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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 ; 
V I . Papers presented by title or abstract only. 

Author and subject indexes are now in preparation. 
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Part I Marine biology 



Reprinted from Transactions, Royal Society of New Zealand (Botany), vol. 2, no. 15, 1963, p. 189-218 

Studies on Australian and N e w Zealand Diatoms 
VI.—Tropical and Subtropical Species 

By E . J. F E R G U S O N W O O D , 

C.S.I.R.O. Division of Fisheries and Oceanography 

[Received by the Editor, June 7, 1963.]. 

Abstract 

T H I S paper includes 133 diatom species, mainly from shallow waters and sediments 
of the Coral, Timor and Arafura Seas and Indonesian waters. A few species have 
been described but not figured in previous parts of this series Seven n e w species 
are described and named and eight species are described but not named , as they 
represent single occurrences. 

I N T R O D U C T I O 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 m tropical waters of the 
Indian and south-west Pacific Oceans, as well as a few species which had been 
omitted from the previous parts. 

THE DIATOM SPECIES 
Sub-Order DISCINEAE 

Family COSCINODISCACEAE 
Genus COSCINOSIRA Gran 1900 

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

Cells in chains, cylindrical, with slightly rounded or occasionally concave valves; surface 
with irregular reticulations; marginal spinulae absent; cells united by numerous threads more 
or less parallel to the longitudinal axis. Diameter 35/¿. 

D I S T R I B U T I O N . Off Timor. 

Genus H Y A L O D I S C U S Ehr. 1845 

2. Hyalodiscus sp. 1 (PI. 1, fig. 2). 
Cells in pairs or solitary, elliptical in girdle, circular in valve • view ; valves with central 

area about Y$ valve diameter, clearly demarcated and with a vermiculate structure, marginal 
zone with fasciculate radial puncta. Diameter 40-60/t. 

D I S T R I B U T I O N . Bottom sediments off Port Moresby. 
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3. Hyalodiscus sp. 2 (PI. 1, fig. 3) 

Cells in pairs or solitary; elliptical in girdle, circular in valve view; surface with well-
marked central area about i diameter of valve, irregularly punctate; marginal area with 
fasciculate puncta forming lines in three directions at an angle of about 30°. Puncta are 
coarser than those of H . stelliger. Diameter 50-60/J. 

D I S T R I B U T I O N . Indonesian waters. 

Genus C O S C I N O D I S C U S Ehr. 1838 

4. Coscinodiscus africanus Janisch (PI. 1, fig. 4 ) . 

Janisch, 1875, 59, 24, 25. 
Cells discoid; valves flat with small, hexagonal areolae radiating in narrow fascicles 

from an excentric area; areolae uniform in size; marginal spinulae numerous. Diameter 
30-50/*. 

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). 

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

Valves circular; puncta in more or less radiate rows; central area hyaline. Close to 
C. nitidus. Diameter 40/t. 

D I S T R I B U T I O N . Moresby in shallow sediments. 

6. Coscinodiscus gazellae Janisch (PL 1, fig. 6a, b ) . 

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

A large form referred to Ethmodiscus by Hustedt.. Depicted by W o o d et al. by line 
drawing only. Plate shows fine striate markings. 

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). 

Karsten 1907, 367, 35, 3, 3a. 
Cells discoid; valves slightly convex, hexagonal areolae radiating from centre, no 

central area. Diameter 70-100j«. 

D I S T R I B U T I O N . Timor Sea. 

8. Coscinodiscus nodulifer Janisch (PI. 1, fig. 8 ) . 

Janisch in A . S . A . 1886, 59, 21, 23. 
Karsten 1907, 36, 6. 

Cells discoid; valves raised in the centre, areolate; areolae smaller towards the margin 
and with 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, with large, somewhat distant puncta which are roughly 

radial and slightly larger halfway to margin than at centre or margin; no central area 
or rosette. Diameter 50fi. 

D I S T R I B U T I O N . Off Mackay, Queensland. 

10. Coscinodiscus reniformis Castracane (PI. 1, fig. 10). 

Castracane 1886, 160, 12, 12. 
Stoschia admirabilis Janisch, Gazelle in A . S . A , 140, 17.. 
S. reniformis Heiden and Kolbe 1928, 476. 

Valves irregularly reniform, one lobe usually larger than the other; areolae hexagonal, 
small, radiating. Length, 150-200/í. 

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. 
Karsten 1905, 87, 3, 10. 
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Valves convex, coarse areolae in a triangular arrangement one row of each series 
being radial, and dividing that series from the adjacent triangle of areolae. Diameter 4 0 - 6 C K 

DISTRIBUTION. Indonesian waters. 

12. Coscinodiscus subtilissimus Karsten (PI. 1, fig. 12). 

Karsten 1907, 363, 36, 2, 2a. 
Valves convex near margins, otherwise flat; finely areolate in radial rows; no central 

area or rosette. Diameter 100 to 120^. 

DISTRIBUTION. Indonesian waters. 

13. Coscinodiscus sp. (PI. 1, fig. 13). 

A . S . A . 1886, 64, 15. 
Valves discoid, margin in this specimen apparently slightly crenate; surface flat, punc

tata, puncta random, no central area. Diameter 4 5 M . 

DISTRIBUTION. 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). 

Karsten 1928, 146, 218. 
Hendey 1937, 258. 
Valdiviella formosa Schimper ex Karsten 1907, 369, 39, 12. 

Cells discoid, solitary; valves flat with hexagonal areolae similar to those of Coscino
discus excentricus and a broad, circular wing with chambers separated by up to 75 rigid 
rays attached interiorly to a ring outside the valve margin and open exteriorly; upper and 
lower walls with radial striation; junction of rays and interior ring rounded. Diameter 
100-200M. 

DISTRIBUTION. Indonesian waters and Arafura Sea. 

Family A C T I N O D I S C A G E A E 

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). 

Rattray 1890, 144. 
Valves flat, rounded at margins; central space irregular; surface areolate, areolae 

radial to sub-radial, obscurely fasciculate, secondarily oblique in decussating, outwardly 
convex rows; narrow sub-marginal zone inconspicuous; pseudo-ocellus circular. Diameter 
100/i. 

DISTRIBUTION. Timor Sea. 

16. Actinocyclus complanatus Castracane (PI. 1, fig. 16). 

Castracane 1886, 145, 4 , 9. 
Rattray 1890, 165, 11, 10. 

Frustules discoid; valves with rounded margin, circular; surface punctate, central space 
subcircular with irregularly arranged puncta; puncta radial, finer in marginal area, 
secondary rows straight or flexuous, becoming arcuate near margin; pseudonodule distinct, 
marginal. Diameter I O O M . 

DISTRIBUTION. Sediments at 200m off Port Moresby. 

17. Actinocyclus disséminants Pantoczek (PI. 1, fig. 17). 

Pantoczek 1886-1893, 3, 35. 
Rattray 1890, 141. 

Frustules discoid; valves circular with small central space which is circular according 
to Rattray but almost triangular in the present specimen; surface irregularly punctate, 
puncta larger nearer the centre, decreasing to margin, irregularly arranged, secondary rows 
discernible, oblique. Diameter 60^. 

DISTRIBUTION. Sediments off Port Moresby. 

18. Actinocyclus dubiosus Karsten (PI. 1, fig. 18). 

Karsten 1906, 157, '27, 1, 2. 
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Cells solitary, discoid; valves circular with very fine radial areolae and pear-shaped 
pseudo-ocellus. Diameter 100/». 

D I S T R I B U T I O N . Off M a c k a y , Queensland. 

19. Actinocyclus mirabilis Rattray (PI. 1, fig. 19). 

Rattray 1890, 159, 11, 16. 
Cells discoid; valves with rounded margin; central space rounded with one or a few 

puncta, surface with radiating rows of puncta, closer near margin, with minute hyaline inter
spaces, especially near centre and at ends of shorter rows. Diameter 150/*. 

D I S T R I B U T I O N . Indonesian waters. 
20. Actinocyclus ovarus sp. nov. (PI. 1, fig. 20). 

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

agonal areolae arranged in three directions to give the appearance of an hexagonal system; 
pseudo-ocellus round, at apex of oval. Diameter 30—50M. 

D I S T R I B U T I O N . Frequent in Indonesian region, Arafura and South T a s m a n 
Seas. 

21. Actinocyclus pyrotechnicus D e b y in Rattray (PI. 1, fig. 21) . 

Rattray 1890, 144, 11, 15. 
Valves discoid; surface areolate with large central granule or scattered small granules 

in central space, decreasing to margin in radial rows with hyaline spaces terminating the 
shorter rows of areolae, and irregular subhyaline rows separating fascicules of areolae; 
pseudonodule near margin (may be absent according to Rattray). Diameter 175M. 

D I S T R I B U T I O N . Phytoplankton in Indonesian waters. 

22. Actinocyclus subocellatus ( G r u n o w ) Rattray (PI. 1, fig. 22) . 

Rattray 1890, 145. 
Coscinodiscus curvatulus v. subocellata Grunow 1884, 83, 4d, 15. 
A. curvatulus Janisch in A . S . A . 1875, 57, 31. 
A. decipiens Castracane 1886. 

