
annulata. Leptocylindrus danicus, Guinardia flaccida, Rhizosolenia fragilissima, 
Rhizosolenia stolterfothii, Bacteriastrum minus. Chaetoceros pelagicus. Ch. 
radicans and Ceratium tripos.

These findings are in agreement with Ne) (1968) except that she uses the 
synonym of L.annulata (L.borealis) Sournia (1968), and found Ch.pelagicus 
at only a few scattered stations.

Western sub-tropical water (Figs. 5 and 8)
D6 has little affinity with any of the other stations, as shown by the relatively 
few species shared and the relatively high similarity index. This is to be 
expected as it is in a different water system, being situated in western sub
tropical waters which appear to flow in from the east. It is interesting to 
note that, although there are only 29 common species between D4 and Dfi 
on opposite boundaries of the Agulhas current, there is a low similarity 
index (17.73) indicating an above average affinity. This similarity is a func
tion of similar abundance. Both stations are dominated by the common 
species (Table 1 ). There is an indication that this is an effect of mixing along 
the boundaries of the different water masses, and it is possible that only the 
common species flourish in this region of contact and stress (Margalefi 1967).

; i
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Fig. 7 D iagram  to show affinities o f phytoplankton at stations within the A gulhas S tream  
by means of a similarity index.

There were only two species unique to D6 (Asteromphalus van heurckii and 
Bacillaria paxillifer) and these were not present in the count. There were 12 
species recorded at all stations but two, and eight of these were absent from 
D6. These data would suggest that De differs from the other stations in its 
paucity of species rather than in the species present (Fig. 2).

12

2 1 6



32" E29"S 131 'E

TU GELA RIVER

DURBAN

29.19
30 S ’

30.23

17.73

25.20

22.82

23.84

R a n g e  o f  s im i la r i t y  in d e x  b e t w e e n  D ,  o n  t h e  e a s t e r n
i________________   i b o u n d a r y  o f  t h e  A g u l h a s  s t r e a m  a n d  t h e  o t h e r

f 7 .7 3  2 4 .8 3  3 0  2 3  s t a t i o n s

i-------------------------• -----------------------------------1 T o t a l  r a n g e  o f  s im i la r i t y  in d e x  b e t w e e n  a ll s t a t i o n s
1 3 .6 0  2 0  8 4  3 0 .2 3

Fig. 8 D iag ram  to  show , by m eans o f  num b ers o f  sh a red  species, the  relative lack o f  
affinity o f  p h y to p lan k to n  a t all s ta tio n s  to  D 6  on  th e  easte rn  boundary o f  th e  A g u lh as

S tream .

Coastal stations (Figs. 6 and 9)
The relatively shallow coastal stations sampled were Dlt Q , and B2. Their 
affinities are more difficult to interpret. Eddy currents develop to the west of 
the Agulhas Current and contain north-flowing components. This water 
originates in the Agulhas stream. These eddies are particularly variable and a 
station which one week is part of an eddy system may become part of the
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Fig. 9 D iag ram  to  show , by  m eans o f  a s im ilarity  index , th e  re la tio n sh ip  o f  th e  coasta l 
sta tions to  each  o th e r  an d  to  th e  A gulhas S tream  sta tions.

Agulhas stream the following week (Anderson, personal communication).
When Cj was sampled, it was part of an eddy system and it is understand

able that it should have affinities with B2 further north, rather than Ü! in the 
south. Species which appear to be typical of this counter current caused by the 
eddy system are: Stephanopyxis palmeriana, Rhizosolenia alata f. indica, 
Chaetoceros dadayii, Ch.danicus, Ch.affinis, f.inaequale, S treptotheca tamesis. 
Hemiaulus chinensis and Ceratium trichoceros. It is interesting to note that 
S.palmeriana, Ch.dadayii, S .tam esis and H.chinensis were found in a strong 
cyclonic eddy south of Cape Town and north of the sub-tropical Converg
ence (Nel, 1968). She considers upwelling of this kind to have an important
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bearing on not only the amount of plankton present but also the presence or 
absence of species.

There are no hydrographic data for D4. Dt has affinities with the Agulhas 
stream, however, and it is suspected that it was on the western boundary of 
this current.

B2 on the western boundary of the Agulhas current has greatest affinity 
with both the central core and the coastal stations. It is a very rich area 
and would appear to be a source of many large actively dividing phyto
plankton species.

Species diversity
In analysing the results, it was necessary to compare the phytoplankton 
standing crop at stations where both the number of species and the abundance 
of any particular species vary. Individual stations had up to 95 species in 
varying quantities. It is useful to be able to reduce these data to a single 
index in order to compare the diversity at the different stations. Margalef 
(1958), working on phytoplankton in Mediterranean waters, has used a 
diversity index as an indication of water masses.

For the present study, an index of diversity was calculated using the 
formula described by Simpson (1949).

If d  diversity index, then d  - 2  -é rr ,—r,! N ( N — 1)

N is the total number of cells counted in a phytoplankton population and
«!, « 2  ns were the numbers of individuals of the species.
Hence, 2  m =  N, i.e., total number of cells.

Then d  is a measure of the diversity of the concentration and can take 
any value between 0 and I. An index of 0 represents the smallest concentration, 
or largest possible diversity. An index of I represents a case of the lowest 
diversity where all individuals belong to a single species. Then d represents 
the probability of two individuals, chosen at random, belonging to the 
same species.

In order to ascertain whether the sample size affected the resultant diversity 
index, it was computed twice for station D4. Firstly, the total number of 
squares was counted (N =  1144) and secondly, only half the squares 
were counted (N - 535). The resultant diversity indices were .05422 and 
.05137 respectively. It was concluded that the effect of sample size was 
negligible.

In Fig. IO, the diversity indices are plotted against station numbers. There 
is only one transect crossing the Agulhas Current region and this is line D. 
From this, it appears that the core of the Agulhas current is characterised 
by a high diversity of phytoplankton at stations D:i and D4 (also see B4) 
and that the diversity is lower at the eastern boundary of the Agulhas current

15
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at stations D5 and De. Stations Dj and B, have relatively low diversity and 
station Cj a very low diversity.

Hence, these are signs of three different groups:
1 The stations off the coast, viz. B2, C4 and D4 with low diversity of species.
2 The stations in the core of the Agulhas current with a high diversity cf 

species, viz. D 3 and D 4.
3 The stations on the eastern fringe of the Agulhas current with low diversity 

of species, viz. D3 and D,¡.

Margalef (1958) found a relationship between species diversity and primary 
productivity. The primary productivity calculations per column of water 
beneath lm2 sea surface (Burchall, 1968) have been plotted against station 
numbers (Fig. 11). Considering productivity and diversity from these three 
groups, there appears to be an inverse correlation, a finding which is in accord
ance with the conclusion reached by Margalef in his work on Mediterranean 
waters.

The enhanced productivity and low diversity may well be a result of 
mixing along the boundaries of different water masses. Margalef (1968) 
states that such places of contact and stress often harbour a population of 
lower diversity, and are frequently found in surfaces of discontinuity where 
there is an enhancement of productivity.

The hydrographic data available for the stations sampled on the RSA 
cruise include salinity, temperature, phosphorus, nitrate-nitrogen and silica 
values (Burchall 1968). The mean value of any of these factors for a water 
column has been calculated from the values for the different depths. The 
mean value was used in order to make it comparable with the diversity 
index which was calculated from net haul samples which sample the whole 
column. The mean values 'have been plotted against the station numbers 
(Figs. 12-16).

The Agulhas current has typically a’ relatively high temperature and low 
salinity (Orren 1966), in relation to western sub-tropical surface water to the 
east of the current (Figs. 12 and 13). D6 in the western sub-tropical water 
also has enhanced productivity and a low diversity (Figs. 10 and 11).

C4 has the lowest diversity index of the cruise but this is not correlated 
with the highest productivity. The productivity is 240 mgC/m2/day, which is 
nevertheless relatively high. The productivity is probably limited by nutrients 
as N 0 3—N, S i03—Si and P 04—P are low. It is regrettable that no cell 
counts per litre were possible.

No data other than species composition and diversity are available from D,.
B2, however, off the Tugela River, is situated in an extremely interesting 

area. There are exceptionally high values of nutrients, NO:¡—N (Fig. 14), 
P 0 4—P(Fig. 15) and a high silica value (Fig. 16). The salinity is high (Fig. 12), 
and the temperature is low (Fig. 13). The fact that nutrients are high and 
that the cold water of high salinity is at the surface is probably explained by 
upwelling brought about by an eddy current over the continental shelf,
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which is broad here. The source of nutrients may also be the Tugela River, 
which is the largest river in Natal, draining fertile farm areas. It is not sur
prising, therefore, that B2 is situated in a region of high productivity ( Fig. 11 ). 
The cells were observed to be large and actively growing and dividing.

The productivity was calculated as 950 mgC m2 day (Burchall 1968), and 
is the highest recorded on the cruise, the next highest being 360 mgC m2/day 
from station D5. A previous record of productivity from this region off the 
Tugela River has also been very high (Anton Brunii Cruise, 1964, 3000 
mgCm2/day).

The greatest variety of species was found at station B2. There were 14 
more than B4 on the same transect and 20 more than D-, which has 75 
different species and the greatest number apart from those on line B (Fig. 2). 
It is also interesting to note that two new taxa have been described from B2 
(Thorrington-Smith, 1969).

B2 has great affinities with all stations except Dfi, and, as stated before, it is 
suspected that this station off the Tugela River is an important source of 
actively growing and dividing species.

Summary and conclusions
Samples of phytoplankton were collected at stations in the Agulhas stream 
area in the vicinity of Durban. A Discovery type N50 V net and a Van Dorn 
water sampler were used.

The species present in the samples were identified and counted lo give an 
estimate of relative abundance of species at each station.

Using these results the affinities between all combinations of pairs of 
stations were worked out in two ways. Firstly from a value based on the 
number of species shared between the stations under comparison; and 
secondly by using a similarity index which also takes into account the relative 
abundance of species at the two stations. This indicated on the limited data 
available that the Agulhas current stations have greater affinity with each 
other than with those stations outside the Agulhas stream.

However diversity indices were also calculated for all stations. This 
index gives a single value for each station based on the numbers of species 
present and their relative abundance in the sample. The stations within the 
Agulhas stream had a high diversity of species relative to the coastal stations, 
and the station in western sub-tropical water.

The greatest number of different species were found at a station situated 
off the Tugela River. These included two new taxa. The cells were actively 
dividing and the primary productivity was exceptionally high as were the 
nutrients.

Phytoplankton has not been sampled extensively in this area before, and 
most species identified are new locality records. The method of combining 
expressions of similarity and diversity is considered to be valuable in sum
marising the confusion of large complex species lists.

19

223



Acknowledgments

Thanks are due to the Council for Scientific and Industrial Research of 
South Africa who invited the Oceanographic Research Institute to participate 
in this cruise. I am grateful to Miss B. Mitchell-Innes, Miss J. Burchall and 
Mr. B. Roets for collecting the samples; and am particularly grateful to 
Miss J. Burchall for making available the hydrographic and primary 
productivity data from the cruise.

I am indebted to Professor Lutjeharms of the Botany Department of the 
University of Cape Town for making available facilities for the microscopic 
examination of the samples; and am very grateful to Mrs. P. Reinecke of the 
same department for valuable advice on taxonomic problems.

I also wish to thank Professor Linhardt of the University of Natal for his 
statistical advice ; and Mr. F. Anderson of the Council for Scientific and 
industrial Research for help with the hydrology ; as well as Dr. A. Alexander, 
Dr. J. R. Grindley, Dr. M. Angel and Mr. J. Wallace for their valuable 
suggestions and constructive criticisms of the manuscript, and my 
colleagues at the Oceanographic Research Institute for their assistance.

I also wish to acknowledge the financial support for this research pro
gramme provided by the Marine Research Unit of the Council for Scientific 
and Industrial Research, Pretoria.

Literature cited
Ar m s t r o n g , F . a . j . and w iCK STEA D, j . H ., 1962. A  no te  on the  preservation o f p lankton 

samples with form alin. J. C ons.perm . int. Explor. M er., 27 (2): 129-130 
b u r c h a l l , Jo a n , 1968. Prim ary production  studies in the Agulhas current region off N atal 

—  June, 1965. Invest. Rep. oceanogr. Res. Inst., (20): 1-16 
m a r g a l e f , r ., 1958. Tem poral succession and spatial heterogeneity in phytoplankton. 

Buzzati-Traverso, A. A. Ed. Perspectives in M arine Biology. Berkeley, University o f 
California Press, p . 323-349 

m a r g a l e f , r ., 1967. Som e concepts relative to  the organisation o f plankton. Oceanogr. M ar.
Biol. Ann. Rev., 5 : 257-289 

m c i n t o s h ,  R . p., 1967. A n index o f diversity and  the relation o f certain  concepts to diversity.
Ecology, 48 (3): 392-404 

n e l , E. A ., 1968. The m icroplankton o f the South-W est Indian  Ocean. Investi Rep. Div.
Fish. S . A fr., (62): 1-40 Tables V I-IX  

ORREN, M. j., 1966. Hydrology o f the South-W est Indian  Ocean. Investi Rep. Div. Sea Fish.
S. A fr., (55): 1-35 

s im p s o n , E. H ., 1949. M easurem ent o f diversity. Nature Lond., 163, 6 8 8  
SOURNIA, a ., 1968. D iatom ées planctoniques du  Canal M ozam bique et de Pile M aurice.

M ém . O .R .S .T .O .M ., (31): 1-120 
t h o r r i n g t o n - s m i t h , m ., 1969. D escriptions o f two new diatom s from  the South W est 

Indian  Ocean. Nova Hedwigia (In  Press). 
u t e r m ö h l , H ., 1958. Z ur utervolkum nung der quantitativen phytoplankton M ethodik M itt.

Int. Ver. Limnol., 9: 1-38 
w a l k e r , j . r ., 1944. Form aldehyde. New Y ork, R einhold Publishing Corp.

20

224



TABLE 1 SPECIES LIST OF PHYTOPLANKTON COLLECTED ON THE RSA  CRUISE, JU NE 1965
Samples collected with an N50 V 
plankton net. Each species is ex
pressed as a  % of the total number 
of cells counted in the sample.
A + represents a species present in 
the sample but not present in the 
count. A ++represents a species 
present as less than 0.50% in the 
colint. Percentages have beencor- 
rected to the nearest whole number.

Samples collected with a Van Dorn 
bottle sampler. Presence of a species 
represented by a +. (Three stations were 
sampled twice; this is indicated as 
(1 ) and (2)).

S t a t i o n s D
3(1)

D
3(2)

C
4(1)

C
4(2)

B
4(1)

B
4(2)

A
3

A
4

tssto
U l

SPECIES
BACILLARIOPHYCEAE (diatoms) 
C oscinodisc ineae
COSCINODISCACEAE
Coscinodiscus argus E hr........................................
C.concinnus S m i t h ...........................................
C.divisus G run........................................................
C.eccentricus E hr...................................................
C.granii G o u g h .................................................
C.lineatus Ehr..........................................................
C.nodulifera Schmidt .....................................
C.oculis-iridis Ehr...................................................
C.radiatus Ehr.........................................................
Coscinosira polychorda H ust................................
Cyclotella sp............................................................
Gosslieriella tropica S c h ü t t ...............................
Planktoniella sol (Wall.) S c h ü t t .........................
Skeletonema costatum (Grev.) Cleve 
Stephanopyxis palmeriana (Grev.) Grun. 
Thalassiosira subtilis (Ostenf.) Gran 
Th. sp ........................................................................
ACTINOD1SCACEAE
Asterolampra marylandica Ehr............................
A.van heurckii G run..............................................
Asteromphalus heptactis (Bréb.) Ralfs in Pritch.
A.indicus S i l v a .................................................
A.robustus Cast r.......................................\

B iddulphineae
BIDDULPHIACEAE
Biddulphia mobiliensis Bail, .........................
Cerataulina pelagica (Cleve) Hendey 
Climacodium frauenfeldianum Grun.
Ditylum sol (Grun.) de T o n i .........................
Eucampia cornuta (Cleve) G run..........................
E.zoodiacus E hr......................................................
Hemialus chinensis Grev.......................................
H.hauckii G run.......................................................
H.membranaceus C l e v e .....................................
Streptotheca tamesis Shrubs.................................

C h ae to ceraceae
, Chaetoceros affine Laud. f. affine . . . .
Ch.affine Laud.f. Inaequale Thorr.-Sm.
Ch.ajfine Laud. f. femur (Schütt) Taylor

12

++

++



226 Stations D D D D D C B B E E E D D D D D C C C C B B B A A A
1 3 4 5 6 1 2 4 1 2 3 2 3(1) 3(2) 4 5 1 2 4(1) 4(2) 2 4(1) 4(2) 2 3 4

Ch.ajfine var. willei (Gran) Husi............................................................. 2 ++ 5 1 + + + + + + + + + +
Ch.anastomosans G run.............................................................................. 3 1 ++ 1 1 1 + + ' + + +
Ch.atlanticum Cleve var. a t l a n t i c u m ................................................. 3 + +
Ch.atfanticum Cleve f. audax S c h ü t t ................................................. 4 3 +
Ch.atlanticum Cleve var. neopolitanum Schrod..................................... 2 + + + +
Ch.atlanticum Cleve var. skeleton (Schütt) H usi.................................. 2 1 6 + + + + + + + +
Ch.aurivillii C lev e ...................................................................................... 1 +
Ch.breve S c h ü t t ...................................................................................... I 5 1 4 + + + + + + +
Ch.ceratosporum Ost.................................................................................. +
Ch.compressum Laud................................................................................. 1 5 7 2 1 + + + + + + + + + + +
Ch.concavicorne Mang............................................................................... +
Ch.constrictum G r a n ................................................................................ 1 ++ 1 1
Ch.convolutum Castr.......................................................... + + + +
Ch.costatum Pavill.............................................................. ++ ++ 2 +
Ch.curvisetum C l e v e ....................................................... 1 1 + +
Ch.dadayii Pavill. ....................................................... 3 ++ +
Ch.danicum C lev e .............................................................. ++ + + + + +
Ch.decipiens Cleve.............................................................. -î- + +
Ch.denticulatum Laud.............................................................. + + ++ + +
Ch.didymum Ehr. var. didym um ............................................................. + + ++ + 1 + + +
Ch.dijficile C l e v e .................................................................... 1 1 + +
Ch.distans Van H e u r c k ......................................................................... S + +
Ch.diversum C l e v e ....................................................... ++ +
Ch.eibenii (Grun.) Meun........................................................................... ++ + +
Ch.fiHferum Karst............................................................... 1
Ch.gracile S c h ü t t ................................................................................ ++ +
Ch.imbricatum Mang......................................................... ++ 1 +
Ch.laciniosum Schütt f . laciniosum ............................... 1 1 1 + + + + + + + + + + +
Ch.laciniosum Schütt f. protuberans Thorr.-Sm........................ 1 2 + 2 + + + + +
Ch.laeve Leud.-Fort........................................................... 1 + + + +
Ch.lorenzianum G r a n ....................................................... 14 8 14 13 20 26 11 + + + + + + + + + + + + + + + + +
Ch.messanense Castr.................................................... 13 11 8 9 11 10 7 + + + + + + + + + + + +
Ch.negfectum Karst. ........................................... + + + +
Ch.pelagicum C l e v e ................................................. + .5 1 1 ++ + + + + + +
Ch.pendulum K arst....................................................... + + +
Ch.peruvianum Bright w. f .  p e ru v ia n u m ............................... 1 ++ 1 1 3 2 + + + + + + + +
Ch.pseudocurvisetum Mang..................................................... ++ 2 1 ++ + 1 1 + + + + +
Ch.radicans S c h ü t t ................................................. 13 1 7 10 9 + + + + + + + +
Ch.rostratum Laud. f. glandazii (Meun) T a y l o r ............................... 1 2 + + 1 + ++ ++ + + + + + +
Ch.teres C leve .............................................................. + + +
Ch.wighamii Brightw.................................................................................. 1

Rhizosoleniineae
BACTERIASTRACEAE
Bacteriastrum comosum Pavill.................................... 2 1 ++ 1 ++ 1 + + ‘ + + + + + +
B.elongatum Cleve................................................. 6 3 1 1 2 3 .3 -H + + + + + + + + + + + +
B.tenue Steemann N i e l s e n ........................................... + +
B. furcatum Shad b ............................................ 4 2 5 + + 1 + + + + + + + + + + + + + + +
B.hyalinum Laud. f. h y a l i n u m ............................... 1 2 7. + + 1 1 + + + + + + 4
B.hyalinum Laud. f. princeps Cleve . . . . +
B.minus Karst................................................... + + 2 ++ + + 1 3 + + + + + + + + +
B.varians Laud.............................................................. 4 3 10 + + 1 10 1 + + + + + + + + +
CORETHRONACEAE
Corethron criophyllunt Castr....................................... ++ ++ + + ++ ++ 1 + + + + + + + + + + + + + + +
LEPTOCYLINDRACEAE
Dactyliosolen antarcticus Castr................................................................ 7, +
D.mediterraneus Perag.................................... 1 3 2 + 1 +
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D D D D D C B B E E E D D D D D C C C C B B B A A A
S t a t i o n s 1 3 4 5 6 1 2 4 2 3 2 3(1) 3(2) 4 5 2 4(1) 4(2) 2 4(1) 4(2) 2 3 4

Detonula moseleyana (Casfr.) Gran . 0 ............................... 1 ++ +
Guinardia flaccida (Castr.) Perag.............................................................. 2 ++ I 1 + + + + +
Lauderia annulata Cleve (Syn. L.borealis (G ra n )) ............................... 1 1 ++ + + + +
Leptocylindrus sp ......................................................................................... ++ ++
Leptocylindrus danicus C l e v e .............................................................. ++ 1 ++ ++ ++ + + + + + + + + + + +
Schroederella delicatula (Perag.) Pavill.................................................... 1 3 1 2 2 + + + + + + + +
RHIZOSOLENIACEAE
Rhizosolenia acuminata (Perag.) G r a n ................................................. + +
Rh.alata Brightw. f. a l a t a .................................................................... + + + + +
Rh.alata Brightw. f. gracillima (Cleve) G r a n ..................................... 1 ++ ++ ++ + + +
Rh.alata Brightw. f. indica (Perag.) H ust............................................... + +
Rh.bergonii Perag......................................................................................... + +
Rh.calcar-avis S c h u l t z e .......................................................................... + + + 4 + + +
Rh.castracanei Perag................................................................................... + +
Rh.cylindrus C l e v e ................................................................................ + + + + + + + + + + +
Rh.fragilissima B e r g o n .......................................................................... + + + + + + + + + + + + + + + +
Rh.hebetata Bail. f. hiemalis G r a n ........................................................ + + ++ ++ + + + + +
Rh.hebetata Bail. f .  semispina (Hansen) Gran ............................... +
Rh.hyalinum O s te n f . ................................................................................ + +
Rh.imbricata Brightw. var. shrubsolei (Cleve) Schrod.......................... 1 1 1 + + + + + + + + + +
Rh.robusta N o r m a n ................................................................................ +
Rh.setiçera Brightw..................................................................................... ++ 1 1 + + + + + + + + + + + +

Rh.styliformis Brightw. var. latissima Brightw...................................... +  + +

Rh.styliformis Brightw. var. longispina H ust.......................................... + + +
Rh.styliformis Brightw. var. s t y l i f o r m i s ........................................... + + +  + 1 + + +

Pragilariineae
FRAGILARIACEAE
Asterionella japonica C l e v e .................................................................... 1 2 + + + +
Fragilaria leptostauron (Ehr.) Hust.......................................................... +
Licmophora ehrenbergii (Kutz.) G run..................................................... +
Striatella sp .............................................................  ......................... +
Synedra pelagica H e n d e y .................................................................... + 5 ++ + + + + +
Synedra sp.A ...................................................................................... ++ 1

Synedra sp.B ............................................................................................. ++ + +
Synedra s p . C ............................................................................................. 1 + +
Thalassionema nitzschoides G run............................................................. 1 2 1 2 + 3 3 + + + + + + + + + + + +
Thalassiothrix acuta Karst......................................................................... ++ ++ ++ + + + + + +
Th.delicatula C u p p .....................................  . . ++ +
Th.frauenfeldii Grun. ............................... . . . 11 13 12 18 2 24 20 + + + + + + + + + + + + + + + + + +
Th.longissima Cleve and G run .................................................................. ++ + + + + + + + + + +
Th.vanhoeffenii Heid. and K o l b c ....................................................... 1 ++ +

Acnanthineae
ACNANTHACEAE
Acnanthes longipes A g a r d h .................................................................... +

Naviculineae
BACILARIACEAE
Bacillaria paxillifer (Müller) Hendey ........................................... +
Nitzschia closterium (Ehr.) S m i t h ........................................................ ++ ++ + + + + + + + + + +
N.delicatula H a s l e ..................................... + S + +
N.pungens C l e v e ....................................................................................... + 2 +
N.seriata g r o u p ...........................................  ............................... + + + + +
N.longissima (Bréb) Ralfs in Pritch. ............................... +
NAVICULACEAE
Navicula gigantea Hust.............................................................................. + + + + + + +
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C O S t a t i o n s D

1
D
3

D
. 5

D
6

B .
2

D
2

D
3(1)

D
3(2)

D
5

C
4(1)

C
4(2)

B
4(1)

B
4(2)

A
3

A
4

N  .membranacea C l e v e ...............................
JV. sp...................................................................
Tropidoneis lepidoptera (Greg.) Cleve .

CHRYSOPHYCEAE
DICTYOCHACEAE
Dictyocha fibula Ehr........................................

CYANOPHYCEAE
NOSTOCACEAE
Nostoc sp...........................................................

OSCILLATORIACEAE
Trichodesmium hildebrandtii Gomont 

DINOPHYCEAE
PROROCENTRACEAE
Phalacroma argus S t e i n ...............................
AMPHISOLENIACEAE 
Amphisolenia bidentata Schröd. 
DINOPHYSIACEAE
Dinophysis tripos G ourr.................................
ORNITHOCERCACEAE 
Histioneis pietschmanni Böhm
Ornithocercus steinii S c h ü t t ........................
O.thurnii (Schmidt) Kof. and Scogs.
PERIDINIACEAE
Glenodinium penardeforme (Lindern) Schill.
Peridinium globosum Dang.............................
P.oceanicum V a n h o f fe n ...............................
P.solidicorne M ang..........................................
P. sp...................................................................
CERATOCORYACEAE
Ceratocorys horrida Stein...............................
CERATIACEAE
Ceratium breve (Ost. and Schmidt) Schröd. 
C.buceros Zach. f. denticulatum Jörg. 
C.buceros Zach. f. tenue (Ost.) Schmidt
C.carriense Gourr. ; ...............................
C.contortum (Gourr.) C le v e ........................
C.extensum (Gourr.) C l e v e .........................
C. fusus (Ehr.) D u ja r d in ...............................
C.inflatum (Kof.) Jorg.....................................
C .limulus G ourr...............................................
C.macroceros (Ehr.) C l e v e .........................
C.pentagonum G ourr.......................................
C.platycorne von P a d a y ...............................
C.ranipes C l e v e ...........................................
C.setacium J ö r g ...........................................
C.teres Kof........................................................
C.trichoceros (Ehr.) Kof.................................
C.lripos (Müller) N i t z s c h ........................
OXYTOXACEAE
Oxytoxum  sp.....................................................
PHYTODINIACEAE
Pyrocystis lunula (Schütt) Schütt 
P.pseudonoctiluca T h o m so n .........................
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Reprinted from Deep-Sea Research, 1970, vol. 17, p. 595-601

G loborotalia  m en ard ii flex u o sa  (Koch) : An Extinct’ foraminifera! 
subspecies living in the northern Indian Ocean*

A llan W. H. Bé* and A ndrew  M cIntyre!

(Received 3 September 1969)

Abstract—Globorotalia menardii flexuosa is still living in the northern Indian Ocean. This planktonic 
foraminiferal subspecies was believed to have become extinct after having thrived in a circumtropical 
belt in the Atlantic, Indian and Pacific oceans during the warm interstadial of the Wisconsin and the 
Sangamon Interglacial. A total of about 1103 specimens have been collected at 47 plankton stations.

IN T R O D U C T IO N

P la n k to n  samples collected during the International Indian Ocean Expedition in the 
Bay of Bengal, the Arabian Sea and the north-equatorial Indian Ocean have yielded 
many living specimens of Globorotalia menardii flexuosa (Koch) (Table 1). E ric so n  
et al. (1964) considered this subspecies extinct after having flourished 90,000 to 
125,000 years ago during the Sangamon Interglacial ( =  V zone) and the warm 
interstadial of the last ice age (=  X  zone). The discovery that this form is still living 
in the northern Indian Ocean has interesting biological implications and may present 
clues to the paleo-oceanographic conditions when it was prevalent on a global scale.

M O R PH O L O G Y  A N D  S T R A T IG R A P H IC  D IS T R IB U T IO N

The foraminiferal tests with chambers twisted towards the umbilical side were 
first recognized by K o ch  (1923), for his Pulvinulina tumida Brady, var. flexuosa, 
which was later renamed Globorotalia tumida flexuosa (Koch). Subsequent workers 
have noted that the flexuose forms appear in both Globorotalia tumida (Brady) and 
G. menardii (d’Orbigny) and have considered them as subspecific characters. P a r k e r  
(1967; personal communication) believes that the flexuose condition is probably 
restricted to G. tumida, but our specimens almost invariably belonged to G. menardii 
(Fig. 1).

The earliest abundant occurrence of G. tumida flexuosa is in the Globorotalia 
margaritae zone of late Miocene age (B o lli, 1966). This zone is now considered to 
be of early Pliocene age by Saito (in H ays et al., 1969). E ricso n , E w ing  and W o llin  
(1964) observed Globorotalia menardii flexuosa in large numbers with normal G. 
menardii and G. tumida at certain Quaternary levels of tropical and subtropical North 
Atlantic deep-sea cores. These three varieties were often associated with each other, 
although G. m. flexuosa was restricted to the Sangamon interglacial (V Zone) and the 
warm interstadial of the Wisconsin glacial age (X  or Flexuosa Zone). G. m. flexuosa

♦Contribution Number 1476 of the Lamont-Doherty Geological Observatory.
♦Lamont-Doherty Geological Observatory of Columbia University, Palisades, New York 10964, 

U.S.A. and Department of Biology, City College of the City University of New York.
tDepartment of Geology, Queens College of the City University of New York.
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Table 1. Plankton samples containing Globorotalia menardii flexuosa and Globorotalia 
menardii sensu stricto in the northern Indian Ocean. See Fig. 3 for their locations.
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Bruun A -12-69 W A V 68° 03' 3 M ar. 1963 125- 250 28-0 222 1 2 33
Bruun 1-52-264 18°55' 91° 59' 6 A pr. 1963 0 -  250 28-8 365 4 3 57
Bruun 1-53-268 18° 33' 91° 16' 7 A pr. 1963 0 -  250 28-2 555 5 4 55
Bruun 1-53-267 18°33' 91° 16' 7 A pr. 1963 0 -  125 28-2 81 1 5 16
Bruun 1-53-269 18°33' 91° 16' 7 A pr. 1963 0 -  200 28-2 — 20 57 26
Bruun 1-54-271 18° 24' 90°45 ' 7 A pr. 1963 0 -  250 28-4 316 1 — 100
Bruun 1-54-272 18° 24' 90° 45' 7 A pr. 1963 0 -  125 28-4 148 2 4 33
Bruun 1-55-277 18° 20' 90° 06' 8 A pr. 1963 0 -  250 28-1 350 1 — 100
Bruun 1-56-281 18°15' 89° 20' 8 A pr. 1963 0 -  125 28-3 175 8 1 88
Bruun 1-56-282 18°15' 89° 20' 8 A pr. 1963 0 -  250 28-3 426 3 2 60
Bruun 1-57-286 18°13' 88° 42' 8 A pr. 1963 0 -  125 2 9 0 210 3 6 33
Bruun 1-57-287 18°13' 88° 42' 8 A pr. 1963 0 -  250 2 9 0 291 3 5 37
Bruun 1-57-288 18°13' 88° 42' 8 A pr. 1963 0-1000 2 9 0 650 3 6 33
Bruun 1-58-293 18°11' 88° 04 ' 9 A pr. 1963 0 -  125 28-3 224 22 28 46
Bruun 1-58-294 18° 11' 88° 04' 9 A pr. 1963 0 -  250 28-3 247 2 8 20
Bruun 1-58-296 18° 11' 88° 04' 9 A pr. 1963 0 -  200 28-3 — 43 120 26
Bruun 1-59-298 18° 00' 87° 16' 9 A pr. 1963 0 -  125 28-1 191 6 3 66
Bruun 1-59-301 18° 00' 87° 16' 9 A pr. 1963 0 -  250 28-1 291 5 8 38
Bruun 1-60-304 17° 54' 86°31' 9 A pr. 1963 0 -  125 28-2 209 1 1 50
Bruun 1-60-305 17° 54' 86°31 ' 9 A pr. 1963 0 -  250 28-2 368 22 9 71
Bruun 1-60-306 17° 54' 86°31 ' 9 A pr. 1963 0-1000 28-2 850 14 13 52
Bruun 1-61-310 17°53' 85° 56' 9 A pr. 1963 0 -  125 28-2 203 3 2 60
Bruun 1-61-311 17°53' 85° 56' 9 A pr. 1963 0 -  250 28-2 277 6 2 75
Bruun 1-62-316 17° 52' 85° 12' 10 A pr. 1963 0 -  300 28-6 296 1 2 33
Bruun 1-63-322 17° 56' 84° 37' 10 A pr. 1963 0-1000 29-2 1060 5 10 33
Bruun 1-64-326 17° 48' 84° 02' 10 A pr. 1963 0 -  25 28-5 86 1 2 33
Bruun 1-75-361 13° 16' 91° 34' 18 A pr. 1963 0 -  250 29-5 268 1 0 100
Bruun 2-141-817 0 3°13 ' 80° 02' 14 July 1963 0 -  125 28-5 — 1 0 100
Bruun 2-142-813 00° 33' 80° 08' 15 July 1963 0 -  250 2 9 0 506 5 50 9
Bruun 2-144-832 04° 18' 80° 08 ' 17 July 1963 0 -  250 28-1 — 6 54 10
Bruun 3-146-7008 10° 09' 59° 55' 15 Aug. 1963 0 -  150 26-7 — 5 162 3
Bruun 5-282-1678 16° 13' 63° 29' 29 Jan . 1964 0 -  200 25-2 — 270 613 31
Bruun 5-283-1686 15° 42' 60° 52' 30 Jan . 1964 125- 250 25-1 — 11 40 21
Bruun 5-284-1698 15°22' 58° 12' 31 Jan . 1964 0 -  200 23-9 — 1 30 3
Bruun 6-335B-7195 03° 46 ' 65° 05' 26 M ay 1964 275-2575 28-9 — 23 115 17
Bruun 6-335B-7197 03° 46' 65°05 ' 26 M ay 1964 0 -  275 28-9 — 52 92 36
Bruun 6-336A-7207 02° 03' 65° 04' 26 M ay 1964 275- 817 29-2 — 1 5 16
Bruun 6-336A-7209 02° 03' 65° 04 ' 26 M ay 1964 0 -  275 29-2 — 7 87 7
Bruun 6-336&y7203 01°$0 ' 65° 07' 27 M ay 1964 0 -  275 29-2 — 23 71 24
Bruun 6-337A -7211 00° 03' 65° 00 ' 27 M ay 1964 0 -  275 29-9 — 6 109 5
Bruun 6-338A-7220 02° OO'S 64° 54' 28 M ay 1964 0 -  528 29-3 _ 6 200 3
Bruun 6-334A-7189 06° 01' 64° 59' 24 M ay 1964 0 -  275 29-2 _ 1 2 33
Bruun 6-334A-7190 06° 01' 64° 59' 24 M ay 1964 275- 700 29-2 — 4 6 40
Bruun 6-334B-7186 05° 48' 64° 57' 24 M ay 1964 275-2868 29-2 — 1 10 9
Bruun 6-335A-7201 04° 02' 65°03 ' 25 M ay 1964 0 -  275 28-9 _ 68 161 30
Conrad 9-127 06° 38' 76° 25' 14 June 1965 0 -  300 — 171 20 191 9
Conrad 9-128 07° 21' 72° 40' 15 June 1965 0 -  290 28-3 138 8 140 5
Conrad 9-129 06° 03' 69° 47' 16 June 1965 0-1000 28-9 529 4 201 2
Conrad 9-130 05° 47' 66° 34' 17 June 1965 0-2000 29-5 1169 1 7 12
Kistna 16-383-0634 13° 00' 81°00 ' 23 June 1964 0 -  200 — _ 203 202 50
Kistna 16-384-0614 13° 00' 82° 00 ' 24 June 1964 0 -  200 — _ 32 80 29
Kistna 16-387-0640 13°00' 85° 00' 24 June 1964 0 -  140 — — 11 18 38
Kistna 16-388-0619 13° 00' 86° 00 ' 25 June 1964 0 -  140 — — 60 68 47
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Table 1. continued.
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Kistna 16-390-0639 14° 04 ' 87° 52' 25 June 1964 0 -  181 13 30 30
Kistna 16-392-0626 14° 04' 85°45 ' 26 June 1964 0 -  129 —  — 13 32 29
Kistna 16-393-0631 14° 07' 85°45 ' 26 June 1964 0 -  200 __ — 34 49 41
Kistna 16-394-0611 14° 10' 84° 20 ' 27 June 1964 0 -  181 —  — 2 4 33
Kistna 19-513 09° 57' 95°03 ' 22 Aug. 1964 0 -  153 —  — P* P* —

M eteor 7-101-0864 12° 13' 51°48 ' 19 Dec. 1964 ft- 200 —  — P* p* —

M eteor 7-197-0665 14° 18' 72° 44 ' 16 Feb. 1965 ft- 200 —  — 16 60 21
M eteor 7-198-0658 14° 14' 72° 19' 17 Feb. 1965 0 -  200 __ — P* P* —

Vitijaz 35-5229-0033 07° 08' 91°31 ' 14 Sept. 1962 0  -200 —  — 8 53 13

T otal 1103f 3245

*P equals present.
tE ig h t hundred and  thirty-eight ‘ medium-flexed ’ and  265 are  ‘ strongly flexed

became extinct during the following interval of cold climate, but G. menardii and 
G. tumida survived to the present.

D IS T R IB U T IO N  IN  R E C EN T  D E E P-SE A  SE D IM EN TS OF 
TH E IN D IA N  OCEA N

There has been no previous report of the occurrence of Globorotalia menardii 
flexuosa in Recent deep-sea sediments of the Indian Ocean or any other ocean. 
G. menardii is the dominant species in the surface sediments of the Bay of Bengal, 
but no flexuose forms were found (B e l y a e v a , 1967). G. m. flexuosa was not recorded 
in the tops of two equatorial deep-sea cores obtained along 78°E. (O b a , 1967)* nor 
in the sediments of the Andaman Sea and eastern Bay of Bengal ( F r e r ic h s , 1968). 
This may have been due to the general sparsity o f G. menardii in the latter region as 
was also noted in the living population. On the other hand, B h a t t  (1969) found 
forms resembling G. menardii flexuosa in the sediments off the Vishakhapatnam coast 
in the western Bay of Bengal and K a m e s w a r a  R a o  (personal communication) has 
noted the occurrence of G. m. flexuosa in sediments of the eastern Arabian Sea 
(Table 2).

D IS T R IB U T IO N  OF L IV IN G  P O P U L A T IO N S  

Globorotalia menardii is a common species in tropical and subtropical waters of 
the Indian Ocean and appears in two main regions of maximum abundance where 
it exceeds 20 % of the total foraminiferal population (Fig. 2). According to B e l y a e v a  
(1964) it occurs in low concentrations in the northwestern Indian Ocean and Arabian 
Sea and south of 20°S, but it is more frequent in the central waters. However,

♦It d id occur a t 160 cm  in core KA-18, correlated w ith the  upper pa rt o f  the last glacial (W isconsin).
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Table 2. Sediment samples o f core tops containing G. menardii flexuosa from the 
Arabian Sea. (Data from Mr. K. Kameswara Rao).

Cruise and Sta. Lat. Long. Water
depth

No. o f  specimens o f  
G . m. flexuosa in 

top centimetre o f  core

Darshak  4 -42 18°360'N 70°39-4'E 96 m 3
43 18°33-5'N 70°21-6'E 204 m 13
44 18°35-0'N 70°030 'E 1820 m 176
45 18°49-0'N 69°47-5'E 1660 m 33
46 19°03-0'N 69°30-4'E 1460 m 78

Darshak 5-52 19°020'N 69°34-0'E 2240 m 83
54 18°47-0'N 70°08-5'E 800 m 102

3 0 °  4 0 °
---------1------ i------1------

5 0 °  6 0 °  
----- 1------ 1-------1------

7 0 °  8 0 °  
----- 1-------1------1-----

9 0 °
-,------1-------

oO
. , 

0O
.

O
G lo b o ro ta lia  m e n o r  d  it

0 - 3 0 0  m OF WATER

□  0 . I - 4 . 9  Q  5 . 0 -  9.9 
10 0 -1 9 .9  H  b  2 0  

PER C EN T TOTAL PLANKTONIC 
FOR AM IN IFER A

- 20*

■ 10°

■ o°

■ - 10°

•20 °

-3 0 °

■40°

Fig. 2. D istribution  o f  living populations o f Globorotalia menardii (d'Orbigny) sensu stricto, 
pieced together from  samples collected during different seasons. Since the northw est and 
southeast m onsoons cause reversals in oceanic circulation, the d istribution m ay well deviate from  

the actual seasonal conditions in the  Bay o f  Bengal and  the A rabian  Sea.

G.menardii flexuosa has not been reported in the plankton of the Indian Ocean or Bay 
of Bengal (B e l y a e v a , 1964 and 1967) nor among the living planktonic Foraminifera 
in the southeast Indian Ocean and along 90°E between the equator and Antarctica 
(U j i ié , 1968; B o l t o v s k o y * , 1969).

The distribution and abundance of flexuose Globorotalia menardii in the northern 
Indian Ocean closely parallel those of the normal populations. In the plankton

* B o l t o v s k y  (1968) discovered in  the eastern  tropical A tlantic three  specimens o f  G. menardii 
whose “ last cham bers were situated a t an  angle with respect to whole coil ” , typical o f  G. menardii 
flexuosa  (Koch).

232



599

4 0 °  5 0 *  6 0 °  7 0 °  8 0 °  9 0 °  100°

Distributional a re a  of 
§  menardii Hamosa

Q  S. m. ffaxuosa Abundant
-202 0 -  ■

8 0 ' 9 0 ' 100°4 0 ' 5 0 -
Fig. 3. D istribution  o f  living populations o f Globorotalia menardii flexuosa  (Koch).

collections of the International Indian Ocean Expedition, sorted at the Indian Ocean 
Biological Centre, at the Smithsonian Oceanographic Sorting Center and in our 
laboratory, G. m. flexuosa appeared in 47 out of 285 plankton stations where 
G. menardii was present (Fig. 3, Table 1). The absence of the flexuose form in the majority 
of the Indian Ocean plankton stations points to its rarity. Almost all specimens 
had protoplasm in their tests, so that contamination from sediment samples can be 
ruled out.

Globorotalia menardii flexuosa appears most numerous, but sporadically, in the 
Bay of Bengal. For instance, typical flexuosa was common between Brum Stas. 53 
and 63, but it was virtually absent a week or two later from Stas. 65 to 75 along a 
transect from Vishakhapatnam to the Andaman Islands. G. menardii (including 
flexuosa) was very rare in the eastern Bay of Bengal and the Andaman Sea, as was 
also noted in the bottom sediments by Frerichs (1968). We believe that G. m. flexuosa 
is more likely to be encountered in the western and central regions of the Bay of 
Bengal during the dry season and that it does not favor the very low salinities and 
turbid, epipelagic waters caused by high river discharge during the southeast monsoon.

Globorotalia menardii flexuosa is present all-year round in the northern Indian 
Ocean, as we have found it in all months except between October and December. 
Since it is more frequent in 0-200 m or deeper tows and none have been found in 
surface hauls (0-10 m), G. m. flexuosa may be considered a subsurface dweller. Its 
temperature and salinity tolerances can not be precisely determined due to inadequate 
information on their vertical distribution. The temperature in the upper 250 m in 
the Bay of Bengal samples {Brum Stas. 53-75) ranged between 12 and 29-5°C. It 
ranged between 14 and 25-2°C for the central Arabian Sea samples {Bruun Stas. 282 
and 284).

G. m. flexuosa is found in regions varying widely in salinities, ranging from the 
low values in the Bay of Bengal to high salinities in the Arabian Sea. The salinity in 
the upper 250 m in the Bay of Bengal ranged between 32-1 and 35-1%0, while the 
relatively high salinity in the upper 200 m of the Arabian Sea ranged from 35-7 to 
36-3%0.
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DISCUSSION
The flexuose forms in the northern Indian Ocean were almost always related to 

G. menardii rather than G. tumida. The degree of flexing depends largely on test size, 
i.e. strongly flexuose forms tended to be very large, while the smaller specimens 
appeared to be more like the normal G. menardii. In other words, unless the flexing 
occurred in an early growth stage it would be difficult to recognize whether G. menardii 
would eventually develop into a flexuosa. The flexuose condition seemed to develop 
in specimens that are generally at least 500 ¡a in length.

Tlie question might be raised whether the flexuose form of twisted final chambers 
is a subspecific or an ecophenotypic variation of G. menardii? Is it genetically or 
environmentally controlled ? There are arguments in favor of each. The ‘ subspecies ’ 
concept is supported by the observation that it is a ‘ relict ’ population in a com
paratively restricted region of the northern Indian Ocean, while it is absent (or not 
yet observed) in the southern region of abundant G. menardii between Australia and 
Madagascar. In fact, there seem to be slight but noticeable differences between the 
northern and southern groups—the latter having a more strongly convex spiral side 
than the former. Moreover, G. m. flexuosa is generally considered absent today in 
the Atlantic Ocean and probably in the Pacific Ocean.

The other argument that flexuosa is merely a variant of G. menardii induced by 
some environmental factor is supported by the fact that many aberrant specimens 
of G. menardii occurred in the samples containing G. m. flexuosa, especially in the 
Bay of Bengal. There were an unusually large percentage of distorted and plastogamic 
specimens of G. menardii. L i d z  (1966, Fig. 4) inferred that such aberrant forms were 
caused by high water temperatures. But high temperature alone would not explain 
the restriction of G. m. flexuosa in the northern Indian Ocean (Table 1).

Another point in favor of the environmental influence rather than a genetic or 
evolutionary product is that the flexuose form is unlikely to have developed simul
taneously in G. menardii and G. tumida and co-existed during several discontinuous 
intervals from the Miocene to the present.
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Fig. 1.
(a) and (b) Medium-flexed Globorotalia menardii flexuosa  (Koch), collected alive in  0-1000 m 
p lank ton  sample, Bruun cruise 1-60-306 (17° 54'N , 86° 31'E). The final cham ber is gently, but 
noticeably twisted and curved to the um bilical side, and is significantly different from  the norm al 

curvature o f  the spiral side o f  G. menardii sensu stricto, (a, x  59 ; b , x  59).
(c) Strongly-flexed Globorotalia menardii flexuosa  (Koch), collected alive in sam e p lankton sample 
as (a) and (b). The final cham ber is curved in  a  position nearly perpendicular to the um bilical

side ( x  59).
(d) and  (f) Strongly-flexed Globorotalia menardii flexuosa  (K och), collected alive in 0-275 m 

plankton sample, Bruun cruise 6-335A-7201 (04°02 'N , 65°03 'E ) (d, x  59; f, x  42).
(e) Medium-flexed Globorotalia menardii flexuosa  (Koch), collected alive in sam e sam ple as

(d) and (f). ( x  45).
(g) Globorotalia menardii (d’Orbigny) sensu stricto, collected alive in 0-863 m  p lankton sample, 

Bruun cruise 3-145-7002 (12° 00TST, 60° 54'E). ( X  50).
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ZOOPLANKTON BIOMASS IN  THE ARABIAN SEA AND  
THE BAY OF BENGAL W ITH A DISCUSSION ON 

THE FISH ERIES OF TH E REGIONS

by R .  R a g h u  P r a s a d , Deputy Commissioner (Fisheries Research), I .C .A .R .,
K rish i Bhavan, New Delhi

(Communicated by N . K. Panikkar, F .N .I.)

(Received 25 M ay 1968 ; after revision 11 September 1968)

Q u an tita tiv e  analysis o f Zooplankton sam ples collected during  th e  I IO E  from  
th e  A rab ian  Sea a n d  th e  B ay  o f B engal has been m ade  seasonwise a n d  relative 
p ro d u c tiv ity  o f  th e  tw o regions has been discussed in  th e  lig h t o f  hydro- 
graphic features an d  organic production . T he d istrib u tio n  o f Zooplankton 
biom ass in th e  A rab ian  Sea shows m ark ed  v a ria tio n  du ring  th e  south-w est 
an d  no rth -east m onsoons, w hereas in  th e  B ay  o f  B engal th ere  is no definite 
v aria tion . T he A rab ian  Sea is  found to  h av e  a  richer Zooplankton biom ass 
du ring  th e  south-w est m onsoon w ith  h igh  concentra tion  tow ards th e  coasts o f 
Som alia, A rab ian  Peninsula, I r a n  an d  th e  sou th-w estern  p a r t  o f  In d ia  w ith  a  
low -production zone in  th e  cen tra l an d  n o rth -easte rn  regions. D uring  th e  
n o rth -east m onsoon a  diffuse d is trib u tio n  o f  a  com paratively  lower m agnitude 
is observed th ro ughou t th e  A rab ian  Sea.
A  co m p ara tiv e  acco u n t o f  th e  fisheries o f  th e  tw o  reg ions h a s  been  g iven  
w ith  in fo rm a tio n  on  th e  regionw ise a v a ilab ility , categorized  analysis o f  
species com position  a n d  c a tch  p e r  u n it  e ffo rt a n d  p e rce n ta g e  y ie ld  fo r  th e  
d ifferen t areas.
T h e  re la tiv e  p ro d u c tiv ity  o f  th e  A rab ian  Sea a n d  th e  B ay  o f  B engal h as been  
assessed as O bserved b y  th e  Z ooplankton  b iom ass, an d  th e  fishery  resources 
h av e  been  co rre la ted  a n d  th e  scope fo r increasing  th e  e x p lo ita tio n  o f  th e  
resources in  b o th  regions h a s  b een  ind ica ted .

I n t r o d u c t i o n

The fishery resources o f the Arabian Sea and the B ay o f Bengal show 
qualitative as well as quantitative differences. Based on investigations 
carried out at restricted areas along the coasts o f India it  is believed that 
these differences are partly due to  the inherent differences in the productivity 
and partly to the differences in the nature and extent of the continental shelf 
of the tw o regions. Excepting for a short account by Ponomareva and 
Naumov (1962) for the period of monsoon change no comprehensive account 
on the plankton biomass of these two regions covering all the seasons is avail
able. In  a broad sense plankton is considered as an index of fertility not only 
of the water column but also of the sea bottom and so it was thought that a
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comparative study of the Zooplankton biomass* distribution would throw 
some light on the relative fertility and indirectly the fishery potential of the 
two regions. Such a study became possible with the data on the displacement 
volumes of the large number of samples collected during the International 
Indian Ocean Expedition (IIOE). The following account, therefore, deals 
with the seasonal variations in the density of the standing crop of Zooplankton 
in the Arabian Sea and the B ay of Bengal. A discussion on the relation 
between the Zooplankton biomass and the fisheries of the two regions with 
special reference to the coasts of India is also given.

The paper is based on the Zooplankton samples collected during 1962-65. 
Only the standard samples have been used and all the estimations of dis
placement volume were carried out at the Indian Ocean Biological Centre, 
Ernakulam. According to the definition, the standard sample is one taken 
with an Indian Ocean Standard N et (Currie 1963) hauled vertically from 
200 m (depth of water permitting) or from as close to the sea bottom as was 
practical to the sea surface, the net being hauled up at a speed of 1 m/sec. 
In general, the samples were collected in a uniform manner. Where the depths 
did not permit sampling from 200 m, samples were taken from as close to the 
bottom as possible. I t  should also be mentioned that from the available data 
some ships would appear to have paid out consistently just 200 m of wire 
without regard for the wire angle, while others seem to have paid out sufficient 
length of wire to allow for the wire angle, but unfortunately information on 
the wire angle has not been given in all cases. Because of these, data are insuffi
cient to estimate the exact depth of sampling and apply correction factors in 
the estimation o f the displacement volumes. Therefore, it is assumed that the 
samples were either collected from as close to 200 m as possible wherever the 
depth would permit or from as close to the sea bottom as was practical. These 
samples have been pooled together in this study on the presumption that at 
least over 95 per cent of the Zooplankton population under a square metre of 
the sea surface was sampled in all cases. For preparing the figures showing 
the distribution of Zooplankton biomass, the average displacement volume for 
each 5° square has been calculated and reckoning this as the value at the 
centre of the square isolines have been drawn for every 5 ml difference in 
volume.

G e n e r a l  F e a t u r e s  o e  t h e  R e g i o n s

The northern part of the Indian Ocean is divided into the Arabian Sea 
and the B ay of Bengal. Each of these is again subdivided into a main and 
a subsidiary region by a range of islands, the Andaman-Nicobar islands in

* A lthough th e  values discussed in  th is  p ap er represen t d isplacem ent volum e in  m i l l i l i t r e s ,  

assum ing th a t  th e  specific g rav ity  o f p lan k to n  will be  u n ity , th e  d isplacem ent w eight will be 
equa] to  th e  displacem ent volum e a n d  hence th e  te rm  biom ass has been used in  th is  paper.
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the Bay of Bengal and the Laccadive-Maldive islands in the Arabian Sea. 
Another topographical feature of the Arabian Sea, which is of importance, is the 
Carlsburg-Murray Ridge which is believed to play a vital role in the process of 
upwelling.

The Arabian Sea* including the Gulf o f Oman, the Persian Gulf and the 
Red Sea is about 1-8 times the area of the B ay o f Bengal. In  general, the Bay  
of Bengal is shallower although the continental shelf area will be greater in 
the Arabian Sea.

The influence of land drainage is considerably greater in the Bay o f Bengal 
because of the influx of river discharge from a number o f large rivers. N o  
less than seven large rivers and a number of smaller ones open into the B ay of 
Bengal. Consequent on this the surface salinity is considerably lower in the 
Bay of Bengal. I t  should, however, be mentioned that the higher surface 
salinity in the Arabian Sea is also due to the influx o f very high saline water of 
the Persian Gulf and the Red Sea and the intense evaporation in the northern 
Arabian Sea.

The waters of the Bay of Bengal are warmer than those of the Arabian 
Sea, whereas the fluctuations in the surface temperature are greater in the 
Arabian Sea compared to  the Bay of Bengal. In  the vertical distribution of 
temperature also the two regions show differences. The thermocline level is 
usually below 50-55 m in the B ay of Bengal but occasionally it goes down to 
100-125 m, whereas in the Arabian Sea during the cold months the thermo
cline is at about 100-125 m, then it comes up to  75-90 m during the stable 
period between the cold months and the south-west monsoon and w ith the 
progress of the south-west monsoon it  moves still further up reaching 20-30 m. 
The observations of Robinson (1966) show that the temperature cycle 
at the surface in the Arabian Sea and the Bay of Bengal is bimodal. The annual 
ranges vary from 2 °C in the south to 6 °C in the north. In  the north the 
spring maxima are generally higher than those in the fall, but both these 
maxima are approximately the same between 5° and 10° N . The maxima 
occur in April and October in the north and May and November-December in 
the south. The spring maximum is during the period when the sun is almost 
directly overhead while the fall maximum coincides with the period of the weak 
winds at the time o f the onset of the monsoons. The minima occur in January- 
March and August-September; the winter minimum being when the sun is 
farthest south and the summer minimum when the south-west monsoon 
winds are strongest. She further adds that ‘the magnitude of the annual 
range at 100 m is 6 to 7 °C in areas of upwelling and divergence. In  other 
regions investigated, the range was as low as 4 °C, yet always greater than at 
the surface. In  cases where the range is high, the annual cycle is unimodal;

* F o r  com putations here th e  eastern  b o undary  h as been fixed a t  78° E  a n d  th e  eq u ato r as 
th e  sou thern  boundary .
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where the range is low, it is bimodal, but out of phase with the bimodal cycle 
at the surface. ’

The tw'o regions show some differences in the pattern and speed of the 
surface currents. During the south-west monsoon season the surface currents 
in the equatorial regions of the north Indian Ocean are driven by the south
west monsoon winds and are therefore easterlies.

In the Arabian Sea region too the surface currents are essentially easterlies. 
There is a strong current parallel to the coast of Somaliland, the Somali current 
flowing north-east with a weak surface counter-current bordering to the right 
of this. On the western half of the Arabian Sea the meridional components of 
the currents are northerly while on the eastern half they are southerly. Thus, 
the currents along the coasts of Arabia and W est Pakistan and along the 
west coast of India constitute a clockwise circulation and in the central part of 
the Arabian Sea the currents cease to contain the meridional components. 
Tlie south-easterly currents off the west coast of India after leaving the penin
sular region merge with the eastward flowing south-west monsoon current. 
In the Arabian Sea the speed of the currents is generally about one knot except 
in the central part where it is only about half of this. In the southern region 
currents as strong as two knots are found while in the actual core of the 
Somali current speed up to about six knots are encountered.

The surface currents in the Bay of Bengal also are essentially easterly 
during the south-west monsoon period but they are very weak compared to 
the currents in the Arabian Sea, the speed not exceeding 0-5 to 1-0 knot.

During the season of the north-east monsoon a complete reversal of the 
surface currents takes place and the currents are essentially westerlies both in 
the Arabian Sea and the Bay of Bengal.

The Somali current prevalent during the south-west monsoon period 
disappears and instead a reverse current flowing down the coast is set up. 
The meridional components of the surface currents become southerly in the 
Arabian Sea and except in the very coastal region along the west coast of 
India the coast-parallel current is down the coast both on the eastern and 
western halves. These southerly components vanish in the southern region of 
the Arabian Sea and the flow merges with the North Equatorial Current which 
flows westward. Along the west coast of India, however, currents very near 
the coast are northerly during November to January. In general, the currents 
are feeble in the Arabian Sea during this season except in the neighbourhood 
of the equatorial current where the speed is over one knot.

As against this there is a clockwise circulation cell in the Bay of Bengal 
during this season and consequently the currents along the east coast of India 
are northerly while they are southerly along the coast of Burma. However, 
the very coast-parallel currents along the east coast of India are southerly 
during November-December and hortherly along the coasts of Thailand and
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Malaya. The surface currents of the southern part of the circulation cell merge 
with the westerly flow of the North Equatorial Current. The currents are 
feeble throughout the B ay during this period.

Data at present available, although insufficient, are indicative of the fact 
that nutrient concentrations in the Bay of Bengal are of a lower order com
pared to the Arabian Sea. The integral concentration of phosphates in a 100 m 
column below a square metre of sea surface, reported by Panikkar (1966), 
shows that (a) the concentrations in the Somali-Arabi an upwelling region 
range between 76 and 132 /xg-at. P 0 4-P  below a square metre with a mean 
value of 100 /xg-at. P/m 2, (6) along the Pakistan coast west of Karachi up to 
areas off Muscat and Oman, where upwelling is in evidence especially during 
September, the values range from 94 to 153 /xg-at. P /m 2, and (c) between 
Ratnagiri and Cape Comorin along the west coast of India the mean value is 
100 /xg-at. P/m 2 with a range of 70-130 /xg-at. P /m 2. As against this the 
only regions in the B ay of Bengal where high concentrations were noticed are 
the Thailand-Burma coasts and east of the Andaman-Nicobar islands where 
the values varied between 60 and 88 /xg-at. P /m 2 with a mean of 75 /xg-at. 
P/m 2. Several factors contribute to this low nutrient concentrations of which 
the absence of large-scale upwelling is presumed to be the main cause. U p
welling as a regular seasonal phenomenon has been reported for certain re
stricted areas in the Bay of Bengal but it  would appear that even in such 
regions the waters do not contain high concentrations of nutrients as compared 
to the Arabian Sea.

D i s t r i b u t i o n  o f  B io m a s s

During the IIOE, 480 and 335 standard plankton samples were collected 
from the Arabian Sea and the B ay of Bengal respectively. These samples 
were divided arbitrarily into two seasonal groups, one collected during April 16 
to October 15, which corresponds to the period of the south-west monsoon 
with approximately one month preceding and succeeding it, and the other 
during October 16 to April 15 corresponding to a similar six-month period of 
the north-east monsoon.

Eor the south-west monsoon period April 16 to October 15, volumetric 
analyses of 137 day samples and 104 night samples from the Arabian Sea 
and 98 day samples and 108 night samples from the B ay of Bengal have been 
considered.

In the day samples from the Arabian Sea (Fig. 1) it is found that there is a 
higher plankton biomass towards the western half. The highest concentration 
of >  60 ml is recorded on the south-eastern coast of the Arabian Peninsula. 
Somali coast comes next with a concentration of >  45 ml. The south-western 
coast of India is also having a fairly high concentration with >  30 ml of 
plankton. The central region of the Arabian Sea extending from the equator
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F i g . 1. D ensity  o f Zooplankton based on  137 d ay  sam ples collected du rin g  A pril 16 to  O ctober 15. I n  F igs. 1 to  18 average Zooplankton 
volum es have  been calculated  fo r each 5° square  an d  isolines d raw n for every  5 m l difference in  volum e. A ll sam ples w ere tak e n  w ith  th e  In d ia n  
Ocean S tan d ard  N et. Open an d  black circles represen t d a y  an d  n ig h t sta tio n s respectively. (L — low a n d  H — high.)
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up to 15° N  latitude and between 65° and 75° E longitudes and Gujarat coast 
from the Gulf of Kutch to the Gulf o f Cambay seem to have a low plankton  
biomass.

During the night also the general picture of plankton distribution does 
not alter much from that o f the day samples. Somali coast, south-eastern 
coast of Arabian Peninsula and south-west coast of India continue to exhibit a 
higher concentration of plankton (Fig. 2). In  the open part of the Arabian 
Sea there is altogether an increase in biomass in the night samples. The large 
central zone of poor plankton production has shrunk to a comparatively 
smaller area around 65° E and 5° N . Though Gujarat coast continues to 
have a low concentration, there is progressive increase in biomass towards the 
outer rim of the continental shelf. The average volume on the south-western 
coast of India increases twofold from that of the day samples. But there is 
no significant difference on the Somali and Arabian coasts between day and 
night samples.

The averages of 241 day and night samples for the above period also 
exhibit the same pattern of distribution of biomass. The western half of the 
Arabian Sea and south-western coast of India are having higher density 
while the central zone and Gulf of Kutch to Gulf o f Cambay off Gujarat show a 
low density o f plankton. In all the high density areas the coastal regions 
possess an average volume exceeding 50 ml with gradual decrease towards 
the open sea (Fig. 3).

Thus in the Arabian Sea, during the south-west monsoon period the 
pattern of distribution of plankton biomass is the same for day and night 
samples though there is a higher density o f plankton in most of the areas in 
the night samples. The isoline for 50 ml remains constant both in day and 
night samples for the coastal region of the Arabian Peninsula. But there is a 
slight decrease in the day samples in the Somali coast and south-western coast 
of India. Both these regions record the maximum density in the night samples.

On the other hand, for the same period the average plankton volume is 
considerably less in the B ay of Bengal. I t  is only 10-20 ml on the average 
in almost all parts of the B ay of Bengal. During day (Fig. 4) the east coast of 
India shows a very poor plankton biomass and the Andaman Sea and the 
eastern coast of Ceylon exhibit a feeble increase. B ut the density is distinctly 
higher in the Gulf of Manaar and the region between Cape Comorin and 5° N  
latitude. During night biomass increases towards the eastern coasts of India 
and Ceylon (Fig. 5). There is a conspicuous increase in the night samples 
(40 ml) towards the upper reaches of the Bay. The Andaman Sea maintains a 
medium density of 20 ml. The averaging of 206 day and night samples also 
underlines the lower plankton biomass in the Bay of Bengal during the south
west monsoon period as compared to the Arabian Sea. Throughout the Bay it 
is almost a uniform distribution consisting 10-20 ml of plankton (Fig. 6).

243



Kio. 2. D ensity o f Zooplankton based on 104 n igh t sam ples collected during  April 1G to  O ctober 15.
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For the north-east monsoon period (October 16-April 15) 131 day 
samples and 108 night samples from the Arabian Sea and 61 day samples and 
68 night samples from the B a y o f  Bengal have been considered for determining 
the distribution of plankton density.

Notably in the Arabian Sea, it can be found that the picture changes 
considerably from that of the south-west monsoon period. The plankton

80* 90* 100*

80° 90* 100*

F i g . 4. D ensity  o f Zooplankton based on 98 d ay  sam ples collected during  A pril 16
to  O ctober 15.

distribution in the Arabian Sea becomes somewhat diffuse. In day samples 
(Fig. 7) there is no appreciable concentration anywhere excepting in Qamr 
Bay and surrounding areas on the southern coast of Arabian Peninsula. 
Even this single concentration is due to a local and isolated occurrence and so 
cannot be considered as a general feature. The marked low production zone in 
the central part of the Arabian Sea, too, disappears during this period. The
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coastal region o f Som alia tow ards the  equator registers a sm all increase in  
p lan k to n  biomass. I n  day samples o f the  north -east monsoon period for the  
m ajor p a rt o f th e  A rab ian  Sea the  volum e o f .p lankton is on ly  10 -15  m l.

D urin g  the  n igh t (F ig . 8) there is a slight rise in  density  and excepting in  
the central region tow ards the  equator the  m a jo r p a rt indicates a volum e o f 
15-30  m l, alm ost double th a t o f the  day volum e. The G u ja ra t coast registers 
a higher biomass both  in  day and n igh t samples during this period as compared

80"  90*  100*

F ig . 5. D ensity  of Zooplankton based on  108 n ig h t sam ples collected during 
A pril 16 to  O ctober 15.

to  the south-west monsoon period. F a ir ly  h igh biomass is seen only around  
the  Gulfs o f A den and , O m an and th e  coastal region o f Som alia. E ven  though  
there is increase in  density in  n igh t samples i t  does n o t dem arcate any p a rti
cular zone o f h igh production as during th e  south-west monsoon h a lf. The  
high density isolines found to  concentrate around Q am r B a y  disappear, giving  
w a y  to  a com pletely diffuse d istribution .
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The  averaging o f the  239 day  and n igh t samples collected during the  
north-east monsoon period from  th e  A rab ian  Sea (F ig . 9) also suggests the  
same diffuse d istribu tion  p a tte rn  w ith  an average volum e o f 15 -30  m l for 
alm ost the  whole o f A rab ian  Sea. T he  local concentration around Q am r B ay  
on the southern coast o f the A rab ian  Peninsula is s till m ainta ined . H ow ever, 
i t  cannot be a ttrib u te d  as a delineation o f a zone o f a high production as in d i
cated earlier. T he  Som ali coast also shows a low  biomass excepting the  
southernm ost region. The  equatoria l region up to  5° N  and the  M a labar  
coast indicates a fa in t increase.

D u rin g  the  north-east monsoon period in  day  samples the  biomass in  the  
B a y  o f Bengal is n o t appreciably d ifferent from  th a t o f the  south-west monsoon 
h a lf (F ig . 10). The  southern region o f the  B a y  o f Bengal is having  only  a 
very  low  concentration. On the  other hand, th e  equatoria l region towards the

80“ 90° 100*

F iq . 6. D ensity  o f Zooplankton based on 206 d ay  an d  n ig h t sam ples collected during
A pril 16 to  O ctober 15.
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F ia . 7. D ensity  o f Zooplankton baaed on 131 day samples collected during  O ctober 16 to A pril 16.
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Kio. 9. Density of Zooplankton based on 239 d ay  "and n ight sample* collected during  O ctober 16 to April 1
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80° E  longitude is having a higher biomass. The  upper reaches o f the bay, 
especially towards the  coast o f B urm a, are also having  a s lightly  higher concen
tra tio n . Thus, there is a progressive increase towards th e  northern  region. 
This trend  is reversed in  the  n igh t samples fo r th e  same period (F ig . 11). 
F ro m  a low  concentration o f <  5 m l in  th e  north-eastern p a rt o f the  B a y  the  
biomass progressively increases towards th e  south-west. A  fa ir ly  high  
concentration o f >  25 m l is thus seen tow ards the east coast o f Ceylon. The  
equatoria l region on th e  western side o f S um atra  exhib its a low  biomass.

The  averaging o f 129 day and n igh t samples from  the  B a y  o f Bengal fo r 
the  north-east monsoon period (F ig . 12) does not show any appreciable con
centration  anywhere. In  the m ajo r p a rt o f the  bay the  average volum e varies 
from  10 to 20 m l. O ff Rangoon in  the G u lf o f M a rta b a n  and in  the  equatoria l 
region the density is even less th a n  5 m l.

80° 90° 100*

F ig . 10. D ensity  o f  Zooplankton based on 61 d ay  sam ples collected during  O ctober 16 to
A pril 15.
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Averages have been calculated and the  d is tribu tion  o f p lan kto n  biomass 
has been determ ined fo r th e  en tire  I I O E  period w ith  268 day samples and 212 
n igh t samples from  the  A rab ian  Sea and 159 day samples and 176 n ight 
samples from  the B a y  o f Bengal.

F o r the  entire  I I O E  period in  the A rab ian  Sea d istribu tion  o f p lan kto n  
biomass as seen from  th e  day samples (F ig . 13) is basically sim ilar to  th a t o f 
the  south-west monsoon period w ith  a larger increasing trend  towards the

80° 90° 100*

F ig . 11. D ensity  o f  Zooplankton based on 68 n ig h t sam ples collected du rin g  O ctober 16 to
A pril 15.

coasts o f Som alia and A ra b ia  and a m oderate increase towards th e  south
western coast o f In d ia . The  centra l area o f th e  A rab ian  Sea again exhib its  a 
large zone o f poor p lan kto n  biomass. There is also a fa in t increase towards  
the  equatoria l regions.

The  averaging o f the  212 n igh t samples (F ig . 14) presents the  same basic 
p icture o f d istribu tion  p a ttern . B l i t  there is a slight increase in  the n igh t
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samples, especially in  the  central low  productive region and also towards the  
south-western coast o f In d ia . The averages fo r th e  Som alia and A rab ian  
coasts do n o t a lte r m uch. T he  low  production zone in  the  centra l A rab ian  
Sea also seems to  shrink in  its ex ten t considerably.

T he  averaging o f the  d ay  samples fo r th e  entire  I I O E  period emphasizes 
the  low  p lankton  biomass o f the  B a y  o f Bengal (F ig . 15). The  whole B a y  
does not show anyth ing  more th a n  10 m l on the  a v e rs e . B u t the  n ight

80° 90° 100*
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F ig . 12. D ensity  o f  Zooplankton based on 129 day  and  n igh t sam ples collected during
O ctober 16 to  A pril 15

sample o f the entire  I I O E  period gives some delineations o f h igh and low  
productive areas. The upper reaches o f the  b ay  are found to  have a higher 
biomass reaching a m ax im u m  o f 40 m l tow ards the B engal coast. The G u lf o f 
M a rta b a n  w ith  a volum e o f <  5 m l is having the  lowest biomass. F o r the  
rest o f the  B a y  i t  is between 10 and 20 m l w hich is the norm al value fo r 
m ost p a rt o f the  year (F ig . 16).

2 5 4



F io . 13. D ensity  o f Z ooplankton based on 268 day  sam ples collected du rin g  th e  ontiro IIO K  period.
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F ig . 14. D ensity  o f Zooplankton based, on  212 n ig h t sam ples collected during  th e  en tire  I IO E  period.
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AU the  to ta l 480 day and n igh t samples collected from  the  A rab ian  Sea 
fo r the  en tire  I I O E  period w hen averaged (F ig . 17) also e x h ib it the  same 
picture characteristic o f the  A rab ian  Sea fo r th e  south-west monsoon period  
w ith  the  m ax im u m  concentration in  the  western h a lf— th e  h igh production  
areas surrounding the Som ali and A rab ian  coasts and to  a certa in  ex ten t on the  
south-western coast o f In d ia  and the low  production zones occupying the  central

80° 90° 100*

F ig . 15. D ensity  o f 'Zooplankton based on 159 d a y  sam ples collected during  th e  entire
IIO E  period.

p a rt o f the  A rab ian  Sea and the  precincts o f th e  G u ja ra t coast. T h e  d is tri
bution  o f p lan kto n  biomass as determ ined during th e  cruise o f K .V .  Vitiaz 
(Bogorov and Rass 1961) compares w ell w ith  th e  p a tte rn  o f d istribu tion  observ
ed now. F o r the  B a y  o f B engal there is no d istinct va ria tio n  in  d istribu tion  
either between the  tw o  monsoon halves or w ith  th e  en tire  I I O E  period (F ig . 
18), alm ost th e  whole o f the  B a y  showing a ra th e r low  biomass (1 0 -2 0  m l) 
w ith  still low er values fo r the G u lf o f M a rta b a n  and western region o ff S um atra
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and m oderately  higher values on the  B engal coast. The averaged isolines for 
the  entire  period fu rth e r stress the  sparse d istribu tion  and low er biomass in  
the B a y  o f Bengal as compared to  the A rab ian  Sea.

I t  is re levant to  consider here th e  d is tribu tion  o f p lan kto n  in  the north  
In d ia n  Ocean in  the  lig h t o f availab le in fo rm ation  on the  vergence field and

80° 90° 100°

F ip . 16. D ensity  o f Zooplankton based on 176 n igh t sam ples collected during th e  en tire
IIO E  period .

circulation o f the surface waters, organic p ro d u c tiv ity  and chlorophyll 
concentrations.

Varadachari and Sharm a (1964, 1967) have presented results o f investi
gations on the  divergence and oonvergence and circulation p a tte rn  o f the  
surface waters in  th e  north  In d ia n  Ocean for d ifferent m onths o f the  year. 
According to  these authors th e  divergence p a tte rn  shows considerable seasonal 
and spatia l variations. In  the  equatoria l region several centres o f strong  
divergence and convergence occur in  th e  open ocean alm ost throughout the
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year w hile  in  the nearshore regions strong divergences and convergences occur 
only during certain periods o f the  year. A long the Som ali coast divergence is 
prevalen t from  Jan uary  to  October and along the west coast o f In d ia  from  
January  to  Septem ber and convergence during th e  rest o f th e  year. T he  
monsoon m onths, especially June, J u ly  and August, are the  months o f intense  
divergence o f surface currents when central values o f divergences and conver
gences exceed 60 units. In  the  Som ali coast during June the value exceeds

80° 90° 100’

80° 90° 100*
F i g . 18. D ensity  o f Zooplankton based on 335 d ay  an d  n igh t sam ples collected du ring  the

en tire  I I O F  period.

even 80 units indicating  heavy upw elling. This region is unique as strong 
divergences or convergences occur alm ost throughout the  year. T he  con
vergences cause dynam ica lly  a concentration o f Zooplankton and in  divergences 
a h igher production o f organic m a tte r takes place. T h e  d istribution  o f Zoo
p lankton  broadly  agrees to  the vergence p a tte rn  o f these areas brought about 
b y  the seasonal shift o f the monsoons.
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The  surface currents in  the  northern  In d ia n  Ocean have been discussed 
b rie fly  earlier. A  comparison o f the  circulation maps (cf. V aradachari and  
Sharm a 1967) w ith  the  p lan kto n  density charts also indicates th a t the  d is tri
b u tion  o f Zooplankton in  the  north  In d ia n  Ocean has a close re la tion  to  the  
surface currents w hich are d irectly  connected w ith  oceanic circulation. D urin g  
the  south-west monsoon period on the Som ali coast the  current flows n orth 
w ard  and p a rt o f i t  flows along the  A rab ian  coast. In  M ay-S ep tem ber  
these currents are strongly offshore currents inducing upw elling a ll along the  
Som ali and A rab ian  coast up  to  th e  G u lf  o f O m an. F u rth e r, the  winds also 
blow para lle l to  the coast, as a result o f w hich th e  surface w aters are trans
ported  aw ay from  the coast, g iv ing  rise to  upwelling, and thereby bring about 
th e  chain o f events resulting in  a high Zooplankton standing crop. Thus i t  
m ay be seen th a t the  high concentration o f p lan kto n  in  the  western p a rt o f the  
A rab ian  Sea generally comes w ith in  th e  o rb it o f th e  clockwise circulation  
developed during the south-west monsoon period and passing through several 
vergence fields. D urin g  th is  period the central region o f the A rab ian  Sea 
and the regions o ff K u tc h  do not show any appreciable vertica l movements. 
This m ay  account fo r the low  p lankton  biomass in  these areas during the  
south-west monsoon months.

D urin g  the  north-east monsoon period, though fa ir ly  strong convergences 
develop on the east coast o f In d ia , coast o f Ceylon and A ndam an  Sea, i t  does 
not seem to  cause a high Zooplankton concentration in  the  B a y  o f Bengal. 
T he  reason fo r the v a ria tio n  in  production between the  tw o  areas m ay  be 
found in  the difference in  d istribu tion  o f th e  nutrients.

In the Arabian Sea the nutrient levels increase sharply with depth (cf. 
McGill 1966) beginning very near the surface and fertile waters lie close to if 
not within the limits of the euphotic zone (Ryther and Menzel 1965). High 
level of nutrients in close proximity to the surface is a potentially productive 
condition and any vertical movement can turn the potential productivity 
into reality. The monsoons provide the required energy for these biological 
processes. The vertical distribution of oxygen is a mirror image of the 
nutrient distribution—dropping sharply below the euphotic zone which 
further indicates the high productivity. Hence for the variation in the 
quantity of plankton biomass between the two regions the availability of 
nutrients near the euphotic zone could be one of the determining factors.

A  general p icture o f the  organic p ro d u c tiv ity  o f the  In d ia n  Ocean is now  
availab le th rough the  cruises o f Galathea (Steem ann Nielsen and Jensen 
1957), Vitiaz (K abanova 1961) and Anton Bruun (R y th e r et al. 1966). A p a rt  
from  these, m uch d a ta  have been collected from  th e  coastal regions o f the  
In d ia n  subcontinent b y  the  C entra l M arine Fisheries Research In s titu te  
(Prasad and N a ir  1963 and C entra l M arin e  Fisheries Research In s titu te , 
A nnual R eports 1965-66). The Galathea’s coverage is on the  western p a rt o f
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the  In d ia n  Ocean o ff the  coast o f South A frica , the  equatoria l region from  
M om basa to  Ceylon, Ceylon coast, some stations in  th e  B a y  of B engal and the  
In d o -M a la y a n  waters. T he  Vitiaz and Anton Bruun cruises cover a m ajor  
p a rt o f the  A rab ian  Sea. The  results achieved during these investigations  
enable us to  draw  certain  conclusions regarding the com parative p ro d u c tiv ity  
o f th e  A rab ian  Sea and the  B a y  o f Bengal.

I t  is found th a t  over th e  continental shelf in  th e  trop ica l regions the  
production ra te  is usually very  high. T he  surface w aters generally have a 
production ra te  o f over 0-2 g C /m 3/d ay  and for the  en tire  column i t  is found to  
exceed 0-5 gC /m 2/d a y  and sometimes reach exceptionally  high values o f over 
5-0 gC /m 2/d a y  (Prasad and N a ir  1963).

In  the  A rab ian  Sea the level o f organic production increases to  the  north  
and west reaching extrem ely  high values off the  coast o f Saudi A rab ia , Som alia  
and W est Pakistan . K aban o va  (1961) observed th a t the A rab ian  Sea w ater  
was characterized b y  an especially high p ro d u c tiv ity  connected w ith  the  pre
sence o f regions o f deep-w ater ascent. Tw en ty -th ree  measurements m ade  
recently  in  the A rab ian  Sea b y  R y th e r et ál. (1966) gave values in  excess o f  
1-0 gC /m 2/d a y  w ith  a m axim um  o f 6-4 gC /m 2/d a y  observed off the  south-eastern  
t ip  o f A rab ia . These authors have calculated a to ta l production o f 3 X  IO 12 kg  
fo r an area o f 23x10®  k m 2. O u t o f th is m ore th a n  one-fifth  is from  the  
western A rab ian  Sea where the  m ean production is approx im ate ly  10 tim es  
th a t o f the  w orld  oceans. The d a ta  collected a t the  C entra l M arine Fisheries 
Research In s titu te  ind icate th a t the west coast o f In d ia  is also equally  pro 
ductive. Coastal upw elling along th e  Som ali coast, A rab ian  coast and off the  
west coast o f In d ia  p lay  an im p o rtan t p a rt in  the  fe rtiliza tio n  o f th e  surface 
w aters o f the  regions w hich induce high organic production. O n th e  other 
hand in  th e  B a y  o f Bengal even though stations located on the  shelf were all 
characterized b y  a high ra te  o f production, the average fo r th e  whole B a y  is only  
0-19 gC /m 2/d a y  w hich is only a li t t le  more th a n  the  ra te  usually found in  tro 
pical oceanic w a te r (Steem ann Nielsen and Jensen 1957). H ence i t  seems 
reasonable to  conclude th a t th e  level o f organic production  in  the  A rab ian  
Sea should be a t least three tim es th a t o f the  B a y  o f Bengal.

F u rth e r evidence o f this higher p ro d u c tiv ity  in  the  A rab ian  Sea is seen 
from  the  ch lorophyll measurements m ade recently  b y  L a ird  et al. 
(1964). T h ey  found during the  south-west monsoon period along the  
Som ali coast to  the le ft  o f the m ain  portion  o f th e  Som ali C urrent values greater 
th a n  150 m g/m 2. I n  term s o f carbon fixed  per square m etre per day this  
w ould am ount to  about 4-5 grams. I f  i t  is assumed th a t th is is a steady  
production, during the  monsoon period th is  w ould am ount to  350 -450  g /m 2. 
In  term s of d ry  algae th is  w ill be 800 g /m 2 w hich  ranks th is  area among 
the most productive. O n the other hand, in  th e  B ay  o f Bengal the  chlorophyll 
concentrations are o f a very  low  order, being less th an  10 m g /m 2. The
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highest value of 20 mg/m2 has been recorded off the northern part of the 
Arakan coast of Burma (Panikkar 1966). In this connection a special feature 
characteristic of the Arabian Sea indicated by Ryther and Menzel (1965) has 
to be mentioned. They noticed, when the ship drifts, areas of extremely 
dense plankton blooms which vary in size from 100 yards or less to several 
miles in diameter and often sharply delineated by extremely clear and 
unproductive water. Because of such extreme patchiness in the distribution 
of plankton the Arabian Sea is a region of the greatest contrast containing 
some of the richest and some of the most infertile areas.

P l a n k t o n  B io m a s s  a n d  F i s h e r i e s  o f  t h e  R e g i o n s

General
Several attempts have been made to study the relationship between the 

organic and/or plankton production and their relation to fisheries along the 
coasts of India. These attempts, however, have been on a rather restricted 
scale in the sense that they relate mostly to specified areas along the east or 
west coast of India.

The investigations o f C hidam baram  and M enon (1945) on the co-relation  
o f the  fisheries o f th e  M a labar and South K a n a ra  coasts w ith  p lan kto n  have  
shown th a t the landings o f fish are d irectly  proportionate to  th e  q u a n tity  o f  
p lankton . T h e  fishery in  general coincides w ith  th e  m ajo r peak in  p lankton  
production. Subrahm anyan (1959) observed a close relationship between  
the standing crop o f p hyto - and zoo-plankton w ith  the to ta l q u a n tity  o f fish 
landed, p a rticu la rly  th e  landings o f o il sardine (Sardinella longiceps) and the  
In d ia n  m ackerel (Rastrelliger kanagurta). H e  also estim ated (Subrahm anyan  
1967) the  phytop lankton  production for a poten tia l fishing area o f 155,400 
square k m  o f 100 m  depth  on th e  west coast o f In d ia  and rem arked th a t the  fish 
landings o f th e  west coast represented only 0-029 per cent o f th e  phytop lankton  
production. As a result o f the  investigations carried out in  the  In d ia n  Ocean, 
Bogorov and Rass (1961) have stated  th a t in  the  In d ia n  Ocean there exists a  
num ber o f areas w ith  m uch p lankton  biomass, these being m ostly in  the  
regions o f upw elling. I n  some areas the  am ount o f p lan kto n  exceeds 15 m g o f  
d ry  m a tte r per m 3 in  the  0 to  100 m  layer o f w ater. These areas o f high  
p lan k to n  production  have been noticed b y  th em  in  th e  centra l p a rt o f the  
A rab ian  Sea from  A den  B a y  to  B om bay; between Seychelles and M a ld ive  
Is lands; off Zanzib ar and Comoro Is lands; to  th e  north-east from  M adagascar; 
off Chagos B an k  ; o ff Ceylon ; to  th e  south o f J a v a  and to  th e  north-w est from  
A ustra lia . According to  th e ir observations th e  congregations o f tunas and  
other pelagic fishes are seen in  th e  regions o f th e  ocean where p lan kto n  is 
most abundant. Prasad and N a ir  (1963) studied the  organic production in  
re lation  to  th e  local fishery o f th e  east coast extending from  D hanushkodi to  
Cape Com orin. These investigations showed th a t  the percentage o f y ie ld  in  
re lation  to  the organic production is only on an average 0-03 as compared to
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0-2 to  0-3 per cent in  in tensively explo ited waters. The  seasonal rh y th m  in  
organic production was w ell reflected in  the trend  o f fishery, the  peak periods 
o f production corresponding w ith  the  low  periods in  fishery and vice versa 
suggesting an inverse relationship. A  h igh fishery was noticed to  fo llow  a fte r  
a peak production o f organic m a tte r in  regular sequence w ith  more or less 
unifo rm  tim e  lag, th is  tim e lag being presum ably th e  tim e  taken  fo r the con
version o f the  organic m a tte r synthesized to  fo rm  fish protein . Sudarsan  
(1964) concluded th a t tra w le r catches a t B om bay showed ‘ tw o  peaks in  the  
year, one follow ing th e  period o f p lan kto n  m axim um  in  M arch  and the other 
coinciding w ith  th e  period o f very  high p lan kto n  standing crop in  the  
post-monsoon m onths (O ctober-N ovem ber)’ . According to  Longhurst (1966) 
areas o f high fisheries poten tia l are m ore localized in  the  tropics th a n  in  the  
higher la titudes and less dependent upon th e  conform ation and w id th  o f the  
continental shelf. W h ile  the  level o f production in  the  higher la titudes de
pends largely  upon the  annual tu rnover o f the  m ixed layer during w in ter, an  
effect w hich is unifo rm  over large areas, in  the low  latitudes production is 
largely  dependent upon processes w hich result in  local enrichm ent such as 
divergence, coastal upw elling, dom ing, fro n ta l shearing and topographical 
w ind  intensification. In  the trop ica l h igh seas fisheries fo r tunas and other 
predato ry  fishes depend m ostly  upon the  aggregation o f the  fish in  areas o f  
localized enrichm ent and w ith in  the  m igrating  tem peratu re  fronts, whereas 
fisheries fo r shoaling clupeids are situated p rin c ipa lly  in  regions o f coastal 
upw elling and to  a lesser ex ten t in  the estuarine areas where riverine nutrients  
create conditions o f p hytop lankton  bloom. The demersal fisheries in  the  
in te rtro p ica l areas seem to  be localized m ostly in  regions where deposition o f 
riverine organic m ateria l occurs and i t  is th is  m ateria l ra ther th an  the  results o f  
p rim a ry  production in  the  ocean th a t determ ines th e ir level o f production. 
H ow ever, where the  shelf is narrow  a t the m outh  o f a great riv e r m uch o f the  
m ateria l fo r po ten tia l production is lost b y  slumping to  great depths. U d a  
(1966) observed conspicuous upw elling area o f cold, fe rtile  waters south o f 
Sunda Islands and the  m ost favourable tu n a  fishing grounds were located in  
the  m arg inal area o f th is  upw elling zone. S im ilar situation  of oceanographic 
and fisheries conditions were recognized in  th e  A rab ian  Sea. P a n ik k a r and  
Jayaram an  (1966) w hile  discussing the  biological and oceanographical d iffer
ences between th e  A rab ian  Sea and the  B a y  o f Bengal, as observed from  the  
In d ia n  region, have draw n  a tten tio n  to  the  extrem ely  complex nature  o f the  oil 
sardine and m ackerel fisheries along the  west coast o f In d ia  w hich accounts for 
the  b u lk  o f the fish landing. T h ey  m ade an a tte m p t to  provide a suitable  
exp lanation  for these on the  basis o f n u trie n t d istribu tion  p a tte rn  associated 
w ith  the  occurrence o f the seasonal upw elling. T h ey  have concluded th a t the  
p a rt o f th e  In d ia n  coast know n to  support a ve ry  rich  fishery fo r the  o il sardine 
and m ackerel is a region o f great biological and oceanographical com plexity ,
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alm ost o f biological in s ta b ility  and have pointed out th a t a  thorough  
understanding o f the  various factors is essential fo r finding a satisfactory  
solution to  the  m ajor problem  o f the differences in  th e  fishery p ro d u c tiv ity  
o f the  east and west coasts o f In d ia .

F ro m  th e  investigations m entioned above and from  other availab le  in 
fo rm ation  i t  w ould appear th a t in v a ria b ly  high concentrations o f fish, p a r ti
cu larly  the  pelagic ones, occur in  areas o f h igh p lan kto n  production w hich  
in  tu rn  w ill be areas o f upwelhng or local enrichm ent in  th e  trop ical oceans. 
I t  is also know n th a t in  the  tropics, areas where there is no constant replenish
m ent o f nutrien ts  are poor in  p lan kto n  production because o f the  rap id  u t il i
zation  o f th e  nutrien ts  present in  the  euphotic zone.

A lthough  in  area the  A rab ian  Sea is only about 1-8 tim es th a t o f th e  B a y  
o f Bengal, the  y ie ld  o f fish from  the  form er region is nearly  2-4 tim es. Com 
pared to  this the to ta l fish landings from  th e  western h a lf  o f th e  In d ia n  Ocean 
(approxim ate ly  78° E  long, as the  line o f dem arcation) are about 1-6 tim es 
those o f th e  eastern h a lf. Considering the fish production o f the east and  
west coasts o f In d ia  this difference is found to  be still m agnified, the  landings, 
along the  west coast being alm ost three tim es those o f th e  east coast. O n the  
whole the  fisheries o f th e  western and eastern seaboards o f th e  In d ia n  sub
continent reflect the  features o f the  fisheries o f the  northern  In d ia n  Ocean (Figs. 
19 and 20) w ith  the  pelagic and m id-pelagic species dom inating  in  both  cases.
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The  trend  o f fish production along the  coasts o f In d ia  fo r periods approxi
m ating  to  those taken  in to  account fo r p lan kto n  (O ctober-M arch  and A p r i l -  
Septem ber) is considered below. The m onths o f O ctober to  M arch  coincide 
w ith  a period o f seasonal abundance o f fish and intensive fishing a c tiv ity  
along the west coast o f In d ia  and over 80 per cent o f the  m arine fish landed in  
In d ia  during this tim e  is from  th e  west coast. On the  east coast in  the  other 
h a lf  o f the  year (A p ril to  Septem ber) the  fish landings are com paratively  
high form ing 30 per cent o f the  to ta l fo r the  In d ia n  coasts. T he  abundance o f 
the  fish along the  west coast coincides w ith  the  post-south-west monsoon 
period when a large section o f the  waters o f the region has been enriched b y

MOLLUSCA:
0 .0 3 «

SHADS-MILK P IS H -.1 .7 4 «  
■PLAT FISH  =1.58 X

REG M A CER O S-. 
1 . 8 3  «

CRUSTACEA 
1 2 .4 0  %

M ISC . 
5 .2 1 «

EL ASM O  -  
BRANCH B A S S ,E E L  &

R ES F IS B :2 7 .8 8 «
MACKEREL 

8 . 4 «  «

3 .4 7

CLU PEO ID: 2 6 .0 1  X

SHAD & MILK F IS H : 3 . 8 3  «
M O L L U SC A :

0 . 1 6 «
F L A T  F IS H : 

0 . 4 7 «

M ISC.3 .3  «

'LLET 6- 
POMFRET: 4 . 4 6  «

1 0 . 4 3  «

B A S S  
R E D  F I S H :2 S .0 7 xELASM OBRAN

C H :1 0 .1 6 X

MACKEREL :

L L E T  
OMFRET:

TUNA

C L U PE O ID

WESTERN INDIAN OCEAN EASTERN INDIAN OCEAN
F ig . 20. T he catch  com position of th e  w estern  and  easte rn  halves o f th e  In d ian  Ocean.

upwellings and favourable conditions fo r production o f p lan kto n  have been 
established along the region. The w eather is also settled w ith o u t the  effects 
of an y  monsoon conditions w hich ham per fishing activ ities. The  annual 
appearance o f densely shoaling species like  the oil sardine, m ackerel, prawns, 
flat-fishes and  B om bay-duck s ta rt from  A ugust/Septem ber and these species 
are the  m ainstay o f th e  fisheries o f the  region. A p ril to  Septem ber is a period o f 
com parative calmness and is favourable fo r fishing activ ities on the  east coast.

Some salient features o f the  regionwise av a ila b ility  o f d ifferent groups o f  
fish are ev ident from  a  categorized analysis o f the  species landed along the  
coasts o f In d ia  during 1964-66. O ver 80 per cent o f th e  crustaceans, f la t
fishes, In d ia n  m ackerel and clupeids and 70 per cent o f the  tunas are caught
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along th e  west coast. The  elasmobranchs are th e  only group w hich  makes a  
substantial contribution  to  the  a ll- In d ia  landings along th e  east coast. T hey  
contribute about 48 per cent o f th e  to ta l fo r th e  country. Catch composition 
fo r the  west coast (1964-66) shows (F ig . 19) th a t 48 per cent are composed o f 
clupeids, the  dom inant elem ent being th e  o il sardine Sardinella longiceps, 
20 per cent b y  the  ‘ red fishes, basses and congers’ group represented b y  
Harpodon nehereus, sciaenids, goat-fishes, lizard-fishes, m arine catfishes, eels, 
perches and silver-bellies. Crustaceans, m a in ly  penaeid and  non-penaeid  
prawns, constitute 12 per cent and the  ‘ mackerels, bill-fishes and cutlass fishes’ 
category (o f w hich the  In d ia n  m ackerel Rastrelliger kanagurta form s the  
m ajor portion) form s 8 per cent. The  ‘ jacks, m u lle ts ’ group comprising  
barracudas, pom frets, fly ing  fishes, half-beaks, m ullets, carangids and polyne- 
m ids form s about 5 per cent. Elasm obranchs contribu te  about 3 per cent and  
flatfishes about 1 per cent. Gadidae represented b y  a single genus Bregmaceros 
and the  ‘ tunas, skip jack and bon itos’ constitute less th an  1 per cent each.

O n th e  east coast the clupeids w hich fo rm  about 33 per cent o f the catches 
have the lesser sardines (m a in ly  Sardinella albella and S. jussieu) and w h ite 
baits (Anchoviella spp.) as the  dom inant elements. T he  ‘red fishes, basses, 
congers’ group form s about 23 per cent and  the  ‘ mackerels, bill-fishes, cutlass 
fishes’ group dom inated b y  th e  genus Trichiurus about 12 per cent. ‘Jacks, 
m u lle ts ’ group contributes about 10 per cent, elasmobranchs 8 per cent and  
crustaceans about 7 per cent.

A  generalized p icture o f the  fishery resources o f th e  coasts o f In d ia  has 
been given above based on th e  results o f random  sam pling o f fish catches 
along the  areas concerned. This over-a ll p icture highlights th e  higher pro 
d u c tiv ity  o f fish along th e  western coast o f In d ia  bordered b y  th e  A rab ian  
Sea where higher p lan kto n  production has also been consistently recorded. 
I n  term s o f Zooplankton biomass the  west coast o f In d ia , p a rticu la rly  the  
southern half, is in v a ria b ly  about 2-5 tim es m ore productive th a n  th e  east 
coast and th is is w ell reflected in  th e  fish landings also since th e  landings along  
th e  west coast are about three tim es those o f th e  east coast.

Pelagic fisheries

I n  a ttem p tin g  to  study the re lation  between th e  Zooplankton biomass 
and fisheries o f a  region i t  w ill be the pelagic fisheries w hich w ill show d irect 
relationship. E v e n  th en  the  q u an tita tive  re la tion  is v a lid  only in  general 
term s. A s  m entioned earlier th e  dom inan t components o f th e  fishes caught 
off th e  coasts o f In d ia  are e ither pelagic o r m id-pelagic am ounting  to  alm ost 
75 per cent. The  tru ly  pelagic fishes are the  sardines, m ackerel, anchovies, 
seer, ribbon  fishes, carangids, silver-bellies, fly ing  fishes, tunas, sail and sword  
fishes, etc. W h ile  these are common along b oth  th e  coasts o f In d ia  large- 
scale shoaling o f pelagic fishes like  th e  o il sardines and m ackerel occurs only
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along the  west coast and th a t too along the  southern h a lf  o f the coast. F ro m  
th e  d istribu tion  o f Zooplankton biomass i t  was seen th a t during the  south
west monsoon period there is a region o f com parative ly  high-standing crop 
between Cape Com orin and north  o f K a rw a r. D urin g  the season o f the  n o rth 
east monsoon, although there is a reduction in  the  ex ten t o f area as w ell as the  
q u an tity  o f production, the  Cochin-M angalore region rem ains a re la tive ly  
high production belt. This area coincides w ith  the region o f the m ost im por
ta n t pelagic fisheries o f th e  west coast, th e  oil sardines and the  m ackerel which  
alone account fo r nearly  28 per cent o f the  landings o f th is coast. Considering 
a ll fisheries i t  could be said th a t alm ost 70 per cent o f the  landings are from  
th is zone. I t  w ill be seen from  the  d istribu tion  o f Zooplankton biomass th a t  
th e  northern  h a lf  o f the  west coast is com parative ly  poor and in  th is  region  
there is a conspicuous absence o f large shoals o f pelagic fishes and a lower 
over-a ll fish production.

The  m agnitude o f Zooplankton biomass along the  east coast is decidedly  
low  and the  scarcity o f pelagic shoaling fishes lik e  the  oil sardines and m ackerel 
is conspicuous. H ow ever, occasional shoals o f m ackerel are caught off M anda- 
pam , P orto  N ovo, Madras, K a k in a d a , W a lta ir  and certa in  parts o f Orissa 
and o f oil sardines from  the coasts o f Madras, A nd h ra  and Orissa States. The  
m ackerel Rastrelliger brachysoma form s a good fishery in  the  neighbourhood of 
the  A ndam an Islands. Pelagic fishes such as anchovies, seer, th e  lesser 
sardines, ribbon fishes, silver-bellies, flying fish, etc., constitute a significant 
percentage o f th e  inshore catches and good tu n a  fisheries are know n to  exist in  
th e  A ndam an  Sea where there is a m oderately high concentration o f Zooplank
ton  during A p ril-O c to b er period. Prasad and N a ir  (1963) based on th e ir  
study o f organic production along a stretch o f the  south-east coast o f In d ia  
(G u lf o f M anaar) suggested th e  possibility o f increasing the  ra te  o f exp lo ita tion . 
O f la te  a large num ber o f mechanized vessels have started  operating in  the  
area resulting in  a substantial increase in  th e  fish landings the  b u lk  o f which  
constitute the  silver-bellies.

Ground fisheries

The trawlable ground fish resources along the Indian coasts remained 
little exploited till recently. However, efforts have been made during the 
last two decades to initiate and expand trawl fishing and significant advances 
in this direction have been made during the last one decade. The results of 
exploratory as well as commercial trawling indicate the existence of rich 
grounds for different demersal species along the Indian coasts and it has been 
possible to suggest with the available information (Malpas 1926; Gravely 
1929; Sundara Raj 1930; Heflford 1949; Chidambaram and Rajendran 1951; 
Gopinath 1954; Sivalingam and Medcof 1957; John 1959; Jayaraman et ai. 
1959; Poliakov 1962; Sivalingam 1964; Pruter 1964; Rao 1967; Annual
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Reports of the C.M.F.R. Institute, Mandapam Camp, etc.) that the yield of 
ground fish from the west coast of India is comparatively more than from the 
east coast.

The  percentage composition b y  w eight o f tra w l catches along the  coasts 
is presented in  F ig . 21 based on exp loratory  fishing operations conducted b y  
the G overnm ent o f In d ia  (R ao  1967, Tholasilingam  et al. 1967, unpublished, 
Central M arine Fisheries Research In s titu te , A nn u a l R eports, 1957-66). 
Miscellaneous fish comprising sm all sciaenids, lizard-fishes, flatheads, carangids, 
etc., to  the  ex ten t o f 4 0 -5 0  per cent and elasmobranchs 5 -2 5  per cent are 
common to  a ll areas on the  west coast. In  the  B om bay region sciaenids fo rm  
about 43 per cent o f the catch w hich include good tab le  fishes like  Pseudosciaena 
diacanthus and Otolithoides brunneus w hich b y  themselves fo rm  about 5 per cent 
of the to ta l catch from  the  region. A m ong other groups elasmobranchs contri
bute 25 per cent, catfish 7 per cent, eels and polynem ids 3 per cent, Pomadasys 
hasta 3 per cent, prawns about 2 per cent and miscellaneous fish 17 per cent.

A t  K a rw a r medium -sized traw lers land  m ostly Leiognathids (25 per cent), 
clupeids, m a in ly  Opisthopterus tardoore (21 per cent) and miscellaneous sm all 
fish (40 per cent). Elasm obranch component is m uch reduced (5 per cent). 
There is s im ila rity  w ith  the  B om bay region in  the negligible am ount o f prawns  
in  the  catches. Lactarius lactarius is p robab ly  the  only  tab le  fish availab le  
from  the area.

M angalore-Q uilon region is know n for the  substantial p raw n component in  
th e  tra w l catches and full-scale commercial shrim p traw lin g  b y  medium -sized  
boats has got established a t m any centres along the region. G enerally prawns  
constitute 25 -3 5  per cent b y  w eight o f th e  tra w l catches along th e  region, 
m ostly  caught a t  in term ediate  (20 -35  m ) and shallow (w ith in  20 m ) depths. 
Elasmobranchs constitute 6 -1 4  per cent o f the  catch and miscellaneous sm all 
fishes about 50 per cent. A  new  fishery, struck b y  the  m edium  boats a t  in te r
m ediate depths and beyond, in  the  region is based on th e  threadfin  breams 
(kilim een), m a in ly  one species, Nemipterus japonicus. ‘K ilim e e n ’ contributes  
8 -1 4  per cent o f th e  catches o f these vessels a t  Cochin.

Larger vessels w hich operated in  deeper grounds on the  continental shelf 
(1957-61 ) in  the Cannanore-Cape Com orin region using ‘ B u ll tra w ls ’ or fish 
traw ls  showed th e  trend  o f av a ila b ility  o f the  demersal fish in  the  region. 
Elasm obranchs and miscellaneous sm all fish have been common a ll along the  
region. In  the  northern  section (Cannanore-Calicut) a significant catfish com
ponent was noticed, whereas in  the southern sector (south o f A lleppey and  
Cape Com orin grounds) a dom inant perch com ponent was observed. The  
m iddle sector (Cochin-Alleppey) appears to  be a trans ition  zone w ith  sm all 
quantities o f catfish and perches b u t more o f the  miscellaneous fish.

O n the  east coast a t Tu tico rin , tra w l catches showed dom inance o f 
Leiognathids and sciaenids, together constituting nearly  60 per cent.
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Elasm obranchs (8 per cent), clupeids (7 per cent), Pomadasys sp. (6 per cent), 
prawns (6 per cent) and few  other miscellaneous species constituted the  rest. 
T ra w l catches in  the M andapam  area consisted m ain ly  o f silver-bellies  
(90 per cent), catfishes, Lactarius lactarius, rays, prawns and m ixed fish.

A t  V isakhapatnam  about 50 per cent o f the  catch consisted o f miscel
laneous sm all fish. Elasm obranchs (24 per cent) and catfish (12 per cent) are 
the dom inant in d iv id ua l item s from  the  region. Prawns constituted a small 
percentage o f the  catch (4 per cent). Others were sciaenids about 2 per cent, 
Pomadasys hasta (2 per cent), Trichiurus spp. (2 per cent), eels (2 per cent) 
and carangids about 1 per cent.

G round fish catches along the  Orissa-W est B engal coasts showed do
m inance o f sciaenids (45 per cent). O ther item s o f im portance being Kurtus 
indicus (20 per cent), Leiognathus spp. (6 per cent), clupeids (10 per cent) and  
miscellaneous sm all fish. H a rd ly  2 per cent o f th e  catch consisted o f prawns.

Data available now from exploratory fishing operations enable a general 
assessment of the productivity of different trawling grounds along the Indian 
coasts.

T he  north-w estern ground from  B om bay to  K u tc h  is found to  y ie ld  
on an average a catch 747 kg /hour o f ‘ B u ll tra w lin g ’ (1957-62). O tte r  tra w l
ing during recent years (1961-65) showed a catch ra te  o f 198 kg /hour from  
the  M a lv a n -K u tc h  region. A t  K a rw a r m edium -sized vessels showed a  catch  
ra te  o f 150-219 kg /hour (1963-66). A t  M angalore th e  same ty p e  o f vessels 
landed 178-206 kg  o f fish per hour during 1959-61 and 99 -255  kg /hour during  
1962-65. B u ll traw lin g  yie lded 591 kg /hour from  th e  Cannanore area (1957- 
58), w hile m edium  vessels operating shrim p traw ls returned  268 kg /hour 
(1960-61). The  y ie ld  o f sm aller shrim p traw lers during 1965-66 was less, being 
only about 83 kg /hour. H ig h  returns ranging from  717 to  2,033 kg /hour were 
recorded b y  B u ll traw lers (1957-59) from  the C alicut area. O tte r traw lin g  b y  
the  same vessels yie lded 136 kg /hour (1960-61).

B u ll traw lin g  in  th e  Cochin area showed a  catch ra te  o f 1 ,015-1 ,184  
kg /hour (1957-59). Shrim p traw lers yielded 91 -250  kg /hour in  1957-61 period  
and 111-216  kg /hour during 1961-65  period. I n  th e  A lleppey-Q uilon  area  
catch rates o f 583-1 ,025  kg /hour was recorded fo r B u ll tra w l (1957 -59 ) and  
158-187 kg  fo r o tte r traw lin g  b y  the  same vessels in  1959-61 period. Shrim p  
traw lin g  yielded 105-220 kg /hour during 1958-60.

In the Trivandrum area Bull trawling yielded 509 kg/hour and on the 
Cape Comorin banks 352 kg/hour (1957-58). Otter trawling in the latter 
grounds yielded much less, the rate being 69 -8 3  kg/hour (1959-61).

On the east coast off Tuticorin trawl operations (1963-65 ) yielded 1 2 2 -  
153 kg/hour and in the Mandapam area average catch in 1965-66 amounted to  
223 kg/hour. Off Pondicherry catch rate of 76 kg/hour was recorded during 
1965-66.
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The area between G odavari and M ahanadi estuaries covered from  Visa- 
khapatnam  during 1959-60 yielded on an average 90 kg  o f fish per hour. 
Catches a t  the ra te  o f 78 -115  kg /hour were recorded during 1964 and 1965. 
E xperim en ta l catch w ith  15 m  Russian tra w l yielded 192 kg o f fish per hour 
(Po liakov 1962). Catches a t the  ra te  o f 2,450 k g /d a y ’s absence were recorded  
from  the  Orissa-W est Bengal coasts during 1961 (300 h.p. traw ler) and 151 
kg/hour during 1962-63.

P ru te r (1964) has given the  traw ling  results o f R .Y . Anton Bruun a t 
different stations o f the A rab ian  Sea and the  B a y  o f Bengal during 1963. 
Fishing in  the A rab ian  Sea was conducted along the  coasts o f north-w est In d ia , 
W est P akistan , G u lf o f O m an and A rab ia . I n  the  B a y  o f Bengal, A ndam an  
Is land  region, coasts o f Thailand , B urm a and E ast P akistan  were covered. 
Catch per hour fo r A rab ian  Sea and B a y  o f Bengal, w orked out separately from  
these operations, showed yields o f 123 kg and 48 kg respectively, indicating  
about 2-5 times p ro du ctiv ity  in  the A rab ian  Sea. Based on the  indices of 
p ro du ctiv ity  o f demersal fishes along the  coasts o f In d ia  m entioned above i t  
could be suggested th a t the  grounds on the  west coast are com paratively  richer.

C o n c l u s i o n

I n  conclusion i t  m ay be stated th a t the  data  on th e  chlorophyll concentra
tions, p rim ary  organic production and the  d istribu tion  o f Zooplankton biomass 
presented in  the earlier section clearly show th a t the  level o f fe r tility  is notice
ab ly  higher in  the A rab ian  Sea as compared to  the B a y  o f Bengal. Th is  high  
organic production, however, need not necessarily be converted fu lly  in to  fish 
protein  o f com m ercially explo itable nature and unusually high organic pro 
duction could also sometimes lead to  untow ard  results. Thus, several in 
stances o f mass m o rta lity  o f fish resulting from  the  very  high p lankton  pro
duction in  the northern  h a lf  o f the  A rab ian  Sea have been reported. W h ile  
these mass m ortalities should be considered as m ajor catastrophes th ey  have  
proved beyond doubt the existence o f large populations o f fish in  the  A rab ian  
Sea. According to  Bogorov and Rass (1961) there is evidence o f significant 
fishing resources in  the open parts o f the In d ia n  Ocean, first o f a ll in  the waters  
o f the  A rab ian  Sea.

There are apparently several factors contributing to the low fish pro
duction in the Bay of Bengal. Although seven big rivers open into the Bay 
which would deposit large quantities of riverine organic material for creating 
conditions favourable for good demersal fisheries, much of this material is 
presumed to be retained on the land itself because of the longer run of these 
rivers along the plains compared to those rivers emptying into the Arabian 
Sea. Also, owing to the narrow continental shelf at the mouths of most of 
these rivers along the east coast much of the riverine material reaching the
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sea is lost to great depths. Added to this is the fact that there is lack of large- 
scale upwelling in the region. This absence of extensive upwelling along the 
coastal regions is presumably the reason for the absence of shoaling fishes 
like the oil sardine and the Indian mackerel which are mostly found in regions 
of coastal upwelling. The unfavourable condition of the grounds for trawling 
along the shelf in many areas restricts the scope of large-scale expansion of 
ground fisheries.

The fisheries of India are now almost entirely dependent on the coastal 
resources though there is a gradual trend to exploit new grounds both along 
the coast as well as in the deeper and the open ocean. If the density of 
Zooplankton biomass is an indication of the potential fishery resources of 
an area, the data presented in the foregoing pages suggest the possibility of 
substantial increase in the rate of exploita'tion, particularly in the areas such as 
the south-eastern coast of India, West Pakistan and Iran in the Arabian Sea 
region and the coasts of Burma, East Pakistan, West Bengal, Orissa and west 
coast of Ceylon and the Andaman Sea in the Bay of Bengal. The increase is not 
only possible from the pelagic mid-pelagic complex of fishes but also to a certain 
extent from the ground fish resources. There are already indications from the 
recent trends in the exploratory and commercial fishing activities that these 
areas of high plankton production are indeed potentially rich fishing grounds. 
Thus, the data on Zooplankton biomass fully support the hope and optimism in 
the further expansion of the fisheries of the two regions.
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SUR DES PHRONIMIDAE DE L’OCÉAN INDIEN  
ET DE L’OCÉAN PACIFIQUE,

AVEC LA VALIDATION DE Phronima bucephala GILES, 
1887 COMME ESPÈCE DISTINCTE DE P. colletti BOV., 

1887 (CRUSTACÉS AMPHIPODES)

p a r  Ph. LAVAL*

R é s u m é

L a  découverte de  Phronim a co lletti (forme « A tla n t iq u e  t>) dans l ’océan Ind ien  et le P ac if ique  
Ouest conduit à réexam iner le cas de la « form e Indo-Ouest P a c if iq u en  de cette espèce décrite p a r  
S h i h  (1 9 6 9 ) .  Une étude morphologique détaillée perm et de conclure que cette forme constitue une  
espèce distincte, déjà connue sous le nom de  P. bucephala et mise à tort en syn o n y m ie  avec  P. colletti. 
D es renseignements supplém enta ires  sont donnés sur la morphologie et la d is tr ibution  de l ’espèce 
voisine  P. pacifica.

S u m m a r y

The discovery of Phronim a co lletti (« A tla n tic  form ») in the In d ia n  Ocean a p d  the W es t  P ac if ic  
leads lo a re-examination  of the « In d o -W . P ac if ic  form  » described by  S h i h  (1 9 6 9 ) .  F ro m  a 
morphological s tu dy  of this form, it is concluded that it belongs to a separate  species, already know n as 
P. bucephala but erroneously included in the s y n o n y m y  of P. co lletti. S u p p lem en ta ry  da ta  are
given on the morphology and d is tr ibution  of the related species  P. pacifica.

I N T R O D U C T I O N

Dans sa récente révision des Phronim idae du « Dana », S h i h  (1969) a décrit trois variétés 
géographiques de P h ro n im a  colletti B ov ., 1887 : une forme A tlantique, une forme Indo-O uest 
Pacifique et une forme du Pacifique E st. En exam inant une collection de Phronim idae aim able
m ent confiée par R. R e p e l i n  (Centre O.R.S.T.O.M . de Noum éa), j ’ai pu constater que la « forme 
A tlantique » de P .  colletti é ta it présente dans le sud-est de l ’océan Indien et dans le Pacifique 
Ouest. De plus, un exam en approfondi de la « forme Indo-O uest Pacifique » de S h i h , que j ’ai 
retrouvée à Madagascar dans le m atériel m is obligeam m ent à ma disposition par S. F r o n t i e r

'  S ta tion  zoologique, 06 —  Villefranche-sur-M er, F rance.
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(Centre O.R.S.T.O.M. de Nosy-Bé), montre que les différences entre cette forme et la forme 
« Atlantique » sont de valeur spécifique. La juxtaposition géographique et les différences morpho
logiques permettent de conclure que cette « forme Indo-Ouest Pacifique » est en réalité une 
espèce distincte, qui a été sommairement décrite par G i l e s  en 1 8 8 7  sous le nom de P. bucephala, 
et mise à tort depuis en synonymie avec P. colletti.

Matériel.

Les exemplaires de Madagascar on t été récoltés dans la région de Nosy-Bé [cf. F r o n t i e r ,  1966, pour l ’em pla
cement des stations). Pour ce tra va il, 38 P . bucephala (23 <J et 15 Ç) ont été examinées, ainsi que 56 P . pacifica 
(25 <J et 31 $) et 4 P . curvipes (3 ¡J, 1 Ç).

Les Phronimes du sud-est de l ’océan Ind ien  proviennent d ’une radia le effectuée le long du 110e m érid ien E, 
de 9°30' S à 32° S, par la d iv is ion  d ’Océanographie du C .S .I.R .O ., en accord avec le Centre O .R .S .T.O .M . de Nouméa. 
J ’ai pu é tudier 39 P . colletti (11 <J et 28 Ç), 79 <J de P . pacifica et 62 cj de P . curvipes.

Les ind iv idus  du Pacifique on t été capturés le long du 170e m érid ien E, entre 5° N et 20° S. Ce m atérie l 
comprend 1 P . colletti (Ç adulte), 1 P . bucephala ($ adulte), 110 P . pacifica et 14 P . curvipes <J.

La rép a rtitio n  détaillée sera publiée avec les études écologiques entreprises par S. F r o n t i e r  (Nosy-Bé) et 
B . R e p e l i n  (Nouméa). Je signale toutefo is  que les ind iv idus  utilisés pour les illu s tra tions  proviennent des stations 
suivantes :
P . bucephala $ : 13°34' S-47°44' E ; 15 nov. 1965 ; 23 h 30 ; 10 m.
P . bucephala <J : 13°34' S-47°44' E ; 20 sept. 1965 ; 23 h 50 ; 10 m.
P . colletti Ç : 29e00' S-110°00' E ; 10 nov. 1962 ; 21 h 14-22 h 58 ; cha lu t Isaacs-K idd, 200 m.
P . collelli (J : 32°02' S-110°00' E  ; 11 nov. 1962 ; 21 h 35-23 h 08 ; cha lu t Isaacs-K idd, 200 m.
P . pacifica  ¡J : 2°31' S-169°53' E  ; 29 sept. 1966 ; 13 h 40 ; cha lu t Isaacs-K idd, 1250 m.

I. C O M P A R A I S O N  D E  P .  collelli E T  P .  bucephala

La littérature n ’apportant pas d ’illustrations assez précises des appendices de P . collelli, 
j ’ai redessiné les plus im portants, avec en regard les appendices correspondants de P . bucephala 
(fig. 1, 2  et 3). Les proportions de ces dessins sont suffisam m ent exactes pour m e dispenser d ’un 
tex te  descriptif. J ’insisterai seulem ent sur les différences entre les deux espèces et les caractères 
non figurés.

1. Différences entre les femelles.

Certaines ont déjà été soulignées par S h i h  ( 1 9 6 9 )  pour distinguer 1’« A tlantic form »  
( =  P .  colletli) de 1’« Indo-W . Pacific form » ( =  P . bucephala) : ta ille  à m aturité beaucoup plus 
faible pour P . bucephala que pour P . colletli (ainsi les fem elles dessinées ici m esurent respecti
vem ent 5 , 7  et 1 0 ,1  m m ); partie supérieure de la tête  fortem ent bom bée chez P .  colletti; article 
basai du péréiopode V  au m oins un quart plus court que celui du péréiopode III chez P . colletti, 
plus long que l’article basai du péréiopode III  chez P . bucephala.

Ces caractères ne sont pas les seuls à différencier les fem elles des deux espèces. Le trait 
le plus com m ode à observer concerne la forme de la pince : le carpe du péréiopode V est chez 
P .  colletti de forme rectangulaire, avec l ’angle postérieur proxim al rem ontant au-dessus de l ’inser
tion  de l ’article m éral; celui-ci est aussi long que large. Chez P .  bucephala le carpe est de forme 
triangulaire, l ’angle postérieur non rem ontant, e t  l ’article méral beaucoup plus long que large. 
L’article basai est n ettem ent plus court que l ’article basai du péréiopode IV chez P .  colletti, 
de m êm e ta ille  chez P . bucephala.

L ’article basai des péréiopodes III et IV s ’élargit à l ’extrém ité d istale chez P .  collelli, et leurs 
carpes sont un peu plus d ilatés que chez P . bucephala. Une garniture dense de courtes soies 
triangulaires est présente sur la face interne du carpe et du propode du péréiopode IV ainsi que sur 
celle des articles ischial, m éral, du carpe et du propode du péréiopode III chez P .  colletti. Cette 
ornem entation se réduit à une ligne de soies sur le carpe et le propode de ces péréiopodes chez 
P . bucephala.
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1 mm mm

F ig . 1. —  c : Phronim a colletti, femelle adulte  de l ’océan Ind ien  ; cIU-cVI, : péréiopodes I I I  à V I I  ; Us : urosome. 
—  b : Phronim a bucephala, femelle adulte  de l ’océan Ind ien  ; b ln -bV Ii : péréiopodes I I I  à V I I  ; Us : urosome. 
Les garn itures de petites soies sont situées sur la face interne des appendices (remarque valable également pour les

fig . ‘I  e t 3).

La première branchie (celle du segm ent IV) est très réduite chez P .  colletti:  elle est égale 
à la m oitié, en longueur e t  en largeur, de la branchie V. E lle est beaucoup plus grande chez 
P .  bucephala : e lle a tte in t les 3 /4  de la longueur et les 4/5 de la largeur de la branchie V. Ce caractère 
est constant chez tous les individus que j ’ai exam inés, y  com pris chez quelques exem plaires 
de la Méditerranée et de l ’A tlantique N. en ma possession.

La fig. 1 m ontre que les péréiopodes VI e t  V II sont différents chez les deux espèces. Leurs 
articles basaux sont beaucoup plus petits par rapport aux autres péréiopodes chez P .  collett i:

4

2 7 9



50

l ’article basal du péréiopode VI est égal à 1/2 de celui du péréiopode IV chez P. colletti, aux 2/3  
chez P . bucephala; pour les péréiopodes V II, ces rapports sont respectivem ent de 2 /3  et 7/8. 
Le propode est garni sur la face interne de soies assez nombreuses chez P . colletli ; ces soies sont 
pratiquem ent absentes chez P. bucephala.

Enfin les pédoncules de tous les uropodes sont beaucoup plus longs par rapport aux branches 
chez P . colletti.

Il faut remarquer pour term iner que les fem elles de P .  colletli de l ’océan Indien diffèrent 
légèrem ent de celles de l ’A tlantique. Par exem ple, S h i h  ( 1 9 6 9 )  note que « chez la forme A tlantique  
le péréiopode V est rem arquablem ent court, plus court que la longueur du péréion. Son article 
basai est au m oins un quart plus court que celui du péréiopode III ». Chez m es exem plaires de 
P . colletti de l ’océan Indien, le péréiopode V est de m êm e ta ille  que le péréi'on, l ’article basai 
à peine ( 1 / 1 2 )  plus court que celui du péréiopode III.

2. Différences entre les mâles.

Comme on peut l ’observer pour les espèces voisines, les m âles sont plus difficiles à distinguer  
que les fem elles.

Les différences les plus remarquables concernent les péréiopodes V. S h i h  (1969) a déjà noté  
la forme du carpe, dont l ’angle postérieur proxim al rem onte largem ent au-dessus de l ’insertion  
de l ’article méral chez P . colletli; cet angle n ’est pas rem ontant (ou très peu) chez P . bucephala. 
La plus grande largeur de l ’article méral est située au tiers proxim al chez P . colletti, au m ilieu  
chez P . bucephala. Le tubercule term inal du propode est plus marqué chez cette dernière espèce. 
L ’article basai est plus étroit proxim alem ent chez P . colletti; le bord antérieur est fortem ent 
convexe, com m e l ’a souligné S h i h  (1969). L ’article basai de l ’individu de l ’A tlantique dessiné 
par cet auteur m ontre une p etite  dent distale postérieure qui est absente chez tous m es exem 
plaires de P . collelli de l ’océan Indien (cette dent est bien m arquée chez P . bucephala). S h i h  
(1969) indique égalem ent que l ’article basai du péréiopode V est plus court que celui du péréiopode 
III chez la forme A tlantique; il est de m êm e ta ille  chez m es exem plaires de l’océan Indien. Il 
est un peu plus long chez P . bucephala.

L ’article basai du péréiopode IV est plus étroit proxim alem ent chez P . collelli. Les petites  
soies denses qui garnissent la face interne de l ’article m éral, du carpe et du propode sont plus 
nombreuses chez P . colletti; le péréiopode III m ontre égalem ent cette différence.

Un bon caractère est donné par la ta ille  de la branchie IV (première paire). E lle est nettem ent 
plus p etite  que la m oitié de l ’article basai du péréiopode IV chez P . colletli, nettem ent plus grande 
chez P . bucephala. E lle est aussi beaucoup plus petite (environ les 2 /3  de la longueur et la m oitié  
de la largeur) que la branchie V chez la première espèce et à peine plus p etite chez la seconde.

Comparé à l ’article basai du péréiopode IV, celui des péréiopodes V I et V II est plus p etit  
chez P . colletti, com m e chez la fem elle, m ais la différence est beaucoup m oins accentuée que 
pour celle-ci. Cet article est plus dilaté chez P . bucephala. La garniture de petites soies est un peu 
plus dense sur la face interne du propode chez P . colletti.

Les individus dessinés ici m esurent 7,8 mm pour P . colletli et 5,9 m m  pour P . bucephala, 
ce qui correspond aux ta illes données par S h i h  (1969).

En ce qui concerne les antennes, il faut noter que si le dernier' article du flagellum  des 
antennes I est à peine plus long que l ’avant-dernier chez P . colletti, il est en général beaucoup  
plus long (1,5 à 3 fois) chez P . bucephala.

S h i h  (1969) utilise le nombre d ’articles du flagellum  des antennes I pour différencier les 
deux « formes ». En fait ce nombre est variable, et si 6 sem ble être le nombre prédom inant 
d’articles chez P . colletti contre 5 chez P . bucephala, j ’ai trouvé quelques individus de P . bucephala 
à 6 articles; vraisem blablem ent seul le faible nombre d ’individus exam inés m ’a em pêché de 
trouver des variations plus étendues chez les deux espèces. En effet, un dénom brem ent effectué
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1 mm

Fig. 2. — P hronim a colletti, male adulte  de l ’océan Ind ien  ; A -E  : péréiopodes I I I  à V I I  ; F  : urosome.

0,5 mm

F ig . 3. — Phronim a bucephala, mâle adu lte  de l ’océan Ind ien  ; A -E  : péréiopodes I I I  à V I I  ; F : urosome.

sur un pius grand nom bre d ’individus chez P .  p a c if ica  m ontre, à côté du nom bre 6 indiqué par 
S h i h  pour cette  espèce et trouvé pour 108 antennes I,- six  antennes à 5 articles e t  huit antennes à 
7 articles (chaque, antenne est com ptée séparém ent pour ne pas perdre l ’inform ation apportée
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par les individus à une seule antenne in tacte ou à nom bre d ’articles différent à droite e t  à gauche). 
De m êm e, pour 61 antennes I de P .  curvipes  à 6 articles, nom bre donné com m e caractéristique 
par S h i h , on trouve cinq antennes à 5  articles et deux à 7  articles. Les variations encore plus 
considérables des antennes II (fig. 4) seront étudiées plus loin.

Antennes
3 0

12 13 14 15 16 17 18 19

2 5

20

15

10

5

A rticles0
5 .6 7 8  9  10 11

F ig . 4. —  Histogrammes du nombre d ’articles du flagellum  des antennes I I  du mâle adulte  ; chaque antenne est 
comptée séparément. —  A  : Phronim a pacifica (sud-est de l ’océan Ind ien  et océan Pacifique). —  B : P hronim a  

curvipes (sud-est de l ’océan Ind ien  et océan Pacifique).

Enfin je n ’attache pas la m êm e im portance que Sh i h  (1969) aux mesures fa isant intervenir 
des segm ents du corps (H h, H i, P /A , P lJ P e r ,) . Le rapport des mesures de deux segm ents ne 
peut être estim é qu ’à environ 1/20 près avec une bonne loupe binoculaire ; les résultats généra
lem ent différents obtenus en répétant les m esures (après un intervalle de tem ps suffisant pour 
ne plus avoir en m ém oire les résultats précédents) prouvent que cette lim ite d ’erreur peut être 
dépassée. La structure des articulations em pêche égalem ent de trouver des repères com parables 
d’un individu  à l ’autre. Les m esures faisant intervenir plusieurs segm ents, plus ou m oins courbés 
et rentrant les uns dans les autres, sont encore m oins précises. Les rapports in téressant les appen
dices, qui p euvent être m esurés à p lat au m icroscope, sont m oins sujets à caution. F inalem ent 
le te s t  f, em ployé par S h i h  pour séparer les différentes formes, ne peut être u tilisé pour comparer 
des rapports de m esures; c ’est l ’analyse de covariance qui est indiquée dans ce cas (voir sur ce 
p oint L is o n , 1958, p. 236).
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3. Discussion.

Il ex iste certainem ent des races locales de P .  colletti, ce qui ne saurait surprendre chez une 
espèce répartie dans les trois océans. J ’ai relevé au passage certaines différences entre des spéci
m ens de l ’A tlantique et d ’autres de l ’océan Indien; des populations à caractéristiques biom é
triques d istinctes seraient sans doute m ises en évidence par une étude plus approfondie. Malgré 
ces variations, P.. colletti garde son faciès caractéristique dans toute son aire de répartition, 
où son identification est aisée. Dans l ’océan Indien et le Pacifique Ouest, elle coexiste avec la 
« forme Indo-O uest Pacifique » décrite par S h ih  (1969), avec laquelle elle présente des différences 
beaucoup plus im portantes, qui sont d ’ordre spécifique.

Une com paraison avec les dessins et la description d ’une fem elle de l ’océan Indien par G i l e s  

(1887) sous le nom  de P .  bucephala m ontre qu’il s ’agit d ’une forme identique à la « forme Indo- 
Ouest Pacifique » de S h i h  (1969); les caractères du péréiopode V sont à eux-seuls suffisants pour 
perm ettre l ’identification.

La valid ation  de P . bucephala entraîne une révision de la synonym ie de P . colletti.

Phronima colletti B ovallius

Phronima colletti B o v a l l i u s , 1887, K. svenska VetenskAkad. H andi., 11, n° 16, p. 25. B o v a l l i u s ,
1889, Ibid., 22, n° 7, p. 378, pi. 26, fig. 27-47. C h u n , 1895, Bibi, zool., 19, p. 109, pi. 8, fig. 1-6.
V o s s e l e r , 1901, Ergebn. A tlant. P lanktonexped., 2, p. 32, pi. 3, fig. 8-12 [<£ =  P . pacifica]. 
C h e v r e u x  e t  F a g e , 1925, Faune de Fr., 9, p. 396, fig. 395 et 398 [<$ =  P . pacifica]. M o g k , 

1927, Intern. R ev. H ydrobiol., 17, p. 60, fig. 31. S h i h  et D u n b a r , 1963, Fich. Ident. Zoopi., 
104, p. 3, fig. 3 a, b et d [fig. 3 c =  P . pacifica  <̂ ].

Phronima diogenes C h u n , 1889, S. b. k. preuss. A-kad. W iss. Beri., 30, p. 527, pi. 3, fig. 5. 
Phronima colletti B ov. A tlantic  form S h i h , 1969, D ana-R ep., 74, p. 21, fig. 5 a-f.
[non] Phronima colletti B ov. I r i e , 1957, Compil. Fish. Sei. (Suisan Gaku Syûsei), 3, p. 3 4 8 ,  f ig .  8  

[ =  P . pacifica].
[non] Phronima colletti B ov. $. L a v a l ,  1968, Cah. B iol. m ar., 9, p. 354, fig. 3 B [ =  P . pacifica  <?].

Les autres références citées par S h i h  (1969) ne s ’accom pagnent pas d ’une description assez 
précise pour identifier P . colletti, ou s ’appliquent à d ’autres espèces.

La synonym ie de P . bucephala est la su ivante :

Phronima bucephala Giles

Phronima bucephala G i l e s , 1887, J. A siatic Soc. B e n g . ,  56, n °  2 ,  p. 2 1 5 ,  pi. 3 ,  f ig .  1 -2 .
Phronima colletti Bov. Indo-W. Pacific form S h i h , 1969, Dana-Rep., 7 4 ,  p. 2 1 ,  f ig .  5  g-m.

4. Répartition géographique.

E n dehors de l ’A tlantique, où elle est répandue entre 45° de lat. N . et 35° de lat. S. (Sh ih ,
1969), les seules stations se rapportant de façon certaine à P . colletti sont celles de la présente
étude. D ans l ’océan Indien, elle a été récoltée à 8 stations toutes localisées entre 27°30' S et 32° S 
le lon g  du 110e m éridien E ., c ’est-à-dire au sud-ouest de l ’Australie. Dans le  Pacifique, P . colletti
n ’a été trouvée qu’à une station  (16°22' S-170°00' E).

Le « Dana » a capturé P . bucephala au nord et à l ’ouest de l ’océan Indien, ainsi qu’à 3 stations  
situées en Mer de Java orientale, en Mer de Sulu et au nord de la N ouvelle-G uinée ( S h i h , 1969). 
Un individu (fem elle adulte de 6,2 mm) présent dans mon m atériel de l ’océan Pacifique (8°38' S- 
169°52' E) étend plus à l ’est cette répartition. Il faut y  ajouter l ’exem plaire de G i l e s  (1887) 
du Golfe du Bengale, e t  les spécim ens provenant de la région de N osy-B é (Madagascar) utilisés  
dans ce travail.

Il est év ident que de nouvelles investigation s son t nécessaires pour préciser la répartition  
de ces deux espèces dans l ’océan Indien et l ’océan Pacifique.
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II. DONNÉES COM PLÉM EN TAIRES SU R P. pacifica STREETS,  1877

Si le m âle et la fem elle de P. bucephala ne p euvent être confondus avec ceux de P. pacifica 
(la forme du péréiopode Y  est déjà suffisante pour éviter toute confusion), il n ’en est pas de m êm e 
pour les m âles de P. colletti et de P . pacifica qui sont très sem blables e t  se trouvent fréquem m ent 
dans les m êm es pêches. Il n ’est donc pas in u tile  d ’insister ici sur les caractères qui les séparent.

1. Différences entre les mâles de P. colletti et de P. pacifica.

Le m âle de P . pacifica a été découvert par S h i h  (1969) qui en a donné une description  
détaillée. Cet auteur m entionne certains caractères qui le  d ifférencient de celui de P . colletti 
(rapport largeur/longueur du carpe du péréiopode V, forme du pédoncule de l ’uropode II, processus 
carpal). Il ex iste d ’autres caractères qui sont plus faciles à observer. A uparavant il convient 
de faire une remarque à propos du tubercule carpal du péréiopode V.

Ce processus est de forme triangulaire chez P . colletti, avec les dents proches les unes des 
autres. Chez P . pacifica les dents plus espacées form ent un processus arrondi, m ais il ex iste  des 
variations individuelles. Comme je l ’ai m ontré chez Hyperia schizogeneios ( L a v a l ,  1968 a), la 
m ue de puberté peu t survenir plus ou m oins tô t  par rapport à la croissance de l ’anim al. C’est 
pourquoi on peut observer chez Phronima pacifica des variations depuis une condition  proche de 
celle de la fem elle, qui est celle du m âle sub-adulte (c’est-à-dire des dents peu espacées form ant 
un processus arrondi) jusqu’à la condition que j ’ai figurée dans un travail précédent ( L a v a l ,  
1968 b : P . « colletti », fig. 3 B) avec des dents très espacées les unes des autres.

Les caractères perm ettant une d istinction  aisée des deux espèces concernent la forme du 
propode du péréiopode V, la plaque épim érale I, la  branchie IV, le péréiopode IV  et, dans certains 
cas, le nombre d ’articles du flagellum  des antennes II.

Le propode du péréiopode V  de P . pacifica est plus m ince près de la base q u ’au niveau  
du tubercule term inal; qui est bien marqué car le propode se rétrécit brusquem ent 
à l ’extrém ité. En revanche, chez P . colletti on observe un n et tubercule proxim al, alors que le 
tubercule term inal est peu apparent (fig. 5, D et H). Cette différence se v o it  m êm e chez les individus  
jeunes:

La plaque épim érale I (fig. 5, A e t  E) a son bord inférieur fortem ent échancré chez P . pacifica, 
alors qu ’il est seulem ent infléchi chez P . colletti. Cependant com m e ce bord est droit chez le  m âle 
sub-adulte de P . pacifica, selon la date de la m ue de puberté on peut trouver certains individus 
à plaque épim érale I assez peu échancrée.

La branchie IV  (première paire) est très p etite  chez P . colletti (voir plus haut) e t  beaucoup  
plus grande chez P . pacifica : elle a tte in t ou dépasse les 2 /3  de l ’article basai du péréiopode IV, 
e t  sa largeur est au m oins les 3 /4  de celle de la  branchie V.

Le propode du péréiopode IV (fig. 5, C e t  G) est n ettem ent plus d ilaté chez P . pacifica que 
chez P . colletti. Le revêtem ent de petites soies qui. garnissent la face interne est beaucoup plus 
développé sur le  propode des péréiopodes III et IV chez P . pacifica, donnant, à l ’observation  
au binoculaire, un aspect som bre caractéristique. Cette garniture de soies est égalem ent plus dense 
sur la face interne des propodes des gnathopodes e t  des péréiopodes V I et V II de P . pacifica.

S h i«  (1969) note des variations de 15 à 17 pour le  nom bre d ’articles du flagellum  des anten
nes II de P . pacifica, et  considère que ce nom bre perm et de différencier cette espèce de P . colletti 
(12-13 articles, « A tlantic  form »). E n réalité ce nombre varie de 13 à 18 chez P . pacifica (fig. 4 A). 
J ’ai observé des variations de 11 à 12 chez les P . colletti de l ’océan Indien, m ais le p etit  nombre 
d’individus à ma disposition ne m ’a pas perm is de déterm iner l ’étendue réelle des variations, 
qui est sans doute plus grande. D e m êm e le nombre d ’articles varie plus largem ent que ne l ’indique 
S h i h  chez P . curvipes: 6 à 10 au lieu  de 7 à 9 (fig. 4 B). Il ex iste souvent des variations chez un
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0,5 mm

F ig . ó. —  A -D  : Phronim a colletti, mâle adulte de l'océan Ind ien  ; A  : plaque épimérale I ( l ’a van t d irigé vers la 
gauche) ; B-C : péréiopodes I I I  et IV , vus par la face in te rn e ; D  : péréiopode V . — E -H  : Phronim a pacifica, 
mâle adulte de l ’océan Pacifique ; E : plaque épimérale I  : F-G  : péréiopodes I I I  et IV  (face interne) ; H  : péréio

pode V.

285



56

même individu : sur 40 mâles adultes de P . pacifica  dont les deux antennes sont intactes, 8 n’ont 
pas le même nombre d’articles (différence d’une unité) à gauche et à droite. La même proportion 
(6 mâles sur 30) se retrouve chez P .  curvipes.  Le nombre d’articles des antennes II est donc 
trop variable pour permettre une détermination certaine. On peut toutefois affirmer qu’il y a 
une forte probabilité pour qu’un individu à plus de 15 articles soit P .  pacifica.

2. Synonymie de P. pacifica.

La prise en considération des caractères précédents permet d’établir ainsi la synonymie 
de cette espèce :

Phronima pacifica Streets
[?] Phronima  sedentaria-Forsk. C l a u s , 1872, Z. wiss. Zool., 22, p. 335, fig. 1; pi. 26, fig. 3; pi.27, 

fig. 11.
Phronima pacifica  S t r e e t s , 1877, Bull. U.S. nat. Mus., 7, p. 128. S t r e e t s , 1882, Proc. U.S. nat. 

Mus., 5, p. 6, pi. 1, fig. 3-3 a. V o s s k l e r , 1901, Ergebn. Atlant. Planktonexped., 2, p. 29, 
pi. 3, fig. 4-7. M o g k , 1927,  Intern. Rev. Hydrobiol., 17, p. 60, fig. 31. S h i h  et D u n b a r , 

1963, Fich. Ident. Zoopi., 104, p. 3, fig. 6. S h i h , 1969, Dana-Rep., 74, p. 18, fig. 4.
Phronima colletti Bov. V o s s e l e r , 1901, loc. cit., p. 29 [¡J seulement], pi. 4, fig. 1-3. G h e v r e u x  

et F a g e , 1925, Faune de Fr., 9, p. 396, fig. 398 seulement]. I r i e , 1957, Compil. Fish. 
Sei. (Suisan Gaku Syûsei), 3, p. 348, fig. 8. S h i h  et D u n b a r , 1963, loc. cit., p. 3, fig. 3  c [<J 
seulement]. L a v a l , 1968, Cah. Biol. mar., 9, p. 354, fig. 3 B [cJ seulement].

[non] Phronima pacifica  Streets. S t e b b i n g , 1888, Rep. Voy. Challenger 1873-76, 29, p. 1348, 
pi. 159 [ =  P . stebbingii].

[non] Phronima pacifica  Streets. B o v a l l i u s , 1889, K. svenska VetenskAkad. Handi., 22, 
n° 7, p. 382, pi. 16, fig. 48-50 [ =  P. stebbingii ou P . curvipes].

3. Distribution.

La quasi-absence de P . pacifica  dans l ’océan Pacifique indiquée par S h i h  (1969) doit être 
révisée en fonction du matériel étudié ici. P .  pacifica  a été récoltée en grand nombre par 
R. R e p e l i n  sur la radiale effectuée le long du 170e méridien E. D’autre part S h i h  se réfère aux 
travaux japonais (c’est-à-dire ceux d ’ÍR iE )  pour affirmer que cette espèce ne dépasse pas 20° N 
dans le Pacifique Ouest. Mais la figure de P .  colletti donnée par I r i e  (1957) montre qu’il s’agit 
en réalité de P . pacifica. L’aire de répartition de cette espèce dans cette partie du Pacifique 
pourrait ainsi s’étendre jusqu’à 41° N.

Dans l’océan Indien oriental, P . pacifica  est présente jusqu’à 32° S, soit une limite sud compa
rable à celle trouvée par S h i h  (1969) pour la partie occidentale.

C O N C L U S I O N

Près de 70 ans après la monographie de V o s s e l e r  (1901), le nombre des espèces du genre 
Phronima  semblait bien établi (à l ’exception de P . affinis  qui a peut-être été décrite d’après 
un individu anormal de P. sedentaria). C’est pourquoi S h i h  (1969), découvrant une forme proche 
de P .  colletti dans l ’océan Indien, a sans doute hésité à en faire une espèce distincte, d’autant que 
l ’absence de P . colletti dans le matériel du « Dana » de l ’océan Indien et la présence d’une autre 
forme dans le Pacifique Est rendaient vraisemblable l’hypothèse de variétés géographiques. 
La découverte de P .  colletti dans l ’océan Indien et l’océan Pacifique m’a conduit à réviser cette 
interprétation et à montrer que la forme de l ’océan Indien au moins est bien distincte spécifi
quement. Les variations géographiques de P .  colletti dans les trois océans existent bien, mais 
sont de beaucoup plus faible amplitude.
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Il reste le cas de la forme du Pacifique Est décrite par S h ih  (1969). Cette forme, qui est 
proche de P. bucephala, n’est visiblement pas une variété de P. colletti. Plusieurs caractères 
parmi ceux donnés par S h i h  (grande taille, nombre élevé des articles du flagellum des antennes II 
du mâle, proportions différentes du péréiopode V) font cependant hésiter à en faire une variété 
de P. bucephala. Une étude détaillée de la morphologie et la répartition de cette forme, fondée 
sur un matériel plus abondant, s’impose pour résoudre ce problème.
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Reprinted from Cah. O .R .S .T .O .M ., Sér. Océanogr. vol. VIII, no. 2, 1970, p. 3-17

ZOOPLANCTON DE LA RÉGION DE NOSY-BÉ 
IV. PLANCTON DE SURFACE AUX STATIONS 3, 4 ET 1 1 /

p a r  S. FRONTIER**

R é s u m é

L ’auteur analyse les données recueillies dans le zooplancton de trois stations néritiques de la 
région de N osy-B é pendant près de trois ans. Une des stations est typique de la zone néritique interne 
(baies),  les deux autres de la zone néritique externe.

Les variations saisonnières sur le plateau continental se caractérisent par  une alternance de 
l ’influence côtière en saison chaude, océanique en saison fraîche. L a  station néritique interne étudiée 
se trouve à la limite de l ’extension vers la côte du peuplement néritique externe en saison fraîche. 
Le peuplement des stations néritiques externes est assez voisin du peuplement néritique interne en 
saison chaude, et prend ses caractères spécifiques à partir  de mai, à mesure que les apports du large 
vident le plateau continental de l ’eau douce qui s ’y  est accumulée pendant la saison des pluies. Le 
maximum de l ’influence océanique sur le plateau a lieu entre août et octobre. L ’extension vers le large 
du peuplement néritique interne commence à se faire sentir aux deux stations néritiques externes 
avec environ un mois de décalage par  rapport au début des pluies.

Pour la plupart des groupes zoologiques étudiés, la saison chaude correspond à une période  
d ’abondance, et la saison fraîche à une période de pauvreté. Les variations sont en général beaucoup 
plus sensibles en zone néritique externe qu’interne ; cela doit être mis en relation avec les mouvements 
de masses' d ’eau se superposant en saison fraîche, dans la première zone, à l ’évolution propre des 
peuplements.

Outre les variations saisonnières, il apparaît des variations d ’une année sur l ’autre. L a  troisième 
saison sèche étudiée se caractérise sur l ’ensemble du plateau par  une influence océanique moindre 
que lors des deux précédentes, ayant pour corollaire le maintien de caractères néritiques internes aux  
deux stations externes. Lors de la saison humide suivante, certains groupes zoologiques montrent 
des abondances dépassant celles des années précédentes à époque comparable.

A b s t r a c t

The author is analyzing the information collected on the Zooplankton of  the three nerilic stations 
of the N osy  Be region over three years. One of  the stations is characteristic o f  the inner (b a ys )  
zone, the two others of  the outer neritic zone.

Seasonal variations on the continental shelf are distinguished by an alternation of  coastal

* V o ir  Cah. Océanogr.. vo l. IV , n° 3, 1966 (1 et I I ) .
* * Océanographe bio logiste, Centre O .R .S.T.O .M . de N o s y - B é  (Madagascar).

Collected reprints o f  the International Indian Ocean Expedition, vol. V III, contribution no. 610 2 8 9
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influence in warm seasons and oceanic influence in cool seasons. The inner neritic slation studied 
is to be found at the boundary of the area towards the outer neritic population in cool seasons. The 
population of the outer neritic stations is fairly related to the inner neritic population during warm  
seasons and takes on its specific characteristics from M a y  onwards in proportion as the alluvial 
deposits o f  the sea empty the continental shelf of soft water which becomes accumulated there during  
the rainy seasons. M axim um  oceanic influence on the shelf occurs between August and October. 
The area towards the inner neritic population begins to establish itself at the two outer neritic stations 
with about one month of adjustment in relation to the beginning of the rains.

For most of the zoological groups studied, the warm season corresponds to a period of abundance 
and the cool season to a poor period. The variations are generally far more appreciable in the 
outer neritic zone than the inner; the latter must be compared to the movements of water masses 
superposing, during cool seasons in the first zone, on the proper development of the populations.

Beyond seasonal variations, variations crop up from one year to the next. The third dry  
season studied is distinguished from the shelf as a whole by less oceanic influence than during the 
two previous seasons, having as corollary the maintenance of inner neritic characteristics at the 
two outer stations. A t  the time of the following wet season, certain zoological groups show abundances 
exceeding those of previous years at comparable times.

ZNE ; ZNI
N O S Y  BE

d  ' Am

h o | [ j  Baie c
T s i m ip a i k a

^  d  ' A m p a s i n  -  c

49*io' zo'
Fig. 1. —  Carte des stations (Z N E  : zone né ritique  externe ; Z N I : zone néritique  in te rne  ; aire hachurée : zone de

balancem ent saisonnier de la  lim ite  Z N E -Z N I).
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Les données exposées ci-dessous concernent la période d ’avril 1963 à janvier 1966.
La station  3, située à l ’ouverture de la Baie d ’Ambaro (fig. 1) s ’est révélée typ ique de la zone 

néritique interne, n ’étan t que sporadiquem ent atte in te en saison sèche par des élém ents du 
peuplem ent néritique externe.

Les stations 4 et 11 sont néritiques externes. La station  4 a été occupée jusqu’en août 1964 ; 
à partir de septem bre, l ’in térêt s ’étan t porté sur le sud de la zone prospectée, elle a été remplacée 
par la station 11 située approxim ativem ent à la m êm e distance que la 4 du talus continental. 
La station  8, proche de la station  11 et occupée d ’avril 1963 à mars 1964, servira parfois de 
référence pour savoir-si des différences constatées aux m êm es m ois entre les stations 4 et 11 sont 
plus probablem ent à attribuer à la différence de la titude ou à des variations d ’une année sur l ’autre.

Le rythm e des sorties éta it m ensuel.

A. L E  M I L I E U  H Y D R O L O G I Q U E

Les données hydrologiques (température et salinité) recueillies aux im mersions 2 et 10 m 
ont été portées, pour chaque station, sur des diagram mes T/S annuels sem blables à ceux publiés 
précédem m ent (stations 5 et 10 : F r o n t i e r , 1966). L ’allure de ces diagram mes aux stations 4 
et 11 est la m êm e qu’à la station  10, la tem pérature descendant toutefois en août-septem bre 
au-dessous de 25 °G, alors qu ’elle dépassait toujours 25,3 °C à la station  10 (fig. 2).

La station  3 se d istingue des précédentes par :
—  l ’existence, en saison hum ide, d ’im portantes dessalures de surface, avec une forte strati

fication (m axim ale en février-mars : su ivant les années 28,0 à 32,7 % o à 2 m  ; 33,7 à 34,5 ° /0o 
à 10 m) ;

—  une tem pérature de saison fraîche supérieure d ’au m oins 0,5 °G à celle des stations néri
tiques externes.

La poursuite des observations sur près de trois ans a permis de constater qu’à ces variations  
saisonnières  s ’ajoutent des variations annuelles  c ’est-à-dire d ’une année sur l ’autre*.

La figure 3 reproduit les branches descendantes (mai à août) et ascendantes (septembre 
à décembre) des diagram mes T/S aux stations 3, 4 et 11, pendant les trois années étudiées, à 
l ’im mersion 10 m.

Les branches descendantes pour 1963 et 1964 coïncident presque, alors que celle de 1965 
se trouve décalée de 0,2 à 0,5 °/0o vers les faibles salinités. D ’autre part le refroidissem ent hivernal 
est m oins im portant lors de la troisièm e année : aux stations 4 et 11, la tem pérature d ’août reste 
en 1965 supérieure de 0,5 °G à celle du large alors qu’elle a tte in t cette dernière (inférieure à 
25 °C) en 1963 et 1964. A la station  3, la tem pérature ne s ’abaisse qu’à 25,65 °C en 1965, contre 
25,33 en 1963 et 1964.

Pour la période septem bre-décem bre (branches ascendantes des diagram mes T/S), ce sont 
au contraire les deuxièm e et troisièm e années qui coïncident, décalées d ’environ 0,2 °l OO vers 
les faibles salinités par rapport à la première.

Une rupture de l ’évolution  hydrologique est donc apparue entre août et septem bre 1964. 
Il paraît m aintenant fâcheux qu’à cette époque, la station  néritique externe de référence ait 
été déportée d ’un dem i-degré vers le sud. Toutefois, de m ai à décembre 1963, l ’hydrologie est 
presque superposable aux stations 4 et 8, cette  dernière étant très proche de la station  11, ce qui 
suggère que le phénom ène est indépendant du changem ent de station. D ’autre part, les m êm es 
faits apparaissent à la station  3, occupée sans interruption pendant les trois ans. Il s ’agit donc 
d ’une rupture ayant intéressé l ’ensem ble du plateau continental pendant la saison fraîche 1965.

* Pour la  term inologie des phénomènes liés au temps en écologie : v o ir  S o u r n i a  et F r o n t i e r ,  1967.
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La dessalure de saison humide trouve son origine, pour une part (non encore exactement 
estimée) dans les précipitations affectant directement la surface de la mer, d’autre part et surtout, 
dans les arrivées d’eau douce drainant des bassins versants importants vers les baies intérieures 
du plateau continental constituant la zone néritique interne. Au plus fort de la saison humide, 
l ’influence côtière s’étend en surface au-delà de la ligne des 100 m, l ’ensemble du plateau conti
nental présentant une circulation de type estuaire ( P it o n , comm, person.). A partir du milieu 
de mai l ’influence terrigène régresse graduellement, le plateau se vidant de son eau douce par 
l ’effet d’arrivées de masses d’eau du large, ainsi qu’en témoigne le changement de composition 
du plancton.

Il est possible de suivre approximati
vement, en comparant les diagrammes T/S 
aux différentes stations, l ’avancée de l ’influence 
océanique vers la côte au cours de 1’« automne 
austral ». Sur le diagramme T/S de la figure 4 
sont portées les données hydrologiques obtenues 
aux stations 3, 4, 5, 8, 10 de mai à août 1963 
(branches descendantes), ainsi qu’à titre indica
tif les données d’avril (fin de la saison humide). 
L’évolution presque rectiligne constatée entre 
mai et août traduit le remplacement d’une eau 
à caractères très néritiques par une eau voisine 
de l ’eau océanique de surface. On constate un 
retard permanent, d’un mois en juillet, entre 
les stations 3 et 10 (à influence côtière prépon
dérante) et les stations 4, 5 et 8 (zone néritique 
externe), ces trois dernières montrant entre elles 
des décalages moins importants et de sens va
riable, traduisant probablement des fluctuations 
aléatoires. On constate également que le retard 
de la station 3 sur la station 11 ou la 4 est 
moins accentué la troisième année que les deux 
premières (fig. 3a et c).

Il apparaît donc qu’au cours de la saison 
sèche 1965, l ’eau recouvrant le plateau conti
nental a gardé des caractères nettement plus 
néritiques que les deux années précédentes 
(nous verrons plus loin que cette particularité 
a eu un profond retentissement sur les peuple
ments planctoniques). Aucun phénomène phy

sique ni météorologique n’a encore pu être mis en parallèle avec ces fluctuations. 
Les précipitations ne semblent pas être en cause, car les courbes pluviométriques 
obtenues ces trois années à Nosy-Bé sont presque superposables. Les caractères du peuplement 
planctonique suggèrent des variations dans l ’intensité du refoulement de l ’eau néritique par 
l ’eau océanique à partir de mai ; les variations annuelles relèveraient alors de la dynamique 
(encore mal connue) des eaux du Canal de Mozambique.
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Fig. 4. — Branches descendantes (m ai-août) des d ia 
grammes T/S  aux stations 3, 4 ,5 , 8, 10. Im m ersion 10 m.
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B. V A R IA T IO N S  D ’A BO N D ANCE DE QUELQUES GROUPES ZOOLOGIQUES

La cotation d’abondance introduite dans la première partie de ce travail ( F r o n t i e r ,  1966) 
puis complétée ( F r o n t i e r ,  1969) est la suivante :

Cotes Effectifs Cotes E ffectifs

0 0 1,5 3 ou 4
1 1 à 3
2 4 à 17 2,5 environ  18
3 18 à 80 3,5 —  80
4 80 à 350 4,5 —  350
5 350 à 1500 5,5 —  1500
6 1500 à 6500 6,5 —  6500
7 6500 à 27000 7,5 —  27000
8 27000 à 120000 8,5 —  120000
9 120000 à 500000 9,5 —  500000

10 500000 à 2000000

C’est, comme précédemment, le carré de la cote qui est porté en ordonnées sur les graphiques 
de variations d’abondance (transformation log2) — et plus précisément dans ce chapitre, la 
moyenne des valeurs trouvées à 2 et 10 m.

Les résultats exposés ci-après ainsi que d’autres publiés en partie ( B i n e t  et D e s s i e r ,  1967, 
1969 ; F r o n t i e r ,  1963, 1966 ; P e t i t  et al., en préparation) montrent l ’existence sur le plateau 
continental de deux types de peuplements planctoniques nommés ( F r o n t i e r ,  1966) néritique 
interne et néritique externe. Une limite précise entre les deux zones ne peut évidemment être 
établie. On peut toutefois indiquer (fig. 1) la limite sud-est du peuplement néritique externe 
en saison sèche, coïncidant avec l ’entrée des baies intérieures du plateau ; et la limite nord-ouest 
du peuplement néritique interne en saison humide, coïncidant grossièrement avec la ligne Nosy-Bé- 
Nosy Mitsio (bien que des éléments néritiques internes se rencontrent couramment, à l ’époque 
du maximum de dessalure, au-delà de la ligne des 100 m en surface). La région (hachurée sur 
la carte) située entre ces deux limites est une zone de balancement saisonnier du contact néritique 
interne-néritique externe ; elle comprend, entre autres, la station 10.

La station 3 était occupée de jour (entre 12 h 30 et 15 h), les stations 4 et 11 de nuit (entre 
19 h 30 et 03 h 45). Des études postérieures à cette série de récoltes et menées dans le but de mettre 
en évidence des variations nycthémérales feront l ’objet d’un exposé ultérieur, mais j ’en indique 
dès maintenant quelques conclusions :

-— le phénomène de migration verticale nycthémérale est, tout au moins en ce qui concerne 
le milieu néritique, loin de présenter la généralité habituellement décrite ;

—  le s  d é p l a c e m e n t s  v e r t i c a u x  p é r i o d i q u e s  v a r i e n t  d e  n a t u r e  n o n  s e u l e m e n t  a v e c  l ’e s p è c e  
m a i s  p o u r  u n e  m ê m e  e s p è c e  a v e c  l e  s t a d e  d e  d é v e l o p p e m e n t  ( B h a u d ,  1969) e t  p e u t - ê t r e  l ’é p o q u e  

d e  l ’a n n é e  o u  d ’a u t r e s  c i r c o n s t a n c e s  n o n  d i s c e r n é e s ,  e n  s o r t e  q u e  l e  p h é n o m è n e  s e  t r o u v e  g é n é 
r a l e m e n t  t r è s  e s t o m p é  a u  n i v e a u  d u  g r o u p e  z o o l o g i q u e  ;

■— enfin, l ’hétérogénéité de la répartition horizontale est telle en milieu néritique qu’il est 
souvent impossible de distinguer, dans des variations d’abondances en un point fixe, ce qui 
revient aux migrations verticales des organismes et aux déplacements latéraux de la masse 
d’eau.
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La littérature est très pauvre en ce qui concerne les m igrations verticales du plancton  
néritique —  surtout du plancton tropical. Un récent travail sur le plateau continental néo- 
zélandais ( G r a c e ,  1968) rejoint toutefois nos conclusions.

L ’aspect négatif de ces conclusions a une conséquence m éthodologique : des résultats recueillis 
m ensuellem ent, en des stations éloignées les unes des autres, et concernant un groupe zoologique 
(espèce au m oins) pris dans son ensemble, seront com parables indépendam m ent des heures de 
prélèvem ent. Dès lors, variations verticales et hétérogénéité horizontale, indiscernables, consti
tueront dans nos séries de récoltes un bruit de fond qui, pour im portant qu’il so it (com me le 
m ontreront les graphiques de variations d ’abondance) ne m asquera pas entièrem ent les variations 
dues à l ’alternance saisonnière ou au gradient côte-océan.

Dolióles (fig. 5). ■—  Aucune périodicité n ’apparaît à la station  3 où Ies Dolióles sont absentes 
ou rares, m ises à part quelques récoltes" exceptionnelles. A ux stations néritiques externes, on 
observe (com m e aux stations 5  et 1 0  : F r o n t i e r , 1 9 6 6 ) ,  une période de quasi-absence, située 
ic i entre ju in  e t  octobre ou novem bre, alors qu ’elle se situait en janvier-m ars à la station 5 et 
en août-février à la 10 ; ces décalages n ’ont pas encore pu être interprétés. On remarque, lors de 
la troisièm e saison sèche étudiée, un appauvrissem ent m oins n et que lors des deux premières 
années. La saison hum ide se caractérise par deux m axim a (décembre et avril-mai) séparés par 
une période de m oindre abondance.

Appendiculaires (fig. 6). —  Variations de grande am plitude, mais sans caractère saisonnier 
net, aux stations 4 et 11. Forte abondance à la station  3 avec quelques périodes de raréfaction  
apparente (peut-être sim plem ent dues à l ’hétérogénéité de la répartition spatiale) : m ai-juin 1963 
août-octobre 1964, novem bre-décem bre 1965.

Lucifer (fig. 7). ■— Un cycle annuel d ’abondance apparaît de façon n ette  aux trois stations  
étudiées : m axim um  de saison hum ide, m inim um  de saison sèche, avec un décalage entre les deux  
zones néritiques : une chute d ’abondance brutale se m anifeste en m ai (début de saison sèche, 
c ’est-à-dire début du refoulem ent de l ’eau néritique par l ’eau océanique) aux stations 4 et 11, 
alors que le  genre reste abondant jusq u ’en ju ille t à la station  3*. La troisièm e saison sèche se 
marque en zone néritique externe par un appauvrissem ent un peu m oins accusé que les deux 
années précédentes.

Larves de Crustacés Décapodes (fig. 8). —  Les abondances des larves de Brachyoures, 
Anom oures et N atantia  ont été estim ées séparém ent ; les fluctuations saisonnières des trois 
groupes présentent un grand parallélism e. La figure 8 représente les enveloppes supérieure et 
inférieure des trois graphiques d ’abondance, pour les stations 4 et 11. On constate un m axim um  
de saison hum ide et un m inim um  de saison sèche, les très faibles abondances observées lors des 
deux premières saisons sèches ne se reproduisant pas la troisièm e année. La station  3 ne m ontre 
que des fluctuations non périodiques autour d ’une m oyenne plus faible qu ’en zone néritique 
externe.

Euphausiacées (fig. 9). —  La grande m asse des Euphausiacées rencontrées au-dessus du 
plateau continental est constituée par l ’espèce P seu d eu ph a u sia  latifrons  SA RS, qui est l ’un des 
constituants essentiels (du peuplem ent néritique externe. La répartition spatiale est très surdis
persée, la tendance à constituer des essaim s étant très accusée à tous les stades de développem ent ; 
l ’abondance aux stations 4 et 11 varie entre les cotes 4 et 6 indépendam m ent de toute périodicité 
saisonnière. A  la station  3, l ’espèce n ’apparaît qu’exceptionnellem ent (et, en général, en très

* A  la  s ta tion  10 ( F r o n t i e r ,  1966) on n ’observa it que des va ria tions  de grande am plitude  sans périod ic ité , 
et à la s ta tion  5 un m axim um  de septembre à décembre. A ins i q u ’i l  sera exposé u ltérieurem ent ( P e t i t ,  en prépara
tio n ), p lusieurs espèces s’étagent entre la côte et le large, et des différences dues aux exigences écologiques 
spécifiques in te rfè ren t avec celles dues aux va ria tions des masses d ’eau dans les zones de trans ition .
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V aria tions d ’abondance des larves de Crustacés Décapodes (enveloppes des courbes obtenues pour 
les larves de Brachyoures, d ’Anomoures et de Macroures).
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petit nombre) entre juin et novembre, c’est-à-dire pendant la seconde moitié de la saison sèche ; 
les abondances notables rencontrées en juin, septembre et octobre indiquent des avancées de 
l ’eau néritique externe jusqu’à l ’entrée de la Baie d’Ambaro.

Des récoltes de plancton ont été effectuées en divers points de la Baie d’Ambaro en 1966 et 
1967 : station 3, et au-dessus des fonds de 5 et 10 m. L’espèce n’apparaît que de juillet à octobre, 
et principalement au voisinage du fond, à la station 3 et très exceptionnellement au-dessus des 
petits fonds (5 individus en 25 récoltes effectuées en septembre-octobre) ; en outre il ne s’agit 
jamais d’adultes ( L e  R e s t e , communication personnelle)*.

Hypériens (fig. 10). ■— Les stations 4 et 11 sont marquées par un cycle annuel avec un maxi
mum de saison humide s’établissant assez brusquement en novembre, et minimum étalé sur 
toute la saison sèche. Par ailleurs, la singularité déjà signalée pour la troisième saison sèche 
apparaît nettement : après une chute d’abondance en février-avril, le groupe devient extrême
ment abondant et le demeure jusqu’à la saison humide suivante, où il atteint des effectifs encore 
jamais rencontrés. Ces fluctuations quantitatives se rapprochent beaucoup de celles constatées 
pour les Siphonophores Calycophores (on sait que de nombreuses espèces d’Hypériens sont 
commensales de ce groupe). A la station 3, où le groupe est bien moins nombreux, les variations 
sont plus confuses et sans parallélisme avec celles des Calycophores. Des remontées d’abondance 
semblent se produire en mai-juin et en décembre**.

Cladocères (fig. 11). — Aux stations néritiques externes, les Cladocères (seule espèce ren
contrée : Evadne tergestina Claus) n’apparaissent qu’en octobre et avril, les maxima se situant 
en mars et décembre 1964 et décembre 1965. L’abondance diminue brusquement en avril 1963, 
avril 1964, janvier 1965, janvier 1966, et l’espèce est pratiquement absente des récoltes de mai 
à septembre ou à octobre. L’allure des variations saisonnières coïncide ddnc avec celles décrites 
à la station 10. A la station 3, la période d’abondance pour les Cladocères s’étend d’octobre- 
novembre à juin-juillet ; mais les individus rencontrés en juin et juillet appartiennent en majorité 
à l ’espèce Penilia  avirostris  Dana, non récoltée aux stations 4 et 11.

Ainsi qu’il sera précisé dans une note ultérieure, il existe une vicariance entre les deux espèces 
de Cladocères. La population de Penilia, plus côtière que celle d,’Evadne, atteint son développe
ment maximum dans les baies intérieures entre juin et août ; elle ne dépasse alors que peu la 
station 3. La seconde espèce est au contraire une espèce de saison humide qui s’étend entre 
novembre et avril jusqu’en zone néritique externe.

La fig. 11 montre en outre que la population de Cladocères de la station 3 s’établit en 1964 
dès le mois d’octobre, c’est-à-dire avec un mois d’avance sur la station 4 ; en 1965, c’est au contraire 
la station 3 qui est en retard sur la station 11, ce qui semble contredire l ’origine néritique-interne 
de la population. En fait, la position des stations (fig. 1) suggère que le peuplement planctonique 
de la station 11 dépend, pour ses éléments néritiques-internes, de celui de la Baie d’Ampasindava 
plutôt que de la.Baie d’Ambaro. Le décalage constaté entre les stations 3 et 11 en 1965 semble 
refléter, comme il sera montré ultérieurement, un décalage dans le temps entre l ’évolution planc- 
tologique des Baies d’Ambaro et d’Ampasindava.

Hétéropodes et Ptéropodes. — Ces deux groupes seront l’objet d’une étude ultérieure détaillée.

Polychètes (fig. 12 et 13). — Les Lopadorhynchidae, Alciopidae, Tomopteridae, Typhlos
colecidae et « autres » (essentiellement formes épigames, et à l ’exclusion des formes larvaires) 
ont été comptés séparément. Les variations d’abondance des quatre familles holoplanctoniques

* A  la s ta tion  10, située dans la zone d ’alternance des deux types de peuplements néritiques, on observe 
une grande abondance de Pseudeuphausia latifrons en septembre-octobre, une raré faction  de l ’espèce de novembre 
à févrie r, et le reste de l ’année des fluc tua tions entre les cotes 0 et 4, ce qu i représente une s itu a tio n  in term édia ire  
entre celles rencontrées aux stations 3 et 11.

** Aucune périod ic ité  d ’abondance n ’apparaissait aux stations 5 et 10.
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Fig. 15. —■ V aria tions d ’abondance des Cténaires.,

étant sensiblement parallèles, ce sont les effectifs totaux qui sont portés figure 12. On constate 
en zone néritique externe un cycle annuel très accusé, avec une période d’abondance de novembre 
ou décembre à avril, le reste de l ’année étant pauvre. La saison sèche 1965 se marque par un 
appauvrissement moins accentué que les deux années précédentes. En zone néritique interne, 
on n’observe que des fluctuations sans périodicité nette autour d’une moyenne faible (de l ’ordre 
de 20 individus par récolte — même ordre de grandeur qu’aux stations 4 et 11 pendant la troisième 
saison sèche).

Les formes méroplanctoniques (larves exclues) montrent dans les deux types de stations 
une augmentation brusque d’abondance située entre novembre et janvier, suivie d’une diminution 
assez progressive à la station 3, plus brutale en zone néritique externe (avril-mai). On constate 
un pic en mars 1964 à la station 4. L’abondance est très faible pendant la saison sèche ; on 
observe cependant un petit nombre d’individus en juillet et octobre 1965.

Chaetognathes (fig. 14). — Cycle annuel très marqué, identique à celui observé à la station 10 : 
minimum de juin à octobre, maximum de novembre à mai. De faibles effectifs (moins de 350 indi-
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Fig. 17. —  V a ria tions  d ’abondance des Siphonophores.

vidus par récolte) se rencontrent en zone néritique externe pendant les deux premières saisons 
sèches ; la troisième saison sèche maintient des effectifs de l’ordre de 1500 à 6500 par récolte. 
A la station 3, le cycle annuel est légèrement moins marqué, les très faibles effectifs rencontrés 
en saison sèche aux stations 4 et 11 n’étant jamais réalisés.

Pterosagitta draco Krohn, indicatrice d’un peuplement en provenance du talus continental, 
se rencontre aux stations 4 et 11 essentiellement entre mai et novembre, avec un maximum en 
juillet-septembre ; sporadiquement et en très petit nombre le reste de l ’année. Les captures 
maximales sont de 20 à 50 individus par récolte. L’espèce apparaît sporadiquement et en très 
petit nombre à la station 3, entre mai et novembre (captures maximales : 7 à 10 individus par 
récolte en août).

Cténaixes Cydippoldes (fig. 15). — Aucune périodicité nette n’apparaît à la station 3 où les 
Cténaires sont moyennement abondants toute l ’année. Aux stations 4 et 11 par contre, les 
variations saisonnières d’abondance sont nettes (plus nettes qii’à la station 10) : le groupe est
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absent ou presque entre juin et octobre les deux premières années, et le reste de l ’année d’une 
abondance comparable à celle de la station 3. Pendant la saison sèche 1965, les effectifs de Cténaires 
ne font, à la station 11, que s’appauvrir sans disparaître, illustrant une fois de plus le maintien 
de caractères néritiques sur l ’ensemble du plateau durant ce troisième hiver austral.

Les variations d’abondance des Cténaires semblent faire apparaître un facteur écologique 
non identifié tenant sous sa dépendance l’ensemble du peuplement planct-onique du plateau 
continental. Un parallélisme frappant apparaît entre les courbes des stations 3 d’une part, 4 et 11 
d’autre part, chaque fois que ces dernières présentent un peuplement de caractère néritique, 
c’est-à-dire en saisons humides, et à la troisième saison sèche. Il y a quasi-superposition des 
courbes pendant la période novembre 1963-mai 1964, et décalage (la station néritique externe 
étant plus pauvre que la station néritique interne) d’octobre 1964 à décembre 1965. Vu l’éloigne- 
ment mutuel des stations, qui exclut un simple phénomène de dérive du peuplement vers le large, 
(on observerait dans ce cas un temps de latence non négligeable) on est obligé d’avancer l’hypothèse 
d’un facteur autre que le facteur saisonnier et que le gradient côte-océan. Une comparaison 
avec la périodicité des marées n’a donné aucun résultat ; il n’est pas impossible que les conditions 
météorologiques participent à ce facteur, mais rien de certain ne peut encore être avancé.

Méduses (fig. 16). — On observe aux stations néritiques externes un maximum de saison 
humide et un minimum de saison sèche, ce dernier très accentué les deux premières années et 
plus estompé la troisième. A la station 3, les variations quantitatives montrent un certain paral
lélisme avec les stations précédentes, mais l ’ampleur du bruit de fond masque toute périodicité.

Siphonophores Calycophores (fig. 17). — Parallélisme assez marqué avec le cycle annuel des 
Méduses aux stations 4 et 11. Cycle également très net à la station 3, mais décalé par rapport 
au précédent (2 à 4 mois d’avance). La troisième année se marque, pour les deux zones, par un 
appauvrissement hivernal moins accentué, suivi à la saison humide suivante par l ’apparition 
d’effectifs encore jamais atteints. La parenté de ces variations avec celles manifestées par les 
Hypériens a été signalée plus haut.

M anuscrit reçu le 24 mars 1970.
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NOTE ON THE SEA SURFACE CURRENTS OF THE WESTERN PART
OF THE INDIAN OCEAN

by

V. S. RAMA RAJU,
Oceanographic Research Wing of N.G.R.I., Cochin.

A bstr a c t

During the February-March 1960 part of the 31st cruise of the Soviet Research Vessel V1TIAZ, 
the sea surface currents in the western part of the Indian Ocean are computed from the observations 
on the drift of the vessel at different oceanographic stations when its propellers were not working. 
An analysis of these surface currents is presented in this note.

I n t r o d u c t io n

When a ship is adrift, it moves under the influence o f surface currents and 
wind. The effect of wind force in dragging the ship along its direction depends on 
the strength o f wind, and the shape and orientation of the ship. The limitations 
and reliability o f direct current measurements under various meteorological and 
oceanographic conditions have been summarised by B o h n e c k e  in one o f his recent 
papers (1955). When the surface current is weak and the wind force high, the drift 
of the ship might largely be influenced by the wind. However, considering the 
stream-lined shape o f the ship and the very high density o f  sea water compared to 
that of air (nearly 1,000 times), one can neglect the wind effect (say below Beaufort 4) 
and assume, under favourable conditions, that the drift o f the ship is mainly due to 
current alone for the purpose o f obtaining the general pattern o f surface curfents. 
This means that the ship itself can be used as a current-meter while adrift under favou
rable conditions. The currents, however, may not be reliable in cases where tidal 
currents prevail and the swell is strong.

D ata

Observation data on the initial and final positions o f the Soviet Research 
Ship VITIAZ while drifting at the oceanographic stations in the western part of the 
Indian Ocean, during February-March 1960, are utilised for determining the surface 
currents. The position fixing of the ship is done by celestial method. In the analysis 
o f the data all the doubtful values of the positions taken in cloudy weather are elimi
nated to minimize errors. Further, stations at which free drifting was not allowed by 
heavy operations like deep and bottom trawling, etc. are excluded in the computations. 
The distance through which the ship has drifted is computed from the construction 
of a right-angled triangle with the latitude and longitude differences between the 
initial and final positions as the two sides and the hypotenuse as the drifting path. 
This assumption is justified as the drift distances are not very large. The direction 
of drift is determined with respect to geographical north. The magnitude o f the 
average current is then equal to the ratio o f the drift distance to the drift time. The
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currents thus evaluated are represented by means o f vectors at the initial position 
of the stations and are shown in Fig. 1. It would be interesting to compare the 
drift currents thus evaluated with those determined by current-meters at these sta
tions to judge the reliability o f this method. It must, however, be noted that currents 
are not generally measured by this method because o f many reasons, but useful
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Fig. 1

inferences on surface currents could be derived from drifting oceanographic vessels 
while on station.

Su r fa c e  C u r r e n t s  in  t h e  W estern  P a r t  o f  t h e  I n d ia n  O c e a n

The period during which the present investigations are carried out forms 
part o f the winter in the northern hemisphere, and during this season strong north
west to north-east winds prevail over the north-western parts o f the Indian Ocean.
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The surface currents shown in Fig. 1 clearly indicate the presence o f North 
Equatorial Current, Equatorial Counter Current and the South Equatorial Current 
during February-March 1960.

The current pattern is compared with the surface currents of this region shown 
in “ Plate 8—World Chart o f Oceanic Sea-surface Currents for the Northern Hemi
sphere Winter ” by D e f a n t  (1961).

An examination of the currents along the 68°E meridian gives some indication 
to the boundaries o f the three equatorial circulations in the Indian Ocean. The 
southern limit of the westward flowing North Equatorial Current extends right upto 
the equator. The Equatorial Counter Current is well developed and has its axis very 
near to 90^S latitude. This agrees fairly well with the mean position indicated by 
S v e r d r u p  (1942). Further, it can be observed that the Equatorial Counter Current, 
which starts from the region off Zanzibar, widens as it moves farther arid farther 
from the coast, and at 68°E meridian it appears to extend from about 3°S to 10°S 
latitude. The South Equatorial Current moving across the east coast o f Madagascar 
can clearly be seen to branch off into north and south flowing currents along the 
coast. The northern branch moves north and then westward feeding the south 
flowing surface current in the Mozambique channel. Off Zanzibar, the surface cur
rents show a strong flow towards east, indicating that upwelling might be taking 
place during this period.

The surface currents in the Arabian Sea do not show any distinct pattern, 
but a more or less southward and south-westward flow can be observed. Off the west 
coast o f India, the surface current is weak during this period and is directed 
southwards along the coast.
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In the paper “ Circulation o f Waters in the Northern Indian Ocean during the Winter 
Monsoon ” by I. M. O v c h in n ik o v ,  the surface currents as determined by direct 
observations are described along with sub-surface currents.

The surface current pattern in the western part o f the Indian Ocean obtained 
from the ‘ drift method ’ is compared with that given in the above paper. The general 
pattern of surface currents obtained by the * drift method ’ agrees fairly well with the 
current pattern obtained by direct measurement. However, north o f equator, there 
is some disagreement in the current patterns. The cyclonic circulation observed 
in the Arabian Sea by direct measurements is not clearly brought out in the ‘drift 
method.’ The salient features that are in agreement can be summarised as follows :

1. The three equatorial circulations are well established in the western part of 
the Indian Ocean during the northern hemisphere winter as is already well 
known.

2. The current pattern as a whole is displaced to the south in comparison with 
the equatorial circulations in the Atlantic and Pacific Oceans.

3. The boundary between the North Equatorial Current and the Equatorial 
Counter Current lies to the south of the equator at 68°E meridian (according 
t j  O v c h in n ik o v  it lies at 3°S on 56°E longitude and at 2°N on 86°E longi
tude).

4. The Equatorial Counter Current widens as it flows farther and farther from 
the east coast of Africa.

5. The South Equatorial Current moving across the east coast of Madagascar 
divides into north flowing and south flowing branches.

6. Near the west coast o f India, the surface current flows southward along the 
coast.
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Reprinted from J. Mar. Biol. Ass. India, 1964, voL 6, no. 2, p. 207-216

THE HYDROGRAPHICAL FEATURES OF THE WATERS 
OF PALK BAY DURING MARCH, 1963

By A. V. S. M u r t y  & P. U d a y a  V a r m a  

Central Marine Fisheries Research Sub-Station, Ernakulam-6

I n t r o d u c t i o n

D u r i n g  the 26th cruise of the Research Vessel VARUNA, the Palk Bay has been 
covered from 18th to 20th March, 1963. The location of the Stations (Nos. 1631 
to 1681) occupied during this cruise are shown in Fig. 1.

The Bay is a very shallow and flat basin, nowhere exceeding 15 metres deep. 
On an average its depth hardly exceeds 9 metres. Temperature, salinity and dis
solved oxygen are the parameters of which the data have been collected during the 
cruise. Samples were taken from the surface at every station and from 5 metre 
depth at many stations and also from 10 metre depth at a few stations depended 
on the sonic depth of the station. These data have been used for bringing out the 
hydrographic features of the Palk Bay. The prevailing winds are also considering 
in the analysis, the relevant wind date being taken from the daily weather reports 
of the Indian Mateorological Department. The Palk Bay is divided into four 
different zones based on the nature of the data collected and the distributions of 
different parameters in these four zones are also presented.

D is t r ib u t io n  o f  S u r f a c e  T e m p e r a t u r e

The surface waters are subjected to diurnal variations of temperature due to 
the heating by day and cooling by night. The variations are much more appre
ciable in case of shallow basins due to the less thermal capacity of the basin waters. 
I t will be possible to compare the temperatures over different regions, only when 
the diurnal variations of temperature are minimised so that they can be neglected. 
Since the data of the Palk Bay are collected for three days, it is necessary to eliminate 
or minimise the diurnal variations from the observed surface temperatures. This 
may be achieved from shore-station observations. The observations at a shore 
station near Waltair (17° 41'N, 83° 17' E) on the diurnal variations o f surface tem
perature, connect the amplitude of temperature with hour of observation for the 
month of March 1960. The amplitude of temperature o(_ (in °C) about the daily 
mean temperature is given by

-  0.58 Cos - ^ /  +  0.15 Cos -  0.02 Cos t -  0.72 Sin - ^  t

-  0.10 Sin t -  0.07 Sin t,

Where t is measured in hours starting from midnight (Ramanadham and Murty— 
unpublished). The corrections for diurnal variation ( — o£°C) have been applied 
for the observed temperatures of the surface waters of the Palk Bay.

1
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The distribution of temperature of the surface, after being corrected for daily 
variations, is shown in Fig. 2. Temperature is less in the southern region as com-
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pared to the coastal region of the west and north-west of the Bay. They arecoastalthe of the westto
moderate in the neighbourhood of the Palk Strait (north eastern region of the Bay).
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The moderately cool water of the Bay of Bengal after entering the Palk Strait extends 
its influence almost to the middle of the west coast and in doing so, it divides the 
coastal waters of relatively high temperature into two separate cells. The tem
peratures of the region west of Pamban Pass are comparable with those of the

adirampatnam

PT- C A L IM ERE

- TONDI

0 0

PHANUSHKODI

7 9 ° 0 0 ' 79°30 ' 80*00 '

Fig. 2. D istribu tion  o f  surface tem perature  (°C) in Palk  Bay during  M arch, 1963.
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Strait. The thermal gradients are low in the northern region but they are high in 
the south. There is a very high positive gradient of temperature from the Rames- 
waram Island (Pamban) to Tondi.

D is t r ib u t io n  o f  S u r f a c e  Sa l in it y

The distribution of surface salinity is illustrated in Fig. 3. The salinity value 
depends not only upon the origin of watermass but also on the evaporation from 
the surface. Unless the factors of evaporation, such as the winds and humidity 
gradients in the microlayers of air over the surface are known, the effect of evapo
ration on local salinity values cannot be discussed. Nevertheless, ‘the salinity 
variations are further complicated by mixing of watefmasses brought into effect 
by currents and turbulent exchanges.

The 32%0 isohaline serves as a line of demarcation between the low saline 
coastal waters to its left and high saline Bay of Bengal waters to its right. The in
cursion of the Bay of Bengal water into the Palk Bay through the Strait is such that 
it splits the coastal water into two separate cells. Except for a weak trough (31 %„ 
isohaline) at the centre of the Bay, the salinity decreases gradually along an axis 
in the south-west direction running from the Strait. Highly saline water is pocketed 
in the south-southwestern corner of the Bay. This may be due to the incursion of 
The Gulf water through the Pamban Pass. The circulation in the south-western 
region may be weak and the coastal configuration may be hydrodynamically pro
tective constituting the causes for the entrapment of the high saline Gulf water 
without being mixed with'the low saline coastal water in the south. Water having 
a salinity less than 30% 0 may be treated as coastal water. The coastal water in 
the north is confined to a narrow region near the coast, whereas in the south the 
coastal water extends even to the middle of the Bay. The west-southwestern region 
is having the lowest saline water.

Along an axis in the direction of south-west front the Strait the salinity at first 
decreases gradually and then more rapidly towards the further end of this axis, 
disregarding the shallow dip at the middle. The gradient is very strong in the south
west, as in the case of temperature.

D i s t r i b u t i o n  o f  S u r f a c e  D e n s i t y  ( <rt )

The values of surface density (a t) have been computed by making use of the 
data presented in Figs. 2 & 3. The density distribution of the surface of the Palk 
Bay is illustrated in Fig. 4. The isopycnal of the value a t =  20 in the north may be 
treated as a forward boundary of the Bay of Bengal water. Similarly, the isopycnal 
rrt =  19 may be the limiting contour for coastal water. As in the case óf salinity, 
it is also clear from the orientation of the isopycnal crt —19 that the coastal water 
is limited to a narrow region in the north-west and to a wider area in the south-west. 
It is also clear that the Gulf water near the Pamban Pass in the south is locked 
under the protective configuration of the coast.

The sharp gradients of density of the south-western region indicate that mixing 
of the coastal water with the sea (Gulf) water is not prominent in this region. It 
can be further inferred from the orientation of the isopycnal <rt =  20 that the in
fluence of the Bay of Bengal water on the Palk Bay is much more extensive and
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Fig . 3. D istribu tion  o f  surface salinity (%0) in Palk  Bay during  M arch, 1963.

intensive than the Gulf waters. The density decreases along an axis in the south
western direction from the Strait, the waters being more of sea origin at the begin
ning and more of coastal origin towards its further end.