Central area subcircular; areolae hexagonal, slightly smaller near centre and margins, 
in slightly curved, fasciculate and oblique arcuate secondary rows; pseudonodule circular. 
Diameter 120-1 5 0 M . 

D I S T R I B U T I O N . In sediment at 2 0 0 m south of 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) . 

Brun in A . S . A . 1892, 154, 6. 
Sectors 12 to 14; central space circular,, slightly depressed; surface areolate giving a 

zig-zag pattern, inner stratum with round, more hyaline regions giving a dappled effect. 
Diameter 5 0 M . 

D I S T R I B U T I O N . Off M a c k a y , Queensland. 

24. Actinoptychus maculatus Grove and Sturt (PI. 2, fig. 24 ) . 
Grove and Sturt in A . S . A . 1892, 132, 18-20. 

Valves circular, sectors 8 to 14, central area circular, surface areolate, inner stratum 
with large pores in irregular rows giving a dappled effect. Diameter 60-8ÓM. 

D I S T R I B U T I O N . Arafura Sea. 

25. Actinoptychus trilingulatus (Br.) Ralfs (PI. 2, fig. 25) . 
Ralfs in Pritchard 1861, 840. 
Actinocyclus trilingulatus Br. 1860, 8, 93. 
A . S . 1875, 1, 20. 
Boyer 1927, 66. 

Valves convex, slightly polygonal ; surface finely and evenly areolate ; sectors wedge-
shaped; alternating sectors have a row of short spines near margin. Diameter 1 0 0 M . 

D I S T R I B U T I O N . Off Mackay, Queensland. 

6 



193 

26. Actinoptychus trifolium Tempère and Brun (PI. 2, fig. 26a-c). 

Brun et Tempère 1889, 13, 7, 3. 
A . S . A . 155, 12. 

Cell in valve view polygonal with rounded corners; surface finely areolate, inner layer 
coarsely porulate; in valve view very twisted. Diameter 120-150i* 

DISTRIBUTION. Indonesian waters. 

Sub-Order AULISGINEAE 
Family AULISCACEAE 

Genus ASTEROLAMPRA Ehr. 1845 

27. Asterolampra dallasiana Greville (PI. 2, fig. 27). 

Greville 1860, 115, 4 , 10. 
A . S . A . 1890, 137, 18. 

Cells discoid; valves circular, with about 8 wedge-shaped sectors divided by hyaline 
rays, and finely punctate; central hyaline area about Y$ diameter of valve; sectors joined 
to centre by straight lines. Diameter 60/*. 

DISTRIBUTION. Coral Sea; Indian Ocean. 

Genus ASTEROMPHALUS Ehr. 1844 

28. Asteromphalus cleveanus G r u n o w (PI. 2, fig. 28). 

Grunow in A . S . A . 1875, 38, 13, 14. 
Valves markedly oval; rays numerous, central hyaline area about half diameter of 

valve; sectors faintly marked. Diameter, 40-6ÛM. 
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 straight or angled, unbranched; segments numerous, with margins 
straight or curved, about half the radius, the two approximate segments with margins 
oblique towards centre; areolate, areolae diminishing from inner to outer portion of seg
ments. Diameter 70-120it. 

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). 

Ralfs, in Pritchard, 1861, 838. 
rioyer 1927, 73. 
Spatangidium heptactis Brebisson 1857, 296. 

Valves subcircular, hyaline area excentric. approximate rays longer than others, which 
are short and zig-zag; hyaline interspace between rays has a lunate line at its extremity, 
with a small marginal process; segments coarsely areolate. Diameter 5 0 - 7 0 M . 

D I S T R I B U T I O N . Indian Ocean, Indonesian waters. 

31. Asteromphalus-Coscinodiscus (PI. 2, fig. 31 a, b ) . 

O n e valve has the characters of Coscinodiscus excentricus, the other of Asterom
phalus heptactis except that the valve appears to be almost flat and not convoluted as in 
typical Asteromphalus or in the other cells of this type described by W o o d , 1961, from 
the Antarctic. Several cells of this type were seen in three samples from the Timor Sea 
and Indonesian waters. 

Genus S T I G 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 circular or slightly deformed; with large radial puncta and broad, 

rather obscure hyaline rays becoming more evident near margin; marginal puncta smaller 
and more numerous, radiate. Diameter 4 0 M . 
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D I S T R I B U T I O N . Lord H o w e Island; O a m a r u , fossil (Grove & Sturt 1887, 6 6 ) . 

33. Stictodiscus hardmanianus Grcville (PI. 2 , fig. 33). 
Greville 1865b, 98, 8, 4. 
A . S . A . 1886, 74, 8 ; 131, 5. 

Cells discoid, valves circular; hyaline central area; lines of radiating puncta separated 
by hyaline rays; margin with close radial puncta. Diameter, 50,". 

D I S T R I B U T I O N . Maclean, N e w South Wales; Oamaru (Gr. & St. 1887, 66). 

34. Stictodiscus harrisonianus (Norm, and Grev.) Castr. (PI. 2, fig. 34). 
Castracane 1886, 2, 112. 
A . S . A . 1886, 75, 14-16. 
Boyer 1927, 71. 

Valves circular to triangular with straight or convex sides and sometimes slightly 
produced angles; rays strong, hyaline, radiate for over half radius, anastomosing, irregular 
towards centre, enclosing coarse puncta; marginal puncta radiate. Diameter 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 circular; puncta radial, separated by hyaline rays, large near centre, forming 
a single row between rays, replaced by two rows of smaller puncta nearer margin. Diameter, 
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). 
Kützing 1849, 20. 
Boyer 1916, 2, 7 ; 1927, 40. 
Discoplea comta Ehr. 1844, 267. 

Frustules not undulate, slightly inflated in girdle view; margin with radiate striae with 
an intramarginal zone apparently cellular, giving an appearance of spines; central portion 
of valve punctate or hyaline. Diameter, 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. 

Central area hyaline with a single punctum. Diameter 4 0 M . 

D I S T R I B U T I O N . Sediment off Port Moresby. 

37. Cyclotella kuetzingiana Thwaites (PI. 2, fig. 37) . 
Thwaites 1847, 8, 169. 
Boyer 1927, 38. 

Frustules in girdle view angular, undulate; valves circular, central part with scattered 
puncta, margin striate, striae may be oblique as in the plate. Diameter, 15-30/*. 

D I S T R I B U T I O N . Shallow water in the Timor Sea. 

Genus A U L A G O D I S C U S Ehr. 1844 

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

Valves circular with irregular, hyaline central area and radiating -lines of puncta 
rather similar to A. beeveriae but puncta more numerous and smaller and to A. margarit-
aceus, but with raised cunieform processes which are not apparent in the illustration. 
Diameter, 80/¿. 

D I S T R I B U T I O N . Sediments in Bate Bay, N e w 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. 
Rattray 1888, 894. 

Valves oblate, central area hyaline, stellate; elliptical area between the two processes 
with large, irregular areolae with a generally stellate arrangement and separated by 
irregularly reticulate meshwork; marginal area with radial subrectangular meshwork. 
Diameter, 1 2 0 M . 

DISTRIBUTION. In sediments off Port Moresby. 

Family B I D D U L P H I A C E A E 

Genus C E R A T A U L I N A Peragallo 1892 

40. Cerataulina curvata sp. nov. (PL 5, fig. 4 ; PI. 2, fig. 40). 

Cellae curvatae in serie; a duobus tuberis connectae; tuberis in extremis non oppositis. 
Cells in chains connected by two spined processes; frustules curved, in appearance m u c h 

resembling Rhizosolenia stolterforthii, but adjacent cells more closely depressed, processes 
of upper and lower valves not opposite; connective zone with numerous intercalary bands, 
Rhizosolenia-like. Length, 30 to 5 0 M . 

D I S T R I B U T I O N . C o m m o n in plankton of Timor and Arafura Seas. 

41. Cerataulina sp. (PI. 5, fig. 5; PL 2, fig. 41). 

Cells cylindrical, in chains, attached by valve surface and two spined protuberances; 
aperture minute, thus differentiating this species from C. compacta and C. pelágica; inter
calary bands scale-like. Diameter, 45-50/i. 

D I S T R I B U T I O N . North-east Indian Ocean, planktonic. 

42. Cerataulina compacta Ostenfeld (PL 2, fig. 42). 

Ostenfeld 1901, in Ostenfeld and Schmidt, 153 a-d. 
Cells cylindrical, m u c h longer than broad; valves slightly concave, processes short; 

cells in straight chains or solitary, weakly siliceous; puncta fine. Diameter 40-50/*. 

D I S T R I B U T I O N . North-west of Australia. 

Genus B I D D U L P H I A Gray 1821 

43. Biddulphia connecta sp. nov. (PL 5, fig. 2). 

Cellae binae; valvae circulares in medii in thalis sublatis c u m duobus spinis longis 
et fasce filorum. 

Cells in pairs, circular in valve view, subrotund in girdle view with narrow girdle 
zone and domed valves with raised central portion terminating in two long, angled spines; 
cells connected by a bundle of threads in a manner somewhat similar to Coscinosira. 
Diameter, 50/¿. 

This form is placed provisionally in the genus Biddulphia though it m a y merit 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. (PL 5, fig. 3) . 

Cells solitary, hyaline; girdle zone annulate; valves rounded in valve view circular, 
with four blunt processes. Length 1 5 0 M . 

D I S T R I B U T I O N . Arafura Sea. 

Genus T R I G E R A T I U M Ehr. 1839 

45. Triceratium antedeluvianum (Ehr.) Grun. (PL 3, fig. 43). 
Grunow 1868, 24. 
Amphitetras antedeluvianum Ehr. 1839, 142. 
Biddulphia antedeluviana Boyer 1901, 716. 
Hendey 1937, 274. 
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Cells solitary; valves quadrangular with concave sides, centre depressed; surface 
coarsely areolate, radiate in central portion and also concentric, subradiate in outer part. 
Diameter, 65M-. 

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 but the identity seems 
doubtful. It is more closely related to T. reticulum but is m u c h smaller. Valves quadrate 
with concave sides, one axis longer than the other; 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 quadrilateral with slightly concave sides; angles rounded, with short, truncate 

processes, sculpture coarsely reticulate, central portion of valve raised with a circular or 
sub-rectangular depression between the centre and bases of the process; reticulations 
irregular, but with stronger radial lines in depressed portion of valve. 

Hustedt synonymises this with T. balearicum as a variety, but Cleve (1881, 25) states 
distinctly that the sculpture of his species consists of " rounded puncta arranged in lines 
radiating 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 G r u n o w (PI. 3, tig. 46). 

G r u n o w in A . S . A . 128, 8, 17, 18; 152, 18. 
Cells solitary; valves triangular with straight sides; surface punctate; in girdle view 

valves have long, capitate processes; girdle deep, punctate in rows parallel with the longi
tudinal axis. Diameter, 50/*. 

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). 

Brün et Tempère 1889, 61, 6, 12. 
A . S . A . 159, 10. 

Valves triangular, margins slightly convex; surface irregularly punctate, puncta more 
numerous near margins; processes blunt, not extending beyond valve margin, with rows 
of fine puncta. Diameter, 8 0 M . 

D I S T R I B U T I O N . O n reefs, Lord H o w e Island; off Mackáy, Queensland. 

50. Triceratium picturatum Greville (PI. 3, fig. 48). 

Greville, 1866, 9, 19. 
Valves triangular, margins slightly convex, processes blunt, rounded, slightly capitate, 

hyaline; surface of valve punctate, puncta forming three small circles midway along sides 
and radiating more or less distinctly from these circles to margins and processes. Diameter, 
6 0 M . 

D I S T R I B U T I O N . Dunedin, N . Z . (Rawson Coll. slide 52) . 

51. Triceratium papillatum Grove and Sturt (PI. 3, fig. 49). 
Grove and Sturt 1887, 76, 6, 14. 
A . S . A . 128, 16. 

Valves triangular with concave sides and rounded ends; with prominent nipple-shaped 
processes; centre raised wtih a few stout spines; valve surface with scattered puncta. 
Diameter, 4 0 M . 

D I S T R I B U T I O N . Timor Sea, sediments; O a m a r u (Gr. and St.). 

52. Triceratium scitulum Brightwell (PI. 3, fig. 50). 

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

Valves quadrate with concave sides; processes cylindrical, extending beyond ends of 
valve; valve surface convex, coarsely areolate, areolae larger in the centre. Diameter, 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. 
Biddulphia spinosum Boyer 1901, 703; 1927, 127. 

Cell with girdle zone wider than valves, the latter domed, with digitate processes; in 
valve view triangular or quadrangular, with straight or slightly concave sides; surface 
reticulate; several spines occur near margin. Diameter, 85/t. 

DISTRIBUTION. Indonesian waters. 

Genus HEMIAULUS Ehr. 1844 

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

Valves lanceolate, concave with a narrow, longitudinal keel on surface, horns long, 
slightly sigmoid, with stout spines; surface coarsely reticulate, meshes prominent on the 
horns; chloroplasts 2. Length of valve 100/*. Boyer doubted whether this was an extant 
species; the presence of chloroplasts proves this 

DISTRIBUTION. In plankton sample off Fibres. 

Family C H A E T O C E R A C E A E 
Genus CHAETOCEROS Ehr. 1844 

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

Cells usually in short chains; apertures small or absent; setae arising from valve 
corners, rudimentary on one side, on the other side one seta directed posteriorly, the other 
anteriorly, setae hirsute; chromatophores numerous, extending into setae. Diameter, 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) . 
Gran 1897, 21, 3, 39-41. 
Gran and Angst 1931, 478, 62. 

Cells in straight chains, not touching at corners; apertures elliptical to rectangular; 
setae thin, issuing just inside slightly rounded corners, directed posteriorly; notch between 
valves and girdle; terminal setae diverging. Diameter, 25/t. 

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, with domed valves, slightly rostrate, connected by a 

central spine; setae arising within valve corners, then turning abruptly parallel to chain 
axis. Diameter, 20/*. 

D I S T R I B U T I O N . Off Onslow, W . A . , in phytoplankton. 

58. Chaetoceros sp! (PL 5, fig. 10). 
Cells in chains attached by most of valve surface; apertures very reduced; setae fine, 

very short, emerging from rounded corners of valve; chromatophores numerous, plate-like: 
somewhat resembles Ch. armatum West but has not the fatty integument or the branched 
setae and the chains do not taper. Diameter, 40/*. 

D I S T R I B U T I O N . Indonesian waters. 

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

Cells in short chains; chains straight; valve surface flat, apertures almost absent, 
terminal valve d o m e d ; setae arising from valve margins at right angles to chain axis then 

11 



198 

turning parallel to this axis posteriorly, spined, not opposite; chromatophores numerous, 
extending into setae. Diameter, 20/t. 

DISTRIBUTION. Indonesian waters; Arafura Sea. 

Sub-Order SOLENIINEAE 

Family B A C T E R I A C E A E 

Genus BACTERIASTRUM Shadbolt 1854 

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

Hust. in A . S . A . 1920, 328, 10. 
Cells cylindrical, in chains; valves circular in outline, hyaline; cells joined by about 

six setae, united at junction; setae straight, terminal setae curved posteriorly, spinulate. 
Diameter, 10/*. 

DISTRIBUTION. 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). 

Cellae gracillimae; valvae conicae in processis cavis et obtusis extensis; vittis 
squamosis. 

Cells slender, solitary; valves conical, slightly rounded at junction with girdle zone, 
tapering to hollow spines with rounded ends; intercalary bands scale-like. Length 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). 

Cellae gracillimae et curvatae; valvae hemisphericae c u m setis tenuis ad R . cylindrus 
similis; vittis squamosis. 

A small, slender, curved species with rounded valves ending in a curved, thread-like 
spine resembling that of R . cylindrus; intercalary bands scale-like; cells often in pairs or 
threes; differs from R . stolterforthii in the shape of the valves and spines, and the slender-
ness of the cells. Length, 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 c o m m o n . 

63. Rhizosolenia cochlea Brun (PL 5, fig. 15). 

Brun 1891, 43, 19, 9. 
R . calcar avis v. cochlea Ostenfeld 1901, 228, 5. 

Cells stout with rounded valves ending in a spur-like spine directed almost parallel 
to transverse axis of cell; connecting zone with numerous intercalary bands. Length, 1 0 0 -
200/*. 

D I S T R I B U T I O N . Indonesian waters. 

64. Rhizosolenia hyalina Ostenfeld (PI. 5, fig. 14). 
Ostenfeld and Schmidt 1901 (Red Sea). 

Cells solitary, broad, hyaline; valves tapering into a long, hollow spine, not rounded 
at junction with girdle; connecting zone hyaline, no intercalary banding observed. Length, 
300/*. 

D I S T R I B U T I O N . Indonesian waters. 

Genus G U I N A R D I A H . Peragallo 1892 

65. Guinardia blavyana H . Peragallo (PI. 5, fig. 17). 

Peragallo 1892, 107, 13, 2. 
Karsten 1906, 161, 29, 3, 3a. 
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Cells in chains, cylindrical; frustule more strongly silicified than that of G. flaccida; 
valves somewhat undulate, adjacent; intercalary bands overlapping, evident; chromato-
phores numerous. Length 50-70/*, diameter 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). 
Karsten 1906, 161, 29, 5. 

Cells in chains, evenly bent on longitudinal axis, more markedly so than that depicted 
by Karsten, but variable; valves and intercalary bands as in G. blavyana. Diameter, 20-40/1. 

DISTRIBUTION. Indonesian waters; Arafura Sea. 

Sub-Order ARAPHIDINEAE 
Family FRAGILARIACEAE 

Genus DIATOMA De Candolle 1805 

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

Frustules quadrangular, sides straight or slightly constricted, valves lanceolate with 
rounded apices; costae unequal, transverse; pore present at one end of valve. Length 40/i. 

D I S T R I B U T I O N . Indonesian waters. 