315



212-

D is t r ib u t io n  o f  D is s o l v e d  O x y g e n

The distribution of dissolved oxygen (ml/1) in the surface waters of the Palk 
Bay is shown in Fig. 5. This being a shallow body of water, the effect of wind

ADIRAMPATNAM
PT. C A LIMERE

-197.' 
19-0--TONDI« ,
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¡AMB»

8CT00'79#30'

Fig . 4. D istribu tion  o f  surface density (cri) in Palk Bay during  M arch, 1963.
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mixing, apart from the biochemical factors, in the horizontal and vertical distri
bution of oxygen is suspected. Hence the speed and direction of the wind over the Bay 
were computed from the daily Weather Reports of the shore- stations of Nagapat- 
tinam and Pamban obtained from the Indian Meteorological Department. These

ADIRAMPATNAM
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Fig. 5. D istribu tion  o f  surface dissolved oxygen (m l/1) in Palk Bay during M arch, 1963
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computations show that the North-East winds are more frequent duriiig this 
period. The wind strength at Nagapattinam is about 8 to 10 knots on an average 
for the month, and at Pamban it is only 2 to 4 knots. It means that the wind 
blows over the Palk Bay in the same direction over the northern and the 
southern region, but with different strength. The winds over the Palk Strait are 
considerably strong and they decrease along the axis in the south-western direction 
to attain a minimum speed at the lower end of the axis.

The oxygen content in the surface waters at the Strait is less when -compared 
to that of the waters a little further inside the Palk Bay, in spite of the strong winds 
at the former region. In the open sea (the Bay of Bengal) the surface oxygen is 
distributed over a considerable length of water column in the vertical. On the 
contrary, only a very short column of water shares the oxygen from the surface a 
little left of the Strait since the depth is hardly 5 fathoms. Therefore, the oxygen 
content is slightly higher towards left of Palk Strait though the winds are stronger 
towards its right. As the winds are weakened along the axis of the Bay in the 
south-western direction, so is the distribution of oxygen content in this direction.

It is noteworthy that the waters everywhere in the Palk Bay are almost saturated 
with dissolved oxygen. They sometimes even exceed the saturation limit by a 
small percentage, especially in the northern region.

Z o n a l  D is t r i b u t i o n  o f  P h y s i c a l  a n d  C h e m ic a l  P r o p e r t i e s

In view of the nature of observations, the Palk Bay is divided into four different 
zones by the lines AA and BB as shown in Fig. 1. T-he division is such that each 
zone contains the data partly covered by night and partly by day. The diurnal 
changes, within certain limitations, can therefore be expected to affect all the four 
zones in a similar way.

The distribution of the physical and chemical properties are represented in the 
Table for all these zones. The Table gives a summary of the regional differences 
of properties of the Bay waters. It differentiates the warm, low saline and low 
oxygen and light waters of the south-western zone from the moderately cool but 
highly saline and rich oxygen and denser sea waters of the diagonally opposite 
north-eastern zone.

At least some of the properties are similar for all the four zones. With all 
that, the south-western zone remains distinctly separate from the rest of the four 
zones.

Su m m a r y

The Palk Bay is a shallow and flat basin; the depth of which being on an aver
age 9 metres and nowhere exceeding 15 metres. The hydrography and dissolved 
oxygen conditions of the Bay waters are studied during the month of March 1963.

The distributions of temperature, salinity, density and dissolved oxygen of 
the surface waters of the Palk Bay indicate that the Bay of Bengal waters entering 
through the Palk Strait have major influence on the hydrographic conditions of 
the Palk Bay. The G ulf waters influence the Palk Bay to a minor extent only.
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T a b l e

Zona l Distribution o f  Physico-Chemical Properties o f  the P alk  Bay

Surface
Tem perature

°C
T em perature

°C
Salinity

°//oo

Surface
D ensity

<Tt

Dissolved
Oxygen

m l / 1

Percentage sa turation  
o f

D issolved Oxygen

Zone
C orrected  
fo r daily 

variations

U n co rrec 
ted  for 
daily 

variations
5m. 10m. Surface 5m. 1 0 m . it) Surface 5m. 1 0 m. Surface 5m . 10m.

N orth-W est 29.1 29.0 28.8 . . 31.85 31.86 19.71 4.7 4.7 106 105

N orth-E ast 28.6 28.8 28.7 . . 32.29 32.24 20.19 4.7 4.6 106 103

South-East 28.4 28.5 28.7 28.4 31.10 31.02 31.23 19.50 4 .6  4.8 4.6 1 0 2 105 102

South-W est 29.0 28.6 28.6 . .  i 30.26 30.24 •• 18.70 4.6 4.5 1 0 0 1 0 0

I—*
SO v!
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Winds blow over the Palk Bay from the north-east. They are strong at the 
Palk Strait and weak towards the south-western end of the Bay.

The dissolved oxygen reaches nearly its saturation value over the entire Bay. 
Sometimes it exceeds its saturation limit by a small percentage. The general 
pattern of distribution of dissolved oxygen of the surface layers is in accordance 
with the wind conditions over the Bay.

The waters adjacent to the coast have high temperature, low salinity and low 
density. The Bay of Bengal water extends its influence almost to the middle of 
the coast and hence separates the coastal water into two cells.

Denser sea water is pocketed near the coast at the south-western region of the 
Bay. The south-western zone is the least disturbed area under the protective con
figuration of the coast and the non-disturbing atmosphere. The coastline of the 
north-western region is similarly protective. But the waters in this region are dis
turbed by the strong north-easterly winds and the associated circulation of water 
through the Strait.
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Reprinted from J . Geophys. Res., vol. 70, no. 10, 1965, p. 2319-2324

Large-Amplitude Internal Waves Observed off the 
Northwest Coast of Sumatra

R i c h a b d  B .  P e r r y  a n d  G e r a l d  R .  S c h i m k e  

V. S. Coast and Geodetic Survey, Washington, D. C.

Abstract. In te rn a l w aves of large am p litu d e  were observed n o rth  of S u m atra  b y  th e  U . S. 
C oast & G eodetic  Survey ship Pioneer in  Ju n e  1964. T h e  b a th y th e rm o g rap h  investigation  
which defined these w aves was in itia te d  a fte r  observation  of curious periodic surface phe
nom ena resem bling tid e  rips. A nalysis of ba th y th e rm o g rap h  records ind icates th a t  in te rn a l 
waves w ith a  m axim um  observed w ave h e ig h t of 82 m ete rs  are th e  p robable  cause of th e  
surface disturbances.

Introduction. The existence of internal waves 
in the sea, along surfaces separating layers of 
contrasting density, has been inferred from 
oceanographic observations for many years. A 
better understanding of these waves is important 
because of their effect on dynamic height com
putations, current measurements, marine life, 
undersea navigation, and submarine warfare. 
Large internal waves, and surface disturbances 
believed to be associated with these waves, were 
observed in the Andaman Sea area between 
Great Nicobar Island and Sumatra by the U. S. 
Coast & Geodetic Survey ship Pioneer in June 
1964 during the vessel’s participation in the In
ternational Indian Ocean Expedition.

Setting. The Andaman Sea is separated from 
the Bay of Bengal by the Andaman and Nicobar 
islands (see Figure 1) and a submerged, north- 
south trending ridge from which the exposed 
island peaks rise, the Andaman-Nicobar ridge 
(see Figure 2). The sea is bordered by Burma, 
Thailand, the northern end of the Strait of 
Malacca, and the northwest coast of Sumatra. 
Between Great Nicobar Island, the southern
most island of the group, and Sumatra, the 
waters of the Andaman Sea connect with those 
of the Indian Ocean through the Great Channel, 
a passage in the submerged ridge characterized 
by rugged searijottom topography and depths 
greater than 2000 m.

General summaries of meteorological and 
oceanographic conditions in the Bay of Bengal- 
Andaman Sea area are given in U. S. Navy 
Hydrographic Office Special Publication 53
[1960] and by Sewell [1932], They indicate that 
in June a well-mixed surface layer of water, hav

ing lower salinity and higher temperature than 
the surface waters in the Bay of Bengal, flows 
southwest through the Great Channel. Tempera
ture profiles taken by the Pioneer in June 1964 
showed a well-mixed layer extending to a depth 
of about 100 m. A recent analysis of oceano
graphic conditions in the area indicates that 
surface currents in the Great Channel set to the 
west at about 0.8 m/sec during much of the 
year and that a subsurface flow sets to the east, 
into the Andaman Sea, below the thermocline 
depth (R. H. Sullivan, Jr., U. S. Navy Fleet 
Weather Service, personal communication).

Observations. On the morning of June 12, 
1964, distinct zones of whitecaps ranging from 
200 to 800 m in width and stretching from hori
zon tc horizon (approximately 30 km) in a 
north-south direction were observed in the 
Andaman Sea north of Sumatra (see Figure 2). 
At least five of these zones, with a spacing of 
about 3200 m between each zone, were observed.' 
The observed zones or bands of choppy water 
had short, steep, randomly oriented waves with 
heights of about 0.3 to 0.6 m. Each band stood 
out distinctly in an otherwise undisturbed sea. 
A 4-m/sec NNW wind and a surface water tem
perature of 29°C were observed, but neither 
changed significantly as the ship crossed the 
bands of choppy water. Detailed salinity meas
urements were not made while crossing the 
bands; however, routine bi-hourly salinity sam
ples showed a maximum regional salinity gradi
ent of 0.03%o per km. Later in the day, several 
other bands of similar dimensions, but having 
smaller waves, were observed.

On June 13, similar north-south trending
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Fig. 1. In d ian  Ocean area.

bands of choppy water were seen farther to the 
west in the Great Channel, near 06°09'N, 94° 
37'E. Ten bands, each approximately 200 m 
wide and 800 m apart, were observed. In some 
instances, the water between the bands of 
choppy water had a slicked appearance despite 
a 9-m/sec SSW wind. Similar slicks were not 
apparent on the preceding day when the bands 
of choppy water were farther apart. Boundaries 
of the choppy water were all well defined. After 
crossing a number of the bands, the ship changed 
course to an easterly direction to initiate a 
bathythermograph (BT) investigation of the 
observed phenomenon. The timé at which the

bow of the ship entered a chop line and the 
time the stern entered the same line was ob
served. By using the ship’s course and average 
speed as determined by visual fixes on land, it 
was possible to compute the rate at which the 
bands were moving, assuming their direction of 
progress to be perpendicular to their long axis. 
The bands were computed to be moving east
ward at 2.6 m/sec. A series of five BT observa
tions was obtained by repeatedly lowering the 
instrument while the ship steamed west at 4.7 
m/sec, approximately perpendicular to the long 
axis of the chop lines. Four well-defined bands 
of choppy water were crossed during the BT
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F ig. 2. T rack line  of USC&GS ship Pioneer, Ju n e  12-13, 1964. C rosshatched areas indicate 
places where surface d istu rbances were observed. D ep th  contours in  m eters.

observations (see Figure 3). Each. BT record 
taken while crossing the chop lines showed a 
split trace in the thermocline region. A maxi
mum separation of nearly 15 m was recorded on 
one lowering. Since the bathythermograph func
tioned properly on previous and subsequent 
measurements, the cause of the split trace was 
attributed to pronounced horizontal tempera
ture gradients, possibly associated with internal 
waves.

The temperature profile in Figure 3 was de
rived by plotting the depth of the isotherms 
from the five BT traces against the time elapsed 
during the observations. The temperatures re
corded during the descent of the BT are sep
arated from those recorded during the ascent. 
In the resulting profile the periodic undulations 
of the closely spaced isotherms, which depict 
the depth of the thermocline, strongly suggest 
the presence of internal waves. The maximum 
height of the apparent waves is approximately 
80 m. If they are indeed internal waves, and 
moving at the same speed and in the same direc
tion as the surface chop lines, then the wave
length is calculated to be about 2000 m.

Upon completing the special BT observa

tions, the Pioneer resumed its westward course 
through the Great Channel into the Bay of 
Bengal. As the ship proceeded westward, the 
surface waves in the bands of choppy water 
were observed to increase in size. The last and 
westernmost chop line sighted, at 06°03'N, 94° 
21'E, was a very choppy north-south zone char
acterized by seas of 1.8 to 2.1 m and extending 
from horizon to horizon.

During the ship’s westward course through 
the area where the internal waves were found, 
the routine bi-hourly BT observations indicated 
an intensification of the temperature gradient 
in and a rising of the thermocline. From the 
point where the last line of surface chop was 
observed, and westward into the Bay of Bengal, 
the thermocline depth gradually increased and 
its temperature gradient became somewhat less 
intense.

Discussion. In the Bay of Bengal and ad
jacent waters, surface phenomena similar to that 
observed aboard the Pioneer have been previ
ously observed and variously described as cur
rent rips, tide rips, lines of demarcation, and 
disturbed and rippled water [Marine Observer, 
1958, 1959, 1962a, 19626, 1963, 1964]. Alternate
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bands of rough and smooth water passed the 
R.V. Anton Bruun at four oceanographic sta
tions in the Andaman Sea in March 1963 while 
that ship was operating under the National 
Science Foundation Program in Biology for the 
International Indian Ocean Expedition. At one 
of these stations a low roar accompanied by 
breaking whitecaps was observed as the bands 
passed the ship in a flat calm sea (E. C. LaFond, 
U. S. N. Electronics Laboratory, 1965, written 
communication).

In more restricted areas similar but smaller- 
scale, elongated surface features occasionally are 
caused by converging currents, by tide rips, or 
by the influence of bottom topography. Pickard

[1961] has observed similar surface phenomena 
on a much reduced scale in certain inlets along 
the British Columbia mainland. His surface 
phenomena were related to progressive internal 
waves associated with a shear zone between in
flowing bottom water and outflowing surface1 
water in a positive estuarinc situation.

Bands of surface chop have also been asso
ciated with oceanic fronts. Such fronts are gen
erally characterized by strong horizontal tem
perature gradients at the surface and by marked 
faunal and color changes [Knauss, 1963]. A 
pronounced lateral shear in the surface flow7 is 
often in evidence as the observing ship crosses 
the disturbed band of water. The Pioneer ex
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perienced no difficulty in maintaining a true 
course while crossing the bands of disturbed 
water. There were no noticeable horizontal tem
perature or salinity gradients at the surface for 
a distance of more than 145 km on either side 
of the five special BT observations taken on 
June 13. Therefore, the possibility that the ob
served phenomena were directly associated with 
an oceanic front can be dismissed.

The possibility of bottom topographical in
fluence as a causative factor has been considered 
because remarkable correlations have been made 
between sightings of disturbed water and sharp 
rises in the bottom topography at relatively 
great depths. Such a correlation was noted 
aboard the Pioneer earlier in the expedition 
while in the Andaman Sea. However, the jum
bled and rugged topographical features and great 
depth of the sea floor in the immediate vicinity 
of the chop lines (Figure 2) make it hard to 
conceive of the bottom features giving rise to 
long, straight, narrow surface disturbances 
stretching from horizon to horizon.

Surface slicks have been related to internal 
waves in shallow water areas [Ewing, 1950; 
Dietz and LaFond, 1950]. In many cases, slicks 
are particularly noticeable in waters close to 
shore, where they usually are associated with 
wave- heights of 10 m or less. Pickard [1961] 
pointed out the basic difference between these 
slicks and the bands of choppy water which we 
observed.

Internal waves of greater height than 10 m 
have been observed in the deep oceans by means 
of Nansen bottles with reversing thermometers, 
BT’s, and, more recently, thermistor chains. 
Generally, these internal waves have been long 
waves with periods of the same order of magni
tude as the tidal period. Slicks or disturbed sur
face conditions have not been associated with 
internal waves in deep water far from shore be
fore these observations.

The mechanism for generating internal waves 
is frequently in question. In coastal areas the 
rise and fall of the tides over the continental 
shelf [Rattray, 1960] and shear caused by one 
mass of water flowing over another [Proudman, 
1953] are among the mechanisms proposed for 
the generation of internal waves. The internal 
waves observed by the Pioneer were of such 
short wavelength that tidal generation hardly 
seems to be a reasonable explanation. On the

other hand, because of their large amplitude, it 
seems somewhat speculative in the absence of 
direct current measurements to propose that 
shear flow was the generating mechanism. How
ever, investigations by R. H. Sullivan, Jr. U. S. 
Navy Fleet Weather Service, personal commu
nication, 1964), indicate that a strong shear flow 
may occur in the vicinity of the observed phe
nomena during most of the year. If this is the 
case, the situation seems directly analogous to 
that observed by Pickard [1961].

Defant [1961] wrote, ‘the appearance of 
waves at the boundary surface between two 
water layers has for a long time escaped the at
tention of observers because, even when the 
amplitude of the oscillation at the boundary sur
face is large, the free surface of the upper layer 
is only slightly disturbed and remains practically 
at rest.’ In the case at hand, the density of p' 
the upper well-mixed layer was 1.021 g/cm3. 
From the previous observations of Sewell [1932] 
and USN H. O. Special Publication S3 [1960], 
the density p of the lower layer can be reck
oned as 1.026 g/cm8. Using 40 m for the ampli
tude of the internal wave, and the formula 
ijo = — Z{p — p')/p [Defant, 1961], where r¡0 
is the amplitude of the wave at the free surface 
and Z is the amplitude of the internal wave, we 
compute a 0.2-m amplitude for the wave at the 
free surface.

The generating mechanism .of the highly agi- 
lated bands of chop is not clear, but they prob
ably are caused by a redistribution of mass that 
takes place with the passage of the internal 
wave. Pickard’s observations in Canadian waters 
indicate that his ‘ruffled bands’ are associated 
with the convergence taking place at the surface 
just behind the advancing internal wave crest. 
As seen in Figure 3, it was not possible to estab
lish a clear relationship between the bands of 
chop at the surface and a particular phase of 
the wave.

There is no direct correlation of wind effects 
and the observed phenomena since they were 
observed on June 12 in a relatively calm sea. 
Also the waves of the chop zone showed variable 
heights under relatively constant wind condi
tions on June 13. A topographic influence seems 
unlikely because of the irregular character and 
depth of the bottom.

Owing to the prevailing oceanographic condi
tions north of Sumatra during much of the year,
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and reported sightings of disturbed bands of 
water stretching from horizon to horizon, we 
believe that the existence of the phenomenon re
ported herein may be common in this part of 
the world, and its occurrence on June 13, 1964, 
probably was not unique.

More comprehensive investigations of this 
phenomenon might include the use of aircraft 
for aerial reconnaissance and aerial photography 
to chart the extent and periodicity of the sur
face disturbances. Current measurements and 
detailed thermal investigations should also be 
made using at least two ships equipped with 
thermistor chains.

Conclusions. The zones or narrow bands of 
choppy water sighted by the USC&GS ship 
Pioneer in the Andaman Sea area are believed 
to have been caused by internal waves. Internal 
waves, which were observed to occur simulta
neously with the choppy surface phenomena, 
had uncommon dimensions of approximately 80 
m in height and 2000 m in length.

Although the limited observational data pre
clude any conclusive demonstrations of a gen
erating mechanism for these waves, the cause 
may be related to a shear zone resulting from a 
well-mixed upper layer of warm, low-salinity 
water flowing westward over cooler, higher-

salinity water flowing eastward through Great
Channel north of Sumatra.
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OFF SHORE SEA AND SWELL STUDIES IN THE INDIAN SEAS

P. S. Ski v a s t a  v a ,  K. J o h n  T h o m a s  a n d  D. K. N a i r

Indian  Naval Physical Laboratory, Cochin 

(Rccr ivcd 24 June. 1965)

Oft'shore sea and swell measurements on board INS KbST'NA diirini' (lie International 
Indian  Occur Expedition have been presented. Spatial diagrams showing significant height, 
average period and direction of wave approach have been given. A comparative study of wavo 
hindcasts using Wilson’s m ethod w ith the  observed values has been presented.

“Sea” is defined as the waves vVhich are generated locally and in which all the fre
quencies are present. When the waves pass out of the generating arca the low high fre
quency waves are outstripped by the large waves of low frequency and we get nearly 
regular waves, which are known as swell. The roughness of the soa surface is a 
guiding factor in ship movement. Pierson et ç.P. have drawn a graph for ‘Victory’ 
type ship showing the trend of ship speed with increasing wave height. The speed of 
the ship decreases from 16 to 10-5 knots as wave height increases from 5 to 15 ft. H an
sen and James2 of the U. S. Oceaitographic Office have shown th a t by careful use of 
sea state forecast in choosing the ship’s course, the time of passage of a ship can be saved 
up to 10% with increase in safety for the cargo and comfort to passengers and crew. In  
the last two decades wave studies have revolutionised the design of ships as well as the 
stabilizers.

The knowledge of the thickness of isothermal water layer is of importance to physical 
and biological oceanographers, tiea state, to a great extent, decides the variation in the 
thickness of this , layer.

Bathymetric charts of inaccessible coasts can be drawn by taking aerial photographs3 
of the wave pattern.

The landing and taking off of sea planes on which depends the success or failure of 
search and rescue operations are also decided by the sea state.

Pre-knowledge of sea state can also be used to  advantage in coastal constructions 
beach erosion problems, off-shore drillings, fishing etc.

The study of wind waves in India is still in its infancy. Before 1949 no quantitative 
measurements of various wave parameters were taken in the Indian seas. Systematic 
visual observations of sea and swell were the outcome of the International Meteorological 
Organisation Conference held in Washington in 1947. Based on visual observations, 
some useful papers have been published by the meteorologists of the India Meteorological 
D epartm ent1__6. The monthly averages of significant wave height and period for the 
Arabian Sea and the Bay of Bengal have been reported in these papers.

C O L L E C T I O N  O Ï  S E A  A N D  S W E L L  D A T A

Off-shore sea and swell data were collected on board INS KISTNA with the help 
of a set of buoyant floats tied at every fifty feet to a string floating on the surface, follo
wing the technique of Pierson et aí1 (Fig. 1). The floats were lowered from the stern
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of tlie ship. After stopping the engine of the ship the floats as well as the ship were allo
wed to drift for about fifteen minutes after which the floats adjusted themselves perpen
dicular to the crest of the wave. Under these conditions the various wave parameters 
were easily measured. Thus

((f) wave period was observed by noting the time of passage of one full wave at 
the sixth or seventh float with the help of a stop watch.

(b) wave length was observed by sighting one of the floats on the crest-of a wave 
and estimating the distance of the next successive crest.

(r) wave speed was calculated by noting-the time of travel of a particular wave 
crest over a distance of 200 ft.

a n d  (d) wave height was estimated visually.

For every wave parameter a t least twenty five observations were made.

The raw data collected by using the stringed buoyant floats were processed for com
puting height (significant, average and the highest ten per cent), average period, average 
wave length and average wave speed. The data for 0—19 cruises of INS KISTNA

were issued as departmental reports. The 
spatial diagrams of the collected data showing 
significant height, average period and the 
direction of wave approach are given in 
Fig. 2—4. Based on the data for 0—14 cruises 
and also ou the data presented in the Atlas

,Fig. 1—Measurement of wave param eter.
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of sea and Swell issued by the U . S. Oceanographic Office, m onthly inaps of the areas 
surrounding Ind ia  depicting sea state (calm, moderate, moderately rough, rough and very 
rough) have been published by Srivastavai

An instrument using pressure bellows for self recording of wavc-height and wave 
period and capable of being operated from a ship, has been constructed. I t  w ill be put 
to field trials in the future cruises of IN S  K IS T N A .

T H E O R E T I C A L  C O M P U T A T I O N S  O F  W A V E  P A R A M E T E R S  F R O M  
S U R F A C E  S Y N O P T I C  W E A T H E R  C H A R T S

W ave parameters for a few stations of the cruises of IN S  Kistna, using W ilson’s8 
method were calculated. A  typical curve showing the comparison of wave hindcasts 
with observed values is given in Fig. 5 and 6.
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The theoretical wave parameters obtained 
for a few stations fairly agreed with the observ
ed values. The wind velocity in the above situ 
tions never exceeded 15 knots and hence the 
above calculations do not represent stormy 
conditions in the Indian seas.

A wave hindcast study for typical storm con
ditions both in the Arabian Sea and the Bay of 
Bengal, using Wilson’s method, is also in pro
gress. Wilson’s method has been chosen since it 
takes into account the moving fetches in a 
simple graphical way. Wind fields have been 
calculated along the alternate longitudes (i.e., 
every 2°). It is proposed to hindcast wave 
parameters over a grid pattern covering the 
Arabian Sea and the Bay of Bengal. Isopleths 

of wave height will be prepared for 
typical storm conditions. These maps 
will be used to forecast probable quiet 
lanes for the typical storm conditions. 
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Fig. 6—Comparison of wave hindeasts w ith  observed values [o-o— 
hincasted significant period ; 0 - 0  observed average period]
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SEA-LEVEL VARIATIONS ALONG TH E W EST-COA ST OF INDIA*

V S. Ram a R a j u  and V. H a r i h a r a n  
Oceanographic Research Wing o f  Indian Ocean Expedition, Cochin**

Abstract

T he d iu rn a l and  seaso n al v a ria tio n s  o f  sea -lev e l a t  C och in  d u rin g  th e  y ears 1958 and 
1959 in d ic a te  th a t  th e re  is an  a n n u a l range o f  18 inches in  sea -lev e l, m o st o f  th e  v a r ia tio n  
o ccu rrin g  d u rin g  th e  p e rio d  A ugust to  D ecem ber- T he sh o rt p e rio d  flu ctu atio n s in  sea-level 
observed  d u rin g  so u th -w est m o n so o n  p e rio d  b e a r  a  c lose  a sso c ia tio n  w ith  th e  ra in fa ll  d u rin g  
th is  sea so n . A d ev ia tio n  o f  21° be tw een  th e  su rfa ce  w ind d irec tio n  and  th e  su rface  d r if t is 
a rriv e d  a t;  th e  d e p a rtu re  from  th e  th eo re tic a l value  o f  45° in  th e  o p en  ocean  m ay be a ttr ib u te d  
to  the  shallow ness o f  th e  reg io n  off C o c h in .

T he g en era l tren d  o f  secu la r v a ria tio n s  o f  sea-level a lo n g  th e  w est-co ast o f  In d ia  
in d ica tes  th a t th e  v a r ia tio n s  a re  co n sid erab ly  large  fo r B h au n ag a r (1 -77 cm /y ear) an d  sm all fo r  
B om bay (0 03 cm y e a r) . S tud ies o n  th e  p e rio d ic itie s  show  th a t  in th e  case  o f  B om bay and  
B hau n ag ar an  18 years cycle am ong  o th e r  pe rio d s is a lso  in d ic a te d . F u r th e r ,  s tud ies o n  sea- 
level v a ria tio n s  in re la tio n  to  precise  leve lling  d a ta  a t  C och in  in d ica te  th a t th e  observed  sea- 
level v a ria tio n s  a re  n o t o n ly  due  to  v a ria tio n s  in  th e  w ater level b u t a lso  due  to  v a ria tio n s  in  th e  
level o f  th e  ne ig h b o u rin g  land-

Introduction

Tide-gauge records in harbour show tha t the varying perturbations o f 
sea-level are superimposed over the regular tidal oscillations. The abnorm al 
occurrence o f very large deviations from the predicted tides is generally asso
ciated with tidal waves generated by earthquakes, subm arine landslides, severe 
cyclones, etc. But the m ore frequent deviations o f observed sea-levels from the 
predicted tides occur due to the influence o f oceanographic and m eteorological 
factors. These factors are mostly dependent on one another and it is rather 
difficult to study their individual effects as several o f them act together. The 
object o f  the present study is to (i) investigate the influence o f various m eteo
rological and oceanographic factors more favourable and responsible for the 
frequent deviations o f observed sea-level from the predicted values at Cochin,

* P resen ted  a t  th e  sym posium  on  “ P ro b lem s in  G eophysics R e la tin g  to  th e  C ru s t o f  the  
E a rth ” , held  by th e  G eophysics R esearch  B oard  in  Ja n u a ry  1964 a t  H y d e rab ad .

**  R edesignated  as th e  Physical O cean o g rap h y  D iv isio n  o f  th e  N a tio n a l In s t i tu te  o f  O cean o 
g raphy , C o ch in .
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and (ii) understand the secular trends in the mean sea-level at certain  stations 
along the w est-coast o f India. ■ The various m eteorological and oceanographic 
factors that are considered to  be responsible for the short period deviations are 
(a) rainfall and runoff, (b) atm ospheric pressure variations, (c) wind effect, 
(d) seasonal variations o f density in a vertical colum n o f water, and (e) the 
secondary phenom enon o f standing oscillations that may occur during favour
able conditions.

Data and Methods

The hourly readings of the actual and predicted tide levels at Cochin 
recorded for the period of 1st January 1958 to 31st Decem ber 1959 are collected 
from the tide-gauge records o f Cochin Port. D ata on pressure, winds, rainfall, 
etc. are taken from the Indian Daily Weather Reports. In the study o f sea-level 
variations at Cochin, the m eteorological data available at Minicoy Island weather 
station have been found to be extrem ely useful.

The ‘ m eteorological effect ’ is obtained either by subtracting predicted 
astronom ical tide from  the observed sea-level or by computing the average of 
the hourly heights o f observed elevations for a period of twenty four hours. 
The former m ethod has the drawback that the reliability of the value depends 
on adequate prediction of tides. M oreover the results include secondary pheno
menon such as seiches or surges. This m ethod may no t be sound, especially in 
shallow waters, as the constituents of the tides may be altered. In the present 
study the latter m ethod is preferred as it eliminates to a large extent the regular 
astronom ical tides and also reduces the transient variations. The m eteorolo
gical effect thus obtained is called the “ non-tidal sea-level” .

For the study o f the secular variations along the west-coast the continuous 
mean sea-level data uncorrected for m eteorological and eustatic variations 
available from  the publications o f IAPO (Publication Scientifique Nos. 19 and 20) 
for Cochin, Bombay (Apollo Bandar,, Bhaunagar and K andia are utilized. 
Annual mean sea-levels are calculated from the daily high and low water read
ings. Although the data are available for Bhaunagar from 1937 to  1958, because 
for a change in datum  from 1956, the latter three years’ data are not considered.

Of the several m ethods now available for the com putation o f secular 
trends in geophysical tim e series, the m ethod of periodogram  analysis 
( K e n d a l l ,  1951) is used for the stations Cochin, Bombay and Bhaunagar from 
where the data are available for fairly long periods (about 15 years or more). 
The authors are aware o f the lim itations involved in this type of study with data 
o f 15 or 20 years. However, an attem pt is made here to get some preliminary
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results about the periodicities. The intensities obtained by the periodograro 
analysis for various trial periods show high values when trial periods coincide 
with the actual periods present in the series.

Discussion o f Results 

Diurnal and Seasonal Variations o f  Sea-level at Cochin

The variations o f  non-tidal sea-level during 1958 and 1959 are shown in 
Figs. 1 and 2 respectively. D uring earlier m onths o f  both the years the mean 
sea-level rem ained alm ost steady with m inor fluctuations, whereas wide varia
tion in level exists during the period July to December. Further, it is seen that 
the maximum and minimum values o f sea-level exist during the latter half o f the 
year. The mean sea-level during 1958 is 29.9 inches and though there is a rise 
o f  2.5 inches in mean sea-level during 1959, the annual range is 18 inches during 
both the years and thus the seasonal trend appears to be m aintained.

Rainfall and Runoff

At Cochin, out o f the average annual rainfall o f 115 inches, about 80 
inches o f rainfall occur during the m onths o f May, June, July and August. 
Though the direct influence o f rainfall and runoff on sea-level is purely tem po- 
rary there is a clear-cut relationship betw een the short period fluctuations in 
non-tidal sea-level and rainfall during south-west monsoon periods. Figs. 3 and

A
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40
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4 show the variation o f fifteen days’ mean non-tidal sea-level and fifteen days’ 
to tal rainfall during the above m onths. Further, correlation coefficients o f  0.94 
and 0.97 betw een these param eters during 1958 and 1959 suggest that apparently 
during the south-w est monsoon period the non-tidal sea-level is closely asso
ciated with rainfall.

Barometric Effect

The atm ospheric pressure changes in time over a wide area bring out 
changes in sea-level in accordance with the ratios o f densities o f  air and water.
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This sea-level change equals a column o f  water having the same weight per unit 
area as the change in atm ospheric pressure. The theoretical value is very nearly 
1 cm /m b. But the atm ospheric pressure variations acting on small areas o f 
water surfaces may not show corresponding changes in sea-level. The ‘ baro
m etric effect ’ is calculated for certain  favourable periods o f  alm ost negligible 
winds with weak pressure gradients over the sea surface and when there is no 
rainfall, assuming for such periods tha t the sea-level change is prim arily due to  
atm ospheric pressure variations. While taking the mean pressure o f the day, the 
pressure values at Cochin and M inicoy at the synoptic hours, namely 0830 
hours and 1730 hours 1ST, have been chosen, and the average o f these values is 
taken to represent the mean pressure o f the day fairly well. As the times of 
synoptic observations are such that the effect o f sem i-diurnal pressure oscilla
tions is practically elim inated, a fairly representative mean pressure for the day 
is obtained by taking the average o f these values. During the two years there 
were twelve such occasions when the sea-levels at Cochin and appropriate varia
tions with the atm ospheric pressure changes were available. From  these it is 
found that the ‘ barom etric effect ’ applicable for sea-level at Cochin is 1.065 
cm /m b and is considered to be fairly in agreem ent with the theoretical value.

Winds and Set-up

According to E km an’s theory o f wind currents, winds blowing over the 
sea-surface drag the surface waters at an angle o f 45° to  the right of the direc
tion o f wind. This was proved by Krum m el and the im portan t assum ption 
made in the theory is that the depth o f water is great com pared to the ‘ depth 
o f frictional resistance ’ ( S v e r d r u p  et al, 1942). But in shallow waters the 
deflection o f surface drift from the wind will be less than 45° and depends on 
the shallowness of the region. The piling up o f water against the coast and 
consequently the rise of sea-level can be expected to be maximum when the 
surface drift is norm al to and towards the coast and the sea-level expected to be 
minimum when the drift is normal to and away from the coast ( M i l l e r ,  1957). 
However, the wind currents depend on the steadiness and fetch of the wind and 
the wind effect on sea-level called “ set-up” will be appreciable in central 
regions o f long coast lines.

In order to find out the effect o f wind on ‘non-tidal sea-level’ at Cochin, 
the surface wind observations o f Minicoy Island Station for the com plete year 
1959 are taken as representative values over the surface, off Cochin. Figs. 5, 6, 
and 7 show the harm onic analysis of ‘non-tidal sea-level’ variations w ith d irec
tion of wind at velocity ranges o f  0.5 to 3.9, 4.0 to 6.9 and 7.0 to  9.5 knots res
pectively. The weak winds upto  3.9 knots do not appear to have any appreci-
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able effect on sea-level and from Figs. 6 and 7 it can clearly be seen am plitudes 
increasing with increasing wind speeds. It is also clear tha t the wind blowing 
with direction between 210° and 260° are m ostly favourable for rise o f sea-level 
a t Cochin.

In  Fig. 8, the schem atic diagram  shows the Tesults o f favourable condi
tions for maximum “ set-up” . The deviation o f 21° between the surface wind 
direction and the surface d rift d irected  tow ards the coast may represent a

'235 '

characteristic feature o f the shallowness o f the region off Cochin at wind velo
cities 7.0 to 9.5 knots. However, it is to be noted that in this study only the 
steady winds to the extent possible are considered.

Secular Variations of Mean Sea-Level

The secular variations o f mean sea-level per year an d  the standard devia
tions for the four stations Cochin, Bombay (Apollo Bandar), Bhaunagar and 
K andia are calculated by the standard least squares m ethod for the purpose o f 
com parison and accuracy and given in the following table {IAPO Publication 
Scientifique No. 13, 1954).

TABLE

S ta tio n P o sitio n Period
T o ta l 
N o o f  
years

S ecu la r S tan d ard  
V a ria tio n  d e v ia tio n

L atitu d e  L o n g itu d e (0 . 0 1  cm s/year)

C O C H IN 09°58'N  76°15'E 1939—'58 2 0 43 +  15

BO M BA Y 18°55'N 72°50'E 1937—'58 2 2 3 + 6

(A p o llo  B andar)

B H A U N A G A R 21°48'N  72°09'E 1937-T55 19 177 +  53

K A N D L A 23°01'N  70°13'E 1950-'58 9 61 +  39
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The yearly mean sea-level variations and periodograms are shown in 
Figs. 9A and 9B for Cochin, 10A and 10B for Bombay and 11A and U B  for 
Bhaunagar respectively. The mean sea-level variation for Kandia is shown in 
Fig. 12. A t all the stations, the general trend of secular variation shows an

K A W D L A

199«S*54

increase in mean sea-level, the highest value o f 177 units (1 unit =  0.01 cm) 
occurring at Bhaunagar in the years considered There does not appear to be 
any gradual variation in the secular trend as we observe the values from Cochin 
in the south to Kandia in the north.

The most probable periods as seen from the figure are :

Cochin —  6 and 14 years
Bombay (Apollo Bandar) — 5 and 20 years
Bhaunagar —  3,11 and 18 years

The variation o f mean sea-level at any station is either due to the varia
tion in height o f the fixed point to which the tidal observations are referred, or 
due to the changes in the depths o f the ocean bottom, or due to eustatic varia
tions by the supply o f water by melting ice in the polar region and the precipi
tation minus evaporation over the sea, and to the material brought to sea by 
rivers and similar transports to and from sea or due to meteorological and 
oceanographic factors or a combination o f all these factors. Thus the secular 
variation is a complex phenomenon. However, the subsidence o f land is 
considered to have large effect on secular sea-level variations. Therefore, an 
attempt is made to find out the relation between the sea-levels and the precise 
land survey levels available for the Willingdon Island where the Cochin tide- 
gauge is situated. The correlation coefficient between the mean sea-level and 
the levelled heights is found to be -0.82 for six values. This clearly indicates
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that the land subsidence can be an effective agent responsible for the observed 
secular sea-level variations,

Bhaunagar and Bombay indicated the presence o f a periodic variation o f 
18 and 20 years respectively. The longitude o f  the M oon’s ascending node 
varies with the 18 6 years period and this is considered to  be the origin of 18 
and  20 years cycles observed ( M i y a z a k i , 1953).
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Distribution of Global and Net Radiation over the 
Indian Ocean and Its Environments'

By

Anna Mani, O. Chacko, V. Krishnamurtfay, and V. Desikan
W ith  10 Figures 

(Received Ju ly  14, 1966)

Summary. M aps show ing the. d istribu tion  o f global solar, net te rrestria l and 
net rad ia tio n  over the In d ian  O cean a rea  have been prepared  from  availab le  
observations, supplem ented by calculations based on o ther m eteorological m easure
m ents. A nnual and  m onthly  m aps fo r four representative m onths Jan u ary , A pril, 
Ju ly  and  O ctober fo r global solar and  net rad ia tio n  a re  presented.

G lobal solar radiation  shows m inim a over the equatoria l and m onsoon regions, 
and  m axim a over lan d  in  the h igh pressure belts of the northern  and  southern 
hem ispheres a long  the tropics of C ancer and C apricorn , the highest values of 
the  o rd er o f 220 kcal/cm V year occuring over N orth  A frica  and  A rabia. W hile  
there  is very  little  la titu d in a l v aria tion  over the ocean du ring  the southern sum 
m er, the  varia tions a re  m arked during  the no rthern  summer. T he geographical 
d istribu tion  is m ain ly  zonal except in  the  low latitudes, w here areas of h igher 
o r low er rad ia tio n  are  d istribu ted  according to regions of h igher or low er amounts 
of cloudiness.

N e t radiation  over the ocean is alw ays positive and g reater than  th a t on land. 
T h e  d istribu tion  is m ainly  zonal, m axim a occuring over the sea in the tropics, 
w ith  the highest values in  the N o rth  A rab ian  Sea and the ocean areas to the 
northw est of A ustra lia . M inim a occur over land  in  the a rid  regions of both 
hem ispheres an d  in  the  m onsoon areas where global so lar rad ia tio n  itself is low.’ 
T h ere  is very  little  v a ria tio n  over the ocean du ring  the southern sum m er but 
varia tions a re  larg e  du rin g  the  n o rth ern  summer.

Zusammenfassung. A uf G rund  des verfügbaren Beobachtungsm aterials, das 
durch Berechnungen an  H an d  w eiterer m eteorologischer M essungen ergänzt wurde, 
w urden  K arten  über d ie V erteilung  der G lobalstrah lung , der effektiven langw el
ligen A usstrahlung und de r to ta len  S trahlungsbilanz fü r das G ebiet des Indischen

1 Published by permission of the Direttor General of Observatories, 
New Delhi, India.
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Ozeans und seiner Umgebung entworfen. Im  nachfolgenden sind die Jahres- und 
die M onatskarten fü r  die v ie r charakteristischen Monate Januar, A p r il,  Ju li und 
Oktober fü r  die G loba lstrah lung  und die totale Strahlungsbilanz wiedergegeben.

D ie  Globalstrahlung  zeigt M in im a  in  den Ä q u a to ria l- und den Monsun
gegenden, M ax im a  über L and  in  den Hochdruckgürte ln der N o rd - und dec Süd- 
halbkugel in  der Gegend der W endekreise, wobei die höchsten W erte  von etwa 
220 kcal/cm 2 und Jahr über N o rd a lr ik a  und A rab ien  auftretcn. W ährend im Süd
sommer die B re itenvaria tion  über dem Ozean nur sehr k le in  ist, ist sie im N o rd 
sommer stärker betont. D ie  geographische Verbre itung  ist in  der Hauptsache 
zonal gegliedert, m it Ausnahme der niederen Breiten, wo die Gebiete höherer 
oder niedererer G lobalstrahlungssummen entsprechend den Unterschieden der Be
wölkungsverhältnisse v e rte ilt sind.

D ie  totale S trahlungsbilanz  ist über dem Ozean durchwegs positiv  und großer 
als über Land. D ie  V e rte ilung  ist in  der Hauptsache zonal, wobei dic M axim a 
über dem M eer in  den T ropen auftre tcn  m it Höchstwerten in  der Nordarabischen 
See und in  den Meeresgebieten nordwestlich von Austra lien . M in im a liegen über 
Land in  den Trockenregionen beider Hemisphären sowie in  den Monsungcbictcn. 
wo die G loba lstrah lung ve rm indert ist. Über dem Ozean sind die Unterschiede 
der Strahlungsbilanz während des Südsommers nur gering, während des N o rd 
sommers dagegen größer.

Resume. A u vu des observations disponibles complétées de valeurs calculées 
en partan t d'autres données météorologiques, on a établi des cartes de la répar
t it io n  du rayonnement global, du rayonnement e ffe c tif émis à grandes longueurs 
d’ondes et du b ila n  ra d ia t if  to ta l, et cela pour la  région de l ’Océan Ind ien  et scs 
environs. On donne m aintenant des cartes du rayonnement global et du b ilan 
ra d ia tif  to ta l pour l ’année entière et pour quatre mois caractéristiques, à savoir 
ja n v ie r, a v ril, ju i l le t  et octobre.

Le rayonnem ent global présente des m inimums dans les régions équatoriales 
et de moussons. Les maximums en sont concentrés sur terre dans les zones à 
hautes pressions des hémisphères nord et sud situées dans le voisinage des tro p i
ques du Cancer et du Capricorne. Les plus hautes valeurs, de l ’ordre de 
220 kcal/cm 2 par année, se trouvent sur l ’A fr iq u e  du N ord  et sur l ’Arabie. A lors 
que les varia tions dues à la  la titude  sont très faibles sur l ’océan durant l ’été 
austral, elles sont plus prononcées durant l ’été boréal. La répa rtition  géographique 
est en général zonale à l ’exception des basses la titudes où les régions à plus 
fa ibles gu plus fortes quantités de rayonnement global sont réparties selon les 
différences de la  nébulosité.

Le bilan rad ia tif to tal est toujours p o s itif sur les océans et plus grand que- 
sur terre. La  répa rtition  en est avant tout zonale Les maximums se trouvent sur 
la mer sous les regions tropicales et les plus hautes Valeurs s’enregistrent dans le 
nord de la M er d ’Oman ainsi que sur la mer au nord-ouest de l ’Austra lie . Les 
m inimums se recontrent sur les terres dans les régions arides des deux hémisphères 
ainsi que dans les régions à mousson où le rayonnement global est réduit. A u- 
dessus des océans, les différences du b ilan  ra d ia tif  sont la ibles durant l ’été austral, 
plus importantes durant l ’été boréal.

1. Introduction

Studies of net radiation on the earth's surface and in the atmo
sphere, are of vital importance in an understanding of the general 
balance of the energy on the earth and the processes of heat and
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moisture exchange between the earth’s surface and the atmosphere. 
Information on net radiation has been very scanty in the past, but 
recent studies during the IGY and after, particularly in the USSR, 
have resulted in increasing knowledge of the magnitude and geogra
phical distribution of the components of radiation and heat balance 
over the earth.

D irect measurements of net radiation over the oceans are under
standably meagre. A  number of indirect studies of the radiation 
balance of the oceans have been made by M o s b y  [9], J a c o b s  [7], 
S v e r d r u p  [13] and S a u b e r e r  and D i r m h i r n  [11], who compiled 
radiation balance data and maps for the latitudinal zones, mainly of 
the A tlantic and Pacific oceans. A l b r e c h t  [1] computed the com
ponents of heat balance for the Indian Ocean and constructed a 
series of maps showing the distribution of the components of rad ia
tion balance for four single months and for the year. R o b i n s o n  [10] 
has tabulated the annual and seasonal zonal means of net radiation 
at the surface of the earth from the IGY/IGC radiation data. 
B u d y k o ’s [6 ] W orld  Atlas of radiation climate is the most compre
hensive of recent studies of the heat balance of the earth ’s surface 
and contains maps of global and net radiation for the whole earth 
based partly  on direct observations and partly  on estimates.

One of the meteorological objectives of the International Indian 
Ocean Expedition 1962—65 (IIOE) was to obtain an increased 
understanding of the energy exchange between the sea and the atm o
sphere and of energy transport and transform ation in the atmosphere 
over the oceans. For this, it was necessary to have extended measure
ments of the energy input viz., separate measurements or critical 
estimates of the upw ard and downward fluxes of shortwave and 
longwave radiation over the whole Indian Ocean, both at the earth’s 
surface and in the atmosphere. A ll nations taking part in the IIOE 
had programmes large or small, for the measurement of one or more 
of the components of the net radiation. India had 13 radiation 
stations for surface radiation measurements and one for measure
ment of the infra-red radiative fluxes in the atmosphere with radio- 
metersondes. The University of Michigan programme of radiation 
observations in the Indian Ocean was the largest, with a network 
of 13 coastal and island stations in the Indian Ocean to measure 
global solar and total radiation at the surface and a number of 
oceanographic ships. Despite the co-ordinated effort of many nations 
which took part in the IIOE, the data actually obtained are too 
meagre for any reliable climatological studies.

This should have been anticipated from the sheer magnitude of 
the problem itself and the difficulty of making reliable, accurate,
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large-scale observations over the oceans. Even on land, these 
m easurements are difficult. Tested and proved instruments for con
tinuous measurement of solar and terrestrial net radiation at the 
earth ’s surface and in the free atmosphere are still not commercially 
available. Fairly  precise instruments for the continuous measure
ments of global solar radiation are available and are in regular use 
at over 100 stations in the Indian Ocean area. But these again are 
very unevenly distributed and mainly located on the surrounding 
continents. N et terrestrial radiation measurements at the surface are 
m ade at only 16 stations, net radiation measurements at only 6 and 
in fra-red  radiation measurements in the atmosphere at only one 
station in the region.

Although it soon became clear that the various components of 
the radiative budget of the ocean and the atmosphere could not be 
extracted from the IIO E measurements, it was felt that an attempt 
to derive the spatial distribution of the components of radiation 
balance from available observations, supplemented by empirical cal
culations, based on other meteorological measurements, would still 
be worthwhile. In the present study a critical evaluation of the 
available radiation data over the Indian Ocean has been made and 
where such data  are not available, estimates have been made from 
meteorological data using empirical relationships. Annual and 
monthly charts showing the geographical distribution of global solar 
radiation and net radiation over the Indian Ocean have been pre
pared and are presented.

2. Availability of Data

2.1. G lo b a l  R a d i a t i o n

Since global solar radiation observations were available for only 
107 land stations, and none over the oceans, it was necessary to 
resort to empirical calculations to obtain estimates of global rad ia
tion for the remaining areas. For stations for which duration of 
sunshine data were available, global radiation T  was calculated 
from values of sunshine S  using Angstrom’s well known formula:

T =  T0 [ K ^ i l - K J S ] ,  (1)

in which T 0 is the total radiation with a clear sky, S is the ratio of 
observed sunshine hours to the possible amount for the given period, 
and K { is a constant, determ ining what portion of the possible rad ia
tion consists of actual radiation with overcast sky conditions. Values 
of the coefficient A, are taken as 0.35.
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For the remaining 200 locations, global radiation was computed 
from cloudiness data  using the Angström-Savinov formula ( B u d y k o ,  
1956)

T = T l)[ l - ( l - k 2)n], (2)

in which n  is the mean cloud amount in tenths and k2 a coefficient 
indicating the effect of clouds on the radiation. The coefficient k2 
representing the ratio between the actual radiation under overcast 
conditions and the possible radiation, depends on the mean altitude 
of the sun, the characteristics of the clouds and the value of albedo. 
Thus the mean value of k2 varies from region to region and also 
shows annual and diurnal variations. Values of k2 are taken from 
tables prepared by B e r l i a n d  and given in B u d y k o ’s  book on the 
heat balance of the earth ’s surface. These methods have limitations 
since they do not include changes in the transparency of the atm o
sphere and of the heights and types of clouds.

T he observed values of global radiation, other than those for 
Indian and Michigan U niversity radiation stations for the IIOE 
period, were taken from the IG Y /IG C  Radiation D ata published 
by W M O [16] and the Actinometric Reference Book b y  B e r l i a n d  
[3]. D ata of sunshine and cloudiness for the Indian  Ocean area were 
taken from IG Y  data published by WMO and m onthly charts for 
the Indian  Ocean published in G erm an [15] and USA [14] M arine 
Climatic Atlases. Observations m ade in the Indian Ocean area 
during the 28 scientific cruises of the Indian oceanographic ship INS 
Kistna during 1962— 1965 have also been used, wherever available.

2.2. N e t  R a d i a t i o n  

N et radiation Q is expressed by

where the first two terms give the net solar radiation Q¡ and the 
second two, the net terrestrial radiation Q2. is the downward 
shortwave flux or global solar radiation T. fi*j is the reflected solar 
radiation given by T a  where a is the albedo. is the longwave 
radiation emitted by the earth ’s surface and R L\  the longwave coun
ter radiation from the atmosphere.

Direct observations of net radiation Q being m ade at only 3 sta
tions in the Indian Ocean area, large-scale estimates based on empi
rical calculations had to be resorted to, for obtaining values of the 
net solar, net terrestrial and net radiation.
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2.2.1. Nel Solar Radiation Q¡

Observations of albedo were available at only 7 stations in the 
area. M onthly values of albedo were therefore calculated for land 
surfaces from mean values given by B i d y k o  [.')] for various under
lying surfaces, varying from 0.30 for desert arcas to 0 .1 0  for moist 
grey soil. The albedo of water surfaces is very low, compared to that 
of natural land surfaces. It depends on the altitude of the sun and 
varies from a few’ per cent at noon to 100 per cent with the sun near 
the horizon, for direct solar radiation. For diffuse radiation the 
albedo is fairly constant and about S— 10 per cent. The albedo for 
total radiation thus shows definite diurnal and annual variations. 
Albedo for 41 locations in the Indian Ocean area was calculated 
using Savinov’s formula ( B u o y k o  [3 ] )  for direct radiation. Assuming
0.10 for diffuse radiation, albedo for total radiation for water 
surfaces for all these locations was computed. Using observed 
and computed values of T  and «. values of net solar radiation 
Qt — T  ( 1— «) for 163 locations. 122 on land and 41 on sea. were 
calculated.

The outgoing longwave radiation R /,f from the underlying sur
face follows Stefan’s law and is equal to suU ,,4 where a is the 
Stefan-Boltzmann constant. 0„. is the tem perature ol the surface and 
s is a coefficient, characterising the departure of the radiation from 
that of a blackbody and varies from 0.11.5— 1.00 for natural surfaces. 
Much of the outgoing longwave radiation is re-radiated by the atmo
sphere, depending on its water content, a ir tem perature and cloud 
type and amount. The net terrestrial radiation is given b y  the two 
formulae:

where Qs is the effective outgoing or net terrestrial radiation,
Q./ the net terrestrial radiation with clear skies, 
e the vapour pressure in mm ol mercury,
n the cloud amount in tenths,
O the air tem perature in degrees C,

the tem perature of the surface in degrees C. and
c a numerical coellicient.

The first formula gives the value of the net terrestrial radiation 
under a cloudless skv and the second allows lor the amount of clouds

2.2.2. Net Terrestrial Radiation

Q,' s o W4 (0.39 — 0.058 V<?),
Qî — A, ( 1 ~ c "') + 4 s ° ( &■*'— b>),

(3 )

H)
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and the difference in tem peratures between the soil surface and the 
air. Since regular net terrestrial radiation values are available for 
only 10 stations in India and 6 elsewhere in the Indian Ocean area, 
net terrestrial radition Qt was calculated from values of water 
vapour content, air and soil temperatures and cloud amounts using 
the above formulae for 134 locations, evenly distributed over the 
Indian Ocean and the adjoining continents.

3. Distribution of Global Radiation T

Global solar radiation is the principal component of the radiation 
balance, determ ining as it does the amount of solar energy received 
by a unit area of the earth’s surface and used later by various natural 
processes originating near the surface. Maps showing the monthly 
and annual distribution of global radiation from 10° E to 160° E and

/ t N N  J A L

Fig. I. G lobal solar rad ia tion  in kcal/cm '/year

50° N to 50° S have been prepared from observed data at 107 stations 
and computed data from 203 locations on land and sea. Only the 
maps showing the annual distribution and those for 4 representative
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months January , A pril, Ju ly  and October, are presented in Figures 1, 
2, 3, 4 and 5.

Fig. 1 shows the annual values of global solar radiation in kilo- 
calories/cm2/year. Isolines are drawn every 20 kcal/cm2/year. The 
total shortwave radiation flux varies from 100—220 kcal/cm2/year 
over the Indian Ocean and its adjacent areas. High values of T

JANUARY

Fig. 2. G lobal solar rad ia tion  in kca!/criis/m onth: Jan u ary

are found over the high pressure belts of the northern and southern 
hemispheres, especially over the deserts of W est Asia, Africa and 
Australia, where yearly totals exceeding 200 kcal/cm2 are received. 
The highest values readied are 220 kcal/cm2 over North East Africa 
and Arabia. The particular distribution of the land masses in the 
two hemispheres is clearly responsible for the greater radiation input 
in the northern sub-tropics compared to that in the southern sub
tropics.

The lowest amounts ot global solar radiation are received over 
the equatorial belts and the monsoon regions of Asia. The equatorial 
zone in general receives less than 140 kcal/cm2 annually and in 
South-East Asia, it is as low as 120 kcal/cm2.
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T he distribution of global radiation shows on the whole a zonal 
pattern, except in the low latitudes. In the southern hemisphere, it 
increases with decreasing latitude till maxima are reached about 
20—30° S with markedly higher values over land, decreases near 
the equator, increasing again with latitude northwards, reaching a 
maximum about 25° N, except over south and South-East Asia, and 
decreases again with latitude. Cloud amount is the main control of 
global radiation, although it is affected to a lesser extent by atmo
spheric aerosols (haze and dust) and by atmospheric absorption, the 
main variable absorber being water vapour. The decrease in the 
equatorial and monsoon regions is thus caused by the greater cloudi
ness in these areas.

Fig. 2, 3, 4 and 5 show the distribution of global solar radiation 
during roughly the winter and summer solstices and during the two

A P R I L

Fig. 3. G lobal solar rad ia tion  in kcal cm- month: A p r il

equinoxes. In January  or the southern summer, globa! radiation 
increases southward mainly zonallv. with the maximum values of 
the order of 22 kcal/cm2 occuring in the southern hemisphere around 
30” S, over the desert regions of South Africa and Australia, with a
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secondary maximum about 20° N. T he pa ttem  is broken up in regions 
oí cloudiness, m inim a occuring around the equator; the lower Values 
coincide w ith the low pressure areas on either side of the equator, 
where the clouding is maximum. Over the Indian Ocean itself, global 
radiation shows very little zonal change and does not decrease with

JU

Fig. 4. G loba l solar rad ia tion  in kcal/cm 5/m onth : Ju ly

increasing latitude, because of the compensating effect of the incre
asing length of the day in the southern latitudes.

T he pattern  changes gradually  as the sun moves north, till in 
A pril—May, the pattern  is reversed with high values along 25° N. 
Secondary maxim a are again present along 20° S and minima as 
usual in the equatorial belts. In June—July the pattern abruptly 
changes with the establishment of the monsoon and corresponding 
marked m inima in radiation occur in the monsoon areas along the 
west coast of India and South-East Asia. The highest values of 
22 kcal/cm2/m onth  occur over the deserts of N orth Africa and Asia. 
Over the oceans, the distribution of global solar radiation in July 
is quite d ifferent from that in January, with values decreasing 
rapidly with increasing latitudes in the southern hemispheres.
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T he distribution of global radiation in April and October 
resemble qualitatively the annual pattern  and other months have 
interme'diate patterns of distribution between those described earlier. 
Basically, m axim a in global solar radiation occur in the regions of 
the tropical deserts and minima over the equatorial and monsoon 
regions.

E arlier world maps of global solar radition by B l a c k  [4], 
A s h b e l  [ 2 ] ,  L a n d s b e r g  [8 ] and S c h u l z e  [ 1 2 ] ,  showed very little or

0 20 s o  «0 9

881 OCTOBER •

Fig. 5. G lobal so lar rad ia tio n  in kcal/cm 2/m onth: October

practically no detail over the Indian Ocean area. T he maps p re
sented in Fig. 1 to 5 are, however, not very different from those given 
by B u d y k o  in his A tlas of H eat Balance [6], though more detailed.

4. Distribution of Net Radiation

The annual distribution of net radiation Q is shown in Fig. 6. It 
is less complex than that of global radiation, the latitudinal variation 
of Q being much less than that of T. The distribution over the sea 
is mainly zonal, except in regions affected by warm or cold sea cur
rents. These deviations may have different signs for the same type

3 5 2
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of ocean currents, because of the complexity of relations between the 
values of heat balance components, the air and water temperatures, 
hum idity of the air and cloudiness.

T he distortion of the zonal pattern over land is mainly due to 
the effect of differential moistening. There are well marked regions

A N NU AL

Toff"

Fig. 6. A m ount of net rad ia tion  in kcal/cm Vyear

of low net radiation associated with arid climates. This is particu
larly  pronounced in the deserts of Central Asia, A frica and Australia 
where net radiation is very low. In the monsoon areas, the annual 
amounts of net radiation are also somewhat lower, because of the 
reduced global solar radiation resulting from greater cloudiness, 
during the warm seasons.

Unlike the distribution of global solar radiation pattern, the net 
radiation values over the sea are always higher than those over land, 
because of the lower albedo of ocean surfaces. And the maximum 
values, about 120 kcal/cm2/year occur about 20° S and 20u N  over 
the ocean, in the north A rabian sea and the ocean areas to the north
west of Australia. Due to the large net terrestrial radiation over 
land in these sub-tropical areas, the net radiation over land remains
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low, despite the large values of global radiation. The net terrestrial 
radiation over sea being low, net radiation remains high.

D uring w inter (Fig. 7) with low solar altitudes over the northern 
hem isphere and high over the southern hemisphere, the net radiation 
is low over the northern hemispere and negative above 40° N. It in
creases with latitude till it reaches 8 kcal/cm-’ over the equator. 
Southwards from the equator the net radiation on the oceans changes 
very little, and the greatest values are mainly recorded in the regions 
of the T ropic of Capricorn (10— 12 kcal cm2). Still further south, it

TST

Fig. 7. A m ount of net rad ia tio n  in kcal/cm !/m onth: Jan u a ry

decreases slightly. Over land, in the northern hemisphere it increases 
steadily southwards and in the southern hemisphere, it changes very 
little, lying between 6—9 kcal/cm2/month. .

D uring summer (Fig. 8) the features in the north and south 
hemispheres are reversed. The zero line lies about 45° S. N orth of 
this line, the net radiation increases, till it reaches the greatest 
amount over the ocean in the region of the Tropic of Cancer with 
peak values of 12 kcal/cm2 over the north Arabian sea. On land in 
the southern hemisphere it increases in a northerly direction up to
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the equator. N orthw ard it changes only slightly over the vast expan
ses of land. Over almost the whole of N orth A frica and Asia it fluc
tuates only between 6—8 kcal/cm'-. The net radiation in the A rabian 
sea and the Bay of Bengal arc basically different, both for the year

AP|RIL

Fig. 8. A m ount o f net rad ia tion  in  kcaI/cm2/m onth : A p r il

and from month to month. It is also evident that large amounts of 
radiation energy are available in the A rabian sea for the genesis 
of the Indian monsoon and its movement.

5. Distribution of Net Terrestrial Radiation

A study of the spatial variations of net terrestrial radiation over 
the Indian ocean area showed that they are also generally smaller 
than those of global solar radiation. The reason lies in the fact that 
in the m ajority of the climatic zones, changes ol tem perature and 
absolute humiditv are associated with each other: with increase in 
tem perature, absolute humidity also increases. Since an increase in 
tem perature and absolute hum idity affect the net terrestrial radiation 
in opposite ways, the changes are comparatively small.
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The greatest amounts of net terrestrial radiation are observed in 
the tropical desert, where they reach values of 80 kcal/cmVyear. This 
is mainly the result of the high temperature of the underlying sur
face compared with that of the air above. Near the equator, the net 
terrestrial radiation is only about 30 kcal/cm2/year and differs little 
between land and sea.

6. Errors in Observations and Computation

The possible error of measurement of global solar radiation using 
thermoelectric pyranometers is of the order of 5— 10 per cent and 
for net radiation using net pyrradiometers is about 15 per cent, if the 
instruments used are basically accurate and are well maintained and

Fig. 9. A m ount of net rad ia tio n  in  kcal/cm l /m onth: Ju ly

standardized regularly against acknowledged standards. This is, 
however, not the case with most of the radiation records over the 
region. Large variations are noticed in T  from country to country 
and errors of the order of 20 per cent or more exist. The intercom
parisons of pyranometers and net pyrradiometers used in various
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countries and the reduction of the data to a common level will facili
tate the preparation of more-accurate radiation maps of the region.

In the computations, errors in T  will average 10 per cent while 
that of Q can vary by 20 per cent or more depending on the nature 
of the underlying surface. According to R o b i n s o n  [1 0 ] estimates of

OCTOBER

Fig. 10. A m ount of net rad ia tio n  in  kcal/cm Vm onth: October

monthly and annual means of the radiation balance and the global 
radiation are generally within 25 per cent of the measurements, esti
mates being lower than observations and the differences systematic.

7. Conclusion

The need for strengthening the network of radiation stations in 
the Indian Ocean area, for systematic recording of all components 
of the radiation balance, particularly over the sea remains urgent. 
India has plans to extend its network of stations to measure all com
ponents of the radiation balance at the surface of the earth and to 
carry out regular atmospheric soundings with radiometersondes at 
a number of stations. Radiation measurements from weather ships 
and automatic weather stations at sea are, however, difficult and

3 5 7
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expensive. R adiation measurements from satellites should be expec
ted to contribute in some measure towards a solution of this basic 
problem.
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Monthly Wave Characteristics of the Arabian Sea
P. S. SRIVASTAVI D. K. NAIR and K. R. RAMAN KARTHA 

I. N. Physical Laboratory, Cochin 
(Received 22 November 1967)

ABSTRACT. The m onthly wave characteristics o f th e  Arabian Sea are’reportcd, based  on an  analysis o f  tho 
wave d a ta  published in th e  Indian Daily Weather Reports o f  th e  Ind ia  Meteorological D epartm ent for th e  period 
1960-1961. June  and Ju ly  are th e  roughest m onths in th e  A rabian Sea and October th e  oalm est. The m anm iim  
height o f th e  highest ten  per oent wave which has actually  occurred in  th e  m onth  o f  Ju n e  is 12-6 m. 
The direction of approach of such waves ranges betw een W  and SW.

1. Introduction

The knowledge of the sea state will be of use in 
problems related to naval architecture, navigation 
and naval warfare (Srivastava 1964). No map 
giving the detailed monthly sea state conditions for 
the Arabian Sea and the Bay of Bengal has been 
published so far. The presently available publica
tions (Bigelow and Edmondson 1952 and U.S. 
Navy Hydrogr. Office 1948, Mar. Div., Lond. Met. 
Office 1958) give only the qualitative picture of 
the wave conditions.

Quantitative wave data are published since the 
last few years in the Indian Daily Weather Reports 
of the Meteorological Department and a prelimi
nary analysis fox a short period was made earlier 
relating to Bay of Bengal (Chakravortty and 
Bhattacharjee 1957). An analysis of the wave 
data reported for the five-year period I960—1964 
and monthly charts of wave characteristics are 
presented in the paper.

2. Analysis of the data

The data presented in the Indian Daily Weather 
Reports are based on visual estimates reported by 
naval and merchant vessels. The data are not 
likely to represent the roughest sea conditions 
since these vessels will normally avoid rough 
weather areas not to say the eyes of hurricanes and 
typhoons.

In the present analysis the wave data for each 
month was grouped for each 2°-square. It is 
assumed for the purpose of this analysis that the 
height reported is the significant height and the 
periods and directions of wave the average. The 
average of the significant wave height, the standard 
deviation of the significant wave height, predomi
nant wave period and direction were determined 
for each group. Maps depicting the average signi
ficant wave height, the standard deviation of the 
significant wave height, the predominant wave 
period and predominant wave direction were 
prepared for each month. Atypical map for the

month of June is presented in Fig. 1.

It has been shown by Longuet-Higgins (1952) 
that the ratio of the average height of the highest 
10 per cent waves to the significant wave height is 
1 • 27. An estimate of the maximum of highest 10 
per cent waves which could possibly occur in 2°- 
square can be obtained by multiplying the maxi
mum significant height reported in each 2°-squaro 
for each month by 1 '27. The maximum of the 
highest 10 per cent waves thus found were plotted 
for each zone for each month and contoured. A 
typical map for the month of June is presented in 
Fig. 2. The areas shown by dots in the map re
present the low wave activity and the value given 
therein represents the lowest value recorded. 
Similarly, the areas shown by dash represent the 
high wave activity and the value given therein 
represents the highest value recorded.
3. Conclusion

A complete set of 24 maps depicting the monthly 
wave characteristics of the Arabian Sea has appear
ed in the INPL Departmental Report (see Ref.).

A study of the maps shows that June and July 
(Figs. 1 and 3) are the roughest months. The 
direction of approach of waves during these period 
ranges between W and SW. The maximum highest 
10 per cent wave which could have probably 
occurred has a height of 12-6 metres (Fig. 2), 
October appears to be the calmest month in the 
Arabian Sea and the direction of waves, if any pre
sent, is of a random pattern (Fig. 4).
v The area bounded by latitudes (5°N to 10°N) 

and longitudes (75°E to 79°E) is mostly rough 
throughout the year. The gulf of Cambay is calm 
almost all the year round. The coastal area of the 
West Coast of India is characterised by a number of 
alternate zones of calm and rough seas.
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A NOTE ON CURRENT MEASUREMENTS AT ANGRIA BANK IN  THE
ARABIAN SEA

by K.V.K. N a i r  and P.M.A. B h a t t a t h i r i *

Health Physics Division, Bhabha Atomic Research Centre, Trombay, Bombay-7'4

C urren t m easurem ents were carried ou t a t two stations (1:16°34'N , 72°01’E ; 
2:16°25’N , 72°06’E) in the A ngria B ank in the  A rabian Sea. A n Ekm an- 
M erz curren t m eter was used fo r m easuring the  currents over a  period o f  24 
hours a t  each station, covering the full cycle o f  sem idiurnal tide. A n analysis 
o f  the da ta  indicated residual currents with average velocities o f  0.23 knots 
and 0.29 knots respectively a t S tations 1 and 2. T he current directions were 
W est Southwest a t S tation 1 and W est a t Station 2. This was in  accord with 
the  inference on w ater movements based on salinity tem perature data a t the 
Bank.

I n t r o d u c t io n

In studies on the distribution of radioactivity in the sea, a knowledge of the 
sea currents is an essential prerequisite since the currents transport radioactivity, 
both dissolved and particulate. In a programme of work on radioactivity along 
the West Coast of India, an expedition was undertaken to Angria Bank, a shallow 
coralline bank situated 70 miles west of Ratnagiri. Between 28th and 30th November 
1964, current measurements were carried out at two stations in the Bank (Fig. 1) 
at hourly intervals for 24 hours at three depths, viz. near the surface, mid-depth and 
near the bottom.

At Stations 1 and 2 the observations were begun respectively 154h 40m and 125h 
31m before New Moon Spring High Water (December 5, 1964). An Ekman- 
Merz current meter (Ogawa Seiki) was used for the measurements each of which 
was for a duration of 3 minutes. Simultaneously estimates were made of wind 
speed and direction. All observations were made from the vessel JANJIRA 
(M aharashtra Fisheries Department) lying at two anchors. The vessel was reasonably 
stable throughout and the sea was slight to moderate.

R e s u l t s

Current speeds were computed from the dial readings of the current meter using 
the calibration certificate and the current directions were inferred from the distribu
tion of the balls in the various compartments of the compass box. The observed 
currents were resolved into North and East components and are given along with the 
wind and current vectors in Figures 2A and 2B.

* Present Address: Biological Oceanography Division, National Institute of Oceanography 
Ernakulam, ’
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The current ranges at the three depths at Stations 1 and 2 are given in Table I.
T able I

Current ranges a t different depths

Station  N o. D epth  (m) R ange (K nots)
(below the surface)

1 1 0.17-0.63
10 0.30-0.68
20 0.36-0.74

2 1 0 .16-0.68
12 0.32-0.75
24 0.24-0.75
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Residual currents (Table II) over the period of observation were calculated by 
vectorially adding the individual hourly observations.

T a b l e  II 
Residual currents a t the two stations

Station  N o . D ep th  (m ) 
(below the  surface)

R esidual currents

Speed (K ts.) D irection
1 0 0.15 23° W  o f S

10 0.22 72° W of S
20 0.21 76° W  of S

2 0 0.31 75° W  o f N
12 0.33 88° W  o f N
24 0.22 41° W  of N

12 m o

E O

1700 2 30 0 0 50 0 1100 1700

T I M E  ( H R S )

FIG. 2 B WIND AND CURRENT VECTORS AND NORTH AND EAST  

CURRENT VELOCITY COMPONENTS AT STATION -  2 
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D is c u s s io n

The observed current speed maxima of 0.74 and 0.75 knots at Stations 1 and 2 
respectively may be considered minimal values since the observations were made 
during the neap tide period. The current vectors (Figs. 2A, 2B) suggest that the 
tidal currents are more oscillatory than rotational in character. At both the 
stations, the current was directed SSW to WSW during low tide. At high tide the 
directions were predominantly NNW  to NNE at Station 1 while at Station 2 the 
current was NNW  at the surface and 12 m depths and variable from W to E at a 
depth of 24 metres. The North and East components at Station 1 showed a 
definite periodicity. At Station 2 however, the periodicity was less prominent and 
the West component was predominant at all the three depths investigated.

The residual currents (Table II) were directed SSW at O m  depth and WSW at 
10 and 20 m depths at Station 1. At Station 2 the residual current directions were 
NNW at 0 and 12 m depths and W at 24 m depth. The pattern of water movements 
suggested by the current measurements is similar to the one indicated by data on 
salinity and temperature at the Bank (Nair, Bhattathiri and Chhapgar 1965).
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ON THE LEVEL OF LEAST MOTION AND THE CIRCULATION IN  THE 
UPPER LAYERS OF THE BAY OF BENGAL

by V. V. R. V a r a d a c h a r i ,  C. S. M u r t y  and P i y u s h  K a n t i  D a s  
Physical Oceanography Division, National Institute o f  Oceanography, Ernakulam

The paper presents the  circulation pattern  in the upper 500 m etres o f the western 
Bay of B engal between 9°N  and  16°N during the  south-west m onsoon period, 
based on  the geo-potential anom alies com puted from  the hydrographic data.
T he circulation is characterised by tw o anti-cyclonic cells centred a t 11°N 83 °E 
and 16°N  85E with a  zone o f strong cyclonic shear between them . The strength 
o f the circulation decreases w ith depth  and it becomes feeble below a  depth  of 
400 metres. The level o f least m otion is situated around  500 m etres depth. The 
m ethodology in choosing the  reference level is discussed.

I n t r o d u c t io n

Studies on the circulation in the Bay of Bengal based on the dynamic computa
tions are quite meagre. Mention may be made of the dynamic computations of 
currents off the Visakhapatnam Coast, by Poomachandra Rao (1956), and the 
investigations on the winter circulation in certain parts of the Bay by the dynamic 
method, by Fomicev (1964), with the data obtained on the 33rd cruise of R. V- 
“ VITYAZ” . Before the advent of the IIOE, practically no dynamic computations 
of currents in the Bay of Bengal were carried out for the southwest monsoon 
season. The data collected during the 15th and 16th cruises o f I.N.S. “KISTNA” 
under the Indian Programme of the International Indian Ocean Expedition along a 
close network of stations in the western Bay of Bengal, enabled a detailed investi
gation of the level of least motion in the Bay and the circulation at different 
levels in the upper 500 metres, during the southwest monsoon period.

M a t e r ia l  a n d  M e t h o d s

The region of study and the location of stations are shown in Fig. 1. The area 
extends from 9°N to 16°N and from the East Coast of India to 90°E. The period 
of study is from 8th June to 4th July, 1964. The hydrographic data was collected 
down to a depth of 1000 metres at most of the stations and at a few stations the data 
was available down to 2000 metres or more. The data was processed using standard 
techniques and from the processed data of temperature and salinity at standard 
depths for each station, the anomalies of dynamic height between different standard 
levels were calculated. The total dynamic height anomaly for each station is 
obtained by adding the anomalies of dynamic height from a selected reference level 
of no motion (or least motion) to the level at which the relative currents are to be 
computed (LaFond 1951). Using these values at different stations, charts showing 
the dynamic topography of the sea surface (zero decibar surface), as well as 100, 200 
and 400 decibar surfaces relative to  500 decibar surface (which is found to be the
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íeference surface), are constructed and these charts are shown in Figures 3, 4, 5 and 6. 
The inset diagram in each of these figures gives the current velocity for different 
values of contour spacing on the charts, for different latitudes.
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F ig . 3. Geopotential topography ot the sea surface relative to 500 decibars in centidynamic metres.

C h o ic e  o f  t h e  R e f e r e n c e  L e v e l

The current velocities computed by the dynamic method indicated above, 
describe the motion of water relative to water particles at some reference level. If 
these velocities are to be representative, the reference surface should be placed where 
the horizontal pressure gradient and geostropic component of of the velocity are 
equal to zero or are insignificantly small. The computation of the current velo
cities by the dynamic method, depends on the correct choice of this surface of “no 
motion” or “ least motion” . The depth of this surface depends essentially on the
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horizontal density difference between two stations and on the slope of the sea surface 
between the stations. I f  the ocean is very weakly stratified, the depth of this refer
ence level becomes very deep (Neumann et al. 1966). So far, oceanographers tried 
to find this level by indirect evidence. A good amount of uncertainty exists in 
choosing a proper reference surface for computing the ocean currents to arrive at a 
close approximation to the absolute values, by this method. Many investigators 
established this surface by considering the hydrological parameters such as oxygen, 
sigma-t, salinity etc. A discussion of the merits and demerits of these methods is 
presented by Sverdrup (1942) and Fomin (1964).

A more direct attempt to determine the depth of the layer of no horizontal 
motion was made by Defant (1941). Although, this method may not always lead 
to  unique results, in regions of weak and variable currents it seems to be consistent 
and reliable for moderately or strongly stratified water bodies (Neumann et al. 1966). 
This technique was adopted in the present study for determing the level o f ‘least 
motion’. It involves the analysis of the difference in the dynamic depths of the 
isobaric surfaces between station pairs. An examination of Fig.2 representing 
the plot o f the dynamic depth difference o f the isobaric surfaces versus the geo
metric depth, for a number of station pairs, indicates the constancy in the dynamic 
depth differences between 400 and 600 metres in a majority of the cases and between 
800 and 1000 metres in a  few cases. Since the present observations are limited 
mostly to 1000 metres and since in the majority o f the cases the dynamic depth 
differences between the station pairs, are constant between 400 and 600 metres, 
500 metres depth (500 decibar surface) is considered as the reference level or the 
level o f ‘least motion’.

D is c u s s io n  o f  R e s u l t s

The circulation patterns for the western Bay o f Bengal for the southwest monsoon 
period, as deduced from the geopotential topography for surface, 100,200 
and 400 metres depth with respect to 500 decibar surface (the level of least motion) 
is shown in Figures 3, 4, 5 and 6 respectively. The current follows the geopotential 
contours indicated in the figures and the strength of the current is inversely pro
portional to the spacing o f the contours. While the contours are shown at intervals 
of 5 geopotential centimetres for the surface, 100 and 200 metre levels, they are shown 
at intervals o f 1 geopotential centimetre on the 400 metre depth chart as the 
contour gradients and consequently the currents are very weak at this level. The 
following are some of the important features of the circulation pattern.

(a) The circulation is characterised by two anticyclonic cells centred at 11°N 
83° E and 16°N 85°E with a zone of strong cyclonic shear between them 
extending towards the southeast from the region o f Godavari and Krishna 
river mouths to about 87°E longitude. Another anticyclonic circulation 
shows up beyond 90°E longitude.

(b) The strength of the current decreases with depth. The strongest currents 
obtained at the surface have speeds o f about 3 knots. At 400 metres 
depth, the currents are very feeble with speeds not exceeding 0.1 knot.

371



3 0 6

LJ

C U R R E N T  
V E LV“ ^  o  i

s -  r T T '
LAT 10—07 4 2  -70 

l£ ~ 0 6  -36 9 8  
I4 -.0 5  30 -50 
1(3—04 .24 .4 2

Q >  ;

0 0

F i g .  6. Geopotential topography of the 400 decibaric surface relatwe to  500 decibars in centidynamic 
metres.

(c) The current follows the coast line in the continental margins. Strongest 
currents are noticed along the western boundary of the Bay of Bengal. 

While the dynamic topographic charts show anticyclonic motion in general 
agreement with the mean circulation pattern in the Bay of Bengal for the month of 
June (Bay of Bengal Pilot 1953; Varadachari and Sharma 1967), the dynamic com
putations reveal that the circulation is more complex than that shown in the mean 
maps. While the general clockwise circulation in the Bay o f Bengal during the 
southwest monsoon is attributable to the general wind system, the more complex 
and cellular nature of the flow pattern seems to be partly the result of river discharges 
and strong shears in the wind field. The importance of internal waves as a factor 
affecting the dynamic computations was considered and it was found that their 
effect was negligible in the present study, Detailed investigations are required for a 
better understanding of the circulation in the area.
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S A L IN IT Y  M A X IM A  ASSOCIATED W IT H  SOME SUB-SURFACE W A TER  
MASSES IN  TH E  UPPER LAYERS OF T H E  B AY OF BENG AL

by V. V. R. V a r a d a c h a r i ,  C. S. M u r ty  and C. V. G a n g a d h a r a  R e d d y  

Physical Oceanography Division, National Institute o f  Oceanography, Ernakulam

The distribution of some sub-surface water masses in the western Bay of Bengal 
during the south-west monsoon-period is presented. Based on the salinity maxima 
and i t  values the existence of waters of Persian Gulf and Red Sea origin could be 
established. The studies show that the Persian Gulf and Red Sea waters enter the 
Bay at depths of about 200 m and 400 m respectively, and follow the circulation 
pattern at the respective depths of entry. The probable paths of entry are indi
cated. These wateft sink to different depths subsequent to their entry into the 
Eay. The Persian Gulf water could be traced down to a depth of about 350 m 
while the Red Sea water could be traced down to 900 m depth.

I ntrodu ction

Attempts were made in the past to identify and describe some of the water masses 
in the top layers of the Bay of Bengal (LaFond 1958; Poornachandra Rao 1956; 
Balaramamurty 1957) but due to lack of extensive oceanographic data, these studies 
had to be confined mostly to the region of the continental shelf on the East Coast 
of India. An attempt was made by Gallagher (1966) to make a preliminary study 
of the variability of water masses in the Indian Ocean and to designate the broad areal 
limits of some sub-surface water masses of the Indian Ocean. The surveys conducted 
on I.N .S . K IS T N A  during the International Indian Ocean Expedition, afforded 
an opportunity for a detailed study of some of the sub-surface water masses in the 
upper 1000 metres of the western Bay of Bengal.

Water masses can be identified by one or more characteristic indicators such 
as relative maximum of salinity, oxygen or temperature or a combination of such 
factors. Rochford (1964), while identifying the water masses following the salinity 
maxima in the upper 1000 metres in the north Indian Ocean, indicated the existence 
of two water masses of Persian Gulf and Red Sea origin at depths of 300 to 400 
metres and 400 to 500 metres respectively, in the Bay of Bengal, based on the in
ferences drawn from the oceanographic data collected by the Russian Research 
Vessel “ Ob” in 1958. Since the stations of “Ob” were located only along 88°E long, 
in the Bay of Bengal, the presence of these waters over wide areas and the paths of 
their entry into the Bay could not be ascertained.

The present study, covering a considerable area in the Bay, revealed more 
information regarding the entry paths and pattern of distribution.

M aterial a nd  M ethod

Figure 1 shows the distribution of stations occupied during the 15th and 16th 
cruises of I.N .S. “ K IS T N A ” in the southwest monsoon season, under the Indian
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Programme of International Indian Ocean Expedition. Treatment of the data in 
classifying and tracing the water masses is, as described by Rochford (1964), on the 
basis of salinity maxima.

.410

40} 404

3J4377 376•  •

371 372

9 0 E

Fia. 1. Map showing the station locations.

R esults and  D iscussion

Two distinct salinity maxima could be traced in the majority of the stations 
during the southwest monsoon season. Significant regional variations in the intensi
ties of these maximá and the depths of their occurrence are noticeable. The <*t 
limits of these water masses agree with those described by Rochford ( at=26.2  
to 26.9 for Persian G ulf water and <n=26.95 to 27.4 for the Red Sea water).

(a) First Salinity M aximum:

This salinity maximum lying between <rt limits 26.2 to 26.9 and salinity limits 
35.03 %0 to 35.35 %0 exists at depths of about 200 to 350 m excepting at station 357, 
where the depth is 140 m. According to Rochford (1964) this high salinity water was 
absent around the G ulf o f Aden. Hence, he considered Persian G ulf as the origin 
for this maximum. During its spread to the southwest and to the east, its average 
depth was found to be 200 m. Since the data is inadequate, he could not show by
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. which route it enters the Bay. An examination of the distributional charts of salinity 
maxima (Fig. 2) and the depths at which the maxima are noticed (Fig. 3) shows that

is
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90*80 85

F ig 2. Isoline of first Salinity maximum (Persian Gulf water).
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Fig. 3. Depth contours of first salinity maximum (Persian Gtilf water).
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the high salinity core appears at about 200 m depth south of 9°N lat. and the water 
enters the Bay of Bengal at least through two main paths, one around Long. 84°E 
and the other around Long. 87°E, following more or less the general circulation 
pattern at that level (Varadachari et al. 1967). Along the western side, the path of 
water appears to be north-north-westerly up to Lat. 11°N beyond which it could 
not be traced (shaded region in Fig. 3), perhaps because of excessive mixing with low 
salinity water in the region. However, in view of the existing circulation pattern, it is 
likely to take a turn towards the east around Lat. 15°N. The second entrance path 
appears to be mainly northerly. This northerly flow around 87°E meridian extends 
up to Lat. 14°N and then turns westerly following the circulation pattern. Between 
the two main paths of entry, this water could be traced at depths greater than 200 
metres. From the available data, it may be said that the general spread tends to be 
more towards north-westerly. The progressive reduction of the salinity values in the 
salinity core from south to north, is indicative of lateral mixing and perhaps some 
vertical mixing.

Phosphate concentrations corresponding to the salinity maxima show some 
variations. According to Rochford (1964), the phosphate content at the depths of 
location of the Persian G ulf water is about 3 pg at/1. In  the present study, most of 
the stations show phosphate values between 1.0 to 1.9 pg at/1, at the level of occur
rence of the Persian G ulf water. High values (2.5 to 3.0 pg at/1.) are encountered 
only between Lat. 10°N and 11°N (station numbers 368 to 371). Corresponding 
salinity maxima also are high. The station 357 which is the western-most station 
of the southern-most section of these cruises, is also characterized by the highest 
value for salinity maximum and extremely high phosphate content, suggestive of a 
discrete water body, perhaps having a very long residence time. The high phosphate 
content may be due to oxidative regeneration of the suspended organic matter. It  is 
interesting to note that the Persian Gulf water, at its source, contains high phytoplank
ton (Zernova 1962). The high values of salinity and phosphate at stations 368 to 
371 could be traced to the waters at station 357 (Fig. 1).

(b) Second Salinity Maximum :

This core of high salinity, characteristic of Red Sea water (Rochford 1964), 
is found to be within the salinity and a t limits o f 35.00 %0 to 35.33 %„ and 26.95 to 
27.40 respectively. This water mass also appears to enter through two paths, south 
of 9°N  around 84°E and 87°E Long, between 500 and 400 m level (Figs. 4, 5). 
Studies on the circulation for the same period in the area, show that the level of least 
motion is around 500 metres depth (Varadachari et ál. 1967) and even at 400 meters 
depth the speed of the current is mostly less than 0.1 knot. Hence, the Red Sea 
water is likely to spread northward more slowly. But it may sink to different 
depths under the influence of the clockwise circulation or shoal up under counter
clockwise circulation. I t  could be traced as far as 16°N. However, west of 82°E 
Long, the salipity maximum could not be located except at 14°N, 81°E. The 
maximum depth of occurrence is about 900 metres. The intense sinking region 
roughly coincides with that for Persian G ulf water (Lat. 11N ). A t a few stations
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two salinity maxima within the at range of Red Sea water, appear at depths ranging 
from 400 to 900 m (Stations 356, 368, 394, 396 and 404). Low values of salinity
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Fig. 4. Isolines,of second salinity maximum (Red Sea water).
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FiO- 5. Depth contours of second salinity maximum (Red Sea water).
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maxima, in the northern part, indicate that the Red Sea water mixes and gradually 
loses its identity during its northerly spread. Inorganic phosphate concentrations 
associated with the salinity maxima are found to be predominantly between 1.0 and 
1.9 ¡j-g at/1. Higher values of phosphates (2.0 to 3.8/xg at/1.) are found at stations 
370 to 374. I t  may be pointed out here that around the same region the Persian 
Gulf water also shows maximum phosphate concentrations, excepting that the high 
phosphate region is slightly extended towards the east for the Red Sea water.

C onclusions

Two water masses could be identified in the upper 1000 m of the Bay of Bengal 
with distinct salinity and <n characteristics. The upper water mass has the charac
teristics of Persian Gulf water and the lower one, that of Red Sea water. Both the 
water masses enter the Bay south of 9°N Lat. through two distinct paths. They 
move northward, sink and spread following the circulation pattern. From the 
available data (“Ob”, 1958 and the present data), it appears that the two waters 
may be flushing in during the southwest monsoon period and retreating during the 
northeast monsoon period. The high phosphate concentrations of Persian G ulf 
water (3.0 ¡ig at/1.) as reported by Rochford (1964) during the northeast monsoon 
period are higher than those found during the present investigation (1.0— 1.8 Mg 
at/1.) for the southwest monsoon period. The high values encountered during 
the northeast monsoon might be due to the oxidation of organic matter of 
planktonic origin and such conditions are favourable only for waters having long 
residence time. However, the retreat during the northeast monsoon appears to be 
far from complete before fresh influx commences during the Southwest monsoon. 
The general high phosphate content of the Red Sea water as compared to the Persian 
Gulf water indicates the longer residence time of the former in the Bay.
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T H E  IN F L U E N C E  OF SOME H Y D R O G R A P H IC A L  FACTORS O N  T H E  
FISHERIES OF C O C H IN  A R EA

by V. N . S a n k a r a n a r a y a n a n  and S. Z. Qasim  

Biological Oceanography Division, National Institute o f  Oceanography, Cochin-11

From the seasonal changes in the hydrographical features of Cochin area during 
the year 1965-66, it is possible to deduce that a shore-ward influx of upwelled 
water occurs from about June to October. The effect of this water is felt in very 
shallow areas. During this period the bottom layers become cold, markedly 
saline, poorly oxygenated and rich m. nutrients. Minimum oxygen of less than 
0.5 mi/L is recorded at 10 m in August. The fish populations are not very abun
dant during this season and tend to avoid the oxygen-deficient water. Both fish 
and prawn catches are poor from June to September. The available evidences 
show that the enrichment of the euphotic zone with nutrients in the post-upwelling 
period produces an intense phytoplankton bloom. The red-tide phenomenon 
which acts as a further threat to fish life is of common occurrence during this 
season. From November onwards there is a reappearance of fish shoals in coastal 
waters and a resumption of large scale fishing activity.

I n tro du ctio n

Many of the accounts which have appeared in recent years on the Indian 
Ocean, as parts of various programmes of the I.I.O .E ., clearly indicate that the 
Arabian Sea is characterized by a relatively lower temperature, higher salinity, 
higher nutrient content, greater primary productivity, richer phytoplankton and 
Zooplankton biomass and a greater fish yield than those of the Bay of Bengal 
(Panikkar and Jayaraman 1966; Reddy and Sankaranarayanan 1968; Ryther and 
Menzel 1965; Prasad 1966; Ryther et al. 1966; Panikkar 1968, See pp. 811-832). 
The high level of primary productivity though restricted to certain areas, particularly 
to the coastal regions, has been attributed to higher nutrient contents brought to 
the euphotic zone by upwelling (Ryther and Menzel 1965; Ryther et al. 1966). The 
fishery resources of the west coast, rich as they are, amounting to 75 % of the total 
marine catch of India (700-900 thousand tons annually), are subjected to wide fluctua
tions from year to year (Panikkar 1968).

Several earlier studies carried out on the hydrography of various parts of the 
Arabian Sea and the Bay of Bengal have been primarily directed to find an answer 
to the fluctuation of fisheries (LaFond 1954; Jayaraman and Gogate 1957; Subrah
manyan 1954; Pradhan and Reddy 1962; Prasad and Nair 1959). In  most of 
these studies it has been pointed out that the highly complex and changing con
ditions of the Arabian Sea seem to be responsible for the seasonal and annual fluctua
tions of the fish catches. For instance, in the Bombay area, rather sudden and 
pronounced variations in temperature, salinity and oxygen, resulting from upwell
ing, influence the availability o f fish (Carruther et al. 1959). Similarly from 
Cochin to Calicut, Banse (1959, 1966) by making use of the earlier informa
tions and from his own data collected during September/October 1958, has
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laid special emphasis on the phenomenon of upwelling on the west coast and its 
possible influence on trawl catches.

From these accounts it is clear that the phenomenon of upwelling is fairly 
widespread in the Arabian Sea and that it has a direct influence on the fisheries 
of the West Indian coast. More specific information on upwelling can be obtained 
from the accounts given by Ramamirtham and Jayaraman (1960), Sastry and 
Myrland (1959), Rao and Jayaraman (1966) and from a paper by Sharma present
ed at this symposium (1968). Published accounts, however, relating hydrography 
to parallel fish and prawn catches are very few.

M ethods

Two stations were fixed in the inshore region of Cochin during the year 1965-66. 
Station 1 was very close to the shore at a depth of 10 m, while the station 2 was a few 
miles away and had a depth of 30 m. Water samples collected at fortnightly inter
vals from these stations were analysed for various hydrographical features indicated 
in Fig. 1. For all estimations the working instructions of Strickland and Parsons 
(I960) were largely followed. Data on fish and prawn catches were obtained from 
such vessels of the Indo-Norwegian Project which continue to fish throughout 
the year in coastal waters.

R esults a nd  D iscussion

The immediate aim of this paper is to direct the informations on the hydro
graphy of the inshore waters, which have been primarily collected for some other 
purpose, to fish catches of the Cochin area. Fig. 1 shows some of the main features 
at station 1. I t  can be seen from the figure that almost all parameters viz. tempera
ture, salinity, dissolved oxygen, alkalinity, pH  and nutrients are adapted to an annual 
rhythm and that the maximum and minimum values of these parameters alternate 
with each other. Temperature variations are more pronounced at the bottom 
than at the surface. Maximum temperature is recorded in the month of April 
and minimum in August and September. From December to May the temperature 
differences from surface to the bottom were less than 1°C, but in the monsoon months 
(June-October) normal variations were about 1.5-5CC. Salinity changes from 
surface to the bottom were also very wide. In  the pre-monsoon months, January 
to May, when the salinity is at about its maximum, practically no change is 
encountered from surface to the bottom. But from June to August when there is a 
sharp decline in the surface salinity, the bottom salinity remains high. This indicates 
that wide fluctuations in the salinity due to the influx of freshwater during the mon
soon months are only confined to the top-most layers and that the sharp decrease 
in temperature is not associated with a similar' decrease in salinity at the bottom. 
Total alkalinity shows a direct correlation with the salinity and so has the pH . In  
marked contrast to the alkalinity, the oxygen values show an inverse correlation with 
the salinity, i.e. from May onwards when the surface oxygen is increasing, the bottom 
oxygen shows a sharp decline, reaching its minimum of less than 0.5 m l/L in August. 
During this period the phosphates show high values and same is the case with other
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T a b le  I

Values o f temperature, salinity and oxygen at station 2 in some months o f the year
1965-66

Months
1966 ___ 1965

Febru March April May October Novem- Decem
ary ber ber

Temperature °C
Surface 28.80 30.00 31.00 29.50 28.10 29.00 29.00
Bottom (30 M) 28.00 29.25 29.50 29.00 24.52 28.40 28.00

Salinity % 0
Surface 33.13 34.21 34.54 35.34 27.35 35.23 32.83
Bottom (30 M) 33.89 34.57 35.24 35.39 35.35 35.41 33.51

Oxygen ml/L
Surface 4.34 3.68 4.92 4.77 5.43 5.16 4.78
Bottom (30 M) 3.31 4.05 4.24 3.77 0.28 4.21 3.56

nutrients (silicate, nitrite and nitrate). Almost all nutrients record peak values 
from June to August (Fig. 1).

Unfortunately, at station 2 similar data on all related parameters could not be 
obtained throughout the year. However, the values of temperature, salinity and 
oxygen for both surface and bottom are given in Table I  for a period of seven months. 
I t  can be seen from the table that within the limits of the available data, the changes 
in temperature, salinity and oxygen are very similar to what has been shown at 
Station 1, except that the variations in salinity at the two depths (surface and bottom) 
are not very pronounced.

From the hydrographic conditions at the two stations presented above it is 
clear that if  temperature, salinity, oxygen and nutrients are taken as the chief criteria, 
the inshore region begins to reflect the characteristics of upwelled water from June 
to October. Probably in June there seems an influx of cold, saline and poorly- 
oxygenated water, rich in nutrient, towards the shore which continues with 
varying degrees till about October.

Figure 2 shows the catches of fish and prawns. It  can be seen from the figure 
that, neglecting random variations, the catches of both fish and prawns were mini
mum from June to September. This cannot be attributed to poor fishing effort 
as the data presented in Figure 2 are only related to such vessels which operate 
throughout the year and which allow a fair comparison of monthly hauls. Seasonal 
changes in temperature and oxygen when plotted along with the fish and prawn 
catches (Fig. 2) fell in accordance with each other i.e., minimum values of temperature 
and oxygen at the bottom coincided with lowest fish and prawn catches.

The main fishing season along the west coast, (leaving aside the bigger fishing 
boats of 50 ft and above which operate throughout the year) generally starts in Octo
ber and ends in May. The termination of the fishing season is partly because the 
sea becomes rough and the weather due to heavy rain is unfavourable for fishing; 
and partly because of a general feeling amongst the fishermen that due to lack of 
fish, fishing in the inshore waters is not very economical.
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One of the important characteristics of the Arabian Sea is that it is greatly 
influenced by the monsoon cycle. The south-west Indian coast gets the full force 
of both S.W. and N .E. monsoons. The total annual rainfall in the Cochin area 
is about 3200 mm, of which nearly 75% occurs from May-September. Many 
complex and dynamical changes of water circulation and mixing processes 
have been reported in the Arabian Sea during the two monsoon periods. Although 
the period when widespread upwelling has been reported seems to be the two mon
soons, from the available data it appears that the phenomenon is not well synchroni
zed throughout the west coast at the same time. I t  seems to be delayed in latitudes 
further north. Thus, around Ceylon and the southern-most parts of India, from 
Cape Comorin to Calicut, it occurs during the S.W. monsoon, August to October 
(Schott 1935; Banse 1959) and more specifically in the Cochin area from late August 
to October (Ramamirtham and Jayaraman 1960). Around Bombay it has been 
shown to occur during the period of N . E. monsoon, October-December (Carruthers 
et al. 1959) and along the Bombay and Saurashtra coasts, the possibility of upwell
ing has been indicated during December to February (Jayaraman and Gogate 
1957).

The seasonal upwelling and the associated upward movement of oxygen- 
deflcient water seem to regulate the local fisheries. The termination of the fishing 
season towards the end of May, therefore, seems to coincide with a decrease in 
fish abundance from the inshore regions. In  the Bombay region the fish, in order 
to avoid low oxygen concentration, has been reported to migrate towards the shallow 
regions, near the coast (Carruthers et al. 1959). This is because the influx of poorly- 
oxygenated water does not reach very close to the shore. But in the Cochin area 
the upwelled water not only reaches the near-shore waters (10 m depth), but its effect 
is even felt in the lower reaches of the backwaters (Ramamirtham and Jayaraman 
1963). This may probably be due to the shelf region being narrow in the Cochin 
area and very wide along the Bombay region, and presumably for this reason the 
fish migration does not occur towards the inshore waters of the Cochin area. There 
is, however, an interesting instance on record by the present authors (during one of 
the cruises of ‘R  V. Varuna’ in early October), when the poorly-oxygenated water 
was still prevalent at the bottom (Table I), repeated trawling near Cochin resulted 
in very poor catches. But during the same cruise, about 50 miles down south, 
near Quilon, trawling was most encouraging. An examination of water taken 
from 30 m and below showed the oxygen content to be appreciably higher than at 
Cochin. This confirms that the disappearance of fish shoals from one locality is 
to avoid the poorly-oxygenated water and that their migration seems to be either 
directed towards other coastal regions or towards deeper water, probably in such 
areas where dissolved oxygen is not very low. I t  may even be directed towards 
the surface, in which case, the operation of non-mechanised country-crafts, which 
invloves the use of various indigenous gears whose working range is limited to a few 
metres near the surface, would be more useful than trawling, particularly for prawns 
and soles which have a limited migratory power.

To sum up it seems that the seasonal fluctuations of the fisheries of the west 
Indian coast are governed, to some extent, by the intensity of upwelling, and since
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its time and duration vary from one region to the other and these may not be repeated 
with utmost accuracy and intensity year after year, it may eventually prove to be one 
of the main factors controlling the seasonal abundance of fish in a particular region. 
In  other words, while the phenomenon of upwelling is very important in replenishing 
the nutrients of the impoverished euphotic zone and increasing the phytoplankton 
productivity and finally the fish catches, its influence during the season 
initially becomes a deterrent to fish life in many ways. Firstly, it very often leads 
to mass fish mortality by sudden changes in temperature, salinity or due to the in
flux of oxygen-deficient water which is well-known in the Arabian Sea (Brongersma- 
Sanders 1957; Foxton 1965). Secondly, the enrichment of water with nutrients 
produces an intense outburst of phytoplankton bloom whose rapid growth in the 
absence of secondary consumers such as Zooplankton and fish, leads to anaerobiosis 
which becomes a further threat to animal life (Ryther and Menzel 1965). Finally, it 
gives rise to an accelerated growth of a few organisms or the red-tide —  a phenomenon 
of common occurrence along the south-west coast (Bhimachar and George 1950; 
Subrahmanyan 1954; Prakash and Sarma 1964). I t  is interesting to note that the 
period when the red-tides have generally been reported, September to November, 
coincides with the end of the upwelling season, when the weather is warmer with far 
greater sunshine hours than during the monsoon months. Very often, mass 
mortalities of fish and invertebrates have been found associated with the blooms 
during this season.

From November onwards the changes reported in the sea have been termed 
as “sinking” which are followed by stable conditions till April (Ramamirtham and 
Jayaraman 1960). I t  may be recalled that fishing season starts from October when 
both fish and prawns begin to reappear in large numbers in coastal waters. I t  is 
gradually intensified and the peak season approaches during a period when stable 
conditions begin to prevail in the sea.
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Department o f  Meteorology d  Oceanography, Andhra University, Waltair

The seasonal variations in the flow of heat flux from the sea surface to the atmos
phere over the Bay of Bengal are studied using the data, Dry and Wet bulb tem
peratures, wind speed and sea surface temperature, supplied by India Meteorologi
cal Department. Sensible and latent heat transfer, evaporation and Bowen’s ratio 
are evaluated using turbulance transfer formulae for each two-degree-square 
area of the Bay of Bengal. The evaporation exhibits a double maxima one in 
winter and the other in south-west monsoon period with a minimum in the sum
mer (hot season). The sensible heat transfer from the sea surface to the atmos
phere, taken as positive is found all over the Bay during the winter season and the 
retreating period of south-west monsoon. In the earlier period of south-west 
monsoon also the sensible heat transfer is positive except over south-west part of 
the Bay. In the summer season the sensible heat transfer is reversed over the cen
tral and northern parts of the Bay. The Bowen’s ratio is computed all over the 
Bay. The results are discussed in relation to climatic factors.

I ntrodu ction

A  knowledge of the rate of energy exchange between sea and atmosphere is 
an essential requirement for a proper study of general circulation of atmosphere and 
ocean. Water vapour, having energy of latent heat which it can supply to its environ
ment when it condenses, plays a prominent part in the initiation and development of 
weather systems.

Direct measurements of evaporation were made from pans placed on board 
of German expedition vessels during 1890-1900. But Schmidt and other workers 
proved that the evaporation from pan was not representative of sea surface. Eva
poration and magnitude of the pan coefficient were found uncertain.

The classical work was carried out during 1930-40, by Rossby and Montgomery 
(1935, 1936) and Montgomery (1940). Their aims were a quantitative formulation of 
the turbulent structures at the air-sea interface and method of deducing thereby the 
fluxes of heat, moisture and momentum transfer from the ocean surface through the 
lowest layers of air above. In  the intervening years, this approach has been refined 
and tested critically by Priestely (1959), Sheppard (1958) and Deacon, Sheppard and 
Webb (1956).

Sverdrup (1937) suggested a mass transfer equation for computing evaporation 
•which is followed by many research workers in this field. Later Jacobs studied 
extensively evaporation over North Pacific and North Atlantic Oceans and dis
cussed all the theoretical methods and arrived at a mean evaporation factor in a semi- 
empirical fashion. Budyko (1956) used transfer formulae with a coefficient for 
evaporation study, differing only a few per cent than that used by Jacobs.

»Present Address: National Institute of Oceanography, (CSIR), Panjim, Goa.
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Investigation on energy transfer over North Indian oceah is very limited. 
Wust (1936) published the annual latitudinal evaporation values and Albrecht (1949) 
prepared charts for February and August. In  his Atlas of Heat Balance for the 
océans, Budyko (1955) gave charts of heat balances parameteres for all the twelve 
months using climatic data for areas of size 5° lat. and 10° Long. Venkateswaran 
(1956) studied seasonal variation of evaporation and annual sensible heat transfer 
by interpolating 5-degree-square values for the wet bulb depression from the Atlas 
of climatic charts of the ocean and similar values for the air and sea surface tempera
tures from Monthly Meteorological Charts of the Indian Ocean. In  his study of 
evaporation from North Indian Ocean including the Red-sea and Persian Gulf, Pre- 
vett (1959) published monthly charts of evaporation for each 5-degree-square by 
using a modified form of Jacob’s formula and climatic data supplied by the Metro- 
logical Office, London.

M ethods a nd  D ata

The details of the method (Malkus 1962) by means of which evaporation 
and sensible heat transfer have been determined for the region under study are 
given briefly. The useful forms of the exchange formulae for each property of 
interest are:

T -  r  ' * L
Kn dz  (1)

n   r i  V  T  d$ ^  c  K  ^
9 HR  ~  “  Cp K ,~di  .(2)

and

Q . - L E - - L K . §   (3)

Here standard notation is followed. I t  will be now assumed, that the height 
above the sea at which all the three ätmospheric properties are measured, is identical 
and that

K m =  K, =  K e= K   (4)
T,  , du

so that ~dz~  (5)
Substituting (5) into (2) and (3) and further using

To =  P C d  Wo2  (6)
where the subscript ‘o’ refers to the surface and ‘a’ to the anemometer height. CD 
is the drag coefficient which can be expressed in terms of surface roughness, anemo
meter height and Von Karman’s constant.

We express the derivatives in terms of finite differences for the vertical intervals 
Az = z a—zo, so that 
Am =  (  ua — o )  =  M0 
a t  =  (  Ta -  Ta )  =  -  (To - T a )
AQ =  ( Qa -  Qo ) =  -  ( Qo -  Qa ) J   (7)
Substituting (4), (5), (6) and (7) into (l)-(3), we obtain three transfer equations.

t 0 =  P C d ua2 ...............(8)
ô . =  p CD C„ (T o -T a) Ua........................................................................ ................(9)
Qe =  L E  =  pLCp (Qo — Qa) M0   (10)'

}
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The value of C T) is taken as 1.4 x IO-3 for a mean wind speed of 15 knots from 
the graph given by Deacon, Sheppard and Webb (1956). In  eqn (10) the specific 
humidity gradient is replaced by vapour pressure gradient and the wind speed is used 
in knots and substituting the values of p, L  and C„ in eqns (9) and (10).

Qs =  1.85 (i0—7),) ua gm.cal/cm2/day  (11)
and

E  — 4.73 X IO-3 (e0—ea) ua cm¡day  (12)

The meteorological data used in this investigation is supplied by Marine Section, 
India Meteorological Department, Poona. The average values of the meteorological 
parameters, dry and wet bulb temperatures, sea surface temperature and wind speed 
are computed for each two-degree-square of the Bay of Bengal between 0-20° Lat. 
and 80-100° Long. From the sea surface temperature T 0 the saturated vapour 
pressure is obtained from the formula eo=0.98 ed where ed is the saturated vapour 
pressure at temperature T 0 and 0.98 is a correction due to presence of dissolved 
salts in the sea water. January, April, July and October are selected for winter, 
summer, south-west monsoon and retreating south-west monsoon respectively. 
Monthly values of sensible heat transfer and evaporation from each 2-degree-square 
area of the Bay are estimated by using above eqn (11) and (12) respectively. In  
the present investigation results of the preliminary analysis are discussed.

S en sib le  H e a t  T r a n s f e r  : Qs

In  the month of January, the north-east monsoon prevails over the Bay. 
The sensible heat transfer is from the sea surface to the atmosphere all over the Bay 
except the eastern parts of the Bay and a small patch of area over North-west Bay 
where it is reversed (Fig. 1). The Qs values are maximum in the southern parts 
of the Bay and gradually decrease with latitude towards north. Near the head of the 
Bay again the magnitude of Qs is increased. The same trend is maintained with 
an increase in magnitude over the southern Bay during the month of April and a 
reversal of Qs over the northern Bay. The atmosphere receives the sensible heat 
energy in the Southern Bay and the same is partly returned to the ocean surface 
in the Northern Bay and the variation of Qs appears to be latitudinal. With the 
advent of south-west monsoon reaching its maximum in July there is complete trans
formation of sensible heat field all over the Bay. With consistent strong winds 
blowing over northern parts of the Bay, having sufficient sea-air temperature difference 
maintained, the sensible heat transfer reaches its maximum value for all seasons ex
ceeding 35 g cal/cm2/day. In  the south there is a secondary maximum over 
the eastern parts of the Bay and the value of Qs decreases towards west where the 
flow of Qs is reversed. During the month of October, with the retreat of south
west monsoon the Qs maximum is shifted to the southern parts of the Bay having 
minimum over the central parts. During this month practically all over the Bay 
the atmosphere receives the energy across sea-air interface.

Even though the sensible heat transfer is mainly governed by the incoming 
solar radiation and the characteristics of the prevailing air-masses in different sea
sons, the ocean circulation is considered to be one of the important parameters 
when similar studies are made in other oceans. The circulation in the Bay of Bengal
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F ig . 1. Sensible Heat Transfer over the Bay of Bengal.

is greatly influenced by the monsoonal winds. During south-west monsoon season, 
the general flow in the central and southern Bay is from west to east and during north
east monsoon the flow is east to west. In  both cases the flow is directed northerly 
on one side of the Bay and southerly on the other side. This type of circulation 
continuously renews the cold waters of the Bay by the inflowing warm equatorial 
waters and maintained reasonably high average sea surface temperature over the 
whole Bay during winter. The cold continental air flowing over the Bay gives rise 
to strong positive temperature gradients which show a gradual increase from south 
to north. During the south-west monsoon period the sea surface temperature
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increases towards north due to incoming solar radiation. Further the seasonal 
low pressure system produces high winds at the heat of the Bay which contributes 
for the increased sensible heat transfer towards the head of the Bay. The warm 
waters of Red Sea origin which are flowing from Arabian Sea into the equatorial 
Bay and Southern Bay may be responsible to certain extent for the high sensible 
heat transfer in the month of October.

E vaporation : E

The isopleths for all the four months are shown in figure 2. In  the month 
of April generally the evaporation over the Bay is low compared with the other 
months owing to warm and indeterminate winds prevailing over most parts of the Bay. 
The evaporation is high in the Southern Bay and decreased towards the head of the 
Bay. By the month of July the S-W monsoon is active all over the Bay with consis
tently strong winds prevailing. The evaporation reached its maximum value over 
the southern Bay for all the four seasons and the minimum is maintained over N -W  
and N -E  parts of the Bay. During the month of October when the S-W monsoon 
is retreating, the rate of evaporation is practically uniform over most parts of the 
Bay except over the N -E  Bay where the minimum is maintained. By January, 
the evaporation decreases all over the Bay except from a small area over the central 
Bay.

Bow en’s R atio  : R

The ratio between the amounts of heat given off to the atmosphere as sensible 
heat and that used for evaporation is called Bowen Ratio (R) and is given by R =  
Qs/Qe or Q ./LE  where L  is the latent heat of vapourisation of water. The general 
trend of Bowen Ratio is small in low latitudes and practically it remains constant 
throughout the year, but is greater in middle latitudes. The negative value indi
cates that heat is conducted from the atmosphere to the sea. On an average, the 
value for all oceans is about 0.1, i.e. about 10% of heat surplus is given off 
as sensible heat, whereas about 90% is used for evaporation.

The space distribution of the Bowen’s Ratio has shown similar trends to that 
of sensible heat transfer. Hence only the latitudinal variation of the ratio is given 
in Table I. In  all the four months excluding April month ‘R ’ is minimum over the 
central parts of the Bay, i.e. the available energy received by the atmosphere is in 
the form of latent heat transfer. In  the month of April, the ratio is negative over 
the northern Bay. In  all the months the ratio is less than 10% all over the Bay 
except during the month of July it reached 13 % over the head of the Bay.
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T able I 
Bowen’s Ratio

Latitude January April July October
1 0.038 0.060 0.023 0.070
3 0.027 0.054 0.005 0.048
5 0.020 0.053 0.006 0.031
7 0.015 0.050 0.020 0.020
9 0.008 0.026 0.012 0.014

11 0.005 0.008 0.003 0.017
13 0.003 0.008 0.020 0.028
15 0.012 0.016 0.044 0.044
17 0.022 0.021 0.068 0.047
19 0-400 0.018 0.130 0.084
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MONSOON CIRCULATION FROM OBSERVATIONS OF NATURAL RADON

RAMA
Tata Institute o f Fundamental Research, Bombay 5 
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Radon concentrations have been measured in the surface air over the Indian Ocean and the Arabian Sea. The con
centrations in the equatorial maritime air over the Indian Ocean are found to be low (1 -4  dpm/m ). Those in the 
monsoon air over the West Arabian Sea are similar but gradually increase to higher values (20—30 dpm/m3) as the 
monsoon approaches the west coast of India, indicating a gradual mixing between the lower maritime air and the 
continental air aloft. There appears to be a significant contribution of moisture to the monsoon current by evapora
tion over the east Arabian Sea.

1. INTRODUCTION

During the months of June, July, August and 
September, a moist homogenous south westerly cur
rent of air (south west monsoon), about 5 km thick, 
passes over the west coast of India. Early investiga
tions [ 1 ] led to the belief that this moist current 
comes from the southern latitudes of the Indian 
Ocean, i.e., it is a part of the southeast trades which, 
on crossing the equator, gets deflected into south 
westerly to westerly current. But, the meteorological 
observations made during the recent International 
Indian Ocean Expedition cast serious doubts on this 
view. These observations indicate that over the west 
Arabian Sea the monsoon current consists of two very 
distinct air masses; the lower maritime moist air mass; 
from the surface to about 1 km level, coming from 
the southern hemisphere (deflected south east trades); 
and the upper relatively dry continental air mass (from 
1 km to about 5 km level) coming from north Africa 
and Saudi Arabia [2,3], with a temperature inversion 
between the two. As the two masses approach the west 
coast of India, the temperature inversion between 
them is destroyed and the entire 5—6 km thick layer 
appears as one homogenous moist air mass. The 
moisture content of this 5—6 km thick layer over the 
west coast of India exceeds 1.5 times that of its two 
constituent layers over the west Arabian Sea as can 
be seen from table 1 (the mo'isture contents are 
computed from data referred to by Desai [4] ). The

extra moisture in the current near the coast is of 
prime importance from the point of view of rainfall 
over the subcontinent. Two views have been advanced 
for the origin of this extra moisture:

(1) The moisture is introduced into the air current 
during its traverse over the Arabian Sea. As the two 
constituent air masses move eastward, there is a ■ 
gradual mixing between the two and the inversion 
level gets lifted from 1 km upwards, till at some dis
tance from the Indian coast the inversion completely 
disappears and the whole 5 km thick layer appears as 
single homogenous air mass. Moisture evaporated 
from the Arabian Sea is transported upwards as a re
sult of mixing between the two air masses [2,5,6].

(2) The contribution of moisture by evaporation 
from the Arabian Sea in negligible; the moisture is fed 
upwards from the lower moist current itself near the 
west coast o f India. This can result when the lower 
moist current is forced upwards by orography through 
obstruction by west coast hills. The increase is there
fore only apparent [4].

It  should be possible to establish the validity of 
either of these views if  sufficient meteorological data 
were available to permit a study of mass balance of 
air and moisture in the two components of the cur
rent. A simple check is, however, possible just from a 
study of the interaction between the two components. 
According to the first view, the mixing between the 
two components is necessary to transport moisture 
from the sea surface upwards; this would obviously
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Table 1
Moisture content of monsoon current over the Arabian Sea.

West Arabian Sea West coast of India 
(East Arabian Sea)

Lower Layer 
Surface to 900 mb

Upper Layer 
900 mb to 600 mb

Homogenous Layer 
Surface to 900 mb 900 mb to 600 mb

1.5 g/cm3 1.4 g/cm3 1.7 g/cm3 3 g/cm3

result in bringing continental air from upper layer to 
lower layer. According to the second view, the air 
from lower layer moves upwards into the upper layer 
and increases its moisture content; but prominent 
intrusions of upper dry hot air into the lower layer are 
not allowed since such intrusions would reduce the 
water content of the lower layer in the absence of 
contribution of moisture from the sea surface. Thus 
the two views lead to quite different predictions as to 
the amount of continental air in the low level air over 
the east Arabian Sea and near the west coast of India.

Our preliminary investigation [7] revealed that the 
radon content of equatorial maritime air over the 
Indian ocean is low (1—4 dpm/m3) while that of recent 
continental air such as is supposed to constitute the 
upper layer can be expected to be 10 to 20 times as

55* 60* 65* 70* 75*SO

60* 65* 76" 75" 8 <f45* 50*40* 55*

Fie. 1. Concentration of radon in surface air over the Arabian 
Sea and the Indian Ocean. Units (dpm/m3).

much. Therefore, any mixing of this air downwards can 
be detected in an increase in the radon content of the 
lower layer. A study of vertical radon profiles should 
thus be diagnostic in studying the interaction and the 
consequential moisture transport between the air 
masses. As a first step, a study of radon content of the 
surface air alone, which can be carried out far more 
easily, should provide fair indication of the pheno
menon. With this end in view, the radon contents of 
the surface air over the Arabian Sea and the Indian 
Ocean were measured during the summer monsoon of 
1967 and are reported here.

2. EXPERIMENTAL

For measuring the concentrations of radon in air, a

55* 60*

20 20

4Cf 45* 5Cf 55* 60* 65* 7 ?  i f f

Fig. 2. Concentration of radon in surface air over the Arabian 
Sea and the Indian Ocean. Units (dpm/m3).
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Fig. 3. Concentration of radon in surface air over the Arabian 
Sea and the Indian Ocean. Units (dpm/m^).

Fig. 5. Concentration of radon in surface air over the Arabian 
Sea and the Indian Ocean. Units (dpm/m^).
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Fig. 4. Concentration of radon in surface air over the Arabian 
Sea and the Indian Ocean. Units (dpm/m^).

Fig. 6. Concentration of radon in surface air over the Arabian 
Sea and the Indian Ocean. Units (dpm/m^).

simple and convenient method was employed. The 
air was filtered at constant speed (using a positive dis
placement pump) through a glass fibre filter for a few 
hours, and the decay products of radon thus collected 
on the filter were assayed on an end window Geiger 
counter. This technique was previously compared with 
the method of direct extraction and of counting of

radon and its decay products inside a hollow scintilla
tion counter as adopted by Moses et al. [8].

The measurements were made at deck level aboard 
‘State of Haryana’ and ‘Oceanographer’ during several 
cruises over the Arabian Sea and the Indian Ocean. The 
accuracy of most measurements is better than ten 
percent, except in cases where the activities are ex-
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Fig. 7. Concentration of radon in surface air over the Arabian Fig. 9. Concentration of radon in surface air over the Arabian 
Sea and the Indian Ocean. Units (dpm/m3). Sea and the Indian Ocean. Units (dpm/m3).
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Fig. 8. Concentration of radon in surface air over the Arabian 
Sea and the Indian Ocean. Units (dpm/m3).

tremely low and the counting error then may be as 
large as fifty percent. The accuracy of measurements 
is considered quite adequate for the problem in hand 
where we are looking for variations by large factors.
A systematic error of about twenty percent in calibra
tion may also exist but does not affect the considera
tions based on relative variation of concentrations.

3. RESULTS

The results of measurements made over the Arabian 
Sea and the Indian Ocean are shown in figs. 1—9; the 
radon concentrations (dpm/m3) are shown in bold 
letters printed at the approximate location of sampl
ing; the date of sampling is also indicated.

4. DISCUSSION

The observations made during the monsoon period 
(figs. 2 to 7) show that the radon concentration in low 
level air over the equatorial Indian Ocean and West 
Arabian Sea were very low (1—4 dpm/m3), indicating 
the presence of pure maritime air mass over these re
gions. The low values were occasionally observed over 
the central Arabian Sea also but rarely over the eastern 
Arabian Sea. The radon concentration usually started 
increasing at about 65°E and reached a value of 20—30 
dpm/m3 near the west coast of India. The increase of 
radon in the lower current implies the introduction of 
continental air in it probably as a consequence of mix
ing from above. The component of continental air in 
the lower current can be correctly assessed if  the radon 
content of the continental air in the upper layer is ac
curately known. The measurements at high altitudes
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have not yet been made, but we may obtain an indi
rect approximation as follows.

The air from the Indian subcontinent is known to 
pervade •over the Arabian Sea during winter months. Its 
radon content in the month of November ranged from 
25 to 65 dpm/m3 (figs. 8 and 9) and averaged around 
40 dpm/m3. It may likewise be expected that the radon 
content of the air coming from the African continent 
would be about 40 dpm/m3 at the surface and some
what lower at higher altitudes.

The radon contents of the surface monsoon air over 
the east Arabian Sea range between 5 and 30 dpm/m3. 
The values near the western coast of India average 
around 20 dpm/m3. Comparing these with a value of 
~  40 dpm/m3 deduced for continental air in the upper 
current, one arrives at the conclusion that the compo
nent of the continental air in the surface air exceeds 
50 percent near the coast, pointing to vigorous vertical 
mixing between the two air masses. In spite of a large 
component of continental air at the lower levels, the 
moisture content (and humidity mixing ratio) of the 
lower current does not decrease (see table 1). This is 
evidently possible if an adequate amount of water is 
introduced by evaporation from the sea surface. The 
data show that at least about forty percent of the extra 
moisture observed in the monsoon current near the 
coast originates from evaporation over the Arabian 
Sea. This appears to be appropriate interpretation of 
the data in terms of two-air-mass picture of the mon
soon current which however needs to be verified by 
measuring radon in vertical profiles.

Fig. 1 shows the radon concentrations measured in 
a west-east traverse across the Arabian Sea just before 
the onset of monsoon rains, and off the Saurashtra 
coast just after the onset. The high concentrations in 
the latter arise as a consequence of mixing of continen
tal air from above; the continental air originating 
from North Africa or possible in the mid-tropospheric 
circulation [9].

5. CONCLUSIONS

The radon measurements in the monsoon current 
provide a convenient method for studying the inter
action and moisture transport between its two con

stituent air masses i.e. maritime equatorial air mass 
and continental African air mass. The limited data in
dicate that a significant amount of moisture is intro
duced into the current by evaporation over the east 
Arabian Sea.
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I N D I A N  O C E A N  S U R F A C E  M E T E O R O L O G Y *

C .  S .  R A M A G E

University o f Hawaii, Honolulu

The surface layers of the atmosphere are inextricably meshed with the surface 
layers of the ocean. Winds make waves and cause horizontal and vertical 
currents; heat of evaporation, released to the atmosphere when rain falls, 
provides most of the energy for driving the winds. Thus, in such a complex 
region as the Indian Ocean knowledge of the meteorology is essential in 
order to understand the oceanography.

The many survey papers written on the International Indian Ocean 
Expedition have already familiarized readers with a simplified climatological 
model of that ocean’s monsoon circulations (see for example, Ramage, 1965). 
However, since this is applicable for only part of the ocean and I shall be 
treating the whole ocean, it would be useful to attempt first to differentiate 
the regions dominated by the monsoons from those not influenced by the 
monsoons.

In the monsoon regions the annual shift in wind direction is used by sailors 
and fishermen as a monsoon criterion. Therefore, one way of defining a 
monsoon regime over the ocean is to consider as monsoonal those areas 
where the directions of mean resultant winds change by more than 90° 
between winter and summer. This involves excluding the regions of very light 
winds or calms—the doldrums, where directions fluctuate widely and rapidly 
(Figure 1). By this criterion, the monsoons are essentially a northern hemi
sphere phenomenon. Only off the tropical east coast of Africa and around 
northern Australia is the overwhelming modifying influence of the vast 
southern Indian Ocean overcome by the ocean-continent interaction which 
produces the monsoons.

To the land-bound inhabitants of the continents bordering the Indian 
Ocean, monsoons signify weather changes associated with the annual 
changes in wind direction. Summers are wet and winters are dry (Figure 2). 
A comparison of Figures 1 and 2 reveals within the monsoon-wind regime 
double maxima of rainfall in a band extending from equatorial Africa to 
Cambodia. These maxima result from double maxima of heating correspond
ing roughly to the passage of the Sun northwards across the equator on 
March 21st and southwards across the equator on September 23rd. North

* Hawaii Institu te  o f  Geophysics C ontribu tion  N o. 225. Supported by the Atmospheric 
Sciences Section, U.S. N ationa l Science Foundation, N SF G rant GA-386.
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Fig. 1.— W ind direction as a monsoon criterion. A  change in the mean resultant wind 
direction between January and July o f more than 90’ indicates that the ocean area 
possesses a monsoonal climate (diagonally hatched); d irection change less than 90° 
(stippled); winds in  both January and July less than 2-5 m sec 1 (vertically hatched).

Fig. 2.— R ain fa ll as a monsoon criterion. Periods during which moré than 75% o f the 
annual rain falls are regionally delineated; regions w ith  w inter ra in fa ll m axim um  
(diagonally hatched, upward to righ t); regions w ith  summer ra in fa ll m aximum  
(diagonally hatched, upward to le ft); regions w ith  double ra in fa ll maximum (cross 
hatched); regions w ith  less than 250 m m  per year are classed as deserts (stippled); 
regions accumulating 75% o f the annual ra in fa ll in over seven months are considered 

to have no seasonal maximum.
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and south of this zone, around the continental periphery, rainfall possesses a 
single summer maximum. The region dominated by the double and summer 
maxima roughly coincides with the region of monsoon winds.

Since monsoon summers are cloudy and wet, and monsoon winters are fine, 
one would expect the difference between the winter and the summer net heat 
balance at the ocean surface to reflect this (Figure 3). Except for the western 
Arabian Sea and the western Bay of Bengal, the northern Indian Ocean gains 
more heat in January than in July. Strong winds and cloudy skies in July 
and light winds and clear skies in January outweigh greater solar radiation 
in July. In the monsoon regions of the southern hemisphere the effect is 
scarcely perceptible; however, somewhat cloudier skies and more rain in 
the west and stronger winds in the east, in January than in July, reduce the 
summer-winter difference in the net heat balance. In the doldrums, between 
the equator and 10° S, where skies are generally cloudy and winds light 
throughout the year, differences are also small.

The largest differences occur in the regions of trade winds and polar 
westerlies, reflecting the constancy of winds and weather and the annual 
change in solar radiation. Throughout the monsoon region, the annual 
curve of heat exchange at the sea surface is bimodal with maxima in spring 
and autumn and minima in summer and winter. As Wooster, Schaefer and 
Robinson (1967) have shown in detail for the Arabian Sea, the annual curves 
of sea-surface temperatures in monsoonal regions are similarly bimodal 
(La Violette and Mason, 1967).

In the remainder of this paper I shall distinguish between the monsoon 
and non-monsoon regimes. Conditions in January and conditions in July 
will first be described and then linked in an annual sequence using material 
from Van Duijnen Montijn (1952) and the U.S. Weather Bureau (1957).

Tropical cyclones, although locally and sporadically important, can be 
ignored as ‘noise’ in the large-scale circulations.

Research reports from the International Indian Ocean Expedition are 
already pouring out (UNESCO, 1965-onwards; Ramage, 1968a) and exten
sive data compilations are under way. In the final sections of this paper, 
I briefly discuss three topics selected from a wealth of material, namely 
(1) Inter-annual changes at the sea surface; (2) The Somali Current; (3) Near- 
equatorial and heat troughs.

C O N D IT IO N S  IN  JA N U A R Y

M O N SO O N  R E G IO N  

North-east Monsoon
Radiational cooling over Asia exceeding that over the neighbouring ocean 
establishes shallow continental highs and a seaward-directed pressure
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Fig. 3.— N et heat balance at the sea surface as a monsoon criterion. The difference, 
January minus July, is shown in units o f langleys per day; computations based on 
Budyko (1956); away from  the equator, small changes between January and July are 

confined to  regions w ith  wet or cloudy summers and dry sunny winters.

Fig. 4.— January, mean resultant surface winds. Streamlines (fu ll lines); isotachs 
(broken lines) in Beaufort Force numbers; the c ircu lation as represented by mean 
resultant winds is closely related to average pressure d is tribu tion ; centres o f  average 
anticyclonic and cyclonic flow  coincide w ith  centres o f average highs and lows; 

fr ic tion  causes streamlines to angle across isobars toward lower pressures.
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gradient. The huge Siberian polar anticyclone, source of chilling gale-force 
outbreaks which sweep southward across the China Seas, is effectively cut 
off from the Indian Ocean by the Himalayas and the contiguous mountain 
ranges of Afghanistan and Iran. Thus the Indian winter monsoon is a gentle 
phenomenon—prevailing moderate northeast winds (Figure 4) are tem
porarily freshened in the rear of depressions moving eastward south of the 
massif. Air over the continent is dry and as it flows out across the Arabian 
Sea and the Bay of Bengal it absorbs both heat and moisture from the 
ocean surface. Continuing clear skies and light winds combine to favour 
insolational heating over evaporative cooling so that even in mid-winter the 
ocean gains heat except for the central Arabian Sea and the southern Bay 
of Bengal (Figure 6).

Over Africa, cooling in the north and heating in the south have established 
a significant trans-equatorial pressure gradient, affecting the circulation 
800 km to the east and extending the north-east monsoon well into the 
southern hemisphere (Figure 4).

Northern Hemisphere Near-equatorial Trough
Over the southern Bay of Bengal convergence, cloudiness, and squally 
thundery showers occur (Figure 5), generally north of a weak east-west 
oriented pressure trough. It is here that much of the moisture, evaporated 
earlier from the sea-surface by the north-east monsoon, is condensed and the 
released latent heat goes to warm the troposphere. The rain-shadowing of 
India and Ceylon weakens the trough’s effectiveness óver the Arabian Sea.

Southern Hemisphere Near-equatorial Trough
Anchored by heat lows over the Kalahari and Australian deserts, the pressure 
trough arcs northward to near 13° S over the central ocean (Figure 4). It 
is associated with considerable cloudiness and precipitation (Figure 5), and 
is the birthplace of tropical cyclones. In the trough region the ocean gains 
heat (Figure 6), for although clouds may significantly reduce incoming 
radiation and the ocean loses sensible heat to the atmosphere, light winds 
and high humidity minimize evaporational cooling.

The northern and southern hemisphere near-equatorial troughs and the 
intermediate zone of light, predominantly westerly winds comprise the 
‘doldrums’.

Australian Summer Monsoon

The heat low over Australia draws in trade wind air deflected from the 
southwest (Figure 4) (see below). Appreciable rain falls in the area of anti
clockwise-turning surface winds west of Sumatra (Figure 5) (Gordon and 
Taylor, 1969). Farther south, however, the tropical maritime air converging 
into the Australian heat low is surprisingly deficient in cloud and rain.

N O N -M O N S O O N  R E G IO N

The non-monsoon region, south of the summer latitude of the pressure 
trough includes the trade winds, the subtropical ridge at about 25° S, and 
the polar westerlies (Figure 4).
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Fig. 5.— January, precipitation. Percentage o f observations reporting precipitation 
(after U.S. Weather Bureau, 1957).
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Fig. 6. January, net heat balance at the sea surface in langleys per day.
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Between the trough and ridge, where the Trade Winds prevail, temperature 
is uniform. In the east, between the heat low over Australia and the sub
tropical ridge to the south-west, the pressure gradient is steep and winds are 
fresh and divergent, with an eastern branch spiralling inward to the heat 
low and a western branch sweeping around the subtropical ridge. The 
divergent southerlies advect and cause cold water to upwell, which in turn 
affects the distribution of temperature and moisture and presumably accounts 
for recognizable cold fronts penetrating farther equatorward than is the case 
in other longitudes.

In the trade wind areas farther west cloudiness is less than in the east, 
but, because the air is moister and flow converges toward the pressure trough, 
rain, is more frequent (Figure 5).

The Subtropical Ridge lies about 1000 km south of the axis of minimum 
rainfall frequency (Figures 4 and 5). That this is a significant displacement is 
borne out by measurements made during the m e te o r  i  Expedition to the 
South Atlantic (Ficker, 1936) where the base of the trade wind inversion 
was closest to the surface at 1000 to 1500 km north of the ridge. Presumably, 
divergence acting for some time on air outflowing from the ridge produces 
a downstream lowering of the inversion and precipitation decrease. The 
heated continent of Australia apparently displaces anticyclonic conditions 
southward, making the Great Australian Bight drier and less cloudy than 
the open Indian Ocean at the same latitudes. Beneath the ridge, because of 
light winds and fair weather, the net heat gain by the sea is greatest (Figure 6).

Polar Westerlies (see Palmer, 1942). South of the subtropical ridge, 
frequencies of fog, mist, haze, cloudy skies and precipitation increase fairly 
uniformly with latitude (Figure 5). Although cloud interrupts much of the 
incoming radiation, enough is received from the sun in this midsummer 
month to produce a net heating at the surface (Figure 6).

C O N D IT fO N S  IN  JU L Y

M O N SO O N  R E G IO N  

South-west Monsoon
Intense heating over southern Asia, particularly the desert arc extending 
from Somalia to north-west India, maintains vigorous heat lows and a 
landward-directed pressure gradient (Figure 7).

South-west winds off the coasts of Arabia and Somalia force cold water 
to upwell, which in turn modifies the overlying air (Figure 9) (see pages 24 
and 25). Fair weather over the northern and western Arabian Sea can 
only be explained in terms of middle tropospheric subsidence (see page 26). 
Frequent heavy rains off the west coast of India, where in the mean, surface 
winds neither converge nor diverge, can be accounted for by development 
of subtropical cyclones (Miller and Keshavamurthy, 1968).

‘Monsoon depressions’ (having the thermal properties of tropical cyclones 
but seldom reaching storm intensity) develop near the head of the Bay of 
Bengal and, moving slowly west-north-west, merge with and reinforce the 
pressure trough lying along the Ganges Valley. Over the northern Bay of 
Bengal, these depressions maintain south-westerlies, which are weaker than 
those over the Arabian Sea (Figure 7). Cloudiness and considerable rain
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Fig. 7.— July, mean resultant surface winds. Streamlines (fu ll lines); isotachs (broken 
lines) in Beaufort Force numbers.

20* 40* SO* 80» tOO* l?0* t40*— 1— — i— i— i— 1— i— '— i— 1— r—’— i— *— r—1— i— 1— —1— i— 1— r~

Fig. 8.— July, precipitation. Percentage o f  observations reporting precip ita tion 
(after U.S. Weather Bureau, 1957).
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result (Figure 8). Over the southern Bay of Bengal the rain-shadowing 
effect of peninsular India and Ceylon extends a great distance downstream 
(see Figure 14). Over the north-eastern Arabian Sea and the central Bay of 
Bengal, evaporational cooling by strong monsoon winds and reduction of 
incoming solar radiation by clouds result in a net cooling of the sea surface 
(Figure 9) (Colon, 1964).

To the west, high pressure in the cool south and low pressure in the warm 
north extend the monsoon over Africa south to 20° S (Figure 7). Blowing 
SSE rather than SW this monsoon branch belongs in effect to the winter
time trade winds of the southern hemisphere (see page 20).

f / - f 0 d \

Fig. 9. July, net heat balance at the sea surface in langleys per day.

Southern Hemisphere Near-equatorial Trough
A pressure trough lies just south of the equator with bad weather occurring 
somewhat farther south (Figures 7 and 8). Doubtless the orientation of the 
Somali coast, the effect of upwelling in restricting inflow to the heat low, 
and the circulation around the subtropical ridge to the south contribute to 
extending this trough across the width of the ocean, although west of 55° E, 
where winds are strong and steady from the south, cyclonic circulations are 
unknown. Over the central and eastern ocean, in the doldrums, weak clock
wise eddies prevail, appearing and disappearing and occasionally drifting 
across the equator.

As in January, the ocean beneath the trough gains heat (Figure 9).

Australian Winter Monsoon
Between Indonesia and western Australia an outflow from the continental 
anticyclone contributes to coastal upwelling (Figure 7) (Wyrtki, 1962). The
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continental air, already dry, tends to be stabilized by the relatively cool 
underlying surface. Cloudiness and rainfall are scanty but increase down
stream as warmer waters modify the air mass (Figure 8). As in the west, the 
monsoon between 5° and 25° S is in effect an extension of the winter trade 
winds.

Both over the north-east Timor Sea and north-west of Madagascar the 
sea gains some heat (Figure 9), probably because usually clear skies allow 
a significant fraction of the solar radiation to reach the surface. But because 
of the stronger winds, the effect is similar to but not as marked as the January 
heating of the northern Indian Ocean (Figure 6).

N O N - M O N S O O N  R E G I O N  

Trade Winds
The Trade winds (Figure 7) are characterized by even temperature. Weather 
is fair in the east, where the air is predominantly of continental origin and 
in the west where divergence develops as air accelerates northward under 
the influence of the north-south pressure gradient across Africa (Figure 8). 
In July, evaporative cooling of the sea surface by the trade winds is only 
slightly greater than in January but incoming solar radiation is much less 
because of the change in season. Thus surface cooling exceeding 300 langleys 
per day (Figure 9) contrasts with a slight net warming in the summer 
(Figure 6).

The Subtropical Ridge. This, 500 km farther north, but now closer to the 
belt of minimum rainfall than in January (Figures 7 and 8) is marked by fair 
weather. Outflow from the Australian anticyclone keeps skies over the Great 
Australian Bight less cloudy than the latitudinal average (Figure 8). Beneath 
the ridge line, winter cooling of the surface waters is minimal owing to the 
clear skies and light winds (Figure 9).

Polar Westerlies. In these the distributions resemble those of January 
except that winds are less variable (Figures 7 and 4). The Sun’s low zenithal 
angle, considerable cloudiness, and strong winds combine to cool the sea 
surface (Figure 9).

S E Q U E N C E  T H R O U G H  T H E  Y E A R

During spring and autumn transition months the circulation over the Indian 
Ocean often closely resembles circulations over the other oceans. Gentle 
land-ocean temperature gradients muffle monsoonal effects.

Means for a transition month are seldom widely observed on any day, 
for they average complex combinations and sequences in which winter-like 
situations border on, or alternate with, summer-like situations. For example, 
twice between April 1st and 15th, 1963, circulations typical of winter 
developed over the western Indian Ocean on both sides of the equator. The 
south-east trades of the southern hemisphere and the north-east monsoon of 
the northern hemisphere merged into equatorial easterlies. This situation 
strikingly resembled normal conditions over the east central Pacific.

Although a day in March is more likely to resemble a day in January
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than a day in July, and the converse applies to May, nevertheless, in some 
years over some parts of the ocean the resemblances may be reversed.

N O R T H E R N  H E M I S P H E R E  M O N S O O N  R E G I O N  

November to April
North o f 6° to 8° N, rainfall decreases through the period. North or north
east winds flow outward from the continental anticyclone (Figure 4). In 
February, however, warming over Burma, peninsular India and Arabia 
weakens the ridge and anticyclonic cells appear over the northern parts of 
the Arabian Sea and Bay of Bengal and shift southward as the season 
advances.

In April rain increases. On an average in this month the high cells are 
located near 12° to 13° N over the Arabian Sea and Bay of Bengal, while a 
weak heat low prevails over central India. North of the highs, south-westerlies 
have set in, although farther south northerlies still prevail.

In November the sea surface soon begins to lose more heat to the dry 
cold northerlies than it gains by radiation through nearly cloudless skies. 
Cooling reaches a maximum in December (Figure 6). Thereafter, as the 
north-east monsoon weakens, sea and air temperatures come into equilibrium 
and insolation increases, net heat gain to the surface rising rapidly to a 
maximum in April.
South o f 6° to 8° N, the northern hemisphere near-equatorial pressure 
trough is well marked over the Bay of Bengal but after November it becomes 
very weak over the eastern Arabian Sea and is non-existent in the western 
Arabian Sea (Figure 4) where air flows across the equator into the summer
time low pressure over south-central Africa. During March, heating over 
north-east Africa reverses the transequatorial pressure gradient and winds 
off Somalia veer from north-east to south-east in response.

May to mid-September
During May heating increases over the continental arc from the Sudan to 
Burma, intensifying the heat trough. By the middle of this month the anti
cyclones only occasionally appear in the Arabian Sea and Bay of Bengal 
and flow typical of the south-west monsoon prevails. A remnant of the near- 
equatorial pressure trough also comes and goes between 5° and 10° N; 
and cloud and rainfall are greatest along about 5° N.

The considerable rain shadowing effect of the southern Indian peninsular 
and Ceylon, a feature of the summer monsoon, first appears in May.

In May and June, interaction between the advancing tropical maritime 
air of the south-west monsoon and modified continental air, which is rather 
less stable in the middle and upper troposphere, probably accounts for the 
fact that thunderstorms are commonest in these months.

In June, the trend established in May continues until by the last week the 
summer monsoon dominates, to persist without significant interruption 
until mid-September (Figures 7-9). The average surface circulation changes 
little from that in May, except for strengthening winds. Onset of heavy 
rain stems from monsoon depressions over the northern Bay of Bengal or 
from subtropical cyclones (Ramage, 1968a) over the north-eastern Arabian
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Sea (Figure 8) which make their appearance some weeks after the moist 
surface south-westerlies have set in (Meteorological Office, 1943). Along the 
west coast of India, the rains may start any time from early May in the 
south to the second half of June in the north with an average standard 
deviation of six days (Ramdas, Jagannathan and Gopal Rao, 1954).

Beginning in May, strengthening south-westerlies combine with increased 
cloud to counteract heating of a sun at its zenith, even leading to a net 
cooling of the sea surface where the winds are strongest (Figure 9). The 
north-central Arabian Sea loses more heat in August than in any other 
month.

Mid-September to October
The weather of the second half of September resembles the weather of May. 
Although south-west winds prevail they are becoming weaker and less steady 
as the continental heat trough weakens and the monsoon rains of the eastern 
Arabian Sea and north-eastern Bay of Bengal also diminish. Small anti
cyclones appear over the central Arabian Sea and Bay of Bengal and the 
net heat gain at the ocean surface increases to a secondary maximum. 
The near-equatorial pressure trough between 5° and 10° N once more 
begins to effect an increase in cloud and rain.

Transition to the winter monsoon is rapidly completed in October. A 
weak secondary maximum of thunderstorm frequency results from inter
action between maritime and continental air masses. By the end of the month 
anticyclonic cells over the Arabian Sea and Bay of Bengal give way to the 
continental high and northerlies prevail. The near-equatorial pressure trough 
is the birthplace of depressions which travel northward and occasionally 
intensify into cyclones. Maximum precipitation is usually found somewhat 
south of the trough.

E Q U A T O R I A L  R E G I O N

During the transition seasons, a bewildering variety of circulations and 
weather occurs in the region of the equatorial doldrums which extends 
across the width of the ocean. Clockwise and counter-clockwise eddies 
may coexist or, if the near-equatorial pressure troughs are active in both 
hemispheres, moderate or fresh westerlies prevail. Little net trans-equatorial 
exchange takes place.

S O U T H E R N  H E M I S P H E R E  M O N S O O N  R E G I O N  

Western Indian Ocean
By December, typical summer conditions prevail with trans-equatorial flow 
becoming most intense in January (Figure 4). In March as the heat low 
over the Kalahari Desert and the high over the Sahara weaken, a near- 
equatorial pressure trough develops over Africa but becomes diffuse during 
May as the northern hemisphere heat lows take over; southerlies set in 
along the equator, and trade winds extend to the coast of Africa between 
5° and 25° S (Figure 7) (see page 19). In the second half of the year the 
sequence is reversed.
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Central Indian Ocean
Over the central Indian Ocean, the near-equatorial pressure trough appears 
to move more or less continuously between 13° S (Figure 4) (in February) 
and 3° S (Figure 7) (in July and August). Most of such displacement takes 
place in the transition months. The ocean always gains heat at the trough 
with values ranging from less than 100 langleys per day in winter to more 
than 200 in other months (Figures 6 and 9). The trough does not usually 
coincide with the areas of maximum rainfall (Figures 5 and 8).

S O U T H E R N  H E M I S P H E R E  N O N - M O N S O O N  R E G I O N  

Trade Winds
Between 14° and 24° S and 60° and 110° E, the trade winds prevail through
out the year. They are most extensive and strongest in winter, dominating 
the width of the ocean between 5° and 25° S (Figure 7), and least extensive 
and weakest in summer (Figure 4) when the near-equatorial pressure trough 
and the African and Australian monsoons restrict them on the north, west 
and east.

Although some interseasonal differences can be detected in the trades the 
changes are gradual. The most significant is the annual variation of net 
heat exchange at the ocean surface; its range averages about 400 langleys 
per day (Figure 3) which is accounted for almost entirely by the march of 
the Sun, and is not exceeded anywhere else in the Indian Ocean.
Western Trade Winds. The conditions described for January (see page 17) 
prevail from October to April and July conditions (see page 20) typify the 
period May-September.
Eastern Trade Winds. The combination of considerable cloudiness, sub
sidence inversion and little rain (see page 17) persists from November to 
March (Figure 5). From then until August the rainfall minimum shifts 
north-east toward the Timor Sea and the cloud maximum shifts westward 
to coincide with a rainfall maximum along about 90° E (Figure 8), while 
probably changing from predominantly stratiform to predominantly cumuli- 
form types. During September and October the sequence is rapidly reversed.

IN T E R -A N N U A L  C H A N G E S  AT T H E  SEA S U R F A C E

Until now data have been considered too scanty to allow any but long-term 
means to be computed. During 1963 and 1964, however, we collected 194,000 
weather observations made by merchant ships and research vessels, checked 
them for errors and determined five-degree-square averages for the 24 
individual months of the two years (Ramage, Miller and Jeffries, 1969). 
Along two well-travelled routes—north-east and east-south-east from the Gulf 
of Aden—80-400 observations were made each month in each square 
giving sufficient data to provide stable, representative averages.

Figure 10 depicts the changes in net heat balance at the sea surface between 
corresponding months in 1963 and 1964. These were two fairly normal 
years meteorologically and yet the differences, averaged without regard to 
sign, amount to 45% of the long-term means along the two sections. Thus
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the usefulness of long-term means probably suffers less from the crude 
empirical methods used in their computation than from considerable inter- 
annual variations. The changes in sea surface temperatures between corres
ponding months in 1963 and 1964 (Figure 11) cannot be simply related to the 
changes shown in Figure 10, although comparing the two can provide 
insight into interaction processes. Near Arabia the sea surface was colder
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and gained considerably more heat in June 1963 than in June 1964, a com
bination which could result only from more vigorous upwelling in the 
earlier month.

A rather different combination appears from September to December and 
January to April. In these months, changes in net heat balance and in 
temperatures at the sea surface between 1963 and 1964 have the same sign, 
indicating that the surface temperature is probably largely controlled by 
evaporative cooling. From September to December, over most of both
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sections, the sea was colder and gained less heat in 1964 than in 1963. 
The most important factor in evaporational cooling, the wind, averaged 
4 * 9  m sec-1 in 1963 and 5-7 m sec -1 in 1964.
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S O M A L I C U R R E N T

The region of intense summertime upwelling off the coast of Somalia was 
surveyed by IIOE research vessels (see for example, Royal Society, 1965; 
Stommel and Wooster, 1965). How did their findings tally with observations 
of upwelling elsewhere?

Hart and Currie (1960) point out, “There are . . . four extensive areas of 
coastal upwelling, all on the western coasts of the continents of North and 
South America and Africa. . . . These currents have certain visible features 
in common—a negative surface-temperature anomaly, characteristic coastal 
winds, frequent fogs over the cold water and arid or desert conditions over 
the adjacent land.” Strangely enough, fog is unknown off Somalia in summer,
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despite the fact that air moving from the south over the cold water is rapidly 
cooled to its dew point. Ramage (1968a) has suggested that an explanation 
may be found in the character of the summer circulation over the Arabian 
Sea. In the vertical plane, air moves at low levels across the Arabian Sea 
from south-west, rises over India in the region of heavy monsoon rains, 
returns toward the south-west in the layer between 6 and 12 km and sinks 
over the western Arabian Sea to close the circulation. The sinking air, 
warmed by compression, provides, through turbulent transfer, sufficient 
heat to the surface layers to counteract the fog-forming effect of the cold 
underlying surface.

Foxton (1965) observed large numbers of dead fish near Ras Mabber on 
the coast of Somalia during the summer 1964 d i s c o v e r y  Expedition. He 
ascribed the mortality to. extreme coldness of the upwelled water (minimum 
temperature 13 2° C). In this same area, Swallow (1965) and Bailey (1965) 
saw remarkably few sea birds, although Swallow pointed out that the water 
was relatively rich in nutrients though poor in plankton. It is my impression 
that ample nutrients, scarce plankton, dead fish and few birds struck the 
oceanographers as quite unexpected in a region of upwelling. If one accepts 
for the moment Foxton’s suggestion that mass fish mortality might be an 
annual event off Somalia in contrast to its being most unusual in other 
upwelling regions, then corresponding peculiarities in the Somali upwelling 
must be sought.

Off the west coasts of North and South America and Africa, winds and 
wind-driven currents causing upwelling are directed toward the equator, so 
that there is a continuous, though often narrow, cold surface current extend
ing from higher latitudes to the area of maximum upwelling. Fish can move 
along this ribbon, benefiting from increased food but not being subjected 
to severe or fatal temperature changes. Off Somalia, on the other hand, 
winds and wind-driven currents directed away from the equator suddenly 
set in at the beginning of summer. Very cold water appears at the surface, 
unconnected in space or time with correspondingly cold surface water else
where. Fish (and presumably plankton) in the area are subject to sudden
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cold stress and many die. Fish accustomed to such temperatures are ‘walled’ 
off from the upwelling by surrounding very warm waters (Figure 12).

Should this explanation be valid, then evaluations of the unexploited 
fishing potential off Somalia and possibly to some extent off Arabia (Wooster, 
Schaefer and Robinson, 1967) might prove to be over-optimistic. Perhaps 
fishermen have not missed too much by being harbour-bound during the 
height of the summer monsoon.

N E A R -E Q U A T O R IA L  A N D  H E A T  T R O U G H S

In January a weak pressure trough lies just north of the equator east of 
70° E (see Figure 4) while in July, an intense pressure trough extends from 
Somalia across Arabia and northern India (see Figure 7). Until recently, 
meteorologists assumed that the trough followed the march of the sun 
between these winter and summer positions, with the south-west monsoon 
circulation on the south side of the trough correspondingly advancing and 
retreating. Rain is associated rather complexly with the trough and so it 
was also thought to advance and retreat (onset and withdrawal of the mon
soon).

In fact, although the dominant pressure trough is located near the equator 
in spring and autumn and near 30° N in midsummer, Figure 2 (p. 12) 
reveals that the double rainfall maximum is confined to latitudes below 
15° N. Furthermore, south-westerlies set in over the northern Arabian Sea 
and northern Bay of Bengal in early April while northerlies still prevail to 
the south. This may be accounted for by the fact that not one trough moves 
continuously between latitudinal extremes but, rather, two distinct troughs

35'

25'
heat trough

northern hemisphere 
n e ar-eq u a to ria l trough

southern hemisphere 
n e a r-e q u a to r ia l trough

Fig. 13.— Annual latitudinal variation o f lower tropospheric (1-5 km) pressure troughs 
over the Indian Ocean (after Ram an, 1969).
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are involed (Ramage, 1968a). The near-equatorial trough exists alone during 
the winter months. Then, as Raman (1969) has discovered, it moves to 
about 11° N and becomes very weak during the height of summer. Farther 
north the continental heat trough develops in May and dominates the 
circulation during June through September, when it begins to dissipate as 
the near-equatorial trough once more becomes dominant (Figure 13).

In spring, as the near-equatorial trough intensifies, rainfall in the vicinity 
increases, but diminishes when the continental heat trough becomes domi
nant. Then, redevelopment of the near-equatorial trough in autumn is 
accompanied by a second rain enhancement. A second diminution follows 
in winter as the southern hemisphere summer trough draws air across the 
equator. Latitudes above 10° to 15° N are not traversed by a trough (in the 
climatological sense) and therefore experience only a single rainfall maximum 
as the continental heat trough develops and intensifies to the north.

C O N C L U D IN G  R E M A R K S

Throughout our investigation of Indian Ocean meteorology we obtain 
tantalizing glimpses of what may be important feedback mechanisms. 
Bunker (1967) found that an intense summertime low-level jet is caused by, 
and overlies, steep thermal gradients associated with the Somali current. 
The jet in turn acts to enhance upwelling and so further to steepen thermal 
gradients in the surface air layers. Ramage (1968b) suggested that conditions 
associated with a protracted break in the summer monsoon rains of western 
India can modify the atmospheric circulation so as to increase the chances 
of the break continuing and of a drought developing.

Only.sophisticated numerical modelling techniques are likely to give us a 
grip on quantitative aspects of these problems. Provided sufficient data were 
available, we could then hope to determine the significant variables con
tributing to the phenomena and to estimate their magnitudes.

Although meteorologists have been analysing daily weather charts for a 
century, only recently have oceanographers moved toward synoptic studies 
(Seckel, 1968). More needs to be done (although the cost could be quite 
staggering) to see what responses the ocean might make to short-period 
meteorological fluctuations, such as sea breezes (Figure 14), katabatic winds, 
or tropical cyclones.

The problem of surveying weather and of measuring circulations over 
vast uninhabited regions is being tackled by a variety of new techniques. 
Orbiting (Pyle, 1965) and synchronous (McQuain, 1967) weather satellites, 
equipped with television cameras and infra-red detectors are photographing 
clouds and recording temperatures of emitting surfaces with increasing 
detail and frequency. Satellite sensing of many other meteorological variables 
will soon be undertaken (Bolin, 1967) while the ATS-3 satellite is already 
transmitting colour pictures of clouds (Warnecke and Suderlin, 1968). For 
the past two years balloons made of the new synthetic, Mylar, have been 
flying at constant pressure levels (usually about 12 km above MSL) around 
the Southern Hemisphere (Lally, Litchfield and Solot, 1966). One balloon 
stayed aloft for 315 days while making 22 circuits. Information concerning 
the direction of winds obtained from tracking the balloons (Solot, 1967) has
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Fig. 14.—The Indian sea-breeze. On the afternoon of Septem ber 14, 1966, clouds 
reveal the m agnitude of the circulation; in the vertical plane, air near the surface 
moves inland where it rises and cools and clouds are form ed; a t a  height of 
about 1 km  a  re tu rn  current, which is warm ing by subsidence, evaporates the 
clouds along the  coast and up  to  100 km  offshore; in the  G ulf o f M annar the 
south Indian and Ceylon sea breezes reinforce each other. (Photo—National 

Aeronautics and Space A dm inistration.)
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already added significantly to our knowledge of the atmospheric circulation 
over the southern oceans and there is no scientific reason why this powerful 
and relatively inexpensive technique could not be extended over the whole 
globe.

To render these new methods most effective, spot soundings must con
tinually be made over land and sea in order properly to calibrate instruments, 
which although capable of accurately determining gradients, are less than 
satisfactory in making absolute measurements. For this a research vessel 
as completely equipped as m e t e o r  i i  (Brocks, 1967) is essential. To meteoro
logists, the value of complete hydrographic and aerological soundings is 
about proportional to the square of the number of ships making simultaneous 
measurements! Thus I strongly favour closely coordinated multi-vessel 
expeditions of which the International Indian Ocean Expedition was an 
appetizing foretaste. Perhaps costs could be reduced by using a small aircraft 
carrier as a mother ship or by integrating aircraft and ship operations.

But first of all, scientists must want to work together. The most ambitious 
expedition ever conceived would collapse into a dusty file of unread records 
if the investigators did not enthusiastically participate from first plans to 
final publications.
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Monthly wave characteristics 
of the Ray of Bengal

P. S. SRIVASTAVAE P. K. VIJAYARAJAN and M. X. JOSEPH

Naval Physical and Oceanographic Laboratory, Cochin

(Received 17 April 1969)

ABSTRACT. The m j. i th ly  w ive  characteristics o f the Bay o f Bengal are reported, based on an analysis o f the 
wave data published io  the Indian Daily Weather Reports o f the Ind ia  Meteorological Department fo r the 
period 1960-64. March is the calmest and Ju re , the roughest m onth in  the area. In  June the average wave height is 
1 • 75 m although the maximum number o f depressions and cyclones occur during the m onth o f October.

1. introduction
In  a previous paper (Srivastava et. al 1968) 

the monthly wave characteristics, of the Arabian 
Sea are reported, based on an analysis of the 
wave data published in the Indian Daily Weather 
Reports of the India Meteorological Department 
for the period 1960-64. The present paper which 
is in continuation of the above mentioned paper 
gives the monthly, wave characteristics of the 
Bay of Bengal. Recently HMSO, U.K. has pub
lished ocean wave statistics of the world’s ocean 
(Hogben and Lumb 1967). I t  does not give any 
detailed analysis of the waves in the Bay of 
Bengal as the entire area has been chosen as a 
single unit for purposes of statistical analysis. 
In  the present analysis the Bay of Bengal has 
been divided into two-degree square zones. Statis
tical analysis of waves for each of the zones is 
presented.
2. Analysis of the data

The details of the procedure followed for the 
analysis of the data are similar tó that of Scri- 
vastava et al. (loc. cit.). The wave data for each 
month were grouped fo r each 2° square. The 
average of the significant wave height, the standard 
deviation of the significant wave height, the pre
dominant wave period and wave direction were 
determined for each zone. Maps depicting the 
average significant wave height; the standard 
deviation of the same, the predominant wave 
period and wave direction were prepared for 
each month. A typical map for the month of 
June is presented in Fig. 1.

The highest 10 per cent waves, which could 
possibly occur in 2° square were calculated for 
each month and were plotted for each zone for 
each month and cqntoured. A typical map for the 
month of June is presented in Fig. 2. The areas

shown by dots in the map represent the low wave 
activity areas and the value given therein re
presents the lowest value reported. The shaded 
areas represent the high wave activity and the 
value given therein represents the highest value 
reported.

The monthwise average wave height taking 
the whole of Bay of Bengal as a single unit, is 
presented in Table 1.
3. Results and Discussions

A complete set of 24 maps depicting the monthly 
wave characteristics of the Bay of Bengal is 
presented in the NPOL Departmental Report 
(unpublished).

By studying the average wind pattern for fifty 
years as presented in the IMD Wind Atlas, the 
Bay of Bengal can be divided into following four 
seasons for the study of waves —

(a) Northeast monsoon (November to February) — 
Wind mostly northeasterly,

(b) Pre-monsoon (March-April) — Anticyclonic
wind pattern,

(c) Monsoon (May-September) — Wind mostly
southwesterly.

(d) Post monsoon (October) — Variable wind
pattern.

(a) Northeast monsoon (November to  Feb
ruary)— The waves in general follow the north
east direction of the northeasterly wind pattern, 
except around the Nicobar group of islands, 
where the wave direction is variable during the 
month of January and November (Figs. 3 and 
4). The wave amplitudes during the northeast 
monsoon period are in general lower than  during 
the southwest monsoon (Figs. 1, 5 and 6).

♦Present address : N ational In s titu te  of Oceanography, K arikkam uri Road, Em akulani
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IN D E X

Fig. 1. Wave characteristics —june
" 8 V  89* R 1 foa*

Fig. 2. Highest 10 Per cent high waves — June

<s o-»*

Fig. 3. Wave characteristics—January
H —Average significant wave height in  metres- 
S— Standard deviation of average height; '

es 17m<

Fig. 4. Wave characteristic—November
P —Most predom inant wave period in  seconds 
N—N um ber o f observations

TABLE i

Monthly average wave height taking Bay of Bengal as a single uhit

Month
Average wove 

height 
(m) Month

Average wave 
height 

(m)
January M 3 Ju ly 1-39
February 1-04 August 1-41
March 0-84 September 1-20
April 0-87 October 0-97
May 1-19 November 0-97
June 1-75 December 1-05

4 3 0
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Fig. 5. Wave characteristics—July

“W  e s “  55”

Fig. 6. Wave characteristics — August

,Jr

Fig. 7. Wave characterstics — March
H —Average significant wave height in  metres,; P -
S—Standard deviation o f average height; N -

<s J Mí <» o «

1 /
5  m s]

Fig. 8. Wave characterstics — October
-Most predom inant wave period in  seconds 
•Number o f observations

(b) Pre monsoon (March to April) — The dr 
ection of wave is variable throughout the Bay 
of Bengal. The maps depicting the average wave 
conditions in the Bay of Bengal show th a t March 
(Fig. 7), is the calmest month in the area. The 
average height, taking Bay of Bengal as a single 
unit, is 0-84 m.

(c) Monsoon (May to September) — The direction 
of wave ranges between W and SW. The waves 
in the monsoons are in general higher than in any 
other seasons. June is the roughest month in 
the area (Fig.l). The average height, taking Bay 
of Bengal as a single unit, is 1-39 m.

(d) Post monsoon (October) — The direction of 
wave is variable. The average height, taking Bay 
o f  Bengal as a single unit, is 0-97 m (Fig. 8).

The area southeast of Ceylon is rough throughout 
the year. The coastal area of East Pakistan is 
calm for the most part of the year.

A comparative study of the monthwise cy
clones and depressions during the period 1960-64 
and the monthly average wave height has been 
made (Fig. 9). I t  will be seen from the figure 
th a t maximum number of depressions and cyclones 
occur during the month of October, whereas the 
Bay of Bengal is roughest during the month of 
June. The reasons for this apparent anomaly are 
as follows —

(a) During the month of June, southwesterly 
wind is blowing steadily over a longer fetch giving 
rise to  a steady state and this condition prevails
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A L L  D IS T U R B A N C E S  

C Y C L O N E S

AVifiAGE WAVE HEIGHT
8 0

5 0

0 5  S

0 7 5  <

0  4 S

0 1 5

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

Fig. 9. Comparison of depressions and cyclones 
with average wave height

for most time of the month. Thus the roughest 
sea conditions are obtained.

(b) Though the wind under a cyclonic condi
tion is of higher velocities, since the fetch is 
limited, the steady state condition is not reached. 
Besides the cyclonic pattern exists for a few days 
only. Hence in spite of the large number of 
cyclones and depressions, the wave heights are 
relatively smaller in October than in June.
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Studies o f Evaporation from the Sea at Waltair 

B y R .  R a m a n a d h a m  and A . V . S. M u r t y  ‘)

Sum m ary  -  The values o f evaporation for several m onths from the sea at W altair are com puted 
from  clim atic means of observations made a t a near-shore station at W altair. The simplified equation 
o f evaporation E  =  K„(è,—ë„) ûa, has been used in the com putations.

Introduction

The simplified theoretical form of evaporation which may be written as E = K a(es-  
êa) ûa -  (where Ka is the numerical coefficient of evaporation, ûa is the mean wind 
speed at the level a , è s is the mean water vapour pressure corresponding to the sea 
surface temperature corrected for salinity value of the water, and ëa is the mean water 
vapour pressure in the air at the level a) -  permits the use of climatological data to 
compute evaporation rates. The theoretical value (2) of K„ for observations at 6 m 
level from the surface is 8.7 x  IO-4 when E is expressed in centimeters of liquid water 
per hour, u in meters per sec and e in mb. When the climatic means of the observations 
are used together with the independently calculated values of £, J a c o b s  found that the 
value of the numerical coefficient becomes 6 x  IO-4 which is about two-thirds of the 
theoretical value. Corresponding to 10 m level observations, the theoretical value of 
the numerical coefficient will become 7.5 x  IO-4 . The upper limit of the coefficient 
(7.9 x  IO-4 ) as given by D e f a n t  [I]2) is approximately the same as above. The lower 
limit (5 .0 x  IO-4 ) given by D e f a n t  coincides with that of Wiist’s data after it is 
corrected (multiplied by 1.22) in view of Sverdrup’s calculations of evaporation 
making use of the meridional distribution of temperature, relative humidity and wind 
velocity at the surface of the Atlantic. It is interesting to note that these two values of 
the coefficient (i.e. the theoretical value 7 .5 x IO"4 and the climatic value 5 .0 x IO“ 4) 
again bear the same ratio (i.e., 3:2).

The evaporation values may be computed using the climatological means of the 
meteorological parameters observed from a height of about 12 m from the surface 
by making use of the equation £ = 4 .8  x IO“ 4 (es- e , 2) ui2 where 4.8 is the numer
ical value of Ka adjusted for 12 m level of observations.

2) N um bers in brackets refer to References, page 102.
0  D ept, o f M eteorology and Oceanography, A ndhra University, W altair, India. Present address:

C entra l M arine Fisheries Research Sub-Station, E m akulam , India.
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A total number of 115 diurnal cycles of observations were conducted by the 
authors during the period from February 1960 to January 1961, with the number of 
cycles varying from 5 to  13 per month. The observations include wind velocity, 
dry-bulb and wetbulb temperatures in the air from a height of about 12 m from the 
sea level and the surface temperature and salinity of the shore waters of the sea. The 
mast holding the equipment for the meteorological observations was situated at a 
distance of about eighty meters from the shore waters. The observations were made 
at an interval of two hours in each diurnal cycle.

As it was observed that the wind blows from sea to land during day, the particular 
period from 09 hr to 19 hr is considered for computing evaporation values, so that the 
error due to the land influence is minimised.

Results and discussion

The annual march of various parameters relevant to evaporation are discussed 
below. The monthly mean value of each parameter is represented by circles and the 
seasonal trend by a continuous curve. The smoothing effect is achieved by making 
use of the formula B=(a + 2 b + c)/4 where a, b and c are successive terms of a series 
and B which is the result of (a +  2 b +  c)/4 is represented in the place of b.

The sea minus air temperature (shown in Fig. 1) is either positive or less negative 
during the winter season (December to March) and the winter-transition period 
(October-November). Its value is lowest (far negative) during the summer transition 
(April to May) and the beginning of the S.W. Monsoon season. During the S.W. 
Monsoon season its value gradually reaches zero from the lowest.

0

■2

■3

Figure 1
A nnual variation o f sea m inus air tem perature

The depression of wet-bulb (shown in Fig. 2) during the hot weather season (April 
to May) and the S. W. Monsoon (June-September) is of the order of 3.5 °C which is 
relatively lower when compared to winter season. The depression of wet-bulb is 
conspicuously much during the transition period from the S.W. Monsoon to the winter.

The difference of water vapour pressure between the sea surface and the 12 meter

4 3 5
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Figure 2
Annual V ariation of wet-bulb depression

level which is a complex function of sea minus air temperature and wet-bulb de
pression in the air, is shown in Fig. 3. Its value is lowest during the hot weather 
season and at the beginning of the S.W. Monsoon season. It reaches predominantly 
high value during the winter transition, October-November. There is a gradual rise 
of the hydrolapse as time advances during the S.W. Monsoon season. Its fall to the 
minimum is more rapid than its rise to the maximum.

18
18
H
12
10
8

0
J F ñ A H J J A S O N D J

Figure 3
A nnual variation o f sea m inus air-water vapour pressure

Fig. 4 shows the annual variations of wind speed. The annual trend of the wind 
speed indicates a sharp rise from February to April which is just in opposite to the

6

5

I

2
J F M A M J J A S O N D J

Figure 4 
A nnual variation o f w ind speed

4 3 6



hydrolapse conditions. The wind speed is lowered down gradually from April to its 
winter minimum. It is interesting to note that the wind speed during the winter 
transition (October-November) is less than that of the summer transition (April-May) 
only by about 0.5 m/sec.

The mean variations, through different hours of the day, of the rate of evaporation, 
during different seasons, are shown in Fig. 5. The main feature associated with the 
diurnal curve of evaporation is a rapid rise to the maximum which occurs about 1400 
hrs or earlier and a gradual fall from that time onwards. This feature is less pro
nounced during the summer transition period (April-May) and is more pronounced 
during the remaining seasons of the year. The range of the rate of evaporation, during 
the selected interval of the day, is the largest during the winter transition (October- 
November) and is the lowest during the summer transition (April-May); and the 
range during the other two seasons each falls in between.

April-M ay 
June-September 
October-November 
December-March

Figure 5
Hourly variations o f evaporation during different seasons

The annual march of evaporation is shown in Fig. 6. The individual monthly 
values in this figure are computed from the trend values of the wind speed and the 
water vapour pressure difference between the sea surface and the 12 m level, during 
the respective months. The rate of evaporation is moderate during the winter and the 
later part of the S.W. Monsoon season. It is minimum during the summer transition 
period (April-May) and maximum during the winter transition period (October- 
November). It may be noted that the rate of evaporation is minimum during he 
summer transition (April-May) even though winds are high, during this season. This 
is because of the low value of hydrolapse (see Fig. 3) during this period of the year. 
Wind speed and hydrolapse are both favourable for the occurrence of maximum 
evaporation rate during the winter transition (October-November). The situation of 
the sea minus air temperature and the wet-bulb depression further explains the seasonal 
variations of evaporation rate.

The mean value of evaporation is about 0.012 cm/hr during the summer transition 
(April-May), about 0.016 cm/hr during the S.W . Monsoon season (June to Sep-
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Figure 6
A nnual variation of rate  o f evaporation

tember), about 0.030 cm/hr during the winter transition (October-November) and 
about 0.021 cm/hr during the winter season (December to March). The annual mean 
value, during these particular hours of the day, is about 0.019 cm/hr. The contribution 
of the selected interval of the day (from 09 to 19 hrs) to the total annual evaporation 
is about 70 cm of liquid water from a square centimeter of the surface.

From a chart of isopleths of evaporation given by V e n k a t e s w a r a n  [5], it may 
be noticed that the evaporation over the Bay of Bengal on its western side is about 
110 cm per annum per sq. cm. According to P r i v e t t  [3] the approximate value of the 
annual evaporation over a square centimeter corresponding to Waltair region of the 
Bay of Bengal is about 150 cm.

It may be concluded as pointed out by P r i v e t t  [4] that in addition to divergent 
views on turbulence, the use of different climatic records can lead to different results 
of evaporation.

[1] A. D e f a n t ,  Physical Oceanography, Vol. 1 (Pergam on Press L td., L ondon 1961), 226-231.
[2] S. L. H e s s ,  Introduction to Theoretical M eteorology (Henry H olt & C o., N ew Y ork 1959), 286-287.
[3] D . W. P r iv e t t ,  M onthly Charts o f  Evaporation fro m  the North Indian Ocean (Including the R ed  

Sea and the Persian G ulf), Q uart. J. Roy. M eteorol. Soc. 85 (1959), 424-428. (See also Coli. Repr. 
N atl. Inst. Oceanogr. 8 , N o. 295.)

[4] D . W. P r iv e t t ,  The Exchange o f  H eat Across the Sea Surface, M arine Observer 28 (1958), 23-28. 
(See also Coli. Repr. N atl. Inst. Oceanogr. 6 , N o. 212.)

[5] S. V. V e n k a t e s w a r a n ,  On Evaporation fro m  the Indian Ocean, Ind ian  J. M eteorol. Geophys. 7 
(1956), 265-284.
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STUDIES ON DISTRIBUTION OF OXYGEN TN THE NORTH 
ARABIAN SEA DURING THE POST MONSOON PERIOD

S. P. A n a n i)

DIrectorats o f Scientific Research (Navy). N aval Headquarters, New Delhi

(Received 12. Nov. 64; revised 19 A pril 65)

Study on d is tribu tion  o f dissolved oxygen is im portant from  the po in t o f view o f product
iv ity  and structure o f water masses. W ater samples at about 60 stations spread over the N or
thern Arabian Sea were collected and the ir oxygen conten est in:at en. The study reveals 
fa ir ly  high oxygen co ite n t in Surface waters o ff the Bom bay coast and along la titude  
15°N. Progressive lowering in  depth of oxygen m in im um  zone from  24°N Southwards is  
also noticed. Subsurface upwelling around 60oE, 20°N seems to  be i  i progreess.

Study of distribution of dissolved oxygen in the ocean is important from the point of 
view of productivity of water masses. I t  also helps in elucidating the structure of water 
masses. Earlier work in this field which is of special interest is of Thomsen1; Seiwell2; 
Richard3; and Mvake and Saruhashi4. Observations recorded by the Dana and the Swedish 
Deep Sea Expedition5 regarding oxygen minimum were made in the Southern part of the 
Arabian Sea. In  the recent years important contributions, however, have been made by 
Jayaraman and Gogate6, Jayaraman7. Carruthers e' ál.8 and Ram am irtham  and 
Jayaraman9. B ut their investigations have been mostly in the coastal waters of the 
Arabian Sea. Thus information available so far is for limited regions only and not based 
on systematic study. W ith  this object in view an intensive Oceanographic Research 
programme in the Indian Ocean undër the name— ‘International Indian Ocean Expedi
tion’ was started in 1961 by the International Council of Scientific Unions and UNESCO. 
The programme of the Indian participation in this joint venture was developed by the 
Indian National Committee on Oceanic Research (IN C O R ). Active participation by 
Ind ia  commenced in the year 1962 when one of our research vessels IN S  K IS T N À  
made her first four cruises in the Arabian Sea during post monsoon period. On the basis 
of observations made at about 60 stations spread over the Northern Arabian Sea certain 
tentative conclusions have been drawn and presented herein.

A R E A  U N D E R  I N V E S T I G A T I O N

The part of the Arabian Sea which is in the North of latitude 15°N and bounded by 
longitudes 60° and 72-5°E  was covered by a net work of 60 observation stations. The 
distance between two successive stations was approximately 60 miles. Details regarding 
positions o f stations, dates and timings of collection of water samples are given in  Appen
dix ‘A ’.

A N A L Y T I C A L  T E C H N I Q U E

The classical W inkler procedure10 has been adopted throughout for the determination 
of dissolved oxygen in the sea water samples. Tight fit ground glass stoppered bottles of 
300 m l capacity were made use of for collection of water samples. W ater samples were 
“pickled” immediately after collection and placed in  the dark. Time gap between the 
first and second stages, pickling and titration, was usually between 6 —  12 hours. An auto
matic burette graduated to 0-02 m l was used. A ll the apparatus were calibrated before 
the start of the cruise.

reprints o f  the International Indian Ocean Expedition , vol. V III, contribution no. 627 4 4 1
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R E S U L T S  A N D  D I S C U S S I O N

In  order to facilitate the interpretation of observed data all the observation stations 
were grouped into eight sections as shown in Fig. 1. Oxygen concentration (m l/L ) of water 
samples collected at stations that come under one section were plotted against the corrected 
depths of sampling and the isopletlis were drawn. Thus a section-wise study regarding the 
structure of water masses in the northern Arabian Sea has become more convenient and 
feasible.

Section No. 1— (Stations 1—9 along the Gujarat Coast)
This section mainly represents conditions that existed over 

off the Gujarat coast. The average 
first portion of the maiden cruise of IN S  K IS T N A , very few water samples were collected 
and analysed. Results of the analysis are presented in Table 1.

The data in Table 1 are inadequate for drawing the oxygen isopletlis for the region. 
Thus a detailed study regarding oxygen distribution in this region in the present state is 
not possible. However, a look at the data suggests that water from surface down to 30 m. in 
che coastal region N orth  of Bombay upto latitude 22°N is well mixed up and rich in oxygon 
tontent (5 —  6 m l/litre). The oxygen distribution suggests that thermocline does not

the continental shelf 
depth in this region was about 88 metres. Being the
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T a b l e  1

O x y g e n  c o n c e n t r a t i o n  (M l/litre )

Depth in m. Sin. 1 Stn. 3 Stn. 4 Stn. 5 Stn. 7 Stn. 8

a55

0 6-2 5 ■ 5

1(1 3-6 4-9 5 03 4-38 4-2'

20 1-8 5-0 4-4 6 0 4-86.

30 5-18 3-4 1-94 2-11 2-27

50 1-30 1-62

seem to be clearly developed here but further North the surface water is com < aratively 
poor in oxygen content and marked fall below 30 m. is noticed. This hints that the thermo- 
olinc in this region is clearly developed. Such a feature of the thermoclinc along this coast 
was also reported by Menon and Kurup11 and Ramani et al,12.
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Section No. 2 (Stations 9—14 along latitude 24°iV)
The oxygen isopletlis as shown in Fig. 2 indicate that maximum oxygen (4-5 ml/litre) 

exists in the surface waters a t most of the stations except near station Nos. 10 and 11. 
The 1-5 ml/litre isopleth shows a ridge between station Nos. 10 and 11 and a trough at 
Station No. 12, west of which it rises towards the surface following the isopletlis of 
higher values in the upper levels. The isopleths at deeper levels show ridges at Station No. 10 
and 14 with a trough at station No. 12. Here regular sinking of the isopleths with rise ou 
either side of Station No. 12 below 50 m. depth is maintained. Similar feature is indicated 
in the thermal structure presented by Menon and Kurup (op. cit.). A water mass with mini
mum oxygen content (0-25 ml litre) seems to be localised only near station No. 14 at a 
depth of about 150 m .

Section No. 3 (Stations 15—19 along longitude 60°E)
This is a meridianal section along 60°E presenting the hydrographic conditions off 

the Arabian coast. This section was covered in all by 5 observation stations. The oxygen iso
pleths which are shown in Fig. 3 indicate that oxygen distribution at the surface shows 
an increase towards South from about 4-5 ml;litre at Station No. 16 to more than 
5-2 ml/litre at station No. 19. At all the stations the oxygen concentration decreases with 
depth indicating a concentration of 2 • 0 ml/litre at depths of about 40 to 50 m. Below 
50 m. the isopleths show appreciable sinking near Station No. 17. Isopleth with minimum 
oxygen content (0* 16 ml/litre) seems to start below 500 m. at station No. 17 and shoots to 
150 m. at station No. 18.
Section No. 4 (Stations 19—30 along latitude 20°A)

This section comprises 14 observation stations along latitude 20°N and extends 
between 60°E to 70°E. Oxygen isopleths as shown in Fig. 4 mark the following features 
regarding oxygen distribution in this region.

1. Zone of maximum oxygen concentration occurs in surface waters and extends 
down to 20 in. a t most of the stations.
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2. The surface ami sub-surface waters at Station No. 21 are comparatively poor in
oxygen concentration. Marked ‘dooming’ of isopleths a t these levels near this 
station is quite noticeable.

3. Area of oxygen minimum (0-3 ml/litre) is well developed between 150 m. to 500 m.
in the Western part of the section.

Section No. 5 (Stations 35— 15 along latitude 18°N)
Along this section there were only 11 observation stations spread along latitude 18°N; 

longitudinal limits of this section are 60°E and 70°E. Fig. 5 presents the vertical distri
bution of oxygen in this region. Study of these isopleths indicates that a zone of maximum 
oxygen concentration (1-5—5-0 ml/litre) from surface to  30 m. is confined to the Wes
tern flank of the section. At station 44, the isopleths from the surface layers show marked 
doming, a pattern similar to tha t near Station No. 21 along 20°N. Existence of almost 
uniform zone of oxygen minimum (0-15—0-20 ml/litre) is observed at 300 m. and this 
extends down to 500 m. or more at most of the stations.
Section No. 6 (Stations 45—47 along longitude 60°E)

I t  is a short me.ridia.nal section along 60°E. Latitudes 18°N and 16°N are the upper 
and lower limits of this section. The section was covered by 3 observation stations. The 
distribution pattem  as shown by the disposition of oxygen isopleths (Fig. 6) indicates

no rth  south water layers from surface down to 40 m. contains
maximum oxygen content. BclowöO m. the isopleths 

o c e a .o g r a p h ic  statio n s  show oscillatory behaviour. Appreciable depression in
<5 «  47 the 0-75 ml/litre isopleth to a depth of about 250 m.

near Station No. 45 from a depth of about 160 m. at 
Station 'No. 47 is observed. A limited zone of water 
mass with minimum oxygen content (0-29 ml/litre) 
is noticed near Station No. 45 at a depth of about 420m.
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Section No. 7 (Stations 47-57 along latitude 15°/V)
In  this section observations were made at 11 stations spread along latitude 15 • 5°N. 

Meridional limits of the section are 60°E and 69°E. Study of oxygen isopleths, as shown 
in Fig. 7, reveals that oxygen distribution from surface down to 40 m. is fairly uniform at 
all the stations. However, thickness of the well mixed surface waters is slightly reduced 
in the West. I t  is also observed that isopleths below 80 m. show wavy trend while the gra
dients within the layers increase towards the East. This structure within the layer is 
similar to that of thermocline along this section as indicated by Menon and Kurup11.

Section No. 8 (Stations 57-60)
I t  is a diagonal section that runs about 15°N and 70°E in the North-East direction 

to wards Bombay. The section comprises of 4 observation stations. A  close study of the 
isopleths as shown in Fig. 8 reveals that surface water down to 50 m. contains maximum  
oxygen 4-27 m l/litre  isopleth seems to start from 90 m. depth near Station No. 57 and as
cends to 20 m. level near Station No. 60. A  sharp decrease in oxygen content in water 
layers below the said isopleths is noticed. ‘Depression’ in 0 -3  m l/litre isopleth near 
Station No. 58 at a depth of about 300 m. is quite noticeable. In  the same area another 
isopleth from a depth of about 500 m. shows marked doming but in the reverse order.
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CONCLUSI ON
On the basis of observations notice hi 

the preceeding sections following conclusions 
regarding oxygen distribution in relation to 
water mass characteristics can be arrived at.

H Existence of higher concentration of dis
olved oxygen in the surface and sub-surface 

waters off the Bombay coast (along 20°N upto 
22°N) and along latitude 15°N suggests the 
possibility of higher concentration of phyto- 
plankton in these regions. Upwelling, which 
was reported to have occurred in the former re
gion6.8 and record of high temperature values 
in the surface layer in the latter region12, are 
perhaps the main reasons for it.

Zone of low oxygen (0- 3 m l/litre) is well 
developed along latitude 15°N at a depth of 
about 200 m. and extend down to 500 m. west
wards; whereas the same exists at less than 
100 m. along 18°N (eastwards only; Stn. No. 
60). For want of other biochemical data the 
existence of low oxygen concentrations at 
variable depths could not be explained at 
present.

In  the vicinity of meridians 62°E and 63°E  
along the latitude 24°N the waters of higher 
density from the Gulf of Oman flow into the 
Northern Arabian Sea. This water mass of
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higher density partially mixes w ith the surface waters and sinks down partially. Exis
tence o f zone of oxygen minimum at a depth o f 100— 150 m. and relatively higher salinity 
values provide additional support to this deduction.

I t  is observed that conditions in the Northern Arabian Sea upto latitude 20°N  are 
somewhat less stable in the early post monsoon period. B ut further down along latitude 
15°N the conditions are fairly stable. Whether this can be the cause of progressive 
lowering in depth of the oxygen miminum zone needs further studies. Menon and Kurup11 
have reported existence of thick isothermal layers and increase vertical stability in  the 
southern part of the Arabian Sea in the month of November.

Near longitude 60°E along latitude 20°N the existence of oxygen minimum zone a t 
a depth less than 100 m. indicates that upwelling to certain extent in  the sub-surface 
layers was in progress at the time of observations. The temperature struoture presented 
by Menon and Kurup11 suggests an anticlockwise circulation of the water mass. Perhaps 
this circulation is responsible for divergence and associated upwelling.

Since data on nutrients and plankton density are not available at present, it  is empha
sised that conclusions drawn should be considered essentially preliminary in  character. 
However, it  may be seen that a fairly generalised picture regarding oxygen distribution 
and structure of water masses in the Northern Arabian Sea during the post monsoon seasons 
has been obtained.

Rechford13 has convincingly shown the intrusion of Persian G ulf waters into the 
Indian Ocean through the Northern Arabian Sea from his study of the salinity maximum  
in the North Indian Ocean. However, his data (from V ityaz 1960) did not extend North  
of 20°N. I t  w ill be interesting to correlate the results of this present study w ith  a more 
rigorous study of the hydrographic conditions in this part of the Arabian Sea.

A  water mass with characterised poor oxygen content appears to be spreading approxi
mately South-East wards from the region of Gulf of Oman where it  appears a t a depth of 
about 120 m. and sinks to a greater depth (300 m.) at its South-Eastern limits.
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A P P E N D IX  ‘A ’

Station No. Position Date Time
(1st)

La t.°N
---------a - ----------------- - ï

Long.°E

1 19°2ö' 72°00' 25-9-62 0050

2 20°02' 71°13' 25-9-62 0720

3 20°15' 70°30 5' 25-9-62 1350

4 21°11' 69°46 5' 25-9-62 2020

5 21°46' 69o02’ 5' 26-9-62 0312

6 22°20' 68°15 5' 26-9-62 0920

7 22°58' 67°27' 26-9-62 2015

8 23°27' 66 °4 l' 27-9-62 2015

9 24°15' 65°45' 27-9-62 1145

10 24° 18' 65°00' 27-9-62 2015

11 24°18' 64°00° 28-9-62 0405

12 24° 18' 63°00' 28-9-62 1230

13 24°15' 61°58' 28-9-62 1825

14 24°12' 60°58' 29-9-62 0110

15 24°00' 60°00' 29-9-62 0740

16 23°05' 60°00' 29-9-62 2135

17 22t>l2 ' 6oni' 30-9-62 0430

18 21°15' 60°00' 30-9-62 1135

19 20°00' 60°00' 30-9-62 1900

20 20°00' 61°00’ 1-10-62 0330

21 20°00' 61°59' 1-10-62 0915

22 20°00' 63°00' 1-10-62 1435

23 20°00' 63°55' 1-10-62 2030

24 20°00' 65°00' 2-10-62 0334

25 19°51' 65°57' 2-10-62 1430

26 19°45' 66°50' 2-10-62 2020

27 19°33' 67°42' 8-10-62 0200

28 19°24' 68°60' 3-10-62 0900

29 19°11' 69°50' 3-10-62 1430

30 19°03' 70°44' 3-10-62 2110
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31
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43
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47

48

49

50

51

52

53

54

55

56

57

58

59

00

Position Date Time
(1st)

La t. °N Long. °E
18°55' 71°45'

18°52' 72°27'

18°45' 71°45'

18°45' 70°40'

18°46' 70°05'

18'36' 68°57'

18°35' 67'54'

18°31' 66°52'

18°27-25‘- 65°52'

18°25' 64°47'

18°31' 63°55'

18°15' 62°52'

18°12' 62°00'

18°08' 60°56'

17°40' 60°00'

16°35' 60°00'

15°30' 60°00'

15°31' 61°00'

15°30' 62°00'

15°30' 63°00'

15°30' 64°00'

15°30' 65-00'

15°29' 66-00'

16°30' 67-00'

15°30' 68-00'

15°30' 69=00'

15'13' 70-00'

16°18' 70-28'

17°04' 71-17'

17°5C' 71-55'

4-10-62 0128

4-10-62 0540

13-10-62 1745

14-10-62 0016

14-10-62 0430

14-10-62 1315

14-10-62 2030

15-10-62 0305

15-10-62 0445

15-10-62 1620

15-10-62 2320

16-10-62 0445

16-10-62 1235

16-10-62 1920

17-10-62 0155

17-10-62 0845

17-10-62 1615

18-10-62 0100

18-10-62 0745

18-10-62 1400

18-10-62 2030

19-10-62 0305

19-10-62 0945

19-10-62 1620

20-10-62 0052

20-10-62 0740

20-10-62 1345

20-10-62 1930

21-10-62 0030

21-10-62 0531
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An evaluation o f prim ary productivity  
studies in the Continental Shelf Region of  

the Agulhas Current near Durban (1961-1966)

B y Joan Burchall

Introduction

As part of the Republic of South Africa’s contribution to the International 
Indian Ocean Expedition, primary productivity studies were undertaken in 
the continental shelf region of the Agulhas current near Durban during the 
period 1961 to 1966.

Pioneer studies were begun at a fixed station 29° 54'S and 31°07'E approxi
mately five miles off Durban in 50 fathoms of water, (Fig. 1). Primary 
productivity measurements were continued in this position at fortnightly 
intervals until December 1964, and subsequently also at a second fixed station 
in 100 fathoms of water. The second station was located on the same compass 
bearing as for the first station, namely 127°-129°SE, and situated approxi
mately seven miles off Durban, (Fig. 1). Other measurements made were: 
temperature, salinity, dissolved oxygen, and inorganic phosphorus, nitrate- 
nitrogen (nitrate-N), nitrite-nitrogen (nitrite-N), and silica.

Tugela River.
NATAL
C O A ST

DURBAN

T.N.

DURBAN
HARBOUR

53'

54'-

N a u tic a l  M iles

Fig* L  Station positions relative to depth contours in  fathoms.
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Measurement of the rate of assimilation of radiocarbon by phytoplankton 
provides a rather crude index of primary productivity (Jitts, 1957). As the 
universal adoption of standard techniques and equipment has not yet been 
achieved, it is important that whenever the radiocarbon method is used, 
precise details of technique and equipment be given in order that results 
obtained by different workers may be compared meaningfully. To ensure the 
validity of such comparisons it is even more important to evaluate the sources 
of error and bias in individual use of the method. This approach has been 
adopted as a necessary preliminary to the interpretation of primary produc
tivity measurements obtained at the Durban off-shore stations from 1961 
until 1966.

In this paper the sources of error which have been considered are those 
inherent in the use of the radiocarbon technique, and especially in the methods 
used to incubate samples during phytoplankton assimilation of carbon-14. 
When measurements of primary productivity were made from 1961 to 1966, 
samples were incubated ‘in situ’ in the ocean, and in three types of shore 
incubators. These shore incubation techniques have been evaluated in relation 
to ‘in situ’ measurements to enable a direct comparison of results obtained 
using the different techniques. The degree of error of a single primary 
productivity measurement has also been determined.

Finally there is a brief discussion of primary productivity in relation to 
available hydrographic information about the off-shore stations.

M ethods
Sampling was carried out initially from the R.v. Lady Theresa and later from 
the local shark meshing vessels, Sea Hound and Shark Mesher 11. Water 
samples were taken at approximately 1000 hours S.A.S.T. depending on 
otjjer commitments of the vessel.

1. Primary productivity measurements
The rate of carbon assimilation by phytoplankton was mëasured by means of 
the carbon-14 technique of Steemann Nielsen (1952). During occupation of 
stations D1-D69 (Tables la, b) water samples were obtained using an insulated 
non-toxic Nansen-Peterson water bottle of 1 litre capacity. Samples were 
collected from three depths in the euphotic zone, namely from the surface 
and from those depths corresponding to 10% and 1 % of the surface light 
intensity. During occupation of D70-D90 (Table lb) water samples were 
obtained using van Dorn water samplers with capacities of six litres. Samples 
were obtained from five depths in the euphotic zone, namely from the surface 
and from four depths corresponding to 50%, 25%, 10% and 1% of the
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surface light intensity. These depths were established using a submarine 
photometer fitted with an Evans electroselenium type photocell, as described 
by Steemann Nielsen and Jensen (1957). When sea and weather conditions 
were unfavourable, only surface samples were taken.

Sample water from each depth was dispensed into two 50 cc glass bottles, 
one of which was darkened, and to each bottle was added 1 cc of N aH C 03 of 
activity 4 microcurie. Both subsamples were illuminated in an incubator, and 
the one contained in the darkened bottle was used as control.

1.1 Sample incubation
During the period 1961 until 1966, various methods of sample incubation 
were used for primary productivity measurements. Originally, ‘in situ’ 
experiments were carried out, but this proved impractical due to frequent 
rough seas encountered near Durban, and it became essential to carry out 
productivity measurements in a laboratory under simulated conditions. Three 
types of shore incubation techniques were used.

1 . 1 . 1  7 k  situ' (D1-D8)
Using this technique, the ‘light’ and ‘dark’ bottles for each sample depth were 
inoculated with radiocarbon and incubated for four hours at sea, usually 
commencing at noon. On occasions, samples were incubated from noon 
until sunset. The distance off-shore of che fixed station discouraged incubation 
of the samples at this position and as a general procedure the samples were 
incubated at a position closer in-shore, where it was necessary to redetermine 
the 10% and 1% light intensity depths. The bottles were spaced along a 
cable, allowance being made for current undertow, and returned to the 
water, the cable being secured by an anchor and marked by several floats. 
Throughout the shipboard procedure, the samples were kept in a bucket of 
sea water and shielded from direct sunlight.

Numerous practical difficulties entered into the above procedure. If there 
was even a slight swell, there was a danger of the sample bottles smashing 
against the ship’s hull while being lowered into the water, or during recovery. 
The success of each experiment was dependent on the weather, and if there 
was any deterioration in conditions during incubation, the experiment 
would have to be prematurely terminated. In positioning the bottles along 
the cable, it was difficult to estimate the allowance which should be made for 
current undertow and impossible to be quite certain that the sample bottles 
were returned to the level of sampling.

1.1.2 Incubator-1 (D9-D46(l))
Using this technique, one ‘light’ bottle and one ‘dark’ bottle from each depth 
sampled were placed on a rotating disc in a water bath at a known tempera
ture and exposed for a measured period to illumination of a known intensity. 
The samples were exposed for four hours commencing at noon. The design 
of this incubator was similar to that described by Steemann Nielsen and 
Jensen (1957).
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The phytoplankton was incubated at light saturation values. In the tropics 
and subtropics these values range from 20,000 to 30,000 lux (see light intensity- 
photosynthesis graphs; Steemann Nielsen, 1952, p. 131, Fig. 6; and Steemann 
Nielsen and Jensen, 1957, p. 101-103, Figs. 32-36). The samples were incubated 
at a light intensity of 25,000 lux. This light intensity was obtained using six 
lamps — Philips Type 13011 E/99 (220 volt, 150 watt) ES, pressed glass with 
fittings Type 66254 HE/00. An advantage of using pressed glass was that the 
light was diffused and illumination more even. The light quality was an 
approximation of the daylight spectrum, the whole problem of which was 
discussed by Steemann Nielsen and Hansen (1959, 1961). Two types of 
filters were placed in front of the bottles during incubation, a light neutral 
ON 32, and a dark neutral ON 31. The filters were manufactured by Chance 
Pilkington Optical Works. A light filter was placed in front of the 10% water 
sample and a light and a dark filter in front of the 1 % water sample. No filter 
was placed in front of the 100% sample. The filters were used to simulate 
conditions in the sea but the neutral filters have the same rate of absorption 
in the whole part of the spectrum where photosynthesis takes place. In the 
sea, light quality changes with depth, and simulation was hence only an 
approximation.

Sea water was circulated through the incubator during an experiment, 
maintaining the samples at approximately sea surface temperature.
1.1.3 Incubator-2 (D46{2)-D69)
In the design of this incubator use was made of sunlight and glass filters to 
simulate light conditions at depths in the ocean.

Incubator-2 consisted of six metal compartments coated with dark paint 
and arranged in two rows of three compartments each. One ‘light’ bottle 
and one ‘dark’ bottle for each of the three depths sampled were placed in 
these compartments side by side and exposed to sunlight. The 10% sample 
was covered with a light neutral filter (ON 32) and the 1 % sample by a light 
(ON 32) and a dark (ON 31) neutral filter. No filter was placed over the 
100% sample. The samples were incubated from noon until sunset and were 
maintained at approximately sea surface temperature by a constant flow of 
sea water. The incubator was mounted on a small platform which was 
operated by a motor, and agitated the samples up and down during incubation 
(Doty and Oguri, 1957).
1.1.4 Incubator-3 (D70-D90)
Experimental bottles from each depth sampled were illuminated by sunlight 
in incubator-3, whilst the ‘dark’ bottle, or experimental control, was wrapped 
in aluminium foil and placed in a light-proof box. Both incubator-3 and the 
‘dark’ box were supplied with circulating sea water which maintained the 
samples at sea surface temperature. Samples were incubated for 24 hours.

Incubator-3 comprised five cylindrical clear perspex tubes fitted with 
neutral density metal screens in order to simulate the light intensities of the 
depths sampled. The incubator was made locally and metal screening was 
obtained from Perforated Products Inc., 60 Harvard St., Brookline, Mass.
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02146, U.S.A. The code numbers were 15G (simulating 50% light intensity), 
40/10P (25%), 125P (10%), and 5W (1 %). The incubator was similar to those 
used on the r .v . Anton Bruun, which took part in the U.S. Programme in 
Biology for the International Indian Ocean Expedition (Ryther, Haii, Pease, 
Bakun and Jones, 1966).
1.2 Post-incubation treatment o f samples
After incubation all samples were filtered through membrane filters (group 2, 
Membranfilter, Göttingen). The filters were clamped into special holders in 
which drying was completed during the following 24 hours (Steemann 
Nielsen, 1952).

As soon as possible after drying overnight, the filters were placed in a 
closed container above fuming hydrochloric acid for 20 minutes. The acid 
removed inorganic carbonate which acts as a beta-emission absorber 
(Mitchell-Innes, 1967). Immediately afterwards the filters were dried in a 
desiccator and then removed from the filter holders and stored in plastic 
boxes inside a desiccator containing silica gel and soda lime. Soda lime mixed 
with the desiccant removed the atmospheric C 0 2 in the desiccator and reduced 
exchange with the carbonate in the sample (Doty and Oguri, 1957). The filters 
were then ready for counting.

A Geiger-Müller tube with a Philips scaler (type 111.531) was used to 
count the number of C14-disintegrations in both the phytoplankton samples 
and the radiocarbon solution. At each depth the activity of the illuminated 
sample was corrected for non-photosynthetic uptake of C14 by subtracting 
the ‘dark’ bottle activity. The carbonate-carbon content of sea water was 
calculated for each depth using temperature and salinity data, and assuming a 
pH of 8.20. Primary productivity was calculated as milligrams of carbon 
assimilated per cubic metre per day (mg C/m3/day). By integration the pro
duction in the water column beneath one square metre surface was calculated 
and the results expressed as milligrams of carbon assimilated per square 
metre per day (mg C/m2/day). The hours of daylight (to the nearest 0.25 
hour) between sunrise and sunset were used in the calculations of daily 
production.

2. Hydrographic data
2.1 Salinity
All salinity determinations were carried out at the regional laboratory of the 
Council for Scientific and Industrial Research, Durban. The determinations 
were carried out using a conductometric technique. The meter was calibrated 
with standard sea water and the salinity values, expressed as parts per 
thousand (°/00) are considered to have an accuracy of at least 0.01 parts 
per thousand.
2.2 Temperature
Graduated centigrade thermometers were mounted inside the water samplers. 
Temperatures were read immediately the samplers were brought to the 
surface.
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2.3 Oxygen
Winkler’s technique was used to determine the dissolved oxygen present in 
samples (Riley and Skirrow, 1965). The oxygen content of samples was 
expressed in cc/litre.

2.4 Inorganic nutrients
During occupation of D1-D69 only inorganic phosphorus was determined. 
This determination was done colorimetrically using the standard molyb
denum-blue method and subsequent visual comparison with an artificial 
standard made up in distilled water (Harvey, 1960). The phosphate was 
expressed as milligram atoms per cubic metre (mg-at/m3).

During occupation of D70-D90 sample water from each depth was stored 
in polyethylene bottles in a deep freeze. All analysis was carried out using a 
Beckman DU spectrophotometer. The method used for the determination of 
inorganic phosphorus was that given by Murphy and Riley (1962), nitrate- 
nitrogen as given by Mullin and Riley (1955), nitrite-nitrogen as given by 
Rider and Mellon (1946), and silica as given by Mullin and Riley (1955). The 
concentration of inorganic nutrients has been expressed in each case in 
milligram atoms per cubic metre (mg-at/m3).

Hydrography

Ocean currents and water masses
The Durban olf-shore station where primary productivity studies were begun 
in 1961 was situated at the outer edge of the continental shelf in fifty fathoms 
of water. The Agulhas current flows south-west following the edge of the 
continental shelf; the current is not a steady stream but it varies its position 
and flow rate from day to day (Anderson, 1967).

It is known that the coast currents within five or ten miles of the coast off 
Durban reverse direction periodically and it seems likely that these reversals 
are linked to the variations of the Agulhas current. Adding to the complexity 
of the system, numerous large eddies are contained in the continental shelf 
region of the Agulhas current near Durban. Two eddies have been detected 
at times, one to the north and the other to the south of Durban (Anderson, 
1967). These may be semi-permanent. Movement of the water around these 
eddies was clockwise, and the water in the centre was cooler than round 
the outside.

It seems possible that .the Durban off-shore stations which were sited 
without prior knowledge of Agulhas current features, may have been situ
ated between these two eddies. This introduces difficulties into the inter
pretation of results if the eddies move north or south.

Although the entire body of water in the east coast region is said to com
prise the Agulhas current, several water masses are represented in this system
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(Darbyshire, 1966). Off Durban these water masses comprise surface, sub
tropical and central water masses, with mixed or boundary water occurring 
between surface and subtropical water and also between surface and central 
water; the T-S relationships by which the water masses are characterised 
are illustrated in Fig. 2 (Anderson, personal communication, 1966).

sa lin ity  o/(

ce MIXED \LII l\
5  (SURFACE I
5  4  C E N T R A L )/C

Fig. 2. T-S diagram (water masses comprising the Agulhas current system, F. Anderson 
personal communication, 1966)
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The water mass types to be expected near the shore in shallow water are 
surface and boundary water. To test this idea it was decided to compare the 
temperature and salinity observations for each sample depth whenever the 
off-shore stations were occupied (Tables 2a, b), with the temperature and 
salinity characteristics of the water masses illustrated in Fig. 2.

34.50 35 00 sa lin ity  o/m  35.50 36.00

30 I I I I J I I I ■ j ■ 1 1 1 “J

• • •

V

K ey: •  s ta t io n  A  (50 fa th o m s )  

X s ta t io n  B (100 fa th o m s )
10

F ig . 3a. T-S d iag ram  com piled  from  sea  surface sam ples o b ta in e d  a t  100%  ligh t d ep th . 
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Indications are that the continental shelf region of the Agulhas current 
near Durban comprises essentially surface and boundary water. At the surface 
or depth representing 100% light intensity, surface water was indicated and 
also boundary water. The latter type was the mixed layer between surface and 
subtropical water masses (Fig. 3a). This pattern was repeated at sub-surface

sa lin ity  o/M 36.0035.5034.50 35.00
30

25

20

15

Key: •  s ta t io n  A  (50 fa th o m s )  

X s ta t io n  B (100 fa th o m s )
10

Fig. 3b. T-S diagram compiled from  sub-surface samples obtained at 10% ligh t depth.
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levels to which 10% and 1 % of surface light intensity penetrated, but there 
was also evidence of the mixed layer between surface and central water 
masses, especially at the 1 % depths (Figs. 3b, c).

Distribution of temperature and salinity
These data are presented in Tables 2a, b.

It has been shown how temperature and salinity data have been used to

34.50 35 .0 0  s a lin ity  o/ „  3 5  50  36 qq

30 ----- 1----- 1----- 1----- 1----- 1----- 1----- 1------1----- r----- 1----- 1------1----- 1------1 I

K ey: •  s ta t io n  A  (50 fa th o m s )  

X s ta t io n  B (100 fa th o m s )
10  _______________________________________________________________________________________

Fig. 3c. T-S diagram compiled from  sub-surface samples obtained at 1 % ligh t depth.
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identify the water masses present at the off-shore stations (Figs. 3a, b, cj. 
These water masses are known to comprise a very variable system and work 
has begun comparatively recently towards monitoring this variability. In 
view of this fact it would be premature to attempt to construct sections show
ing seasonal variations of temperature and salinity on the basis of the 
information obtained at the off-shore stations. Such sections could suggest 
an entirely fictitious picture.

Distribution of inorganic nutrients and dissolved oxygen
These data are presented in Tables 2a, b.

It was thought that each water mass discerned at the off-shore stations 
might be characterised by relatively higher or lower concentrations of 
inorganic nutrients, but no clear distribution was evident on available 
results (Figs. 4 a, b, c, d).

The distribution of inorganic phosphorus in the surface water mass 
varied from 0.5-1.5 mg-at/m3 with approximately the same distribution in 
the boundary water, which was the mixed layer between the surface and 
subtropical water masses. Considerably fewer results were available on the 
distribution of inorganic phosphorus in the boundary water which formed 
the mixed layer between the surface and central water masses (Figs. 4a, b).

The distribution of inorganic nitrogen and silica in the surface water mass 
varied from 0-10 mg-at/m3. Very little information was available on the 
distribution of either of these elements in the two types of boundary water 
(Figs. 4c, d).

The distribution of inorganic phosphorus may indicate that the mixed 
layer between surface and central water masses is generally more fertile 
with respect to inorganic nutrients, than the other two water masses repre
sented at the off-shore stations, because of the mixing with central water. This 
cannot be concluded on available evidence, since the water masses represented 
at the off-shore stations are not adequately characterised by existing data.

Dissolved oxygen was determined as a routine procedure during the course 
of primary productivity studies. Surface oxygen values did not vary greatly 
from saturation values (Orren, 1963).

13

4 6 1



in
or

ga
ni

c 
ph

os
ph

or
us

 
(m

g-
at

/L
)

5

4

3

2

1

0

0 9

0. 8

0. 7

0. 6

0. 5

0. 4

3

0.2

0.1

0
S' wA S' A W S' wA

mixed mixed
surface (surface +  sub-tropical) (surface +  central)

type of water mass

Key: S' = summer (November, December, January)
A -  autumn (February, March, April)
W = winter (May, June, July)
S2 =  spring (August, September, October)

Fig. 4a. D istribu tion  o f inorganic phosphorus (D1-D69).

4 6 2



1 .5 

1 .4 

1 .3 

1 .2 

1 .1 

1. 0 

0 . 9  

0. 8  

0 , 7  

0 6 

0 5 

0 4 

0 3 

0.2 

0.1

o 

. •

1 «
•  •

_•___

S'

I % «

.. •
• J :

  m_l__
A W S2 S' A W S2 S' A W S2 

mixed mixed
surface (surface +  sub-tropical) (surface +  central)

type of water mass

Key: S' - summer (November, December, January)
A autumn (February, March, April)
W - winter (May, June, July)
Sí  = spring (August, September, October)

Fig. 4b. D is tribu tion  o f inorganic phosphorus (D70-D90).

463



in
or

ga
ni

c 
ni

tro
ge

n 
(N

03
- 

N 
+ 

N
02

- 
N,

 m
g 

- 
at

/L
)

10

5

0

WA S' A W S' wA

mixed mixed
surface (surface +  sub-tropical) (surface +  central)

type of water mass

Key: S' =  summer (November, December, January)
A =  autumn (February, March, April)
W =  winter (May, June, July)
S2 =  spring (August, September, October)

Fig . 4c. D is tr ib u tio n  o f  ino rg an ic  n itro g e n  (D 70-D 90).

16

4 6 4



10

h r  •

• *

! •  •  •

*:*
*

w S2 S' w S2 S'

surface
mixed

(surface +  sub-tropical)

W S2

mixed 
(surface +  central)

type of water mass

Key: S' =- summer (November, December, January) 
A = autumn (February, March, April)
W - winter (May, June, July)
St 1= spring (August, September, October)

r ig. 4d . D is tr ib u tio n  o f  ino rgan ic  silica (D 70-D 90).

17

4 6 5



Primary productivity results

Evaluation of incubation techniques
The various sample incubation procedures used during Durban off-shore 
primary productivity studies have been described in section 1.1 of this 
report. To enable direct comparison of all measurements obtained, a statis
tical analysis was carried out to evaluate the bias introduced into the results 
by each experimental procedure.

In carrying out this evaluation of incubation techniques simultaneous 
measurements of primary productivity using incubator-1 and incubator-2 
were made on replicate samples both in the incubators and ‘in situ’ in the 
ocean. Measurements were made at five stations off Durban from September 
1965 until January 1966. Conditions varied from calm seas and clear skies 
to choppy seas and overcast skies, and the magnitude of primary production 
at the five stations varied considerably, e.g. the production in a column 
beneath lm2 of sea surface varied from 0.31 to 1.66 grams C/m2/day (Table 3a).

During the period March 1967 and May 1967, when a total of five stations 
was occupied, simultaneous measurements of primary productivity were 
made on replicate samples both in incubator-3 and ‘in situ’ in the ocean 
(Table 3b).

On the basis of experimental results, regression equations have been 
calculated enabling ‘in situ’ primary production to be predicted from incu
bator measurements. The linear regression formula as shown below has been 
used to calculate regression equations:

nZ'XY — Z X Z  Y 
nZ'X2 — ( XX) 2 

b =  regression co-efficient, or the slope of the regression line 
n =  number of observations
X =incubator measurements of primary productivity 
Y = ‘in situ’ measurements of primary productivity 
a =  Y — bX 
a= th e  constant term

The regression equations predicting ‘in situ’ primary production from 
incubator measurements for each sample depth (mg C/m3/day) are shown 
(Table 4a, b, c). The regression equations predicting ‘in situ’ primary produc
tivity (mg C/m2/day) from incubator measurements are as follows:

P ‘in ^ ’= 0 . 5 5 ^ + 9 6  (1)

P ‘in situ’= 0 . 6 4  P 2+ 196 (2)

P‘in situ’= 0 - 5 2  P 3+ 143 (3)

where P1 =  primary productivity in incubator-1
P2=prim ary productivity in incubator-2
P3=prim ary productivity in incubator-3
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(1) is based on four experimental observations, (2) on the results of three 
experiments, and (3) on the results of five experiments. In relating primary 
productivity measurements obtained ‘in situ’ in the ocean to those obtained 
using incubator-2, the measurement obtained on 25.1.1966 was regarded 
as aberrent (Table 3a). It was established that during use of the radiocarbon 
technique the original sample water had been contaminated with radiocarbon 
solution.

The standard errors of the regression co-efficients and constant terms in 
equations (1), (2) and (3) were calculated as follows:

Source d.f. sum o f squares variance estimate
Regression 1 (¿,XY)2/¿'X 2
Error n — 2 by difference
Total n — 1 S Y 2

The regression analyses of (1), (2) and (3) have been shown (Tables 5a, b, c). 
These analyses provided an estimate of a\ for each equation. The standard 
errors of the regression co-efficients bl5 b2, and b3 were determined as follows:

standard error of b =  J

and for b^O .55 , the standard error=0.07 
b2=0.64, the standard error=0.10 
b¡=0.52, the standard error=0.00

The standard errors of the constant terms alt a2, and a3 were determined 
as follows: ----

standard error of a
V \n  i ; x 2 

and for ax=  96, the standard error=186 
a2=196, the standard error=174 
a3=143, the standard e rro r= l 17

From these results it may be concluded that in predicting primary produc
tivity ‘in situ’ from incubator measurements, the degree of error to be expected 
is considerable.

It is also important to realise that in predicting an ‘in situ’ curve from 
incubator measurements of primary productivity a second type of error is 
involved. This is the experimental error or error of technique and regression 
analysis cannot improve on this.

Error of a single primary productivity measurement
This might be called the error of technique since it is the experimental error 
that might be expected in any single measurement.

Unfortunately in primary productivity studies, it is not possible to repeat
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any one measurement because the technique itself seriously alters the sample. 
A natural biological sample cannot be regarded as completely homogeneous 
so that the error obtained from measuring sub-samples will contain two 
components, one due to error of technique and one due to the inherent 
biological variability of the materials (Cassie, 1961). Samples taken a few feet 
(or even inches) apart are likely to differ by amounts which are considerably 
more than the errors of the actual physical techniques of estimation (Cassie, 
1962). This means that one cannot be too exact in formal statistical estimates 
of the error of a single sample and these considerations must be borne in 
mind when proceeding to the formal aspects.

It is preferable to use a co-efficient of variation rather than the standard 
deviation itself to set upper and lower limits, because in most biological 
measurements of this kind, larger numbers tend to vary more than small so 
that the standard deviation is roughly proportional to the mean and this 
implies that biological rather than physical factors are the main source of 
error (Cassie, personal communication. 1966). Doty and Oguri (1959) found 
that sub-samples drawn from a bucket of sea water gave measurements of 
productivity with a co-efficieñt of variation for a single observation of up 
to 10%. In similar experimental work, Dyason, Jitts and Scott (1965) found 
that the co-efficient of variation of productivity measurements varied from 
13-20% in three tests. On a culture of Skeletonema, Cassie (1962) estimated a 
range of from 9-15 %, and pointed out that it is probable that sampling errors 
contribute a large part of this error of technique errors, even in aliquots 
from a large well-mixed sample.

In a series of experiments carried out by the author, the errors due to 
method were determined by measuring the productivity of replicate sub
samples from a large sample of surface sea water. The co-efficients of variation 
of these measurements varied from 7-17% in three tests (Table 6).

Annual variations in primary productivity
‘In situ’ predictions of primary productivity measurements ranged from 
32-2191 mg C/m2/day during six years of routine sampling off Durban 
(Table la, b). The vertical distribution of primary productivity (mg C/m3/day) 
revealed that the maximum photosynthétic rate occurred between the surface 
and that depth to which 10% of the surface light intensity penetrated. The 
10% depth was generally obtained at depths between 10 metres and 30 metres.

Little is known of the seasonal characteristics of the component water 
masses of the Agulhas current system. In view of the variability of this system 
(Anderson, 1967) it is highly probable that short-term variations exceed 
seasonal variations of primary productivity. For this reason a seasonal 
interpretation has not been placed on available primary productivity measure
ments. As an alternative approach, primary productivity has been considered 
in relation to the water masses present at the off-shore stations, (Fig. 5). It 
would seem that the surface water mass was generally associated with values 
of primary productivity of a lower order of magnitude than those generally 
associated with the presence of boundary water. However, the evidence is
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inconclusive since values of primary productivity which were relatively high 
were also obtained for the surface water mass.

P rim a ry  p roductiv ity  in  re la tio n  to  environm ent

An understanding of the processes controlling the primary productivity of 
the sea near Durban is intimately bound up with knowledge of the behaviour 
of the water masses comprising the Agulhas current system, and of the asso
ciated chemistry and origins of the nutrients in the component water masses 
of the current system.

The available evidence of the levels of inorganic phosphorus is inconclusive, 
but is consistent with some apparent greater richness of boundary current 
water influenced by the central water mass (Figs. 4a, b). Considerably fewer 
observations are available on the distribution of inorganic nitrogen and 
silica, and hence the previous statement cannot be supported from these 
sources. However, in the boundary water where primary productivity was 
relatively high from May to October, the distribution of inorganic phosphorus 
actually increased towards the end of spring, whereas in the surface water 
mass where primary productivity was relatively lower, the distribution of 
phosphorus showed a decrease from May to October (Figs. 4a, b, and 5). 
A possible explanation of this feature of the surface distribution or inorganic 
phosphorus may be that, during winter, the surface water cools and sinks so 
that an isothermal layer of water is obtained near the surface. In deep ocean, 
this layer is well established during winter, though in coast waters it is not so 
apparent. The surface distribution of inorganic phosphorus under such con
ditions will tend to be depleted as a result of phytoplankton growth, until it is 
replenished by mixing processes.

The other chemical characteristics of the several distinct water masses 
comprising the Agulhas Current system are virtually unknown at the present 
time, and it seems probable that the physical variability of the Agulhas 
current will be reflected in the distribution of inorganic nutrients.

S ign ificance o f  p rim ary  p roduc tiv ity  m easurem en ts

By means of the radiocarbon technique the rate of transfer of inorganic to 
organic substances in the sea may be monitored. The technique has therefore 
been widely used to measure the rate of photosynthesis of natural phyto
plankton populations. An important query thus relates to the validity of the 
method used and the significance of the results obtained. It must be stressed in 
conclusion that this paper does not attempt a critical evaluation of the actual 
radiocarbon technique for measuring primary productivity, nor an investiga
tion of the biological sources of error in such studies. This paper represents 
an evaluation of primary productivity studies in continental shelf waters off 
Durban. The evaluation of results derived through a routine sampling 
programme presented particular problems. An attempt has been made to 
resolve these problems and to present the results obtained mainly for their 
descriptive value.
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Summary

During 1961 primary productivity studies were begun at a fixed station, 
29° 54'S, 31° 07'E, approximately five miles off Durban in fifty fathoms of 
water. Primary productivity measurements were continued in this position at 
fortnightly intervals until December 1964, and subsequently also at a second 
fixed station in 100 fathoms of water. Primary productivity was measured 
using the Steemann Nielsen C14 technique. Other measurements made were; 
temperature, salinity, dissolved oxygen and inorganic phosphorus, nitrate- 
nitrogen (nitrate-N), nitrite-nitrogen (nitrite-N), and silica.

During the period 1961 until 1966, samples were incubated ‘in situ’ and in 
three types of shore incubators. To enable direct comparison of all primary 
productivity measurements obtained, experiments were carried out to evalu
ate the bias arising from each incubation procedure. These experiments 
involved simultaneous determinations of primary productivity using replicate 
samples from each incubator and ‘in situ’ in the ocean. Regression equations 
have been calcaulated so that incubator measurements of primary produc
tivity may be used to predict ‘in situ’ primary productivity. This prediction 
is subject to considerable error, however, as revealed by the large standard 
errors computed. The error of a single primary productivity measurement, 
or the error of technique, was also determined by measuring the productivity 
of replicate sub-samples from a large sample of surface sea water. The 
co-efficient of variation of these measurements ranged from 7-17% in three 
tests.

From temperature and salinity observations obtained for each sample 
depth whenever the off-shore stations were occupied, it was shown that the 
continental shelf region of the Agulhas current near Durban comprises 
essentially surface and boundary water. Indications are that short-term 
variations of the current system are considerable. In view of the fact that 
short-term variations might exceed seasonal variations of primary produc
tivity the measurements were not interpreted on a seasonal basis. Available 
evidence on the distribution of primary productivity and inorganic nutrients 
between the component water masses of the Agulhas current system in the 
in-shore waters is inconclusive, but is consistent with some apparent greater 
richness of boundary current water influenced by the central water mass.

It seems that an understanding of the processes controlling the primary 
productivity of the sea is intimately bound up with knowledge of the behaviour 
of the water masses comprising the Agulhas current system. A real under
standing must await the elucidation of the current system, and of the asso
ciated chemistry and origins of the nutrients in the component water masses 
of the current system.
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TABLE l a  ‘IN SITU’ MEASUREMENTS OF PRIMARY PRODUCTIVITY AT A FIXED STATION (0) OFF DURBAN IN 
50 FATHOMS

Station Date Sampling Depth Organic Production
metres mg C/m3/day mg C/m2/day

D 1 17.5.61 ' 0 1 .0 5 49
17 2.31
32 0 38

D 2 8.6.61 0 1 .7 4 32
18 0 .5 6
36 0 .7 5

D 4 31.7.61 0 1.51 62
23 2 .0 4
42 0 . 2 2

D 5 30.8.61 0 1 .9 6 45
13 2 .4 2
24 0 .5 8

0 6 8.9.61 0 3 1 .9 6 487
13 1 8 .92
28 1 .8 8

D 7 2.10.61 0 5 2 .2 5 1188
43 1 .3 8
86 0 .2 5

D a 6.11.61 0 9 .8 6 605
28 14.31
53 7 .0 2

D 23 12.6,62 0 13 02 426
16 1 6 .2 0
32 7 .8 9

D 24 21.6.62 0 12.71 385
22 1 0 .9 7
41 2 .1 5

D 25 5,7.62 0 1 7 .4 3 608
18 17 .12
37 1 4 .14

26
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TABLE 1b 'IN SITU1 PREDICTIONS OF PRIMARY PRODUCTIVITY AT FIXED STATIONS (D) OFF DURBAN IN SO 
FATHOMS (A) AND IN 100 FATHOMS (B)

Station Date Sampling Depth Organic Production ‘In situ’
metres -  prediction

mg C/m3/day mg C/m2/day mg C/itf/day
D9A 17.11.61 0 8 .9 4 422 328

30 8 .8 0
58 2 .3 4

D 10A 21.11.61 0 9 .4 9 596 424
29 13.61
49 12.51

D 11A 30.11.61 u 3 .5 0 1028 661
23 4 6 . 9 0
41 2 .9 4

D 12A 15.12.61 0 3 .9 2

D 13A 5.1.62 0 1 1 4 .2 4

D HA 11.1.62 0 2 4 .2 2 278 249
11 1 2 .1 8
23 0 .7 4

D 15A 19.2.62 0 2 7 .1 7 415 324
8 2 8 .4 7

21 1 .1 4

D 16A 8.3.62 0 8 8 .8 8

D 17A 15.3.62 0 5 .6 4
D 18A 20.3.62 0 18 .25 963 626

14 5 1 .3 3
28 16 .66

D 19A 27.4.62 0 13 .75 382 306
20 8 .1 4
40 8 .1 4

D 20A 4.5.62 0 7 .6 3

D 21A 15.5.62 0 2 2 .0 5 572 411
15 1 9 .95
33 8.61

D 22A 25.5.62 0 3 .0 5 216 215
24 4 .9 4
46 5 .9 9

D 26A 25.9.62 0 7 5 .0 0 2744 1605
33 3 8 . 7 6
64 1 7 .1 6

D 27A 29.10.62 0 1 0 .4 0 1081 691
44 1 9 .6 3
83 1 .9 5

D 28A 12.12.62 0 5 .6 0 645 451
32 1 6 .52
64 1 .6 8

4 7 5



T A B L E  1 b  C O N T I N U E D

Station Date Sampling Depth Organic Production ‘in situ'
metres prediction

mg C/m3/day mg C/m2/day mg C/m2/day
D29A 21.1.63 0 2 .9 0

D30A 25.2.63 0 1 .0 4 62 130
34 0 .7 8
62 1 .4 3

D31A 1.3.63 0 1 .5 3 119 161
32 2.81
59 0 .8 9

D 32(1 )A 21.3.63 0 7 6 .4 4 838 557
7 7 2 .1 2

13 3 3 . 9 6

D 32(2)A 27.3.63 0 3 .5 0

D33A 19.4.63 0 1 3 .73 234 225
13 7 .9 9
26 6 .3 0

D34A 24.4.63 0 1 0 .8 9 214 214
13 7.81
26 6 .3 8

D35A 2.5.63 0 5 8 . 6 3 1093 697
20 18 .37
42 11 .0 0

D36A 21.5.63 0 0 . 2 0

D37A 29.5.63 0 2 . 1 0 T18 161
28 2 .6 3
60 0 .6 3

D38A 16.7.63 0 1 .7 9 138 172
38 1 .8 9
76 1 .6 8

D39A 31.7.63 0 4 .41 405 319
23 12.81
42 • 8 .9 3

D40A 8.8.63 0 9 8 . 3 4 1478 909
9 8 5 . 8 0

16 9 9 . 7 7

D41A 22.8.63 0 3 .3 8 290 256
32 7 .0 9
52 5 .1 8

D42A 24.9.63 0 4 .9 2 234 225
27 4 .0 8
55 3 .9 6

D43A 27.11.63 0 1 ,8 2 284 252
24 9 .1 0
52 1 .82

28
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T A B L E  1 b  C O N T I N U E D

Station Date Sampling Depth Organic Production 'in situ’
metres -  prediction

mg C/m3/day mg C/itf/day mg C/itf/day
D44A 12.12.63 0 1 .5 4 238 227

29 6 . 8 6
55 2 .1 0

D45A 17.1.64 0 1 .25

D 46(1 )A 31.1.64 0 3 .7 9

D 46(2)A 25.2.64 0 0 .9 7 240 350
34 6 .3 3
70 0 . 9 0

D47A 25.3.64 0 0 .1 7 48 227
20 1 .5 4
52 0 .4 2

D48A 8.4.64 0 2 .3 7 284 378
17 1 2 .3 6
33 7 .4 7

D49A 21.4.64 0 4 .5 9 528 534
18 2 1 . 2 5
36 11.61

D50A 1.5.64 0 4 .0 2 302 389
21 1 2 .4 4
39 1 .86

D 51 A 15.5.64 0 2 .2 9 503 518
27 1 8 .4 0
45 7 .2 0

D52A 27.5.64 0 7 .7 3 680 631
16 3 8 . 9 7
31 1.91

D53A 3.6.64 0 8 .5 9 388 4 4 4
20 1 2 .5 4
42 3 .5 3

D54A 10.6.64 0 10 .38 462 492
29 1 0 .5 4
50 4 .6 0

D55A 17.6.64 0 1 4 .9 0 516 526
22 8 .8 6
46 1 2 .3 5

D56A 16.7.64 0 5 .3 0 487 508
22 1 2 .39
44 1 4 .22

D57A 23.7.64 0 1 3 .62 506 520
22 10 .83
50 6 .1 3

D58A 12.8.64 0 15 .77 933 793
22 38 .31
38 3 .9 0
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T A B L E  1 b  C O N T I N U E D

Station Date Sampling Depth Organic Production ‘in situ’
metres -  prediction

mg C/m3/day mg C/m2/day mg C/m2/day
D59A 3.9.64 0 1 1 .3 9 411 459

22 1 0 .00
40 9 .4 7

D60A 11.9,64 0 4 .0 8 150 292
18 6 .9 8
26 5 .7 5

D61A 18.9.64 0 4 .1 3 469 496
26 11 .77
49 1 1 .0 3

D62A 22.9.64 0 6 .1 9 269 363
38 5 .0 0
57 0.91

D63A 9.10.64 0 13.92- 875 756
24 3 4 .6 7
36 1 3 .95

D64A 22.10 .64 0 15 .48 717 655
25 1 6 .75
49 9 .4 6

D65A 30.10.64 0 1 .8 9 109 266
29 2 .91
48 1 .2 0

D 66 A 11.11.64 0 1 .0 8 43 224
45 0 .1 9
77 0 .7 3

D67A 25.11.64 0 3 .6 3

D 68 A 9.12.64 0 0 .4 3 158 297
31 3 .7 6
51 5 .5 9

D69A 16.12.64 0 3 .21  - 298 387
23 8 .9 3
57 0 ,41

D m 28.1.65 0 0 . 6 4 1325 832
25 5 9 .9 8
42 6 .7 4

D TIA 3.2.65 0 0 .7 9 97 193
38 1 .9 2
60 2 .2 3

D 72A 11.2.65 0 3 .91 126 209
20 3 .6 3
48 -

D 73A 25.2.65 0 0 .6 2 449 233
27 1 8 .4 0
47 3.05

3 0

4 7 8



T A B L E  1 b  C O N T I N U E D

Station Date Sampling Depth Organic Production 'in situ'
metres - prediction

mg C/m3/day mg C/m2/day mg C/m2/day
D74A 10.3.65 0 14.81 604 457

26 12 .96
48 9 .1 6

D75A 30.3.65 0. 3 .3 2 702 508
24 2 5 . 7 3
50 1 .47

D76A 12.4.65 0 4 .4 2 270 283
25 8 .3 2
41 5 .5 3

D77A 28.4.65 0 8 .6 5 319 309
23 3 .2 2
49 1 0 .85

D77B 28.4.65 0 4 .6 8 814 566
23 2 4 .4 2
49 1 2 .4 4

D78A 20.5.65 0 1 .03 105 198
21 4 .0 8
41 1.01

D78B 20.5.65 0 0 .9 8 74 181
21 2 .3 5
41 1 .5 8

D79A 4.8.65 0 7 .4 0 80 185
7 4 .0 6

17 1 .1 7
29 0 .21
44 0 .5 8

D79B 4.8.65 0 2 .6 5 77 183
7 2 . 8 6

17 1 .0 7
29 2 .0 8
44 0 .4 9

D80A 25.8.65 0 1 3 .02 671 492
7 7.31

13 1 2 .4 4
21 3 0 .1 3
39 1 1 .07

D80B 25.8.65 0 2 8 . 0 9 471 388
7 2 4 . 4 9

13 1 0 .56
21 8 .3 7
39 3 .5 2

D81A 20.9.65 0 2 5 .1 3 1220 777
7 1 3 .95

13 9 6 .0 5
24 15 .22
40 2 .4 4

4 7 9



T A B L E  1 b  C O N T I N U E D

Station Date Sampling Depth Organic Production 'in situ1
metres - prediction

mg C/m3/day mg C/m2/day mg C/m2/day
D 8 TB 20.9.65 0 32 34 552 430

7 3 9 .0 7
13 6 ,4 6
24 6 . 2 0
40 5 .8 0

D82A 7.10.65 0 9 2 .4 8 3432 1928
7 1 20 .5 5

13 1 2 1 .2 3
23 8 7 . 6 7
41 1 4 .0 9

D82B 7.10.65 0 7 6 .0 3 2377 1379
7 7 1 .3 2

13 7 0 .7 2
23 7 6 .1 9
41 1 .64

D83A 2.11.65 0 6 9 . 0 8 1156 744
5 3 1 .6 7

11 2 5 .0 7
18 4 5 . 6 9
36 8 .3 3

D83B 2.11.65 0 3 2 .6 4 1388 865
5 2 6 .1 4

11 5 8 . 9 3
18 5 7 . 1 0
36 7 .2 9

D84A 29.11.65 0 4 0 . 2 0 2119 1245
7 6 5 . 7 3

13 6 0 .5 4
25 4 6 . 9 6
52 6 .71

D84B 29.11.65 0 6 4 .1 9 1793 1075
7 3 3 .3 8

13 5 3 . 2 8
25 43 .71
52 1 .4 3

D85A 6 .1.66 0 4 0 . 7 5 2031 1199
9 2 8 ,1 5

19 8 4 . 1 0
28 4 5 . 1 2
50 7 .41

D85B 6 .1.66 0 11.01 1663 1008
9 2 3 .4 4

19 3 7 . 5 8
28 6 5 . 0 9
50 2 .2 8
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T A B L E  l b  C O N T I N U E D

Station

D 86A

D 8 6 B

D87A

D87B

D 88 A

D88B

D89A

D89B

D90A

D90B

Date

27.1.66

27.1.66

15.2.66

15.2.66

2.5.66

2.5.66

27.5.66

27.5.66

16.6.66

16.6.66

Sampling Depth 
metres

13
20
43

0
8

13
20
43

0
7

15
24
43

0
7

15
24
43

0
10
18
31
54

0
10
18
31
54

0
7

13
22
41

0
7

13
22

Organic Production

mg C/m3/day
4 4 . 5 6
8 3 . 8 3
2 2 . 8 4  
2 1 .2 7

7 .4 3

5 6 . 3 9
1 5 7 .8 4  
1 6 3 .9 2  
1 1 1 .9 0

2.20

14 .62
2 0 . 1 8
1 6 . 8 1 .
3 6 . 2 6

1 .3 2

1 5 .5 0
28 .11

9 .5 9
1 4 .4 4

2 .3 4
5 .7 3  
3 .2 3  
0 .7 9  
1 .6 4

4 . 7 8
6 .7 3  
5 .9 5  
3 .0 2  
0 .8 5

1 9 .0 6

2 1 . 1 4

5 6 .9 2
6 4 . 8 0
5 1 .6 5
3 4 .6 5  
2 6 .2 6

3 3 . 5 5
2 7 .8 2
3 3 .1 6
2 2 .4 5

4 .4 4

'in situ’ 
—  prediction 

mg C/itf/day mg C/m2/day 
1265 801

3939

866

549

131

2 11

2191

593

4 28

2 11

253

1743

903

1049

613

33
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TABLE 2a HYDROLOGY AT A FIXED STATION OFF DURBAN (D) IN 50 FATHOMS

Station Date Sampling Temperature Salinity PO4-P O2
Depth °C ° L mg-at/m3 cc /1

metres
D 1 17.5.61 0 2 3 .6 5 3 5 .4 3 _ 4 . 7 0

17 2 3 .6 0 3 5 .3 9 — 4 .8 0
32 2 3 . 5 0 3 5 ,4 0 - 4 .6 0

D 2 8.6.61 0 2 2 .2 0 3 5 .3 9 0 .8 8 4 .9 0
18 2 2 . 1 5 3 5 . 3 8 0 96 5 .0 0
36 2 1 .6 5 3 5 .4 2 1.01 4 .6 0

0 3 26.7.61 0 2 2 .5 0 35 33 1 .0 0 4 ,8 7
20 2 2 . 5 0 3 5 .3 5 1 .13 4 .9 4
30 2 2 . 3 0 3 5 . 3 4 1 .1 2 4 . 7 6

D 4 31.7.61 0 2 2 .8 0 3 5 . 3 0 0 .9 9 _
23 2 2 .1 0 3 5 . 3 4 0 .9 6 4 .9 2
42 2 1 . 9 0 3 5 .2 7 1 .1 0 4 .9 3

D 5 30.8.61 0 2 1 . 0 0 3 5 .4 6 1 .1 6 4 .9 5
13 2 0 . 6 0 35.  ¿3 1 .17 4 .91
24 20 30 3 5 . 4 3 1 .22 4 .9 6

D 6 8.9.61 0 1 9 .8 0 3 5 .5 2 1 .3 0 4 .9 8
13 1 9 .4 5 3 5 .4 6 1 .3 2 4 .9 3
28 1 8 .9 0 3 5 .4 5 1 .4 0 4 . 4 6

D 7 2.10.61 0 2 0 . 4 0 35 37 1 .13 5 .1 8
43 1 9 .9 0 35.31 0 .8 4 —

86 1 6 .8 0 3 5 .3 6 1 .33 4 ,2 3

D 8 6.11.61 0 2 2 .6 0 3 5 .4 2 0 . 9 4 5 .1 3
28 2 2 .2 0 35.41 0 .9 8 5 .1 8
53 2 1 . 4 0 3 5 .3 8 0 .9 7 4 .7 3

D 9 17.11.61 0 2 3 . 7 0 3 5 . 3 8 1 .1 8 4 .8 9
30 2 3 . 7 0 3 5 .3 7 1.11 4 .8 6
58 2 0 . 9 0 3 5 , 3 4 1.21 4 ,7 5

D 10 21.11.61 0 2 3 . 2 0 3 5 .4 5 1 .1 3 4 .9 7
29 2 1 .5 5 3 5 .4 2 — -

49 18 00 3 5 .3 7 - —

D 11 30.11.61 0 23 50 3 5 .4 3 1 .13 5 .0 5
23 2 2 . 3 0 — — —

41 1 9 .9 0 3 5 .4 3 1 .22 4 .6 7

D 12 15.12.61 0 2 2 . 5 0 3 5 .7 0 - -

D 13 5.1.61 0 2 3 .2 0 3 5 .4 3 - -

D 14 11.1.62 0 2 4 .9 5 _ 1 .00 5.51
11 2 4 .9 5 3 5 .2 2 — —

23 2 4 .6 5 3 5 .4 2 — —

D 15 19.2.62 0 2 4 .3 5 3 5 .2 3 _ —

8 2 4 .2 5 3 5 ,2 3 — —

21 2 4 . 2 0 3 5 ,1 9 - —

D 16 8.3.62 0 2 5 .3 0 3 5 .3 6 — —

4 8 2



T A B L E  2 a  C O N T I N U E D

Station Date Sampling Temperature Salinity PO4-P 02
Depth °C °l 00 mg-at/m3 cc /1

metres
D 17 15.3.62 0 2 4 .7 0 35 43 - -

D 18 20.3.62 0 2 4 .5 5 35'. 39 _ _
14 2 3 . 2 5 3 5 . 3 9 — —
28 21.61 3 5 .4 3 -

D 19 27.4.62 0 2 4 . 9 5 3 5 . 3 8 1 .0 4 4 .5 2
20 2 4 .3 5 3 5 .4 5 1 .06 4 .5 2
40 2 3 . 4 5 3 5 . 4 4 1 .27 4 . 5 4

D 20 4 .5.62 0 2 4 .6 5 3 5 .5 2 - -

D 21 15.5.62 0 2 3 . 9 0 3 5 . 4 4 1 .2 4 4 .4 5
15 2 3 . 9 0 3 5 .3 6 — _

33 2 3 .8 5 3 5 .3 6 - -

D 22 25.5.62 0 2 3 . 2 0 3 5 .4 7 1 .23 5 .0 3
24 2 3 . 0 5 3 5 .4 2 — _

46 .21 .65 3 5 .4 7 - - -

0 23 12.6.62 0 2 2 . 3 0 3 5 .4 3 _ _
16 2 2 . 3 0 3 5 .3 6 — -
32 2 2 . 3 0 3 5 .3 5 - -

D 24 21.6.62 0 2 1 . 8 0 3 5 .3 2 0 .9 3 4 .9 7
22 2 1 . 8 0 — — . —
41 2 1 . 7 0 3 5 .4 2 - -

D 25 5.7.62 0 2 1 . 6 0 3 5 .4 6 0 .9 0 5 .1 4
18 2 1 . 5 0 - — —
37 2 1 . 3 0 3 5 . 4 0 - -

D 26 25.9.62 0 2 1 . 5 0 _
33 2 1 .2 0 - — —
64 1 9 .4 0 - - -

D 27 29.10.62 0 2 3 . 6 0 3 5 .3 3 _ _
44 2 2 . 1 0 3 5 .2 9 —
83 2 0 . 1 0 3 5 .2 3 - -

D 28 12.12.62 0 2 4 . 8 0 3 4 .5 7 _ _
32 2 1 . 9 0 3 5 .5 3
64 2 0 .1 0 3 5 . 4 0 - -

D 29 21.1.63 0 - - - 4 .8 9

D 30 25.2.63 0 2 5 . 2 0 3 5 .2 9 1 .0 8 _
34 2 4 . 5 0 3 5 .2 7 0 .8 0 —

62 2 2 .2 0 3 5 . 2 4 1 .1 7 -

D 31 1.3.63 0 2 6 . 6 0 3 5 .0 9 0 .7 3 __
32 2 4 . 8 0 3 5 .2 7 0 .91 _

59 2 1 . 8 0 3 5 .3 0 1 .1 8 -

D 32(1) 21.3.63 0 2 2 . 9 0 3 5 .1 8 0 . 8 8 _
7 2 2 , 8 0 3 5 .1 7 0 .9 4

13 2 2 . 8 0 3 5 .2 0 0 .8 3 -
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T A B L E  2 a  C O N T I N U E D

Station Date Sampling Temperature Salinity PO4-P O2
Depth °C ° L mg-at/m3 cc /1

metres
D 32(2) 27.3.63 0 - 3 4 . 9 8 1 .1 6 -

D 33 19.4.63 0  • 2 4 . 0 0 3 5 .0 2 0 . 9 4 _
13 2 3 . 8 0 3 5 .1 2 0 . 8 8 —

26 2 3 . 8 0 3 5 , 2 3 0 .7 6 -

D 34 24.4.63 0 2 3 . 6 0 . 3 5 . 2 0 1 .0 8 _
13 2 3 . 5 0 35.21 0 .7 5 —

26 2 3 . 4 0 3 5 .2 3 0 .8 7 -

D 35 2.5.63 0 2 3 . 1 0 3 5 . 2 4 0 .81
20 2 2 . 9 0 3 5 .3 2 0 .7 2 —

42 2 1 . 1 5 3 5 .31 0 . 8 9 -

D 36 21.5.63 0 2 2 .7 5 3 5 .1 7 0 .9 7
50 2 2 . 5 0 35.21 0 .7 5 -

D 37 29.5.63 0 23.01 3 5 . 1 9 0 .7 2 _
28 2 2 . 3 0 35.21 0 .9 0 -

60 2 0 .0 0 3 5 .3 7 1 .2 9 -

D 38 16.7.63 0 2 2 . 6 0 3 5 . 2 0 _ _
38 2 3 . 2 0 3 5 . 2 0 — —

76 2 6 . 3 0 3 5 .1 5 -

D 39 31.7.63 0 2 3 . 0 0 3 5 .2 5 0 .7 9 5 .1 4
23 2 2 . 3 0 3 5 .2 5 0 .7 6 ■ 5 .1 2
42 2 0 . 4 0 3 5 , 2 6 0 .7 2 5.21

D 40 8.8.63 0 2 3 . 9 0 3 5 .2 2 ' 0 .6 7 5 .0 9
9 2 3 . 6 0 3 5 .2 5 0 .7 0 5 .1 4

16 2 2 . 9 0 3 5 .2 5 0 .6 5 5 .2 5

D 41 22.8.63 0 2 5 . 6 0 3 5 ,2 5 0 .7 7 5 .0 5
32 2 5 . 5 0 3 5 . 2 5 0 . 7 4 5 .0 5
52 2 4 . 9 0 - 0 .7 0 4 .9 4

D 42 24.9.63 0 2 6 . 4 0 3 5 . 2 4 _ 5 .7 5
27 2 6 .9 0 3 5 .31 — 5 .3 5
55 - 3 5 . 3 9 - 5 .3 8

D 43 27.11.63 0 2 3 . 6 0 3 5 . 3 0 1 .2 8 4 ,4 5
24 2 3 . 5 0 3 5 .2 7 1 .2 3 3 .7 0
52 2 3 . 4 0 3 5 . 3 9 1.51 3 .2 9

D 44 12.12.63 0 2 3 . 4 0 3 5 .1 8 0 . 8 4 4 .9 7
29 2 0 . 7 0 3 5 .3 5 0 .9 9 4 .2 2
55 1 9 .2 0 3 5 .3 5 1 .4 3 4 .11

0 45(1) 17.1.64 0 2 2 . 8 0 - 0 .8 4 -

D 45(2) 31.1.64 0 2 4 . 4 0 3 5 .1 7 0 .8 0 -

D 46 25.2.64 0 2 4 . 3 0 3 5 . 1 8 0 .7 9
34 2 3 . 1 0 3 5 .3 3 1 .4 7 —

70 1 8 .70 3 5 .2 7 1.21 -

4 8 4



T A B L E  2 a  C O N T I N U E D

Station Date Sampling Temperature Salinity PO4-P 02
Depth °C ° L mg-at/m3 cc/1

metres
D 47 25.3.64 0 2 5 . 0 0 3 5 .2 9 0 .9 2 _

20 2 4 . 0 0 3 5 . 2 8 1 .0 0 —
52 2 0 .0 0 3 5 .2 8 1.41 -

D 48 8 .4.64 0 2 3 . 0 0 3 5 .2 7 0 .9 0 _
17 2 2 . 0 0 3 5 .2 2 0 .9 2 —
33 1 9 .0 0 34.91 1 .0 4 -

D 49 21.4.64 0 2 3 . 5 0 3 5 . 2 8 0 .8 6 _
18 2 4 . 5 0 3 5 .2 9 1 .0 3 —
36 2 3 . 0 0 3 5 .2 6 1.31 -

D 50 1.5.64 0 2 3 . 0 0 3 5 .2 3 1.11 _
21 2 2 . 6 0 3 5 .3 3 1 .27 _
39 2 0 . 6 0 3 5 .3 0 1 .30 -

0 51 15.5.64 0 _ 35.21 0 . 8 8 _
27 2 2 . 4 0 3 5 .2 5 0 .9 8 —
45 2 2 .0 0 3 5 . 1 9 1 . 1 0 . -

D 52 27.5.64 0 2 3 . 2 0 3 5 . 2 4 1 .17 _
16 2 2 . 6 0 3 5 .2 7 0 .91 _
31 1 8 .6 0 3 5 .3 2 1 .4 3 -

D 53 3.6.64 0 2 1 . 6 0 3 5 .3 3 0 .7 2 _
20 2 1 . 5 0 35.31 0 .7 2 _
42 2 1 . 5 0 35.31 0 .9 2 -

D 54 10.6.64 0 2 1 . 4 0 3 5 .2 9 0 .7 9 _
29 2 0 . 8 0 3 5 .2 8 0 .6 7 —
50 2 0 . 6 0 3 5 .2 7 1 .0 0

D 55 17.6.64 0 2 0 . 8 0 3 5 .3 6 0 .6 6 _
22 2 0 . 7 0 3 5 .3 6 0 .7 6 —
46 2 0 . 4 0 3 5 .5 3 0.71 -

D 56 16.7.64 0 2 1 .0 0 3 5 .4 0 0 . 6 8 _
22 2 1 .0 0 3 5 .3 9 0 .7 0 _
44 2 0 . 4 0 3 5 .4 3 0 .7 5 -

D 57 23.7.64 0 2 1 .2 0 3 5 .3 6 0 .5 0 _
22 2 1 .2 0 3 5 .4 3 0 .6 6 —
50 2 0 . 7 0 3 5 .3 8 0 .6 4

D 58 12.8.64 0 1 9 .70 3 5 . 4 4 _ _
22 1 9 .60 3 5 . 4 4 _ ' _
38 1 9 .1 0 3 5 .4 2 - -

D 59 3.9.64 0 1 9 .8 0 _ _ 4 .3 5
22 1 9 .2 0 — _ 4 . 2 8
40 1 8 .1 0 - - 4 .3 5

D 60 11.9,64 0 2 0 . 8 0 3 5 .4 5 0 .5 9 4 .6 5
18 2 0 .5 0 3 5 . 4 4 0 .5 9 4 .9 6
26 2 0 .1 0 3 5 . 4 2 0 .71 5 .3 7

4 8 5



T A B L E  2 a  C O N T I N U E D

Station Date Sampling Temperature Salinity PO4-P O2
Depth °C 7 . » mg-at/m3 cc/1

metres
D 61 18.9.64 0 2 1 . 1 0 35.41 0 .8 0 4 .3 5

26 _ 3 5 .4 5 0 .8 0 4 .1 6
49 2 0 . 2 0 3 5 .4 9 0 .8 0 4 .21

D 62 22.9.64 0 2 0 . 5 0 3 5 ,4 5 1.01 _
38 1 8 .7 0 3 5 .4 9 1 .3 0 _
57 1 7 .5 0 3 5 .4 5 1 .3 0 -

D 63 9.10.64 0 2 0 . 5 0 3 5 . 3 9 0 .7 9 6 .2 4
24 1 9 .6 0 3 5 .4 0 0 .9 7 5 .8 9
36 1 9 .3 0 35.41 1 .0 4 5 .6 6

D 64 22.10.64 0 2 0 . 9 0 3 5 .3 7 0 .8 5 5 .31
25 2 0 . 7 0 3 5 .3 9 0 .8 6 5 .4 3
49 2 0 . 7 0 3 5 .3 9 1 ,0 2 5 .6 6

D 65 30.10.64 0 2 2 .2 0 3 5 . 3 4 0 .7 5 5 .2 0
29 2 1 .1 0 3 5 .3 2 0 .7 7 4 .8 2
48 2 0 . 5 0 3 5 .3 9 0 .8 3 5 .2 8

D 66 11.11.64 0 2 2 . 1 0 3 5 .2 0 0 .7 2 4 .91
45 2 1 . 4 0 3 5 .5 5 0 .7 5 4 .9 9
77 2 0 . 0 0 3 5 .4 2 0 .6 3 4 . 3 0

D 67 25.11.64 0 2 2 . 6 0 3 5 . 2 4 0 .8 9 ' -

D 68 9.12.64 0 2 3 . 0 0 35.31 0 .5 4 3 81
31 2 2 . 6 0 3 5 . 3 0 0 .6 2 4 .9 7
51 2 1 . 5 0 3 5 .3 4 0 .71 5 .0 8

D 69 16.12.64 0 2 4 . 0 0 3 5 .2 8 0 55 4 .5 6
23 1 9 .9 0 3 5 .3 5 0 .7 8 4 .1 6
57 17 .10 3 5 .3 5 1 .1 5 4 .8 8

4 8 6



TABLE 2b HYDROLOGY AT FIXED STATIONS OFF DURBAN (D) IN 50 FATHOMS (A) AND IN 100 FATHOMS (B)

Station Date Sampling Temp. Salinity PO4-P NO3-N NO2-N Si03*Si
Depth °C 7 o o

metres mg-at/m3
D 70A 28.1.65 0 24 80 3 5 . 2 0 0 26 — — _

25 2 1 .1 0 35 .31 0 .3 9 — — —

42 1 8 .9 0 3 5 .3 5 0 .7 4 - - -

D 71A 3.2.65 0 2 3 . 4 0 3 5 .2 2 0 .2 5 _ 0 .0 5 _
38 18 .90 3 5 .3 3 0 .7 9 — 0 .3 6 —

60 17 .20 3 5 .5 6 1 .00 - 0.21 -

D 72A 11.2.65 0 22 50 3 5 .2 6 0 .7 0 _ 0 .0 9 _
20 19 .20 3 5 .1 4 1 .09 - _ _

48 1 5 .8 0 35 39 1 .33 - 0 .1 2 -

D 73A 25.2.65 0 24 30 3 5 . 2 4 0 .3 6 _ 0 .0 7 _
27 1 9 ,0 5 3 5 .2 7 0 .6 5 — 0 .4 6
47 1 6 .9 0 3 5 .3 5 1 .4 4 - 0 . 3 4 -

D 74A 10.3.65 0 2 3 .5 0 3 4 .7 9 _ 0 . 1 0 __

26 1 9 .47 3 4 . 5 9 0 .1 7 — 0 .1 5 —

48 1 6 .9 0 3 4 . 9 0 0 .3 2 - 0 .2 5 -

D 75A 30.3.65 0 2 2 .7 0 3 5 .3 2 _ _ 0 .0 3 __

24 1 9 .9 0 3 5 .4 2 1 .0 3 — 0 . 7 0 —

50 1 6 .90 3 5 .5 9 1 .02 - 0 .0 8 -

d m 12.4.65 0 2 4 .1 0 3 5 .4 0 0 .3 6 .0 .0 5 _
25 2 1 . 3 0 3 5 . 4 4 0 .5 2 — 0 .3 7 —

41 2 0 . 8 0 35.31 0 .6 0 - 0 .2 5 -

D 77A 28.4,65 0 2 2 ,7 0 3 5 .3 5 0 . 1 2 _ 0 .0 8 __

23 2 0 . 4 0 3 5 .3 7 0 .2 5 — 0 .1 7 —

49 2 0 . 3 0 3 5 .3 5 0 .3 0 - 0 .1 6 -

D 77B 28.4.65 0 2 3 .0 0 3 5 .3 6 0.21 _ 0 .0 8 __
23 2 1 . 6 0 3 5 . 4 0 0 .3 3 — 0.11 —

49 20 40 35.41 0 .3 0 - 0 .1 6 -

D 78A 20.5.65 0 _ 3 5 . 3 4 0 .4 4 _ 0 .0 7 _
21 _ 3 5 .3 7 0 .3 4 — 0 .0 3 —

41 - 3 5 .3 3 - - 0 .0 6 -

D78B 20.5.65 0 3 5 .3 9 0 .5 3 _ 0 . 1 2 _
21 _ 3 5 .3 6 0 .3 9 — 0 . 1 0 _

41 - 3 5 .3 5 0 .4 3 - 0 .2 7 -

D79A 4.8.65 0 2 2 .2 0 3 5 . 1 3 0 .1 3 1.61 0 .0 8 0 .8 0
7 2 2 .2 0 3 5 .1 5 0 .2 0 2 .0 8 0 . 1 0 0 .8 0

17 2 2 . 2 0 3 5 .1 5 0 .1 8 2 .3 3 0 .11 0 .5 7
29 2 2 .2 0 3 5 .1 9 0 .2 0 2 .6 9 0 .0 9 1 .1 4
44 2 2 .2 0 3 5 . 2 0 0 .1 5 2 .1 8 0 . 1 0 0 .8 0

D 79B 4.8.65 0 2 2 .2 0 3 5 .1 6 0 .1 5 _ 0 .0 9 0 .5 7
7 2 2 .2 0 3 5 . 1 5 0 .2 8 — 0 .0 9 0 .5 7

17 2 1 . 9 0 3 5 .1 7 0 .1 7 1 .7 5 0 .0 5 0 .5 7
29 2 1 .2 0 3 5 . 1 9 0 .1 8 2 .1 6 0 .0 5 0 .5 7
44 2 1 .7 0 3 5 . 2 8 0 .1 9 1 .5 0 0 .0 9 2 .2 8

4 8 7



T A B L E  2 b  C O N T I N U E D

Station Date Sampling Temp. Salinity PO4 -P NO3 -N NO2 -N Si03-Si
Depth C ° L

metres mg-at/m3
D 80A 25.8.65 0 2 1 .2 5 3 5 ,2 7 0 .1 7 1 .27 0 13 0 57

7 2 1 .2 0 3 5 .3 5 0 11 0 .9 9 0 09 p
13 2 1 .2 0 3 5 .2 9 0 14 0 74 0 .1 0 p
21 2 0 .8 5 3 5 .2 6 0 .1 9 0 .8 8 0 .0 5 1 .3 7
39 1 9 .40 3 5 .3 7 0 .4 0 5 48 0 .1 4 3 .4 2

D 80B 25.8.65 0 2 1 .2 5 3 5 .2 7 0 ,1 3 1 .0 4 0 .0 8 p
7 2 1 .1 5 3 5 . 2 4 0 .1 3 0 .4 3 1 .1 8 p

13 2 1 .1 0 3 5 .3 0 0 .1 4 1 .2 0 0 08 p
21 2 1 .0 0 3 5 .2 6 0.11 0 82 0 06 0 23
39 2 0 .0 0 3 5 .3 0 0 .3 0 2 .9 8 0 .1 7 4 .6 7

D 81A 20.9.65 0 2 1 .7 0 3 5 .1 3 0 .2 4 1 .20 0 08 1 .4 8
7 2 1 . 7 0 3 5 .1 2 0  32 1 .0 3 0  08 0 .5 7

13 2 1 .1 0 3 4 .9 8 0 .6 7 1 .9 8 0 .2 3 6 .7 3
24 2 0 , 4 0 3 5 . 1 8 0 60 4 .4 4 0 .2 9 6.61
40 2 0 .6 0 3 5 .2 8 0 ,8 8 3 .2 9 0.31 7 .6 4

D 81B 20.9.65 0 2 1 .7 0 3 5 .1 3 0 .3 2 1 ,4 0 0  08 2 .2 8
7 2 1 .7 0 3 5 .1 6 0  22 1 .6 4 0 .0 7 2 .51

13 2 1 .7 0 3 5 .1 2 0 .3 7 1 .3 4 0 .0 8 1 .37
24 2 1 .4 0 -35 .16 0 .3 7 1 .45 0 .1 9 2 .6 2
40 2 0 .8 0 3 5 ,1 6 0 .4 5 1 .76 0 .1 9 4 .2 2

D 82A 7.10.65 0 2 1 .4 0 3 5 .2 3 0 .1 4 1 ,6 0 0 .1 3 2 .5 3
7 2 1 .4 0 35 27 0 ,1 7 1 .82 0 .1 4 2 .7 4

13 2 1 .3 0 34 95 0 .1 7 1 .6 0 0 .1 4 5 ,0 2
23 2 1 .3 0 3 5 .1 9 0 ,1 7 1 .8 2 0 .1 6 4  22
41 2 1 .3 0 3 5 .1 5 0 .1 0 1 .95 0 .1 6 4 .1 0

D 82B , 7,10.65 0 2 1 .7 5 3 5 .1 5 0 .1 2 1 .6 0 0 .0 9 2 .9 6
7 2 1 .7 0 3 5 .2 5 0 .1 9 1 .59 0 . 1 0 2 .1 7

13 _ 35.21 0 ,1 4 0 .8 4 0 .0 9 1 .1 4
23 2 1 .5 0 35.21 0 .1 3 1 .35 0 .1 2 2 ,3 9
41 - 3 5 .1 7 0 .1 7 1 .3 8 0 .1 0 2 .9 6

D 83A 2.11.65 0 2 1 .8 0 34.91 0 .41 1 .89 0 .1 4 3 .1 9
5 2 1 .8 0 3 4 . 9 7 0 .1 4 1 .7 8 0 .11 1 .3 7

11 2 1 .4 0 3 5 .1 6 0 .1 6 1 .2 3 0.11 3 .6 5
18 2 1 .0 0 3 5 . 2 0  . 0 .4 5 2 .2 3 0 . 1 4 4 .5 6
36. 2 1 . 4 0 3 5 .2 3 0 .2 8 0 .8 4 0 . 1 4 1 .4 8

D 83B 2.11.65 0 2 1 .8 0 3 5 .0 6 0.21 1.41 0 . 1 0 3 .0 8
5 2 1 .7 0 3 4 .8 8 0.21 2 .1 6 0 .1 2 3 .4 2

11 2 1 .3 0 3 5 .2 3 0 .2 9 2 .3 3 0 .1 4 0 .8 0
18 2 1 .0 0 3 5 . 1 9 0 .31 1.71 0 .1 6 2 .7 4
36 2 1 .0 0 3 5 .2 2 0 .2 6 1 .76 0 .1 8 4 .1 0

D 84A 29.11.65 0 2 2 .0 0 35.31 0 .0 9 1 .3 4 0 .1 4 1 .6 0
7 2 1 .8 0 3 5 , 2 4 0 .1 5 0 .4 0 0 .1 4 0.11

13 2 1 .8 0 3 5 . 2 4 0 .0 8 1.01 0.11 0 .8 0
25 2 0 . 7 0 3 5 .2 5 0 .1 9 2 .0 5 0 21 3 .0 8
52 17 .60 3 4 .9 8 0 .5 6 8 .4 3 0 .1 7 6 .9 5

4 8 8



T A B L E  2 b  C O N T I N U E D

Station Date Sampling
Depth

metres
0
7

13
25
52

Temp.
°C

2 1 .7 0
2 1 . 6 0
2 1 . 4 0
2 0 .0 0
1 6 .5 0

Salinity
7

35' 33  
3 5 .2 3  
3 5 . 0 8  
3 4 . 8 8  
3 5 .4 7

PO4 -P NO3 -N NO2 -N SÍO3 -SÍ

D 84B 29.11.65 0 .1 5
0 .1 3
0 .1 6
0 .5 9
0 .81

mg-at/m3
1.01 0 .1 0  
1 .9 9  0 .1 3  
1 .2 4  0 .1 4  
3 .0 8  0 .2 3  
8 .1 5  0 , 1 4

1 .0 3
1 .8 2
0 .5 7
3 .9 9

1 0 .26

D 85A 6.1.66 0
9

19
28
50

2 6 . 3 0
2 3 . 6 0  
2 1 .8 0  
2 0 .6 5
1 9 .6 0

3 5 .1 5
3 5 .2 5
3 5 . 3 0
3 5 .3 5
3 5 .3 3

p
0 .3 0
0 .0 4
0 .6 3
0 .3 7

1 .6 4
M

1 .8 4
3 .1 5
4 .1 7

0 .0 9
0 . 0 8
0 .1 6
0 .2 6
0 .4 6

2 .8 5
1 .2 5
3.31
4 .5 6
7 .0 7

D 85B 6.1.66 ' 0
9

19
28
50

2 5 . 7 0
2 3 .9 0
2 2 . 4 0
2 1 . 4 0  
2 0 .2 0

35.21
3 5 .3 3
3 5 . 2 8
3 5 .2 7
35.31

0 .0 4
0 .1 3
0 .1 9
0 .0 7
0 .1 2

0 ,2 7  
0 .3 9  
0 .3 5  
0 . 3 0  ' 
6 .5 7

0 .0 9
0 .0 6
0 .0 9
0.11
0 .3 6

1 .9 4
2 .3 9
1 .03
2 .0 5
6 .5 0

D 86A 27.1.66 0
8

13
20
43

2 5 . 0 0  
2 3 .5 5
2 1 .0 0  
2 0 .3 0  
1 9 .75

35.11
3 5 .1 2  
3 5 .2 2  
3 5 .2 5  
3 5 .2 9

0 .0 9  
0 .0 9  

' 0 .4 3  
0 . 5 4  
0 .6 3

0 .3 5
0 .0 3
4 .1 3
5 .9 2
7 .4 4

/*
H-

0 .1 5
0 ,2 2
0 . 2 4

2 .3 9
0 .6 8
5 .5 9
7 .6 4
6 .8 4

D 86B 27.1.66 0
8

13
20
43

2 4 . 7 0
2 2 .8 5
2 0 .0 0
1 9 .2 5
1 5 .15

3 5 .0 9
3 5 .1 3
3 5 .2 5
3 5 . 2 4
3 5 .2 7

0 .0 6
0 .1 9
0 .4 3
0 .5 2
0 .9 5

0 .2 6
0 .2 6
3 .6 0
6 .3 0

1 0 .2 3

0 .0 2
0 .0 9
0 .1 5
0 .0 5

1.71
2 .1 7  
4 .2 2
7 .1 8  

11 .17

D 87A 15.2.66 0
7

15
24
43

2 5 . 7 0
2 5 . 7 0  
2 5 . 6 0  
2 3 .6 5  
1 9 .2 0

3 5 .0 7
3 5 . 0 4
3 5 . 0 5  
3 5 . 1 4  
3 5 .2 9

0 .1 4
0 .1 4
0 .1 5
0 .31
0 .6 8

0 .5 7
0 . 1 4
0 .1 0
2 .4 2
8.01

0 .1 2
0.11
0 .1 2
0 .4 3
0 .4 0

2 .6 2
3 .4 2
3 .8 8
3 .5 3
7 .8 7

D 87B 15.2.66 0
7

15
24
43

2 5 . 8 0
2 5 . 5 0  
2 5 .4 5
2 2 . 5 0  
1 8 .7 0

3 5 . 0 8
3 5 .0 7  
3 5 .1 0
3 5 .0 7  
35.31

0 .1 4
0 .1 5
0 .2 7
0 .4 5
0 .8 4

0 .1 9
0 .3 8
0 .9 6
4 .0 8
9 .1 0

0 .1 3
0 .1 3
0 .2 2
0 .4 2
0 .2 6

2.51
1 .82
2 .8 5
5 .2 4

1 0 .9 4

D 88A 2.5.66 0
10
18
31
54

2 3 .5 0
2 3 .4 5
2 3 .6 5
2 2 .8 0
1 9 .2 5

3 5 .2 7
3 5 .2 7
3 5 .2 7  
3 5 .2 5  
35.31

0 .1 3
0 .1 2
0 .1 5
0 .2 7
0 .7 2

1 .6 3
2.01
2 .3 9
3 .6 9
7 .4 8

0 .0 8
0 .1 0
0.11
0 .2 0
0 .1 8

2 .3 8
2 .7 4
2 .6 2
3 .8 8
9 .3 5

D88B 2.5.66 0
10
18
31
54

2 3 . 6 0
2 3 . 6 0  
2 3 . 5 0  
2 3 .1 5  
1 9 .3 0

3 5 .2 7
3 5 . 3 0  
35.21
3 5 .2 7
35.31

0 .1 5
0 .1 5
0 .1 5
0 .2 5
0 .7 5

0 .4 2
0 .6 0
1 .1 7
1 .6 2
8 .2 6

0 .0 8
0 .1 0
0 .1 0
0 . 1 4
0 . 1 4

2 .9 6
4 .1 0
3 .9 9
3 .1 9
8 . 4 4

4 8 9



T A B L E  2 b  C O N T I N U E D

Station Date Sampling Temp. Salinity PO4 -P NO3 -N NO2 -N SÍO3 -SÍ
Depth °C 7„„
metres mg-at/m3

D89B 27.5.66 0 2 2 .3 0 3 5 .2 3 0 .1 5 1 .26 0 .1 2 3 .1 9
5 2 2 .5 0 3 5 .2 0 0 .1 7 1 .57 0 .1 3 3 .0 8

10 2 2 . 3 0 35.21 0 .1 8 1 .2 3 0 .1 2 2 .9 6
17 2 2 .4 5 3 5 .2 2 0 .1 3 1 .1 5 0 . 1 4 3 ,6 5
35 2 2 .2 5 35.21 0 .1 7 1 ,57 0.21 2 .6 2

D89B 27.5.66 0 2 2 .6 0 3 5 .2 2 0 .1 8 1 .67 0.11 3 .5 3
5 2 2 .5 0 3 5 .2 2 0 .1 5 1 .3 4 0 .1 3 3 .5 3

10 2 2 .5 5 3 5 .2 3 0 .1 6 1,11 0 .1 3 3 .6 5
17 2 2 .4 5 3 5 .2 2 0 .1 4 1 .07 0.11 3 .31
35 2 2 . 5 0 3 5 .3 7 0 .1 9 1 ,4 8 0 .1 4 2 .8 5

D 90A 16.6.66 0 2 1 .0 5 3 5 . 2 4 _ 2 .1 0 0 .0 5 2 .51
7 2 1 .1 5 3 5 .2 3 — 1 ,53 0 .0 3 2 .2 8

13 2 1 . 1 0 3 5 . 2 4 — 1 .0 9 0 .2 4 6 .0 4
22 2 1 .1 0 3 5 . 2 4 — 1 .4 0 0 .1 8 4 .2 2
41 2 1 .0 0 3 5 . 2 4 - 1 .50 0 .2 5 2 ,7 4

D90B 16.6.66 0 2 1 .3 0 3 5 .2 3 0 .8 7 0 .1 5 1.71
7 2 1 .4 5 3 5 . 2 4 — 0 .9 9 0 .1 2 2 .3 9

13 2 1 .3 5 3 5 .2 3 — 0.81 0 .1 8 2 .1 7
22 2 1 .4 0 3 5 . 2 3 — 0 .9 4 0 .21 3 .4 2
41 2 1 .1 5 3 5 .2 6 - 1 .06 0 .1 9 2 .1 7

TABLE 3 a  MEASUREMENTS OF PRIMARY PRODUCTION OBTAINED FROM REPLICATE SAMPLES INCUBATED 
SIMULTANEOUSLY IN TWO TYPES OF SHORE INCUBATORS AND ‘IN SITU’ IN THE OCEAN

Depth ‘in situ’ incubator-1 incubator-2
uaie

30. 9.65

% light 
intensity

100%
10%

1%

mg C/m3 
/day

1 3 ,03
4 .3 0
0 .7 3

mg C/m2 
/ day

311

mg C/m3 
/day
18 .88
2 3 .4 2

4 .9 3

mg C/m2 
/day
897

mg C/m3 
/ day
5 .5 3
3 .5 5
1 .7 5

mg C/m2 
/ day
186

27.10.65 100%
10%

1%

7 2 . 8 4
3 5 .7 5

0 .0 0

1660 1 13 .1 0
5 5 .1 9

0 .5 3

2577 9 4 .4 5
5 1 .6 8

0 .3 2

2279

17.11.65 100%
10%

1%

7 4 .3 6 — 6 6 . 4 0
1 4 .5 0

1 .1 8

1022 7 5 .7 5
1 7 .5 7

3 .2 7

1209

13. 1.66 100%
10%

1%

2 3 .7 7
6 .8 3
0 ,6 5

572 1 3 .4 9
8 .0 9
3 .0 9

480 12.61
1 3 .1 3

5 .4 3

590

25.  1.66 100%
10%

1%

2 0 .6 3
8 1 . 8 8

8 .9 8

1621 1 7 .95
1 5 8 .9 0

1 8 .33

2920 25 .51
2 2 4 .2 0

7 3 . 5 8

440 9

42

4 9 0



TABLE 3b MEASUREMENTS OF PRIMARY PRODUCTION OBTAINED FROM REPLICATE SAMPLES INCUBATED 
SIMULTANEOUSLY IN INCUBATOR-3 AND ‘IN SITU’ IN THE OCEAN

Date
Depth 'in situ’ incubator-3

% light intensity mg C/m3/day mg C/m2/day mg C/m3/day mg C/m2/day
6.3.67 100% 2 2 7 .0 0 1145 2 0 0 .5 0 2302

10% 1 2 .0 0 1 2 7 .7 5
1% 3 .5 0 5 5 . 5 0

23.3.67 100% 3 6 .3 6 556 1 7 .16 543
10% 6 .2 4 1 0 .6 8

1% 1 .0 8 1 4 . 0 4

30.3.67 100% 63 24 117 1 0 5 .7 2 1860
10% 7 5 . 2 4 8 9 . 4 0

1% 9 .6 0 8 7 . 4 8

1.5.67 100% 3 4 .8 7 349 3 2 .6 7 598
10% 1 4 .9 6 3 4 . 4 3

1% 1 .6 5 9 .2 4

15.5.67 100% 9 3 . 5 0 1652 1 0 3 .0 7 2591
10% 3 1 .3 5 6 3 . 4 7

1% 4 .51 2 5 . 1 9

TABLE 4a CORRELATION CO EFFICIENTS AND REGRESSION EQUATIONS FOR CARBON-14 UPTAKE ‘IN SITU’ IN 
THE OCEAN VERSUS CARBON-14 UPTAKE IN INCUBATOR-1(P,)

Depth correlation co-eflicient regression equations
% light intensity (r) significance
100% 0 . 9 0  significant at 5% level P'insitu, = 0 . 6 3  P1+ I 2 .OO

10% 0 . 9 8  significant at 5% level P’insitu, = 0 . 5 2  P i+  0 .2 5
1% 0 .9 9  significant at 1 % level P'in s io ,- 0 . 5 5  Pi— 1.25

TABLE 4b COBRELATION CO-EFFICIENTS AND REGRESSION EQUATIONS FOR CARBON-14 UPTAKE 'IN SITU' IN 
THE OCEAN VERSUS CARBON-14 UPTAKE IN INCUBATOR-2 (P2)

Depth correlation co-efficient regression equations
% light intensity (r) significance
100% 0 .9 7  significant at 5% level P‘in situ’= 0 .7 0  P2+  8 .0 0

1 0 % 0 .9 9 3  not significant P'in situ,= 0 .68  P2 +  0 .3 3
1 % 0 .6 5  not significant P'in situ’= 0 .2 0  P2+  0 .2 0

TABLE 4c  CORRELATION CO-EFFICIENTS ANO REGRESSION EQUATIONS FOR CARBON-14 UPTAKE‘IN SITU’ IN 
THE OCEAN VERSUS CARBON-14 UPTAKE IN INCUBATOR-3 (P3)

Depth correlation co-efficient regression equations
% light intensity (r) significance
100% 0 .9 4  significant at 5% level P'in sitn‘= 1  .0 3  P3— 3 .5 8

1 0 % 0  .33  not significant P 'insitu '= 0 .20  P a + 1 4 .9 6
1 % 0 .8 9 6  significant at 5% level P'in 3 itu’= 0 . 10  P3 +  0 .2 4

43

4 9 1



TABLE 5a ANALYSIS OF REGRESSION OF 'IN SITU’ VALUES (Y) ON INCUBATOR-1 VALUES (X)

Source Sum of squares d.f. Variance estimate
regression 56 47 100 1 56 47 100

residual e rro r ( ^ ) 160279 2 80139

TOTAL 58 07 379 3

TABLE 5b ANALYSIS OF REGRESSION OF ’IN SITU’ VALUES (Y) ON INCUBATOR-2 VALUES (X)

Source Sum of squares d.f, Variance estimate
regression 3120200 1 3120200

residual e rro r ( ^ 1 57981 1 57981

TOTAL 3178181 2

TABLE 5c ANALYSIS OF REGRESSION OF ‘IN SITU’ VALUES (Y) ON INCUBATOR-3 VALUES (X)

Source Sum of squares d.f. Variance estimate
regression 5600400 1 5600400

residual e rro r ( o \ ) 116335 3 38778

TOTAL 5716735 4

TABLE 6 ERROR OF TECHNIQUE IN THREE TESTS OF CARBON-14 UPTAKE BY REPLICATE SURFACE SAMPLES

Test Mean activity 
(counts/minute)

No. of samples Std. dev. (s) Co-eff. of 
variation

1 699 8 121 17.31
2 1546 6 111 7 .1 8
3 1020 6 104 10 20

4 9 2



Reprinted from Bull. Instit. Oceanogr. Monaco, vol. 69, no. 1407, 1970, p. 1-15

Some trace metal analyses 
in the Mediterranean, 

the Red Sea and the Arabian Sea
by

Stig H. F o n se liu s

International Laboratory o f  Marine Radioactivity,

International Atomic Energy Agency, Monaco

(present address : Hydrographic Department, Fishery Board o f  Sweden, Göteborg)

Abstract
Earlier results for chromium in sea water, marine organisms and 

sediments, reported in the literature, are briefly discussed. The sampling 
technique and methods of analyses of Cr, Zn and Cu used in the present 
paper are described. The results of the analyses are given and discussed.

Résumé

Les données, publiées jusqu’ici, sur le Chrome dans l ’eau de mer, 
les organismes et les sédiments marins, sont discutées brièvement. La 
technique de prélèvement et les méthodes d’analyse du Chrome, du 
Zinc et du Cuivre, utilisées pour le présent travail, sont décrites. Les 
résultats des analyses sont donnés et discutés.

H eK O Toptie nrm mcaTopHbie aHajiH3bi MeTajiJioB b  CpemreeMHOM, 
KpaCHOM H ApaBHHCKOM MOpHX

K paTK oe coÆepxcaHHe

KpaTKO paccM aTpHBaioTca nepBbie pe3yjn>TaTbi aH am noB  Ha 
XpOM B MOpCKOH BOfle, B MOpCKHX OpraHH3MaX H OTJIOXCeHHHX, OIiyÔJIH- 
KOBaHHbie b  jiHTepaType.

B H acToam eM  flOKJiane naeT ca  o n n c a m ie  Hcnojn>3yeMbix cnocoôoB  
B3aTna n p o 6  h  m c t o a o b  aH ajnuoB  Cr, Zn h  Cu. flaiO T ca h  oôcyacnaioT ca 
pe3yjibTaTbi 3 T h x  aHajiH30B.

Collected reprints o f the International Indian Ocean Expedition, vol. V III, contribution no. 629 4 9 3



Descripteurs retenus pour cette étude :

Chrome, eau de mer — Cuivre, eau de mer — Zinc, eau de mer — 
Missions Winnaretta-Singer — Mission Atlantis II.

[2]
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Introduction

Very few analyses of the chromium content of sea water have been 
reported in the literature. R i le y  [1965] gives six references, which 
show a variation between 0.04 and 2.2 ¡xg Cr/1 sea water. Of these 
references some can be discarded by different reasons. The analyses 
by N o d d a c k  and N o d d a c k  [1939] were carried out spectrographically 
on water from the Gullmarfjord at the Swedish west coast. This water 
is shallow coastal water and should not be considered representative 
for sea water. The spectrographic analyses by B l a c k  and M i t c h e l l  
[1952] on several trace elements in sea water, are generally considered 
to give too high results and this seems to be true also for their Cr values. 
S c h u t z  and T u r e k i a n  [1963] report the very high result of 2.2 ¡xg 
Cr/1, but in a later paper [1965] they admit that their chromium values 
might be too high due to contamination. Then there are only three 
references left, all using co-precipitation methods and photometric 
analysis with di-phenyl carbazide. The remaining values lie now between 
0.04 and 0.6 ¡xg/1. The co-precipitation method with spectrophotometric 
analysis was first used by I s h ib a s h i  [1953].

Textbooks and abstracts wich give tables of trace elements in sea 
water, generally quote values around 0.05 ¡xg Cr/1, always originating 
from I s h ib a s h i , or N o d d a c k  and N o d d a c k  values from the Gull
marfjord.

Almost nothing seems to be known about the form in which chro
mium exists in sea water, if it is present as particulate matter or in solu
tion, if it is attached to an organic molecule or if it is an inorganic ion. 
S i l l e n  [1962] has studied theoretically the equilibrium constants of 
several trace elements in sea water. According to S i l l é n  the most 
probable form for chromium should be the hydroxy form. Therefore, 
if chromium exists in inorganic form in sea water, it very likely should 
be as Cr(OH)3.

Chromium is known to be present in marine organisms. F u k a i  
and B r o q u e t  [1965] have given the standard abundance of chromium 
in various groups of marine organisms, computed from the results 
of several authors. The values vary between 0.1 and 10 ¡xg Cr/g dry 
matter.

F u k a i  [1965] has analyzed trace metals in marine sediments from 
the Bay of Roquebrune. He showed that chromium and iron were 
leached from the sediments in the proportion 1.3 x  IO-3. These analyses 
were made from shallow water sediments, but the proportion Cr : Fe 
is anyhow not too far from the crustal average according to T a y l o r  
[1964], which is 1.8 x  IO-3. F u k a i  found in his two samples 33 resp. 
15 ¡xg Cr/g material.

[3]
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The variations of iron in sea water are so great and the values of 
chromium so few, that it is not possible at present to state any Cr : Fe 
relations in sea water.

M a n h e im  [1965] gives chromium values for several sediments from 
different parts of the world. These values agree with the values of 
F u k a i  (loc. cit.). M a n h e im  values vary from 5 to 32 ¡ig Cr/g sediment.

Chromium is brought to the oceans by river water. D u r u m  and 
H a f f t y  [1963] give some chromium values for river water in the U.S. 
The variation range is 0.72-84 ¡ig Cr/1 river water and the median value 
is 5.8 [i.g/1.

The occurrence and accumulation of chromium in marine organisms 
indicate the possibility of variations of the chromium content in sea 
water. Cr may be removed from the water by accumulation in organisms 
and it may be brought back into the water phase through decay of 
dead organisms directly, or indirectly via the sediments, or it may also 
be retained in the sediment.

G o l d b e r g  [1963] has calculated the residence time for different 
elements in the ocean. He estimates the residence time for Cr to be 
3.5 X IO2 years.

Another source for Cr might be the fallout from nuclear explosions. 
All nuclear explosions produce large amounts of radio isotopes through 
the release of neutrons which cause nuclear reactions with e.g. the 
bomb shell. In this reaction Cr-51 is formed among other products. 
This fallout reaches the sea either by direct deposition on the sea surface 
or with river water. M iy a k e  [1963] has calculated that about61 percent 
of the stratospheric fallout is deposited directly into the sea. Even with 
radioactive wastes some Cr is brought into the oceans. Cr-51 is formed 
among the corrosion products in nuclear power plants [W a l l a u s c h e k  
&  L ü t z e n , 1964]. This source is probably of importance only in coastal 
areas.

Zinc and copper values reported in the literature for sea water, 
have earlier been reviewed by F o n s e l iu s  and K o r o l e f f  [1963].
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Stations and sampling technique

Sea water for chromium analyses was collected in the Ligurian 
Sea close to Monaco, in the spring 1963 during the author’s assignment 
to the Laboratory of Marine Radioactivity, IAEA. The surface sam
ples, about 60 1 each, were collected in polyethylene barrels by help 
of a plastic bucket and a nylon rope. The deep samples were taken 
with a 100 1 stainless steel sampler sprayed with colourless Krylon 
spray on the inside and the outside. This method was later abandoned 
due to the great risk of contamination from the sampler. The spraying 
had to be renewed before each sampling. The work was carried out 
at the IAEA stations 1 and 2 on board the Wimaretta Singer from the 
Musée océanographique in Monaco.

The coordinates of the stations are given in table I.
During the International Indian Ocean Expedition, samples for 

chromium, zinc and copper analysis were taken in July-August 1963 
on board Atlantis II from the Woods Hole Oceanographic Institution, 
on the cruise from Monaco to Colombo. All the surface samples were 
taken with a plastic bucket and a nylon rope directly over the ship’s 
side. The deep samples for chromium were taken with 10 1 Van Dorn 
samplers made of polyethylene. Five samplers were attached to the 
hydrographic wire 5 m apart and the series was closed from deck by 
help of a messenger exactly as the hydrographic series. The big 50 1 
plastic sampler originally intended for the work, had unfortunately 
been broken during the transport and could not be properly repaired 
on board during the cruise. All samples were filled into polyethylene 
barrels for further treatment.

The water for zinc and copper analyses was taken with plastic type 
“ Mecabolier ” samplers.

There is always the danger of contamination of surface samples 
taken close to the ship’s side, but that can unfortunately hardly be avoi
ded. The deep samples again may be contaminated by the metallic wire 
used. If possible, nylon wire should be used for sampling of trace 
metals, but it is very difficult to get time for “ extra ” hydrographic 
casts with special gear on long cruises with a fixed time schedule. The 
ship will be delayed too much and therefore one is forced to use the 
ordinary wire in spite of the risk for contamination.

Seven samples for chromium analysis were taken, one surface 
and one 350 m sample in the Mediterranean west of Crete, one surface 
and one deep sample in the middle part of the Red Sea and two surface 
samples and one 100 m sample in the Arabian Sea.

[5]
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69 zinc and 63 copper samples were analyzed on board Atlantis II. 
The water was sampled on nine stations, one in the Mediterranean 
off Crete, one in the Great Bitter Lake in the Suez Canal, three in the 
Red Sea and four in the Arabian Sea.

The location of the stations and the depths sampled are given 
in table II.
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Chemical methods and results of the analyses

Chromium was analyzed according to I s h ib a s h i  (loc. cit.). On 
board the ship the samples were co-precipitated with Al(OH)3, the 
precipitate was allowed to settle for 24 hours, the main bulk o f the 
water was removed with a siphon, the rest was filtered through quan
titative filter paper tested for chromium and the precipitate was washed 
with distilled water and air dried. The dry filter paper was folded toge
ther and stored in a plastic jar for further treatment after the cruise. 
In the shore laboratory the filter paper was ignited and fused with 
sodium carbonate and potassium nitrate in a platinum crucible and 
interfering elements were removed a s described by S a n d e l l  [19441. 
The di-phenyl carbazide colour was measured at 540 mp in a Beckman 
DU  spectrophotometer. The chromium values were evaluated by 
help of a standard curve.

Zinc and copper were analyzed on board according to F o n s e l iu s  
and K o r o l e f f  (loc. cit.). For zinc the “ monocolour ” method was 
used. 100 ml of sea water were shaken with dithizone dissolved in 
carbon tetrachloride, the CCI4 was shaken with an ammonia solution 
and the dithizone colour of the tetrachloride phase was measured at 
524 mp in the Beckman DU spectrophotometer. For copper the “mixed 
colour” method was used. 1000 ml of sea water were shaken 30 minutes 
in a flask after addition of 1.2 ml acetic acid and dithizone dissolved 
in carbon tetrachloride. The interfering zinc was removed by shaking 
the organic phase with 0.01-N sulfuric acid. The extinction of the 
tetrachloride extract was measured in the spectrophotometer at 620 mp. 
Standard curves were prepared for evaluation of the zinc and copper 
concentrations.

The results are given in tables I and II. Table II contains also the 
temperatures and salinities at the corresponding depths. The depths 
given in the table refer to the temperature and salinity from the ordinary 
hydrographic cast at the station. The depths of the trace metal samples 
are only approximative because the plastic samplers had to be attached 
to the wire between the ordinary Nansen bottles.

17]
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T a b l e  I

Ship, Station number, 
date and co-ordinates

Sample
NÓ

Depth
(m)

C r
(pg/1)

Rem arks

Winnaretta-Singer 1 0 0.092 Unfiltered 60 1
IA E A  Sta N o  1 o ff  M onaco 2 0 0.076 T ota l (2a +  2b) 60 1
24-IV-1963 2a 0.058 Particulate
43°39.5 'N  07°37'E 2b 0.018 Soluble

Winnaretta-Singer 3 0 0.005 U nfiltered 60 1
IA E A  Sta N o  2 o ff  M onaco 4 200 1.25? Unfiltered 60 1
M ay 1963 5 600 0.212 U nfilte red 60 1
43°31.5 'N  08°03.5'E 6 1 500 0.004 U nfiltered 60 1

T a b l e  II

Stations Depth
(m)

Temp.
(°C)

Sal.
(°/oo)

Zn
(pg/D

Cu
(pg/D

Cr
(pg/I)

Atlantis II, Sta.No 30, 25-VII-63 0 25.93 38.55 24.7 0.65 0.02
36°34.5'N 21°04.5'E 5084 m 10 26.71 38.54 22.8 1.53
Mediterranean, o ff  Crete 20 24.81 38.50 17.6 1.89

50 17.19 38.58 0.1? 0.44
99 15.07 38.75 16.2 0.67

149 14.70 38.79 0.8? 0.48
198 (14.60) 38.80 17.6 0.38
297 14.55 38.88 18.8 0.34
396 14.35 38.87 29.4 2.86 0.49
495 14.09. (38.82) 10.6 0.00

A tlantis II, Sta. N o  33, 29-VII-63 0 29.07 46.38 40.0 3.86
30°20.6'N 32°24.7'E 11 m 
Great B itte r Lake, Suez Canal

10 29.05 46.60 19.4 2.66

A tlantis II , Sta. N o  39, 30-V II-63 0 28.29 40.45 20.6 0.24
27°28'N  34°14'E 1150 m 10 28.30 40.33 22.3 0.44
Red Sea, northern part 20 28.07 40.49 12.4 2.00

30 26.34 40.62 14.3 0.75
50 24.48 40.70 17.7 1.46

100 22.84 40.77 15.9 2.24
498 21.68 41.04 9.5 1.02
734 21.72 41.11 12.9 1.26

1031 21.76 41.14 18.0 1.17
1131 21.78 40.99 17.4 1.56
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Stations Depth
(m)

Temp.
(°C)

Sal.
(°/oo)

Zn
(l*g/l)

Cu
(ng/i)

C r
(¡¿g/1)

Atlantis II , Sta. N o  42, l-V III-6 3 0 30.12 38.26 2.4 0.40 0.02
21°21.5'N 38°04.5'E 1959 m 20 30.06 38.67 17.3
Red Sea, m iddle part 49 28.44 39.08 20.0 6.57

99 23.79 39.98 17.4 1.00
199 21.94 40.57 13.2 0.00
496 21.70 40.68 23.2 0.10
991 21.72 40.69 24.8 0.00

1336 21.80 40.66 0.06
1632 21.89 40.59 15.0 6.34
1781 21.93 40.76 11.6 0.00

Atlantis II, Sta. N o  45, 3 -V III-63 0 32.73 37.14 24.8 0.32
14°28'N 42°22'E 419 m 50 23.02 36.32 13.6 0.52
Red Sea, Bab el Mandeb 99 18.42 37.11 8.1 0.93

198 21.99 40.37 6.8 0.12
297 21.75 40.70 7.5 0.52
397 21.72 40.63 8.4 0.57

Atlantis II, Sta. N o  53, 8 -V III-63 0 29.83 36.37 26.7 0.13
13°15'N 50°36.5'E 2506 m 49 24.15 35.91 11.1 6.93
G u lf  o f  Aden 99 17.16 35.50 7.2 1.28

198 14.02 35.33 10.1 0.94
497 13.32 36.02 19.2 0.68
987 11.46 36.00 7.9 0.00

1268 7.58 35.36 11.5 0.45
1463 5.75 35.11 8.0 0.30
1857 3.61 34.90 11.6 0.57
2045 3.12 34.85 9.7 0.00
2300 9.0 0.62

Atlantis II , Sta. N o  61, l l-V I I I - 6 3 0 25.10 35.10 10.5
14°56.5'N 56°59'E 3195 m 384 11.72 35.38 21.5 6.50
G u lf  o f  Aden, o lf  Socotra 771 10.38 35,53 19.4 0.00

1370 6.27 35.16 11.6 0.00
2284 2.45 34.80 19.4 0.12
3121 1.82 34.75 11.4 1.32

A tlantis II , Sta. N o  77, 22-V1II-63 0 26.79 36.37 33.6 2.38 0.02
19°58.5'N 64°58'E 3166 m 10 26.79 36.37 18.2
A rab ian  Sea, northern part 100 20.90 35.90 6.8 1.20 0.07

496 12.39 35.72 11.6 0.08
993 8.65 35.40 7.0

1975 3.04 34.84 10.4

Atlantis II, Sta. N o  98, 2-1X-63 0 28.05 36.23 19.4 0.10
09°58'N  63°40'E 4439 m 10 28.05 36.24 8.6 0.13
A rab ian  Sea, southern part 50 27.08 36.24 7.0 0.06

99 25.96 36.16 7.0 0.14
497 11.17 35.37 5.0 0.14
988 8.02 35.24 3.7 0.43

2060 2.59 34.80 2.7 0.32
3235 1.73 34.75 0.4 0.20
4393 1.59 34.73 1.0 0.11

(1407)
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Discussion of the results

Chromium. Filtering of the chromium samples showed that most 
of the Cr is retained on the filter paper. In table I the sample 1 shows 
the chromium content of an unfiltered sample. Sample 2a in the same 
table shows the amount of chromium retained on the filter paper after 
filtering a 60 1 sample and 2b the amount left in the filtrate. The sum 
of 2a and 2b is sample 2 and the value, 0.076 ¡xg Cr/1 is fairly close 
to the result of the unfiltered sample 1, 0.092 ¡xg Cr/1. The filtering 
of large amounts of sea water is a laborious and slow task and therefore 
it was decided to omit it in the future. The main part of the chromium 
will anyhow be retained on the filter paper.

It is not possible to draw any definite conclusion regarding the 
distribution and variations of chromium in sea water from the few 
analyses carried out. Obviously the high value of 1.25 ¡xg/1 in table I, 
sample no 4 is due to contamination from the sampler. If the Cr values 
at station 2 in table I are compared to the values at station 30 in table II, 
which is also in the Mediterranean, there is an indication that the “ inter
mediate Levantine water ” [W ü s t , 1961] has a higher Cr content than 
the surface water. The core of this water is at around 600 m in the 
Ligurian Sea [F o n s e l iu s  &  K o r o l e f f , loc. cit.], and at this depth the 
Cr concentration is 0.212 ¡xg/1 while it is only 0.005 ¡xg/1 at the surface 
(table I). Fig. 1 shows the distribution of trace metals, temperature 
and salinity at the Atlantis I I  station No. 30 west of Crete. The salinity 
maximum, which indicates the “ intermediate Levantine water ” is 
found between 300 and 400 m. At 400 m the Cr concentration is 0.49 
¡xg/1 while the surface concentration is 0.02 ¡xg/1. The Cr values from 
the Red Sea and the Indian Ocean are too few to allow any kind of 
conclusions. They, however, support I s h ib a s h i result [1955] that the 
chromium concentration in the open sea is around 0.05 ¡xg/1.

Zinc and copper. From Fig. 1 it can be seen that both elements at 
station 30, have a maximum in the core of the “ intermediate Levantine 
water ” , which supports the earlier results of F o n s e l iu s  and K o r o l e f f  
(loc. cit.) from the Ligurian Sea. The Zn values at 50 m and 149 m 
are extremely low, possibly due to faulty analyses and have been regarded 
as questionable.

Station No. 33 in table II shows Zn and Cu values in the Great 
Bitter Lake in the Suez Canal. This water is of course not sea water, 
but the high values for trace elements there may be an indication of 
the origin of the high Zn and Cu values in some parts of the Red Sea.

In the northern Red Sea the Cu values seem to be extremely high 
except close to the surface. The Zn values are slightly higher than in 
the Mediterranean. In the middle part of the Red Sea the Cu values

110]
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are low, close to 0 or 0 at some depths. The Zn values are like the values 
in the northern part except at the surface where the value was 2.4 p.g/1. 
In the strait of Bab el Mandeb, the Zn values from 100 m down to the 
bottom are low. In the Gulf of Aden the highest Cu values are found 
in the surface water. At around 1000 m and also at 2000 m the Cu 
concentration was 0. The water in the Gulf of Aden and also in the 
northern part of the Arabian Sea seems to be much influenced by local 
conditions. The layers of Red Sea and Persian Gulf water between layers 
of Indian Ocean water makes the picture of the trace element distri
bution very complicated and much more measurements are needed 
in order to understand the figures obtained.
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The station 98 in the middle of the Arabian Sea shows an even 
distribution of Zn and Cu, with concentrations decreasing downward 
(Fig. 2). Generally the surface values for Zn in the oceans seem to be 
higher than the deep values. The surface Zn values in the Indian Ocean 
agree fairly well with the surface values found by D o sh i et al. [1965] 
while the Cu values are much lower than the values found by D oshi 
and co-workers in the same area.
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Reprinted from Bull. natn. Inst. Sei. India, no. 38, 1968, p. 103*122

DISTRIBUTION OF PHOSPHATES AND SILICATES IN THE CENTRAL 
WESTERN NORTH INDIAN OCEAN, IN RELATION TO SOME HYDRO-

GRAPHICAL FACTORS

by C. V. G a n g a d h a r a  R e d d y  and V. N. Sa n k a r a n a r a y a n a n  
National Institute o f  Oceanography, Ernakulam

The paper presents a descriptive account of the distribution of phosphates and 
silicates of the Central region of the Western North Indian Ocean in the upper 
200 m during the south west monsoon period. The relationship of the nutrients 
with temperature, salinity, oxygen and also Zooplankton is shown. Vertical 
distribution of the nutrients indicates low concentrations at the surface layers up to 
50 or 75 m. This is followed by higher concentration layers down to 200 m. 
Considerable meridional and zonal variations in the concentrations and the 
thickness of these layers have been noticed. The distributional features of the 
oceanographic properties indicate the distinctness of the North Equatorial Indian 
Ocean from the geographically similar regions of the Pacific and Atlantic Oceans.
The disposition of the isopleths shows an equatorial upslope of the waters which is 
associated with the equatorial divergences. However, the ascent appears to be 
weaker near and along the equator as compared to the equatorial regions of the 
Pacific and Atlantic. The spreading of the isolines near and along the equator is 
probably due to the equatorial undercurrent. Three regions of convergence (i) 
between Lat. 15°30’ and 16°30’ along 68°E, (ii) around 8°N and 71°30’E, and 
(iii) around 5°N and 75°E have been noticed. The variations in Zooplankton 
volumes seem related to the changes in hydrographical features.

I n t r o d u c t io n

Before the International Indian Ocean Expedition began, our knowledge 
about the Oceanographic Conditions of the Indian Ocean was mainly based on 
reports of the Dana Expedition (1928—1930), the John Murray Expedition (1933— 
1934), the Discovery Expedition (1934), the Swedish Deep Sea Expedition (1947— 
1948) and the Galathea Expedition (1950—1952) and more recently from the data 
collected by the Russian Ship “Ob” (1956) and Vityaz (1958).

As part of the Indian Programme of the International Indian Ocean Expedi
tion, the vessel, I.N.S. KISTNA carried out many cruises in the Arabian Sea and 
the Bay of Bengal. The present paper which deals mainly with distribution of 
nutrients (phosphates and silicates) in the Central Western North Indian Ocean, 
is based on the observations made during the XII and XIII monsoon cruises o f the 
I.N.S. KISTNA undertaken in August 1963. Until recently most of the investiga
tions on nutrients were made in the Arabian Sea, along the West Coast of India 
and these were limited to shelf waters only (Reddy and Sankaranarayanan 1966). 
The present data from the open ocean may give a better understanding to the problem 
of possible influence of the oceanic waters on the inshore waters.

M ethods

Cruise tracks with the station locations are given in Fig. 1. The cruise XII
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covers 68°E meridian from Lat. 19° to 14°N in August 1963. Cruise XIII covers a 
composite section of the following three legs: (1) A meridional section along 71° 30'F

B O M B A Y
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iÇOCH I

•312 '
2 9 3

3 0 22 99  • — *-i

6 0 ° 9  0°7 0 ° 8 0 ° E
Fig. 1. Map showing the cruise tracks and station locations.

from Lat. 8°N to Equator, (2) Zonal section along the equator through 71°30' to 
75°E, and (3) Meridional section along 75° across Lat. 0° to 8°24.5' N.

Sea water samples were collected at all standard depths up to 200 m. Samples 
were preserved at—10°C. on board the ship and analysed in the Indian Ocean 
Biological Centre, Cochin soon after the cruises.

Inorganic phosphates were estimated by the method given by Wooster and 
Rakestraw (1951). The values are not corrected for salt error. Silicates were 
estimated by the method outlined by Robinson and Thompson (1948). Absorbance 
was measured at 404 m/¿ as suggested by Barnes (1960) and comparisons were made 
with potassium chromate standard solutions, buffered with borax.
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R esults

1. Section along 68°E meridian, between Lat. 19° and 14°N

Figure 2A shows the phosphate distribution in surface layers. It can be 
seen from the figure that phosphate in surface layers down to 50 m is more or less 
uniformly distributed (Fig. 2A). The values are generally low (0.4 pg  at/1.).
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Fig. 2(A-E). Vertical distribution of properties along 68° E meridian between Lat. 19° and 14° N

Vertical profiles indicate that the values tend to increase slightly depthwise up to
100 m. This is followed by a sharp increase at deeper levels reaching maximum
concentrations of 1 to 1.5 pg at/1, at about 200 m. Phosphate gradient is not well 
defined in the first half of the section. The gradient which is weak in the northern 
part, tends to become strong towards the mid section and further south the gradient 
again weakens. The phosphate values are relatively high in the northern end of 
the section. Between Lat. 16° and 15°N the concentrations are remarkably low at 
all depths.

Silicate values (Fig. 2B) down to 75 m are also low. They show more or
less the same pattern of distribution as that of phosphates. The surface values
ranged from 0.2 to 4 pg at/1. Relatively higher values are found at deeper layers, 
reaching maximum values up to 14 pg at/1. A strong gradient of silicate is notice
able in the northern most part between Lat. 19°and 17°N at 100 and 200 m. The
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presence of the strong silicate gradient in the northern end is in contrast to that of 
phosphates which is noticeable only in the mid section, running at a higher level.
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Temperature distribution (Fig. 2C) shows that the depth of mixed layer 
increases towards the South (from about 40 to 50 m in northern section to about 
60 to 90 m towards South). The down slope of the isotherms towards south is 
significant enough to indicate the presence of an easterly current which is in accord
ance with the general current pattern described in the Admiralty (1950). Thermo- 
cline (gradient 2°/25 m) layer found between 45 and 75 m in the northern part up 
to 17°N Lat. penetrates gradually to deeper levels further south, setting between 
75 and 130 m.

Salinity distribution shows more uniform variation with depth showing a 
decreasing trend down to 200 m (Fig. 2D). Distinct gradients are absent. Salini
ties decrease slightly towards south. The isohalines show a general reverse pattern 
to that of isotherms.

Oxygen distribution (Fig. 2E) within the upper 50 m shows little variation. 
Oxygen discontinuity is noticeable within the thermocline extending down to 200 m. 
The gradients are rather strong in the southern half. Minimum values of 0,5 ml/1, 
or less are normally found below 150 m. Along the north-south direction, values 
were found to be more or less constant, but the southern end of the section is marked 
by a decrease in Oxygen. Oxygen isopleths follow more or less the same trend as 
those of salinity and silicates.
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Section along 71°30'E  meridian between Lat. 8°N and 0°:

Phosphate levels in the upper 75 m are generally low (0.3 /¿g at/1.) and further 
south the low phosphate zone is limited to upper 50 m only (Fig. 3A). The isopleths 
at deeper levels (below 120 m) in the northern end of the section (Station 293), 
show a significant upslope towards south (up to station 294). Beyond that, the 
isolines converge and constitute a steep gradient delimited between 75 and 100 m. 
This gradient is maintained at the same level between 75 and 100 m up to Lat. 
0°58'N (Station 298). Near the equator the gradient weakens. A core of high 
phosphate (2 to 2.5 /ig at/1.) water is present between Lat. 6° and Io 42.5'N., just 
below the phosphate discontinuity layer (below 100 m) extending down to 200 m.

Silicates in the upper 75 m in the northern part up to about 6°N Lat., in 
general, are low, the values ranging between 0.9 and 2 /¿g at/1. (Fig. 3B). Like 
phosphates, the silicates also exhibit a weak gradient (varying from 2 to 7 /¿g at/1.) 
in the northern most station below 75 m and the isolines slope upwards towards 
south with simultaneous steepening of the gradient, setting between 80 and 130 m. 
Towards the equator the gradient tends to be weak and loses its identity near about 
the equator. Low silicate concentrations are observed just below the gradient
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layer, in contrast to the higher phosphate values found in the same region (between 
Lat. 6° and 2°N).

Temperature profiles (Fig. 3C) indicate that the mixed zone is maintained 
down to 50 m along the entire section excepting in the northern end where it reaches
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Fig. 3(A-E). Vertical distribution of properties along 71° 30'E meridian between 8° N  and 0° .
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down to 75 m. Isotherms slope upwards in the north-south direction up to 3°N. 
Lat. similar to those of phosphates and silicates. Thermocline layer varies between 
100 and 150 m in the northern end. It migrates to upper levels between 50 and 
100 m towards south and at the equator the thermocline tends to spread.

« T A T I0 N  N U M BERS

293 294  295  2 9 6  2 9 7  2 9 8  299

*29*5'

2 8

26u>
u i 25 "  

•24 "
ui
£
z  100 22

20X
t-
Q .
bj
Q

I 9 -------

150

T-°c

200

Fra. 3C.
s t a ' t io k i  n u m b e r s

2 9 3  294 295 2 9 6  2 9 7  2 9 8  2 9 9

34-125
3 5-2

34-9
35-0

351

75
35-3 -

-  100
3 5-7

150- 3 5-3
3  5-5

3 5-3
200

Fig. 3D.

514



I l l

Salinity profiles (Fig. 3D) do not bear any relationship with those of tem
perature. There is no marked variation with depth, except for a slight decrease 
from surface to 50 or 75 m. Below this depth a thin layer of relatively high salinity 
zone exists which is followed again by a gradual decrease in salinity down to 200 m. 
Northern part of the section is generally associated with higher salinities.

Oxygen values in the upper mixed zone show uniform distribution (Fig. 3E). 
Along the section towards the south, the surface values remain more or less uniform
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up to 3°N Lat. and beyond that, the values tend to increase reaching maximum at 
the equator. Oxygen discontinuity layer coincides with the thermocline depth. 
Isolines show an upward extension towards south, tending to spread near the equator. 
Lowest values of less than 1 ml/1, are found below 150 m in the northern end of the 
section. But near the equator at almost the same levels, relatively more oxygenated 
waters occur (2-3 ml/1.).

Section along the Equator between 71°30' and 75°E:
Phosphate values of the surface layers (about 75 m) are particularly low and 

more or less uniformly distributed (ranging from 0.19 to 0.56 fig at/1.) (Fig. 4A). 
Little variations have been found along the west to east direction. Below 75 m the 
layer of phosphate gradient (varying from 0.6 to 1.5 pg at/1.) extending down to 
150 m is present along the entire section. Below that the values tend to increase 
slightly and remain more or less constant (1.5 pg at/1.) to about 200 m.

Silicate concentrations (Fig. 4B) also are in general of lower magnitude in 
the surface, excepting that they are more variable than phosphates in the west to
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east direction and slightly higher concentrations are found in the mid section. Pro
gressive increase towards deeper levels becomes apparent. Surface values vary 
from 2 to 5 /¿g at/1, and higher values of about 9 pg at/1, are recorded at about 200 m.
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Temperature distribution is uniform in the upper 75 m (Fig. 4C). The 
thermocline is present just below 75 m, spreading down to 150 m. Surface tem
peratures are slightly low towards east indicating an uplift of the subsurface layers 
within 50 m.

Salinity profiles also indicate a uniform vertical distribution (Fig. 4D). Pro
gressive increase up to 75 m is noticeable, which is followed by isohaline conditions 
down to 200 m. Isohalines within 50 m show an upward tilt towards east resulting 
in the formation of relatively higher salinities as compared to the western part.

Distribution of oxygen (Fig. 4E) is relatively more uniform vertically and
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horizontally as compared to the previous sections. Oxygen discontinuity is notice
able below 50 m and the gradient is weak. Lowest oxygen values of the order 
2 ml/1, are found below 150 m. The oxygen isopleths tend to slope upwards in 
eastern part, similar to salinity and silicate profiles.

Section along 75°E meridian from  0° to 8°24.5* N :

Uniformly low phosphate levels are present down to 75 m along the entire 
section (Fig, 5A), The values being generally less than 0,5 Mg at/1. Values of
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phosphate varying between 0.5 and 1.1 jug at/1, are found between 75 and 120 m 
near the equator which are continued up to 3°N Lat. wherein there is a slight increase
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Fig. 5A.
Fig. 5(A-E). Vertical distribution of properties along 75° E meridian between 0° and 8° 24.5'N.

in the range (from 0.5 to 1.5 jug at/1.) with corresponding increase in the lower depth 
limit to 130 m. The general disposition of the profiles indicate a certain amount of 
instability below 75 m.

Surface silicates down to 75 m at both ends of the section are low varying 
between 1.2 and 3 Mg at/1. (Fig. 5B). In the mid section between Lat. 4° and 5°N a 
slight increase in the values (3-5 Mg at/1.) is noticeable due to upslope of the layers 
between 75 and 100 m. Values greater than 9 Mg at/1, are present below 150 m. 
However, it may be mentioned that the profiles piesent an irregular pattern, sug
gesting the existence of eddies.

Temperature variations in the upper 10 m along the section are interesting 
(Fig. 5C). Near the equator the values are lower and northwards up to 5°N Lat., 
the temperature increases, and beyond a fall in temperature is again noticeable. 
The same trend is reflected down to about 40 m excepting that the intensity of 
variation is less marked between Lat. 3° and 6°N; there appears to be an upslope 
of waters from 30-40 m towards the suiface thus causing the transition from higher 
to lower temperatures towards higher latitudes. Thermocline begins just below 
75 m extending down to 150 m near the equator and breaks up towards 1°N Lat. 
limiting between 40 and 68 m only, and further north it extends down to 80 m. It
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may be mentioned here that meridionally the thermocline is tending to be weak 
from west to east direction. At deeper levels the vertical temperatures show rela
tively a uniform distribution; the general pattern of the isotherms suggest con
siderable movement of waters.
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Salinity distribution of the upper 75 m (Fig. 5D) presents an irregular pattern 
which might be the result of eddies as is also indicated while examining the distribu
tion of the other parameters. There appears to be a general increasing trend from
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south to north direction up to 2° Lat. followed by a fall up to 4° Lat. ; rather a sharp 
increase is again noticeable up to about 7°N. Lat. and beyond a general lowering 
of the values are observed. Below 75 m the vertical variations are very little and 
remained more or less constant. In the northern end of the section a tongue of 
high saline water between 20 and 100 m appear to be moving northwards (the axis 
points slightly downwards). A layer of salinity maximum at about 100 m level 
extends all along the section excepting that the level shoals up towards north coin
ciding with the tongue of high saline water.

Vertical variations of the oxygen in the upper 50 m are little (Fig. 5E) and a 
general decrease in the values towards north is noticeable. Oxygen discontinuity 
begins below 50 m and the gradient which is weak near the equator tends to become 
stronger towards north. Oxygen poor layer (< 1  ml/1.) is present at 4° N  at 200 m 
level and towards further north it extends to shallow depths, reaching up to about 
80 m.

D is c u s s io n

Distribution of nutrients and other parameters like temperature and salinity 
in the open oceanic waters seems to be more uniform and regular than those in the 
inshore waters where the proximity of land introduces complexity in the nature of 
distribution of these parameters. Nutrients of the oceanic waters appear to be 
more dependent on the general current pattern and sources o f origin o f distinct 
moving water masses. Greater accumulation of nutrients at deeper levels and 
their consistancy, irrespective of seasons and places may have far reaching signi
ficance in determining the fertility of surface waters. The deep nutrient rich waters 
seem to act as inexhaustible reservoirs and these may replenish the losses o f nutrients 
of the surface layers caused by physical or biological factors. A knowledge o f the 
spatial and temporal distributions of the nutrients in the oceanic regions is valuable 
in understanding their influence on the shelf waters which are more productive.

Present investigations are mainly related to the distributional aspects of 
nutrient salts in relation to some hydrographical factors of the upper 200 m waters 
in the Central Western North Indian Ocean during the south-west monsoon season 
in the month of August. The great impact of the south-west monsoon on the North 
Indian Ocean, resulting in the extensive movements and exchange of water masses 
in determining the biological productivity of the shelf waters of the Arabian and 
West Indian coasts are well established and as such the information on spatial 
variations of these important factors in the oceanic waters during this period may 
also aid in understanding the fertility of different regions.

Monsoon winds over the north Indian Ocean change the current pattern 
into two distinct types of circulations. During the south-west monsoon period the 
coastal circulation is clockwise and in the open ocean the current is easterly. But 
during the north-east monsoon period the entire pattern reverses. The current 
system becomes strong and stable during the south-east monsoon period in contrast
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to that during the north-east monsoon. The effect of north-west monsoon is rela
tively weak over the North Indian Ocean. Towards the equator the general west 
going North Equatorial Current is replaced by stronger east going monsoon current 
during south-west monsoon season.

Water masses of the North Indian Ocean have the general characteristics of 
mid-latitudes and equatorial region and the main surface water mass extending to 
moderate depths is demarcated as North Indian Equatorial Water mass (Sverdrup 
et aí. 1942). Present observations on the hydrographic characteristics are limited 
to the upper 200 m of this water mass.

Examination of the vertical profiles of nutrients reveal broadly two distinct 
features; a surface layer of low nutrient content extending down to 50 or 75 m 
followed by a region of higher and fairly steep gradient of nutrient concentrations 
down to 200 m. Considerable meridional and zonal variations in the thickness 
of these layers are apparent which may be mainly due to variable intensities of the 
current velocities and consequent vertical movements of the waters. These broad 
features in general, correspond to those observed in Pacific and Atlantic Oceans. 
Present investigations indicate that the nutrient levels in the regions of the North 
Indian Ocean under review, generally fall between those in the similar regions of 
Pacific (highest) and Atlantic (lowest). The major exception being the region north 
of 10° N in the Indian Ocean where in the surface values are observed to be higher 
than in Pacific. Temperature, salinity and oxygen profiles are consistent with the 
variations in the nutrient profiles. A scrutiny of the nutrient profiles with those of 
temperature, salinity and oxygen indicates a closer relationship of phosphates with 
temperature, while silicates with salinity and oxygen. This feature, perhaps is 
characteristic of the upper layers of the Oceanic waters of this region, in view of the 
relatively more labile nature of phosphates and temperature in the surface layers 
than the silicates, salinity and oxygen which are rather more stable, and which may 
often characterise the distinctness of a surface water body.

Phosphate distribution along the North-South direction presents some 
striking features; along 68° E meridian, even though the surface values are of low 
order along the entire section, Concentrations tend to decrease further towards 
south up to 14°N Lat. This feature is in contrast to the conditions prevailing in 
the shelf waters along the West Coast of India wherein the phosphate levels tend to 
increase towards south (Reddy and Sankaranarayanan 1965). At deeper levels 
also, the increase in phosphate is not marked; the maximum of about 1 Mg at/1, is 
found only at about 200 m. The probability of the existence of low phosphate 
levels in this region, might be due to the easterly transport of nutrient depleted 
surface layers off the Arabian Coast caused by the prevailing southerly component 
of south-west monsoon winds and these waters are continuously transported across 
the sea by the large eastward current. The general high salinity of the region is 
also in agreement with the above explanation. The secondary effect of these im
poverished waters in lowering the phosphate content towards deeper levels (down to 
200 m) might have been thus indicated as ‘a result of progressive mixing. The
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general disposition. of the isopleths also indicate considerable amount of water 
movements along the entire section.

Silicate distribution also corroborates the inferences drawn from those of 
phosphate data. It is significant to note that in the northern region between 19° and 
17° N Lat., below 100 m, the formation of silicate isolines of relatively higher con
centrations suggest an apparent streaming up of silicate rich waters. While salinity 
and oxygen profiles are in agreement with the above observation, those of phosphate' 
and temperature do not indicate this feature. Possibly this might be due to relatively 
small vertical variations of phosphate or temperature as compared with the silicate 
or salinity.

Remarkably low nutrients between stations 284 and 285 (Lat. 16°30' to 15°30 
N) with corresponding increase in depth of mixed zone is noticeable indicating 
marked convergence which may possibly be due to the influence o f horizontal 
eddies.

The southern section along 71°30' E from Lat. 8°N extending to the equator, 
is characterised by deeper mixed zone extending down to 75 m. Generally phos
phates and silicates, even though continued to be low show slightly increasing trend 
towards the south and this feature is more distinct near the equatorial region. A 
core of high phosphate layer containing relatively lower silicate and oxygen con
centrations, is found below 100 m, in the region extending approximately between 
2° and 6°N along 71°E meridian. The indications suggest a distinct water body 
with longer residence time and thus perhaps accounts for higher phosphate and 
lower oxygen contents due to biochemical oxidation. The strong discontinuity 
layer in the area might be impeding vertical mixing and thus promoting regenerative 
processes. Around 8°N along 71°E a rather abrupt variation in all the parameters, 
particularly in salinity and temperature is noticeable towards south. Temperature 
and nutrients show an increase while salinity and oxygen show a decrease. The 
salinity and temperature magnitudes at either sides of the transition region are 
suggestive of sinking process. Towards the equator, nutrients, temperature, salinity 
and Oxygen profiles show a slight and gradual uplift of the waters from about 75 m 
to the upper levels. This phenomenon may be attributed to the natural sequences 
associated with the equatorial divergences. Varadachari and Sharma (1964) pre
senting the seasonal distribution of vergence field of the surface waters in the north 
Indian Ocean, showed the occurrence o f several centres of divergence and conver
gence in the open ocean regions throughout the year, more intense field being in the 
south-west monsoon period, particularly in equatorial regions. The general 
pattern of equatorial divergences and centres of convergences in regions north of 
equator in the south-west monsoon period as could be inferred from the present 
observations, are in broad agreement with their findings. However it may be 
mentioned that the nutrient levels at the surface layers near the equator are continued 
to be of low order inspite of the divergences and consequent upwelling. From the 
vertical profiles of nutrients, it is seen that the uplift of waters is restricted to within 
the shallow depths wherein the nutrient concentrations are not high and thus indicat
ing that intensities of divergences in the equatorial Indian Ocean may be of lower
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magnitude than in the counterparts of the other Oceans. Possibly this difference 
between the equatorial Indian and the equatorial Pacific and Atlantic Oceans, 
appears to be somewhat related to the absence of the regular west going North 
Equatorial Current in the Indian Ocean during this period and instead the presence 
of east going monsoon current. In the Pacific and Atlantic the general equatorial 
current systems remain unchanged throughout.

However, the situation in the North of equator (beyond 10°N) presents a 
different picture in the Indian Ocean, wherein higher surface nutrient concentrations 
are found to exist, compared with the same regions of other Oceans. Armstrong 
(1965) while discussing the phosphate distribution in the oceans, mentions that in 
the Central Pacific region between 40° and 10°N and away from the coast, lower 
surface concentrations of less than 0.16 mg at/1, were encountered. Present investi
gations in Central North Indian Ocean show relatively high surface concentrations 
(0.3 mg at/1.) of phosphate between 20° and 10° N  as compared with the same 
region of the Pacific.

Another notable feature in the Central North Indian Ocean is the presence 
of relatively shallow zone of phosphate low layer extending from surface to only 
75 m as compared with the similar zones which are generally thicker, extending 
down to 100 m or more in North Pacific and Atlantic. This featural difference 
may have an important bearing in rapid exchange of nutrients to the surface layers 
from the nutrient rich sub-surface layers, and thus may explain the existence of 
relatively higher surface concentrations in the Central North Indian Ocean than 
in the same regions of the Pacific and Atlantic.

Nutrient concentrations along the equator between 71° and 75° E do not 
show the expected higher levels. Phosphates and temperature profiles (Fig. 4 A & C) 
exhibit more or less a normal pattern while the silicates, salinity and oxygen profiles 
(Fg. 4 B, D & E) indicate fairly a marked divergence pattern in the upper 70 m 
between 72° and 73° E meridians. Phosphate and temperature profiles also do 
agree to some extent with the above feature, though not strongly indicative and this 
is obviosly due to more uniform vertical characteristics of both the parameters 
within that layer. Thermocline is present at deeper level (70 m) spreading down to 
150 m and is maintained throughout at the same level. Phosphate gradient coin
cide with the thermocline. Salinity gradients are limited to upper 70 m only while 
the silicate and oxygen profiles do not exhibit strong gradients. The characteristic 
spreading of the thermocline, nutrient and oxygen isolines at the equator was also 
reported by Knauss (1964) and Gangadhara Rao and Jayaraman (in press) and 
related to the presence of an undercurrent. However the discussion relating to 
the presence of this current is beyond the scope of the present paper.

The section running south to north along 75°E gives some idea in the meri
dional variation in the distribution of nutrients, running parallel to the North- 
South section along 71°E. However, the observed meridional and zonal differences 
appear to be more influenced by the Maldive Islands positioned between these two 
sections (at 73°E). The nutrients register an increasing trend towards south along 
both the sections. In the northern half, the concentrations are in general, slightly

524



121

higher on the western side, while along the southern half, only the surface waters 
show slightly higher concentrations towards east. The nutrient values in the 
eastern equatorial region and the distribution might be associated with the monsoon 
current augmented by the island effect. In the northern half, the observed low 
values on the eastern section could possibly be related to the diffusion of the southerly 
current, contributing the nutrient depleted waters. Another notable feature is the 
relatively low stability of the waters towards east, as could be seen from the thermo
cline structures and the disposition of nutrient isopleths (Fig. 5 A-E). Around 
5°N Lat. along 75°E a marked transition in the water properties could be noticed 
(Fig. 5 A-E). The indications point to boundary conditions. Investigations by 
Varadachari and Sharma (paper under publication) on the circulation of surface 
waters in the north Indian Ocean, showing some point similarities and line similarities 
in the streamline pattern of the circulation, documented a line convergence around 
the same region. It may be mentioned here that this region may be limiting the 
extent of the spread of southerly flow and thus forming a boundary with the easterly 
monsoon drift current.

A brief comment on the abundance of Zooplankton in some parts of the 
ocean during the cruise may reveal some interesting features related to nutrients 
and other oceanographic features. Zooplankton samples were collected from some 
regions covered during the 13th cruise. Several earlier workers have reported a 
correlation between Zooplankton and Po4-P, and other oceanic features such as 
thermocline, and pycnocline topographies in the Pacific and Atlantic Oceans (King 
and Hida 1957; Holmes et al. 1957; Brondhorst 1958; Reid 1962).

Zooplankton organisms (in terms of displacement volumes collected from the 
upper 200 m using IOSN) between Lat. 8° and 0° N  along 71°E show a general 
increase towards the equator and along the equator between 71° and 75°E. Along 
75°E there was a sharp decrease towards north of equator up to 3°N and beyond 
this position a short increase in Zooplankton organisms (3 to 6 fold, became notice
able). The increase of Zooplankton toward the equator along 71 °E coincided with 
the general upslope of the isopleths. Higher Zooplankton content along the equator 
also seem to be associated with divergences. However the sharp decline in Zoo
plankton along 75°E towards north of equator up to 3°N presents a complex situa
tion. Since the nutrient concentrations in this region are more or less same as those 
along the equator and relatively higher than further north (between 3°N and 8°N), 
the sharp reduction in Zooplankton might be associated with hydrographical condi
tions or may be related to natural sequences of the food cycle. It is also possible 
that in this region a greater intensity of easterly current and the presence o f large 
eddies might be responsible for the low plankton content. The very high incidence 
of Zooplankton between 3° and 8°N along 75°E is in close correspondence with the 
boundary conditions observed (loc. cit.) between eastward monsoon current and 
the spread of the southerly flow. The waters of the southerly flow along the West 
Coast of India might be contributing to the extremely high plankton concentration 
of this region. Synchronously the low nutrient content of the same region suggests 
that the waters brought in by the southerly current were stripped off their nutrients
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during their sojourn along the \vest Coast of India due to high biological productivity 
and thus contributing to the observed increase in the biomass of the region.
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Reprinted from Butt. natn. Inst. Sei. Ind ia , no. 38, 1968, p. 148-163

NUTRIENTS OF THE NORTH-WESTERN BAY OF BENGAL

by V. N .  Sa n k a r a n a r a y a n a n  and C. V. G a n g a d h a r a  R e d d y  

National Institute o f Oceanography, Ernakulam

Studies on the distribution of phosphates, silicates and nitrates in relation to 
some hydrographical features of the north-western Bay between latitudes 16° and 
19°N during the month ‘of January showed marked regional variations. The 
distribution is found to be related tó the prevailing currents. The chief feature 
of the region investigated is the commencement of coastal upwelling. The 
ascent of the sub-surface waters is weak and extends only up to 20 m below the 
surface. rom the disposition of the isolines it appears that the vertical movement 
of the waters extends down to 500 rr. Phosphate maximum is found between 600 
800 m and the nitrate maximum between 300 and 800 m. The silicates, on the 
other hand, continue to increase with depth. The factors influencing the dis
tribution of nutrients over the entire region have been discussed.

I n t r o d u c t io n

While considerable information is available on the general oceanographic 
conditions in the Bay of Bengal, very little is known regarding the distribution of 
nutrient salts. Even the available data is centred around few regions, particularly 
off Waltair and Madras and most of the studies limit to near-shore areas (Jayaraman 
1952; Ganapathy and Sarnia 1958; Bhavanarayana and LaFond 1957; Varma and 
Reddy 1959). The Bay of Bengal especially the northern region is influenced by 
the discharge of large rivers and complex current patterns varying with monsoons. 
Since the distribution o f nutrients and other hydrographical features are affected 
more by the dilution and currents, the general estuarine character of the Bay of 
Bengal limits the generalisation of characteristics based on meagre regional and 
seasonal studies. This feature is in contrast to the Arabian Sea, in which the riverine 
inflow is considerably less and ‘the conditions are predominantly oceanic and rela
tively more stable. Therefore it is imperative that several distinctive small regional 
studies through different seasons are necessary to assess the hydrological character
istics of the Bay of Bengal as a whole.

During the International Indian Ocean Expedition (1962-1965) it was possible 
to cover several regions in the Bay of Bengal in different seasons and the present 
account on the nutrients in the north-western Bay of Bengal in relation to hydro
graphical factors, is based on the data collected during the 21st Cruise of I.N.S. 
Kistna in the month of January, 1965.

M aterial a n d  M ethods

Figure 1 shows station locations along the sections normal to the coast. 
Stations were selected from the regions (1) off False point (between Lat. 20°08' 
and 18°N and Long. 86°54' and 90°E), (2) off Gopalpur (between Lat. 19°09' and
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Fig. 1. Map showing the station locations.

16°53'N and Long. 85°02' and 88°20'E) and (3) off Visakhapatnam (between Lat. 
17°32' and 16°N and Long. 83°29' and 87°N). Methods o f chemical analysis of 
the water samples for phosphates and silicates were the same as reported earlier 
(Reddy and Sankaranarayanan 1966). Nitrates were estimated as described by 
Strickland and Parsons (1960) using Sulphanilamide and N-(l-naphthyl) ethylene 
diamine for the azodye formation and the extinction was measured at 543 mM. 
Observations between depths 0-1000 m are presented.

R esults

Fugures 2A, 3A and 4A show the vertical profiles of phosphates along the 
three sections. Phosphates in the mixed layer (upper 60 m), show some meridional 
and latitudinal variations. The concentrations are relatively higher in the shelf 
waters ranging from 0.3 to 1.1 Mg at/1. The values tend to decrease towards the 
east registering less than 0.5 Mg at/1 with the only exception in the northern part of 
the section (off False point) wherein the values show a rise at the eastern end of the 
section. Along the north-south direction, high values (0.5 to 1.1 Mg at/1) exist in the 
south (off Visakhapatnam) and low values (0.3 to 0.58) in the mid-region (off Gopal- 
pur). Phosphate discontinuity layer coincides with the thermocline topography and a 
common feature of the entire region is that the phosphate discontinuity layer shows 
a gradual coastward upslope from the mid section with varying intensities. In the 
north (off False point) the phosphate gradient layer tends to slope up towards 
shallower depths at the eastern end also. This feature is absent in the remaining
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Southern sections. However, it may be noted that the subsurface waters do not 
reach the surface over the shelf excepting in the region off False point. The general 
ascent of the subsurface waters extends up to only 20 m in the southern sections. 
Below 200 m the distribution is more uniform, but the upward trend of the isolines 
is noticeable down to 500 m also and this feature is more pronounced in the south, 
off Visakhapatnam. Depth of phosphate maximum is found to be varying between 
600 and 800 m.
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Silicate distribution (Figs. 2B, 3B and 4B) corresponds well with that of 
phosphate. Surface concentrations range from 0.1 to 4 Mg at/1. Higher values 
are found to occur in the southern section and lowest in the mid section. Within 
the thermocline the concentrations register a rapid increase extending down to 
200 m; at deeper levels the values increase continuously with depth reaching a 
maximum of 21 m g at/1 in the south. . Similar to phosphates, silicate isolines also 
show a strong upslope towards the coast.

Nitrates (Figs. 2C, 3C and 4C) also follow more or less the same pattern of 
distribution as the other nutrients, excepting that the subsurface gradients are 
stronger and extending to deeper levels. Surface nitrates are low over the entire 
region varying between 0.1 to 2 Mg at/1. An increase in the concentration towards 
south is noticeable. The variations towards east appear to be non-uniform with 
alternate bands'of highs and lows with minimum concentrations around 90 E. 
The nitrate discontinuity layer is located within the thermocline in both the north
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and south sections, but in the mid section it commences a little above the thermocline 
(50 m). Below 150 m the variations with depth are rather more uniform. The 
layer of maximum nitrate content appears to be varying between depths 300 and 800 
m arid in general it may be said that the nitrate maximum is at a higher level than 
that of phosphate over major portion of the region. From the configuration of the 
isolines it is apparent that significant vertical motion of the waters occur at sub
surface levels.

H y d r o g r a p h ic a l  F e a t u r e s

Temperature profiles, (Figs. 2D, 3D and 4D) show an uniform feature along 
the western end of the whole region, characterised by the presence of a layer (15 m 
thick) of cold surface water extending to a maximum distance of 75 miles off the 
coast. The stretch of the cold layer decreases towards south with a simultaneous 
rise in temperature. In  the mid section (off Gopalpur) the cold surface layer is 
intercepted by a significant band of warm water around 20 miles off the coast. A  
close examination of the thermocline layer reveals its shoaling nature towards west. 
The disposition of the isolines below 200 m also indicate the existence of vertical 
movements in deeper waters.

Salinity profiles (Figs. 2E, 3E and 4E) show that the cold surface waters near 
the coast off False point and Gopalpur are of low salinities whereas in the souths 
off Visakhapatnam are of higher salinity. In  the case of former the influence of 
river flow is still felt. The westward upslope of the isohalines at subsurface level, 
is indicated with a lesser degree over the entire region. In  the northern section at 
its eastern end (around 90°E) the ridging up of the isohalines of the upper 100 m 
point to an apparent divergence region. This feature is also reflected in the nutrient 
and temperature profiles, but to a lesser extent. Along the entire region around 
90° E the salinities are low and these low salinity values appear to be associated 
with the prevailing gyral circulation.

Oxygen distribution is presented only for the two sections, off False point 
and off Visakhapatnam (Figs. 2F and 4F). The cold and low saline waters are 
associated with higher Oxygen content. A  notable feature is that the Oxygen 
discontinuity layer commences at a higher level than the thermocline. However 
the Oxygen minimum layer (< 0 .5  ml/1) starts in the middle of the thermocline 
extending down to 800 m coinciding more or less with the depth of phosphate 
maximum. The sloping up of the Oxygen minimum layer towards west is well 
seen. This feature appears to be more pronounced in the south (off Visakhapatnam). 
Significant increase in the Oxygen levels could be noted only below 800 or 900 m. 
In  general the Oxygen distribution closely follows those of salinity and phosphates.

D is c u s s io n

The distributions of the hydrographical factors in the Bay of Bengal, are 
primarily influenced by the immense land drainage and complex current patterns
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associated with the changing monsoons. The highly estuarine charactei of the Bay, 
narrows the biological influence on the nutrients. The suspended organic 
and inorganic particulate matters are believed to be more responsible for the observed 
irregular variance of nutrient distributions through the processes of adsorption, 
sedimentation, regeneration by chemical and bacterial agencies and finally diffusion 
by vertical and horizontal circulations. A  cursory examination of the recent data 
collected on I.N.S. Kistna reveal that the effects of land drainage are evident over 
a wider area in the Bay, during major part of the year following the circulation 
patterns. The property distributions show considerable variations within narrow 
regional and time limits. Thus the conditions in the Bay necessitates the use of 
extensive small regional and temporal observations to obtain an integrated picture 
of the property distributions. The present report gives a descriptive account of 
nutrients in relation to other hydrographical features in the North-Western Bay 
in the month of January.

During the period o f observations the general current pattern can be differ
entiated into (1) anticyclonic circulation at the head of the Bay extending to about 
15°N and (2) the west drift in the open parts of the Bay.

A  significant observation in the region under study is the beginning of coastal 
upwelling which is evident from all the sections, as one of the factors governing the 
distribution of nutrients. I t  is clear from the trend of the profiles (Figs. 2-4) that 
this feature appears to be relatively more advanced in the north and least in the mid 
region (off Gopalpur). LaFond (1954) while discussing upwelling off the East 
Coast of India, observed a marked increase in temperature and salinity at the end of 
January and throughout February. This is attributed largely to the reversal of the 
current direction during this season of the year, which brings in warm high saline 
water from the equatorial region. A t the same time the south south-west winds 
cause an offshore drift of the surface water. As colder subsurface water rises to 
take its place, upwelling staits. Further investigations by LaFond (1954) indicate 
that the upwelling develops fully, off Visakhapatnam in March, extending up to 
April. The offshore transport of water fits with the prevailing wind direction (SW) 
and the northerly current along the coast. Present investigations confined to the 
3rd week of January when the conditions (LaFond 1954) are favourable for the 
commencement of the observed upwelling. The observations show that this feature 
extends only up to the mid-shelf limiting the ascent up to about 20 m below the 
surface in the southern sections, whereas in the northern section (off False point) 
it extends almost to the surface towards the inner shelf. I t  is obvious that the 
resultant operative force responsible for the upwelling is weak and of variable 
strength over the entire region. As mentioned earlier the characteristic feature of 
the prevailing current system is the anticyclonic gyre at the head of the Bay extending 
down to about 15°N. The centre of thè gyre is in proximity to the northern section 
(off False point). It  is felt that this circulation may be playing a significant role 
in the upwelling processes towards the coast. The convergence at the centre of the 
anticyclonic gyre may be drawing the surface waters around, and therefore it is
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highly probable that the magnitude of transport of the surface waters towards east 
could be increased tending the upwelling to be more conspicuous near the coast. 
This feature is well reflected in the northern section off False point. Decreasing 
intensity of the process towards south could be due to the increasing distances from 
the centre of the gyre. Local changes in the prevailing wind may also equally affect 
the intensities of upwelling.

The general surface nutrient levels in the upper 60 m (Figs. 2-4) reveal that 
the trends of variation in the east-west and north-south directions show some regional 
differences. These variations run parallel with those of temperature and salinity. 
In  the north (off False point) near the coast theposphate values are high (0.65 pg at/1) 
and progressively decrease towards off-shore up to 88°E and beyond this a significant 
rise to maximum (1.13 H-g at/1) is noticeable. The higher values are associated 
with cold and low saline waters while the lower values with warm and high saline 
waters. The existence of cold and low saline surface waters near the coast may be 
due to the effect of discharge from the river Mahanadi. The progressive increase in 
salinity towards south supports this view. These waters normally extend over a 
thin surface layer (20 m thick) spreading to about 120 km forming a boundary 
with the warm high saline and low phosphate waters; these in turn form another 
boundary around Long. 89°30'E with another cold, low saline and high phosphate 
layer. A t this end the disposition of the profiles indicate an uplift. The cold and 
low saline surface waters appears to be caused by a part of the surface gyres weeping 
from north to south-west direction, bringing in cold and dilute waters from the 
head of the bay. The conspicuous upslope of the same may be coinciding with a 
local divergence zone probably extending further east. This particular ridging 
feature is not found in the southern sections. But the presence of cold and low 
saline waters is evident, suggesting the southward extension o f the gyre. The 
gradual rise in the temperature and salinity with a fall in phosphate level in the east 
indicate the weakening of the gyial circulation towards south; the sharp fall in the 
phosphate content perhaps suggests the influence o f the westerly drift, bringing in 
warm high saline and phosphate poor waters from east and south-east. The phos
phate concentrations over the shelf show maximum values off Visakhapatnam and 
minimum off Gopalpur. The intermediate concentrations off False point may be 
reflecting the relatively weaker upwelling trend as could be inferred from the vertical 
profiles. The maximum surface values in the shelf off Visakhapatnam are believed 
to be very local caused by regeneration processes. Ganapati and Sarma (1958) 
observed the phosphate peak in the surface waters off Visakhapatnam during the 
month o f January. They attributed this to the nutrient rich Antarctic bottom 
water, entering the bay to compensate the loss of water due to evaporation. How
ever, in the present case the authors consider that the high level of phosphates are 
due to local regeneration processes, as the present observations indicate only the 
beginning of upwelling which is not affecting the surface waters.

The silicate and nitrate concentrations in the upper mixed layer are low. 
Nevertheless they also exhibit some variations; phosphates and silicates agree fairly 
well while the nitrates show certain amount of inverse relation with the other
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nutrients regionally. Since the concentrations and the differences are of lower order 
no special emphasis can be made on the factors governing the silicate and nitrate 
distribution excepting that the minor variations may be more of regenerative 
character.

A t deeper levels (below 60 m) the concentration gradients of the nutrients 
coincide with the thermocline. The characteristic slight upslope of the gradient 
layers could be noticed in the east-west direction in all the profiles. The concentra
tions of silicates and especially nitrates show strong gradients with depth even 
extending down to 500-600 m. This property is obviously related to the differ
ential rates of regeneration and some physical processes determining the accumula
tion. The maximum variations in the concentrations coincide with very low oxygen 
content. Highest accumulation of phosphates is between 600 and 800 m and the 
nitrate between 300 and 800 m. Silicates show a continuous increase with depth.

It  is‘apparent from the vertical profiles that the vertical motion of the waters 
extend to deeper levels also. Nutrients conform well with the inference while the 
temperature shows wavy patterns suggesting the effect of internal waves promoting 
vertical eddies. I t  is believed that the characteristic upslope of the strong gradients 
of the subsurface nutrients especially that of silicates and nitrates are believed to be 
due to the differential rates of regeneration and disposal by eddy diffusion. Another 
feature of importance to be mentioned in this context is the presence of salinity 
maximum between 300 and 500 m. Rochford (1964) discussing the salinity maxima 
in the upper 1000 m of the North Indian Ocean indicated the incursion of Persian 
Gulf and Red Sea waters (300 to 450 m) into the Bay. The incursion of new water 
mass may favour the formation of internal waves at the boundary enhancing eddy 
diffusion, and perhaps this may explain the observed peculiar patterns of the vertical 
distribution of the nutrients below 200 m.
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D IS T R IB U T IO N  OF N U TR IE N TS  IN  T H E  SHELF WATERS OF TH E  
A R A B IA N  SEA A LO N G  T H E  WEST COAST OF IN D IA *

by C. V. G a n u a d h a r a  R e d d y  and V. N. S a n k a r a n a r a y a n a n

Biological Oceanography Division, National Institute o f  Oceanography, Ernakulam,
S. India

The paper presents a  descriptive account o f the distribution o f phosphates, sili
cates and  n ilrates in the shelf waters o f A rabian  S e i along the W est C oast o f 
Ind ia  including a  brief m ention abou t the hydrographical features and their 
relationship with the form er during the period Septem ber to  Decem ber 1963.
The results indicate m arked variations through different periods, in nutrients and 
other hydrographical features. Two distinct environm ental conditions are 
apparen t in  the  shelf waters from  the nutrients po in t o f view, characterised by 
nu trien t deficient surface layers in the post-m onsoon period and nutrient rich 
surface layers in the south-west m onsoon period. These conditions are  well 
reflected in the  corresponding variations o f the hydrographical features. I t  is also 
observed th a t the  concentrations o f the nutrients show a  general decreasing 
trend from  south to  north . T he distribution o f the elements are m ore influenced 
by a phenom enon similar to  upwelling, occurring during the closing phase of 
the south-west m onsoon. The regional differences in the concentrations o f 
the  nutrients along the  coast during this period, are a ttributed  to  the varying 
intensities o f this upwelling like phenom enon. Post-m onsoon period is chara
cterised by m ore vertical stability o f the waters and uniform  distribution of 
the  properties. A  significant feature o f the nu trien t com ponents o f the near 
shore environm ent (less than  15 miles) is their constancy through different periods; 
the  value are relatively high throughout. Probable factors controlling the 
vertical and horizontal distribution o f nutrients are indicated.

I n t r o d u c t io n

The significance of the nutrients in the sea, especially of phosphates, silicates 
and nitrates, is well recognised, in uiiderstanding the diversities exhibited in the 
distribution of marine populations in space and time and also in characterizing the 
water masses and their movements in conjunction with other physical oceanographic 
parameters. West Coast of India supports a rich fishery of varied intensities in 
different seasons and in view of this fact it is felt that the study of the nutrient levels 
in different periods of the year, apart from the regular hydrographic conditions 
(temperature, salinity and oxygen) may also help in understanding the seasonal 
changes in fisheries. The present work was undertaken as part of the studies on 
the nutrient distribution in the Indian Ocean under the Indian Programme of the 
International Indian Ocean Expedition.

The present paper deals with the results based mainly on the nutrient data 
of the shelf waters along the West Coast of India within which the major fisheries

*This paper was presented a t the Second International Oceanographic Congress, M oscow on 8th 
June, 1966.
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of sardine and mackerel are known to occur. The relationship of the nutrients to 
other hydrographical features has also been briefly discussed. Among the previous 
investigations on nutrients, especially in the inshore waters, mention may be made 
of studies by George (1953), Rao (1957), Subramanian (1959), Seshappa and Jaya
raman (1956), Jayaraman and Seshappa (1957). The present work covers three 
regions along the West Coast from Quilon to Ratnagiri giving the variations in 
monsoon and post monsoon seasons in 1963.

M a t er ia l  a n d  M eth od s

Collections were obtained during the regulär oceanographic cruises of 
R. V. V A R U N A  from three selected regions: 1. Off Quilon, 2. O ff Mangalore, 3. 
Off Ratnagiri across the continental shelf falling io  line with oceanographic pro
gramme of the Central Marine Fisheries Research Institute. Collections were 
mostly made up to the edge of the continental shelf except on some occasions when 
a few samples were collected beyond the shelf. Sections covered and station loca
tions and periods are given in Fig. 1. Only parts of the sections comprising the 
station locations wherein water sampled for nutrients are represented in the map. 
The water samples were preserved by freezing at — 10°C for subsequent analysis 
at the shore laboratory at Cochin. In  the laboratory the samples were brought to 
the room temperature quickly with the aid of a thermostatic water bath, before 
analysis.

Inorganic phosphates:—Phosphates were estimated by the method of Deniges 
as adopted by Wooster and Rakestraw (1951). Absorbance was measured at 700 
m/* using SP 500 Unicam Spectrophotometer. Phosphate values are not corrected 
for salt error»

Silicates:—The method of Wandenbulcke (1923) as adopted by Robinson 
and Thompson (1948) was used. Absorbance was measured at 404 m p  as sug
gested by Barnes (I960). Comparisons were made with potassium chromate 
standards buffered with borax.

N itra tes :— Nitrates were estimated by the technique of Mullin and Riley 
(1955) as described by Barnes (1960). The absorbance of the resulting azo-dye 
was measured at 524 m/*.

R esu lts

The sections covered in a  particular region during the two different periods 
(monsoon and post-monsoon) are designated as ‘a’ and ‘b’.

Sections O ff Quilon:

Section ‘a’ :— (Between Lat. 8°59' N , Long. 75°59' E and Lat. 9°11 Ñ , Long. 
76°22' E) covered in the month of September 1963.
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During this period, the phosphate content of the upper 10 m in the inshore 
region (less than 20 miles from the coast) is high ranging from 0.54 to 1.4 g. at/L

r a t n a g i r i

M A N G A L O R E

0  MO*)SOON .STAT IONA 

®  P0STM0NS00N STATIONS

73*72* 77*75°

Fia, l.  Map showing the locations wherein collections were made.

and towards the offshore region, it becomes lower ranging from 0.6 to 1.2 /*g. at/L 
(Fig. 2a). Jn general, throughout the section it is interesting to note that the phos
phate concentration dropped from surface to 10 m or 20 m level and the values 
show a gradual increase up to 50 m, followed by a sharp rise towards the bottom 
layers; the values reach as high as 2.7 pg. at/L. It could be seen from the figure 
that the isbpleths form into a' tongue like projection towards the coast suggesting 
the incursion of offshore waters towards the coast.
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Silicate content especially in the inshore stations (Nos. 1914 and 1916; Fig. 
2a) shows erratic distribution, but a general trend of increase is evident towards 
the bottom layers. Farther off, at station No. 1918 near the edge of the continental 
shelf, the silicate distribution generally parallels with that of phosphate. From the 
trend of isolines there is also an indication of the influx of offshore waters towards 
the coast. The values of the upper 10 m varied between 1.7 and 3.1 F g. at/L. 
Bottom layers in the inshore region contain generally more than 5 fig. at/L and 
reach as high as 14 fig. at/L towards offshore region.
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Fig. 2(a) Vertical distribution of phosphates, silicates and nitrates in the section off Quilon in 
September.

Nitrate distribution is similar to that of phosphate in the upper 10 m. The 
values tend to decrease towards the offshore region, ranging between 0.1 and 2.8 fig. 
at/L; values greater than 1 fig. at/L  are usually found below 20 m and the highest 
of 4.4 fig. at/L is recorded near the edge o f continental shelf at about 100 m. Below 
this depth the values again tend to decrease to about 1 fig. at/L.

Section ‘A’ :—(Along Lat. 9°00' N  between Long. 75°58' E and 76°28' E) 
covered in December 1963. Phosphates in the surface waters remained high (1 fig. 
at/L) in the near shore region and towards the middle of the section they decreased 
to about 0.4 fig. at/L and thereafter the values tend to increase up to the edge o f the 
shelf reaching 1.8 fig. at/L. As compared to the monsoon period the values in the 
offshore region show an increase. Tlie subsurface isolines (Fig. 2b) show a slight 
upward tilt from the offshore region towards the mid section and further there is no 
indication of the upslope of the contours towards the coast,
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Flo. 2(b) Vertical distribution of phosphates, silicates and nitrates in the section off Quilon in 
November,

¡Silicates are generally poor in December relative to the monsoon period 
except in the nearshore station No. 2003 wherein a slight increase is noticeable, 
Surface values varied from 0.73 to 4.8 Mg- at/L. The values decreased to minimum 
in the mid region from the coast and thereafter gradually increased towards the 
shelfedge. Silicate accumulation is significant only below 100 m, the order being 
8 to 12 fig. at/L.

The trend of nitrate distribution is similar to that of phosphate. Except 
the first station near the coast, in general, nitrates show a slight increase in the rest 
of the section. The values ranged from 0.2 to 3.2 Mg. at/L.

Section O ff Mangalore:

Section ‘a’ :— (Between Lat. 12°52' N , Long. 74°54' E and Lat. 12°33' N  
I^ong. 73°48' E) covered during October 1963. October represents the month of 
transition between south-west monsoon is still active, but weak, a gradual reversal 
of the current system takes place.

Surface phosphates are high (0.8 to 1.5 fig. at/L) in the near shore stations 
within 15 miles and decrease further offshore to below 0.4 Mg- at/L. The isopleths 
at the depths between 25 to 50 m (0.5 to 1.5 Mg- at/L; Fig. 3 a) in the offshore region 
show a downward trend towards the mid section and again a sharp rise towards 
the coast reaching the surface. Vertical variation up to about 25 m is not uniform 
in most of the stations, but there is a sharp increase towards bottom layers below 
this depth. Values greater than 2 Mg. at /L  are found below 100 m, particularly 
in the offshore region,
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Silicates also show a trend of distribution similar to phosphates. Surface 
silicates in the nearshore stations range between 4 and 10 mg. at/L, while in the off-
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F ig . 3(a) Vertica] distribution o f phosphates, silicates and nitrates in the section off M angalore in 
O ctober.

shore region the values are in general less than 4 Mg. at/L. Concentrations as high 
as 12 Mg. at/L are found below 100 m.

The pattern o f nitrate distribution also shows a strong upslope o f the isoliness 
towards the surface near the coast. The. values are relatively high in-the near shore 
area, ranging from 1 to 4.5 M g. at/L. The concentration is low in^the offshore 
region ranging between 0.4 and 1 M g- at/L. Unlike phosphates and silicates, nitrates 
are generally low down to 150 m. Nitrate accumulation is apparant only below 
this level.

Section ‘b':— (Between Lat. 12°49' N , Long. 74°45' E and Lat. 12°00' N , 
Long. 72°30' E) covered during the month of December.

In  December the phosphate content was very low as compared to October 
all along the section; the values range from 0.09 to 0.4 m g. at/L (Fig. 3b). This 
depletion extends up to 100 m and only a slight increase is observed below this level.

Silicates show a similar trend as those of phosphates; the values are between 
3 and 5 M g. at/L, and higher concentrations ( > 6  M g. at/L) are found only below 100 m.

Nitrate distribution corresponds more or less to that of phosphates and 
silicates. Surface values near the coast range from 0.7 to 1.8 Mg. at/L and further 
off the coast the values drop to 0.6 m g. at/L. Higher concentrations up to 6 Mg 
at/L are found below 10 m in the increasing order with depth.

Section o ff Ratnagiri:
Section 'a ':— (Between Lat. 16°03' N , Long. 73°25' E and Lat. 15°50' N , 

Long. 72°45' E) covered during the month of September,
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Fig. 3(b) Vertical distribution of phosphates, silicates and nitrates in the section off Mangalore in 
December.

Surface layers of the inshore area are found to have higher phosphate con
centrations (0.8 to 1.3 Mg. at/L) and lower (0.6 to 0.8 Mg- at/L) towards offshore. 
Isopleths (Fig. 4a) between the depths 30 and 75 m in the offshore region show a
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Fjo. 4(a) Vertical distribution of phosphates and silicates in the section off Ratnagiri in September.
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gradual upslope towards the coast, ascending to levels between 10 and 25 m. In  
general the concentration is observed to be in decrease from surface to 20 m along 
the entire section and below this depth, it increases gradually reaching maximum 
o f 2.7 Mg- at/L near the bottom.

Silicate distribution is quite similar to that of phosphate. Horizontal varia
tion along the section shows that the surface values near the shore are between 2.8 
and 9.6 m g. at/L and those of offshore between 5.6 and 6 Mg. at/L. Below 40 m 
there is uniform increase; maximum values up to 12 m g- at/L are recorded at the 
bottom layers near the edge of the shelf.

Section ‘b '\— (Between Lat. 16c28' N , Long. 73°16' E and Lat. 16°01' N , 
Long. 71°56' E) covered during the month of December.

Surface phosphates are in general lower relative to the monsoon period, 
The values are between 0.2 and 0.6 Mg. at/L. It  could be seen from the Fig. 4b that

s t a t i o n  NUMBERS
2035 34 3 3 3 2 31 30 29 28 2035 34 35 32 31 30 29 28

TT

0-5 2-0 25

0-6

75 .
0« 40

100 »0

150ISO

200200
BO 70 60  5 0  4 0  30  2 0  IO 0BO 70 GO 50 4 0  3 0  2 0  IO 0

DI STANCE IN NAUTI CAL MI LES

F ig . 4(b) Vertical distribution of phosphates and silicates in the section off R atnagiri in  Decem ber.

the isolines between the depths 20 and 95 m of the offshore region show a tendency 
of down-slope towards the middle of the section, followed by a strong deviation 
near the coast; the isolines of lower concentrations (0.7 to 0.9 m g. at/L) shift upwards 
while those of higher concentrations downward. Concentrations below 100 m are 
constant at deeper stations up to 200 m.

Silicate distribution in general closely follows that of phosphate. The values 
are relatively lower than those of monsoon period. Surface silicates range from 
0.5 to 2 Mg- at/L and are in the increasing order towards offshore waters. Vertical 
variation is not significant either in the inshore region or in the offshore one; the 
values in the former range from 0.5 to 3.5 Mg- at/L and in the latter 2 to 5 Mg- at/L,
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Hydrographical conditions and their relation to nutrients:

Data of a few stations have been selected to study the general depthwise 
variation of the hydrographical features (temperature, salinity and oxygen) and 
their relation to nutrients. This procedure is adopted for all the sections.

Quilon section:

In  September the thermocline is at 20 m extending almost to the bottom in 
the inshore area and in the oifshore region it is present at 30 m (Fig. 5). Salinity 
does not bear any relationship to temperature above the thermocline; below the

Â T 20 30 IQ 2 0 30 '10 20 30 to 20 30 10 20 • 30

D 5 35 37 33 35 37 33 35 37 3) 35 37 33 35 37

X 0^ ft 0 4 ê . 0 4 fl 0 4 8 0 4 8

• IS 3 0 1-5 3 0 1-5 1 0 1*5 3 0 1-5 3
•  NO; & ft 0 4 8 0 L ft 0 L 8 0 4 8

O O S IC 0, 8 IC 0 e IC o 6 IC 0 8 IC

F ig . 5. Depthwise variations o f the hydrographical factors and the nutrients a t selected stations 
(Nos. 1916, 1918, 2004, 2005 and 2006) off Quilon in September, and Novem ber. Oxygen 
in  m l/litre, nutrients in gg at/litre, salinity in ° /00 and tem perature in °C.

thermocline in the inshore region it shows direct relationship and in the offshore 
region salinity remains more or less constant. The distribution patterns of phos
phates, silicates and nitrates are almost identical above the thermocline, whereas, 
within the thermocline layer they show some deviation. In  the offshore region 
high values of nutrients are generally associated with low oxygen and low tempera
tures. Oxygen minimum layer (0.5 and less) is present only near the continental 
shelf edge at the bottom. Rapid fall in the oxygen concentration is generally 
noticed just below the thermocline along the entire section. In  November the 
thermocline is absent in the inshore region (within 20 miles) and is present at 25 m 
in the offshore region extending almost to the bottom and further off, near the shelf 
edge, it is present at 75 m. The gradient is strong in December as compared to 
September. Salinity exhibited a general inverse relationship with the temperature. 
Salinity discontinuity coincides with the thermocline. Nutrients show a good
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correlation inter alia  above and below the thermocline. High nutrient concentra
tions are associated with lower temperatures and oxygen and higher salinities. 
Nitrates showed comparatively little variation than phosphates and silicates. 
Oxygen minimum layer reaches up to the shelf edge, being present at about 160 m. 
I t  does not extend over the shelf and the oxygen shows more uniform distribution 
in contrast to conditions in September.

O ff Mangalore :

In  October the thermocline in the offshore waters is at 25 m with a thickness 
of 100 m which slopes gradually towards the inshore region presenting itself at 10 m 
(Fig. 6). Salinity discontinuity coincides with the thermocline. Waters above the 
thermocline are more or less isohaline and within the thermocline the salinity varia
tion is irregular and below it is again stable. The top of the oxygen minimum layer 
which varied between 75 and 145 m in the offshore region showed a strong upslope 
towards the shelf over which it is present at about 35 m. High nutrient concentra
tions are as usual accompanied by low temperatures and oxygen, while salinity 
does not bear any regular relationship with the nutrients.

In  December the thermocline in the offshore region, begins at 75 m with 
thickness extending to 150 m. The spread of the thermocline is limited to the edge 
o f the continental shelf and over the shelf the waters are isothermal. While the 
temperature pattem shows a fairly good mixed layer above the thermocline, salinity 
gradients are observed within this layer, sometimes extending down to 100 m. 
Oxygen minimum layer is present near the edge of the shelf where it is found at about 
150 m ; over the shelf, the waters are nearly saturated. Phosphate and silicate 
variations, in general, are consistant with those of temperature, salinity and oxygen. 
Nitrate concentration, particularly below 25 m, appears to be independent of the 
hydrographical factors.

O ff Ratnagiri:

In  September the thermocline is generally present below 30 m with a thick
ness of 75-150 m in the offshore region, and shows strong upslope towards the coast 
presenting below 10 m or 20 m, extending down to bottom (Fig. 7). Significantly 
low salinity (32-33° /00) water is present at the surface all along the section excepting 
in the near shore region, wherein the waters are of higher salinity. Salinity increase 
is sharp below 10 m reaching maximum at about 30 m and below once again observed 
to be in decrease. Oxygen minimum layer is present at about 86 m within the 
thermocline in the offshore waters and in the inshore region it is limited to bottom 
layers only. Above the thermocline the phosphates and silicates are observed to- 
be decreasing from surface up to the thermocline top and below they show a general 
increase. Relatively high surface concentrations are associated with the observed 
low surface salinities. In  Sub-surface waters, high nutrient concentrations are 
generally found to be related with low temperatures and oxygen contents and high 
salinities.
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As compared with the monsoon period, in December the waters ore isothermal 
near the coast and thermocline is present at deeper levels (between 75 and 150 m) 
towards offshore. In  the inshore area waters are more or less isohaline, Salinity 
discontinuity is significant generally below 25 m in the offshore region and the 
distribution is irregular. Surface salinity values are relatively higher than in 
September. Oxygen minimum layer is absent over the shelf region and beyond, in  
is present at deeper levels (120-185 m). In  the near shore waters nutrients showed 
little vertical variation, which is in conformity with the isothermal and isohaline 
conditions. Seawards the distribution appears to be independent of the thermocline 
conditions. However, the accumulation is significant below the thermocline.

D is c u s s io n

The present studies at three selected regions across the West Coast covering 
the shelf waters provide some picture of the distribution o f nutrients on the West 
Coast of India.

The vertical profiles of nutrients during the monsoon months indicate the 
enrichment of coastal waters by the nutrients brought up from the sub-surface 
levels. This gives a picture of upwelling which is further corroborated by the dis
tribution of salinity and temperature. Along the south-west coast of India, the 
presence of a distinct band of water which has all the characteristics of an upwelled 
water is evident. I t  is possible that this enrichment could be the result of certain 
dynamic factors associated with the prevailing southerly drift during the monsoon 
months. The degree of enrichment may vary from year to year and from region to 
region and these could be attributed probably to varying intensities o f the southerly 
flow. During the post-monsoon months this phenomenon is absent and the waters 
are more or less stable. This feature is consistent with the reversal of the current 
system observed during the period which favours the opposite conditions i.e. sinking 
(Ramamritham and Jayaraman 1960).

The present nutrient studies suggest that the processes of enrichment are 
more intense towards southern part of the West Coast of India. The decrease in the 
concentration of nutrients following the period of enrichment is to be attributed 
to possible utilization by the phytoplankton. Increased vertical stability of the 
waters particularly in the post-monsoon period keeps the nutrient levels low. The 
nutrient concentrations in the near shore region are relatively less affected through 
different seasons as compared with the major part of the shelf waters. These con
centrations are generally very high, possibly due to the rapid regeneration of 
nutrients by bacterial oxidation and chemical decomposition. The effect of con
stant m ix in g  of the entire water column due to turbulence,prevailing throughout 
the year is felt more near shallow regions. Further offshore, marked variations 
in the nutrient levels are pbserved in different seasons. The observed low nutrient 
levels in the more offshore regions as compared with the near shore regions might be 
due to the fact that consumption exceeds regeneration and lack of active replenish
ment of nutrients; in the nearshore region the converse is true.
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Regarding the nutrient relationship inter alia, it is noted that at all sections 
(Figs. 5-7) phosphate and silicate values show similar trends. Nitrates in general 
show an inverse relationship with the other nutrients particularly in the surface 
at a sligthly deeper level than those of phosphate and silicate. These differences 
in maxima of respective nutrients might be, as suggested by Redfield et al. (1963), 
due to more rapid release of certain nutrients earlier than others and it provides a 
mechanism by which nitrogen and phosphorus may be fractionated and this may 
explain the variation in the ratio of these elements in the sea water. The ratio 
between elements Si, N , and P as observed in the present context, is highly variable 
unlike that of the temperate region. This variation may presumably be due to the 
differential and rapid rates of regeneration and consumption of the nutrients 
accompanied by extensive mixing of water masses which seems a characteristic 
feature of tropical waters.

Hydrographical features like temperature, salinity and dissolved oxygen 
also lend support to some of the conclusions drawn from the distribution of the 
various nutrients. A  brief mention of these features during the period of investi
gation and their relationship with nutrients would be pertinent for the present 
discussion.

Thermocline is rather weak during the monsoon months and strong during 
the post-monsoon months. The nutrients are present in very high concentrations 
below the thermocline. The steep temperature gradient in the post-monsoon 

‘months, prevents the Veitical mixing of the waters and thus hinders the replenish
ment of the nutrients to the upper layers. Salinity unlike temperature and oxygen 
does not bear marked relationship with nutrients. I t  is noted from the salinity 
and nutrient data off Quilon and Ratnagiri sections in September, that the effect of 
land drainage is not very significant. This is unlike in the East Coast of India where 
many large rivers flow into the Bay of Bengal. One of the significant points in the 
hydrographical features, is that the surface salinities in the more northern Ratnagiri 
section are somewhat lower than those in the more southern Mangalore and Quilon 
sections in September. This gives some evidence of a greater intensity of upwelling 
in the southern part of the West Coast. Another important feature worth mention
ing particularly in the deeper parts of the shelf is that during monsoon months, a 
distinct salinity maximum is noted between 20 and 30 meters and in the post-monsoon 
months between 50 and 100 meters and these layers are seen just above or to coincide 
with the depth of oxygen discontinuity layer. Nutrients, especially phosphates 
and silicates show a rather abrupt increase at this depth and below. This layer of 
salinity maximum probably has its source in the offshore region, but during the 
monsoon months influences the salinity of the near shore region. Oxygen dis
continuity shows the same trend of variations as thermocline through the different 
seasons. The low oxygen values and the associated high nutrients at these levels 
are indicative of active regenerative process leading to consumption of oxygen with 
ultimate concentrations reaching as low as 0.5 ml/L.
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SPECIFIC A L K A L IN IT Y  IN  T H E  N O R TH E R N  IN D IA N  OCEAN D U R IN G
TH E SO UTH WEST M ONSOON

by R .  S e n  G u p t a 1 and A b r a h a m  P y l l e 2

T itration  alkalinity was m easured for a  total o f 500 water samples from the no r
thern  Indian  Ocean during the south-west m onsoon cruises of I.N .S . K ISTN A  
in 1963 and the specific alkalinity were calculated from  the chlorinity values.
R esults are represented along two sections in  the Indian Ocean, two in the 
A rabian Sea and three in the A ndam an Sea. O bservations were restricted to a 
depth  o f 200 m etres in the Indian Ocean and to  about 500 metres in the A rabian 
and the A ndam an Seas. In  the Indian  Ocean the values decreased between 25 
and  50 metres where the optim al conditions for the lime secreting organisms 
seem to  exist. The values then increase to  about 100 metres and then show a 
slight decrease to  200 metres. The higher values appear to  be in the core o f the 
equatorial under-current, which has been found to  exist in the Indian Ocean, 
as well. In  the A rabian Sea the values vary little with depth and slightly higher 
values are found below 150 meters. These higher values may be due to  the 
high salinity interm ediate water in the A rabian  Sea whose origin has been traced 
to  the Persian Gulf. The values in the A ndam an Sea are comparatively lower 
at the surface than  at the depths slightly below it (between 20 and 40 metres).
This may either be due to  the ‘island effect’ o r this area being in a zone where 
precipitation exceeds evaporation, and the observations were taken at the time 
of alm ost the highest precipitation. The surface values a t the eastern section is in 
general higher than  those at the western part, which may be due to  the effect of 
the discharges from the River Iraw addy and its tributaries. The values gradually 
decrease tow ards the depth which may also be due to the fact that this is an area 
of intense south-west m onsoon upwelling.

I n t r o d u c t i o n

The alkalinity of sea water is a measure of the quantity of anions of weak acids 
present in it and of the cations balanced against them (Sverdrup et al. 1942). In
most sea water, the cations of weak bases are present in negligible concentration 
and the only anions that need be considered are those of carbonic and boric acids, 
and in a sea water sample, the alkalinity (defined as ‘titration alkalinity’ by Harvey
1955) is the sum, in terms of equivalent per litre, of the analytical concentrations of 
these anions. This can be expressed as:

alkalinity (eq./l) =  HC(^  +  ^  t  h b̂ q  ̂ +  (  0 H H  )

Wattenberg (1933) used the term ‘specific alkalinity’ in the Atlantic waters, which 
can be defined as:

Specific alkalinity  _ A l f a ü to t ¡ » x  l0 *
Chlorinity

and found a constant value of 0.123. Koczy (1956) found that this value varies 
between 0.119 and 0.130 in all the oceans. The specific alkalinity indicates the 
changes due to the calcium precipitation or dissolution, but should not be affected 
by the mixture of water masses with different salinities, if  not the history of the water 
in respect of the geochemistry of calcium carbonate is different. With rising pres

1. Oceanografiska Institutionen, Göteborg, Sweden.
2. Physical Oceanographic Division, N ational Institute of Oceanography, E rnakulam -1, India.
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sure o f carbon dioxide, increasing depth and decreasing temperature the solubility 
of carbonate increases. Therefore, the specific alkalinity increases with depth. 
Depending on the state of the calcium carbonate system at the origin, the specific 
alkalinity can be used as a tracer for the flow of different water masses.

M a t e r ia l s  a n d  M e t h o d s

As part of the Indian programme for the International Indian Ocean Expedi
tion, titration alkalinity was measured in samples from the northern Indian Ocean, 
during the south-west monsoon cruises of I.N .S. K IS T N A  in 1963 (Fig. 1), and the 
specific alkalinity was calculated from the chlorinity values. The titration alkalinity 
was measured according to the method of Gripenberg (1937). IO ml o f N/20 HC1

KIS7 NA  
C r u e t s  in 1863 (M onsoan)

F ig . 1

was put in a polyethylene bottle (ca. 200 ml volume) and it was then filled up with 
sea water. When the ship reached the harbour the samples were boiled, on board, 
for 5 minutes in order to drive off all the carbon dioxide set free by the acid. The 
hot liquid was then back-titrated with a N/20 carbonate-free sodium hydroxide 
solution to a pH of 7 using a mixture of 3 parts of Brom-cresol green and 2 parts of 
Methyl red as indicator. During the titration carbon dioxide-free air was bubbled 
through the sample.

R e s u l t s  a n d  D is c u s s io n

The values for the same depths at all the stations along the sections are repre
sented as scatter in the diagrams. The mean values have been drawn as a line to 
show the variations of the values around the mean.
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(i) Indian Ocean'. Figure 2 represents two sections in the Indian Ocean. 
Line 1 is for a section along the equator between 71° and 75°E longitude and line 
2 is for a meridional section between 4° and 8° N latitude along the 75° E longitude. 
Observations along both the sections represent values down to the depth of 300 
metres.

INDIAN OCEAN 

S p e c if ic  A lkalin ity  S.W. M o n so o n ‘63 

tt)> l» -7 5 » E  (A long E q u a to r)  (2 ) 4<>-e»N (A long 7S»E)

0.120 0125 A/Cl

50

too

200

300

Fia. 2.

A look at line 1 will show a decrease in the values to about 50 metres, followed 
by an increase to about 100 metres and a slow decrease to about 200 metres, below 
which it becomes almost steady. The equatorial surface waters, in which the main 
production of calcareous shells goes on, show a low specific alkalinity and the depth 
between 25 and 50 metres, is the region where the optimal conditions for lime- 
secreting organisms exist (Koczy 1956) as a result of the oversaturation in the car-
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bónate content by the increased temperature, which is the reason for the lowering 
of the specific alkalinity values.

Line 2 of the Fig. 2 shows a steady increase in the values of specific alkalinity 
in the surface layers associated with lower salinity values. Such higher values have 
also been reported in the northern part of the Indian Ocean near Ceylon (Koczy
1956), and also around the New Hebrides and Fiji Island in the Pacific Ocean 
(Rotschi 1965). This increase may not be representative of general conditions in 
the Indian Ocean but may be an ‘island effect’, where the surface waters have been 
modified by a variety of runoff products (Waterman 1964).

Figure 3 shows the horizontal distribution of specific alkalinity along the 
equatorial section. It can be seen that there is an increase in the values in the surface 
layers from the west to the east. Similar observations have been recorded by 
Bruneau et al. (1953) who have noted changes in specific alkalinity values in the 
surface layers from 0.120 at 66° 16'E to 0.123 at 77° 28'E almost along the equator. 
Figure 3 also illustrates the gradual increase of the specific alkalinity values to about 
100 metres and then a slow decrease. The same nature o f variation has also been 
observed during the Swedish Deep Sea Expedition (Bruneau et al. 1953). One of 
the reasons for this increase in specific alkalinity values can be correlated with the 
change in the slope of the surface of the Indian Ocean from west to east, which has 
been observed to be of opposite sign from that in other oceans (Knauss and Taft 
1964). Figure 4, which has been taken from their observations, illustrates this. 
Ivanenkov (1964) has also reported a gradual increase in values of the surface specific 
alkalinity along the equator in the Indian Ocean from west to east.

IN0IAN OCEAN 

Specific  A lkalin ity  S W. M onsoon 63

71"0S.5, E 71 °  29.3* E 73°00*E 76 « 0 0 'E
0 0«5S N  00°05.5*S 00*00- 0 1 '0 0 ‘N

St 298 299 300 303

•123

100

■•123.

150 121

200

Fia. 3,
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A comparison of Figs. 3 and 4 shows that the region of the maximum specific 
alkalinity almost coincides with regions of high salinity and with the core of the 
weakly developed equatorial under-current in the Indian Ocean, which has been 
observed to exist by Knauss and Taft (1964).

(ii) Arabian Sea: Figure 5 represents two sections in the Arabian Sea. Line 
1 represents a section along 70°E and line 2 along 68°E. Both the sections re
present values between 10° and 20°'N, the first to a depth of 100 metres and the 
second to 500 metres.

Line 1 shows the slight increase of the values to about 25 metres below which 
it becomes steady. A comparison between these values and those at station 4890 
(Ivanenkov 1964) show an almost identical nature of variation. Since the present 
observations were taken during the south-west monsoon and the latter observations 
during the north-east monsoon, though at different years, it may be assumed that 
the values of specific alkalinity are slightly increased during the south-west monsoon 
but the nature of variations remains the same.

Line 2 shows a gradual increase from the surface values to the deeper ones, 
which becomes almost steady at about 100 m. Figure 6 shows an attempt at correla
ting the specific alkalinity values with the corresponding at surfaces. In general,
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ARABIAN SCA
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it is seen that they agree within a fair amount of approximation. Three different 
water masses are apparent from the figure, the first, the surface and the sub-surface 
layers to about 100 metres, coinciding with at 25 surface, the second, to about 200 
metres, coinciding with at 26 surface, and the third, to about 500 metres, coinciding 
with at 27 surface. All the surfaces are found to slope downward from north to 
south. The surface layer may be said to be originated in the Arabian Sea itself
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(Sabinin 1964). The intermediate layer is formed by the tributary of the high 
salinity water of the Persian Gulf—the salinity maximum of this water is found to 
lie between 150 and 300 metres (Sabinin 1964). The specific alkalinity values, 
characteristic of this water (0.125) is observed between 200 and 300 metres in the 
section along 75°E (Fig. 2). Hence, from these observations, it can be said that 
the waters of the Persian Gulf-origin has been traced down to 4°N latitude. The 
lower layer of 27 (specific alkalinity 0,125—0,126) can be said to be of the Red

5 6 6



3 3 1

Sea origin—the salinity maximum of which is observed between 400 and 800 metres 
in the Arabian Sea. It is apparent from the Fig. 6 that this layer extends below 500 
metres as both the specific alkalinity and the ot values show a gradual increase 
southwards from about 13°N latitude. The Red Sea water seems to have a higher 
specific alkalinity associated with higher salinity and calcium contents.

(iii) Andaman Sea: Figure 7 represents the specific alkalinity values from 
three sections covered around the Andaman Islands. Line 1 represents the eastern 
section between 11° and 14°N and 93° and 95°E; line 2 represents the western

a n d a m a n  s e a
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section between 11° and 14°N and 91° and 92°E; and line 3 along 10°N between 
91° and 95°E. Observations were confined to 500 metres in the eastern and the 
western sections while in the southern it was only to 75 metres. The wide scatter o f  
the values in the figure is the cumulative result of observations at all the stations 
along the three sections.