Genus C A M P Y L O S I R A Grunow 1880-85 

Cells in bands connected by delicate plates with numerous ribs; cells in girdle view 
curved, ventral valve being less convex than dorsal, or concave; no pseudoraphe or hyaline 
areas. 

68. Campylosira cymbelliformis (A. Schmidt) Grunow (PI. 6, fig. 20). 
Cells in bands united by ribbed plates on valves, fusiform, with clávate ends, dorsal 

valve more convex than ventral; areolate in more or less longitudinal rows. Length, 40/i. 
D I S T R I B U T I O N . Off Darwin. 

Genus T H A L A S S I O T H R I X Cleve and Grunow 1880 

69. Thalassiothrix heteromorpha Karsten (PL 6, fig. 21a, b) . 
Karsten 1906, 397, 12, 11. 
T. delicatula C u p p 1943, 188, 137. 

Cells solitary, very long and tenuous with tapering base and paddle-shaped apex in 
valve view; striae fine; base not swollen as in T. mediterránea and fan-shaped colonies 
not formed. Length 500-1,000/i. C u p p distinguished her species by greater twisting and 
length and fineness of striations, but such differences can be expected from Antarctic and 
tropical regions and there seems no reason to justify separation of the forms into separate 
species. 

D I S T R I B U T I O N . Indonesian waters and Arafura Sea. 

70. Thalassiothrix mediterránea Pavillard (PI. 6, fig. 22a-c). 
Pavillard 1916, 39, 2, 3. 

Cells slender, long, frequently united by their tapering basal portions into fan-shaped 
colonies; base tapered to a blunt point, slightly swollen above; apex rounded in valve, blunt 
in girdle view; surface faintly striate. Length, 500-1,000/t. 

D I S T R I B U T I O N . Indonesian waters. 

Genus S Y N E D R A Ehr. 1830 

71. Synedra tabulata (Agardh) Kiitzing (PI. 3, fig. 52). 
Kiitzing 1844, 68, 15, X , 1-3. 
Boyer 1927, 206. 
S. affinis Kütz. 1844, 68, 15, 6, 9, 25 1-5. 
Diatoma tabulata Agardh 1832, 40. 
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Valves fusiform-lanceolate with obtuse, rostrate to slightly capitate ends; striae mar
ginal; pseudoraphe broadly lanceolate. Length 80-150. 

D I S T R I B U T I O N . Lord H o w e 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 Hantzsch in Rabenhorst 1863, 1, 19. 

Valves elongate, tumid in the middle and at ends; puncta scattered or in arcuate 
rows; frustules arcuate. Length 500/*. 

DISTRIBUTION. Planktonic, marine at Lord Howe Island. 

Genus E N T O P Y L A Ehr. 1848 

73. Entopyla ocellata (Arnott) G r u n o w (PI. 3, fig. 54). 
E. ocellata v. pulchella has already been described in Part V . 

The present typical form is more lanceolate and smaller than v. pulchella. 

D I S T R I B U T I O N . Port Hacking; sediments off Port Moresby and by Heiden 
and Kolbe 1928, from Kerguelen. 

Genus P L A G I O 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 middle and with rostrate, blunt ends; pseudoraphe scarcely 
evident; central space rounded as shown by Cleve (not oblong as in Boyer) ; terminal spaces 
elongate; valve surface punctate in transverse rows; marginal spines present. Length, 75/*. 

D I S T R I B U T I O N . Sediments 20 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 middle; central space oblong, terminal 
spaces semicircular; pseudoraphe evident; valve surface with transverse rows of puncta. 
Length 80-90/t. 

D I S T R I B U T I O N . Sediments at 20m off Port Moresby. 

Genus G Y M A T O S I R A Grunow 1862 

76. Cymatosira lorenziana Grunow (PI. 3, fig. 57). 

Described with line drawing in Part IV. Plate illustration. 

DISTRIBUTION. Timor Sea. 

Genus P S E U D O E U N O T I A Grunow 

Cells united into bands by valve surfaces, forming a semicircular band; valves linear 
with arcuate dorsal and straight or slightly curved ventral margins; pseudoraphe and nodules 
absent. 

77. Pseudoeunotia doliolus (Wallich) Grunow (PI. 3, fig. 58). 

Grunow 1880-85 in van Heurck, 35, 22. 
Cupp 1943, 190, 140. 
Synedra doliolus Wallich 1860, 48, 2, 19. 

Cells united into semicircular bands by valve surfaces; valves with arcuate dorsal and 
straight ventral margins and bluntly rounded ends; no nodules or pseudoraphe; surface 
with transverse striae separated by two rows of fine areolae. Length, 40-50/4. 

D I S T R I B U T I O N . C o m m o n in Indonesian waters, found in Coral Sea. 
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Genus CLIMACOSPHENIA 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 branching stipes, narrowly cunéate; valves clávate, rounded 
at apex, slightly rounded at base; septa 2, with numerous oval foramina. Length 150-200i». 

DISTRIBUTION. Lord Howe Island; Madras by Subrahmanyan 1946. 

Sub-Order MONORAPHIDINEAE 
Family A C H N A N T H A G E A E 

Genus CAMPYLONEIS Grunow 1862 

79. Campyloneis sp. (PI. 3, figs. 60a, b ) . 
Cells elliptical in outline; upper valve with raphe and narrow axial area with trans

verse and longitudinal striae, the latter parallel to the margin, forming a. square pattern, 
longitudinal striae absent towards inner part of valve forming an elliptic-lanceolate area; 
lower valve punctate, with depressed elliptic-lanceolate central portion and distinct, punctate 
margin; between valves a series of loculi with a-central rib. Length, 40-50/*. 

D I S T R I B U T I O N . Lord H o w e Island (fresh water). 

Genus C O C C O N E I S Ehr. 1838 e m . Grun. 1868 

80. Cocconeis disculus (Schum.) Cleve (PI. 3, figs. 61a, b ) . 
Cleve 1895, 172. 
Hustedt 1933, 345, 799. 
Navícula disculus Schumann 1864, 21, 2, 23. 

Valves flat, elliptic lanceolate to elliptic; upper valve with evident pseudoraphe and 
coarse oblong striae, lower valve with straight raphe, narrow axial area, small central nodule 
and fine striae. Length 25-30/J. 

D I S T R I B U T I O N . Off Port M o r e s b y on surface of sediments. 

81 . Cocconeis n u m m u l a r i a (Greville) Peragallo (PI. 3, fig. 6 2 ) . 

Peragallo 1897, 3, 8, 9. 
Hustedt 1933, 334, 548. 
Navícula nummularia Greville 1859, 6, 249, 5, 6. 

Valves flat, elliptical; upper valve with punctate radial striae and lanceolate pseudo
raphe; lower valve with straight raphe narrow axial area; valve surface with transverse 
punctate striae interrupted by lyrate hyaline areas resembling those of Navícula forcipata. 
Length, 40/t. 

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. 
Hustedt 1933, 359, 813. 

Cells elliptical; valves, upper with radial transapical striae interrupted by several 
arcuate depressions on either side of lanceolate axial area; lower valve with straight raphe 
and radial lines of puncta terminating short of the margin in single larger puncta forming 
a sub-marginal ring. Length 35-50/*. 

DISTRIBUTION. 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 NAVÍCULA Bory 1794 

83. Navícula acus Cleve (PI. 3, fig. 64). 
Cleve 1894, 106, 3, 29, 30. 
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Cells in girdle view with rounded valves, in-valve view naviculate with acute ends; 
raphe straight, striae transverse, faint; cell rectilinearly cuspidate. Length, 150-200/t. 

D I S T R I B U T I O N . C o m m o n in phytoplankton in Coral Sea, Arafura Sea and 

Indonesian waters. 

84. Navícula numerosa Breb. v. arabica (Grunow) Peragallo (PI. 3, fig. 65). 

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

Fo rm as in type but puncta more distant especially towards centre of valve, and 
resembling in their distribution those of N. granúlala. This was referred by Cleve 1895, 
49, to AT. brasiliensis v. bicuneata. 

DISTRIBUTION. Timor Sea. 

85. Navícula cancellata Donkin (PI. 3, fig. 66). 

Donkin 1871, 55. 
Boyer 1927, 398. 

Valves linear-lanceolate,̂  ends subacute, rounded; axial area indistinct, assymmetrical; 
central area circular; striae coarse, transverse, 
v. retusa (Brebisson) Cleve. 

Cleve 1894, 30. 
Navícula retusa Brebisson 1867, 116, 6. 

Valves linear, ends rounded. Length, 100>. 

D I S T R I B U T I O N . Indonesian waters. 

86. Navícula clavata Gregory (PI. 3, fig. 67) . 

Gregory 1856, 46, 5, 17. 
A . S . A . 1886, 70, 50. 
Boyer 1927, 415. 

Valves elliptic, ends rostrate; raphe straight, curved at ends; axial areas narrow, 
dilated at centre to form a very broadly lyrate hyaline area reaching the margin on each 
side of the axial area but separated from it by transverse punctata striae; marginal striae 
transverse to radial, punctate. Length, 75-90/». 

D I S T R I B U T I O N . Sediments in Port Moresby region. 

87. Navícula cronullensis sp. nov. (PI. 3, fig. 68). 

Navícula sp. n. A . S . A . 1875, 6, 35. 
Cellae solitariae; valvae ovatae, terminibus obtusis, c u m striis punctatis tenuis, punctis 

proximis distantioribus ; vide Schmidt, 6, 35. 
Cells solitary; valves elliptical with slightly acute but rounded ends; raphe straight; 

axial area narrow; central area small, circular; surface finely striate, punctate, striae 
marked near valve margin but puncta more distant nearer axial area. This species is 
depicted by Schmidt and is united with other forms which he suggested are a n e w species 
but did not name . T w o of the illustrations are later referred to N. glacialis Grunow, but 
no n a m e appears to have been given to A . S . A . 6, 35. T h e species could be a variety of 
the highly variable N. granulata. As Schmidt did not give a locality for his specimens the 
n a m e Cronullensis refers to the locality of m y specimens. 

D I S T R I B U T I O N . Port Hacking. 

88. Navícula directa ( W . Smith) Ralfs (PI. 6, fig. 23). 

Ralfs 1861, 906. 
Karsten 1905, 18, 1. 
A . S . A . 1875, 47, 1-5. 
Boyer 1927, 395. 
Pinnularia directa W . Smith 1853, 56, 18, 172. 

Valves naviculate, ends acute; axial area indistinct; raphe straight; central area small; 
striae transverse, fine; chromatophores H-shaped. Length, 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 I A Thwaites 1856 

89. Mastogloia delicatula Cleve (PI. 3, fig. 69). 

Cleve 1894, 16, 1. 20. 
Hustedt 1933, 483, 904. 
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Valves elliptic-lanceolate with rostrate ends; raphe bent; axial and central areas narrow; 
valves slightly depressed each side of raphe to about half way to margin; surface punctate, 
puncta arranged in three intersecting systems; loculi of even size, numerous, reaching 
apices. Length, 35-45/*. 

D I S T R I B U T I O N . Lord H o w e Island (common) ; off Port Moresby, in sediments. 

90. Mastogloia elegans Lewis (PL 3, fig. 70). 
Lewis 1865, 19, 1, 9. 
Hustedt 1933, 498, 924. 

Valves semielliptic with rostrate ends; loculi small, numerous, rectangular with widest 
sides parallel to margin; raphe sinuate; valve surface striate parallel to transverse axis with 
wavy longitudinal ribs. Length, 70/*. 

D I S T R I B U T I O N . Great Barrier Reef, near M a c k a y . 

91. Mastogloia jelineckii ( G r u n o w ) G r u n o w (PI. 3, fig. 71) . 

Grunow 1867, 99, 1, 11. 
Hustedt 1937, 544, 977. 
Navícula jelineckii Grunow 1863, 151, 5, 12. 

Valves elliptic-lanceolate to rhombic-lanceolate with more or less rostrate ends; raphe 
straight or slightly curved; axial area narrow; loculi narrow, numerous, even; inner portion 
of valve surface raised above marginal portion, which is continuous with a narrow linear 
area adjacent to axial area; striae transverse, outer part crossed by longitudinal striae of 
two orders at about 60°. Length, 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). 
Hustedt 1933, 474, 648. 

Valves elliptic or elongate-elliptic; raphe straight or slightly undulating; axial and 
central areas narrow; valves areolate-punctate in transapical rows and straight but irregular 
longitudinal rows; loculi narrow, ovate, few, reaching apex, varying in number and spacing. 
Length, 20-30/*. 

D I S T R I B U T I O N . Lord H o w e Island ( c o m m o n ) ; 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. 
Hustedt 1937, 613, 1027. 
Navícula adonis Brun 1889, 41, 5, 3. 

Valves linear-elliptic more or less constricted in the middle, ends rounded; central 
nodule moderate, quadrate; horns diverging from the middle, converging towards ends; 
tiansapical ribs strong, radial, not reaching margin. Length 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). 

Ehr. 1844, 19, 31. 
A description was given in Part IV, but only v. bombijormis recorded. 

D I S T R I B U T I O N . Sediments off Port Moresby. 

95. Diploneis g e m m a t a (Greville) Cleve (PI. 3, fig. 74). 

Cleve 1894, 98. 
This species was described in Part IV, but only v. pristiophora recorded and figured. 

Length, 120/*. 

D I S T R I B U T I O N . Sediments at 20m off Port Moresby. 
96. Diploneis mediterránea (Grunow) Cleve (PI. 3, fig. 75). 

Cleve 1894, 82. 
Hustedt 1937, 596, 1014. 
Navícula gemmata v. mediterránea Grunow in A . S . A . 1875, 8, 42. 

Valves elliptic to linear-elliptic with convex or parallel sides; central nodule small, 
quadrate; horns parallel or slightly diverging from base; chambers not divided. Length, 
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). 
Hustedt 1937, 708, 1087. 

Resembles D. bombus in shape but is nearer D. adonis; longitudinal ribs are absent; 
inner openings to loculi present and a band crossing the transapical ribs is marked. Length, 
80/*. 

D I S T R I B U T I O N . Sediments off Port Moresby. 

Genus PINNULARIA Ehr. 1843 

98. Pinnularia stauroptera v. interrupta Cleve (PI. 4 , fig. 77 ) . 

Cleve 1895, 83. 
Boyer 1916, 30, 11. 

Valve shape as for type (Pt. II), but central area much larger; stauros m u c h wider 
and striae m u c h shorter, particularly in the central 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. 

Valves lanceolate, ends obtuse, rounded; raphe curved; axial area unilaterally broad 
and lanceolate, on opposite side narrow, dilated into rounded central area; alveoli in trans
verse to radial rows; surface of valve rounded. Length, 130-200/*. 

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 (Kiitzing) Grunow (PI. 6, fig. 25). 
Grunow 1860, 561, 4, 6. 
Frustulia acuminata Kiitzing 1833, 14, 39. 
Navícula acuminata Kiitzing 1844, 102, 4, 26, 30, 15. 

Valves sigmoid, sides parallel in the middle, then sharply bent, acute; ends acute or 
rounded; raphe central, sigmoid; striae transverse and longitudinal. Length, 120/í. 

D I S T R I B U T I O N . Shallow waters in Indonesian region. 

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

Cleve 1894, 4, 119. 
Both margins of valve continuously sigmoid, raphe evenly sigmoid, close to outer margin 

near apices. Length 50-70/». 

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 with abruptly bent, subrostrate ends, sides evenly rounded; raphe 

central, sigmoid; striae longitudinal and transverse. Length, 60-100/*. 

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, rather slender, sigmoid, ends acute, tapering; raphe central sigmoid; 

striae oblique. Length, 150-200/". 

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 at ends; raphe central, slightly bent at ends; 
striae oblique. Length 140-180/*. 

D I S T R I B U T I O N . Indonesian waters; Arafura Sea; northern Coral Sea and 
Torres Strait. 
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PLATE I 

FIG. I.—Coscinosira oestrupii. FIG. 2.—-Hyalodiscus sp. 1. FIG. 3.—Hyalodiscus sp. 2. FIG. 4.—Coscino-
discus africanus. FIG. 5.—C. apiculatus. FIG. 6a, b.—C. gazellae. FIG. 7.—C. increscens. FIG. H . — 
C. nodulifer. FIG. 9.—C. obscurus. FIG. 10.—C. reniformis. FIG. 11.—C. senarius. FIG. 12.—C sufc-
tilissitnus. FIG. 13.—Coscinodiscus sp. FIG. 14.—Planktoniella formosa. . FIG. 15.—Actinocyclus alienus. 
FIG. 16.—A. complanatus. FIG. 17.—A. disseminatus. FIG. 18.—A. dubiosus. FIG. 19.—A. mirabilis. 

FIG. 20.—A, ovatus. FIG. 21.—A. pyrolechnicus. FIG. 22.—A. subocellatus. 
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PLATE II 

FIG. 23.—Actinoptychus cathedralis. FIG. 24.—A. maculatus. • FIG. 25.—A. trilingulatus. FIG. 26a-c.— 
A. Irifolium. FIG. 27.—Asterolampra dallasiana. FIG. 28.—Asteromphalus cleveanus. FIG. 29.—A. brookei. 
FIG. 30.—A. heptactis. FIG. 31.—Asteromphalus-Coscinodiscus. FIG. 32.—Stictodiscus californiens. FIG. 33.— 
S. hardmanianus. FIG. 34.—S. harrisonianvs. FIG. 35.—S. simplex. FIG. 36a.—Cyclotella comta, b., var. 
punctata. FIG. 37.—C. kuetzingiana. FIG. 38.—Aulacodiscus formosus. FIG. 39.—Auliscus compositus. FIG. 