In the north-eastern Indian Ocean precipitation exceeds evaporation (Ivanenkov 
1964) and it is an area of intense upwelling, specially during the monsoons (LaFond
1963).

The high surface values in all the sections in this area may be correlated 
with this factor. Also, the observations were taken at the time of very high precipita
tion, if not the highest (early September). In the eastern section of this area, the 
River Irawaddy from Burma discharges, and hence, it can be said that, in general 
the recently mixed river water and the rain of continental origin enhances the specific 
alkalinity values in the surface layers, associated with low salinity values lying 
between 31 %0—33 %q. The gradual increase in the specific alkalinity values with 
depth to (ca. 200 m) in the western section (line 2) probably indicates that upwelling 
is more intense in this part of the Andaman Sea than in the others. The gradual 
lowering of the values in the southern section with depth probably indicates that the 
water masses in this region are influenced more by the waters of oceanic origin.

G e n e r a l  R e m a r k s

It can be noted from these observations that: (1) the specific alkalinity behaves 
as a conservative property of sea water and with certain limitations, the mean values 
can be used approximately as a tracer for the flow of water masses of different origin, 
and (2) the specific alkalinity values along the equator in the Indian Ocean during 
the monsoon follows fairly well the modulations of the equatorial under-current, 
the high values almost coinciding with its core, and the dynamic topography of the 
ocean surface.
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TOTAL PHOSPHORUS CONTENT IN  TH E W ATERS OE TH E  
ARABIAN SEA ALONG THE WEST COAST OP INDIA

by V. N. S a n k a r a n a r a y a n a n  and C. V. G a n g a d h a r a  R e d d y ,  Biological' 
Oceanography Division, National Institute of Oceanography, Ernakulam

(Communicated by Dr. N. K . Panikkar, F .N .I.)

(Received 14 November 1968)

T o ta l phosphorus estim ations are  m ade on  sam ples collected  along four 
sections, perpend icu lar to  th e  coast betw een B om bay an d  Cochin, during  
th e  25th cruise of IjNrS K is tn a  in  M arch 1965. T he resu lts reveal consider
ab le  v a riab ility  in  th e  regional an d  depthw ise d is tr ib u tio n  o f th e  sam e.
H igher concen tra tions are  encountered  in  th e  up p er 800 m  in  th e  n o rth ern  
sections (off B om bay  an d  K arw ar) th a n  in  th e  so u th e rn  ones (off M angalore 
an d  Cochin) while a t  deeper levels ( >  800 m) th e  tren d  is reverse. Off 
Cochin g rea te r concen tra tions ( >  10 f i g - a t/i)  a re  found  below 800 m  as 
com pared w ith  2 -4  ¡ig-a t/ i  found  a t  th e  sam e d ep th s in  th e  o th er regions.
Percen tage  of organic phosphorus is in  general v ery  h igh in  th e  surface 
(upper 200 m ). E v en  a t  1,000 m  m ineralization  o f organic phosphorus is 
n o t com plete a n d  a t  m a jo rity  o f th e  s ta tio n s th e  com position am oun ted  to  
20-30 pe r cen t o f th e  to ta l  phosphorus. D istin c t convergence of th e  w aters 
is ind ica ted  a lm ost a ll along th e  coast over th e  m id-shelf, ex tend ing  tow ards 
th e  slope region. P robab le  facto rs governing th e  d is trib u tio n  of to ta l 
phosphorus are  discussed.

I n t r o d u c t io n

The significance of the total phosphorus concentration in the sea as an 
index of potential fertility of waters and for identifying different water masses 
as tracer has been emphasized earlier (Redfield et ál. 1937; Armstrong and 
Harvey 1950; Bush et ál. 1955; Rochford 1958). While considerable infor
mation is available on inorganic phosphate content of the waters in the 
Arabian Sea, very little is known on the distribution of total phosphorus. 
Earlier studies on the total phosphorus of the west coast of India were 
made by Seshappa and Jayaraman ( 1956) and Rao ( 1957). The present account 
is based on the observations made in March 1965 during the 25th cruise of 
INS K istna  which was undertaken as part of the Indian Programme of the 
International Indian Ocean Expedition.

M e t h o d s

- Location of the stations from where samples of water were collected for 
the analysis of nutrients has been indicated in Fig. 1. The four sections, 
perpendicular to  the coast, run approximately (1) off Bombay, (2) off Karwar,
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(3) off Mangalore and (4) off Cochin. Water samples were collected in clean 
heavy polythene bottles and were preserved by freezing at —10 °C for subse
quent analysis at the shore laboratory.

Total phosphorus was estimated by the method described by Hansen 
and Robinson (1953), digesting the organic matter with perchloric acid. 
Inorganic phosphates were estimated by the method adopted by Wooster 
and Rakestraw (1951).

R e s u l t s  a n d  D i s c u s s i o n  

The distribution of total and inorganic phosphorus along the four sections 
has been represented in Figs. 2-7. Detailed discussion of inorganic phosphates
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will be presented along with other nutrients elsewhere. An examination 
of the profiles will indicate that there is a close similarity between 
inorganic and total phosphorus distributions in the three sections except 
along Cochin where similar distribution is restricted to the shelf region only. 
Total phosphorus values in the upper 1,000 m show wide variations. The 
range in the concentrations in the upper 500 m is 0-44-8-2 ¡¡g-dXjl and at deeper 
levels it is 1-4^16-7 ¡¡.g-aXjl. I t  may, however, be mentioned here that concen
trations exceeding 6 ¡ig-sá/l were recorded only off Cochin. Higher concen
trations are normally encountered in the surface waters (upper 10 m) and 
in deep waters (below 500 m) with maximum in the latter. One characteristic 
feature in all the sections^ is the random cellular distribution of total phos
phorus in the mixed zone (upper 100 m), containing either high or low concen
trations. This feature can possibly arise due to entrapment of water bodies 
containing widely different concentrations of living and dead organic matter 
including soluble fractions during the process of mixing. This type of distri
bution is more pronounced in the shallow regions of the shelf.

Depthwise distribution of total phosphorus is irregular particularly in 
the upper 100 m and is more uniform below 500 m. Surface concentrations 
are generally increasing towards offshore. Clear maximum of total phos
phorus is absent in the upper 1,000 m and from the available data of deeper 
levels (below 1,000 m) at few stations, it appears that its greater accumulation 
may be in between 1,000 m and 1,500 m.

Regional variation of the total phosphorus concentrations shows diverse 
trends. The concentrations in the upper 800 m are higher in the northern 
sections (off Bombay and Karwar) than those in the southern sections 
(off Mangalore and Cochin), but at deeper levels the trend seems to be reversed. 
Maximum surface concentration (4 ^g-at/l) is found off Karwar in the offshore 
region. Off Cochin a greater concentration ( >  10 /xgr-at/Z) is found below 800 m 
as compared to the 2-4  ¡¿g-at/l found at the same depths in the other regions.

In the surface waters of the offshore region 'generally organic phosphorus 
forms the major fraction of the total. Apart from some random values of 
very high concentrations at few depths the organic phosphorus generally tends 
to decrease from 100 to  1,000 m. Even at 1,000 m the inorganic phosphorus 
was never equivalent to that of total phosphorus and the organic phosphorus 
amounted to 20-30 per cent o f the total phosphorus. A comparison of the 
average organic phosphorus values in the shelf waters of different regions 
will revpal that maximum levels occur around Bombay (64 per cent of the 
total phosphorus). Along the Cochin area, it comes next (40 per cent) and 
off Karwar and Mangalore the concentrations are low, about 36-37 per cent 
of the total phosphorus. In waters beyond the shelf the percentage of organic 
phosphorus tends to increase gradually towards the south and the delineation 
becomes fairly marked between the northern and southern sections. The
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average contents of organic phosphorus in the slope waters off Bombay and 
Karwar are 46 and 48 per cent of total phosphorus and off Mangalore and 
Cochin these are 54 and 56 per cent respectively.

The foregoing account indicates considerable variation in the regional 
distribution of the total phosphorus and its major fractions and even in a 
particular section the variations in the horizontal and vertical distributions 
are quite significant. Contrary to  the fact that total phosphorus may serve 
as a useful index to. identify water masses in general, the present data suggest 
that the total phosphorus loses its true conservative nature in the shallow 
and productive regions (shelf and slope) of the sea. Rochford (1958) during 
his investigations on the East Australian water masses in relation to  total 
phosphorus observed that, in the region of turbuleiice extending to the bottom, 
anomalies in the distribution of total phosphorus occur. The high productive 
nature of the shelf and slope waters along the west coast of India perhaps 
renders the total phosphorus more a non-conservative property due to irregular 
distribution of all forms of organic matter aided perhaps by the random 
movement of the waters. Nevertheless the distribution of total phosphorus 
in the present instance broadly indicates only certain very distinct water 
movements and the fertility of the regions.

An examination of the total phosphorus data will reveal that the waters 
of the upper 800 m in the northern sections (off Bombay and Karwar) have 
a very high concentration of total phosphorus, much of which is in the organic 
form. In the southern sections (off Mangalore and Cochin) on the other hand 
the total phosphorus concentrations are relatively low and, excepting for the 
inshore region, the organic phosphorus remains predominant. Another 
notable feature is the total phosphorus concentrations in the slope .region 
being consistently higher than those of the shelf and very high accumulation 
of total phosphorus ( >  10 fig-atjl) is found off Cochin at 1,000 m and below. 
This high accumulation of total phosphorus (organic phosphorus 80 per cent), 
in the slope waters below 300 in is quite significant and it appears to have a 
good bearing on the fertility of the region in general (McGill 1964; Ryther 
and Menzel 1965). The high concentrations seem to be consistent with 
higher productivity of the region as a result of upwelling occurring during 
the southwest monsoon period. The particulate organic matter produced 
in the surface waters seems to be sinking to deeper layers without being 
mineralized completely. Total mineralization may be obliterated, perhaps, 
by the relatively lower oxidative nature of the water column. The high 
total phosphorus values in the upper 800 m in the northern section, might 
also be related to the abundance of plankton and fish generally reported to  be 
occurring during this period suggesting the probable sourcés for the standing 
levels of high phosphorus concentrations. Moreover the shelf, which is wide 
and shallow in the north, permits mixing to a considerable extent, distributing
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phosphorus components from the sediments over a wide area. Examination 
of the vertical profiles indicates distinct convergence of the surface waters 
from the mid-shelf region extending over to a large area towards the slope 
region all along the coast. This feature is also in accordance with the distri
bution of other hydrographical factors. A general feature noticeable in the 
convergence regions is the presence of cells o f  high total phosphorus, comprising 
60-80 per cent of organic phosphorus indicating the concentration of 
phosphorus of planktonic or detrital origin. From the standing levels of 
low inorganic and high total phosphorus in the surface layers, it could be 
inferred that the rate of regeneration is perhaps slow at least during the 
period under report and much of the regeneration activity appears to be 
limited to deeper layers as evidenced by greater accumulation of inorganic 
phosphates at these levels. However, mineralization is not complete even 
to 1,000 m at majority of the stations indicating the presence of significant 
quantities of organic phosphorus, which seems to be relatively more resistant 
to oxidation. This feature corresponds to some extent with those of recent 
investigations in the Pacific (Strickland and Austin 1960) and Atlantic (McGill
1964). Former authors suggest the presence of 1 microstructure ’ of organic 
phosphorus distribution: a residuum which is highly resistant to  process of 
mineralization. However, in the present instance, the presence of relatively 
high proportion of organic phosphorus at some locations suggests the pos
sibility that the entire portion may not be the microstructure, but perhaps 
reflects on the general physical, chemical and bacteriological conditions of 
the upper 1,000 m controlling the rate of regeneration. The standing oxygen 
levels at these deeper layers are also too low to meet the oxygen demand for 
complete mineralization of the organic phosphorus and it is considered that 
some factors including the observed sinking phenomenon of the waters might 
be largely responsible in aiding faster sinking rate of particulate matter 
through the active regeneration zone (approximately between 200 m and 500 m 
characterized by low percentage of organic matter, Rochford 1962). More 
detailed investigations on the vertical distribution of different forms of 
phosphorus as a function of time may throw more light on this aspect.
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A b s t r a c t

The depths of occurrence o f oxygen maxima and minima have been 
studied in the upper 500 meters of the north-western Indian Ocean (in
cluding Arabian Sea and Laccadive Sea). The data collected by various 
ships during the International Indian Ocean Expedition were pooled into 
one degree grids and analysed for getting patterns o f distribution— 
seasonally and regionally.

The studies reveal that there is much variation in the depths of 
occurrence of oxygen maxima and minima in different areas and different 
seasons in the north-western Indian Ocean. Along the continental shelf 
all over the Arabian Sea, biological activity appears to play a predomi
nant role in controlling the oxygen content, while in the open parts of 
the ocean the depths of occurrence of oxygen maxima and minima 
mainly appear to be governed by the water movements, circulation and 
mixing, one of the important observations is the existence of stagnant 
or near-stagnant conditions in the more central part of the Arabian Sea, 
restricting the exchange of water masses with the adjoining seas.

I n t r o d u c t i o n

D u r i n g  the International Indian Ocean Expedition (1960-65) a considerable 
amount o f data has been collected by m ost o f  the participating ships on the 
distribution o f dissolved oxygen in the different areas o f the Indian Ocean. 
W hile these studies involve the general pattern o f distribution both in the 
vertical and horizontal and the occurrence o f  oxygen minima, no detailed  
work has yet been undertaken on the occurrence o f layers o f oxygen maxima 
and minima and their seasonal variations. This type o f study, while giving 
a general pattern o f  seasonal and regional variations in oxygen maxima
230
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and minima, will also help in an understanding o f  water movements and 
mixing processes, and potential productivity in the different regions o f  the 
Indian Ocean, as the oxygen content o f the upper layers is intimately related 
to  biological activities. The present paper deals with the surface and sub
surface layers o f  the north-west Indian Ocean in the upper 500 metres.

The oxygen maxima in the Arabian Sea in the upper layers has been 
discussed by Rochford (1966) and Khimitsa (1968). The oxygen minimum  
in  the sub-surface layers in the tropical marginal seas o f  the world oceans 
was reported in the Pacific and Atlantic Oceans (W ust, 1935; Dietrich, 1937; 
Sei well, 1937) and has been attributed to  several factors such as limited  
circulation in the basins and oxidative processes o f  the organic matter 
(Sverdrup, 1938; Kawamoto, 1935; Wattenberg, 1939; Redfield, 1942). 
D uring the John Murray Expedition o f  1933-34 (G ilson, 1937) well-defined 
oxygen minima were observed in the central and northern Arabian Sea. 
Clowes and D eacon (1935) reported oxygen minimum between the 300-100  
meter layers with oxygen concentration o f  less than 0*8 m l/L  
at 8° N  and further stated that at 11° S this minimum with oxygen côntent 
o f  2 -0  m l/L is found at 1,200 meters. Schott (1935) pointed out that the 
sub-surface oxygen minimum is m ost prominent at about 50 meters off 
Bombay, while Carruthers et al. (1959) found the oxygen minimum at a 
depth o f  18 meters at a distance o f  18 nautical miles off Bombay and 
stated that the oxygen minimum lies below  the salinity maxima and occa
sionally reaches surface layers. Neyman (1961) referring to  the presence 
o f  oxygen minima along the entire west coast o f  India states that both the 
oxygen content and the thickness o f  the layer are sharply heterogeneous. 
Vinogradov and Voronina (1961) correlated the minimum values for oxygen  
in  the sub-surface layers with plankton in the Arabian Sea. According to  
their studies the oxygen below 150 meters dropped suddenly to 0-15  m l/L  or 
sometimes below this value. Further studies by Gallagher (1966), Warren 
e t al. (1967), Elizarov (1968), Tim ofeev (1968) and Khim itsa (1968) 
confirmed the above results. The sub-surface oxygen minimum was 
generally correlated with high phosphates (Timofeev, 1968 ; Reddy and 
Sankaranarayanan, 1968). Khimitsa (1968) attributed oxygen minimum in 
the north-western Indian Ocean, especially in  the north and north-eastern 
parts o f  Arabian Sea to  the aging o f the Red Sea waters introduced  
through the G ulf o f  Aden into the subsurface and intermediate depths 
and to  lim ited circulation in the area.

Area o f  investigation, data and analysis.—The observations presented 
here relate to the depths p f occurrence o f  oxygen maximum and minimum
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in the north-western Indian Ocean, including the Arabian Sea and the Lacca, 
dive Sea (Special Publication N o . 23 o f  International Hydrographic 
Bureau) covering the grid between the equator and the northern-most part 
o f  the Arabian Sea, i.e., upto Pakistan and Iran coasts and 45°-80° E 
longitude.

For convenience and ease o f  interpretation, the following seasona 
classification has been adopted :

(1) Summer or hot weather season— March, April and M ay;

(2) South-west m onsoon season— June, July and August;

(3) Post-m onsoon season— September, October and November; and

(4) North-east m onsoon season or winter m onsoon—December,
January and February.

A ll the available data on oxygen maxima and minima with correspond
ing depths o f occurrence collected by different ships during the IIOE  
period in the region have been taken into consideration. The data were 
pooled into one degree squares seasonally and the averages taken as the 
representative values for that square. In selecting the depths for oxygen 
maxima and minima certain arbitrary limits were fixed for the maximum  
and minimum concentrations o f  oxygen. A ll values o f oxygen which fell 
between 4-5  and 5-5 m l/L or above have been included as maxima and 
the values o f  oxygen which fell between 0 and 1-0 ml/L. were taken 
as minimum. These limits were chosen because the occurrence o f  the 
respective values have the 80-90% probability.

After pooling the data, the depths were plotted on maps for oxygen 
maxima and minima for each season. Contours were drawn at the intervals 
o f 5-10 meters in the case o f  maxima and 25-50 metres in the case o f  
minima, depending on the extent o f variation o f the values (Figs. 1 to 8).

R e s u l t s

Summer season.— Figures 1 and 2 show the depths o f oxygen maximum  
and minimum respectively during the summer months. In regard to the 
oxygen maximum it is seen that in the shelf waters along the west coast o f  
India (eastern Arabian Sea) oxygen maximum occurs between 1 and 12 
meters except at 9° N  latitude where the maximum is seen to exist at 30 
meters. Taking the whole o f the north Indian Ocean, west o f the Indian 
Peninsula, it is observed that there is a central zone extending north to south
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and comprising o f a number o f  cells (A  to  J in  Fig. 1) where the oxygen 
maxima occur fairly deep at depths exceeding in most o f  the cases 50 metres 
and sometimes going down to as much as 86 meters (H). On either side 
o f  this central zone extending eastwards to the coast o f  India and westwards 
to the coast o f  Arabia, including the G ulf o f  Aden, oxygen maxima invari
ably exist in the upper layers often reaching the surface as the coast is 
approached. Thus the central part o f  the Arabian Sea is characterized by 
having deep oxygen maximum during this season.

r ~ ~

F ig . 1. Depths of occurrence of oxygen maximum during summer season (March, April 
and May).

‘A and B’ represent the areas of occurrence of oxygen maxima at about 50 meters. ‘C’ 
represents the area of occurrence of oxygen maxima at about 70 meters. ‘D ’ represents the 
area of occurrence of oxygen maxima below 75 meters. ‘ E and J ’ represent the areas of occur
rence of oxygen maxima in the surface waters. ‘F ’ represents the area of occurrence of oxygen 
maxima around 75 meters. ‘G and I ’ represent the areas of occurrence of oxygen maxima in 
the first 10 meters. ‘H ’ represents the area of occurrence of oxygen maxima around 85 meters,
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W hile the depths o f  occurrence o f oxygen minimum show a similar 
cellular pattern, the comparison with the depths o f oxygen maximum ends 
here. In general, there is no regularity in the pattern o f  distribution. The 
highest value for depth o f  minimum is 522 meters and that is observed in 
the area bounded by 14° and 15° N  latitude and 72° and 73° E  longitude 
(that is to say in the eastern Arabian Sea nearer the Indian west coast off 
G oa). North and south o f  this area oxygen minimum comes up to 200 
meters. As the equator is approached in this eastern part, there is shoaling 
with the oxygen minimum layer reaching up to 120 meters. Proceeding 
westwards towards western and central parts o f the Arabian Sea, the oxygen

Fio. 2. Depths of occurrence of oxygen minimum during summer season (March, April 
and May).

‘A and H ’ represent the areas of occurrence of oxygen minimum around 500 meters. ‘B’ 
represents the area of occurrence of oxygen minimum at about 250 meters. ‘C, D, F and I ’ re
present the areas of occurrence of oxygen minimum at about 300 meters. ‘E’ represents the area 
of occurrence of oxygen minimum at about 150 meters, ‘O’ represents the area of occurrence 
pf oxygen minimum at less than 150 meters,
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minimum is seen to exist between 130 and 500 meters; often there is an 
alternation o f  deepening and shoaling resembling a sine wave.

South-west monsoon season .— Figure 3 shows the distribution o f  oxygen  
maximum during south-west m onsoon season. The oxygen maxima in  
the eastern and western fringes o f  the Arabian Sea are observed in depths 
ranging from 0 to 10 metres. In the Central Arabian Sea deep occurrences 
o f  oxygen maxima are seen but not to that extent as during summer months.

From the east coast o f  Arabia down to  the G ulf o f  Aden, maximum  
values are seen m ostly at the surface while at the m outh o f  the G ulf o f  Aden

F ig . 3. Depths of occurrence of oxygen maximum during south-west monsoon season 
(June, July and August).

‘A, B, E, F and G ’ represent the areas of occurrence of oxygen maximum in the surface. 
‘B’ represents the area of occurrence of oxygen maximum at about 25 meters. ‘D ’ represents 
the area of occurrence of oxygen maximum at about 40 meters. ‘H ’ represents the area of 
occurrence of oxygen maximum at about 55-60 meters. ‘ I ’ represents the area of occurrence of 
oxygen maximum at about 60 meters. ‘ J ’ represents the area of occurrence of oxygen maximum 
at about 80 meters.
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it is at 25 meters. Off the eastern Somali coast at 51-52° E longitude and 
5-6° N  latitude a closed cell (J) is formed where the oxygen maximum is seen 
to occur at a depth o f  83 meters with steep gradients around this grid. In 
the northern-most and the open regions away from the coastal influences, 
the depth o f oxygen maximum ranges between 20 and 25 meters.

Figure 4 shows the distribution o f  oxygen minimum. Off Bombay in 
the northern Arabian Sea, oxygen minimum is seen at 400 meters, but 
towards west (in the grid 17-18° N  and 67-68° E) it occurs higher up at 150 
meters (cells ‘A ’ and ‘B’)- In the southern part, off Cape Comorin, the

Fig . 4 . D e p th s  o f  o ccu rren ce  o f  oxygen  m in im u m  d u rin g  so u th -w es t m o n so o n  se aso n  
(Ju n e , Ju ly  a n d  A ugust).

‘ A , B  a n d  G ’ rep re sen t th e  a reas  o f  occu rren ce  o f  oxygen  m in im u m  a t  a b o u t 150 m eters. 
‘ C ’ rep re sen ts  th e  a re a  o f  occu rren ce  o f  oxygen m in im u m  a t  a b o u t 450 m eters. ‘D ’ rep resen ts  
th e  a re a  o f  o ccu rrence  o f  oxygen m in im u m  a t  a b o u t 100 m eters. ‘E ’ rep re sen ts  th e  a re a  o f  
o ccu rren ce  o f  oxygen m in im u m  a t  a b o u t 75 m eters. ‘ F  rep resen ts  the  a re a  o f  occu rren ce  o f  
oxygen m in im u m  a t  a b o u t 250 m eters,
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oxygen minimum layer has come- up to 75 meters (Cell E). Further south  
it deepens and goes down to 370 meters (Cell F).

Off eastern Arabian coast the depths o f  oxygen minimum vary between 
30 and 200 meters, the lowest value being at the south-eastern part o f  
Arabian Peninsula. Towards the G ulf o f  Aden and around Socotra Island, 
the depth increases. Off the Somali coast the minimum is found at a depth 
of 130 meters.

Post-monsoon season .—The distribution o f  oxygen maxima and minima 
for the post-m onsoon season is shown in Figs. 5 and 6 respectively. In

•  BOMBAY

w

Fig . 5. Depths o f occurrence of oxygen  m ax im u m  d u rin g  p o st-m o n so o n  seaso n  (S ep tem ber, 
O c to b e r an d  N o v em b er).

‘A ’ rep re sen ts  th e  a re a  o f  o ccu rren ce  o f  o xygen  m a x im u m  b e tw een  0 -5  m e te rs . ‘ B ’ re p re 
sen ts  th e  a re a  o f  o ccu rren ce  o f  oxygen  m a x im u m  a t  a b o u t 35 m ete rs . ‘ C ’ rep re sen ts  th e  a re a  
o f  o ccu rren ce  o f  oxygen  m ax im u m  a t  a b o u t 25 m eters. ‘ D ’ rep re sen ts  th e  a re a  o f  o ccu rren ce  
o f  oxygen  m ax im u m  a t  a b o u t 50 m e te rs . ‘ F , G , I  a n d  K ’ rep re sen ts  th e  a re a  o f  o ccu rren ce  o f  
oxygen  m ax im u m  in  th e  su rface . ‘ J ’ rep re sen ts  th e  a re a  o f  o ccu rren ce  o f  oxygen  m ax im u m  a t  
a b o u t 30 m eters. ‘ L ’ rep resen ts  th e  a re a  o f  o ccu rren ce  o f  oxygen m ax im u m  below  70 m eters.

B2

5 8 9



2 â 8

both the cases, the distribution pattern appears to be ‘ cellular The oxygen  
maxima are present o ff the west coast o f  India almost at the surface, the 
depths o f  occurrence oscillating in general between zero and 30 meters. 
Surface oxygen maximum is more com m on along the east coast o f  Arabia 
and southern Arabian Sea, going to deeper layers such as 30 metres along  
the northern-most parts o f  the sea and to  50 metres at ‘ H South of 
10° N  off the Somali coast the maximum exists between 0 and 25 meters 
with steep-gradients (Cell L).

•»*e7»* >0*70*»Q*

F ig .  6. D e p th s  o f  o ccu rren ce  o f  oxygen  m in im u m  d u rin g  p o s t-m o n so o n  season  (S ep tem 
b e r , O c to b e r  a n d  N o v em b er) .

‘A , B , C , E  a n d  K ’ rep re sen t th e  a re a s  o f  o ccu rren ce  o f  oxygen  m in im u m  betw een  150-200 
m eters. ‘ D , G  a n d  I ’ re p re se n t th e  a re a s  o f  occu rren ce  o f  oxygen m in im u m  a t  a b o u t 500 m eters. 
‘ F '  rep re sen ts  th e  a re a  o f  o ccu rren ce  o f  oxygen  m in im um  a t  a b o u t 400  m eters. ‘H ’ rep resen ts  
th e  a re a  o f  o ccu rren ce  o f  oxygen  m in im u m  a t  a b o u t 300 m eters. ‘J ’ rep re sen ts  th e  a re a  o f  o ccu r
ren ce  o f  oxygen  m in im u m  a t  less th a n  100 m eters.
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North-east monsoon season.—Figures 7 and 8 show the depths o f  
occurrences o f  oxygen maximum and minimum respectively during north
east m onsoon season.

The oxygen maximum is found in the upper layers along the west coast 
o f  India between 5-10 meters, sinking to  30 meters at a few places. But 
in the central Arabian Sea, in  the area bounded by 63-64° E longitude and 
16-17° N  latitude the oxygen maximum sinks to 100 meters (at ‘A ’) and 
rises to upper levels both in the southern and northern parts o f  the Arabian 
Sea. At the mouth o f the G ulf o f Aden, the oxygen maximum reaches a 
depth o f  about 30 meters. South o f  5° N , the maximum occurs at 45 
meters.

toi'

F ig . 7. D e p th s  o f  o ccu rren ce  o f  oxygen  m ax im u m  d u rin g  n o r th -e a s t m o n so o n  o r  w in te r 
m o n so o n  (D ecem b er, J a n u a ry  a n d  F e b ru a ry ) .

‘A ’ rep resen ts  th e  a re a  o f  occu rren ce  o f  oxygen  m ax im u m  a t  a b o u t 100 m ete rs . ‘ B , C , E  
a n d  F ’ re p re se n t th e  a re a s  o f  o ccu rren ce  o f  oxygen  m ax im u m  a t  th e  surface , ‘ D ’ rep resen ts  th e  
g re a  o f  occu rren ce  o f  oxygen  m ax im u m  a t  a b o u t 10 m eters,
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The main features (Fig. 8) o f  the occurrence o f oxygen minimum along 
the west coast o f India are that from the southern tip to the Gujarat coast, 
the minimum occurs in the deeper layers when compared to the south-west 
m onsoon season, occurring between 300-500 meters, but not less than 
300 meters deep. In the open Arabian Sea the minimum shoals up and found  
at depths between 120-150 meters along 70° E longitude (Cells A  and B). 
Off Cochin, it is found to sink to 500 meters (Cell C) and thereafter to shoal 
to 150 meters towards the open sea (Cell D ). South o f the Indian Penin
sula also the oxygen minimum sinks to 500 meters. In the central Arabian 
Sea the minimum is found at 400 meters deep shoaling to 150 meters in  
the southern part o f the sea. In the mouth o f G ulf o f  Aden, it reaches to 
350 meters and rises up to upper levels towards the G ulf o f  Aden. Increas
ing trend o f  depths o f  oxygen minimum is also found south o f  Somali coast.

B*£

F ig . 8. Depths of occurrence of oxygen minimum during north-east monsoon or winter 
monsoon (December, January and February).

‘A, B and D ’ represent the areas of occurrence of oxygen minimum at about 150 metres. 
‘C and E ’ represent the area of occurrence of oxygen minimum at about 500 meters. ‘F ’ repre
sents the area of ocçurrençe of oxygen minimum at about 100 metres,
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D i s c u s s io n

The results presented in the earlier section make it abundantly clear 
that there are considerable seasonal and regional variations in the distri
bution o f  oxygen in the upper 500 meters o f  the North-western Indian 
Ocean, which includes mainly the Arabian Sea, the Laccadive Sea, the 
G ulf o f  Aden and the Persian Gulf. The m ost important factor control
ling the distribution o f  oxygen is physical, such as exchanges across the 
sea surface, oceanic circulation and water movements, although biological 
conditions such as photosynthetic production and respiratory activities o f  
the organisms gain importance in certain selected regions, particularly along  
the coasts. On the other hand, in  the open parts o f  the ocean we have to 
take into account the circulation pattern and water movements as the major 
contributing factor.

During the months constituting the south-west m onsoon the south
east trades from the southern hemisphere cross the equator and blow as 
south-westerly winds along the Somali coast. The winds are rather steady 
in  this region and they blow mainly towards north and north-east along the 
Somali-Arabian coasts, then take an easterly course in the more open parts 
o f the ocean (Swallow, 1965, Swallow and Bruce, 1966, Warren, B., 1965, 
Warren e t a /., 1966, Gallagher, 1966). Under the influence o f these winds 
the high speed Somali current crosses the equator bringing with it the oxygen- 
rich Indian Equatorial waters. The turning o f  the current away from the 
coast north o f 6° N  latitude gives rise to intense up welling nearer the Somali 
coast. Thus an ‘ oxygen front ’ is created with low  oxygen water nearer 
the coast and a high oxygen water away from the coast, the axis o f  the 
Somali current forming some kind o f a boundary between these two types 
o f waters. The current travelling away from the coast gives rise to con
vergence cells north o f 5° N  and along 60° E. The northern limits o f  these 
convergence cells are sometimes seen as far as 10° N . The oxygen maximum  
sinks here to depths o f about 90 meters with values ranging from 4 • 5 to 4-35  
ml/L.

A long the Arabian coast the upwelling processes reduce the oxygen 
content in the surface layers but soon this is compensated by high organic 
production-photosynthetic activity leading to oxygen enrichment o f  the 
upper layers. The Arabian shelf is narrow and the highly productive waters 
are carried farther and farther off-shore, where the transparency is high. It 
is thus possible that the column production is high resulting in deepening 
o f the layers o f  oxygen maxima. Oxygen maxima are observed at about 
5 0  meters in this area.

5 9 3



242

Corning nearer the Indian coast, the large influx o f river-water, the high 
degree o f turbulence due to monsoonal winds, give rise to increased turbi
dity o f the waters, thereby reducing considerably the thickness o f the photic 
zone. Thus very often, the oxygen maxima are seen in the surface layers 
only.

One of the noteworthy features during the south-west monsoon is that 
the circulation and water movements are predominantly meridional and 
hence a greater part of the north-western Indian Ocean, including the 
Arabian Sea, is occupied by water spread northwards from the equatorial 
Indian Ocean. The equatorial Indian Ocean being a region of strong 
currents and consequently high degree o f ventilation, the spreading o f these 
waters to the northern part o f the Arabian Sea results in a considerable 
degree o f oxygenation o f these waters with the exception of upwelling areas 
near the Somali-Arabian coast and the south-west coast o f India. This 
factor should therefore determine to a large extent the depths o f occurrence 
of oxygen maxima and minima in the different areas in this part of the Indian 
Ocean.

When we consider, on the other hand, the conditions during the north
east monsoon, when there is a reversal o f winds, oceanic circulation and 
water movements, it is seen that the predominant flow becomes zonal— 
the North Equatorial Current system gaining in intensity and becoming im
portant. Due to opposing forces the Somali current becomes insignificant. 
The coastal current off the west coast o f India becomes northerly. Again 
compared to the southerly drift along this coast during the south-west mon
soon months, the northerly drift is somewhat weaker, intensifying perhaps only 
north of Bombay where this takes a north-westerly turn conforming to the 
coastal configuration and in line with the general circulation pattern. As 
a result of this circulation pattern, in a greater part of the central and 
northern Arabian Sea, there are no appreciable water movements—a near 
stagnation condition prevailing in certain areas. The sub-surface conditions, 
however, reflect to some extent the characteristics o f Red Sea and Persian 
Gulf waters.

The southern part o f the Arabian Sea is, however, influenced to a con
siderable extent by the waters brought in by the North Equatorial Current 
system from the eastern Indian Ocean and the Bay of Bengal. Thus oxygen 
distribution pattern in the southern Arabian Sea conforms to the conditions 
prevailing in the eastern Indian Ocean and the Bay of Bengal,
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lu  discussing the depths of occurrence of oxygen minima in the upper 
500 metres o f the» northern Indian Ocean, one has to consider the source 
of oxygen minima in relation to biochemical cycles as well as the pattern 
of circulation. Of course the most essential data required for this purpose 
are the depths o f occurrence of oxygen minimum layer, the minimum oxygen 
concentration and also the thickness o f this layer. The last-mentioned 
parameter will give the necessary clue to the biological and biochemical 
activities in the upper surface layers. The importance o f biological and bio
chemical activities leading to the oxidation o f organic matter with conse
quent consumption of oxygen as the organic materials sink to deeper levels, 
has been fully highlighted by earlier workers (Richards, 1957). The 
respiratory activities o f the organisms leading to reduction of oxygen con
centration in oxygen-poor layer has also been mentioned by Harvey (Harvey, 
1963). The application of these ideas to the conditions in the Arabian 
Sea and other open parts o f the northern Indian Ocean requires a detailed 
knowledge o f the biological productivity and distribution of organisms in 
this region of the Indian Ocean. A fairly good picture o f the plankton 
biomass has been brought out in the detailed and interesting paper by Prasad 
(under publication).

One of the most interesting and detailed accounts on the oxygen distri
bution in the Arabian Sea containing an explanation for the formation of 
oxygen minimum in the region is that o f Khimitsa (1968). This author 
has summarised the observations o f Smetanin (1959) and Neyman (1961) 
besides stating his own views. Khimitsa mentions that the views of Smetanin 
are more or less in accord with those o f Seiwell (1937). Seiwell has men
tioned that the oxygen minimum may appear and re-appear with a conti
nuous decrease in both the horizontal current velocity, or maximum oxygen 
consumption may, perhaps, coincide with the depth o f oxygen minimum 
layer. He has also noted that the vertical distribution of oxygen results 
from development history of the water masses and that the effects of  
infinitely small processes may be considerably increased by their 
manifold repetitions.

Neyman (1961) relates the foimation of oxygen minimum to the regions 
of formation of deeper water masses in the Arabian Sea. Referring to the 
Gulf o f Aden and the Persian Gulf as the main source regions, Neyman 
states that ‘the surface waters of these regions with high salinity and tempe
rature (with consequent low concentration of oxygen) sink and spread to 
the sub-surface levels contributing to the oxygen minimum in the whole of 
the Arabian Sea ’. But there is some difficulty in our accepting Neyman’s
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hypothesis because in the Gulf of Aden, which has been shown to be a very 
high productive zone where oxygen saturation is known to reach as high 
as 110-115% and in the Persian Gulf, which is comparatively shallow, thermo
haline convection leads to thorough mixing and consequent enrichment 
of oxygen in the entire column. The sinking and spreading o f these waters 
is more likely to enrich the sub-surface layers rather than deplete them of 
oxygen. Thus the formation of layer of oxygen minima with extremely 
low concentrations o f oxygen is more likely to be attributed to the near- 
stagnant conditions in the central and northern parts of the Arabian Sea.

The Soviet oceanographers who had carried out investigations in this 
region have reported the occurrence of hydrogen sulphide in the intermediate 
depths in the northern Arabian Sea (Ivanenkov and Rozanov, 1961) which 
is an indication of stagnant or near-stagnant conditions. In this connec
tion a reference to the interesting paper by Mokievskaya (1961) would be 
pertinent, as she discusses the hydrochemical conditions at the intermediate 
layer leading to the formation of hydrogen sulphide.

In  concluding this discussion on the occurrence o f  oxygen m in im um , 
i t  is particu la rly  em phasized th a t the studies on the in term ed ia te  w ater masses 
o f the In d ia n  Ocean, w ith  p a rticu la r reference to  occurrence o f  oxygen  
m in im a— sometimes a lternating  w ith  layers o f  oxygen m axim a— w ould  be 
a m ost fru it fu l line  o f  research and this w o u ld  solve some o f  the m ost com 
plicated problem s o f  c ircu la tion  and sub-surface w ater m ovem ents in  this 
p a rt o f  the In d ia n  Ocean.
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NOTE ON THE BOTTOM PROFILES OF THE WESTERN PART 
OF THE INDIAN OCEAN

by

V. S. RAMA RAJU,
Oceanographic Research Wing o f  N. G. R. Cochin.

The oceans and seas cover 70.8 per cent of the Earth’s surface. The 
area of the Indian Ocean including its adjacent seas is nearly 75 million 
sq. km and equals approximately one-fifth of the total water cover or 
one-seventh of the total area of the globe. Its mean depth is very nearly 
3,900 m. Although the Indian Ocean does not appear to lack in marine 
resources in comparison with the Atlantic and Pacific oceans, it has re
ceived very little attention in systematic oceanographic studies.

In the past, several oceanographic expeditions have been conducted 
in the Indian Ocean by various countries covering some areas starting 
with that by NOVARA in 1857-59 to the present (31st) cruise of VITIAZ 
(1959-60) conducted by the Academy of Sciences of U.S.S.R., in which 
the author participated during a part of the expedition. Most of the 
earlier expeditions were conducted when the equipment and methods of 
observation were not standardised, but they certainly created interest 
in furthering the knowledge of oceanography by many startling disco
veries.

During its 31st cruise, the VITIAZ covered nearly 30,000 miles in 
the northern and central parts of the Indian Ocean over which systematic 
data collection was carried out in hydrology, hydrometeorology, marine 
biology and chemical oceanography. In the geological laboratory on 
board the ship, continuous recording of the ocean bottom was one of the 
main activities. For this purpose, six precision echo-sounders were put 
in operation throughout the period of the ship’s traverses in relays and 
records were taken on special paper (this preserves the tracing for a 
fairly long period). The soundings were logged at one minute intervals 
of time.

Fig. 1 shows the route of the expedition from Cochin to Bombay. 
From the data collected during this part of the cruise, the bottom profiles
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of the western part of the Indian Ocean are shown in Figs. 2A to 21, 
along the various sections. The vertical exaggeration of the profiles is 
270:1. The position fixing of the stations is made by celestial methods 
and no corrections are applied to the echo-sounder observations. The 
depth of each station is the mean of the depths noted at start and end of
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station. The latitude ahd longitude are the mean positions of the ship 
while on station.

All the identified major features of the bottom profiles are noted 
and the figures are self-explanatory. In Fig. 2E at station 4661 is shown 
a newly discovered sea-mount (not shown in Admiralty charts) which
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rose fro m  a m ean  d e p th  o f 4.5 to  3 k m , and  a d e ta ile d  su rv e y  across the  
m o u n ta in  has revea led  th a t th e  shape o f th e  m o u n ta in  is conical. F u r 
th e r, p re lim in a ry  stud ies o f th e  n a tu re  a n d  s tru c tu re  o f th e  ocean bed  
fro m  th e  collections o f b o tto m  grab  and  h y d ro s ta tic  co rer h ave  revea led  
some v e ry  in te re s tin g  features . A t  s ta tio n  4660 in  th e  reg io n  off M a d a 
gascar, b o th  ‘g ra b ’ and  co rer b ro u g h t up  la rg e  nodules o f m anganese  
w h ic h  m ig h t be p resen t in  la rg e  q u a n titie s  fo r  econom ic e x p lo ita tio n . A t  
sta tio n  4694 off Z a n z ib a r, a core sam ple  10 m  long  ta k e n  fro m  a d e p th  of 
4,720 m , conta in ed  1.8 m  of red  c lay  and  b lack ish -g reen  m u d  in  th e  top  
la y e r  and  th e  res t w as  c le a r sand. T h is  appears  to be th e  firs t obser
v a tio n  of its  k in d  in  In d ia n  Ocean, a lth o u g h  s im ila r  rep o rts  o f th e  p re 
sence of sands in  th e  abyssal basins w e re  firs t d iscovered  in  th e  G aze lle  
e x p ed itio n  ( A n d r e  1920) in  th e  S outh  A tla n tic  and  in  recen t years  b y  
A T L A N T IS  (1947) in  th e  H u d s o n  su b m arin e  canyon. S evera l theories  of 
tra n s p o rt o f m a te r ia l fro m  th e  continen ts  to  th e  deep ocean basins b y  
strong  w in d s , b y  ice ra ftin g , b y  tu rb id ity  cu rren ts , etc. h ave  been p u t  
fo rw a rd  to  e x p la in  deep-sea sands. B u t  th e  th e o ry  o f tra n s p o rt b y  tu r 
b id ity  cu rren ts  appears to  g a in  su pp o rt fro m  th e  observed good so rting  
and g ra d in g  o f th e  m ate ria ls . T hese  a re  o n ly  a fe w  p re lim in a ry  re m a rk s  
on th e  in i t ia l  resu lts  o f th e  ex p e d itio n  an d  th e  d e ta ile d  in vestig a tio n s  
w il l  b r in g  m a n y  n e w  facts ab ou t th e  In d ia n  Ocean.

F ro m  th e  p h ys ica l oceanograph ic  p o in t o f v ie w , th e  kn o w le d g e  of 
b otto m  to p o g rap h y  of th e  oceans is v ita l  in  u n d e rs ta n d in g  th e  c irc u la tio n  
of w a te r .

A c k n o w l e d g e m e n t s  

I  w is h  to express m y  th a n k s  to  C a p ta in  I .  V . S e r g e e v  a n d  P ro f. 
D r. B . G . B o g o r o v ,  L e a d e r o f th e  ex p e d itio n  an d  a ll th e  m em bers  o f th e  
ex p e d itio n  fo r  k indness  an d  m a n y  courtesies ex ten d ed  on board  V IT IA Z .

R e f e r e n c e s
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The structure of the  terrestria l crust of the Indian  Ocean, based upon geophysical studies 

by P. A. Stroev and A. G. Gaïnanov

n.  A. C T P O E B ,  A. T. r A H H A H O B

O CTP OEH HH 3 E M H O H  KOPbl  H H f l H H C K O r O  OKEAHA  
n o  A A H H b I M  rEO<ï>H3HHECKHX HCCJIEÄOBAHHH

M ockobckuü eocydapcTBeHHbtü ynueepcureT um. M. B. JIoMonocoea 

O ö u i H p H b i e  K O M n j ie K C H H e  r e o 4 > H 3 i i H e c x H e  H c c j ie A O B a H H H  C T p o eH H H  3 g m -
h o h  K o p b i  K H a c T O H m e M y  B p e M e H H  n p o B e A e H b i  b  A T A a H T H H e c x o M  h  T h x o m  
O K e a H a x ;  H h a h h c x h h  o K e a H  H a n i w e H e e  H 3 y x e H  b  s t o m  OTHomeHHi-i ,  n  C B eA e-  
HHH O C T p o eH H H  3eM HOH KO pbl HBAHÍOTCH B e C b M a  CXeM aTHHHbIM H II ■ H6f l ,OCT3-  
TOHHO TOHHbIMH [1 1 ] .

r i e p B b i e  re o (} ) i i3 H H e c K H e  H c c A e A O B aH H H  H a  a x B a T o p n a  H h a h h c x o t o  o x e -  
a H a  ö b i j i i i  n p O B e A e H b i  B e H i r a r - M e í m e c o M  b  1 9 2 3  r .  P e s y j i b T a ™  H 3M e p e H H H
CHAbl THHCeCTH ÖblAH HCn0A b30B aH bI AAH VCTaHOBJieHHH H30CTaTHHeCXOTO’ 
c o c t o h h h h  h  o c o ß e H H o c T e H  CTpoeHHH 3eMHOH K opbi H h a o h 6 3 h h c x h x  n e p e -  
x o A H b ix  30H [2], B  n o c j i e A y r o m n e  t o a h  rp aB H M C T p H H ecx H e  HccAeAOBaHHH 
b H h a h h c k o m  o x e a r e  6 h a h  npoA O A JxeH bi  B e H H H r - M e ñ H e c a M ,  a  x a x j x e  aiwe- 
P'HXaHOKHMH H aHTJIHBCKHMH re o (J )H 3 i ix a M n  [2 4 ,  2 6 — 28],

r i e p B b i e  c e ñ c M i i x e c x H e  H c c A e A O B a H H H  m c t o a o m  n p e j i o M J i e H H b i x  b o a h  b. 
H h a h h c x o m  a x e a H e  6 h a h  n p o B e A e H b i  r a c x e A A O M  h  Ü B O A A o y  b  p a ñ o H e  
C e ñ i u e A b c x H x  o - b o b  h  b  b o c t o h h o h  n a c r a  o x e a n a  [23].  H a  C e n m e A b c x H X  
O - B a x  HOA CAOeM K O paA A O B blX  pH(])OB MOLUHOCTbK) 3 0  M,  HMeiOIAHX CKOpOCTb 
n p o A O A b H b i x  BOAH 2 , 1 — 2 ,7  k m ) c e t i ,  6b iJ i  o 6 n a p y > x e H  c a o h  t o a i u h h o h  o x o a o  
2 ,4  KM,  B KOTOpOM OXOpOCTb BOAH C 0C T 3B A H A a 5 , 5 — 6 ,0  KM/ C6K .  H eA O C T a T O H -  
H a n  n p o T H ÿ x e -H H o c T b  np o (} )H A eH  H e n o 3 B O A H A a  H 3yH H T b C T p y x T y p y  6 o A e e  
T A y ô o x H x  r o p H 3 0 H T O B .  K  K ) r o - 3 a n a A y  OT o .  C y M a T p a  h  x  w r o -B o c T O x y  o t  
O. U e H A O H ,  B OÔAaCTH TAyÔHH O X e a H a  OT 3  i o  5  KM  6bIA H  BbIHBA eHbl p b i x -  
A b ie  o c a A O H H b ie  o t a o o x c h h h  M o iA H o c T b io  0 , 2 — 0 ,8  k m , c x o p o c T b  p a c n p o c T p a -  
HeHHH npO A O A bH BIX  BOAH B XOTOpblX COC TaBHAa 2,1 K M/ CßK .  Í IO A  3THM CAO0M 
n o n ™  B o  B c e x  n y H X T a x  y c T a H a B A H B a e T C H  B e p x H H H  c a o h  M o m H O C T b io  1 ,4 —  
2 ,0  KM,  B XOTOpOM CiXOpOCTH npO AOAbH BIX BOAH 4 , 2 — 5 ,0  K M ! CßK,  nOACTH- 
A a e M b i H  c A o e M ,  B e p o H T H o  « '5 a 3 a A b T O B b iM » ,  ô o A e e  h a o t h h x  n o p o A ,  TAe c x o -  
p o c T H  5 , 9 — 6 , 6  k m / c e K .  B  H a n ô o A e e  t a y ó o x o b o a h o h  x a c T H  k o t a o b h h w  « 6 a -  
3 â A b T 0 B b i H »  c a o h ,  TAe c x o p o c T b  6 ,5 4  K M / c e K ,  H aH H H aeT C H  H e n o c p e A C T B e H H »  
n o A  M a A O iM om H biM  C A oeM  o c a A x o B  H a  T A yÔ H H e 0 , 4 6 — 0 , 7 6  k m  o t  A H a  o x e a H a .

B  T e x e H H e  M I T  H a n a A o c b  n A a H O M e p H o e  x o M n A e x c H o e  H 3 y x e H H e  H h a h h -  
c x o r o  o x e a H a ,  B<xA ioH aK )inee  p a 3 A H H H b ie  re o t |> H 3 H H e c H H e  h c c  a  e A o s  a,HH h  c  
U eA b lO  BbIHCHeHHH OCOÖeHHOCTeH TAyÖHHHOrO C T poeH H H  36M H 0 H  XOpbl [3, 
12, 16  H AP-j.

B  H a c T O H m e e  BpeMH H H T ep ec  x  H 3yxeH H io  H h a h h c x o t o  o x e a ,Ha 3HaHH- 
TeAbHO B 03p0C . 7I.AH K00pAHH3HHH OXeaHOAOTHHeCXHX HCCAeA0B3HHH C 03A a- 
Ha M e > x A y H a p o A H a H  H H A o - o x e a H C K a n  axcneA H U H H , n o  n p o r p a M M e  x o T o p o n  
BbinoAHHAHCb KO M nAexcHbie  p a ô o T b i  b 1 9 5 9 — 1 9 6 2  r r .  aHTAHHCxHMH h  aM e- 
p H x aH cx H M H  HccAeAOBaTeAHMH, a T a x o x e  3 1 — 3 3  h  3 5  p e ñ c b i  s / c  «B,HTH3b» 
b  1 9 5 9 — 1 9 6 2  r r .  [13 , 17 — 18, 22],

n e p B b i e  coBeTCXHe reo(])H 3H H ecxH e  HCCAeAOBaHHH b  H h a h h c x o m  o x e a H e  
6biAH n p o B e A e H b i  b o  BpeMH nA aB aH H H  coT p y A H H x o B  T A H U I  h  r e o A O T H n e c x o -  
r o  cjjaixyApTeTa M r y  H a A H se A b -S A e x T p o x o A e  « 0 6 b »  b  c o c T a B e  GoBeTCXHK
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aHTapKTHMeCKHX 9KCneÄHUHH. npOH3BOAHJIHCb H3MepeHHH CHAbI THHieCTH 
n p n  noM oipH  M o p c x n x  M a n r a n x o B b ix  n p n 6 o p o B  h M o p c x n x  rpaBHM eTpoB  

{3, 7— 8, 19— 21],
B o  BpeMH M IT  H h a h h c x h h  o x e a H  6 h a  n e p e c e n e H  n n r a x )  p e i i c a M H  

c o B eT C K o ro  « e M a r H u r a o r o  c y A H a  « 3 a p n »  [12], H a  o c h o b 3 h h h  s t h x  p a ö o T  
BbIHBHAOCb, HTO B O K eaH e CymeCTByiOT AOBOAbHO HeTKO pa3AHH HM bie  O'ÖJia- 
CTH OTHOcHTejibHo c n o x o H H o n o  h  a H O M a j ib H o ro  M arHHTHbix n o A e i i .  K a x  n p a -  
b h a o ,  C T eneH b a H O M a A b H o c r a  M a r a n r a o r o  noAH yßeAHHHBaeTCH b o Ö A a c r a x  
K p y n H e H iu n x  n o A H n r a n  A n a  o x e a H a ,  t 3 k h x  x a x  n j i a i o  K p o 3 e ,  U e H T p a j ib H O - '  
H h a h h c x h h  x p e ö e T  a  Ap. O A H a x o  b h o a o m  a H O M a A b H o c ra  He 3aBHCHT o t  
T e x  h a h  HHbix n a c r a b i x  (JiopM peA bec])a  A n a  o x e a H a ,  a  o n p e A e A H e r a f l  HeoA- 
HOpOAHOCTbK) MarHHTHbIX CBOÍÍCTB nOpOA, CAaraiO iPHX XpHCTaAAHHeCXHH 
(JjyHAaMeHT AHa. OneBHAHO, T a x  H a 3 b iB a e M b in  6 a 3 a A b T 0 B b in  c a o h ,  n o A c r a -  
AaiOLHHH ocaAO HHbie  OTAO>xeHHH b o x e a H a x ,  x p a H H e  HeoAH OpoAeH n o  c o -  
CTaBy, H C TeneHb 3T0H HeOAHOpOAHOCTH MO>XeT ÖblTb BblHBAeHa reO(])H3H- 
qecxH M H  MeTOAaMH TOAbxo n p H  B e c b M a  n a c T b ix  T o n e n H b ix  h a h  H e n p e p b iB -  
Hbix M a p m p y T H b IX  H3MepeHHHX.

B 3 1 -m p e n c e  a /c  «BHTH3b» b 1 9 5 9  r. ô h a h  n p o B e A e n b i  n e p B b ie  cobct- 
c x H e  c e ñ c M o a x y c T H n e c x H e  HccAeAOBaHHH b H hahhcxom  o x e a n e  mctoaom 
o T p a îK e H H b ix  boah  [13], BbiAH B b in o A H en b i  A n a  n p o t J m n H :  n e p B b i H — n e p e 3  
JÏBaHCKHH TAyÔOXOBOAHblH JXeAOÖ, BTOpOH —  X BOCTOXy OT AtfjpHXH B paH O -
He o .  3 a H 3 H 6 a p .  O ô m a n  npoTH>xeHHOCTb n p o ^ H A e n  ô o A e e  5 0 0  MHAb. K p o M e  
T o r o ,  b peHTpaAbHOH n a c r a  o x e a H a  ôb iA a o n p e A e A e n a  MomHOCTb a o h h h x  
OTAO>xeHHH Ha A B y x  CTaHu,HHx. C x o p o c T H  3 B y x a  b B e p x H e n  n a n x e  o c a A o n -  
■HblX OTAOHCeHHH paBHbl 1,8— 2 ,5  KM/C6K.

H a  noABOAHOM cxAOHe o. J l ß a  H a rAyÔ HHe 1 5 3 0  m  M O ip H o c ra  o caA onH O H  
TOAH1.H o x o a o  4 5 0  m . n o  M e p e  yAaAeHHH H a l o r  bhh3 n o  CKAOHy n p o n c x o A H T  
y s e A n n e r r a e  m o iu h o c th  ocaAXOB. M a x c n M a A b H o n  BeAHHHHbi, ô o A e e  1 2 0 0  m , 
MomHOCTb o c a A O H H o ro  c a o h  AocT H TaeT  b B aA H H C xoH  B naA H H e, A O x a m e H  
MeXKAy BHyTpeHHHM H BH6IHHHM XpeÔTaM H JlBaHCKOH AYTH. H a  BHeUIHeM 
noABOAHOM x p e Ö T e  5 1 ß a H c x o r o  J x e A o ô a  M o r p H o c r a  ocaAKOB yM eH binaeT C H  
A o  7 0 0  m . H a  cxAOHe e r o  OHa OHOBa y B e A n n n B a eT C H  h AOCTHraeT H a A n e  
H ceA o ô a  o x o a o  1 0 0 0  m . n o  M e p e  ABn>xeHHH b C T opoH y o x e a H a  n p o n c x o A H T  
n o c T e n e H H o e  y M e H b m e H H e  m o ip h o c t i i  o c a p o n H o r o  c a o h  a o  6 0 0  m , a  n a  A n e  
XOTAOBHHbl, paCnOAOJKBHHOH Ha AOJKe O X eaH a B 3 5 0  MHAHX OT 0. B a A H , AO
500 m .

H a maTep'HKOBOM cxAOHe A c j ip n x H  MomHOCTb AOHHbix ocaAKOB n a  p a 3 -  
p e 3 e  He n p e B b i m a e T  5 0 0  m  h o n e H b  m c a a c h h o  yM eH b u iaeT C H  n o  M e p e  n p o -  
ABHîxeHHH b C T o p o H y  o x e a H n n e c x o r o  Ao>xa.  B  p eH T paA bH O H  n a c r a  H h a h h -  
c x o r o  o x e a H a  MOipHOCTb a o h h h x  ocaAXOB, o n p e A e A e H H a n  H a  A n y x  cTaHpHHX, 
He n p e B b i m a e T  3 0 0  m . B  x o H p e  1 9 6 0  r .  b 3 3 - m  p e n c e  a / c  « B n T H 3 b »  b A p a -  
BHHCKOM MOpe ÔblAH npOBeAÊHbl CeHCMHHeCXHe paÖOTbl MeTOAOM OTpaHîeH- 
Hbix BOAH c HeAbIO H3yneHHH MOIU,HOCTH H CTpoeHHH AOHHblX OTAOHteHHÎJ
[17],  B c e r o  BwnoA HeHO 2 3  CTaHpiiH. B  p e 3 y A b T a T e  n p o B e A e H H b ix  p a ô o T
BbIHCHeHO, HTO B HCCAeA0B3HH0M paH O H e  MOiPHOCTb 0C3AK0B KOAeÔAeTCH 
o t  0 ,5  a o  2 ,5  k m . H a i i M e H b m n e  m o ip h o c th  n p n y p o n e H b i  k k » x h o h ,  caMOH 
TAyÔOXOBOAHOH HaCTH ApaBHHCKOH XOTAOBHHbl. 3 H a n eH H H  CXOpOCTeH B
o c a A x a x  ii3MeHHioTCH o t  1,5  a o  2 ,3  KM/ ce K.

B  1961  r .  bo BpeMH 3 3 - r o  p e n c a  a /c  « B n r a 3 b »  ôbiAn npoBeAeHbi cencMH- 
n e c x n e  nccAeAOBannn MeTOAOM npeAOMAeHHbix b o a h  b 3anaAHon nacTH 
HHAHHCKO-ABCTpaAHHCXOH XOTAOBHHbl C HCn0Ab30B3HHeM paAHOÔyeB [18]. 
B  pe3yAbTaTe s t h x  HccAeAOBaHHH BnepBbie a a h  H h a h h c x o t o  o x e a n a  6 h a h  
noAyneHbi ceñ c M n n e c x n e  AaHHbie o CTpoeHHH 3eMHon x o p H  BnAora a o  no- 
BepxHocTn M oxop oB H n n na . M o ip H o c ra  3eMHon xopbi b nccAeAOBaHHOM 
p a n o H e  paBHa 7 , 0 ± 1 , 5  k m . K o p a  n-MeeT TnnunHO oxeaH H n ecxo e  crpoeH ne  
H  COCTOHT H3 CAeAyiOIII,nX CAOeB: 1 )  OCaAOHHblH CAOH, V r = 2 ,0  KM/ ce K,
MomHOCTb H  — 0 , 3 — 0 ,5  KM] 2) 6a3aAbTOBbIH CAOH, V  =  6 ,4  KM/ ce K,  

H  —  6 ,5 ± 1 , 5  k m -, 3) noA xopoBbin  c a o h ,  V r =  8,0 KM/ ce K.
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M H o r H M H  H C C j ie ^ o B a T e j iH M H  6 h a o  n o K a 3 a ,H O ,  h t o  H a  o c h o b 3 h h h  A a H H b i x  
r p a B H M e T .p H H  m o w h o  ÄOCTaTOHHO y c n e u i H O  o n p e A e A H T b  oömyio M om .H O CTb 
3eM H O H  K O pbl  AO nO BepX H O CT H  M o X O p O B H H H H a  [ 1 ,  6 ,  1 0 ,  11].

ECAH npHHHTb 3H3HeHHe CpeAHeH nJIOTHOCTH 36MH0H KOpbl (Ti , a nAOTHO- 
CTH nojicTHJiaiomHX nopOA BepxHeñ m 3hthh o2, to  noAyHHM pa3HOCTb njiOT- 
HOCTeñ Ha rpannue MoxopoBHHHHa A a =  a2— 0\. r ip a  stom H3MeHeHHS
MOIIJHOCTH 3eMHOH KOpbl A H BbI30B6T H3MeHeHHe aH0M3AHH CHAbI THJKeCTH
b  pe^yKUHH B yre Ha eeAHHHHy ôAg.  rioAb3yHCb (fiopMyAoii npiiTHweHHH a a h  
öecKOHeHHoro 'njiocKonapajijiejibHoro c a o h ,  noAyHHM:

Hi =  H0 , ( D2nkàa
n e

o¿Ag =  A gi — A g Q.

T a K H M  o 6 p a 3 0 M ,  3 'H a a  n y ô u n y  n o B e p X H o c r a  M o x o p o B H H H H a  H0 h  a H o -  
M ajiH K ) B y r e  Ago b k a k o ü - j i u ô o  o n o p H o ü  T o n n e  O K e a H a ,  m o > k h o  n o  s t o h  
4 ) o p M y n e  BbiHHCAHTb r j i y Ô H H y  H ¡  ¿ y i n  a k > 6 o h  t o h k h ,  e c A H  H 3 B e cT H b i  a H O -  
M a j iH H  B y r e  b  s t h x  T O H K ax .  3 H a n e H H H  H 0 b  o n o p H b i x  T O H K ax  o n p e A e A H iO T -  
CH MeTOAOM CeftCMHHeCKHX 30 ,H A H p 0 B aH H H . H eO Ö X O A H M O , OÄH3KO, H M e T b  B- 
BHA y, HTO B ASHCTBHTeAbHOCTH H a Ó A I O A a e M b ie  AHOM aAHH CHAbI THHCeCTH 
OÓyCAOBAeH bl H e  TOAbKO H 3 M eH eH H eM  MOIUHOCTH 3eM HOH K O pbl ,  HO H H 3 M e -  
H eH H eM  MOIUHOCTH pbIX A blX  H y n A O T H eH H b lX  OCaAOHHblX OTAOJKeHIIH, a  
T aK JK e  H 3 M eH eH H eM  h a o t h o c t h  < « 6 a 3 a A b T O B o r o »  c a o h  h  h a o t h o c t h  n o A K o p o -  
B o r o  'B e m e c T B a  b  r o p H 3 0 H T a A b H O M  H a n p a B A e H H H .  B  H e Ö A a r o n p H H T i i b i x  
o Ö A a c T H X ,  o c o ö e H 'H O  b  n e p e x o A H b i x  3 0 H a x  o t  M a T e p H K O B  k  o x e a n a M ,  3 t h  
(J iaKTOpbl M O ry T  3 H a H H T eA b H O  CHH3HTb TOHHOCTb O n p e A Ê A e H H H  MOIAHOCTH 
3eM H O H  K O pbl  n o  rp a B H M e T p H H e C K H M  A SH H bIM . H e K O T O p b IM H  H C C A eA O B aT e-  
AHMH H a  0 C H 0B 3H H H  C O nO CTaBAeHHH MOLUHOCTH 3eM H O H  K O pbl ,  nOAyHeHHOH 
n o  CeHCMHHeOKHM A a H H b lM ,  C COOTBeTCTByiOIUHMH AJIH 3THX yH aC TKOB O C p e A -  
HeHHblM H a H 0 M 3 A H H M H  B y r e ,  C O C T a B n eH b l  K O p p e A H U H O H H b ie  rp a t J lH K H  3 3 B H -  
CHMOCTH M e jK A y  TOAIHHHOH 3eM H O Ö  K O pbl  H O C peA H eH H bIM H  a H O M a A H H M ff
B y r e  [ 1 ,  6 ,  9 — 1 1 ,  2 9 ] ,

JXaHHbie reO(])H3HneCKHX HCCAeAOBaHHH n03B0AHAH AaTb HeKOTOpoe
npeACTaBAeHHe o  CTpoeHHH 3eMH0H Kopbi n o n  a h o m  H h a h h c k o t o  o n e a H a .  
H aM H  no cT p o eH b i cxeM aTHH ecK ne p a 3 p e 3 b i  3eMHOH K o p u  n o  AByM ripo([»H- 
AHM (pH c. 1 ) ;  o n p eA eA eH H e m o i h h o c t h  3 s m h o h  K o p u  np0H3B0AHA0Cb no-  
aHOMaAHHM B y r e  c  p a 3 H o c T b io  HAOTHOCTeii B e m ec T B a  K opw  h  B e p x H e n
M3HTHH 0 , 4  z / c m 3, o n p e A e A e H H e  rA y Ö H H b i  M  np o H 3 B O A H A O C b  n o  ( J i o p M y A e
nA O C K onapaA A eA bH oro c a o h .

ripoi f i iHAb 1. K e f i n T a y H  ( A i j i p H x a ) — 3 e M A H  K o p o j i e B U  
M o a  ( AHTa p KTHAa ) .  Tan K a n  b  3 a n a A H o ñ  nacTH H h a h h o k o p o  onea-
Ha AaHHblX CeHCM030HAHp0BaHHH He HMeeTCH, MOIHHOCTb 3CMHOH KOpH 
OnpeAeAHAaCb n o  KOppeAHU.HOHHbIM COOTHOUieHHHM Me>KAy aHOMaAHHMH 
CHAbI THH<eCTH H MOIIIHOCTblO 3eMH0H KOpbl. HpHHHTO, HTO HyAeBblM
a n o M a A H H M  B y r e  c o o T B e T C T B y e T  K o p a  M o n iH O C T b io  3 3  k m  h  H3M e n e H H e
a n o M a A H H  H a  2 0  m z a  c o o T B e T C T B y e T  H 3 M e H e H H io  m o i u h o c t h  n o p w  n a  
1 k m  [4 ,  5] ,

r i p O t f l H A b  II O .  U e i ï A O H  —  H i e A b C j l O B b l H  A e  a  H H K I IIe K A -  
T O H  a  ( A ' H T  a  p  K T 'H A  a ) .  M o m H O C T b  3eM H O H  K O pbl  BbIHHC AHAaCb H O  
c p o p M y n e  ( 1 ) .  B  K a n e c T B e  H 3 B e c T H O r o  o n o p H o r o  n y H K T a  Ho 6 h a  n c n o A b 3 o -  
B a H  CeHCMHHeCKHH n p O (])H A b 3 / c  « B H T H 3 b »  [18].

r i e p B b i H  n p o t J iH A b  n e p e c e n a e T  3a n a A H V K >  n a c T b  H h a h h c k o f o  O K e a H a  o t  
K e ü n T a y H a  a o  Ä H T a p K T H A b i .  / I h o  o n e a H a  3 A e c b  p o B H o e ,  c n o K O H H o e .  npo- 
(})HAb npO X O A H T H e p e 3  KOTAOBHHy MbICa H r O A b H O r O  H A (} )pH K aH C K O -Â H - 
T a p K T H n e c K y i o  KOTAOBHHy, a  T a n a t e  n A a T O  K p o 3 e .  O 6 a a c t h  O K e a H H H e c K H x  
KOTAOBHH (cOÖCTBeHHO OKeaHHHeC'KOe AHO) X a p a K T e p H 3 y iO T C H  CnOKOHHblM
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P u e . 1. CxeM a C TpoeH H H  
30MHOH KOpbl H hâHHCKOTO 

OKeaHa:
ƒ — npO(J)H^b KefimayH (AiJ)- 
pHKa) — 3eMJiH Kopo/ieBbi Moa 
(AHTapKTHfla): I l  — npcxjjHJib
o. UeôJiOH—lIIe^b<t)OBbift Jiea- 
HHK IlIeKJiTOHa (AHiapKTHAa); 
/  — OKeaH; 2 — 3eMHaa KOpa; 
3 — aHOMajiHH <ï>aa; 4 — a«o- 
MajiHH Byre; 5 — rpaHHna Mo- 

xopoBHHima



n O J ie M  'CHJIbI TJHKBCTH, C H0ÖOJIbUIHMlH nOJIO>KHTeJIbHbIMH HJIH ÔJIH3KHMH K 
HyjIR3 aHOMajIHHIMH O a H  H 3 H a q H T e j Ib H b IM H  I10JI0>KHTeJIbHbIM H aHO M aJIH H M H
B y i re  (ao + 4 0 0 - ^ 4 5 0  m s a ) .  H aa naaTo Kpo3e aHOMaann <Paa 3aMerHo « e  
H3MeHHK3TCH; aHOMaann Byre 3aecb yMeHbiuaioTca ao + 2 5 0  m s a .  ]lpn nepe
xoae ot oKeaHa k A^pHKaHCKOMy MaTepnxy noao>KHTenbHbie aHOMaann 
Oaa nocTeneHHo yÔHBaioT ao — 3 0  m s a \  aHOMaann B y r e  pe3Ko yôbiBaiOT 
ao — 1 2 0  MSA, co3ÄaBan sHaqnTenbHbiñ rpaBHTapHOHHbiH rpaaneHT 
( 1 5  3TBem). ripa nepexoae o t oneaHa k AHTapKTnqecKOMy MaTepnxy aHO- 
MaJiiHH Oaa yôbiBaiOT h hocht nepeMeHHbin xapaxTep. B panoHe xoHTHHeH- 
TajibHoro CKJioHa npeoônaaaiOT OTpnnaTenbHbie aHOMaann «Pan. B  panoHe 
uiejib(|)OBoro neannKa aHOMaann Ôaa pe3xo B03pacTaiOT, nepexoan CHOBa 
k oTpnuaTeJibHbiM BeanqnHaM b Topax KopoaeBbi Moa. AHOMaann Byre 
yôbiBaiOT ot oxeaHa k  MaTepnxy o t + 4 0 0  ao — 1 0 0  m s a .  Taxan ninpoxan 
nepexoaHaa 30iia oótacHaeTca 3HaqiiTeabHbiM norpyxceHneM meabc|)a aH- 
TapKTHqecKoro MaTepnxa noa aencTBneM aeaoBon Harpy3xn.

M o m H O C T b  3 eMHOH K o p b i  H a  3 T0 M p a 3 p e 3 e  MeHHeTCH OT 5—7 KM
(b p a i i o n e  kothobhh) a o  1 5 — 1 7  k m  H a  n a a x o  K p o 3 e  h n p n  n e p e x o a e  k M a -  
T e p n x a M  y B e a H B H B a e T C H  a o  4 0 — 4 3  k m .

Bíopofi npocfwjib n e p e c e x a e T  o x e a H  ot o. U e n a o H  ao m e a b c f i o B o r o  aea- 
HHKa I I I e x a T O H a  b  A H T a p x T n a e .  3 a  OTcyTCTBneM (j)aKTnqeoKHx a a H H b ix  
( x p o M e  ra y Ô H H  a H a )  npotjniab i m e e T  p a 3 p b iB  n p o T H Jx e H H o cT b io  1 0 0 0  M x a b .  
r i o B e p x H o c T b  M  Ha 3T0M y q a c T x e  n p o B e a e H a  o p n e H T n p o B o q H O  n o  p e a b e c | ) y  
a H a  o x e a H a .

PeabetJ) oxeaHcxoro ana Ha 3tom npocjinae 3HaqHTeabHo caoixHee.
Oh npeacTaBjieH pnaoM oxeaHcxnx KOTaoBHH (KoxocoBan, UeHTpaabHan, 
3anaaHO-ABCTpaaHHCKan h ap .), HecKoabKHMH xpeÔTaMH (U,eHTpaabHo- 
HHariHCKHH, 3anaaHO-ABCTpaa«HOKHH, BocToqHO-HHaHncxHH), o. UenaoH 
h apxnneaaroM Kokocobhx o-bob. H Ha stom npocjinae oxeaHCxne xoTao- 
BHHbi xapaKTepioyiOTCH cpaBHHTeabHo CHOKOHHbiM noaeM aHOMaann Oan 
c HeöoabuiHMH OTpnuaTeabHbiMH 3HaqeHHHMH (ao — 30-1-40 m s a )  h  3Hann- 
TeabHbiMH noaoxiiiTeabHbiMH aHOMaaHHMH B y r e  (ao +400^-420 m s a ) .
Co CTopoHbi aHTapKTHqecKoro Maxepnxa npotjinab yxoaHT b OKeaH annib 
Ha 350—400 mhhb. FIosTOMy o ninpiiHe nepexoaHon 30hm xpyano qTO-anôo 
CKa3aTb. OaHaKo h tyt b panoHe KOHTHHeHTaabHoro CKaoHa aHOMaann 
Oaa HMeiOT OTpnnaTeabHbie 3Haqennn h pe3K0 B03pacTaioT b panoHe
Lueabij)OBoro MeaxoBoabn, nepexoan onnTb k 3HaqnTeabHbiM OTpnnaTeab- 
HbiM B e a n q H H a M ,  oöycaoBaeHHbiM HaanqneM 3aecb rayôoxnx >xeaoôoB noa 
menbtfioBbiM aeanuxoM. AHOMaann B y r e  pe3Ko y6biBaiOT ot oxeaHa k 
ôepery, yMeHbinancb ot +  300-1-350 m s a  a o  Hyan.

MomHOCTb 3eMHoñ Kopbi b oxeaHcxnx KOTaoBHHax KoaeôaeTCH b npe- 
aeaax 5— 12 k m .  Pipa nepexoae x  anTapKTnqecKOMy ôepery MomnocTb 
Kopbi B03pacTaeT ao 3 3 —3 5  k m ,  t. e .  nepexoanT b  TnnnqHyro MaTepnKO- 
Byio Kopy.

K o K o c o B b i e  o-Ba n o. J+erinoH OTannaioTCH 3 H a n H T e a b H b i M  y B e a n n e n n e M  
anoMaann Oan (ao + 5 0 - ^ 6 0  m s a )  h  pe3KHM yMeHbmeHHeM aHOMaanñ 
Byre (ao + 8 0 - M 5 0  m s a ) .  M o m ,H O C T b  3 6 m h o h  K O pbi  yBeaHqnBaeTcn noa 
ocTpoBaMH ao 1 5  k m  ( K o K o c o B b i e  o -B a ) h  ao 2 4  k m  (o. LleñaoH).

CaeayeT OTM eTHTb, hto aan HHanncKoro oneaHa, t3k  >xe  Kax n aan 
apyrnx OKeaHOB, xapaKTepHO Haannne BbiaaroinnxcH OKeaHnnecKHX xpe5- 
TOB [ 1 5 , 2 5 ], Cpeane-HHanncKnn xpeôeT HanrmaeTcn y  ßeperoB ApaBnn, 
Y o. CoKOTpa oh pa3aBanBaeTcn: oaHa BeTBb naeT b ceBepo-BOCToqHOM 
HanpaBaeHHH (k ÊlaKHCTaHy), apyran o6pa3yeT ApaBHHCKO-HHanncKHH 
xpeôeT, nepexoaaurHH b UeHTpaabHo-HHanHCKHH. Ha mnpoTe 2 5 °  io .  m .  
UeHTpaabHO-HHaHHCKHH xpeôeT pa3aBaHBaeTcn: oana BeTBb yxoanT qepe3  
naaTo Kp03e b ATnaHTO-WHaHHCKHH nopor, coeauHnncb co CpeaHe-AiaaH- 
THqecKHM BaaoM, apyraa sexBb xpeÔTa qepe3 Taycc-KepreaeHCKoe noann- 
THe yxoaHT B AHTapKTnay, a TaKJKe qepe3 o-Ba AMCTepaaM n Cbhtoto 
naBaa — b Thxhh OKeaH x  o-b3m Hoboîî 3eaaHann. O t ôeperoB HHann ao
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Pue. 2. 3 aB nc iiM O C T b  aH Q M ajiH H  «Pea n Byre o t  rJiyßnH ana H H a n ftcK O iro  o K e a H a : 

a  —  aH O M a.iH H  «Pan ( m s a ) ;  6  —  a H O M a jin a  Byre ( m s a )

COpOKOBblX ÜIHpOT K)>KHOrO n O J i y i l i a p i i f l  B M epH Æ H O H aJIbH Ü M  H a n p a B J i e H H H  
•n p o T H H y j ic f l  B o c t o h h o - H h a h h c k h h  xpeöeT, K O T o p b iñ  M e a y u y  30° h  4 0 o io .  i i i . 
n o H T i i  n o n  np n  m bí m y r j iO M  n e p e x o A H T  b m n p o T H b i H  3anaAHO-ABCTpajiHH- 
OKiifi x p e ô e T .

Ba>KHOH OCOÖeHHOCTblO XpeÔTOB HH^HHCKOrO O K ea H a  HBAHeTCfl HaJIH- 
HHe r n y ô o K H x  T p e u i n n H b i x  (pncjiTOBbix) a o a h h ,  c o B n aA a ïo iU H X  c p a 3 M e -  
m eHne.M  a n im e H T p o B  aeM JierpH ceH M H  (KoppeAH UHH, x o p o r n o  ycTaHOB jieH - 
H a n  h  a n s  A p y n i x  OKeaHOB) [14 , 25, 26], 3 t h  æ o j i h h h  n p o x o ^ n r  BAOAb 
xpeÔTOB, r . i y ô i i H a  i ix  AOCTHraeT 5 — 6 k m ,  a  m n p H H a  He n p e ß o c x o A H T  Ae- 
CHTKa KHJlOMeTpOB (BoCTOHHO-HhAHHCKHH HíejIO 'é) .

X p e Ö T b i  M H j H H C K o r o  o x e a H a  T a x  n e e ,  K a n  n  o c T p o B a ,  b m a c a h i o t c h  
n o j io > K i iT e n b H b iM H  aH O M aJiH H M H  O a n  ( a o  +  3 0 - e 5 0  m o a ) ,  n a  ( J io n e  c a o k o í i -
HblX O T p iIU ä T e J Ib H b lX  aH O M aJIH H  H a A  KOTAOBHH3MH. Ä J IH  ü , e H T p a J I b H - 0 - H H -  
A H Í í c K o r o  x p e Ö T a  n o j i y n e H  H e n p e p b i B H b i ñ  n p o t p H j i b ,  y K a 3 b i B a i o m n H  H a  
ö o J i b i u y K )  H 3 M eH qiiB O C T b a H O M a j iH H  b  O K p e c T H o c T H X  irpeÔ H H  xpeÓTa [26]; 
n p u q e M  naA pncbT O B O íi  a o a h h o h  3 H a q e n i i e  a H O M a A i m  O a n  p a B H o  — 67  m s a ,  
B TO B p e M H  K aK  H 3 A  C3MHM X peÖ TO M  a H O M aJIH H  p a B H b l  + 5 0 - ^ 6 0  M S A .  MOIH,- 
IIOCTb 3eMHOÍI KO pbl BOA XpeÓ TH M H  y B eJ lH H H B aeTC H  AO 15 KM.

H e n p e p b i B H b i e  r p a B i i T a u H O H H b i e  npoc})HAH q e p e 3  G e B e p o - A T A a H T H H e -  
CKHH x p e é e T  [1 4 — 15, 26] y K a 3 b iB a iO T  H a  K o p p e A A H i i H i o  a H O M 3 a h h  O a n  h 
T o n o r p a c j n i H  A n a ,  t .  e .  H a  ö o j i b L u y i o  H 3 M eH H H B o c T b  b  oK pecT H O C T H
x p e Ô T O B .  B HacTH O CT ii ,  a H O M aA H H  O a n  i i a A  C 3 M h m h  x p e Ö T a M H  i iM e io T  3 H a -  
q e H i i e  + 3 0 ^ - 6 0  m s a , pnc j iT O B b ie  a o a h h h  O T M enaiOTCH 3 h a q i i T e A b H H M i i  o t -  
p i m a T e A b H b l M I I  ( a o  — 5 0 ^ - 6 0  M S A )  aH O M aA H H M H .

X a p a K T e p  r p a B H T a m i O H H b i x  n o j i e ñ  H a A  xpeÓTaMii H h a h h c k o t o  h A T A a H -  
THHeCKOrO OKeaH O B H CTDOeHHe 3 e M H 0 H  KO pbl nO A  HHMH y K a 3 b I B a K ) T  H a  HX 
cxoA C TB O . 3 t o  n o A T B e p > K A a e T  M H e H iie  m h o t h x  H C C A e A O B a re A e H  o  c y m e c T -  
B O B a H im  e A H H o i i  l i e m i  O K e a n c K H x  x p e Ö T O B ,  o n o s i c b i B a i o m H x  B e e n  3 e M H o f i  
m a p .  3 t h  X p e Ó T b l  COnpOBOJKAaiOTCfl T A v SoK H M H  K a H b 0 H 0 0 6 p a 3 H b I M I l  T p e -  
m u H a M i i ,  k  K O T opb iM  n p u y p o n e H b i  n o H c a  s n n i i e H T p o B  3 e M A e T p H c e H H H ,  n p o -  
HBAeHHH B yAK aHHHeC KOH AeHT eA bH O C TH . 3 t H  TpeiH,HHbI HMeiOT, OHeBHAHO, 
T e K T O H i iq e c K o e  n p o H C x o / K A e H H e  h  p a c c M a T p i i B a i O T C H  K a K  n p o H B A e m i e  M eA - 
A e H H o r o  p a e u i n p e H H H  3 e M A i i .

IH T o r o ,  HTOÖbl KaHeC TB eHHO CO nO CTaBH T b p e r H O H a A b H b i e  OCOÖeHHOCTH 
B C T p o e H H H  3eM HOH K O pbl  H hA IIH C B O TO , ATAaHTHHeOKOTO II ThX O TO  OKeaH OB. 
H a  m ii  6  bí a i í  c o c T a B A e H b i  rpa<pHKH (pac. 2) 3aBHCHM OCTii a H O M a A i i n  O an n  
B y r e  o t  r A y ö i i H  A H a  H h a h h c k o f o  O K e a H a ,  a n o A y q e H H b i e  p e 3 V A b T a T b i  c p a s -  
n e i l b l  C a H a A O riIH H b lM II  COOTHOUieHHHMII,  nO C T pO eH H blM H  AAH A TA aH TH H eC K O -
ro h  T iix o r o  OKeaHOB ByAAapAOM n CTpaHHceM [29].

8 OKeaHOJiorHH, Ks 4 689
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rio  'HMejOmHMCH K HaCTOHIUeMy BpeMeHH AaHHbIM MO>KHO yKa3aTb, HTO' 
KaK no pa3Ôpocy BejiHHHH aHOMajiHÍi O an  h B yre  aah  oahhx h Tex >Ke hh- 
TepaaAOB rnyÖHH, Tax h no cpejmeMy 3HaHeHHio h thx  aHOMajiníi Ha coot- 
BeTCTByKDiHHx HHTepBajiax TAyÔHH H hahhcxhh  oxeaH 6jmme k TnxoMy oxe- 
aHy. Pa3Öpoc aHOMannn O an  h B yre a jih  cooTBeTcrByrouiHx HHTepBanoB 
rAyÖHH ATAaHTHnecKoro óojibme, neM rjm Tnxoro  h H hahhckoto  OKeaHOB. 
CpeAHee 3HaneHHe aHOMaAHH O an  n Byre, b HHTepBajie rjiyÖHH 4000— 5000  
h 5000— 6000 m (rjie HMeexcH Hanôojibiiiee xojiHHecTBo onpeAejieHHH chah  
THHtecTH) ATAaHTHnecKoro oxeaHa npnMepHO Ha 20 msa HH>Ke, neM /y in  
Tuxoro  h Hhahhckodo oxeaHOB. Bo3mo>kho, h th  pa3AHHHH oôycAOBAeHbi 
ÔOAbUieH HeOAHOpOAHOCTbK) BeiUeCTBa 3eMHOH KOpbl H BepXHeñ M3HTHH B 
o 6a3cth  ATAaHTHqecKoro oxeaHa no cpaBHeHHK) c Thxhm h Hhahhckhm . 
BapnapwH cxopocTen npoAOAbHbix ceftcMnqecKHx boah Ha noBepxHocm M o 
xopoBHHHHa nOA ATAaHTHHeOKHM H ThXHM OKeaHaMH nOXa3bIBaiOT, HTO 
BepOHTHO BepXHHe CAOH M3HTHH MeHee OAHOpOAHbl HO nAOTHOCTH nOA A t-  
AaHTHHecxHM oxeaHOM, He*eAH  noA Thxhm [9].
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A Reconnaissance Geophysical Survey in the Andaman Sea 
and across the Andaman-Nicobar Island Arc

G. P e t e r ,  L . A. W e e k s ,  a n d  R . E . B u r n s  

U. S. C oast and G eodetic  S u rvey , R o ckv ille , M aryland

A bstrac t. A marine geophysical study of the Andaman Sea has been conducted as part of 
the International Indian Ocean Expedition. A combination of magnetic, gravity, bathymetric, 
and sea-floor heat-flux measurements, seismic sparker reflection profiles, and bottom sediment 
samples has been used in a study of the seaward continuity of major subaerial tectonic trends. 
The data indicate positive continuity of the structural trend of the Barisan Range of northern 
Sumatra and the Burma Range. It was found that the central graben of the Barisan Range of 
northern Sumatra extends into the Andaman Sea north to latitude 10°N. A previously un
reported interdeep has been observed between the outer sedimentary island arc and the inner 
igneous trend of the major primary arc which forms the western boundary of the Andaman 
Sea. Continental thickness of the crust is indicated under the sedimentary island platform. In 
the area of the backdeep, the north-northeast trends of the Malaysian peninsula are prominent.

Introduction. As part of its participation in 
the International Indian Ocean Expedition, the 
U. S. Coast and Geodetic Survey Ship Pioneer 
conducted a reconnaissance geophysical survey 
in the Andaman Sea and across the Andaman- 
Nicobar island arc (Figure 1 ). The basic survey 
consisted of a major series of simultaneous meas
urements (with the ship underway) of the 
earth’s magnetic and gravity fields. These were 
supplemented by the continuous recording of 
water depth, a series of sub-bottom seismic re
flection profiles, and associated programs of 
sea-floor heat-flux measurements and bottom 
sediment sampling.

Measurements of the magnetic field were made 
with a towed Varian proton-precession mag
netometer which measures the total intensity 
of the earth’s magnetic field with a sensitivity 
of ± 1  y. The sensing unit was towed far enough 
behind the ship to keep the ship’s influence 
smaller than ± 5  y. Because of the location of 
the survey area on the geomagnetic equator, 
the measurements were subject to diurnal vari
ation as high as ± 3 5  y. On the other hand, 
short-period variations related to magnetic 
storms appear to be absent from the record, 
since the U. S. Coast and Geodetic Survey 
Honolulu Magnetic Observatory records indi
cate that the survey was conducted during a 
quiet period.

The gravity measurements were made with a 
LaCoste-Romberg air-sea gravity meter. The

performance of the gravity meter was checked 
at the San Francisco gravity meter evaluation 
range both before and after the Indian Ocean 
operations. These checks indicate that rms 
errors are smaller than ± 5  mgal when the seas 
are calm (Browne corrections smaller than 100 
mgal). Because the average Browne correction 
during the Andaman Sea operations was ap
proximately 50 mgal and frequently was smaller 
than 10 mgal, the data are considered to be ac
curate within the ± 5  mgal limit.

A continuous record of water depth was ob
tained with the precision depth recorder (PDR) 
during all underway operations. The bathy
metric profiles in this report represent uncor
rected soundings obtained from the PDR record 
for points of inflection and gradient changes 
in the indicated bottom slopes.

The seismic reflection profiles were obtained 
with a Rayflex sparker, using a 20,000-joule 
electrical spark as a sound source. The spark 
source was towed about 100 m behind the ship 
and was energized every 4 sec. The hydrophone 
array consisted of 20 hydrophones spaced about 
4.5 m apart and enclosed in a long plastic tube 
filled with diesel oil. The oil-filled tube pro
vided neutral buoyancy during towing, and 
minimized the water noise around the hydro
phones. The reflected signal received by the 
hydrophone array was recorded both on paper 
strip chart and on magnetic tape. On the re
flection profiles presented in this report, the
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form iines of structures and faults were in
terpreted from the original records. The hori
zontal scale on the sections is based on 30-min 
fix positions at a ship’s speed of about 10 
km/hr. Each fix point marked on the sections 
is 30 min from the adjacent fix regardless of the 
specific number assigned to it. Because of the 
small speed changes in the various parts of the 
sections, the assigned distance scale must be 
considered only approximate. The vertical scale 
is in meters, so the first reflection can be related 
directly to bathymetric profiles. This scale was 
based on an assumed sound velocity of 1.6 
km/sec, and the depths indicated for the sub
bottom horizons are probably deeper by as 
much as 40%.

The measurements of sea-floor heat flux were 
made in association with the bottom sediment 
sampling program. Bottom sediment samples 
were collected with several types of coring, grab, 
and dredge sampling devices. The results of the 
heat-flux measurements have been reported sep
arately [Burns 1964], and the detailed descrip
tion of the bottom sediment composition and 
distribution will be the topic of another paper.

Geologic and tectonic fram ework. The prin
cipal objective of the reconnaissance geophysical 
survey in the Andaman Sea was to examine the 
seaward continuity of the major geologic trends 
of this area. These trends are schematically in
dicated in Figure 2, which is based on a geo
logic map prepared by the Geological Survey

90° 1 0 0 ° 120°
30°30°

120-2 0 °

M IL E S 5 0 0

K IL O M E T E R S 8 0 0

□  10° 
1 2 0 °1 1 0 °1 0 0 °

Fig. 2. Major geologic trends around the Andaman Sea.
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of the Federation of Malaya [Alexander, 1962], 
A generalized representation of the principal 
bathymetric features of the area (Figure 3) has 
been compiled from several sources, including 
the bathymetric program of the Pioneer.

The dominant structural features in this area 
are related to the Indonesian arc, which is part 
of the system of young primary arcs of South
east Asia. The field program of the Pioneer was 
designed to provide a series of traverses of the 
Andaman Sea from the Mergui archipelago in 
the east and extending westward across the 
Andaman-Nicobar island arc.

To the east of the Andaman Sea, the geo
logic structure belongs to the fold-mountain 
system which extends from Burma, through 
Thailand and Malaysia, and eastward into 
Borneo. The major orogeny of this eastern 
folded belt occurred during the Triassic and 
Jurassic periods.

The Indonesian arc in this area consists of a 
primary double arc with a recognized inner 
volcanic trend and an outer sedimentary arc. 
The inner volcanic trend is well defined in cen
tral Burma and also in Sumatra. It consists of 
a belt, originally folded during the Cretaceous, 
which developed during the late Tertiary and 
Quaternary into a volcanic arc system that is 
still marked by active volcanism. In Sumatra 
this volcanic trend is represented by the Barisan 
Range, which is split longitudinally by the 
Semangko fault, a garben or rift valley extend
ing the full length of Sumatra (Figure 2). In 
northern Sumatra the trend of the fault zone is 
identified by the Atjeh garben which extends 
offshore into the Andaman Sea. On both sides 
of the garben there are members of the pre- 
Tertiary and Lower Tertiary block mountain 
system, composed mainly of metamorphic rocks 
with diabase and serpentine. On the northeast 
side of the graben there are additional young 
volcanic rocks, which are generally identified as 
andésite effusives. On the basis of reports of 
recent volcanic activity in the Barren and 
Narcondam Islands, it has been postulated that 
this volcanic trend extends through these islands 
northward to Burma. In Burma, a major fault 
zone separates the Triassic-Jurassic fold-moun
tain system of eastern Burma from the Cre
taceous Burma Range.

The only clear subaerial indication of the 
outer sedimentary arc is the island arc formed

by the Andaman and Nicobar Islands, which 
form the western border of the Andaman Sea. 
Orogenic activity in this belt began as early 
as the Cretaceous, but the elevation of the 
islands did not occur until the Oligocene-Mio- 
cene [Karunakaran et al., 1964].

Bemmelen  [1949] proposes that the geologic 
development of the area has been from east to 
west. The relationship of a rapidly developing 
outer sedimentary arc to an inner volcanic arc 
has not changed, although the double arc system 
has shifted progressively to the west. The inner 
volcanic arc of today was the sedimentary arc 
of an earlier period, and what is now an up
lifted platform started as an outer depressed 
belt.

Trends paralleling the island arc. The Cre
taceous to Oligocene-Miocene orogenic belt is 
represented in this area by major trends which 
are generally indicated by the morphologic 
trends in Figure 3. The basic elements of a pri
mary double island arc can be identified. The 
inner igneous arc runs east of the Andaman and 
Nicobar Islands, through Narcondam Island, 
Barren Island, and Invisible Bank and con
nects the Cretaceous orogenic ranges of Burma 
and Sumatra. A structurally depressed belt sep
arates the inner igneous arc from the outer 
sedimentary arc. The trend of the sedimentary 
island arc is represented by the Andaman-Nico
bar platform, which passes south of Sumatra 
through Simalure and Nias Islands (outside the 
area of the base map). The fourth trend is in
dicated by the northern extension of the Java- 
Sumatra trench, which is locally a weak trough 
west of the sedimentary island platform with 
depths in excess of 4000 m at the south and 
greater than 2500 m at the north.

The free-air gravity anomalies are presented 
in chart form (Figure 4) and may be compared 
with the general trends indicated above. The 
inner igneous arc is indicated by generally high, 
positive free-air anomalies, specifically promi
nent at the northern tip of Sumatra, Invisible 
Bank, and near Barren and Narcodam Islands. 
A parallel belt of negative anomalies indicates 
the trend of the sedimentary island platform, 
and the axis of this belt passes through the 
Nicobar Islands but shifts to the inner (eastern) 
side of the Andaman Islands. A belt of slightly 
positive free-air anomalies in the west is gen
erally associated with the outer limit of the
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island arc in the southern part of the area, but 
it moves up onto the insular shelf and disap
pears just north of 10°N . The westernmost belt 
of negative anomalies is coincident with the 
axis of the foredeep.

Four profiles based on simultaneous measure
ment of gravity, magnetic field, and water depth 
cross the entire arc system and are shown in 
Figure 5. The magnetic field measurements 
generally indicate minor anomalies associated 
with the extension of the Java-Sumatra trench. 
The magnetic field is relatively smooth over the 
sedimentary island platform, and the relatively 
large and sharp anomalies are clear indications 
of the igneous belt to the east. Most of the mag
netic anomalies associated with the igneous belt 
are negative, indicating induced magnetization 
of the rocks in this equatorial region. Several 
sharp positive peaks suggest reverse remanent 
magnetization [ G irdler and Peter, 1960].

The postulated continuity of the igneous belts 
of Burma and Sumatra is strengthened by this 
set of profiles. Although on profile A'-A"  there 
is complete lack of bathymetric indication be
cause of burial due to the encroachment of the

Irrawaddy delta from the north, the igneous 
trend is clearly indicated by both the positive 
free-air anomaly and the magnetic anomalies. 
In the south, the igneous trend is best indicated 
by the magnetic anomalies. Seismic reflection 
profile section 3 (Figure 6) indicates an almost 
direct correlation with the subaerial geological 
trends of northern Sumatra, and section 2 (Fig
ure 7), farther to the north, also shows signifi
cant similarity. The continuity is further 
strengthened by the very high sea-floor heat 
flux measured in the deepest part of the Anda
man basin (Figure 8), which is directly on the 
axis of the igneous trend (cf. the deep area near 
the eastern end of profile D -D '). Two other 
measurements of the heat flux along the axis 
of the igneous trend are also somewhat higher 
than world average, and the only low value was 
measured in a sediment-filled basin (interdeep) 
between the sedimentary island arc and the 
igneous belt.

The extension of this igneous belt with its 
known seismicity, high heat flux, volcanic ac
tivity, and central graben appears to be some
what similar to the extension of the East-Afri-
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can rift system into the Gulf of Aden, the 
extension of the Iceland graben into the mid- 
Atlantic ridge, or possibly the extension of the 
great Alpine fault of New Zealand into the 
Tonga-Kermadec ridge. In each case, it appears 
that the same tectonic forces operate both on 
land and at sea. The Iceland and the East-Afri-

can graben systems are established as tensional 
weakness zones of the earth’s crust that are 
connected to the mid-oceanic ridge systems. The 
central graben of the Barisan Range, which has 
been discussed by Bemm elen  [1949] as a ten
sional relaxation feature, may indicate through 
some of these similarities that the island arc sys-
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tems represent another manifestation of global 
crustal tension.

N orth-northeast trends. With the exception 
of the major trends of the arc system which have 
already been discussed, the trends in the Anda
man basin itself tend to strike north-northeast. 
The most prominent north-northeast trend indi
cated in Figure 8 is formed by continuity of 
magnetic and positive free-air anomalies with 
the shelf break along the Malaysian peninsula 
in the northern half of the Andaman Sea. The 
profiles shown in Figure 9 indicate that this 
trend was detected on each crossing of the basin. 
In the northern part of the basin, the trend was 
detected a few kilometers south of point A'"  in 
Figure 1 (on a section not included in this re
port), and profiles B -B', C-C’, and D ’-D ” indi
cate similar associations with the shelf im
mediately to the east of the shelf break. In the 
southern part of the basin, profile E'-E"  shows, 
the trend in deeper water about 250 km west 
of the poorly defined shelf break and associated 
with a minor rise that may be a slope terrace. 
Still farther south, profile G-G' (Figure 10) in
dicates that similar anomalies were detected in 
deeper water (>1000 m) off the northern tip of

Sumatra. The anomalies may reflect the under
lying Triassic-Jurassic tectonic trends of the 
Malaysian peninsula, or may be similar to 
anomaly trends of this type frequently associ
ated with intrusive and effusive rocks along the 
shelf break in other parts of the world [D rake  
et al., 1958; P eter e t al., 1965]. This latter in
terpretation is partially supported by the fact 
that igneous rocks were brought up in several 
dredge hauls made from the Pioneer.

In the southern half of the Andaman Sea, 
while crossing the 200-m shelf break, we found 
indications of normal faulting. On profile G'-G" 
(Figure 10) there is a distinct change in the 
magnetic field character from smooth to mod
erately active at the shelf break over the in
ferred fault. These geophysical anomalies, to
gether with the fault observed near fix position 
675 on the southernmost seismic reflection pro
file (Figure 6 and Figure 11), seem to support 
our second conclusion and to suggest that the 
shallow southeastern part of the Andaman Sea 
is underlain by a downfaulted part of the west 
Malaysian shelf.

There is an abrupt change in the depth of the 
sea floor (from 2700 to 3000 m) indicated in
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Fig. 9. Bathymetric, magnetic, and free-air anomaly profiles, (profiles B-B’, G-C’, D ’-D",
E’-E").
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Fig. 12. Sub-bottom profile based on seismic reflection measurements (section 1 along profile
A'-A").

profiles C-C' and D ’-D "  (Figure 9), which may 
be an indication of another fault zone. The as
sociated step-like change in the magnetic 
anomaly also appears to support this conclu
sion. The trend of the inferred fault is also 
north-northeast, and it is parallel to the shelf- 
break anomaly trend mentioned above.

South of profile C -C  the actual fault plane 
cannot be observed. Profile D ’-D "  indicates 
that it is overlain by the mountain range which 
merges with the igneous inner arc at the latitude 
of the south Nicobar Islands (Figure 3).

Toward the north there is no indication of 
this fault on profile B -B ' (Figure 9). The fault 
indications in profile section 1 (Figure 12) are 
probably due to sediment settling, since A"-A'" 
(Figure 10) lacks the significant geophysical 
anomalies which usually indicate deep-seated 
tectonic control.

Northeast of Invisible Bank another north- 
northeast trend, a mountain range, merges with 
the igneous arc. The range is less than 250 km 
long, and the geophysical data along profile 
A"-A'" indicate that no other mountains are 
buried under the Irrawaddy delta along this 
trend.

Bouguer and isostatic anomalies. Bouguer 
anomalies have been calculated for sections 
C-C' and E-E'-E"  (Figures 13 and 14). The cal
culations are based on an assumed crustal den
sity of 2.84 g/cm 3 and a two-dimensional model

of the bottom topography [Talwani e t al., 
1959], The 2.84-g/cm3 density is the average 
density of the combined ‘low-velocity basement’ 
and ‘high-velocity basement’ as derived by ma
rine seismic refraction measurements [ Talwani 
et al., 1959; P eter et al., 1965]. Similar high 
values can be obtained by averaging the densi
ties in that part of the crust which lies below 
sea level [W oollard, 1959], Because the local 
sections are primarily marine areas below sea 
level, it is appropriate to use the 2.84-g/cm3 
density for Bouguer corrections rather than the 
customary 2.67-g/cm3 density, which is more 
appropriate for the average density of con
tinental rocks above sea level.

In Figure 13, the Bouguer anomaly over In
visible Bank indicates that the bank may be 
composed of rocks of higher density than the 
assumed 2.84 g/cm 3 and that a large density 
contrast exists deep in the crust in the area 
along the trend of the igneous arc.

In Figure 14, a crustal cross section, which 
has been calculated from the Bouguer anomalies, 
is shown. In this calculation, the mantle density 
was assumed to be 3.3 g/cm 3 and the depth 
to the mantle surface was adjusted until its 
gravitational attraction matched the Bouguer 
anomalies. Besides the assumptions that the 
structure is two-dimensional and perpendicular 
to the profile, it was assumed that at the point 
where the free-air anomaly and the Bouguer
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Fig. 13. Bathymetric, free-air, and Bouguer anomaly profile (profile C -C ') .

Km

Km
Fig. 14. Bathymetric and Bouguer anomaly profile (profile E -E '-E "  includes calculated

crustal model). .
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anomaly are each zero (the continental shelf) 
the crustal thickness is 30 km. Through suc
cessive calculations, the crust under the Anda
man Islands was lowered to 40 km, and the mis
match between the calculated and the observed 
curves was reduced to only 30 mgal. In addi
tional calculations the crust-mantle interface 
was lowered to below 40 km, but the computed 
curve had started to broaden, indicating a shal
low rather than a deep source for the anomaly.

Generally, the fit between the gravitational 
attraction of the mantle in the calculated crustal 
section and the Bouguer anomalies is good. The 
departures at the eastern flank of the outer 
(sedimentary) island arc and over the igneous 
arc are within the errors caused by the assump
tions of the. model. This is certainly true for the 
sedimentary island platform (area west of E '  
on Figure 14), where the use of the 2.84-g/cm 8 
density in the Bouguer corrections was obviously 
too high.

The derived crustal cross section, because it 
is based solely on the gravity data, does not 
represent a unique solution. On the basis of 
similar calculations by W oollardi [1959], the 
estimated error in the crustal thickness of the 
model is ± 1 0 % . I t  is entirely possible that 
sedimentary material has a much greater role 
in the Bouguer anomalies than is implied in 
Figure 14 (a mismatch of only 30 m gal). How
ever, more detailed treatment of this possi
bility would be purely speculative w ithout ad
ditional seismic information. Regardless of the 
possible magnitude of these corrections for a 
thick accumulation of sedimentary material, the 
present conclusions should still be applicable; 
the crustal thickness under the sedimentary

island platform is far in excess of normal oce
anic crust and, in fact, appears to be of con
tinental type.

The Airy-Heiskanen two-dimensional isostatic 
anomalies [T a lw a n i e t  al., 1959] are shown for 
profile E - E '- E "  in Figure 15. These show a close 
resemblance to the free-air anomalies along the 
section (Figures 5 and 9 ). The negative iso
static anomaly includes not only the local ex
tension of the Java-Sumatra trench [ Woollardi 
and  S tra n g e , 1962] but also the sedimentary 
island arc itself. A similar phenomenon was ob
served by Lyons (published by E a rd ley  [1962]) 
and Talwani (personal communication) in the  
Antilles arc, where the large negative anomalies 
of the Puerto R ico trench continue into the  
Barbados-Trinidad ridge. Although this phe
nomenon' is still not well understood, it is most 
likely connected to the relative age or state of 
development of the different parts of the island 
arc.

C onclusions. On the basis of the data avail
able from the reconnaissance survey by the 
P ioneer, a detailed quantitative interpretation  
is impossible. The principal objective of this 
paper, other than the reporting of the data, has 
been to indicate the continuity of the subaerial 
geological and tectonic trends through the 
Andaman Sea area. This continuity is particu
larly well supported for the extension of the 
structural trends of northern Sumatra north
ward through the igneous belt. The geophysical 
data verify the connection between the Cre
taceous belts of the Barisan Range in Sumatra 
and the Burma Range which was formerly 
postulated principally on evidence of bathym 
etry and of volcanism in the Barren and

AIRY-HEISKANCN
mgal

Fig. 15. Bathymetric and Airy-Heiskanen two-dimensional isostatic anomaly profile (profile
E -E ’-E " ) .
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Narcondam Islands. There is strong evidence 
that the southeast Andaman Sea is underlain 
by the down-faulted Sunda shelf (west Ma
laysian shelf).

The Bouguer anomalies indicate continental 
thickness of the crust under the Andaman-Nico- 
bar island platform, and the Airy-Heiskanen 
anomalies suggest that future elevation of the 
islands may be expected.
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Some particularities of the  gravim etric field and of the  struc tu re  of the  terrestria l crust of the  A tlantic, Indian  
and Pacific Oceans

by À. G. Gaïnanov and P . A. Stroev

T A H H A H O B  A. I\,  C T P O E B  U. A.

HEKOTOPblE OCOEEHHOCTH TPABHTAUHOHHOrO 
Í10JIÍI H CTPOEHHE 3EMHOH KOPbl ATJIAHTHHECKOTC), 

HHÄHMCKOrO H THXOrO OKEAHOB

H 3 M e p e H H H  cH Jib i  THJKecTH H a  M o p a x  h  O K e a H a x  b  H a C r o a m e e  Bpe- 
MH npOH3BOAHTCH MOpCKHMH M 3H THHK0BbIM H n p H Ö O p a M H  H MOpCKHMH 
r p a B H M e r p a M H  n a n  c  n o A ß o ^ i i b i x  j i o a o k ,  T a x  h  c  H a A ß O A H b ix  cyA O B .

Hcnojib30BaHMe KBapueBbix uaco® AJia noAyneHHa otmctok BpeMe- 
HH Ha (J)0T03anHCH KOJieÔaHHH MaHTHHKOB 3iHaHHTeJIbHO yMeHbUiaeï 
BeJiHHHHy nonpaBKH 3a xoa xpo«OMeTpa h noBbimaeT TOHHOCTb Mop- 
CKHX rpaBHMeTpHHeCKHX HaÔJIIOAeHHH.

H a n ô o j i e e  x p y n H b i e  n o r p e m H O C T H  n p n  h 36a i o a 6h h h x  c h j i h  Ta>K e-  
CTH H a  HaABOAHblX C y A a X  B 03HH K3K)T H 3 - 3 a  BAHHHHH B 03M yiH .a i0 IU H X  
y c K o p e H H H  H a  n e p H O A b i  K O J ieö aH H H  m 3 H t h h k o b  h  n a  n o K 3 3 a H H H  M o p -  
CKHx r p a B H M Ê T p o B .  P e r u c T p a u H a  h  y n e T  b j i h h h h h  B 0 3 M y m a K > m H X  
y c K o p e H H H  —  O AHa h 3  c a M b i x  B a H tH b ix  h  H a H Ô o j i e e  T p y A H b i x  3 a A a n  b  
MOpCKOH r p a B H M e i p H H .  B  H aC T O H U iee  B p e M H  M O pCK H e M aH TH H K O Bbie  
n p H Ö O p b l  C H a Ô H ieH bl  A O nO JIH HTeAbHblM H KOpOTKO- H A-ÏÏHHHOnepHOAHHe- 
CKHMH M aH TH H K aM H  A-1H pC T H C T paU H H  H 3 K JI0 H 0 B  H r 0 p H 3 0 H T 3 A b H b lX  
y c K o p e H H H  K o p a ô ^ H  h  B e p T H K a j ib H b iM H  a x c e ^ e p o M e T p a M H  A J ia  3 a n H C H  
B B p T H K a A b H b lX  B03MyiH,aK>lHHX yC K O peH H H .

n p n  H a 6AK)AeHHHx H a  n o A B O A H b ix  A O A K a x  H aH Ô O A bff lH e  n o r p e r n -
HOCTH B03HHK3I0T H3-3a HeyHeTa CKOpOCTH H HanpaBJieHHfl MOpCKHX 
T6H&HHH, HTO b h o c h t  oiHHÔKy b  onpeAeJieHHe nonpaBKH S rB em a .

r i e p B b i e  H 3 M e p e H H H  CHJIbl THHieCTH B ATJiaHTiHHeCKOM, H h a h h c k o m  
h  T h x o m  o x e a i H a x  ô b i j i n  n p o H 3B e A e H b i  b  1 9 2 3 — 1 9 3 0  r r .  b  S K c n e A H U H H x  
Ha noABO AHOH AOAKe B e H H H r - M e H H e c o M .  H 3 M e p e H H a  c h j i h  t h î k ê c t h  
n p o H 3 B O A H JiH C b  n o  p a 3 p a ô o T a H H O H  B e H H H 'r - M e H H e c o M  M eTOAHKe n p n  
n o M o u i H  C K O H C x p y H p o B a H iH o ro  h m  c n e U H a j i b H o r o  T p e x M a H T H H K O B o ro  
n p n ô o p a  [3 0 ] .  B  1 9 3 7  r .  ô h j i h  n p O H 3B e A e H b i  o n p e A e a e H H a  c h j i w  TsiJKe- 
CTH B OxOTCKOM  H HnOHCKOM  MOpHX J I .  B .  C o p O K H H b lM  [ 1 6 ] ,  C  1 9 5 1  T. 
K a ( ] ) e A P 0H reO(])H3HHeCKHX MeTOAOB HCCAeAOBaHHH 3eM HOH K O pbl  r e o -  
. n o r H H e c K o r o  ( J j a x y j i b T e T a  M o c K O B C x o r o  y H H B e p c H T e T a  h m .  M .  B .  J I o m o -
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HOCOBa C0BM6CTH0 C BceCOK)3HbIM HayUHO-HCCAeAOBaTeAbCKHM HHCTH- 
TyTOM reO(J)H3HHeCKHX MeTOAOB pa3BeÄKH (BHHHreO(j)H3HKH) H To- 
CyaapCTBeHHbIM aCTpOHOMHMeCKHM HHCTHTyTOM HM. ü .  K. IIlTepHÔep- 
ra (TAHIII) c nepepbiBaMH npoH3BOAHAHCb rpaBHMeTpHiecKHe 
HCCJieAOBaHHH Ha a/c «BHTH3b» HHCTHTyTa oKeaHOJiorHH AH CCCP 
bo epeMH njiaoaiHHH cyAHa b Oxotckom, HnoucKOM h BepHHroBOM 
Mopax, KypHJio-KaMqaTCKoii rjiyöoKOBOAHOH BnaAHHe h Thxom oxea- 
He. HaMepeHHH CHAbl THJKeCTH npOH3BOAHAHCb KaK C nOMOIHbK) pa3- 
AHHHblX MaHTHHKOBbIX npHÖOpOB, TaK H C MOpCKHMH 3aTyUieHHbIMH
rpaBHMeTpaMH, pa3pa6oTaHHbiMH BHHHTeocjmaHKH [2, 3]. '

BojibmoH o6"beM rpaBHMexpHHecKHX 'HccjieAOBaHHH b nepexoAHOH 
oßjiacTH ot A3HaTCKoro KOHTHHeHTa k TnxoMy oKeaHy 6ha BbinoAHeH 
b nepnoA M IT  b 1957— 1958 rr. [1, 7],

B nepexoAHoñ 30He ot flnoHCKHx octpobob .k TnxoMy oneaHy Mop- 
CKHe rpaiBHMeTp«HecKHe H3MepeHHH npn noMomn MopcKoro MaHTHH- 
KOBoro npHÔopa 6mah BbinojiHeHbi hhohckhmh reocj)H3HKaMH [27], 
MHoroHHCJieHHbie onpeAeAeHHH chah thaîccth b nepexoAHbix 30Hax ot 
AMepHKaHCKoro KOHTHHeHTa k TnxoMy oneaHy, ot AjieyTCKOH rpHAbi 
k TnxoMy oneaHy h BepHHroßy Mopio, a TaKJKe b OTKpbiroM OKea«e 
npOH3BeAeHbi aMepnKaHCKHMH reo(j>'H3HKaMH. H3MepeHH« chah THUie- 
CTH np0H3B0AHAHCb npH nOMOIHH yCOBepHieHCTBOBaHHOrO MOpCKOTO 
MaHTHHKOBoro npnöopa BeHHHr-MeHHeca Ha hoaboahoh aoakc, aTau- 
}Ke npH riOMOIHH MOpCKHX rpaBHMeTpOB, yCTaHOBAeHHbIX Ha KOpaÖAHX 
Ha THpOCKOBHHeCKH CTaßHAH3HpOBaHHbIX nAaT<j)OpMaX. CßOAKa 3apy- 
ôejKHbix rpaBHMeTpHHecKHx ABHHbix no TnxoMy oxeaHy AaHa b paöoTe 
ByAAapAa h CxpaH>Ka (31], Hmh cocTaBAeHbi cxeMaraqecKHe rpaBH- 
MeTpHHecKHe KapTbi Tnxoro OKeaHa b peAyKUHHx Oan h Byre (Hop- 
MaAbHaa <J)opMyAa — MeJKAyHapoAHan 1930 r.). B AaAbHeñiueM npn 
onHcaHHH aHOMaAHH chah THJKecTH Tnxoro OKeaHa mu 6yAeM noAb- 
30BaTbCH rpaBHMerpHHeCKHMH HapraMH, COCTaBAeHHblMH ByAAapAOM 
H CTpaiHJKeM.

TpaBHMeTpHHecKaH H3yneHHOCTb Thxoto OKeaHa k HacTOHmeMy 
BpeMeHH eme coBepmeHHo HeAOcraTOHHa. TIohth coBepmeHHO He ocee- 
meHbi b rpaBHMeTpHuecKOM OTHomeuHH rpoMaAHbie iiAomaAH kokhoh 
uacTH Thxoto OKeaua. OraocHTeAbHO xopoiuo H3yueHO rpaBHTauHOHHoe 
noAe nepexoAHoñ 30hh ot A3uaTCKoro h ABcxpaAHHCKoro kohthhchtob 
k TnxoMy OKeaHy.

AHOMaAHH CHAbl THJKeCTH B peAyKHHH Byre BblHHCAeHbl npn no- 
CTOHHHOM 3'HaHeHHH nAOTHOCTH npOMeJKyTOHHOTO CAOH 0 =  2,67 sjCM3. 
HeKOTOpHe aBTopbi npeAAaraioT BbmHCAeHne nonpaBKH Byre npona- 
BOAHTb npn nepeMeHHOH haothocth npoMeJKyTOHHoro caoh, a hmchho 
AAH KOHTHHeHTOB 0 =  2,67 a/CM3 (nAOTHOCTb «rp3HHTHOrO» CAOH 3eM- 
HOH KOpbl), A-ÍIH OKeaHOB 0 =  2,8 a/CM3 (nAOTHOCTb «6a3aAbTOBOrO» 
CAOH). npH ncn0Ab30BaiHHH AAH BHHHCAeHHH MOIHHOCTH 3eMHOH KOpbl 
KO'ppeAHUHOHHHX 33BHCHM0CTeH Me>KAy MOIHHOCTblO 3eMHOH KOpbl H 
aHOMaAHHMH CHAbl THJKeCTH B peAyKHHH Byre B03M0JKH0 HCH0Ab30BaTb 
nonpaBKH Byre c nepeMeHHOH nAOTHCCTbio, OAHaKo b stom CAynae 
OCAOHÍHHeTCH HCn0Ab30B3HHe aHOMaAHH Byre AAH BbIHCHeHHH OCOÔeH-
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H O C Teñ r j iy Ö H H iH o ro  C T p o e r o i H  b  n e p e x o A H b i x  3 0 H a x  o t  M a T e p H K O B  k  
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n o p o A b i  K a x  « r p a H H T H o r o » ,  t 3 k  h  « 6 a 3 a / í b T O B o r o »  c o c T a B a .  f l o s T O M y  
n p n  p e r n o H a j i b H b i x  n c c A e A O B a H H H x  o c o ó e H H O C T e ñ  C T p o e n H H  3 e M H o ñ  
K o p bí i í e ^ e c o o 6 p a 3 H O  BHHHCAHTb n o n p a ' B K y  B y r e  c nocT O H H H O H  n j i o r -  
BOCTbK) n p o M e x K y x o H H o r o  c a o h , p a B H O H  c p e A H e n  h a o t h o c t h  B e p x H e ñ  
n a c T H  3 e M H O n  K o p b i  2 , 6 7  z l  c m 3.

r i e p B b i e  c o B e T C K H e  r p a B H M e T p n q e c K H e  o n p e A e A e n H H  b A T J ia H T H n e -  
cKOM O K e a H e  6h a h  n p O H 3 B e A e H H  b  1 9 5 4  r .  H a  ö o p r y  K H T o6 a 3H  « C j i a -  
B a » ,  b  I X  p e n c e  k h t o ö o h h o h  i J i a o t h a h  « C j i a B a »  e  1 9 5 4 — 1 9 5 5  it .  H a i w e -
peHiHH CHJIbl THJKeCTH HpOH3BOAHAHCb ÄByMH MOpCKHMH TpeXM3HTHH- 
KOBblM'H npHÖOpaMH (4], B AaJlbHeHHieM H3Mep6HHH CHJIbl THHieCTH 3 
ATJiaHTHHecKOM OKeaHe, ocoöeHHO ib AHTapKTHnecKOM ceKTOpe Atjibh- 
THHeCKOrO OKeaHa, npOH3BOAHAHCb npH nOMOUXH MOpCKHX MaHTIHHKO- 
BblX npHÔOpOB H MOpCKHX 3aTyiHeHHbIX rpaBHMCTpOB, yCT3HOBJieHHbIX
H a  6o p T y  A H 3 e j i b - 3 J i e K T p o x o A a  «06b» b c o c T a ß e  c o ß e T C K H x  a H T a p K i H -  
q e c K H X  3KcneA H U ,H H  [5, 8, 9, 18, 19, 20]. Bojibmoft o Ö B e M  M o p c K H X
M3HTHHK0BbIX OnpeAeAeHHH CHJIbl THJK6 CTH Ha HOABOAHblX AOAKaX B 
ATJiaHTHqecKOM OKeaHe h b npHJieraiomnx Mopnx BbinojiHeH aMepn- 
K3HCKHMH, aHTAHHCKHMH H ApyTHMH 3apy6eJKHbIMH HCCJieflOBaTejIHMH
[ 2 2 ,  2 3 ,  2 4 ,  2 5 ,  2 6 ,  2 8 ,  2 9  h  Ä p . ] .

n e p B b i e  co B e T C K H e  r p a s H M e r p H n e c K H e  H 3 M e p e H H H  b  H h a h h c k o m  
OKeaHe 6h a h  npoH3BeAeHbi b o  BpeMH nJiaßaHHH corpyAHHKOB T A M I I I  
h  reojiornnecKoro cjiaKyAbTeTa MFY H a  AH3eAb-3AeKTpoxoAe «06b» b  
cocTane c o b c t c k h x  aHTapKTHnecKHx 3.KcneA.HHHH [5 ,  8 , 9 ,  1 7 ,  1 8 ,  19] .

riocjie paöoT BeHHHT-MeHHeca rpaBHMexpHqecKHe H3MepeHHH b 
Hhahhckom OKeaHe npoBOAHAHCb aMepHKaHCKHMH h aHrjiHHCKHMH reo- 
<})H3HKaMH [ 2 6 ,  2 9 ] ,  OcoöeHHo öojibiuoH o6 "beM rpaBHMeTpnqecKHx h3 - 
MepeHHH b ApaBHHCKOM Mope h  3anaAHofi nacra Hhahhckoto OKeaHa 
BbinojiHeH aHrjiHHCKHMH reO(])H3HKaM'H Ha SKCneAHHHOHHOM CyAHe 
«Obch» b 1 9 6 1  — 1 9 6 2  rr. H3MepeHHH chah raJKecra npOH3BOAHAHCb 
npn noMomH MopcKoro HaöopTHoro rpaBHMeTpa G SS— 2 — 11 Acna- 
hhh BepKe (T pa^a), ycTaHOBAeHHoro Ha rnpocTa6 HAH3 HpoBaHHOH 
nAarcjiopMe cwcTeMbi «Ahuhoth» [ 2 1 ] .  OAHOBpeMCHHO c H3 MepeHneM
CHAbl TH>KeCTH npO H 3B O A H A H C b H 3 M e p e H H H  H a n p H H te H H O C T H  nOAHOTO 
B e K T o p a  M a r H H T H o r o  n o A H  n p n  n o M o m -K  6y K c n p y e M o r o  H A e p H o r o  M a r -  
H H T O M e T p a  h  a x o A O T H b ie  n p o M e p b i .  T o m H o c T b  o n p e A e A e H H H  aH O M aA H H  
CHAbl THJK6CTH n O p H A K a  ± 5  MCA.  HHAHH CKHH O K e a H  AO H aC T O H U ie rO  
B p e M e H H  b  r p a 'B H M e T p n q e c K O M  o r a o m e H H H  HBAHeTCH H a H M e H e e  n a y -  
q e H H b lM  H3 B c e x  OK eaH O B.

Ilo  xapaKTepy rpaBHTaHHOHHbix aHOMaAHH ATAaHranecKHH, Thxhh 
h Hhahhckhh oKeaHbi MOJKHO pa3AeAHTb Ha TpH' ocHOBHbie rpynnbi 
0 6 aaeren:

1. OÖAacxH r A y ö o K H x  oKeaHHnecKHX k o t a o b h h , xapa,KTepH3yiomHecH 
OTHOCHTeAbHO CnOKOHHbIM nOAeM CHAbl THJKeCTH C HeÔOAbHIHMH, 6aH3- 
KHMH K HyAK), nOAOJKHTeAbHbIMH HAH OTpHUaTeAbHblMH aH0M3AHHMH 
Oan H OneHb ÖOAbUIHMH, AO + 4 5 0  MCA  nOAOJKHTeAbHbIMH aH0M3AHHMH
Byre.
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2. OßjiaCTH nOÄ'BOAHblX XpeÖTOB H OKeaHHMeCKHX OCT'POBOB, xapax- 
TepHayiomneca y B e J i m e u n e M  aHOMaAHÖ Oaa a o + 1 0 0  mza h  ôonee h 
yMeHbiueHHeM aHOMaAHH Byre ä o  0 + 1 0 0  mza.  Tan, naA CpeAHHHO- 
auiaHTHMecKHM xpeÖTOM aHOMajiHH Oaa AoemraiOT 3HaneHHH + 7 0 , 
+  80 mza,  HaA k o k h o h  nacTbX) KHTOBoro xpeÖTa AO + 1 5 0  MZA.

Ha ocTpoBax Byße, Bo3 HeceHHH, A3 opcKHX, c b .  naBAa, TpHCTaH- 
Aa-KyHbH aHOMaAHH Byre yMeHbinaiOTca ao + 110 , + 1 2 0  m z a , Ha
ocTpoBe KepreAeH ao + 5 5  m z a , n a  ocipoBe UeÖAOH ao + 5 0  m z a , Ha 
ocTpoße MaAaracKap äo — 100 m z a . Æpyraa rpynna ocTpoBOB oTAHaa- 
eTCH cpaBHHTeAbHo BbicoKHMH aHOMaAHHMH Byre. Tax, b  pafioHe Bep- 
MyACKHX ocxpoBOB aHOMaAHH Byre AocmraeT b c a h h h h h  + 353  m z a , 
b  pañOHe KaHapcxHX ocTpoBOB + 2 0 0  m z a , y ocTpoeoB 3eAeHoro m h -  
ca +271 m z a , Ha ocipoBe MaAeñpa + 254  m z a , Ha TaBaHCKHx h  Kapo- 
AHHCKHX OCTpOBaX AO + 2 5 0  MZA, Ha MapiUaAAOBblX OCTpOBaX AO 
+  200 MZA [13, 21, 31].

3. nepexoAHbie o6a 3cth ot oxeaHa k  KOHTHHekTaM. 3 th oöAacTii
BblAeAHIOTCH HaHOOAee pe3KHMH H3MeHeHHHMH aHOMaAHH CHAbl TH>Ke- 
CTH nan b  peAyKHHH Oaa h  Byre, Tax h  b  H30CTaTHHecxHX peAyxnnax.

HanßoAee pe3Kne H3MeHeHiia aHOMannö c h a h  t h î k c c t h  HaÔAioAa- 
KJTCH b  nepexOAHOH 30He o t  A3naTCKOro MaTepHxa k TnxoMy OKeaHy 
B 0 6 a 3 C T H  P33BHTHH OCTpOBHbIX A>T H rAyÖOKOBOA'HblX JXeAO'ÔOB. Tax, 
b pañOHe HnoHCKHx ocTpoBOB h ÄnoHcxoro rAyßoxoBOAHoro >xeno6 a, 
a Tax>xe b npHAeraioiHHx paiioHax KypHAbCxoii o c t p o b h o h  Ayrn h K y -  
pHAbcxoro rAyöoKOBOAHoro >xeno6 a anoManHH Oaa h 3 m c h h k ) t c h  o t  
+  240 mza a o  — 320 mza,  ropH30HTanbHbiH rpaAneHT AocraraeT 
30 9 T e e u i .  AHOMaAHH Byre h 3 m c h h k ) t c h  o t  — 40 mza n a  ocxpoBe X o h -  
CK) AO + 4 2 0  MZA B yinOHCKOM JXeAOÖe C ropH30HT3AbHbIM irpaAHeHTOM 
10— 15 a r e e u i .  O t h c t a h b o  npocAejxHBaeTca BAOAb rAyôoxoBOAHbix 
HnoHcxoro, KypHAO-KaMaaTCxoro, AAeyTCXoro, nepyaHCKO-MHAHHcxo- 
ro JxeAoôoB h  jxeAoóa ToHra h  KepMaAex noae HHTeHCHBHbix oTpnua- 
TeAbHblX aHOMaAHH Oaa.

B CeBepo-AMepHxaiHcxoH nepexoAHon 30He stot noae pacnaAaeTca 
Ha OTACAbHbie OÖAaCTH OTpHUaTeAbHblX aHOMaAHH Oaa.

HaHÖOAee oómnpHaa oÖAacTb OTpnuaTeAbHbix aHOMaAHH Oaa 
npHMbixaeT x KaAH^opHHHCxoMy noôepeaibK) h  orpaHHaeHa c  iora 
pa3AOMOM KAapnoH, a c ceBepa pa3AOMaMH FlHOHep h  M c h a o c h i h o .  
rioac OTpriuaTeAbHbix aHOMaAHH Oaa npn nepexoAe AaJiee b  oxean 
oßpaMAaeTca MeHee HHTeHCHBHbiM noacoM noAOJXHTeAbHbix aHOMaAHH 
Oaa. B HexoTopbix cayaaax s t h  noaca noAOJKHTeAbHbix aHOMaAHH 
Oaa xoporno xoppeAHpyiOTca c xpaecbiMH b  a a  a m u  rAyöoKOBOAHbix 
>xeAo 6 o b .  oAHaxo, ,xax npaBHAO, rnnpuHa anoMaAbHOH 30Hbi ßonbine. 
HanßoAee HHTencHBHaa h  oômiipHaa oönacTb noAOXHTeAbHUx aHOMa
AHH Oaa npHMbixaeT x AAeyTcxo.My x e n o ö y .  OöinnpHaa 30Ha noBbi- 
meHHbix 3 HaaeHHH aHOMaAHH Oaa BbiaBAeHa b  pañoHe C o a o m o h o b h x ,  
HoBO-reôpuACKHx ocTpoBOB, ocTpoBOB O h a > k h  h  Hoeaa KaAeAo- 
HHa [31], FIpH nepexoAe o t  ATnai-iTHaecxoro oxeaHa x MaTepHxaM 
CeBepHOH h  I O j k h o h  AMepnxH, Eßponbi h  At^puxn Tax>xe npocAe>XH- 
BaeTca noae OTpnuaTeAbHbix aHOManníi Oaa. Hanôonee o t h c t a h b o
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n p o c j i e J K H B a e T c a  s t o t  n o a e  n p a  n e p e x o A e  o r  A T A a i H T H H e e x o r o  o n e a H a  
k  M a T e p H K a M  C e ß e p H O H  A M e p H K H  h  E ß p o n b i ,  r ^ e  r n n p H H a  e r o  a o c t h -  
r a e r  1 5 0 — 3 0 0  km.  B  A i J j p H x a H c x o i i  h  I O > X H o a M e p H x a H c x o H  n e p e x o A -  
H b ix  o ô J i a c T H X  n o a e  O T p H u a T e x b H b i x  a H O M a j i n f t  O a a  p a c n a A a e T C a  n a  
O T A e A b H b ie  n a r a a .  lO ro -B O C T O H H e e  P H O - A e - ^ K a H e ñ p o  p a c n o A o i x e H a  0 6 - 
x a c T b  ö o A b i n o r o  ¡ r p a B H T a H H O i i H o r o  r p a A H e i r r a ,  r ^ e  H a  p a c c T O a H H H  o x o -  
a o  1 0 0  km aH O M a A H H  O a a  y ö b i B a i o r  o t  + 1 2  a o  — 2 0 5  mza  ( 2 1  areeiu) ,  
a  a H O M aA H H  B y r e  H 3 M e H a iO T c a  o t  + 2 6 8  a o  + 7 5  mza  ( 1 9  areeiu) .  n p n  
n e p e x o A e  o t  Ä T A a H T H a e c x o r o ,  H h a h h c k o t o  h  T n x o r o  O K eaH O B  k  A h -  
T a p K T H A e  T3K>Ke H a Ö A iO A a iO T c a  o 6 a 3 c t h  O T p n u a T e A b H b i x  aH O M aA H H  
O a a .  U l n p H H a  n e p e x o A H O H  3 0 h m  o t  A T x a H T H a e c K o r o  o x e a H a  k  A H T a p -  
KTHAe ö o A b U i e ,  a e M  m n p H H a  n e p e x o A H b i x  3 0 h  k  a p > t h m  x o h t h h c h -  
T a M  [13].

I T e p e x o A H b i e  o 6 a 3 c t h  H h a h h c k o t o  o x e a H a  H a H M e H e e  H 3 y a e H b i .  O t - 
HOCHTeAbHO x y a m e  H 3 y H e H b i  n e p e x o A H b i e  3 0 H b i  o t  A ß C T p a A H H c x o r o  
M a T e p n x a  x  H n A H H c x o M y  o x e a H y ,  H H A O H e s H H C x a a  n e p e x o A H a a  3 0 H a  
h  n e p e x o A H b i e  3 0 H b i  A p a B H i i c x o r o  M o p a  [2 1 ] .  E u r e  B e H H H r - M e H H e c o M  
6 bIAH B b lH B A eH bl n O H C a HHTeHCHBHbIX OT p  H U 3  T e  A b  H bîX a H 0 M 3 A H H  CHAbl 
T a x < e c T H  ( b  p e A y x u n a x  O a a  h  H 3 0 C T a f H a e c x H x )  b  H h a o h 6 3 H h c x o h  n e -  
p e x o A H O H  3QHe, n o A y a H B i H H e  H a 3 B a n H e  n o a c o B  B e w H H r - M e H H e c a  [3 0 ] .  
B  n e p e x o A H o ñ  3 0 H e  o t  A (j)pH X H  x  H H A H i i c x o M y  o x e a H y  h  o t  3 a n a A H o r o  
n o ô e p e x b n  H h a h h  x  H u A H H C x o M y  o x e a n y  T a x i x e  B b ia B A a x iT C H  3 0 H b i  
H H TeHCHB Hbix O T p H i i a T e A b H b ix  a H O M aA H H  O a a  [2 1 ] .

M h o t h m h  h  c o a  e  AOB a T e A  a  m h  n o x a 3a H o ,  h t o  n a  o c h o b 3 h h h  a s h h m x  
r p a B H M e T p H H  AOC TaT O H H o y c n e u i H O  M O JxeT  6 b iT b  B b i n o A H e H o  o n p e A e A e -  
H H e O Ö m e H  MOIHHOCTH 3CMHOH R O p b l  AO nO B epX H O C TH  M o X O p O B H H H H a
[6 , 1 1 ,  1 2 ,  3 1  H A P .] .

E c a h  n p H H H T b  3H a a e H H e  c p e A H e f i  h a o t h o c t h  3C M H o h  x o p w  a a h  
o x e a H H a e c x H x  o Ô A a c T e f i  Oi =  2 , 8  z / c m 3, a  h a o t h o c t h  n o A C T H A a i o m n x  
n o p o A  02 =  3 , 3  z/cm3, t o  n o A y a n M  p a 3 H 0 C T b  nA O T H O C T eñ  H a  r p a H H U e  
M o X O p O B H H H H a  A o  =  0 2 — 01= 0,5  z / C M 3 . n p H  T aX O H  p a3 H O C T H  nAOTHO- 
C T e ñ ,  eCTeCTBeHHO, H 3 M e H e H H e  MOIHHOCTH 3eM HOH x o p b l  A H  H B b I3 0 B e T  
H 3 M e H e H H e  a H O M aA H H  c h a h  T a x < e c T H  ib p e A y x u H H  B y r e  n a  b c a h h h h v  
ÔAg.  r i o A b 3 y a c b  ( J jo p M y A o i i  n p H T H ix e H H H  ó e c x o H e n H o r o  n A o e x o - n a p a A -  
A e A b H o r o  c a o h ,  n o A y a H M

H ‘  =  H o  -  i r è , h  Ô‘A2  =  -  A ^ ° -  ( 1 >2 n k A o

TaxHM oßpaaoM, 3Haa rAyÖHHy nosepxHocTH MoxopoBHHHaa H 0 b  
xaxoH-AHÔo onopHOH TOHxe oxeaHa, m o j x h o  no s t o h  (f>opMyxe b u m h c -  
AHTb rAyÖHHy H i  AAH a k > 6 o h  TOHXH, ecAH H3BecTHbi aHOMaAHH Byre B 
3THX Toaxax. 3:HaHeHHH Ha  b  onopHbix Toaxax onpeAOAHiOTca m c t o a o m  
CeHCMHHeCXHX 30HAHpOB3HHH. HeOÖXOAHMO, OAHaXO, HMeTb B BHAy, 
HTO B AOHCTBHTeAbHOCTH HaÔAIOAaeMbie aHOMaAHH CHAbl THIXeCTH 0 6 y- 
CAOBXeiHbl He TOAb'KO H3MCHeHHeM MOIHHOCTH 3CMHOH XOpbl, HO H H3Me- 
HeHHeM MOIHHOCTH pblXAbIX H ynAOTHeHHbIX OCaAOHHbIX OTAOJXeHHH, 3 
Taxixe H3MeHeHHeM h a o t h o c t h  «ôaaaAbTOBoro» c a o h  h  nAOTHOCTH noA- 
xopoBoro BemecTBa b  ropH30HTaAbHOM HanpaBAeHHH. OcoßeHHO 3Ha*
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H H T e J i b H b i e  n o r p e i U H O C T H  b O n p e B e A e H H H  moiuhocth 3 e M H 0 f i  K o p b i  n o  

< J > o p M y A e  ( 1 )  M o r y T  n o J i y H H T b c a  b  n e p e x o ^ H M x  3 0 H a x  o t M a T e p n K O B  k  

o x e a H a M ,  b  o ö J i a c T H X  P33bhthh c p e B H H H b i x  O K e a H H n e c K H x  x p e ß T O B ,  

r j i y ö o K O B O Ä H b i x  B n a A H i H ,  n o . A B O B . H b i x  r o p  h o c T p o B O B ,  r a e  H a ß a i O B a i O T -  

ch H a n ö o j i e e  p e 3 K n e  H 3 M e H e H H H  M o n i H O C T e ñ  o c a B O H H o r o  caoh, cootho- 
r n e hhh M o n i H O c r e n  « r p a n n r a o r o »  n  « 6 a 3 a j i b T O B o r o »  c A o e B ,  H 3 M e H e H w a  

n j i O T H O C T e n  c j i o e B  K o p n  h n o B K o p o B o r o  B e m e c T B a  b r o p H 3 0 H T a j i b H O M  

H a n p a B J i e H H H .  06h hh o bjih H ö K O T o p o r o  o c j i a ö j i e H n a  bahhhhh A O K a A b -  

H b i x  H e r a y ó o K H x  H e o B H o p o B H O C T e ñ  a e M H O M  K o p w  H a  H a ß A i O B e H H b i e  

a H O M a A H H  C H A b l  T H H i e C T H  n p O H 3 B O B H T  y C p e f l H e H H e  a H O M a A H H  n o  n A O -  

m a B H .  O n p e B e A e H H H  chah T H J K e c T H ,  n p o H 3 s e B e H i H b i e  c ß o p T a  K o p a ß A H  

B  O T K p b I T O M  O K e a H e ,  T B e  T A y Ö H H b l  B O C T H r a i O T  3 — 5  KM, B 3 H a H H T e A b H 0 H  

C T e n e H H  C B O ß O B H b l  O T  B A H H H H H  A O K a A b H b l X  a H O M a A H H  C H A b l  T H J K e C T H  

B C A e B C T B H e  y B ä A e H H O C T H  H C T O H H ' H K O B  A O K a A b H b l X  a H O M a A H H  OT y p O B H H  

H a 6 A K ) B e H H H .  B A H H H H e  A O K a A b H H x  a H O M a A H H  p e 3 K O  B o a p a c T a e T  B  n e -  

p e X O A H b l X  3 0 H a X ,  B  O Ô A a C T H X  p a 3 B H T H H  í l O B B O B H b l X  X p e Ö T O B ,  O C T p O B O B ,  

r a e  H C T O H H H K H  A O K a A b H b l X  a H O M a A H H  n p H Ô A H H i a î O T C H  K  y p O B H J O  H a ß -  

AlOBeHHH.
HeKOTOpbIMH HCCAeBOBaTeAHMH «a OCHOB3HHH COnOCT3BAeHHH 

MOIHHOCTH 3eMH0H KOpH, nOAyHCHHOH nO CeÜCMHHeCKHM BBHHbIM C CO-
OTBeTCTByiouiHMH bah 3 THX ynacTKOB ocpeBHeHHbiMH aH0 M3 AHHMH By
re, C0CT3BAeHbI KOppeAHUHOHHbie Tpa([>HKH 33BHCHMOCTH MeJKfly TOA- 
HI.HHOH 3eMH0H KOpbl H OCpeBHeHMblMH 3HOM3AHHMH Byre [11,31 H BP-]- 
Tan Kan CTpoeHHe 3eMHofi «opn nepexoB'HHX 30h o t  MaTepHKOB k oxea- 
HaM BecbMa CAOHCHOe h onpeBeaeHHe moihhocth 3eMH0H Kopbi b sthx  
30Hax no rpasHMeTpHnecKHM b3hhhm noAynaeTCH MeHee tomhhm, hom 
b OKeaHHnecKHx o6a3cthx, «aMH 6 uah nocTpoeHH pa3pe3bi 3eMH0H ko- 
pbi no rpaBHMerpHnecKHM bhhhhm no npotJjHAHM, 6ah3khm k MepHBHO- 
HaAbHHM, npOXOBHmHM HepC3 UeHTpaAbHbie naCTH ATAaHTHHeCKOrO, 
Hhahhckoto h Thxoto OKeaHOB (pnc.). BbmncAeHHe rayßHH noBepx- 
HOCTH MoxopoBHHHna npoH3B0AHA0Cb BßyMH cnocoßaMH:

1) no KoppeAHUHOHHOMy rpa<})HKy 33bhchmocth M e x j i y  toaihhhoh  
3eMH0H KOpbl H OCpeBHeHHbIMH aH0M3AHHMH Byre, nOAyneHHOMV 
P. M. XlemeHhhkoh;

2) no (J)opMyAe npHTH*eHHH ßecKOHenHoro nAOCKO-napaAAeAbHoro 
CAOH.

ripHHeM bah pacnera no cjaopMyAe (1) bah ynacTKa pa3pe3>a b At- 
AaHTHnecKOM OKeaHe b KanecTBe onopHbix sHaneHHH H o  h Ago b3hto 
cpeBHee 3 HaneHHe h3 12 ToneK CeaepHOíí A ta 3 hthkh, rae BocraroHHO
XOpOniO H3B6CTH0 nOAe CHAbl TH>KeCTH B peByKHHH Byre H «MeiOTCH 
CpaBHHTeAbHO MHOTOHHCAeHiHbie CeííCMHHeCKHe OnpeBeAeHHH MOIHHOCTH 
3eMH0H Kopbi [10, 12], YnacTOK npo(J)HAH b Hhahhckom OKeaHe 6 ha  
npHBH33H K OnOpHOH CeÜCMHHeCKOH TOHKe IB TaCMaHOBOM MOpe [12]. 
H, HaKOHen, TnxooKeaHCKHii ynacTOK pa3peaa 6 ha npHBH33H k onop- 
HbiM B3HHHM TC3 b ceBepo-BOCTOHHOH H3CTH Tnxoro OKeaHa, nOAy- 
HeHHblM B nepHOB M IT  COBCTCKHMH HCCAeBOBaTeAHMH [14].

PaCCHHTaHHaH no BßyM MCTOBSM TOAIHHHa 3CMHOH KOpbl He HMeeT 
CHCTeMaTHHeCKOH pa3HHUbI. 3a  0K0HH3TeAbHbIH pe3yAbTaT ßblAO npn-
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HHTO CpeaHee 3HaHeHH¿ M3 asyx MeTOaOB. OueHH Tb TOHH'OCTb nojiyqe- 
HHH TOJIlUHHbl 3eMHOH KOpbl MOJKHO TIO BHyTpeHHeH CXOAHMOCTH MeXÍAJ'
ÄByMH MerojxsMM BbiHHCJieHwa. OuiHÔKa b  s t o m  cjiyqae nojiynaeTCH 
paBHOîi ±  1 km. Bojiee peajibHyio oueHKy t o h h o c t h  onpeae^eHHH m o i a -  
HOCTH 3ÊMHOH KOpbl no rpaBHMeTpHHeCKHM AaHHblM M'OÎKHO IlOJiyH'HTb 
npn COnOCTaBJieHHH HalllHX BbiqHCJieHHH C CeÜCMHHeCKHMH AaHHHMH o

4mmnmuvecKuú onea» 
CeBeoo AmnaHmuuecKuu CeSepo - AqjpuKaHCKa» 

MPÓem «omjiaduHa

tPapepcfiu¿¿ SOS'ñopo z

f t  u m  oßw ti orpeóem
r/nôüüCKuù oxean

lleHmpa/JbHan xam/ioSíwa

wrkrm-
MacHapehCtio'-Madaea 
en  a p en a s nom /ioouH a

Tu xuii oxean

OJ)ÜHC*ÜP

MapuaHCHüH
KometaóUHa

^  m u c * a s  ñnonwo0UHa
n u /m

Bocmo /̂iO'AScmpaPùcxasKompQBuna f t i J ü U J /o C H Q S  >
o n a á u fia

Phc. CxeMaTHMeCKHH pa3pe3 3eMHoñ Kopu Ha aKBaTopHflx ATjiaHTHHecKoro, 
HHjWHCKoro n Tnxoro oséanos:

1 — aHOMajiKH Oaa, 2 — aHowajiH» Byre, 3 — pejiheifr xna , 4 — rpaHHija MoxopoBH4H*ia 
5 — rpaHHua MoxopoBH»iHqa no ceöcMHHecKHM aaHHWM

rjiyÖHHe rparínubi MoxopoBHHHqa. CßOAKa ceHCMHqecKHX AattHbix o 
CT-pOCHHH 3eMH0 H KOpbi npHBC^eHa B paÔOTaX P. M. AeMeHHUKOÍi, 
T. 3. FypapHH h  H. A. CojiOBbesoH (10, 1 2 J. Han6 ojiee H3yqeHHHMH b  
ceñcMHHecKOM OTHOuieHHH h b j i h i o t c h  CeBepHaa ATJiaHTHKa, a TaK*e 
3 anaÂHaa h  loro-aanaAHaa oxpaHHU Tnxoro OKeaHa. B H h a h h c k o m  
OKea«e k  aacToameMy b p ê m ë h h  HMeeTCH eAHHCTBeHHbiH ceftcMHHecKHH 
npo(J)HJib, rAe nojiyneHbi AaHHbie o CTpoeHHH 3eMHoii Kopw OKeaHa 
BnJiOTb ao noBepxHOCTH MoxopoBHHHna [15]. HauiH npoc[)HJiH nepecena- 
k ) t  yHacTKH OKeaHa, rAe HMeioTca AOcraToqHo 6 j i h 3 K o  pacnojioHceHHbie 
ceôcMHqecKHe nyHKTbi. Bcero t h k h x  nyHKTOB 20. B peayjibTaTe cono- 
craBAeHHH ceñcMHqecKHx h  rpacHMeTpHnecKHx AaHHbix o rJiyÔHHe no- 
B e p x H o c T H  M o x o p o B H H H H a  c p e A H H H  K B a A p a T H n e c K a H  o u i H Ô K a  o n p e A e j i e -
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HH3 MOIUHOCTH SeMHOH KOpbl no rpaBHMeTpHHeCKHM ASHHblM nOJiyMH- 
Aacb paBHOH ± 2 ,4  k m . H co6 xoahmo ynecTb, hto c3mh ceñcMHHecxne 
onpeaejieHHH MoryT coAep>xaTb oiahôxh nopHAxa ± 1 , 5  k m .

Ha pHC. 1 npHBe^eHbi paapeabi 3eMHofi Kopbi nepea ueHTpajibHbie 
nacTH ATJiaHTHnecKoro, Hhahhcxoto h Tnxoro oxeanoB. Kax bhaho Ha 
3THX pa3pe3ax, HanöoAee TOHxaa xopa HaöJHOAaexca b  oöJiacTHX rjiy- 
ÖOKHX OKeaHHnecKHx BnaAHH. noBepxHOCTb MoxopoBHnnna noA snaAH- 
H3MH panoAaraeTCH «a rjiyÖHHax 7— 10 k m  o t ypoBHa oxeaHa. Ecah 
yneCTb CAOH BOAH MOIAHOCTbK) 5—6  KM , TO TOJlLU'HHa KOpbl nOA BnaAH- 
H3MH yMeHbinaeTca ao 2 —4 k m .

ÜOA CpeAHHHbIMH OKeaHHHeCKHMH H nOABOAHbIMH XpeÖTaMH, a TaK- 
x e  nOA ocTpOBaMH «aö^iOAaerca yBeAHneHHe moiahocth 3cmhoh xopbi 
AO 12—25 k m .  HaMenaiOTCH HexoTopwe perHOHaAbHHe otahhhh b moiu- 
hocth seMHOH xopbi pa3JiHHHbix oxeanoB. Tax, noA BnaAHHaMH rjiyÖH- 
hoh 5000—6000 m  xopa b A r j i a m m e c K O M  oxeaHe necxojibxo TOHbme, 
neM noA rjiyßoxoBOAHUMH BnaAHHaMH Tnxoro oxeaHa. n o  o6 men moia- 
iHOCxn 3 eMHaa xopa noA rjiyöoxHM« xotaobhh3mh Hhahhcxoto oxeaHa 
ÔAHJxe x TnxoMy oxeany.

Moiahocth 3cmhoh xopbi, noAyneHHbie no ceñcMHnecxHM ashhhm  
Aah CeBepo-ATJiaHTHnecxoro xpeôxa, xax npaBHAO, MeHbine moiahocth, 
nojiyneHHOH no rpaBHMeTpnnecxHM AaHHbiM. Bo3mojkho, 3Ta pa3HHua 
oöycAOBJieHa H3MCHeHHeM njiOTHocTH BeiAecTBa BepXHeñ M3hthh noA 
CpeAHHHoaT^aHTHnecxHM xpeÖTOM. MoiAHOCTb 3CMHOH xopbi, noAyneH- 
Han no rpaBHMeTpnnecxHM ashhhm a  ah Tnxoro oxeaHa, Aynrne corAa- 
cyeTCH c ceHCMnnecxHMH ashhumh npn pa3Hocra nAOTHOCTeñ Me*Ay 
BeiAeCTBOM 3eM'HOñ xopbl H Bepxneil M 3HTHH iHeCXOAbXO MeHbHieft, neM 
0,5 z / c m 3. J X j ih  Hhahhcxoto oxeaHa hmcioiahhch eAHHCTBeHHbiñ ceñcMH- 
necxHH nyHXT Aynrne corAacyeTca c rpaBHMeTpnnecxHMH onpeACAeHHu- 
MH MOIAHOCTH 3CMHOH XOpbl TaXJXe npH MeHbAieH, neM 0,5 Z/C M 3, pa3HO- 
CTH nAOTHOCTeñ BeuiecTBa xopbi h BepxHeñ MaHTHH. ZlaAbHeHiuee 
HaxonAeHne rpaBHMeTpnnecxHX h ceflcMHnecxHX AaHHbix o CTpoeHiiii 
3 eMHOH xopbi ATAaiiTHnecxoro, Hhahhcxoto h Tnxoro oxeaHOB h hx 
xoMnAexcHan HHTepnpeTanHH no3BOAHT öoAee onpeAeAeHHo cyAHTb o 
HaMenaxiutHxcH b  «acTOHinee BpeMH pa3AHHHnx b  CTpoeHHH 3eMHOH xo- 
pbi h BepxHeñ MaHTHH noA axBaTopnnMH ATAaHranecxoro, Hhahhcxoto 
h Tnxoro oxeanoB.
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A b st r a c t

Using the British Admiralty bathymetric charts off the West Coast 
of India and employing the graphical method o f constructing wave refrac
tion diagrams, an attempt is made to study the behaviour of the short- 
period waves (4, 5 and 6 seconds) which are found to affect the coast 
generally in the neighbourhood of Cochin Port entrance. Nineteen 
stations, at intervals of roughly one mile, are chosen around the three- 
fathom line in this area. Considering a probable field o f approach of 
deep-water waves, limited to a eone of 90°, five directions of approach 
are chosen at intervals of 2 2 \°  in the range of 202^° to 2 9 2 \° . Refraction 
diagrams are prepared for these directions and periods, and from these, 
the refraction functions and directional parameters are evaluated for 
each station. The possible directions of flow of long-shore current and 
the areas vulnerable to erosion and sedimentation are investigated.

I n t r o d u c t io n

The area under investigation is a twenty-mile stretch along the Kerala Coast, 
the neighbourhood o f the entrance to the Cochin Port—which has to be 
maintained at a constant depth o f 6 fathoms by frequent dredging as it often 
gets chocked with accretion materials. There is evidence o f beach erosion 
at some points that are covered by this study.

The seaward stretch o f the area o f investigation extends from the coast 
to  the fifty-fathom line. The bathymetric charts used for the purpose are 
British Admiralty Charts Nos. 749 and 750 (with recent corrections) which 
have been enlarged for convenience. A  preliminary statistical analysis o f  
the wave periods, reported in the Indian D a ily  W eather R e p o rts  for the years
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1961 and 1963, shows that waves with periods around 5 seconds or less form  
a large percentage o f the waves affecting the coast. Hence, this study is 
limited to  waves o f periods 5 and 6 seconds. However, 4-second period 
waves are also considered as the lower limit. Waves o f periods less than 
4 seconds are not considered because it is felt that their effect is small. Five 
directions for deep-water waves approaching the shore are chosen at intervals 
o f  2 2 \°  in the range o f 202 |° to 292|°. Angles beyond these limits aré left 
aside due to  the involved drafting errors and the possibilities o f diffraction.

Nineteen stations marked, alphabetically, A to S are chosen roughly 
at intervals o f one mile along and around the three-fathom line. Stations 
A  to F  are to the south o f Cochin Port entrance while G  to S are on the 
northern side o f it.

M e t h o d  o f  St u d y

With the introduction o f high speed electronic computers in recent years, 
the construction o f wave refraction diagrams has become much simplified 
and less time-consuming (Dorrestein, 1960; Griswold, 1963; H. M. Iyer 
e t a l., 1963). But the basic procedures remain almost the same as that 
followed in the present study, where the method suggested by Arthur, Munk 
and Isaacs (1952) and adopted by Pierson, Neumann and James (1955) is 
used to prepare refraction diagrams and to evaluate the refraction and direc
tion functions R and d respectively. These functions have been used to 
gain an understanding o f beach erosion and sedimentation along the coast.

In this study, the ocean waves are represented as simple sine waves. 
A  single wave train is considered at a time in which the crests are parallel 
in deep water. This is followed up to the coast in all successive refractions 
at different depths at intervals o f one fathom applying Snell’s Law— c ¿ / c =  
sine ad/sine a; where c¿  and c  are the wave celerities in deep and shallow 
waters and ad and a are the angles made by the wave ray with the normal to 
the contour on the deep and shallow sides respectively. A  wave ray is a line 
perpendicular at every point to the successive wave crests and shows the 
direction o f propagation o f wave energy which again is supposed not to cross 
any wave ray. For a particular wave crest, as many wave rays or orthogonals 
are drawn as practicable, which are equally spaced in deep water where all 
the orthogonals are parallel to each other. These are followed up to the 
points o f interest (stations A  to S here), when, after successive refractions, 
the spacing between the adjacent wave rays and their directions are changed, 
depending upon the nature o f the bathymetry. The changes in direction 
and spacing between adjacent wave rays are used to evaluate the refraction 

2
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4

4

R e f r a c t i o n  f u n c t i o n s

Directions 202i  ° 225° 247ï ° 270°
i

\
292£°

\  Period-»- 
\

\
Stations \

4 Sec. 5 Sec. 6 Sec. 4 Sec. 5 Sec. 6 Sec. 4 Sec. 5 Ser. 6 Sec. 4 Sec.

i
!

5 Sec. 6 Sec. 4 Sec. 5 Sec. 6 Sec.

A . . . . . . 0*8208 .. . , 0*8543 0*9871 0*8518 0*9727 1*2379 0*8241 0*8084 0*8029

B 0*7273 . . • • 0*7871 . . 0*8342 0*7438 0*7317 0*8417 0*7780 0*9120 0*8202 0*7361 0 * 8846

C 0*6861 0*6560 • • 0*8302 0*7429 0*8485 0*8470 0*8618 0*9767 0*8374 0*8077 0*9509 0*8017 0*7336 0*8576

D 0*7327 0*6544 • * 0*8119 0*7668 0*8655 0*8477 0*8292 1*1602 0*8292 0*7846 0*9451 0*7962 0*6709 0*8293

E 0*7705 0*7158 0*8256 0*8225 1*0187 0*8490 0*8860 0*9060 0*8269 0*9805 1*0538 • • 0*7443 1*0305

F 0*8307 0*8172 0*9451 0*8946 0-8870 1*0987 0*8973 0*7896 1*0845 • • 0*9412 1*2850 0*7752 • • • •

G • • . . ** . . • . ** 0*7775 ** 0*7410 0*9152 1*0667 0*6609 0*5784 0*8357

H *• • * 0* 7831 0*8424 )*1175 .* 0*7738 0*9898 0*7117 0*7459 0*8302 0*4360 0*4663 0*7642

I 0*8167 0*8454 0*9566 0*8541 0*9101 1*0110 0*8295 0*8441 1*0654 0*7646 0*8654 1*132« 0*7747 0*6560 0*8608

J 0*8115 0*8226 0*8652 0*8537 0*8412 1*0256 0*8978 0*9894 1*4441 0*9314 0*9687 1*2168 0*8865 1*0055 1*0515

K 0*8146 0*7545 1*1153 0*9310 1*1420 1*6192 0*9179 0*9017 1*0732 0*8226 0*7238 1*0233 0*8470 0*7230 0*8010

L 0*5617 0*9370 0*7647 0*4875 0*6308 0*6564 0*7121 0*6785 0*5758 0*7644 0*8182 1*1683 0*7170 0*5856 0*8105

M 0*8567 0*5152 0*5958 0*7163 0*6193 0*5949 0*8344 0*8291 1*2365 0*7951 0*7294 0*8198 0*6954 0*6680 0*9331

N 0*6519 0*5648 0*6138 j 0*8068 0*7739 0*9093 0*8313 0*7567 0*9357 0*7840 0*8252 0*9836 0*6933 Q-7969 0*9501

O 0*7871 0-8571 0*7799 0*8355 0*8633 1*3086 0*8765 0*9136 1*1408 0*8511 0*8148 1*0792 0*8074 1*1475 1*0480

P 0*6371 0*3728 0*7720 ¡ 0*7782 0*8334 0*8156 0*7597 0*6942 0*9598 0*8012 0*9442 1*2512 0*7298 0*7058 0*8240

Q 1*1225 0*8631 0*7420 0*9380 0*7191 0*8139 0*9483 0*9989 1*5191 0*9053 0*9165 1*1220 0*9273 0*9611 0*8410

R 0*9459 1*0070 1*8940 0*8648 0*9425 1*2830 *. 0*9882 1*0829 0*7398 0*7033 0*7289 0*7972 0*6864 • •

S 0*7545 0*8306 "  10*8653 1*0804 1*2310
)

•• 0*7762 0*8950 0*8703 0*8693 1*4460 •• •• ••



T a b l e  I I

D irec tio n  fu n c tio n s

Directions 2 0 2 |° 225° 247i° 270° 292Í»

^Period-»- 4 Sec. 5 Sec. 6 Sec. 4 Sec. 6 Sec. 6 Sec. 4 Sec. 5 Sec. 6 Sec. 4 Sec. 5 Sec. 6 Sec. 4 Sec. 5 Sec. 6 Sec.

Stations

A . + 4*50 ... +  8*90 +  4*57 . . -0 * 8 0 +  1*47 +  0*48 -  2*10 -  3*94 -  6*79

B +  8-60 . . • • + 3*40 ... ... +  1*00 +  3*30 + 6*63 • • -1 * 4 0 -  2*72 -  2*80 ~  7*45 -1 1 * 2 4

C +  7’10 +  12*90 • • + 2*70 +  8*56 +  10*58 +  1*16 +  2*50 + 2*46 -2 *40 -2 * 9 0 -  5*70 -  3*40 -  9*83 -1 3 * 8 0

D +  6*40 +  12*74 • • + 2*40 +  6*22 +  7*65 +  0*30 +  0*98 + 0*10 -3 * 1 0 -4 * 7 2 -  8*60 -  4*60 -12*28 -1 6 * 8 2

E +  5-26 +  10*13 • • + 1*60 +  4*33 +  3*88 -0 * 7 0 -0 * 6 7 - 1*90 -5 * 0 2 -6 * 6 0 -  6*80 -  4*80 -12*24 -1 6 -0 5

F +  3-66 +  7*40 +  12*05 + 1*20 +  3*60 +  3*30 -0 * 2 0 -0 * 3 3 - 2*83 -5 * 6 3 -  8*40 . . . .

G •• • • • • •• +  4*10 • • ** -1 * 5 0 -4 * 0 0 -  8*15

coc*»io1o001 -18*37

H . . . . • • + 1*50 +  3*90 +  7*14 -3 * 8 0 -3 * 4 0 - 3*25 -7 * 3 0 -6 * 2 5 -1 3 * 7 0 -16*80  -2 3 * 2 7 -2 6 * 1 7

I +  5-00 +  8*98 +  12*40 + 0*15 +  3*68 +  1*92 -3 * 6 0 -4 * 3 7 - 6*64 -9 * 4 2 -7 * 5 7 -17*95 -14*80  -21*47 -24*20

J +  7-70 +  10*80 +  16*04 + 3*00 +  3*08 +  6*03 -0 * 3 0 -2 * 2 8 - 0*20 -2 * 9 0 -2 * 3 7 -  7*76 -  7*00 -1 1 * 1 0 -1 2 * 5 0

K +  13*37 +  15*47 +  28*50 +  10*55 +  9*70 +  18*25 +  6*60 +  5*73 +  13*82 +  3*10 -3 * 0 0 +  1*72 -  1*90 -  5*60 -  8*30

L +  13*40 +  24*57 +37*70 +  13*60 +  15*00 +  23*00 +  6*30 +  3*80 + 9*10 +  0*63 -1 * 6 7 -  3*67 -  5*10 -10*27 -1 5 * 0 2

M +  11*40 +20*48 + 23*60 + 5*10 +  9*50 + 11*28 -0 * 4 0 +0*63 - 1*03 -4 * 7 0 -4 - 4 2 -1 0 * 9 2 -1 1 * 5 2  -16*75 -2 1 * 6 7

N +  9*10 +  14*75 + 20*20 + 4*44 +  5*10 +  6*84 -0 * 5 0 -1 * 0 0 - 2*12 -6 * 0 4 -6 * 1 5 -1 0 * 0 2 -1 1 * 1 0  -1 8 * 0 5 -2 2 * 6 7

O +  9*48 +  16*58 +  18*50 + 4*06 +  3*60 +  7*60 + 1*00 -1 * 2 2 * 1*04 -3 * 3 0 -4 * 3 8 -1 0 * 3 0 -  8*80 -16*07 -1 7 * 9 0

P +  11*10 +  15*75 +  17*10 + 5*20 +  5*06 +  10*78 +0*08 -1 * 4 5 + 0*87 -4 * 7 0 -4 * 1 0 -1 0 * 7 6 -14*25 -1 7 * 2 5

Q +  7*40 +  10*73 +  14*40 + 8*90 +  4*25 +  4*60 +0*06 -1 * 5 5 - 2*52 -2 * 7 6 -0 * 3 0 -  6*30 -10*40 -1 4 * 3 6

R +  8*20 +  19*00 +21*60 + 8*00 +  4*88 +  11*60 +2*50 +  1*64 + 9*83 -1 * 4 0 -1 * 8 0 -  7*02 -1 1 * 6 2 . .

S +  10*88 +16*95 •• + 5*90 +  7*74 +  11*70 +0*50 +  1*84 + 3*00 -3 * 8 0 -2 * 1 2 -  7*50 . . ••
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function R  and the direction function 6 at the point o f  interest. The refrac
tion function R is given by

R - t K ( F , l » l » = c.. Jf> ,T —

" C ' s i n h ^ ^
L c

where L is the wavelength, d  the depth at the point o f  interest, C ¿  and C 
the wave velocities in deep water and at depth d  respectively, and b  the 
distances between two adjacent orthogonals in deep water and at depth d  
respectively and F is the frequency o f the wave. The refraction parameters 
are evaluated for each wave period and direction from the refraction diagrams 
prepared for each individual direction and period.

D is c u s s io n

In Tables 1 and II are presented the refraction and direction functions, 
worked out at each o f the stations for varying directions and periods. 
Table III presents the angles that the refracted rays make with tne normal 
drawn to  the contour at the point o f  interest. Figures 1 to 5 show the varia
tion  o f R  values from stations A  to S with different directions and periods, 
while the arrow marks at each station show the probable direction o f  flow 
o f  long-shore currents derived from the direction function 6.

The distribution o f R values along the stations is directly related to  the 
amount o f  energy associated with the changed wave height which can be shown 
to  be equal to -\/R  times the deep-water wave height. Hence the convergence 
and divergence o f wave rays, deciding R and 0 values at a particular station, 
speak for the accumulation and dissipation o f wave energy as no energy 
crosses wave rays. The change in wave direction at the station, seen as the 
change from the deep-water direction, and the angle made by the wave ray 
with the normal drawn at the station to the mean contour on the landward 
side, gives us an idea about the direction o f flow o f the longshore current. 
The accumulated water, after the breaking o f the waves, goes back as rip 
current and the like, only after an alongshore flow for a certain distance, 
depending upon the angle at which the wave breaks with the shore line 
(Per Braun, 1963). Suggestions are therefore made regarding the longshore 
drift o f  beach materials along with the longshore currents at each station. 
The general pattern o f erosion and accumulation o f beach material follows 
from this.
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T a b le  III 
D irection  fu n ction s

(With respect to the Normal at the Station contour)

Directions 202i° 225° 247i° 270° 292i°

\P eriod->

Stations\

4 Sec. 5 Sec. 6 Sec. 4 Sec. 5 Sec. 6 Sec. 4 Sec. 5. Sec. 6 Sec. 4 Sec. 5 Sec. 6 Sec. 4 Sec. 5 Sec. 6 Sec.

A .. .. .. +  34-50 .. .. +  7-60 +  11-93 .. -  5-20 -  7-47 -  6-48 -26-40 -24-56 -21-71

B +65-90 • • •• +  38-60 • • • • +  7-30 +  15-20 +  12-87 -  4-60 -  0-28 -22-70 -21-05 -14-26

C +  47-40 +  41-60 •• +  29-30 +  23-44 +  21-42 +  8-34 +  7-00 +  7-04 -10-60 -10-10 -  7-30 -32-10 -25-67 -21-76

D +44-10 + 37-76 •• +  25-60 +  21-78 +  20-35 +  6-20 +  4-52 +  5-40 -13-90 -12-28 -  8-40 -34-90 -27-22  -22-68

E + 45-24 +  40-37 • • +  26-40 +  23-67 +  24-12 +  6-13 +  6-17 + 7-40 -14-98 -10-40 -10-20 -34-70 -27-26  -23-45

F +  25-94 +  22-10 +  17-45 +  5-80 +  3-40 + 13-70 +  4-70 -15-17 -12-73 -• -32-37 -29-60 .. ..

G • • • • • • •• • • • • +  19-40 -■ • • +  2-50 +  6-00 +  9-15 -13-70 -  5-77 -  3-13

H • • •• +  17-60 +  15-10 +  11-86 +  0-30 — 0-10 -  0-25 -18-70 -19-75 -12-30 -31-70 -25-23 -  23-32

I +  6-60 + 2-52 -  0-90 -15-16 -14-68 -12-92 -29-90 —29-13 -26-87 -46-58 -48-43 -38-05 -63-70 -57-03 -  54-30

J +  40-80 + 37-70 +32-46 +  23-00 +  22-92 +  19-97 +  3-80 +  5-78 +  3-70 -16-10 -16-63 -11-24 -34-50 -30-40 -  29-00

K +  73-13 +  71-03 +  68-00 + 53-45 +  54-30 +  45-75 +  34-90 + 35-77 + 17-68 +  15-90 +  16-00 +  17-28 -  1-60 + 2-10 +  4-80

L + 68-10 +  46-93 +  33-80 + 35-40 + 34-00 +  26-00 +  20-20 +  22-70 +  17-40 +  3-37 +  5-67 +  7-67 -13-40 -  8-23 -  3-40

M +  23-10 +  14-02 +  10-90 +  6-90 + 2-50 +  0-72 -10-10 -11-13 -  9-47 -28-30 -28-58 -22-08 -43-98 -38-75 -  33-63

N +45-40 +  39-75 +  34-13 +  27-56 +  20-90 +  25-16 +  10-00 +  10-50 +  11-62 -  6-96 -  6-85 +  0-02 -24-40 -17-45 -12-83

O +42-02 +  35-92 +  33-00 +  24-94 +  25-40 +  21-40 +  6-60 +  7-72 +  7-54 -12-70 -  11-62 -  5-70 -29-70 -22-43 -20-60

P +  57-40 + 62*75 +  51-40 +  40-80 +  40-94 +  35-22 +  23-42 +  24-95 + 22-63 +  5-70 +  5-10 +  11-76 .. -  7-25 -  3-25

Q +  43-10 +  39-77 +  36-10 +  22-10 +23-75 +  23-40 +  5-44 +  7-00 +  8-02 -14-24 -16-70 -10-70 .. -29-10 -  25-15

R +56-30 +  45-56 + 42-90 +  34-00 +  37-12 +30-40 +  17-00 +  17-86 +  9-67 -  1-60 -  1-20 +  4-02 -- -13-88

S +  32-62 +  26-55 +  16-10 +■13-26 +  9-30 -  2-30 — 3-34 -  4-50 -20-20 -21-88 -16-50 •• ..
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As has been reasoned before, the lower period waves, like the one 
considered in this study, are the most expected to have any continuous action 
on the shore line, barring the occasional storms that may send swells or long- 
period waves to make sudden impacts on it. In the latter cases, however, 
the energy associated with the waves at breaking would be very high, com
pared with those o f the lower periods studied here. The refraction functions 
therefore would be much higher than those found in the cases o f 4, 5 and 6- 
second waves. The waves however will break at greater depths and the total 
effect may vary much from those expected from the wave actions o f  lower 
periods.

In general, the refraction functions show increasing values from 4-second 
to 6-second waves as expected. The interesting point, however, is that while 
this is gradual between 4 to 5 seconds it is abrupt between 5 and 6-second 
periods. Thus, it is felt that any significant wave action in this region may 
be due to waves around 5 seconds and above as the energy associated with
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still lower periods will be too low to have much bearing on this. This is 
readily verifiable from Figs. 2, 3 and 4 where the R values for 4  and 5 seconds 
seem to  lie close to each other and follow closely for the directions 225°, 
247 |° and 270°. In the limiting cases, i.e ., for angles 202¿° and 292 |° (as can 
be seen from Figs. 1 and 5) this trend in R values is not well defined, probably 
because o f the drafting errors asociated with the acute angles o f  approach 
o f the waves.

The R functions as can be seen from Table I are mostly less than 1 -0 
for 4  and 5-second waves for all the deep-water directions. This shows a 
lessening o f wave height in general and therefore dissipation o f the energy 
associated, which may be aggravated by local wind actions, bottom percola
tions and the like. The 5-second waves, however, show R  function to be 
more than the value o f  1*0-at certain stations with varying directions such 
as at K  and S for 225° and at J and O for 292|°. This, howevei, will be dis
cussed later along with the station characteristics. For 6-second period, 
R mostly shows a value o f more than 1 -0 for all the five directions o f approach 
and at particular stations (Table I) this is seen to be persistent as at stations 
E and F on the southern side o f the fairway channel and at J, K  and O on 
the not them side o f it. The maximum and minimum R values for all the 
periods and the directions are found to be 1-89 (at station R  for period 
6 seconds and direction 202-§°) and 0  ■ 37 (at station P for period 5 seconds 
and direction 202£°)-

In Table II are presented the net changes in directions, brought in by 
refraction, indicated with positive and negative signs so that when added 
algebraically to the corresponding deep-water directions, the direction o f  
arrival o f  the wave at the point o f interest is obtained. It is seen from this 
table that up to a deep-water direction o f 225° the changes in direction are 
positive whereas beyond 270° the changes are negative for all stations, i.e ., 
up to  225° the angles increase and beyond 270° they decrease. The deep- 
water direction 247 |° shows the characteristics o f transition and the changes 
in angles here are mixed indifferently for different periods. There are posi
tive and negative values for each o f the periods which vary stationwise. 
Table III shows the angles that the refracted wave rays make with the land
ward drawn ttornjials to  the depth contours o f the station. A  rough idea 
o f the alongshore currents can be had from the values given in the table.

In the perspective o f  the above findingst he following suggestions, regard
ing the longshore flow, may be offered. For 202£° deep-water direction, 
the northerly component o f longshore -current is predominant for all the 
periods excepting a singular case in station I for 6-second waves. For the 
direction 2 9 2 the direction o f flow o f longshore currents is towards south
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in general excepting at station K where for 5 and 6-second wave periods the 
flow is found to  be northerly. While these are as expected, being the two 
marginal directions, the refracted wave rays for the .other deep water direc
tions show very interesting behaviour as seen from Figs. 2, 3 and 4. Here 
the longshore current is not northerly or southerly at all stations as in the 
marginal cases. The changes in longshore currents associated with the 
changes in peak and trough values o f refraction functions give very plausible
hints for the erosion and accumulation patterns for different waves.

4 ^

WM/E PER00-6 Second»
DIRECTION -  225 D»grae>

P ig . 6.

As seen from Figs. 1 to 5 there exist alternate peaks and troughs for 
R in the northern side o f the fairway channel, i.e ., from stations G  to S. This 
however is less true for the southern side, i.e ., for the stations A to F. Thus 
the southern side is likely to  be less disturbed by the wave refraction and 
this is more so as there are few cases o f energy concentration due to  conver
gence o f wave rays. The situation at station F is somewhat different and 
the high value o f  R  here is mostly associated with an increased wave height 
which is due to  the shoal immediately south o f the channel (Fig. 6). Con
sidering the directions 225°, 2 4 7 and 270° for stations F to S it is found 
that the longshore current directions diverge out from certain stations and 
converge to certain others (Figs. 2 to 4). And this whole process keeps
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changing with changing deep-water directions and periods. These factors 
can most presumably be utilised to explain the facts that (i) the fairway 
channel gets filled up with materials carried in from both sides and 
(ii) erosion takes place near the stations J and K  (Narakkal area). In 
Fig. 6 it can be seen that at station K  the wave rays converge strongly.

Station O is another point where a peak for R exists due to  convergence 
o f wave rays for all the directions and periods with the only exception for 
a deep-water direction o f  270°. Hence, this point is also susceptible to  
denudation due to wave action.

Su m m a r y

The investigations on wave refraction along the coast near Cochin 
reveal the possible existence o f  areas o f concentration o f wave energy at 
certain points and removal o f the material o f the beach, which is disturbed 
near areas o f concentration o f  wave energy by diverging longshore currents 
and the accretion o f materials at certain regions due to  converging long
shore currents. The accretion o f material in the fairway channel near 
Cochin and the reported beach erosion near Narakkal (situated near station 
K  in Fig. 6) could be clearly explained with the help o f this investigation.
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Some aspects of th e  structu re of the terrestria l crust in the  R ed Sea, Gulf of Aden and th e  north-w estern 
p a rt of the  Indian  Ocean
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H E K O T O P b l E  H E P T b l  C T P O E H H f l  3 E M H O H  K O P b l  B  K P A C H O M  
M O P E ,  A f l E H C K O M  3 A J I H B E  H  C E B E P O - 3 A n A f l H O W  H A C T H  

H H f l H H C K O r O  O K E A H A

r i e p B b i e  r e o (} )H 3 H q e c K H e  H c c j i e A O B a H H a  b  o ß j i a c r a  K p a c H o r o  M o p a  6b iJ iH  
n p o B e A e H b i  b  1890— 1898 r r . ,  K o r u a  O o h  T p H y j i 3 y  n p o B e n  M a a r a H K O B b i e  o n -  
p e A e j i e H H H  c h j i w  r a x t e c r a  b  p a 3 j m n H b i x  n y H K T a x  n o ô e p e x i b a ,  a  T a K x c e  H a  
H e K O T o p b ix  o c T p o B a x  [25].

B 1923 r .  B e H H H r - M e H H e c  [3] n p n  n j i a ß a H H H  H a  ü o ä b o ä h o h  j i o A K e  k  
H n f lO H e 3 H H C K O M y  a p x H n e j i a r y  B b in o j iH H J i  n e T b i p e  o n p e a e J i e H H a  c h j i h  T a r e 
e r a  M o p o K H M  M aaTH H K O B biM  n p n ô o p o M  b  p a 3 J iH H H b ix  p a ñ o H a x  K p a c H o r o  
M o p a .  B 1955 r .  r n p A J i e p  h  T a p p H c o H  n p o B e j i H  r p a B H M e T p n n e c K H e  H 3 M e p e -  
H H a  H a  n o Ä B O Ä H o ä  j i o A K e  b  k o k h o h  n a c r a  K p a c H o r o  M o p a  Me>K,ny o c T p o B a M H  
/ { a x j i a K  h  O a p c a H  [26].

B 1958 r .  a M e p H K a H C K H e  3KcneAH U,HH H a  H c a n e A O B á T e j ib C K H X  c y j j a x  
« B H M a »  h  « A u i a H T H K »  B b in o j iH H J iH  K O M n a e K C H b ie  re o ( [> H 3 H n e c K H e  H c c j ie A O -  
B a H H a  b  K p a c H O M  M o p e ,  B K j n o n a r o m H e  a x o J i o r a p o B a H H e ,  c e i f C M H a e c K H e  p a -  
6 o T b i  (15 n p o ( ] )H J ie H  m c t o a o m  n p e j i O M jr e H H b i x  b o j i h ) ,  H 3 M e p e H H a  n o j i H o r o  
B e K T o p a  H an p a> K e H H O C T H  M a r H H T H o r o  n o j i a  [21]. B c e r o  b 1958 r. B b i n o j m e H o  
4500 k m  n p o ^ H J i e n .  B 1959 r .  a H r j i H H C K a a  S K c n e A H n n a  H a  c y ^ H e  « Æ a j i -  
p a M n j i b »  o T p a ö o T a j i a  3000 k m  n p o t J j H j i e ñ  b  K p a c H O M  M o p e ,  n p o B e ^ a  6 a r a -  
M e T p n n e c K H e  h  M a r H H r a b i e  n c c j i e A O B a H i i a .

B KOHiie 1961 r .  HrajibHHCKaa aKcneaHuna Ha HaynHo-HccjieAOBaTejib- 
CKOM c y a H e  « A p a r o H e 3 »  n p o B e j i a  a x o j i o r a p o B a H n e ,  a  T a K x c e  M a r a H r a y i o  h 
r p a B H T a u H O H H y i o  c b e M K y  a K B a i o p H H  K p a c H o r o  M o p a  H a  54 n p o ( ] ) H J i a x  [17].

B 1965 r .  H eM eiD K oe (OPT) H a y n H o - n c c j i e A O B a T e J i b C K o e  c y A H o  « M e T e o p » ,  
p a ö o T a B u i e e  n o  n j i a H y  M e x c A y H a p o A H O H  H H A O O K e a H C K o ñ  3Kcne.zi.HUHH, n p o -  
B e j i o  H C C J ie ^ o B a H H a  ( o K e a n o r p a ^ H a ,  M o p c K a a  r e o j i o r a a )  b  i o j k h o h  n a c r a  
K p a c H o r o  M o p a ,  b  P l e p c H a c K O M  3 a j i H B e ,  A a c h c k o m  3 a j i H B e  h  A paB H H C K O M  
M o p e  n o  M a p m p y T y  a j i h h o h  b  44 T b ic .  km ;. B 1958 r. b o  B p e M a  p e ñ e a  
c y Ä H a  « B H M a »  a M e p H K a n c K H M H  H c c n e u o B a T e j i a M H  6 h j i h  B b i n o j r a e H b i  KOM n- 
j i e K C H b ie  r e o ( ] ) H 3 H n e c K H e  H c c j i e u o B a H H a  b  A u e n c K O M  3 a J iH B e ,  B K / n o n a z o m n e  
a x o j i o r a p o B a H H e ,  c e f i c M H n e c K H e  p a ó o r a i  (5 n p o t f w j i e H  m c t o a o m  n p e j iO M J ie H -  
H u x  b o j i h )  h  M a r H H r a b i e  H 3 M e p e H H H  [28]. B o T A e j i b H b i x  n y H K T a x  K p a c H o r o  
M o p a  B b in o j iH e H b i  H 3 M e p e H H a  T e n j i O B o r o  n o T O K a  [19, 29]. K p o M e  M o p c K H X  
r e o 4 > H 3 H n e c K H x  H c c j i e u o B a H H H  H a  ö e p e r a x  h  o c T p o B a x  K p a c H o r o  M o p a  b m -  
n o j iH ieH bi  r e o ( ] ) H 3 H n e c K H e  p a ß o r a i  c  r e o j i o r o p a 3 B e A O H H b i M H  u e j i a M H .
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npH njiaBaHHH iioäboähoh aoäkh «AnepoH» Tnpajiep h TappHcoH [26] 
b  1955 r., a b .1959 r. TaAbBaHH [31] npoBOAHAH MopcKHe ManraHKOBbie on- 
peAeJieHHH cham rancecra b 3 anaÂHOH h ceBepo-3anaAHOH nacrax Hhahhcko- 
ro oKeaHa. IlepBbie ceiicMHHecKHe nccjieaoBaHHH mctoaom npejioMjieHHbix 
boah ôbiJiH npoBeAeHbi Ha cyAHe «HeAAeHA>Kep» b 1950— 1953 rr. TacKeA- 
APM h Ap. [24],

OóiiiHpHbie KOMn.ieKCHbie reo(])H3HHecKHe HCCAeAOBaHHH ceBepo-3anaA- 
HOH nacra Hhahhckoto OKeaHa BbrnoAHeHbi b  1961 — 1962 rr. aHrAHHCKHMH 
yneHbiMH Ha 3KcneAHiiHOHHOM cyAHe «OysH» [16]. OKcneAHUHH npoAeAaAa 
16 rac. MHAb (37 npo<j)HAeH), npoBOAH HenpepbiBHbie ôaraMeîpHnecKHe, 
rpaBHMeTpHHecKHe h MarHHTHue HCCAeAOBaHHH. BoAbuiofl o6 i>eM cencMHne- 
CKHX paÖOT MeTOÄOM npeAOMAeHHbIX BOAH B CeBep0-3anaAH0H HaCTH Hhahh- 
CKOrO OKeaHa ÔblA BbinOAHeH aMepHKaHCKHMH H aHTAHHCKHMH HCCAeAOBa- 
tcahmh no nporpaMMe MoKAyHapoAHOH HHAOOKeancKOH SKcneAHunn [15, 
22, 23]. B 3 T0 T » e  nepnoA BnepBbie b  Hhahhckom OKeaHe ôuah BbinoAHeHbi 
H3MepeHHH BeAHHHHbi TenAOBoro noTOKa [12, 13, 19, 29].

IlepBbie coBeTCKHe reo<|)H3HHecKHe HCCAeAOBaHHH b KpacHOM Mope h 
ceBepo-3anaAHOH nacra Hhahhckoto OKeaHa 6 hah Hana™ b 1956 r. bo Bpe- 
mh nAaBaHHH coTpyAHHKOB rAHLU h reoAoranecRoro (JiaKyAbTeTa M r y  Ha 
AH3eAb-3AeKTpoxoAe «06b» b cocTaBe eoBercKHX aHTapKranecKHx 3KcneAn- 
UHH. B 3THX 3KCneAHU.HHX npOH3BOAHAHCb H3MepeHHH CHAbl THJKeCTH npH 
n o M o m n  M o p c K U x  M a f iT H H K O B b ix  n p n 6 o p o B  h MopcKHX rpaBHMerpoB [4, 6 , 7j.

B nepnoA M U  (1957— 1958 rr.) b KpacHOM Mope h ceBepo-3 anaA«OH 
nacra Hhahhckoto OKeaHa coBeTCKan HeMarHHTHaa rnxyHa «3apn» npoBeAa 
MarHHTHbie HCCAeAOBaHHH [8 , 9].

B 1959 r. b 31-m pence cyAHa «BHTH3b» 6 mah BbinoAHeHbi nepBbie co- 
BeTCKne cencMoaRycranecKHe HCCAeAOBaHHH B Hhahhckom OKeaHe MeroAOM 
orpaHceHHbix boah [11].

B 33-m pence «BnTH3 b» (1960— 1961 rr.) 6 mah npoBeAeHbi ceñcMHne-
CKHe HCCAeAOBaHHH MeTOAaMH OTpaîKeHHblX H npeAOMAeHHbIX BOAH B ce- 
BepHOH nacra Hhahhckoto OKeaHa. HaÖAioAeHHH mctoaom oTpanceHHbix 
BOAH npOBeAeilbl B ApaBHHCKOM MOpe, Ha ApaBHHCKO-HHAHHCKOM xpeÔTe, 
a MeTOÄOM npeAOMAeHHbIX BOAH — B KOKHOH HaCTH KOTAOBHHbl ApaBHHCKO- 
ro Mopn [11], B 1964— 1965 rr. b 36-m pence eyAna «BHTH3 b» b Hhahhckom 
OKeaHe BbinoAHeH 3HanHTeAbHbiH KOMnAeKc reoAoro-reo([)H3HHecKHX HCCAe- 
AOBaHHH [13]. B nacraocra, npoBeAeHbi AeTanbHbie noAHroHHbie ceñcMHne- 
CKHe (MeTOAaMH MOB h M O B), rpaBHMeTpnnecKHe h rHApoMarHHTHbie hc- 
CAeAOBaHHH, a TaKHie H3MepeHHH renAOBoro noroKa b ph(])toboh 30He Cpe- 
AHHHO-HHAooKeaHCKoro h Apyrnx noABOAHbix xpeÔTOB.