40.—Cerataulina cúrvala. FIG. 41.—C. sp. FIG. 42.—C. compacta. 
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PLATE III 

FIG. 43.—Triceratium antedeluvianum. FIG. 44.—T. bicorne. FIG. 45.—T. biquadratum. FIG. 46.— 
T. castelliferum. FIG. 47.—T. constellatum. FIG. 48.—T. picturatum. FIG. 49.—T. papillatum. FIG. 50.— 
T. scitulum. FIG. 51.—7\ spinosum. FIG. 52.—Synedra tabúlala. FIG. 53.—S. rostrata. FIG. 54.— 
Kntopyla ocellata. FIG. 55.—Plagiogramma spinosum. FIG. 56.—P. validum. FIG. 57.—Cymatosira loren-
ziana. FIG. 58.—Pseudoeunotia doliolus. FIG. 59.—Climacosphenia elongata. FIG. 60a-b.—Campyloneis 
sp. FIG. 61a-b.—Cocconeis disculus. Fi#. 62.—C. nummularia. FIG. 63.—C. pseudomarginata. FIG. 64.— 
Navícula acus. FIG. 65.—JV. humerosn var. arabica. FIG. 66.—TV. cancellata. FIG. 67.—A^. clávala. 
FIG. 68.—TV. cronullensis. FIG. 69.—Mastogloia delicatula. FIG. 7 0 . — M . elegans. FIG. 71.—^W. ielineckii. 
FIG. 72.̂ —Diploneis adonis. FIG. 73.—Z). bombus. FIG. 74.—D. gem.rn.ata. FIG. 75.—D. mediterránea. 

FIG. 76.—D. pseudobombijormis. 
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PLATE IV 

loo 102 

FIG. 77.—Pinnularia stauroptera var. interrupta. FIG. l&.—Trachyneis antillarum. FIG. 79.—Pleurosigma 
lieras. FIG. 80. —Caloñéis bicuneata. FIG. 81.—C. ophiocephala. FIG. 82.—C. permagna. FIG. 83-— 
Amphiprora gigantea. FIG. 84.—Tropidoneis approximata. FIG. 85.—Amphora acuta var. labyrinthula. 
FIG. 86.—A. groenlandica. FIG. 87.—A. corpulenta. FIG. 88.—Gomphocymbella brunii. FIG. 89.— 
Gomphonema constrictum. FIG. 90.—Nitzschia distans. FIG. 91.—JV. gruendleri. FIG. 92.—N. hungarica. 
FIG. 93.—N.- kittlii. FIG. 94.— TV. linearis. FIG. 95.—AT. mediterránea. FIG. 96.—TV. recia. FIG. 97.— 
A r . vermicular is. FIG. 98.—Hantzschia marina. FIG. 99-—Surirella arachnoidea. FIG. 100.—5. neumeyeri. 

FIG. 101.—Campylodiscus brightwellü. FIG. 102.—C pacificus. 
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FIG. 1.—Coscinosira oestrupii. FIG. 2.—Biddulphia connecta. FIG. 3.—Biddulphia sp. FIG. 4.—Ceratauiina 
cúrvala. Fio. 5.—Ceratauiina sp. FIG. 6.—Hemiaulus polycistinorum. FIG. 7.—Chaeloceros dadayi. Fio. 8.— 
C. seriacanthum. FIG. 9.—C. sp. FIG. 10.-^C. sp. FIG. 11.—C. tetrastickon. FIG. 12.—Rkizosolenia 
arafurensis. FIG. 13.-—i2. curnaiMÏui. FIG. 14.—R. hyalina. FIG. 15.—R. cochlea. FIG. 16.—Bacteriastrum 

elongatum. FIG. 17.—Guinardia blavyana. FIG. 18.—G. victoriae. 
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FIG. 19.—Diatoma vulgare. FIG. 20.—Campylosira cymbelliformis. FIG. 21a-b.—Tkalassiotfirix keteromorpha. 

Fio. 22a-c.—T. mediterránea. FIG. 23.—Navícula directa. FIG. 24.—Maxtogloia ovulum. FIG. 25.—Pleuro-
sigma acuminatum. FIG. 26.—P. arcticum. FIG. 27.—P. distorlum. FIG. 28.—P. elongatum. Fía. 29.—• 
P. galapagense. FIG. 30.—P. majus. FIG. 31.—P. simile. FIG. 32.—P. strigosum. FIG. 33a-b.—Tropidoneis 
appToximata. FIG. 34a-b.—T. maxima. FIG. 35.—Pleurosigma keros. Fio. 36.—Campylodiscus tkuretii. 

24 



207 

105. Pleurosigma héros Cleve (PI. 4, fig. 79; PI. 6, fig. 35). 

Gleve 1894, 44, 4, 20. 
Valves lanceolate, somewhat angular in the middle, resembling P. angulatum; ends, 

however, are only slightly bent and acute; raphe sigmoid, central; valve surface with oblique 
striae. Length, 150/*. 

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. s pecio sum v. major Grunow in Gleve and Grun. 1880. 

Valves lanceolate, slightly sigmoid, slightly wider at the middle, ends subacute, 
rounded; raphe central, displaced near ends; striae oblique. Length, 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). 

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

Valves very slightly sigmoid, sides parallel, ends rounded, obtuse; raphe more sigmoid 
than valve margins, nearly central; striae "transverse and longitudinal. Length, 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 . Smith 1853, 64, 21, 203. 
Valves lanceolate, sigmoid; sides evenly rounded, ends subacute; raphe strongly sigmoid, 

excentric at ends; striae oblique. Length, 150-20ÛM. 

D I S T R I B U T I O N . Indonesian waters; Arafura Sea. 

Genus C A L O Ñ É I S Cleve 1894 

109. Caloñéis bicuneata (Grunow) Boyer (PI. 4, fig. 80). 

Boyer 1927, 311. 
Navícula bicuneata Grunow 1860, 10, 546. 
A . S . A . 1875, 50, 37. 

Valves lanceolate, sigmoid; sides evenly rounded, ends subacute; raphe strongly sigmoid, 
raphe curved; central area small, circular; longitudinal lines irregular; surface striate, 
punctate. Length, 100-200M. 

D I S T R I B U T I O N . Lake Macquarie; sediments south of Port Moresby. 

110. Caloñéis ophiocephala (Cleve and Grove) Cleve (PI. 4, fig. 81). 

Cleve 1894, 66. 
Navícula ophiocephala Cleve and Grove 1887, 57, 9, 13. 

Valves with lanceolate ends, round middle part and constricted between; raphe straight; 
axial area swollen in the middle and in each lobe; striae transverse, interrupted. Length, 
75/t. 

D I S T R I B U T I O N . Sediments off Port Moresby. 

111. Caloñéis permagna (Bailey) Cleve (PI. 4, fig. 82). 

Cleve 1894, 59. 
Navícula permagna Bailey 1850, 2, 40. 

Valves ovate-lanceolate with ends more or less produced; raphe nearly straight; axial 
area narrow, linear, striae radiate, indistinctly punctate; longitudinal lines double. Length. 
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). 

Grunow 1860, 568, 4, 12. 
Cleve 1894, 1, 6. 
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Frustules sharply constricted; raphe sigmoid, junction line arcuate; striae _ curved, 
punctate; dorsal puncta appear in rows in three directions; more ventral puncta in trans
verse curved striae. Length, 150/t. 

DISTRIBUTION. Indonesian waters. 

Genus TROPIDONEIS 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 area indistinct; wing 
unilateral, close to raphe. Length, 200-300/t. 

DISTRIBUTION. 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. 
Amphiprora maxima Gregory 1957, 507. 

Frustules constricted; wing elevated above central nodule; valves lanceolate; wing 
unilateral; striae fine. Length, 150ju. 

DISTRIBUTION. Indonesian waters. 

Family C Y M B E L L A C E A E 
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 (Part IV) but surface with irregular rows of puncta. 

D I S T R I B U T I O N . Indonesian waters. 

116. A m p h o r a groenlandica Cleve (PL 4, fig. 86) . 

Cleve 1895, 128, 4, 1. 
Valves with arcuate dorsal, straight ventral margins; raphe straight or slightly biarcuate, 

close to ventral margin; axial area linear; transverse rows of puncta on dorsal and ventral 
sides of raphe. Length 70-100ft. 

D I S T R I B U T I O N . Off M a c k a y , Queensland. 

117. A m p h o r a corpulenta Cleve and Grove (PI. 4, fig. 87 ) . 

Cleve and Grove 1891, 68, 10, 14. 
Valves papillionate; ventral margin slightly convex; raphe ventral, almost parallel to 

margin; dorsal margin almost semicircular but with central indentation; striae transverse, 
punctate, puncta more numerous towards dorsal margin. Length, 150/t. 

DISTRIBUTION. Sediments off Port Moresby. 

Genus G O M P H O C Y M B E L L A O . Miiller 1905 

118. Gomphocymbella brunii (Fricke) O . Müller (PI. 4, fig. 88). 
O . Müller 1905, 150, 1, 2-3. 
Gomphonema brunii Fricke in A . S . A . 238, 4-6. 

Valves asymmetric with respect to longitudinal and transverse axes, one side strongly 
convex, the other almost straight, ends slightly rostrate; raphe curved, axial area narrow, 
linear; striae coarse, transverse. Length, 40i». 

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. G o m p h o n e m a constrictum Ehr. (PI. 4, fig. 89) . 

Described in Part IV, but not illustrated. 

D I S T R I B U T I O N . Sydney and Wellington water supplies. 
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Family BAGILLARIACEAE 
Genus NITZSCHIA Hass. em. Grunow 1880 

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

Described in Part IV but not 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). 

Grunow 1878, 14, 4, 24. 
Valves linear with subconical subacuate ends; keel excentric; keel costae wide, uneven. 

Length, 180/*. 

D I S T R I B U T I O N . Lord H o w e Island. 

122. Nitzschia hungarica Grunow (PI. 4, fig. 92). 

Grunow 1862, 568. 
Described in Part II. Present figure is much clearer. 

D I S T R I B U T I O N . Lord H o w e Island; present along east Australian coast. 
123. Nitzschia kittlii Grunow (PI. 4 , fig. 93). 

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

Valves bean-shaped, coarsely striate, ends rostrate; no longitudinal fold; keel puncta 
even. 

D I S T R I B U T I O N . Sahul Bank. 

124. Nitzschia linearis (Agardh) W . Smith (PL 4, fig. 94). 

W . Smith 1853, 39, 13, 110. 
Boyer 1927, 518. 
Frustulia linearis Agardh fide W . Smith.. 

Frustule linear, narrow, attenuate towards truncate ends; valves linear, attenuate, 
slightly curved but not sigmoid, ends truncate; keel puncta even but two median distant; 
striae transverse. Length, 150/*. 

D I S T R I B U T I O N . Lord H o w e Island, fresh water. 
125. Nitzschia mediterránea Hustedt (PI. 4 , fig. 95). 

Hustedt in A.S.A. 1912, 331, 22. 
Valves deeply constricted in the middle into two sub-circular parts with rostrate ends; 

fold evident; keel puncta even; valve surface with large hexagonal areolae. Length, 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). 

Hantzsch in Rabenhorst 1864, 1283. 
A.S.A. 334, 19-21. 

Frustule linear, ends truncate; valves linear with attenuate ends; keel puncta distinct, 
more distant near centre of valve. Length, 120/*. 

D I S T R I B U T I O N . Sydney water supply. 

127. Nitzschia vermicularis (Kiitzing) Hantzsch (PI. 4, fig. 97). 

Hantzsch in Rabenhorst 1864, 1, 155. 
Synedra vermicularis Kiitzing 1844, 67. 

Valves linear, sigmoid, attenuated towards the obtusely rounded ends, almost rostrate. 
Length, 160/*. 

D I S T R I B U T I O N . Off Mackay, Queensland; Lord H o w e Island (fresh water). 

Genus H A N T Z S G H I A Grunow 1880 

128. Hantzschia marina (Donkin) Grunow (PI. 4, fig. 98). 

Grunow in Cleve and Grunow 1880, 105. 
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Boyer 1916, 32, 22; 1927, 527. 
Epithemia marina Donkin 1858, 29, 3, 14. 

Valves with dorsal margin slightly concave, ventral almost straight, ends rostrate, 
curved; keel puncta prolonged into costae extending across valve, with striae formed by a 
double row of puncta between costae. Length 100/*. 

DISTRIBUTION. Lord Howe Island. 

Sub-Order SURIRELLINEAE 
Family SURIRELLACEAE 

Genus SURIRELLA Turpin 1828 

129. Surirella arachnoidea sp. nov. (PL 4, fig. 99). 
Valve ovate, cum area depressa et margine levata; costis 8-9, elevatis ad marginem 

areae, turn depressis. 
Valves elliptic-ovate; central area depressed, with raised margin giving an arachnoid 

appearance to the valve; costae 8-9, coarse, abruptly raised at margin of central area, then 
abruptly depressed, meeting at central ridge. Length 40-50/t. Somewhat like S. fluminensis 
Grunow, 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, with radiating septa and narrowly reniform axial area. Length, 120/*. 

D I S T R I B U T I O N . C o o k Strait. 

Genus C A M P Y L O D I S C U S Ehr. 1841 

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

Valves sub-spherical to ovate; marginal costae coarse, radiate: area elliptical to sub-
rectangular, coarsely costate; median space narrow, lanceolate. Diameter 60-70M. 

D I S T R I B U T I O N . Timor Sea. 

132. Campylodiscus pacificus Grunow (P!. 4, fig. 102). 
Grunow in A . S . A . 1875, 16, 12. 

Valves circular to sub-circular in outline, central area depressed, elliptical: costae 
anastomosing close to margin and near central area; central area elliptic, finely striate, 
median space difficult to distinguish. Length, 60-80/t. 

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 almost circular, costae wide; central area lanceolate, traversed by transverse 
lines. Diameter 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 m a n y species in this paper, diough 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 m a n y of the Goscinodiscaceae. T h e y were most frequent 
in plankton from the shallow T i m o r 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 S U M M A R Y OF BIRDS SEEN OVER THE WESTERN INDIAN OCEAN 
August-November 1963* 

T h e W o o d s Hole Océanographie 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 D r . R . Risebrough, M r . M . Palmieri and 
myself. Our combined field-notes have been reported elsewhere (' Bird L og Data, 
Atlantis II Cruise 8 ', 1964 ( W H O I Reference N o . 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). 

T h e 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 m u c h 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. 

W e encountered the following species which are also found in the Atlantic and 
Pacific Oceans: Audubon's Shearwater Puffinus Vherminieri; 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 5 . leucogaster; Greater Frigate-
bird Fregata minor and Lesser Frigate-bird F. artel; Bridled Tern Sterna anaethetus, 
Sooty Tern S. fuseata, Roseate Tern S. dougallii, Little Tern S. albifrons, C o m m o n 
Noddy Anous stolidus and Fairy Tern Gygis alba. 

Palaearctic breeding species seen at sea were: Ruddy Turnstone Arenaria interpres, 
a Curlew Numenius sp. (not Madagascar ensis), Curlew Sandpiper Erolia testacea, Lesser 
Black-backed Gull Lar us fuscus, a Roller Coradas sp. (not garrulus), Swallow Hirundo 
rustica, Spotted Flycatcher Muscícapa striata. 

Of those species peculiar to the Indo-Pacific Oceans w e saw: Wedge-tailed Shearwater 
Puffinus pacificus and Crested Tern Thalasseus bergii; and of those found only in the 
Indian Ocean w e saw : the Sooty Gull 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. 

T h e colder water around Socotra did not have a distinctive non-tropical bird fauna. 
This agrees with océanographie 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 (' 8th Pac. Sci. Congr.' 1953 : 461-488) states that " N o evidence of a trans-

• Contribution N o . 1610 from the Woods Hole Océanographie Institution. This work was 
done under Contract 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, m a y 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). L o w levels of nutrients should have the opposite effect, though waters clear by 
reason of sparse plankton populations m a y benefit those birds such as the Sulidae which 
dive for prey detected from above. O u r 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. T h e Royal Society). B y 
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. c o m m . ) . 

In general our log indicated that the presence of islands or at least of submerged banks 
(e.g. Saha de M a h y a 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 
M u r p h y ('Oceanic Birds of South America', 1936, Vol. 1 : 7 8 - 7 9 ) . . . " T h e pan-
tropical oceanic birds tend to be more local and sedentary. . . M a n y 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 . , 66° 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. T h e 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. 

O n e 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 M a h y a Bank; Phaethon Upturns—Gulf of Aden, Arabian Basin, 
Seychelles; P . aethereus—Arabian Sea, Socotra. These species m a y therefore be allo-
patric in their pelagic distribution, even if sympatric at some breeding stations. 

T h e number of our observations, taken on their o w n , 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. 

W o o d s Hole Océanographie Institution, R. P O C K L I N G T O N . 
Woods Hole, Massachusetts, U.S.A. 

19 November 1964. 
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BIRDS SEEN O N COCO ISLAND, CARGADOS CARAJOS SHOALS, 
INDIAN OCEAN* 

O n 1 November 1963 a party of three scientists and one officer from the W o o d s Hole 
Océanographie 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. T h e 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 . , & 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. T h e following identifications (and nomenclature) 
are taken from the Guide. 

L E S S E R F R I G A T E - B I R D Fregata oriel. About 200 pairs were nesting in low bushes, 
1-2 ft. from the ground. N o n e 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. 
S o m e 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. T w o 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. O n e 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. T h e 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. M a n y were seen flying over the water as w e 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 tenuiroslris. 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. 

W o o d s Hole Océanographie Institution, R. POCKI.INGTON. 
Woods Hole, Massachusetts, U . S . A . 

19 November 1964. 

* Contribution X o . 1611 from the Woods Hole Océanographie Institution. This work was 
done under Contract N S K CiP-821 with the'Ottice of Naval Research. 
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O N T H E OCCURRENCE OF ACANTHARIA 

IN T H E ARABIAN SEA 

E. MASSERA BOTTAZZI, K . VIJAYAKRISHNAN NAIR and M . C. BALANI 

Department of Zoology and Comparative Anatomy, Parma University, Italy 

Health Physics Division, Atomic Energy Establishment Trombay, India 

Received April 29, 1967 

ABSTRACT 

A taxonomical study on the Acantharia of the Indian Ocean has been carried out 
by means of the examination of four plankton samples collected with a plankton 
net in the Arabian Sea during the cruise of INS « Kistna » (August 1963). Per
centage abundance of total Acantharia and relative frequency of different species 
are taken into consideration. 