B nepnoA noAroTOBKH h npoBeACHHH M U  h. ocoôeHHO MencAynapoAHon 
H'HAooKeaHCKOH SKcneAHHHH (1959— 1962 rr.) BbinoAHeH ôoAbiuoH oô^eM 
paöoT no H3yneHHio peAbecjia AHa ceBepo-3anaAHOH nacra Hhahhckoto OKea
Ha. Ha 0CH0B3HHH o6 o6 lII,eHHH MaTepnaAOB 3THX HCCAeAOBaHHH B HHCTHTy- 
Te QKeaiioAorHH AH CCCP cocTaBAeHU HOBbie ôaraMeTpHnecKHe Kapra ce- 
Bepo-3anaAHOH nacra Hhahhckoto OKeaHa [1, 2]. Ha arax KapTax bhagah- 
iotch HanôoAee KpynHbie ocoöeHHOcra peAbetjia AHa ceBepo-3anaAHOÔ nacra 
Hhähhckoto OKeaHa, Taxne KaK ApaBHHCKO-HHAHHCKHH, MacKapeHCKHH, 
MaAbAHBCKHH xpeÔTbi, ApaBHHCKaH, MacKapeHCKan, CoMaAHHCKan kotao- 
BHHbi h Apyrne MeHee nporanieHHbie xpeörai h nceAoôa (AMHpaHTCKHñ, Mep
pen h Ap-). Ha KapTe annueHTpoB 3eMAeTpnceHHH, cocraBAeHHOH no M.aie- 
pnaAaM TyTeHÓepra, PnxTepa, PoTe, flpeñKa a  HipAAepa [2, 21 h Ap.], 
xopoino npocAeniHBaeTCH npnyponeHHocTb ôoAbinHHCTBa 3nnn;eHTpoB k pHtjs- 
toboh 30He ApaBHHCKO-HHAHHCKoro xpeÔTa (pnc. 1). 3oHa pe3K;o ro , H3M6- 
HeHHH npocrapaHHH ApaBHHCKO-HHAHËCKôro xpeÔTa b paHOHe À/ieHCKoro 
3 aAHBâ xapaKTepH3yeTCH ycHAeHneM ceñcMHnecKOH aKTHBHOcra. npHMepHO
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Ha jiHHHH npeano^araeMoro coenHHeHHH ph(})toboh 30Hbi AueHCKoro 3a^HBa 
C 30H0H ■BOCTOHHOatJjpHKaHCKHX pa3JIOMOB KOHUeHTpHpyiOTCH SnHIieHTpbl 
3eMJieTpHceHHH [10]. B KpacHOM Mope ceñcMHHecKaa aKTHBHOCTb Bbiuie b 
t o M H o ñ  nacra; ceBepHee 20° c. ui. OTMeneHo j i m n b  H ecK O JibK O  anHueHrpoB. 
Xlajiee k ceBepy, b MepraoM Mope h boctohhoh nacra CpeuH3eMHoro Mopa,

H A M fl

n-o

50

Phc. 1. KapTa 3nnueHTpoB 3eMJieTpaceHHH h pacnoJioweHHe pa3pe30B:
I — A p a B H H C K a a  K O T jio B w u a ,  I I  —  C o M a a H f t c K a a  K o T jio B H H a , I I I  —  M a c K a p e H C K a a  k o t j i o -  
B H H a, I V  —  U e H T p a J i b H a a  k o t j i o b h h 3. 1— M a c K a p e H C K H Ü  x p e ó e T ,  2 —  A p a B H H C K O -M H Ä H Ö - 
CKHH x p e ó e T ,  3 —  M a J ib a n B C K i iH  x p e ó e T ,  4 —  C e ñ m e J ib C K H e  o c T p o B a .  T o a x a M H  o 6o 3H a n e H b i  

a n H u e H T p b i  3e M J i e T p a c e H n ñ :  a—6 —  C B O Ä H bie c e f tc M o r p a B H M e T p H H e c K H e  p a 3p e 3bi

CHOBa oTMenaioTCH anHiieHTpbi 3eMJieTpaceHHH. OneHb Bbicoxa ceñcMHnecKaH 
aKTHBHOCTb b ílepcHACKOM 3ajiHBe h ceBepo-BocTOHHOM no6epe>Kbe. 3a-pe- 
THCTpHpoBaHbi oTflejibHbie anHiieHTpbi, npnyponeHHbie k xpeÖTaM Meppea, 
Ma ÎbflHBCKHM, a T3K>Ke K M03aM0HKCK0My npOJIHBy.

flojiyneHHbie k HacTonmeMy BpeMeHH uaHHbie no3BOJiaiOT npoBecra 
KOMnjieKCHyio HHTepnpeTaunio reojioro-reo(})H3HnecKHx MaTepnaJiOB c uejibio 
BblflCHCHHH nnyÔHHHOrO CTpOeHHH 3eMHOH KOpbl H BepXHeñ M3HTHH B ceBe- 
po-3a.naflHOH nacra H hahhckoto OKeaHa h KpacHOM Mope.
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H a  OCHÖB3HHH HM dOlU'HXCH rpaB H M eT p H H eC X H X  a ä H H b lX  H 3M H  ÓbIJIH CO- 
CTaiBJieH bi a a a  » c c j i e a y e M o ñ  o ö a a c r a  e x e M a T H a e o x a e  x a p T b i  a H O M a j ia a  chjih  
TH JK ecTH  b p e a y x u a a x  B y r e  c n j i o r n o c T b i o  n p o M e j x y T o a H o r o  cjioh 2,67 a 
2,80 e/cM3 h  b  p e a y x i r a a  O a a  ( H o p M a j ib H a a  ( j )o p M y jia  M e > x a y H a p o a H a a ) .  
H a  c x e M a T H q e c K O H  x a p T e  a H O M a j ia a  O a a  n p e o 6 j i a a a x ) T  o T p a a a T e a b H b i e  aH O - 
M3J1HH B O pH Ä K a •— 30, — 4 0  MZA. T o jIb X O  H a f l  CHJIbHO p a3 A p ö Ö J ie H H O H  n o -  
BepXHOCTbK) nOÄBOÄHblX X peÖ T O B , COCTOHIHHX H3 CO H eTaHH H HCÓOJIbUIHX x p e 6 -  
TOB h y3K H X  r p a ó e H O o 6 p a 3 H b i x  a e n p e c c a a  h x e j i o ö o B  H a ö J iio f la e T C H  p e 3 x a a  
H 3 M eH aH B o c T b  a H O M a jia a  « P a a .  B a a c T H o c T a ,  a H O M a j ia a  O a a  H a a  c a mhmh 
rp e Ö H a M H  x p eÓ T O B  HM eiOT 3 H a a e H a a  n o p i i a x a  + 5 0  m z a  ( a  H a a  - M a c x a p e H -  
CKHM X peÓ TO M  ÄO + 230  M ZA) ,  a  pH (J)TO B bie ÄOJIHHbl 0T M eH 3K )T C a 3H 3 H H T eJIb - 
HbiMH O T p H u a T e jib H b iM H  aH O M a jiH a M H , n o p a a x a  — 50 M ZA .  X le T a j ib H o e  o n a -  
c a H H e  r p a B H T a u H O H H o ro  n o j i a  c e B e p o - 3 a n a a H o a  a a c T a  Hhähhckofo o x e a H a  
6 b iJ io  H 3M H jxBH o p a H e e  [5],

MarHHTHoe noae ceBepo-3anaaHoa nacra HHaaacxoro oxeaHa ape3Bbi- 
aaiiHo HeoflHopoflHo. AHajiH3 MarHHTHbix npo(J)HjieH, BbinojiHeHHbix axcnean- 
UHOHHbiMK cyflaMH «OysH» h «3apa», no3BOJiaeT cxeMaTaaecxa BbiaejiHTb 
OT^e.ibHbie oÓJiacTH, xapaxTepaayxHaaecH cTeneHbX) aHOMajibHOcra MarHHT- 
Horo nojia. XUa xaaecTBeHHOíi oueHxa MarHHTHoa aHOMaabnocTH h3mh bu-

■ I (AT mfly) ‘ ̂BHC.iajiacb xapaKTepacTHMecKaa BeanaHHa N  =  —— ^ —  aaa paBHbix

150-MHjibHbix yaacTKOB MapmpyTOB «OysH». Taxae pacaeibi 6 biaa BnepBbie 
BbinojiHeHbi b ceßepo-3anaÄHOH aacTa Hhähhckofo oxeaHa M. M. HßaHOBbiM 
aaa Z a [9].

H a a M e H e e  a H O M a a b H b i e  o ö a a c T a  c n e a y i o m a e .  n e p B a a  —  ot o c T p o ß a  
C o K O T p a  X i o r o - 3a n a a y ,  M a T e p a x o B b i a  m e j ib t J ) ,  M a i e p a x o B b i ä  cxjioh A ( J ) p a x a  
a  3 a n a f l H a a  a a c T b  C o M a n a a c x o a  x o T a o B H H b i .  3 a e c b  H a 6n K ) a a x ) T C H  a H O M a a a a  
A 7 W ± 4 0  y  a  T O J ib x o  b O T a e a b H b i x  y a a c T x a x  ohh a o c T a r a x i T  B e a a a a H b i  
±  1 0 0  y .  B i o p a a  — u e H T p a j i b H a a  a a c T b  a c c a e a y e M o a  o ö a a c i a  x  c e s e p y  ot  
C e a m e j i b c x B x  o c T p o B O B  a  A p a ß a ä c x o e  M o p e .  A H O M a a a a  A T  b stoh  o ö a a c T H  
b c p e a H e M  KOJieÖJiKJTca b n p e a e a a x  ± 1 0 0 + - 1 5 0  y .

A p a B a ä c K o - H H a a ä c x a ä  x p e ö e T  x a p a x i e p a 3 y e T c a  T a n a a H b i M H  aaa cpe- 
a a H H O - o x e a ' H ' a a e c x a x  x p e Ó T O B  M a rH H T H b lM H  a a o M a j i a a M a  [ 2 7 ] ,  T a x ,  H a  T p e x  
n e p e c e a e H H H x  b  u e H T p a a b H o a  a  c e ß e p H o a  a a c T a  x p e Ö T a  H a ö a i o a a i O T C a  c a e -  
a y r o m a e  a 3 M e H e H a a  a H O M a a a a  A T. E c a a  b  C o M a n a a c x o a  x o T a o B H H e  H a -  
6 j ix )a a K )T C H  a ^ H H H o n e p a o a a a e c x a e  M a rH H T H b ie  a H O M a . i a a  c  a M n j i H T y a a M H  
ot —4 2 0  y a o  + 2 6 0  y ,  to  n p a  a o a x o a e  x  c x a o H y  A p a B a a c x o - M H a a H c x o r o  
x p e Ö T a  a ^ i H H H o n e p a o a H b i e  M a r H a T H b i e  a H O M a a a a  3 a T y x a x ) T  a B b i a e a a r o T c a  
x o p o T x o n e p a o a H b i e  a H O M a a a a  c  a M i u i H T y a o ô  ± 6 0 - + 1 0 0  y .  H aa p a t p T O B o ñ  
30H0ä a M n j i B T y a a  M a rH H T H b ix  a H O i M a ^ a a  B 0 3 p a c T a e T  o t —3 6 0  y  a o  + 4 0 0  y 
( p a c .  2 ) .  Ha M a i e p a x o B O M  c x a o H e  x  x ) r y  o t K a p a a a  H a 6 a x > a a K )T C f l  H HTeH- 
c a B H b i e  M a r H a T H b i e  aH O M a j iH H  c  a M n j i H T y a o a  ot —2 0 0  y  a o  + 4 0 0  y, xoto- 
p b i e  y  n o ô e p e j x b H  H H a o c T a H a  3 a T y x a x > T  a o  ± 2 0  y .  H e n o a x a  J l a x x a a a B c x a x  
OCTpOBOB X a p a X T e p H 3 y e T C H  HHTeHCHBHblMH n O a O H ÍH T e a b H b IM H  M a rH H T H blM H  
a H O M a j i a a  M a  c  a M n j i H T y a o a  a o  + 4 0 0  y, a  M a j i b a H B c x a x  o c T p o B O B  — n p e -  
H M y m e c T B e H H O  o T p a u a T e j i b H b m a  a H O M a a a a M a  c  a M n j i H T y a o a  a o  — 4 0 0  y. 
C e n u i e a b c x a e  o c T p o ß a  B b i a e j i a i o T C H  HHTeHCHBHblMH, n p e a M y m e c T B e H H o  ot- 
p a u a T e j i b H b i M H  M a r a a T H b i M H  a a o M a a a H M H  c  a M n a H T y a o a  b c p e a H e M  ± 3 0 0  y. 
M a c x a p e H c x a a  x p e ô e T  x a p a x T e p a a y e T c a  c j i a ô b i M H  M a rH H T H b lM H  a H O M a j i a a -  
MH c  a M n j i H T y a a M H  ± 6 0  y .  C e B e p H a a  a a c T b  M a c x a p e H c x o a  B n a a a H b i  6 o a e e  
a H O M a a b H a  ( ±  1 5 0  y ) ,  a e M  x m H a a  ( ± 2 0  y ) .

B A a e H c x o M  3 a a H B e  h b 3 0 H e  n o n e p e a H o r o  p a 3 a o M a  a  c a B H r a  A p a B a a -  
C X O -H H aH H C X O rO  X p e Ö T a  B bIH B JieH bl H H TeH C H B H bie M a rH H T H b ie  a H O M a j ia a  c  
a M n jiH T y a a M H  ot — 3 0 0  a o  + 4 0 0  y  ( o T a e J ib H b ie  M a x c a M y M b i a o  2 0 0 0  y  [ 1 6 ,  
2 8 ] ) .  B K p a c H O M  M O p e , o c o ô e H H o  b koxhoh a a c T a  b 3 0 H e  p a 3 B H T a a  p a i} )T a ,
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P h c .  2 . Cboâhwh pa3pe3 3cmhoh Kopbi, nocTpoeHHbifl no ceflcMHaecKHM h rpaBHMeTpnaecKHM naHHbiM no npocjiHjiio AijipHKa — CeftmeJibCKHe
ocTpoßa — UeHTpa^bHaa KOTJioBHHa HHAHHCKoro OKeaHa:

1 — cjioh Boa«; 2 — HeynjioTHeHHbie ocaaoMHbie OTJioxeHHa u =  1,8—3,2 KM/ceK, a = 2,0—2,3 z/cm3-, 3 — yruioTneHHbie ocaaoaHbie oTJioxceHHa
=3,3—4,8 KM/ceK, a = 2,4—2,5 z/cm3-, 4 — ocaflorao-ByjiKaHoreHHbie i>TJio>KeHHH («Hafl6a3aJibTOBbiñ» cjioh) w =  4 ,2 —5,8 KM/ceK, a= 2 ,6  z/cm3;

5  — nopoflbi KpncTajiJiHnecKoro mHTa («rpaHHTHbiñ» cjioh) o=4,7—5,9 KM/ceK, a = 2,7 z/cm3-, 6 — BTopoii «rpaHHTHbift» CJioii CefrmeJibCKHX
ocTpoBOB ü =  6,3 KM/ceK, a= 2 ,8  e I cm3-, 7  — «6a3ajibTOBbiH» cjioh ü=6,4—6,8 KM/ceK, a = 2,9—3,0 e/cM3-, 8—cepneHTHH HSHpouanHbie nepnaoTHTbi
aHOMajibHOH BepxHefl M3hthh d =  7,3—7,8 KM/ceK, o = 3 ,l e/cm3-, 9 — BepxHaa MaHraa v = 8,0—8,3 KM/ceK, o=3 ,3  e/cM3; 10 — hhjkhhh rpannna 
pa3ynjioTHeHna m3hthh; 11— nymcm ceftcMnnecKHx 30HnnpoBaHHH. CnjiouiHaa jihhhh— Ag HaémoaeHHaa; nymcmpHaa jihhhh— Ag BbWHCJiemiaa



HaÖJiioflaiOTiCH BecbMa xapaKTepHbie a a h  pncJiTOBbix 3 0 h  cpeAHHHbix oKeaHH- 
t c c k h x  xpeÖTOB HHTeHCHBHbie MarHHTHbie 3HOM3JIHH c aMnAHTyAaMH B cpeA- 
H eM  o t  — 500 y  a o  +  500 y  [21].

Ha OCHOB3HHH HMdOIUHXCH reOtJjHSHHeCKHX AaHHbIX H3MH 6 bIAH no- 
CTpoeHbi cxeMaTHHecKHe pa3pe3bi 3 c m h o h  xopbi ceBepo-3anaAHOH nacTH Hh- 
AH&cKoro oxeaHa h  KpacHoro Mopn (pwc. 3, 4, 5 ). n p H  noAcneTe b a h h h h h  
H3MeHeHHH pa3pe3a 3CMHOH KOpbl Ha HaÓJIIOAeHHbie HHOMaAHH CHAbl THHie-
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P h c .  3. C b o ä h h h  p a 3 p e 3  3eM H oft K o p b i, n o cT p o eH H b iH  n o  ceftcM nnecK H M  ii rp a B H M e T p im e -  
CKHM ASHHblM  B e p e 3  A a e H C K H H  38J1HB ( n o  4 8 ° E ) .  y c jIO B H b ie  o 6 0 3 H an eH H H  cm . p n c .  2

CTH njIOTHOCTH COOTBeTCTByKHIIHX CAOeB 3eM HOH K O pbl o n p e A e A H A H C b  n o  3 I i a -  
n eH H H M  r p a H H H H b i x  c K o p o c T e ñ  n p o A O J i b H b i x  b o a h ,  H c n o j i b 3 y a  S M n H p n n e c K y i o  
3aB H CH M O CTb CKOpOCTH p a c n p O C T p a H e H H H  npO A O JIbH bIX  BOJIH OT nAOTHOCTH 
n o  Heñcjiy h  ÆpewKy [32], P a 3 p e 3  n e p e 3  c e B e p o - 3 a n a A n y i o  n a c T b  H h a h h -  
C K o r o  O K e a H a  ( c m .  p n c .  2) n p o x o A H T  o t  K e H H n c K o r o  n o 6 e p e » b H  A iJ ip H K H  
( n o p T  J I a M y ) ,  n e p e 3  C o M a j i n n c K y i o  KOTAOBHHy k  C e f i i u e j i b C K H M  o c r p o B a M ,  
A a j i e e  n p H M e p H o  n o  5° io .  i n . ,  n e p e c e n a n  A p a B H H C K o - H H A H H C K n n  x p e ß e T ,  
M a j ib A H B C K H H  x p e ö e T  n  j K e j i o ö  M a r o c .  Ha o c h o b 3 h h h  r e o A o r o - r e o i ] ) H 3 H q e -  
CKHx h o c  Ji eAO b  a  h  h  h  t i a  c y u i e  y c T a H O B J i e H o ,  h t o  y n o 6 e p e > K b H  K c h h h  b  p a ñ o -  
H e  J I a M y  M o m n o c T b  o c a A O H H b ix  n o p o A  p a B H a  15 k m ,  n p n n e M  HH>KHHe 9 k m  
o c a A K O B  n p e A C T a B J i a i o T  c o ó o ñ  ( j )o p M a i i ,H io  K a p p y ,  c o c T o n m y i o  n p e H M y m e c T -  
BeHHO H3 K O H TH H eH T ajIbH bIX  (JiaUHH CO CKOpOCTblO n pO A O JIbH bIX  BOAH O K O A »
4,8 KMjceK. C e n c M H H e c K H e  n p o iJ iH A H  b  o x e a H e  x o p o m o  c o m a c y i O T C H  c  p e -  
3 y A b T a T a M H  HCCAeAOBaHHH H a  c y u i e  [15, 23].
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CeñcMHHecKHMH HccjieÄOBaHHHMH ycTaHOBJieHo, BTo CeñiuejibCKaH 6aH- 
Ka HMeeT MaTepHKOBblH Tun KOpbl. TpaHHTHbie nOpOÄbl, BbIXOabl KOTOpblX H a  

noBepxHocTb oÓHapyaceHbi Ha ocTpoße M aa, MomHocTbio ao  13 km c o c t o h t  
H3 flßyx CJIOeB. OepBblH CJIOH CO CKOpOCTbK) npOÄOJlbHblX BOJIH 5,6— 
5,7 KM/ceK aocTnraeT m o i u h o c t h  ao 3,5 km. n o a  s t h m  t h h h h h o  «rpaHHT- 
HbiM» caoeM saaeraeT  caon co cKopocTbio npoaoabHbix b o j ih  6,3 KM/ceK, k o -  
TopbiH, BepoiiTHo, cooTBeTCTByeT HecKOJibKo öoaee ynaoTHeHHbiM rpaHHTaM.

P h c . 4 .  CBOÄHbift pa3pe3 3eMHofl Kopbi, nocTpoeHHbiH no ceñcMHnecKHM h rpaBHMeTpnne-
CKHM Ä aH H b lM  B K p a C H O M  M O p e  (H O  16°N). Y c jIO B H b ie  o 6 o 3 H a i e H H H  CM. p n c .  2

H a rjiyÖHHe 13 k m  oÓ HapyaceH  ca oh co CKopocTbro n p o a o a b H b ix  BoaH
6,8 KM/ceK, THnHHHbiH aan  « 6 a 3 a a b T O B o ro »  c a o a  h j i h ,  n o  T ep M H H o a o m n  
aMepHK3HCKHx n c c a e a o B a T e a e n ,  n o p o a b i  OKeaH nnecKon Kopw. f p a H H u a  M 
o ö H a p y a c e H a  Ha rayÖ HH e 32 km noa CeHineabCKHMH ocTpoßaM H . H an M eH b -  
r n a n  MouiHocTb 3eMHon Kopbi oÓ H apyaceH a HenocpeacTBeHHO k  3anaay or 
CeHineabCKOH öaHKii,  r a e  BbiKanHHBaeTCH «oKeaHnnecKHH» c a o n  co  CKOpo- 
CTbio 6,8 KM/ceK, a  m 3 h t h h  H a x o a n T c a  Ha rayÖ KH e B ce ro  a n u i b  8,5 km HH>Ke 
ypoBHH M opn. J X a a e e  b 3 a n a a H o n  aacTH CoMaaHHCKofl KOTaoBHHbi b p á s p e 
s e  3eMHOH Kopbi cHOBa noHBaneTCH c a o n  c o  CKopocTbio 6,8— 7,2 KM/ceK, a 
rayÖ H H a noßepxHOCTH M n orpyacaeT C H  a o  13— 15 km HHHce ypoBHH M o pa .

B paiiOHe ßaHKH Cona ae  MaabH, pacnoaoaceHHon loamee CenmeabCKHX 
ocTpoBOB h HBamomencn nacTbio MacKapeHcxoro xpeÖTa, rpaHHTHbin caon 
He oÖHapyaceH. Pa3pe3 3eMHoii Kopbi Ha öäHKe Cona ae MaabH rannneH 
an a  OKeaHHiecKHx ocTpoBOB c ByaKaHHnecKHM ocHOBaHneM. n o a  caoHMH
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HeÖOJIblUOH M O m H O C T H  (CKOpOCTH npOAOJIbHblX BOJIH 1 , 7 2  H  3,25 K M , / C e t i ) , 
npejiCTaBjiHiomHMH KopajiJioBbie n o p o f l b i ,  cxoAHbie c  nopoAaMH, HaÖAeHHbi- 
MH Ha jm e CeñmejibCKOH 6 3 h k h ,  oÓHapyweHbi c j i o h  c o  c k o p o c t h m h  4,4 h
5,4—5,5 K M / c e t i  MOmHOCTblO COOTBeTCTBeHHO O K O J I O  3 H  4 KM.  3 t h  c j i o h  t h -  
ilHHHbl ÄJ1H ByjIKaHHHeCKHX OCTpOBOB H nOACTHJiaiOTCH MaTepHajIOM CO CKO-

150-|

+100-

0-
40,900-

40,800-

40,700'- 50-

40,600-

40,500-

-6-

-10-

-15- V

V-20-

+ + \- 25-

-30-

P hC. 5. CßOÄHblH pa3pe3 36MHOH KOpbl, nOCTpOeHHblH rio CeHCMHHeCKHM H rpaBHMeTpHie- 
CKHM ÆaHHbiM b KpacHOM Mope (no 25°N). YcJioBHbie oóoaiiaMeHHH c m .  pHC. 2

pocTbK) npoAOJibHbix bojih  6 ,8— 7,0 KMjceK [15, 30]. K 3anaAy ot  öaHKH C ohh  
Ae MajibH oÖHapyjKeHbi cjioh  co ck o p o c t h m h  npoAOJibHbix bojih  6,03 KM/ceK 
ÖOJIblHOH npOTHHieHHOCTH H MOIIJHOCTH.

3 t h  CJIOH, HeTHnHHHbie AJIH ByJIKaHHHeCKHX CTpyKTyp, MO>KHO paCCMaT- 
pHBaTb K an  npoAOJiHieHHe Ha io r  rpaH H T H oro  MaccHBa Ceim iejibCKHx o c i p o -  
BOB. AMepHKaHCKHe HccjieAOBaTejiH O p e H c n c  h I l l o p ,  o n n p a n c b  Ha s t h  dpaK- 
Tbi, n p e A n o j ia ra iO T ,  h t o  M acxapeH CKH H  x p e ö e T  0 '6 p a3 0 B a j ic n  b p e 3 y j ib T a ie  
ByJIKaHHHeCKOH AeHTeJIbHOCTH BAOJIb rpaHHUbl MaccHBa KOHTHHeHTajIbHOrO
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THna [15, 22]. n o a  ApaBniicKO-HHaHHCKHM xpeÖTOM, MOp^ojiornnecKH oneHb 
CXOaHblM CO CpeflHHHO-ATJiaHTH^eCKHM XpeÖTOM, aMepHKaHCKHe HCCJieAOBa- 
TejlH He OÓHapyJKHJIH aHOMaabHOH BepXHeH M3HTHH C nOHHHCeHHblMH CKOpO- 
-CTHMH npoAOJibHbix BOJIH, KaK B CpeflHHHO-ATJiaHTHHeCKOM H BOCTOHHO- 
'THXOOKeaHCKOM XpeÓTaX. B03M0HCH0, MaHTHH C aHOMaJIbHO HH3K0H CKopo
cTbio npoAOJibHbix BoaH b  3TOH oöaacTH ApaBHHCKo-HHflHHCKoro xpeöra ox- 
BaTbiBaeT oöaacTb i h h p h h o h  MeHee 300 k m  h  aMepHKaHCKHe ceñcMHHecKHe 
-CT3HHHH, pacnoJioHceHHbie Ha 3anaaHOM h  b o c t o h h o m  cKJioHax xpeÖTa Ha 
paccTOHHHH 300 k m  ap y r o t  ap y ra , nponycTHJin aHOMajibHyio 30Hy. CeücMH- 
qecKHe HCcaeaoBaHHH b  pmJiTOBOH 30He ApaBHiicKo-HHaHHCKoro xpeÖTa, npo- 
BeaeHHbie b  3 6 - m  peñce « B h t h 3 h » ,  oÓHapyacnaH b  s t o h  3>OHe Ha rayÖHHe 
7,5 KM OT ypOBHH MOpH CJIOH CO CKOpOCTblO npOÄOJIbHblX BOJIH 7,0 KM/CßK, a 
aMepHKaHCKHe HccaeaoBaTeaH noa 3 an a ä h  bí m noanoKHeM ApaBHHCKo- 
H h ä H H C K O T O  xpeÓTa — CJIOH CO CKOpOCTblO npOAOJlbHblX BOJIH 7,81 KM/ceK. 
Bo3MO>KHO, HenOCpeUCTBeHHO ROA ApaBHHCKO-HHaHHCKHM xpeÖTOM aHO- 
MajibHan BepxHHH MaHTHH npeacTaBaneT He eaHHbiñ MaccHB, a nepeaoBa- 
Hlie BepTHKaJIbHblX ÔjlOKOB C HOpMajIbHblMH H aHOM3JIbHbIMH (])H3HHeCKHMH 
CB0HCTB3MH, KOTOpbie Ha ÓOJIblUOH rayÖHHe, B03MOJKHO, HMeiOT OÖIHHH KO- 
peHb. OaHaKO (JiaKTHHeCKHX paHHblX eme HeaOCTaTOHHO ÄJIH OÄH03HaHHOrO 
peuieHHH 3TOTO Bonpoca. HHTeHCHBHbie noHHJKeHHbie aHOMajiHH c h j i h  THace- 
CTH b  peayKHHH Byre, noBbimeHHbie 3HaneHHH TenjioBoro noTOKa, xapaKTep- 
Hbie MarHHTHbie aHOMajiHH —  Bce s t h  oco'ÓeHHOCTH ecTecTBeHHbix nojieñ 3eM- 
J1H B COBOKynHOCTH C nOBblHieHHOH CeHCMHHHOCTbK) npHCymH ÄJIH Bcex cpe- 
ÄHHH00KeaHH46CKHX xpeÓTOB. ÜJIH yÄOBJieTBOpHTeJIbHOTO OÖ'bHCHeHHH HHTeH- 
CHBHblX HOHHHCeHHblX aHOMajiHH Byre Haa ApaBHHCKO-HHHHHCKHM xpeÖTOM 
npHXOÄHTCH aonyCTHTb noa 3eMHOH KOpOH MOIHMOCTblO OKOHO 8 KM HaaHHHe 
aHOMaabHOH BepxHeö m b h t h h  c  noHHjKeHHoii ao  3,1 a/cM3 njioTHOCTbio, oxBa- 
TbiBaiomeH oöaacTb rayÓHHoö oKoao 32 k m .  Ecan ace naoTHOcTb BemecTBa 
BepXHeÜ M3HTHH COXpaHHCTCH nOCTOHHHOH ( ~ 3 ,3  a/CM3) KaK noa XpeÖTOM, 
TaK h  noa npHMbiKaioiiiHMH KOTHOBHHaMH, t o  b  s t o m  caynae HaöaioaaeMbie 
HOHHHCeHHH aHOMaHHH Byre Haa ApaBHHCKO-HHaHHCKHM xpeÖTOM B03M05KH0 
oö-bHCHHTb yToameHHeM 3cmhoh ¡Kopbi noa xpeÖTOM ao  25 km. HaM 
KameTCH öoaee BepoHTHbiM BapnaHT HHTepnpeTapHH c pa3ynaoTHeHHeM Be- 
mecTBa BepxHeñ MaHTHii, x o t h  cBoeoöpa3He ApaBHHCKO-HHaHHCKoro cpe- 
aHHHoro xpeÖTa, KaK öbi 3aacaToro Meacay MacKapeHCKHM h  MaabaHBcKH- 
-MH XpeÖT3MH C rJiyÓOKHMH KOpHHMH B KOpe, MOHCeT npOHBHTbCH H B HeCKOHb- 
Ko h 'h o m ,  ao  cpaBHeHHK) co CpeaHHHO-ATaaHTHnecKHM xpeÖTOM, rnyÖHHHOM 
•CTpoeHHH ApaBHHCKO-HHaHHCKoro CpeaHHHOrO xpeÖTa.

r io  ce f icM H H ecK H M  a a H H b i M ,  b  c e B e p H O H  n a c T H  M a a b a H B C K o r o  x p e Ö T a  
M e a c a y  M a a b a H B C K H M  h  J l a K K a a H B C K H M H  o c t p o b 3 m h  o Ö H a p y a c e H  T H n H H H b iñ  
a a n  B y a K a H H H e c K H X  o c T p o B O B  p a 3 p e 3  3 c m h o h  K o p b i  —  n o n ™  5 k m  B y a x a H O -  
r e H H b i x  n o p o a  co c k o p o c t h m h  n p o a o a b H b i x  b o h h  3,8 H 5,0 K M / c e K ,  n o a c T H -  
J i a e M b l X  OCHOBHblM «OKeaH HHeCK'HM » ( « Ö a 3 a a b T O B b I M » )  C a o e M  3eM HOH KOpbl 
MOmHOCTbK) 10,6. KM  CO CKOpOCTblO n p O Ä O a b H b lX  B O aH  6,8 K M / c e K .  T p a H H U a  
M  o Ö H a p y a c e H a  H a  r a y ö i i H e  17,3 k m  n o a  y p o B H e M  M o p n .  l O x c H e e  b  p a 3 p e 3 e  
3 e M H 0 H  K O pbl  n O H B a n e T C H  c a o f l  MOIUHOCTblO OKOaO 5 KM  CO CKOpOCTblO n p o -  
a o a b H b i x  B o a H  6,13 K M / c e K ,  K O T O pbin  T a K a c e  M o a c H o  o m e c T H  k  B y a K a H H n e -  
CKHM n o p o a a M .  T p a H H u a  M  p a c n o a o a c e H a ,  B e p o f l T H o ,  H a  r a y Ö H H e  H e  M e H e e  
20  KM,  T a K  K aK  HeCMOTpH H a  TO, HTO CeHCMHHeCKHH n p O (} )H a b  Ö b i a  a a H H O H  
ö o a e e  100 k m ,  B o a H b i  o t  r p a n n u b i  M  H e  3 a p e r H C T p n p o B a H b i .  T p a H H u a  M  H a  
K>x<HOM K O H ite  x p e Ö T a ,  B e p o H T H O , p a c n o a o a c e H a  H a  ó o j i b i u e ñ  r a y Ö H H e .  H a a  
ö a H K O H  H a r o c  B b iH B a e H b i  c a o n  c o  c k o p o c t h m h  3,01; 4,76 h  6,79 K M /c e K ,  t h -  
n H H H b ie  a a n  K o p a a a o B b i x  h  B y a K a H H a e c K H x  n o p o a  h  a a n  o c h o b h o t o  O K e a H H -  
n e c K o r o  ( « ö a 3 a a b T O B o r o » )  c a o n .  H a o c h o b 3 h h h  c e H C M H n e c K H x  a a H H b i x  b h -  
H C H H a o c b ,  HTO M a a b a H B C K H H  x p e ö e T  n o  B e e n  a a H H e  c a o a c e H  h 3  B y a K a H H n e -
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CKOrO CJIOH MOIUHOCTblO OT 4 AO 5  KM, nOACTHJiaeMOTO «6a3ajlbTOBbIM» CJIOeM. 
HHTeHCHBHbie MarHHTHbie aHOMajiHH, BblHBJieHHbie nOHTH Ha BCeM npOTHJKe- 
HHH MajibAHBCKoro xpeÖ T a, noATBepjKAaiOT T an y io  Tom<y 3peHHH. BepoHTHo, 
o ö p a 3 0 B a H H e  h pa3BHTHe M aubA HBCKoro xpeÖ Ta npoHcxoAHJio BAOJib j ih -  
HeHHoro rjiyÖHHHoro pa3JioM a, n p n u e M  s t o t  n p o u e c c ,  HanaBiiiHHCH b k»k~  
h o h  n a c r a  xpeÖ Ta b p a ñ o H e  ö b h k h  M a r o c ,  b A a jibH eñm eM  oxBaTbiBaji B c e ö o -  
j i e e  ceBepHbie paño H b i.  B yjm aH H necK H e n p o u e c c b i ,  npH BeA uine  k  h 3 a h h h h h m  
jiaBbi h  oöpa30B3HHK) MajibflHBCKoro xpeÓ Ta, bo3m o>kho, 3axB3THJiH Ha ce- 
B epe npH M biK aiom yio  k  MajibAHBCKHM xpeÖTaM  n a c r a  H h a h h ,  r a e  in n p o K o  
pa3BHTbi T p a n n b i  ¿ e K K a H a .  J l a ó o p a T o p H b ie  H3MepeHHH c K o p o c f e ñ  npoAOJib- 
Hbix b o j ih  b pa3JiHHHbix o ö p a 3 u a x  T p a n n o B  aaiOT x o p o m e e  c o r j i a c n e  co  c k o 
p o c t h m h  npOAOJIbHblX BOJIH, HaÓJlIOAeHHblMH B By.TK3HOreHHbIX CJIOHX p a 3 '  
p e 3 a  3eMHOH K o p u  MajibAHBCKoro xpeÖ Ta [18]. B o 3 p a c T  T p a n n o B  H eK K aH a 
Kan n o  aócoJHOTHbiM onpeAejieHHHM., TaK h  n o  h 3 x o a k 3 m  tjiayHbi H a n ö o j ie e  
BepoHTeH B n p e ^ e j i a x  o t  B e p x n e r o  Mejia  a o  o j i n ro u e H a .  O c h o b h 3 h  M acea  
T p a n n o B ,  B e p c n r a o ,  H3JiH'BaAacb b p a n H e e  —  aoueH OBoe opeMH. üpeB H H H  
ByjiK3HH3M b p a ñ o H e  Ó3HKH M a r o c ,  B03M0HÍH0, npoHB.THJicH c  p aH H ero  HAH 
cp eA H ero  mejia [22]. I leTporpacjiH H  T p a n n o B  H eK K aH a T a n a te  noATBep>KAaeT 
r n n o T e 3 y  o  MHrpauHH paH H eM ea o B o ro  ByjiK3HH3Ma c i o r a ,  o t  0 3 H k h  M a r o c ,  
Ha ce'Bep, k  inoóepe>KHio H h a h h .  K a n  n o K a 3 a j i  Meíi3, coAepxcaHHe T Í O 2 ib j ia -  
Bax  HBjineTCH BecbMa t o h h h m  h h a h k 3 t o p o m  «BHyTpnoKeaHHnecKorQ» h j ih  
«BHeoKeaHHAecKoro» KaHH030HCKoro ByjiKaHH3Ma {20]. C oA ep u íaH H e  T Í O 2 
ó o j ie e  1 ,7 5 %  >'Ka3biBaeT Ha «BHyrpHOKeaHKHecKHii» ByjiK3HH3M. AHaAH3bi 
T p a n n o B  H eK K aH a AaioT c o A e p A ía a n e  T i 0 2 b cpeAHeM 1 ,9 1 % . X U h  o ó p a 3 -  
Uob T p a n n o B  c  ö o jib u iH x  rjiyÓHH coAep>KaHHe T i 0 2 B 03p acT aeT  a o  2 ,3 4 % ,  a 
AAH noBepxHOCTHbix T p a n n o B  —  noH H*aeTC H  a o  0 ,6 3 % ,  t .  e . n ep B O H an a jib -  
HO «BHyTpHOKeaHHHeCKHH» ByjIKaHH3M KaK Öbl TpaHC^IOpMHpyeTCH BO «BHe- 
OKeaHHHecKHH» ByjiK3HH3M [2 2 ]. H axo x íA eH H e  «BHyTpnoKeaHHnecKOH» JiaBbi 
Ha KOHTHHeHTe, B03M0>KH0, OÖyCJIOBJieHO ÖOAbUIHM OÖBeMOM OKeaHHHeCKOH 
MarMbl H HeOÖXOAHMOCTbK) BecbMa AJIHTeJlbHOrO B03AeHCTBHH KOHTHHeHTaAb- 
HOH CpeAbI AJIH H3MeHeHHH COCTaBa MarMbl.

,H,JIH yAOBJieTBOpHTejIbHOrO OÖ'bHCHeHHH HaÓJIIOAeHHblX aHOM3AHH CHvTbl 
THJKecTH b peAyKUHH B y r e  H aA  M ajibAHBCKHM  xpeÖTOM  H eoöxoA U M o A o n y c -  
THTb yT O Jim eH H e 3eM H oñ  K opbi ao  2 5  k m .

ñ p H  nOCTpOeHHH p a 3 p e 3 0 B  3eMHOH KOpbl B KpaCHOM  M O pe n o  UIHpOTe 
16° N  ( c m . p n c .  4 )  h 2 5 °  N  ( c m . p n c .  5 )  öbijiH H cn o Jib 3 0 B aH b i ceñ cM H n ecK H e
KOJIOHKH 3eMHOH KOpbl AJIH KpaCHOrO MOpH, nOJiyneHHbie XlpeHKOM H T hP A - 
jiepoM  [21]. i l o  ceHCMHHecKHM AaHHbiM, b p a 3 p e 3 e  3eMHOH Kopbi K p a c H o r o  
M opn BbiAejiHiOTCH: 1) HeynjioTHeHHbie ocaAOHHbie oTJioHceHHH co  c k o p o c t h 
m h npoAOJibHbix b o j ih  1 ,7 — 3 ,0  KM/ceK, BKJHonaiomHe oneH b n o p u c r a i ñ  Ma- 
T e p n a j i  h  n a c r a n H o  ynjioTHeHHbie ocaAKH; 2)  o caA onH bie  OTJiouíeHHH h  n u p o -  
KJiaCTHHeCKHH M aTepHajI c o  CKOPOCTHMH npOAO.TbHblX BOJ1H OT 3 ,0  AO 
5 ,0  k m / ceK\ 3 )  KpHCTajiJiHHecKHe nopoA bi co  c k o p o c t h m h  npoAOJibHbix b o jih
5 ,5 — 6 ,4  K M / c e K ’, 4 )  ocHOBHbie yjibTpaocHOBHbie nopoA bi co  c k o p o c t h m h  
npoAOJibHbix b o jih  6 ,7 — 7 ,4  KM/ceK.

BbiHBJineTCH H H T ep ecH an  o c o ö e H H o c r a  b p a c n p o c rp a H e H H H  . a r a x  n o p o a  
n o  aK B aT opH H  K p a c H o r o  M o p n . B  u eH T pajibH O H  t j i v ó o k o b o a h o h  n a c r a  K p a c 
H o ro  MOpH, KDJKHee 2 5 °  N , nopO A bl C O  CKOPOCTHMH npOAOJIbHblX BOJIH 5 ,5 —
6 ,4  KM /c eK ,  H H T e p n p e ra p y e M b ie  KaK n o p o A b i K p H C T a ju m n e c K o ro  iU H Ta, o t - 
cyTCTByiOT h 3aM eiuaioT C H  B bicoK O C K opocrab iM H  ( 6 ,7 — 7 ,4  K M / c e K )  n o p o A a -  
MH. CySHKHH 3ajIH B  H 38JIHB A K aÖ a  X ap3K TepH 3yiO TC H  OTpHH,aTeAbHbIMH a u o -
M3jiHHMH b peAyKUHH B y r e .  r i e p e x c A  ot o T p n uaT e jibH b ix  aHOMajiHH B y r e  c e -
BepHOH naCTH K p a c H o r o  MOpH K nOJIO>KHTejIbHbIM 3H0M3AHHM KOKHOH n a -  
CTH K p a c H o r o  MOpH, BepOHTHO, npOHCXOAHT B 30H e 33M eiUeHHH HH3KOCKO- 
p o cT H b ix  K p n c T a jijiH u e cK H x  n o p o A  BbicoKOCKopocTHbiM H. C e B e p H e e  2 5 °  N
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MarHHTHoe nojie oTHocmejibHo cnoKoftHoe, a K»KHee 25° N, b ueHTpaAbiHOH 
rJiyÖOKOBOÄHOH HaCTH KpaCHOrO MOpH, HaÖAIOAaiOTCH HHTeHCHBHbie 3H3KO- 
nepeMeHHbie MarHHTHbie aHOMaAHH, BecbMa xapaKTepHbie a a h  pmJiTOBbix 3 0 h  
cpeaHHHooKeaHHHecKHx xpeÖTOB. C  yneTOM arax  AaHHbix h b m h  nocTpoeHbi 
HanôoJiee BepoHTHbie pa3pe3bi 3eMHOH Kopbi h  BepxHen M 3 h th h  a a h  ceBep- 
HOH H K)>KHOH HaCTefl KpaCIHOTO MOpH. Pa3pe3 3eMHOH Kopbi KHKHOH HaCTH 
KpacHoro Mopn (c m . pnc. 4 )  BecbMa cxoAeH c pa3pe30M 3eMHOH Kopbi Apa- 
BHHCKO-HHflHHCKOrO CpejHHHOrO xpeÖTa.

ByjiKaHoreHHO-ocaflOHHaa TOJima co CKopocTbio npoAOAbHbix b o j ih  
3,7—5,0 KM/ceK, MomHocTbK) 2—3 km 3ajieraeT iienocpeAcraeHHO Ha yjibTpa- 
OCHOBHblX nopo/iax CO CKOpOCTblO npOAOAbHbIX BOJIH 7,0—7,3 KM/ceK. H a 
OCHOB3HHH HccjieflOBaHHH yjibTpaocHOBHbix nopoA, coöpaHHbix B 3 6 -m  pen
ce «BhTH3H» CO CKAOHOB pH^TOBblX ymejIHH TpeX BeTBefi CpeÄHiHHO-MHflO- 
oKeaHCKoro xpeÖTa (ApaBHÍicKO-HHAHHCKoro, 3anaAHO-HHAHHCKoro h  U,eHT- 
pajibHO-H’HÄHHCKoro xpeÖTOB), h  aHajiH3a HMeioiuHxcH reoij) h  3  h  n ec k h x AaH- 
Hbix (ceHÇMHHecKHX, MarHHTHbix, h  H3MepeHHH TenjioBoro noTOKa) no Cpe- 
AHHHo-HHflooKeancKOMy xpeÖTy T. B. y^nHueB n B. H. HepHbiuieBa Bbicna- 
3biBai0T npejuiojioHíenne, h t o  a ra  nopoAbi h b j ih i o t c h  Majion3MeHeHHbiMH no- 
pojiaMH BepxHen MaHTHH 3eMJin ([14]. BeAymHMH nponeccaMn (jMjpMHposa- 
HHH Kopbi b 3T0H 30He h b j ih i o t c h  cepneHTHHH3auHH Bemecraa BepxHeñ MaH- 
THH, npHBOÂHinan k yBejinneHHio ee oô^eMa, n k ropn30HTajibHbiM n Bepra- 
KajibHbiM pacTHJKeHHHM. B em ecrao BepxHen MaHTHH noA CpeAHHHooKeaHH- 
qecKHMH xpeÔTaMH h 3 x o ,h ,h tc h  b  ycJioBHHx noHHnceHHoro a a BJieHHH, o t h o -  
ciiTejibHo BbicoKHx TeMnepaTyp h  noABepraeTcn cepneHTnHH3aHHH h a h h 3 -  
MOMeTaMOp4>H3My. Bce 3TO, eCTeCTBeHHO, HpHBOAHT H  K COOTBeTCTByiOmHM 
H3MeHeHHHM (J)H3HHeCKHX CBOHCTB BeiHeCTBa BepXHeH MaHTHH, B H3CTHOCTH 
K yMeHbUieHHIO nAOTHOCTH H  rpaHHHHOH CKOpOCTH npOAOJIbHblX BOJIH. llOBbl- 
HieHiHbie 3HaneHHH TenjioBoro noTOKa b  KpacHOM Mope noAraepjKAaioT npa- 
BOMepHOCTb T3K0H HHTepnpeTaHHH [1 9 , 29 ]. 3oHa anoMaJibHOH MaHTHH noa 
io>KHoñ nacraio KpacHoro Mopn, BepoHTHo, npocrapaeTCH Ha 250—300 km 
no uiHpHHe h  3 4 — 3 8  k m  b  rjiyÔHHy.

C epneH TH H H 3aH H H  h  cooTBeTC TBeHHo p a c u iH p e H H e  T a K o ro  o ó t e M a  B e- 
in eC T B a BepXHeH MaHTHH, B03MOHÍHO, h HBHJIOCb npHHHHOH OÖ p330B3H H H  
p m JiT a  K p a c H o r o  M o p n  h  n o B o p o T a  A p aB H H C K oro  n o j iy o c T p o B a  npoT H B  n a -  
COBOH CTpejIKH H a 6 — 9°.

C T p o e H H e  3eMHOH KOpbi ceB epH O H  n a c r a  K p a c H o r o  M o p n  (c m . p n c .  5) 
ÖJIH3KO ík cTpoeH H K ) K opbi B H yTpeH H H x h  oK paH H H bix  M o p efl (C p e A H 3 e M H o ro , 
H e p H o r o  h  A p .) .  M o m n o c T b  3eM H oii K opbi b  npH Ô pen iH O H  n a c r a  H3MeHHeTCH 
o t  25— 3 0  a o  1 8 — 20 k m .  K o p a  b  ueH T paA bH O H  n a c r a  K p a c H o r o  MOpH H M eer 
H 0 p M 3 A b H y i0  BepxHIOIO M3HTHIO KaK nO COCTaBy, TaK H n o  (])H3HneCKHM CBOH- 
CTB3M. BepOHTHO , npOHeCC CepneHTHHH33HHH B e m e c r a a  BepX H eH  MaHTHH H 
pacTHJK eH HH h  n e p e p a ô o T K H  3eMHOH K opb i e m e  H e 3 a x B a r a j i  a T y  n a c T b  K p a c 
H o ro  MOpH.

0âH3K0 CAOH KpHCTaAAHneCKHX nOpOA, HM eiOmHX M o m n o c T b  OKOAO 
10 k m  y npnôpe>K H O H  h 2—3 k m  b ueH T p ajib H O H  n a c r a  MOpH, hbahctch  p a :3 0 - 
pB3HHbIM  H a ÖJIOKH BepTHKaJIbHblM H pa3A O M 3M H , 33nOAH6HHbIM H OCHOBHblMH 
HHTpy3HBHbiMH n o p o A 3 M H . Ho B e en  BepoHTHOCTH, ara p e 3 y jib T a T  n p o H e c c a  
n e p ec T p o H K H  3 eM H oü  K opb i. n p n n e M ,  A a n e e  H a c e B e p  n p o n e c c  n e p e M e m a e T -  
CH B B ep x  ino p a 3 p e 3 y .  T a n ,  b  3aA H B e A n a ô a  pm ])T  B biipanceH  H a jin n n e M  r p a -  
ÖeH'OB B MOIAHOH OCaAOHHOH T O A m e, H 30HbI pa3pbIB O B  He 3aXB3THAH CAOH 
K pncT aA A H necK H x n o p o A . 3 t o  noA T B epm A aeT C H  H aA H nneM  HHTeHCHBHbix o t -  
p n n a T e A b H b lX  aHOMaAHH CHAW TH m ecTH  Aga>as =  —  2 0 0  MZA, Agßyre =  
— (100 M2â ) h OTCyTCTBHeM 3aM eTHbIX M arH H TH bix aHOM3AHH [17 ],

HCCAeAOBaHHH B AAeHCKOM 33AHBe nOKa3aAH npOAOAH<eHHe pH([)TOBOH 
AOAHHbl atjipHKaHCKOH nAaT([)OpMbI Ha BOCTOK-CeBepO-BOCTOK K OCTpOBy Co-
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KOTpa, r\ae j i o a b o a h m h  xpeöeT h p»4)TOBan AOAHHa coeAHHBJOTCH c ApaiBHH- 
c k o - H h a h h c k h m  xpeÖTOM. 3 e M H a a  Kopa 3Aecb HMeeT CTpoeHHe, cxoAHoe cr 
ApaBHHCKO-'HHAHHCKHM XpeÖTOM H C H37KHOH BaCTblO KpaCHOTO MOpH (CM- 
pnc. 3 ) .  Cßepxy n o  pa3pe3y [28] 3aAeraioT MaAoynnoTHeHHbie ocaAKH m o u i-  
HocTbK) 0 ,5 — 1,2 km co c k o p o c t h m h  2 — 3 KM/ceK; HHXie pacnoAaraioTCH y n -

j i o T H e H H b ie  o c a A K H  n  B y A K a H o r e H -  
Hbie nopoAbi co c k o p o c t h m h  4,0—
4,5 KM/ceK MOIUHOCTbK) 1,2 KM. Oc- 
HOBHbie H VAbTpaOCHOBHbie I<pH- 
CTajiJiHHecKHe nopoAbi co c k o p o 
c t h m h  npOAOJIbHblX BOJIH 6 ,4 —
6.8 KM/ceK 3a.ieraiOT Ha rjiyÖHHe 
4—4,5 KM OT nOBepXHOCTH BOAbl. 
H a HeCKOAbKHX CT3HUHHX ÖblAH 3a- 
perH CTpnpoBaH bi CKopocTH 7 ,5 —
7 .8  K M / c e K ,  K O T o p b ie  h  x a p a K T e p n -  
3 y iO T ,  no Beeft BepoH TH O C TH , n o p o 
Abi a H O M a j ib H O H  B e p x H e n  M aHTHH. 
C a M a n  myöoKan r p a H H u a  co c k o 
p o c t h m h  7 ,5 — 7 ,8  K M / c e K  b  p a ñ o H e  
A a c h c k o t o  3 a j i H B a  o n p e A e j i e H a  H a  
T A yÖ H H e 10 km. P e 3 y A b T a T b i  r e o -  
(})H3HHeCKHX HCCAeAOBaHHH n o K a 3 a -  
AH, HTO, HeCMOTpH H a  p a 3 A H H H e  B 
A e T a A H X  C T p o e H H H , c T p y K T y p b i

AAeHCKoro 33AHB3 h K p a c H o r o  M opn ( iojkhoh  nacTH) BecbMa cx ojkh  h h b - 
AHIOTCH OAHa npOAOAHieHHeM ApyrOH.
• nep-CHACKHH 33AHB XapaKTepHSyeTCH 3HaHHTeAbHbIMH OTpHIIATeAbHblMH 

aHOMaAHHMH c h a h  THHcecTH (pnc. 6). Oh, BepoHTHo, oöpa30BaACH Ha Kope 
MaTepHKOBoro ra n a . EIo a s h h u m  npaHCKHX HCCAeAOBaTeAeïï [33], 3eMHan 
Kopa b  pañoHe 33AHBa HMeeT KOHTHHeHTaAbHoe cTpoeHiie. BepxHHH rpaHHT- 
Han TOAiua c a  =  2 ,7  s/cm3 HMeeT MomHocTb cBbiuie 2 5  km. Hn>Ke 3aAeraeT 
6a3aAbTOBbiH c a o h  c a  =  3 ,0  e/cM3. 3 t h  npeAnoAOvKeHHH noAyneHbi Ha o c h o -  
B3HHH KaneCTBeHHOH HHTepnpeTaUHH rpaBHTaUHOHHblX aHOMaAHH. CenCMH- 
neOKHX HCCAeAOBaHHH B nepCHACKOM 33AHBe, no Beei! BepoHTHOCTH, nona He 
npOBOAHAOCb.

TaKHM OÖpa30M, B HCCAeAOBaHHOM paHOHe BblAeAHeTCH 3eMH3H K opa  
n eT b ip ex  ocHOBHbix THnoB: MaTepHKOBaH, oKeaHHHecKan, n e p e x o A H a n  h K o p a  
CpeAHHHOOKeaHHHeCKHX XpeÖTOB.
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The geotectonic development o f the Ind ian  Ocean and the top  o f the E arth  

b y  E. Kraus

3 .  K P A y c

TEOTEKTOHHMECKOE PA3BHTHE HHAHHCKO TO OKEAHA 
H «KPbllUH MHPA» *

T e n e p b ,  nocjie  n o a B a e H u a  oraH U H O  B binoaH eH H O ü K a p ™  p eabe< })a  AHa 
M H AHH CKoro O K eaH a X e ü 3 e H a  h T a p n a  ( p n c .  1 ) ,  n p e a c T a B a a e T c a  b o 3 mo>k - 
HbiM HaM eTHTb x a p a K T e p  h n o c a e a o B a T e j ib H o c T b  n p o u e c c a  ap u< j)T a  M a T ep u -  
KOB n p H  M e3030HCK 0M  o 6 p a 3 0 B aH H H  (npH O TK pbiTH H ) H hä h h ck o to  O K eaH a. 
n p H  3TOM Mbi o n u p a e M c a  He T o u b K o  H a onyö jiH K O B aH H bie  b n o c a e a H e e  B p e - 
MH n p e ac T a B jie H H H  o  r a a B H b ix  n p n u H H a x  S T o ro  n p o u e c c a ,  ho  Ta«>Ke H e n o -  
c p e a c T B e H H o  H a p e 3 y a b T a T b i n a a e o M a rH H T H b ix , n a a e o K a u M a T H u e c K H x , n a a e o -  
re o rp a ( |)H H e c K H x  h  ceficM H uecK H X  u c c a e a o B a H H H .

Mbi HcxouHM H3 KOHuenuHH «ToHaBaHbi», t . e . CyiUeCTBOBaHHH ruraHT- 
CKoro KOHTHHeHTa, uacTHHHo pacnoaaraB iueroca b npeaeaax  io>KHonoaap- 
HOH OÖaacTH, KOTOpblH BnaOTb AO OKOHH3HHH naae030H B OCHOBHOM COCTOHa 
H3 oporeuoB, o6pa30BaHHbix u a  MecTe reocuHKauHaaeu. roHasaH a oÓKeau- 
HHaa aOMe3030HCKHe Hapa AHTapKTHKH, KDjKHOH ÂMepHKH, AtjipHKH, H h - 
aHH h AßcrpaaHH. 3 ïy  KOHuenuHio npeanom na BereHep eme b 1912 r .  [13] 
Ha tom  0CH0B3HHH, HTO b TeaeHue no3aHeKaMeHHoyroabHoro h paHHenepM- 
CKoro BpeMeHH oömupHbie uacTH 3THX HbiHe Tax aaaexo  ap y r ot  ap y ra  o t - 
CTOaiuux KOHTHHeHTOB óbiJiH nepeKpbiTbi o ö iu h m  MaTepHKOBbiM oaeaeHeHueM 
h Haxoauaucb 6aH3 «dhíhoto noaioca [6] (puc. 2 ).

HbIHe Mbi MOJKeM p33aHHHTb B TeHeHHe Me3030H H KaHH030H oKoao n a 
ra  raaBHbix (J)a3 s t o t o  nopa3HTeabHO rpaHauo3Ho npoTeKaBuiero pa3BHTHa 
yuacTKa 3eMHoñ noBepxHocTH b o ó aacra  HHauucKoro OKeaHa (BnaoTb ao 
ee HbiHeiuHero c o c t o h h h h ) .  B KaaecTBe nocaeaHero cyiuecTBeHHeuinero 
CaeaCTBHH 3T0T0 p33BHTHH MOHÍHO paCCM3TpHBaTb B03HHKH0BeHHe «KpblIUh 
MHpa» k  ceBepy h  ceBepo-BocTOKy o t  H hahh.

B e p o a T H b i H  x a p a K T e p  h  n o c a e a o B a T e a b H O C T b  r e o T e K T O H H M e c K o r o  

p a 3 B H T H f l  M H a H H C K o r o  o x e a H a

B TeueHHe n  e  p b o  u ( } ) a 3 b i  pa3BHTHa K m H bie  KOHTHHeHTbi ( lO iK H aa  
AMepHKa, AtJipHKa, H n a H a  h  A ß C T p a a H a )  o T a e a n a u c b  ot  A n T a p K r a a u  
B a o a b  p á 3 a o M a ,  p a c n o a o m e H H o r o  n epm jjepH aecK H  n o  OTHouieHHio k  o 6 a a -

*  X l o K J i a a ,  npo^HTaHHbift 3 hhdhh 1 9 6 6  r. H,a 3aceaaHHn KOJiJiOKBHyMa no MeToanne 
KapTnpoBaHHH AHa Mopen h OKeaHOB II M e»ayHapoA Horo OKeaHorpafjmqecKoro KOHrpecca 
b Mockobckom yHHBepcHTeTe, FlepcBOA c HeMeuKoro 5i3biKa E. B. /lopomeHKo u 
JX. n. HaflAHHa.
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CTH, o K p y m a r o m e i i  k o k h h ö  n o j i i o c .  B  n p e n e j i a x  n e p B b i x  k o h t h h c h t o b  n o c j i e  
n o 3 ^ H e n a j i e o 3 0 H C K o r o  M a r e p H K O B o r o  o j i e u e H e H H i i  k  H a n a j i y  T p H a c a  KJiH M aT 
c T a j i  T e n d e e .  O h h  n e p e n B H r a j i H C b ,  ö y n y i H  e m e  c o e n m i e H H b i M H  B M e c T e ,  k  c e -  
B e p y ,  H a B C T p e n y  a p y r o M y  n a j i e o 3 0 H C K O M y  m r a H T C K O M y  KOHTHHeHTy —  J l a B -  
p 3 3 H H .  y n O M H H V T b lH  B b i m e  O T ^ e j IH B m H H  HX OT A H T a p K T H Ä b l  p a 3 J IO M  B03H H K  
K a x  m y Ó H H H b i H  p a 3 J i o M  6 j i h 3  c o B p e M e H H o r o  5 0 °  io .  i i i .  h  n a p a j i J i e j i b H o  s t o h  
m n p o T e .  B n o j i b  H e r o  h  n a p a j i J i e j i b H b i x  e M y  p a 3 J io M O B ,  n o -B H A H M O M y ,  b  n e -  
p a o j b i  p acT H K v eH H H  n o n H H M a j i H C b  o r p o M H b i e  M a c c b i  H3 p a c n j i a ' B J i e H H o r o  o c -  
HOBaHHH, CaJIbCHMHKeCKOH OÓOJIOHKH 3 e M J I H ,  a  T3K>Ke H3 J I O K a m e H  I I O U H e ñ  
B e p X H e H  Ka.CTH M 3HTHH. n P H 3  TO M 3 0 H b I  p a 3 J 1 0 M 0 B  BCe Ó O Jiee  paCIUHipHJIHCb,

KS*

- 4 h

•w

P hc. 2 .  riojioJKeHHe k o h th h 6 h to b  b no3AHeM KapöoHe (no BereHepy, 1 9 2 4 ) .  npencTaBJie- 
hhh  A .  BereHepa o nepeMemeHHH KOHTHHeHTOB (3neñpo<j>ope3e) ocHOBbiBajincb Ha pacnpo- 
cTpaHemiH o c th tk o b  MaTepnKOBoro ojieAeHeHHH ( E  — to jibko  Ha em e o6i>eAHHeHHbix koh- 
THHeHTax), pa3MemeHHH MecTOHaxoHmeHHH yrjieft (K), cojieft (S) b apHÄHbix oÖJiacTHX 
(noKa3aHbi TOHKaMH), ra n ea  ( G )  h «necnaHHKOB nycTbiHH» ( W ) .  K p y m o H K H  c  tohkoh  
o6o3HanaroT npennoJiaraeM oe nojiojKeHHe io>KHoro h ceBepHoro noJiiocoB; nyHKTHp co 
CTpejiKoft noKa3biBaeT nepeMemeHHe nojiiocoB b no3flHeM KapôoHe h b TeneHHe nepMCKoro

n e p H O A a

T a K  h t o  n a c r a  r o H A B a r i b i ,  H a x o A H B i U H e c u  p a H e e  B M e c T e ,  o T A e J in j iH C b  a p y r  
o t  A p y r a .

3 t o t  npouecc npeacTaBJiaeT nojmyio a H a n o r a i o  c  npoueccoM, HbiHe nay- 
m « M  B BOCTOHHOH Ma CTH H c J i a H A H H ,  Tfle  OH 6bIJI  H e  OAII0  K p  3  TOO OHH'CaH ¡[1, 2 \  
noapoduee cm. 8]. OrpoMHoe 3HaneHHe noAoÔHoro MexaHH3Ma, aeñcTByio- 
m e r o  b  ueHTpajibHbix nacrax  O K eaH O B , m o j k h o  y B H f l e r a  H3 pnc. 3 .

0 6 m e e  n e p e M e m e H H e  n e r a i p e x  K O H r a H e H T a j i b H b i x  r a w  6  H a  c e B e p  n p o -  
H c x o f l H A o ,  oKeBHAHO, H e p a B H O M e p H O .  M e m a y  h i i m h  o 6 p a 3 0 B b i B a j i H C b  M e p n -  
A H O H a jib H O  H a n p a B J i e H H b i e  r o p H 3 0 H T a j i b H b i e  3 0 H b i  c b b h t o b  ( B l a t t v e r c h i e -  
b u n g e n ,  t r a n s c u r r e n t  f a u l t s ,  d é c r o c h e m e n t s ) ,  b o 3 m o > k h o ,  B b i p a m e H H b i e  n o -  
c T y M H o  K a k  j iH H e a M e H T b i ,  K O T o p w e  b  n o c j i e n y i o m e M  c T a J i n  c o c T a B H b iM H  n a c -  
THMH « M e H H a H H b lX  3 0 H »  [ 8 ] ,  T. e .  «C peflH H H O O K eaH H H eC K H X  x p e Ó T O B » :  C p e -  
AHHH O -H hA H H CK O T O  h  C pe U H H H O -A T J iaH T H H eC K O T O  B3JIOB. 3 t h  H p e B H e M e 3 0 -  
30 H C K H e p 3 3 J I 0 M b I  p a 3 A e J lH J IH  A ß C T p a j I H IO ,  H h I IH IO ,  J l e M y p H K ) ,  A 4 > p H K y  H 
lO i K H y i o  Ä M e p H K y .  H a  o c h o b 3 h h h  TOJibKo n a j i e o M a n m r a b i x  H 3 M e p e H H H ,  k o -  
T o p b i e  n e  o n p e a e . T H i O T  c o B p e M e H H o r o  A O J i r o r a o r o  n o j i o m e H H H  B a j í o s ,  H a  p n c .  4  
n o K a 3 a H b i  n p e n c T a B J i e H H H ,  n e  n o A T B e p H C Â e H H b ie  e m e  r e o j i o r m i e c K H M H  Â a H -
HblMH.
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P h c . 1. 0H3Horpac})HHecKaH cxeMa H h ä h h c k o to  oneaHa (no X e ii3 e n y  n Tapny, 1965). T y c T a fl Kocaa uiTpHxoBKa —  c k j io h h  CpeÄHHHO-MHÄHii- 
CKoro BaJia n ero npoAOJiweHHH; pHtjjTOBan nojiHHa noKa3ana nepHHM; penKoii k o c o h  iu tp h x o b k o í í  noKa3aHbi ynacTKH Bajía, npHJiewamHe k 
pn(j)Ty; nohochi c nonepenHbiMH pê KHMH inrpHxaMH — c k j io h h  KOHTiiHeHTOB h nJiaTo; j ih h h h  c TOHKaMn orpaHHHHBaiOT a6nccajibHbie paBHHHbi; 

ÆJiHHHbie TOHKHe CTpejiKH — noÄBOÄHbie KaHbOHbi; nyHKTiipHbie j ih h h h  —  CKJiâ KH; TOJicTbie nepHbie 3aocTpeiiHbie j ih h h h  — pa3JiOMbi
3aK. 652 CTp. 16—17



r i o  M e p e  c o B M e c T H o r o  n e p e M e m e H H H  s t h x  k o h t h h b h t o b  b T p n a c e  H a  c e -  
B e p ,  OHH n o n a ^ a j i H  b o ö a a c T b  6 o j i e e  ô b i C T p o r o  B p a m e H H H  3 c m a h .  n p H  s t o m ,  
OHeBHflHO, ÖOAbHIOH KOMnjl&KC, COCTOHBIIIHH H3 IO jK H O H  A M e p H K H ,  A (J)pH K H , 
H h a h h ,  B p a m a B u i H H C H  M e A A e H H e e  H 3 - 3 a  c B o e ñ  ó o A b i n e ñ  hhôphhh, H e c K O A b K o  
OTCT3B3A OT 3 H 3H H T eJlbH O  M e H b U ieÜ  A ß C T p aA H H C K O H  TAblÔbl, K O T O paH  MOTJia 
p a H b i n e  n p H c n o c o Ô H T b C H  k ó o j i b i u e ñ  c K o p o c T H  B p a m e H H H  a A A H n c o H A a  H e-  
c K o j i b K o  c e B e p H e e  5 0 °  io .  m. 3 f l e c b ,  k o h c h h o ,  H e j ib 3 H  3 a 6 b i B a T b  ,h o a c h c t b h h  
3 a K O H a  K o p H O J IH C a .  T a K H M  o 6 p a 3 0 M ,  BepO H TH O , 3 H 3 H H T e A b H 0  p a C IU H p H J ia C b  
C Â B H r o B a n  T p e m H H a  M e iK f ly  A B C T p a j iH H C K o ñ  r j i b i ô o H  h 3 a n a a H b i M  K O M njie K -  
COM KOHTHHGHTOB. 3 t H M  p a3 A O M O M  HBAHeTCH COBpeMCHHbfH X p e Ô e T  9 0 °  B. A - * ,

Phc. 3. MnpoBoe pacnpocTpaHeHHe MeAnaHHbix 30H pa3JiOMOB — cpeÄHHHbix oKeaHHnecKHX
BaJioB (no PaHKopHy, 1962)

BAOAb KOTOporO npOHCXOAHJIH MOIAHbie HOAHHTHH MaTMa'THHeCKHX MaCC (CM. 
pnc. 1 h 5). O t Hero k boctoky Ha MopcKOM AHe, no-BHAHMOMy, ocTanncb 
KpaeBbie cAeAbi, orpaHHHHBaioiuHe c iora h c ceßepa tot nyTb, no KOTopoMy 
AßCTpaJiHH ABHranacb Ha boctok. H a  lore stot nyTb orpaHnneH 30hoh pa3- 
aomob J3,HaM aHTHHa, a  Ha ceBepe — nymKOM pasAOMOB bao a b 3 ohackoh Ayrm  
KoHTHHeHTaAbHbte Maccbi k 3anaAy ot cABiira xpeÖTa 90° b. a- h 30Ha cpe- 
A’H hh 0 o k  e a  H.H h e c k 0 ro BaAa nepeABHraAHCb b 3anaAH0M h anpaBAeHHH. Pa3- 
AHIHMbie HbiHe npenHTCTBHH 3T0My nepeABHHCeHHIO TaM BnepBbie B03HHKAH, 
nan 6yAeT noKa3aHO HH>Ke, BiiepBbie Anuib nocAe Tpnaca.

B A a r o A a p n  3T0My BocTOHHOMy ApmJiTy AßCTpaAHH k MecTy e e  coB pe- 
MeHHoro noAOHceHHH h  nepe.M emeHiiio  ta bí 6  H h a h h , A4)pHKii, IO h íh o h  A M e
pHKH Ha 3 a n a A ,  HMeBiueMy MecTO e m e  b T p n a c e ,  CHanaAa o 6 p a 3 0 B a A a c b  iojk- 
H3H n acT b  H h a hh ck oto  OKeaHa. 3 to n p o H 3 o m A o  n o c n e  n ep B o ii  (Jia3bi yA aAe- 
HHH KOHTHHeHTanbHblX TAblÓ OT HOAIOCa B O B p e M H IB T O p O H, H O 3 A H e- 
T p n a c o B O H  e r a n n a  p a 3 b m t m  a. H a  pnc. 6 noKa3aHO H3MeHeHHe 
m H poT H oro  noAOHceHHH AßCTpaAHH n o  naAeoMarHHTHbiM AanHbiM c AOKeM- 
ÖpHH AO K3HH030H, HO 6c 3  HOnpaBOK Ha AOATOTy.

C ßH 3b H h a h h  c J le M y p H e ñ ,  cocTOHBiueii h3  M a A a r a c K a p a  h ö o A b m e n  
nacT bio  HbiHe norpy3HBmHXCH rn b iö  b o Ö A a c r a  CeñmeA bCK H x ocTpoBOB, a o -  
Ka3biBaeTCH a a h  lo p c K o ro  n e p n o A a  oömHOCTbio HCKonaeMoñ (JiayHbi. J leM y- 
pHH B lo p e  y>Ke OTAeAHAaCb OT AíjipHKH BAO A b M opcK oro  npoAHBa, BepOHTHO, 
n peA on peA eA eH H oro  npHMepHo MepHAHOHaAbiio H an p aB n eH H o ñ  30HOH c a b h -

* B o c t o h h o h k ä h ö c k h ö  xpeöeT Ha coBeTCKHx KapTax H h a h h c k o i o  OKeaHa (npu.u. 
nepeeodnuKoe) .

18

6 7 0



t o b .  nocjie^yiom ee OT^ejieHHe H h a h h c k o h  rAbiöbi o t  JleMypHH b pamieMe- 
jiOByio anoxy npoH30inxo, BepoHTHo, BAOAb [ i o a h h t h h  h c a b h t o b  i o x í h o h  na-  
c t h  KapjicßeprcKOH MeflHaHHoft 3 o h m , a TaKX<e b a o Jib ceBepnoro ynacTKa 
CpeAHHHO-HHAHHC'Koro BaAa. HMeHHO t o t a s  H h a h h  nepeMecTHAacb c b o h m  
BOCTOHHbIM KpaeM HeCKOAbKO Ha BOCTOK AO XpeÓTa 9 0 °  B. A. (KOTOpblH HbiHe 
He HBAHeTCH aKTHBHbiM cpeAHHHOoKeaHHHecKHM xpeÖTOM), a K)}KHbiM Kpa
eM — npHMep'Ho ao  4 0  0 K). u i .  OAHOBpeMeHHO noAHHTHe Macc b o  BpeMH pac-

.40.

P . r
p p l

30

JO DI

P h c . 4 .  nepeMemeHHe koh thh ch to b  b 
k)>khom n o J iy m a p H H  c  c e p e ^ H H b i  Me30- 
3 0 H  ( n o  P a H K o p H y ,  1 9 6 2 ) .  C n j io u i H b i e  
K O H T y p b l —  n O JIO JK eH H e KO HTHHeH TOB 
b c e p e ß H H e  M e 3 0 3 0 a ;  C T p e jiK H  —  H a -  
n p a a j i e H H e  n e p e M e m e H H H  koh thhch tob ; 
n y H K T H p H b ie  K O H T y p b i —  c o B p e M e H H o e  

n o j io > K e H H e  koh thh ch to b

T T e r t i a r y  
K  C r e t a c e o u s  
J J u r a s s i c  
I t  T r l a s s l c  
P  P e r m ia n  
C  C a r b o m i r r o u »

D  D e v o n i a n  
S  S i l u r i a n  
O  O r d o v n la T .
C  C a m b r i a n  

P i e - C  P r e - C a m b r i a n

P h c .  6 .  l lo j iW K e H H e  A ß C T p a jiH H ,  o n p e -  
A e J ie H H o e  n o  n a J ie o M a rH H T H b iM  ä s h -  
H blM , OT Ä O K eM Ö pH H  ÄO K a H H 0 3 0 H  (n O  

P a H K o p H y ,  1 9 6 2 )

THAieHHH K a p A c ö e p r c K o r o  B a A a  o ö y c A O B H A o  n e p e A B H J K e H H e  J l e M y p H H  k  3 a -  
n a À y .  T a n n e  A p m j iT O B b ie  n e p e M e m e H H H  n p o H 3 o u i A H  b  T p e T b i o  < J > a 3 y  p a  3- 
B H T H f l .  B T e n e H H e  T p e T b e f l  <J>a3bi, n o -B H A H M O M y ,  oK O H U H A o cb  A e n c T B H e  M e- 
x 3 H H 3 M a  n p o u e c c o B  p a c T H H c e H H H , p a c u i H p H B i u e r o  p a 3 A O M b i  h  n p H B O A H B i n e r o  
K nOAHHTHIO H3 TXyÔHH OTpOMHblX M a T M a T H ie C K H X  M aCC H T aK H M  0 6 p a 3 0 M  
Ö b lB U ie rO  npH H H H O H  KOHTHHeHTaAbHOTO ApH({)Ta H 0 6 p a 3 0 B a H H H  ( n p H O T K p b l -  
t h h )  H h a h h c k o t o  O K e a H a .  I l o c A e A O B a B i u e e  3 a T e M  n e p e M e m e H H e  H h a h h  k  
c e B e p y  y m e  H e  m o j k c t  ô b i T b  o ö - b H C H e n o  A e n c T B H e M  s t o t o  M e x a n H 3 M a .

r i o A K O p O B o e  T e n e H H e  n o A  H h a h h c k h m  o n e a H O M ,  H a n p a B A e H H o e  

k  c e B e p y ,  h  e r o  n o c A e A C T B H n

' H a  A H e  O K e a H a ,  n a n  h  H a  n y T H  T p H a c o B o r o  A p H ^ T a  A ß C T p a A H H ,  n p o c x e -  
>KHBaioTCH CAeAbi n e p e M e m e H H H  H h a h h c k o h  t a h ô m  b  M e A O B o e  B p e M H . 9 t h  
CAeAbi n p e A C T a B A e H b i  n a p a A A e A b H b i M H  3 0 H 3 m h  K p a e B b i x  c a b h t o b h x  p a 3 A o -  
MOB, O rp a H H H H B a iO m H M H  C 3 a n a A S  H c  BOCTOKa C p e A H H H O -H H A H H C K y iO  M e p H -  
A H O H a A b H o  B b iT H H y T y io  r n b i ó y  n  BQ3HHKUIHMH n p H  n e p e M e m e H H H  H h a h h  H a  
c e B e p .  B K a n e c T B e  b o c t o h h o t o  K p a e B o r o  p a 3 A O M a  c A e A y e T  p a c c M a T p H B a T b  
A H H e a M e H T  9 0 °  b .  a - ,  H e  H B x m o m n H C H  ö o A e e  c e ñ c M H n e c K H  aK TH B H biM . H a  c e -  
B e p e  A H H e a M e H T  n o r p y x i a e T C H  n o A  A e A b T O B b ie  o c a A K H  B e H r a A b C K o r o  3 3 A H -  
B a .  E r o  c e B e p n o e  n p o A O A m e H n e  n e p e c e K a e T C H  c  b o c t o h h h m  K p a e M  H h a h h .  
n p H M e p H O  T3KOH JK e AAHHbl 3 a n a A H b I H  K p a e B O H  p a 3 A O M ,  a  HMeHHO x p e ó e T  
H a r o c - J l a K K a A H B b i .  O h  H M e e T  c e B e p o - c e B e p o - 3 a n a A H o e  n p o c T H p a H H e  h  h c -  
n e 3 a e T  n o A  o c a A K a M H  A e A b T b i  H h a s .  E t o  c e ß e p H o e  n p o A O x x t e H H e  o6pa3yeT
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O K e a H O B  (n o  BeMMe-rceHy, 196 5 ). O  noKa3aH Hbix 3 ,n .e c b  M e r a y H , a a u , H s i x  no ,apo6H ee C K a 3 a H O

H a x o A H i u e f l c H  b  n e n a r a  3 aK g 5 2  c r p .  2 0 — 21



3 a n a Ä H b i H  xpañ H hahhckoto c y Ö K O H T H H eH T a .  3 a n a A H b i H  K p a e B o f t  p a 3 n o M  H e -  
CKOAbKO H 3 0 T H y T  K BOCTOKy. B e p O H T H O ,  3 T 0  HBAHCTCH p e 3 y A b T a T O M  AeHCTBHH 
e m e  h  H b r n e  c e ñ c M H n e c K H  a K T H B H o r o  K a p n c ö e p r c K o r o  ( C p e A H H H o -H H A H H C K O -  
r o )  B a j í a .  0 6 e  sth 30hw x p a e B b i x  p a 3 J io M O B  b H a c T O H in .e e  B p e M H  c e i i c M H H e -  
CKH H e  aKTHBHbl.

OepeMemeHHe H h a h h  k  ceBepy, BHe b c h k o t o  c o m h c h h h ,  npoHcxoaH.no 
yme nocne ApncjiTa AßCTpaAHH Ha b o c t o k  b  npHace: KaK b h a h o  Ha pnc. 1 h  
5 , BOCTOHHoe KpaeBoe orpaHHneHHe n y ra  nepeMemeHHH H h a h h  (xpeöeT 9 0 °  
b. a . )  cpe3aeT KpaeBbie orpaHHneHHH nyTH nepeMemeHHH AßCTpanHH. Ton- 
h o  TaK*e y aanaAHoro KpaeBoro orpaHHneHHH nyTH nepeMemeHHH H h a h h  
Hcne3aioT Bee HepoBHocTH peAbe(J)a A'Ha, HaónioAaeMue k  3anaAy o t  Haroc- 
JlaKKaAHBCKOH 30HbI pa3A0Ma.

C A p y r o H  C T o p o H b i ,  H hahh y m e  b  n o 3 A H e M e .T O B y io  a n o x y  33hha3 M ecTO  
BÓAH3H c B o e r o  c o B p e M e H H o r o  n o A o m e H H H .  3 t o  A 0 K a 3 b iB a e T C H  c y m e c T B O B a -  
HHeM X l e K a H C K o r o  6 a 3 a n b T O B o r o  n A a T O .  B e A b  M a c c b i  n o x p o B H b i x  6 a 3 a A b T O B  
npOHCXOAHT H3 0 C H 0 B 3 H H H  A paB H H C K O T O  M OpH, AHO KOTOpOTO T3K>Ke n O K p b l -  
T o  6 a 3 a A b T a M H .  B a 3 a A b T b i  n p o p B a A H C b  O A H O B p eM e H H o  n e p e 3  H H A H H C K y io  
c u a A H H e c K y K )  n A H T y ,  c y m e c T B O B a B i u y i o  H a  s t o m  M e c T e  y m e  b  n o 3 A H e M e -  
AOBOe B p e M H , KOTAa npOHCXOAHAO H3AHHH He A eK aH CK H X  A 3 B .

B no3AHeMeAOByio a n o x y  h b n a n e o r e n e ,  K orAa b THManaiiCKOii reocHH- 
KAHH3AH pacnpocTpaHH AO C b M ope TeTHC, ceBepHbiii K p añ  H hahhckoh nAHTbi 
6bin BOBAenen b noKpoBHbie c rpy K T yp b i  T H M an af tcK oro  o p o r e H a .  K p aeB b ie  
H3CTH nnHTbl HbiHe MOJKHO HaÖAIOAaTb B TeKTOHHHeCKHX 0KH3X 3T0H TOpHOH 
CHCTeMbl.

A ß H J K y m H e  C h a u  0 C H 0 B 3 H H H  H h a h h c k o t o  O K e a H a  b  M e n o B ö ë  B p e M H

A k t h b h m h  c p e A H H H O O K e a H H n e c K H H  B a n ,  o p H e H T H p o B a H H b i ñ  n p H M e p H O  
m n p o T H o ,  b  M e n o B o e  B p e M H  H e  c y m e c T B O B a n .  n o a T O M y  M e p H A H O H a n b -  
HbiH ApHtJjT  H e  MOH(eT 6 b i T b  o ö i m c H e H  npH M H H aM H , A e H C T B 0 B 3 B m H M H  p a H e e .  
J l n m b  b  T p n a c e  c y m e c T B O B a n  n o A O Ô H bif t  B a n ,  o ö y c n o B H B u i H H  n e p e M e m e H H e  
A H T a p K T H A b i  k  l o r y ,  a  o c T a n b H b i x  KOHTHHeHTOB —  k  c e B e p y .  3 t o t  B a n  y m e  
He  m o t  o ö e c n e H H T b  r o p a 3 A o  ó o n e e  n o 3 A H H ñ  c e B e p H b i ñ  A p m J iT  H h a h h ,  T a x  
K aK  o h  c a M  b  T e n e H H e  M e n o B o r o  n e p n o A a  6 b i n  p a c n n e H e H  H a  B c eM  c B o e M  
n p o T n m e H H H  H a  l o r e  H h a h h c k o t o  o x e a n a  p e r H O H a n b H b i M H  n e p e M e m e H H H M H  
k  c e B e p y .  n p n  3 t o m  o h  6 h a  n e p e A B H H y T  n p H M e p H O  c  5 0 °  io .  m .  a o  2 0 °  io .  m . ,  
t .  e .  H a  M e c r a ,  H a  K o x o p o M  e m e  b  r o p e  n a x o A H n a c b  H h a h h .  P n c .  1 h  5  n o K a -  
3bIB3IOT, HTO n O T epH B H IH H  aKTHBHOCTb T p H 3 C 0 B b IH  C pe A H H H O O K eaH H H eC K H H  
B a n  6 b i n  p a c n n e H e H  n p a B b iM H  c A B H ra M H  H a  l o r o m o c T O K e  h  a c b m m h  C A B H ra -  
MH H a  K ) r o - 3 a n a A e .  T a x H M  o 6 p a 3 0 M ,  o T A e n b H b i e  o ó a o m k h  B a n a  6 h a h  n a c -  
CHBHO n e p e M e m e H b i  A p y r  O T H O c H T e n b i io  A p y r a  n p n  B c e o ö m e M  n e p e M e m e H H H  
k c e B e p y .  M a K C H M a n b H o e  n e p e M e m e H H e  n a  c e B e p  H c n b i T a n a  B b iT H H y T a n  b  M e -  
p H A H O H a n b H O M  H a n p 3 B A e H H H  H e H T p a A b n a n  n a c T b  o K e a H n n e c K o r o  A n a ,  b  c b h -  
3H c n e M  H h a h h  h  A O C T H rn a  c B o e r o  H b i H c u i H e r o  n o n o m e H H H .  n o 3 a A H  a r a x  
y n a c T K O B  T a x m e  H a  c e B e p  n e p e M e m a n n c b  p a 3 A H H H b ie  n o  o n e p T a H H H M  n p e H -  
M y m e c T B e H H o  n o A B O A H b ie  r n b i ô b i  ( b  n a c T H o c T H ,  r n b i ô a  K e p r e n e H C K o r o  n n a -  
to). 3 t h  r n b i ö b i ,  n o  K p a H H e i i  M e p e  n a c T H H H O , n p e A C T a B A H iO T  o ö a o m k h  c e -  
B e p n o r o  c H a n i m e c K o r o  o ô p a M n e H H n  A H T a p K T H A b i .  C n e A O B a T e n b H O ,  n o A  hh- 
m h  e m e  h n o H b m e  r o c n o A C T B y e T  p a 3 p y m H T e A b H a n  r n y Ö H H H a n  a H e p r H H ,  H a -  
n p a B A e H H a n  h 3  k » k h o h  h o a h p h o h  o ô n a c T H .

T a K H M  o 6 p a 3 0 M ,  m u  n a ô n i O A a e M  p e 3 y n b T a T  a c h c t b h h  A e c T p y K T H B H o r o  h  
H a p a c T a B m e r o  k  c e B e p y  r n y Ó H H H o r o  a b h j k c h h h ,  o x B a T H B m e r o  b  TeneH H e M e - 
A O B o r o  n e p H O A a  B e e  o c H O B a H H e  H h a h h c k o t o  O K e a n a .  P e r H O H a n b H O  n p o H B -  
a h b l h h h c h ,  H a n p a B A e H H b i H  K c e B e p y  r n y Ö H H H b i i i  n o T O K  p a c n n e H H A  H e c o M o e  
h m ,  a  o ö a o m k h  n e p e M e m a A  c  c o ô o h .  T a K  6 b i n a  c o 3 A a H a  c o B p e M e H H a n  
K a p T H H a ,  « o x e a H C K a n  T eK TO H H K a»  H h a h h c k o t o  o x e a n a .  . H e ñ c T B H e  p e n r o H a n b -
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H o ro  rj iyÔHHHoro noTOKa cocTaBAHeT n e T B e p T y i o  a  3 y  p a 3 B H T H H  
OKeaHa.

OflHaKO 3T0T rnraHTCKHH rjiyÖHHHbiH noTOK npoflOJiHtaji AeñcTBOBaTb h 
b TpeTHHHoe BpeMH, cocT aB jiH iom ee  n h t  y  io cJj a  3 y  P 3 3 b h t h h .

Æ p H t j r r  H h a h h  k  c e B e p y  h  « K p b i m a  MHpa»

FIo m h m o  ynoM H H yT oro  Bbime BOBjieneHHH CTpyKTyp ToHABaHbi b  T h - ■ 
MajiañciKOH o p o re H  cym ecTB yeT , BepOHTHO, e m e  h A .pyran ,  öojiee n ia p o K a a  
CBH3b M e * A y  noHBjieHHeM H h a h h  b  n p e A e j ia x  o p o r e H a  TeTHc (Ha 3 a n a A e  b 
B e»ayA>KHCTaHe, Ha c e ß e p e  b  T H M a jiaa x ,  Ha BOCTOKe b  u e n n  BnpMaHCKHx 
r o p ) ,  C OAHOH CTOpOHbl, H TOpHCTblM H arOpbeM  «KpblHIH MHpa», C ApyTOH.

H e  TOJibKO caMbie BbicoKHe ro p b i  MHpa B03BbiuiaioTCH HaA h h a h h c k h m  
(Jjop.iaHAOM. C o j i n r o n e n a  HanaAOCb inocTeneHHoe o ö m e e  B03AbiMaHHe KaK 
ApeBHHx, TaK h  MOJioAbix TopHbix cHCTeM k  c e B e p y  h  BocTOKy o t  H h a h h :  T h h -  
A y K ym a, n a M u p a ,  K a p a x o p y M a ,  KyHbJiyHH, T n ô e T a ,  a  A a j ie e  k  BocTOKy Aa- 
J16KO 3a  inpeje .TaM H j i p h h 'h ä h h c k h x  ro p H b ix  CTpaH T3K>Ke ro pH b ix  c o o p y a ie -  
HHii BnjiOTb a o  öacceiiHOB 5 Ih h3 H  -H X y a H x a .  HecoMHeHHO, MOJioAbie a . ibnH ii-  
CKHe o p o reH b i TeTH ca npH 3 to m  npouiA H  HopMaJibHbiö inyTb pa3BHTHH h « 00- 
„le ¡r ipeiiMymecTBeHHoro norpy>KeHHH b TeneHHe rMnoporeHHOH reociiHKAH- 
HaAbHOH CT3AHH BCTyilHAH B CT3ÄHIO 3TIH0p0KHHe3a * ,  B (})a3y OÖpaSOBaHHH 
B bico K o rop H o ro  pe j ibe t j ia .  H o  BMecTe c  h h m h  b  TpeTHHHOM nepHOAe noAHH- 
AHCb b cpeAHeM Ha BbicoTy o t  4 0 0 0  a o  7 0 0 0  m, o 6 p a 3 0 B a B  « K p b m iy  MHpa», 
naAeo30HCKHe coopyiKeHHH, a  TaKHce em,e 6o A ee  ApeBHHe, a 3 b h o  ne H e n jie -  
HH3HpOB3HHbie OpOTeHHbie 06pa30B aH H H .

KaKHe >Ke CHAbl C03AaAH ST« MOAOÄbie BbICOKHe ropbi, HOAHHAII 3Ty 
«Kpbirny Miipa» na BbicoTy, HeH3BecTHyio h h taë  6oAee Ha 3eMjie? K Hop- 
Ma AbHOMV 3HH0p0reHH0My nOAHHTHIO 3AeCb npHCOeAHHHAHCb B03AbIM3HHH 
ropa3Ao óoAbuiero MacuiTaöa. CjieAyeT oOtHCHHTb, k8khm oöpa30M Harpo- 
MOHíAa.Tiicb cTo.ib BbicoKHe MOJioAbie ropbi. O h c b h a h o , h 6o 6 x o a h m o  npeAno- 
AOHiHTb, hto noA 3Ty «Kpbiuiy MHpa» npoHHKJiH orpoMHbie noAKopoBbie Mac- 
cbi, TaK KaK npeACTaBHTb o6pa30BaHHe TaM nycTOT haii  HeoöbinaHHoe vnAOT- 
HeHiie no po A , ecTecTBeHHo, HeB03M0>KH0. OTKyAa nee nocTynaAH TaKiie o r-  
pOMHbie noAKopoBbie Maccbl?

O hh  H e m ota h  n p H H T i i  c  c e B e p a ,  h 3 o Ó A a c T e ñ  n a j i e o 3 0 H C K o f t  h e m e  60 - 
A e e  A p e B H e i i  KOHCOAHAaHHH. H e  MOTAH OHH n p H H T H  T3K>Ke HH C BOCTOKa, HH 
c  3 a n a A a ,  TAe T3K>Ke p a c n o A a r a A H C b  M a T e p H K O B b ie  c T p y K T y p b i .  O hh  m ota h  
n p H H T H  TOAbKO C lOTa. J lH T O C lJ ie p a  T e x  G Ó A a C T e ñ ,  H3 KOTOpblX n e p e M e C T H A H C b  
n o A o ö H b i e  o r p o M H b i e  M a c c b i ,  A O A m n a  ö b i A a  b TpeTHHHOM  n e p n o A e  H c n b i T a T b  
p e r n o H a A b H b i e ,  xoth  h M e A A e H H b ie  o n y c K a H H H .  H T a K ,  n a n p a u i H B a e T C H  b h b o a , 
hto 3TH n i r a H T C K H e  M a c c b i  n o c T a B A H A n c b  o c H O B a H H e M  H h a hh ck oto  O K e a H a ,  
K O T o p o e  n o c A e  e r o  o 6 p a 3 0 B a H H H  b M e 3 0 3 o e ,  b n o 3 A H e T p e T H H H o e  B p e M H  6 h a o  
e m e  3H 3H H T eA bH O  H O TpyJK eH H blM . n O A O Ó H a n  B03MO>KHOCTb H a H Ö O A e e  B e p o -  
HTH3.

TaK>Ke HanpauiHBaeTCH npeAnoAonceHHe, hto ocoöeH H o 3HanHTeAbHbie 
Maccbi, nepeM ecTH BiunecH  Ha ceB ep  h bo cto k  noA  « K p b iu iy  MHpa», n p o n c x o -  
AHT H3 cpeA H en MepiiAHOHaAbHo BbiTHHyTOH H3CTH H ha hh ck oto  OKeaHa. 
H m ch ho  noA  3T0H HacTbio o x e a H a  AeñcTBOBaAO noA K opoB oe TeneHHe, n e p e -  
H e c m e e  H h a hio  Ha ceBep.

THraHTCKoe noA K opoB oe  TeneHHe, c  pe3yAbTaTaMH a c h c tb h h  KOToporo 
Mbl KOpOTKO 03H3KOMHAHCb, OTHIOÄb He 0CT3H0BHA0Cb n e p e A  THMaAaHMH. 
3 tot  orpoMHbiH TAyÖHHHbiii MaTMaTHHecKHH noTOK ABiiraACH h A aA ee Ha c e 
Bep noA ApeBHHe h MOAOAbie CKAaAH3T,bie ynacTKH cnaAHHecKOH Kopbi. Oh

* ÜOÄ opoKiine30M 3 . Kpayc noHHMaeT coBOKynHOCTb ABii>KeHHñ b  reocuHKJiHHa^ax 
(npuM. ped.).
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p a cn p o d 'p a H H J icH  T aioK e n a n e K o  Ha b o c t o k . H m ch h o  oh B03ABH rHyn « K p b i-  
Hiy MHpa».

B .  H .  KpecTHHKOBy h TL J I .  H e p c e c o B y  [10] npHHaAne>KHT 3 a c n y r a  n p o -  
BefleHHH, n o  KpaHHen M epe, b toh  nacTH «K pbiu iH  MHpa», KOTopaa o ß p a M n a -  
eT c c e B e p o - 3 a n a f l a  H h a h io , n epB b ix  cHCTeMaTHnecKHx reonoro-reoi})H3H He- 
CKHx HaöniofleHHH, a  TaKHíe nyénH K auH H  p e 3 y j ib T a ro B  s t h x  HaßnioAeHHH. 
M bi b h a h m  3 flecb  xp y n H b ie  6 a o k h , n o A H aT u e  Ha pa3AHHHyio BbicoTy o t h o - 
CHTejibHO a p y r n x ,  ocTaBHiHxca HenoABH>KHbiMH, 6 a o k o b , a  n o n o m e H H e  n o -  
BepxHOCTH MoxopoBHHHHa CHjibHo MeHHBTCH b n p e A e n a x  OT 3 0  AO 7 0  KM.  
3 to npoHBneHHe no3AHe- h nocneopoK HH eTH necK Hx HM nynbcoB. I l o  BpeMeHH 
H o co èeH H o  n o  cBoeMy npocTpaHCTBeHHOMy p acn p o c x p a H e H H io  s t h  HM nynb- 
cbi A a n e x o  npeBocxoAH T HOpManbHbiii M a c u n a ó  reo cH H K niiH anb H o -op o reH - 
H oro  n p o n e c c a .

CTOJib acHbiH x a p a K T e p  n p o a B n e H H a  9THX n p o u e c c o B  AaeT A ononH H Tenb- 
Hoe ocH o saH H e A n a  npH H U H nnajibH oro  pa3A eneH H a AByx reoAHHaMHnecKH 
pa3JiHHHbix a p y c o B  ABH*eHHH. M bi BbiAenaeM BepxHHH a p y c ,  b n p e n e n a x  
KOTOpOTO pa3BHB3IOTCa reOCHHKAHHaJIbHbie OporeHbl C HX HaCTHbIMH TJiyÖHH- 
HbiMH TeneHHaMH h nepeMemeHHHMM MarMbi, b KOHpe kohuob n p e B p a m a i o -  
m n e c a  b KOHTHHeHTbi, h hhíkhhh a p y c ,  3HaHHTejibHO 6 o n e e  rn yö oK O  p a c n o -  
jioaceHHbiH. B stom nocjieAHeM bo3hhk3iot KaK ropH 30H T anbH bie ,  TaK h Bep- 
THKajibHbie rjiyÖHHHbie TeneHHa ro p a 3 A o  6ÓJibuiHx M acu iT aôoB  h 3HanHTejib- 
Ho ó ó j i b in e ñ  npoAon>KHTenbHocTH. O a 3 b i  B a3p acT aH H a a H e p r n n  3 th x  TeneHHii 
bo BpeMeHH OTHioAb He B cerA a coB naA aioT  c STanaMH p o c T a  H an pam eH H H  b 
pa3JlHHHblX B 3TOM OTHOUieHHH JIOKajIbHO OTJIHHaiOmHXCH reOCHHKAHHaAHHX. 
riosTO M y qac T o  n poncxoA H T  koaah3hh Me>KAy ABH>xeHHaMH oöohx a p y c o B ;  
B TOM HHCJie iHHOTAa npH COBnaAeHHH HanpaBJieHHH ABHHieHHH npOHCXOAHT 
hx cAOJKeHHe. BepxHHH a p y c  aBTop b 1 9 5 0  r.  H a3 B an  « m n o p e o H O M »  ( H y p o r -  
h e o n ) ,  a  hhjkhhh —  «óaTHpeoHOM» ( B a t h y r h e o n ) . K p y n H b ie  n ep eM em e H H a  
b oô n acT H  OKeaHHHecKoro AHa h KOHTHHeHTanbHbiH aphkJit n p H H aA n earaT  k 
KaTeropHH ó a r a p e o H H b ix  abhjkchhh. BaTHpeoHHbie ABHxreHHa Bbi3biBaiOT n e 
peMemeHHH KpynHbix r n u ó ,  npH B O A am nx k o6 pa3 0B aH H io  npaMOAHHeÜHbix 
nOpa3HTeAbHO npOTH>KeHHbIX CABHTOB, nOAHHTHH KOAOCCaAbHbIX M acc  MarMbl 
b n p e A e n a x  cpeAHHHOOKeaHHaecKHX BanoB, a T a a m e  n p o n e c c b i  p a c T a m e H H a  
o rp o M H o ro  M a c u iT a ö a .  CnoJKHoe coneTaHH e ó a r a p e o H H b ix  h rn n o p eo H H b ix  
n p o u e c c o B  h b H a c T o a m e e  BpeM a e m e  n p o a B n a e T c a  B o x p y r  T n x o r o  o x e a H a  
b n p e A e n a x  aHAe3HTOBoro n o a c a .  n o A K o p o B b ie  TeneHHa noA Hhahhckhm  OKe- 
aHOM, H M eiom ne perH O H anbH oe p a c n p o c T p a H e H H e  h c cepeAHHbi M en oB o ro  
n e p n o A a  npoHHKUiHe noA « K p b im y  MHpa», npeA CTaßnaiOT xopou iH H  npH M ep 
öaTHpeoHHbix n p o u e c c o B .

H a  AHe OKeaHOB mm He pacno3HaeM hhk3khx cneAOB reocHHKAHHanb- 
Horo pa3BHTHa, 3a HCKmoneHHeM aHAe3HTOBoro noaca Boxpyr Tnxoro  OKea
Ha. B o  BHyTpeHHHX OCHOBHbIX HaCTHX AHa OKeaHOB, TaK * e  KaK H B K»KHbIX 
OKeaHax, oTcyTCTByeT THXooxeaHCKaa AH([)(J)epeHn.HanHH (xpoMe aHAeaHTO- 
Boro noaca), a Taxme aTAaHTHnecKaa A»(i>(i>epeHii,HanHa. H a  noApoÖHOCTax 
3AeCb HeT B03M0ÍKH0CTH OCTaH3BAHBaTbCa.

BbiBOAbi

X a p a K T e p  h nocneAOBaTenbHOCTb c o ô h t h h ,  npHBeAuiHx k o6p a30 B aH H io  
MOAOAoro H h a h h c k o t o  o x e a H a ,  M ano  e m e  oöocHOBaHHbie HaöniOAeHHaMH, 
MoryT öbiTb BbiacHeHbi e no M o m b io  reoreKTpHHHecKH AocTOBepHbix aaKAio- 
neHHH (cm. pHC. 1 H 5 )  06 OCHOBHbIX npHHHHaX nOCACAHHX KOHTHHeHTaAb- 
Hbix nepeM em eHH H.

B  oosAHeM naneo3oe ToHABaHa ( om . p n c .  2 )  6bina pacnneHeHa 30hoíí 
pa3AOMOB, OpHeHTHpOB3HHOH nepHtJiepHHeCKH K KOKHOnOAapHOH OÖnaCTH,
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Ha Äße n a c r a ;  A H T a p x r a a y ,  c o^ h o h  CTopoHbi, h lO a r a y i o  AMepHKy, AtJjpHKy, 
H h â h k) h AßCTpajiHK), c a p y r o u .  B paHHeM T p n a c e ,  B c a e a c r a H e  c u a b H o r o  Me- 
pHÄHOHajibHoro pacTHiKeHHH noÂKopoBOH npeHMymecTBeHHO 6a3aabTOBOH 
cajibCHMHqecKOH oöojiohkh  3eMJiH, n p o n c x o a n a  K oaoccaab H b iH  noflT>eM p a c -  
njiaiBjieHHbix Macc. y n o M H H y ra ie  Bbiuie neT b ipe  KOHTHHeHTaahHbie r a b iô b i  
COCT3BJIH/IH B OÔmeM e,AHHbIH MaCCHB H, BepOHTHO, ,BMeCTe C HX OCHOBâ- 
HHeM 6biJi.H nep eM em eH bi 3 a  50° io. ui. n p H  s t o m  b p e 3 y a b T a T e  pa3aHHHH 
b CKopocTH nepeM em eHH H  Meacay rab iô aM H  b o 3h h k jih  h  M epnaH OH aabH bie  
30HbI KpynHblX CÄBHTOB.

KpynHbie ynacran 3cmhch Kopbi, BcaeacTBHe MeHbuieñ CKopocTH Bpa- 
UieHHH B BblCOKHX UIHpOTaX, nO'BHAHMOMy, OKa3ajIHCb paCnOJIO>KeHHbIMH aa- 
aee  k 3anaay no cpaBHeHHio c MeHee KpynHbiM ynacraoM —  ABcTpaanen. 
3 to nocayaraao npnnHHOH aaabHemnero pacuiHpeHna 30Hbi MepHanoHaab- 
Horo pa3JioMa ( b o 3m o>k h o , pa3UOMa 90° b . a-) Memay ABCTpaaneii h 6oab- 
uien nacraio ToHaBaHbi (HHaneii, AijipHKOH, IO jkhoh  ÄMepHKoii). Bo bchkom  
caynae, b no3aHeM Tpnace nepeMemeHHe AßCTpaaHH Ha bo cto k  ocymecraaH- 
aocb nan 6bi Ha «aeHTOHHOM TpaHcnopTepe», pe3Ko orpaHHneHHOM ot  CBoe- 
ro oKpymeHHH k s k  cnpaBa (pa3aoMOM XlnaMaHTHHa), TaK h caeBa (nacran- 
HO CTpyKTypaMH ceBepo-BocTonHoro npocTHpaHHH) ( c m . pnc. 1 n  5). A bct- 
pajiHH nepeM emaaacb h 3 o ô aacra , 6 a h 3koh  k loamoMy noaiocy, k ee coBpe- 
MeHHOMy noaomeHHK) öoaee oKoammiM nyTeM, neM t o t , KOTopbiii noKa3aH 
Ha pnc. 6.

lOpcKHe OKaMeHeaocTH noKa3biBaioT, hto HHann nocae boctohhoto  
apH(})Ta AßCTpaaHH p acnoaaraaacb  na 3anaae BMecTe c JleMypneH (M aaa- 
racKap-CeâmeabCKHe ocTpoßa). JleMypnn 6biaa oTaeaeua ot  A $ p h k h , no 
Bceñ BepoHTHOCTH, TaKJKe pa3aoMOM nan, bo  bc hk om  caynae, MopcKHM npo- 
aHBOM. J I hihl  k nanaay  MeaoBoro ne.pnoaa 'B pe3yabTaTe nonnem a MarMW 
KapacôeprcKHH pa3aoM pacumpuacH, npeBpaTHBmHCb b ynacTOK CpeaHHHO- 
MHaHHCKoro Baaa. BcaeacTBne sto to  JleMypHH nepeM ecraaacb k 3anaay ot 
Ha3BaHHoro Baaa, a HHann k BocTOKy ot  Hero, Beponrao, aocrarayB  30Hbi 
pa3aoMOB 90° b . a. c k o k h h m  orpaHHneHHeM npHMepno Ha 20° io. m.

K cepeaHHe MeaoBoro nepHoaa b o ô aacra  Moaoaoro HHaHHCKoro OKea
Ha nponecc o6pa30BaHHH cpeanHHbix fiaaoB, cBH33HHbiH c noaneMOM MarMbl, 
oneBHano, 33KOHHHacH. riocae oôpa30BaHHH óoabineñ nacra  HHanflcKoro 
OKeaHa bm c cto  sto to  npouecca Hanaaocb rpaHaH03Hoe nepeMemeHHe c iora 
Ha ceBep. nocpeacraoM  pe3KHX npaBbix h aeBbix caBHroBbix nepeMemeHHH 
TpnacoBan io>KHOHHaooKeaHCKaH 30Ha noaHHTHH öbiaa npoaBHHyTa c 50° 
io. m. ao  20° io. m. n e p e a  Heio oôocoônaacb ( c m . pnc. 1 h 5) cpeaHHHOHH- 
anHCKan noaoca oKeaHHnecKoro ana , orpaHHneHHan cnpaBa, t . e. c BocTOKa, 
pa3aoMOM 90° b . a., a caeBa, t . e. c 3anaaa, 3 0 hoh  rpaôeHOB Haroc-JIaKKa- 
aHBbi. H a 3TOH MepnaHOHaabHOH noaoce, npocrapaBmeñcH, Beponrao, BnaoTb 
ao  BepxHeH MaHTHH 3eMaH, pacnoaaraaacb  HHanHCKan rabiöa. 3Ta rubiôa 
ôbiaa nepeaBHHyTa no MepnanoHaabHOH noaoce, KaK no «aeHTOHHOMy Tpaiic- 
noprepy», nepe3 SKBarap k ee coBpeMeHHOMy noaomemiio. B no3aHeMeao- 
Byio anoxy k 3anaay ot  KDjkhoh  MHaHH, a TaKme b npeaeaax  K>ro-3anaaHOH 
MHanH nepe3 oKeaHHnecKyio 3eMHyio Kopy npopBaancb noKpoBHbie 6a3aabTbi 
XlBKaHCKoro naano. HHann b 3 to BpeMH ébiaa yme « b HHann»! Ee ceBepHbiü 
Kpaii, caomeHHbiH roHUBaHCKHMH OTaomeHHHMH, '6bia BOBaenen B CTpyKTypy 
THMaaaHCKOH reocHHKaHHaau.

CTpyKTypbi an a  HHanficKoro OKeaHa b o c ho bh om  c4)opMHpoßaHbi B03- 
aeñcTBHeM perHOHaabHoro noaKopoBoro TeneHHH, aencTBOBaBiuero c iora 
na  ceBep b no3aneMeaoByio anoxy h b TpeTHHHOM nepnoae. OneBHaHO, 6y- 
aeT npaBHabHbiM npeanoaom Hra, hto 3 to ruraHTCKoe noaKopoBoe TeneHHe 
He ocTaHOBHaocb noa THMaaaHCKHM oporeHOM, ho npoHHKao noa 3eMHoü 
KopoH eme aaabm e b  HanpaBaeHHH ropHbix coopymeHHH, noKa3aHHbix Ha
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pnc. 7, noa TnöeT h ropHbie coopymeHHH, oßpaMAmoume H h a hk ). B pe3yab- 
t a ie  fleñcTBHH s th x  TeneHHii «Kpbiuia MHpa» öbiaa noAHHTa Ha coßpeMeH-

o Ja rkhand

Khotan

P h c .  7 .  C x e M a  3 a n a A H o i i  q a C T H  « K p b i u n ï  M H p a » .  y q a c T K H ,  n o n a 3 a H H b i e  i U T p n -  
X O B K o i i ,  n p c Ä C T a B . i H W T  B b i c o K O  n o j j H H T b i e  ( ö o j i e e  4 0 0 0  m nan y p o B H e M  M o p a ) ,  
h o  r j i y ö o K O  p a c H . n e H e H H b i e  r o p H b i e  c o o p y x c e H H H .  3 t o  r n r a n T C K o e  B 0 3 A b i M a H i i e  
H a q a j i o c b  n o c j i e  o . n u r o u e H a  B C J i e . a c T B u e  B 0 3 A e i t c T B H H  n o A K o p o B b i x  T e u e H H H  M a r 
M b l ,  n o - n p e > K H e M y  H a n p a B j i e H H b i x  H a  c e ß e p .  P a c n o j i o > K e H H a i i  H b i H e  k  l o r y  o t  
T u M a j i a e B  H h ä h h c k 3 h  r j i b i ö a  6 b w a  n e p e M e m e H a  s t h m h  T e u e H H H M n  k  c e B e p y  o t  

2 0 — 4 0 °  i o .  u i .  a o  1 0 — 2 5 °  c .  u i .

H b ie  oTM eTK H  o t  4 0 0 0  a o  7 0 0 0  m  H a a  y p o B H e M  M o p n .  T i i r a H T C K a H  l o n m a a  
B H p r a u H H  T H M a j i a e B  c  h x  o r p o M H b i M H  ,b bí c o i a  m u  a e a a e T  o t o  oaeBHAHbi.M . 

H a m a  cxeMa, k o h c h h o ,  TpeöyeT eme m h o t h x  yTOHHmouuix h  aonoaHH- 
l o m H x  ee H a ö a r o a e H H H .
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ISLAND ARC SYSTEM IN ANDAMAN SEA1

L . A U S T IN  W EEKS,* R. N. H A R B IS O N I and  G. PETER*
Silver Spring, M aryland

ABSTR AC T
A  sub-bottom profiler survey o f the Andaman Sea was conducted as part- o f the marine geo

physical program of the U. S. Coast and Geodetic Survey during the International Indian Ocean 
Expedition. The survey lines were run at righ t angles to the predominantly north-south tectonic 
lineations of the island arc system.

A  20,000-joule sparker, energized every 4 sec, was used as a sound source and was towed about 
100 m behind the ship. A  20-hydrophone array received the reflected signals, which were recorded 
both on a paper strip chart and magnetic tape.

The sub-bottom profiler sections and the marine gravity and magnetic measurements augmented 
knowledge of the geology o f the island arc system; the linear structural belts on land were traced 
through the Andaman Sea by geophysical methods. The structural development of the island arc 
system from  east to  west can be traced, based on available continental and marine data.

I t  was possible to  delineate the major segments of the island arc system through a distance of 
600 nautical m i (1,110 km ) in the Andaman Sea, specifically, the foredeep, outer sedimentary island 
arc, interdeep, inner volcanic arc (and r i f t  va lley), and backdeep.

I n t r o d u c t i o n

As part of the International Indian Ocean Expe
dition the U. S. Coast and Geodetic Survey ship 
Pioneer conducted continuous sub-bottom profiler 
surveys in the Andaman Sea. These surveys were 
designed to study the nature of the great Indone
sian island arc system between Sumatra and 
Burma, and to show the possible interrelations of 
these areas as common members of a single great 
structural geologic province.

G e o l o g i c  H i s t o r y  a n d  T e c t o n i c  D e v e l o p m e n t

The Indonesian arc developed on the landward 
side of its associated submarine trench, a feature 
which is typical of all arc-shaped island chains. 
For this reason the origin of island arc trenches 
is believed to be closely related to crustal move
ment. This view is substantiated further by the 
facts that earthquakes commonly occur along 
trenches, and their foci deepen markedly land
ward to depths greater than 200 mi. Volcanoes 
also occur in parallel zones along many of the 
trenches and lie approximately above the zone of 
intermediate-focus earthquakes (landward of the 
trenches). In the Andaman Sea volcanoes are 
present on the landward side of the outer sedi
mentary island arc.

The tectonic development and patterns of the

'M anuscrip t received, M ay 27, 1966; accepted, N o
vember 18, 1966.

2 Institu te fo r Oceanography, Environmental Science 
Service Adm inistration; form erly w ith  U. S. Coast 
and Geodetic Survey, Rockville, Maryland.

Andaman Sea region are discussed in an east-to- 
west direction (Fig. 1).

The Malay Peninsula is the tectonic continua
tion of the eastern Burma north-south fold-moun- 
tain system, which, at the southern end, swings 
eastward, parallel with the island arc system, into 
Borneo. The main fold axes in the southern pen
insula trend slightly west of north, changing per
ceptibly to east of north at the Thailand-Burma 
border. These structural trends are at an acute 
angle to those of the island arc and are nowhere 
precisely parallel with them. The Mergui Archi
pelago along the west coast of Burma is moder
ately faulted and has been submerged slightly in 
late geological time (Chhibber, 1934). The Ma
lacca Strait and adjoining Sunda Shelf also were 
submerged during Recent time.

A large fault, striking north-south through cen
tral Burma, extends seaward into the Gulf of 
Martaban. In the 1964 Pioneer survey the sub
bottom profiler sections did not extend far 
enough east to detect this fault under the Anda
man Sea. However, the bathymetry of the eastern 
Andaman Sea shelf and the magnetic observa
tions suggest that it is present. Differences in 
structural grain between the Malay Peninsula and 
trends of the island arc on the west could be ex
plained by such a fault, downthrown toward the 
west.

The Malay peninsula came into existence dur
ing the Mesozoic as a result of a series of di
astropha cycles during Triassic-Jurassic time. 
The cycles radiated from an older center of-

Collected reprints o f  the International Indian  Ocean Expedition, vol. V III , contribution  no. 643 679
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orogeny on the east (Van Bemmelen, 1949). Evi
dence for this Triassic-Jurassic orogeny includes 
the folding of older sediments and intrusions of 
granitic rocks during Triassic-Jurassic time.

The sedimentary oil-producing basins of Suma
tra and Burma (backdeep) are interconnected 
through the Andaman Sea, and are terminated on 
the east by a fault or by the abruptly sloping 
“basement rocks” of the Malay Peninsula. Ac
cording to Krishnan (1960) the Andaman Sea 
probably acquired its present shape at the end of 
the Cretaceous.

West of the peninsula and the backdeep basin 
zone is the Cretaceous folded belt or inner vol
canic arc. This belt can be traced from central 
Burma across the Irrawaddy delta, through Nar- 
condam and Barren Islands and Invisible Bank, 
into the volcanic Barisan Range of Sumatra, 
thence through Krakatoa and the Indonesian is
lands. The main orogeny, at the end of the Creta
ceous, folded and thrusted the pre-Tertiary sedi
ments toward the southwest. Uplift and emplace
ment of batholiths followed. In Sumatra, the 
whole length of the Barisan Range was elevated 
during the Plio-Pleistocene (Van Bemmelen, 
1949). The Semangko graben (rift) zone de
veloped as a post-elevation collapse feature. The 
whole inner volcanic arc comprises a positive 
isostatic anomaly.

Across an intervening inner sedimentary trough 
or interdeep, the next belt on the west is the non- 
volcanic outer island arc. It can be traced from 
the eastern Himalayan arc southward through east
ern India, Burma, the Andaman and Nicobar Is
lands, and the islands west of Sumatra. This is a 
Tertiary fold belt, and forms the present-day outer 
island arc. The rocks of this belt are predominantly 
marine sediments which have been folded, faulted, 
and uplifted. The belt is isostatically negative, in
dicating a deficiency of mass—in direct contrast 
to the inner volcanic arc.

West of the outer island arc is the foredeep or 
trench. On the south, this feature is called the 
“Java trench.” As a morphological feature the 
trench does not extend north of Simalur Island 
(3°N.), nor is it present off the Andaman and 
Nicobar Islands (Van Bemmelen, 1949). How
ever, the 1964 Pioneer survey work indicates that 
the trench is present as a buried structural fea
ture off these islands. Vertical and (or) horizon
tal movements in the northern part of the Anda

mans are believed to have occurred earlier than 
in the southern part. There is a definite gradation 
from coarse to fine sediments in Eocene beds 
from north to south. Therefore, movements in 
the Andamans and Nicobars are believed to pre
date the equivalent belt farther south along the 
Indonesian chain. Westward thrusting of the 
outer island arc geanticline had more or less 
ceased prior to the Miocene—as indicated by 
Miocene sediments that rest unconformably on 
older rocks and are hardly folded (Van Bemme
len, 1949). Subsequent elevation of the outer is
land arc during the Quaternary has resulted from 
vertical uplift combined with a post-glacial rise in 
sea-level.
, Van Bemmelen (1949), in his classic synthesis 
of the geology of Indonesia, ascribed variations 
along various parts of the same structural belt to 
the fact that different orogenic centers or foci 
were involved. He believed that the Andaman Sea 
belts developed from a different orogenic focus 
than did the areas south and north. Van Bemme
len also concluded that northern Sumatra (Atjeh 
section), near which the Pioneer ran several track 
lines, belonged to the same orogenic system as the 
Andaman Sea.

S u b - B o t t o m  P r o f i l i n g  R e s u l t s

Sub-bottom profiling was done along five sec
tions that cross the structural belts of the island 
arc system in the Andaman Sea (Fig. 2). Figure 
3 shows sections 1 and 2. Figure 4 shows sections 
3, 4, and 5. Section 5, the southernmost, is 
confined to the backdeep. Section 4, just north of 
Sumatra, extends from the backdeep to the axis 
of the outer island arc. Section 1, a discontinuous 
profile, extends from the backdeep to the fore- 
deep along the Ten Degree Channel just north of 
Car Nicobar Island. Section 3, the northernmost, 
extends from the backdeep in the vicinity of the 
Tenasserim coast of Burma across the submerged 
Irrawaddy delta to a point just south of Preparis 
Island, and then northwest across the outer island 
arc.

The sections, as interpreted, show form lines of 
the structure and approximate thicknesses of 
sedimentary layers. Some of the faults indicated 
on the sections are clearly observed on the sub
bottom profiler records. Others are inferred be
cause the attitude of the beds and the structural
ly complex geology of the area make their iden-
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Fig. 2.—Island arc elements of Andaman Sea. Locations of sections 1-5 (Figs. 3, 4) shown. Locations of 
Figures 5-8 also can be determined from  this figure.
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F ic. 3.— Sections 1-2, Andaman Sea island arc system. Locations shown on Figure 2.

tification less certain. Fault planes and the direc
tion of movement along faults commonly are 
indefinite.

The horizontal scale of the interpreted sections 
is based on the ship’s position fixes. These were 
made at 30-min intervals while traveling at a 
speed of about 5 knots. Hence, each fix point 
marked on the sections is separated from the ad
jacent fix by a 30-min time interval—regardless 
of the number assigned to‘it—and the horizontal 
scale is approximately 5 nautical mi between 
every second fix mark. Analysis and interpreta

tion of the results preceded the receipt of adjust
ed fix locations by many months, but the 
differences between the true or corrected track 
line (as on Fig. 2) and the section track lines 
(Figs. 3, 4) are relatively slight.

Penetration depths are uncorrected for sound 
velocity. The scale of the sections is based on a 
velocity of 1,600 m/sec, or 5,248 ft/sec. Where 
“lower velocity” sediments overlie or are adja
cent to “high-velocity” rocks, any particular ve
locity assumption is incorrect. A higher estimated 
velocity would increase the thicknesses of sedi-
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Fig. 4.—Sections 3-5, Andaman Sea island arc system. Locations shown on Figure 2.
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F ig . S.— Section 4, f ix  639, southwest-northeast profile. Sediments on southwest ( le ft)  are seen to 
disappear against hard bedrock or volcanics toward northeast. Mass on northeast is western block o f inner 
volcanic arc, supposedly a horst block. A  fau lt is postulated at r igh t side of picture, upthrown toward north
east. For location, see Figures 2 and 4.

ments penetrated, perhaps as much as SO per cent 
in some cases. Bottom depths change greatly 
throughout the Andaman Sea; therefore instru
mental scale shifts were frequent. The results of 
the sub-bottom profiler surveys are discussed 
from south to north.

NORTHERN SUMATRA— SECTIONS 4 AND S

The two profiles just north of Sumatra were 
made in order to cross known trends of major 
proportions. Section 4 (Fig. 4) begins on the east 
flank of the outer island arc, which plunges steep
ly into the interdeep. Clear evidence of sedimen
tation is lacking, possibly because of the rugged
ness and steepness of the slope. However, bed
ding and some indications of faulting can be seen 
at the top of the arc. Simalur Island, on the 
south, is a geanticline cut by north-south-trending 
transverse faults (Van Bemmelen, 1949). From 
the interdeep to fix 639 several unconformities 
are detectable. Sediments Southwest of fix 639 
(section 4, Fig, 4) disappear against hard bed
rock or volcanics on the northeast (Fig. S). The 
mass on the northeast is the western block of the 
inner volcanic arc—a horst. A fault is postulated 
at fix 639, section 4 (Fig. 4), upthrown toward 
the northeast.

The part of section 4 from fix 639 to 648 is

the offshore continuation of the pre-Tertiary and 
lower Tertiary block-mountain system of north
ern Sumatra. The block is represented by the 
western side of the Atjeh graben and the islands 
west of the Bengal Passage. There is a lack of 
obvious bedding on the records, probably because 
the rocks are dense. On Sumatra, these rocks are 
primarily Permo-Carboniferous sediments (un
doubtedly metamorphosed), diabase, and serpen- 
tinites (Geologic Maps of Netherlands Indies, 
1927). The Atjeh graben, part of the Semangko 
fault zone which can be traced the entire length 
of Sumatra, shows up very clearly. It is consid
ered to be a relaxation feature after the Plio- 
Pleistocene uplift in the Barisan (Van Bemmelen, 
1949). On Sumatra the graben is filled with Neo
gene (Pliocene and Miocene) sediments which 
are overlain by Quaternary and alluvial deposits, 
and extends into the Bengal Passage. East of the 
graben in northern Sumatra the rocks are primar
ily volcanics (post-lower Tertiary?), identified as 
andésite effusives, or are block-mountain struc
tures similar to those on the west side. The whole 
belt from fix 639 to fix 656 represents the inner 
volcanic arc, including the Semangko fault zone.

Northeast of the inner volcanic arc is the back- 
deep. This is the Andaman Sea extension of the 
Sumatra oil basin. Folding and faulting are evi-
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Fig. 6.— Section 4, fix 671, southwest-northeast profile. Unconform ity, showing bottom  beds rising toward 
northeast and overlying beds wedging out. Bottom  beds reflect one side of an arch whose peak reaches bottom 
surface beyond picture (rig h t). For location, see Figures 2 and 4.

dent. In this area and also in Sumatra, structural ward the northeast (Fig. 6). Beyond fix 673 and
complexity tends to decrease away from the inner northeastward to the large fault at fix 675 (Figs.
volcanic arc. The zone between fixed 660 and 665 4, 7), sub-bottom reflections disappear (Fig. 6).
is more contorted than are zones on the north- The writers interpret this to mean that the “base-
east. Fixes 665 to 673 are in a broad synclinal ment” or volcanic rocks are faulted against ap-
trough, although the bottom rises gradually to- proximately 1,600 m of sediments. The fault does

F ic . 7.— Section 4, fix 675, southwest-northeast profile. Large fau lt downthrown toward northeast (rig h t). 
Southwestern block consists of “ basement”  or volcanic rocks faulted against approximately 1,600 m of sedi
ments. Note how basal sediments dip in to  fault, whereas youngest beds drape across fau lt and onto “ basement”  
or volcanic block. Small buried channel can be seen above fau lt plane, as well as larger buried channel on 
right. For location, see Figures 2 and 4.
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m

F ig . 8.— Section S, fix  100, northeast-southwest profile. Fau lt w ith  about 200 m o f displacement, down- 
th row n toward southwest (rig h t). About 1,000 m o f penetration can be seen here. F au lt plane does not quite 
reach ocean floor. For location, see Figures 2 and 4.

not reach the sea floor, which commonly is the 
case within the areas surveyed in the Andaman 
Sea. Northeast of the fault, the basal sediments 
dip into the fault, whereas the upper beds overlap 
the fault and the “basement” or volcanic rocks. 
The records show an old channel above the fault 
plane; this channel probably was cut into the 
softer materials at that place.

Section 5 (Fig. 4) is about SO mi (92 km) 
southeast of section 4. The purpose of this sec
tion was to investigate the backdeep, to include 
trends found on section 4, and to search for the 
fault which occurs at the end of section 4 on the 
north (fix 675). The southwestern part of the 
section shows sub-bottom folding and faulting in 
rocks that lie unconformably beneath a thin ve
neer of surface deposits. The surface veneer is 
relatively flat, except at fix 118. Between fixes 99 
and 100 a large fault zone was observed (Fig. 8). 
The large fault found on section 4 (fix 675) does 
not appear to be present A similar relationship 
of “basement” or volcanic rocks to sediments was 
not found on section 5; consequently its extent 
and true significance are not known.

Northeast of fix 99 the remainder of the back- 
deep shows a folded sub-bottom section, in part

unconformably overlain by surface deposits. At 
the northeast end of the section, the bottom and 
sub-bottom deposits are conformable and rise 
onto the Andaman Sea shelf.

TEN DEGREE CHANNEL— SECTION 1 .

Section 1 (Fig. 3), the first profile run in the 
area, was interrupted frequently in order to make 
oceanographic observations at various stations. 
Consequently, this profile is not continuous and 
some important features were missed. The sec
tion from fixes 245 to 284 includes structural fea
tures of the western outer island arc (Nicobar 
Islands), west of the Ten Degree Channel. From 
fix 272 to fix 284, the records indicate sedimenta
ry blocks that are thrust westward against the an
cient foredeep. The bathymetry west of fix 284 
indicates gradual shoaling. The greatest depths 
are adjacent to the thrust blocks. The Java 
trench (foredeep) terminates considerably south 
of this area and a deep trench does not appear on 
any crossings of the foredeep. However, the 
deepest water is everywhere adjacent to the west
ern limit of the outer island arc. It seems proba
ble that later sedimentation filled the foredeep 
west of the Andaman and Nicobar Islands.

687



1812

From fix 245 to the thrusted blocks at fix 278 
the nature of the western flank of the outer is
land arc is evident. The shelf has a rugged and 
youthful appearance, both structurally and topo
graphically, which one would expect from an is
land mass which has emerged so recently. Bottom 
depth increases approximately 2,400 m between 
fixes 245 and 284, in a distance of 92 nautical mi 
(170 km).

There is a lójA-mi gap (31 km) in the record 
between fixes 245 and 212. Both fixes lie in the 
same structural trend along the outer island arc 
and can be considered to be in structurally equiv
alent positions. The youthful and structurally 
complex area from fix 192 to fix 212 is the east
ern flank of the outer island arc. Bathymetric 
data show its continuation a short distance south
east of fix 192. The total width of the outer is
land arc in this sector is about 100 mi (185 km). 
The maximum width of Car Nicobar Island, near 
which the Pioneer passed, is 7 mi (13 km). The 
sea-floor base of the outer island arc is many 
times this width. East of the outer island arc the 
bottom is rough and the sub-bottom structure has 
a youthful appearance. Just south of this traverse 
the Nicobar Islands are broken up into several 
groups with trends that apparently extend north
ward.

Fixes 192 and 122 are 30 mi (55 km) apart. 
Sub-bottom profiles were not obtained between 
these fixes, but continuous depth soundings were 
made.

Bathymetric data indicate that the bottom rises 
markedly to less than 180 m depth just southeast 
of fix 192. The bottom then plunges abruptly to
ward the interdeep where depths of about 4,100 
m were observed. It rises again toward the west
ern block of the inner volcanic arc west of fix 
120. The bottom of the graben valley (Semangko 
rift) is between fixes 116 and 117 at about 4,800 
m depth. This is deeper than the interdeep by ap
proximately 700 m. Lack of sub-bottom penetra
tion prevented delimiting the graben valley be
tween the faults. Also, the survey line did not 
cross structural trends at right angles. The result 
of this is that the graben has a greater apparent 
width in this section. The peak of the eastern 
block of the inner volcanic arc appears at fixes 
84-86. The western block lies between fixes 120 
and 192, as is the interdeep. The backdeep lies a 
short distance east of fix 83.

ritchie’s archipelago—section 2
Section 2 (Fig. 4) was run south of Barren Is

land and extends west to Ritchie’s Archipelago, 
just east of the Andaman Islands. This section 
and section 4 show very well the structure of the 
inner volcanic arc and associated rift valley. Fix 
680 is above the east flank of the outer island 
arc. The interdeep is evident, with about 800 m 
of sediment in the structural trough. The peak at 
fix 672 lies on the western part of the inner vol
canic arc and is approximately half way between 
Invisible Bank and Barren Island. Both the bank 
and the island are part of the inner volcanic arc 
(western flank). The area between fix 672 and 
658 is a continuation of the Semangko rift valley 
which occurs both on the island of Sumatra and 
offshore (section 4). A large fault may be present 
at fix 660 along the steep slope, but the records 
are inconclusive. Tipper (1911) believes that Bar
ren and Narcondam Islands have emerged along a 
master fault zone east of the Andaman Islands. 
However, both Barren and Narcondam Islands, 
as well as Invisible Bank, form only the west side 
of the inner volcanic arc.

Southeast of fix 658, the profiler and bathymet
ric data indicate the presence of another ridge
like area. Sediments are more abundant than on 
the flanks of the volcanic arc. Except for a possi
ble small intrusive at fix 651, volcanic or base
ment-type rocks appear to be lacking. This ridge 
does not extend very far either north or south of 
this section.

I R R A W A D D Y  D E L T A — S E C T I O N  3
Section 3 (Fig. 4), the northernmost traverse 

made in the Andaman Sea, crossed the submerged 
extension of the Irrawaddy delta from the Tenas- 
serim coast of Burma. Just south of Preparis Is
land the east-west traverse was turned northwest 
to its termination.

The western part of section 3 shows the west
ern slope of the outer island arc. At the western 
limit, the slppe plunges steeply seaward in the 
foredeep area. Faulting and folding are not no
ticeable along the smooth sea floor of this slope. 
A smooth sea floor is typical of the northern tra
verse of the Andaman Sea, even where the under
lying structure is complex. A small channel at fix 
933 is the only indication of sub-bottom structure 
controlling bottom topography between fixes 923 
and 935. Sub-bottom profiling shows the structur-

6 8 8



1813

al complexity of the wide belt from fix 939 to fix 
909, a distance of 38 mi (70  km ). This is the 
outer island arc, whose apex apparently is at fix 
920. East of fix 919 the sub-bottom features are 
even more complex. Here, younger sediments lie 
unconformably on the older folded rocks of the 
outer island arc. Perhaps this is the pre-Miocene 
unconformity, described by Van Bemmelen 
(1949). Thrusting presumably ended before Mio
cene time in the outer island arc. The younger 
beds undoubtedly are part of the massive Irra
waddy delta. The Irrawaddy River deposits
670,000 tons of silt per day on its rapidly build
ing delta (Chhibber, 1934). Protection from the 
open sea and lack of effective longshore currents 
favor the advance of the delta toward the south.

Fixes 908 to 888 show the gradual descent of 
the bedrock to the interdeep at about fix 895, and 
gradual rise of the bedrock to the inner volcanic 
arc at fix 888. The deepest or basal reflection is a 
composite, and should not be interpreted as a 
continuous reflection. Single beds cannot be 
traced for long distances. The largest free-air 
gravity value along the entire traverse occurs at 
fix 888 (plus 40 mgals). The extent of the tra
verse is covered by deltaic deposits, and lack of 
sub-bottom penetration beneath the bedrock pre
vents interpretation of the underlying features.

East of fix 886 equipment failure prevented 
obtaining data for 16 mi (30 km ). Hence it was 
impossible to identify the rift valley (Semangko 
fault zone), which may be buried by overlying 
sediments. The inner volcanic arc does not appear 
to be as well developed here as it is farther south 
(sections 2 and 4). Attenuation of sparker energy 
through the soft overburden masks some fea
tures, but the main reason for poor development 
of island arc structure may be that the volcanic 
arc has more mature topography at the northern 
end. There are at least two indications that the 
island arc becomes younger toward the south:
(1) the infilling of the former trench west of the 
outer island arc to such an extent that it is only 
barely indicated by the bathymetry, even though 
structurally apparent in the sub-bottom; and
(2 )  the southward gradation of Eocene sediments 
on the Andaman and Nicobar Islands from 
coarse terrestrial to fine marine (Van Bemmelen, 
1949).

East of fix 887 the beds appear to dip gently 
east with a few faults. The surface beds lie un

conformably on older sediments. Whether all the 
reflections are from delta deposits is uncertain. I f  
the basal beds are of deltaic origin, the faults, al
though older than the surface sediments, must be 
very recent. Between fixes 857 and 862 an inter
esting sub-bottom structure was developed. Its 
interpretation is not clear. The structure may be 
a folder section of the backdeep or the eastern 
segment of the inner volcanic arc, whose twin na
ture was noted on the south. Free-air gravity and 
magnetic intensity values increase above this fea
ture. Thin surface beds unconformably overlie 
the folded sediments.

I f  this folded section is the eastern block of 
the inner volcanic arc, then there is considerable 
divergence of structural trends north from the 
Ritchie’s Archipelago traverse (section 2, Fig. 3). 
Off Sumatra and Ritchie’s Archipelago, the dis
tance between segments is about the same, about 
20 mi (37 km). On the Irrawaddy delta traverse 
the segments may be separated by as much as 61 
mi (113 km ),-or three times the separation far
ther south. However, it appears more likely that 
the eastern segment, if still in existence, is in the 
16-mi (30-km) area of no records between fixes 
876 and 886.

The remainder or eastern part of the traverse 
has no distinctive features, and contains gently 
folded beds, presumed to be delta deposits. The 
records contain many multiple reflections which 
may mask some structural features.

Description or Structural Belts

The study of sub-bottom profiles, bathymetry, 
gravity, and magnetic measurements in the Anda
man Sea makes it possible to describe the various 
structural belts of the island arc system. Region
ally, these are, from east to west, the following.

BACKDEEP

The typical structure of the backdeep is best 
shown in sections 4 and 5 (Fig. 4 ). In section 3 
(Fig. 4 ), which also traverses the backdeep, the 
sub-bottom features are masked by the cover of 
deltaic sediments. In general, the structural fea
tures of the backdeep are less complex than those 
of the belts on the west, but some large anti
clines, synclines, and fault zones are present. The 
largest anticline was recorded off the Sumatra 
coast, between fixes 100 and 105 of section 5. Its  
width is about 14 mi (26 km ). This feature could
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T ab le  I .  S im il a r it ie s  o f  A ndaman Se a  I n n e r  
Volcanic Arc  and  Cen t r a l  P art  of 

M id -Atlantic  R id g e

Andaman Sea Inner Volcanic Arc Mid-Atlantic Ridge
Volcanic rock types: serpentine» 

diabase, andésite 
Earthquake belt: zone of epicen

ters (200 km)

Prominent rift valley 
Adjacent high mountains 
Peaks above sea-level: Narcon

dam and Barren Islands 
Considerable relief between rift 

valley and adjacent peaks 
Comparable width of nft valley: 20—25 mi, peak to peak 
Depth to floor of valley ranges 

from 5.000 to 15,000 ft where 
crossea by profiler 

High length to width ratio

Volcanic rock types: serpentine, 
diabase, basalt 

Earthquake belt: zone of epicen
ters (25 km or less) (G. H. 
Sutton, pers. comm.) 

Prominent rift valley 
Adjacent high mountains 
Peaks above sea-level: Iceland to 

Bouvet Island 
Considerable relier between rift 

valley and adjacent peaks 
Comparable wiath of rift valley : 15-30 mi, peak to peak 
Depth to floor of valley averages 12,000 ft

High length to width ratio

be of impressive size— depending on its extent 
normal to the traverse. Numerous faults were re
corded across this anticline, which appears to ter
minate against a fault on the northeast, at fix 
100. A smaller anticline is present between fixes 
111 and 115. This feature is about 7 mi (13 km) 
wide and also is faulted. In the backdeep part of 
section 3, two anticlinal structures were observed, 
one 12)4 mi (23 km) wide between fixes 845 and 
851 and the other 8 mi (15 km) wide between 
fixes 858 and 861. The rocks in both are uncon
formably overlain by flat-lying sediments.

The backdeep consists primarily of sedimenta
ry rocks. In most places, the sedimentary sections 
are thicker than 800 m. Suspected volcanic or 
“basement” rocks were found only between fixes 
673 and 675, section 4. The greatest water depths 
at which the backdeep complex was observed 
were at fix 658 of section 4 (about 1,900 m) 
and fix 656 of section 2 (about 2,400 m ), both 
adjacent to the inner volcanic arc.

i n n e r  v o l c a n ic  a rc  a n d  s e m a n g k o  r if t  v a ll ey

The inner volcanic arc (with its associated 
Semangko rift valley) was the most interesting 
structural feature observed in the Andaman Sea. 
On land, the rift valley can be traced approxi
mately 1,100 mi (2,040 km ), the entire length of 
Sumatra. During the 1964 Pioneer  cruise, by 
means of sub-bottom profiling, it was traced for 
the first time about 600 mi (1,110 km) farther 
north through the Andaman Sea. Free-air gravity 
values also indicated the presence of the volcanic 
arc beneath the sediments of the Irrawaddy delta 
(Peter e t  al., 1966), but the sub-bottom structur

al detail along the traverse in this area (section 
3) could not be resolved beneath some 400 m of 
sediments.

The width of the rift valley, as determined by 
the east-west traverses between northern Sumatra 
and Ritchie’s Archipelago, is 5-10 mi (9 )4 -1 8 )4  
km) between the bounding ridge crests. The val
ley relief, between adjacent ridge crest and valley 
floor, is 1,200 m off Sumatra (section 4) and
2,000 m at section 2. The western ridge of the 
inner volcanic arc rises higher above the sea floor 
and is a more massive feature than the eastern 
ridge. Narcondam and Barren Islands and Invisi
ble Bank are part o f the western structural ele
ments of the inner arc system.

The magnetic and gravity results in the Anda
man Sea area provide further evidence of the 
submarine continuation of the inner volcanic arc 
(Peter et  al., 1966). A  broad magnetic high belt 
extends from the tip of Sumatra approximately 
600 mi north to the Irrawaddy delta traverse 
(section 3 ). This belt broadens northward to 
Narcondam Island and then narrows before it 
crosses section 3. Gravity highs in excess o f 50 
mgal occur off the tip of Sumatra and at Invisi
ble Bank, Barren Island, and Narcondam Island. 
The largest free-air values, in excess o f 100 mgal, 
were observed at Invisible Bank and Barren and 
Narcondam Islands—a value of more 'than 150 
mgal being present at the south end of Invisible 
Bank. Interesting similarities between the Anda
man Sea inner volcanic arc and the Mid-Atlantic 
Ridge are listed in Table I. The Mid-Atlantic 
Ridge is a much longer structural feature and is 
not part o f an island arc development, but the 
rift valley and many related tectonic features 
are common to both the Mid-Atlantic Ridge and 
the Andaman Sea inner volcanic arc.

in t e r d e e p

The interdeep is the structurally depressed belt 
between the two major uplifts of the island arc 
system. Its appearance is similar along the north- 
south extent of the arc except in the extreme 
north where deltaic deposits have masked many 
features. Off Sumatra (section 4) approximately 
700 m of flat-lying sediments fill the depression 
(interdeep) between the two arcs. The eastern 
slope of the outer island arc is steeper than the 
western slope of the inner volcanic arc and may 
have been the source of most o f the sediment. On
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the south, the interdeep separates Sumatra and 
the offshore Mentawai Islands. The interdeep was 
not profiled in the Ten Degree Channel (section 
1), but is indicated by the bathymetry on several 
other traverses made by the ship.

Off Ritchie’s Archipelago on the east flank of 
the outer island arc in section 2, the narrow and 
downwarped interdeep is filled with sediments 
that appear to have been deposited from both 
flanks and folded in the form of a syncline as the 
downwarping continued. In section 3 off the Irra
waddy delta, the broad interdeep lies between 
flanks with very slight slope, and is filled with 
sediments that mask its topographic expression on 
the sea floor.

OUTER ISLAND ARC

The outer island arc is composed predominant
ly of sedimentary rocks. It is the youngest arc of 
the whole Andaman Sea structural system. It 
continues north of section 3 as the Arakan Yoma 
(mountains) of western Burma and finally abuts 
against the eastern Himalayan arc along the 
Burma-India border. Toward the south, the outer 
arc includes the Mentawai Islands off Sumatra 
and the submarine ridge on the landward side of 
the Java trench.

The outer arc is structurally complex. It has 
the overall features of a large anticline. Its width 
in places exceeds 100 mi (185 km ). Near the Ir
rawaddy delta the outer arc narrows before en
tering Burma, but toward the south, between 
Narcondam and Barren Islands, a distinct east
ward bulge is indicated by the bathymetric data 
obtained by the Pioneer.  The sub-bottom profiles 
of sections 1 and 3 suggest that westward thrust
ing of the outer arc took place. The apparent 
thrust ridges of section 1 can be traced north
ward by means of the bathymetric data. The 
presence of other ridges with long, straight, east- 
dipping slopes suggests westward thrusting.

Gravity measurements show a negative free-air 
anomaly approximating the peak axis (line of 
highest elevations) of the outer island arc (Peter 
et  al., 1966). The peak axis of the arc and the 
negative gravity axis coincide exactly at the south 
end of the index map (Fig. 2). At 8°00' N. and 
93°30/ E. the negative gravity axis veers east of 
the Nicobar Islands. It continues east of the islands

and rejoins the peak axis of the outer islands 
where the negative gravity axis enters Burma. The 
trend labeled “subsidiary or main mass axis” on 
Figure 2 is the negative gravity axis north of 8° 
N. A belt as wide as the outer island arc and 
tilted westward would be expected to have its 
main mass axis lying east o f its surface peaks 
(Nicobar and Andaman Islands). The zone of 
westward thrusts on section 3, Ritchie’s Archipel
ago (southwest of Barren Island), and the clus
ter of islands at 8°00/ N. and 93°30/ E. are con
sidered to be parts of the subsidiary trend, coin
ciding with the negative free-air anomaly.

R e s u l t s  o f  Su r v ey

The geologic-geophysical investigations of the 
1964 Pioneer  Indian Ocean Expedition provided 
much new data and information about the geolog
ical features o f the Andaman Sea, particularly the 
submarine tectonic patterns and crustal develop
ment of the area. The sub-bottom profiles made 
it possible to delineate the major segments of the 
island arc system through a distance o f more 
than 600 mi (1,110 km) and provided informa
tion about the structural relations o f the base
ment and overlying rock complexes in the major 
structural belts— foredeep, outer sedimentary is
land arc, interdeep, inner volcanic arc and associ
ated rift valley, and backdeep. Continued detailed 
analysis of the geophysical data obtained in the 
Andaman Sea area and correlation of the 1964 
results with results of other surveys can be ex
pected to yield additional discoveries of scientific 
significance.
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The gravim etric field and thickness of the  terrestria l crust of the  north-w estern p a rt of the  Indian  Ocean 

by A. G. G aïnanov and P . A. Stroev

IV . PE3 y jlb T A T b I rPABHMJETPMHECKMX M3MEPEHMÎÏ 
B MHPOBOM OKEAHE H AHTAPKTHflE

A. r .  raÜHüHoe, n . A. Crpoee

rPABHTAUHOHHOE nOJIE H MOUI,HOCTb 3EMHOB KOPbl 
CEBEP0-3AnAAH01?i HACTH HHAHHCKOTO OKEAHA

O ö i n n p i i b i e  KOMn.ieKCHbie reo(})H3HMecKne H C C .ieaoB aH H a CTpoeHHH 3eM- 
h o h  Kopbi K H a c T o a m e M y  B p eM en H  n p o E e ^ e n b i  b ATFiaHTimecKOM h  T h x o m  
o K e a H a x .  H h z [ .h í í c k h í i  o K eaH  ä o  H e ^ a B H e r o  BpeMeHM o c T a B a - ic f l  H a n M e H e e  
ii3yqeHHbiM  reocj jua im ecK H M H  m c t o a s m u .  M TOJibKo b n e p u o j  M e > K A V H ap o a -  
H o r o  r e o t b i i s i m e c K o r o  r o a ,a  n a q a j i o c b  r u i a H o w e p i i o e  KOMiuieKCHoe H 3 y q e H n e  
IlHAH HCKoro  O K eaH a,  B K .T io q a ïo in ee  p a3„nnqH bie  reoi})H3HLiecKHe H cc . iez io B a-  
HiiH c  u e j i b i o  BbiHCHem ia o c o ô e H i io c T e f t  m y ô n H i i o r o  C T p o e m i a  3 C m h o h  k o -  
pbi.  B HacTOHLuee BpeMH H m e p e c  k  H3yqeHH io  M H A iin c K o ro  O K eaH a 3 n a q n -  
T e . ib H o  B 0 3 p o c .  K o o p A i i n a m n i  B c ex  p a ô o T  c o 3 j a H a  M o K / t y n a p o ^ H a H
iiHAO-OKeaHCKaH S K cn e z in m iH ,  n o  n p o r p a M M e  KOTopoii  BbinoJiHHJiiicb  k o m b -  
jieKCHbie p a ô o T b i  b 1 9 5 9 — 1 9 6 2  r r .  aHr/iHHCKiiMH h  aMepiiKaHCKiiMH u c c j i e -  
f lOB aîe j iH M H, a  T a i o x e  3 1 — 3 2 ,  3 5  p e n c b i  a / c  «B w T H 3b»  b  1 9 5 9 — 1 9 6 2  r r . [ 1 ].

H a i i ô o n e e  H3yqeHH biM n b rp aB H T am io H H O M  O T H o m em iH  b M h æ h ï i c k o m  
OKe a H e  h b .t h io t c h  e r o  3 a n a A H a a  (o c o ô eH H O  c e B e p o - 3 a n a f l H a a )  q a c T b ,  a i a K -  
>Ke n p n a i iT a p K T H q e c K H e  o ô j ia c T H  [1, 2].

Ô e p B b i e  r p a B H M e i p u q e c K H e  H 3 M e p e H n a  n a  a K B a i o p n n  H h a h h c k o f o  
OKe a H a  ö b u iH  n p o B e j ie H b i  B e H i m r - M e i i H e c o M  b 1 9 2 3  r .  [3], Ha6.Tio,neHHH 
n p o B o / iH .iH  n a  noaBOÆHOH .ao ^K e  n p i i  cjieÆOBaHHH e e  H3 ro.TJiaH,zuiH k

o. 5 îBa q e p e 3  C y a u K H ft  K aH aji .  H 3 M e p e H n n  c h j i h  t h ^ c c t h  n p o n 3 B o a n . i n c b  
e  n o M o m b i o  M o p c K o r o  M a a r a n K O B o r o  n p n ô o p a .  B c e r o  b H h â h h c k o m  OKeaHe 
h  K p acH O M  M o p e  ó b iJ io  o r i p e ^ e j i e H o  2 2  nyH K Ta c  o i h h ö k o h  aH O M aji i iñ  O a n  
± 5 — 6 m b a , a i iO M ajiH ii  B y r e  o k o ; i o  ±  10 m b a .

B n o c j i e ,n y i o m i i e  ro f lb i  B e H i i n r - M e r m e c  npoAOJi>Kaji  r p a B i i M e T p n q e c K i ie  
HCC.ieaoBaHHH Ha n o aB O A H bix  j i o a K a x  b H h / u i h c k o m  OK eaHe. T aK ,  b  a n c n e -  
a iiU H ir  1 9 4 8  r .  [4] n p H  n j i a B a m i H  Me>Kay A(})pHKOH h  A B C T p a j i i ie ñ  um  Bbi- 
no J iH eH o  necKO JibKo aecBTKOB r p a B H M e i p n q e c K H x  nyHKTOB c o m iiÖ K aM n  
aH O M aa iiH  O a a  ± 5  m b a ,  aH O M aJ in n  B y r e  ± 1 0  m b a ,  Î I p n  n a a B a H i m  a H r i n i i -  
CKofi noÂ B oaH O H  JioaKH « A x e p o H »  b  1 9 5 5  r .  [5] b  H h / u i h c k o m  o n e a n e  ó b u i o  
B b in o J in e H o  3 7  nyHKTOB. H a ô j i i o a e H H H  n poB oa ii -T H  P .  T u p / u i e p  h  X I * .  T a p -  
p i ico H  c  3-MaBTHHKOBbiM MopcKHM n p n ô o p o M  B e H H H r - M e Ö H e c a  H K B a p p e -  
BblM XpOHOMeTpOM. T jiyÓ H H a M o p n  H 3 M e p n a a C b  3X0JI0T0M. K O OpaHHaTbl 
nyHKTOB o n p e a e j i H j i H  acT poH O M nnecK H M  c n o c o ö O M ;  T o q i io c T b  a.HOMa.niK 
O a a  ± 4 — 5  m b a ,  a H O M a a n i i  B y r e  ± 6 — 8  m b a .
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B  1 9 5 9  r .  A M e p H K a H C K S H  a K c n e / u m n a  n o a  p y K O B o a c T B O M  M .  T a . i b B a H U  
H a  t o î i  >Ke ô p i iT a H C K O H  noflB O flH O H  J io f lK e  « A x e p o H »  B b i n o . i H H . i a  r p a B H M e T -  
p H H e c K n e  H3 w e p e H H H  b  3 a n a f l H 0 H  h  c e B e p o - 3 a n a , a H O H  q a c T H x  M u A H H C K o r o  
O K e a H a  [6], Ha M a p m p y T e  . H y p ô a H — M o n ô a c a  q e p e 3  M o 3 3 m 6 h k c k h h  n p o -  
J35IB B b in o . iH e H O  I I  nyH K TO B . B e c b M a  H H T e p e c H b iM  0 K a 3 a . i c H  n p o c j i n . i b  H3 
11 nyH K T O B  H a ö . i i o f l e H H H  q e p e 3  A paB H H C K O -M H /iH H C K H ii  x p e ô e T  k k )t o - b o - 
CTOKy OT 0. C o K O T p a .  n p O t ^ H J I b  npOTHJKeHHOCTbK) 6 5 0  KM  H aH H H aeTC H  B 
C oM a . iH H C K O H  K O T .ioB H H e,  n e p e c e K a e T  H H f lH H C K O -A p a B H H C K in i  x p e ô e T ,  
3 a K a n m i B a e T C H  b  A p a B i iH C K O H  k o t j i o b h h c  h  n a e T  rpaB H T au .H O H H V K ) x a p a x -  
T e p u c T H K y  c p e ^ i i H H O - O K e a H H H e c K o r o  x p e Ô T a  h  e r o  o x p e c T H O C T e f i .  M 3 ¡v ie p e -  
HHH CH.lbl THJKeCTH n p O B O A H .lH C b  C 3-M aH TH H K O B bIM  H pHÔOpO M  B e H H H T -  
M e i i n e c a ;  c . i y a r ô a  B p e n e H i i  o ô e c n e q n B a . i a c b  K B a p u e B b i  m h  x p o H O M e T p a M H .

O ô u j H p H b i e  K O M n .ieK C H b ie  r e o (} )H 3 H q e c K H e  H c c . i e . a o B a  h  h  h  c e B e p o - 3 a n a a -  
HOH q a c T M  M H 3 .H H C K o ro  O K e a H a  ô h . i h  n p o B e a e H b i  b  1 9 6 1  — 1 9 6 2  r r .  a H r j iH Ü -  
CKiiMii y n eH biA iH  .H a S K c n e a i m n o i i H O M  c y a H e  « O y s H »  [7] ,  S K c n e a H u i i a  
n p o a e . a a . i a  1 6  T b ic .  \ n i . i b  ( 3 7  n p o c j M i a e i i ) ,  n p o B o a n  H e n p e p b i B H b i e  ô a T H M e T -  
p i i n e c K H e ,  r p a B H A i e T p i m e c K H e  h  M a rH i iT H b ie  H c c a e a o B a H i i a .  H 3 M e p e H i i H  CH.ibi 
TH>KecTH H a  ö o p T y  « O y s H a »  n p o B o a n a n c b  B .  J l o H K a p e B i m e M  c  n a a B o a H b i . M  
M o p c K H M  r p a B H M e T p o M  G S S - 2 - I I  ( |)HpM bi « A s k a n i a  W e r k e »  ( O P T ) .  H p n -  
ô o p  ô b i . i  y c T a H O B . i e n  H a  r u p o c T a ô n j i H S H p o B a H u y i o  n . i a T ( } ) o p M y  <})HpMbi 
« A h l u t i o u »  (O PT). T p a B H M e T p  i iM e . i  T e p M o c T a T ,  C M e m e H i i e  H y . i b - n y H K T a  
b  c p e a H e n  n o  p e ñ c y  c o c r a B i u i o  0 , 9  m b a / c î / t .  H y i b - n v H K T  o n p e a e a s a n  
M O K j y  o n o p H b i .M H  H a ô j n o j e H H H M H  b  n o p T a x ;  K a . m ô p o B K a  r p a B H M e T p a  n p o -  
B e a e H a  H a  a H r . i m i c K O M  o n o p H O M  n p o t J i H i e  o t  C a y T r e n n T O H a  a o  A ô e p a H H - a  
c  A g  =  5 7 3  m b a .  M 3 . \ ie p e H M H  r o p H 3 0 H T a . i b H b i x  v c K o p e H H H  H e n p o H 3 B o a H a n ,  
b  a  h  h  h  h  e  K p o c c - K a n . i H H r  3(})4)eKTa n r H o p H p o ß a . m ,  n o . i a r a a ,  h t o  o u i h ô k h  o t  
HHX He MO r.lI I  ÔbITb ÔO.lb lUHM H, T 3 K  K a K  M O p e  3 a  BCe B p e \ I H  n . i a B 3 H H H  Ôbl.lO 
c n o K o Ü H b iM .  C p e a m i e  H a K i O H b i  K o p a ô . i a  ô b i . m  1— 2 °  b  K H .ie B o i i  m o c k o c t h  
H 2 — 4 °  B ÔOpTOBOH n.lOCKOCTH.

C . i e a y e T  o T w e T H T b ,  h t o  p e 3 V . i b T a T b i  r e o c } ) H 3 H q e c K H x  i i c c . i e a o B a H H H  
S K c n e a n m i H  H a  « O y s n e »  o n y ô . i H K O B a H b i  [7] b  B i i a e  n e n p e p b i B i - i b i x  n p o c j j H J i e k  
c  ô a T H M e T p n H e c K H M i i  n p o M e p a M H ,  M a r u H T H b i M i i  h  r p a B H T a m i O H H b i M H  ( b  
CBOÔo a H O M  B 0 3 a y x e )  a H O M a . u i H M H .  3 t h  a a H H b i e  n p e a c r a B . i e H b i  ô e 3  k 3 k h x - 
j i h ô o  K O M . \ i e H T a p n e B  h  H H T e p n p e f a u n H  h x . T o q H o c T b  n o a y q e H H b i x  3 H a q e H H H  
3 H 0 M a . i i i H  O a a  m o >k h o  o u e i i H T b  B e a n h h h o h  ± 5  m b a .  K p o n e  M O p c K H x  r p a -  
B H M C T p n q e c K H x  H 3 M e p e H H H  3 K c n e ^ n n H B  B b i n o . i H H . i a  c v x o n y T H y i o  c t e n K y  H a  
o c T p o B a x  A . i b a a ô p a ,  C e H i u e a b C K H x  h  a T o . i . i e  A a a y .  C t e n K a  B b i n o . i H e H a  
c  n o M O u r b i o  r p a B i m e T p a  Y o p a e H a .

B o  B c e x  n o p T a x  M o p c K n e  r p a B H M e T p n q e c K w e  n p o t j j n . m  n p r i B H a a H b i  k  
ô e p e r o B b i M  o n o p i i b i M  n v u K T a M .

B  r i o c a e a n e e  s p e n n  b  p a ô o T a x  [ 8 — 9]  y n o \ i n n a e T C H  o ô  o ô i n n p H b i x  k o m -  
n a e K C H b i x  r e o ( j 3 H 3 n q e c K n x  n c c a e a o B a h h h x  M u a n í í c K o r o  o K e a u a ,  n p o B e a e n -  
H b ix  b  1 9 6 0 — 1 9 6 1  r r .  a J ie p u K a H C K H M H  3 K c r ie a i -m H H M ii  ( « M y i i c o H » ,  « J l y n -  
3 n a a »  n  a p . ) .  B  3 t h x  p a ô o T a x  c o o ó m a e T c n ,  h t o  r p a B U T a u n o m i b i e  H 3iv iepe-  
HüH n p o B e a e H b i  n o q T H  b  2 0  0 0 0  n y H K T a x ,  n o K p b i B a i o m n x  ô o a e e  4 5  0 0 0  m h j t o  
M a p m p v T O B .  T o q H o c T b  s t h x  H 3 M e p e H H H  x a p a K T e p H 3 y e T C H  o h j h ô k o h  ± 8 - 3 -  
3 - 1 8  m b a .  K  coH v a . ie H H K ),  a r a  a a H H b i e  n e  o r iv ô . iH K O B a H b i ,  3 a  H C K .iroqeH H e M  
A a H H b ix  n o  np o i} )H . i} o  A g c t a a ,  n p H B e ^ e H H b i x  b  p a ô o T e  M .  K a n v T o  [8] ,  n p o -  
(J)H.ib n p o x o ^ H T  n o  . i h h h h  3 i < B a T o p a  o t  4 8 °  â o  1 0 0 °  b .  ±

TaK iiM  o ô p a 3 0 M ,  C /ie .iaH H bie  k  H a c T o n m e M y  B p e n e H n  r p a B H M e T p H q e -  
CKHe HCC.ieJOB3HHH (pHC. 1) a a iO T  B03MO>KHOCTb COCT3BHTb lieKOTOpOC 
n p e a c T a B J i e H i i e  o  x a p a K T e p e  r p a B U T a u n o m i o r o  n o - i n  c e B e p o - s a n a A r i o f t  q a -  
CTH O K eaH a h  b  o ô i u h x  q e p T a x  BbiHBHTb c T p o e H H e  3eM H o ñ  K opbi b  s t o m  
p a ñ o H e .

Ha pue. 2 npeflCTaB.iena cxenaTHqecKaa rpaBHTauHOHHan KapTa aHO-
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Mannii Byre (HopMaAbHaH c{)opMyAa MeiKAyHapoAHaa) ceBepo-3anaAtfOH 
M acTH H H A H H C K o r o  O K e a H a .  K a p T a  c o c r a B J i e H a  n o  a s h h b i m  y n o M H H y T b r x  
3K C neA H U H H  aHTJIHHCKHX H 3  W epHK3H CKHX reO(f)H3HKOB H 3 K C n e A H IiH H  B e *

40
3 0 3 0

>,Hap

' T p o m n e h

Phc. 1. CxeMa rpaBHMeTpHqecKoft n3yMenHocra ceBepo-3anaanoñ Macra Hhähhckofo oi<ea-
ua. YcjioBHbie o6o3HaMeHHa:

Í  — MaflTHiiKOBbie nyHKTbi (Vening-Meinesz 1923—1948); 2 — MasiTHHKOBbie nyHKTbi
(Girdler and Harrison, 1955); 3  — MaHTHHKOBbie nyHKTbi (Talwani, 1959); 4 — MapmpyTbi 
rpaBHMerpoBoft cteMKH («Owen», 1961—11962); 5 — rpaBHMeTpoBbiü npoiJiHJib (Caputo,

1960—1963)

H H H r - M e H H e c a .  Ahom3jihh B y r e  B b m n c j i e H b i  c  r u iO T H O c T b io  n p o M e w y T o a H O -  
r o  CJIOH 01 =  2,8 2 / CM3 H MOpCKOH BOflbl O í =  1,03 2¡CM 3. H 3 0 a H O M a J I b I  n p o -  
B e/ieH bi ! iep e3  50 m z a . 

P a c c M a T p H B a e M b i f t  p a ñ o H  c  c e B e p a  h  c  3 a n a ^ a  O K a H M J i a e T c a  M a T e p u -  
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Ka mii AcJipHKa h  Asna. Ha BOcroKe 3Ta wacTb OKeaHa orpaHimHBaeTca
noJiyocTpoBOM MHAOCTaH h  a a . i e e  k  r o r y  uenoHKaMH ocTpoBOB Majib^HB- 
-  TT Ha lore paüoH orpaHimeH napanjiejibio 25° io. ui.napajiJieJibio 25'CKHX h  Maroc.

X n sjr. V

■+ ino

1

Phc. 2. C x e M a r n i e c K a a  K a p r a  aH O M ajiH Ü  B y r e  c e ß e p o - 3a n a / u i o H  ' i a c r a  H h a h h c k o t o  o a e a H a  
( H o p M a j i b H a a  (} )o p M y jia  M e * Ä y H a p o A H a a ,  o = 2,8 a/cM3). 

ycjioBHbie o6o3HaaeHHa: ] — H3oaHOMa.nbi, mza

C T p o e H H e  A n a  c e B e p o - 3 a n a A H o i i  HacTii H h a h h c k o t o  OK eaHa o n p e A e -  
j ineTCB cHCTeMOH xpeÖTOB, p a 3 A e J iH io m H x  e e  H a p n A  k o t a o b h h  [10 ,  11]. 3 t o  
ApaBHÍÍCKO-HHAHHCKHH, MaJIbAHBCKHH, M aC K apeH C K H H , AMHpaHTCKHH 
x p e ö T b i ,  x p e ó e T  M e p p e n ,  x p e ö e T  K o m o p c k h x  o d p o B O B ,  o c T p o B  M a A a r a c -  
K a p  h  CBH3aHHbiH c  HHM M3CCHB ocTpoBO B O a p K y a p .  B p a ñ o H e  o. P o A p n r e c  
OCHOBHbie XpeÓTbl COeAHHHIOTCH BMeCTe H OTCIOAa yXOAUT B AïAaHTHHeCKHH 
h  T h x i i h  OKeaHbi, c o c T a B J ia n  eAHHyio CHCTeMy cpeAH HHbix  xpeÖTOB M n p o -  
B o r o  O K eaH a.  C h c t c m h  xpeÖTOB npeACTaBJiniOT c o ö o f t ,  KaK n p a B H J io ,  a o -  
BOJIbHO IHHpOKOe H OHeHb pa3ApOÖ JieH HOe nOAHHTHe, nOAHOIKHe KOTOpblX 
HaxoAHTCH H a r j iy ö H H e  o k o j i o  4  k m .  C p e A u n n  oTHOCHTeJibHan B b icoT a  x p e ö -  
TOB p a B H a  1500—2000 m ,  r io  OTAenbHbie  B epu ii iH b i  no A H H M aio T cn  Bbirne,
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H H o r .u a  j o  A neB H O H  n o B e p x n o c T H ,  o ö p a 3 y a  M i io ro H H C J ie H U b ie  K o p a j i J i o B b i e  
o c T p o B a :  M a . ib A H B C K H e ,  M a r o c ,  C e f t m e A b C K H e ,  K o M o p c K H e  h  a p .  K a n  h  a j i h  
B c e x  c p e A H H H b ix  o K e a H H H e c K H x  x p e Ö T O B  [ 1 2 ] ,  juin  x p e Ö T O B  M h a h h c k o t o  
o i c e a H a  x a p a K T e p H b i  r j i y ö o K H e  p a 3 J i 0 M b i —  pncf iT O B bie  AOJiHHbi. Y  A p a B i i n -  
c K o - M H A H H C K o r o  x p e Ö T a  s t o t  p a 3 A 0 M  n p o x o A H T  n p H M e p H O  n o  e r o  o c h ;  
y  A p y n i x  x p e Ö T O B  o h h  n  p  h  m bí k  a  k d t  c  B H e i n n e f i  c ï o p o H b i  ( A M u p a H T C K i iH  * e -  
a o 6 ,  >Ke.Ao6 M a r o c  h  A p . ) .

noA H O >K H H  x p e Ö T O B  n o d e n e i i H o  n e p e x o A H T  b  M e H e e  p a c n j i e H e H H o e  
AHO OKeaHCKHX KOTJIOBHH C TJiyÔ H H a Mil 4 0 0 0 — 5 0 0 0  M.  B  H CC jieAyëM OM  
p a f t o H e  —  3TO A p a B H H C K a n ,  C o M a j i H H C K a a ,  M a c i < a p e H C K a a ,  M a A a r a c i i a p -  
■CKaa, K o M o p c K a n ,  M o 3 a M Ô H K C K a a  h  U e H T p a j i b H a a  KOTJiOBiiHbi.  H a  c e B e p o -  
3 a n a A e  s t o  k o t j i o b h h b i  A A e n c K o r o  3 a j i H B a  h  K p a c H o r o  M o p a .

n o  x a p a K T e p y  r p a B H T a n n o H H b i x  a H O M a jiH H  b  c e B e p o - 3 a n a A H O H  n a c T H  
H h a h h c k o t o  o x e a r í a  m o >k h o  B b i a e j i i i T b  c j i e A y i o m i i e  o c H O B H b ie  o ô j i a c T n :

1. r . i y ô o K i i e  o K e a H C K H e  k o t j i o b h h h .
2 .  O K eaH H H C C K H e x p e Ô T b i  h o c T p o B a .
3. n e p e x o A H b i e  3 0 H b i  o t  O K e a H a  k  M a T e p i iK a .M .
r . iy Ô O K O B O A H b ie  O K eaH C K H e B n a A H H b l  X a p a K T e p i I3 V IO T C H  OTHOCHTeAbKO 

CnOKOHHblM n O . i e M  CHJIbl THW eCTH C 0T p H U 3 T e ,T b H b IM H  aHOM aJIM HMH O a H
( — 3 0 - :— 5 0  m z a )  h  3H anH T ej ibH biM n n o  b c j i h m h h c  aHOM ajniHM ii B y r e  ( a o  
+  3 5 0 - T - +  4 0 0  m z a ) .  3aM eTHOH K o p p e j ia u H H  aH O M ajin i í  O a a  c  t j i v ö h h o h  
O K e a m m e c K H x  k o t j i o b h h  n e  HaÔJiiOAaeTCH. T a K ,  a j i h  A paB iiH C K oft  k o t j i o b k -  
Hbi c o  c p e A H e ñ  t j i v ô h h o h  o k o j i o  4 0 0 0  m  aHOMajiHH O a a  AOCTiiraiOT — 30-J-
-i 4 0  M Z A , a  B OÖJI3CTH U e U T p a j I b U O H  KOTJlOBIIlIbl C M V Ö l lH ä M I l  CBblUie
5 0 0 0  m  a n o M a. iH H  O a a  T a K>Ke p a B H b i  — 3 0 h------5 0  m z a .  A h o m b a h h  a<e B y r e
A . i a  B b i n j e \  K a 3 a H H b ix  k o t j i o b h h  O T J i im a iO T c a  H a  8 0 - M 0 0  m z a .

n o A H O K M H  o K e a H i m e c K H x  x p e Ö T O B  n e T K o  o K o i i T y p i i B a t o T c a  H 3 o a H O M a -  
j i o i i  B y r e  + 2 5 0  m z a .  3 t o  o t h o c h t c h  k o  B c eM  o c h o b h  bí m x p e Ô T aM : A p a B H i i -  
c k o - H h a h h c k o m v ,  M a .T b A H B C K O M y  h  A l a c K a p e t i c K O M y .

K o p a ,T .T O B b ie  3TOJIJIbl J ïa K K aA H B C K H X , M a JIb A H B C K H X  OCTpOBOB H a p x n -  
n e . i a r a  M a r o c  O T M e n a iO T c n  n o j io a c H T e j ib H b iM H  a n o M a J i i i H M i i  O a n  
( +  1 0 - ^ + 1 5  m z a ) .  H a  K a p T e  a H O M a jiH H  B y r e  s t h  o c T p o B a  m c t k o  n p o c j i e -  
/KiiBaiOTCH y M e H b u ie H i i e M  a H O M a j u i i i  a o  +  5 0 - :— h 100  m z a .  C e H u i e . i b c K n e ,  
M a c K a p e i i c K i i e ,  A M H p a u T C K n e  o c T p o B a ,  O a p K y a p c K i i H  M a c c i i B ,  -a m a a  
A a a v , o .  T p o M J i e H  x a p a K T e p i i 3 y i O T c a  p e 3 K o  n o j iO /K U T e j ib H b iM i i  aH O M aji i iH M H  
<î>aa ( a o  +  1 0 0 - ^ + 1 5 0  m z a )  h  TaK H M ii  >Ke n o  B e j i n m i i i e  a H O M a . m s M H  B y r e .

r p y i i n a  M a c K a p e H C K H x  o c T p o B O B  O T M e n a e T c a  H a H Ô o j i e e  HHTeHCHBHbi- 
MH nOJIO>KHTeJ!bHbIMH aHOMajlHHMH O a H  (C B blU ie  + 2 0 0  M Z A )  H 3H aH H T eJIb -
ribiM H a H O M a . i i iH M H  B y r e  ( +  2 0 0 - ^  +  2 5 0  m z a )  . .

H a  o c T p o B a x  M a A a r a c K a p  h  U ef l j iO H  n o  n o ö e p e > K b io  H aôaioAaiOTC H He- 
ö o a b u i n e  nojio>KHTe,Tbilbie aHOMajiHH B y r e  ( a o  + 5 0  m z a ) .  H a  o .  M a A a 
r a c K a p  M 30aH 0M 3Jia  + 5 0  M ZA  OK3H M JIHeT OCTpOB. B  HeHTpaJIbHOH naCTH 
o c T p o B a  aHOMajiHH y M e H b u ia iO T c a  a o  — 135  m z a  [13 , 14], n p i m e M  h 3 0 A h h h h  
t h h v t c h  n a p a j i J i e j ib H O  ô e p e r y .  n p n  n e p e x o A e  o t  o c T p o B a  k  O K eaH y  c  bo-  
c t o h h o h  cT o p o H b i  a H O M aj im i  B y r e  p e 3 K o  yBejiHHHBaiOTca a o  + 3 5 0  m z a \ 
c  3 a n a A H o f t  —  3 t o t  n e p e x o A  ô o j i e e  n j iaB H biH , r a e  aHOMajiHH B y r e  yBejiHHK- 
B aiO Tca  a o  + 2 0 0  m z a . '

O .  H e f tA O H  o K O H T y p H B a e T c a  H y j i e B o f i  H 3 o a H O M a J io f t  B y r e .  K  u e H T p y  
o c T p o B a  a H O M a j iH H  B y r e  y M e H b in a io T C H .  K  i o r y  o t  o c T p o B a ,  b  C T o p o H y  u e H -  
T pa .TbH O H  KOTAOBHHbl aH O M a jiH H  B y r e  p e 3 K O  V B eA H H U B aiO TC a AO + 3 0 0  m z a  
h  ô o j i e e  [1 3 ,  1],

B Ö A H 3 H  B c e x  o c T p o B O B  r p a B H T a u n o H H o e  n o .T e  M e n a e T c a  A O B OAbHo p e s -  
KO, ro p H 3 0 H T a A b H b ie  r p a A n e H T b i  A o c T H ra iO T  2 0 — 3 0  3 T e e u i .

O n e a H H n e c K n e  x p e ó ™ ,  K a n  y a c e  O T M e n a . i o c b  [ 1 ,  6 ] ,  T a K  a< e  n a n  h  
OCTp O B a ,  BblAOAHIOTCH nOJIOIKHTCAbHblMH aHOM a.THHMII O a H  (AO + 3 0 - 1 -
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- ^  +  5 0  m z a )  n a  (j)OHe c.noKOÜHWx O T p a a a T e a b H b ix  a H O M a a a a  H a a  k o t / i o b h -  
HaMH. B  OKpecTHOCTHx r p e ö n e a  xpeÖTOB H a ñ a i o a a e T c a  3 a M e T H a a  K o p p e a a -  
UHa T o n o r p a c j j a a  a n a  h  a H O M a a a a  e a a b i  t h > k c c t h .  C a a b H O  p a 3 a p o ó a e H H a a  
n o B epxH O C T b c p e a a H n o - o K e a H a a e c K a x  xpeÖTOB, c o c T o a i a a a  H3 c o aeT aH H H  
H e ö o a b u J H x  xpeÖTOB h  y3K H x r p a ö e H 0 0 ö p a 3 H b i x  a e n p e c c a a  h  xeJ ioó ob x a -  
p a K T e p n a y e T c a  ö o a b i u o a  H3MeHMHBOCTbio a H O M a a a f t  O a a  ( p a c .  3 ) .  B  a a c r -  
HOCTH, a a o M a a a n  <£>aa a a a  caMBMH rpeÖHHMH xpeÖTOB aMeiOT 3HaaeHH H 
+  3 0 - f -  +  5 0  m z a ,  pa<})TOBbie a o a a H b i  o T M e a a r o T c a  3 H a a a T e a b H b iM H  OTpapa- 

TeabHbiM H ( a o  — 5 0 - :— 7 0  m z a )  

a a o M a a a a M a .  M a c K a p e H C K a a  
x p e ö e T  O T a a q a e T c a  a p e3 B b m a f iH O  
p e 3 K a M  a 3 M e H e a a e M  a H O M a a a a  
O a a .  B e p m a H b i  x p e Ö T a  c o  c n o -  
KOHHoa n o B e p x H o c T b i o  O T M eaa-  
K)Tca 3 H a a a T e J ib H b iM a  noao>KH - 
r e a b H b i M a  a H O M a a a a M a  O a a  
( a o  + 2 3 0  m z a ) .  M e a i r o p H b i e  
B n a a a H b i  c  r a y ö a n a .M H  a o  3 5 0 0  m
x a p a K T e p a s y i O T c n  3 a a q a T e a b H b i -  
Mii O T p a u a T e a b H b i M i f  a H O M a a a a -  
MH O a a  ( a o  — 5 0  m z a ) .

B  o ö a a c T a  n e p e x o a a  o t  H u -  
a a a c K o r o  o n e a H a  k M a r e p n i < a M  
Ä 3HH h  A r i p a n a  a H O M a a a a  B y r e  
3 H a a a T e j i b H o  y .M e H b iu a K )T c a .
B  M o 3 a M Ö H K C K O M  n p o a a ß e  n o a o a i B T e a b H b i e  a H O M a a a a  B y r e  n o a x o a a T  k  
ö e p e r y  a  c o x p a H a i O T  c b o h  3Hai< ¡a H a  H a 3 M e a H O C T a  M o 3 a M Ö H K a .  X l a a e e  k  3 a -  
n a a y  n a  B 0 3 B b ia je H H O C T a  a H O M a a a a  B y r e  y M e H b u i a r o T c a  a o  — 5 0  m z a .

B  paaoHe M o M Ö a c b i  3n a m i T e a b H b i e  n o a o w a T e a b H b i e  a H O M a a a a  B y r e  
p e s K o  y M e H b i u a i o T C H  a  a a a e e  n a  3 a n a a  k  o a e p y  B a K T o p a a  a o c T a r a i O T  3 H a -  
qeH H Ö  — 2 0 0  m z a .

y  n - O B a  H a a o c T a a  B ö a a 3 H  ö e p e r a  O T M e q a r o T c a  H e ö o a b u i a e  n o a o a c a -  
T e a b H b i e  ( + 5 0 h - + 1 0 0  m z a )  a  a a * e  O T p a a a T e a b H b i e  ( a o  — 1 6  m z a )  ano- 
M a a a a  B y r e .  H y a e B a a  a 3 o a a o M a a a  O K O H T y p a B a e T  noayocTpoB. K aeHTpy 
H H a a a  a H O M a a a a  B y r e  a o c T a r a i O T  — 1 0 0  m z a .

K p a c H o e  M o p e  x a p a K T e p i i 3 v e T c a  n o a o j K H T e a b H w . v i a  a H O M a a a a i v i a  B y r e  
c  a s y M H  M a K c a M V M a M B  ( +  1 0 0  m z a )  b  u e H T p e  M o p a .  O c b  MaKCHM yMOB 
B b iT H H y T a  B a o a b  H a a ö o a e e  r a y ö o K o a  c p e a a e ä  a a c T H  M o p a .  H a  ö e p e r a x  
M o p a -  O T M e a a i o T c a  c a a ó b t e  n o a o a c a T e a b H b i e  a a a  o T p a u a T e a b H b i e  a H O M a a a a  
( o t  + 4 0  a o  — 4 0  m z a ) .  H p a  n e p e x o a e  k  A c f jp a K a H C K O M y  M a T e p a a y  O T p a -  
u a T e a b H b i e  a H O M a a t o a  B y r e  V M e H b m a r o T c a  a o  — 1 5 0 - : — 2 0 0  m z a  b  o ö a a c T a  
A ö a c c H H C K o r o  H a r o p b a .

K a a  H 3BecTH O , o c p e a H e H H b i e  r p a s a T a a a o H H b i e  a H O M a a a a  b  p e a y K u a a  
B y r e  H a  o a e a H a x  b  o c h o b h o m  O T o è p a > K a iO T  H 3 M e H e H H e  m o i u h o c t h  3 e M H o f t  
K o p b i .  B  n a c T O a m e e  B p e M H  a a a  m h o t h x  p a a o H O B  3 e M H o r o  u i a p a  c o c T a B -  
a e H b i  K o p p e a s u a o H H b i e  rpa<j)MKH 3 a B a c a M O C T H  M e * a y  T o a i u a H o a  3 e M H o a  
K o p b i  a  o c p e a H e H H b i M H  a H O M a a H H M H  B y r e .

r i p a  H a a a a a n  « o n o p H b i x »  M o m H o c T e a  3 e M H o a  K o p b i ,  n o a y a e H H b i x  r a y -  
ÖHHHbiMH c e a c M H a e c K H M H  3 0 H a a p o B a H H a M H  ( T C 3 ) ,  a a a  O K e a H a  b o 3 m o >k h o  
H c n o a b 3 0 B a H a e  (})0p M y a b i  n p H T a x x e H a a  ö e c K O H e a H o r o  n a o c K o n a p a a a e a b H o r o  
c a o a  [ 1 5 ,  1 6 ,  1 h  a p j .  Blo s t o h  <J>opM yae  m o * h o  B b i a a c a a T b  r a y ö a H y  no- 
B e p x H o c T H  M o x o p o B H a a a a  ( M o x o )  b  a r o ö o a  T o a a e ,  e c a a  H3B e c T H a  r a y ö a H a  
n O B e p x H O C T H  M o x o  b  o n o p H o a  T o a a e  h  e c a a  H3B ecTH bi a H O M a a a a  B y r e  b  
3TH X  TOHKaX.
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BjiH>KaHiiiHH p a i í o H ,  r a e  b  HacTOBiu.ee  BpeMH H3BecTHa r j iy Ö H H a  n o -  
BepXHOCTH M o x o ,  —  3T 0  U ,eH T p a j Ib H af l  KOTJlOBHHa K K)rO-BOCTOKy OT OCTPO
BOB H a rO C ,  B KOTOpOH COBeTCKHe TeOCj)H3HKH B 1961  r .  BbinOJIHHJIH npO<j)HJIb 
MeTOflOM n p e j io M J ie H H b ix  b o j i h  [17].  3 e M H a a  KOpa b  s t o m  p a n o H e  HMeeT t h -  
nHHHO OKeaHHHecKoe c T p o e H H e  ( B o a a ,  o c a ^ K H ,  « 6 a 3 a j i b T » ) ;  r j iy Ö H H a  n o -  
BepxHOCTH M o x o  c o c T a B J ia e T  — - 1 1,5 k m .  H c n o J ib 3 y H  s t o t  o n o p H b i ñ  n p o c fm j ib

n - o  b

P h c . 4. CxeM aTHM ecKaa K apTa rjiyÓHH noB epxH ocTH  M o x o  ceB ep o -3 an a ;u iO H  nacTH H h u h h - 
CKoro OKeaHa. Y cjioB H H e o 6 o 3 H aieH H a:

1 — H30J1HHHH rjiyÔHH noBepxHocTH Moxo (km ) ; 2 — rjiyÖHHa Moxo (km) no ceñcMHnecKiiM
ÄaHHUM.

h  K a p T y  a H O M a jiH H  Byre, m h  p a c c n H T a J i n  no ( J io p M y J ie  n j i o c K o n a p a J i J i e j i b -  
H o r o  c j i o h  T JiyöH H bi  a o  n o B e p x H o c T H  M o x o  j i j i h  B c e r o  o n n c b i B a e M o r o  p a ñ -  
O H a b  n p e a n o j i o m e H H H  p a 3 H 0 C T H  n J io T H O C T e n  M e i K a y  K o p o n  h  B e p x H e f i  M a H -  
T n e n ,  p a B H O H  0,5 b / c m 3. Ha p n c .  4 n p H B e a e H a  c x e M a  r j iy Ó H H  n o B e p x H o c T H  
Moxo, H 3 0 rJ iy Ô H H b i  n p O B e ß e H b i  n e p e 3  5 k m .  ■

K a n  BH flH o, o ö J i a c T H  o K e a H n n e c K H x  k o t j i o b h h  h m c i o t  c p a B H H T e j i b n o  
« T O H K j ' io »  3e M H y io  K o p y .  Tan, U e H T p a a b H a a ,  M a c K a p e H C K a a ,  M a a a r a c K a p -  
C K a a  H C O M aJ lH H C K aH  KOTJIOBHHbl HMeiOT MOIIJ,HOCTb K o p b i  4 — 6 k m ;  A p a B H H -  
C K a a  K O TJioBH Ha OKOJio 8 — 10 KM]  K o M o p c K a a ,  M o 3 a M 6 n K C K a a  k o t j i o b h h m , .
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OTHOCfllUHeCH K nepeXOAHOH 30He, HMeiOT nOBbimeHHyro MOLUHOCTb KOpbl AO 
1 2 — 1 5  KM.

H a  c x e M e  a e T x o  n p o c j i e J X H B a x r r c H  o x e a H H a e c x n e  x p e Ö T b i ,  o r p a H n a e H -  
H b ie  H 3 0 r j i y Ô H H a M H  M o x o  15  k m ,  r a e  H a Ö J i io f la e T C H ,  n o -B H A H M O M y ,  y m i i -  
IU,eHHe 3eM HOH K o p b i  AO 2 0  K M  H AO 2 5  K M  H a  O CTpOBaX 3THX X peÖ T O B . T a x  
A p aB H H C K O -M H A H H C K H H  X p e Ö e T  npO C Jie>K H B aeTC H  OT O. C o K O T p a  AO o .  P oa- 
p H r e c .  T p e Ö H H  x p e Ö T O B  x a p a x T e p H 3 y i O T C H  y B e j i n a e H H e M  m o i u h o c t h  K o p b i  
AO 2 0  KM.

M a c K a p e H C K H H  x p e ö e T  o t  C e ñ u i e ^ b C K H x  a o  M a c K a p e H C K H x  o c T p o B O B  
T a x * e  n p o c j i e > K H B a e T C H  H 3 0 J iH H H e n  M o x o  1 5  k m .  H a  C e H u i e a b c x H x  o c T p o -  
B a x  h  o c T p o B a x  K a p r a A o c — K a p a x o c  M o m H O C T b  K o p b i  y B e j i H H H B a e T c a  a o  
2 5  k m ;  M a c K a p e H C K H e  o c T p o B a  O T M e a a x r r c H  y B e J i n a e H H e M  m / i m H H b i  K o p b i  
A o  2 0  k m .  O c T p o B a  O a p x y a p  h  A ; i b A a ö p a  h m c i o t  M o m H O C T b  K o p b i  ö o a e e  
2 0  k m .  M a ^ ib A H B C K H H  x p e ö e T  c  e r o  M H oroH H C JieH H biM H  o c T p O B a M H  OTMe- 
a a e T c a  n o B b i m e H H o ñ  t o j i i u h h o h  3e M H o ñ  K o p b i .  Oh B e c b M a  a e T x o  o x o H T y p n -  
B a e T c a  H 30J iH H H eH  M o x o  2 0  k m .  M a J i b A H B C x n e  h  J l a K K a A H B C K H e  o c T p o B a  
x a p a K T e p H 3 y i O T C H  y B e j i n a e H H e M  m o i u h o c t h  x o p b l  a o  2 5 — 2 7  k m .

H a  o .  U ,eH J io H  M o m H O C T b  K o p b i  A O C T H ra e T  2 5  k m . O .  M a A a r a c K a p  o t -  
J i H H a e T c a  3 H a a H T e j ib H b iM  yT O Jim eH H C M  3 e M H o i i  K o p b i .  T a x  b  u e n r p a j i b H O H  
B blC O K O ropH O H  HaCTH O CT pO Ba MOUTHOCTb K o p b i  A O C T H ra e T  3 5  K M.

B  n e p e x o A H b i x  o ö J i a c T a x  o t  O K e a H a  k  M a T e p H x a M  T O J iu tH H a  3 c m h o h  k o -  
p b i  y B e j i H H H B a e T c a .  T a x  n p n  n e p e x o A e  x  A i j i p n x e  b  p a ñ o H e  M o 3a M Ö H x a  h  
C o M a j i H  T O .au tH H â  x o p u  y B e j i H H H B a e T c a  a o  3 5  k m . E .  B y j u i a p A  n o  r p a B H -  
M e T p H a e c x H M  A aH H biM  n p e A n o n a r a j i ,  m  y  B O C T o a H o ro  ô e p e r a  A i f j p n x H  
M o m H O C T b  x o p b i  n p H M e p H O  p a B H a  3 0  k m  [ 1 8 ] ,  B  p a ñ o H e  n - O B a  H h a o c t h h  
TOJILL[HHa 3CMHOH x o p b i  y B e /IH a H B a e T C H  AO 3 0  K M.

B n a A H H a  K p a c H o r o  M o p a  x a p a x T e p H 3 y e T c a  c p e A H e n  t o a i u h h o h  x o p b i  
o x o j i o  2 5  k m , c  y M e n b u i e H H e M  TOJiuxHHbi x o p b i  a o  2 0  k m  b  u e H T p a j i b H o n ,  
r j i y ô o x o B O A H O f t  e e  a a c m  3 t h  A a H H b ie  n o A T B ep > X A aiO T  M H eH H e M .  B .  M y p a -  
TOBa [1 9 ] ,  x o r o p b i H  H a  o c h o b 3 h h h  x a p a x T e p a  p e ¿ i b e ( | ) a  o x e a H n a e c x o r o  A n a  
K p a c H o r o  M o p a  ,h x a a e c T B e H H o r o  c o n o c T a B J i e n n a  a H O M a j iH H  B y r e  c a H T a e T ,  
HTO TOJIIUHHa SeMHOH XO pbl B K p a C H O M  M o p e  C O C Ta B Jiae T  OKOJIO 2 5  K M .  
P .  T n p A n e p  [2 0 ]  n o j i a r a e T ,  h t o  M o m H O C T b  ( B e p H e e  r a y Ô H H a  H 3 0 C T a T H a e c x o i i  
x o M n e H c a u H H )  3 e M H o n  x o p b i  b  K p a c n o M  M o p e  c o c T a B j m e T  3 0  k m . n p n  n e -  
p e x o A e  k  A ( [ )p H x a H C X 0M y  B b i c o x o r o p H O M y  ö e p e r y  T O J im i iH a  3eM HOH x o p b i  
y B 'e . iH M H B a e T c a  a o  3 5 — 4 0  k m .

C o n o c T a B J ie H i ïe  c x e M a T H a e c x o n  x a p T b i  r j iyÔHH n o B e p x H o c T H  M o x o ,  
cocTaBJieHHOH H3MH n o  rp a B H M e T p H a e c x H M  AanHbiM  c a n a a o n i a H b i M H  c x e M a -  
T u ae cx H M H  x a p T a M H ,  nocT poeH H biM H  P .  M .  ü e M e H H H X o n  [21]  h  H .  n .  T p y -  
MMHCXHM [2 2 ] ,  n o x a 3 b iB a e T  H a j i n a n e  C H C T eM aT iiaecx i ix  pacxo> xA eH H H  Me>XAy 
3THMH TpeM H XapT3M H. CxeM aTH HeCX aH X a p T a  TO^UTHHBI 3eMHOH x o p b l  AO 
n o B e p x H o c T H  M o x o  H h a h h c x o t o  o x e a H a  n o c T p o e H a  P .  M .  .H eM et iH n x o H  n o  
«ocpeA H eH H biM  rp a c ju ix a iv i»  n o a T H  HCXjnoaiiTejibHO n o  ôaT H M eT p H n ecx H M  
x a p T a w .  H a H Ô o ,n b n iH e  pacxo>XAeHHH c  H a n i  e n  x a p T o n ,  AOCTnraioiu,He 1 0  k m , 
H a ô j n o A a x i T c a  b p a ñ o H e  M a c x a p e H C X o ñ  x o t j i o b h h m  h  M a c x a p e H c x o r o  
x p e Ô T a .  H a  x a p T e  P .  M .  ü e M e H H n x o ñ  r j iy Ö H H a  n o B e p x H o c T H  M o x o  b  M a -  
c x a p e H c x o H  xoT JiO B im e  AOCTHraeT 2 5  k m , n a  n a r n e ñ  x a p T e  He ô o j i e e  15 k m . 
C x e M a T i i a e c x a n  x a p T a  TOJimHHbi 3eMHOii x o p b i  n o c T p o e H a  H .  n .  r p y u i H H -  
cxHM n o  pe jibecf iy ,  o c p eA n e H H O M y  b  n p e A e n a x  T p a n e n n i i  c o  CTopoHaMH, 
paB HbiM ii  5  3X B 3T opH aj ibH biM  r p a A y c a M .  n p H  T a x o M  ocpeA H eH H H  p e j ib e t[ )a  
ó o j ib u i H x  n j i o m a A e n  cHJibHo c r jia jxH B aiO T C H  M H o rn e  n p H M e a a T e j ib H b ie  o c o -  
ôeHHOCTH p e j i b e i j i a  A n a  H h a h h c x o t o  o x e a H a ,  T a x n e ,  x a x  ApaB HH C Xo-HH AHH - 
CXHH, M a c x a p e H c x H Î i ,  MajibAHBCXHH noABOAHbie xpeÔ T bi.  l îo 3 T O M y  H a x a p T e  
H .  n .  T p y n iH H C x o r o  b  o c h o b h o m  npoHBJineTCH m o h o t o h h o c  y M eH b in eH H e  
TJiyÔHHbi n o B e p x H o c T H  M o x o  o t  3 5 — 4 0  k m  y  n o ô e p e > x b H  AcjapHXH h  A 3 h h
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n o  1 2 — 15 k m  b  c e B e p o - 3 a n a Ä H o f t  u a c T i i  M H n n i i c K o r o  o n e a n a .  P a c x o w n e -  
HHB c  H a r n e n  KapTOH b ocHOBHOM b n p e u e a a x  5 — 7 k m . T a n n e  c p a B H H T e a b -  
Ho H eöoJibL uiie  p a c x o /K n e H H B  BepoHTHO o ô y c a o B a e H b i  t c m ,  h t o  H .  n .  T p y -  
WHHCKHH n p n  c o c T a B a e H i m  cx e .M aT im ecK o fi  KapTbi T o a i u n n  3eM H o n  Kopbi 
n o  ô aT H M eT p n n ecK H M  aaHH biM  n c n o a b 3 0 B a a  K oa iJuJw uneH Tbi  a i m e n H o n  
CBH3H TOaiUHH 3CMHOH KOpbl C peabe([)OM , n oayH eH H blM  He a,JIB B e e n  3eMJIH, 
a  n a n  o ô j r a c T H  T u x o r o ,  H u a n n c K o r o  o neaH O B .

r i p n  o n e H K e  t o h h o c t h  H a m e n  c x e M a i n n e c K o n  n a p T b i  r a y ô n H  n o B e p x -  
HOCTH M o x o ,  n o c T p o e H H o f t  n o  rp a B i iM e T p n n e c K H M  naHHbiM , H e o ô x o n u M O  
ou eH H T b  xoTB 6bi  n p n ô a n > K e H H o  n o p a u o n  c n c T e M a T n n e c K n x  n  c a y n a i i H b i x  
o i u h ö o k . C n c T e M a T i in e c K H e  o i h h ô k h  n p n  o n p e n e a e H n n  r a y ö n i i  n o B e p x n o -  
CTH M o x o  n o  rp a B U M e T p a n e c K i iM  na iiH b iM  M o ry T  ób iT b  o ó y c a o B a e i i b i  b 
OCHOBHOM aBVMH (jiaKTOpaMII.

1. T a n  KaK m bí n p n  p a c n e i a x  r a y ö n H  n o B e p x i i o c T n  M o x o  n o  rp a B H -  
M eTpnnecK H M  naHHbiM o n n p a a n c b  Ha eauHC TB eHHbin  c e ñ c M i m e c K i in  nyiiKT, 
r a e  r p a i i n n a  M o x o  o n p e n e a e H a  c n o rp e u iH O C T b io  ± 1 , 5  k m  [17],  t o  b c b  H a m a  
c x e M a  r a y ö i i H  M o x o  MO>KeT öb iT b  c u c T e M a T n n e c K H  3 a B b im e H a  n a n  3 3 h h -  
>KeHa b  n p e a e a a x  n o r p e u iH o c T i i  o n p e n e a e n n a  r a v ö H H b i  n o B e p x H o e r n  M o x o  
ceücM H necK H M  M eT o ao x i .

2. H c c a e a o B a m i B  n o c J i e a m i x  a e i  [2 3  h  u p . ]  n o i < a 3 a u n ,  h t o  b c p e a H e M  
naoTHOCTb B e m e c T B a  B ep x H e ii  M a H m n  a a n  B e e n  3 e M a n  p a B H a  3 ,3  ¿ ¡ c m 3. 
O a H a K o  BbiHBanioTCH n a a H e T a p H b ie  n a o T H o cT H b ie  H e o a H o p o a n o c T H  b B e p x -  
H en  M a H m n ,  a o c m r a i o u i H e  0,1 ¿ ¡ c m 3. IToaTOMy n p n  H e n p a B n a b H O M  B b iö o p e  
naoTHOCTH Kopbi n  B e p x H e ñ  M a u r i n i  M o ry T  b  p a c n e T a x  r a y ó i i H  n o B e p x H o c T H  
M o x o  n o  rp a E H M eT p im e c K H M  n a m ib iM  noBBiiTbCB c H c x e M a T iiH e cK n e  n o r p e u i -  
HOCTii. H a M H  n p n  p a c n e T a x  n p m i B T a  c p e a u a a  n a o r a o c T b  B e iu e c T B a  B e p x H e i i  
M3HTHH, p a B H o ñ  3 ,3  e / c m 3, a  c p ea H H H  naoTH OCTb K opbi 2 ,8  ¿ ¡ c m 3.

H e n o T o p o e  n p e a c T a B a e H i i e  o  n a o T H O C T H o n  H e o a n o p o a H o c T H  B e i u e c T B a  
B e p x H e i i  M a i iT i i n  m o t v t  a a T b  K a p T b i  o c p e a H e H H b i x  a H O M a a n n  c n a b i  TB>KecTH 
b  p e a y K U H H  <ï>an n rp a c | ) i iK H  3aB H CH M 0CTii  a H O M a a n n  O a a  o t  r a y ö i m  a H a  
O K e a H a .  C o c T a B a e n H a a  H aM H  c x e M a T H H e c K a a  K a p T a  a H O M a a n n  c n a b i  T a > n e -  
CTH b  p e a y K U H H  O a a  a a n  c e B e p o  a a n a a H o n  n a c T H  H h u h h c k o t o  o n e a n a  
( H o p M a a b i i a a  ( J i o p M y a a  M O n n y H a p o a H a a )  n o K a 3 b i B a e T  n p e o ó a a a a H i i e  H a  
B e e f t  p a c c M a T p H B a e M O H  a K B a T o p i i n  O T p H u a T e a b H b i x  a H O M a a n n  O a a  n o p a n -  
K a  — 30-=— 4 0  m z a .  H a  K a p T e  o c p e a H e n n b i x  a H O M a a n n  O a a  a a n  B c e i i  
3 e M a n ,  c o c T a B a e H H o n  B .  M .  K a y a o i i ,  K O T o p b i i i  n c n o a b 3 0 B a a  H a n ö o a e e  n o a -  
H b ie  r p a B H M e T p i i H e c K i i e  n  c n v T H H K O B b ie  a a m i b i e ,  c e B e p o - 3 a n a a n a B  n a c T b  
H n a n f l c K o r o  o n e a n a  x a p a K T e p i i 3 y e T C B  O T p n u a T e a b H b i M H  a H O M a a n n M H  
O a a  — 3 0  MZA,  B OTUHHIie OT ÍO/KHOH H3CTH H H U IIH C K O rO  O K e a H a ,  a U H  KO- 
T o p o n  n a n ó o a e e  x a p a K T e p i i b i  n o a o i K i r r e a b i i b i e  a H O M a a n n  O a a  + 1 0  m z a  [24], 
H a  c o c T a B a e H H O M  i-iaMii r p a c f iH K e  ( p u e .  5 )  3aBHCiiMOCTH a H O M a a n n  O a a  o t  
r a y ö i i H  a n a  c e B e p o - a a n a a n o n  n a c T H  H h a h h c k o t o  o n e a n a  a o c T a T O H H O  h c t k o  
n p o B B J i a e T C B  T e n a e n m i B  k n p e o ö a a u a H n i o  ö o a e e  o T p n u a T e a b H b i x  a H O M a a n n  
O a a  n a h  c o o T B e T C T B y io iU H x  m i T c p B a a o B  r a y ö n n  n o  c p a B i i e H i n o  c  a H a a o -  
THHHbiM rpacJiH K O M , n o c T p o e i i H b i M  H aM H  n a n  B c e r o  H h a h h c k o t o  O K e a n a [ l ] .

B e e  3TH n a H H b ie  cB iia eT ea b C T B y io T  o  t o m ,  h t o  naoTHOCTb B e ip e cT B a  
B e p x H e n  M aHTiin b  c e B e p o - 3 a n a a n o H  n a c T i i  H h a h h c k o t o  O K eaH a  BeponTH O 
n e c K o a b K o  M e i ib in e  c p e a H e f t  n a o T i i o e r a  B e p x H e ñ  MaiiTHH. H e n o T o p o e  B a n a -  
H n e  Ha n a ö a i o a a e M b i e  O T p n u a T e a b u b i e  a H O M a a n n  O a a  c e B e p o - 3 a n a a H o n  
nacT H  H n a n n c K o r o  o n e a n a  MO>neT 0 K a 3 a T b  n  a n o M a a b H o  HH3K3H c p e u H a a  
naoTHOCTb 3eM H on K opbi.  O f l i i a K o  u n a  n o a n o r o  o ó t a c H e n n a  n a ö a i o n a e M b i x  
O T p n u a T e a b H b ix  a H O M a a n n  O a a  H e o ö x o n H M O  n p e u n o a o i K H T b ,  h t o  naoTHOCTb 
3 eM H o n  Kopbi c e B e p o - 3 a r i a u H o n  n a c r a  H H a n n c K o r o  o n e a H a  n a  0 ,2  z / c m 3 
M eH b iu e  c p e n i i e i i  naoTHOCTH 3eMHoft K opbi.  O n n a n o  T a n o e  n p e n n o a o > K e H H e  
M a a o B e p o a T H O ,  u  o h o  h c  n o u T B e p / K n a e T c a  CTpoeiiHeM  3 e M H o n  K opb i ,  u o a y -
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q eH H biM  n o  c e ñ c M n n e c i < H M  A aH H biM  a -t h  0 T f le . / ib H b ix  y q a c T K O B  ceBepo-3anaA- 
H o ii  n a c T H  M H flH H C K o ro  O K e a H a  [25], T a K H M  o 6 p a 3 0 M ,  ecjiH A o n y c T H T b ,  a t o  
n j iOTHOCTb B e m e c T B a  B e p x H e f t  M a i m i H  b  c e B e p o - 3 a n a A H o ñ  q a c T H  H h a h h - 
c K o r o  O K e a H a  .¡vieHbuie c p e A H e n  n j io T H O cT H  B e p x H e ñ  m s h t h h  H a  0,05 z / c m 3, 
t o  n a m a  c x e M a T H q e c K a a  K a p T a  r a y ó n H  n o B e p x H o c T H  Moxo 6y a e T  c o a e p -  
>KaTb O H C T eM aT H H ecK y io  n o r p e u j H O C T b ,  A o c T H r a i o m y i o  b  oö^iactax n a H Ö O A b -
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Phc. 5,. Tpa(j)HK 3£ibhchmocth aHOMa.iHH <t>aa or iviyôiiH HHa ce3epo-3anaj.Hofi MacTii
HHÂHHCKOro OKeaHa

m u x  iviyÔHH a o  2 k m .  B o ô J i a c T H x  c  r ^ y Ô H H a w i i  n o B e p x H o c T H  Moxo 10—  
15  k m ,  t . e. Ha ö o J i b m e n  qacT H  p a c c M a T p n B a e M O H  a K B a T o p n H ,  CHCTeMaTHqe- 
C Kan n o rp e u iH O C T b ,  oôyc jiO B JieH H aH  njioTHOCTHOH HeoAHopoAHOCTbio B e p x -  
H eñ  M3.HTHH, He n p e B b iu i a e T  1 k m .

K p o M e  n j i a H e T a p H b ix  naoTHOCTHbix HeoAHopoAHOCTeñ B e p x H e ñ  m 3 h t h h  
b  n o cA eA H H e t o a h  b  p e 3 y j i b T a T e  KOMnjieKCHoii H H T e p n p eT a u H H  A eT aA bH bix  
r p a B H M e T p n q e c K H X  h  c e ñ c M H q e c K H x  A aHH bix  BbiHBJieHbi p e r n o H a J ib H b ie ,  
cpaBHHTe.TbHO y 3 K n e ,  h o  B e cb M a  npoTHjKe.HHbie n/iOTHocTHbie  H eo A H o p o A - 
HOCTH B e p x H e ñ  M3HTHH, n p H y p o q e H H b ie  k  cpeAHHHbiM x p e Ô T aM  h  n e p e x o A -  
HblM 30H3M  OT MaTCpHKOB K OKeaHaM  {26, 27 H AP-]. T a K  nOA cpeAHHHbiM 
ATJiaHTHqecKHM h  B o c T o q H O -T u x o o K ea H C K H M  x p eÔ T aM H  oÔHapy>KeHO yM eH b- 
m eH H e  MOLHHOCTH 3eMHOH K opbi ,  0AH 3K0 b  3TOM c / i y q a e  H aôJi iO A aeM bie  
MHHHMyMbI aHOMaJIHH CHJIbl THJKeCTH B peAyKUHH B y r e  HaA xpeÔ T aM H  

»oÖTjHCHaroTca pa3vnA O T H eH H eM  B e m e c T B a  B e p x n e f t  m 3 h t h h . 3 t o  n o A T B e p a t -

91

701



a a e T c a  T aK JK e  y M e H b i n e H i i e M  r p a H i i H H o ñ  c K o p o c m  p a c n p o e r p a H e H H H  n p o 
a o a b H b i x  BOJiH H a  r p a m m e  M o x o .  He H C K a io n e H O ,  h t o  h  n o a  A p a B H ñ c K o -  
H H aH H C K H M , a  B03M 0>K H 0 H n o a  a p y r H M H  n O a B O a H b lM H  X p e Ô T a M H  M H a H H -  
C K o r o  O K e a H a  6 y a y T  B b i a B a e H b i  n p n  a a a b H e ñ u i H x  n c c a e a o B a H H a x  M e H e e  
n a o T H b i e  c j i o h  B e p x H e ñ  m 3 H t i i h .  B s t o m  c a y n a e  H 3 o 6 a T b i  n o B e p x H o c T H  M o x o  
n o a  x p e Ô T a M H  H a  H a i n e n  c x e M e  ó y a y T  n p H M e p H O  c o o T B e T C T B O B a T b  B e p x H e -  
M y n p e a e a y  r j iy Ó H H  p a 3 y n a o T H e H H H  B e m e c T B a  B e p x n e ñ  M a H T i in .  T ai<H M  
o é p a 3 0 M ,  H a  H a u i e n  c x e n e  H a H M e H e e  y B e p e H H b iM H  a B a a i o T c a  r a y Ó H H b i  n o -  
B epxH O C T H  M o x o ,  BbiHHCJieHH bie n o  r p a B H M e T p n n e c K H M  a a H H b i M  a a a  n o a -  
B O aH blX  x p e Ö T O B  H OCTpOBOB.

CaynanHaa oinnÓKa onpeaeaeHHa rjiyÓHH noBepxwocTH Moxo no rpa- 
BHMeTpnHecKHM aaHHbiM oóycaaBaiiBaeTca ouiHÓKaMH onpeaeaeHHa aHOMa- 
ann Byre, aoKaabHbiMii H3M6HeHiiaMH m o l u h o c t h  h  cocTaBa ocaaoHHbix 
OTJioJKeHHH h «6a3aabTOBoro» caoa. B cpeaneM STM BanaHHa peaKO npe- 
BOCXOaflT ± 2  KM.

B C B eTe B c e r o  B b i i n e i i 3 a o > K e H H o r o  H 3 o 6 a t b i  n o B e p x n o c T i i  M o x o  n p o B e -  
a e n b i  n e p e 3  5  k m .  Y w e  n o c a e  c o c T a B a e H H a  H a i n e ñ  c x e M a T i m e c K o ñ  K a p T b i  
r a y ó n H  n o B e p x H o c T H  M o x o  ô b i a i i  n o a y n e H b i  ( y c T H o e  c o o ö m e H n e  IO .  n .  He- 
n p o H H O B a ) n p e a s a p i i T e a b H b i e  p e 3 y a b T a T b i  c e ñ c M H H e c K H x  o n p e a e a e n n n  
MOUIHOCTH 3eM HOH K O pbl  B 3 6 - M  p e ñ c e  3 /C  « B H T H 3 b »  B M a C K a p e H C K O H  KOT- 
a O B H H e .  M o m H O C T b  3eM H O li  K O pbl  HO CeHCMHHeCKHM a a H H b i M  B M a C K a p e H 
CKOH K O T a o B H H e  10,7 k m ,  a H a H a i n e n  c x e n e  O K o a o  12 k m .  C e ñ c M H H e c K n e  
H c c a e a o B a H H H  T. I \  I l l o p a  h  JX- H l o a a a p a a  [2 5 ]  ó a H O K  C e ñ i n e a b C K o ñ  ¡i 
C a ñ a  a e  M a a a ,  n p o B e a e H H b i e  b  1 9 6 2  r . ,  n o a T B e p a u a n  n a a n a n e  n o a  C e ñ -  
i n e a b C K O H  ó a H K o ñ  « r p a H H T H o r o »  c a o a ,  B n e p B b i e  B b i a B a e H H o r o  b  p e 3 y a b T a T e  
c e n c M i m e c K H x  n c c a e a o B a i i H i i  T. T a c K e a a o M  n XI*. C ß o a a o y  [28]. Ha ó a H K e  
Caña a e  Maaa B b i a B a e H a  c y m e c T B e H H O  O T a H H H a a  C T p y K T y p a  K o p b i  6 e 3  
« r p a H H T i i o r o »  c a o a .  B e p x H H H  c a o n  c o  C K o p o c T a M H  n p o a o a b H b i x  B o a n  o t  
1,72 K M / c e K  a o  3,0 K M / c e K  n p e a n o a o / K H T e a b H O  O T H eceH  k  K O p a a a o B b i M  n o -  
p o a a M ,  n o a c T i i a a e M b i M  M a T e p i i a a o M  c o  C K o p o c T H M H  n p o a o a b H b i x  B o a n  
4 , 4 — 4 , 5  K M / c e K ,  T iim iH H b iM H  a a a  B y a K a H i m e c K H x  o c t p o b o b .  3 t h  n o p o a w  
p a c n p o c T p a H a i o T c a  H a  r a y ó i m y  n p n M e p H o  a o  8  k m  h  n o a c T H a a i O T c a  « 6 a -  
3 a a b T O B b i M »  c a o e M  c o  c K o p o c T b i o  n p o a o a b H b i x  B o a H  6 , 8 — 7,0 K M / c e K .  Ta- 
KHM o ô p a 3 0 M ,  b c p e a H e n  n a c T H  M a c K a p e H C K o r o  x p e Ó T a  b  p a ñ o H e  ô a H K i i  
C a ñ a  a e  M a a a  M o m H O C T b  K o p b i  a o  « 6 a 3 a a b T O B o r o »  c a o a  n o  c e ñ c M i i a e c K H M  
a a H i i b i M  H e  M e H e e  8 k m ,  a n a  H a m e ñ  c x e M e  M o n m o c T b  3 e M H o ñ  K o p b i  a o  
n o B e p x H o c T H  M o x o  n o  r p a B H M e T p n n e c K H M  a a H H b i M  H e  M e n e e  1 5  k m .

n p o B e a e H H b i e  k  n a c T o a m e M y  B p e M e H n  r p a B H M e T p i m e c K H e  n c c a e a o B a -  
H n a  b c e B e p o - 3 a n a a H o ñ  n a c T i i  H H a n ñ c K o r o  O K e a H a  n o 3 B o a H a n  b o ó u i h x  
a e p T a x  n p e a c T a B H T b  x a p a K T e p  r p a B H T a n n o H H o r o  n o a a ,  M o m H O C T b  3 e M H o ñ  
K o p b i ,  a T a K * e  o ó m n e  3aK O H O M epH O C TH  H 3 w e H e i i n a  T o a m i i H b i  a e M H o ñ  K o p w  
b  p a 3 a i i H H b i x  p a ñ o H a x  3 T o ñ  n a c r a  o n e a n a .  B 1 9 6 4 — 1 9 6 5  r r .  b 3 6 - m  p e ñ c e  
s / c  « B H T a 3 b »  B b i n o a H e H  3 H a in i T e a b H b i ñ  K O M n a e K c  r e o a o r o - r e o i } ) H 3 H H e c K H X  
p a ô o T  b  c e B e p H o ñ  n a c r a  H H a n ñ c K o r o  O K e a H a .  B h x  n n c a o  B x o a a T  c e ñ C M H -  
a e c K n e  ( M e r o a a M H  MOB n TC3), r p a B H M e T p n n e c K i i e  h  r u a p o M a r H H T H b i e  
H C c a e a o B a H i i a .

P e 3 y a b T a T b i  s t h x  p a ô o T  n o 3 B o a a T  b  a a a b i i e ñ i n e M  npO B ecTH  KOMnaeKC- 
H yio  H H T e p n p e T a m n o  B c ex  H M e i o m n x c a  r e o c f m s im e c K H x  h  r e o a o r i i n e c K H X  
a a H H b ix  c  u e a b i o  yTOHHeHHa r a y Ô H H H o r o  C T p o e H n a  3 e M i io ñ  K opb i  h  B e p x H e ñ  
M3HTHH 3 T o r o  p e rH O H a .  Tan p e 3 y a b T a T b i  n p e a B a p n T e a b H o ñ  H H T e p n p eT a i iH H  
c e ñ c M im e c K H x  a a H H b ix ,  n o a y n e n n b i x  b 3 6 - m  p e ñ c e  a / c  « B H T H 3b»  b  pnijiTO- 
B o ñ  3 0 H e  A p a B H ñ c K o - H H a i i ñ c K o r o  x p e ó r a ,  n o  a aH H H M  IO .  n .  H e n p o n H O B a ,  
n o K a 3 b iB a io T ,  h t o  H e n o c p e a c T B e H H O  n o a  o c a a o H i io - B y a K a H o r e H H o ñ  T o a m e ñ ,  
x a p a K T e p H 3 y i o m e ñ c a  c k o p o c t h m i i  c e ñ c M n n e c K i i x  B oaH  n o p a a K a  5 , 0  K M / c e K  

h  MomHOCTbio B c e r o  2 , 0 — 2 , 5  k m ,  3 a a e r a i o T  n o p o a b C  x a p a K T e p H 3 y i o m H e c a
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CKopocTHMH 7,0—7,2 km¡cea. Ha 0CH0B3HHH npejiBapHTejibHoro H3y*ieHHH 
o6pa3UOB ocHOBHbix h  yjibTpaocHOBHbix nopoÄ, coöpaHHbix b  3 6 - m  peñce 
3/c «BnTfl3b» CO CKJIOHOB pHtflTOBblX yiII,eJIHH TpeX BeTBeft CpeaHHHO-HHÄO- 
OKeaHCKoro xpeÖTa: ApaBHHCKo-HHÆHHCKoro, 3ana^HO-HHflHñcKoro h  LJ,eH- 
TpajibHo-HHÄHHCKoro xpeÖTOB, h  aHaJiH3a HMeiomnxca reotj)H3HHecKHX ÆaH- 
Hbix (ceñcMHHecKHx, MarHHTHbix h  H3MepeHHH TenjioBoro noTOKa) no Cpe- 
flHHHO-MHÄOOKeaHCKOMy xpeÖTy T. B. y^nHueB n B. H. HepHbiuieBa 
BbicKa3biBaK)T npe,n,nojio>KeHHe, h t o  s t h  nopoflbi h b j i h k j t c h  MajioH3MeHeH- 
HbiMH noponaMH BepxHeñ M3HTHH 3eMJiH]. npejuicwiaraeTCH, h t o  o6pa30- 
B3Hne CpeanHHo-HHnooKeaHCKoro xpeÖTa oöycjiOBJieHO c b o ä o b h m  no/iHH- 
TueM BepxHeñ MaHTnn. BejiymHMH npoueccaMH (JiopMHpoBaHHH Kopbi b  
3T0H 30He HBJIHIOTCH CepneHTHHH33UHH BeiH,eCTBa BepXHCH MaHTHH, pacTH- 
>KeHne H pa3pbIBbI Ha noBepxHocTH. •

B e i u e c T B o  B e p x H e ñ  M aHTHH n o a  C p e f lH H H O -O K e a H H n e c K H M H  x p e Ô T a M H  
HaX O JH TC H  B yCJIOBHHX nOHHTKeHHOTO A aB JieH H H , OTHOCHTeJIbHO BbICOKHX 
T e M n e p a T y p  h  n o A B e p r a e T C H  c e p n e H T H H H 3 a u H H  h  A H H a M O M e T a M o p ( j} H 3 M y .  
B e e  3 T 0 ,  eCTeCTBeHHO, n p H B O A H T  H K COOTBeTCTByiOIH,HM H 3M eH eH H H M  (f)H3H- 
n e c K H x  CBOHCTB B e m e c T B a  B e p x H e ñ  M aH TH H , b  h 3 c t h o c t h  k  y M e H b u ie H H K )  
nJIOTHOCTH H rp a H H H H O H  CKOpOCTH npO Ä O JIbH blX  CeHCMHHeCKHX BOJIH. F l o -  
3 T 0 M y  C p e f lH H H o - O K e a H H H e c K H e  x p e ö r a  O T p a n c a i o T c n  3 H a w r e j i b H b i M  y M e H b -  
u i e H H e M  a H O M a j iH H  c h j i h  t h t k c c t h  b  p e n y K U H H  Byre h ,  B e p o a r a o ,  ô o j i e e  
OÖOCHOBaHO H H T e p n p e T H p O B a T b  3TH a H O M a j iH H  H e  yB e JIH H eH H eM  m o i u h o c t h  
3 C m h o h  K o p b i ,  a  p a 3 y n j i o T H e H H e M  B e m e c T B a  B e p x H e ñ  M aHTHH n o n  C p e A H H -  
H O -O K eaH H q ecK H M H  x p e Ô T a M H .
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Reprinted from Bull. natn. Inst. Sei. Ind ia , no. 38, 1968, p. 411-420

SIZE DISTRIBUTION AND CARBONATE CONTENT OF THE 
SEDIMENTS OF THE WESTERN SHELF OF INDIA

by R.R. N air and Abraham P ylee

Physical Oceanography Division,
National Institute o f Oceanography, Ernakulam

Sediment samples collected during the 25th cruise of I.N.S. KISTNA (Indian 
Programme of I. I. O. E.) were analysed for grain size and carbonat.e content.
The shelf sediments show well defined zonation, except where river-borne sediments 
tend to mask this zonation, as off Bombay, and the zones have been classified 
into two categories. (1) The innershelf, up to a depth of 20 fms is characteri
sed by high rates of sedimentation and composed of recently deposited silts and 
clay with low carbonate values (<20% ). (2) The outershelf (approximately 
20 to 70 fms) is a zone o f relict sediments, having relatively low rates of 
sedimentation and composed of fine to medium sands. Occasional patches of 
coarse iron stained sands and pebbles are also present. The carbonate content 
in this zone is high (30 to 80%) being contributed largely by molluscs with 
minor amounts due to foraminifera and other organisms. At slope depths 
(> 7 0  fms), the outer shelf sands grade into foraminiferal sands.

Introduction

One of the cruises, the XXVth, carried out by I.N.S. KISTNA as part of the 
Indian Programme of the International Indian Ocean Expedition, covered the 
western shelf of India. The traverses were run normal to the coast and generally 
start five to ten miles offshore, and continue into slope depths. The grain size and 
calcium carbonate content of the bottom samples collected during this cruise forms the 
subject o f this paper. Samples were collected by Phleger Gravity Corer with a 
one-metre unlined barrel as well as by a LaFond-Dietz Snapper. Core samples, 
after extrusion from the barrel, were logged for colour, odour, grain size, shell 
content etc. and later wrapped in polythene sheets and stored in wooden boxes.

Excepting for stray traverses of ships participating in the I.I.O.E., no systematic 
survey of the western Indian shelf has hitherto been carried out. Such published 
literature as are present deal with limited portions of the shelf, as off Bombay (Stewart 
et al. 1964).

Laboratory Procedure and Presentation of D ata

Samples for analysis were taken from the top few centimetres of the core 
and random samples were obtained from snapper samples after thorough mixing. 
After separation of the samples into sand fraction (>62.5/¿) and silt-clay fraction, 
the former were sieved and the latter subjected to pipette analysis according to the 
methods of Krumbein and Pettijohn (1938). From the data, cumulative frequency
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curveswere plotted and standard statistical parameters such as median (Md0), sigma 
phi (50) were computed according to the method of Inman (1952).

These parameters as well as sand, silt, clay percentages and the bottom nota
tions from Admiralty Charts were incorporated in the preparation of a generalised 
sediment distribution map of the western shelf of India.

Calcium Carbonate in the sediments was determined by the method of Herrin et 
al. (1958). Determinations were made for the whole sample as well as for the silt-clay 
fraction in order to determine their relationship to the grain size of the sediments. 
Values for the Calcium Carbonate are plotted as histograms and presented against 
station locations in order to facilitate interpretation. A plot of the carbonate 
vs. depth of water also helps to bring out the trend in the olfshore direction.

P h y sio g r a p h y  a n d  Sh o r e l in e  D ev elo pm en t  o f  th e  W est  C oa st

The West Coast of India is bordered by the Western Ghats, composed largely 
of horizontally bedded Creto-Eocene basalts rising to heights of 6,000 ft. Pre
cipitation in the Ghats averages hundred inches per annum and temperatures around 
35°C. The combined effect of the high relief with low physiographic maturity 
and precipitation though seasonal but heavy, results in short seasonally flooding 
streams with a maximum discharge during the monsoon. Superposed on the 
sediments brought by these transitory rivers, is the effect of the relatively perennial 
rivers like the Indus debouching at the head of the Arabian Sea and the Narbada 
and Tapti flowing into the Gulf of Cambay.

The southward extension of the Ghats into Kerala are geologically older and 
lithologically different. These ranges are composed of Archean granites, charno- 
ckites and Khondalites which have attained a greater degree of physiographic matu
rity. The rivers draining these ranges have longer courses and debouch, 
with few exceptions, into inland lakes and lagoons, having flowed over a terrain 
of successively igneous rocks, laterites and coastal plain deposits.

The present shoreline of the west coast is one of submergence. Excepting 
for diastropism associated with the faulting of the west coast in the Late Tertiary 
(Wadia 1953; Krishnan 1960) no earth movements of a major nature have occurred 
in peninsular India. Therefore the submergence may be attributed to a rise in 
sea level against a static shoreline. Evidences of submergence are present in the 
form of shallow embayments along the entire length of the coast, particularly well 
developed along the Kerala coast, and the presence of a bordering sea floor with a 
gentle slope. Subsequent modification by wave action and deposition gave rise to 
the present configuration.

Sed im en ts

Sedimentary and Carbonate data (Table I) for each traverse named after the 
major port off which they were run, are discussed below:

Bombay Section.—The traverse starts 10 miles offshore at a depth of 13 fathoms 
and goes up to 110 miles toadepth 250fathoms. The continental shelf reaches its
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Station
No.

Depth
(Fms)

Location Md</> Sigma^ Sand/Silt/Clay % CaCo3 CaCos % 
% (Silt-Clay 

(Total Frac- 
Sample) tion)

638 13 N. Lat. 18° 06.4' 
E. Long. 72° 48.0'

8.0 3.0 4.0/30.0/66.0 10.0% 2.5%

639 17 N. Lat. 18° 03.0' 
E. Long. 72° 43.0'

5.0 2.7 49.0/31.0/20.0 46.5 41.5

640 19 N. Lat. 18° 01.5' 
E. Long. 72° 37.6'

5.0 2.7 26.6/8.6/64.8 45.0 35.0

641 19 N. Lat. 17° 57.9' 
E. Long. 72° 18.1'

9.0 2.9 1.0/10-0/89.0 42.0 22.5

642 26 N. Lat. 17° 53.9' 
E. Long. 72° 18.1'

8.0 2.9 1.9/34.3/63.8 31.0 20.0

643 38 N . Lat. 19° 46.4' 
E. Long. 72° 00.0'

1.5 2.4 4.9/16.6/78.5 32.5 32.0

645 250 N. Lat. 17° 46.4' 
E. Long. 72° 00.0'

6.9 2.5 9.0/70.0/21.0 32.0 30.00

650 108 N. Lat. 14° 22. 5' 
E. Long. 73° 15.0'

4.0 2.1 48.0/30.0/21.0 56.0 50.1

651 66 N. Lat. 14° 28.0' 
E. Long. 73° 24.2'

3.1 2.2 72.7/17.0/10.3 51.0 00.0

652 42 N. Lat. 14° 30.5' 
E. Long. 73° 43.8'

2.9 2.4 75.6/13.3/10.1 47.0 42.0

653 32 N. Lat. 10° 33.0' 
E. Long. 73° 43.8'

0.25 0.9 97.6/2.4/0.0. 33.0 0.0

654 25 N . Lat. 14° 35.2' 
E. Long. 73° 53.5'

2.0 2.2 91.0/13.0/5.0 43.0 0.0

655 12 E. Lat. 14° 47.5' 
E. Long. 73° 59.8'

7.0 2.8 8.3/60.6/31.1 6.0 1.5

656 10 N. Lat. 14° 40.3' 
E. Long. 74° 9.2'

5.3 2.4 9.4/75.6/15.0 3.5 0.0

657 10 N. Lat. 12° 49.0' 
E. Long. 74° 45.8'

5.8 2.9 3.2/63.4/33.0 7.0 4.0

658 17 N. Lat. 12° 46.7' 
E. Long. 74° 41.0'

5.0 2.2 7.6/80.1/12.3 13.0 7.0

659 23 N. Lat. 12° 43.5' 
E. Long. 74° 41.2'

2.9 1.9 51.0/35.0/14.0 28.0 24.0

660 43 N. Lat. 12° 35.5' 
E. Long. 74° 21.0'

— — --- ---

661 105 N. Lat. 12° 35.0' 
E. Long. 74° 16.5'

3.1 1.6 75.0/19.0/6.0 57.0 28.5

666 46 N. Lat. 10° 13.5' 
E. Long. 75° 39.0'

3.0 1.9 70.0/20.0/10.0 23.0 3.8

667 32 N. Lat. 10° 14.5' 
E. Long. 75° 43.7'

3.1 1.5 69.6/22.5/7.0 21.5 19.0

668 23 N. Lat. 10° 15.4' 
E. Long. 75° 49.1'

3.6 4.0 63.3/22.5/14.2 30.0 12.0

669 17 N. Lat. 10° 16.2' 
E. Long. 75° 53.8'

2.8 1.5 81.0/18.0/1.0 10.0 17.0

670 13 N. Lat. 10° 17.1' 
E. Long. 75° 58.3'

2.0 1.1 99.0/01.0/0.0 0.0 0.0

671 14 N. Lat. 10° 17.0' 
E. Long. 76° 0.0'

3.5 2.4 1.9/97.0/1.1 2.0 0.0

672 10 N. Lat. 9° 20.7'
E. Long. 70° 16.6'

6.8 3.7 14.2/42.0/42.6 1.5 0.0

673 9 N. Lat. 9° 21.5'
E. Long. 76° 18.5'

7.4 4.0 3.6/60.4/35.6 2.0 2.0

674 20 N. Lat. 9° 18.6'
E. Long. 76° 11.5'

3.0 1.9 62.0/20.0/18.0 19.0 0.0

675 27 N. Lat. 9° 16.8' 
E. Long. 76° 06.6'

2.1 1.7 89.0/10.0/1.0 16.2 16.0

676 29 N. Lat. 9° 14.9'
E. Long. 76° 02.2'

1.2 1.1 96.4/4.0/0.0 24.5 24.0

677 85 N . Lat. 9° 11.0'
E. Long. 75° 54.25'

2.4 1.3 74.0/20.0/6.0 31.5 24.0

678 250 N . Lat. 9° 07.6'
E. Long. 75° 45.0'

3.8 1.2 52.0/47.0/1.0 54.5 1.0

679 370 N . Lat. 9° 03.5'
E. Long. 75° 35.5'

2.7 0.9 90.0/6.0/4.0 59.5 31.5
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maximum width in this region being about 100 miles wide. The inner shelf sediments 
are greenish black in colour changing to greyish green on the outer shelf. The 
median grain size (Md<£) remains uniform throughout the section, ranging between 
l<f> to 8<f> thus falling in the coarse clay group. Stray patches of fine to medium sand 
are, however, also met with.

Calcium Carbonate ranges from 10% nearshore to about 45% offshore, though 
no systematic trend with grain size or depth of water is present.

Karwar Section.—The traverse starts at a distance of 4 miles from coast 
and continues to 60 miles at a depth of 110 fathoms. Relatively fine grain sedi
ments are found nearshore, comprising largely of poorly sorted fine silt with median 
diameter around 6<j>. Further offshore from a depth of 25 fathoms to 110 fathoms 
the grain size becomes coarser giving rise to moderately sorted sand, with median 
from 2<A to 3<f>. An intermediate zone, at a depth of 30 fathoms with coarse (0.25^) 
iron stained sand intermixed with shells of scaphopods, gastropods, pelecypods and 
foraminifera is found. In the same area, but at a shallower depth (25 fathoms) 
are found angular pebbles of laterite, basalt and silicified wood fragments. The 
true nature of these pebbles, which are masked by coatings of lime-mud, was brought 
out only upon treating the pebbles in sulphuric acid to remove the carbonate layer.

Calcium Carbonate increases offshore, with a nearshore value of 6 % associated 
with the silts and clays and offshore value in excess of 50 % associated with sands, 
the carbonate in the latter being due to mollusc shells. An exceptional feature off 
Karwar was the finding at two stations, 650 (110 fathoms) and 651 (66 
fathoms), of cores which, excepting for about 10 centimetres of the top of the core, 
which was clayey, was entirely composed of fine grained carbonate with few re
cognisable shell fragments. Both of these cores yielded carbonate values in excess 
of 75%.

Mangalore Section.—The traverse starts 4 miles offshore at a depth of 10 
fathoms and stops at 60 miles at a depth of 105 fathoms. Inner shelf sediments 
are greenish black in colour, poorly sorted and have medians between 5.3^ to 5.8<f>. 
Proceeding outwards into the outer shelf, sediments become coarser (Md^2.9-3.1) 
with abundant shells. Calcium carbonate ranges from 0% nearshore to 57% in 
the outer shelf, the latter values resulting from shells of various molluscs as well 
as tests of foraminifera which predominate in the slope region.

Cochin Section.—The traverse starts 8 miles from shore at a depth of 14 fathoms 
and continues to a depth of 45 fathoms, at a distance of 60 miles. This particular 
section is located off the mouth of one of the major rivers, the Periyar, in Kerala 
State. It is in this region that the continental shelf reaches its minimum width, 
being less than 30 miles. Throughout the length of the section ,the median grain 
size remains remarkably uniform, with medians between 2<f>to3.5<f>. Sorting is good 
with the coarser sands being better sorted than the finer ones. It may be emphasised 
here that the section covers only the outer shelf, thus leaving a blank from the 
shore to a distance of about 8 miles offshore. However, samples collected during 
the course of other surveys which covered this region, testify to the presence in the 
inner shelf of the usual greenish black poorly sorted silty clays.
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The calcium carbonate values along this section have the smallest range, from 
0% nearshore to a maximum of only 23% offshore. The relatively low values 
of calcium carbonate in these sediments may be accounted for by the greater dilution 
of the shelf sediments by river-borne material particularly, Periyar and its 
tributaries.

Alleppey Section.—The traverse starts at a distance of 31 miles offshore at 
a depth of 10 fathoms and continues to a depth of 370 fathoms. Brownish green

■ef-
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wfBOMBA Y

RATNA GIRI

L i  KARWAR 
650 . ' 5 »

MANGALORE

661
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I  IN WHOLE SAMPLE 

I  IN SILT-CLAr FRACTION

Fig. 1. Station location and distribudon of calcium carbonate in whole sample 
and silt-clay fraction of the bottom sediments.
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to greenish black, poorly sorted silts and clays are found in the inner shelf. Carbo
nate content is low (1-2%) both in the total sample as well as in the silt clay fraction. 
Seaward from 20 fathoms the silts and clays grade into moderately well sorted fine 
and medium sands with abundant shell fragments. Clay sized material of these 
sands range from 1 % to 6 %. This distribution changes at slope depths to greenish 
sands, the constituents of which are largely tests of foraminifera.

D iscussion

A generalised picture of the sedimentary zonation may be obtained (Fig. 2) 
from the results of the five traverses shown in Fig. 1. The inner shelf, up to a depth 
of 20 fathoms, is floored with greenish black poorly sorted silty-clays. Northwards, 
the silt-clay zone is found to extend to depths of 70 fathoms. These sediments 
are largely terrigenous, being deposited on the shelf by the present day rivers of 
the West Coast of India. Seaward of this zone of silty-clays, starts the zone of fine 
and medium sands generally exhibiting better sorting and moderate amounts of 
clay size material. Succeeding those sands are the foraminiferal sands and silts 
at the edge of the continental shelf. In places, as off Karwar, patches of what 
are apparently relict iron-stained, coarse sand and shells associated with angular 
basalt, laterite pebbles and silicified wood are found. The sharp contrast of 
the inner and outer shelf sediments reflects the differences in origin of the two. The 
former, as mentioned earlier, are terrigenous whilst the latter seem to be relict. An 
obvious conclusion resultingfrom their exposure at the present time is the implication 
that little or no sedimentation takes place. Further more the close association 
of silicified wood, basalt and laterite pebbles, which arc beyond doubt the pro
ducts of subaerial weathering, lend further support to the fact that the outer 
shelf sediments correspond to a once lowered sea level, which probably stood aí 
a depth of 30 fathoms below the present. The presence of bottom currents of 
suficient strength to winnow the fines from these sediments is not precluded. Rao 
(1959) has put forth a similar depth for the Pleistocene low stands on the east coast 
on the basis of the presence of oolites and shallow water foraminifera.

The areal distribution of carbonate in the sediments is shown in Fig. 1 and its 
distribution with depth of water is shown in Fig. 3. The principal sources of 
carbonate in marine sediments are, (a) residual (resulting from weathering of lime
stone rock on the sea floor), (b) authigenic (resulting from inorganic chemical 
precipitation), (c) terrestrial (resulting from river and wind transport) and (d) bio- 
geneous (accumulations of the skeletal parts of marine animals and plants). The 
first of these (a) is quantitatively unimportant whereas the greater part of the marine 
carbonates result from one or more of the latter (b), (c), (d) sources. Instances 
of chemically precipitated carbonates are such as those of Florida (Ginsburg 1963), 
precipitated as well as wind and river-borne carbonates of the Persian Gulf (Pilkey 
1966). As for the biogeneous carbonates, these form the bulk of the carbonates 
in recent marine sediments and a vast amount of literature exists pertain
ing to such studies. Attempts have also been made to correlate the carbonate
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content of the sediments to the productivity of the overlying waters (Arrhenius 
19Ó3). The latter work, however, was carried out in the pelagic regions of the 
Equatorial Pacific. Correlations of this nature for shelf sediments are hampered 
by the very low “ signal to noise” ratio of regions close to land.

BOMBAY

«MAR

■A,\ SILT t  CLAY.

SANO WITH SHELLS.

171 FORAM SANO t  SILT.

COARSE SAND WITH SHELLS t PEBBLES.

CONTOURS IN FATHOMS.

Fig. 2. Map showing distribution of surface sediments of the western shelf of India<

The carbonate content of the sediments under study seem to be mostly biogenic 
in origin. The carbonate content for the whole sample as well as for the silt clay 
fraction increases offshore. In view of the fact that in most of the samples there
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Fig . 3. Variation of carbonate content with depth of water.

is à sympathetic variation in the carbonate content of the two fractions, it is conclud
ed that microscopic foraminiferal tests and oolites form a substantial source of carbo
nate. In the outer shelf, however, shells of molluscs and numerous other organisms 
are the predominant source. The carbonate content is thus related to grain size, 
being greater in the coarser grained sediments. A plot of carbonate abundance 
vi. depth (Fig. 3) brings out a well defined peak as well as a progressive increase 
beyond the shelf edge. The peak corresponds to the outer shelf sands with their 
abundant shells whereas the increase further seaward reflects the progressive pre- 
ponderanceofforaminiferaloiftestsoverthe other organisms. Carbonate content shows 
low value, as off Cochin, principally due to greater dilution of the sediments brought 
in by the rivers. Relating carbonate content to productivity in the overlying waters 
is not possible in the present study as there is little or no quantitative data regarding 
productivity in this region. Low rates of sedimentation in the outer shelf is also 
indicated by the essentially pure carbonate cores in which clastic material is 
conspicuous by their absence.

A preliminary examination of the constituents of the coarse fraction of cores 
from depths greater than 30 fathoms has brought out the presence of what are 
considered shallow water foraminifera. Most commonly found benthonic forms 
are Amphistegina, Quiqneloculina, Robulus, Elphidium, Rotalia, Spiroloculina, Bolivina, 
Textularia Uvigerina. It was also noted that samples containing abundance of 
shallow-water foraminifera were also associated with oolites. The latter varied 
from pale brown to black in color and were abundant in the finer fractions. 
According to Newell et al. (1960), the “optimum depth of formation may be 
around 6 feet” . Thus the presence of shallow water foraminifera along with oolites 
on the outer shelf (depth 30 fathoms) is further proof of former low stands of 
sea-level on the West Coast of India.

C onclusions

(1) The continental shelf off the West Coast of India has a maximum width 
100 miles, in the north (off Bombay), tapers to its narrowest point off

712



419

Cranganore (Kerala) with a width of 30 miles and again widens southward, 
however, not as much as in the north. Throughout the shelf is characterised 
by very low gradients (0.30').

(2) The inner shelf sediments are terrigenous greenish black silts and clays 
high in organic matter and low in carbonate, the latter being contributed 
by microscopic foraminifera and cocoliths.

(3) The outer shelf sediments are largely fine and medium sands with abundant 
molluscan shells. These sediments are at places interspersed with very 
coarse iron stained sands and shells, laterite and basalt pebbles with occa
sional fragments of silicified wood. The outer shelf sediments are relics 
of the past, corresponding to a once lowered sea level.

(4) Shelf edge sediments are wholly or largely composed of foraminiferal 
tests.

(5) Calcium carbonate increases with depth of water and is related to grain 
size of the sediments, being higher in the coarse grained sediments. Ex
ceptionally high values of carbonate occur at the shelf edge, which probably 
are lag deposits.

(6) Absence of fine sediments on the outer shelf may also be taken as an indi
action of the presence of bottom currents.

(7) More detailed work is needed to clarify some of the doubts arising from 
the present work, viz., closely spaced sampling stations to bring out the 
extent and distribution of the relict sediments, continuous echo sounding 
to bring out the presence of submarine platforms and similar topographic 
features.

A CKNO WLEDGEMENT

We wish to thank Dr. N.K. Panikkar, Director, National Institute of Oceano
graphy, for his interest and help during the course of this study. We are indebted 
to Dr. V.V.R. Varadachari, for several helpful suggestions and to Mr. P.S.N. Murty, 
who collected some of the samples. The co-operation of the Captain and crews 
of I.N.S. KISTNA is gratefully acknowledged.

References

A rrth cn iu s , G . (1963). Pelag ic  S ed im en ts , in : The Seas— Ideas am!Observations, (E d . M . N . H ill 
In ter-sc ience  P u b lish ers , 3, 655-727.

G in sb u rg , R . N . (1963). S hallow  w a te r  c a rb o n a te  sed im en ts , in : The Seas— Ideas and Observations, 
(E d . M . N . H ill), In ter-sc ience  P u b lish e rs , 3 , 554-571.

H e rrin , E ., H ig k a , H . S ., a n d  R o b e rtso n  (1958). R a p id  vo lu m etric  analysis fo r c a rb o n a te  rocks. 
Fid lab . 26, 139-144.

In m a n , D . L . (1952). M e asu res fo r  d esc rib in g  size d is tr ib u tio n  o f  sed im ents . J. Sedim. Petrol., 
22, 125-145.

K rish n an , M . S. (1960). G eo logy  o f  In d ia  a n d  B u rm a , H ig g in b o th am s, M a d ras .
K ru m b ein , W . C ., an d  P e ttijo h n , F . J . (1958). M a n u a l o f  S ed im en ta ry  P etro logy . A pp le to n - 

C e n tu a ry  C ro fts , N ew  Y o rk .

713



420

N ew ell, N .D ., P u rd y , E .G .,  an d  Im b rie , J . (1960). B a h am ia n  o o litic  sa n d s. J. Geo!., 68, 481-497. 
P ilkey , O .H ., an d  N o b le , D . H . (1966). C a rb o n a te  a n d  clay  m ineralogy  o f  th e  Persian  G u lf. Deep 

Sea Res., 13, 1-16.
R a o , M . P , a n d  M a h ad ev an , C . (1959). S tud ies in M a rin e  G eo logy  o f  th e  B ay o f  Bengal a lo n g  the 

ea s t coast o f  In d ia , ab s tra c ts  in th e  p re -p rin ts . In te rn a tio n a l O cea n o g rap h ic  C ongress, 
A m erican  A ssocia tion  fo r th e  A d v an cem en t o f  S cience, W ash in g to n  D . C ., 655-656. 

S tew art, R . H .,  P ilkey , O . H ., an d  N e lso n , B. C . (1965). Sed im ents o f  the N o r th e rn  A ra b ia n  Sea.
Mar. Geol., 3 ,4 1 1 -4 2 7 .

W a d ia , D . N . (1953). G eo lo g y  o f  In d ia , M acM illan , L o n d o n , 531.

714



R eprin ted  from Deep Sea Res., vol. 16, 1969, p. 655-660

S H O R T E R  C O N T R I B U T I O N

Trincomalee and associated canyons, Ceylon

Sam A . Bush* and Patricia A . Bush*

CReceived 25 March 1969)

A bstrac t— T rin co m alee  a n d  a sso c ia ted  can y o n s c o n fo rm  to  C ey lo n ’s geo log ical s tru c tu re . T rin co 
m alee  C a n y o n  c rosses th e  in su la r  sh e lf  a n d  slope  w ith  a  genera l n o r th e a s t tre n d  sim ilar to  th e  strik e  
o f  ch a rn o c k ite -k h o n d a lite  series fo u n d  o n  th e  island . D ev ia tio n s in  th e  can y o n ’s s tr ik e  re su lt fro m  
jo in t  p lan es a n d  tec ton ic  d e fo rm atio n . T w o secondary  can y o n s  w hich  also  tren d  n o r th e a s t a lign  
w ith  n o r th  a n d  so u th  co n ta c t zones o f  W ann i gneisses a n d  ch a rn o ck ite -k h o n d a lite s .

INTRODUCTION
A s part o f  th e  1964 In te rn a tio n a l In d ia n  O cean  E x p ed itio n , th e  U S C  &  G S S  Pioneer c o n d u c ted  a  
d e ta iled  b a th y m etric  a n d  geophysical su rvey  ov er T rincom alee  an d  tw o asso c ia ted  can y o n s (F ig . 1).

T rin co m alee  C a n y o n  w as first n o te d  in  1908 w h en  Som erville  d iscussed  severa l d eep  a n d  n a rro w  
n o tch es  in  th e  su b m a rin e  p la teau  off th e  e a s t c o as t o f  C ey lon  (Adams, 1929a). Shepard (1963) 
p u b lish ed  a n  in sh o re  b a th y m etric  m ap  a n d  d escribed  a  b ran ch in g , ro ck -w a lled  can y o n  w ith  h ead s in  
T rinco m alee  H a rb o r  a n d  K o d d iy a r  B ay. D a ta  co llec ted  by  th e  Pioneer in  1964 w ere used  by  Shepard 
a n d  Dill (1966) to  ex p an d  S h ep ard ’s ea rlie r com pila tion .

GEOLOGY
R o c k s o f  th e  K o d d iy a r  B ay  a re a  (F ig . 2) co n sist o f  b io tite  gneiss b asem en t ro c k  o v e rla in  by  

c h a rn o c k ite -k h o n d a lite  series a n d  W an n i gneisses. K h o n d a lite s  a re  m e tam o rp h ic  ro ck s  th a t  hav e  
b een  in tra d e d  b y  ch a rn o ck ites . T h e  y o u n g er W an n i gneisses o u tc ro p  b o th  n o rth w est a n d  so u th e ast 
o f  th e  c h a rn o c k ite -k h o n d a lite  series. Adams (1929a, b ) a n d  Coates (1935) p lace  th e  W an n i gneiss 
a n d  c h a rn o c k ite -k h o n d a lite  ages as E a rly  P re cam b rian . Afanassyev, Borisovich a n d  Shanin (1964) 
re p o rte d  K - A r  w ho le  ro c k  ages ap p ro x im a tin g  800 m illion  years  fo r  ch a rn o ck ites  o n  C ey lon , b u t 
Aswathanarayana (1968) su b stan tia te s  th e  E arly  P re cam b rian . U sin g  R b -S r  m e th o d s , h e  d a te s  
o n e  g ro u p  o f  ch a rn o ck ites  as o ld e r  th a n  2100 m illion  years  a n d  m en tio n s a  y o u n g er g ro u p  (1660 
±  250 m illion  years).

I n  th e  v icin ity  o f  K o d d iy a r  B ay, W an n i gneiss a n d  c h a rn o c k ite -k h o n d a lite  fo rm a tio n s  strike  
n o r th e a s t w ith  s tro n g  evidence o f  fo ld ing . A cco rd in g  to  Coates (1935) a  ro a d  b etw een  th e  to w n s o f  
N ilaveli a n d  T rin co m alee  crosses th e  s trik e  o f  tw o  c h a rn o c k ite -k h o n d a lite  ridges. T h e  first r idge, 
6 k m  w ide, lies ju s t  so u th  o f  N ilaveli, a n d  th e  second , 1 k m  w ide, lies im m edia te ly  n o r th  o f  T rin 
com alee . A t these  tw o  localities th e  d ips a re  n early  vertica l, b u t decrease  so u th e ast o f  T rincom alee  
u n til a  n o r th w e s t-so u th e a s t an tic lin a l a rch  c a n  be  seen  a t  D u tc h  P o in t (F ig . 2). S o u th east o f  D u tc h  
P o in t th e  d ip  re tu rn s  to  n early  vertica l (Coates, 1935).

R eversa l in  d ip  a n d  o u tc ro p p in g  o f  y o u n g er W an n i gneisses o n  n o rth w est a n d  so u th e ast sides o f  
th e  ch a rn o c k ite -k h o n d a lite  series ind ica tes th e  ex istence o f  a  n o r th e a s t tren d in g  synclina l fo ld  w ith  
its  ax is in  K o d d iy a r  B ay.

bathymetry
W ith in  th e  a re a  o f  th is  investiga tion  th e  d o m in a n t fea tu re  is n o r th e a s t tren d in g  T rincom alee  

C a n y o n  (F igs. 2 a n d  3). T w o o f  its  p rin c ip a l h ead s  a re  lo ca ted  in  K o d d iy a r  B ay a n d  a  th ird  in

‘ E n v iro n m en ta l Science Services A d m in is tra tio n , A tlan tic  O cean o g rap h ic  L ab o ra to rie s , M iam i, 
F lo rid a  33130.
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KILOMETERS

Fig.l. Index chart showing a section o f track run by USC & GS Ship Pioneer. Positioning was 
established by astronomical fix, but track was adjusted on the basis of bathymetric (PDR) 

crossings. Broken line with arrow indicates direction and drift of underwater camera.

Trincomalee Harbor. Two tributaries enter the canyon from the south. On the broad ridge north
west o f Trincomalee Canyon a northeast trending sea valley originates (Fig. 2). The valley bends 
east, is deflected by a rise in bottom topography (Fig. 3, profiles K -K' to N -N '), and continues 
northeast parallel to Trincomalee Canyon.

Northwest of and parallel to Trincomalee Canyon is a canyon herein named North Trinco Canyon* 
(Figs. 2 and 3). Three northeast trending tributaries cross the insular slope and debouch into it 
from the west. A shoreward projection of North Trinco Canyon aligns with the northern contact 
zone of Wanni gneiss and charnockite-khondalite.

Southeast o f and parallel to Trincomalee and North Trinco canyons is another canyon herein 
named South Trinco Canyon* (Figs. 2 and 3). One east and two northeast trending tributaries 
originate on the insular slope and debouch into it from the west. A shoreward projection o f South 
Trinco Canyon aligns with the southern contact zone of Wanni gneiss and charnockite-khondalite.

*The authors have named the features to the north and south of Trincomalee Canyon, respectively 
North and South Trinco canyons. A  town, harbor and submarine canyon named Trincomalee now 
exist within the same small geographical area, so these names are given a shortened form in keeping 
with the modern trend toward brevity.
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W A N N I G N E IS S E S

C H A R N O C K IT E -K H O N D A L IT E  S E R IE S
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kilometers

Fig . 2. B a thym etric  c h a r t co n to u re d  f ro m  P D R  soun d in g s (corrected) o f  the  U S C  &  G S  Ship 
Pioneer. D a ta  sh o rew ard  o f  C ey lo n ’s te rrito ria l lim it (F ig . 1) com piled  fro m  H . O . 3689. D o tte d  
lines show  axes o f  N o r th  T rinco  C an y o n  (N .T .C .), T rincom alee  C a n y o n  (T .C .), S o u th  T rinco  
C an y o n  (S .T .C .), th e ir  tr ib u ta rie s , and  a  sea  valley. D o t-d a sh e d  lines show  assu m ed  co n tac t 
zones o f  W ann i gneisses a n d  ch a rn o ck ite -k h o n d a lite s . L igh t d ash ed  c o n to u r  lines a re  o v e r  areas 
co n ta in in g  fragm en ta ry  d a ta . H eavy  d ash ed  lin e  is th e  p ro jec tio n  o f  T rincom alee  C a n y o n ’s 
n o r th w e s t-so u th e a s t tren d in g  segm ent a n d  possib le  fa u lt zone . L engths, average  g rad ien ts, 
a n d  m ax im um  w all he igh ts o f  N o r th  T rinco , T rincom alee , a n d  S o u th  T rinco  can y o n s a re  

respec tive ly ; 29 k m , 100 m /k m , 900 m ; 59 km , 54 m /km , 1560 m ; 28 k m , 107 m /km , 350 m.

MAGNETICS
A  V arian  n u c lear p recessio n  m ag n e to m eter reco rd ed  c o n tin u o u s to ta l in tensity  m easu rem en ts  o f  

the  e a r th 's  m agnetic  field. T h e  n ea re s t m agnetic  o b se rv a to ry  lo ca ted  n e a r  B om bay , In d ia , fu rn ish ed  
m ag n e to g ram s w h ich  in d ica ted  such  a  slight d iu rn a l v a ria tio n  th a t  it h as been  d isregarded  in  th is study . 
B ecause o f  th e  sm all g eograph ic  ex ten t enco m p assed  by th e  survey, a  co n s ta n t o f  40,450 g am m as w as 
assu m ed  to  be  th e  valu e  fo r th e  e a r th ’s m a in  field (U .S . Naval Oceanographic Office, 1966). 
R em ov ing  th is  co n s ta n t fro m  to ta l field  values a n d  co n to u rin g  th e  re su lta n t field (F ig . 4) leaves a  
gentle  g rad ien t vary ing  fro m  — 50 g am m as in  th e  so u th e ast to  — 300 g am m as in  th e  n o rth w est.

E lo n g a tio n  o f  th e  m agnetic  tren d s a lo n g  th e  p ro jec ted  c o n tac t zones o f  W ann i gneisses a n d  c h a r
n o ck ite -k h o n d a lite s  suggests a  co n tin u a tio n  o f  these ro c k  series o n  to  th e  in su la r slope.
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N o l e :  P r o f i l e  l o c o l i o n s  o r e  i n d i c a t e d  o n  F i g  1 .

F ig . 3. B a th y m etric  profiles o f  T rinco m alee  a n d  a sso c ia ted  canyons. V ertical exaggera tion  is 
10:1. A xes o f  can y o n s, th e ir  tr ib u ta rie s , an d  a  sea  valley a rc  show n  by  d o tte d  lines b ased  o n  
U S C  &  G S  Ship  Pioneer's P D R  d a ta  a n d  th e ir  in te rp re ta tio n  (F ig . 2). B roken  lines w ith  arro w s 

in d ica te  w here profiles a re  b ro k e n  to  keep  th em  in  p ro p e r perspective (F ig . 1).

BOTTOM PHOTOGRAPHY AND DREDGING
O n e ca m e ra  low ering  w as m ad e  a t sh ip ’s p o s itio n  984 (F ig . 1). B o tto m  p h o to g ra p h s  revealed  a  

flat b o tto m  w hich  ap p e a re d  to  be  co m p o sed  o f  fine-grained  sed im ents . A s th e  cam era  d rifted  across 
th e  in su la r  sh e lf  it c ro ssed  ov er a  ro c k  o u tc ro p  a n d  d e tr itu s  (F ig . 5). S eaw ard  f ro m  th e  ta lu s, p h o to 
g rap h s  o f  th e  b o tto m  a p p e a r sim ilar to  th e  fla t b o tto m  sh o w n  lan d w ard  f ro m  th e  o u tc ro p . N e a r  
sh ip ’s p o s itio n  998 (F ig . 1) th e  cam era  p assed  ov er a n  ex trem ely  steep  slope  ( In te rn a tio n a l In d ia n  
O cea n  E x p ed itio n , U .S .C . a n d  G .S . Ship  Pioneer— 1964. 1965, V ol. 1). A t th is  lo ca tio n  th e  cam era  
w as re trieved , a n d  a  ch a in  d redge w as low ered  over th e  side. T h e  d red g e  h a u l recovered  “ eight 
ch u n k s  o f  m ed iu m -g ra in ed  sacch aro id a l d a rk  green to  b lack  igneous ro c k ,”  (In te rn a tio n a l In d ia n  
O cean  E x p ed itio n , U .S .C . a n d  G .S . S h ip  Pioneer— 1964. 1965, V ol. 2).

T h e  field  descrip tio n  o f  these  rock s suggests a  sim ilarity  to  rock s fo u n d  in  the  K o d d iy a r B ay area  
by Coates (1935).
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CONTOUR INTERVAL: 
50 GAMMAS

Fig. 4. Residual magnetic field o ff  northeast Ceylon. Dot-dashed lines indicate projected contact 
zones o f  W anni gneisses and chamockite-khondalites. N o te  elongation o f  magnetic trends along

lines o f  projection.

DISCUSSION

The epeirogenic h istory o f  Ceylon has been positive w ith  some m ino r oscillations. The last m ajor 
u p lift was pre-M iocene (Krishnan, 1953) when, according to  Adams (1929a) the island was raised 
approximately 460 m  above sea level. Ensuing peneplanation form ed the present coastal plains which 
were incised before their submergence in  the Miocene sea (Adams, 1929a). D u ring  this period o f 
erosion, Trincomalee Canyon was probably cut along the axis o f  a synclinal fo ld  and served as the 
m ajor flume fo r denudation. Submergence was fo llow ed by a positive movement that raised the 
present insular shelf up to o r slightly above sea level (Adams, 1929a). N o rth  and South Trinco 
were like ly  cut during this emergent period. Subsequent oscillations returned Ceylon to its present 
elevation. Feeder channels cutting across the shelf in to  N o rth  and South T rinco canyons were 
presumably buried during the depositional cycle fo llow ing  the last glacial stage o f  the Pleistocene. 
Trincomalee Canyon remained open because o f  its greater w id th  and steeper gradient.

L ike  the m ajor rock units o f  this area, Trincomalee Canyon has a general northeast strike. In  
K odd iya r Bay the axis o f  its m ain head trends northeast approxim ately 4 km , abruptly turns 90° no rth 
west fo r a distance o f  3 km , and again bends 90° northeast. The canyon’s two remaining heads are 
in  alignment w ith  a landward projection (Fig. 2) o f  the northwest-southeast strik ing  3 km  segment o f  
Trincomalee Canyon. The northwest projection crosses a quartzite ridge (Shepard and D ill, 1966) 
and aligns w ith  a series o f  hot water wells and lakes (U.S. H ydrographic Chart 3689, 1949). The 
southeast projection aligns w ith  a rive r m outh and series o f  lakes. I t  seems plausible that th is lateral 
offset in Trincomalee Canyon’s axis is the result o f  a m ajor fau lt. Sharp bends whfch alter the no rth 
easterly course o f  Trincomalee Canyon as it  crosses the insular shelf are probably due to  structural 
contro l. Accord ing to  Adams (1929a) the rivers on Ceylon frequently cross quartzite ridges along 
jo in t planes so it  seems reasonable to  assume that jo in t planes may have deflected Trincomalee’s path.

N o rth  and South T rinco canyons are very sim ilar in  structure. W ith  one exception their tr ib u 
taries trend northeast and enter the ir respective canyons from  the west. Both canyons strike northeast 
para lle l to  Trincomalee Canyon, and bo th  canyons are apparently cut along W anni gneiss and 
charnockite-khondalite  contact zones.

That surface geology on Ceylon continues across the insular slope is established by (1) agreement
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o f  m ajor rock un it strikes w ith  submarine canyon trends; (2) alignment o f  N o rth  and South T rinco 
canyons w ith  contact zones o f  W anni gneisses and charnockite-khondalites; (3) alignment o f  the 
broad ridge between N o rth  T rinco and Trincomalee canyons w ith  the 6 km  wide quartzite ridge 
between N ilave li and the tow n o f Trincomalee; (4) elongation o f  magnetic trends along W anni gneiss 
and charnockite-khondalite  contact zones; (5) rock outcrops on the insular shelf; and (6) rock type 
recovered from  the insular slope.
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Fig. 5. B o ttom  photograph o f  rock out-crop and talus. General location shown on F ig. 1.

[ fee ing p .  660]
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Reprinted from M orskie gravimetriceskie issledovanija, vol. 4, Izdatel’stvo MGU, 1969, p. 48-57

Statis tica l characteristics o f selected marine geophysical profiles 

by  G. V. Aganova, A . G. Gaïnanov, E. P . K alin ina , and P. A . Stroev

I V .  P E 3 y J l b T A T b I  r P A B H M E T P H H E C K H X  H 3 M E P E H H H  

B  M H P O B O M  O K E A H E  H  A H T A P K T H A E

r .  B. Aaanoea, A. r .  TaÜHaHoe, E. TI. KaAUHuna, 77. A. Crpoee

C T A T H C T H H E C K H E  X A P A K T E P H C T H K H  H E K O T O P b lX  
M O P C K H X  rE O « l> H 3 H M E C K H X  I1P 0 <I>HJ1E H

B MopcKHx reo^oro-reo4)H3HqecKHX HCCAeAOBaHHHx npn aHajiH3e h hh- 
TepnperaixHH AaHHbix oómhho Hanojib3yeTCH KOMnJiexc cbcachhh 06 H3ynae- 
MOM oö-beKTe. PaajiHBHbie xapaxTepHCTHKH oahoto h Toro ate pañoHa 
noÄBepraioTCH cpaBHHTejibHOMy KanecTBeHHOMy aHaAH3y. Mam e Bcero 
OCHOBHbIMH flaHHbIMH HBJIHIOTCfl pe3yjIbTaTbI npOMepOB TJiyÖHH, H3MepeHH5I 
HanpHJKeHHOCTH rpaBHTaitHOHHoro h MarHHTHoro nojieñ. YcTaHOBJieHbi 
rjiaBHbie 33K0H0MepH0CTH pacnpeAeJieHHH rpaBHTauHOHHbix h MarHHTHbix 
aHOMajiHH 3eMAH h hx cbh3h (co cTpoeHHeM 3eMHOH Kop'bi), onpeaeJieHw 
K03(J)(J)HUHeHTbI, CBH3bIBaiOmHe BeAHHHHy aH0M3AHH CHJIbl THJKeCTH C TJiy- 
ÖHHOH h BbICOTOH M6CTH0CTH [1— 5]. O^HaKO AeTajIbHbie HCCJI eilOB 3 H HH no- 
cjie/iHHx jieT, TipoBe/ieHHbie b pa3JiHHHbix oxeaHax, TioKa3aAH, h to  33bhch- 
MOCTH Me>KAy CTpoeHHeM 3eMHOH KOP'bl, peJIbe<])OM ÄHa H aHOMajIHHMH 
rpaBHTauHOHHoro h MarHHTHoro nojiefi 3eMAH öojiee c jiohíhh, h to  oöycjiOB- 
jieHO He TOJibKo ocoöeHHocTHMH peraoHajibHoro reoJiorHHecKoro CTpoeHHH, 
HO H HeOÄHOpOflHOCTbK) BepXHeñ M3HTHH B pa3AHHHbIX OÖJiaCTHX [6 , 7]. 
B CBH3H C 3THM ÓOJIbHIOe 3H3HeHHe UpHOÓpeTaiOT pa3JlHHHbie MeTOAbl KOJIR- 
necTBeHHoro, b h3cthocth  CTaTHCTHHecKoro aHajiH3a AaHHbix rpaBHMarHHT- 
Hbix H SXOJIOTHblX CbeMOK [8— 11]. OUeHKH B03M0>KH0’CTeH CT3THCTHHe-
cKoro aHajiH3a HanöoJiee ÖJiaronpHHTHbiMH hbjihiotch AaHHbie OAHOBpeMen- 
Hbix HenpepbiBHbix onpeaejieHHH aHOMaJiHH rpaBHTauHOHHoro h MarHHTHoro 
noJiefi h pejibet])a AHa. 3 th m  TpeöoBaHHHM yAOBJieTBopnioT MaTepnajibi 
Me>KAyHapoflHOH HHAOOKeaHCKoii sKcneflHUHH Ha h/c «OysH», noAyqeHHbie 
b 1961— 1962 r r .  [12] a jih  ceBepo-3anaAHoñ nacra  H hahhckoto  oxeaHa n 
npeacTaBJieHHbie HenpepbiBHbiMH npo(])HjiHMH Ana, rpaBHTauHOHHbix h M ar
HHTHbix aHOMajiHH. 143 Bcex npoiJiHAeH una cTaTHCTHuecxoro aHajiH3a h3mh 
6biJi BbiöpaH MapmpyT npofflJxeHHocTbio cBbirne 1500 muaö, nepecexaxHUHii 
ocHOBHbie CTpyKTypHbie sjieMeHTbi 3anaAHoñ nacra oxeaHa: CoMaAHHcxyio 
KOTAOBHHy, ApaBHÖCKO-HHAHÖCKHH XpeÖeT, ApaBHHCKyiO KOTJIOBHHy H Ma- 
TepHKOBbiH CKAOH 3anaAHoro HoöepeJKbH HHAOcTaHa (pnfc. 1 ).

B p a ö Ó T e  ö b iA H  H c n o j i b 3 0 B a H b i  n p o 4 ) H A H  A H a ,  n o c T p o e H H b i e  H a  o c h o -  
B aH H H  n p e u H 3 H O H H o r o  H 3 M e p e H H H  r j iy Ö H H .  P e r n c T p H p y e M a a  B e j iH U H H a o t -  
C H H T b lB a j ia C b  H e p e 3  10 -M H H y T H b ie  H H T e p B 3 A b I .  B H 3 M e p e H H b i e  T AyÖHHbl B B e-  
A eH bl  n O n p a B K H  3 a  OTKJlOHeHHe (JiaKTHHeCKOH CKOpOCTH 3 B y X a  B MOpCKOU 
BOA e OT p a c n e T H o f l .  l l p o i J i H A H  c o c T a B A e H b i  b r o p H 3 0 H T a J i b H O M  M a c u i T a o e  
npH6jiH3HTejibHO 1 : 1 000 000 h  a s io t  B03MO>KHOCTb n o A y q a T b  r A y ö H H b i

4 8
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C TOMHOCTbK) ± 1 0 0  JK H HX nOJIOHieHHe C TOHHOCTbK) ÄO ± 1  MUAU BflOJlb 
ranea [ 12].

EcTecTBeHHO, HTo B flaHHOM MacniTaôe Majibie (J)opMbi n o a ß o a H o r o  
penbetjia He Hainan oTpajKeHHH Ha npotJiHanx.

H3MepeHHH nojiHoro BeKTopa HanpnjKeHHOc™ MarHHTHoro nona na 
ôopTy cyaHa npoBoanjiH c noMombio OyKcnpyeMoro aaepHoro MarHHTOMexpa.

m

i '  <

P hc. 1. CxeMa nojioateHHH npotjw jie ft

ll3MepeHHH aeaajiH  Kawayio MHHyTy, HCKaronaa pañoHbi c pe3Ko nepeMeH- 
HbiM nojieM, rae  H3MepeHna ocymecTBaaaH nepe3 0,5 muh. Kaaenbift orcner 
perHCTpHpoBaaH Ha nep^oKapTbi nan aaeKTpoHHo-'caeTHoñ MauiHHu, a no- 
cjieaHHe Tpn nnijipbi —  Ha nepoBoft caMonnceu. B naabHeftmeM, ynHTbiBaa 
HopMajibHoe noae, CTponaH oKOHnaTeabHbie npofjHMH MarHHTHbix aHOMaaHñ. 
IlonpaBOK 3a BeKOBbie BapnauHH He b b o ä h j ih .  CyTOHHbie BapnanHH Tanate 
He yHHTbiBaan, Tan nan o h h  He npeBoexoaHT 20 y  (no HaéaroaeHHHM na 
cTauHOHapHbix öeperoBbix h  MopcKHx HKOpHbix oècepBaTopHHx). OuiHÖKa 
onpeaeaeHHH MarHHTHbix aHOMaanfi cocTaßaaeT onoao ± 2 0  y.

H3MepeHHH CHabi Tantee™ Ha 6opTy «OysHa» npoBoanan c noMombio 
HaaBoanoro MopcKoro rpaBHMeTpa «AcitaHHH —  Bepne», ycTaHOBaeHHoro na 
rHpocTaÓHan3HpoBaHHOH naaT([)opMe (JmpMbi Ahuhotu,. HyBCTBHTeabHaa ch- 
cTeMa rpaBHMeTpa noMemeHa b TepMocxaT. B nanecTBe onopHbix nyHKTOB 
Hcnoab30Baan HaôaioaeHHH b nopTax 3axoaoB JlaM y, BoMÖeft, K apam i 
h t .  n. 3 t h  npHnajibHbie nyHKTbi npHBH3aHbi rpaBHMeTpoM «yopaeH a»  
k  MHpoBOH onopHOH rpaBHMeTpHnecKOH cera. Bce HaóaioaeHHH BbrnoaHeHbi 
npH CnOKOHHOM Mope, TaK HTO nOnpaBKH 3a BaHHHHe B03MymaK»IH,HX yCKO- 
peHHH He BBOanaHCb.

4 3aK. 51 4 9
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H a Ö J i iO f le H H H  B eJiH  H a  x o a y  c y A H a .  O T c n e ™  r p a B H M e T p a  B M e c T e  e  o r -  
M e T K aM H  B p e M e H H  aB T O M aT H H e cK H  p e r H C T p H p o B a j i H C b  H a  a H a r p a M M e  n e p e 3  
K a * f l b i e  5  m u h . 3 H a n e H H H  c h a m  t h î k c c t h  O T H e c e H b i  k  n y H K T a M  H a ó n i o A e H H H  
a a h  K a a í A o r o  1 0 - M H H y r a o r o  H H T e p B a j i a  x o A a  c y A H a .

O p e H K a  TOHHOCTH r p a B H M e T p H a e c K H x  H3M e p e H H H  n p o B e A e H a  n o  k o h -  
TpOJIbH'blM H HOBTOpHblM  n y H K T a M .  C p e A H e K B a A p a T H H e C K a H  OlUHÓKa H 3M 6-  
p e H H H X  aHOM,aJ!HH B CBOÔOAHOM B 0 3 A y X e  COCTaBJlHeT ± 5 — 7  MZA.

n  p  o  $  h  a  b  1 ( p n c .  2 , 1 )  n e p e c e x a e T  B o c T O H H y io  n ep H :( f )e p H io  C o M a A H Í i -  
CKOH KOTAOBHHbi, TJiyÖHHbi K O T o p o H  p a c n o A a r a i O T C H  b  A H a n a 3 0 H e  OT 4 0 0 0  
A o  5 0 0 0  m , n o B e p x H o c T b  c A e r x a  H a K A O H e H a  b  c T o p o H y  A p a B H H C K o - H H A u ñ -  
C K o r o  x p e Ó T a  h ,  3 a  H C K A roneH H eM  A B y x  n o A B O A H b ix  B 0 3 B b im e H H 0 C T e f t  c  o r -  
HOCHTeAbHbIMH B bIC 0T3M H  HeMHOTHM Ó O A ee  1 0 0 0  M,  O C A O H Œ eH a B OCHOBHOM 
M eAKHMH X 0A M 3M H .

K  c e B e p o -B O C T O K y  o t  k o t a o b h h m  p a c n o A o n t e H  A paB H H C K O -H H A H H C K ii i i  
x p e ó e T  ( p n c .  2 , 1 1 ) ,  n peA C T aB A H io im ,H H  b  e r p y K T y p H O M  O T H o m e H H H  B e T B b  
C p e A H H H O - M H A O O K e a H C K o ro  x p e Ó T a .  M o p 4 ) O A o m H e c K H  o h  B b i p a w e H  K a n  t h -  
nH HHblH x p e ó e T  C neTKOH pH(j)TOBOH AOAHHOH C OTHOCHTeAbHOH rn y Ó H H O H  A ')
1 0 0 0  m , n p o c A e í K H B a r a m e H C H  h o h t h  H a  B c eM  n p o T H K e H H H  x p e Ó T a ,  c  x a p a i < -  
T e p H b iM  p a c H A e H e H H e M ,  b  K O T o p o M  n p e o ö J i a A a i o T  a h h c h h o  B b iT H H yT bie  4>o.P- 
Mbi p e j i b e ( } ) a ,  o p n e H T H p o B a H H b i e  b a o  a  b  o c h  x p e Ó T a .  r io A H O > K b e  x p e Ó T a  p a c -  
n o A O H íe H O  H a  T A yÓ H H e o k o a o  5 0 0 0  m , a  O T A eA b H b ie  B e p u iH H b i  n o A H H M a io T c s i  
AO TAyÓHHbl 2 5 0 0  M.

M e > K A y  M aTepH K O B'b lM  CKAOHOM H H A O C T a H a  H A paB H H C K O -M H A H H C K H M  
x p e Ö T O M  p a c n o A O H i e n a  A p a B H H C K a n  k o t a o b h h 3  ( p n c .  2 , 1 1 1 ) .  P a c c M a T p H B a e -  
MbiH inpo ( j)H A b  n e p e c e K a e T  e e  B o c T O H H y io  n a c T b .  Ó H a  a a H H M a e T  o Ó A a c T b  r n y -  
6h h  o t  4 0 0 0  a o  5 0 0 0  m , x a p a K T e p H y i o  a a h  T H n H H H b ix  O K e a H H a e c K H x  
KOTAOBHH. n o B e p x H o c T b  e e  c A e r n a  H a K A O H e H a  b  C T o p o H y  x p e Ó T a .  H e ó o A b -  
u i H e  n o A B O A H b ie  r o p t i  h  x o a m m  H 3 p e A K a  H a p y m a i O T  b  o ó m e M  B b ip o B H e H H y ¡ o  
n o B e p x H o c T b  A n a  k o t a o b h h u .  M a T e p H K O B b iH  CKAOH 3 a n a A H o r o  H H A O C T a H a  
( p n c .  2 , I V )  i n e p e c e n e H  in o A  H e K O T o p b iM  y r A O M  k  n p o c T H p a H H i o .  FIoAHO>KHe 
CKAOHa p a c n o A O H íe H O  H a  T A yÖ H H e C B b iu ie  4 0 0 0  j í í , B e p x H H H  n a c T b  c k a o h h  
K p y T a n ,  h h h œ h h  B b in o n a > K H B a e T C H  h  6 e 3  neT K H X  r p a H H H , n e p e x o A H T  b  n o -  
B e p x H O C T b  A pa B H H C K O H  KOTAOBHHbi. C k a o h  o cA O H íH e H  H e T A y ó o K H M H  A e n p e c -  
CHHMH H X p e Ó T a M H .

M a r H H T H o e  n o A e  c e B e p o - 3 a n a A H o ñ  n a c T H  H h a h h c k o t o  o x e a H a  n p e 3 B b i -  
H 3 H H 0  HeOAHOpOAHO. A h 3 A H 3  MaTHHTHblX npO(¡DHAeH n 0 3 B 0 A H e T  c x e M a T H a e -  
CKH B b lA eA H T b O T A e A b H b ie  OÓA3CTH, X a p a K T e p H 3 y K ) m ,H e C H  pa3A H H H O H  CTe- 
n e H b lO  aH O M äA bH O C TH .

H a H M e H e e  a H O M a A b H b ie  o ó a a c t h  —  s t o :

а .  3 a n a A H a n  n a c T b  C o m 3a h h c k o h  k o t a o b h h h ,  M a T e p H K O B b iñ  c k a o h  h  
UieAbt))  A(J)pHKH. 3 A e C b  e p e A H H H  B eA H H H H a a H 0 M 3 A H H  A T COCTaBAHeT ± 4 0  y ,  
H TOAbKO B OTAeAbHblX y H a C T K a X  OHH AOCTHTaiOT BeAHHHHbl ±  1 0 0  y .

б . U , e H T p a A b H a H  n a c T b  C o m 3 a h h c k o h  k o t a o b h h w  k  c e B e p y  o t  C e n u i e A b -  
CKHX OCTpOBOB H A p a B H H O K a H  K 0 T A 0 B H H 3 ,  T A e  a H 0 M 3 A H H  A T  IB C p e A H eM  
KOAeÔAioTCH b  n p e A e A a x  ± 1 0 0 — 1 5 0  y  ( p n c .  2 ,1 ,  2 , 1 1 1 ) .  A p a B H H C K O - H H A H f t -  
CKHH x p e ó e T  ( p n c .  2 ,1 1 )  x a p a K T e p n 3 y e T C H  TH innnHbiM H a a h  c p e A H H H o - O K e a -  
H H necK H X  x p e Ó T O B  M a rH H T H b iM H  a H 0 M 3 A H H M H . T a n ,  H a  T p e x  n e p e c e n e H H H x  
b  u e H T p a A b H O H  h  c e B e p H o ñ  n a c T H  x p e Ó T a  h b ó a i o a b i o t c h  c A e A y i o m n e  H 3 M e-  
HeHHH aH O M 3A H H  AT. EC A H  B C oM aA H H C K O H  KOTAOBHHe HaÓAIOAaiOTCfl AAHH- 
H o n e p H O A H b i e  M a rH H T H b ie  3 H 0 M 3 A H H  c  a M H A H T y A a M H  o t  — 4 0 0  y  a o  + 2 5 0  y ,  
t o  n p n  n o A X O A e  k  CKAOHy A p a B H H C K O - H H A H H C K o r o  x p e Ó T a  A A H H H o n e p H O A -  
H b ie  M a rH H T H b ie  3 H O M 3A H H  3 a T y X a iO T  H BblAeAHIOTCH K O p O T K O n ep H O A H b ie  c  
a M n A H T y A O H  o t  + 5 0  a o  — 2 0 0  y .  H a A  p h ( } ) t o b o h  3 0 h o h  a M H A H T y A a  M a r H H r -  
H b ix  a H O M aA H H  B 0 3 p a c T a e T  o t  + 2 0 0  a o  — 4 0 0  y .

5 0
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H a  M aTepH K O B O M  C K j i o n e  y  n - o B a  H h a o c t 3h  ( p n c .  2 ,  I V )  H a ß A io A a io T C H  
HHTeHCHB Hbie  M a rH H T H b ie  3H0M3AHH C aM n A H T y A O H  OT — 2 0 0  AO + 3 0 0  Y» 
K O T o p b ie  y  c a M o r o  n o ß e p e > K b H  3 a r y x a i O T .

X a p a K T e p  r p a B H T a u H O H H b i x  a H O M a j iH H  b  c e B e p o - 3a n a A H o ñ  qacTH H h -  
A h h c k o t o  O K e a H a  p a 3 A H q e H  a a h  c A e A y i o m H X  o c h o b h h x  o ß A a c T e f i :  r A y ß o K H e  
O K eaH C K H e k o t a o b h h h ,  O K e a H H q e c K H e  x p e ß T b i  h  o c T p o B a ,  n e p e x o A H b i e  3 0 H b i  
o t  O K e a H a  k  M a T e p H K a M .

r j i y ö o K O B O A H b i e  O K e a H H n e c K H e  B n a A H H b i  x a p a K T e p H 3 y i O T C H  o t h o c h -  
T e j lb H O  C n O K O H H b lM  HOAeM CHAbI T H H íe C T H  C O T p B U a T e A b H b lM H  3 H 0 M 3 A H H M H
® a n  ( — 30-=— 5 0  mza) h  3H a q H T e A b H b iM H  n o  B e j iH H H H e  a H O M ajiH H M H  B y r e  
( +  3 5 0 + 4 0 0  mza).

C n j i b H o  p a 3 f l p o 6 j i e H H a a  n o B e p x H o c T b  A p a B H H C K o - H H A H H C K o r o  x p e ß T a  
(p H C .  2 ,  I I )  x a p a K T e p H 3 y e T C H  ßO A bIH O H  H 3M eH ’qHBOCTbK) aH O M aJIH H  <I>aH. H a a  
C aM bIM H  r p e Ö H H M H  X peÓ T O B  3 H 0 M 3 A H H  O a H  HM eiOT 3 H a q e H H H  + 3 0 - T -  
+  +  5 0  M Z A ,  pH(J)TOBbie AOAHHbl ÍK e  O T M eqaiO TC H  3 H a q H T e j Ib H b IM H  O T p n u a -
T e j lb H b lM H  ( a o  — 5 0  H 7 0  M Z A )  a H 0 M 3 A H H M H . FIoAHOHÍHH OKeaH HHeCKH X
x p e Ó T O B  q e T K o  o K O H T ypH B aiO T C H  H 3 o a H O M a j i H e H  b  p e A y K U H H  B y r e  + 2 5 0  msa. 
3 t 0  OTHOCHTCH KO BCeM OCHOBH'blM X p e ß T a M :  A p a B H H C K O -H H A H H C K O M y ,
M a j ib A H B C K O M y  h  M a c K a p e H C K O M y .  H a  B e p u i H H a x  r p e Ó H e ñ  x p e Ó T O B  a H O M a -  
a h h  B y r e  y M e H b iu a iO T C H  a o  +  1 5 0 - ^  +  1 0 0  mza.

B  nepexoAHbix 30Hax o t  OKeaHa k  MaTepHKaM b  ceBepo-3anaAHoñ qa- 
CTH H h a h h c k o t o  OKeaHa aHOMajiHH ® a a h o c h t  b  oßmeM cinoKOHHbiñ xapaK- 
Tep, coxpaH3K)T CBOH OTpHijaTejibHbie 3HaqeHHH h  ynte y  caMoñ ßeperoBOH 
qepTbl pe3K0 yBeAHqHBaiOTCH, MeHHIOT 3H3K Ha nOAO>KHTeAbHbIH. AHOMaAHH 
B yre  npn noAxoAe k  ßepery 3HaqHTejibHo yMeHbuiaioTCH, AocTiiran HyAe- 
Bbix SHaqeHHH Ha caMOM ßepery h  o t  — 1 0 0  a o  — 1 5 0  mza Ha MaTepHKe[l3].

¿ U m  p a c q e r a  c T a T H C T H q e c K H X  x a p a K T e p n c T H K  npo<])HAH A H a  ß b i j i n  a a M e -  
H eH bl  AH C K peTH bIM H  p H A 3 M H  3 H 3 q e H H H  TJiyÓHH, rp a B H T 3 H H 0 H H b I X  H M aTHHT- 
HblX a H O M a jIH H ,  CHHTbIX C HCXOAHOTO M a T e p H a J i a  C qaC TOTOH, COOTBeTCTByiO- 
m e ñ  H a  M e c T H o c T H  p a c c T O H H H i o  1 , 2 3  k m .

K p H B b i e  H a ß j u o A e H H b i x  n a p a M e T p o B  n o  n p o iJ iH A H M  m o j k h o  p a c c M a T p n -  
B a T b  K a n  c y M M y  r a p M O H H q e c K H X  K O J ie ß a H H H  c  p a 3 J i n q H b i M H  n e p n o A S M H  
( q a c T O T a M H )  h  a iw n j iH T y A a M H .  T a p M O H H q e c K H H  a H a j i H 3  p e j i b e ^ a  3 e M A H ,  
n p o B e A O H H b iH  n p e e M  [ 1 4 ]  h  B e H H H r - M e ñ H e c o M  [1 5 ] ,  n o K a 3 a j i  n p a B o iv io q H O C T b  
n o A o ß H b i x  n p e A C T a B J ie H H H  á a h  H c c A e A O B a H H H  M e r a p e A b e < ] ) a .  T a p M O H H q e -  
CKHH a H a ^ H 3  p e j i b e ( j ) a  BAOAb n a p a j u i e j i e n  c  q acT O T O H  b h c o t  h  r A y ß H H  q e -  
p e 3  5 - r p a A y c H b i H  H H T e p B a j i ,  n p o B e A e H H b i n  b  1 9 6 4  r .  [ 1 6 ] ,  n o K a 3 a A ,  qTO n o -  
J IO H ieH H e H pHTMHHHOCTb B H e p e A O B a H H H  K p y n H b lX  C T p y K T y p H b lX  S J ieM eH T O B  
3 e M J i H  A o c T a T o q H o  q eT K O  B b iH B A H e rc H  y>Ke c y M M o n  q e T b i p e x  r a p M O H H K .

M o x h o  A y M a T b ,  qTO K p y in H b ie  (})opMbi p e A b e c j i a  A n a ,  r p a B H T a u ,H O H H b i e  
H M a rH H T H b ie  3 H 0 M 3 A H H  (})OpMHpyK)TCH B OCHOBHOM HO A BAHHHHeM K O M n A eK -  
c a  3 H A o r e H H b i x  n p o p e c c o B ,  p a 3 J i n q H b i x  n o  B e j m q n H e ,  c ( ] ) e p e  h  A A H T eA bH O - 
CTH HX AeHCTBHH OTHOCHTejIbHO nO B epX H O C T H  3 e M J l H .  P a 3 A e J i e H H e  (])OpM 
p e A b e t J i a ,  r p a B H T a u H O H H b i x  h  M a rH H T H b ix  a H o M a A H H  H a  p a 3 A H q n b i e  qacTOT- 
H b ie  COCTaBJIHIOm He B  K3KOÖ-TO M e p e  COOTBeTCTByeT p a 3 A e J i e H H I O  cj)opM H - 
p y i o w H X  h x  ( J ia K T o p o B  H a  p a 3 ^ n q H b i e  n o  x a p a K T e p y ,  B e j m q H H e  h  c t ] ) e p e  A e ñ -  
CTBHH COCTaBJIJHOIUHe. B  33BH C H M 0C TH  OT H e J ie H  H C C JieA0B 3HHH npOBOAHTCH 
a H a j i H 3  p e r n o H a j i b H b i x  h j i h  ^ O K a j i b H b i x  c o c T a B J i n i o m H X .

B  a b h h o m  c j i y q a e  b o a  p e r H O H a j i b H o ñ  c o c T a B j i H r o m e ñ  n o A p a 3y M e B a e T -  
CH x a p a K T e p  p e j i b e t ] ) a ,  r p a B H T a u H O H H b i x  h  M a rH H T H b ix  a H O M a j i n ü ,  T H n n q H b iH  
AAH K p y n H b i x  C T p y K T y p H O - r e o M o p ( ] ) O A o r H q e c K H x  p e r n o H O B  O K e a H a .

n O A  AOK3AbH OH COCTaBAHK>meH I IO A p a 3 y M e B a i O T  HepOBHOCTH p e A b e 4 ) a ,  
r p a B H T a n H O H H b i e  H M a rH H T H b ie  a H O M aA H H , OCAOHCHHIOinHe p e r H O H a A b H b l H  
x a p a K T e p  n p o ^ m A H ,  c o 3 A a H H b i e ,  n o -B H A H M O M y ,  k o m h a c k c o m  4 ) a K T o p o B ,  A e n -  
C T B y i o m H x  b  n p e A e A a x  p e r n o H a  h  o r p a i K a t o m n e  o c o f i e H H O c r a  e r o  r e o A o r i i -
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Phc. 2. reo4>H3HqecKHe npoÿujiH:
I — CoMâ HñcKaíi KOTjioBHHa; III — ApaBHficKan kot7iobhh3;
II _  ApaB'HHCKO-MHjWHCKHH xpeóeT; IV — MaTeprntoBuñ ckjioh 3anâ Horo HHAOCTaHa
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necKoro CTpoeHHH. A h 8a h 3 nocAeAHHx inpeacTaBJineT HaHÖOAbuiHH HHTepec.
A a h  B b if le j reH H H  p e r n o H a A b H b i x  c o c T a B A H io m H X  n p o i} )H A e H  6 b i a  H c n o A b -  

3 0 B 3 H  M eTO /l  CTJiaJKHBaHHH. O p A H H a T b l  CTJiaJKeHHblX, HAH p eT H O H a A b H b lX .  
n p o (J )H J ie H  o n p e f l e n e H b i  n p n  n o M o m n  t j i o p M y A b i

^ 2

X =  I  ajXi+i<
1
2

TAe X i  —  OpAHHaTbl HCXOAHbIX npO(J)HJieH; CLj —  CTAaHCHBaiOmHe K03({)([)HHH-
e H T b i ,  K O T o p b ie  o n p e A e J iH io T C H  h a p o m  c r j i a j K H B a H H H ,  H M e io m H M  b h a

1 I 2n . .1 +  cos— /; I —  napaMeTp crAajKHBaHHH.

n p H  TaKOM H A p e  H a  p eT H O H a A b H b lX  npO(])HAHX H e  OCTaiOTCH (J)OpMbI

p e j ib e < J )a ,  a H O M a j iH H  AT  h  A g ,  a a h h h  b o a h m  K O T o p w x  M e H e e  [1 7 ] .

C r j i a > K H B a H H e  ö m a o  n p o H 3 B e A e H o  c  n a p a M e T p o M  1 2 3  k m , o A H H a x o B b iM  
AJiH B c e x  n p o (} )H J ie f l .  T a x H M  o 6 p a 3 0 M ,  H a  c r j ia > K e H H O M  n p o c j )H A e  n o n ™  HeT  
H e p o B H o c T e i i  p e j i b e < ] ) a .  n p o T a m e H H o c T b i o  M e H e e  6 0  k m  h  aH O M a A H H  AT  h  
A  g  T o f t  m e  nepHOAH HHOCTH.

H a n ö o A e e  o ó m e ñ  x a p a K T e p n c T H K o f t  n o A e i i  h b a h c t c h  h x  c p e A H H H  B e A H 
H H H a, o n p e A e A e H H a n  a a h  K a m A o r o  n p o t | ) H A H  n a n

n

C r A a m e H H b i e  n p o i J m A H  H a  p n c. 3 . A a H b i  Kan OTKAOHeHHH o t  cooTBeTCTByio- 
1LÍHX CpeAHHX.

B  'COMaAHHCKOH KOTAOBHHe (p H C .  3 ,  I )  p e T H O H a A b H b lH  n p O (])H A b A H a ,  
p a c n o A o m e H H b i H  H a  r A y Ö H H e  4 0 0 0  m , n o A o r o  H a x A O H e H  k  h o ä h o ä h i o  A p a -  
b h h c k o - H h a h h c k o t o  x p e Ö T a ,  H e ö o A b i u o e  n o A H H T H e  H a  HeM  c o o T B e T C T B y e T
A B yM  nOABOAHbIM  B03B'bIIlieHH0CTHM . H a  rpaB H TapH O H H O M  perH O H aA bH O M  
npo(J)H Ae n p e o Ô A a A a ro T  o T p n u a T e A b H b ie  aHO M aAHH O a n ,  BeAHHHHa K O T o p b ix  
B 0 3 p a c T a e T  k  n o A H o m H io  xp e Ö T a . H e ö o A b in o H  M aKC H M yM  aHO M aAHH c o o t - 
BeTCTByeT B03BbIU ieHH0CTHM . H a  perH O H aA bH O M  npO (})HAe M arH H TH bIX  aHO
M aAH H  cp e A H e e  3H aneH H e 6 a h 3 k o  k  H y A io . K p H B a n  p e rn o H a A b H o ro  M a rH H T 
H o ro  n oA H  C A om H ee , neM  K pH B b ie  p e rH O H a A b H b ix  n p o ^ H A e n  AH a h  aH O M a
AHH CHAbl THACeCTH.

B  np eA eA ax  ApaBHHCKO-HHAHHCKoro xpeÖTa (pHC. 3 ,  I I )  perHOHaAb- 
Hbie npO(])HAH, BepOHTHO, OTpamaiOT OCHOBHbie OCOÖeHHOCTH CTpoeHHH xpeÖ 
Ta. CrAameHHbiH npo(jDHAb peAbec[>a b h h b a h c t  MaccHBHoe CHMMeTpHHHoe 
noAHHTHe C HeCKOAbKO npHnOAHHTbIMH KpblAbHMH. y3KaH pH(J)TOBaH AOAH- 
Ha n p n  TaxoM öoAbuiOM napaM eT pe crAamHBaHHH He oT pam eH a Ha n p o- 
(])HAe. CyAH n o  HAaBHblM OHepT3HHHM npO(])HAH, MO>KHO CHHTaTb, HTO BCe 
CAomHoe pacHAeHeHHe xpeÖTa co3AaeTCH (})opMaMH, npoTHmeHHOCTb k o t o -  
pbix MeHee 6 0  k m .

P e r a o H a A b H b i e  a H O M aA H H  O an  H a A  x p e Ö T O M  O T p H p a T e A b H b i ,  o A H a x o  
BeA H H H H a HX H e 3 H 3 H H T e A b H a .  H a A  pH^JTOBOH 30H O H  H y  HX nOAHOJKHH Be-
AHHHH bl O T p H U a T e A b H b lX  a H O M aA H H  B 0 3 p a C T 3 K )T  AO — 1 5 --------- 3 0  M Z A  COOT-
BeTCTBeHHO. M a r H H T H b i e  aH O M aA H H  b  p a ñ o H e  A p a B H H c x o - H H A H H c x o r o  x p e ö -  
T a  O T p H U a T e A b H b l ,  HX CpeA H H H  B eA H H H H a p a B H a  — 8 2  y ;  H a A  pH^JTOBOH 
3 0 H 0 H  B eA H H H H a a H O M aA H H  HeCKOAbKO y M e H b u i a e T C H .

OneHb c n o K o e H  p e r n o H a A b H b i H  n p o c ] )H A b  A H a  h  r p a B H T a u H O H H b i x  a H O 
M aA H H  A p aB H H C K O H  KOTAOBHHbl (pH C . 3 ,  I I I ) .  P e T H O H a A b H b i e  a H O M aA H H  <J>aH 
H e3 H 3 H H T eA b H O  OTKAOHHIOTCH H a  HeXOTOpbIX y H a C T K a X  H p O ^ H A H  OT C peA H eTO  
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3H3M 6HHH, p a B H O r O  — 3 7  M8A. B o J i e e  CaOJKHbIM HBJIHeTCH n p O ^ H J I b  M aTH H T- 
HblX a H O M âJIH H ,  y  mOiHHO>KHH aH O M a J lH H  O T p H l i a T e ^ b H b l ,  C n p H Ö jIH JK e H H e M  K 
M a T e p H K O B O M y  CKJIOHy nOHBJIHK)TCH nO JIO JK H TeJIbH bie  aH O M aJlH H .

y  M H 'f l o c T a H a  ( p a c ,  3 ,  I V )  p e r n o H a a b H b i H  i n p o i j m a b  a H a  ï i a a B H O  i io ä h h -  
M a e T C fl  k  n o B e p x H o c T H .  P e r H O H a a b H b i ñ  n p o t f i H a b  a H O M a a n i i  O a n  B b ip o B H e H ,  
a H O M a j iH H  o T p a u a T e j i b H b i ,  c p e a H e e  3 H a n e H H e  p a B H O  — 4 6  m8A. M a r H H T H b i e  
a H O M a j i n H  n o j i O Ä H T e j i b H b i ,  c p e f l H e e  3 H a a e H H e  p a B H O  + 6 4  y.

VÍ3 conocTaBJiGHHH peraoHa^bHbix ocoöeHHOCTeä npo4)HJieñ b h ä h o ,  h t o  
b  npeaeaax Bcex cTpyKTypHbix aaeMeHTOB OKeammecKoro a.Ha cymecTByeT 
aoBoabHo xopoiuee cooTBeTCTBHe MOKay peabe(})OM ana, BeaHHHHaMH h xa- 
paKTepOM H3MeHHHBOCTH rpaBHTannoHHbix aHOMaanñ OaH. XapaKTep pe- 
raoHajïbHbix MarHHTHbix aHOMajiHH He coraacyeTcn c  pernoHaabHbiMH oco- 
öeHHOCTHMH peabeijia aHa h  aHOMaaHH c h j i h  t î d k c c t h .

E c j i h  H3 o p a n H 3 T  H a ô a i o a e H H o i r o  n a p a M e T p a  B b i a e c T b  o p a « H a T b i  S T o r o  
m e  n a p a M e T p a  H a  c o o T B e r c T B y i o m H X  p e r n o H a a b H b i x  n p o c j m a a x ,  n o a y q H M  
j i o K a a b H b i e  r p a B H T a n n o H H b i e  h  M a rH H T H b ie  a H O M a a H H  h  r a y Ö H H b i  ( p n c .  3 ) .  
Z l a n  a o n a a b H b i x  a H O M a j iH H  x a p a K T e p H a  3 H a q H T e a b H a n  H 3M eH 9H B O C Tb B e a n -  
MHH. K o a H H e C T B e H H O  O H eH H Tb C T e n e H b  H3M eHqHBOCTH a O K a a b H b l X  a H O M a a H H  
MO>KHO n p H  n o M O iH H  c p e a H e r o  K B a a p a T H q e c n o r o  O T K a o H e H H H  a o K a a b H b i x  c o -  
C T a ß a a i o m H x  OT p e r n o H a a b H b i x .  B e a n q H H b i  c p e a H H x  K B a a p a T H q e c K H x  O T n a o -  
HeHHÖ a a H b i  b  T a  S a n n e .

T a 6  j i  h  u  a

XapaKTepHCTHKa npo4mJieft

Pa#OH

CoMajiHft- 
CK3H KOT- 
JlOBHHa

ApaBHÖCKO-
H h AHö c k h ö

xpeóeT
ApaBüñcKan
KOTJIOBHHa

MaTepiïKo- 
BblÖ CKJIOH 
HHAOCTana

r j i y Ö H H U .  M ......................................... 225 334 45 141
r  p a B H T a U H O H H b ie  o h o m b j i h h , mza . . .10 11 4 8
M a r H H T H u e  a H O M a j iH H , y ............................ 118 97 81 92

B  p n a e  c a y n a e B  T a n a n  o n e H K a  H e  H B a n e T c n  a o c T a T O H H o n ,  T a n  n a n  H e  
O T p a > K a e T  o c o ó e H H O C T e ñ  n e p H o a n n H o c T H  h  a M n a H T y a  s t h x  O T K ao H eH H H .

Z l a n  B b iH B a e H H «  C T p y K T y p H b ix  o c o ö e H H o e T e f i  a o n a a b H b i x  a H O M a a H H  a e -  
a e c o o 6 p a 3 H o  B b i q n c a e H H e  a B T O K o p p e a H H H O H H b ix  h  c n e K T p a a b H b i x  ( jiyHKHHii 
[ 1 0 ,  1 8 ,  19] ,  A B T O K o p p e a H U H O H H a n  ijjyHKHHH x a p a K T e p H 3 y e T  C T e n e H b  H 3M eH - 
HHBOCTH a H O M a a H H .  A ß T O K O p p e a H H H O H H b ie  (JjyHKHHH paC C M H T aH bl n o  (J)Op- 
M y a e

N - r

Ckt =  N _ r 2  XlXt+r,
i=0

r a e  N —  H H c a o  o p a n H a T  n p o i J j H a a ;  r —  p a a  n o c a e a o ß a T e a b H b i x  3H a q e H H Ü  
OT 0 ,  1, 2 ,  3 ,  . . . ,  m ;  m  —  B e a n q n H a  M a K C H M a a b H o r o  c a s a r a  n p n  p a c q e T e  
4)yHKIXHH.

B e a H H H H a  M a n c H M a a b H o r o  c a s n r a  n p n H H T a  p a B H o f i  9 6  km . H a  p n c .  4  
n p H B e a e H b i  H o p M H p o B a H H b i e  a B T O K o p p e a H H H O H H b ie  (JiyHKHHH a o n a a b H b i x  
r p a B H T a p H O H H b i x  h  M a rH H T H b ix  a H O M a a H H  h  r a y Ö H H .

/ l a s  B c e x  n p o c j a n a e H  x a p a K T e p H O  ö w c T p o e  3 a T y x a H H e  K o p p e a a i j H O H H b i x  
(JiyHKHHH, HTo O T p a H < a e T  3 H a a H T e a b H y i o  H3MeH<qHBOCTb a H O M a a H H .  P a 3a n -  
na iO T C H  T a n j a e  t h h h  a B T o n o p p e a s m H O H H b i x  ^ y H K U jH H ,  h t o  0T p a > n a e T  p a 3 -  
a n q H b i H  x a p a K T e p  H3MeHHHBOCTH p e a b e i j i a ,  r p a B H T a ix H O H H b ix  h  M a rH H T H b ix  
a H O M a a H i i  H e  T o a b K O  b  p a 3 a H M H b i x  p a f t o H a x ,  h o  h  b  n p e a e a a x  o a H o r o  h
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Phc. 3. PerHOHajibHwe (A) h JioKajibHbie (£) cocTaßJiHioiuMe reo4»H3H»iecKHX npotfjHJieft: 
I — CoMajiHñcKaa kotjiobhh3; II — ApaBHñcKo-HH,anñcKHH xpeôer;
III — ApaBHHCKaa kotjiobhh3; IV — MaTepHKOBbiñ ck̂ oh HHÄoeraHa
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Toro îKe pañoHa. lipa HaanaHH CKpbiToñ nepHoanaHocTH aBTOKoppeaaun- 
OHHaa (JjyHKUHH HBaaeTca 3HaKonepeMeHHoñ. PaccToaHHe M e x c a y  t o h k 3m h  
nepexoaa aepe3 Hyjib npHMepHo cooTBeTCTByeT noaoBHHe nepnoaa (18].

Hanóoaee aeTKO BbipaxíeH nepHoanaecKHH xapaKTep aBTOKoppeaauH-

C(e)
iO-t

JO

}ó ~~ íT  so «

60 y f  70 SO

--2 ----------- j

Pac. 4. ABTO KO ppejIHU H OH H bie 4>yHKUHH:
I, II, III, IV — npo4>HJiH (c m . pue. 2);

/  —  r a y 6 n H b i  Ä H a O K eaH a; 2  —  aH O M aaH H  CHJibi T f i x e -  

c t h ;  3  —  M arH H T H bie aH O M aaH H

OHHbix (JjyHKUHH CoMajiHHCKOH KOTJioBHHbi, OTpaxíaiomHH onpeaeaeHHyto 
pHTMH*íHocTb b aepeaoBaHHH <})opM peabecfía, aHOMaaHH cnabi TaxcecTH h 
HanpjjHceHHOCTH MarHHTHoro noa«. PaccToaHHe, Ha KOTopoM cTaTHCTHae- 
cxaa CBH3b b 3Ha'HHTeabHOH Mepe TepaeTca —  KoaijaJmuHeHT KoppeaauHH 
yMeHbmaeTca ot 1,0 npHMepHo ao 0,3, —  oóbmHo Ha3biBaeTca paanycoM  
aBTOKoppeaauHH. ABTOKoppeaaitHOHHbie cjjyHKijHH peabe<J)a ana h aHOMaaHH 
CHabi TaacecTH noaoÖHbi, HMeiOT oaHH h tot » e  paanyc KoppeaaitHH, paB-
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Hbifi 8 km. HecKOJibKO ßojibine paflHyc KoppejiHUHH MarHHTHbix aHOMajiHH, 
OH paßeH 10 KM, KpOMe Toro, BHA (JiyHKliHH 'CBH^eTeJIbCTByeT O HeCKOJIbKO 
HHOH nepHOÄHHHOCTH B MepeflOBaHHH aHOMajiHH.

AßTOKOppeJIHHHOHHbie (JiyHKUHH ApaBHHCKO-MHAHHCKOrO xpeÖTa xapaK- 
TepH3yiOTCH ÖbICTpbIM 3aTyXaHHeM, pa3JIHHHbIM OÔJIHKOM H HH3KOH KOppe- 
jiBUHen Ha 3HaHHTCJibHbix paccTOHHHHx. E m e MeHee KoppejiHpoBaH pejibei}) 
AHa, paflHyc KoppejiniiHH Bcero 4 km, a 3HaneHHn aBTOKOppeJiHHHOHHoii 
4>yHKii,HH He npeBbiuiaioT 3a nepBbiM MHHHMyMOM ± 0 ,3 .  Pa/iHyc Koppejin- 
UHH MarHHTHbix aH0M3JIHH COCTaBJIHCT 7 KM, a rpaBHTaUHOHHblX —  9 KM. 
Ilo>KajiyH, Hanöojiee nepnoAHnecKHM b npeAejiax xpeÖTa ocTaeTcn H3MeHe- 
HHe aHOMajiHH CHJlbl THJKeCTH.

B ApaBHHCKOH KOTJIOBHHe aBTOKOppeJIHHHOHHaH (jiyHKIXHH pejlbeijia ÄHa 
HMeeT paflHyc KoppejiniiHH okojio 6 km. P aanyc KoppejiniiHH rpaBHTauHOH- 
Hbix aHOMajiHH eure MeHbiue —  okojio 4 km. P aanyc KoppejiauHH MarHHT
Hbix aHOMajiHH paßeH 10 km.

Ha MaTepHKOBOM CKJIOHe HHAOCTaHa aBTOKOppeJIHUHOHHbie (JiyHKUHH 
pejibeijia h rpaBHTauHOHHbix aHOMajiHH c nonpaBKofl 3a yro ji Me>KAy npo- 
CTHpaHHeM CTpyKTyp MaTepHKOBoro cKJi®Ha h HanpaBJieHHeM npoc|>HJiH 
HMeiOT paanyc KoppejiniiHH okojio 3 h 6 km cooTBeTCTBeHHO, a pa^nyc Kop- 
pejIHUHH MarHHTHbix aH0M3JIHH OKOJIO 9 KM.

HacTOTHaa xapaKTepncTHKa jioKajibHbix aHOMajiHH MO>KeT öbiTb nojiy- 
neHa nyTeM npeoöpa30BaHHH KoppejiHUHOHHbix (JiyHKHHH b cneKTpajibHbie 
npH nOMOHIH (JiopMyjibi

CneKTpajibHbie itJiyHKUHH npeACTaßjieHbi Ha pnc. 5. ÆoBepHTejibHbie 
npenejibi a jih  paccMOTpeHHbix npo4>Hjieñ h3mchhiotch o t 12,6— 2,0 km ao 
11,5— 2,6 km.

B CoMajiHHCKOH KOTJIOBHHe b cneKTpax npeoöjiaaaeT oahh Memmi 
MaKCHMyM, KOTOpblH flJIH peJIbetjia H rpaBHTapHOHHblX aHOMajiHH CBH33H c 
<})opMaMH npoTHJKeHHOCTbio MeHee 50 km, a a jih  MarHHTHbix aHOMajiHH c 
nepHOflHHHOcTbio 50— 55 km. XU a conpH>KeHHbix MaKCHMyMa rpaBHTauHOH- 
HblX aHOMajiHH H TJiyÖHH OTHOCHTCH K (})OpMaM pejlbeijia npOTHHCeHHOCTblO 
OKOJIO 26 KM.

H anöojiee c jio jkhh cneKTpu b npenejiax ApaBHHCKO-HHAHftckoro xpeß- 
Ta, ocoßeHHO cneKTp npoiJiHJia JioKajibHbix HepoBHOCTeft pejibeijia, ko to - 
pblH HMeeT TpH MaKCHMyMa, COOTBeTCTByiOmHe <})OpMaM npOTHJKeHHOCTblO 
47, 23 h 12 km. H anöojiee 3HaMHTejibHbie no BejiHHHHe aHOMajiHH CHJibi th -  
jKecTH HMeiOT nepnoAHHHocTb 50 km h, no-BHAHMOMy, conpn>KeHbi c MaK- 
CHMyMOM OTKJIOHeHHH pejlbeijia. nepBblH MaKCHMyM MarHHTHbix aHOMaJIHii 
no cpaBHeHHio c rpaBHTapHOHHbiMH aHOMajiHHMH h pejibec{)OM CMemeH b 
OÔJiaCTb BbICOKHX H3CT0T H OTHOCHTCH K AJIHHe BOJIHbl npHMepHO 37 KM.

B ApaBHHCKOH KOTJIOBHHe C HeÖOJlbUIHMH KOJießaHHHMH rjiyÖHH H rpa- 
BHTaUHOHHblX aHOMBJlHH B HX CneKTpaX BblAeJIHlOTCH JIHUIb AB a HeÖOJIbUIHX
MaKCHMyMa. ,ZI,jih pejibeijia nepBbifi o thochtch k (JiopMaM npoTHnceHHOCTbio 
45 km, BTopoH BbipajKeH oHeHb cjiaöo h xapaKTepeH ajih  (JiopM npoTH>Keii- 
HocTbK) 25 km, a ajih  rpaBHTauHOHHbix aHOMajiHH xapaKTepeH ajih  nepno- 
ÄHHHOCTH 58 H 22 KM COOTBeTCTBeHHO. MaKCHMyM MaTHHTHblX aHOMBAHH 
OAHH h xapaKTepeH ajih  nepHOAa 60 km.

m

r= 0
rAe

0 ,5  npH k  — 0 , k  =  m
1 npH 0 < ik  <  m .
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P u e .  5 . C n e K T p a jib H b ie  4>yHK unH . Y cJiO B H bie o 6o 3Ha>ieHHsi T e  « t e .  h t o  h  H a p u e .  4

CneKTpbi aHOMajiHH chjih  tîukccth h rjiyÔHH ajih MaTepHKOßoro ckjio- 
Ha nojioÖHbi h c yneTOM nonpaBKH 3a y ro ji MeiKfly npocTHpaHHeM MaTepu- 
KOBoro cKJiOHa h HanpaBJieHHeM npocjiHJin HMeiOT neTKO BbipauceHHbift MaK
CHMyM ujih (})opM pejibecjia h rpaBHTauHOHHbix aHOMajiHH npoTHJKeHHocTbio 
okojio 40 km. B cneKTpe MarHHTHbix aHOMajiHH npeoÔ JiauaeT  oahh  ueTKo 
BbipaiKeHHblH MaKCHMyM, OTHOC5HHHHCH K JIOKajlbHblM aH O M ajlH H M  npOTfl- 
HieHHOCTblO OKOJIO 5 7  KM.

BbiHBJieHHbie b pe3yjibTaTe npoBeueHHoro aHajiH3a craTHCTHHecKiie 
xapaKTepucTHKH no3BOJiHK)T Öojiee onpe/rejieHHo cyuHTb o npapoue aHOMa- 
jiHH rpaBHTauHOHHoro h MarHHTHoro nojieü h 06 o c h o b h h x  pejibet|)oo6pa- 
3yiomHx (jiaKTopax b oKeaHe. B nacTHOCTH, h c tk o  npoHBJiaioiUHecH b crjia - 
HieHHblX perHOHaJIbHblX MarHHTHbix aHOMajIHHX ApaBHHCKO-HHÄHHCKOrO 
xpeÖTa oTpimaTeJibHbie aHOMajiHH c aMiuiHTyaoö ao — 150 y  (b  cpeaHew 
— 8 2  y )  MOJKHO CBH3aTb C nO/rbeMOM H30TepMbI TOHKH KlOpH nofl. CpeÄHH- 
HO-OKeaHHHecKHMH xpeÖTaMH. 3 t o  xoporno nonTBepiK/raeTCH h pacneTaMH 
rnyÖHH 3ajieraHHH h h ik h h x  KpoMOK MarHHTOB03MymaiomHX Tejí. E c j i h  h h * -  
HHe KpOMKII MarHHTOB03MyipaiOIUHX Tejí B rjiyÖOKHX K0TJI0BHH3X OKeaHOB 
pacnoJiaraioTCH Ha rjiyÖHHax 30 km h öojiee, t o  noa CpeaHHHo-OKeaHHne- 
CKHMH XpeÖTaMH TJiyÖHHbl HHHŒHX KpOMOK yMeHblUaiOTCH AO 10 KM H Me
Hee (7],

MacTOTHaa KoppejiHUHH MarHHTHbix h rpaBHTauHOHHbix aHOMajiHH, a 
TaKHce pejibeijia  u n a  KaK Hau rjiyôoKHMH kotjiobhh3 m h , tak  h n a a  CpeflHHHO- 
OKeaHHnecKHM xpeÖTOM h MaTepHKOBbiM CKjiOHOM nouK penjineT  Tonicy 3p e-
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HHH T e x  H o c j i e A O B a T e j i e ñ ,  K O T o p b ie  c H H T a io T  u p h m h h o h  n e p H o a H H H O C T H  M a r 
H H T H bix  a H O M a j iH H  b  o K e a H a x  H e  u e p e a o B a H H e  y n a c T K O B  c  n p H M o ñ  h  o 6 p a r -  
HOH H aM arH H H eH H O C T bK ) [20], a, C K o p e e ,  e r p y K T y p H b i e  H e o A H o p o j i H p c T H  
36MHOH K O pbl  H B e p X H e H  M3HTHH [7 ].

ConocTaBJieHHe cneKTpOB rpaBHTauHOHHbix h MarHHTHbix aHOMajiiiii 
pa3JiHHHbix MOflejieñ co cneKTpaMH Ha6jno,n,aeMbix rpaBHTauHOHHbix h M ar
HHTHbix aHOMajiHH no3BOJiHT öojiee onpeaejieHHo cyAHTb o (JiopMe, pa3Me- 
pax h rjiyÓHHe 3ajieraHHH aHOMajiooópa3yiomHX Tejí.

Bee pacneTbi öwjih BbinojiHeHbi Ha 3 B M  « M hhck» h M -2 0  no npo- 
rpaMMaM, cocTaBJieHHbiM b T A H U I M r y  h b H hcthtytc  OKeaHOJiornn 
A H  C C C P .

AßTopbi öjiaroAapHT B. n .  naHTejieeBa, M . y .  CarHTOBa h A . Æ. 3 m - 
nojibCKoro 3a ueHHbie coBeTbi h oócyni^eHHe paöoTbi.
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D IS T R IB U T IO N  O F N IC K E L  IN  T H E  M A R IN E  S E D IM E N T S  O F F  T H E
W E S T  C O A ST O F  IN D IA

P. S. N. MURTY, CH. M. RAO* and C. V. G. REDDY*
National Institute of Oceanography, Panjim (Goa), India

fFH E distribution of trace elements and the 
possible factors influencing them in the 

shelf sediments off the west coast of India 
have been the subject of study for some time. 
In continuation of the results pertaining to 
phosphates, Murty et al.,1 and Manganese, 
(Murty et al.2) estimations of nickel were car
ried out and the present paper gives an account 
of its distribution, and the relationship it bears 
to other important elements in these sediments.

The location of Stations from where the 
samples were collected are given in Fig. 1.

638

,r a t n a g i r i

k a r w a r

.671M6S'
COCHIN

Q U IL O N

F ig . 1. Map showing the station locations.

The marine sediments fringing the west coast 
of India exhibit texturally, chemically and 
mineralogically certain wellr defined distribu
tion patterns. The inner shelf (upto 20 fms.)

*  From the branch establishment o f National Institute 
o f Oceanography at Cochin.

is covered by silty clays or clayey silts with very 
low carbonate content and this is followed sea
ward by a zone of silty or clayey sands on the 
rest of the shelf and slope regions characterised 
by a high carbonate content.3 This is parti
cularly so between Cochin and Karwar while 
off Bombay the shelf is covered for a greater 
part by fine-grained sediments. Studies on 
the organic m atter (in the bulk sediments) 
have shown that the sediments in the inner 
shelf and the slope regions are characterised 
by a higher organic content than those in the 
region in between.4 Manganese content shows 
a distinct trend in that it decreases in a direc
tion seaward and away from land and also 
from north to south.2 Clay minerals also 
exhibit regional variations, (i) The sediments 
off Bombay and K arw ar are characterised by 
the presence of predominantly mixed layers of 
montmorillonite and illite with subordinate 
amounts of kaolinite group of minerals ; (ii) the 
sediments off Mangalore by the presence of 
approximately equal proportions of mixed 
layers of montmorillonite and illite and kaolinite 
group of minerals ; and (iii) the sediments off 
Kerala coast having predominantly kaolinite 
group of minerals with subordinate amounts of 
montmorillonite.

The estimations of nickel were carried out 
by the method described in Sandei5 while iron 
and organic carbon were carried out respec
tively by the methods given by Snell and Snell8 
and ElWakeel and Riley.7 All the analyses 
were carried out only on the silt and clay 
fractions and not on the bulk sample. All the 
colorimetric determinations were made on 
‘UNICAM’ spectrophotometer SP 500.

Table I gives the contents of nickel, organic 
carbon, iron, manganese and calcium carbonate 
along w ith the depths from where the samples 
were collected. In order to understand the 
nature of relationship existing between nickel 
and other param eters analysed, correlation 
coefficients have been calculated. The values 
obtained between nickel and organic carbon, 
calcium carbonate, iron and manganese are 
0-1680, — 0-2182, 0-3349 and 0-3703 respec
tively. The values of correlation coefficients
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T a b l e  I

Concentration ot
Stn.
No. Depth Nickel

in
ppm

Organic 
carbon 
in fo

Calcium 
carbonate 

in %

Manga
nese 
In fo

Iron
in
fo

638 13 40 1*59 2-5 0-077 3-65
639 17 36 1-48 41*5 0-072 2-5
640 19 24 1-14 39-0 0-064 2-3
641 19 33 1-41 22-5 0-055 4-50
642 26 45 1*86 20-0 0-037 1-55
643 38 29 2-48 32-0 0-028 1-60
646 250 34 6-24 30-0 0-009 2-15
656 10 53 2-24 0-0 0-055 3-55
654 25 30 1-21 0-0 0-058 2-20
653 32 25 1-25 0*0 0-046 1-90
652 42 19 2-00 42-0 0-029 0-20
651 55 20 2*20 0-0 0-017 0-40
650 110 27 2-57 50-1 0-027 0-30
657 10 27 2-83 4-0 0-045 3-63
658 17 :j l 2-73 7-0 0-037 3-65
659 23 16 2*38 24-0 0-032 1-95
660 43 28 2*17 , . 0-033 1-75
661 105 22 2-93 28-5 0-039 2-75
671 13 38 3-90 0-0 0-03! 5-10
670 14 34 2-98 0-0 0-028 4-25
669 17 33 2-62 17*0 0-030 4-30
668 23 38 2-76 J 2-0 0-02U 4-85
667 32 12 2*45 16-0 0-020 3-9
666 46 33 3-73 3-8 0-014 3-60

Note : Values of manganese and calcium carbonate
are borrowed from Murty et a l?  and N a ir et a l?  
respectively.

obtained in respect of nickel and iron in  rela
tion to depth along each section are given in 
Table II. A careful examination of the data 
permits the following generalizations :

T a b l e  II
Name o f the section »■-value for nickel »•-value for iron

Off Bombay -0 -1 9 — 0 • 6>
Off Karwar -0 -4 6 -0 -5 2
Ort Mangalore -0 -2 6 -0 -7 2
Off Cochin -0 -3 9 -0 -3 8

r  fo r manganese has not been calculated as it  is 
clearly evident from the data that i t  decreases with 
depth.

(i) The fine-grained sediments in the inner 
shelf and the sediments in the slope region 
contain relatively a higher amount of nickel 
than the sediments in the outer shelf. Even 
among the fine-grained sediments, the  sedi
ments off Bombay, Karwar and Cochin have 
relatively a higher concentration of nickel than 
the sediments off Mangalore.

(ii) Nickel co-varies with both manganese 
and iron. Relatively, it has a stronger corre
lation with manganese than with iron. I t does 
not show any relationship with organic carbon.

(iii) A negative relationship exists between 
nickel and both calcium carbonate and depth 
of sampling.

Kraus-kopf8 made an extensive study of the 
factors controlling the concentration of several 
trace elements in sea-water including nickel. 
He investigated in detail four processes for 
the removal of these elements namely (t) preci
pitation of insoluble compounds w ith ions 
normally present in sea-water, (it) precipita
tion by sulphide ion in local regions of low 
oxidation potentials, (iii) adsorption by mate
rials such as ferrous sulphide, hydrated ferric 
oxide, hydrated manganese dioxide and clay and 
(iv) removal by metabolic action of organisms. 
His results have shown that adsorption is the 
most important process for the removal of minor 
and trace elements from the sea-water and 
their deposition in marine sediments. Nicholls 
and Loring9 and Hirst10 suggested that there 
is a correlation between nickel and organic 
carbon content of the sediments and they 
consider that the latter acts as an adsorbant. 
Hogdahl11 has shown that nickel is enriched 
in marine organisms relative to sea-water to 
a greater extent. According to Chester13 
nickel may be probably removed permanently 
from sea-w ater under conditions of low redox 
potential when organic rich sulphide-bearing 
sediments are formed.

In the present case it is possible that preci
pitation of nickel as insoluble compound does 
not take place as the sea-w ater is greatly 
under-saturated w ith regard to  this element. 
Also, precipitation of nickel by sulphide is. 
unlikely in the areas under study, in view of 
the fact that considerable mixing takes place 
in the shelf waters. pH measurements carried 
out by Rao and Madhavan13 have shown that 
the environment is not the reducing type. 
Reports of heavy mortality of bottom animals11 
during certain seasons and consequent anoxic 
conditions are perhaps a transient or passing 
feature and not long enough to maintain low 
redox potentials and hence reducing conditions. 
It may be relevant to mention here that no 
sulphide odour is noticed in any of the samples 
collected.

Organic carbon in the silt and clay fraction 
follows the same trend as in the bulk samples. 
The distribution pattern observed in the sedi
ments of (a) the inner shelf, (b) outer shelf 
and (c) slope regions has been attributed by 
Murty et al. (loc. cit.) respectively to (i) the 
highly productive nature of the coastal waters 
as a consequence of seasonal upwelling and
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the presence of fine-grained sediments in the 
inner shelf, (ii) the  coarse-grained nature of the 
sediments in the outer shelf and the presence 
of oxygenated waters which destroy much of 
the organic m atter and (iii) the preservation 
of organic m atter in the slope sediments under 
oxygen poor waters. The organic carbon does 
not show any relationship w ith nickel in the 
present studies which indicates) that it is not 
bound to organic carbon. The factors that 
favour organic carbon to  act as an effective 
adsorbant are (i) the presence of high percen
tage ' of organic carbon in  the sediments, (ii) 
absence of agitated and well-ventilated waters,
(iii) slow rate of deposition and (io) the 
presence of a reducing environment. Consider
ing these factors and comparing the conditions 
obtaining in the different parts of the shelf, it 
could be seen that the organic carbon in the 
sediments of the outer shelf cannot act as an 
effective adsorbant. The inshore sediments, no 
doubt, contain a high percentage of organic 
carbon but the rapid rate of sedimentation 
taking place in this region prevents it from 
acting as an adsorbant as it will not be in 
effective contact with the overlying waters for 
a considerable period.

A negative relationship exists between nickel 
and carbonate content. This indicates that 
there is no enrichment of nickel in these 
sediments by the organisms in their tests.

Nickel co-varies w ith manganese and iron. 
Relatively, it has a stronger correlation with 
manganese. A comparison of the distribution 
patterns of manganese and nickel shows that 
they are closely similar in that (i) both show 
a negative trend with depth, (ii) in general 
both are enriched in the nearshore and slope 
sediments relatively to  the sediments, in the 
outer shelf, and (iii) both show a decreasing 
trend from north to south except in the case 
of the Cochin section where though manganese 
content is less, the nickel content is high,. This 
similarity in distribution might suggest that 
they are both closely related in these sedi
ments. Adsorption by clay minerals on their 
surfaces is considered to be more effective in ' 
nearshore areas owing to the higher concen
tration of suspended clay particles. Informa
tion available on the manganese content in the 
clay fraction of a few of the samples (Table III) 
shows that a considerable portion of manganese 
is concentrated in the clay fraction and that 
it shows the same trend as in the silt and 
clay fraction. The hydrographic conditions in 
the shelf region being similar along the dif-

T a b l e  I I I

Name of the section Station No. MnO content

O ff Bombay # # 638 0-05

642 0-93

Off Karwar • • 666 0*04

652 0-03

Off Mangalore • • 657 0-02

659 0-01

661 0*02

Off Cochin • • 671 0*02

669 0*01

666 0*01

ferent parts of the west coast of India, this can 
perhaps be attributed to (i) the differences in  
the source rocks present along the different parts 
along the west coast and (ii) the differences 
in the adsorption capacities of the different 
clay minerals present in the different regions. 
I t  is quite possible that nickel may also be 
simultaneously getting fixed up in the sedi
ments by this process. Thus while this process 
may be operating it  is not unlikely that a part 
of nickel might have entered the basin of 
deposition structurally combined with the sedi
ment and from the present studies it is not 
possible to determine what proportion of nickel 
is derived from the sea-w ater and what pro
portion is detrital in origin.

Along the Cochin section, the nickel content 
is high in spite of the fact that the manganese 
content is low. This may perhaps be due to  
(i) the presence of the basic rocks along this 
coast which contain a relatively higher con
tent of nickel and (ii) the high content of iron 
in these sediments which may be scavenging 
the nickel from the waters. The relatively 
stronger correlation observed with iron than 
w ith manganese in the sediments of this section 
supports this surmise.
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DISTRIBUTION OF ORGANIC MATTER IN THE MARINE 
SEDIMENTS OFF THE WEST COAST OF INDIA*

by P .  S. N. M u r t y , !  C. V. G. R e d d y  and V. V. R . V a r a d a c h a r i, 
National Institute of Oceanography, Emakulam

(Communicated by N. K. Panikar, F.N.I.)

{Received 11 Ju ly 1968)

Organic m atter has been estimated in sediment samples collected from the 
continental shelf and slope regions along five sections normal to the coast off 
Bombay, Karwar, Mangalore, Cochin and Alleppey and its distribution 
studied. The study has revealed that the sediments in the inner shelf and 
the continental slope are characterized by a  higher content of organic m atter 
while the sediments in the region in between are relatively poor in their 
organic m atter content. The regional distribution of organic m atter has been 
discussed in relation to the texture of the sediments and their distribution as 
well as upwelling and other factors.

I n t r o d u c t io n

Except for a few values reported by Wiseman and Bennette (1940) and the 
recent studies by Stewart et al. (1965) no information is available on the 
organic content of the recent marine sediments forming along the eastern 
margin of the Arabian Sea. It is, therefore, the object of this paper to give 
a short account of the distribution of organic matter in the shelf and slope 
sediments off the west coast of India between Bombay and Quilon.

M a t e r ia l s  a n d  M e t h o d s

Samples of bottom, sediments from the shelf and slope regions were collect
ed along five sections normal to the coast between Bombay and Quilon (Fig. 1) 
using La Fond-Dietz snapper and a gravity corer during the 25th and 26th 
cruises of INS K istn a  between 22nd March, 1965 and 1st April, 1965. In 
the region under study, the width of the shelf is about 90 miles in the north. 
It gradually narrows down to about 35 miles in the south. A number of small 
rivers join the sea at different places but their effect on the shelf may be very 
local. The samples collected represent essentially the top few inches of the 
deposit in the case of the snapper samples and the upper 12 to 28 inches in 
the case of the core samples.

For the estimation of organic matter sufficient quantity of the sample 
was taken and washed free of salts with distilled water. In the case of the

* Paper presented a t the symposium on Processes and producta of sedimentation held at 
Waltair in December 1960.

t Present address: National Institute of Ooeanography, Miramar, Panjim, Goa.

Collected reprints o f  the International Indian Ocean Expedition , vol. V III, contribution no. 649 7 4 1
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core samples, where the depthwise distribution of the organic content has been 
studied, each core was cut into 4 '  long bits and washed free of salts for the 
determination of organic matter. The material was afterwards dried at 60 
to 70 °C and then pulverized. In view of its highly complex chemical com
position the organic matter in the marine sediments is determined indirectly, 
usually by multiplying by an appropriate factor, some property of the sedi
ment that is related to the organic content such as the content of carbon, 
nitrogen, etc. In the present study organic carbon has been determined by the 
method of El Wakeel and Riley (1957) which consists of oxidizing the organic 
matter in the samples by a known quantity of chromic acid and determining 
the amount of acid consumed by titration against ferrous ammonium sulphate. 
The amount of organic matter is obtained by multiplying the organic 
carbon values by a factor 1-724 which is recommended by the soil chemists. 
This factor of 1-724 is used here as, according to Wiseman and Bonnette 
(1940), ‘the organic matter of marine muds collecting not far from land is 
undoubtedly partially of terrestrial origin and consequently the organio matter 
of these sediments is likely to have a ligno-protein with a high carbon content 
just as the soils ’.

R e s u lt s

Organio matter has been estimated in samples collected from 33 stations 
distributed over the five sections mentioned above. The results of the analy
sis are given in Table I. In view of the fact that physical characteristics 
such as the texture of sediment influence to some extent the accumulation of 
organio matter in the sediments, these characteristics have also been recorded 
to facilitate a better appraisal of the variations of the organic matter in the 
bottom sediments. Some of the salient features in the distribution of organio 
content of the sediments based on a study of these data are presented here.

1. On an average the organic matter constitutes about 2-55 per cent by 
dry weight which is just above the world average of 2-5 per cent for nearshore 
sediments (Trask 1939). The values, however, show a wide variation, rang
ing between 0-24 and 11-12 per cent.

2. The nearshore sediments and sediments on the slope have a high 
organio content while the sediments from the in between regions of the shelf 
are comparatively poor.

3. In regard to texture-organic content relationships, it is seen that 
invariably fine-grained sediments have a higher content of organic matter. 
Even within the fine-grained sediments, there is a lower percentage of organic 
matter in those samples collected from the shelf region off Bombay as com
pared to other areas.

D is c u s s io n

In a discussion of the factors responsible for the organic matter in the 
bottom sediments, Sverdrup et al. (1942) have indicated that an abundant 

2
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T a b l e  I

Serial No. S ta tion  No.
D ep th  in  
fa thom s

Type o f  
sample

Sediment 
leve l in  
inohes

T extu re
%  Organic 

m a tte r

O ff Bom bay
1 638 13 corer 0-4 S ilty  clay 1-92

4-8 1-94
8-12 99 1-73

2 639 17 snapper 0 -4 S ilty  sand 0-24
3 640 19 corer 0 -4 Sandy clay 0-89

4-8 99 1-43
8-12 1-07

4 641 19 09 0-4 S ilty  c lay 1-73
4-8 99 1-01
8-12 99 0-95

12-16 99 1-73
16-20 99 1-91

5 642 26 /I 0-4 99 3-15
4-8 99 2-91
8-12 99 2-74

12-16 2-97
16-20 2-97
20-24 2-91

G 643 38 snapper 0-4
Clayey  s i l t

0-89
7 645 250 corer 0-4 11-12

4-8 99 9-52
8-12 99 7-79

12-16 9-12
16-20 99 7-61
20-24 7-67

O ff K arw ar
8 656 10 99 0-4 99 3-81

4-8 99 2-50
8-12 4-45

12-16 4-39
16-20 3-86
20-24 3-76
24-28 99 3-31

9 655 12 99 0-4 S ilty  c lay 3-45
4-8 99 3-39
8-12 99 2-56

12-16 99
S ilty  sand

2-09
10 654 25 snapper 0-4 0-83
11 653 32 9i 0-4 99 0-88
12 652 42 corer 0-4 99 0-95

4-8 1-42
8-12 99 1-31

12-16 99 1-19
16-20 99 0-98
20-24 99 0-88

13 651 55 0-4 99 1-49
'4-8 99 2-14
8-12 99 2-02

12-16 99 1-49
14 650 110 99 0-4 C layey sand 3-69

4-8 99 2-43
8-12 99 1-90

12-16 1-55
16-20 99 1-37
20-24 99 1-49
24-28 99 1-31

2B
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Serial Ko. Station Ko.
Depth in 
fathoms

Type of 
sample

Sediment 
level in 
inches

Texture % Organio 
m atter

Off Mangalore
IB 657 10 corer 0-4 Clayey silt 3-93

4-8 if 4-70
8-12 tf 3-75

12-16 if 4-04
16 658 17 ft 0-4 ft 4-40

4-8 if 3-33
8-12 ft 3-83

12-16 ft 3-33
16-20 if. 1-96
20-24 ft 1-96

17 659 23 ft 0-4 Silty sand 1-78
4-8 tf 1-43
8-12 tt 1-01

18 660 43 ft 0-4 Clayey sand 1-90
4-8 tt 1-78
8-12 tt 1-49

19 661 106 fj 0-4 Silty sand 3-15
4-8 » 2-65
8-12 tt 2-83

Off Ooehin
20 671 13 snapper 0-4 Silty clay 3-80
21 670 14 » 0-4 Silty sand 0-24
22 669 17 )9 0-4 it 0-89
23 668 23 ft 0-4 tt 1-19
24 667 32 ft 0-4 tt 1-07
25 666 46 ft 0-4 Silty clay 1-71

Off Alleppey
26 673 9 corer 0-4 Clayey silt 4-69

4-8 tt 4-88
8-12 tt 3-45

27 672 10 »» 0-4 Silty clay 4-52
4-8 tt 3-35
8-12 tt 3-45

28 , 674 20 ft 0-4 Silty sand 1-96
4-8 tt 1-61
8-12 tt 1-91

12-16 tt 1-77
29 675 27 ft 0-4 it 1-19

4—8 tf 1-07
8-12 tf 1-84

30 676 29 snapper 0-4 it 1-31
31 677 85 tt 0-4 tt 2-44
32 678 250 corer 0-4 tt 5-34

4-8 tt 4-94
8-12 tt 2-91

33 679 370 tf 0-4 tt 5-04
4-8 it 5-17
8-12 ft 3-86

supply of organio matter in the overlying column of water, a relatively rapid 
rate of accumulation of fine-grained inorganic matter and a low oxygen con
tent of the waters immediately above the bottom sediments would favour high 
organio content in the bottom sediments. Deposits exceptionally rich in
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organic matter are encountered in areas where the upwelling waters fertilize 
the surface layers of the open ocean (Kuenen 1950). While sufficient data 
have been accumulated to show the existence of seasonal upwelling in differ
ent areas along the west coast of India (Jayaraman and Gogate 1957 ; Banse 
1959; Carruthers ei al. 1959; Bamamritham and Jayaraman 1960; Varada- 
chari and Sarma 1964; Gangadhara Reddy and Sankaranarayanan 1966), not 
much information is available in regard to actual estimates of organic pro
duction in different shelf areas along this coast. The inference that the 
coastal waters along the west coast are highly productive is derived from the 
data on the distribution of phytoplankton as well as fishery production in 
different areas and dining different seasons (Subrahmanyan 1959; Gogate 
1960; Sudarshan 1964; Ramamurthy 1965). The high organic content of 
the waters could, therefore, be explained on this basis.

An examination of the texture of the sediments shows that they exhibit a 
distinct zonation in regard to their distribution in that the inner shelf up to a 
depth of about 20 fathoms is composed of silty clays or clayey silts and this is 
followed by zone of silty or clayey sands in the outer shelf (approximately 
20 fms to the edge of the shelf) and in the slope regions. This is particularly so 
in the region between Alleppey in the south and Karwar in the north. Off 
Bombay, however, the major part of the shelf bottom consists of fine-grained 
sediments. The fine-grained character of the sediments as well as high 
organic production in the overlying waters explain the high content of organic 
matter in the nearshore sediments. But the slope sediments also, though 
coarse grained, contain a high per cent of organic matter. Coarse fraction 
studies on the alope sédiments have revealed the presence in abundance of 
the tests of Globigerina and Globorotalia which indicates the existence of 
conditions favourable for the deposition of material in suspension. Further, 
the presence of glauconite in the cavities of some of the tests of Foraminifera 
points to the existence of a reducing environment (Jun-Ichi Takahashi 1939). 
Thus the existence of favourable conditions for the deposition and preser
vation of organic matter either present in the overlying waters or supplied to 
the slope from the adjacent shelf by currents may account for the high organic 
content in these sediments. Hydrographic studies along the west coast of India 
also reveal low levels of oxygen in the waters in the slope region. The sedi
ments in the middle and outer shelf regions are relatively poor in their organic 
matter content when compared with the sediments in the nearshore and slope 
regions. Perhaps the texture of the sediments in this region is favourable for 
the waters to permeate through them and destroy the organio matter, 
deposited in them, by oxidation.

The fine-grained sediments off the Bombay coast contain a lesser amount 
of organic matter when compared with the sediments of similar texture in 
other sections. The reason for this may have to be sought in the different
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set of conditions obtaining off the Bombay coast. Any sediment that is 
supplied to the shelf is supplied during the south-west monsoon period. But 
the plankton bloom takes place only during the north-east monsoon period 
(Sudarshan 1964). Therefore the plankton debris settling to the bottom 
will not have enough masking cover of inorganic material and will have to 
remain exposed to the destructive actions of the bottom feeders and the 
bacteria till the next monsoon period. It is quite possible that under these 
conditions organic matter may not be preserved in these sediments to a higher 
degree.

The organic matter of the core samples does not show any systematic 
trend with depth. Although it is found to decrease with depth in some cases, 
in the majority of the cases there is a considerable degree of unsystematio 
variation. Correns (1937) working on ‘Meteor samples’ found similar trends 
of variations of organic carbon within the core. The organic content at any 
depth in a core sample is a function of several factors like the productivity of 
the region of sediment deposition, time of burial, rates of sedimentation and 
in  situ  biological and chemical activities. Present studies on the depthwise 
distribution of the organic matter reflects the existence of variable conditions 
along the shelf off the west coast of India through different periods.
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AB STR A CT

A study of the foraminifera! content of 
samples of the shelf sediments off 
Pentakota on the east coast of India 
reveals that the outer shelf sediments at 
depths greater than 90 meters contain an 
abundant shallow-water warm-water 
benthonic fauna. A 70-cm. core taken 
from a depth of about 1 50 meters In the 
same area consists of oolitic sediments In 
the lower 45 cm. and silty clays in the 
upper 25 cm. The oolitic sediments of the 
core abound in shallow-water warm
water benthonic fossils. A comparison of 
the faunas in the core and In the surface 
sediments of the sea floor Is made, and the 
extent of the relict fauna of the outer shelf 
sediments Is evaluated. After the 
elimination of the relict elements from 
population counts, the living population 
ot the sediments of the modern time 
surface is divided into three depth zones, 
ranging from 0 to 1 5 meters, from 1 5 to 
40-45 meters, and greater than 40-45 
meters. Sediments and fresh water 
discharged into the Bay of Bengal by the 
Godavari River to the south of Pentakota 
and carried northward along the coast and 
northeastward Into deeper waters off 
Pentakota are found to inhibit the 
development of populations within the 
area of their Influence.

. 3, 1970, p. 325-344

R e c e n t  f o r a m i n i f e r a  f r o m  o f f  

P e n t a k o t a ,  e a s t  c o a s t  o f  I n d i a

INTROD UCTIO N

Our kn o w led g e  of the foram in ifera in the bo ttom  sedim ents o f the Bay of 
Bengal is lim ited to a fe w  investigations hear th e  m ainland of India and 
the islands scattered nearby. The earliest investigations w ere  confined  
to the southern end of the Bay o f Bengal, w h ere  it opens ou t into the 
Indian O cean. Carter w o rked  on specim ens dredged up from  the G ulf of 
M annar, w h ile  Dakin recorded 131 species o f foram in ifera from  the G ulf 
of M an n ar o ff the coast o f C eylon, according to  G anapati and Satyavati 
(1 9 5 8 ) .  G nanam uthu (1 9 4 3 )  listed 4 7  littoral species from  near Krusadi 
Island in the G u lf o f M annar.

G anapati and Satyavati (1 9 5 8 )  w ere  the first to report op the foram inifera  
of the continental shelf sedim ents o ff the east coast o f India. They  
identified 1 0 3  species grouped into 6 5  genera and 2 3  fam ilies. Ganapati 
and Sarojini (1 9 5 9 )  m ade a quantita tive  study of the foram in ifera o f the  
same sam ples of sedim ents on w h ich  G anapati and Satyavati w orked  
earlier, and reported the presence of another 57 species. Basing their 
species identifications m ainly on the w o rk  o f G anapati and Satyavati 
(1 9 5 8 )  and G anapati and Sarojini (1 9 5 9 ) ,  Subba Rao and V edantam  
(1 9 6 8 )  reported the distributional pattern o f foram in ifera in th e  sedim ents 
across the shelf o ff V isakhapatnam  on the east coast of India.

Bhatia and Bhalla (1 9 6 4 )  described and illustrated 14  species of 
foram in ifera from  the shore sands at Puri, 4 0 0  km. north o f V isakha
patnam . Ghose (1 9 6 6 )  co llected Asterorotalia trispinosa from  the  
D igha beach about 3 5 0  km. north o f Puri and m ade a detailed  statistical 
study o f the species. Bhalla (1 9 6 8 )  reported 16  species from  the V isa 
khapatnam  beach sands. R aghotham an of M adras U niversity (personal 
co m m un ication ) has identified m ore than 1 0 0  species of foram in ifera  
from  the beaches o f M adras State. M a n y  species, how ever, are found to 

be com m on in these various reports.

The present investigation concerns the d istribution o f the foram inifera! 
populations o f the continen tal shelf o ff Pentakota, a to w n  located about 
60  km. northeast o f the northernm ost m outh o f the G odavari River on 
the east coast of India. The populations are com pared w ith  those from  a 
core sam ple in th e  H o lo cen e sedim ents o f the same area to discover 
possible correlations and any reflection o f change in environm ental 
conditions since th e  populations in the low est part of the core w ere  
buried.
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TABLE 1
C h a r a c t e r i s t i c s  o f  t h e  s e d i m e n t s  a n d  w a t e r s  o f  t h e  I n d ia n  c o n t i n e n t a l  s h e l f  o f f  
P e n t a k o t a .  S a m p l e s  c o l l e c t e d  A p r il  2 2 ,  1 9 5 3 .

T E X T -F IG U R E  1
Sam ple locality m ap. show ing the w estern m argin o f the Bay of 
Bengal from  Pentakota to  Kakinada and the delta of the G odavari 
River.

M ETH O D S OF STUDY

E ig h t  s a m p le s  o f  s u r f a c e  s e d i m e n t s  w e r e  c o l l e c t e d  f r o m  
t h e  c o n t i n e n t a l  s h e l f  o f f  P e n t a k o t a  o n  A p r i l  2 2 ,  1 9 5 3 ,  
w i t h  t h e  L a  F o n d - D i e t z  s n a p p e r  t y p e  o f  s a m p le r  b y  t h e  
s t a f f  o f  t h e  D e p a r t m e n t  o f  G e o l o g y ,  A n d h r a  U n i v e r s i t y ,  
W a l t a i r ,  I n d ia .  A  c o r e  o f  a b o u t  7 0  c m .  in  le n g t h  w a s  
o b t a i n e d  in  A u g u s t ,  1 9 6 4 ,  b y  M .  S u b b a  R a o ,  o n e  o f  t h e  
a u t h o r s ,  d u r i n g  t h e  1 8 t h  S c i e n t i f i c  C r u i s e  c o n d u c t e d  
u n d e r  t h e  a u s p ic e s  o f  t h e  I n d ia n  N a t i o n a l  C o m m i t t e e  o n  
O c e a n o g r a p h i c  R e s e a r c h  ( I N C O R )  d u r i n g  t h e  I n t e r 
n a t i o n a l  I n d ia n  O c e a n  E x p e d i t i o n  P r o g r a m .  S t a t i o n  
lo c a t i o n s  a r e  s h o w n  in  t e x t - f i g u r e  1 .

In  h is  e a r l ie r  s t u d ie s  o f  t h e s e  s e d i m e n t  s a m p le s ,  o n e  o f  
t h e  a u t h o r s  ( M .  S u b b a  R a o )  o v e n - d r i e d  t h e m  a t  8 0 ° C .  
T h e y  w e r e  s u b s e q u e n t l y  t r e a t e d  o v e r n i g h t  w i t h  0 . 0 2 5  N  
s o d i u m  h e x a m e t a p h o s p h a t e  s o l u t i o n  a n d  w a s h e d  o n  a 
2 3 0 - m e s h  s ie v e  h a v i n g  o p e n in g s  o f  0 . 0 6 3  m m .  T h e  
s a n d - s iz e d  m a t e r ia l  r e t a in e d  o n  t h e  s ie v e  w a s  d r i e d  a n d  
s c r e e n e d  in t o  d i f f e r e n t  s iz e  f r a c t i o n s  b y  s h a k in g  in  a 
n e s t  o f  s ie v e s  a r r a n g e d  o n  t h e  W e n t w o r t h  s c a le  a n d  
f i t t e d  o n  a  R o - T a p .  T h e s e  w e l l - p r e s e r v e d  s iz e  f r a c t i o n s  
h a v e  b e e n  u s e d  in  t h e  p r e s e n t  s t u d y  f o r  e v a l u a t i n g  
f a u n a l  d i f f e r e n c e s  a n d  d i s t r i b u t i o n a l  p a t t e r n s  o f  i n d i 
v id u a l  s p e c ie s .  B e c a u s e  o f  t h i s  l i m i t a t i o n ,  n o  t o t a l  
p o p u l a t i o n  c o u n t s  c o u l d  b e  m a d e ,  a n d  s o  t h e  f r e q u e n c y  
o f  t h e  s p e c ie s  in  e a c h  s a m p le  is  r e p o r t e d  a s  v e r y  a b u n 
d a n t ,  a b u n d a n t ,  c o m m o n  o r  s c a r c e .

OEPTI
METRES

SEDIMENT UNIT

JD-S1LT - CLAY

SILTY CLAY

SILTY SAND

SILTY CLAY

SURFACE ' 
BOTTOM :

* SEDIMENT SAMPLES ARE NOT AVAILABLE FOR STUDY

T h e  7 0 - c m .  c o r e  w a s  s a m p le d  a t  t h e  t o p  a n d  b o t t o m ,  
a n d  a l s o  a t  p o in t s  1 0 ,  2 5 ,  3 0 ,  4 0 ,  5 0  a n d  6 0  c m .  f r o m  t h e  
t o p  o f  t h e  c o r e .  T h e s e  s a m p le s  a r e  d e s i g n a t e d  f r o m  t o p  
t o  b o t t o m  r e s p e c t i v e l y  a s  P i ,  Pa, P 3 , P 4, P 5 , Po, P 7 , a n d  
P s, t h e  le t t e r  P  s t a n d in g  f o r  P e n t a k o t a .  A n  a l i q u o t  o f  
5  g m .  in  w e i g h t  w a s  t a k e n  f r o m  e a c h  o f  t h e s e  s a m p le s  
a n d  t r e a t e d  in  t h e  s a m e  w a y  a s  d e s c r ib e d  in  t h e  f o r e 
g o in g  p a r a g r a p h .  T o t a l  p o p u la t i o n  c o u n t s  a re  r e d u c e d  
t o  p e r  g r a m  w e i g h t  o f  m a t e r i a l .  P e r c e n t a g e  o c c u r r e n c e  
o f  e a c h  s p e c ie s  is  c a l c u la t e d  a n d  r e c o r d e d .  P lo w e v e r ,  
p o p u l a t i o n  c o u n t s  in  s a m p le s  P 3  a n d  P 7 a r e  n o t  i n c l u d e d ,  
a s  t h e s e  s a m p le s  d o  n o t  r e g is t e r  s i g n i f i c a n t  v a r ia t i o n s  
f r o m  t h e  a d ja c e n t  s a m p le s .

SED IM EN T SA M P LE S

S e d im e n t  c h a r a c t e r is t i c s ,  s u c h  a s  s a n d ,  s i l t  a n d  c la y  
r a t io s ,  a n d  c a l c iu m  c a r b o n a t e  a n d  o r g a n ic  m a t t e r  
c o n t e n t ,  a s  w e l l  a s  t h e  d e p t h s  a t  w h i c h  t h e  s a m p le s  
w e r e  c o l l e c t e d ,  a r e  s u m m a r i s e d  in  t a b le  1 . T h e s e  d a t a  
h a v e  b e e n  t a k e n  f r o m  t h e  p u b l i s h e d  p a p e r s  o f  S u b b a  
R a o  ( 1 9 5 8 , 1 9 6 0 ) .  T h e  o u t e r  s h e l f  s e d i m e n t s  a r e  r i c h e r  
in  c a l c iu m  c a r b o n a t e  t h a n  t h e  s i l t y  c la y s  o f  t h e  m i d d le  
s h e l f .  O o l i t i c  g r a in s  a n d  f o r a m i n i f e r a !  t e s t s  a c c o u n t  f o r  
m o s t  o f  t h e  c a r b o n a t e  c o n t e n t .  O r g a n ic  m a t t e r  c o n t e n t  
s h o w s  a p r o g r e s s iv e  in c r e a s e  f r o m  t h e  i n n e r  t o  t h e  o u t e r  
s h e l f .

T h e  c o a r s e  f r a c t i o n  o f  s a m p le  3 0 1  c o n t a in s  m o s t l y  
m in e r a l  g r a in s ,  a n d  t h e s e  a r e  f o l l o w e d  in  a b u n d a n c e  b y  
f o r a m i n i f e r a .  T h e  r e s t  o f  t h e  f r a c t i o n  is  c o m p o s e d  o f  t h e  
s h e l l s  a n d  s h e l l  f r a g m e n t s  o f  m o l l u s k s .  S a m p le s  3 0 2 -  
3 0 4  d o  n o t  c o n t a in  m u c h  c o a r s e  m a t e r i a l ,  a n d  t h e  
f o r a m i n i f e r a  a r e  n o t  a b u n d a n t .  In  t h e  c o a r s e r  g r a d e s  o f  
s a m p le  3 0 6 ,  s h e l ls  a n d  s h e l l  f r a g m e n t s  o f  m o l l u s k s  a n d  
o o l i t i c  g r a in s  p r e d o m in a t e  o v e r  t h e  o t h e r  c o n s t i t u e n t s ,  
w h i l e  in  t h e  f i n e r  g r a d e s  f o r a m i n i f e r a  c o n s t i t u t e  m o r e  
t h a n  4 0  p e r  c e n t  o f  t h e  t o t a l  c o n s t i t u e n t s .  S a m p l e  3 0 7
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c o n t a in s  5 0  p e r  c e n t  s h e l ls  a n d  s h e l l  f r a g m e n t s  o f  
m o l l u s k s ,  1 0  p e r  c e n t  g l o b i g e r i n i d s ,  3 7  p e r  c e n t  b e n 
t h o n i c  f o r a m i n i f e r a  a n d  2  p e r  c e n t  o o l i t h s  in  t h e  1 -  
7 z  m m .  s iz e  g r a d e .  T h e  'A- 'A  m m .  s iz e  g r a d e  c o n t a in s  
4 0  p e r  c e n t  b e n t h o n i c  f o r a m i n i f e r a ,  3 4  p e r  c e n t  g l o 
b i g e r i n i d s ,  1 4  p e r  c e n t  s h e l l s  a n d  t h e i r  f r a g m e n t s ,  a n d  
1 2  p e r  c e n t  o o l i t h s .  In  t h e  f i n e r  g r a d e s  o o l i t h s  a n d  
b r o k e n  f r a g m e n t s  o f  g l o b i g e r i n i d s  in c r e a s e  c o n s id e r a b l y  
in  n u m b e r .

T h e  t o p  2 5  c m .  o f  t h e  c o r e  c o n s is t s  c h i e f l y  o f  a  d a r k -  
g r e y  c la y ,  t h e  b o t t o m  4 5  c m .  o f  a  l i g h t - g r e y ,  c a lc a r e o u s  
c l a y e y  s a n d .  S a m p le s  P i  a n d  P z  o f  t h e  c o r e  a r e  7 5  p e r  
c e n t  s i l t  a n d  c la y  a n d  2 5  p e r  c e n t  s a n d - s iz e d  m a t e r ia l ,  
c o m p o s e d  p r e d o m in a n t l y  o f  f o r a m i n i f e r a !  t e s t s .  T h e r e  
a r e  a  f e w  b i v a lv e s  a n d  t h e i r  f r a g m e n t s .  O o l i t h s  a re  
p r e s e n t  in  t r a c e s .

In  s a m p le  P 3 t h e  s i l t - c l a y  c o n t e n t  d e c r e a s e s  c o n s i d e r 
a b ly .  C r e a m - c o lo u r e d  o o l i t h s  m a k e  t h e i r  a p p e a r a n c e  in  
c o n s id e r a b le  n u m b e r s  in  a l l  o f  t h e  s iz e  g r a d e s .  A m m o n ia  

b e c c a r i i  o c c u r s  a b u n d a n t l y  in  t h e  1 —V i m m .  s iz e  g r a d e .  
In  t h e  s iz e  g r a d e s  g r e a t e r  t h a n  1 m m . ,  w e l l - p r e s e r v e d  
m o l l u s k s  a n d  t h e i r  f r a g m e n t s  o c c u r  in  s o m e  a b u n d a n c e .  
H o w e v e r ,  t h e  f o r a m in i f e r a !  p o p u l a t i o n  in  t h i s  s a m p le  is  
n o t  r e c o r d e d  in  t h e  p r e s e n t  s t u d y .

In  s a m p le  P 4, c r e a m - c o lo u r e d  o o l i t h s  in c r e a s e  in  n u m 
b e r ,  a n d  A m m o n ia  b e c c a r i i  s p e c im e n s  a r e  c o n s id e r a b ly  
r e d u c e d  in  n u m b e r  a s  c o m p a r e d  w i t h  t h o s e  in  s a m p le  P 3 . 
B r y o z o a n s  a r e  o b s e r v e d  in  t h e  c o a r s e r  g r a d e s .

In  s a m p le  P 5 t h e  c r e a m - c o l o u r e d  a n d  g r e y  t o  d a r k -  
c o l o u r e d  o o l i t h s  o c c u r  in  e q u a l  a b u n d a n c e .

S a m p le s  P e -P e  c o n t a i n  t h e  la r g e s t - s iz e d  m a t e r ia l  in  t h e  
e n t i r e  c o r e .  I t  c o n s is t s  o f  c o r a l s ,  c a lc a r e o u s  t u b e s  p a r t l y  
w o r n  o u t ,  u n i d e n t i f i e d  c a lc a r e o u s  f r a g m e n t s ,  a n d  
m o l l u s k s  a n d  t h e i r  f r a g m e n t s .  M o r e  b r y o z o a n s  a re  
r e c o r d e d  in  t h e s e  s a m p le s  t h a n  in  t h e  u p p e r  s e c t i o n s  o f  
t h e  c o r e .  G r e y  t o  d a r k - c o l o u r e d  o o l i t h s  a b o u n d .

S a m p le s  P 4- P s  a r e  c o m p o s e d  o f  8 0  p e r  c e n t  s a n d - s iz e d  
m a t e r ia l  a n d  2 0  p e r  c e n t  s i l t  a n d  c la y .

I n  n o  p a r t  o f  t h e  c o r e ,  f r o m  t o p  t o  b o t t o m ,  a r e  t e r r i g e n o u s  
m in e r a l  g r a in s  o b s e r v e d  in  t h e  c o a r s e  f r a c t i o n s .

SALINITY

D a t a  o n  t h e  s a l i n i t y  o f  t h e  s u r f a c e  w a t e r s  ( S a t y a n a -  
r a y a n a  R a o ,  M S . )  a n d  o n  t h e  t e m p e r a t u r e  o f  b o t h  t h e  
s u r f a c e  a n d  b o t t o m  w a t e r s  ( L a  F o n d  a n d  B o r r e s w a r a  
R a o ,  1 9 5 5 )  a r e  a l s o  i n c l u d e d  in  t a b le  1 .

S u r f a c e  s a l i n i t y  v a r ie d  f r o m  3 3 .1 % o  t o  3 4 .7 7 % o  o n  t h e  
d a y  w h e n  t h e  s e d i m e n t  s a m p le s  w e r e  c o l l e c t e d .  T h e  
l o w e s t  v a lu e  w a s  r e c o r d e d  a r o u n d  t h e  s h e l f  e d g e ,  t h e  
h i g h e s t  a t  S t a t i o n  3 0 6 .  W a t e r s  a t  S t a t i o n s  3 0 3 - 3 0 5  a re  
f l a n k e d  b y  w a t e r s  o f  h i g h e r  s a l i n i t y  o n  e i t h e r  s id e .  A t

T A B L E  2
S e a s o n a l  s a l i n i t y  v a r ia t i o n s  a t  d i f f e r e n t  w a t e r  d e p t h s  in  t h e  B a y  o f  B e n g a l  o f f  
W a lt a ir .

MONTH
SALINITY ( % # )  AT A LEVEL OF

SURFACE 2 0  M- 7 5  M. IO O  M. 15 0  M.

JANUARY 3 2 .  B7 3 3 .5 4

FEBRUARY 3 2 -7 1 3 2 .9 6 3 3 .9 5 3 4 - 3 0
MARCH 3 3 .4 6 3 4 . 0 4 3 4 .7 5 3 4 - 8 0

APRIL 3 3 .3 0 3 3 -6 0 3 4 .1 0 3 4 - 6 0 3 4 .6 0
MAY 3 3 - 7 0 3 3 .9 0
JUN E 3 3 -3 0

JULY 3 4 -1 0

AUGUST 3 3 -7 0
SEP TE M B E R 19-35 2 8 - 0 0 33.91 3 4 .5 0 3 4 .5 0

OCTOBER 17 -4 0

NOVEMBER 2 3 .0 5 2 6 .0 1 3 2 .1 5

DECEMBER 2 6 - 4 6 2 8 .2 3

t h is  t i m e  o f  t h e  y e a r  t h e  r u n o f f  f r o m  t h e  G o d a v a r i  R iv e r  
is  a t  i t s  l o w ,  a n d  t h e  in s h o r e  w a t e r s  a r e  a f f e c t e d  m o r e  
b y  u p w e l l i n g  ( L a  F o n d ,  1 9 5 7 ) ,  w h i c h  b r i n g s  h ig h  
s a l i n i t y  b o t t o m  w a t e r s  t o  t h e  s u r f a c e  in w a r d  o f  S t a t i o n  
3 0 3 .

A t  V i s a k h a p a t n a m ,  w h i c h  is  l o c a t e d  a b o u t  9 0  k m .  n o r t h  
o f  P e n t a k o t a ,  t h e  s a l i n i t y  o f  t h e  s u r f a c e  w a t e r s  in c r e a s e s  
o u t w a r d  f r o m  t h e  c o a s t .  I t  w a s  f o u n d  t o  r a n g e  f r o m  
1 8 .2 6 % o  in  t h e  0 - 1 0  k m .  z o n e  t o  2 5 .2 1 % o  in  t h e  3 0 -  
4 0  k m .  z o n e  in  O c t o b e r ,  1 9 5 2 ,  a n d  f r o m  3 3 .7 8 % o  t o  
3 3 .3 1 % o  in  t h e  s a m e  z o n e s  in  M a r c h ,  1 9 5 3  ( G a n a p a t i  
a n d  M u r t y ,  1 9 5 4 ) .

V a r a d a c h a r i  ( M S . )  e s t a b l i s h e d  t h e  v e r t i c a l  s a l i n i t y  
p a t t e r n  o f  t h e  w a t e r s  a t  V i s a k h a p a t n a m  w i t h  t h e  u s e  o f  
d a t a  o b t a i n e d  d u r i n g  O c t o b e r ,  1 9 5 5 - M a y ,  1 9 5 6 ,  a n d  in  
S e p t e m b e r ,  1 9 5 7 .  A  p o r t i o n  o f  h is  d a t a  r e l e v a n t  t o  t h e  
p r e s e n t  s t u d y  is  r e p r o d u c e d  in  t a b le  2 .

T h e  s u r f a c e  s a l i n i t y  s h o w s  a  v e r y  w i d e  v a r ia t i o n  d u r in g  
t h e  y e a r ,  w i t h  t h e  l o w e s t  v a lu e s  in  O c t o b e r  a n d  t h e  
h i g h e s t  in  J u l y .  T h e  a n n u a l  r a n g e  o f  s u r f a c e  s a l i n i t y  
r e a c h e s  a s  h i g h  a s  1 6 .6 2 % o . S u c h  a  la r g e  f l u c t u a t i o n  is  
u n u s u a l  f o r  o p e n - s e a  a r e a s .  H o w e v e r ,  t h e  a m p l i t u d e  o f  
t h e  s e a s o n a l  v a r ia t i o n  o f  s a l i n i t y  g r a d u a l l y  d e c r e a s e s  
w i t h  d e p t h ,  a n d  t h e  r a n g e  b e c o m e s  p r o b a b ly  a s  l o w  a s  
1% o a t  a  d e p t h  o f  1 0 0  m e te r s .  T h e  s u d d e n  a n d  la r g e  d r o p  
in  s a l i n i t y  t a k in g  p la c e  in  S e p t e m b e r  a n d  O c t o b e r  is  
a s s o c ia t e d  w i t h  t h e  f l o w  o f  t h e  s o u t h e r l y  c u r r e n t  b r i n g 
in g  v e r y  d i l u t e  w a t e r s  f r o m  t h e  h e a d  o f  t h e  B a y  o f  
B e n g a l .  B u t  t h e s e  d i l u t e  l o w - s a l i n i t y  w a t e r s  d o  n o t  
s e e m  t o  i n f l u e n c e  s i g n i f i c a n t l y  t h e  s a l i n i t y  o f  w a t e r s  a t  
d e p t h s  b e l o w  1 0 0  m e te r s .

A  s im i la r  s a l i n i t y  p a t t e r n  m a y  b e  e x p e c t e d  t o  p r e v a i l  a t  
P e n t a k o t a ,  t o o .

TEM PE RA T U RE AND CU RR EN TS

O n  t h e  d a y  w h e n  t h e  s e d i m e n t  s a m p le s  w e r e  o b t a i n e d ,  
t h e  t e m p e r a t u r e  o f  t h e  s u r f a c e  w a t e r s  w a s  f o u n d  t o
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in c r e a s e  s t e a d i l y  f r o m  8 1  ° F  in  t h e  i n s h o r e  a r e a  t o  8 4  °F . 
a r o u n d  t h e  s h e l f  e d g e .  O n  t h e  o t h e r  h a n d ,  t h e  t e m p e r a 
t u r e  o f  t h e  b o t t o m  w a t e r s  d e c r e a s e d  s t e a d i l y  f r o m  
7 7  ° F .  a t  a  d e p t h  o f  2 5  m e t e r s  t o  5 6  ° F .  a t  a  d e p t h  o f  
2 0 0  m e te r s .

B a s e d  o n  d a t a  c o l l e c t e d  f r o m  O c t o b e r ,  1 9 5 2 ,  t o  A p r i l ,  
1 9 5 3 ,  a s e r ie s  o f  m a p s  w a s  c o n s t r u c t e d  t o  s h o w  b o t h  
t h e  v e r t i c a l  a n d  la t e r a l  t h e r m a l  v a r ia t i o n s  o f  t h e  c o a s t a l  
w a t e r s  in  d i f f e r e n t  s e a s o n s  o f  t h e  y e a r  ( R a m a  S a s t r y  a n d  
B a la r a m a  M u r t y ,  1 9 5 7 ,  p p .  2 9 6 - 3 1 5 ) .  T h e  f o l l o w i n g  
i n f o r m a t i o n  is  o b t a i n e d  f r o m  t h e s e  m a p s .

1 ) T h e  t e m p e r a t u r e  o f  t h e  b o t t o m  w a t e r s  v a r ie s  f r o m  
8 1  ° F . in  O c t o b e r  a n d  N o v e m b e r  t o  7 1  ° F .  in  A p r i l  a t  
S t a t i o n s  3 0 4 - 3 0 5 ,  a n d  f r o m  m o r e  t h a n  6 5  ° F .  i.n O c t o b e r  
a n d  N o v e m b e r  t o  6 4  ° F .  in  A p r i l  a t  S t a t i o n s  3 0 6 - 3 0 7 .  
T h u s ,  t h e  g r e a t e s t  t e m p e r a t u r e  d i f f e r e n c e  o f  1 0 ° F .  is  
lo c a t e d  a t  S t a t i o n s  3 0 4 - 3 0 5  a t  d e p t h s  o f  7 0 - 1 0 0  
m e te r s .

2 )  I t  a p p e a r s  f r o m  t h e  m a p s  t h a t  in  t h e  P e n t a k o t a  a re a  
t h e  c u r r e n t s  a r e  d i r e c t e d  n o r t h w a r d  a l l  t h r o u g h  t h e  y e a r  
a n d  a t  a l l  d e p t h s ,  e x c e p t  t h a t  t h e  b o t t o m  c u r r e n t s  a t  
7 0  m e t e r s  d e p t h  ( S t a t i o n s  3 0 4 - 3 0 5 )  a r e  d i r e c t e d  s o u t h 
w a r d  d u r i n g  t h e  O c t o b e r  t o  F e b r u a r y  p e r io d .

FO RAM INI FERAL FAUNA

In  t h e  s u r f i c i a l  s e d i m e n t s  o f  t h e  c o n t i n e n t a l  s h e l f  o f f  
P e n t a k o t a ,  a  c o m p o s i t e  f o r a m i n i f e r a !  f a u n a  t o t a l i n g  
8 5  b e n t h o n i c  s p e c ie s  in  1 5  f a m i l i e s  a n d  1 3  p l a n k t o n i c  
s p e c ie s  in  2  f a m i l i e s  w a s  f o u n d ,  a n d  m o s t  o f  t h e  s p e c ie s  
w e r e  i d e n t i f i e d  ( t a b le  3 ) .  T a x o n o m ic  n o t e s  o n  m o s t  o f  
t h e  s p e c ie s  a r e  o m i t t e d ,  b u t  e i g h t  s p e c ie s  o f  t h e  s u r f i c i a l  
s e d i m e n t s  a n d  4  s p e c ie s  in  t h e  c o r e  s a m p le  w h i c h  a re  
i d e n t i f i e d  o n l y  a t  t h e  g e n e r i c  le v e l  a r e  d e s c r ib e d  in  a n  
a p p e n d i x  a n d  i l l u s t r a t e d  in  t h r e e  p la t e s .  A t  le a s t  o n e  o f  
t h e s e  is  a  n e w  s p e c ie s .

O f  t h e  1 5  b e n t h o n i c  f a m i l i e s  r e c o g n is e d ,  t h e  M i l i o l i d a e ,  
B u l im in i d a e ,  a n d  R o t a l i i d a e  a r e  r e p r e s e n t e d  b y  t h e  
la r g e s t  n u m b e r  o f  s p e c ie s  in  t h a t  o r d e r .  T o g e t h e r ,  t h e y  
a c c o u n t  f o r  5 5  p e r  c e n t  o f  t h e  b e n t h o n i c  s p e c ie s ,  w h i l e  
t h e  L i t u o l i d a e ,  O p h t h a l m i d i i d a e ,  P e n e r o p l i d a e ,  A l v e o -  
l i n e l l i d a e .  C a l c a r i n id a e  a n d  C a s s i d u l i n i d a e  a r e  r e p r e 
s e n t e d  b y  o n l y  o n e  s p e c ie s  e a c h .  W h e r e a s  t h e  m i l i o l i d s  
d o m i n a t e  t h e  in n e r  s h e l f  p o p u l a t i o n s  a n d  t h e  b u l i m i n i d s  
t h e  o u t e r  s h e l f  p o p u la t i o n s ,  t h e  r o t a l i i d s  a r e  w e l l  d i s 
t r i b u t e d  o v e r  t h e  e n t i r e  s h e l f .

T h e  in n e r  s h e l f  a n d  t h e  o u t e r  s h e l f  y ie l d  t h e  h i g h e s t  
n u m b e r  o f  s p e c ie s  ( 5 0 - 6 0 ) ,  w h i l e  t h e  m i d d le  s h e l f  h a s  
t h e  s m a l le s t  n u m b e r  ( 3 0 - 4 0 ) .  I t  a p p e a r s  t h a t  t h e  s i l t y  
c la y s  o f  t h e  m i d d le  s h e l f  s u p p o r t  n e i t h e r  a  r i c h  v a r ie t y  
n o r  a n  a b u n d a n c e  o f  f a u n a .

O f  t h e  8 5  b e n t h o n i c  s p e c ie s ,  s ix  o c c u r  in  g r e a t  a b u n 
d a n c e  in  o n e  s a m p le  o r  a n o t h e r  : N o n io n  g r a t e lo u p i ,  N .  

in c is u s .  B o l iv in a  v a d e s c e n s , B . c o m p a c ta .  A m p h is t e g in a  

r a d ia ta  a n d  H a n z a w a ia  c o n c e n t r ic a .  S ix t e e n  s p e c ie s  
o c c u r  in  a b u n d a n c e ,  2 6  in  m o d e r a t i o n  a n d  3 7  s p a r i n g l y .

O f  t h e  1 3  p l a n k t o n i c  s p e c ie s .  G lo b ig e r in a  c o n g lo m e r a t a  

a n d  G lo b ig e r in o id e s  t r i lo b u s  o c c u r  in  g r e a t  a b u n d a n c e  

in  o n e  s a m p le  o r  a n o t h e r ;  G lo b ig e r in a  b u l lo id e s .  

G lo b ig e r in o id e s  r u b e r  a n d  G lo b ig e r in e l la  a e q u ila t e r a l is  

o c c u r  in  a b u n d a n c e  ; G lo b ig e r in a  e g g e r i,  G . h e x a g o n a ,  

G . ru b e s c e n s .  G lo b ig e r in o id e s  s a c c u li fe r .  G lo b ig e r in i t a  

g lu t in a ta  a n d  P u l le n ia t in a  o b l iq u i lo c u la t a  o c c u r  in  m o d 
e r a t io n  ; a n d  S p h a e r o id in e l la  d e h is c e n s  o c c u r s  s p a r i n g l y .

In  t h e  c o r e ,  8 9  b e n t h o n i c  s p e c ie s  in  1 3  f a m i l i e s  a n d  
1 8  p l a n k t o n i c  s p e c ie s  in  2  f a m i l i e s  w e r e  i d e n t i f i e d  
( t a b le  3 ) .  O f  t h e  1 3  b e n t h o n i c  f a m i l i e s ,  t h e  M i l i o l i d a e ,  
B u l i m in i d a e  a n d  R o t a l i i d a e  a r e  r e p r e s e n t e d  b y  t h e  l a r 
g e s t  n u m b e r  in  t h a t  o r d e r .  T o g e t h e r ,  t h e y  a c c o u n t  f o r  
6 4  p e r  c e n t  o f  t h e  b e n t h o n i c  s p e c ie s  f o u n d  in  t h e  c o r e ,  
w h i l e  t h e  f a m i l i e s  O p h t h a l m i d i i d a e ,  P e n e r o p l i d a e ,  
A m p h i s t e g i n i d a e  a n d  C a s s i d u l i n i d a e  a r e  r e p r e s e n t e d  b y  
o n l y  o n e  s p e c ie s  e a c h .  T h e  m i l i o l i d s ,  t h e  n o n i o n i d s ,  a n d  t o  
s o m e  e x t e n t  t h e  r o t a l i i d s  a r e  r e p r e s e n t e d  in  r i c h  v a r ie t y  
a t  t h e  b o t t o m  o f  t h e  c o r e ,  w h i l e  t h e  b u l i m in i d s  m a in t a in  
t h e i r  v a r ie t y  a l l  a l o n g  t h e  l e n g t h  o f  t h e  c o r e .  T h e r e  is  a 
g r a d u a l  d e c r e a s e  in  t h e  d i v e r s i t y  o f  t h e  f a u n a  f r o m  t h e  
b o t t o m  t o  t h e  t o p  o f  t h e  c o r e .  W h i le  t h e  b o t t o m  s e c t io n  
o f  t h e  c o r e  c o n t a in s  6 7  s p e c ie s ,  t h e r e  a r e  o n l y  2 4  s p e c ie s  
a t  t h e  t o p  o f  t h e  c o r e .  T h e  f o r a m i n i f e r a  a t t a in  t h e i r  g r e a t e s t  
a b u n d a n c e  in  t e r m s  o f  t h e  n u m b e r  o f  s p e c im e n s  in  t h e  
m i d d le  s e c t i o n s  o f  t h e  c o r e .  T h e  l o w e s t  n u m b e r  o f  
s p e c im e n s  w e r e  r e c o r d e d  a t  t h e  t o p  o f  t h e  c o r e .  E v e n  
t h o u g h  t h e  m i d d le  s e c t i o n  o f  t h e  c o r e  is  l i t h o l o g i c a l l y  
t h e  s a m e  a s  t h e  b o t t o m  s e c t i o n ,  t h e  p o p u l a t i o n  is  m u c h  
s m a l le r  in  t h e  la t t e r .  I t  is  u n d e r s t a n d a b l e  t h a t  t h e  p o p u l a 
t i o n  a t  t h e  t o p  o f  t h e  c o r e  is  v e r y  m u c h  d i l u t e d  b y  t h e  
h e a v y  lo a d  o f  s e d i m e n t  d e p o s i t i o n .  T h e r e  e m e r g e s  a 
s t r i k i n g  r e l a t i o n s h i p  in  w h i c h  t h e  p o p u l a t i o n  w i t h  t h e  
g r e a t e s t  n u m b e r  o f  s p e c im e n s  p e r  g r a m  w e i g h t  o f  s e d i 
m e n t  d o e s  n o t  c o i n c i d e  w i t h  t h e  p o p u l a t i o n  w i t h  t h e  
h i g h e s t  n u m b e r  o f  s p e c ie s .  A  s im i l a r  r e l a t i o n s h i p  w a s  
o b s e r v e d  o f f  t h e  w e s t  c o a s t  o f  C e n t r a l  A m e r ic a  b y  
B a n d y  a n d  A r n a l  (1  9 5 7 ) .

O n ly  3  o f  t h e  8 9  b e n t h o n i c  s p e c ie s  o c c u r  in  s u f f i c i e n t l y  
g r e a t  a b u n d a n c e  t o  c o n s t i t u t e  m o r e  t h a n  1 0  p e r  c e n t  o f  
t h e  t o t a l  p o p u l a t i o n  in  a n y  o n e  s a m p le  ( U v ig e r in a  

p e r e g r in a .  B o l iv in a  v a d e s c e n s  a n d  A m m o n ia  b e c c a r i i ) ,  

8  in  s u f f i c i e n t  a b u n d a n c e  t o  c o n s t i t u t e  5 - 1 0  p e r  c e n t  
{ N o n io n  g r a t e lo u p i .  B u l im in e l la  e le g a n t is s im a .  B o l iv in a  

s p a th u la t a ,  B . s e m in u d a ,  B . c o m p a c ta .  C a n c r is  o b lo n g a .  

C a s s id u lin a  la e v ig a t a  a n d  H a n z a w a ia  c o n c e n t r ic a ) , 3 2  
in  m o d e r a t e l y  s i g n i f i c a n t  n u m b e r s  ( 1 - 5  p e r  c e n t ) ,  a n d  
4 6  in  t r a c e s  ( le s s  t h a n  1 p e r  c e n t ) .
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T A B L E  3
D is t r i b u t io n  o f  f o r a m in i f e r a  in  t h e  s e d i m e n t s  o f  t h e  B a y  o f  B e n g a l  o f f  P e n t a k o t a .

DISTRIBUTION IN THE CORE OF BENTHONIC FORAMINIFERA DISTRIBUTION 
SEDIMENTS OF N SEA-FLOOR SURFACE BENTHONIC FORAMINIFERA

KEY: NUMBERS REPRESENT PERCENTAGE OF EACH SPECIES IN THE TOTAL BENTHONIC POPULATIONS.
B. INDICATES SCATTERED PRESENCE (LESS THAN 1 PERCENT). 
PLANKTONIC ANO BENTHONIC POPULATIONS ARE COMPUTED SEPARATELY.

KEY: OCCURRENCE IS INDICATED BV
VA: VERY ABUNDANT; A: ABUNDANT; C: COMMON; S: SCARCE.
BENTHONIC AND PLANKTONIC POPULATIONS ARE REPORTED SEPARATELY.

SAMPLE N*.:
DISTANCE OF SAMPLE FROM THE TOP OFt THE CORE IN CM. i
TOTAL BENTHONIC POPULATIONS PER GM.l 
WEIGHT OF MATERIAL. J
PERCENTAGE OF BENTHONIC IN THEl TOTAL POPULATIONS. ƒ

P|
TOP

'4
30

PS
40

*4
SO

PB
BOT
TOM

SAMPLE No.: 
DEPTH IN METRES

301 302
44

303
S4

304
44

304
94

307
154

!
8ç i» S

S2
00

1 loois

NOT ESTIMATED
« 43 6S B9 84 B8

LITUOLIDA^
1. HAPLOPHRAGMOIDES CANARIENSIS S S

TEXTULARIIDAE
2. TEXTULARIA AGGLUTINANS 1 1 1 3 s S
3. T. CANDEIANA S 2 9 s
A. T. AFF. CANDEIANA S S
5- T. FOLIACEA S S
6. T. MAVORI S s
T. T. AFF. KERIMBAENSIS
B. BIGENERINA NODOSARIA s

VERNEUILINIDAE
% GAUDRYINA TRIANGULARIS ANGULATA S

IO- CLAVULINOIDES CF. APERTURA S S
MILIOLIDAE

12. Q. VULGARIS -H 2 , A c SIS. Q. AUBERIANA S 1 s
14- Q. BICOSTATA S S A S c
IS- Q. OBLONGA 1 1 s C S S 3
1«. 0. SCHLUMBERGERI
17. Q. LAMARCKIANA C
IB Q. AFF. LAMARCKIANA S S
1«. Q. CANDEIANA s
20- Q. SAGRAI s
2b Q- CUVIERIANA s s S
22. a. SCHREIBERSII s
2» R. RETICULATA S
24- 0- SP. S s s s
2S* MILIOLINELLA SUBROTUNDA
2«. SCHLUMBERGERINA ALVEOLINIFORMIS s
27- MASSILINA SP. s
3* SPIROLOCULINA ARENARIA s
2«. S- COMMUNIS s 6 s c S s s S S
SO- S. INDICA S 3 S s s S 9
31. S- CLARA 2 S C
32. S. DISPARILIS s 9
33. S. SP. S S S
34. SIGMOILINA TENUIS s 1 1 S s A
32 HAUERINA INVOLUTA s
34. TRILOCULINA TRIGONULA ' •
SB. T- AFF. BICARINATA s S ,
34 T RUPERTIANA
40- T- OBLONGA s 1 s
41. T. SP. A 1
42. T. SP- B s s
43. T. SP. C s
44* ADELOSINA LAEVIGATA s s s
49. FLINTINA BRADYANA c s s S
49. ARTICULINA SAGRAI s

ÇPHTHM.MID1VDAÇ,
47. OPHTHALMIDIUM SP.
4B. VERTEBRALINA STRIATA s

LAGENIDAE
4«. ROBULUS LIMBOSUS 4 2 2 i 1 6 s C
50. R. CALCAR s s S s c s
SI. NODOSARIA CATESBYI S i s 1 S c c
S3. LAGENA TENUIS s B
SA L. STRIATA s
54. L. SP. s s s S
ES DENTALINA VERTEBRALIS ALBATROSSI s
94. GLOBULINA GIBBA

fslONIONIDAE
S7. NONION GRATELOUPI 2 2 s 3 VA A
5B. N. INCISUS S VA VA VA
99. H. TRANSLUCENS S
AO- ELPHIDIUM CRISPUM S S
61. E. CRATICULATUM s 1
42- E. MACELLUM c c
42 E. DISCOIDALE s
94- E- STRIATOPUNCTATUM s C s c
4S. E. HISPIDULUM

CAMER1NIDAE
44. OPERCULINA AMMONOIDES s s c
47- O. GRANULOSA s s c
4B- O- BARTSCHI s
49- O- BARTSCHI VAR. ORNATA s s s
70- OPERCULINELLA SP- s

PENEROPLIDAE
71. PENEROPLIS PERTUSUS s
72. SORITES MARGINALIS

AL.VEOLINELLIDAE
73. ALVEOLINELLA QUOYI s s

DISTRIBUTION IN THE CORE OF BENTHONIC FORAMINIFERA DISTRIBUTION IN SEA-FLOOR SURFACE 
SEDIMENTS OF BENTHONIC FORAMINIFERA

SAMPLE No.
DISTANCE OF SAMPLE FROM THE TOP OFt 
THE CORE IN CM. J

P,
TOP

P3
IO

P4
30

*s
40

*4
SO

H
BOTTOM

SAMPLE No. 
DEPTH IN METRES

301
3S

303
44

303
S4

304
44

304
94

307

BULIMINIDAE
S S 1 S S

75- B. AFFINIS 1 S s S C
74- BULIMINELLA ELEGANTISSIMA 6 2 S 1 3 S S C
77 REUSSELLA ACULEATA 1 s
7B- ANGULOGERINA ANGULOSA S
79- UVIGERINA PEREGRINA 13 18 12 s 4 A 5
BO- U. PROBOSCIDEA S 1 S 2 S A
BI. TRIFARINA BRAOYI S S S 5 S S S C
S3. BOLIVINA VADESCENS 33 41 39 44 35 II VA VA
83 B SPATHULATA S 7 1 4 2 s C
B4- B. SEMINUDA 4 4 3 3 B S
B S. 2 ROBUSTA 1 4 1 3 2 1 C A
B4> B. COMPACTA 1 1 B S 4 13 C A VA VA
B7. B- SPINEA S S
SB B. SP. 2 s S
B9 LOXOSTOMUM LOBATUM S S S

S 1
ROTALIIDAE

91. SPIRILLINA VIVIPARA S
92. NEOCONORBINA PATELLIFORMIS s
93. DISCORBIS AUSTRALIS S 1 1 s S S S s 6
94- GYROIDINA SOLDANII S s S s
99. EPONIDES SUBORNATUS S S 6
94- AMMONIA BECCARII 4 S 1 1 IO A A A C C C
97- A. BECCARII VAR. TEPIDA s C S C s s S
9B- A. PAPILLOSA 1 1 C A s s C
99- A. AFF. PAPILLOSA S s C A S s C

IO» PSEUDOROTALIA SCROETERIANA A C C S

102 ROTALIA CALCAR 6 s
103- CANCRIS OBLONGA S S S s C C

AMPHISTEGINIDAE
s

IOS. AMPHISTEGINA RAOIATA s VA S s VA VA
CALCARINIDAE

IOS. CALCARINA SPENGLERI S
CASSIDULINIDAE

107. CASSIDULINA LAEVIGATA 4 S s s A
108. CASSIDELLA BRADYI S S s S

ANOMALINIDAE
109. CIBICIDES LOBATULUS s S 1 C c S s C C
■ IO- C. CICATRICOSUS s 1 s
III. C- MARGARITIFER A c
112. HETEROLEPA DUTEMPLEI 
112 HANZAWAIA CONCENTRICA

S
,

s
j 4 4

A s S s S s

DISTRIBUTION IN THE CORE OF PLANKTONIC FORAMINIFERA DISTRIBUTION IN SEA-FLOOR SURFACE SEOIMENTS OF PLANKTONIC FORAMINIFERA
KEY: NUMBERS REPRESENT PERCENTAGE OF EACH SPECIES IN THE TOTAL PLANKTONIC POPULATIONS.

S. INDICATES SCATTERED PRESENCE (LESS THAN 1 PERCENT). 
PLANKTONIC AND BENTHONIC POPULATIONS ARE COMPUTED 
SEPARATELY.

KEY: OCCURRENCE IS INDICATED BYVA: VERY ABUNDANT; A: ABUNDANT;
C: COMMON; S: SCARCE.
BENTHONIC ANO PLANKTONIC POPULATIONS ARE REPORTED SEPARATELY.

SAMPLE No.:
DISTANCE OF SAMPLE FROM THE TOP OFt 
THE CORE IN CM- J

P|
TOP

*2
IO

H
30

H
40

»»S.
90

<>B
BOP
TOM

SAMPLE N».: 
DEPTH IN METRES

301
29

302
44

303
S4

304
44

»04
94

30?
194

TOTAL PLANKTONIC POPULATIONS PER GM.l 
WEIGHT OF MATERIAL. J O Os §

O
j g 1

PERCENTAGE OF PLANKTONIC IN THEl 
TOTAL POPULATIONS- J 34 37 IS i. 14

GLOBIGERINIDAE
114. GLOBIGERINA BULLOIOES 3 S 23 12 6 1 S C C C A
112 G. FALCONENSIS 1 3
112 G- EGGERI 2 3 II 4 IO M S C C 9 A
117 G- HEXAGONA 3 IO 7 12 3 3 c C C C C
112 G. RUBESCENS A IA 3 7 3 s c C A A
119- G- CONGLOMERATA 39 33 IO 12 IO 30 S c A
120- GLOBIGERINOIDES RUBER II 9 13 7 3 14 9 c C A A
121- G- SACCULIFER S 2 1 4 C
132. G- TRILOBUS 9 B B 4 13 1 S c c A VA
123. G. CONGLOBATUS 1
134- G. SP- 3 2 3 3 1
I2S- GLOBIGERINITA GLUTINATA 4 4 20 IB 29 4 6 s C C
122 C- UVULA 1 i 9 3
121. globigerinella AEQUILATERALIS S 4 1 3 6 C A
122 ORBULINA UNIVERSA S S S
129- PULLENIATINA OBLIQUILOCULATA S 3 S S s S
130- SPHAEROIDINELLA DEHISCENS 1 S

GLOBOROTALIIDAE
1 31. GLOBOROTALIA MENARDII 17 13 IO A

3 2 9
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TABLE 4
R es tric ted  o c c u rre n c e  o f  fo ram in ifera  in th e  s e d im e n ts  o f  th e  B ay o f  B eng 
P e n tak o ta .

SPECIES RESTRICTED TO THE 
MOOERN TIME SURFACE OCCUR

RENCE
SPECIES RESTRICTED TO THE CORE 

(HOLOCENE)
OCCUR-

1 HAPLOPHRAGMOIDES CANARIENSIS 6 1. TEXTULARIA AFF. CANDEIANA
2. TEXTULARIA AFF. KERIMBAENSIS S 2. GAUDRYINA TRIANGULARIS ANGULATA
3- BIGENERINA NODOSARIA C 3- CLAVULINOIDES CF. APERTURA
4- QUINQUELOCULINA LAMARCKIANA C 4. QUINQUELOCULINA SCHLUMBERGERI
S- Q. SAGRAI S S- MILIOLINELLA SUBROTUNDA
6. Q- CUVIERIANA A 6. QUINQUELOCULINA CANDEIANA
7. Q- RETICULATA S 7. Q. SCHREIBERSII

S B- SPIROLOCULINA ARENARIA
*• SPIROLOCULINA DISPARILIS S 9. HAUERINA INVOLUTA

IO. s. Sp. S IO- TRILOCULINA TRIGONULA
1 1 1. T. OBLONGA

13- ADELOSINA LAEVIGATA S 12. T. SP. A
s i l  T. SP. B

14- LAGENA TENUIS c 14- T. SP- C

16- GLOBULINA GIBBA s 14- VERTEBRALINA STRIATA
17. ELPHIDIUM MACELLUM c 17. LAGENA STRIATA
IS- OPERCULINELLA SP. s IB- NONION TRANSLUCENS
19- PENEROPLIS PERTUSUS s 19. ELPHIDIUM HISPIDULUM
20. ALVEOLINELLA QUOYI s 30- OPERCULINA BARTSCHI
21. SPIRILLINA VIVIPARA s 3). SORITES MARGINALIS
23. ASTERIGERINA SP. B 22. REUSSELLA ACULEATA
23. CALCARINA SPENGLERI S 23- ANGULOGERINA ANGULOSA

A 24. BOLIVINA SPINEA

KEY-OCCURRENCE IS INDICATED BV> 
A -  ABUNDANT 
C-COMMON 
S- SCARCE

27. ROTALIA CALCAR
3B. GYROIDINA SOLDANII
29. GLOBIGERINA FALCONENSIS
30- GLOBIGERINITA UVULA
31. GLOBIGERINOIDES CONGLOBATUS C
32. G- SP- C
33. ORBULINA UNIVERSA s

TABLE 5
Foraminifera) families in core and surface sediments.

O f  t h e  1 8  p l a n k t o n i c  s p e c ie s ,  9  o c c u r  in  g r e a t  a b u n d a n c e  
in  o n e  s a m p le  o r  a n o t h e r ,  3  s p e c ie s  in  a b u n d a n c e  
{ G lo b ig e r in a  u v u la .  G lo b ig e r in o id e s  s a c c u l i f e r  a n d  
P u l le n ia t in a ,  o b l i q u i l o c u la t a ) . a n d  5  s p e c ie s  in  m o d e r 
a t e l y  s i g n i f i c a n t  n u m b e r s  { G lo b ig e r in a  fa lc o n e n s is .  

G lo b ig e r in o id e s  c o n g lo b a t u s .  G lo b ig e r in o id e s  s p . .  G l o 

b ig e r in e l la  a e g u i la t e r a l is a n d S p h a e r o id in e l la  d e h is c e n s ) . 

O r b u l in a  u n iv e r s a  h a s  a  s c a t t e r e d  o c c u r r e n c e .

T h e  t o t a l  p l a n k t o n i c  p o p u l a t i o n  r e a c h e s  i t s  z e n i t h  in  t h e  
s a m e  s e c t i o n  o f  t h e  c o r e  a s  t h e  b e n t h o n i c  p o p u l a t i o n .  
I t s  n u m b e r s  d e c l i n e  t o w a r d s  t h e  b o t t o m  b y  6 0  p e r  c e n t ,  
w h i l e  t o w a r d  t h e  t o p  t h e  r e d u c t i o n  in  n u m b e r s  is  b y  
5 0  p e r  c e n t .  B u t  w h e n  p e r c e n t a g e  o c c u r r e n c e  o f  t h e  
p l a n k t o n i c  s p e c im e n s  in  t h e  t o t a l  p o p u l a t i o n  is  c o n 
s id e r e d ,  t h e y  r a n g e  f r o m  1 1  t o  1 5  p e r  c e n t  in  t h e  l o w e r  
s e c t i o n ,  w h i l e  in  t h e  u p p e r  s e c t i o n  t h e y  r a n g e  f r o m  
3 6  t o  3 7  p e r  c e n t .

A  c o m p a r i s o n  o f  p o p u l a t i o n s  in  t h e  c o r e  w i t h  t h o s e  in  
m o d e r n  s e d i m e n t s  r e v e a ls  t h a t ,  o f  a  t o t a l  o f  1 3 1  s p e c ie s  
f o u n d  in  t h e  a r e a ,  o n l y  7 4  s p e c ie s  a r e  c o m m o n  t o  b o t h  
t h e  c o r e  a n d  t h e  m o d e r n  s e d i m e n t s ;  2 4  s p e c ie s ,  m o s t  
o f  t h e m  h a v i n g  a  s c a t t e r e d  d i s t r i b u t i o n ,  a r e  r e s t r i c t e d  t o  
t h e  s u r f a c e  s e d i m e n t s ;  a n d  3 3  s p e c ie s ,  a l m o s t  a l l  o f  
t h e m  o c c u r r i n g  o n l y  in  t r a c e s ,  a r e  r e s t r i c t e d  t o  t h e  c o r e 's  
H o l o c e n e  s e d im e n t s .  T h e  r e s t r i c t e d  o c c u r r e n c e  o f  t h e  
s p e c ie s  is  i l l u s t r a t e d  in  t a b le s  4  a n d  5 .

F u r t h e r m o r e ,  t h e  u p p e r m o s t  c l a y e y  s e c t i o n  o f  t h e  c o r e  
c o n t a in s  3 3  s p e c ie s ,  w h i l e  t h e  d e e p e s t  s u r f a c e  s e d i m e n t  
s a m p le  o f f  P e n t a k o t a  c o n t a in s  5 7  s p e c ie s ,  e v e n  t h o u g h  
b o t h  s a m p le s  c o m e  f r o m  a b o u t  t h e  s a m e  d e p t h ,  t h e  
d i f f e r e n c e  b e in g  t h a t  t h e  c o r e  is  l o c a t e d  a  f e w  k i l o 
m e t e r s  s o u t h  o f  t h e  P e n t a k o t a  s e c t i o n .  I t  m a y  b e  n o t e d  
t h a t  t h e  d e e p - w a t e r  s e d i m e n t s  f r o m  c o r r e s p o n d i n g

LITUOLIDAE

». VEBWCU1LIN IDAE
4- MILIOLIPAC
S. OPHTHALMIDIIDAE
4. LAGENIDA*

. CAMCBIHIDAt
PENEROPLIDAE

IO. ALVGOLIMELLIDAC

I». ROTALIIDAE
I». AMPHISTEGINIDAE
14 CALCARINIDAE
I» CASSIDULINIDAE
!>. ANOMALINIDAE

BENTHONIC TOTAL:
IT GLOBIGERINIDAE
IB. GLOBOROTALIIDAE

PLANKTONIC TOTAL;
TOTAL POPULATIONS;

TOTAL Ns- OP 
SPECIES RECORDED 
IN THE ENTIRE AREA

>. OF SPECIES 
COMMON TO SURFACE 
SEDIMENTS AND CORE

It*. OP SPECIES 
RESTRICTED TO 

SURFACE SEDIMENTS
Ns. OF SPECIES 
RESTRICTED TO 

CORE

d e p t h s  o f f  V i s a k h a p a t n a m  n o r t h  o f  P e n t a k o t a  c o n t a i n  a 
m u c h  la r g e r  n u m b e r  o f  s p e c ie s  ( S u b b a  R a o  a n d  V e d a n 
t a m ,  1 9 6 8 ) ,  a n d  t h a t  s e d im e n t s  f r o m  s o u t h  o f  P e n t a k o t a  
c o n t a i n  a  m u c h  s m a l le r  n u m b e r  o f  s p e c ie s .  I t  is  in f e r r e d  
t h a t  w i t h  t h e  in c r e a s i n g  i n f l u e n c e  o f  G o d a v a r i  e f f l u e n t s  
t o w a r d  t h e  s o u t h ,  t h e  r i c h n e s s  a n d  v a r ie t y  o f  t h e  f a u n a  
d e c l i n e s ,  p r o b a b ly  p a r t l y  d u e  t o  t h e  l o w  s a l i n i t y  c a u s e d  
b y  t h e  i n f l u x  o f  f r e s h  w a t e r  a n d  p a r t l y  d u e  t o  t h e  r a p id  
s e d i m e n t a t i o n  o f  la r g e  q u a n t i t i e s  o f  t e r r i g e n o u s  m a t e r i 
a ls .  H o w e v e r ,  2 9  o f  t h e  3 3  s p e c ie s  f o u n d  a t  t h e  t o p  o f  
t h e  c o r e ,  t h e  e x c e p t i o n s  b e in g  T e x tu la r ia  a f f .  c a n d e ia n a .  

A n g u lo g e r in a  a n g u lo s a  a n d  R o t a l ia  c a lc a r  w h i c h  a r e  
n o t  f o u n d  in  t h e  s u r f a c e  s e d i m e n t s ,  a n d  T e x tu la r ia  

f o l ia c e a  w h i c h  is  r e p r e s e n t e d  o n l y  in  t h e  s h a l l o w e s f -  
w a t e r  s e d i m e n t  s a m p le  ( 3 0 1 ) .  a r e  f o u n d  t o  o c c u r  n o t  
o n l y  in  s a m p le  3 0 7  b u t  a l s o  in  o t h e r  s a m p le s ,  w i t h  v a r y 
in g  d e p t h  r a n g e s  a n d  a b u n d a n c e .

DISCUSSION
T h e  c o n t i n e n t a l  s h e l f  b e t w e e n  K a k in a d a  a n d  V is a k h a 
p a t n a m  is  o n  a n  a v e r a g e  a b o u t  5 0  k i l o m e t e r s  w id e .  
O n ly  e p h e m e r a l  r iv e r s  d e b o u c h  i n t o  t h e  s e a  o n  t h i s  p a r t  
o f  t h e  c o a s t .  T h e  s h e l f  d o e s  n o t  s e e m  t o  b e  i n d e n t e d  b y  
s u b m a r in e  c a n y o n s  o r  v a l l e y s .  T h i s  p a r t  o f  t h e  s h e l f  
c o n s t i t u t e s  a  d i s t i n c t  e n v i r o n m e n t ,  f o r  i t  d i f f e r s  f r o m  t h e  
s h e l f  t o  t h e  n o r t h ,  w h i c h  is  c u t  i n t o  b y  n u m e r o u s  s u b 
m a r in e  c a n y o n s  ( L a  F o n d ,  1 9 6 4 ;  S u b b a  R a o  e t  a l . ,  

1 9 6 7 ) ,  a n d  a l s o  f r o m  t h e  s h e l f  t o  t h e  s o u t h ,  w h i c h  is  
c o v e r e d  b y  c la y s  a n d  s i l t y  c la y s  f o r m e d  b y  t h e  d e p o s i 
t i o n  o f  s u s p e n d e d  p a r t i c l e s  d i s c h a r g e d  i n t o  t h e  B a y  o f  
B e n g a l  b y  t h e  G o d a v a r i  a n d  K r is h n a  R iv e r s .

T h e  o u t e r  p a r t  o f  t h e  V is a k h a p a t n a m - K a k i n a d a  s h e l f  is  
o c c u p i e d  b y  c a lc a r e o u s  s e d i m e n t s ,  w h i l e  t h e  i n n e r  s h e l f  
a t  d e p t h s  o f  le s s  t h a n  1 0 0  m e t e r s  a n d  t h e  c o n t i n e n t a l  
s lo p e  a s  w e l l  a r e  o c c u p i e d  b y  c l a s t i c  s e d i m e n t s .  T h e  
c a lc a r e o u s  s e d i m e n t s  c o m p r i s e  o o l i t h s ,  f o r a m i n i f e r a !  
t e s t s ,  a n d  s h e l l s  a n d  s h e l l  f r a g m e n t s  o f  o t h e r  o r g a n is m s ,  
t h o s e  o f  b i v a lv e s  p r e p o n d e r a t i n g .  H a v in g  c o n s id e r e d  
t h e  d i f f e r e n t  a s p e c t s  o f  t h e s e  s h e l f  s e d i m e n t s ,  P o o r n a -

330
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c h a n d r a  R a o  ( 1 9 5 7 )  a n d  S u b b a  R a o  ( 1 9 5 8 ;  1 9 6 4 ,  
p .  8 5 )  c o n c l u d e d  t h a t  t h e  o o l i t i c  s e d i m e n t s  a n d  t h e  
d e t r i t a l  s a n d s  t o  t h e i r  la n d w a r d  s id e  w e r e  la id  d o w n  in  
a n  e n v i r o n m e n t  o f  l o w e r e d  s e a - l e v e l ,  p r o b a b l y  in  t h e  
f i n a l  P le is t o c e n e  g l a c ia l  s t a g e ,  a n d  t h a t  t h i s  z o n e  o f  
c a lc a r e o u s  s e d im e n t s ,  s in c e  t h e  p o s t g la c ia l  r is e  o f  s e a -  
le v e l ,  h a s  n o t  a s  y e t  b e e n  m a s k e d  b y  R e c e n t  d e p o s i t i o n  
o f  t e r r i g e n o u s  s a n d s  a n d  m u d s  c o m i n g  e i t h e r  f r o m  t h e  
r i v e r  m o u t h s  o r  f r o m  c o a s t a l  e r o s i o n .  N u m e r o u s  o b s e r 
v a t i o n s  o f  o o l i t h s  f o r m i n g  in  m o d e r n  s h a l l o w  w a t e r s ,  
a n d  t h e  a s s o c i a t i o n  b e t w e e n  o o l i t h s  a n d  s h a l l o w - w a t e r  
l i v i n g  f o r a m i n i f e r a ,  s o m e  o f  w h i c h  a r e  d i s c o lo u r e d  
b r o w n  a n d  r e p la c e d  b y  g r e y  t o  g r e e n i s h - b l a c k  m a t e r ia l ,  
w e r e  a d v a n c e d  a s  e v id e n c e  o f  t h e i r  o r i g in a l  e m p l a c e 
m e n t  d u r i n g  l o w  s t a n d s  o f  s e a  le v e l .  N a i d u  ( 1 9 6 8 )  
r e p o r t s  a n  a g e  o f  1 0 , 8 0 0 ± 5 5  y e a r s  B .P .  f o r  a  c o m p o s i t e  
s a m p le  o f  c a lc a r e o u s  o o l i t h s  a n d  l i t t o r a l  s h e l l s  t a k e n  
f r o m  t h e  c o r e  u n d e r  s t u d y  a t  a  d e p t h  o f  3 5  c m .  f r o m  t h e  
t o p  o f  t h e  c o r e .

T h e  c a lc a r e o u s  s e d im e n t s ,  w h i c h  h a v e  t h e i r  g r e a t e s t  
s p r e a d  o f f  V i s a k h a p a t n a m ,  a r e  o v e r l a p p e d  t o  t h e  s o u t h  
b y  t h e  G o d a v a r i  s e d i m e n t s  ( S u b b a  R a o ,  1 9 6 4 ,  p .  7 9 ) .  
P e n t a k o t a ,  w h i c h  is  l o c a t e d  6 0  k m .  n o r t h e a s t  o f  t h e  
m o u t h  o f  t h e  n o r t h e r n m o s t  d i s t r i b u t a r y  o f  t h e  G o d a v a r i  
R iv e r ,  m a r k s  t h e  a p p r o x im a t e  s o u t h e r n  l i m i t  o f  t h e  c a l 
c a r e o u s  z o n e .

T h e  c a lc a r e o u s  s e d im e n t s  o f  t h e  o u t e r  s h e l f ,  w h e r e  n e t  
d e p o s i t i o n  o f  c la s t i c  s e d i m e n t s  is  i n s i g n i f i c a n t  in  t h e  
R e c e n t ,  m u s t  h a v e  b e e n  r e w o r k e d ,  e s p e c i a l l y  b y  w a v e s  
a n d  c u r r e n t s  d u r i n g  t h e  s t o r m s  w h i c h  f r e q u e n t l y  r a g e  
o v e r  t h e  B a y  o f  B e n g a l .  T h e y  a r e  a l s o  s u b j e c t  t o  la r g e -  
s c a le  c o n t a m i n a t i o n  b y  t h e  a d d i t i o n  o f  p l a n k t o n i c  d e b r is  
a n d  t h e  r e m a in s  o f  b e n t h o n i c  o r g a n is m s  t h a t  h a v e  e n t e r e d  
t h e  a r e a  f r o m  t i m e  t o  t i m e  w i t h  t h e  r i s in g  s e a  le v e l .  
S t u d ie s  b y  L u d w i c k  a n d  W a l t o n  ( 1 9 5 7 )  o f  d e a d  a n d  
l i v i n g  b e n t h o n i c  f o r a m i n i f e r a  f r o m  t h e  s h e l f  e d g e  c a l 
c a r e o u s  p r o m i n e n c e s  in  t h e  n o r t h e a s t e r n  G u l f  o f  
M e x i c o ,  W a l t o n 's  s t u d y  o f  t h e  l i v f n g  b e n t h o n i c  f o r a m i 
n i f e r a  in  T o d o s  S a n t o s  B a y ,  M e x i c o  ( 1 9 5 5 ) ,  a n d  o t h e r  
s im i l a r  s t u d i e s  ( P h l e g e r ,  1 9 6 0 ,  p p .  9 9 - 1 0 2 )  i n d i c a t e  
t h a t  m a n y  f o s s i l  t e s t s  o f  s h a l l o w - w a t e r  b e n t h o n i c  
f o r a m i n i f e r a  w h i c h  a r e  o b s e r v e d  in  d e e p e r  w a t e r s  a r e  
n o t  t h o s e  o f  l i v i n g  s p e c ie s .  T h e y  c o n c l u d e d  t h a t  t h e s e  
s e d i m e n t s  w e r e  f o r m e d  in  a n  e n v i r o n m e n t  o f  a  p a s t  
l o w e r e d  s e a  le v e l .

T h e  s e d i m e n t  s a m p le s  o f  t h e  p r e s e n t  s t u d y  w e r e  n o t  
p r e s e r v e d  in  n e u t r a l i s e d  f o r m a l i n ,  w h i c h ,  i f  i t  h a d  b e e n  
u s e d ,  c o u l d  h e lp  in  d i s t i n g u i s h i n g  l i v i n g  f o r a m i n i f e r a  
f r o m  t h e  t e s t s  o f  d e a d  i n d i v id u a l s .  N o r  h a v e  i n v e s t i g a 
t i o n s  o f  d e a d  a n d  l i v i n g  p o p u l a t i o n s  e v e r  b e e n  r e p o r t e d  
f r o m  t h e  a r e a .  C o n s e q u e n t l y ,  t h e  o c c u r r e n c e  o f  s h a l l o w -  
w a t e r  w a r m - w a t e r  s p e c ie s  in  a n o m a lo u s  a s s o c i a t i o n  
w i t h  a  d e e p - w a t e r  f a u n a  in  t h e  m i d d le  a n d  o u t e r  s h e l f

s e d i m e n t s  ( t a b le  3 )  r e n d e r s  i t  d i f f i c u l t  t o  w o r k  o u t  a  
z o n a l  p a t t e r n  f o r  t h e  R e c e n t  f o r a m i n i f e r a  in  t h e  a r e a .  
T h e i r  c o m p a r i s o n  w i t h  t h e  c o r e  p o p u l a t i o n s  is  e q u a l l y  
b e s e t  w i t h  r id d le s  f o r  t h e  r e a s o n s  s t a t e d  b e lo w .

T h e  l o w e r  p a r t  o f  t h e  c o r e  ( P s - P a ) ,  c o n s i s t i n g  o f  o o l i t i c  
g r a in s  a n d  p o s s ib l y  a l s o  o f  f a e c a l  p e l le t s  in  a b u n d a n c e ,  
m a y  h a v e  b e e n  d e p o s i t e d  in  s h a l l o w  w a r m  w a t e r s  
a b o u t  1 1 , 0 0 0  y e a r s  B .P .  T h e  u p p e r  p a r t  o f  t h e  c o r e ,  
c o m p o s e d  o f  s i l t y  c la y s ,  m a y  h a v e  b e e n  d e p o s i t e d  o n  a 
c o n t i n u o u s l y  d e e p e n i n g  s h e l f  im m e d ia t e l y  s u c c e e d in g  
t h e  o o l i t i c  s e d i m e n t s ,  o r  m a y  h a v e  b e e n  d e p o s i t e d  in  
t h e  R e c e n t ,  l o n g  a f t e r  t h e  c e s s a t i o n  o f  o o l i t i z a t i o n  p r o 
c e s s e s  a n d  a f t e r  t h e  o o l i t i c  s e d i m e n t s  h a d  r e m a in e d  u n 
c o v e r e d  t o  b e  r e w o r k e d  o v e r  a n d  a g a in  w h i l e  t h e  s e a  
le v e l  w a s  r i s in g .  H o w e v e r ,  t h e  s i l t y  c la y s  o f  t h e  t o p  o f  
t h e  c o r e  c o n t a i n  a  s h a l l o w - w a t e r  f a u n a l  e l e m e n t  a m o n g  
w h i c h  a r e  A l v e o l in e l la  q u o y i.  Q u in q u e lo c u l in a  s p p . .  
C a n c r is  o b lo n g a  a n d  o t h e r s  w h i c h  a r e  d i s c o lo u r e d  
b r o w n ,  a n d  A m p h is t e g in a  r a d ia t a  a n d  E lp h id iu m  s p p .  
w h i c h  a r e  r e p la c e d  b y  d a r k - g r e e n  m a t e r i a l ,  p r o b a b ly  
g l a u c o n i t e .  I t  is  n o t e w o r t h y  t h a t  d i s c o l o u r i n g  a n d  r e 
p l a c e m e n t  a r e  s y m p t o m a t i c  o f  t h e  r e w o r k e d  n a t u r e  o f  
s e d i m e n t s  ( M a i k l e m ,  1 9 6 7 ) .

T h a t  m a n y  s h a l l o w - w a t e r  l i v i n g  s p e c ie s  a r e  p r e s e n t  in  
t h e  c o r e  b u t  a b s e n t  in  t h e  s u r f a c e  s e d i m e n t s  a n d  v ic e  

v e rs a  m a y  b e  a t t r i b u t e d  t o  t h e i r  e l i m in a t i o n  d u r i n g  r e 
w o r k i n g  o f  s e d i m e n t s  b y  b u r r o w in g  a n im a ls ,  e v id e n c e  
f o r  w h i c h  m a y  b e  c o n s id e r e d  t h e  p r e s e n c e  in  t h e  s e d i 
m e n t s  o f  b r o k e n  t e s t s ,  s p o r a d i c  f r e q u e n c y  d i s t r i b u t i o n  
o f  s p e c ie s ,  a b n o r m a l l y  l o w  n u m b e r s  o f  f o r a m i n i f e r a  a n d  
la r g e  a m o u n t s  o f  f a e c a l  p e l le t s  ( H a r m a n ,  1 9 6 4 ) .  H o w 
e v e r ,  t h e  l o w e r m o s t  p o r t i o n  o f  t h e  c o r e  is  p r e s u m e d  t o  
b e  u n a d u l t e r a t e d  a n d  t o  b e  t y p i c a l  o f  l i t t o r a l  s e d i m e n t s  
a s  t h e y  w e r e  o r i g i n a l l y  la id  d o w n .  T h e  p r o p o r t i o n  o f  r e 
w o r k e d  m a t e r ia l  in c r e a s e s  t o w a r d  t h e  t o p  o f  t h e  o o l i t i c  
s e d i m e n t s .  A s  t h e  s i l t y  c la y s  a r e  d e p o s i t e d ,  o o l i t h s ,  
f o r a m i n i f e r a !  t e s t s  a n d  o t h e r  r e l i c t  m a t e r i a ls  c o m e  f r o m  
t h e  n o r t h  w h e r e  t h e  r e l i c t  c a lc a r e o u s  s e d i m e n t s  r e m a in  
e x p o s e d  a n d  g e t  m i x e d  i n t o  t h e m .  T h e  r e w o r k e d  g r a in s  
c a n  n o t  c o m e  f r o m  t h e  s o u t h ,  f o r  t h e r e  t h e y  a r e  b u r ie d  
d e e p  u n d e r  t h e  G o d a v a r i  s e d im e n t s .

I t  is  s i g n i f i c a n t  t h a t ,  o f  t h e  8 9  b e n t h o n i c  s p e c ie s  in  t h e  
c o r e ,  o n l y  4  m a d e  t h e i r  f i r s t  a p p e a r a n c e  in  t h e  u p p e r  
s i l t y  c la y s ,  5 5  w e r e  c o n f i n e d  t o  t h e  l o w e r  o o l i t i c  p a r t  o f  
t h e  c o r e ,  w h i l e  2 4  s u r v i v e d  t h e  d r a s t i c a l l y  m o d i f i e d  
e n v i r o n m e n t a l  c o n d i t i o n s .

G iv in g  d u e  c o n s id e r a t i o n  t o  t h e s e  a s p e c t s  o f  s e d i m e n t a 
t i o n  t r e n d s ,  a n  a t t e m p t  h a s  b e e n  m a d e  t o  w o r k  o u t  t h e  
f a u n a l  a s s e m b la g e s  o f  t h e  m o d e r n  t i m e  s u r f a c e  a t  
P e n t a k o t a .  I n i t i a l l y ,  t h e  f o r a m i n i f e r a !  p o p u l a t i o n s  in  t h e  
s ë a - f l o o r  s u r f a c e  s e d i m e n t s  a t  P e n t a k o t a  ( t a b le  3 )  h a v e  
b e e n  d i v i d e d  i n t o  1 7  g r o u p s  o n  t h e  b a s is  o f  t h e i r  d e p t h
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r a n g e s ,  a n d ,  s im i l a r l y ,  t h e  p o p u l a t i o n s  in  t h e  c o r e  h a v e  
b e e n  d i v i d e d  i n t o  1 4  g r o u p s  a c c o r d in g  t o  t h e i r  r a n g e  in  
t h e  c o r e  f r o m  t h e  b o t t o m  u p w a r d s .

O f  t h e  1 7  g r o u p s  o f  f o r a m i n i f e r a !  p o p u l a t i o n s  o f  t h e  
s u r f i c i a l  s e d i m e n t s  ( t a b le  6 ) ,  t h e  f i r s t  f o u r  g r o u p s  i n 
c lu d e  s p e c ie s  r e s t r i c t e d  t o  t h e  i n n e r  s h e l f ,  g r o u p s  V  a n d  
V I  t h o s e  w h i c h  e x t e n d  t o  t h e  m i d d le  s h e l f  a s  w e l l .  
G r o u p s  V I I  t h r o u g h  X  in c l u d e  s u c h  s p e c ie s  a s  o c c u r  
b o t h  o n  t h e  i n n e r  s h e l f  i n w a r d  o f  6 0  m e t e r s  a s  w e l l  a s  o n  
t h e  o u t e r  s h e l f  b u t  a r e  c o n s p i c u o u s  b y  t h e i r  a b s e n c e  o n  
t h e  m i d d le  s h e l f  a t  d e p t h s  o f  6 0 - 9 0  m e t e r s  in  t h e  a re a  
w h i c h  is  c o v e r e d  b y  s i l t y  c la y s .  G r o u p s  X I  t o  X I I I  
i n c l u d e  t h e  s p e c ie s  w h i c h  a r e  r e s t r i c t e d  t o  t h e  o u t e r  
s h e l f ,  g r o u p s  X I V  a n d  X V  t h o s e  w h i c h  a j s o  e x t e n d  t o  
t h e  m i d d le  s h e l f ,  a n d  g r o u p  X V I  t h o s e  w h i c h  r a n g e  o v e r  
t h e  e n t i r e  s h e l f .  G r o u p  X V I I  e m b r a c e s  a l l  s p e c ie s  o f  
s p o r a d i c  o c c u r r e n c e  w i t h o u t  a  s p e c i f i c  p a t t e r n .

In  t h e  c o r e ,  f i r s t ,  s p e c ie s  e x c l u s i v e  t o  e a c h  s a m p le  a re  
l i s t e d  ( g r o u p s  I— IV , t a b le  7 ) .  S e c o n d ly ,  s p e c ie s  s t a r t i n g  
a t  t h e  b o t t o m  o f  t h e  c o r e  a n d  e x t e n d i n g  u p w a r d  t o  
v a r io u s  le v e ls  a re  l i s t e d  ( g r o u p s  V —V I I I ) .  T h i r d l y ,  
s p e c ie s  t h a t  r a n g e  f r o m  t h e  b o t t o m  t o  t h e  t o p  a r e  l i s t e d  
( g r o u p  I X ) .  A n d  f i n a l l y ,  s p e c ie s  o f  s p o r a d i c  o c c u r r e n c e  
( g r o u p  X )  a r e  l i s t e d ,  f o l l o w e d  b y  t h o s e  w i t h  v e r y  l i m i t e d  
v e r t i c a l  r a n g e s  w i t h i n  t h e  c o r e  ( g r o u p s  X I - X I V ) .

P o p u l a t i o n  d i s t r i b u t i o n s  a s  n o w  r e a r r a n g e d  a r e  c o r r e l a t 
e d  a n d  c e r t a i n  b r o a d  p a t t e r n s  m a y  b e  r e c o g n is e d .

O f  t h e  1 0  s p e c ie s  o f  g r o u p  I ( t a b le  6 ) w h i c h  a r e  e x 
c lu s iv e  t o  s a m p le  3 0 1  ( d e p t h :  2 5  m e t e r s ) ,  s i x  a r e  n o t  
r e p r e s e n t e d  in  t h e  c o r e .  T h e y  p r o b a b ly  h a v e  e n t e r e d  t h e  
a r e a  in  t h e  m o d e r n  e n v i r o n m e n t .  T h e  r e m a i n in g  f o u r  a r e  
f o u n d  t o  o c c u r  o v e r  a  l e n g t h  o f  t h e  l o w e r  p a r t  o f  t h e  
c o r e .  O n  t h e  o t h e r  h a n d ,  o f  t h e  1 8  s p e c ie s  e x c l u s i v e  t o  
t h e  l o w e r m o s t  s e c t i o n  o f  t h e  c o r e  ( g r o u p  I, t a b le  7 ) ,  
1 2  h a v e  n o t  b e e n  o b s e r v e d  in  t h e  s u r f a c e  s e d im e n t s .  
H o w e v e r ,  l i v i n g  s p e c im e n s  o f  s o m e  o f  t h e s e  s p e c ie s .  
M i l io l i n e l la  s u b r o tu n d a  a n d  E lp h id iu m  h is p id u lu m ,  f o r  
e x a m p le ,  h a v e  b e e n  i d e n t i f i e d  b y  T .  V e n k a t a  R a o ,  a 
c o l l e a g u e  o f  t h e  a u t h o r s ,  in  t h e  s e d i m e n t s  o f  t h e  l o w e r  
r e a c h e s  o f  a t i d a l  s t r e a m  a t  P e n t a k o t a .  O b v io u s l y ,  t h e  
l o w e s t  p o r t i o n  o f  t h e  c o r e  o r i g i n a l l y  m u s t  h a v e  b e e n  
d e p o s i t e d  in  w a t e r s  s h a l l o w e r  t h a n  2 5  m e t e r s ,  p o s s ib l y  
in  s u r f  a n d  n e a r - s u r f  c o n d i t i o n s ,  o r  e v e n  in  a  l a g o o n a l  
e n v i r o n m e n t .

O f  t h e  6  s p e c ie s  o f  g r o u p s  11—V  ( t a b le  6 ) h a v i n g  a d e p t h  
r a n g e  d o w n  t o  3 0 - 3 5  m e t e r s .  B ig e n e r in a  n o d o s a r ia .  

G lo b u l in a  g ib b a  a n d  A d e lo s in a  la e v ig a t a  a r e  n o t  r e 
p o r t e d  in  t h e  c o r e .  S c h lu m b e r g e r in a  a lv e o l in i f o r m is  a n d  
E lp h id iu m  d is c o id a le  h a v e  r e s t r i c t e d  o c c u r r e n c e s  in  Pa 
a n d  P i  r e s p e c t i v e ly ,  w h i l e  T r i lo c u lin a  a f f .  b ic a r in a ta  

r a n g e s  f r o m  Pa t o  Ps. T h e y  a r e  a l l  c o n s id e r e d  t o  b e  
i n n e r  s h e l f  s p e c ie s .

Q u in q u e lo c u l in a  s p .  a n d  L a g e n a  s p .  o f  g r o u p  V I  ( t a b le
6 ) ,  w h i c h  a r e  f o u n d  d o w n  t o  1 0 0  m e t e r s  in  d e p t h ,  a r e  
r e p r e s e n t e d  o n l y  a t  t h e  b o t t o m  o f  t h e  c o r e .  T h e i r  s p e c i 
m e n s  a t  d e p t h s  m o r e  t h a n  3 5  m e t e r s ,  a r e  t h e r e f o r e  
b e l ie v e d  t o  b e  r e l i c t .  N o n io n  in c is u s ,  w h i c h  o c c u r s  in  
a b u n d a n c e  a t  4 0 - 1 0 0  m e t e r s  in  d e p t h ,  h a s  a  r e s t r i c t e d  
a p p e a r a n c e  in  t h e  c o r e  a t  P s . T h u s ,  N o n io n  in c is u s ,  

w h i c h  s t a r t e d  in  d e e p e r  w a t e r s ,  s t e a d i l y  m o v e d  in t o  
s h a l l o w e r  w a t e r s  a n d  h a s  n o w  e s t a b l i s h e d  i t s e l f  o n  t h e  
in n e r  p a r t  o f  t h e  m i d d le  s h e l f .

O f  t h e  1 2  s p e c ie s  o f  g r o u p s  V l - X  ( t a b le  6 )  t h a t  o c c u r  in  
s h a l l o w e r  a s  w e l l  a s  in  d e e p e r  w a t e r s .  S p ir o lo c u l in a  s p .  
a n d  E lp h id iu m  m a c e l lu m  a r e  n o t  r e p r e s e n t e d  in  t h e  c o r e .  
P s e u d o r o t a l ia  s c h r o e te r ia n a  a n d  F l in t in a  b r a d y a n a  a re  
r e s t r i c t e d  t o  t h e  b o t t o m  o f  t h e  c o r e .  O p e r c u l in a  a m m o 

n o id e s  a n d  O . g r a n u lo s a  r a n g e  f r o m  Ps t o  P s , T e x tu la r ia  

a g g lu t in a n s  r a n g e s  f r o m  P s t o  P 4 , a n d  L o x o s t o m u m  

lo b a t u m  h a s  a  l i m i t e d  r a n g e  o f  P s a n d  P s, w h i l e  t h e  
o c c u r r e n c e  in  t h e  c o r e  o f  T e x tu la r ia  c a n d e ia n a ,  T. a f f .  
c a n d e ia n a .  Q u in q u e lo c u l in a  a g g lu t in a n s  a n d  E lp h id iu m  

c r is p u m  is  i r r e g u l a r  a n d  s p o r a d ic .  T h e s e  a r e  a l l  w e l l -  
r e c o g n is e d  s h a l l o w - w a t e r  w a r m - w a t e r  s p e c ie s ,  a n d  
t h e r e f o r e  t h e i r  s p e c im e n s  in  t h e  r e w o r k e d  o u t e r  s h e l f  
s e d i m e n t s  a r e  r e l i c t .

O f  t h e  1 7  s p e c ie s  o f  g r o u p s  X I —X I  11 ( t a b le  6 )  t h a t  a re  
h e r e  f o u n d  o n l y  a t  d e p t h s  g r e a t e r  t h a n  1 0 0  m e t e r s .  
T e x tu la r ia  a f f .  k e r im b a e n s is .  Q u in q u e lo c u l in a  r e t ic u la t a .  

D e n t a l i n a  v e r te b r a l is  a lb a tro s s i.  O p e r c u l in e l la  s p . .  
P e n e r o p l is  p e r tu s u s .  A lv e o l in e l la  q u o y i.  A s te r ig e r in a  

s p . ,  C a lc a r in a  s p e n g le r i  a n d  C ib ic id e s  m a r g a r i t i f e r  a re  
n o t  f o u n d  in  t h e  c o r e .  B u t  t h e s e  s p e c ie s  a r e  a l l  w e l l  
k n o w n  f o r  t h e i r  r e s t r i c t i o n  t o  s h a l l o w  w a r m  w a t e r s .  O f  
t h e  r e m a i n in g  8  s p e c ie s .  O p e r c u l in a  b a r t s c h i  v a r .  o r n a t a  

a n d  C ib ic id e s  c ic a t r ic o s u s  a r e  f o u n d  o n l y  a t  t h e  b o t t o m  
o f  t h e  c o r e .  T h e s e ,  t o g e t h e r  w i t h  t h e  a b o v e  n i n e  s p e c ie s ,  
o b v i o u s l y  a r e  n o t  i n d ig e n o u s  t o  t h e  o u t e r  s h e l f ,  a n d  
t h e i r  s p e c im e n s ,  t h e r e f o r e ,  a r e  r e l i c t  in  n a t u r e .  S p i r o 

l o c u l in a  d a r a  is  a  la t e  e n t r a n t  i n t o  t h e  a r e a  a n d  d e f i n i t e l y  
is  a n  o u t e r  s h e l f  s p e c ie s .  B u lim in a  a f f in is  a n d  B o l iv in a  

s e m in u d a ,  w h i c h  a r e  p r e s e n t  in  t h e  c o r e  f r o m  P s u p 
w a r d s ,  a n d  B u l im in e l la  e le g a n t is s im a .  U v ig e r in a  p e r e 

g r in a  a n d  B o l iv in a  s p a th u la t a ,  w h i c h  o c c u r  a l l  a l o n g  t h e  
l e n g t h  o f  t h e  c o r e ,  a l o n g  w i t h  m a n y  o t h e r s  o r i g i n a l l y  
in v a d e d  t h e  s h a l l o w  w a t e r  a n d  h a v e  c o n t i n u e d  t o  t h r i v e  
a t  t h e  s a m e  p la c e  in  t h e  i n c r e a s i n g l y  f a v o u r a b le  d e p t h s  
f o r  t h e i r  d e v e lo p m e n t .  T h e  v i r t u a l  a b s e n c e  o f  d e t r i t a l  
m in e r a l  g r a in s  in  t h e  c o a r s e  f r a c t i o n s  o f  t h e  c o r e  
s a m p le s  a n d  t h e  p r e s e n c e  o f  le s s  t h a n  2 0  p e r  c e n t  s i l t y  
c la y  s u g g e s t  t h a t  t h e  w a t e r s  w e r e  c le a r e r  a n d  p r o b a b ly  
m o r e  s a l i n e  t h a n  t h o s e  o f  c o r r e s p o n d i n g  d e p t h s  a t  
p r e s e n t ,  s o  t h a t  t h e  s p e c ie s  a d a p t e d  t o  h i g h  s a l i n i t y  a n d  
d e e p  w a t e r ,  e s p e c i a l l y  t h e  p l a n k t o n i c  s p e c ie s ,  c o u l d

3 3 2
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TABLE 6
Foram inifera! d e p th  ra n g e s  o n  th e  c o n tin e n ta l sh e lf  o f f  P e n ta k o ta .

K E Y - OCCURRENCE IS INDICATED BY:- VA: VERY ABUNDANT; A: ABUNDANT; C : COMMON; S
• s p e c i e s  a r e  n o t  k n o w n  t o  o c c u r  in  t h e  c o r e .

SCARCE

STATION No.: 301 3 0 2 3 0 3 3 0 4 3 0 6 3 0 7 STATION No.! 301 3 0 2 3 0 3 3 0 4 3 0 6 3 0 7
DEPTH IN METRES: 25 4 6 54 64 96 156 DEPTH IN METRES *• 25 4 6 54 6 4 96 156

G R O U P  I G R O U P  X III
1. TEXTULARIA FOLIACEA S 1. OPERCULINA BARTSCHI VAR. ORNATA S S
2. «QUINQUELOCULINA LAMARCKIANA C I 2. "ALVEOLINELLA QUOYI S S
3. Q. AFF. LAMARCKIANA S D 3- BULIMINELLA ELEGANTISSIMA s c
4- *Q. SAGRAI s 1 4 . UVIGERINA PEREGRINA A s
5 -"MASSILINA SP. s 9 S. BOLIVINA SPATHULATA S c
6. TRILOCULINA TRICARINATA s 6* B. SEMINUDA s s
7. *T. RUPERTIANA s 7  "ASTERIGERINA SP. s s
B. «OPHTHALMIDIUM SP. s 8. "CIBICIDES MARGARITIFER A c
9. ELPHIDIUM CRATICULATUM s G R O U P  X IV

IO« «SPIRILLINA VIVIPARA s 1. ROBULUS CALCAR S S C s
G RO U P JI 2 . CASSIDULINA LAEVIGATA S S s c

1. SCHLUMBERGERINA ALVEOLINIFORMIS S 3. QUINQUELOCULINA AUBERIANA s 7 c s
G R O U P  m 4 . SIGMOILINA TENUIS s 9 s A

1 «BIGENERINA NODOSARIA s C 5. NODOSARIA CATESBYI s ? c C
2. TRILOCULINA AFF. BICARINATA c A G R O U P  X V
3. ELPHIDIUM DISCOIDALE s S 1. ROBULUS LIMBOSUS C S S c c

G R O U P  IV 2. BULIMINA MARGINATA S s S s s
1. "GLOBULINA GIBBA s S S 3. UVIGERINA PROBOSCIDEA c c c S A

G R O U P V 4 . CASSIDELLA BRADYI s s 9 s S
I. "ADELOSINA LAEVIGATA s ? S S S. BOLIVINA ROBUSTA c ? A c A

G RO U P V I G R O U P  X V I
1. QUINQUELOCULINA SP. A 9 S S S 1. QUINQUELOCULINA VULGARIS A A c C c S
2. LAGENA SP. s ? S s S 2. Q. OBLONGA C S s s s S
3. NONION INCISUS s VA VA VA A 3. «Q . CUVIERIANA S A c s s s

G R O U P  V II 4 . SPIROLOCULINA COMMUNIS c S s S s s

1. TEXTULARIA CANDEIANA s S 5. S. INDICA s S s s s s
2. T. MAYORI s S 6. NONION GRATELOUPI c c A VA c A
3. ELPHIDIUM CRISPUM s s 7. BOLIVINA VADESCENS S c c VA A VA

G R O U P  V III 6- B. COMPACTA c A VA C A VA

1. "SPIROLOCULINA s p . s S S 9. DISCORBIS AUSTRALIS s S S S S S

2. LOXOSTOMUM LOBATUM s S S IO. AMMONIA BECCARII A A A C c C

3. p s e u d o r o t a l ia  s c h r o e t e r ia n a A C C S II. AMMONIA BECCARII VAR. TEPIDA C S C s s s
G R O U P  IX 12. A. PAPILLOSA c A C s s C

1. TEXTULARIA AGGLUTINANS S A s s 13. ASTEROROTALIA TRISPINOSA s A s s s s

2. FLINTINA BRADYANA c S s s 14- CANCRIS OBLONGA s S s s c c

G R O U P X 15. CIBICIDES LOBATULUS c C s s c c

1 QUINQUELOCULINA AGGLUTINANS A c s 16. HETEROLEPA DUTEMPLEI A s s s s s

2. "ELPHIDIUM MACELLUM C c c 17. HANZAWAIA CONCENTRICA A VA VA A A A

3 . OPERCULINA AMMONOIDES A s c 18. QUINQUELOCULINA BICOSTATA A ? C s s c

4 - O. GRANULOSA C s c 19. ELPHIDIUM STRIATOPUNCTATUM C S c ? s c

G R O U P  X I 20- AMMONIA AFF. PAPILLOSA C A s 7 s c

1. "QUINQUELOCULINA RETICULATA s 21. AMPHISTEGINA RADIATA VA 9 s S VA VA

2- "DENTALINA VERTEBRALIS ALBATROSSI s G R O U P  X V II
3. "OPERCULINELLA SP. s 1. "HAPLOPHRAGMOIDES CANARIENSIS S s
4 . BULIMINA AFFINIS c 2. «SPIROLOCULINA DISPARILIS s S

5. CIBICIDES CICATRICOSUS s 3. "LAGENA TENUIS C S s

G R O U P  X II 4 . TRIFARINA BRADYI S s s c

1. "TEXTULARIA AFF. KERIMBAENSIS s S. BOLIVINA SP. c s

2. SPIROLOCULINA CLARA c 6. EPONIDES SUBORNATUS s s

3. "PENEROPLIS PERTUSUS s
4 - "CALCARINA SPENGLERI s

3 3 3
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TABLE 7
Foraminifera! ranges in the core sample.

K E Y : NUMBERS INDICATE PERCENTAGE OF EACH SPECIES IN THE TOTAL BENTHONIC POPULATIONS. 
S. INDICATES SCATTERED OCCURRENCE.

"SPECIES ARE NOT KNOWN TO OCCUR IN THE SURFACE SEDIMENTS-

S P E C I E S OCCURRENCE
S P E C I E S OCCURRENCE IN SAMPLE Na

IN SAMPLE Na
G R O U P  I Pe G R O U P  V I I P e P6 P s P4

1. "QUINQUELOCULINA SCHLUMBERGERI 1 1. TEXTULARIA AGGLUTINANS 3 1 1 1
2. "MILIOLINELLA SUBROTUNDA 1 2. QUINQUELOCULINA VULGARIS 1 2 1 1
3. »QUINQUELOCULINA CANDEIANA s 3. Q. BICOSTATA S s S
4- "Q - SCHREIBERSII s 4 . Q. OBLONGA S 3 1 1
5. "SPIROLOCULINA ARENARIA s 5 . TRILOCULINA TRICARINATA 1 1 2
6- FLINTINA BRADYANA s 6- "REUSSELLA ACULEATA s S 1
7- "VERTEBRALINA STRIATA s 7r ASTEROROTALIA TRISPINOSA s S S
8- "LAGENA STRIATA s 8- DISCORBIS AUSTRALIS s 1 1 S
9. "NONION TRANSLUCENS s 9. "GYROIDINA SOLDANII s S s S

IO- ELPHIDIUM DISCOIDALE s io . CIBICIDES LOBATULUS 1 1 s s
1 1. E. STRIATOPUNCTATUM s G R O U P  V I I I P e Pft P s P4 P2
12. "E . HISPIDULUM s 1. BULIMINA MARGINATA s 1 s S
13- »OPERCULINA BARTSCHI s 2 . AMPHISTEGINA RADIATA 3 s s s 1
14. O. BARTSCHI VAR. ORNATA s G R O U P  IX P e Pft P s P4 P2 Pi
IS- "SORITES MARGINALIS s 1. ROBULUS LIMBOSUS s 2 2 2 4
16- »NEOCONORBINA PATELLIFORMIS s 2. NONION GRATELOUPI 2 s 2 2 2 2
17. AMMONIA BECCARII VAR. TEPIDA s 3. BULIMINELLA ELEGANTISSIMA s 3 1 S 2 6
18- PSEUDOROTALIA SCHROETERIANA s 4. UVIGERINA PEREGRINA 3 4 5 12 18 13

G R O U P  I I Ps 5. TRIFARINA BRADYI s s S S S s

I- QUINQUELOCULINA AFF. LAMARCKIANA s 6- BOLIVINA VADESCENS II 25 4 4 39 41 33
SPIROLOCULINA INDICA s 7. B- SPATHULATA 5 2 4 3 7 5

3’ "TRILOCULINA SP. A 1 0. B- ROBUSTA 2 3 1 4 1
4- "T . SP. C s 9. B- COMPACTA 13 6 5 8 1
5. "ARTICULINA SAGRAI s IO- AMMONIA BECCARII IO 5 4 7
6. LAGENA SP. s 1 I- A- PAPILLOSA 1 2

G R O U P  III P s 12- A- AFF- PAPILLOSA 2 S S S S s

1. "GAUDRYINA TRIANGULARIS ANGULATA s 13. CANCRIS OBLONGA 6 8 4 4 2 2

2^ SCHLUMBERGERINA ALVEOLINIFORMIS s 14. CASSIDULINA LAEVIGATA 5 S 5 8 3 6
NO SPECIES EXCLUSIVELY OCCURS IN SAMPLE P4 IS. HANZAWAIA CONCENTRICA 6 4 6 3 1 1

G R O U P  IV P2 16. SIGMOILINA TENUIS S S 1 1 S

1 NONION INCISUS s 17. NODOSARIA CATESBYI S 1 S S S
21 "ANGULOGERINA ANGULOSA s IB. UVIGERINA PROBOSCIDEA S 2 S 1 S
3- EPONIDES SUBORNATUS s 19. HETEROLEPA DUTEMPLEI 1 1 1 S s

NO SPECIES EXCLUSIVELY OCCURS IN SAMPLE P| G R O U P  X P e P6 P s P4 P2 Pi
G R O U P  V P8 Ps 1. TEXTULARIA CANDEIANA s 2 S

1- QUINQUELOCULINA SP- s s 2. »T- AFF. CANDEIANA S s s

2- »HAUERINA INVOLUTA s s 3. T. FOLIACEA s S

3. »TRILOCULINA TRIGONULA 4- QUINQUELOCULINA AGGLUTINANS s S

4. ELPHIDIUM CRATICULATUM s S. ELPHIDIUM CRISPUM s 1 s

5- "BOLIVINA SPINEA s s 6 ."  ROTALIA CALCAR s s

6» CIBICIDES CICATRICOSUS s s G R O U P  X I P6 PS
G R O U P  V I P e P s P s 1. "CLAVULINOIDES CF. APERTURA S S

1 QUINQUELOCULINA AUBERIANA s s 2 . " TRILOCULINA SP. B s S

2* SPIROLOCULINA COMMUNIS s s s 3. LOXOSTOMUM LOBATUM s s

3* TRILOCULINA AFF. BICARINATA s s 4- »L . CONVALLARIUM 1 s

4- " T .  OBLONGA s 1 s G R O U P  X II •P s P4
5- ROBULUS CALCAR s s s 1. TEXTULARIA MAYORI s s

6. OPERCULINA GRANULOSA s s s G R O U P  X III P2 P)
7. OPERCULINA AMMONOIDES s s I. SPIROLOCULINA CLARA S 2

B. BOLIVINA SP. s 2 2 G R O U P  X I V P6 P5 P4 P2 Pi
1. BULIMINA AFFINIS S S S I
2. CASSIDELLA BRADYI 2 2 1 2

i 3. BOLIVINA SEMINUDA e 3 2 3 e

334
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i n v a d e  w a t e r s  m u c h  s h a l l o w e r  t h a n  t h e i r  n o r m a l  
h a b i t a t .

O f  t h e  f i v e  s p e c ie s  o f  g r o u p  X I V  ( t a b le  6 ) w h i c h  o c c u r  
a t  d e p t h s  o f  m o r e  t h a n  5 0  m e te r s .  R o b u lu s  c a lc a r  a n d  
Q u in q u e lo c u l in a  a u b e r ia n a  a r e  r e p r e s e n t e d  o n l y  in  t h e  
l o w e r  h a l f  o f  t h e  c o r e ,  w h i l e  C a s s id u lin a  la e v ig a t a .  

S ig m o i l in a  t e n u is  a n d  N o d o s a r ia  c a t e s b y i  o c c u r  a l l  
a l o n g  t h e  l e n g t h  o f  t h e  c o r e .  T h u s ,  t h e  f o r m e r  t w o  a re  
r e l i c t  in  t h e  o u t e r  p a r t  o f  t h e  o u t e r  s h e l f ,  t h e  l a t t e r  t h r e e  
b e in g  d e e p - w a t e r  s p e c ie s .

T h e  f i v e  s p e c ie s  o f  g r o u p  X V  ( t a b le  6 ) ,  R o b u lu s  l im 

b o s u s , B u l im in a  m a r g in a ta .  U v ig e r in a  p r o b o s c id e a .  

C a s s id e lla  b r a d y i  a n d  B o l iv in a  r o b u s ta  a r e  p r e s e n t  
v i r t u a l l y  a l l  a l o n g  t h e  c o r e ,  a l t h o u g h  t h e i r  a b s e n c e  in  
s a m p le  3 0 1  is  c o n s p i c u o u s .  P r o b a b ly  t h e y  n e e d  a l i t t l e  
h i g h e r  s a l i n i t y  a n d  c le a r e r  w a t e r  w i t h  le s s  t u r b u l e n c e .  
T h e s e  m a y  b e  r e c k o n e d  a s  s p e c ie s  o f  t h e  m i d d le  a n d  
o u t e r  s h e l f .

O f  t h e  2 1  s p e c ie s  o f  g r o u p  X V I  ( t a b le  6 ) t h a t  a r e  f o u n d  
In  a l l  o f  t h e  s u r f a c e  s e d i m e n t  s a m p le s ,  a n d  o f  t h e  
1 9  s p e c ie s  o f  g r o u p  IX  ( t a b le  7 )  t h a t  o c c u r  a l o n g  t h e  
e n t i r e  le n g t h  o f  t h e  c o r e ,  o n l y  9  s p e c ie s  ( N o n io n  

g r a t e lo u p i ,  * * B o l iv in a  v a d e s c e n s , 'B .  c o m p a c ta .  A m 

m o n ia  b e c c a r ii ,  * * A m m o n ia  p a p il lo s a ,  *A .  a f f .  p a p il lo s a ,  

* C a n c r is  o b lo n g a ,  * H e t e r o le p a  d u t e m p le i  a n d  * H a n z a 

w a ia  c o n c e n t r ic a  o c c u r  In  a l l  s a m p le s  o f  b o t h  s e ts .  
S p e c ie s  m a r k e d  w i t h  a s in g le  a s t e r i s k  in c r e a s e  in  
n u m b e r s  t o w a r d  t h e  t o p  o f  t h e  c o r e ,  j u s t  a s  t h e y  in c r e a s e  
in  n u m b e r s  o u t  t o  s e a ,  w h i l e  s p e c ie s  m a r k e d  w i t h  a  
d o u b l e  a s t e r i s k  s h o w  a r e v e r s e  r e l a t i o n s h i p .  R e d u c t io n  
in  n u m b e r s  o f  t h e  la t t e r  g r o u p 's  s p e c im e n s  m a y  b e  a 
r e s u l t  o f  t h e i r  m o v e m e n t  i n t o  s h a l l o w e r  w a t e r s  a s  t h e  
p o s t g la c ia l  s e a  le v e l  r is e s  a n d / o r  t h e i r  p a r t ia l  d e s t r u c 
t i o n  d u r in g  t h e  r e w o r k i n g  o f  t h e  s e d i m e n t s .  N o n io n  

g r a t e lo u p i  b e h a v e s  t h e  s a m e  w a y  t h r o u g h o u t ,  p r o b a b ly  
t h e r e b y  s h o w i n g  i t s  t o le r a n c e  o f  la r g e  f l u c t u a t i o n s  in  
e c o l o g i c a l  f a c t o r s .  A m m o n ia  b e c c a r i i  is  r e p r e s e n t e d  b y  
a  la r g e  n u m b e r  o f  s p e c im e n s  a t  t h e  b o t t o m  o f  t h e  c o r e .  
I t s  n u m b e r s  a r e  r e d u c e d  in  t h e  m i d d le  s e c t i o n ,  a t t a in  
t h e i r  p e a k  in  s a m p le  P 3 ( n o t  r e c o r d e d  in  t h e  t a b l e s ) ,  a n d  
t o w a r d  t h e  t o p  o f  t h e  c o r e  a g a in  d w i n d l e  c o n s id e r a b ly .  
I t  is  m o s t  a b u n d a n t  in  s h a l l o w - w a t e r  s e d i m e n t s  o f  t h e  
m o d e r n  t i m e  s u r f a c e .  I t s  a b u n d a n c e ,  n o  m a t t e r  w h e r e  
i t  is  f o u n d ,  in d ic a t e s  s h a l l o w - w a t e r  e n v i r o n m e n t  a t  t h e  
t i m e  o f  d e p o s i t i o n .

* Q u in q u e lo c u l in a  v u lg a r is  ( P 8- P 4 ) ,  * Q .  o b lo n g a  ( P b -
P 4) ,  * S p ir o lo c u l in a  c o m m u n is  ( P s - P 5) ,  D is c o r b is  

a u s tra l is ,  *  A m m o n ia  b e c c a r i i  v a r . t e p id a  (Pb), *A s t e r o 

r o t a l ia  t r is p in o s a , * * Q u in q u e lo c u l in a  b ic o s ta t a  ( P b - P í ) ,  
E lp h id iu m  s t r ia t o p u n c t a tu m  ( P s ) ,  * * A m p h is t e g in a  r a d i 

a t a  ( P s - P z ) ,  C ib ic id e s  lo b a t u lu s  ( P s - P 4) a n d  S p i r o 

lo c u l in a  in d ic a  (Pb) h a v e  l i m i t e d  r a n g e s  o f  o c c u r r e n c e

in  t h e  c o r e .  I t  m u s t  b e  e m p h a s iz e d  t h a t  t h e  s p e c ie s  
m a r k e d  w i t h  a  s in g le  a s t e r i s k  o c c u r  in  a b u n d a n c e  in  
s h a l l o w  w a t e r  b u t  a r e  v e r y  m u c h  r e d u c e d  in  n u m b e r  in  
d e e p  w a t e r .  T h e y  a r e  a l t o g e t h e r  a b s e n t  in  t h e  u p p e r  h a l f  
o f  t h e  c o r e .  E i t h e r  t h e y  m u s t  h a v e  d e v e lo p e d  t o le r a n c e  
f o r  d e e p  w a t e r  o r  t h e i r  s p e c im e n s  o n  t h e  o u t e r  s h e l f  a re  
r e l i c t .  S p e c ie s  m a r k e d  w i t h  a d o u b le  a s t e r i s k  h a v e  a 
p e a k  o f  a b u n d a n c e  in  s h a l l o w  w a t e r  a n d  a n o t h e r  in  
d e e p  w a t e r .  L i k e  t h e  f i r s t  g r o u p  o f  s p e c ie s ,  t h e s e  a re  
a l s o  n o t  r e p r e s e n t e d  in  t h e  u p p e r  h a l f  o f  t h e  c o r e ,  w i t h  
t h e  e x c e p t i o n  o f  A m p h is t e g in a  r a d ia ta .  T h e s e  s p e c ie s  
c o u l d  r i g h t l y  b e  i n c l u d e d  in  g r o u p  IX  ( t a b le  6 )  b u t  f o r  
t h e i r  a n o m a lo u s  o c c u r r e n c e  in  t h e  in t e r m e d ia t e  s a m p le s ,  
t o o .  I t  m a y  s a f e l y  b e  a s s u m e d  t h a t  t h e s e  a r e  i n n e r  s h e l f  
s p e c ie s  a n d  t h a t  t h e i r  s p e c im e n s  o n  t h e  o u t e r  s h e l f  m u s t  
b e  t r e a t e d  a s  r e l i c t .

O f  t h e  6  s p e c ie s  o f  g r o u p  X V I I  ( t a b le  6 ) ,  w h i c h  o c c u r  
s p o r a d i c a l l y .  H a p lo p h r a g m o id e s  c a n a r ie n s is ,  a n  in n e r  
s h e l f  s p e c ie s .  S p i r o l o c u l in a . d is p a r i lis ,  a p p a r e n t l y  a 
m i d d le  a n d  o u t e r  s h e l f  s p e c ie s ,  a n d  L a g e n a  te n u is ,  a 
m i d d le  s h e l f  s p e c ie s ,  a re  n o t  s e e n  in  t h e  c o r e ,  a n d  t h e y  
m a y  h a v e  f i r s t  a p p e a r e d  in  t h e  m o d e r n  s h a l l o w  w a t e r s .  
T r ifa r in a  b r a d y i  is  a s p e c ie s  w i t h  a  w i d e  r a n g e  o f  o c c u r 
r e n c e .  B o l iv in a  s p .  ( P b - P 5) m u s t  b e  c o n s id e r e d  a s  
r e l i c t .  E p o n id e s  s u b o r n a tu s  is  a n  o u t e r  s h e l f  s p e c ie s ,  
a n d ,  l i k e  S p ir o lo c u l in a  d a r a ,  is  a la te  e n t r a n t  i n t o  t h e  
a re a .

O f  t h e  1 8  p l a n k t o n i c  s p e c ie s  f o u n d  in  t h e  a re a .  
G lo b ig e r in a  fa lc o n e n s is .  G lo b ig e r in i ta  u v u la .  G lo b ig e r 

in o id e s  c o n g lo b a t u s ,  G . s p .  a n d  O r b u lin a  u n iv e r s a  a re  
n o t  f o u n d  in  t h e  s u r f a c e  s e d im e n t s .  T h e  o t h e r  1 3  s p e c ie s  
a r e  a b u n d a n t  in  t h e  o u t e r  s h e l f  s e d i m e n t s  b u t  o c c u r  in  
d i f f e r e n t  w a y s  in  t h e  c o r e .  G lo b ig e r in a  fa lc o n e n s is ,  

G . e g g e r i.  G lo b ig e r in i ta  u v u la .  G lo b ig e r in o id e s  s a c c u 

l ife r ,  G . c o n g lo b a t u s .  G lo b ig e r in e l la  a e q u ila te r a lis .  

O r b u l in a  u n iv e r s a  a n d  S p h a e r o id in e l la  d e h is c e n s  o c c u r  
in  t h e i r  g r e a t e s t  a b u n d a n c e  a t  t h e  b o t t o m  o f  t h e  c o r e .  
G lo b ig e r in a  b u l lo id e s ,  G . h e x a g o n a .  G lo b ig e r in o id e s  

t r i lo b u s  a n d  G lo b ig e r in i ta  g lu t in a t a  o c c u r  a b u n d a n t l y  in  
t h e  m i d d le  s e c t i o n  o f  t h e  c o r e .  G lo b ig e r in a  r u b e s c e n s .  

G lo b ig e r in o id e s  s p . ,  a n d  P u l le n ia t in a  o b l iq u i lo c u la t a  

o c c u r  in  i n c r e a s i n g  f r e q u e n c ie s  t o w a r d  t h e  t o p  o f  t h e  
c o r e .  G lo b ig e r in a  c o n g lo m e r a t a .  G lo b ig e r in o id e s  ru b e r ,  

a n d  G lo b o r o ta l ia  m e n a r d i i  h a v e  h i g h e r  f r e q u e n c ie s  o f  
o c c u r r e n c e  b o t h  a t  t h e  t o p  a n d  a t  t h e  b o t t o m  o f  t h e  c o r e .

G lo b ig e r in i ta  g lu t in a t a  o c c u r s  in  t h e  l a g o o n  a n d  in  t h e  
a r e a s  o p e n  t o  t h e  o c e a n  ( T o d d ,  1 9 6 1  ) .  G lo b ig e r in o id e s  

r u b e r  a n d  G . s a c c u l i f e r  a r e  a ls o  d e s c r ib e d  a s  la g o o n a l  
s p e c ie s  ( P h l e g e r ,  1 9 6 0 ,  p .  1 8 3 ) .  T h e  f o r m e r 's  a b n o r 
m a l l y  h i g h  f r e q u e n c y  o f  2 9  p e r  c e n t  in  Pe a n d  t h e  h ig h  
f r e q u e n c y  o f  o c c u r r e n c e  o f  t h e  l a t t e r  t w o  in  Ps s u g g e s t  
la g o o n a l  c o n d i t i o n s  a t  t h e  t i m e  w h e n  s a m p le s  P s -P e
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w e r e  b e in g  d e p o s i t e d .  H o w e v e r ,  t h e  p r e s e n c e  o f  o t h e r  
p l a n k t o n i c  s p e c ie s  in  t h e  l o w e r  p a r t  o f  t h e  c o r e  in  
a s s o c i a t i o n  w i t h  a s h a l l o w - w a t e r  w a r m - w a t e r  f a u n a  
in d ic a t e s  t h a t  t h e  a re a  w a s  p a r t  o f  o p e n  o c e a n ,  p r o b a b ly  
w i t h  a r e e f  c o m p le x  a l o n g  t h e  c o a s t ,  a n d  t h a t  t h e r e  w a s  
n o t  m u c h  d e p o s i t i o n  o f  t e r r i g e n o u s  s e d im e n t s .

SALINITY, TEMPERATURE AND CURRENTS
A s  t h e  s a l i n i t y  o f  t h e  b o t t o m  w a t e r s  o f  t h e  s h e l f  o f f  
P e n t a k o t a  d o e s  n o t  c h a n g e  a p p r e c ia b l y  f r o m  s e a s o n  t o  
s e a s o n ,  i t  m a y  b e  p r e s u m e d  t h a t  i t  d o e s  n o t  c o n t r o l  t h e  
d e v e lo p m e n t  o f  f o r a m i n i f e r a .  T h e  s i l t y  c la y s  o f  t h e  s h e l f  
a t  d e p t h s  o f  4 0 - 1 0 0  m e t e r s ,  r i c h  in  o r g a n ic  c o n t e n t ,  a re  
o v e r l a in  w i t h  w a t e r s  w h i c h  u n d e r g o  w i d e  f l u c t u a t i o n s  
in  t e m p e r a t u r e  t h r o u g h  d i f f e r e n t  s e a s o n s  o f  t h e  y e a r .  
F u r t h e r m o r e ,  t h is  is  t h e  z o n e  w h e r e  t h e  b o t t o m  c u r r e n t s  
f l o w  s o u t h w a r d ,  in s t e a d  o f  n o r t h w a r d  a s  a t  a l l o t h e r  
d e p t h s .  T h e s e  s e d i m e n t s  c o n t a in  t h e  p o p u l a t i o n s  l o w e s t  
b o t h  in  v a r i e t y  a n d  a b u n d a n c e .  T h u s ,  t e m p e r a t u r e  
a p p e a r s  t o  c o n t r o l  t h e  d i s t r i b u t i o n  o f  t h e  f a u n a  m o r e  
t h a n  t h e  o t h e r  e c o l o g i c a l  f a c t o r s  d o .

ORGANIC lílATTER OF SEDIMENTS
P o p u l a t i o n s  a re  s m a l le s t  o n  t h e  s h e l f  a t  d e p t h s  o f  3 0 -  
7 0  m e te r s ,  w h e r e  t h e  s e d i m e n t s  a re  s i l t y  c la y s  a n d  c la y s .  
T h e s e  s i l t y  c la y s  a re  r i c h e r  in  o r g a n ic  c o n t e n t  t h a n  t h e  
s h o a l e r - w a t e r  s e d im e n t s .  In  t h e  o u t e r  s h e l f  s e d im e n t s ,  
t h e  p l a n k t o n i c  f o r a m i n i f e r a  f a r  o u t n u m b e r  t h e  b e n 
t h o n i c ,  p a r t i c u la r l y  w h e n  t h e  r e l i c t  b e n t h o n i c  s p e c im e n s  
a r e  d i s r e g a r d e d  T h e  s e d i m e n t s  o f  t h e  o u t e r m o s t  s h e l f  
a re  t h e  r i c h e s t  in  o r g a n ic  c o n t e n t ,  a n d  y e t  t h e i r  b e n 
t h o n i c  p o p u la t i o n s  a re  n o t  a s  a b u n d a n t  a s  t h o s e  o f  t h e  
c o a s t a l  s a n d s  a n d  s a n d - s l l t - c l a y  s e d im e n t s ,  w h i c h  a re  
t h e  p o o r e s t  in  o r g a n ic  m a t t e r  in  t h e  a r e a .  W h i l e  I ts  f i n e 
g r a in e d  n a t u r e  a n d  r a p id  d e p o s i t i o n  f a v o u r  t h e  p r e s e r v a 
t i o n  o f  o r g a n ic  m a t te r  in  t h e  m i d d le  a n d  o u t e r  s h e l f  
s e d im e n t s ,  i t s  c o n s u m p t i o n  b y  la r g e  c o m m u n i t i e s  o f  
o r g a n is m s  in  t h e  c o a s t a l  s e d i m e n t s  m a y  p a r t l y  a c c o u n t  
f o r  l o w e r  o r g a n ic  m a t t e r  c o n t e n t  in  t h e  la t t e r  t h a n  in  t h e  
f o r m e r .  F u r t h e r m o r e ,  t h e  s i l t - l a d e n ,  r e l a t i v e l y  c o ld ,  
f r e s h  w a t e r  o f  t h e  G o d a v a r i  R iv e r ,  s p r e a d in g  a l o n g  t h e  
c o a s t  n o r t h w a r d  a n d  o u t  I n t o  d e e p e r  w a t e r  in  a n o r t h 
e a s t  d i r e c t i o n  ( R a m a  S a s t r y  a n d  B a la r a m a  M u r t y ,  1 9 5 7 ) ,  
i t s  s i l t  c o n t e n t  s e t t l i n g  o u t ,  p r o b a b ly  a t  a  r a p id  r a t e ,  
a lo n g  its  p a t h ,  s e e m s  t o  e x e r t  a n  i n h i b i t i n g  e f f e c t  o n  t h e  
b e n t h o n i c  f o r a m in i f e r a .

LITHOLOGY OF SEDIMENTS
T h e r e  a p p e a r s  t o  b e  a f a i r  d e g r e e  o f  c o r r e l a t i o n  b e t w e e n  
b e n t h o n i c  p o p u la t i o n s  a n d  t h e  n a t u r e  o f  t h e i r  s u b 
s t r a t e s ,  s a n d - s i l t - c l a y  s e d i m e n t s  s u p p o r t i n g  p o p u l a 
t i o n s  g r e a t e r  b o t h  in  v a r ie t y  a n d  in  a b u n d a n c e  t h a n  t h e  
s i l t y  c la y s  a n d  c la y s .  T h e  u n im p r e s s i v e  n u m b e r  o f  
a r e n a c e o u s  s p e c im e n s  a s s o c ia t e d  w i t h  a n y  k in d  o f  s u b 

s t r a t e ,  e x c e p t  f o r  a f e w  s p e c ie s  l i k e  T e x tu la r ia  c a n d e ia n a ,  

T. f o l ia c e a .  B ig e n e r in a  n o d o s a r ia  a n d  Q u in q u e lo c u l in a  

a g g lu t in a n s ,  is  s i g n i f i c a n t .  I t  m a y  p a r t l y  b e  d u e  t o  t h e i r  
e l i m i n a t i o n  d u r in g  t h e  la b o r a t o r y  t r e a t m e n t  o f  t h e  
s a m p le s  w i t h  s o d i u m  h e x a m e t a p h o s p h a t e .  E v e n  s o ,  
s o m e  s a m p le s  w h i c h  w e r e  d i s a g g r e g a t e d  w i t h o u t  t h e  
a d d i t i o n  o f  c h e m ic a ls  d o  n o t  y ie l d  a r e n a c e o u s  s p e c i 
m e n s  in  a p p r e c ia b le  n u m b e r s .  E i t h e r  t h e y  w e r e  d e 
s t r o y e d  d u r i n g  t h e  d r y in g  o f  t h e  s a m p le s  ( P h l e g e r ,  1 9 6 0 ,  
p .  3 8 ) ,  o r  t h e y  w e r e  n o t  a b u n d a n t  o r i g in a l l y .  T h is  
p r o b le m  n e e d s  f u r t h e r  in v e s t i g a t i o n .

In  t h e  r e l i c t  s e d im e n t s ,  w h e r e  a r e n a c e o u s  m a t e r ia l  is  
v e r y  s c a n t y ,  t h e  q u e s t i o n  o f  a r e n a c e o u s  t e s t s  b e in g  
n o t i c e a b l y  p r e s e n t  d o e s  n o t  a r is e .  H o w e v e r ,  t h e  s p e c ie s  
T e x tu la r ia  a g g lu t in a n s  a n d  Q u in q u e lo c u l in a  a g g lu t in a n s  

s u c c e s s f u l l y  m a d e  u s e  o f  t h e  f i n e r  o o l i t i c  g r a in s  in  
b u i l d i n g  t h e i r  te s t s .  I t  is  p o s s ib le  t h a t  c e r t a i n  o t h e r  
s p e c ie s  o f  a r e n a c e o u s  h a b i t  c o u l d  a l s o  m a k e  u s e  o f  t h e  
f i n e r  o o l i t i c  g r a in s  in  t e s t - b u l I d i n g . T h is  p o s s i b i l i t y  a ls o  
n e e d s  f u r t h e r  in v e s t i g a t i o n .

I t  a p p e a r s  t h a t ,  in  g e n e r a l ,  t h e  s i t e s  o f  a c t i v e  s e d i m e n t a 
t i o n ,  e s p e c i a l l y  o f  s i l t y  c la y s  a n d  c la y s ,  d o  n o t  f a v o u r  t h e  
p r o f u s e  d e v e lo p m e n t  o f  f o r a m i n i f e r a ,  e x c e p t  f o r  a  f e w  
s p e c ia l i s e d  s p e c ie s  w h i c h  c a n  a d a p t  t h e m s e l v e s  w i t h  
r e la t i v e  e a s e  t o  s u c h  h o s t i l e  e n v i r o n m e n t s .  A t  a n y  r a t e ,  
t h i s  s e e m s  t o  b e  t h e  s i t u a t i o n  o n  t h e  V i s a k h a p a t n a m -  
K a k in a d a  s h e l f .

GEOGRAPHICAL PROVINCES
C u s h m a n  ( 1 9 4 8 )  d i v i d e d  t h e  R e c e n t  w a r m - w a t e r  
f o r a m i n i f e r a !  f a u n a  o f  t h e  w o r l d  i n t o  f o u r  m a in  g e o 
g r a p h ic a l  p r o v i n c e s  a n d  c o n s id e r e d  t h e  B a y  o f  B e n g a l  
a s  c o n s t i t u t i n g  a p a r t  o f  a  z o n e  w h i c h  c o n t a in s  a  m i x 
t u r e  o f  t h e  E a s t  A f r i c a n  a n d  I n d o - P a c i f i c  f a u n a s .  B h a l la  
( 1 9 6 8 ,  p .  3 8 9 )  r e c o r d e d  s u c h  a  m ix e d  f a u n a  f r o m  t h e  
b e a c h  s a n d s  o f  V i s a k h a p a t n a m .  T h e  f o r a m i n i f e r a !  
a s s e m b la g e s  o f f  P e n t a k o t a  a ls o  i n c l u d e  e l e m e n t s  o f  
b o t h  t h e  I n d o - P a c i f i c  a n d  E a s t  A f r i c a n  g e o g r a p h ic a l  
p r o v i n c e s .  T h e  r e la t i v e  a b u n d a n c e s  o f  t h e  e le m e n t s  o f  
t h e  f a u n a  f r o m  t h e s e  t w o  g e o g r a p h ic a l  r e a lm s  in  t h e  
f o r a m i n i f e r a !  a s s e m b la g e s  o f  t h e  c o n t i n e n t a l  s h e l f  o f f  
t h e  e a s t  c o a s t  o f  I n d ia  w i l l  b e  d i s c u s s e d  in  a f o r t h 
c o m i n g  p u b l i c a t i o n .

CONCLUSIONS
W i t h  t h e  e l i m i n a t i o n  f r o m  c o n s id e r a t i o n  o f  t h e  r e l i c t  
f a u n a l  e le m e n t s  o f  t h e  o u t e r  s h e l f  a n d ,  t o  s o m e  e x t e n t ,  
o f  t h e  m i d d le  s h e l f ,  t h e  l i v i n g  f o r a m i n i f e r a !  p o p u l a t i o n  
c a n  b e  d i v i d e d  i n t o  t h r e e  d i s t i n c t  d e p t h  z o n e s ,  o r  f a c ie s ,  
t h e  f i r s t  r a n g in g  f r o m  0  t o  1 5  m e t e r s  in  d e p t h ,  t h e  s e c o n d  
f r o m  1 5  t o  4 0 - 4 5  m e t e r s ,  a n d  t h e  t h i r d  c o n s is t i n g  o f  
d e p t h s  g r e a t e r  t h a n  4 0 - 4 5  m e te r s .
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Facies 1, sands
D e p t h  : 0 - 1 5  m e t e r s .  T e m p e r a t u r e  : 8 5 ° - 7 9 ° F .

Q u in q u e lo c u l in a  s c h lu m b e r g e r i ,  Q . c a n d e ia n a ,  Q . 

s c h re ib e r s i i .  M i l io l i n e l la  s u b r o tu n d a ,  S p ir o lo c u l in a  a r e n 

a r ia ,  V e r t e b r a l in a  s t r ia ta .  L a g e n a  s t r ia ta .  N o n io n  t r a n s 

lu c e n s ,  E l p h id iu m  h is p id u lu m .  O p e r c u l in a  b a r ts c h i.  

S o r i t e s  m a r g in a l is  a n d  N e o c o n o r b in a  p a t e l l i f o r m is  a r e  
r e s t r i c t e d  t o  t h i s  z o n e .  T h e  f o l l o w i n g  s p e c ie s  p r e s e n t  in  
t h e  f a c ie s  c o n t i n u e  in  t h e  n e x t  f a c ie s  a l s o  ( t e m p e r a t u r e  : 
8 5 ° - 7 4 ° F . )  :

T r i lo c u lin a  t r ic a r in a ta .  E lp h id iu m  c r a t ic u la t u m .  O p e r 

c u l in a  a m m o n o id e s  a n d  O . g r a n u lo s a .

T h e  f o l l o w i n g  s p e c ie s  w h i c h  a r e  p r e s e n t  in  t h i s  z o n e  
e x t e n d  m u c h  d e e p e r  i n t o  t h e  s i l t y  c la y s  o f  f a c ie s  3 - A  
( t e m p e r a t u r e  : 8 5  ° - 6 4  ° F . )  :

T e x tu la r ia  a g g lu t in a n s .  Q u in q u e lo c u l in a  n .  s p . .  T r i 

lo c u l in a  a f f .  b ic a r in a ta .  F l in t in a  b r a d y a n a .  L a g e n a  s p . .  
E lp h id iu m  d is c o id a le  a n d  P s e u d o r o t a l ia  s c h r o e te r ia n a .

Facies 2, sand-silt-clay
D e p t h  : 1 5  t o  4 0 - 4 5  m e t e r s .  T e m p e r a t u r e  : 8 3 ° - 7 4 ° F .

T e x tu la r ia  c a n d e ia n a ,  T. fo l ia c e a ,  T. m a y o r i .  Q u in q u e 

lo c u l in a  a g g lu t in a n s .  Q . la m a r c k ia n a ,  Q .  a f f .  l a m a r c k i 

a n a , Q . s a g ra i.  M a s s i l in a  s p . .  T r i lo c u lin a  r u p e r t ia n a .  

O p h t h a lm id iu m  s p . ,  E lp h id iu m  c r is p u m ,  £  m a c e l lu m  

a n d  S p ir i l l in a  v iv ip a r a  a r e  r e s t r i c t e d  t o  t h i s  f a c ie s .

T h e  f o l l o w i n g  s p e c ie s  w h i c h  m a k e  t h e i r  a p p e a r a n c e  in  
t h i s  z o n e  e x t e n d  a  l i t t l e  s e a w a r d  b e y o n d  t h i s  z o n e  :

B ig e n e r in a  n o d o s a r ia .  S p ir o lo c u l in a  s p .  a n d  L o x o 

s t o m u m  lo b a t u m .

T h e  f o l l o w i n g  s p e c ie s  w h i c h  a l s o  m a k e  t h e i r  a p p e a r a n c e  
in  t h i s  z o n e  e x t e n d  m u c h  d e e p e r  i n t o  t h e  s u c c e e d in g  
s i l t y  c la y  f a c ie s ,  a n d  t h e s e  m a y  b e  t r e a t e d  e s s e n t i a l l y  a s  
m i d d l e  s h e l f  s p e c ie s  :

A d e lo s in a  l a e v ig a t a  a n d  G lo b u l in a  g i b b a  e x t e n d  d o w n  
t o  6 0  m e t e r s  in  d e p t h ,  a n d  N o n io n  in c is u s  e x t e n d s  d o w n  
t o  a  d e p t h  o f  9 0  m e te r s .

Q u in q u e lo c u l in a  v u lg a r is ,  Q . ' b ic o s ta ta ,  Q . o b lo n g a ,  

Q . c u v ie r ia n a .  S p ir o lo c u l in a  c o m m u n is ,  S . in d ic a .  

E lp h id iu m  s t r ia t o p u n c t a tu m .  D is c o r b is  a u s tra l is .  A s t e r o 

r o t a l ia  t r is p in o s a , A m p h is t e g in a  r a d ia t a  a n d  C ib ic id e s  

lo b a t u lu s  a r e  a b u n d a n t  in  f a c ie s  1 a n d  2  b u t  e x t e n d  
d e e p e r  in  m u c h  le s s  a b u n d a n c e .

Facies 3-A, silty clays
D e p t h  : g r e a t e r  t h a n  4 0 - 4 5  m e t e r s .  T e m p e r a t u r e  : 8 2  ° -  
6 4  ° F .  o r  e v e n  l o w e r .

S ig m o i l in a  te n u is .  R o b u lu s  l im b o s u s .  N o d o s a r ia  c a t e s 

b y i ,  B u l im in a  m a r g in a t a .  U v ig e r in a  p r o b o s c id e a .  C a s s i 

d e l la  b r a d y i.  B o l iv in a  ro b u s ta .  E p o n id e s  s u b o r n a tu s  

a n d  C a s s id u lin a  la e v ig a t a .

Facies 3-B, silty clays
D e p t h  : g r e a t e r  t h a n  8 0  m e t e r s .  T e m p e r a t u r e  : 8 2  ° - 6 4 ° F .  
o r  e v e n  lo w e r .

S p ir o lo c u l in a  d a r a .  B u l im in a  a f f in is .  B u l im in e l la  e l e 

g a n t is s im a ,  U v ig e r in a  p e r e g r in a .  B o l iv in a  s p a th u la t a  

a n d  B . s e m in u d a  a r e  r e s t r i c t e d  t o  t h i s  z o n e .

N o n io n  g r a t e lo u p i .  A m m o n i a  b e c c a r i i ,  A .  b e c c a r i i  v a r .  
t e p id a ,  A .  p a p i l lo s a ,  A .  a f f .  p a p i l lo s a  a n d  F le t e r o le p a  

d u t e m p l e i  s h o w  a  w i d e  r a n g e  o f  d i s t r i b u t i o n ,  b u t  t h e y  
a r e  m o r e  a b u n d a n t  in  t h e  in n e r  s h e l f  s e d im e n t s .

B o l iv in a  v a d e s c e n s . B . c o m p a c t a  a n d  C a n c r is  o b lo n g a  

a ls o  s h o w  a  w i d e  r a n g e  o f  d i s t r i b u t i o n ,  b u t  t h e y  b e 
c o m e  m o r e  a b u n d a n t  in  t h e  o u t e r  s h e l f  s e d im e n t s .

H a n z a w a ia  c o n c e n t r ic a  is  u n i f o r m l y  d i s t r i b u t e d  o v e r  t h e  
e n t i r e  s h e l f .

O t h e r  c o n c l u s i o n s  d r a w n  f r o m  t h i s  s t u d y  a r e  :

1 )  S i t e s  o f  a c t i v e  d e p o s i t i o n  o f  f i n e - g r a i n e d  t e r r i g e n o u s  
m a t e r i a ls  d o  n o t  s u p p o r t  la r g e  p o p u la t i o n s .

2 )  O r g a n ic  c o n t e n t  o f  t h e  s e d i m e n t s  d o e s  n o t  a p p e a r  
t o  c o n t r o l  f a u n a l  d e v e lo p m e n t .

3 )  W i d e  f l u c t u a t i o n s  i n  t e m p e r a t u r e  o f  t h e  b o t t o m  
w a t e r s  o f  t h e  m i d d le  s h e l f  i n h i b i t  p o p u l a t i o n  g r o w t h  in  
t h e  a r e a .

4 )  T h e  l o w  s a l i n i t y ,  t h e  r e l a t i v e l y  c o ld  w a t e r  a n d  t h e  
s e d i m e n t s  o f  t h e  G o d a v a r i  R iv e r  r e a c h  t h e  s h e l f  o f f  
P e n t a k o t a  a n d  t e n d  t o  i n h i b i t  t h e  p o p u la t i o n s .

5 )  T h e  o o l i t i c  s e d i m e n t s  a n d  t h e  a s s o c ia t e d  s h a l l o w -  
w a t e r  w a r m - w a t e r  f o r a m i n i f e r a  f o r m i n g  t h e  l o w e r  p a r t  
o f  t h e  c o r e  s u g g e s t  t h a t  t h e  s h o r e  l i n e  s t o o d  1 1 , 0 0 0  
y e a r s  a g o  a t  n o t  le s s  t h a n  1 0 0  m e t e r s  b e l o w  t h e  p r e s e n t  
s e a - l e v e l .

6 )  A s  t h e  p o s t g la c ia l  s e a  le v e l  r o s e ,  t h e  w a t e r  w h e r e  
t h e  c o r e  s a m p le  w a s  t a k e n  d e e p e n e d  s t e a d i l y ,  r e s u l t i n g  
in  t h e  e l i m i n a t i o n  o f  m a n y  s h a l l o w - w a t e r  w a r m - w a t e r  
s p e c ie s .  B u t  c e r t a i n  s p e c ie s ,  f i n d i n g  t h e m s e l v e s  a t  m o r e  
f a v o u r a b le  d e p t h s ,  a n d  f i n d i n g '  t h e  w a t e r s  r i c h e r  in  
n u t r i e n t  s a l t s  a d d e d  f r o m  t h e  l a n d  t o  t h e  p o s t g la c ia l  
r i s in g  s e a .  m u l t i p l i e d  t h e i r  n u m b e r s  m a n y f o l d .  E c o 
l o g i c a l  f a c t o r s  s h o u l d  h a v e  in d u c e d  c e r t a i n  d e e p - w a t e r  
s p e c ie s ,  i n c l u d i n g  t h e  p l a n k t o n i c  s p e c ie s ,  t o  e n t e r  t h e  
s h a l l o w  w a t e r s  f r o m  t h e  t h e n  o f f s h o r e  r e g io n s .

7 )  T h e  o o l i t i c  s e d i m e n t s  la y  e x p o s e d  u n t i l  t h e  G o d a v a r i  
s e d i m e n t s  r e a c h e d  a s  f a r  n o r t h  a s  t h e  s h e l f  o f f  P e n t a 
k o t a  a n d  c o v e r e d  t h e m .  B e f o r e  t h e y  h a d  b e e n  b u r ie d  
u n d e r  t h e  t e r r i g e n o u s  s e d i m e n t  c o v e r ,  t h e y  w e r e  r e 
w o r k e d  a n d  c o n s id e r a b l y  c o n t a m i n a t e d  w i t h  t h e  f a u n a l , 
a s s e m b la g e s  o f  p o s t g la c ia l  o r i g in .

I t  is  r e a l is e d  t h a t ,  in  t h e  a b s e n c e  o f  q u a n t i t a t i v e  d a t a  o n  
p o p u l a t i o n s  in  s e d i m e n t s  o f  s p e c i f i c  v o lu m e ,  a n d  in  t h e
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a b s e n c e  o f  s t u d i e s  o n  l i v i n g  f o r a m i n i f e r a ,  t h e  f a u n a l  
a s s e m b la g e s  p r e s e n t e d  s h o u ld  b e  c o n s id e r e d  a s  o n l y  
a p p r o x im a t e .  I t  is  a ls o  r e a l is e d  t h a t  m a n y  s p e c ie s  w h i c h  
o c c u r  s p a r i n g l y  h a v e  b e e n  u n d u l y  o v e r e m p h a s iz e d  a s  
in d i c a t o r s  o f  e n v i r o n m e n t .  N e v e r t h e le s s ,  t h i s  p a p e r  
p r e s e n t s ,  in  t h e  o p i n i o n  o f  t h e  a u t h o r s ,  a  f a i r l y  d e p e n 
d a b l e  a p p r o x im a t i o n  t o  t h e  t r u e  c o n d i t i o n s .  W h e n  m o r e  
d e t a i le d  s t u d i e s  a re  u n d e r t a k e n  in  t h e  f u t u r e ,  s o m e  o f  
t h e  s p e c ie s  a r e  b o u n d  t o  b e  r e c o g n is e d  a s  t y p i c a l  z o n e  
g u id e s .  I t  is  h o p e d ,  h o w e v e r ,  t h a t  t h e  z o n a l  p a t t e r n  
d e s c r ib e d  a b o v e  m a y  h e lp  in  t h e  r e c o n s t r u c t i o n  o f  t h e  
p a le o g e o g r a p h y  a n d  in  i d e n t i f y i n g  t h e  L a te  T e r t ia r y  
s h o r e  l in e s ,  t h e  r e c o g n i t i o n  o f  w h i c h  is  v e r y  im p o r t a n t  
in  o u r  q u e s t  f o r  o i l  in  t h e  B e n g a l  B a s in  a n d  o t h e r  
T e r t i a r y  b a s in s  a l o n g  t h e  e a s t  c o a s t  o f  I n d ia .
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APPENDIX
Taxonomic notes on species identified to  the generic level

Q u in q u e lo cu lin a  sp.

Plate 1. figure 1

D e s c r ip t io n :  T h e  s u b o v a l  t e s t  is  s l i g h t l y  lo n g e r  t h a n  
b r o a d  a n d  is  s u b t r i a n g u l a r  in  a p e r t u r a l  v i e w .  F iv e  q u i n -  
q u e l o c u l i n e  c h a m b e r s ,  f o u r  e x p o s e d  o n  o n e  s id e  o f  t h e  
t e s t  a n d  t h r e e  o n  t h e  o t h e r ,  a re  v i s i b l e  e x t e r n a l l y .  T h e  
a r c u a t e  c h a m b e r s  a r e  l o n g e r  t h a n  b r o a d  a n d  a re  b r o a d 
e s t  in  t h e  m i d d le ,  b e c o m in g  n a r r o w e r  t o w a r d s  t h e  e n d s .  
T h e  d e p r e s s e d  s u t u r e s  a r e  i n d i s t i n c t  in  s o m e  s p e c im e n s  
b u t  in  t h e  m a j o r i t y  a r e  d i s t i n c t .  T h e  p e r ip h e r y  is  h i g h l y  
r o u n d e d .  T h e  t h i c k  p o r c e l l a n e o u s  w a l l  is  p o l i s h e d  a n d  
s h in in g ,  a n d  is  o r n a m e n t e d  w i t h  n u m e r o u s  e v e n ly  
a r r a n g e d  l o n g i t u d i n a l  c o s t a e  u p o n  e a c h  o f  w h i c h  a r o w  
o f  v e r y  s h a r p ' t o  s o m e w h a t  b l u n t  c o n i c a l  s p in e s  is  
p r e s e n t .  A  la r g e  c i r c u la r  a p e r t u r e  is  s i t u a t e d  a t  t h e  e n d  o f  
a  s h o r t  n e c k ,  a n d  h a s  a t h i c k  l i p  a n d  a  t h i c k  s im p le  t o o t h ,  
b r o a d e n i n g  d i s t a l l y  a n d  s o m e t im e s  p r o j e c t i n g  s l i g h t l y  
a b o v e  t h e  l ip .

D im e n s io n s :  L e n g t h  0 . 5  m m . ,  b r e a d t h  0 . 4 8  m m . ‘, t h i c k 
n e s s  0 . 3  m m .

D is t r ib u t io n :  P r e s e n t  s p a r i n g l y  in  a  m a j o r i t y  o f  t h e  s u r 
f a c e  s e d i m e n t  s a m p le s .

R e m a rk s :  T h e  s p e c ie s  h a s  s o m e  r e s e m b la n c e  t o  Q . 

s e m in u lu m  b u t  d i f f e r s  f r o m  i t  in  h a v i n g  v e r y  p r o m i n e n t  
o r n a m e n t a t i o n .

M a ss ilin a  sp.

Plate 1, figure 2

D e s c r ip t io n :  T h e  n e a r ly  o v a l  t e s t  is  a l m o s t  t h r e e  t i m e s  a s  
l o n g  a s  b r o a d ,  q u i n q u e lo c u l i n a  in  t h e  e a r ly  s t a g e s ,  la t e r  
w i t h  t h e  c h a m b e r s  a d d e d  in  o n e  p la n e ,  in  s id e  v i e w  s u b 
r o u n d e d ,  a n d  n a r r o w  in  e n d  v ie w .  T h e  la s t  t w o  c h a m 
b e r s  a re  h a l f  o f  a  c o i l  in  l e n g t h  a n d  e q u a l l y  b r o a d  
t h r o u g h o u t ,  t h e  la s t  c h a m b e r  p r o j e c t i n g  a t  e i t h e r  e n d  o f  
t h e  t e s t .  T h e  d i s t i n c t  s u t u r e s  a re  d e p r e s s e d .  P e r ip h e r y  
r o u n d e d .  W a l l  s m o o t h .  A p e r t u r e  e l o n g a t e ,  a t  t h e  e n d  o f  
a  n e c k  o f  m o d e r a t e  l e n g t h ,  a n d  u s u a l l y  w i t h  a  s im p le  
t o o t h .

D im e n s io n s :  L e n g t h  1 . 3 - 1 . 5  m m . ,  b r e a d t h  0 . 3 5  m m . ,  
t h i c k n e s s  0 . 2 8  t o  0 . 3 5  m m .

D is t r ib u t io n :  P r e s e n t  o n l y  in  s a m p le  3 0 1  in  t r a c e s .

S p iro lo c u lin a  sp.

Plate 1, figure 3

D e s c r ip t io n :  T h e  o v a l  t o  s u b c i r c u la r  t e s t  is  a b o u t  1 'A t o  
V A  t i m e s  a s  l o n g  a s  b r o a d ,  s l i g h t l y  b i c o n c a v e  in  t h e  
la t e r  s t a g e s ,  a n d  la t e r a l l y  c o m p r e s s e d .  T h e  t w o  e n d s  
p r o j e c t  s l i g h t l y .  T h e  c h a m b e r s  a r e  l o n g e r  t h a n  b r o a d ,  
a r c u a t e ,  a n d  e q u a l  in  b r e a d t h  f r o m  o n e  e n d  t o  t h e  o t h e r .  
T h e  la t e r  c h a m b e r s  r a p id l y  in c r e a s e  in  s iz e .  T h e  e d g e s  o f  
t h e  la s t  t w o  c h a m b e r s  s t a n d  o u t  s l i g h t l y  a b o v e  t h e  p r e 
c e d i n g  c h a m b e r s .  A n  e x t e r n a l  a r e n a c e o u s  la y e r  is  
p r e s e n t  o n  t h e  f i n a l  c h a m b e r .  T h e  c h a m b e r 's  t h i c k n e s s  
i n c r e a s e s  f r o m  t h e  i n n e r  m a r g i n  t o  n e a r  t h e  o u t e r .  T h e  
d e p r e s s e d  s u t u r e s  a r e  i n d i s t i n c t  in  t h e  i n i t i a l  s t a g e s  b u t  
d i s t i n c t  in  t h e  la t e r  s ta g e s .  T h e  b r o a d  p e r ip h e r y  is  c o n 
c a v e  w i t h  a n g u la r  e d g e s .  T h e  p o r c e l l a n e o u s  w a l l  is  
o p a q u e  a n d  r o u g h  d u e  t o  t h e  p r e s e n c e  o f  m i n u t e  p i t s .  
T h e  c i r c u la r  a p e r t u r e  h a s  a  s h o r t  c y l i n d r i c a l  n e c k ,  a  l i p ,  
a n d  a  s h o r t  b l u n t  t o o t h .

P L A T E  1
1 Q u in q u e lo c u l in a  s p .

X 1 3 0 .  a , c ,  o p p o s i t e  s id e  v ie w s  ; b ,  a p e r t u r a l  v i e w .
2  M a s s i l in a  s p .

* 3 5 .  S id e  v ie w .
3  S p ir o lo c u l in a  s p .

* 1 3 0 .  a , s id e  v i e w ;  b ,  a p e r t u r a l  v i e w .
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D im e n s io n s :  L e n g t h  0 . 8 5  m m . ,  b r e a d t h  0 . 6 5  m m . ,  
t h i c k n e s s  0 . 1 7  m m .

D is t r ib u t io n :  P r e s e n t  in  s u r f a c e  s e d i m e n t s  o n l y  ( s a m p le s  
3 0 1 ,  3 0 2  a n d  3 0 7 ) .

R e m a rk s :  T h e  i n i t i a l  c h a m b e r s  a r e  c o m p l e t e l y  c o v e r e d  
w i t h  f i n e ,  p i t t e d  c a lc a r e o u s  m a t e r ia l ,  a n d  t h e  f i n a l  
c h a m b e r  is  c o v e r e d  w i t h  a n  a r e n a c e o u s  la y e r .  B u t  f o r  
t h e s e  d i f f e r e n c e s  t h i s  s p e c ie s  is  q u i t e  s im i l a r  t o  S p ir o 

l o c u l in a  c o s t i fe r a  C u s h m a n .

T r ilo c u lin a  sp. A

Plate 2, figure 1

D e s c r ip t io n :  T h e  e l o n g a t e  t e s t  is  a b o u t  t w o  t i m e s  lo n g e r  
t h a n  b r o a d  a n d  s u b t r i a n g u l a r  in  a p e r t u r a l  v i e w .  T h r e e  
t r i l o c u l i n e  c h a m b e r s ,  t h r e e  e x p o s e d  o n  o n e  s id e  o f  t h e  
t e s t  a n d  t w o  o n  t h e  o t h e r ,  a r e  v i s i b l e  e x t e r n a l l y .  T h e  
g e n t l y  c u r v e d  c h a m b e r s  a r e  l o n g e r  t h a n  b r o a d  a n d  a r e  
n e a r ly  e q u a l  in  w i d t h  f r o m  o n e  e n d  t o  t h e  o t h e r .  T h e  
m i d d le  c h a m b e r  is  c e n t e r e d  w e l l  a b o v e  t h e  o t h e r  t w o  
c h a m b e r s .  T h e  s l i g h t l y  d e p r e s s e d  s u t u r e s  a r e  s o m e w h a t  
i n d i s t i n c t .  T h e  p e r ip h e r y  is  s u b r o u n d e d .  T h e  t h i c k  c a l 
c a r e o u s  w a l l  is  p o l i s h e d  a n d  s h i n i n g ,  o r n a m e n t e d  w i t h  
n u m e r o u s  s l i g h t l y  r a is e d  l o n g i t u d i n a l  c o s t a e  i n c l i n e d  t o  
t h e  l o n g e r  a x is  o f  t h e  t e s t  a n d  c u r v i n g  i n t o  t h e  i n n e r  s id e  
o f  t h e  c h a m b e r s .  T h e s e  c o s t a e  a r e  n o t  d i s t i n c t  o n  t h e  
e a r l ie s t  c h a m b e r  v i s i b le .  T h e  a p e r t u r e  is  a  la r g e  a n d  w i d e  
s l i t l i k e  o p e n i n g  c u t t i n g  i n t o  t h e  c h a m b e r  o n  b o t h  s id e s .  
T o o t h  a b s e n t .

D im e n s io n s :  L e n g t h  1 .1  m m . ,  b r e a d t h  0 . 5 4  m m . ,  t h i c k 
n e s s  0 . 2 5  m m .

D is t r ib u t io n :  P r e s e n t  o n l y  in  t h e  l o w e r  s e c t i o n  o f  t h e  
c o r e .

R e m a r k s :  T h e  s p e c ie s  is  s o m e w h a t  s im i la r  t o  T . o b lo n g a  

a n d  T . r u p e r t ia n a ,  b u t  d i f f e r s  f r o m  t h e  f o r m e r  in  t h e  
a b s e n c e  o f  a n y  t o o t h  a n d  in  h a v i n g  s u r f a c e  o r n a m e n t a 
t i o n ,  a n d  f r o m  t h e  l a t t e r  in  t h e  a b s e n c e  o f  p i t l i k e  s u r -  
f i c i a l  o r n a m e n t a t i o n .

D is t r ib u t io n :  P r e s e n t  in  t r a c e s  in  t h e  c o r e  s a m p le s  P s 
a n d  Pe.

R e m a rk s :  T h e  s p e c ie s  d i f f e r s  f r o m  T r i lo c u lin a  t r ig o n u la  

in  t h e  p o s i t i o n  o f  t h e  a p e r t u r e .

T r ilo c u lin a  sp. C

Plate 2, figure 3

D e s c r ip t io n :  T e s t  in  t h e  a d u l t  w i t h  t h r e e  v i s i b le  c h a m 
b e r s ,  s u b g l o b u l a r  in  s h a p e ,  n e a r ly  e q u a l  in  l e n g t h ,  w i d t h  
a n d  t h i c k n e s s .  A l l  t h r e e  c h a m b e r s  a p p e a r  o n  o n e  s id e  o f  
t h e  t e s t  a n d  o n l y  t w o  o n  t h e  o t h e r  s id e .  C h a m b e r s  
s l i g h t l y  l o n g e r  t h a n  b r o a d ,  b e a n - s h a p e d  a n d  e q u a l  in  
w i d t h  f r o m  o n e  e n d  t o  t h e  o t h e r .  T h e  s u t u r e s  a r e  d e 
p r e s s e d  a n d  i n d i s t i n c t .  T h e  p e r ip h e r a l  a n g le s  a r e  
r o u n d e d .  T h e  t h i c k  c a lc a r e o u s  w a l l  is  d u l l  a n d  in  s o m e  
c a s e s  o r n a m e n t e d  w i t h  f a i n t  l o n g i t u d i n a l  c o s t a e .  T h e  
a p e r t u r e  is  c i r c u l a r  w i t h  a  b r o a d  b i f i d  t o o t h .

D im e n s io n s :  L e n g t h  0 . 4 5  m m . ,  b r e a d t h  0 . 4 5  m m . ,  
t h i c k n e s s  0 . 4 5  m m .

D is t r ib u t io n :  P r e s e n t  o n l y  in  t h e  c o r e  s a m p le  Pe.

R e m a rk s :  V e r y  c lo s e  t o  T . in s ig n is ,  b u t  t h e  c o s t a e  a r e  n o t  
s o  s t r o n g  a s  in  T . in s ig n is ,  a n d  t h e  a p e r t u r e  is  v e r y  b r o a d  
w i t h  t h e  t o o t h  o c c u p y i n g  a l m o s t  a l l  o f  t h e  a re a .

O p h th a lm id iu m  sp.

Plate 2, figure 4

D e s c r ip t io n :  T e s t  p l a n is p i r a ! ,  e v o l u t e ,  c i r c u la r ,  m u c h  
c o m p r e s s e d ,  c o n s i s t i n g  o f  a  g l o b u la r  s e m i t r a n s p a r e n t  
p r o l o c u l u m ,  f o l l o w e d  b y  a  s e c o n d  c h a m b e r  f o r m i n g  t w o  
c o i l s ,  f o l l o w e d  b y  c h a m b e r s  r e l a t i v e l y  s h o r t e r  in  l e n g t h ,  
g r a d u a l l y  b e c o m in g  a  h a l f  c o i l  in  l e n g t h  in  t h e  f i n a l  
s t a g e .  C h a m b e r s  n e a r ly  c i r c u l a r  in  t r a n s v e r s e  s e c t io n .  
D e p r e s s e d  s u t u r e s  s o m e w h a t  i n d i s t i n c t .  P e r ip h e r a l  
m a r g i n  s u b r o u n d e d .  N u m e r o u s  m i n u t e  p i t s  p r e s e n t  o n  
t h e  p o r c e l l a n e o u s  w a l l .  A p e r t u r e  s im p le ,  w i t h o u t  l i p  o r  
t o o t h .

T r ilo c u lin a  sp. B

Plate 2, figure 2

T h e  s u b o v a l  t e s t  is  s l i g h t l y  l o n g e r  t h a n  b r o a d  a n d  h a s  ^ 
t h r e e  e x t e r n a l l y  v i s i b le  t r i l o c u l i n e  c h a m b e r s .  T r i a n g u la r  
in  a p e r t u r a l  v i e w .  T h e  a r c u a t e  c h a m b e r s  a r e  l o n g e r  t h a n  ^

b r o a d ,  b r o a d e s t  a t  t h e  m i d d le ,  a n d  h i g h l y  i n f l a t e d .  
S u t u r e s  d i s t i n c t  a n d  d e p r e s s e d .  P e r i p h e r y  s u b r o u n d e d  g
o r  b l u n t .  T h e  t h i c k  c a lc a r e o u s  w a l l  is  d u l l .  A p e r t u r e  a 
t r i a n g u l a r  t o  s u b c i r c u l a r  o p e n i n g  w i t h  a  l o n g  b r o a d  ^
t o o t h  b i f i d  a t  t h e  e n d .

D im e n s io n s :  L e n g t h  0 . 6 2  m m . ,  b r e a d t h  0 . 5 4  m m . ,  5
t h i c k n e s s  0 . 5 4  m m .

P L A T E  2
T r i lo c u l in a  s p .  A  
x 9 7 . 5 .  a , c ,  o p p o s i t e  s id e  v i e w s  ; b ,  a p e r t u r a l  v ie w .  
T r i lo c u l in a  s p .  B
x 9 7 . 5 .  a , c ,  o p p o s i t e  s id e  v ie w s  ; b ,  a p e r t u r a l  v ie w .  
T r i lo c u l in a  s p .  C
X 9 7 . 5 .  a , c ,  o p p o s i t e  s id e  v i e w s  ; b ,  a p e r t u r a l  v ie w .  
O p h t h a lm id iu m  s p .  
x 2 2 . 5 .  S id e  v i e w .
L a g e n a  s p .
X 9 7 . 5 .  a ,  s id e  v i e w  ; b ,  a p e r t u r a l  v ie w .
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D im e n s io n s :  D ia m e t e r  a b o u t  1 . 4  m m .

D is t r ib u t io n :  P r e s e n t  in  t r a c e s  o n l y  in  s a m p le  3 0 1 .

Lagena  sp.

Plate 2. f ig u re  5

D e s c r ip t io n :  T h e  e l o n g a t e  u n i l o c u l a r  t e s t  h a s  a  s l i g h t l y  
c o m p r e s s e d  r o u n d e d  b a s e .  T h e  a p e r t u r a l  e n d  is  e x 
t e n d e d  i n t o  a  s h o r t  r o u n d e d  n e c k  w i t h  .a  f l a r i n g  l i p .  T h e  
t h i c k  o p a q u e  w a l l  is  s m o o t h  b u t  in  s o m e  c a s e s  o r n a 
m e n t e d  w i t h  s l i g h t l y  r a is e d  c o n t i n u o u s  l o n g i t u d i n a l  
c o s t a e ,  v a r y i n g  in  n u m b e r  f r o m  v e r y  f e w  t o  n u m e r o u s .  
T h e  a p e r t u r e  is  a m o d e r a t e l y  la r g e  c i r c u l a r  o p e n in g  a t  
t h e  e n d  o f  t h e  r o u n d e d  n e c k .

D im e n s io n s :  L e n g t h  0 . 4 2  m m . ,  b r e a d t h  0 . 1 7  m m .

D is t r ib u t io n :  P r e s e n t  s p a r i n g l y  in  a lm o s t  a l l  o f  t h e  s u r 
f a c e  s e d i m e n t  s a m p le s  a n d  in  s a m p le  Pe o f  t h e  c o r e .

R e m a r k s :  T h e  s p e c ie s  is  s o m e w h a t  s im i l a r  t o  L . la e v is  

b u t  d i f f e r s  f r o m  i t  in  h a v i n g  a  v e r y  w i d e  n e c k  a n d  l o n g i 
t u d i n a l  c o s t a e .

B o liv in a  sp.

Plate 3, figure 1

D e s c r ip t io n :  T h e  e l o n g a t e  t e s t  is  c o m p r e s s e d  in  t h e  
i n i t i a l  s t a g e s ,  t a p e r s  r a p id l y  t o  t h e  b l u n t l y  r o u n d e d  
in i t i a l  e n d ,  a n d  b e c o m e s  b r o a d e r  t o w a r d  t h e  a p e r t u r a l  
e n d .  T h e r e  a r e  a b o u t  1 8 - 2 0  b i s e r ia l l y  a r r a n g e d  c h a m 
b e r s ,  b r o a d e r  t h a n  h i g h ,  o b l i q u e  t o  t h e  p e r ip h e r y  a n d  
r a p id l y  in c r e a s i n g  in  s iz e  in  t h e  e a r ly  s t a g e s ,  h i g h l y  i n 
f l a t e d  in  t h e  la t e r  s t a g e s .  T h e  s u t u r e s  a r e  s l i g h t l y  i n 
c l i n e d  t o  t h e  lo n g e r  a x is  o f  t h e  t e s t  a n d  a l m o s t  f l u s h  
w i t h  t h e  s u r f a c e  o r  s l i g h t l y  l i m b a t e  in  t h e  e a r ly  c o m 
p r e s s e d  s t a g e s ,  d i s t i n c t  a n d  d e p r e s s e d  in  t h e  la t e r  
s t a g e s .  T h e  p e r ip h e r y  is  a c u t e  in  t h e  c o m p r e s s e d  p o r 
t i o n .  r o u n d e d  a n d  lo b u la t e  in  t h e  la t e r  p o r t i o n .  T h e  t h i n  
t r a n s l u c e n t  w a l l  is  f i n e l y  p e r f o r a t e .  T h e  e l o n g a t e  l o o p 
s h a p e d  a p e r t u r e  e x t e n d s  t o  t h e  s u t u r e  a t  t h e  e n d  o f  t h e  
f i n a l  c h a m b e r .

D im e n s io n s :  L e n g t h  0 . 2 3  m m . ,  b r e a d t h  0 . 1 2  m m . ,  
t h i c k n e s s  0 . 0 6  m m .

D is t r ib u t io n :  P r e s e n t  in  t h e  l o w e r  h a l f  o f  t h e  c o r e  a n d  
a l s o  in  s u r f a c e  s e d i m e n t  s a m p le s  3 0 3  a n d  3 0 7 .

R e m a r k s :  T h e  s p e c ie s  is  s o m e w h a t  c lo s e  t o  B . s e m in u d a  

b u t  is  b i g g e r ,  le s s  i n f l a t e d ,  a n d  b r o a d e r  a t  t h e  a p e r t u r a l  
e n d -, a n d  h a s  o b l i q u e  s u t u r e s  a n d  m o r e  c h a m b e r s .

G lo b ig e rin o id e s  sp.

Plate 3, figure 2

D e s c r ip t io n :  T h e  l o w - s p i r e d  t r o c h o i d  t e s t  c o n s is t s  o f  
2  t o  3  w h o r l s .  I n  t h e  e a r ly  w h o r l s  t h e  s m a l l  s u b g l o b u l a r

c h a m b e r s  a r e  le s s  d i s t i n c t ,  w h i l e  t h e  f i n a l  w h o r l  c o n 
s is t s  o f  f o u r  la r g e  h i g h l y  g l o b u l a r  c h a m b e r s .  T h e r e  
e x is t s  a  s m a l l ,  f l a p l i k e ,  h i g h l y  i n f l a t e d  s u p p le m e n t a r y  
c h a m b e r  o n  t h e  v e n t r a l  s id e ,  c o v e r in g  a l m o s t  t h e  e n t i r e  
u m b i l i c a l  r e g io n .  T h e  o t h e r  c h a m b e r s  v e r y  r a p id l y  
in c r e a s e  in  s iz e .  T h e  r o u n d e d  p e r ip h e r y  is  l o b u la t e .  T h e  
t h i n  c a lc a r e o u s  w a l l  is  p e r f o r a t e .  T h e  u m b i l i c u s  is  s o m e 
w h a t  d e p r e s s e d .  T h e  a p e r t u r e  is  a . la r g e  a r c h e d  o p e n in g  
i n t o  t h e  u m b i l i c u s  a t  t h e  b a s e  o f  t h e  f i n a l  la r g e  c h a m b e r  
a n d  is  c o v e r e d  b y  t h e  s u p p le m e n t a r y  s m a l l  c h a m b e r ,  
w h i c h  h a s  a  s im i la r  a p e r t u r e .  T h e r e  a r e  a  n u m b e r  o f  
s u p p le m e n t a r y  a p e r t u r e s  a t  t h e  b a s e  o f  e a c h  c h a m b e r  
o n  t h e  s p i r a l  s id e .

D im e n s io n s :  D ia m e t e r  0 . 2 5  t o  0 . 3  m m .

D is t r ib u t io n :  A b s e n t  in  t h e  s u r f a c e  s e d i m e n t  s a m p le s .  
P r e s e n t  t h r o u g h o u t  t h e  e n t i r e  l e n g t h  o f  t h e  c o r e .

R e m a r k s :  S o m e  s p e c im e n s  a r e  d i s c o lo u r e d  b la c k .  T h e  
r e s t  a r e  w e l l  p r e s e r v e d ,  a n d  o c c u r  in  s i g n i f i c a n t  n u m b e r s .

O p e rcu lin e lla  sp.

Plate 3, figure 3

D im e n s io n s :  L e n g t h  1 . 2 5  m m . ,  b r e a d t h  1 . 2  m m . ,  t h i c k 
n e s s  0 . 4  m m .

A s te r ig e r in a  sp.

D im e n s io n s :  D ia m e t e r  0 . 6 5  m m .

A s  t h e  s p e c im e n s  o f  t h e  la s t  t w o  s p e c ie s  a r e  h e a v i l y  
o o l i t i c a l l y  c o a t e d ,  i t  is  p r a c t i c a l l y  im p o s s ib l e  t o  d e s c r ib e  
t h e i r  m o r p h o l o g i c a l  f e a t u r e s  a c c u r a t e ly .  N e i t h e r  o f  t h e m  
h a s  b e e n  r e c o g n is e d  in  t h e  c o r e ,  a n d  t h e y  s e e m  t o  b e  
p r e s e n t  o n l y  in  t h e  o u t e r  s h e l f  s e d im e n t s .
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Reprinted from Geologischen Rundschau, Band 60, 1970, p. 264-275

Geologische Untersuchungen an Sedimenten des 
indisch-pakistanischen Kontinentalrandes 

(Arabisches Meer)
W . S c h o t t ,  U. v o n  S t a c k e l b e r g ,  F.-J. E c k h a r d t ,  B. M a t t i a t ,

J. P e t e r s  & B. Z o b e l ,  H annover *)

Z usam m enfassung

M it Sedim entm aterial, das von dem  Forschungsschiff „M eteor“ u n d  dem  pak i
stanischen Fischereiforschungskutter „M achhera“ gesam m elt w urde, sollten die 
A blagerungsbedingungen au f dem  M eeresboden des indisch-pakistanischen Kon
tinen talrandes e rfaß t u n d  u n ter anderem  festzustellen versucht w erden, wo die 
Schlam m assen des In d u s auf dem  M eeresboden des Arabischen M eeres w ied er
zufinden sind  (Abb. 1).

E nge B eziehungen zwischen den  ozeanographischen V erhältnissen im  W asser- 
raum  (Chem ism us u n d  Ström ungen) u n d  d e r A usbildung d e r Sedim ente konnten  
erk an n t w erden. Rhythm isch gebänderte  Sedim ente auf dem  oberen  K ontinental
abhang  spiegeln  d ie  w eitreichenden A usw irkungen des M onsunwechsels w ider. 
Indusm ateria l ist bis w e it in  d ie  T iefsee zu verfolgen. D ie  T onm ineralien  zeigen 
von d e r K üste zur T iefsee u n d  auch m it zunehm ender T eu fe  in d en  Sedim ent

*) Anschrift de r Verfasser: Prof. Dr. W . S c h o t t ,  Dr. U. v o n  S t a c k e l b e r g ,  Dr. 
F .-J. E c k h a r d t ,  J. P e t e r s ,  D r. B. Z o b e l ,  B undesanstalt fü r Bodenforschung, 
D -3 H annover-B uchholz, Postfach 54; D r. B. M a t t i a t ,  Niedersächsisches L andes
am t fü r Bodenforschung, D -3 H annover-B uchholz, Postfach 54.
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kernen  d ie  T endenz: „D etritu s“ (Chlorit, M uskovit, Illit) —  „Zersatz“ (M ont- 
m orrillonit, m ixed layer-M inerale) —  „R ückbildung“ (Illit).

D ie  lio stra tig raph ische  B earbeitung, kom biniert m it d en  E rgebnissen  einiger 
C 14-D atie rungen  e rg ib t u. a. Sedim entationsraten  bis zu  >  50 cm/1000 Jah re  am 
oberen  K ontinen talabhang  abnehm end  au f ca. 1 cm /1000 Jah re  im  offenen Ozean. 
D ie  F aunenzusam m ensetzung  erw eist das V orhandensein  eines holozänen Klima
optim um s.

D ie  geochemische U ntersuchung d e r jungen  Porenw ässer zeigt, d aß  diese sehr 
schnell d ie Z usam m ensetzung fossiler Form ationsw ässer erreichen können (siehe 
V. M a h c h i g ,  i. d. Bd.).

A bstract

From  th e  R./V. “ M eteor” and  th e  Pakistan  F./V . “ M achhera” sedim ents from 
th e  Ind ian-P akistan  continental m arg in  have  b een  investigated  in  o rder to 
d e lineate  th e  facies d istribu tion  of th e  recen t deposits. O ne of several objectives 
o f this s tu d y  w as to  find ou t how  fa r th e  suspended  m ateria l of th e  Indus R iver is 
being  transported  in to  th e  A rabian  Sea.

A close genetic  relationship  was recognised b e tw een  th e  oceanographic con
d itions o f th e  w ater masses (chem istry and  currents) and  th e  characteristics of the 
sedim ents. T h e  activ ity  o f th e  m onsoons is reflected b y  th e  rhy thm ic lam ination 
o f th e  sedim ents o f th e  u p p e r con tinen tal slope. T h e  suspended  m atte r from  
th e  Indus R iver can  b e  traced  far in to  th e  A rabian  Sea. T h e  clay m inerals show 
th e  follow ing tendency  from  litoral to  abyssal regions and  from  th e  top of the  
cores dow nw ard : d e trita l clay m inerals (chlorite, m uscovite, illite) —  degraded  
clay m inerals (m ontm orillonite, m ixed-layer m inerals) —  “re-form ational ’ m ine
rals (illite).

T h e  b iostratig raphic  investigation  of th e  sedim ents com bined w ith  several C o 
dâtes results in  sed im entation  rates from  >  50 cm/1000 years a t th e  u p p e r con
tin en ta l slope decreasing to abou t 1 cm/1000 years in  th e  open ocean. T h e  faunal 
com position proves th e  existence of a  clim atic optim um  du rin g  p a r t  o f th e  
H olocene. T h e  geochemical investigation  of th e  recen t pore  fluids dem onstrates 
th a t th e ir com position very soon assum es th e  characteristics of fossil in terstitia l 
w aters (cf. V. M a r c h i g ,  in this vol.).

T h e  results will b e  published  in  “ M eteor”-Forschungsergebnisse, R eihe C.

Résum é

L a tâche à rem plir consista à saisir les conditions d e  sédim entation  au  fond 
d e  la  m er dans la zone bord ière  du  talus con tinen ta l indo-pakistanais en  se ser
van t des échantillons de  séd im entation  recueillis p a r  le navire d ’exploration 
«M eteor» e t p a r le cu tte r d e  pêche e t de  recherche scientifique pakistanais 
«M achhera» et, en tre  autres, à ten te r de  déterm iner où les masses de  boue  de 
l’Indus se re trouvent su r le fond  de la M er d ’Om an.

I l  fu t possible de  reconnaître  des relations étroites existant en tre  les conditions 
océanographiques (chimisme e t courants) e t  la  fo rm ation  des séd im en ts.. Des 
sédim ents rubanés à  stratification fine su r le talus con tinen tal supérieur reflètent 
les effets d ’alternance des moussons. Il est possible d e  suivre les sédim ents de  
l’Indus ju sq u ’à une  g rande  d istance dans les profondeurs d e  l’océan. Avec 
l’élo ignem ent d a  la cô te  et, dans les carottes, avec l’augm entation  de la  p rofon
d eu r d e  p rélèvem ent les m inéraux argileux m on tren t la  tendance  suivante: 
«m atériel détritique» (chlorite, m uscovite, illite) —  «m atériel de  décom position

26S

7 7 1



chim ique» (m ontm orillonite, m inéraux de  couches mixtes) — «m atériel d e  re 
com binaison m inéralogique» (illite).

L ’é tu d e  b iostra tig raph ique  com binée aux résultats de  quelques déterm inations 
radiom étriques au  14C donne, en tre  autres, des taux d e  séd im entation  ju sq u ’à 
>  50 cm/1.000 ans au talus con tinen ta l supérieur —  taux q u i vont décroissant 
ju squ’à  environ 1 cm/1.000 ans en p lein  océan. L a com position fau n iq u e  prouve 
l’existence d ’une phase  clim atique optim um  à l’Holocène.

L ’analyse géochim ique des eaux interstitielles récentes m ontre  q u e  celles- 
ci peuven t a tte indre , dans uns délai assez bref, la  com position des eaux fossiles. 
(V. M a r c h i g ,  en ce tome).

L a pub lica tion  des résultats est p révue  dans les «M eteor» Forschungsergeb
nisse, Ser. C.

KpaTRoe cogepacaHne

3 K c n e g n q H e f t  „ M eteo r“  h  „M ach h era“  6 b i .n n  b 3 H t m  n p o G u  c O T J io w e H ii i i  
M o p c K o r o  a h  a H H g H f tC K O -n a K H C T a H C K o ro  K O H T W H e H T a j ib H o ro  C K J io H a .  —  O t -  
M e n a e T C H  T e c H a n  c b h s l  M e a s g y  T H g p o g M H a M H H e c K M M  p e a c i iM O M  B O A o e s ia  ( x h m h 3 m  

b o a m  h  H a n p a B J i e H H e  t c i c h h h ) h  o 6 p a 3 0 B a H H e M  o c a g K O B .  P H T M H H H b ie  c j i o h  h x  

b  B e p x H e t i  a a c T H  K O H T H H e H T a jib H o r o  C K JiO H a  o T p a n c a i o T  B J iH H H iie  n 3 M e H e H H H  
M O H c y M a . C h o c h h ö  M a T e p n a a  p e n n  H h a  y g a e r c n  n p o c J i e g H T b  go r J iy f ÎH H  
O K e a H a .  —  B u o c T p a T u r p a c j i H 'i e c K H e  H C c j ie g o B â H H H  h  g a T u p o B K a  n o  C 14 y c T a H O -  
B H JiH  C K O p o c T b  H a K o n J ie H H H  o c a g K O B  b  3 T 0 M  p a ü O H e  >  5 0  c m / 1 0 0 0  j i e T  H a  

B e p x H e M  K p a e  K O H T H H e H T a j ib H o r o  C K J io H a ,  h  g o  1  c m / 1 0 0 0  J ie T  b  o t k p m t o m  

O K e a H e .  C o c T a B  ( j> a y H H  y i t a a b r a a e T  H a  K JiH M aT H M eC K H Ü  o n T H M y M  b  r o J i o p e H e .  —  

1 ’  e  O X  H  M I I  4  e  C  K H  e  H C C J ieg O B a H H H  n O p O B b lX  B O g  g O K a 3 H B a iO T , UTO OHH O a e H b  
C K O pO  g O C T H ra iO T  ape.T lO C T H  T a K O B b lX  g p e B H H X  ( j lO p M a g H t i .

Einführung

Von W o l f g a n g  S c h o t t ,  H annover 

VortragskuTzfassung m it 1 A bbildung

Auf der ersten Reise des Forschungsschiffes „Meteor“, die 1964/65 im 
Rahmen der Internationalen Indisdien-Ozean-Expedition durchgeführt 
wurde, ist auf 6 Profilen senkrecht zur indisch-pakistanischen Küste Sedi
mentmaterial gesammelt worden, das vor der Indusmündung mit dem 
pakistanischen Fischereiforschungskutter „Machhera“ durch ein gemein
sames deutsch-pakistanisches Untersuchungsprogramm ergänzt wurde 
(Abb. 1).

Die topographischen Verhältnisse des Meeresbodens weisen in diesem 
östlichen Teil des Arabischen Meeres einige markante Unterschiede auf, 
die die Sedimentverteilung beeinflussen. Westlich von Bombay ist der 
Schelf über 500 km breit, westlich von Cochin dagegen nur ca. 70 km. 
Der Meeresboden sinkt dort erst westlich der Lakkadiven bis auf über 
4000 m ab.

Die bearbeitete Meeresregion liegt innerhalb des Monsungebietes mit 
wechselnder Windrichtung, trotzdem ist vor der indisch-pakistanischen 
Küste im Oberflächenwasser vorwiegend eine nach Süden gerichtete kü
stenparallele Meeresströmung vorhanden. Kaltes Auftriebwasser ist vor
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6 5 °  E .  o .  G r .

2 5 ° -Karachi

20°-
Bombay

U n te rsu c h u n g sg e b ie t „M cchhera"

„M eteo i S ta t io n

l \  1 0 ° -  
»Cochin

500 km

Abb. 1. Ü bersichtskarte des U nteisuchungsgebietes. Das „M achhera“-A real u m 
faß t 40 Stationspurikte. D ie  U ntersuchungen m it de r „M achhera“ w u rd en  durch 
A ufsam m lungen von Sedim entproben  im  anschließenden K üstengeb iet e rgänzt 

(siehe punktiertes G eb iet au f dem  Festland).
F ig. 1. Sketch m ap of th e  a rea  o f investigation. Shaded  area: 40 stations 
from  th e  F./V . “ M achhera” . T h e  investigations from  F . V. “ M achhera” have 
b een  supplem ented  by sedim ent sam ples from  th e  neighbouring  beach (see 

shaded  area  on th e  m ain land).
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Cochin und südöstlich von Karachi festgestellt worden. Diese Beobachtun
gen sind für die Deutung der Sedimentationsverhältnisse auf dem Mee
resboden wichtig.

Durch die Bearbeitung des Sedimentmaterials sollte versucht werden, 
vor allem folgendes zu erfassen:

1. Überblick über den Fazieswechsel in den Oberflächensedimenten von 
der Küste bis in die Tiefsee.

2. Klärung der herrschenden Sedimentationsbedingungen.
3. Untersuchung der vertikalen Veränderung der organischen und an

organischen Komponenten der Ablagerungen in den Sedimentkernen.
4. Wo werden die Schlammassen des Indus auf dem Meeresboden des 

Arabischen Meeres sedimentiert?
Die Sedimentverteilung zeigt einen vorwiegend küstenparallelen Fazies

wechsel vom Quarzfeinsand unterhalb der Küste über pleistozäne biogene 
Kalksande im Bereich des äußeren Schelfs zum Globigerinenschlamm der 
Tiefsee.

Eine größere Arbeitsgruppe, die durch die Deutsche Forschungsgemein
schaft in großzügiger Weise unterstützt wurde, hat im Rahmen einer Ge
meinschaftsarbeit die Untersuchungen durchgeführt.

Die folgenden drei kurzen Berichte und der Aufsatz von V. M a r c h i g  

geben einen Einblick in die Ergebnisse, die binnen kurzem in den „Me- 
teor“-Forschungsergebnissen veröffentlicht werden.

Faziesverteilung in Sedimenten des indisch-pakistanischen 
Kontinentalrandes (Arabisches Meer)

Von U. v o n  S t a c k e l b e r g , H annover 

V ortragskurzfassung m it 1 A bbildung

Sedimentkerne und Oberflächenproben von 91 Stationen auf dem in
disch-pakistanischen Schelf, Kontinentalabhang und Kontinentalfuß standen 
für die Untersuchungen zur Verfügung (Abb. 1). Die einzelnen Fa
ziestypen der Sedimente werden vom flachen zum tiefen Wasser der 
Reihe nach behandelt (Abb. 2). Die hierbei geschilderten Verhältnisse gel
ten + für den gesamten indisch-pakistanischen Kontinentalrand.

Auf dem Schelf beobachtet man von der Küste gegen die offene See hin 
folgende Sedimenttypen: Glimmerreicher, nahezu fossilleerer Quarzsand; 
quarz- und glimmerreicher fossilarmer Schlick; ± sandiger Pteropoden- 
schlick; ooidreicher Kalksand (Reliktsediment). Den Kalksand unterlagert 
ein weißer Aragonitschlick. Der Kontinentalabhang wird bedeckt von Bän
derschlick im oberen Teil, olivgrauem Schlick im mittleren und braun
grauem Schlick im unteren Teil. Am Kontinentalfuß findet sich Globige
rinenschlamm. Kalksand und Argonitschlick wurden im flachen Wasser 
während der letzten eiszeitlichen Meeresspiegelabsenkung abgelagert. Sie 
treten heute in Meerestiefen bis zu 160 m auf.
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Wassertiefe 2
g  1 2  3 P 5  m Ui

Quarzsand
,  „ \ - J  r  \ tz a I c  /V IErhaMSand-Gli.-u.Pf.-Schlick Corg. Karb. Scw tf\ foralZ\schaler Koprol. \Pterop

Bänderschlick

OU vg rauer Schlick

Braungrauer Schlick

G/obigermensch/amm

L i i

Abb. 2. Schematischer V ertikalschnitt durch den  indisch-pakistanischen K ontinen talrand . Sauerstoffgehalte  im  M eerw asser u n d  
qualita tive  G ehalte  ausgew äh lter K om ponenten  d e r  O berflächensedim ente.

Fig. 2. Schem atic profile of th e  In d ian -P ak istan  con tinen tal m arg in : O xygen co n ten t o f th e  seaw ater and  q u a lita tiv e  con ten t of
selected  com ponents of th e  surface  sedim ents.



Die Sedimente auf dem Kontinentalabhang und Kontinentalfuß werden 
in ihrer Zusammensetzung und in ihrem Wiihlgefüge wesentlich bestimmt 
durch den Chemismus des Bodenwassers. Eine sauerstoffarme (min. 0,02 
ml/I) Zwischenschicht, die ihre Entstehung einer extrem hohen Produk
tion von organischer Substanz im oberflädiennahen Wasser verdankt, 
prallt in Wassertiefen zwischen 200 und 1500 m gegen den Kontinental
abhang. Sie liefert das sauerstoffarme Milieu für die Bildung der Bänder- 
schlidce. Der Rhythmus der Schichtung im Bänderschlick spiegelt die Aus
wirkungen des Monsunwechsels auf die Sedimentation wider (Sedimen
tationsraten bis zu 1,5 m/1000 Jahre). Im Bereich des olivgrauen Schlicks 
(500—1500 m Wassertiefe) liegt das Maximum der Gehalte an organi
schem Kohlenstoff (max. 9%) sowie an dunklen Kotpillen. Ersteres hat 
seine Ursache einerseits in der starken Anlieferung von organischer Sub
stanz, zum anderen in den günstigen Erhaltungsbedingungen aufgrund des 
Mangels an 0 2 im Bodenwasser. Der unvollständige Zerfall der organi
schen Substanz hat die Entwicklung von NH3 und H2S zur Folge, wodurch 
Kieselorganismen aufgelöst werden, Kalkschaler dagegen besonders gute 
Erhaltung zeigen. Genau entgegengesetzt sind die Verhältnisse unterhalb 
des 0 2-Minimums im Bereich des braungrauen Schlicks, wo unter Einwir
kung von 0 2 die organische Substanz weitgehend zerfällt und C 02 frei 
wird. Hier bestimmen Kieselorganismen und Sandschaler das Bild der 
Sandfraktion. Kalkschalige Foraminiferen sind sehr schlecht erhalten. Im 
braungrauen Schlick beobachtet man eine besonders intensive Bioturba- 
tion. In den Sedimenten des Globigerinenschlamms tendieren die Verhält
nisse wieder mehr zu denen des mittleren Kontinentalabhangs. Offenbar 
war wegen der größeren Entfernung vom Schelf die primäre Anlieferung 
von organischer Substanz nicht mehr so hoch wie im Bereich des braun
grauen Schlicks, so daß sich weniger C 02 entwickelte.

Die Mächtigkeit der Oxydationszone in den Sedimentkernen ist abhän
gig vom 0 2-Gehalt des Bodenwassers (Abb. 2).

Die Normalfazies der Sedimente wird häufig gestört durch die Einlage
rung von gutgeschichteten, gradierten Sanden, die Material vom Schelf 
bzw. oberen Kontinentalabhang enthalten. Diese Turbidite zeigen stets hö
here Kohlenstoffwerte als ihre Umgebung, wobei das Maximum an der 
Basis liegt und die Gehalte nach oben parallel zur Korngröße abnehmen. 
Diese Tatsache stützt die Annahme einer schnellen Sedimentation. Turbi
dite fehlen weitgehend am oberen und mittleren Kontinentalabhang, sie 
erreichen ihr Maximum im Bereich des Kontinentalfußes mit >  50% der 
Gesamtkernlänge. Offenbar durchlaufen die Trübeströme den steileren 
Hang gebündelt in schmalen Rinnen. Erst unterhalb, im flachen Bereich, 
verbreitern sie sich fächerartig.
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Petrographische Untersuchungen an Sedimenten des Indischen Ozeans 
im Bereich der pakistanisch-indischen Westküste
V on F .-J. E c k h a r d t , B. M a t t ia t , J. P e t e r s , H annover 

Vortragskurzfassung m it 1 A bbildung  u n d  1 T abelle

Am Aufbau der Sedimente in unserem Untersuchungsgebiet sind zwei 
in bezug auf ihr Sedimentationsverhalten völlig verschiedenartige Kompo
nenten beteiligt.

1. Vorwiegend silikatische Minerale, die vom Festland durch Fluß- oder 
Windtransport ins Meer gelangten. Ihr Sedimentationsverhalten wird 
beeinflußt durch Korngröße, Komform, durch Oberflächenreaktionen 
mit den Ionen des Meerwassers, durch Strömungs- und Windverhält
nisse und durch das Bodenrelief.

2. Die karbonatische Komponente ist in den von uns untersuchten Sedi
menten bis auf sehr geringe Ausnahmen organogen und gehorcht da
her ganz anderen sedimentologischen Gesetzen.

Kombiniert man für eine stoffliche Gliederung der von uns angetrof
fenen Oberflächensedimente die Kriterien: Korngröße und Karbonat- 
(CaC03-) Gehalt, so ergibt sich von der Küste zur Tiefsee schematisiert 
folgender Aufbau:

1. Küstennaher Mineralsand, stellenweise reich an Glimmer (Biotit).
2. Karbonatarmer, küstennaher Schlick, der sich in Verlängerung der 

Indusmündung über den Kontinentalhang hinaus bis in die Tiefsee 
verfolgen läßt, und der hier im Bereich des Kontinentalfußes weit 
nach Süden reicht.

3. Eine Kalksandzone im Bereich des Außenschelfs.
4. Eine etwas feinerkörnige, karbonatreiche Ubergangszone im Bereich 

des oberen Kontinentalhanges.
5. Karbonatreicher, feinkörniger Schlick im Bereich des Kontinentalan

stiegs (Globigerinenschlamm, stellenweise Pteropodenschlamm).
Die Bestimmung der am Aufbau dieser Sedimente beteiligten Minerale 

erfolgte mit mikroskopischen und röntgenographischen Untersuchungs
methoden. Einige für das großräumige Sedimentationsgeschehen inter
essante Untersuchungsergebnisse sollen hier kurz mitgeteilt werden:

1. Quarzverteilung im nichtkarbonatischen Sedimentanteil: Quarzmaxi- 
ma wurden angetroffen in den Küstensandbereichen und außerhalb 
der Schelfregion in auslaufenden „Fingern“ des Indus-Schuttfächers. 
Interessant ist ferner eine deutliche Abstufung der Quarzgehalte in 
den Sedimenten des Kontinentalanstiegs nach Süden. Auch innerhalb 
des Globigerinenschlamms nehmen die Quarzgehalte in der karbonat
freien Substanz nach Süden ab und pendeln sich im westlichen 
Cochin-Profil auf Werte um 1% ein. Diese Quarzverteilung wird u. E. 
im wesentlichen durch den Indus und die von ihm transportierten 
Schwebstoffe verursacht. Darüber hinaus ist es möglich, daß sie im

2 71

7 7 7



E r g e b n i s s e  s e d i m e n t p e t r o g r a p h i s c h e r  U n t e r s u c h u n g e n

D e c c a n  T r a p p
M o n t  m ..

20°-
=  111 'Bombay

i u a r z  > 1 5 * / .

Mont. -  ML — "Q u a r z  1 0 - 1 5 %

k a r b o n a ta r m e r  S ch lick

[•.••..‘ I S a n d
I--------1 k n r h o n n l r s ic h e r  S ch lick
I l(vorw . G to b ig e r in e n s c h la m m )

k a rb o n a tre ic h e r  s a n d ig e r  S ch lick

K a lk s a n d
Q u a r z  < 1 0 * / .—

¡¡— 10°- 
[C o c / j/n

I l l i tS trb m u n g s r ic h t u n g  
d e s  O b e r f l ä c h e n w a s s e r s

500 km

5°-

"M eteo r"  1 9 6 4 /5 5
B f B - H a n n o v e r  

Dr. M a ttia t

Abb. 3. L ithofaziesverteilung de r O berflächensedim ente.
F ig. 3. L ithofacies d istribu tion  of the  surface sedim ents.

2 7 2

7 7 8



Bereich der nördlichen Arabischen See auch durch äolischen Quarz
transport beeinflußt wird.

2. Die Verbreitung der Tonminerale erlaubt ebenfalls einen Einblick in 
das rezente Sedimentationsgeschehen in diesem Raum.
Im Indusmündungsgebiet und westlich von Karachi finden wir eine 
„Detritus-Zone“, charakterisiert durch die Tonminerale Muskovit und 
Chlorit. Weiter südlich wurde diese „Detritus-Zone“ auch außerhalb 
des Kontinentalabhanges angetroffen (Verdriftung durch südwärts
gerichtete küstenparallele Meeresströmung).
Normalerweise finden wir, ausgehend von dieser „Detritus-Zone“ mit 
zunehmender Entfernung von der Küste, die Abfolge: Muskovit und 
Chlorit -*■ Illit Montmorillonit -»■ Illit. Diese Abfolge ist nach un
seren bisherigen Kenntnissen im marinen Bereich zu erwarten. Illit 
durchläuft eine Phase der K-Abgabe und bildet sich zu Mixed-layer- 
Mineralen und Montmorillonit um. Im Verlauf der weiteren Dia
genese kommt es dann wieder zu K-Aufnahme und Illit-Rückbildung 
aus Montmorillonit.
Abweichend von diesem Schema finden wir in dem küstenparallelen 
Schlickstreifen entlang der Indischen Küste stark quellfähige Ton
minerale, im wesentlichen Montmorillonit, stellenweise auch Mixed- 
layer-Minerale: Chlorit — Montmorillonit. Auch in der Kalksandzone 
sind dies die vorherrschenden Tonminerale. Erst im Bereich des 
Kontinentalanstiegs (Globigerinen-Schlamm) stellt sich dann wieder 
Illit als dominierendes Tonmineral ein. Diese Montmorillonit-Minerale 
können direkt hergeleitet werden aus den Schlammassen, die beson
ders zur Zeit des Sommermonsuns durch Flüsse aus dem Gebiet des 
Deccan-Trapp ins Meer transportiert werden.
Aufgrund der speziellen Oberflächeneigenschaften der sie zusammen
setzenden Minerale werden diese Schlammassen beim Übergang ins 
Meerwasser küstennah ausgeflockt. Durch küstenparallele Meeresströ
mungen werden sie zum Teil südwärts verdriftet.

3. Mikroskopische und elektronenmikroskopische 'Untersuchungen an 
Einzelmineralen des Aragonitschlicks (s. U. v. Sta c k elb e r g ) machen 
eine Flachwasserbildung dieser Aragonitkristalle wahrscheinlich.

4. In einigen Kernen westlich von Cochin wurde in bestimmten Teufen
bereichen vulkanisches Glas angetroffen.
Die optischen und chemischen Analysedaten sind in Tab. 1 wieder-

T abelle  1. Vulkanisches Glas in Sedim enten  des Indischen O zeans 
im  Profil westlich von Cochin 

E i n i g e  c h e m i s c h e  D a t e n :
S i0 2 —  70,0%
AljOj — 11,9%
F e jO j —  0,97%
C aO  —  0,80%
MgO — 0,076%
K jO  —  4,89%
N a20  —  2,93%
H 20  — 5,33%

IS Geologische Rundschau» Bd. 60

S o n s t i g e  D a t e n :  
B rechungsquotient: n  =  1,505 +  0,01 
D  —  2,48 g /cm 3
K om größenm axim um : 30— 70 f i  0
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gegeben. Das Auftreten dieses vulkanischen Glases eröffnete uns 
einige Korrelationsmöglichkeiten in dem betreffenden Gebiet.

Biostratigraphische Untersuchungen an Sedimentkernen aus dem 
Arabischen Meer

Von B a r b a r a  Z o b e l , H annover 

V ortragskurzf assung

Die biostratigraphische Gliederung der Sedimentkerne aus dem Indi
schen Ozean wurde mit planktonischen Foraminiferen durchgeführt. Be
schrieben werden die Ergebnisse, die an den Kernen des südlichen Statio- 
nen-Profils im Bereich zwischen 5—10° N und 66—76° E von der Tief
see auf die indische Westküste vor Cochin zu gewonnen wurden. Die 
Untersuchung ergab, daß die Arten-Zusammensetzung und die vertikale 
Abfolge der planktonischen Foraminiferen-Gemeinschaften im jüngsten 
Quartär in diesem Gebiet des tropischen Indischen Ozeans nicht ohne wei
teres vergleichbar ist mit den bereits gut bekannten Verhältnissen im tropi
schen Atlantischen Ozean. So wurden in Planktonnetzfängen im Unter
suchungsgebiet gewisse Arten planktonischer Foraminiferen lebend gefan
gen (Globoquadrina hexagona; Globorotalia cultrata flexuosa), die im 
Atlantischen Ozean im Holozän nicht mehr beobachtet werden konnten. 
Kaltes Auftriebswasser vor der indischen Westküste verursacht erhebliche 
Änderungen in der Arten-Zusammensetzung der Foraminiferen-Gemein
schaften mit Annäherung an den Kontinentalhang. Die Unterschiede zwi
schen warm- und kühlzeitlichen Faunen sind nicht so ausgeprägt wie im 
Atlantischen Ozean. Aus alledem ergibt sich die zwingende Notwendig
keit, die Arten-Zusammensetzung der planktonischen Foraminiferen-Ge- 
meinschaft im heutigen Oberflächensediment jeweils an der Kernentnahme
stelle als Standard für die Beurteilung klimatisch bedingter Änderungen 
in der vertikalen Faunenabfolge im Sedimentkem zu benutzen. Die 
Angabe „wärmer“ oder „kälter als heute“ bezieht sich auf den %-Gehalt 
der Foraminiferen-Gemeinschaft an Kühlwasserarten auf der h e u t i g e n  
Meeresbodenoberfläche am Stationsort gleichgültig, ob dieser Gehalt 3% 
oder 30% beträgt.

Ein sehr schnell sedimentierter Kern vom oberen Kontinentalhang vor 
Cochin konnte aufgrund seines hohen Gehaltes an Corg nach der UC- 
Methode datiert werden1); außerdem liegen einige brauchbare Einzel
datierungen sowie Vergleichswerte aus der Literatur vor. Dadurch wurde 
die zeitliche Einordnung der biostratigraphischen Befunde und der Ver
gleich mit bereits vorliegenden Ergebnissen möglich. Es ergibt sich folgen
des Bild der Klimageschichte im jüngeren Quartär im Untersuchungsgebiet: 
Vom Hangenden zum Liegenden folgen innerhalb des Holozän den heuti
gen Ablagerungen sehr schnell solche, deren Fauneninhalt einem kälteren

1) D ie  14C -D atie rungen  fü h rte  H err D r. G e y h  vom  Niedersächsischen L andes
am t fü r Bodenforschung, H annover, durch.
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Lebensmilieu zuzuordnen ist. Diesen schließen sich nach unten Sedimente 
mit einer Foraminiferen-Gemeinschaft an, die auf wärmere Bedingungen 
hinweist, als heute am Untersuchungsort herrschen. Diese warme Periode 
liegt nach Untersuchungen in Borneo zwischen 3000 und 13 000 vor heute 
( S a b e l s ,  1966), im Roten Meer zwischen 6000 und 11 000 (geschätzt nach 
H e r m a n ,  1965), nach den uns vorliegenden Daten zwischen ca. 5000 und 
13 000. Damit ist ein holozänes Klimaoptimum also auch für den Indischen 
Ozean nachgewiesen. Für den unmittelbaren Grenzbereich zwischen kalt- 
und warmzeitlichen Sedimenten im Untersuchungsgebiet ergibt sich da
nach ein etwas höheres Alter als im offenen tropischen Atlantischen Ozean.

Die Faunenabfolge im Holozän und jüngsten Pleistozän der Kerne des 
bearbeiteten Stationenprofiles sind miteinander parallelisierbar, wenn das 
eingelagerte Fremdmaterial beim Vergleidi ausgeklammert wird. Dieses ist 
im allgemeinen unschwer an der geänderten Zusammensetzung der bentho- 
nischen Faunenelemente erkennbar. Die Sedimentationsraten in ungestör
ten Kernen nehmen mit Entfernung von der Küste sehr stark ab. In 
einem Kern, dessen Sedimentationsrate nur noch bei 2—4 cm/1000 Jahre 
liegt, tauchen im tieferen Teil drei charakteristische Horizonte auf, die in 
den Kernen mit Sedimentationsraten von 5—30 cm/1000 Jahre nicht mehr 
erreicht wurden. Diese Horizonte ermöglichen sowohl den Vergleich zwi
schen den im offenen Ozean gewonnenen Sedimentkernen (bei ca. 5° bzw. 
7° N / 66° bzw. 71° E), als auch mit einem nordwestlich der Lakkadiven 
gelegenen Kern, mit dem dann der Anschluß gewonnen wird an die 
Kerne im Norden des Untersuchungsgebietes. In allen Kernen mit geringer 
Sedimentationsrate ist eine Lage vulkanischen Glases zu beobachten. Sie 
ist älter als die letzte pleistozäne Kaltzeit und jünger als ein Maximalvor
kommen von Globigerina pachyderma var., das wahrscheinlich der vor
letzten pleistozänen Kaltzeit zuzurechnen ist.
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R eprin ted  from Geologischen Rundschau, B and 60, 1970, p. 275-293

P o re n w ä sse r  in  re z e n te n  S e d im e n te n  v o r  d e r  ind isch 
p a k is ta n isc h en  K ü s te  u n d  R üdeschlüsse  a u f  

f rü h d ia g e n e tis c h e  V o rg än g e

V. M a r c h i g , Hannover

Zusammenfassung
In mehreren Sedimentkemeii aus dem Indischen Ozean, vom Schelf im Bereich 

der Indusmündung über den Kontinentalabhang bis zum Tiefseeboden vor der süd
indischen Küste wurden die Porenwässer untersucht. Sie wurden durch Auswaschen 
von den Sedimenten abgetrennt und auf Na, K, Ca, Mg, CI und S04 analysiert.

*) Anschrift des Verfassers: Dipl.-Ing. V. M a r c h i g ,  Bundesanstalt für Boden
forschung, 3 Hannover-Buchholz, Postfach 54.
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D ie Salinität der Porenlösungen ist gegenüber der des Meereswassers schon 
bei geringer Sedimentteufe im allgemeinen erhöht. Das Verhältnis von Na und 
CI zeigt einen schwachen Anstieg zugunsten des Na. In den Porenlösungen zeigt 
die Salinität gegenüber der des Meereswassers eine starke Verarmung an Mg, im 
allgemeinen eine deutliche Verarmung an Ca und eine sehr starke Anreicherung 
an K. — Die Verhältnisse der Kationen Na, Ca, Mg liegen bei den meisten 
Kernen bereits im Bereich der fossilen Formationswässer (nach v o n  E n g e l h a r d t , 
1960).

Abstract
The author has analysed the interstitial waters of several sediment cores from 

the Indian Ocean, which had been sampled on the shelf within the reach of 
the mouth of the Indus proceeding across the continental slope as far as to the 
deepsea ocean floor in front of the southern coast of India. The interstitial 
waters were separated from the sediments by extraction and analysed for Na, 
K, Ca, Mg, Cl and S 0 4.

The salinity of the interstitial aequous solutions generally is increased with 
respect to sea water little below the sediment-water interface. The proportion 
between Na and Cl shows a slight increase in favor of Na. Compared to sea
water there is marked impoverishment of Mg; in general there is a clear impo
verishment of Ca and a very significant enrichment of K. — In mast cores, the 
proportions of the cations Na, Ca, and Mg are within the realm of fossil waters 
(according to v o n  E n g e l h a r d t , 1960).

Resume
L’auteur a analysé les eaux interstitielles de plusieurs carottes sédimen- 

taires de la plateforme continentale de l’Ocean Indien devant l’embouchure de 
l’Indus en passant par le talus continental jusqu’à la mer abyssale devant la 
côte indienne méridionale. Ces eaux interstitielles ont été séparées des sédiments 
par éluage et analysées pour la détermination de leurs teneurs en Na, K, Ca, 
Mg, Cl et S O 4.

C’est déjà dans le cas d’une profondeur des sédiments peu considérable que 
la salinité des solutions aqueuses interstitielles est en général plus élevée en 
comparaison de celle de l’eau de mer. La proportion existant entre le Na et le 
Cl accuse une faible augmentation en faveur du Na. La salinité montre, en 
comparaison de celle de l’eau de mer, un fort appauvrissement en Mg; elle 
montre, en général, un appauvrissement net en Ca et un enrichissement très fort 
en K. — Les proportions des cations Na, Ca, Mg se situent, dans le cas de la 
plupart des carottes, déjà dans le domaine des eaux fossiles d’après v o n  E n g e l 
h a r d t , I960).

K p a T K o e  c o g e p a c a H iie

M c c j ie g o B a j iH  n o p o B b ie  B o g u  m h o t h x  o c a g o a H b i x  n ep H O B  h h a h ö c k o t o  o n e a H a  
OT m e j i b i j t a  y  y c T b H  l Ï H g a  n e p e 3  K O H T H H eH T a:ibH bift c k j i o h  go r jiy Ô H H  o n e a H a  
i i e p e g  KJHCHO-MHgHMCKMM IIO Ô ep eîK b eM . 9 t h  B O gbl BblTeCHHJIH H 3 OCagOMHblX 
n o p o g  h  iic c .T eg o B a.T H  H a  c . i e g y i o i u i i e  K aTH O H bi h  aH H O H bi: Na, K, Ca, Mg, Cl 
h  S 04 C on eH O C T b  n o p o B b ix  p a c T B o p o B  n o  O T H om eH H io  k  M o p cK O it B O ge b  0 6  m e  m 
n o B b m ie H a ,  g a m e  e c j i n  3 t h  p a c T B o p b i  n o J i y a e H u  h 3  K epH O B , 3 a j i e r a i o iq H x  
c p a B H H T e J ib H o  n o B e p x H O C T H o . B cooT H O iueH H H  Na h  Cl n p e o ö n a g a e T  Na. Ilo 
cpaB H eH H K ) c M o p cK O ü  B o g o f t  3TH n o p o B u e  B O gbi ô e g H b i Mg, Ca h  o ô o r a ï q e H b i  
K. —  C o o T H o m e H H e  k b t h o h o b  Na, Ca h  Mg b  ö o j i b iu e t i  u a c T H  K epH O B  c o o t -  
B eT C TB yeT  TaK O BO M y b o a  g p e B H M x  (jio p M a q H fi .
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1. Literaturfiberblick

Die ersten Untersuchungen an Porenwässern rezenter Sedimente führ
ten M u r r a y  und I r v i n e  1 8 9 2  durch. Das verwendete Sediment war blauer 
Schlick, der bei der Challenger-Expedition gesammelt wurde. Sie fanden, 
daß durch den Zerfall der organischen Substanz die Alkalinität gestiegen 
war, außerdem verminderte sich die Menge an Sauerstoff und Sulfat 
gegenüber dem Meerwasser.

Nach dem Aufschwung der Ölbohrungen beschäftigt man sich mit fos
silen Wässern, die man in Verbindung mit Erdöl findet ( K r e j c i - G r a f ,  
H e c h t  &  P a s l e r ,  1 9 5 7 ;  F r i e d l ,  1 9 5 6 ) .  Als Erklärung für die starke Salz
anreicherung wird zum ersten Mal von d e  S i t t e r  ( 1 9 4 7 )  und weiter von 
E l l i s  ( 1 9 5 4 ) ,  W y l l i e  (1 9 5 5 ) ,  D a v i s  ( 1 9 5 5 ) ,  M c K e l v e y , '  S p i e g l e r  &  W y l -  
l i e  ( 1 9 5 7 )  die Filtration durch dabei als semipermeable Membran wir
kende Tone genannt.

v o n  E n g e l h a r d t  ( 1 9 6 0 )  hat die bisher veröffentlichten Daten über fos
sile Porenwässer aus verschiedenen Erdölprovinzen gesammelt und deren 
Abstammung vom im Sediment eingeschlossenen Meerwasser abgeleitet.

B o r d o v s k i j  ( 1 9 6 1 ) ,  S i s k in a  (1 9 5 7 ,  1 9 6 4 ) ,  S i s k in a  &  B i l j k o v a  (1 9 6 2 ) ,  
T a g a e v a  &  T ih o m i r o v a  ( 1 9 6 2 ) ,  S i s k in a  &  Z e l e z n o v a  ( 1 9 6 4 )  haben in 
großem Ausmaße die Porenwässer aus verschiedenen Typen von Meeres
sedimenten untersucht. Sie kamen zu einer Abhängigkeit zwischen der 
Salinität und dem Redoxpotential.

D e g e n s ,  H u n t ,  R e u t e r  &  R e e d  (1 9 6 4 )  analysierten die Sauerstoff- 
isotopenzusammensetzung fossiler Porenwässer und kamen zu dem Er
gebnis, daß diese sich nur unwesentlich von rezentem Meereswasser unter
scheiden, was bedeuten würde, daß sie nicht infolge von Evaporation an 
Salzen angereichert sind. In der gleichen Arbeit wird auf die Ähnlichkeit 
der Aminosäurespektren aus fossilen Porenwässern und rezentém Meeres
wasser hingewiesen.

Innerhalb der letzten Jahre sind mehrere Arbeiten erschienen, die sich 
mit Wechselbeziehungen zwischen Mineralen und Porenwässern in rezen
ten Sedimenten befassen.

S i e v e r ,  B e c k  &  B e r n e r  ( 1 9 6 5 )  befassen sich mit den Lösungsgleich
gewichten zwischen Mineralen und Porenwässem in rezenten Sedimenten.

B r o o k s ,  P r e s l e y  &  K a p l a n  ( 1 9 6 8 )  analysieren eine Reihe von Spuren
elementen in Porenwässern rezenter Sedimente und diskutieren deren Her
kunft.
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B e r r y  (1969) verfolgt eine Reihe von Faktoren, die auf die selektive 
Filtration der Porenwässer durch Ton Einfluß haben können.

K r a m e r  (1969) vergleicht eine Reihe der fossilen Porenwässer mit den 
Gesteinen, in denen sie zu finden sind, und untersucht ihren Sättigungs
grad in bezug auf verschiedene Minerale.

2. Einleitung
Die ersten diagenetischen Prozesse in rezenten Sedimenten sind uns bis

her im allgemeinen nicht zugänglich. So lassen sich z. B. in ozeanischen 
Sedimenten die beginnende Umwandlung der Tonminerale und das erste 
Auftreten authigener Minerale weder röntgenographisch — wegen geringer 
Gehalte —■ noch optisch ■— wegen geringer Korngröße — erfassen.

Da in solchen Sedimenten diese Reaktionen immer in Gegenwart einer 
flüssigen Phase ablaufen, die in ständigem Austausch mit den festen Mine
ralphasen steht, besteht Hoffnung, daß sich die chemischen Änderungen 
der festen Phasen in der Zusammensetzung der umgebenden flüssigen 
Phase widerspiegeln. Darüber hinaus scheint eine stufenweise Annäherung 
an die Zusammensetzung der Porenlösung des verfestigten Sedimentes 
möglich.

Um einen Beitrag zur Klärung dieser Fragen zu leisten, wurden nach
folgende Untersuchungen an Forenwässem rezenter Sedimente durchge
führt. Die Mittel hierzu stellte dankenswerterweise die Deutsche For
schungsgemeinschaft zur Verfügung.

3. Herkunft der Proben
Von den bei der „Internationalen Indischen-Ozean-Expedition 1964/65“ 

entnommenen Kernen ( S c h o t t  u .  v o n  S t a c k e l b e r g ,  1965) wurden sechs 
zur Untersuchung ihrer Porenlösungen ausgewählt. Wie Abb. 1 zeigt, ent
stammen sie verschiedenen untermeerischen Regionen.

1 Kern vom Tiefseeboden nahe dem Kontinentalabhang (182),
4 Kerne vom Kontinentalabhang (183, 185, 187, 237),
1 Kern vom Schelf im Bereich des Indusdeltas (28).
Alle diese Sedimente zeigen hohe Sedimentationsraten, die größenord

nungsmäßig bei 3  und mehr cm/1000 J. liegen dürften ( H e y e ,  1968). Am 
Indusdelta war die Sedimentation wahrscheinlich am stärksten. Relativ 
hoher Gehalt an organischer Substanz in allen 6 Sedimentkernen spricht 
ebenfalls für starke Sedimentation.

4. Methodik und Fehlerbetrachtung
4.1 A l l g e m e i n e s
Die Abtrennung des Porenwassers von den festen Sedimentphasen ist 

leider immer noch mit Fehlern behaftet, denn die bisher bekannten Me
thoden stellen alle einen Eingriff in die empfindlichen Lösungs- und Aus
tauschverhältnisse dar. Die zwei wichtigsten Methoden, die heute Ver
wendung finden, sind Wasserextraktion und Auspressen. Beide Methoden 
greifen entweder durch Verdünnung oder durch Druckerhöhung in das
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Abb. 1. Probeentnahmestellen auf dem Meeresboden vor der indisdi- 
pakistanisdien Küste.

2 7 9

7 8 7



Gleichgewicht Porenwasser/feste Sedimentphasen ein. Wir mußten uns aus 
Mangel an Probenmaterial für die Extraktion entscheiden, da das Aus
pressen viel mehr Substanz verlangt.

Wir bringen im folgenden die Ergebnisse der Untersuchungen am längsten 
der untersuchten Kerne, der als Beispiel für die anderen gelten kann.

4.2 D u r c h f ü h r u n g
4.2.1 Probenvorbereitung, Untersuchungsmethoden
Aus den untersuchten Kernen wurde alle 10—20 cm eine Probe von je 

etwa 2 cm Dicke entnommen. Diese Sedimentproben wurden im feuchten 
Originalzustand gewogen, dann in Wasser dispergiert und anschließend auf 
einem Membranfilter mit Porendurchmesser 0,1 n  bis zum Verschwinden 
der AgCl-Reaktion ausgewaschen und zuletzt bei 105° C bis zur Gewichts
konstanz getrocknet. Die Differenz zwischen den Einwaagen des feuchten 
und des trockenen Sedimentes ist das Porenwasser oder die Porenlösung 
(=  H20  +  gelöste Stoffe).

Das Filtrat wurde auf 250 ml eingedampft und darin folgende Ionen 
bestimmt:

a) CI- titrimetrische Bestimmung nach M o h r

b) S042-  gravimetrische Bestimmung mit BaCI2
c) Ca2+ komplexometrische Titration mit EDTA

(photometrische Endpunktanzeige)
d) Mg2+ Bestimmung mit Hilfe des Atomabsorptions-

Spektralphotometers
e) Na+, K+ flammenphotometrische Bestimmung.

Die Summe der Ionen, angegeben in Prozent der Porenlösung, bezeich
nen wir als Salinität. (Sie enthält nicht sämtliche Anionen und Kationen, 
die im Meereswasser vorhanden sind, jedoch den überaus größten Teil da
von.) Als vergleichbare Bezugsgröße gilt die mittlere Salinität des Meeres
wassers, die auf die gleiche Weise aus Mittelwerten dieser Ionen für das 
Meereswasser berechnet wird (=  3,42%).

4.2.2 Fehlerbetrachtung
Zunächst wurde geprüft, ob bei zu gründlichem Auswaschen ein Teil 

der von Tonen adsorbierten Ionen mit in die Lösung geht. Zu diesem 
Zwecke wurde die Salinität in Abhängigkeit der ausgewaschenen Sediment
menge graphisch dargestellt (Abb. 2). v

Aus der Abb. 2 geht hervor, daß bei kleineren Probenmengen die von 
uns bestimmte Salinität der Porenlösungen deudich höher ist als bei grö
ßeren.

Um diese Aussage quantitativ erfassen zu können, haben wir an einem 
Kern für elf aufeinanderfolgende Proben je zwei Bestimmungen durch
geführt, und zwar für jede Probe einmal mit einer größeren (15—25 g) 
und einmal mit einer kleineren Sedimentmenge (5—10 g) als Einwaage. 
(Das waren ungefähr die extremen Einwaagen, mit denen vereinzelt auch 
bei anderen Proben gearbeitet wurde, normalerweise lagen bei den spä-
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Salinität 17»)
Abb. 2. Abhängigkeit der Salinität des Porenwassers von der Einwaage 

(der Naßsubstanz).
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Abb. 3. Mengen der ausgewaschenen Salze in Kern 28 bei jeweils zwei verschie
denen Einwaagen vom gleichen Sediment.



teren Untersuchungen die Einwaagen zwischen diesen Extremen.) Wie 
Abb. 3 zeigt, sind bei der kleineren Einwaage im Mittel 10% mehr aus
gewaschen worden. Da der Salinitätsunterschied unserer Proben (Abb. 6 
und 7) teilweise bedeutend über 10% liegt, wird er also tatsächlich be
stehen und nicht durch fehlerhafte Auswaschungen unterschiedlich großer 
Sedimentmengen vorgetäuscht sein.

100 Na

■25 Ca25 Mg

Abb. 4. Verhältnisse der Kationenäquivalente Na, Mg und Ca in den Poren- 
wässem in Kern 28, bei jeweils zwei verschiedenen Einwaagen vom gleichen 
Sediment. — Kleine Buchstaben: Proben mit 15—25 g Einwaage; große Buch

staben: gleiche Proben mit 5— 10 g Einwaage; M =  Meerwasser.

Um zu zeigen, daß sich bei zwei verschieden großen Einwaagen einer 
Probe auch die Verhältnisse der Kationen verschoben haben, haben wir 
die Kationenäquivalente N a ,  Mg, Ca in das Dreieckdiagramm nach N ig g l i  
(1952) eingetragen (Abb. 4). Wie man sieht, besteht der Unterschied zwi
schen den zwei Bestimmungen je einer Probe hauptsächlich in der Er
höhung des Mg-Gehaltes bei der kleineren Einwaage. Die Auswaschung 
wurde demnach zu intensiv vorgenommen, so daß ein Teil der von Tonen 
adsorbierten Mg-Ionen in die Lösung gegangen ist. Da Magnesium in den 
ersten Stadien der Diagenese sehr labil und reversibel an Tonminerale 
gebunden bzw. absorbiert ist, wird man mit dieser Methode sehr schwer 
zu guten Ergebnissen für Mg kommen. Unsere Bemühungen sollen sich in
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der Richtung bewegen, den Fehler möglichst klein zu halten und die Er
gebnisse durch konstante Einwaagen reproduzierbar zu machen.

Im übrigen soll bei der Darlegung der einzelnen Ergebnisse deren Ver
fälschung durch den Auswaschungsfehler, falls erforderlich, erneut disku
tiert werden.

5. Ergebnisse

5.1 A l l g e m e i n e s
Der Anteil des Porenwassers liegt in 5 der 6 untersuchten Kerne im all

gemeinen zwischen 50 und 70%. Er zeigt damit gute Übereinstimmung 
KK185

Abb. 5. Vergleich von Salinität und Gehalt an verschiedenen Ionen in den Poren- 
wässem des Kernes 185 (in Beziehung zur Teufe) mit dem Meerwasser (die 
vertikale Linie zeigt jeweils den entsprechenden Gehalt des Meerwassers an). 
— Punktiert: Anreicherung gegenüber Meerwasser; schraffiert: Verarmung gegen

über Meerwasser.

mit entsprechenden Literaturangaben. In Schichten mit gröberem Mate
rial sinkt der Porenwasseranteil vereinzelt bis auf 17% ab, und im grob
körnigeren Kern 28 (Indusdeltanähe) liegt er srenerell zwischen etwa 30 
und 40%. Eine eingehende Diskussion des Porenwasseranteils wird den 
geologisch-mineralogischen Bearbeitungen dieser Sedimente zu entnehmen 
sein (S c h o t t  et aí. 1970).

5.2 S a l i n i t ä t
Stellt man die Werte für die Salinität und die für die analysierten Ionen 

in Abhängigkeit von der Sedimentteufe graphisch dar und zeichnet zu
sätzlich die entsprechenden Mittelwerte für Meerwasser ein, so ergibt sich 
folgendes Bild (Abb. 5).

Die Salinität liegt durchschnittlich mit Gehalten bis zu fast 5% (Abb. 7, 
unterer Teil des Kerns 187) deutlich über der mittleren Salinität des Meer
wassers von 3,42%. Dieser große Salinitätsunterschied kann nur zum Teil 
mit dem bereits diskutierten „Waschfehler“ erklärt werden; ein gewisser 
Unterschied zwischen den Salinitäten des Meerwassers und den von uns 
analysierten Porenwässern ist sicher vorhanden. Die niedrigere Salinität
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beim Kern 185 ist vielleicht auf die relativ häufigen Einschaltungen dün
ner, grobkörnigerer Schichten zurückzuführen. Die Porenwässer im oberen 
Teil des Kerns 187 könnten wegen des größten Porenvolumens aller Pro
ben (max. 71% Porenwasser) und der damit verbundenen Austauschmög
lichkeiten mit dem Meerwasser dem Meerwasser so ähnlich sein. Weit
gehendere Erklärungen ergeben sich vielleicht durch die geologisch-mine
ralogischen Bearbeitungen (S c h o t t  et al., 1970).

Die logische Deutung für die Erhöhung der Salinität des Porenwassers 
gegenüber der des Meerwassers in der Mehrzahl der Fälle scheint die 
Auspressung eines Teils des Porenwassers durch Kompaktion der Sedi
mente zu sein. Infolge der Wirkung des Tons als semipermeable Wand 
können nur Lösungen mit geringerer Ionenkonzentration den Weg ins 
offene Meerwasser passieren, während die Konzentration der im „Rest
wasser“ des Sediments verbleibenden Ionen ansteigt ( E l l i s , 1954). Die 
Erklärung der erhöhten Salinität als konservierte Paläosalinität (S i s k in a - 
Z e l e z n o v a , 1964; G o n i  &  P a r e n t , 1966) stößt dagegen bei den hier 
untersuchten Sedimenten auf Schwierigkeiten. In der Mehrzahl unserer 
Kerne tritt die Erhöhung direkt an der Sedimentoberfläche ein; das aber 
würde bedeuten, daß eine wesentliche Erhöhung der Meerwassersalinität in 
allerjüngster Zeit eingetreten sein müßte, was kaum plausibel erklärt wer
den könnte.

Setzen wir also die Erhöhung der Salinität im Porenwasser gegenüber 
der des Meerwassers durch Kompaktion der Sedimente und „Diffusions
barriere“ voraus, so ist ein Anstieg der Salinität mit zunehmender Sedi
mentteufe zu erwarten. Ein solcher Anstieg ist andeutungsweise nur in 2 
von den 6 untersuchten Kernen (ein Beispiel zeigt Abb. 7) zu erkennen. 
Zur Ausbildung einer regelmäßigen, gut beobachtbaren Zunahme inner
halb eines Kems ist jedoch sicher relativ hohe Gleichförmigkeit von Korn
größe und Materialart über das ganze Sedimentprofil erforderlich, die 
annähernd ebenfalls nur im Kern 187 realisiert ist. Wahrscheinlich ist aber 
unsere Art der Salinitätsbestimmung nicht ausreichend, und weiterhin sind 
die Kerne vielleicht zu kurz, um bei diesen Sedimenten bereits größere 
Unterschiede in der Salinität zu zeigen. Aus den gleichen Gründen wurde 
wohl auch keine Abhängigkeit zwischen Salinität und Tongehalt in den 
Kernen beobachtet.

5.3 K o n z e n t r a t i o n  e i n z e l n e r  I o n e n
Wenn man die Konzentrationen der Ionen einzeln, zunächst der An

ionen, in gleicher Darstellungsweise betrachtet (Abb. 5), so stellt man ent
sprechend dem Verhalten der Salinität im allgemeinen eine Erhöhung 
fest. Bei den Kationen sind die Gehalte an Na und K gegenüber dem 
Meerwasser erhöht; Ca und Mg dagegen gibt es in den Porenwässern 
weniger als im Meerwasser.

Um zu zeigen, inwieweit diese Konzentrationsunterschiede der unter
suchten Ionen zu den Mittelwerten des Meerwassers durch Salinitäts
erhöhung der Porenwässer bedingt sind und in welchem Ausmaße noch 
andere Prozesse eine Rolle spielen, wurde eine andere Darstellungsweise
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gewählt. Zunächst wurde in den Abb. 6 und 7 der prozentuale Unterschied 
der Salinität zwischen Meerwasser und Porenwasser, bezogen auf 3,42% 
des Meerwassers als 100%, in Abhängigkeit von der Sedimentteufe gra
phisch dargestellt. Unter der Annahme, daß die Zusammensetzung der 
Salinitäten von Porenwasser und Meerwasser gleich sei, wurde sodann 
für jede Ionenart der prozentuale Unterschied zu den Mittelwerten für 
Meerwasser (— 100%) aus der Salinität der Porenwässer berechnet und auf 
die gleiche Weise gezeichnet. Schließlich wurden die tatsächlich gemesse
nen Ionenkonzentrationen auch auf diese Art in den gleichen Diagram
men den berechneten gegenübergestellt. Die Fläche zwischen den beiden 
Streckenzügen stellt den Unterschied in der Zusammensetzung der Salini
tät zwischen dem darüberstehenden Meerwasser und den untersuchten 
Porenwässern dar. Er soll als relative Anreicherung bzw. Verarmung der 
entsprechenden Ionen bezeichnet werden.

Nach dieser Darstellung zeigt sich, daß die relative Na-Anreicherung 
im Porenwasser im allgemeinen durchschnittlich 20% nicht übersteigt. (Es 
kommen jedoch auch stärkere Anreicherungen mit bis zu etwa 30% und 
Verarmungen von bis zu 10% vor.) Die relative Cl-Verarmung beträgt im 
Durchschnitt höchstens 20%. (Es kommen jedoch auch schwache Anreiche
rungen mit bis zu etwa 10% vor.)

Im großen und ganzen kann man feststellen, daß Na und CI keine we
sentlichen relativen Abweichungen gegenüber dem Meerwasser erfahren. 
Der Effekt der semipermeablen Wand wirkt sich auf beide Ionen etwa 
gleich aus, wofür auch die etwa gleiche Ionengröße von Na+ und CI" 
spricht. Schließlich wird die Konzentration von Na und CI auch nicht 
durch chemische Reaktionen gestört, in denen Na oder CI verbraucht wer
den. Außer der sicher untergeordneten Neubildung von Zeolithen, bei der 
Na verbraucht werden kann, sind derartige Reaktionen zu Beginn der 
Diagenese nicht bekannt. Die oben beschriebene geringe Verschiebung des 
Na/Cl-Verhältnisses zugunsten des Na könnte höchstens mit einer Auf
lösung von detritischen Feldspäten erklärt werden.

Ganz anders verhält sich demgegenüber das Kalium. In allen Kernen 
finden wir eine starke relative Anreicherung in den Porenwässern, die 
zwischen 200 und 500% beträgt. Eine Erklärung für die hohen K-Gehalte 
ist sowohl darin zu sehen, daß die semipermeable „Tonwand“ für K+ einen 
überdurchschnittlich hohen Widerstand darstellt, als auch in der Mg2+-Ad- 
sorbtion an die Tone, wobei K+ verdrängt wird und in die Porenwässer 
gelangt. Ein Teil des K+ in Porenwässem könnte auch aus der Verwitte
rung K-führender Silikate (Feldspäte und Glimmer) stammen.

Ebenfalls anders als Na und CI, aber entgegengesetzt wie K, verhält 
sich das Mg. Die relative Verarmung beträgt im allgemeinen durchschnitt
lich mindestens 70%, meist jedoch mehr (vereinzelt sogar 95%) (in kleineren 
Bereichen anderer Kerne kann sie auf 20—40%-absinken). Diese geringe 
Mg-Konzentration ist zum Teil vielleicht durch einen überdurchschnittlich 
kleinen Widerstand der semipermeablen Tonwand für Mg2+ zu erklären, 
wahrscheinlich aber werden dem Porenwasser durch starke Adsorbtion 
von Mg an Tonmineralen und Neubildung Mg-führender Schichtsilikate
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größere Mg-Mengen entzogen. Derartige Reaktionen in frühen Stadien der 
Diagenese sind bereits beobachtet und beschrieben worden ( v o n  E n g e l 
h a r d t ,  1960; S i e  v e r ,  B e c k  &  B e r n e r ,  1965; B r o o k s ,  P r e s l e y  &  K a p l a n ,  
1968). Wahrscheinlich spielt zunächst die Adsorbtion eine größere Rolle, 
während sich im Laufe der Zeit das Verhältnis von adsorbiertem zu ein
gebautem Magnesium immer mehr zugunsten des eingebauten ver
schiebt.

Ca verhält sich im Prinzip wie das Mg, jedoch ist die relative Verar
mung meist geringer als die des Magnesiums. (In kleinen Bereichen an
derer Kerne wurden sogar teils deutliche relative Anreicherungen festge
stellt.) Dennoch ist anzunehmen, daß das Verhalten des Ca durch ähnliche 
Faktoren wie beim Mg gesteuert wird.

Die relative Verarmung an Ca überrascht zunächst, da die vorliegenden 
Sedimente ziemlich reich an organischer Substanz sind. Beim Zerfall der 
organischen Substanz entsteht C 0 2, das in diesem Milieu generell zur 
verstärkten Auflösung der Karbonate führen müßte (eine solche Auflösung 
junger Karbonatschalen wird jedoch durch deren organische Schutzschicht 
erheblich erschwert, wie bei Bearbeitung dieser Proben im Labor mit 
Säuren selbst höherer Konzentration vielfach beobachtet wurde). Mit fort
schreitender Diagenese und erhöhtem Abbau dieser organischen Schutz
hülle sollte aber verstärkte Auflösung von Kalkschalen und damit Anrei
cherung von Ca im Porenwasser möglich sein.

In allen Kernen ist mit Zunahme der Sedimentteufe eine relative Zu
nahme an SC>42~ festzustellen. Dieser Befund konnte zunächst keine Er
klärung finden. In den meisten in der Literatur beschriebenen Fällen 
wurde nämlich im Gegensatz zu den hier untersuchten Kernen eine Ab
nahme beobachtet und durch bakterielle Reduktion des Sulfates zu Sulfid 
und nachfolgender Ausfällung als Metallsulfid gedeutet. V o l k o v  und O s t -  
r o u m o v  (1960) haben dagegen auch eine Erhöhung des Sulfatgehaltes in 
manchen Porenlösungen von Sedimenten des Pazifiks gefunden. Sie erklä
ren diese Erhöhung durch Zerfall von Ca-Sulfoaluminaten. Diese Erklä
rung scheint für die hier untersuchten Sedimente des Indischen Ozeans 
unbrauchbar zu sein, da hier bisher keine Ca-Sulfoaluminate festgestellt 
werden konnten.

Abb. 6. Vergleich von Salinität der Porenwässer mit den Gehalten an verschie
denen Ionen im Kem 185 (in Beziehung zur Teufe). Salinität und Ionen
konzentrationen sind in % ausgedrückt. Bezugsgröße ist die Salinität bzw. Kon
zentration an dem jeweiligen Ion des Meerwassers, die =  100% gesetzt wurde. — 
Punktiert: Anreicherung gegenüber dem %-Anteil des gleichen Ions im Meerwas
ser; schraffiert: Verarmung gegenüber dem %-Anteil des gleichen Ions im Meer

wasser.

Abb. 7. Vergleich von Salinität der Porenwässer mit den Gehalten an verschie
denen Ionen im Kem 187 (in Beziehung zur Teufe). Salinität und Ionenkonzen
trationen sind in % ausgedrückt. Bezugsgröße ist die Salinität bzw. Konzentra
tion an dem jeweiligen Ion des Meerwassers, die =  100% gesetzt wurde. —  
Punktiert: Anreicherung gegenüber dem %-Anteil des gleichen Ions im Meer
wasser; schraffiert: Verarmung gegenüber dem %-Anteil des gleichen Ions im

Meerwasser.
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Wir verdanken Herrn Dr. Nielsen (frdl. mündliche Mitteilung) den 
Hinweis auf eine mögliche Oxydation des Sulfidanteils des Sediments zu 
Sulfat beim Auswaschvorgang. Unter dieser Voraussetzung würde die ge
fundene Sulfatanreicherung auf eine Sulfidanreicherung mit der Teufe im 
Sediment hinweisen.

KK185
CI/SO4 Ca/Mg Na/K

100

200

300

400L /  i L i N L — I

Abb. 8. Verhältnisse der Ionenkonzentrationen (in Beziehung zur Teufe) in 
Porenwässem des Kernes 185. Die vertikale Linie zeigt jeweils das entspre

chende Verhältnis im Meerwasser an.

5.4 V e r h ä l t n i s  d e r  I o n e n k o n z e n t r a t i o n e n  z u e i n 
a n d e r

Die Verhältnisse C1/S04) Ca/Mg und Na/K (Abb. 8) bestätigen die 
schon angeführten Beobachtungen:

Das durchschnittliche Cl/S04-Verhältnis fällt deutlich mit Zunahme 
der Teufe, da S04 mit der Teufe zunimmt und CI konstant bleibt.

Das Ca/Mg-Verhältnis ist im Mittel in den Porenwässern durchweg 
etwas höher als im Meerwasser, da unter den gegebenen Bedingungen 
offensichtlich Mg aus den Porenwässern bevorzugt vor Ca an die Tone 
adsorbiert wird.

Das Na/K-Verhältnis der Porenlösungen ist wegen höheren K-Gehaltes 
generell bedeutend niedriger als das des Meerwassers.
Wenn man die unterschiedlichen Veränderungen der Gehalte an den 
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analysierten Ionen betrachtet, stellt sich die Frage, ob das Verhältnis 
der von uns bestimmten Kationen und Anionen im Gleichgewicht geblie
ben ist. Da das Verhältnis von Kationenäquivalenten zu Anionenäquiva
lenten 1 sein muß, folgt aus den Verhältnisverschiebungen der von uns

O

0  0,5 1,0 1,5

^ KÁqU//^ Á ¿ pu

, ,  ,  „  , ,  , . . .  ,  „  S u m m e  d e r  K a t i o n e n ä q u i v a l e n t e  . .
A b b .  9 .  A b h ä n g i g k e i t  d e s  Q u o t i e n t e n :  —--------------- ;------;— :----------- -— :— ; i n  d e n

S u m m e  d e r  A m o n e n a q u i v a l e n t e
P o r e n w ä s s e m  v o n  d e r  S a l i n i t ä t  d i e s e r  P o r e n w ä s s e r .  D i e  v e r t i k a l e  L i n i e  z e i g t  d e n
t h e o r e t i s c h e n  W e r t  f ü r  d i e s e n  Q u o t i e n t e n ,  d .  h .  f ü r  d e n  F a l l ,  d a ß  a l l e  I o n e n  a u s

d e n  P o r e n w ä s s e m  b e s t i m m t  w u r d e n .

bestimmten Ionen, daß andere Ionen, die in unserer Analyse nicht berücksich
tigt wurden, in die Lösung gekommen sind.

Aus Abb. 9 geht deutlich hervor, daß sich das Verhältnis von Kationen
äquivalenten zu Anionenäquivalenten verschoben hat, und zwar wird der 
Kationenmangel mit ansteigender Salinität immer stärker. Hier spiegelt 
sich wahrscheinlich eine Abhängigkeit zwischen der Elektrolytkon
zentration und dem Kationenaustausch an den Tonen wider. Bei höherer 
Elektrolytkonzentrátion (also höherer Salinität) werden mehr Kationen aus-

19 Geologische Rundschau, Bd. 60 2 89



getauscht — also werden weniger von den primären Kationen in der Lösung 
bleiben. Um welche Kationen es sich bei diesem Austausch handelt, können 
wir zunächst nicht beweisen. Es wird unsere Aufgabe sein, bei weiteren 
Untersuchungen von Porenlösungen dieser Sache nachzugehen.

100 Na

A b b .  1 0 .  V e r h ä l t n i s s e  d e r  K a t i o n e n ä q u i v a l e n t e  v o n  M g ,  C a  u n d  N a  i n  d e n  
u n t e r s u c h t e n  P o r e n w ä s s e m .  I m  D r e i e c k s d i a g r a m m  i s t  g l e i c h z e i t i g  d e r  B e r e i c h  d e r  
f o s s i l e n  F o r m a t i o n s w ä s s e r  n a c h  v o n  E n g e l h a r d t  ( 1 9 6 0 )  e i n g e z e i c h n e t  —  V o l l e  
K r e i s e :  K e r n e  1 8 2 ,  1 8 3 ,  1 8 5 ,  1 8 7 ;  l e e r e  K r e i s e :  K e r n e  2 8 ,  2 3 7 ;  M  =  M e e r 

w a s s e r .

5.5 V e r g l e i c h  d e r  P o r e n l ö s u n g e n  r e z e n t e r  u n d  
f o s s i l e r  S e d i m e n t e  

In unseren bisherigen Betrachtungen gingen wir von der Voraussetzung 
aus, daß die Veränderungen in der chemischen Zusammensetzung größten
teils auf Kompression und Wechselwirkung mit den Tonen zurückzuführen 
sind. Weiterhin nehmen wir an, daß die gleichen Prozesse bis zu Formations
wässern, wie sie uns von den Erdölbohrungen bekannt sind, führen. Um un
sere Porenlösungen mit Formations wässern vergleichen zu können, haben wir 
uns einer Darstellungsweise der Erdölgeologie bedient. Es handelt sich da
bei um ein Dreiecksdiagramm mit den Kationenäquivalenten von Na, Ca und 
Mg an den Ecken. Aus der Abb. 10 geht deutlich die Annäherungstendenz
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zu Formationswässern hervor. Den Übergang vom Meervvasser zu For
mationswässern machen, wie erwartet, die Porenwässer des grobkörnigsten 
der hier untersuchten Kerne (Kern 28 vom Indusdelta) aus. Die wahr
scheinlich sehr große Sedimentationsrate dürfte die geringste diagenetische 
Veränderung bewirkt haben. Die anderen Kerne konzentrieren sich im 
Bereich der Ca-armen Formations wässer. Die Verminderung des Mg- 
Gehaltes gegenüber anderen Kationen ist offensichtlich schon fast voll er
reicht. Diese Darstellungsweise schließt leider das Kalium aus.

6. Zusammenfassung

Bei der Untersuchung von Porenwässern rezenter Sedimente des Indi
schen Ozeans wurden folgende Ergebnisse erzielt:

Die Salinität der Porenlösungen ist gegenüber der des Meerwassers 
schon bei geringer Sedimentteufe im allgemeinen erhöht. Das Verhältnis 
von Na und CI, den Hauptträgern der Salinität, zeigt einen schwachen 
Anstieg zugunsten Na.

In den Porenlösungen zeigt die Salinität gegenüber der des Meerwas
sers:

starke Verarmung an Mg,
im allgemeinen deutliche Verarmung an Ca,
sehr starke Anreicherung von K.
Zusammenfassend kann man sagen, daß die Porenwässer gegenüber dem 

Meerwasser schon bei sehr geringer Sedimentteufe, sowohl bezüglich der 
Salinität insgesamt als auch bezüglich der Zusammensetzung der Salinität 
deutlich verändert sind.

Vergleicht man nun die Zusammensetzung der Salinität in unseren 
Porenwässern rezenter Sedimente mit der fossiler Porenwässer, so zeigt sich 
folgendes:

Mit Ausnahme des Kerns vor der Indusmündung ist in allen Kernen 
der Bereich der fossilen Formationswässer nach v o n  E n g e l h a r d t  (1960) 
bereits nadi geringer Sedimentteufe erreicht. Das Porenwasser des etwas 
grobkörnigeren und daher wahrscheinlich besser durchspülten Kernes stellt 
in seiner Zusammensetzung den direkten Übergang zwischen dem Meer
wasser und den anderen Porenwässern dar. Diese Porenwässer sind sehr 
Na-reich, Mg- und Ca-arm. Die Abnahme ihrer Mg-Gehalte gegenüber 
dem Meerwasser dürfte in etwa abgeschlossen sein. Dagegen ist eine 
Zunahme an Ca mit zunehmender Sedimentteufe und/oder zunehmendem 
Sedimentalter durch Auflösung von Kalkschalen zu erwarten.

Beim Vergleich der beschriebenen Porenwässer in rezenten Sedimenten 
mit fossilen Porenwässern ergeben sich folgende Schlüsse über den Be
ginn der Diagenese:

a) Schon früh gibt es eine starke K-Zunahme, die durch eine Diffusions
barriere oder durch Austausch mit Mg-Ionen an den Tonen bedingt 
sein kann. Ein Teil dieser Zunahme kann auch aus dem Zerfall K- 
haltiger Silikate (Glimmer und Feldspäte) stammen. Eine K-Abnahme
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infolge von Illit-Neubildung Fndet erst in viel größeren Sediment
tiefen statt ( W e a v e r ,  1967).

b) Die Karbonatauflösung ist bei den rezenten organogenen Karbonaten 
wegen einer organischen Schutzhülle verzögert. Gleichzeitig wird 
wohl etwas Ca an Tonminerale adsorbiert. Infolgedessen sinkt der 
Ca-Gehalt der Porenlösung unter den Ca-Anteil der Meerwasser
salinität.

c) Schon früh ist die Mg-Adsorbtion an den Tonen abgeschlossen. Das 
adsorbierte Mg steht später für diagenetische Mineral-Neu- und 
Umbildungen zur Verfügung.

D i e  h i e r  v o r g e l e g t e n  E r g e b n i s s e  s i n d  T e i l  e i n e r  g r ö ß e r e n  A r b e i t  v o n  V. M a r -  
c h i g  ü b e r  g e o c h e m i s c h e  U n t e r s u c h u n g e n  a n  S e d i m e n t e n  v o r  d e r  i n d i s c h - p a k i s t a n i 

s c h e n  K ü s t e ,  d i e  d e m n ä c h s t  i n - , d e n  „ M e t e o r “ - F o r s c h u n g s b e r i c h t e n ,  A b h .  G e o l .  

u .  G e o p h .  e r s c h e i n e n  w i r d .  D o r t  w e r d e n  d à n n  a u c h  s ä m t l i c h e  A n a l y s e n d a t e n  u n d  

w e i t e r e  E i n z e l h e i t e n  d e r  P o r e n w a s s e r u n t e r s u c h u n g e n  m i t g e t e i l t .
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Review o f over-all geophysical studies o f the structure o f the te rrestria l crust o f the Ind ian  Ocean 

by  A. G. Gaïnanov, J. I .  Svistounov, P. A . Stroev, and A . A . Schreider

A. f .  iauHüHOß, IO. M. CeucTtjHoe, ÍÍ. A. Crpoee,  A.  ,4 . LUpeddep

0 B 3 0 P  K O M ilJlE K C H blX  rEO<J>H3HHECKMX HCCJ1EJ3.0BAHHÏÏ 
CTPOEHHf l  3EIWHOH K O Pbl HHA HH C KO T O  OKEAHA

B p e 3 y j i b T a T e  HHTeHCi iBHbi x  KOM n Ae KCH b i x  r e o c j ) H 3 H n e c K i i x  u c c A e A O B a -  
h i i i i ,  p a 3 B e p H V B i n f i x c H  H a  a K B a T o p i m  H r i A H H C K o r o  O K e a H a  b  n e p n o A  M r r  
( 1 9 5 7 — 1 9 5 8  r r . )  h  b  n o c j i e ^ y r o i i i H e  r o f l w  b  c b h 3 h  c  c o 3 A a H i i e M  M e i K A y n a -  

p o T H o i i  HHAOO Ke a H C K O H 3KcneAHU. HH,  b  H a c T O H i u e e  B p e M H  H h a h h c k h h  o K e a n ,  
b  o c o ó e n H O C T i i  e r o  c e B e p o - 3 a n a A n a a  a a c r b ,  H B A a e T c a  o a h o h  h 3  H a i i ö o A e e  
r e o c j j i i s i m e c K H  H 3 y a e H H H x  o ó j i a c T e ñ  M i i p o B o r o  o K e a n a .  Ilo  p e 3 V A b T a T a M  
r p a B H M e T p H n e c K n x  HCCAeAOBai iHi i  b  c e B e p o - a a n a u n o H  a a c x n  H i i A n i i c K o r o  
o x e a n a  a o  1 9 6 2  r .  B K A i o H H T e A b n o  ó  b u m  c o c x a B A e i i b i  c x e M a x n n e c K i i e  K a p T b i  
a n o M a u H Ü  c h a h  TH>KecTi i  b  CBOÖOAHOM B 0 3 A ) ' x e  h  p e u y K H H H  B yre 
^cr — 2 , 8  z.'cm3) c  c e n e H H e M  i i 3 o a n o M a A  b  5 0  mza [1],  K o M n u e K C H b i i i  a H a u H 3  

Cei iCMIIHeCKHX Aa HHbI X O C T p o e i l H H  36MHOH KOpbl  n o  OXAeAbHbIM npO(J)HAHM 
C r p a B H M e r p H H e C K H M H  A a HH b lM H  n 0 3 B 0 A H A  BblHBHTb OCHOBHbie MepXbl  CXpOe-  
IUIH KOpbl  II B e p X H e n  M 3HTHH B pa3J IHHHbIX OÔJiaCTÎIX PlHAHHCKOrO O K e a H a  
[2,  3] ,  r p a B H M e i p H H e c K i i e  c k c m k h  b  H h a h h c k o m  o n e a n e  n p o B O A a x c a  a H r -  
AIIHCKHMH H a M e p H K 3 H C K H M H  J I CCAeAOBaxeAHMH C MOpCKHMH r p a B H M C X p a M H  
T p a c j i a ,  « A c K a H H H  G S S - 2 »  h  J i a  K o c x a - P o M Ö e p r a .  Ó A H O B p e M e H H o  c  H 3 M e -  
p e n i i e M  c h a h  T H u c e c T u  n p o B O A a x c a  n e n p e p b i B H b i e  H 3 M e p e H i i a  n o  n p o( ] ) HA i o  
n o A H o r o  B e K T o p a  M a r n n x H o r o  n o n a  n  t a v ó i i h  A n a ,  a  b  H e K O T o p b i x  p e i i c a x  
h  H e n p e p b i B H b i e  c e i i c M o a K y c i H a e c K i i e  HCC Ae A O B aH H a  B e p x n e ñ  o c a A o n n o ñ  
T O A i u n  [ 4 — 10]. C o B e T C K i i e  u c c A e A O B a T e A i i  n a  H H C  « B n x a 3 b »  h  H H C  
« K y p n a T O B »  T a K a c e  n p o n 3 B O A H A H  H e n p e p b i B H b i e  H 3 M e p e H i i a  c h a h  T a a c e c T H  1 
h  H a n p H u c e i i H O C T H  n o A H o r o  B e x x o p a  M a n i H T H o r o  n o A a  n p n  n A a B a m i a x  b  
H h a h h c k o m  O K e a H e  [11] ,

H a i i ó o A e e  H 3 y n e H H O H  r p a B i i M e T p H a e c K H  o o A a c T b i o  H h a h h c k o f o  o x e a H a  
k  H a c T o n i u e M y  B p e M e H H  a B A a e T c a  c e B e p o - 3 a n a A H a a  n a c T b ,  a  a h  K O T o p o ñ  
c  y a e x o M  o n y ö A H K O B a H H b i x  a o  1 9 6 7  r .  p e 3 y A b T a T O B  r p a B H M e x p H n e c K H X  H3- 
M e p e H H H  n o  n poc [ )HAHM h 3 m h  c o c T a B A e H a  c x e M a x n a e c K a a  K a p T a  a n o M a u n i i  
c h a h  Tf l uc e c TH b  p e A y x u H H  B y r e  ( a  *= 2 , 6 7  z/cm3, H o p M a A b H a a  ( J i o p M y A a  
M e / K A y H a p o A H a a ) . C p e A H a a  K B a A p a T n a e c K a a  o u i H Ó K a  o n p e A e A e H H H  a H O M a -  
AHH B y r e  H e  n p e B b i m a e T  ± 1 0  mza. O A H a K O ,  y a n x b i B a a  p e A K y i o  c e T b  n p o i j ) H -  
A e ñ ,  H 3 0 a H 0 M 3 A b i  n p o B e A e H b i  a e p e 3  5 0  mza. n p i i H u n n n a A b H b i e  a e p T b i  aHO-  
M a A b H o r o  r p a B H T a u H O H H o r o  n o u a  b  c p a B H e H H H  c  K a p x o i i  a n o M a A H H  b  p e -  
AVKU.HH B y r e  a  — 2 , 8  zIcm3 H e  H3MeHHAHCb.  C p e A H H H O - O K e a H H a e c K H i i

1 C m . B .  A .  r  j i  a  ä  y  h ,  H .  H .  K a n u o ß a .  r p a B H M e T p i w e c K i i e  p a ô o T b i  b  4 0  h  4 1 - m  
p e i i c a x  H H C  « B n T H 3 b » .  H a c T o s m H i i  c 6 o p h h k .
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ApaBHHCKO-HHÄHHCKHH, MaAbÄHBCKHH, MaCKapeHCKHH nOABOAHbie XpeÖTbl 
xapaKTepn3yiOTCH noHHXieHHbiMH, no cpaBHeHnio c rAyóoKOBOAHbiMH kotao- 
BHH3MH, 3HaMeHHHMH aHOMajiHH Byre. B paiioHe nonepenHoro pa3JioMa 
OysH loro-BocTonHee o. CoKOTpa ceBepo-3anaAHoe npoernpanne H3oaHOMaJi 
ocjio>KHneTCH. Co3AaeTCH BnenauieHne, hto ocAOHCHeHHe oöycJiOBJieHo bo3- 
AencTBneM aHOMaAbHbix Macc ceBepo-BocroHHoro npocTHpaiiHH, cocpeAOTO- 
HeHHblX B pa3AOMHOH 30He OySH.

r p a B H T a n n o H H o e  n o A e  A p y r n x  n a e r e n  H hahhckoto o x e a H a  o c B e m e H O  
T o n b K o  H a  y n a c T K a x  O T A e n b H b ix  p a 3 p o 3 H 6 H H b i x  n p o ( | ) n n e H ,  n e p e c e x a r o m u x  
m y ô o K O B O A H b i e  kotaobhhu, n o A ß O A H b ie  x p e ó T b i ,  r j i y ó o x o B O A H b i e  w e A o ö a ,  
K O H T H H eH T aA bH bie  CKAOHbl [2, 12 H A p ] .

rio  pe3yAbTaTaM HaÓAIOAeHHH OpÖHT HCKyCCTBeHHblX CnyTHHKOB 3eM- 
ah  BbiHBAeHbi KpynHan orpHnaTeAbHan boahh reoHAa b ceBepo-3anaAHoii 
nacTH H hahhckoto  oxeaHa, AOcrnraiomaH —77 m , a b boctohhoh h ioro-3a- 
naAHon —  noAo>KHTeAbHbie npeBbiineHHH r e o n A a  [13].

Oahhmh H3 nepBbix MarHHTHbix HCCAeAOBaHHH b H hahhckom oxeaHe 
c ueAbK) H3yneHHH CTpoeHHH 3eMHoii Kopbi 6hah peñcbi coBeTCKOH HeMar- 
hhthoh mxyHbi «3apH»B 1957— 1958 rr. [14, 15]. Bhao BbinoAHeHO HecKOAb- 
Ko cyôuinpoTHbix h cyÓMepHAHOHajibHbix nepeceneHHH H hahhckoto OKeaHa 
c HenpepbiBHOH 3anncbio nonHoro BeKTopa 3eMHoro marHHTHoro noAH T, 
BepTHKaAbHOH Z  H TOpH30HT3AbH0H H  COCTaBAHKHHHX, a Taioxe MarHHTHOrO 
CKAOHeHHH D.  Y}Ke B 3THX peHCax ÔblAH BbIHBAeHbl XapaKTepHbie HHTeH- 
CHBHbie KOpOTKOnepHOAHbie aHOMaAHH MarHHTHOrO noAH HaA pH(f)TOBbIMH 
30H3MH CpeAHHHO-MHAHHCKOrO XpeÔTa, OÔAaCTH CAaÔblX MarHHTHblX aHO
MaAHH b pañoHax HßaHCKoro >xeAo6a, CeBepo-ABCTpaAHñcKoñ h IO jkho- 
AßCTpaAHHCKOH KOTAOBHH. ¿laAbHeHHIHe MaTHHTHbie CbeMKH, npOBOAHBUIHe- 
CH C ÔyKCHpyeMbIMH HAepHblMH MarHHTOMeTpaMH COBeTCKHMH, aHTAHHCKH- 
MH, aMepHK3HCKHMH H flpyrHMH HCCAeAOBaTeAHMH, yTOHHHAH H BbIHBHAH 
HOBbie OÖAaCTH P33AHHHOH MaTHHTHOH 3H0MaAbH0CTH B HHAHHCKOM OKeaHe
[3— 11, 16].

HaHÔOAee noAHO MarHHTHOÜ cbeMKOH noxpbiTa ceBepo-3anaAHaH nacTb 
H hahhckoto  OKeaHa. Oôm an aahh3  MarHHTHbix npotjniAeñ k HacTonmeMy 
BpeMeHH b 3T0M pañoHe npeBoexoAHT 150 tmc. km. B pe3yAbTaîe BbinoA- 
HeHHblX HCCAeAOBaHHH BbIHBAeHbl HanpaBAeHHH oceñ MarHHTHblX aHOMa
AHH b ApaBHÜcKOM Mope h CoMaAHHCKoii KOTAOBHHe. HaMenaeTca napaA- 
AeAbHOCTb npOCTHpaHHH OCeÜ MaTHHTHblX aHOMaAHH OCHOBHblM MOpiJlO- 
CTpyKTypaM peAbei])a. Cßoeo6pa3Hbie M03aHHHbie MarHHTHbie aHOMaAHH 
OTMeneHbi Ha noABOAHOM xp. M eppen, He xapaKTepHbie äah  thhhhho oKea- 
HHHeCKOH KOpbl. B03M0>KH0 Xp. MeppeÜ 33A0>KeH Ha CeBepO-BOCTOHHOM 
npOAOAJKeHHH 30HbI HapyUieHHH Oy3H HAH HBAHeTCH MOpCKHM npOÄOAHCe- 
HHeM OMaH-IlaKHCTaHCKOH reoaHTHKAHHaAH [17]. 3oHa HapymeHHH Ovsh 
no MaTHHTHblM aH0M3AHHM pe3K0 OTAHHaeTCH OT npHMblKaiOmHX ynaCTKOB 
ApaBHÍicKO-HHAHHCKoro xpeôTa. Ecah aah  nocAeAHero och MarHHTHbix 
aHOMaAHH napaAAeAbHbl XpeÔTy c HHTeHCHBHbIMH 3H0M3AHHMH HaA pH(j)TO- 
BOH oÖAacTbK), to  30Ha OysH xapaKTepH3yeTCH cAaöo hhomaAbHbiM noAeM, 
b cpeAHeM He npeBocxoAHiHHM ± 1 0 0  y. HaÖAioAaeTCH TeHAeHHHH k C B —103 
npocTHpaHHio oceñ aHOMaAHH.

3anaAHO -CoM aAH H CK aa kotaobhh3 x a p a K T e p H 3 y e T c a  cnoKOHHbiM Mar-  
HHTHblM noA eM , AHHIb H3peAK3 OCAOÎKHeHHblM aH0M3AbHbIMH 30H3MH, npO" 
CTHparomHMHCH, K an npaBHAO, n a p a A A e A b H o  AijipHKaHCKOMy n o ö e p e x c b io .  
BocTOHHan nacTb Com3ahhckoh ko taobhhh , 3aKAK>HeHHaH Me>KAy MacKa- 
peHCKHM H ApaBHHCKO-HHAHHCKHM XpeÖTaMH, BblÄGAHeTCH CHAbHO paCHAe-  
HeHHblM MaTHHTHblM nOACM. AMnAHTyAbl aHOMaAHH OT 150 AO 300 Y C n e -  
pHOAOM 10—40 KM. ripHHeM XapaK T ep 3H0MaAHH OAHH3KOB HaA pOBHbIM 
AHOM h BCTpenaiomuMHCH 3 A e cb  noABOAHbiMH ropaM H. H a A  C eñ m eA b C K o ñ
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ÔaHKOH B blH B JieH bl HHTeHCHBHbie J lO K a J lb H b ie  aH O M a j lH H ,  C aM n JIH T y f lO H  
jlOOO— 1500 y  h  nepH O Æ O M  o x o a o  1 km. B e p o a T H o ,  s t h  a H O M a j lH H  o ô y c a o B -  
■neHbi 6a3ajibTOBbiMH a a i i x a M H ,  m a c t o  H a Ö J i iO Ä aeM b iM H  H a  C e n m e a b c x n x  
OCTpOBaX. B e K T O p a  eCTeCTBeHHOH OCT3TOHHOH HaM aTHH HeHHOCTH OÔpa3U,OB 
6 a 3 a j i b T O B ,  c o ô p a H H b i x  H a  40 a a i i x a x  C e H u i e a b c x H x  o c T p o B O B ,  o x a 3 a a H C b  
B e c b M a  pa3 J iH H H b iM H  n o  H a n p a B a e H H i o  [18],

B a H K a  C o i l a  a e  M a a b a  b  o t j i h m h c  o t  C e n m e j i b C K O H  O h h k h  B b i a e a a e T c a  
C J iaÖ O aH O M aJIbH bIM  M arH H T H bIM  nO J ie M . A M n J IH T y f lb l  M a rH H T H b lX  aH O M aJIH H , 
c o B n a a a i o m H e  c o  c k j i o h 3 m h  6 3 h k h ,  a o c T H r a x r r  5 0  y.  B  i o r o - 3 a n a a H O H  n a -  
CTH M a c x a p e H C K o r o  x p e Ö T a  h  b  k » x h o h  n a c T H  M e a x o B o a b a  K a p r a a o c - K a -  
p a x o c  H a ó a i o a a i o T C H  y 3 K H e  n o a o c o B b i e  O T p n u a T e a b H b i e  M a rH H T H b ie  a H O M a -  
a n n  HHTeHCHBHOCTbK) a o  4 0 0  y.  3 t h  M a rH H T H b ie  a H O M a a H H ,  n p o T H r H B a i o -  
m n e c H  B a o a b  3a n a a H o r o  c x a o n a  M a c x a p e n c x o r o  x p e Ö T a  a o  6 3 h k h  C o i l a  
a e  M a a b H ,  b o 3 m o > k h o ,  o T p a > x a i O T  c o B p e M e H H y i o  o c a a ô a e H H y i o  3 0 H y  b  M o p -  
CKOM a H e ,  x a p a K T e p H 3 y i o u i , y i o c H  M a r M a T H n e c x H M H  h 3 j i h h h h h m h  [8],

ApaBHHCKO-MHaHHCKHH x p e ö e T  ( x p .  K a p j i c Ô e p r  n o  3 apy6e>X H oii  T ep-  
MHHoaorHH) n e p e c e n e n  MarHHTHbiMH npoiJiHaaMH Ha pa3aHHHbix u iH p o T a x .  
X a p a x T e p  aH O M aann Ha B c e x  n e p e c e n e H n a x  ocTaeTCH oaH HaxoBbiM , MeHaeT-  
CH JIHIUb HX HHTeHCHBHOCTb [1 9 ] ,  PlI(])TOBbie aOJIHHbl ApaBHHCXO-HHaHHCXO- 
r o  xpeÖ T a xapaKTepH3yioTCH oTpnuaTeabH biM H  MarHHTHbiMH aHOMaanaMH.  
C o n o c T a B a e H H e  n o a n r o H H b ix  cbeMOK, BbinoaHeHHbix p a a o M  c o b c t c k h x  h  3 a -  
py6e>KHbix SKcneaHHHH H a a  pa3aHHiibiMH yna cT x a M H  ApaBHHCKO-I-ÍHaHHCKO- 
r o  x p eÖ T a ,  cBHaeTeabCTByeT o  t o m ,  h t o  o c h  aHOM aanil,  a c c o u H i i p y i o m H e c a  
c  pH(|)TOBbiMH aoaH HaM H  h  rpeÖHHMH n p H a e r a x j m H x  r o p ,  He a B a a x r r c a  He- 
ripepbiBHbiMH [ 1 1 ,  2 0 ] .  H a  B c e x  n o a n r o H a x  H aôa ioaa ioT C H  B 03M ym eH H a  
b  MarHHTHOM n o a e ,  o c h  KOTopbix nacTO n e p n e H a n x y a a p H b i  ocHOBHOMy Ha-  
n p a B a e n H io  n o n a .  H a ô a i o a a i o T c a  cM em eH H a o c e ñ  MarHHTHbix aH O M aanü , n a -  
p a a a e a b H b ix  H a n p a B a eH H io  x p eÓ T a ,  b  3 o r ia x  B03MymeHHH n o p a a x a  1 0 —  
3 0  KM.

n o c K o a b x y  M e c T a  B b i ô o p a  n o a n r o H O B  b  o ö m e M  c a y n a e  a B a a i o T c a  c a y -  
a a H H b iM H ,  H M e i o T c a  o c H O B a H H a  y T B e p a c a a T b  n o  M a rH H T H bIM  a a H H b i M ,  h t o o c - 
H OBHbie M O p tJ io c T p y K T y p b i  b  n p e a e a a x  x p e Ö T a  H e  a B a a i o T c a  H e n p e p b iB H b iM H .  
a  a a c T o  H c n b iT b iB a iO T  r o p H 3 0 H T a a b H b i e  h , B e p o a T H O ,  B e p T H x a a b H b i e  n o a B H a c -  
KH H e ö o a b u i H x  a M n a H T y a ,  h t o  n o a T B e p a c a a e T  n p e a c T a B a e H H a  o  C p e a H H H O M  
x p e Ô T e  x a K  c o B p e M e n H O H  T e x T O H H n e c x H  3 k t h b h o h  3 0 H e  b  M n p o B O M  o x e a H e .  
M a r H H T O M e T p H a e c x a a  H 3 y a e H H C C T b  c n c T e M b i  x p e Ö T O B  J l a x x a a u B c x o r o ,  
. M a a b a H B c x o r o ,  M a r o c ,  a  T a x > x e  x o T a o B H H  h  n o a s o a H U x  x p e Ö T O B  k ih c h o h  
h  b o c t o h h o h  n a c T e ñ  H H a n f l c x o r o  o x e a H a  H e a o c T a T O H H a .  H M e x i T c a  T o a b x o  
O T a e a b H b i e  M a rH H T H b ie  npoc [> H aH .

I l e p B b i e  c e H C M H H e c x n e  H c c a e a o B a H H a  M e T o a o M  n p e a o M a e H H b i x  B o a H  b 
c e B e p o - 3 a n a a n o H  h  b o c t o h h o h  n a c T a x  P l H a H H c x o r o  o x e a H a  6 b i a n  n p o B e a e -  
Hbi b  1 9 5 3  r .  H a  a / c  « M e a e H a a c e p »  [2 1 ] ,  B  p a ñ o H e  C e ñ u i e a b c x o H  ô a H X H ,  p a c -  
n o a o > x e H H O H  n a  c e B e p H O M  o x o h h 3 h h h  M a c x a p e H C X o r o  x p e Ö T a ,  n o a  c a o e M  
x o p a a a o B b i x  pncJiOB M o m H o c T b x )  3 0  m, H M e r o m n x  c x o p o c T b  n p o a o a b H b i x  
B c a H  2 , 1 — 1 ,7  KM/ceK, 6 b i a  o Ö H a p y j x e H  c a o ñ  T o a i H H H o ñ  o x o a o  2 , 4  km h c x o -  
p o c T b K )  n p o a o a b H b i x  B o a H  5 , 5 — 6 , 0  KM/ceK. H o c a e a y K H i l H e  c e ñ c M H H e c x H e  
H c c a e a o B a H H a  y c T a H O B H a n ,  h t o  C e ñ m e a b c x a a  ó a H x a  H M eeT  M a T e p n x o B b i H  
T H n  x o p b l  [2 2 ] .  T p a H H T H b i e  n o p o a b l ,  B b i x o a b l  XOTOpblX H a  nO B e p X H O C T b  06 - 
H a p y a c e H b i  H a  o c T p o B e  M a a ,  M o m H o c T b x )  a o  1 3  km c o c t o h t  h 3  a s y x  c a o e B .  
r i e p B b i H  c a o H  c o  c x o p o c T b X )  n p o a o a b H b i x  B o a H  5 , 6 — 5 , 7  KM/ceK, a o c T H r a e T  
m o u í h o c t h  a o  3 , 5  km. n o a  3THM THnHHHO « T p a H H T H b iM »  c a o e M  3 a a e r a e T  
c a o H  c o  c x o p o c T b K )  n p o a o a b H b i x  B o a H  6 , 3  KM/ceK, x o T o p b i f i ,  B e p o a T H O ,  c o -  
oT B eT C T B y eT  H e c x o a b x o  6 o a e e  y n a o T H e H H b i M  r p a H H T a M .  H a  r a y Ó H H e  1 3  km 
o Ó H a p y a í e H  c a o f l  c o  c x o p o c T b K )  n p o a o a b u b i x  B o a H  6 , 8  KM/ceK,  T H n H H H b iñ  a a a  
« 6 a 3 a a b T O B o r o »  c a o a .  T p a H H u a  M o x o p o B H H H H a  ( r p a H H u a  M)  B b i a B a e H a
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n a  r j i y ó H H e  32 km n o a  C e ñ m e j i b C K H M H  o c T p o B a iv iH .  H a i i M e H b i u a a  m o i u h o c t b  
aeM HOH K o p b i  o ô n a p y j K e n a  n e n o c p e f l C T B e n H o  k  3 a n a , a y  o t  C e í i m e j i b C K o ñ  
ó a n K H ,  r ^ e  B b iK A H i i i iB a e T c a  6 a 3 a A b T O B b i i i  c j i o h  c o  C K o p o c T b i o  6,8 K M / c e K , 
a  n o p o A b i  H a f l 6 a 3 a j i b T O B o r o  c j i o h  c o  C K o p o c T b i o  4,2— 6,2 K M j c e K  3 a j i e r a i O T  
i i e n o c p e a c T B e H H o  n a  m h h t h h ,  n a x o A a m e ñ c a  n a  T A y ó i iH e  B c e r o  A i i u i b  8,5 km 
m i m e  y p o B H H  M o p a .  X l a A e e  b  3 a n a A H o i i  n a c T i i  C o M a a i i i i c K O H  k o t a o b h h h  b  
p a 3 p e 3 e  3 e M i io i l  K o p b i  c n o B a  n o a B A a e T c a  c a o h  c o  C K o p o c T b i o  6,8— 7,2 K M / c e K ,  
a  r j i y ö i m a  n o B e p x H O C T i i  Al n o r p y a c a e T c a  a o  13— 15 km H i ia c e  y p o B H a  M o p a .  
H o  M e p e  n p i ió J i i i J K C H H a  k  ó e p e r a i v i  A cj jp i iK H  B b iK A H H iiB a e T c a  n a A Ó a 3 a A b T 0 -  
Bbl i i  CJIOH CO C K o p o c T b i o  5,2 K M / c e K  H yB eA H H H B ae T C H  MOmi-IOCTb OCaftOBHblX 
o t a o h c c h i i h  (ur =  2,5 K M / c e K )  a o  2—3 km. B p a 3 p e 3 e  3 e M H o f i  K o p b i  i i o h b -  
j i a e T c a  r p a H H T i i b i i i  c j i o h  c o  C K o p o c T H M ii  n p o Ä O J i b H b i x  b o a h  4,7— 5,3 K M / c e K ,  

K O T o p b i i i ,  B e p o a T H o ,  n p e A C T a B A H C T  c o ó o ü  n p o A O A J K e H i i e  b  M o p e  OTAOHcemiH 
c i i c T e M b i  K a p p y .  y  n o A H o a c b a  K O H T i iH C H T a j ib H o ro  cK JiO H a B b i a B J i e n b i  c a o h  
c o  C K o p o c T H M ii  n p o f l O J i b H b i x  BOJiH 2,9 km, ' c e K  h  3,5 km, c e K .  r i p e A n o A a r a e T -  
c a ,  h t o  c j i o h  c  v r 2,9 K M / c e K  c A o a c e i i  o c a A K a M i i  M e J i o B o r o  h  n a j i e o r e H O B o -  
r o  B 0 3 p a c T a ,  a  c j i o h  c  v r — 3,5 K M / c e K  n p e A C T a B J i a e i  c o ó o i l  l o p c K i i e  o t j i o -  
a c e H i i a  [23],

B 1958 r. 3K c n e A i m H e i i  n a  c y A a x  « B i i M a »  h  « A i a a H T i i K »  ö b i j i o  n o J i y a e -  
HO 5 p a 3 p e 3 0 B  3 e M H o i i  K o p b i  b  A a ë h c k o m  3 a j i H B e  [25, 26]. C B e p x y  n o  p a 3 -  
p e 3 y  3 a .T e r a iO T  M a j i o y n j i o T H e i i H b i e  o c a A K i i  M o m n o c T b i o  0,5— 1,2 km c o  c k o -  
p o c T H M ii  2— 3 k m ' ceK' ,  HiiHce p a c n o j i a r a i O T c a  y n j i o T i i e H i i b i e  o c a j i K i i  h  b v a -  
K a H o r e H i i b i e  n o p o A b i  c o  c k o p o c t h m h  4,0— 4,5 K M / c e K  m o i h h o c t b i o  1— 2 km. 
O C H O B H bie  II V A bT p aO C H O B H b ie  K p iIC T aA A H H eC K Iie  n o p O A b l  CO CKOpOCTHMH n p o -  
A O A b i ib ix  BOAH 6,4— 6,9 k m !c e K  3 a A e r a i O T  n a  T A y ó m i e  4— 4,5 km ii n ivieioT 
M o m i i o c T b  OKOAO 6 km. H a A B y x  p a 3 p e 3 a x  i i i i a c e  c a o h  c o  C K o p o c T b i o  6,4—  
6,9 K M / c e K  o Ö H a p y m e H  c a o h  c o  C K o p o c T b i o  7,7 K M / c e K .  B e p o a T H o ,  s t o t  c a o h  
n p c A C T a B A a e T  c o ó o h  a n o i v i a A b H y i o  M a H T in o ,  x a p a K T e p H V i o  a a h  p a 3 p e 3 a  c p e -  
A H H H O -o K e a H H H e c K H x  x p e ó T O B  [3, 26].

C e ñ c M i i a e c K i i e  p a ó o T b i  H a  M a c K a p e H C K O M  x p e Ó T e  6 w a h  n p o A O A > K e n b i  
s K c n e A i i m i a M H  H a  c v A a x  « A p r o »  h  « r o p H 3 0 H T »  b  1962 r .  ( s K c n e A i m H a  « J l y -  
aiiaA») h  « Z l n c K a B e p i i »  h  « O y a i i »  b  1963 r .  C o B O K y n H O C T b  p e 3 y A b T a T O B  
I I0 3 B 0 A H A 3  y c T a n o B H T b  H e o A H o p o A H O C T b  c T p y i c r y p b i  x p e Ó T a  h  n p H A e r a i o m e H  
k  H e iu y  c  BOCTOKa M a c K a p e H C K o i i  k o t a o b h h w .

B p a i i o H e  ó a i i K i i  C o i l a  A e  Ma.nba, p a c n o A o n c e H i i o n  lOJKHee C e i i m e A b -  
CKHX OCTpOBOB II HBAHIOIHeÏlCH HaC TblO  M a C K a p e H C K O T O  X p e Ó T a ,  r p a H H T H b l i i  
c a o h  n e  o ó n a p y a c e H .  P a s p e 3  3 e M H o i i  K o p w  H a  ó a i i K e  C o i l a  A e  M a A b a  T H n n -  
n e u  a a a  o i c e a H H H e c K H x  o c t p o b o b  c  B y A K a n i i n e c K i i M  o c H O B a H i ie M .  F I o a  c a o h -  
MII HeÓOA blU Oii  MOHJ,HOCTH CO CKOpOCTHMH n pO A O A bH blX  BOAH 1,72 K M / c e K  
ii 3,25 K M / c e K ,  n p e A C T a B A a i o m H M H  K o p a A A O B b i i i  h a  h  K o p a A A O B b ie  n o p o A b i ,  
c x o A H b i e  c  n o p o A a M H ,  n a H A e H i ib iM i i  H a  A n e  C e f t m e A b C K o i i  ó a H K H ,  o Ó H a p y -  
H<eHbI CAOH CO CKOPOCTHMH npO A O A b H b lX  BOAH 4,4 K M/ c e K  H 5,4—5,5 K M / c e K  
MOIHHOCTbK) COOTBeTCTBeHHO OKOAO 3 II 4 K M ,  T H n H H H b ie  AAH ByAK aHHHeCKHX 
o c t p o b o b  h  n o A C T H A a i o m i i e c a  M a i e p n a A O M  c o  C K o p o c T b i o  n p o A O A b H b i x  b o a h  
6,8—7,0 K M / c e K  [22], K 3 a n a A y  o t  ó a H K H  C o i l a  A e  M a A b a  o Ö H a p y a c e H b i  c a o h  
CO CKOpOCTHMH np O A O A b H b lX  BOAH 6,03 K M . / c e K  ÓOAbLUOH npOTHHieHHOC TH II 
MOUJHOCTH.

3 t h  c a o h ,  H e  T H n n H H b ie  AAH B y A K a H H H e c K H x  c r p y K T y p ,  Mo>KHO p a c c M a T -  
p H B a T b  K a K  n p o A O A H c e H i i e  H a  i o r  r p a H i i T H o r o  M a c c H B a  C e i i m e A b C K H x  o c T p o -  
BOB. H e K O T o p b i e  HCCACAOBaTeAH, o n n p a a c b  H a  s t h  cjiaKTbi, n p e A n o A a r a i o T ,  
h t o  M a c K a p e H C K H Ö  x p e ó e T  o ó p a 3 0 B a A c a  b  p e 3 y A b T a T e  B y A K a H H H e c K o ü  A e a -  
TeAbHOCTH BAOAb T p a H H U b l  M 3C CH B a KOHTHHCHTaAbHOTO T H n a  [24],

B sK c n e A H U H H  « J I y 3 H a A »  ó h a h  n o A y n e H b i  T a n a c e  c e i i c M H H e c K H e  p a 3 -  
p e 3 b i  3 e M H o f i  K O pbi H a  n p o c j iH A e ,  n e p e c e K a i o m e M  x p e Ó T b i  J la K K aA H B C K H Ü , 
M a A b A H B C K H H  H H a T O C .  B C e B epH O H  HaCTH M aA bA H B C K O TO  x p e Ó T a  M O K A y
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M a jlb f lH B C K H M H  H J Ia K K a f l l lB C K IIM H  OCTpOB3M H O Ó H ap y H C ei i  TH nH H H blll  AAH 
BVAKaHHUeCKHX OCTpOBOB p a 3 p e 3  3eM HOH KOpbl —  nOHTH 5  K M  B y A K a H O re H -  
HblX n o p O A  co CKOPOCTHMH n p O A O A b H b lX  BOAH 3 , 8  K M / c e K  H 5 , 0  K M / c e K ,  n O A ‘ 
CTHAaeM bIX OCHOBHblW OKeaHHHeCKHM ( « 6 a 3 a A b T O B b I M » )  CAOeM 3eM HOH KOpbl 
CO C K o p o c T b i o  n pO A O A bH blX  BOAH 6,8  K M j c e K  H MOULHOCTblO 1 0 , 6  K M .  T p a H H -  
u a  A4 o Ö H a p y x v e H a  n a  r A y ö u n e  1 7 , 3  km n o A  y p o B H e M  M o p n .  l O x c H e e  b  p á s 
p e s e  3eM HOÍI KOpbl ILOHBAHeTCH CAOH MOLILHOCTbIO OKOAO 5  K M  H CO CKOpO- 
CTbfO npO A O A b H b lX  BOAH 6 , 1 3  K M , ' C e K ,  KOTOpblH T3KLKe MOJKHO OTHeCTH K B}'A- 
K a H H H e c K H m n o p o A a M .  r p a H H u a  A4 p a c n o A O A c e H a ,  B e p o H T H O , H a  r A y Ó H H e  He 
M e n e e  2 0  km, T a n  n a n ,  H e c M O T p n  H a  t o ,  a t o  c e ñ c M H H e c K H H  n p o i J iH A b  6 m a  

A a h h o h  S o A e e  1 0 0  km, b o a h m  o t  r p a H H U b i  M  H e 3 a p e r H C T p H p o B a H b i .  
n o x  ô a H K o n  M a r o c  BbIHBA eHbl c a o h  c o  c k o p o c t h m h  3 , 0 1  K M / c e K ,  4 , 7 6  n  
6,79 km;ceK, T u n u m i b i e  a a h  K o p a A A O B b ix  h  B y A K a H H u e c K H x  n o p o A  h  a a h o c -  

H O B H o ro  O K e a H H H e c K o r o  ( « 6 a 3 a A b T O B o r o » )  c a o h .  H a  o c u o B a H H H  c e ñ c M i m e -  
CKHX A a iIH b lX  BbIHCHHAOCb, ATO M a A b A H B C h 'H H  X p e Ö e T  nO  BCeH AA H H e CAOHCeH 
113 B yA K aH H A eC K O rO  CAOH MOHJ,HOCTbIO OT 4  AO 5  KM, HOAC TH A aeM O rO  « 6 a -  
3 3 A b T 0 B b iM »  C A oeM . r p a H H u a  A4 n a  k u k h o m  KOHu,e x p e Ó T a  B e p o H T H O  p a c n o -  
A O /K e H a  n a  ö o A b u i o i i  rA y Ó H H e .  C e n c M H A e c K H e  A a H H b ie  H a  c j ) A a H r a x  c p e A H H -  
H o r o  A paB H H C K O -I ' lH A H H C K O rO  x p e Ö T a  H e  BBIHBAHÍOT a H O M a A b H b lX  CKOpOCTeii 
B M 3HTHH, X a p a K T e p H b l X  AAH C peAHHHO-OKeaHC KHX X peÖ TO B . H a  TAyÖ H H e 
o k o a o  10 km o Ó H a p y n c e H a  r p a n n u a  Aí.

3 K c n e A H H H H  « 7 1 v 3 H a A »  n p o B C A a  ö o A b i u o H  oÖT>eM c e ñ c M H A e c K H x  p a ö o T  
MeTOAOM n peA O M A C H H blX  BOAH B K3ÍKHOH H BOCTOHHOH A3CTHX HHAHHCKOTO 
O K e a n a .  I I c c A e A O B a n n H M n  ö h a h  o x B a A e H b i  3 a n a A H O - H n A H H C K a H  h  U e H T -  
p a A b H O - I lH A H H C K a H  BeTBH c p e A H H H o - O K e a H H A e c K o r o  x p e Ö T a ,  B o c t o a h o - M h -  

A h h c k h h  h  3 a n a A H O - A B C T p a A n n c K H H  x p e Ö T b i  n  n p H M b iK a t o u L H e  k  h h m  y u a c T K H  
T A y ö o K O B O A H b ix  KOTAOBHH [ 2 7 ] ,  B  M a A a r a c K a p c K o i i  k o t a o b h h c  r p a H n u a  A4 
B b iH B A e H a  n a  r A y ô H H e  o k o a o  1 0 , 3  km. P a 3 p e 3  3eM HOH K o p b i  n p e A C T a B A e H  
OAeHb TOHKHM ( ~  1 5 0  m )  CAOeM pbIXAblX 0 C 3 A K 0 B ,  H a A 6 a 3 3 A b T O B b IM  CAOeM 
( V T ^  5 , 2  K M / c e K )  MOULHOCTblO OKOAO 1 km h  6 a 3 a A b T O B b I M  CAOeM 
( ü r æ 6,8  K M / c e K ) MOULHOCTblO OKOAO 4  KM.  H a  paCCTOHHHH 1 8 5  K M  OT OCH 

x p e Ö T a  a n o M a A b H a n  M a H T n n  n e  o ô H a p y x c e H a .  H a  n e c K O A b K H x  c t 3 h h h h x  b  

K O T A O B u n e  K p o 3 e  k  t o r y  o t  p 3 3 b h a k h  B e T B e ü  c p e A H H H o r o  x p e Ö T a  o Ö H a p y -  
H ceH a T 0 H K 3H  O K e a H H A e c K 3 H  K o p a .  C p e A H H H  MOUXHOCTb K o p b i  B c e r o  4 , 8  K M,  
c p e A H H H  r A y ô H H a  r p a H H H b i  Aí o k o a o  9,0 km. P a 3p e 3 K o p b i  c o c t o h t  h 3  c a o h  

p bIX A blX  OCaAKOB HeÖOAbLUOH MOULHOCTH, H a A Ô a 3 aA b T O B O T O  CAOH MOULHOCTblO
1 .5  km ( u r ^ 5 , 0 — 6 , 2  K M / c e K )  h  6 a 3 a A b T O B o r o  c a o h  ( u r  =  6,8  K M / c e K )  m o i u -  

HOCTbio 2 , 4 —4 , 7  km. H a  p a c c T O H H H H  M e H e e  5 0  km o t  o c h  J J , e H T p a A b H O - H H -  
A H H C K o ro  c p e A H H H o r o  x p e Ó T a  b  p a 3 p e 3 e  3 e M H o i i  K o p b i  H a  r A y ô H H e  1 0 ,4  km 
BblHBACHa a n o M a A b H a n  MaHTHfl c  rpaHHAHOH C K o p o c T b i o  n p O A O A b H b lX  BOAH
7 . 6  K M / c e K .  0 a H 3 K 0 ,  b  OTAHAHe O T  pa3pe3a 3eMHOH KOpbl B CpeAHHHO-AT- 
AaHTHAeCKOM XpCÖTe, HaAÖa3aAbTOBbIH CAOH HeÖOAbLUOH MOULHOCTH, a MOm- 
HOCTb KOpbi A3LKe HeCKOAbKO ÔOAbUie MOULHOCTH KOpbl npHMblKaiOULHX TAy- 
ÔOKOBOAHblX KOTAOBHH. B03M0LKH0, H3AHHHe TaKOTO KOpHH nOA CpeAHHHblM 
XpeÖTOM OÓbHCHHeTCH ÓAH3KHM npOXOLKACHHeM CeHCMHUeCKOTO IipOCjLHAH V 
OCTpOBOB AMCTepAaM H CeH noAb.

C e i i c M H u e c K H e  p a 3 p e 3 b i  c y Ô K O H T H H e H T a A b H o ro  T H n a  u a  3 a n a A H O - A ß c T p a -  
AHHCKOM x p e ö T e  n o A y n e H b i  H e y B e p e H H O .  T p a H H u a  A4 O T M e n e H a  H a  r A y ô n n e  
OKOAO 2 2  K M .  K o p a  MHOTOCAOHHa, UOA CAOeM pbIX A blX  OCaAKOB HeÖOAbLUOH 
MOULHOCTH BbIHBAeHbl y n A O T H e m i b i e  o c a A K H  ( u r  —  4 , 7  K M / c e k )  h  c a o h  c  r p a -  
HHHHblMH CKOPOCTHMH npO A O A b H b lX  BOAH 5 , 8 ;  6 , 1 ;  6 , 4  K M ’C e K , ÖAH3KHMLI
K CKOpOCTHM B TpaH H TH O M  CAOe [2 7 ] .  H a  T A yÔ H H e OKOAO 1 5  K M  n p O C A O K H -  
B a eT C H  r p a H H u a  CO CKOpOCTblO n p O A O A b H b lX  BOAH 7 , 3  K M / c e K .  y  BOCTOHHOrO 
rioAHO>KbH x p e Ö T a  r p a H H u a  A l  n o A H U M a e T C H  a o  1 2 — 1 0  km, p a 3 p e 3  K o p b i  
I ip e A C T a B A e H  pbIXAbIM H O C aA K 3M H , H 3 A Ô a 3 a A b T O B b lM  CAOeM ( v r ^= 5 , 0  k m / c e K )
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H 6 a 3 a J Ib T O B b IM  CJIOeM C HeCKOJIbKO nOHHÍKeHHOH CKOpOCTbK) n p O A O J Ib H b lX  
BOJiH ( v T —  6,3 K M / c e K ) .  Æ a n e e  k  b o c t o k y  b  KOTHOBHHe i w e n c a y  3 a n a a H O -  
A B C T pa jiH H C K H M  x p e Ô T O M  h  n a a - r o  H a T y p a j i H C T  p a 3 p e 3  K o p b i  H o p M a n b H O  
O K eaH H H ecK H H , r p a m m a  M  H a  r a y ô H H e  10— 12 km,  K o p a  c o c t o h t  h 3  p b i x -  
j i b i x  o c a f lK O B ,  H a f l 6 a 3 a J i b T O B o r o  c j i o h  ( o r  <= 4,7— 6,0 K M / c e K ) h  6 a 3 a a b T O B O -  
r o  c j i o h  ( v r != 6,7— 6,9 K M j c e K ) .

EflHHCTBeHHaH cen cM H H ecK aH  c t 3 h h h h  H a a  rpeÔHeivi B o c t o h h o - H h ä h h -  
CKOrO X p eÔ T a  BbIHBHJia p a 3 p e 3  3CMHOH KOpbl, COCTOHIU,HH H3 pblXJIblX o c a a -  
KOB MOmHOCTbIO OKOJIO 700 M,  HeÔOJIbUIOH MOUIHOCTH (2,2 KM)  CJIOH C T p a -  
HHHHOH CKOpOCTbK) 4,7 KM/CËK,  6a3aJIbTOBbIH CJIOH MOIUHOCTblO 2,9 KM H 
V r  — 6,6 KM/ ce K,  nOÂCTHJiaeMblH CJIOeM C rpaHHHHOH CKpOCTbK) 7,1 KM/ ceK.  
P a 3 p e 3  He T H n n a e H  a a n  B y a K a H H a ec K H x  r p n a .  I l p e a n o j i a r a i o T ,  h t o  CTpyK- 
T y p a  BocTOHHO-MHÄHHCKoro x p e Ô T a  c K o p e e  r o p c T O B o r o  n p o H c x o ïK a e H H H ,  
n e in  B y j iK a H o r e H H o r o  [27], B 3 a n a a H 0 - A B C T p a a H H C K 0 H  k o t j i o b h h c  y  n o a n o -  
IKbH BoCTOHHO-HHÄHHCKOrO X p eÔ T a  MOmHOCTb 3CMH0H KOpbl HeCKOJIbKO 
MeHbHie ( ~ 1 0  k m ) HeM B CaMOH KOTJiOBHHe ( ~ 1 2  k m ) .  K  lOrO-BOCTOKy OT 
KOKOCOBblX OCTpOBOB O Ô H ap y iK eH a  Heo6bIHH3H ÄJIH rJiyÔOKOBOaHblX OKeaHH- 
iiecK H x KOTjioBHH TOHK3H K o p a  M o u iH o c T b io  B c e r o  2,8 k m , n o a c T H a a e M a H  
3HOMaJIbHOH MaHTHeH C rpaHHHHOH CKOpOCTbK) 7,7 KMj ceK.  P a 3 p e 3  THnHHeH 
ÄJIH cpeaHHH O-OK eaHHH ecKH x xpeÓTOB. H H T e p ec H O ,  h t o  n e p e 3  3T y  3 0 H y  n p o -  
XOÄHT HIHpOKHH CeHCMHHeCKHH nOHC (pHC. I ) 2 CeBepO-BOCTOHHOH HaCTH H h -  
a i iH C K o ro  O K eaH a  [28]. B C e B e p o - A B C T p a a n i ic K O H  k o t j i o b h h c  H a a ß y x n y H K -  
T a x  o T M e n e H a  y i o a m e H H a n ,  n p H M ep H O  Ha 3  k m , n o  cpaB H eH H K i c  3 a n a a H O -  
AßCTpaJIHHCKOH KOTJIOBHHOH, 36MH3H KO pa.  YTOJHHeHHe KOpbl npOHCXOflHT 
b  OCHOBHOM 3 a  c a e T  6 a 3 a j i b T O B o r o  c j i o h ,  r p a H H u a  M  p a c n o j i o H c e H a  H a r a y -  
ÖHHe - — 14,4 k m . H a ceücM H H ecK H x p a 3 p e 3 a x ,  n e p e c e K a i o m H x  J 1 b 3 h c k h h  iKe- 
j i o ö  b  p a ñ o H e  n p o j iH B a  J I o m ö o k ,  oTM eaeHO y ß e jiH H eH H e m o i h , h o c t h  3 C m h o h  
K opbi n o a  ra aB H b iM  BHeuiHHM a c e a o ô o M .  T p a i i H u a  A í p a c n o a o a c e H a  Ha r a y -  
ÓHHe 20—25 km [29, 30]. K o p a  y T o a m a e T C H  b o c h o b h o m  3 a  c a e T  6 a 3 a a b T O -  
B o r o  c a o H  ( v r =  6,9 k m / c c k ) .  B C T o p o n y  o c t p o b h o h  a y r n  K o p a  M eH ee  M o m -  
Ha, aeivi n o a  BHeuiHHM a c e a o ô o M ,  h o  6 o a e e  MOiHHan, aeM  n o a  n p H M b m a i o m e H  
a a c T b i o  H H a i i i i c K o r o  o n e a H a .  y B e a n a e n n e  m o i u h o c t h  K o p u  n o  M e p e  n p H ô a n -  
>KeHHH k  o c T p o B a M  n p o H c x o a n T  3 a  c a e T  H a p a c T a H H H  o c aaK O B .

C o B e T C K H e  c e n c M H a e c K H e  n c c a e a o B a H H H  HHC « B n T H 3b »  H H C T H T y T a  
o i c e a H o a o r H i i  AH CCC P n p o B o a n T c n  b  H H a n f i c K O M  o n e a H e  c  1959 r .  [31]. 
C  1 9 6 4  r .  H a a a T b i  c e ñ c M H a e c K H e  H c c a e a o B a H H H  H a  n o a n r o H a x  b  p a 3 a n a H b i x  
r ip o B H H H H H x  H H a n i i c K o r o  o n e a H a  b  K O M n a e n c e  c  a p y r H M H  r e o a o r o - r e o i [ ) H 3 H -  
aecKHMii MeToaaMH [11, 32].

r a y Ô H H H o e  c e f i c M H a e c K o e  3 0 H a n p o B a H H e  B b i n o a H e H o  H a  12 n p o c j i H a n x ,  
p a c n o a o i K e H H b i x  b  A H a a M a H C K O M  M o p e  h  B e H r a a b C K O M  3 a a H B e ,  b  H e m -  
p a a b i i O H ,  C o M a a H H C K O H  h  M a c K a p e H C K o i i  K O T a o B H H a x ,  b  pucJ iTO B bix  3 0 H a x  
A i p a B i i í i C K O - H u a B i i c K o r o ,  3 a n a a H O - H H H H Í i c K o r o  h  H e H T p a a b i i o r o  x p e Ó T O B ,  
n a  M a a b a u B C K O M ,  3 a n a a n o - A B C T p a a H H C K O M  h  B o c t o h h o - H h h h í i c k o m  x p e ô -  
T a x .  B  p e 3 y a b T a T e  s t h x  p a ô o T  B b iH B a e H o ,  h t o  U e H T p a a b u a H ,  C o M a a n n -  
C K a n  h  M a c K a p e H C K a n  K O T aoB H H bi HMeiOT c x o a n o e  C T p o e H H e  3eM HOH K o p b i .  
M a a o y n a o T H e i H H b i e  o c a a K H  HMeiOT H e ô o a b i u y i o  M oiH H O C T b 0,2— 0,4 km, 
n o a c T i i a a i o T C H  H a a 6 a 3 a a b T O B b i M  c a o e iv i  c r p a H H H H O H  C K o p o c T b i o  O K o a o
5.0 K M / c e K  h  MOiHHOCTbio 1,5— 2,0 km. H n i n e  3 a a e r a e T  6 a 3 a a b T O B b i f t ,  n a n  
OCHOBHOH, OKeaH HHeCKH H CJIOH CO CKOpOCTbK) 6,5—6,8 K M / c e K .  O Ô m a H  M O m - 
HOCTb 3eMHOÎI K O pbl  6 — 7 KM.

B pH ( |)T O B bix  a o a n n a x  A p a B i i H C K o - H H a n i i C K o r o  h 3anaaHO-HHaHHci<o- 
r o  x p e Ó T O B  n o a y a e i i b i  c x o a H b i e  K o a o H K i i  3 e M H o f t  K o p w .  n o a  n o B e p x H O C T b i o  
ana 3 a a e r a e T  c a o i i  c o  C K o p o c T b i o  4,5— 5,0 K M / c e K  h  M o m H O C T b io  O K o a o
2,5 km. H H H i e  3 a a e r a i O T  n o p o a b i  c  r p a H H H H o i i  C K o p o c T b i o  7,0— 7,5 KM/ceK.

2 C m . n p n j i o j K e i i i i e  1.
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B o J IH b l  CO CKOpOCTHMH 8 , 0  KM/ceK, X a p a K T e p H b i e  a n a  r p a H H U b l  Aí, H a  s t h x  
r i p o ^ H a a x  H e  n o j i y n e H b i .  B b i c K a 3 a H O  a s a  n p e a n o a o a c e H H a :  h j i h  c H C T e M a  H a -  
ÔJHOfleHHH Ô b IJ ia  H e/ lO C T aT O H H a,  HJIH H<e n O Ä  pH([)TOBbIMH ÄOJIHHaMH H M e e T -  
c a  C B o e o 6 p a 3 H o e  r e o a o r H n e c K o e  c T p o e H H e .

J X j i h  p h 4 ) t o b o h  ä o j i h h h  H e H T p a a b H o - H H a n n c K o r o  x peÖ T a CTpoeHHe 3 eM -  
HOH KOpbl HeCKOJIbKO HHOe. O o f l  MaJIOyilJIOTHeHHblMH OCaflKaMH MOIHHOCTbK)
2 0 0  m  3ajieraioT nopoaw c rpaHHHHOH CKopocTbio 4 , 5  K M / c e K  h  MomHOCTbio
1,1 k m , noncTHJiaeMbie nopoaaMH co CKopocTbio 6,5 KM/ceK.

H a  3anaÆHO-ABCTpajiHHCKOM h B o c t o h h o - H h æ h h c k o m  x p e Ô T a x  n o a  
pblXJIbIMH 0CaHK3MH, MOIH,HOCTbK) 0 , 3 — 0 ,5  K M ,  npOCJIOKeH CJIOH CO CKOpO
CTbK) 5 , 4 — 5 ,5  K M / c e K ,  MoiuHOCTbK) 3 , 5 — 4 ,5  k m , HHJKe KOTOporo 3 a j ie r a e T  
CJIOH CO CKOpOCTbK) 6 , 5 — 6 ,7  K M / c e K  H MOIUHOCTbK) 4 ,5  KM.  TpaH H Ua M  Bbl- 
HBJieHa Ha r a y ô H H e  1 0 — 12 k m . C a e a y e T  oTMeTHTb H e n o T o p o e  p a c x o n c a e H n e  
b p e 3 y j ib T a T a x ,  n o a y n eH H b ix  H H C  «B nT H 3 b »  h  aMepuKaHCKon S K c n e a n u n e H  
n a  3 a n a Æ H o - A B C T p a j i H H C K O M  h B o c t o h h o - H h ä h h c k o m  x p e Ô T a x  [2 7 ,  32] ,  O a -  
n a K o  KaK aMepHKaHCKHe, t 3 k  h  coBeTCKHe ceiicMHHecKHe aaHH'bie o  r a y ô H H e  
rpaHHUbi A í n o a  3anaaH o-A B C T pajiH iicK H M  xpeöTOM n o a y n e H b i  HeyBepeHHO.

BoJibuioH HHTepec a a a  H3yneHHa rayôiiHHOH CTpyKTypbi aHa HHaHÍí- 
c K o r o  o n e a H a  H M e e T  H c c j i e a o B a H H e  c c h c m h h h o c t h  p a c c M a T p H B a e M o ü  a K B a -  
TOpHH.

CHCTeMaTHHecKoe H3yneHHe 3eM aeTpaceH H H  b  HHaniicKOM OKeaHe n p o -  
BoaHTCH c  H a n a j ia  X X  b . ,  h o  B c j ie a cT B n e  M a jio ro  K o a n n ecT B a  perHCTpHpyio-  
m H x  CTaHUHH, h x  H epaBHOM epHoro p a c n o a o jK e H H a  h  H ecoB ep m eH H bix  MeTO- 
a o B  o ô p a ô o T K H , TOHHOCTb o n p e a e a e H H H  an n u eH T p o B  3eMJieTpHceHHii a o  
5 0 - x  r o a o B  6 b i a a  B ecbM a h h 3 k o h .  B TeneHHe n o c a e a H H x  1 0 — 12 a e T  t o h h o c t b  
o n p e a e a e H H H  an n n eH T p o B  cym ecT B eH H o  n o B b iu ie n a  ( a o  ±  10 k m ) .  S T o y a a -  
a o c b  c a e a a T b  ó a a r o a a p a  ycTaHOBKe 6 o a e e  c o B ep m eH H b ix  ceñcMorpac})OB,  
opraH H3aiiHH  ao n o a H H T ea b H b ix  cencMOCTaHUHH, Hcnoab30B3H HH  coB peM eH -  
Hbix MeTOaOB paCHeTOB H BHeapCHHH SHeKTpOHHOH BblHHCaHTeabHOH TeXHH- 
KH [28 ,  33].

P a c n p e a e a e H H e  a n n n e H T p o B  3 eM aeT paceH H H  noK a3aH O  Ha p n c .  1 ( n o  
K- B. C T O B ep y ) .  n o a e  3eM neT paceH H fl,  c o B n a a a i o m n x  c  cpeaHHHo-OKeaHH-  
necKHM xpeôTO M , npoTHrHBaeTCH o t  i o j k h o h  n a e r n  A T aaH T H necK oro  o n e a H a  
n e p e 3  o c T p o B a  O p H H u a  3 a y a p a a  B a o a b  p h c J i t o b o h  3 o h w  3 a n a a n o - H H a H H -  
c K o ro  x peÔ T a a o  o. P o a p n r e c ,  r a e  cencMHHecKHH n o a e  p a c m e n a a e T c a .  O a H a  
BCTBb B a o a b  pinJjTOBOH 30HbI ApaBHHCKO-HHaHÖCKOrO XpeÔTa npOCTHpaeTCa  
ao A aeH C K oro  3 a a H B a  n  c o e a n n a e i c a  c  cericMHHecKHMH 3 0 H 3 m h  B o c t o h h o -  
A(])pHKaHCKHx pinJ)TOB h  K p a c H o r o  M opa ,  a p y r a a  BeTBb i i p o c m p a e T c a  B a o a b  
UeHTpaabHO-MHaHHCKoro xpeÔ T a h  AßCT paao-A H T apK T H H ecK oro  n o a H a m a  
ao CMbiKaHHH c  TnxooKeaHCKHM ceñcMHHecKHM n o a c o M .  T ayóH H bi r a n o n e n T -  
poB 3eM aeTpaceH H H  MHaHHCKoro o n e a H a  MeHbine 70 k m . S n a n e m p b i  b  o c -  
h o b h o m  coB naaaK )T  c onpeaeaeH H biM H  CTpyKTypaMH h  o 6 p a 3 y i o T  3 0 h h  p a 3 -  
aiiMHoro n p o c T n p a H n a .  r l p e a c a e  B c e r o  o ö p a m a e T  Ha c e è a  BHHMaHHe t o t  
cj)aKT, h t o  3o n b i  p a c n o a o jK e H H a  a n n n e H T p o B  x o p o i n o  K o p p e a n p y r o T c a  c  n p o -  
CTupanneM  ApaBHHCKO-HHaHÎicKoro xpeÖ T a. H a n ô o a e e  t o h h o  ceñcM H H ecK aa  
30H a c o B n a a a e T  c UeH TpaabH O H  p h c ] ) t o b o h  aoaHHOH M ea ca y  o.  P o a p n r e c  h  
H ieno ö o M  BHMa. C e B e p H e e  a c e a o ó a  B n M a  a n n n e H T p u  HecKoabKO p a c c e a H b i ,  
n o  TeHaenuHH h x  p a c n o n o n c e n H a  6aH 3 o c h  x p e ô T a  c o x p a H a e T c a .  n p e a n o -  
a a r a e M o e  npaBOCTopoHHee CMemeHHe p h c | ) t o b o h  aoaH H bi n o  a c e a o ô y  B h m ¿  
cooTBeTCTByeT c M em eiiH io  ceficM HHecKon 30Hbi. C aM  JK eaoô  B n M a  He h b -  
a a e T c a  cencM unecK H  aiiTUBUbiM. / í o c T n r a a  3 o h m  n a p y in e H H a  O y a H , n o a o c a  
3eM aeT paceH H ii  c n o B a  ncnbiTbiBaeT npaBOCTopoHHHH c a B n r  c  aM naH Tyaort  
b  300 k m . M H T e p e cn o  OTMeniTb, h t o  H a n O o a b in a a  innpH H a A aeH C K oro  3 a -  
n u B a  TaKjKe c o c T a B a a e T  OKoao 300 k m . C a M a  30H a H a py iueH H a  O y s H  h b -  
a a e T c a  ce n C iM iin ecK H  3 k t h b h o h ,  a e e  H a n p a B a e H n e  kaK 6bi n p o a o n a t a e T  n p o -
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c m p a m i e  x p .  M e p p e n ,  b  K o t o p o m  i a K > K e  3 a p e r H C T p n p o B a H O  H e c K o a b K O  
g n n u e m p o B  3 e M a e T p H c e H n n .  B  À n e H C K O M  3 a j i H B e  a n n u e H T p b i  p a c n o a o H i e H b i  
Y3KOH n o a o c o i i ,  n p o x o n a m e i i  b  H a n ô o a e e  p a c a a e H e H H o n  n o  p e a b e t j i y  i i eHT-  
p a - i b H O H  a a c T i i  3 a a i i B a .  H o j i o > K e H H e  a n n u e m p o B  3 n e c b ,  b o 3 m o h < h o ,  c o o t b c t -  
CTByeT  c p e ^ H i i H O M V  pncJ )Ty  {26] ,  a  T a n n c e  OTnejibHbm n a p y u i e n H H M  T i m a  
c ó p o c o B ,  p a 3 a o M O B  c  n p o c T u p a n n e M  B K p e c T  p h c J i t o b o h  3 0 H e .

n p n  n e p e x o n e  k  B a ô - a a b - M a H n e ô c K O M y  n p o a n B V  n o a e  3 e M j i e T p a c e n n n  
n o B o p a m i B a e T  b  T o h h v h p c k h h  3 a a n B  h  c M b i n a e T c a  c  n o a o c o n  a n n n e H T p o B  
Bo C TOHH O-At f l pHKa HC KOH pnt ] )TOBOH CHCTCMbl.

B  3 a n a A H O - H H f l n n c K O M  x p e Ô T e  a n u n e H T p b i  T a i o K e  c o c p e n o T o a e H b i  
Bf lOJib pH(])TOBOH n o a n H b i .  n o n e p e a H a a  p a 3 J i o M H a a  3 0 H a  r i p H H n a  3 n y a p n a  
c e n c M n a e c K H  a K T i i B H a ,  b  o r a n n a e  o r  a c e n c M i i a H o n  p a 3 J i o M H o f i  3 0 H b i  M a a a -  
r a c n .  C e n c M i m e c K H Î i  n o a e  i o t o - b o c t o h h o h  b c t b h  C p e f l n H H O - U H f l n n c K o r o  
x p e ô T a  n o  n o n e p e a H o n  p a 3 J i o M n o n  3 o n e  A w c T e p n a M  c M e m e H  n o n m  n a  
3 0 0  km. C r y m e m m  a n n u e m p o B  B O C T o a n e e  A M c r e p n a M C K o n  p a 3 J i o M H o n  3 0 H b i ,  
B 0 3 M 0 / K H 0 ,  T3K>Ke n p n y p o a e H b i  k  n o n e p e a . H b i M  p a 3 J i O M a i \ i .  H a x i e a a e T c a  r n n -  
p o K H H  n o a e  c e i k M n a H O C T H ,  n p o c T n p a r o u j i u i c a  n p n M e p n o  n a p a a a e a b H O  H ß a H -  
CKOMy » c e a o ö y .  3 ia  o ó a a c T b  n o B b i i n e n n o n  c e n c Mf - i aHOC Tn  H a a n H a e T c a  io>k-  
n e e  o c T p o B a  U e i i a o H ,  n e p e c e n a e i  B o c T o a H O - H n n n n c K i i n  x p e ô e T  l o a a i e e  
â K B a T o p a  h  3 a M b i K a e T C H  y  C e B e p o - A B C T p a a n n c K o n  KOTaoBHHbi .  i l o  H Me i o -  
LUHMca k  n a c T o a m e M y  B p e M e m i  n a H H b i M  e m e  H e  a e n o ,  c  k 3 k h m h  e r p y K T y p a -  
MH c o B n a ^ a i o T  3 n n n e n T p b i  s t o t o  c e n c M n a e c K o r o  n o a c a .

H 3 M e p e n n a  T e n n o B o r o  n o T o n a  b  H h h h h c k o m  o n e a H e  B b i n o j i H e H b i  b  o c -  
h o b h o m  a M e p i i K a H C K H M H  3 K c n e . H H n . H a M h [ 3 4 — 3 8 ] ,  C  1 9 6 4  r .  H 3 M e p e n n a  r e n -  
j i o B o r o  n o T O K a  n p o B o n a T c a  n  b  c o B e T C K i i x  3 K c n e n n n H H x  b  H h h h h c k o m  o n e a -  
n e  H a  H H C  « B n T H 3 b »  n  H M C  « K y p a a T O B »  l l H CT H TV T a  o K e a n o a o r n n  
A H  C C C P  [11], H a n ö o j i b i n e e  h u c h o  H 3 M e p e H n i i  T e n a o B o r o  n o T O K a  n p o ß e -  
H e n o  b  c e B e p o - 3 a n a A H o n  a a e m  H h h h h c k o t o  o n e a H a  ( c m .  p n c .  1 ) .  T e n a o B o i ' i  
n o T O K  b  H h h h h c k o m  o n e a H e  H 3 M e H a e T c a  b o a e H b  i n n p o K n x  n p e n e a a x :  o t  
C > h h 3 k h x  k  n y a i o  h o  5 , 0  p  kcu cm2- e e n  h  ö o a e e .  C p e n n e e  3 H a a e H n e ,  B e p o a T -  
n o ,  n e  O T J i n a a e T c a  3 H a a i i T e n b H o  o t  e p e n n e r o  3 n a a e n n a  n a n  H p y r n x  o n e a -  
aiOB,  p a B H o r o  1 , 2 — 1 , 4  p  kcia/cm2 ■ c e K .  P n c T o r p a M M a  p a e n p e n e a e m m  3 n a a e -  
HHH T e n n o B o r o  n o T O K a  b  C o M a a n n c K O i i  k o t h  o b  m h  e  n o K a 3 b i B a e T ,  aTO H a n ö o -  
a e e  x a p a K T e p H o i i  B e a n a n H o i i  a B . r a e T c a  1 , 2 5  p  kq a 'cm2■ c e K .  n p i i M e p H o  T a 
n n e  >ne 3 H a a e n n a  T e n n o B o r o  n o T o n a  H a ó n f o n a i o T c a  b  A p a B H H C K o i i  n  
M a c K a p e n c K O H  KOTHOBHHax.

,D,hh A p a B n n c K O - H H H H H C K o r o  x p e ö r a  c p e H H e e  3 H a a e H n e  T e n n o B o r o  n o -  
TOKa  c o c T a ß n a e T  1 , 3 5  p  küa-cm2 ■ ceK. O n H a i c o  b  o T n e a b H b i x  T o a x a x  x p e ô T a  
n a ó n i o H a i o T c a  B b i c o K n e  h o  4 —5  p  Ka.ijcM2 ■ ceK- 3 n a a e H n a  T e n n o B o r o  n o T o n a .

K o p p e a a n n a  b h c o k h x  3 H a a e n n n  T e n n o B o r o  n o T O K a  c  r p e ö H e M  x p e Ó T a  
B b i p a / K e n a  c a a ó o .  B o a b m i m c T B o  n o B b i m e H H b i x  3 H a a e H H n  T e n a o B o r o  n o T o n a  
a s a a i o T c a  a o K a a n 3 0 B a H H b i M n  n a T H a M n  n a  o n e a n n a e c K O M  n n e .  H e K O T o p b i e  
¡i3 3TMX 3 H a a e H i i n  p a c n o a o / K e H b i  n a  3 n a a n T e a b H O M  y n a a e u m i  o r  o e n  x p e ô 
T a .  B  t o  a c e  B p e M H  a a c T o  B ó a n 3 n  T o a e n  c  n o B b i m e i i H b i M  3 H a a e H n e M  T e n a o -  
B o r o  n o T O K a  p e r n c T p n p y i O T c a  H i i 3 K n e  3 H a a e H H H .  F n c T o r p a M M a  p a e n p e n e a e -  
l i n a  B e a l i a n a  T e n a o B o r o  n o T O K a  H a  A p a B n n c K O - H H H H n c K O M  x p e Ô T e ,  n o c T -  
p o e n n a a  n o  n a n n b i M  7 4  H 3 M e p e n H H  n o K a 3 b i B a e T  H a a n a n e  n e c n o a b K H x  m o a .  
4 3 %  T o a e K  HMeiOT 3 H a a e H n e  0 , 5 ± 0 , 2  p  'küa; cm2 ■ ceK. 3T03HaaeHne n e c K o a b -  
KO m i n c e  c p e f l H e r o  n a n  o n e a n a  b  n e a o . M ,  n o  o n o  H B a n e T c n  x a p a K T e p H b i M  f l a n  
p a n o H a  x p e Ó T a .  B i o p a n  M o n a  ( 3 2 %  T o a e n )  c o o T B e T C T B y e r  3 H a a e H n i o
1 , 5  ± 0 , 2  p  küa; cm2-ceK. 3 t o  n p H M e p n o  c o o T B e T C T B y e T  c p e a n e M y  3 H a a e H i n o  
T e n a o B o r o  n o T O K a  n a n  x p e ô T a  b  n e a o M .  H a K o i i e n ,  9 %  o t  o ó i n e r o  K o a n a e c T -  
B a  H 3 M e p e n n i i  n a i O T  B e a n a n n y  2 , 7 5  ±  0 , 2 5  p  küa/ cm2 ■ ceK. T a n a í i  B e a n a n H a  
n o T O K a  c o o T B e T C T B y e T  c p e H H e M y  3 H a a e H H i o  n a n  p m j i T O B b i x  n o a n H .

H 3 M e p e H i i a ,  B b i n o a H e m i b i e  b  A h c h c k o m . 3 a a n B e ,  C B n n e T e a b C T B y i O T  o  n o -
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B b im eH H O M  T e n . io B O M  n o T O K e .  C p e A H e e  3 H a n e H H e  e r o  n o  5  i m i e p e H H f l M  
3 , 8 + 0 , 4 9  ¡.i KüA CM2-ceK,  t .  e .  T e n j i o B o n  n o T O K  3 a e c b  r o p a 3 f l o  H H TeH CH B H ee, 
n e M  H a  c p eA H H H O M  x p e Ô T e .  K p o M e  b h c o k h x  3H a n e H H H  b  u e H T p a A b H O H  3 0 H e  
3 a n « B a  n o B b i u i e H H b i e  3 H a n e H H H  H a Ô A io A a io T C H  b  t o h k a x ,  p a c n o J i o J K e H H b i x  
BÔAH3H KOHTHHeHTaJIbHOrO CKAOHa. T a K H M  0 6 p a 3 0 M ,  3 0 H a  nOBbimeHHbIX 3 H a -  
neH H H  T e n j i o B o r o  n o T O K a  r n n p e  3 0 h h  p a c n o A o n i e H H H  a n n n e H T p o B  3 e M . a e T p n -  
CeHHH.

B rjiyóoKOBOjHOH k o t a o b h h c  k  ceßepo-3anaAy o t  AßCTpajiHH h  k  lory 
o t  HßaHCKoro meAoóa 3HaneHHH TenAOBoro noTOKa HecKOAbKO M e H b i u e  Hop- 
MaJTbHblX.

H a  p n c .  2  h 3  n p H B eaeH b i p a 3p e 3bi 3eMHOH K o p b i  n o  n p o c J iH A io  o .  M a -  
n a r a c K a p  —  3 a n a n H 0 - H H A H H C K H H  x p e ô e T —  U e H T p a j i b H O - U H f l n n c K H H  x p e -  
6 e T  —  3 a n a n H O - A d C T p a j i H H C K H H  x p e ô e T  —  A ß C T p a A H H  n  n o  n p o i} )H A io  n p o -  
AHB J lO M Ô O K —  JÎB aH C K H H  JKeAOÔ.

P a 3 p e 3  M a n a r a c K a p — AßCTpaAHH n o c T p o e H ,  o n n p a n c b  Ha ceñcM HH e-  
cKHe k o a o h k h ,  n o  aHOMajiHHM c h a h  T H *ecT H  b  peAyKUHH B y r e  n o  M eT on y  
n o Ä Ö o p a .  B  n e p e x o A H o i i  30H e o t  AßCTpajiHH k  H h ä h h c k o m y  o n e a H y  n p n  n o -  
cTpoeHHH p a 3 p e 3 a  H cnoAb30BaHbi p e s y j i b T a r a  ceHCMHHecKHx HCCJienoBaHHH 
iweTOAOM npe.TOMneHHbix b o a h  b  p a ñ o H e  n e p T C K o r o  ö a c c e Ü H a  [ 3 9 ] .  H H T e p -  
npeT auH H  rpaB H T aunoH H bix  aHOMaAHH n a A 3anaAHO-liHAHHCKHM xpeÔTOM 
BbinojiHeHa a a h  a b v x  BapnaHTOB c r p o e H H H  3 c m h o h  x o p b i  c p e / i H H H b i x  x p e ö -  
t o b :

1. n p H  H o p M a j ib H O H  nj ioT H O C TH  B e p x H e ñ  M3HTHH n o A  T p e ô H e M  x p e ô T a  
HO T p a B H M e T p H n e C K H M  A aH H blM  ÄOJI>KeH ÔbITb K O p e H b  B 3eM HOH K O p e .  r,ay- 
Ó H H a r p a n H U b i  M  n o r p y x i a e T C H  a o  1 2 — 1 4  km.

2 .  n p H  a H O M a n b H o  h h 3 k o h  h a o t h o c t h  B e p x H e ü  m 3 H t h h  n o A  x p e Ô T O M  
MOinH OCTb 3 eM H O ii  KO pbl y M e H b H ia e T C H .  M o iH H O C T b  aH O M aA b H O H  M3HTHH 3 a -  
BHCHT o t  c T e n e H H  p a 3 y n j i 0 T H e H H H .  E c a h  y M e H b u i e H H e  nj ioTH O C TH  b  a H O M a A b 
HOH M3H THH A O C T H ra e T  0 , 2  ¿¡CM3, TO HHJKHHH T p a H H H a  3 H 0 M a A b H 0 H  M3HTHH 
n o A  3 a n a A H O -H H A H Ö C K H M  x p e Ô T O M , B e p o n T H O ,  p a c n o j i o J K e H a  H a  T A y ô H H a x  
1 8 — 2 0  km. H a H M e H e e  H af le> K H b ie  p a 3 p e 3 b i  3 c m h o h  K o p b i  n o j i y n e H b i  n o A  
U e H T p a j ib H O - H H A H H C K H M , B o c t o h h o - H h a h h c k h m  H 3 a n a A H O - A ß C T p a A H H C K H M  
x p e Ô T a M H .  B 3THX o ó A a c T H x  B e c b M a  c n a ô o  H 3 y n e H o  r p a B H T a n n o H H o e  n o A e ,  
a  c e i l c M u n e c K H e  p a 3 p e 3 b i  3eM HOH K o p b i  n o A y n e H b i  H e y B e p e H H o  h  p e 3 y A b T a -  
T bl n p O T H B O p e n i I B b l .  E C A H  nO A  LI,eH TpaA bH O -I 'lH A H H C K H M  x p e Ô T O M  M aHTHH 
p a 3 y n A O T H e H a  n p n w e p H O  H a  0 , 2  ejcMz, t o  h h h c h h h  r p a n n u a  aH O M aA b H O H  
M aH TH H , B e p o H T H o ,  p a c n o A a r a e T c n  H a  T A y ô H H a x  1 8 — 2 2  km. ,H a h  3 a n a A H O -  
A ßC T paA H H C K O T O  X p e Ô T a  H OÔAaCTH COHAeHeHHH B o C T O H H O -liH A H H C K O rO  H 
3 a n a A H O - A B C T p a A H H C K o r o  x p e Ô T O B  H H T e p n p e T a n H H  a H O M aA H H  c h a h  T s m e -  
CTH b  peA V K H H H  - B y r e  n p o B e A e H a  a a h  a b v x  B a p n a H T O B  C T poeH H H  3 e M H o i i  
K o p b i :

1. E c a h  no A T B ep A H T ca  p a 3 p e 3  Kopbi (c raH H H H  4 2 ,  p n c .  2 ) ,  n o A y n e H H b in  
b  sKcneAHHHH « J l y 3 H a A »  [ 2 7 ] ,  t o  m o h î h o  n p e A n o A a r a T b ,  h t o  3 T a  o ô A a c T b  
HMeeT CyÔKOHTIIHeHTaAbHblH T u n  KOpbl MOIHHOCTbiO 1 8 — 2 2  KM  H C HOpMAAb- 
HOH B e p x H e i i  MaHTiiefi.

2 .  E c a h  /n e  3 e M H a n  K o p a  b s t o h  o ô a 3 C t h  HMeeT MomHOCTb n o p H A K a  
1 0 — 1 2  KM  [3 2 ] ,  TO AAH COTAaCOBaHHH C TpaBHMeTpHHeCKHMH A3HHHMH He- 
OÔXOAHMO npeAnOAO>KHTb HaAHHHe nOA 3TOH OÔAaCTblO p33ynAOTHeHHOH 
BepXHefl MaHTHH. B 33BHCHM0CTH OT CTeneHH p a 3 \ ’nAOTHeHHH HHHÍHHH T p a -  
HHlia aHOMaAbHOH MaHTHH, BepOHTHO, H3X0AHTCH H a  TAyÔHHaX 2 6 — -34  KM.

n o  npOCjDHAIO n p O A IIB  JlO M Ô O K  —  5ÍBaHCKHÍÍ >KeAo6 —  C e B e p O - A ß C T p a -  
AHHCK3H KOTAOBHHa p a 3 p e 3  3CMHOH KO pbl n O C T p O eH  n O  CßH C M HH eCKH M A ß H -  
HblM [ 2 9 ,  3 0 ] .  C  HX n O M O m b IO  6 bí A H p aC C H H T aH b l  H 3M ei ieH H H  3 H 0 M 3 A H H  CHAbI 
TH A tecTH  b peAVKH HH B y r e ,  o ô y c A O B A e H H b ie  H 3 M eH eH H eM  m o i h h o c t h  p a 3 -  
AHHHblX CAOeB 3CMHOH KO pbl.  B b lH H C A eH H b ie  3 H a n e H H H  a H 0 M 3 A H H  ÔblAH
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Mhöuückuu IjeHmpa/iöHO-MHduúcHuuxpebem xpebem

êocmô Ho-j JanaÚHO- t / 
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P h c . 2 .  P a 3 p e 3  3 e M H o f t  K o p u  M a A a r a c K a p — A B C T p a J iH H :
¡ —  p b i x j i b i e  o c a A K H ; 2 —  y n j iO T H e H H b ie  o c a A K H ; 3 —  H a A 6 a 3 a A b T 0 B b iH  c j i o h ;  4 —  r p a m i T H b i f t  c j i o h ;  5 —  6 a 3 a j i b T O B b iñ  c j i o h ;  
6 —  n o p o A b i  aH O M ajib H O H  M aH T H H  c  n o H H JK eH H O H  n j io T H O c T b io ;  7  —  r p a H H u a  M o x o p o B H H H H a ;  8 —  r p a H H u a  M o x o p o B H m m a  
n o A  X p e Ô T a M H  (B ep X H H H  M aH T H H  C H O p M ajIb H O H  n J IO T H O C T b lo ) ;  9 —  H H Æ H H H  r p a H H u a  M aH T H H  c  n O H H H íeH H O H  njIO T H O C T bIO ; 
¡0 —  n j io T i io c T b  b  a /c .M 3; 11 —  C K o p o c T b  n p o A O J ib H b ix  BOJiH b  km/ceK\ 12 —  c e f tc M im e c K H e  n y H K T b i;  13 —  p a 3 J iO M b i .  A —  M a c -  
K a p e n c K a a  k o t j i o b h h 3 ;  B —  M a A a r a c K a p c K a n  k o t j i o b k h h ;  C —  K o T J i o B i m a  K p o 3 e ;  D —  3 a n a A H O - A B C T p a j i H ñ c K a a  K o r j io B i iH a



cpaB H eH bi c HaóJiro^eHHbiMH aHOMaAHHMH b  peA ynuH H  B y re , b  pe3 y jib T aT e  
n e r o  óbiJiH BbiaBJieHbi ó o jib iu n e - pacxoK A eH H H  M encay h h m h ,  o c o ô e H H O  b  

p a iio H e  rjiyöoK OBO ÄH oro iK e jio ó a . Y aoB JieT B opH T ejibH oe co rjia co B aH H e  Ha- 
ÔJIK)fleHHbIX H BbIHHCJieHHblX* 3HOMaAHH B03M0>KH0 npH  npeAnOAOHieHHH 
njIOTHOCTHOH HeOAHOpOAHOCTH ÓJIOKOB BepXHeÖ MaHTHH AO TJiyÖHH 6 0  KM. 
n p H  3TOM n o fl TJiaBHblM BHeiUHHM >KeJ1060M nAOTHOCTb BepXHeH MaHTHH

Hl/i
H O Û J7

3 0 0

200

100 KM 200 300

3,3

U M

E Z ] /  (“ 3 2  E Z J j  Q Z 3^

P h c . 3 .  P a 3 p e 3  3 e M H o f i  K o p u  n p o j i H B  J 1 o m 6 o k — H b b h c k h h  H c e j i o ó — C e B e p o -  

A B C T p a J i H i i c K a H  K O T J i o B H H a  H H A H H C K o r o  O K e a H a :

1  —  p b i x j i b i e  o c a f l K H ;  2  —  H a a 6 a 3 a j i b T O B b i f t  c j i o h ;  3  —  6 a 3 a j i b T O B H Ö  c j i o h ;

4  —  n j i o T H O C T b  b  a/cM3 ; 5  —  C K o p o c T b  n p o A O J i b H b i x  b o j i h  b  k m / c e K

B 03pacT aeT  a o  3 ,4  z¡cmz, a  noA  BHyTpeHHeñ h  B n e u m e ñ  rpH A oñ nAOTHOCTb 
MaHTHH yM eHbmaeTCH a o  3 ,2  z,'cmz. K poM e T o ro , noA  BHeuiHeñ noABOAHoñ 
rpaA O H , BepoHTHO, HecKOJibKO yM eHbmaeTCH MoiHHOCTb 6a3aA bT O B oro  c a o h  
s a  cneT  p acc jio eH H a  h  yBeAHneHHH m o ih h o c th  H aA 6a3aA bTO B oro c a o h .  F Io a  
BnaAHHOH M eníAy BHeuiHeñ h BHyTpeHHeñ rp a A o ñ  A y rn  h noA  npHM biKaro- 
u re ñ  KOTAOBHHOH HhAHHCKOTO OKeaHa nAOTHOCTb BepXHeñ MaHTHH ÖAH3K3 
k  H opM aA bH oñ h  paB H a 3 ,3  Z¡CMZ.

B pe3yA bT aT e npoBeA eH H bix k  H aeroH m eM y BpeMeHH reo(|)H3HHecKHx 
HccAeAOBâHHH b  H h a h h c k o m  OKeaHe BbiHBAHeTCH cAOHCTo-ÓAOKOBoe cT poe- 
HHe 3eM Hoñ K opbi h  B epxH eñ  MaHTHH. H aHÖ OA ee neTKo 6 a o k o b 3 h  HeoAHo- 
pOAHOCTb B epxH eñ  MaHTHH npOHBAaeTCH nOA CpeAHHHbIMH XpeÓTHMH H 
b  p a ñ o H e  pa3BHTHH ocTpoBH bix A yr. C B o eo 6 p a3 H b ie  CTpyKTypbi H aM enaiO Tca 
b  oÖAacTH cMbiKaHHH B o c to h h o - H h a h h c k o to  H 3anaAHO-ABCTpaAHHCKOTO 
xpeÓTOB H B rAyÖOKOBOÄHOH 3anaAHO-AßCTpaAHHCKOH KOTAOBHHe K K)rO-BO-
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Part Y General reports 
and com m ents



Reprinted from Science, no. 3491, 1961, p. 1674-1676

T h e  I n t e r n a t i o n a l  

I n d i a n  O c e a n  E x p e d i t i o n

O c e a n o g r a p h e r s  w ill m a k e  fu l l- s c a le  “ l a b o r a to r y ” 

s tu d ie s  o f  o c e a n - a tm o s p h e r e  r e la t io n s h ip s .

Except for the glamor and excite
ment of working in far-away places, 
why are scientists particularly interested 
in studying the Indian Ocean? Many of 
the reasons are related to the monsoon. 
It is well known that the circulation in 
the Indian Ocean north of the equator 
changes markedly with the seasons. 
Tfiis change is particularly notable in 
the Arabian Sea, where there appears 
to be a complete reversal of the surface 
winds between January and July. This 
reversal is expected to have a marked 
effect on the biological production of 
the area. The regions of divergence and 
upwelling change with the seasons, and 
a given coastal area that, in one season, 
exhibits all of the characteristics of 
high productivity may be expected to 
have low productivity the following 
season. Partly because of their obvious 
economic consequences, the problems 
connected with the natural productivity 
of various oceanic regions have re
ceived considerable study in recent 
years. The relationships between oceanic 
circulation and primary production are 
complex and not easy to separate. One 
of the fascinations of the Arabian Sea 
Is that one can study a single region 
under widely varying conditions. The 
fact that the Arabian Sea apparently 
has large untapped fisheries and that 
massive fish mortalities have been re
ported from the area are additional 
stimuli to investigation.

The International Indian Ocean Ex
pedition (IIOE) is the name given to a 
concerted effort by scientists to learn as 
much as possible about the Indian 
Ocean during the next few years. It will

T h e  a u t h o r  i s  a s s i s t a n t  r e s e a r c h  o c e a n o g r a p h e r  
a t  t h e  S c r i p p s  I n s t i t u t i o n  o f  O c e a n o g r a p h y ,  
U n i v e r s i t y  o f  C a l i f o r n i a ,  L a  J o l l a .

John A. Knauss

include a series of oceanographic ex
peditions, in which at least 20 ships 
from a dozen countries will participate; 
the probable establishment of a marine 
taxonomic center somewhere in India; 
the operation of a laboratory ship for 
2 years in the Indian Ocean for the 
purpose of studying marine biological 
problems; a series of geological and 
geophysical reconnaissance surveys of 
parts of the Indian Ocean; and an in
crease in the network of upper-air 
meteorological stations for studying the 
monsoon circulation.

R easons fo r  the  E xped itio n

Although there may be some dis
agreement concerning our level of un
derstanding of the steady-state relation
ship between the mean wind field and 
the major ocean currents, there is little 
argument concerning our understanding 
of the transient problem of the effect of 
a variable wind field on ocean currents. 
All are agreed that the problem is very 
poorly understood. Furthermore, it is a 
problem that is not amenable to in
vestigation with experimental models, 
and our best means of attacking it 
would seem to be to study it in a re
gion such as the Arabian Sea, where 
the winds blow steadily in one direc
tion for several months and then re
verse themselves. Unfortunately, the 
monsoon circulation is not that simple, 
but in the Arabian Sea the oceanog
rapher probably comes closer than in 
any other oceanic area to achieving a 
“full-scale laboratory . experiment" on 
this particular problem.

Successful laboratory experiments 
presuppose properly designed instru

mentation, and it seems likely that a 
certain amount of preliminary work 
will have to be done in this field merely 
to define the scale of the phenomena 
we are attempting to observe. The Ara
bian Sea may be a fine oceanographic 
laboratory but it has one major draw
back. The weather during the summer 
months can be very bad. For example, 
the average wind in the Arabian Sea 
during July is about 30 miles per hour.

Although the equator is near the 
southern limit of the monsoon, it too is 
an interesting region to study. There is 
a seasonal reversal of winds along part 
of the equator and a reversal of surface 
currents. The most interesting problem, 
however, concerns the subsurface cur
rents. Is there a swift, subsurface, east- 
ward-flowing undercurrent in the Indian 
Ocean similar to that which has been 
observed in the Pacific and Atlantic 
oceans? There is as yet no completely 
satisfactory explanation for the Pacific 
and Atlantic undercurrents. However, 
because the other variables along the 
equator in the Indian Ocean appear to 
be different enough, it seems possible 
that a good knowledge of the subsur
face currents of the Indian Ocean 
should help in evaluating the various 
conflicting explanations for the Pacific 
and Atlantic undercurrents.

The monsoon itself poses many in
teresting problems. The temporal and 
spatial relationships of the various 
events which, taken together, are re
ferred to as the monsoon circulation 
have yet to be adequately described or 
explained. For instance, although the 
northern summer monsoon blows pre
dominantly from the southwest at low 
levels, monsoon rains originate over 
southern China, apparently in response 
to upper tropospheric changes initiated 
southwest of India.

These are some of the problems that 
make scientists want to work in the 
Indian Ocean. Other prospective proj
ects are the study of a western bound
ary current (such as the Gulf Stream) 
as it crosses the equator and the study 
of beach development under the rever
sal of strong, longshore currents. As 
our knowledge of the oceans increases, 
more and more often oceanographers 
ask themselves where they can go to 
observe a certain set of conditions in 
order to test a hypothesis. The Indian 
Ocean affords many opportunities for 
studies of this kind.

Many have claimed that the Indian 
Ocean is our least known ocean. In a
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science in which so much is unknown 
there are many contenders for this 
rather dubious honor (the central South 
Pacific and the equatorial Atlantic 
among others), but there is little ques
tion that the Indian Ocean ranks very 
high on the list. Much of the effort 
during the ne\t few years will be con
cerned with gathering biological, phys
ical, chemical, and geological informa
tion about the land, ocean, and 
atmosphere, in order lo provide a better 
description of the Indian Ocean area.

H isto ry

The International Indian Ocean Ex
pedition was proposed at the initial 
meeting of the Special Committee for 
Oceanographic Research fSCOR) at 
Woods Hole, Massachusetts, 28 lo 30 
August 1988. At that time C. OT). Isc- 
1 in of the Woods Hole Oceanographic 
Institution was appointed convener of 
a small working group to consider ex
ploration of the Indian Ocean. The 
Special Committee was established by 
the International Council of Scientific 
Unions fl( SU),  and one of the reasons 
for its establishment was the fact that 
ICSU considered it important that in
ternational cooperation in field pro
grams in oceanography be continued 
after the end of the ICY “on a broad 
basis and for a longer period.”

The idea of a concerted effort in the 
Indian Ocean was further discussed, 
both informally and in formal sessions 
of SC OR, at the International Oceano
graphic Congress at United Nations 
Headquarters in New York, in Septem
ber 1959. Shortly thereafter, SCOR 
asked Robert C. Snider lo serve full 
time as Indian Ocean Coordinator. Na
tional committees were formed in many 
countries, including the United States.

In March I960 the SCOR working 
group was reconstituted into three sub
committees under (i. E. R. Deacon, di
rector ol the National Institute of 
Oceanography, England <I). Most mem
bers of the working group were able to 
meet in Copenhagen on lb and 17 July 
I960, at which time ideas and plans 
were exchanged and some matters of 
policy were decided. In the fall of 1960 
the National Academy of Sciences 
Committee on Oceanography expanded 
its original panel for the International 
Indian Ocean Expedition to a series of 
five working groups (2). These groups 
were asked to prepare a program of

work to be done in the Indian Ocean— 
work to be concentrated in a 2-year 
period beginning about July 1962.

In at least two ways the International 
Indian Ocean Expedition is similar to 
the International Geophysical Year: it 
requires cooperation from scientists 
from different disciplines and from dif
ferent countries, and it is growing in 
size and scope well beyond the concep
tion of the original proposal (3).

The original idea of SCOR can be 
seen in the name “International Indian 
Ocean Expedition.” To most people, an 
expedition is a rather well-defined en
terprise. An oceanographic expedition 
usually consists of a ship or a group of 
ships working together in an area on a 
given set of problems. Georg Wüst, di
rector emeritus of the Institut für 
Meereskunde, Kiel, proposed such an 
expedition at the New York meeting 
in 1959. He suggested that all ships 
work together, making identical obser
vations and in this way collecting the 
necessary data for a first-order physical, 
chemical, biological, and geological de
scription of the Indian Ocean (4).  As 
Wiisl noted, the plan was similar in 
concept to that of the famed Meteor 
Expedition in the South Atlantic, of 
1925-27. However, as the plans of the 
various national committees take shapè 
it becomes apparent that the opportuni
ty to work in the Indian Ocean means 
different things to different scientists. 
The idea of making a concerted attack 
on the problems of the Indian Ocean 
has caught the imagination of many 
people, and Snider, in his most recent 
report, was able to outline the plans of 
20 different countries. As in most thriv
ing enterprises, the report was out of 
date as soon as it was released.

U n ited  S tates P lan s

Like the International Geophysical 
Year, the International Indian Ocean 
Expedition has no specific beginning or 
end. There will probably be a peak of 
activity in 1963, but there has already 
been a marked increase in the amount 
of work being done in the Indian 
Ocean. The Soviet vessels Ob and Viliaz 
have carried out investigations in the 
Indian Ocean, as have the Atlantis, the 
Vana, and the Argo of the Woods Hole 
Oceanographic Institution, the Lamont 
Geological Laboratory, and the Scripps 
Institution of Oceanography, respec
tively. Oceanographic vessels from

France and Japan have worked in the 
area recently, and there has been an in
crease in the oceanographic activities in 
several countries that border on the 
Indian Ocean, particularly in Australia.

The following are examples of proj
ects planned as part of the U.S. Nation
al Program for the Expedition in the 
next 2 or 3 years.

1) The Woods Hole Oceanographic 
Institution is planning a program, in 
cooperation with the National Institute 
of Oceanography, England, to study the 
changing circulation pattern in the 
Arabian Sea during the two monsoon 
seasons. This work will begin in late 
1962 or early 1963 and will include 
considerable work on the biological cy
cle related to these changing conditions.

2) The U.S. Coast and Geodetic 
Survey, in cooperation with the Com
mittee on Mean Sea Level of the Inter
national Union of Geodesy and Geo
physics, is planning to install 28 special 
tide gauges around the Indian Ocean, 
primarily to observe seasonal changes 
in sea level. It seems likely that season
al changes are greater in parts of the 
Indian Ocean than anywhere else in 
the world.

3) The Scripps Institution of Ocea
nography of the University of California 
and the Narragansett Marine Labora
tory of the University of Rhode Island 
are planning a joint expedition to the 
Indian Ocean, beginning in July 1962, 
to study the circulation in the vicinity 
of the equator during the two monsoon 
seasons. There will be two 3-month 
expeditions. During the first, the Scripps 
vessel will work in cooperation with 
one Australian ship. During the second, 
the work will be done in cooperation 
with several Japanese ships, with the 
National Institute of Oceanography, 
and perhaps with other groups.

4) It is expected that a “biological 
ship” will be stationed in the Indian 
Ocean for 2 years. This ship will be 
operated by the Woods Hole Ocean
ographic Institution and will be under 
the directorship of J. H. Ryther. It will 
serve as a kind of national facility for 
biologists from various parts of the 
country who would like to participate 
in the International Indian Ocean Ex
pedition.

The U.S. Biological Program will 
consist of 2 years of operations in 
the western sector of the Indian Ocean, 
between the tips of India and Africa, 
during the calendar years 1963 and
1964. Approximately half the time will
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be spent in making a series of meridion
al (north-south) sections between the 
land and the subtropical convergence 
(40°S) for studies of the systematics, 
distribution, and abundance of marine 
life in relation to water masses, current 
systems, and the monsoonal circulation. 
There will be sampling of all forms of 
life, from microorganisms to the large 
pelagic fishes and from the benthos to 
the surface flora and fauna. The other 
half of the ship’s operations will con
sist of intensive ecological or physiolog
ical investigations of the flora and fau
na in regions of particular interest (the 
Arabian Sea, the equatorial region, the 
Bay of Bengal, and so on) and of such 
biological phenomena as plankton 
blooms and red water, fish mortalities, 
and bioluminescence. During the same 
period, investigations of coastal and in
shore waters, of islands, and of reefs 
are also planned, with landing of shore 
parties at such island locations as the 
Maldives, the Laccadives, the Chagos, 
the Seychelles, Mauritius, and Mada
gascar. Biologists interested in this pro
gram should write directly to John H. 
Ryther, Woods Hole Oceanographic In
stitution, Woods Hole, Massachusetts.

5) It is planned to establish, under 
UNESCO sponsorship, a marine tax
onomic center somewhere in India. This 
center will serve as a preliminary sort
ing center for collections made in the 
Indian Ocean and at the same time will 
provide India with a reference collec
tion of marine organisms from the area.

6) As part of an intensive study of 
the monsoon circulation, it is hoped to 
substantially increase the number of 
stations in the area that are capable of 
measuring winds at high levels. As part 
of this program, the United States 
hopes to man two weather ships sta
tioned on the equator for a 2-year 
period. Besides providing meteorologi
cal observations, the two ships will be 
used for making intensive physical, 
chemical, and biological observations.

7) The IIOE provides an excellent 
opportunity for making more accurate 
calculations of the energy flux between 
the ocean and the atmosphere. Such ob
servations and calculations can be made 
in several more or less independent 
ways, and it is hoped that four differ
ent techniques may be used for inter
comparison.

8) Scripps. Woods Hole. Lamont, and 
the U.S. Coast and Geodetic Survey all

expect to conduct reconnaissance-type 
geological-geophysical cruises in the 
Indian Ocean between now and 1964. 
(Lamont and Scripps have each had one 
such cruise to the Indian Ocean in the 
last 2 years.) Their programs will 
include gravity, magnetic, and bathy
metric observations while the vessels are 
under way and coring, heat-flow studies, 
bottom photography, and seismic re
fraction observations while they are on 
station. Generally speaking, Lamont 
will work in the southern Indian Ocean, 
Scripps in the west-central region, and 
Woods Hole in the west Indian Ocean 
and the Arabian Sea.

9) The newly established National 
Oceanographic Data Center in Wash
ington, D.C., will process much of the 
data from the expedition and will as
sist in the dissemination of data reports 
to interested persons in the United 
States and other countries.

F o r e i g n - P o l i c y  I m p l i c a t i o n s

Presidents Eisenhower and Kennedy 
have both endorsed the United States’ 
participation in the International Indian 
Ocean Expedition. Although presuma
bly the President of the United States is 
gratified whenever this country makes 
progress in science, it is probable that 
presidential endorsement of the IIOE 
signifies concern not so much with veri
fication of theories of the equatorial 
circulation as with matters such as co
operation between oceanographic ves
sels of different nations, the develop
ment of oceanography in many of the 
countries bordering on the Indian 
Ocean, and the development of new 
fisheries industries in these countries 
from local programs growing out of 
the International Indian Ocean Expedi
tion.

Whether science should be an instru
ment of foreign policy is no longer in 
question, if it ever was; the question 
now is how and under what circum
stances it can be. The one point that 
does seem clear is that a scientific pro
gram, to be an effective instrument of 
foreign policy, must first of all be good 
science. A scientific idea or program 
that is pushed primarily for political 
reasons will ultimately fail, not only as 
science but as effective politics as well. 
It is important, therefore, that the In
ternational Indian Ocean Expedition be

justified on the basis of its scientific 
program. If it can be, and if the various 
programs are carried out successfully, 
then there is reason to hope that it will 
also be effective in furthering interna
tional cooperation in science, assisting 
in the growth of science in underde
veloped countries, and attaining other 
objectives.

Scientists who wish to learn more 
details about any part of the U.S. pro
gram should address their queries to 
Robert G. Snider, Indian Ocean Coor
dinator, 30 East 40 Street, New York 
16, New York, or to any of the chair
men or members of the various work
ing groups. Questions about the pro
grams of other countries should be 
addressed to Mr. Snider.

R e fe r e n c e s  a n d  N o ie s

1 . M e m b e r s  o f  t h e  S C O R  w o r k i n g  g r o u p s  a r e  a s  
f o l l o w s .  O c e a n o g r a p h y  S u b c o m m i t t e e  ( P h y s i 
c a l  a n d  C h e m i c a l ,  w i t h  l i a i s o n  t o  M a r i n e  
M e t e o r o l o g y )  : G .  E .  R .  D e a c o n  ( N a t i o n a l  
I n s t i t u t e  o f  O c e a n o g r a p h y ) ,  c h a i r m a n ;  G ü n t e r  
D i e t r i c h  ( K i e l  U n i v e r s i t y ) ;  F r i t z  F u g l i s t e r  
a n d  B o s t w i c k  H .  K e t c h u m  ( W o o d s  H o l e  
O c e a n o g r a p h i c  I n s t i t u t i o n ) ;  J o h n  A .  K n a u s s  
( S c r i p p s  I n s t i t u t i o n  o f  O c e a n o g r a p h y ) ;  J o h n  
C .  S w a l l o w  ( N a t i o n a l  I n s t i t u t e  o f  O c e a n o g 
r a p h y ) ;  P a u l  T c h e r n i a  ( L a b o r a t o i r e  d ’O c e a n -  
o g r a p h i e  P h y s i q u e ,  P a r i s ) ;  M i c h i t a k a  U d a  
( T o k y o  U n i v e r s i t y  o f  F i s h e r i e s ) .  M a r i n e  B i 
o l o g y  S u b c o m m i t t e e : R o n a l d  I .  C u r r i e  ( N a 
t i o n a l  I n s t i t u t e  o f  O c e a n o g r a p h y ,  U n i t e d  
K i n g d o m ) ,  c h a i r m a n ;  B .  G .  B o g o r o v  ( I n s t i 
t u t e  o f  O c e a n o l o g y ,  M o s c o w ) ;  D a v i d  H .  
D a v i e s  ( S o u t h  A f r i c a n  A s s o c i a t i o n  f o r  M a r i n e  
B i o l o g i c a l  R e s e a r c h ,  D u r b a n ) ;  G e o r g e  F .  

H u m p h r e y  ( C S I R O ,  S y d n e y ,  A u s t r a l i a ) ;  J o 
h a n n e s  K r e y  ( K i e l  U n i v e r s i t y ) ;  S h i g e r u  M o -  
t o d a  ( H o k k a i d o  U n i v e r s i t y ) ;  N .  K .  P a n i k k a r  
( F i s h e r i e s  D e v e l o p m e n t  O f f i c e ,  N e w  D e l h i ) ;  
J o h n  R y t h e r  ( W o o d s  H o l e  O c e a n o g r a p h i c  I n 
s t i t u t i o n ) ;  J o h n  S t e e l e  ( M a r i n e  L a b o r a t o r y ,  
A b e r d e e n ) .  G e o l o g y ,  G e o p h y s i c s ,  a n d  B a t h 
y m e t r y  S u b c o m m i t t e e :  R o b e r t  L .  F i s h e r  
( S c r i p p s  I n s t i t u t i o n  o f  O c e a n o g r a p h y ) ,  c h a i r 
m a n ;  B r u c e  C .  H e e z e n  a n d  J o h n  N a f e  ( L a 
m o n t  G e o l o g i c a l  O b s e r v a t o r y ) ;  M o r r i s  N .  
H i l l  ( C a m b r i d g e  U n i v e r s i t y ) ;  G .  N a n d a  
( N a v a l  H e a d q u a r t e r s ,  N e w  D e l h i ) ;  H i r o s h i  
N i i n o  ( T o k y o  F i s h e r i e s  U n i v e r s i t y ) ;  E u g e n  
S e i b o l d  ( K i e l  U n i v e r s i t y ) ;  A .  Z h i v a g o  
( G e o g r a p h i a  I n s t i t u t e .  M o s c o w ) .

2 .  M e m b e r s  a n d  o b s e r v e r s  o f  t h e  N A S - N R C  
C o m m i t t e e  o n  O c e a n o g r a p h y  I I O E  P a n e l  a n d  
w o r k i n g  g r o u p s .  P a n e l  o n  I n d i a n  O c e a n  E x 
p e d i t i o n :  C o l u m b u s  O ’D .  I s e l i n  ( c h a i r m a n ) ,  
R .  D .  F u s s e l m a n ,  H .  A r n o l d  K a r o ,  J o h n  
L y m a n ,  A r t h u r  E .  M a x w e l l ,  R o g e r  R e v e l l e ,  
J o s e p h  L .  W o r z e l .  W o r k i n g  G r o u p  o n  B i 
o l o g y :  J o h n  H .  R y t h e r  ( c h a i r m a n ) ,  K .  B a n s e ,  
A l a n  W .  H .  B e .  H o w a r d  E c k l e s ,  D a v i d  K e c k ,  
D a v i d  M c G i l l ,  J o h n  A .  M c G o w a n ,  D i x i e  L e e  
R a y .  W o r k i n g  G r o u p  o n  G e o l o g y ,  G e o p h y s i c s ,  
a n d  B a t h y m e t r y .  R o b e r t  L .  F i s h e r  ( c h a i r 
m a n ) ,  P r e s t o n  E .  C l o u d ,  C h a r l e s  L .  D r a k e ,  
E a r l  E .  H a y s ,  B r u c e  C .  H e e z e n ,  A r t h u r  E .  
M a x w e l l ,  G e o r g e  C .  S h o r ,  J r . ,  H a r r i s  B .  
S t e w a r t ,  J r .  W o r k i n g  G r o u p  o n  M e t e o r o l o g y : 
R o b e r t  F l e a g l e  ( c h a i r m a n ) .  J a c o b  B j e r k n e s ,  
A l f r e d  K .  B l a c k a d a r ,  A n d r e w  B u n k e r ,  E a r l  
D r o e s s l e r ,  D o n a l d  P o r t m a n ,  C o l i n  R a m a g e ,  
M o r r i s  T e p p e r ,  J a c k  C .  T h o m p s o n .

3 .  I n  t h e  r e p o r t  o f  t h e  f i r s t  S C O R  m e e t i n g  i n  
A u g u s t  1 9 5 8 .  a  t e n t a t i v e  t o t a l  b u d g e t  o f  
a b o u t  $ 4  m i l l i o n  w a s  g i v e n  f o r  t h e  t o t a l  e x 
p e d i t i o n  [ D e e p - S e a  R e s e a r c h  5 ,  7 5  ( 1 9 5 8 ) ] .  
I t  n o w  a p p e a r s  t h a t  t h i s  s u m  w i l l  a b o u t  c o v e r  
t h e  U . S .  m e t e o r o l o g i c a l  p r o g r a m .

4 .  G .  W ü s t ,  D e e p - S e a  R e s e a r c h  6 ,  2 4 5  ( 1 9 6 0 ) .
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A N  I N D I A N  VIEWS THE IN T E R N A T IO N A L  
I N D I A N  O CEAN EXPEDITION

T .  S .  S A T Y A N A R A Y A N A  R A O  

National Institute o f Oceanography, Bombay, India

N o w  t h a t  t h e  I n t e r n a t i o n a l  I n d i a n  O c e a n  E x p e d i t i o n  ( I . I . O . E . )  i s  o v e r ,  o r  a t  

l e a s t  t h e  o p e r a t i o n a l  a s p e c t  o f  i t ,  p e r h a p s  i t  i s  n o t  o u t  o f  p l a c e  t o  i n d u l g e  i n  

s o m e  p e r s o n a l  r e f l e c t i o n s — b o t h  a b o u t  t h e  v a r i o u s  p r o b l e m s  i t  h a s  g e n e r a t e d  

a n d  t h o s e  i t  h a s  s o l v e d — w h i c h  w i l l  s u p p l e m e n t  t h e  r e v i e w  o f  C u r r i e  ( 1 9 6 6 )  

r e g a r d i n g  w h a t  t h e  I . I . O . E .  s e t  o u t  t o  a c h i e v e  a n d  w h a t  w e r e  s o m e  o f  t h e  

p r e l i m i n a r y  r e s u l t s .  I t  w i l l  b e  v a l u a b l e  t o  s u p p l e m e n t  t h i s  w i t h  a  b r i e f  h i s t o r y  

o f  m a r i n e  r e s e a r c h  i n  I n d i a ,  w h a t  I  t h i n k  I . I . O . E .  m e a n t  t o  I n d i a ,  a n d  i n  w h a t  

w a y  t h e  n a t i o n  h a s  b e n e f i t e d  b y  i t s  o w n  f u l l  p a r t i c i p a t i o n  i n  t h e  p r o g r a m m e .

M y  o w n  a s s o c i a t i o n  w i t h  I . I . O . E .  b e g a n  o f f i c i a l l y  o n  t h e  1 s t  A u g u s t  1 9 6 2  

w h e n  I  t o o k  u p  t h e  p o s t  o f  L i a i s o n  O f f i c e r  f o r  t h e  U . S .  P r o g r a m m e  i n  B i o l o g y  

d u r i n g  t h e  I . I . O . E .  ; I  w a s  s t a t i o n e d  a t  B o m b a y  t h r o u g h o u t  t h e  p e r i o d  o f  t h e  

e x p e d i t i o n .  B y  v i r t u e  o f  t h i s  p o s i t i o n ,  I  w a s  n o t  o n l y  l o o k i n g  a f t e r  t h e  i n t e r e s t s  

o f  t h e  U . S .  P r o g r a m m e  i n  B i o l o g y ,  b u t  a l s o  m a i n t a i n e d  a  c l o s e  l i a i s o n  w i t h  

t h e  I n d i a n  a u t h o r i t i e s  w h o  w e r e  r e s p o n s i b l e  f o r  t h e  I n d i a n  P r o g r a m m e  a n d  

w i t h  f o r e i g n  c o u n t r i e s  p a r t i c i p a t i n g  i n  t h e  e x p e d i t i o n .

M A R I N E  R E S E A R C H  I N  I N D I A  P R I O R  T O  I . I . O . E .

S e w e l l  ( 1 9 5 2 )  h a s  g i v e n  a n  a c c o u n t  o f  t h e  d e e p - s e a  o c e a n o g r a p h i c a l  e x 

p l o r a t i o n  i n  I n d i a n  w a t e r s ,  w h i l e  P a n i k k a r  ( 1 9 5 2 , 1 9 5 3 )  h a s  d e a l t  i n  g r e a t  d e t a i l  

w i t h  t h e  d e v e l o p m e n t  o f  f i s h e r i e s  a n d  o c e a n o g r a p h i c a l  r e s e a r c h e s  i n  I n d i a .  

I  c a n  a d d  h e r e  v e r y  l i t t l e  t o  w h a t  t h e y  h a v e  a l r e a d y  s a i d ,  e x c e p t  p e r h a p s  t o  

i n d i c a t e  s o m e  o f  t h e  l a t e s t  d e v e l o p m e n t s .  I  s h o u l d ,  h o w e v e r ,  l i k e  b r i e f l y  t o  

r e c a l l  s o m e  f a c t s  c o n c e r n i n g  m a r i n e  r e s e a r c h  i n  I n d i a  p r i o r  t o  I . I . O . E .  O f  a l l  

t h e  d i f f e r e n t  f a c e t s  o f  m a r i n e  s c i e n c e ,  m a r i n e  b i o l o g y  i s  p e r h a p s  t h e  o l d e s t  i n  

I n d i a .  S o m e  o f  t h e  m o r e  i m p o r t a n t  e a r l y  w o r k e r s  a s s o c i a t e d  w i t h  m a r i n e  

a n i m a l  s t u d i e s  i n  t h e  I n d i a n  w a t e r s  a r e  C a r t e r  ( P o r i f e r a ) ,  C a n t o n ,  D a y  a n d  

R u s s e l  ( f i s h e s ) ,  A n n a n d a l e  a n d  K e m p  ( F a u n a  o f  t h e  C h i l k a  L a k e ) ,  G a r d i n e r  

( F a u n a  o f  t h e  L a c c a d i v e  a n d  M a l d i v e  I s l a n d s ) ,  C h o p r a  ( C r u s t a c e a ) ,  F a u v e l  

( P o l y c h a e t a ) ,  H e r d m a n  ( P e a r l  F i s h e r y  I n v e s t i g a t i o n  o f  C e y l o n ) ,  G r a v e l y  

( F a u n a  o f  t h e  M a d r a s  C o a s t ) ,  S e w e l l  ( C o p e p o d a ) ,  a n d  o t h e r s ,  a l l  w o r k i n g  i n
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t h e  e a r l y  p a r t  o f  t h i s  c e n t u r y .  T h e  e x c e l l e n t  b o o k  The Naturalist in Indian Seas 
b y  A .  A l c o c k ,  p u b l i s h e d  i n  1 9 0 2 ,  g i v e s  a  d e l i g h t f u l  a c c o u n t  o f  t h e  f a u n a  

a n d  f l o r a  o f  t h e  I n d i a n  S e a s .  S u b s e q u e n t l y ,  t h e r e  h a s  b e e n  a  l a r g e  n u m b e r  o f  

p u b l i c a t i o n s  mostly d e a l i n g  w i t h  t h e  f a u n a  o f  t h e  b e a c h e s  a n d  i n s h o r e  w a t e r s ,  

a n d  i n  t h i s  r e s p e c t  t h e  c o n t r i b u t i o n  o f  t h e  M a d r a s  U n i v e r s i t y ,  Z o o l o g i c a l  

L a b o r a t o r i e s  a n d  t h e  p u b l i c a t i o n s  o f  t h e  M a d r a s  M u s e u m  a r e  m o s t  s i g n i f i c a n t .  

L t . - C o l .  R .  B .  S e y m o u r  S e w e l l ’ s  o c e a n o g r a p h i c a l  r e s e a r c h e s  o n  b o a r d

H.M .i.s. i n v e s t i g a t o r  a n d  R .v . m a b a h iss  i n  t h e  B a y  o f  B e n g a l  a n d  t h e  

A r a b i a n  S e a  d u r i n g  t h e  p e r i o d  1 9 2 5 - 1 9 3 5  f o r m  a n  i m p o r t a n t  c h a p t e r  i n  t h e  

h i s t o r y  o f  M a r i n e  S c i e n c e  i n  I n d i a  ( S e w e l l ,  1 9 2 5 - 3 8 ) .  H i s  r e s u l t s  w e r e  s e r i a l l y  

p u b l i s h e d  b y  t h e  R o y a l  A s i a t i c  S o c i e t y  o f  B e n g a l  a n d  d e a l  w i t h  s u r f a c e  

t e m p e r a t u r e  d i s t r i b u t i o n  i n  r e l a t i o n  t o  w i n d  f o r c e ,  p l a n k t o n  s t u d i e s ,  p a r t i 

c u l a r l y  o f  C o p e p o d a ,  a n d  d e s c r i p t i o n  o f  v a r i o u s  t y p e s  o f  s e d i m e n t s  i n  t h e  B a y  

o f  B e n g a l  a n d  t h e  A r a b i a n  S e a .  T h e  R e p o r t s  o f  t h e  J o h n  M u r r a y  E x p e d i t i o n  

i n c l u d e  t h e  r e s u l t s  o f  r .v .  m a b a h iss . T h e  O c e a n o g r a p h i c  M e m o i r s  o f  t h e  

A n d h r a  U n i v e r s i t y ,  W a l t a i r ,  V o l s  1  a n d  2  ( 1 9 5 4 - 1 9 5 8 ) ,  w h i c h  d e a l  w i t h  t h e  

r e s u l t s  o f  t h e  l a r g e  n u m b e r  o f  c r u i s e s  o n  b o a r d  t h e  I n d i a n  N a v a l  M i n e  

S w e e p e r s  c o n d u c t e d  b y  t h e  U n i v e r s i t y  d u r i n g  1 9 5 2 - 1 9 5 5  u n d e r  t h e  l e a d e r s h i p  

o f  P r o f e s s o r  E .  C .  L a F o n d ,  F u l b r i g h t  V i s i t i n g  P r o f e s s o r  o f  O c e a n o g r a p h y ,  

f o r m  a n o t h e r  s t e p  i n  I n d i a ’ s  p r o g r e s s  i n  m a r i n e  r e s e a r c h ,  p a r t i c u l a r l y  i n  t h e  

B a y  o f  B e n g a l .  T h e s e  s t u d i e s  c o v e r  t h e  p h y s i c a l  o c e a n o g r a p h y ,  n u t r i e n t  

c h e m i s t r y ,  p l a n k t o n  d i s t r i b u t i o n ,  a n d  s e d i m e n t  a n a l y s i s .

M e a n w h i l e ,  i n  1 9 4 7  t h e  C e n t r a l  G o v e r n m e n t  i n  t h e  M i n i s t r y  o f  F o o d  a n d  

A g r i c u l t u r e  s e t  u p  t h e  C e n t r a l  M a r i n e  F i s h e r i e s  R e s e a r c h  I n s t i t u t e ,  w i t h  

h e a d q u a r t e r s  a t  M a n d a p a m ,  a n d  t h i s  o r g a n i z a t i o n  u n d e r  t h e  l e a d e r s h i p  o f  

D r  N .  K .  P a n i k k a r  b e g a n  c a r e f u l l y  o r g a n i z e d  s t u d i e s  o n  v a r i o u s  a s p e c t s  o f  

m a r i n e  r e s e a r c h  r e l a t i n g  t o  f i s h e r i e s .  A  c o m p r e h e n s i v e  s c h e m e  o f  s e a - w a t e r  

a n a l y s i s  w a s  i n i t i a t e d  b y  t h e  C e n t r a l  M a r i n e  F i s h e r i e s  R e s e a r c h  I n s t i t u t e  i n  

1 9 5 2  w i t h  t h e  f i n a n c i a l  s u p p o r t  o f  t h e  C o u n c i l  o f  S c i e n t i f i c  a n d  I n d u s t r i a l  

R e s e a r c h ;  u n d e r  t h i s  p r o g r a m m e  c h e m i c a l  l a b o r a t o r i e s  w e r e  s e t  u p  a t  C a l 

c u t t a ,  M a d r a s ,  a n d  B o m b a y  t o  a n a l y s e  t h o u s a n d s  o f  s a m p l e s  o f  s e a  w a t e r  f o r  

s a l i n i t y  c o l l e c t e d  b y  F i s h e r y  a n d  M e r c h a n t  N a v y  v e s s e l s  a l l  a l o n g  t h e  I n d i a n  

c o a s t l i n e .  T h e  I n d i a n  N a v a l  a u t h o r i t i e s  a l s o  s e t  u p  a  p h y s i c a l  r e s e a r c h  c e n t r e  

a t  C o c h i n  t o  s t u d y  m i l i t a r y  o c e a n o g r a p h i c a l  p r o b l e m s .  I n  t h i s  c o n n e c t i o n  t h e  

e x c e l l e n t  p r o g r e s s  m a d e  b y  t h e  F o r e s t  R e s e a r c h  I n s t i t u t e ,  D e h r a  D u n ,  i n  t h e  

s t u d y  o f  m a r i n e  f o u l i n g  a n d  b o r i n g  o r g a n i s m s  a t  d i f f e r e n t  u n i v e r s i t y  c e n t r e s  

a l l  a l o n g  t h e  c o a s t  o f  I n d i a  s h o u l d  b e  m e n t i o n e d .  T h e  U n i v e r s i t i e s  o f  K e r a l a ,  

A n n a m a l a i ,  M a d r a s ,  A n d h r a ,  a n d  B o m b a y  h a v e  d e v e l o p e d  a n d  e x p a n d e d  

r e s e a r c h  a n d  t e a c h i n g  f a c i l i t i e s  i n  m a r i n e  s c i e n c e  f r o m  1 9 5 0 .  M e a n w h i l e ,  t h e  

G o v e r n m e n t  o f  I n d i a  c o n s t i t u t e d  t h e  C e n t r a l  B o a r d  o f  G e o p h y s i c s  i n  1 9 4 9  

a n d  a n  O c e a n o g r a p h i c  C o m m i t t e e  t o  r e v i e w  p r o b l e m s  o f  O c e a n o g r a p h i c  

s t u d i e s  i n  I n d i a  f r o m  t i m e  t o  t i m e  a n d  w i t h  t h e  u l t i m a t e  o b j e c t  o f  s e t t i n g  u p  a n  

I n s t i t u t e  o f  O c e a n o g r a p h y .  N o t w i t h s t a n d i n g  a l l  t h i s  a c t i v i t y  a n d  e x p a n s i o n  

i n  t h e  m a r i n e  s c i e n c e s ,  i t  s h o u l d  b e  e m p h a s i z e d  t h a t  u n t i l  1 9 6 0  t h e r e  w a s  n o  

o r g a n i z a t i o n  i n  I n d i a  w i t h  s u f f i c i e n t  f u n d s  a n d  a u t h o r i t y  e i t h e r  t o  b a c k  u p  

e x t e n d e d  r e s e a r c h e s  i n  o c e a n o g r a p h y  o r  t o  c o - o r d i n a t e  m a r i n e  s t u d i e s  a t  t h e  

n a t i o n a l  l e v e l ;  n o r  w a s  t h e r e  a n y  o r g a n i z e d  p r o j e c t i o n  o f  m a r i n e  s t u d i e s  t o  

s u i t  I n d i a ’ s  r e q u i r e m e n t s  a n d  g o a l s .  T h i s  g a p  w a s  f i n a l l y  f i l l e d  w h e n  t h e  C e n t r a l  

G o v e r n m e n t  a p p o i n t e d  a n  I n d i a n  N a t i o n a l  C o m m i t t e e  o n  O c e a n  R e s e a r c h  

( I . N . C . O . R . )  i n  1 9 6 0 .  T h e  t e r m s  o f  r e f e r e n c e  o f  t h i s  c o m m i t t e e  w e r e :
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( a )  t o  d r a w  u p  a  c o - o r d i n a t e d  p l a n  f o r  I n d i a ’ s  p a r t i c i p a t i o n  i n  t h e  I . I . O . E . ,

(b) t o  a d v i s e  o n  t h e  a l l o c a t i o n  o f  a  p r o g r a m m e  b e t w e e n  D e p a r t m e n t s  o f  

G o v e r n m e n t ,  r e s e a r c h  o r g a n i z a t i o n s ,  u n i v e r s i t i e s ,  a n d  o t h e r  i n s t i t u t i o n s ,

( c)  t o  c o n s i d e r  a n d  a p p r o v e  d e t a i l e d  p l a n s  f o r  r e s e a r c h  i n  t h e  s e v e r a l  

s c i e n t i f i c  d i s c i p l i n e s  r e l a t e d  t o  I n d i a ’ s  p a r t i c i p a t i o n  a n d  t o  r e c o m m e n d  

f i n a n c i a l  g r a n t s ,

(d) t o  f u r t h e r  a n d  c o - o r d i n a t e  r e s e a r c h  p r o g r a m m e s ,

le) t o  a d v i s e  t h e  G o v e r n m e n t  g e n e r a l l y  o n  a l l  m a t t e r s  c o n n e c t e d  w i t h  

I n d i a ’ s  p a r t i c i p a t i o n  i n  t h e  e x p e d i t i o n .

I . I . O . E .  A N D  I N D I A

I t  w o u l d  a p p e a r  f r o m  t h e  t e r m s  o f  r e f e r e n c e  o f  I . N . C . O . R .  t h a t  b e s i d e s  b e i n g  

r e s p o n s i b l e  f o r  I n d i a ’ s  p a r t i c i p a t i o n  i n  t h e  I . I . O . E . ,  t h e  C o m m i t t e e  a l s o  

b e c a m e  t h e  f o c u s  o f  a l l  d e v e l o p m e n t s  a n d  r e s e a r c h  p r o j e c t s  c o n n e c t e d  w i t h  

o c e a n o g r a p h i c a l  r e s e a r c h e s .  T h e  C o m m i t t e e  a n d  i t s  w o r k i n g  g r o u p s  i n c l u d e d  

a l m o s t  a l l  t h e  i m p o r t a n t  s c i e n t i s t s  r e p r e s e n t i n g  v a r i o u s  I n d i a n  i n s t i t u t i o n s  

c o n c e r n e d  i n  d i f f e r e n t  b r a n c h e s  o f  o c e a n o g r a p h y .  T h e  r e s u l t s  o f  t h e  C o m m i t 

t e e ’ s  d e l i b e r a t i o n s  l e d  d i r e c t l y  t o  t h e  e s t a b l i s h m e n t  o f  a n  I n d i a n  O c e a n  

E x p e d i t i o n  D i r e c t o r a t e  a s  a  d e p a r t m e n t  o f  t h e  C o u n c i l  o f  S c i e n t i f i c  a n d  

I n d u s t r i a l  R e s e a r c h ,  a n d  t o  t h e  a l l o c a t i o n  o f  s u f f i c i e n t  f u n d s  a n d  s t a f f  a n d  

t h u s  e n s u r e d  f u l l  p a r t i c i p a t i o n  o f  I n d i a  i n  t h e  I n t e r n a t i o n a l  P r o g r a m m e .  T h e  

s u b s e q u e n t  e s t a b l i s h m e n t  o f  t h e  I n t e r n a t i o n a l  M e t e o r o l o g i c a l  C e n t r e  a t  

C o l a b a  ( B o m b a y )  a n d  t h e  I n d i a n  O c e a n  B i o l o g i c a l  C e n t r e  a t  C o c h i n  a r e  w e l l  

k n o w n  t o  m a r i n e  s c i e n t i s t s  t h e  w o r l d  o v e r .

T h e  g e n e s i s  o f  t h e  I . I . O . E .  i s  n o w  w e l l  k n o w n  ( C u r r i e ,  1 9 6 6 ) .  T h e  e x p e d i t i o n  

s o u g h t  t o  e x p l o r e  i n  d e t a i l  t h e  o c e a n o g r a p h y  o f  t h e  I n d i a n  O c e a n  a n d  t o  

m a k e  t h e  a r e a  a s  w e l l  k n o w n  a s  e i t h e r  t h e  A t l a n t i c  o r  t h e  P a c i f i c .  I t  w a s  a l s o  

f a s h i o n a b l e  f o r  a l l  w h o  e v e r  s p o k e  o n  t h e  p r o g r a m m e  o f  I . I . O . E .  t o  d r a w  

a t t e n t i o n  t o  t h e  e n o r m o u s  p o p u l a t i o n  i n c r e a s e  o f  I n d i a  a n d  n e i g h b o u r i n g  

c o u n t r i e s  a n d  t h e  i n a d e q u a c y  o f  f o o d  a n d  p r o t e i n  r e q u i r e m e n t s  f o r  u n d e r 

n o u r i s h e d  p e o p l e  a n d  t o  p l e a d  f e r v e n t l y  f o r  t h e  e x p l o r a t i o n  a n d  e x p l o i t a t i o n  

o f  t h e  f o o d  r e s o u r c e s  o f  t h e  s e a ;  i f  t h e  s p e a k e r  w e r e  a  m a r i n e  m e t e o r o l o g i s t ,  

h e  w o u l d  s a y  h o w  i n t e r e s t i n g  a r e  t h e  r e v e r s i n g  m o n s o o n s  a n d  h o w  u n 

p r e d i c t a b l e  o r  u n r e l i a b l e  t h e y  a r e  f o r  I n d i a n  a g r i c u l t u r i s t s ;  a  g e o p h y s i c i s t  

w o u l d  s t r e s s  t h e  p o s s i b i l i t y  o f  u n k n o w n  o i l  r e s o u r c e s  i n  t h e  s h e l f  a r e a s  o f f  

I n d i a .  I n  t h i s  w a y  a l l  s o u g h t  t o  j u s t i f y  t h e  m a n y  c r u i s e s ,  s h i p s ,  a n d  n a t i o n s  

p a r t i c i p a t i n g  i n  t h e  j o i n t  e n t e r p r i s e  o f  t h e  I . I . O . E .  O n e  m u s t  c o n s i d e r  v e r y  

c a r e f u l l y  h o w  c r u c i a l  t h e s e  p r o b l e m s  w e r e  f r o m  I n d i a ’ s  p o i n t  o f  v i e w .

T h e  f o o d  p r o b l e m  i s  w i t h o u t  a n y  d o u b t  s e r i o u s .  I n d i a ’ s  e x p l o i t a t i o n  o f  

f i s h e r y  r e s o u r c e s  h a s  b e e n  g r o w i n g  e v e r y  y e a r  a n d  i t  i s  r e a s o n a b l e  t o  e x p e c t  

t h a t  g i v e n  m o r e  v e s s e l s  a n d  m e n ,  i t  s h o u l d  b e  p o s s i b l e  t o  d o u b l e  t h e  g r o s s  

t o n n a g e  o f  f i s h  l a n d e d  o n  o u r  c o a s t s .  T h e  m o s t  i n t e r e s t i n g  a s p e c t  o f  t h i s  p r o b 

l e m ,  h o w e v e r ,  i s  t h e  f a c t  t h a t  6 5 - 7 5 %  o f  m a r i n e  f i s h  l a n d e d  a n n u a l l y  i n  

I n d i a  c o m e s  f r o m  t h e  w e s t  c o a s t  ( T a b l e  I ) .  T h i s  w a s  p o i n t e d  o u t  b y  P a n i k k a r  

a n d  J a y a r a m a n  ( 1 9 5 6 )  a t  t h e  8 t h  P a c i f i c  S c i e n c e  C o n g r e s s  a n d  t h e  p i c t u r e  

r e m a i n s  t h e  s a m e  e v e n  t o d a y .  T h e  r e a s o n  f o r  t h e  a p p a r e n t  s c a r c i t y  o f  f i s h e r y  

r e s o u r c e s  o f f  t h e  e a s t  c o a s t  o f  I n d i a  a n d  t h e  r e s t  o f  t h e  B a y  o f  B e n g a l  s h o u l d  

b e  u r g e n t l y  i n v e s t i g a t e d  a n d  c o n s i d e r e d  q u i t e  s e p a r a t e l y  f r o m  t h e  p r o b l e m  a s
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t o  w h e t h e r  w e  a r e  f u l l y  e x p l o i t i n g  t h e  a v a i l a b l e  f i s h e r y  o f f  t h e  w e s t  c o a s t .  

A l t h o u g h  i n  r e c e n t  y e a r s  m e c h a n i z a t i o n  o f  f i s h i n g  v e s s e l s  h a s  i n c r e a s e d ,  t h e  

f a c t  r e m a i n s  t h a t  f i s h i n g  i s  d o n e  m o s t l y  i n  n e a r s h o r e  w a t e r s  w h i l e  t h e  v a s t  

s h e l f  o f f  t h e  w e s t  c o a s t  r e m a i n s  t o t a l l y  u n e x p l o i t e d .  F o r  e x a m p l e ,  o f f  t h e  

B o m b a y  a n d  G u j a r a t  c o a s t s ,  t h e  s h e l f  e x t e n d s  o u t  f o r  n e a r l y  2 0 0  m i l e s  a n d  b u t  

f o r  o n e  o r  t w o  v e s s e l s  o f  t h e  d e e p - s e a  s e c t i o n  o f  t h e  F o o d  a n d  A g r i c u l t u r e  

M i n i s t r y  n o  l a r g e  s c a l e  c o m m e r c i a l  t r a w l e r s  a r e  c o m m i s s i o n e d  t o  f i s h  t h e s e  

v a s t  a r e a s .  R e g u l a r  m a p p i n g  o f  c o a s t a l  a r e a s  r i c h  i n  f i s h e r y  r e s o u r c e s  w a s  

o n e  o f  t h e  i m m e d i a t e  r e q u i r e m e n t s  o f  I n d i a .

N e x t  w e  m a y  c o n s i d e r  t h e  m i n e r a l  r e s o u r c e s  o f  t h e  s e a .  I n d i a  l a c k s  n a t u r a l  

d e p o s i t s  o f  f e r t i l i z e r  s a l t s  a n d  a l s o  r i c h  d e p o s i t s  o f  f o s s i l  f u e l .  O n e  o f  t h e  

i n g e n i o u s  s u g g e s t i o n s  w a s  t h a t  t h e  p o s s i b i l i t y  o f  e x t r a c t i n g  n u t r i e n t  s a l t s  s u c h  

a s  p h o s p h a t e s  a n d  n i t r a t e s  f r o m  t h e  v a s t  q u a n t i t i e s  o f  m a r i n e  s e d i m e n t s  

d u m p e d  b y  t h e  g r e a t  r i v e r  s y s t e m s  i n t o  t h e  B a y  o f  B e n g a l  a n d  t h e  A r a b i a n  S e a  

s h o u l d  b e  c o n s i d e r e d .  T h e  p o s s i b l e  a c c u m u l a t i o n  o f  o i l  u n d e r  t h e  s h e l f

T a b l e  I

Marine fish landings o f India {in metric tons)  

{by the courtesy o f K. V. Raoi)

Y e a r

E a s t  c o a s t  o f  I n d i a ,  

i n c l u d i n g  A n d a m a n  

I s l a n d s

W e s t  c o a s t  o f  I n d i a  

i n c l u d i n g  L a c c a d i v e  

a n d  M i n i c o y  g r o u p  

o f  i s l a n d s T o t a l

1 9 6 0 1 7 0 , 1 9 1 7 0 2 , 2 6 4 8 7 2 , 4 6 5 *

1 9 6 1 1 8 7 , 0 6 2 4 8 9 , 3 0 0 6 7 6 , 3 6 3 *

1 9 6 2 1 8 0 , 6 8 4 4 6 3 , 5 6 0 6 4 4 , 2 4 4

1 9 6 3 1 8 5 , 8 5 0 4 6 9 , 6 3 4 6 5 5 , 4 8 4

1 9 6 4 2 1 3 , 8 2 6 6 4 5 , 6 7 7 8 5 9 , 5 0 3

A n n u a l

A v e r a g e 1 8 7 , 5 2 3 5 5 4 , 0 8 7 7 4 1 , 6 1 0

*  E x c l u d e s  t r a w l e r  c a t c h e s  o f  7 0 0 0 - 8 0 0 0  t o n s .

( o f f s h o r e  a r e a s ) ,  p a r t i c u l a r l y  o f f  C a m b a y ,  w a s  a l s o  c o n s i d e r e d  s u i t a b l e  f o r  

i n v e s t i g a t i o n ,  p a r t i c u l a r l y  s i n c e  t h e  n e a r b y  a r e a  o f  A n k l e s v a r  h a d  y i e l d e d  

e x p l o i t a b l e  d e p o s i t s  o f  g a s  a n d  o i l .

A g a i n ,  t h e  m a p p i n g  o f  c o a s t a l  c u r r e n t s  a n d  t h e  b a t h y m e t r y  o f  n e a r s h o r e  

a r e a s ,  a n d  t h e i r  i m p o r t a n c e  f o r  c o a s t a l  n a v i g a t i o n ,  d e f e n c e ,  h a r b o u r  c o n 

s t r u c t i o n ,  a n d  s o  o n ,  c a n n o t  b e  m i n i m i z e d .  W i t h  t h e  i n c r e a s e  i n  i n d u s t r i e s  a n d  

n u c l e a r  r e a c t o r s ,  t h e  q u e s t i o n  o f  p o l l u t i o n  a n d  w a s t e  d i s p o s a l  t a k e s  o n  a d d e d  

s i g n i f i c a n c e .  O u r  k n o w l e d g e  o f  c o a s t a l  b a t h y m e t r y  a n d  b o t t o m  t o p o g r a p h y  

i s  t o t a l l y  o u t - o f - d a t e  a n d  t h e  p h y s i c a l  o c e a n o g r a p h y  o f  t h e  c o a s t a l  c u r r e n t s  

i s  a l m o s t  u n k n o w n ;  s u c h  a s  i s  k n o w n  i s  b a s e d  o n  v i s u a l  o b s e r v a t i o n s  o f  w i n d  

a n d  w a t e r .  S u c h  o b s e r v a t i o n s  n e e d e d  t o  b e  i m m e d i a t e l y  a u g u m e n t e d  b y  

m o d e r n  m e t h o d s  o f  s o u n d i n g  a n d  H i - F i x .

F i n a l l y ,  t h e r e  i s  t h e  s t u d y  o f  t h e  m o n s o o n s .  T w o  p r o b l e m s  a r e  i n v o l v e d ;  

f i r s t ,  h o w  d o e s  t h e  r e v e r s a l  o f  t h e  m o n s o o n s  a f f e c t  t h e  o c e a n i c  c i r c u l a t i o n  i n  

t h e  N o r t h  I n d i a n  O c e a n ,  a n d  s e c o n d l y ,  h o w  m a y  t h e  o n s e t  a n d  i n t e n s i t y  o f
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t h e  s o u t h w e s t  m o n s o o n  b e  p r e d i c t e d .  T h i s  s e c o n d  p r o b l e m  i s  o f  g r e a t  

a g r i c u l t u r a l  i m p o r t a n c e  s i n c e  m o s t  o f  t h e  r y o t s  ( f a r m e r s )  i n  I n d i a  d e p e n d  o n  

m o n s o o n  r a i n s  f o r  t h e  c u l t i v a t i o n  o f  s u m m e r  c r o p s  ( K h a r i f ) .  O n e  m a y  

i l l u s t r a t e  t h i s  p o i n t  b y  q u o t i n g  f r o m  t h e  ‘ p a n c h a n g a m ’ ( A l m a n a c ,  1 9 6 6 ) ,  t h e  

p r e d i c t i o n  o f  t h e  o r i g i n  a n d  r a i n f a l l  i n  I n d i a  f o r  1 9 6 6 —6 7  ; t h i s  s h o w s  t h e  

o r t h o d o x  H i n d u  v i e w  o f  t h e  m o n s o o n s  o n  w h i c h  o u r  f a r m e r s  p i n  t h e i r  h o p e s .  

“ T h i s  y e a r  [ 1 9 6 6 - 6 7 ]  a  c l o u d  b y  n a m e  ‘ A v a r t h a ’ w i l l  b e  b o r n  a t  t h e  s u m m i t  o f  

‘ M e r a ’ m o u n t a i n s  [ t h e  p r e s e n t  V i n d h y a  s y s t e m  o f  C e n t r a l  I n d i a ]  a n d  w i l l  

c a u s e  ‘ m e d i u m ’ q u a n t i t y  o f  r a i n f a l l .  T h e r e  w i l l  b e  f e a r  o f  w a r  a n d  f a m i n e  i n  

t h e  c o u n t r y .  T h e  r a i n  c o n s i s t s  o f  2  k o l a g a s  o f  r a i n f a l l  a n d  4  k o l a g a s  o f  w i n d ”  

[ e a c h  k o l a g a  m e a s u r e s  6 0  g a v u d a  s q u a r e  a n d  1 0 0  g a v u d a  h e i g h t — e a c h  

g a v u d a  i s  v a r i o u s l y  d e s c r i b e d  a s  e q u a l  t o  l \ t o  1 2  m i l e s ] .  N o b o d y  h a s  c h e c k e d  

s t a t i s t i c a l l y  h o w  a c c u r a t e  t h e s e  p r e d i c t i o n s  a r e ,  b u t  t h e  f a c t  r e m a i n s  t h a t  t h e  

f a r m e r  h a s  n o  o t h e r  d e p e n d a b l e  a l t e r n a t i v e  f o r  i n f o r m a t i o n  o n  m o n s o o n s .

T H E  I N D I A N  P R O G R A M M E

T h e s e  w e r e  s o m e  o f  t h e  p r o b l e m s  i n  w h i c h  I n d i a  h e r s e l f  w a s  i n t e r e s t e d  a t  t h e  

t i m e  o f  l a u n c h i n g  o f  t h e  I . I . O . E .  Q u i t e  r i g h t l y ,  t h e r e f o r e ,  t h e  p l a n n e r s  o f  t h e  

I n d i a n  P r o g r a m m e  c o n c e n t r a t e d  t h e i r  e f f o r t s  i n  t h e s e  d i r e c t i o n s  a n d  c o n f i n e d  

t h e i r  c r u i s e s  a n d  o b s e r v a t i o n s  t o  y i e l d  a n  i n t e n s i v e  s t u d y  o f  t h e  c o a s t a l  a r e a s ,  

b o t h  i n  t h e  A r a b i a n  S e a  a n d  t h e  B a y  o f  B e n g a l .  W i t h  t h e  i n a u g u r a t i o n  o f  t h e  

1 s t  S c i e n t i f i c  C r u i s e  o f  i .n .s . k ist n a  o n  O c t o b e r  9 ,  1 9 6 2 ,  b y  P r o f e s s o r  

H u m a y u n  K a b i r ,  M i n i s t e r  f o r  S c i e n t i f i c  R e s e a r c h  a n d  C u l t u r a l  A f f a i r s ,  t h e  

I n d i a n  P r o g r a m m e  o f  w o r k  d u r i n g  t h e  I . I . O . E .  w a s  e f f e c t i v e l y  l a u n c h e d .  

B e s i d e s  i .n .s. k istn a  t h e  I n d i a n  P r o g r a m m e  i n c l u d e d  s c i e n t i f i c  c r u i s e s  b y  

R .v . v a r u n a  o f  t h e  I n d o - N o r w e g i a n  p r o j e c t ,  R .v. c o n c h  o f  t h e  U n i v e r s i t y  

o f  K e r a l a ,  a n d  f .v . b a n g a d a , a n  e x p l o r a t o r y  f i s h i n g  v e s s e l  o f  t h e  M i n i s t r y  o f  

F o o d  a n d  A g r i c u l t u r e ,  G o v e r n m e n t  o f  I n d i a .  A l l  t h e  c r u i s e  t r a c k s  a n d  

p r o g r a m m e  o f  w o r k  w e r e  c o - o r d i n a t e d  s o  t h a t  a  c o m p l e t e  c o v e r a g e  o f  

i m p o r t a n t  c o a s t a l  a r e a s  o f  b o t h  i n  t h e  B a y  o f  B e n g a l  a n d  t h e  A r a b i a n  S e a  

( s e e  F i g s  1 a n d  2 )  w a s  e f f e c t e d .

I . N . S .  ‘ K I S T N A ’

T h e  p a r t i c i p a t i o n  a n d  p r o g r a m m e  o f  i .n .s . k ist n a  i n  t h e  I . I . O . E .  i s  u n i q u e  

i n  m a n y  r e s p e c t s .  T h e  I n d i a n  N a v y  s h o u l d  b e  c o n g r a t u l a t e d  f o r  p l a c i n g  t h e  

f r i g a t e  a t  t h e  d i s p o s a l  o f  t h e  I n d i a n  N a t i o n a l  C o m m i t t e e  o n  O c e a n  R e s e a r c h  

s o l e l y  f o r  O c e a n o g r a p h i c a l  w o r k .  T h i s  w a s  a  m o s t  w e l c o m e  d e v e l o p m e n t  f o r  

t h e  f u t u r e  o f  t h i s  w o r k  i n  I n d i a  s i n c e  b y  t h i s  g e s t u r e  o f  c o - o p e r a t i o n  t h e  

I n d i a n  N a v y ’ s  f u l l  s u p p o r t  f o r  I . I . O . E .  w a s  a s s u r e d .

F r o m  F i g u r e s  1  a n d  2  i t  i s  c l e a r  t h a t  i .n .s . k ist n a  h a s  c o v e r e d  f a i r l y  w e l l  

b o t h  t h e  B a y  o f  B e n g a l  a n d  t h e  A r a b i a n  S e a  a n d  i n  t h e  s o u t h  r i g h t  u p  t o  t h e  

E q u a t o r .  C o m m e n c i n g  i n  O c t o b e r  1 9 6 2 ,  i .n .s . k istn a  h a s  c o m p l e t e d  2 8  s c i e n 

t i f i c  c r u i s e s ,  a n d  h a d  i t  n o t  b e e n  f o r  t h e  u n f o r t u n a t e  I n d o - P a k i s t a n  c o n f l i c t  i n  

t h e  m i d d l e  o f  1 9 6 5 ,  s h e  w o u l d  h a v e  s u c c e s s f u l l y  a c c o m p l i s h e d  t h e  r e s t  o f  t h e  

c r u i s e s  p l a n n e d  d u r i n g  t h e  f a l l  o f  1 9 6 5 .  T h e  v a s t  a m o u n t  o f  d a t a  c o l l e c t e d  b y

i .n .s. k istn a  i s  n o w  b e i n g  a n a l y s e d  a t  t h e  d a t a  a n d  p l a n n i n g  d i v i s i o n  o f  t h e  

N a t i o n a l  I n s t i t u t e  o f  O c e a n o g r a p h y .
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1 1 6

M e a n w h i l e ,  t h e  I n t e r n a t i o n a l  M e t e o r o l o g i c a l  C e n t r e  ( I . M . C . )  a t  C o l a b a ,  

B o m b a y ,  f u n c t i o n e d  f r o m  1 s t  J a n u a r y  1 9 6 2  w i t h  P r o f e s s o r  C .  S .  R a m a g e  a s  

d i r e c t o r .  T h i s  c e n t r e  w a s  f i n a n c e d  b y  t h e  C o u n c i l  o f  S c i e n t i f i c  a n d  I n d u s t r i a l  

R e s e a r c h ,  a n d  w a s  m a n n e d  b y  t h e  I n d i a n  M e t e o r o l o g i c a l  D e p a r t m e n t .  T h e  

U n i t e d  N a t i o n s  s p e c i a l  f u n d  p r o v i d e d  a n  I . E . M .  1 6 2 0  E l e c t r o n i c  C o m p u t e r  

f o r  d a t a  p r o c e s s i n g .  T h e  U n i t e d  S t a t e s  N a t i o n a l  S c i e n c e  F o u n d a t i o n  h a d  

g i v e n  l i b e r a l  a s s i s t a n c e  t h r o u g h  e q u i p m e n t  a n d  o t h e r  s e r v i c e s .  T h e  e x t e n d e d  

I n d i a n  O c e a n  C h a r t  i n  u s e  a t  I . M . C .  c o v e r s  t h e  w h o l e  o f  t h e  I n d i a n  O c e a n  

p l u s  a d j a c e n t  a r e a s .  R e c e p t i o n  o f  a b o u t  7 5  d a i l y  R a d i o  T e l e t y p e  b r o a d c a s t s  

f r o m  C a n b e r r a ,  N a i r o b i ,  S i n g a p o r e ,  a n d  P r e t o r i a ,  p r o v i d e d  t h e  b u l k  o f  t h e  

S o u t h e r n  H e m i s p h e r e  c o v e r a g e .  D a t a  e x c h a n g e d  w i t h  T o k y o  a n d  M o s c o w  

a n d  s o m e  4 0  R a d i o  T e l e t y p e / C a r r i e r  W a v e  b r o a d c a s t s  r e c e i v e d  f r o m  K a r a c h i ,  

A d e n ,  C o l o m b o ,  D j a k a r t a ,  a n d  S a i g o n ,  s u p p l e m e n t e d  b y  c o l l e c t i o n s  a t  t h e  

M e t e o r o l o g i c a l  c o m m u n i c a t i o n  c e n t r e ,  f o r m e d  t h e  c o v e r a g e  o f  t h e  N o r t h e r n  

H e m i s p h e r e .  S h i p s ’ r e p o r t s  o b t a i n e d  o v e r  R a d i o  T e l e t y p e  c i r c u i t s  f r o m  

M a u r i t i u s  b y  t h e  I n d i a n  N a v y  a d d e d  t o  t h e  c o v e r a g e  o f  t h e  S o u t h  I n d i a n  

O c e a n .  O n  a  t y p i c a l  d a y  t h e  t o t a l  c o v e r a g e  a m o u n t e d  t o  :

A i r c r a f t  r e p o r t  f r o m  l o n g  d i s t a n c e  i n t e r n a t i o n a l  f l i g h t s  o n  t h r e e  t o  f o u r  a i r  

r o u t e s .

A t  t h e  I . M . C . ,  s y n o p t i c  c h a r t s  a r e  p r e p a r e d  f o r  t w o  p r i n c i p a l  t i m e s — 0 0  a n d  

1 2  h o u r s  G r e e n w i c h  M e a n  T i m e — f o r  s u r f a c e  a n d  s t a n d a r d  i s o b a r i c  l e v e l s ,  

n a m e l y  5 0 ,  1 0 0 ,  2 0 0 ,  3 0 0 ,  5 0 0  a n d  7 0 0  m b .  B a c k  p l o t t i n g  i s  a l s o  d o n e  a f t e r  

d a t a  r e c e p t i o n  o f  a d d i t i o n a l  i n f o r m a t i o n  f r o m  o t h e r  c e n t r e s .  D u r i n g  t h e  

p e r i o d  o f  t h e  I . I . O . E . ,  p e r h a p s  t h e  m o s t  i m p o r t a n t  o b s e r v a t i o n s  o n  t h e  

m o n s o o n s  w e r e  c a r r i e d  o u t  b y  s p e c i a l l y  i n s t r u m e n t e d  r e s e a r c h  a i r c r a f t  o f  t h e  

U . S .  W e a t h e r  B u r e a u  R e s e a r c h  F l i g h t  F a c i l i t y  a n d  t h e  W o o d s  H o l e  O c e a n o 

g r a p h i c  I n s t i t u t i o n .  I n  a d d i t i o n ,  a  n o m a d  a u t o m a t i c  w e a t h e r  s t a t i o n  w a s  

a n c h o r e d  i n  t h e  B a y  o f  B e n g a l  h a l f - w a y  b e t w e e n  M a d r a s  a n d  t h e  A n d a m a n s  

i n  A p r i l  1 9 6 4 .  A n  A u t o m a t i c  P i c t u r e  T r a n s m i s s i o n  ( A . P . T . )  r e c e i v i n g  e q u i p 

m e n t  o n  l o a n  f r o m  t h e  U . S .  N a t i o n a l  S c i e n c e  F o u n d a t i o n  w a s  i n s t a l l e d  a t

I . M . C .  i n  D e c e m b e r  1 9 6 3 ,  a n d  t h i s  p i c k e d  u p  p i c t u r e s  o f  c l o u d  c o v e r  f r o m  

t i r o s  v u  a n d  n i m b u s  M e t e o r o l o g i c a l  S a t e l l i t e s  d u r i n g  t h e i r  o r b i t s  o v e r  t h e  

I n d i a n  s u b c o n t i n e n t .  I t  i s  t o o  e a r l y  t o  s a y  t h a t  I . M . C .  h a s  s o l v e d  t h e  p r o b l e m  

o f  t h e  d e v e l o p m e n t  o f  t h e  m o n s o o n  o r  i s  a b l e  t o  p r e d i c t  t h e  a r r i v a l  o f  t h e  

m o n s o o n  a c c u r a t e l y ,  b u t  i t  h a s  a c c u m u l a t e d  a  v a s t  q u a n t i t y  o f  i n f o r m a t i o n  

a n d  t h e  p r e l i m i n a r y  a n a l y s i s  o f  t h e  d a t a  h a s  i m p r o v e d  o u r  k n o w l e d g e  o f  t h e  

c i r c u l a t i o n  p a t t e r n  o f  t h e  m o n s o o n  w i n d s .  I n  f a c t ,  f o r  t h e  f i r s t  t i m e  m e t e o r o 

l o g i s t s  i n  I n d i a  w e r e  a b l e  t o  g e t  d a t a  f r o m  o v e r  t h e  o c e a n s  f o r  t h e i r  s t u d i e s  a n d  

h a v e  c o m e  t o  r e a l i z e  t h a t  t h e  w e a t h e r  p a t t e r n  o f  t h e  I n d i a n  s u b - c o n t i n e n t  i s  

g r e a t l y  i n f l u e n c e d  b y  c o n d i t i o n s  i n  t h e  s e a .

T h e  e s t a b l i s h m e n t  o f  t h e  I n d i a n  O c e a n  B i o l o g i c a l  C e n t r e  ( I . O . B . C . )  a t  

E r n a k u l a m  m a r k s  a  v e r y  i m p o r t a n t  m i l e s t o n e  i n  t h e  h i s t o r y  o f  m a r i n e  

b i o l o g y  i n  I n d i a .  T h e  C e n t r e  w a s  o r g a n i z e d  b y  t h e  C o u n c i l  o f  S c i e n t i f i c  a n d  

I n d u s t r i a l  R e s e a r c h  ( C . S . I . R . )  i n  c o - o p e r a t i o n  w i t h  U . N . E . S . C . O .  T h e  c h i e f  

c o n s i d e r a t i o n s  w h i c h  l e d  t o  t h e  s e l e c t i o n  o f  I n d i a  f o r  t h e  l o c a t i o n  o f  t h e  

C e n t r e  w e r e  ( f r o m  I n d i a n  S c i e n t i f i c  P r o g r a m m e  1 9 6 2 - 6 5 ) :

S u r f a c e  r e p o r t s  

S h i p s  

U p p e r  a i r

1 1 5 5

3 8 4

4 2 9

83 2
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1 .  G e o g r a p h i c a l  l o c a t i o n  o f  I n d i a  a t  w h o s e  p o r t s  m a n y  o f  t h e  s h i p s  

p a r t i c i p a t i n g  i n  t h e  e x p e d i t i o n  w e r e  l i k e l y  t o  c a l l .

2 .  T h e  v e r y  c o n s i d e r a b l e  i n t e r e s t  i n  b i o l o g i c a l  a n d  t a x o n o m i c  s t u d i e s  i n  

I n d i a  a t  s c i e n t i f i c  a n d  u n i v e r s i t y  i n s t i t u t i o n s .

3 .  T h e  a v a i l a b i l i t y  o f  a  l a r g e  n u m b e r  o f  t r a i n e d  b i o l o g i s t s  w h o  c o u l d  t a k e  

u p  t h e  w o r k .

4 .  T h e  a d v a n t a g e  o f  a  c e n t r e  o f  t h i s  t y p e  i n  S o u t h  A s i a  w h i c h  w o u l d  

s t i m u l a t e  m a r i n e  b i o l o g i c a l  s t u d i e s  i n  t h e  A s i a n  r e g i o n .

T h e  p r i n c i p a l  f u n c t i o n s  o f  t h e  C e n t r e  a r e :

1 .  M a i n t e n a n c e  o f  a  n a m e d  r e f e r e n c e  c o l l e c t i o n  o f  I n d i a n  O c e a n  m a t e r i a l  

a n d  d u p l i c a t i o n  o f  i t  f o r  l a b o r a t o r i e s  t h r o u g h o u t  t h e  w o r l d .

2. S o rtin g  Z o o p la n k to n  sam p les  ta k e n  b y  s ta n d a rd  m e th o d s .
3 .  E x a m i n a t i o n  o f  t h e  s o r t e d  s t a n d a r d  m a t e r i a l  o r  s e n d i n g  i t  t o  s p e c i a l i s t s  

t h r o u g h o u t  t h e  w o r l d .

4 .  S o r t i n g  o f  t h e  Z o o p l a n k t o n  s a m p l e s  a t  t h e  r e q u e s t  a n d  e x p e n s e  o f  

p a r t i c i p a t i n g  l a b o r a t o r i e s .

5 .  T r a i n i n g .

T h e  d e v e l o p m e n t  o f  t h i s  C e n t r e  i n  I n d i a  h a s  p r o v i d e d  a  u n i q u e  o p p o r t u n i t y  

f o r  t h e  t r a i n i n g  o f  b i o l o g i s t s  f r o m  I n d i a  a n d  o t h e r  c o u n t r i e s  i n  t h e  r e g i o n .  I t  

i s  b e c o m i n g  a l m o s t  a  M e c c a  f o r  v i s i t i n g  m a r i n e  s c i e n t i s t s  a n d  u n i v e r s i t y  

p a r t i e s  f r o m  d i f f e r e n t  p a r t s  o f  t h e  c o u n t r y .

I . I . O . E .  B E N E F I T S  T O  I N D I A

T h e  I . I . O . E .  h a s  a c h i e v e d  f o r  i t s e l f  t h e  d i s t i n c t i o n  o f  b e i n g  o n e  o f  t h e  b e s t  

e x a m p l e s  o f  i n t e r n a t i o n a l  c o - o p e r a t i o n  b e t w e e n  m a n y  n a t i o n s  b o t h  E a s t  a n d  

W e s t .  I n d i a n  s c i e n t i s t s  v i s i t e d  m a n y  n e i g h b o u r i n g  c o u n t r i e s  a n d  t h e  I n d i a n  

s h i p  i . n . s .  k i s t n a  v i s i t e d  S i n g a p o r e .  I n d i a  p l a y e d  h o s t  t o  s c i e n t i s t s  f r o m  m a n y  

n a t i o n s  r e s u l t i n g  i n  d e e p  a n d  a b i d i n g  f r i e n d s h i p .  M a n y  o f  t h e  p a r t i c i p a t i n g  

f o r e i g n  r e s e a r c h  s h i p s  l i k e  r . v .  a n t o n  b r u u n ,  r . v . v i t y a z ,  r . r . s .  d i s c o v e r y ,  

r . v .  a r g o  a n d  r . v .  h o r i z o n ,  p r o v i d e d  f a c i l i t i e s  f o r  s h i p - b o a r d  t r a i n i n g  a n d  

r e s e a r c h  f o r  m a n y  I n d i a n  s c i e n t i s t s .

T h e  e x p e d i t i o n  a l s o  p r o v i d e d  o p p o r t u n i t i e s  f o r  o r g a n i z i n g  s e m i n a r s  i n  

w h i c h  m a n y  y o u n g  s c i e n t i s t s  f r o m  d i f f e r e n t  p a r t s  o f  t h e  c o u n t r y  a n d  s e n i o r  

s c i e n t i s t s  f r o m  a b r o a d  p a r t i c i p a t e d .  A n  A l l - I n d i a  S e m i n a r  o n  M a r i n e  

S c i e n c e  w a s  h e l d  a t  W a l t a i r  o n  2 6 - 2 7 t h  A p r i l ,  1 9 6 3 ,  s p o n s o r e d  b y  t h e  A n d h r a  

U n i v e r s i t y ,  W a l t a i r ,  t h e  I n d i a n  N a t i o n a l  C o m m i t t e e  o n  O c e a n  R e s e a r c h ,  t h e  

U . S .  P r o g r a m m e  i n  B i o l o g y  a n d  t h e  U . S .  I n f o r m a t i o n  S e r v i c e .  I t  w a s  w e l l  

a t t e n d e d  a n d  w a s  a  g r e a t  s u c c e s s .  A t  t h e  t i m e  o f  t h e  v i s i t  o f  R . v .  h o r i z o n  

a n d  r . v . a r g o  a t  C o c h i n  a n d  t h e n  a g a i n  a t  C a l c u t t a  d u r i n g  t h e  v i s i t  o f  t h e  

U . S .  C o a s t  a n d  G e o d e t i c  S u r v e y  S h i p  p i o n e e r  s e m i n a r s  w e r e  a r r a n g e d  a t  

w h i c h  v i s i t i n g  s c i e n t i s t s  a n d  t h e i r  I n d i a n  c o u n t e r p a r t s  p a r t i c i p a t e d  i n  d i s c u s 

s i o n s .  I n  J u l y  1 9 6 5  a n  I n t e r n a t i o n a l  S y m p o s i u m  a t  B o m b a y  o n  t h e  M e t e o r o 

l o g i c a l  R e s u l t s  o f  I . I . O . E .  w a s  h e l d  a n d  t h i s  w a s  a t t e n d e d  b y  a  l a r g e  n u m b e r  o f  

f o r e i g n  a n d  I n d i a n  d e l e g a t e s .

A s  a  f i n a l e  t o  a l l  t h i s  a c t i v i t y ,  a  t r a i n i n g  p r o g r a m m e  w a s  o r g a n i z e d  a t  t h e  

p o s t g r a d u a t e  l e v e l  t o  t r a i n  j u n i o r  s c i e n t i s t s  i n  t h e  s u b j e c t  a n d  p r a c t i c e  o f  

O c e a n o g r a p h y  a s  a  m u l t i - d i s c i p l i n a i y  s c i e n c e  d u r i n g  J a n u a r y - M a r c h  1 9 6 6  a t

833
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B o m b a y .  T h i s  w a s  j o i n t l y  s p o n s o r e d  b y  U . N . E . S . C . O .  a n d  C . S . I . R .  A  t o t a l  

n u m b e r  o f  2 5  t r a i n e e s  w e r e  r e c r u i t e d  f r o m  a m o n g  t h e  a p p l i c a t i o n s  s u b m i t t e d  

b y  I n d i a n  a n d  a d j a c e n t  A s i a n  c o u n t r i e s  t o  U . N . E . S . C . O .  T h e  b r e a k - u p  

f i g u r e s  f o r  t h e  t r a i n e e s  w e r e ;  I n d i a  2 0 ,  T h a i l a n d  2 ,  S i n g a p o r e  1 ,  C e y l o n  1 ,  a n d  

M a l a y s i a  1 .

T H E  F U T U R E

W h i l e  t h e  T r a i n i n g  P r o g r a m m e  m a r k e d  t h e  e n d  o f  I . I . O . E .  a c t i v i t i e s ,  i t  a l s o  

s a w  t h e  b i r t h  o f  t h e  N a t i o n a l  I n s t i t u t e  o f  O c e a n o g r a p h y  ( N . I . O . )  o f  I n d i a .  

T h e  C e n t r a l  G o v e r n m e n t  a p p r o v e d  t h e  e s t a b l i s h m e n t  o f  t h i s  i n s t i t u t e  a s  o n e  

o f  t h e  n a t i o n a l  l a b o r a t o r i e s  u n d e r  t h e  C . S . I . R .  a n d  a p p o i n t e d  D r  N .  K .  

P a n i k k a r ,  D i r e c t o r  o f  t h e  I n d i a n  P r o g r a m m e  u n d e r  t h e  I . I . O . E . ,  a s  d i r e c t o r  o f  

t h e  n e w  i n s t i t u t e .  A l l  t h e  a c t i v i t i e s  s t a r t e d  u n d e r  t h e  I n d i a n  P r o g r a m m e  o f  t h e

I . I . O . E . ,  i n c l u d i n g  t h e  I n d i a n  O c e a n  B i o l o g i c a l  C e n t r e ,  h a v e  n o w  b e e n  

m e r g e d  i n t o  t h e  N a t i o n a l  I n s t i t u t e  o f  O c e a n o g r a p h y .

T h e  N a t i o n a l  I n s t i t u t e  p r o p o s e s  t o  s t u d y  v a r i o u s  a s p e c t s  o f  c o a s t a l  o c e a n o 

g r a p h i c a l  p r o b l e m s ,  c o r a l  r e e f s ,  o c e a n o g r a p h i c a l  d a t a  f o r  i m p r o v e d  f i s h i n g  

a n d  n a v i g a t i o n a l  c h a r t s ,  s e d i m e n t a r y  h i s t o r y  o f  t h e  I n d i a n  O c e a n  b a s i n s ,  a n d  

p r o s p e c t i n g  f o r  o i l ,  o r e ,  m i n e r a l s ,  a n d  p h o s p h a t e s  i n  t h e  s e a .

P r o p o s a l s  a r e  a f o o t  f o r  a c q u i r i n g  a n  o c e a n o g r a p h i c a l  r e s e a r c h  s h i p  f o r  t h e  

i n s t i t u t e .  T h e  i n s t i t u t e  a l s o  p r o p o s e s  t o  c o - o p e r a t e  w i t h  o t h e r  r e s e a r c h  

o r g a n i z a t i o n s  i n  I n d i a  s u c h  a s  t h e  N a t i o n a l  G e o p h y s i c a l  R e s e a r c h  I n s t i t u t e ,  

A t o m i c  E n e r g y  E s t a b l i s h m e n t ,  Z o o l o g i c a l  a n d  B o t a n i c a l  S u r v e y s ,  a n d  t h e  

N a v a l  R e s e a r c h  g r o u p s ,  a n d  w o r k  o n  p r o b l e m s  o f  m u t u a l  i n t e r e s t .  T h e  

I n s t i t u t e  m a y  a l s o  h a v e  t o  c o n c e n t r a t e  s p e c i a l l y  o n  p r o b l e m s  r e l a t i n g  t o  

d e s a l i n a t i o n  a n d  a l s o  t h e  p o l l u t i o n  o f  c o a s t a l  w a t e r s  b y  b i g  i n d u s t r i e s  a n d  

a t o m i c  r e a c t o r s .
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6 5 6  N o t e  o n  t h e  f o r m a t i o n  o f  s a n d  d o m e s  o n  t h e  F o r t  C o c h in  b e a c h  

b y  Y. S. R am a R a ju
P hysica l O ceanographic C entre of In d ia n  O cean E xped ition  
(C SIR ), Cochin, Ind ia .

in: Bull. natn. geophys. res. Inst. India, vol. 2, nos. 2/3, 1964, p. 74-76.

6 5 7  R e d  S e a  f is h e s  r e c e n t l y  f o u n d  in  t h e  M e d i t e r r a n e a n  

b y  A dam  B en-T uvia
Sea F isheries R esearch  S ta tion , H aifa , Israel. P re sen t address:
F isheries B iology B ranch , FAO , Rom e, I ta ly .

¿n: Copeia, no. 2, 1966, p. 254-275.

Abstract. At least 24 species of fishes have passed from the Red Sea to the Mediterranean Sea since the Suez Canal was opened in 1869. Records 
of another 26 species collected in the Mediterranean and alleged to be of Red Sea origin are shown to be based on misidentification or 
probable errors in determining the source of material. There are no reliable records of Mediterranean species penetrating into the Red Sea. 
Nearly all of the 24 species are confined to shallow coastal waters and have migrated mostly northward along the Asiatic coast. One is 
known from the Mediterranean coast of Egypt only, nine are not recorded farther north than Israel, 13 are known as far as the Anatolian 
coast of Turkey, and seven have reached the Aegean Sea. The extremes in westward migration so far recorded are Parexocoetus mento from 
the Gulf of Sidra and Leiognathus klunzingeri from the neighborhood of Lampedusa.

Several Red Sea species were observed in the Mediterranean for the first time within the last 10 years. The decrease in salinity of the 
Bitter Lakes, which are part of the Suez Canal, may have facilitated recent immigration.

While Red Sea species constitute only 9 % of the fish fauna of the Mediterranean coast of Israel, their ecological importance is fairly great 
since 18 species are among the more common in this area, and nine are commercially exploited.

6 5 8  P l a n k t o n  in  t h e  A r a b i a n  S e a

b y  R . R aghu  P ra sad
In d ia n  O cean B iological C entre

in: Indian Seafood, vol. 6, no. 2, 1968, p. 12-15.

6 5 9  X - r a y  m ic r o s c o p y  o f  r e c e n t  p l a n k t o n i c  F o r a m i n i f e r a

b y  Allen W . H . Bé, W illem  L. Jongebloed and A ndrew  M cIntyre 
L am o n t-D o h erty  Geological O bservatory , Colum bia U niversity ,

Collected reprints of the International Indian Ocean Expedition, vol. V III, contributions nos. 656 to 659 837



Palisades, New York, United States.

in: Jour. Paleontology, vol. 43, no. 6, 1969, p. 1384-1396.

Abstract. Twenty-three species of living planktonic foraminifers were examined with a projection X-ray microscope, revealing their internal 
morphology, wall tbicknes and surface features without destruction of the shells. Their spatial construction and coiling pattern may be viewed 
from stereoscopic pairs of radiographs. Measurements of pore concentrations and pore diameters were made on shell fragments. X-ray micro
scopy is particularly helpful in ontogenetic studies of involute species of foraminifers.
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