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 I A E A , 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 XIII I IOE Cruise of I N S 
«Kistna» (August 1963). The plankton collections were accomplished 
with a standard bolting silk plankton net of 50 c m diameter and N o . 20 
mesh, by making a vertical haul from 200-0 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 

IIOE I.N.S. Position 
« Kistna » 
Station No. 

296 
298 
299 
304 

Percentage Displacement 

volume (cm3) 

O30oo'N 7i°3o'E 0.02 1.00 

oo°5o'N 71015.5'E 1.12 1.50 

oo°05'N 7i°29.3'E 12.34 10.50 

o20oo'N 75°oo'E 2.39 2.75 

T A B L E 2. Relative frequency of different Acantharia species 

Order Family Species Relative * 

frequency 

H O L A C A N T H A ACANTHOCHIASMIDAE 

A C A N T H O P L E G M I D A E 

S Y M P H Y A C A N T H A AMPHILITHIDAE 

C H A U N A C A N T H A GIGARTACONIDAE 

A R T H R A C A N T H A 

sub order: 

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 

LITHOPTERIDAE 

DORATASPIDAE 

Acanthochiasma fusiforme + 

Acanthoplegma krohni + 

Acanthocolla cruciata + + -(- + 

Amphilithium clavarium + + 

Amphibelone hydrotomica + + + + 

Amphibelone anómala + + + + 

Quadristaurus crux + 

Gigartacon muelleri + + + + 

Gigartacon sp. + 

Heteracon biformis + + 

Acanthomeira pellucida + 

Acanthometra tetracopa + + 

Amphilonche elongata + + + + 

Lithoptera fenestrata + 

Pleuraspis costata + + + + 

Lychnaspis giltschi + + + 

Lychnaspis polyancistra + + + 

Lychnaspis undulata + + + + 

Lychnaspis maxima + + 

Lychnaspis serrata + + + 
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Table 2 (Contd.) 

Order Family 

HEXALASPIDAE 

DlPLOCONIDAE 

PHRACTOPELTIDAE 

Sub order: 

P H Y L L A C A N T H A PHYLLOSTAURIDAE 

STAURACANTHIDAE 

Species 

Icosaspis elegans 

Dorataspis loricata 

Dorataspis gladiata 

Dorataspis micropora 

Hystrichaspis dor sata 

Dictyaspis solidissima 

Hexalaspis sp. 

Hexaconus sp. 

Diploconus fasces 

Phractopelta dorataspis 

Phractopelta sp. 

Phyllostaurus siculus 

Phyllostaurus siculus var. 

catervatus 

Phyllostaurus siculus var. 

quadrifolius 

Phyllostaurus cuspidatus 

Amphistaurus complanatus 

Amphistaurus tetrapterus 

Amphistaurus atlanticus 

Acanthostaurus purpurascens 

Acanthostaurus conacanthus 

Lonchostaurus rombicus 

Zygostaurus atnphitectus 

Xiphacantha quadridentata 

Xiphacantha alata 

Stauracantha orthostaura 

Relative * 

frequency 

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

+ + + + 
+ + 

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

* The signs indicated correspond to the following codex : 

+ + -{-+ = 16 or more findings. 

+ + + = 8 to 15 findings. 

+ + = 3 to 7 findings. 

+ = 1 to 2 findings. 
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RIASSUNTO 

GLI ACANTARI DEL MARE ARÁBICO 

È stato fatto uno studio sistemático sugli Acantari dell'Oceano Indiano, esami-

nando quattro campioni di plancton raccolti nel Mar Arábico durante la Crociera 

dell'INS « Kistna » (agosto 1963). Si danno le percentuali degli Acantari totali, 

l'elenco delle specie e la loro relativa írequenza. 
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BIRDS SEEN AT SEA OFF N . W . 
AUSTRALIA JULY 23-30, 1965* 

By R O G E R P O C K L I N G T O N 

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

O u r cruise course paralleled the coast from Fremantle to N W . 
Cape then struck N E . towards Timor. A list of noon positions with 
distance and bearing to nearest land is given in Table 1. 

TABLE 1 

Day 

23 
24 
25 
26 

27 
28 

29 

30 

Latitude 

29°21'S 
25°34'S 
22°05'S 
19°03'S 

16°06'S 
13°28'S 

13°26'S 

11°02'S 

Longitude 

113°31'E 
112°02'E 
113°07'E 
115°41'E 

118°03'E 
120°12'E 

120°19'E 

122°00'E 

Place 

Geraldton 
Dorre I. 
N . W . Cape 
Monte 
Bello Is. 
Lacepede I. 
Seringapatam 
Reef 
Adele I. 
(as above) 
Sawu I. 

Distance 
n. miles 

70 
50 
40 

80 
240 

90 
150 

30 

Bearing 

065° 
090° 
090° 

190° 
100° 

100° 
130° 

010° 

Four hydrographie 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 S E . (100°-165°). 

The birds seen are listed by species in Table 2. 
N o Albatross, Cape Pigeons, Prions, Great-winged or Soft-

plumaged Petrels were seen north of 21°S., i.e. over waters warmer 
than 2 4 - 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 2 3 - 2 5 ° C , as w e 
found to be the case in the western portion of the Indian Ocean 
one month before. Such typically tropical species as Puffinus pacifi
ais, the Phaethontidae and the Fregatidae were first encountered 
over waters warmer than 24-5°C. 

* Contribution N o . 1957 from the W o o d s Hole Océanographie Institution. 
This work was done under N . S . F . grant 821. 
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Wilson's Storm-Petrels were not encountered south of 14CS., 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 
HI, and Gill, F . B . , R. V. Anton Bruun, pers. c o m m . ) 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 M u s e u m , Washington, D . C . , at the end of the cruise. 
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Numerical taxonomy was done on 208 strains of marine bacteria. T h e collection 
w a s segregated into eight groups, seven of which contained Vibrio spp. Nucleic acid 
base ratio studies on a typical Vibrio sp. from each group and other genera were done. 
T h e phenotypically different Vibrio sp. had a narrow range of base ratios. T h e other 
genera had base ratios m o r e similar to the base ratios reported for their genus than 
to each other as marine bacteria. T h e taxonomic groups are compared with generic 
classification and the strains' sources of isolations. 

During the eighth cruise of the Anton Brum 
in the Indian Ocean, a collection of over 200 
bacteria w a s m a d e . T h e results of attempts to 
classify the gram-negative isolates even to genera 
on the basis of current (15) information proved 
conflicting. Accordingly, the isolates were charac
terized generically by minimal tests using 
currently accepted major criteria (Table 2). 
Subsequently, a numerical taxonomy study w a s 
done on the entire collection to examine the 
validity of the above-used generic criteria and to 
afford another approach to classification of the 
collection. M u c h of the early work with numerical 
taxonomy was done with established cultures 
either to validate the method or to investigate 
relationships of specific groups. Pfister and Burk-
holder (13) used numerical taxonomy on 151 
isolates from seawater with a view to establishing 
a pattern of characteristics for future marine 
isolations. Splittstoesser et al. C20) similarly used 
numerical taxonomy to group bacteria isolated 
from frozen vegetables. Unfortunately, both 
apparently deleted 50 and 25% of their cultures, 
respectively, that did not fit the groups produced 
by the remaining strains. It was essentially this 
inability to group some gram-negative bacteria 
into discrete units that w e wished to examine. 
Leifson (8) criticized numerical taxonomy as 
adding nothing n e w in principle to taxonomy; 
however, it can provide an excellent tool, w h e n 
properly used to investigate possible correlations 
between taxonomic criteria of established taxo
nomic groups. T h e relationship of the deoxyribo-

1 Present address: Department of Microbiology, 
University of California at Los Angeles, Calif. 

'Trainee on Public Health Service grant T T - A -
1259. Present address: Department of Microbiology, 
Washington State University, Pullman, Wash . 

nucleic acid ( D N A ) base composition and 
numerical analysis examined by Colwell and 
Mande l (3) is an example of this use. 

MATERIALS A N D M E T H O D S 

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

Determination of properties. The 50 properties for 
each strain were examined (Table 1). All media were 
m a d e with artificial seawater, except C h a p m a n Stone 
(Difco) which was m a d e with distilled water. Flagella 
stains were done by the method of Rhodes (14). The 
base medium for all tests contained 0.5% peptone and 
0.05% yeast extract in artificial seawater (Aquarium 
Systems Inc., Wickliffe, Ohio). Antibiotic sensitivity 
was determined with standard B B L sensitivity discs 
impregnated with low levels of concentration for each 
antibiotic. Pteridine 0/129 was applied as a saturated 
solution to sterile filter-paper discs. Routine tests were 
done according to the Manual of Microbiological 
Methods (18) or Skerman (16). Lysine decarboxylase 
was examined with "pathotec" strips (Warner-
Chilcot Laboratories, Richmond, Calif.). 

Numerical analysis. The per cent similarity was 
computed according to the method of Sneath (17): 

%S = Nsp/(Nsp + Nd) X 100 

where %S = similarity coefficient; Nsp = number of 
similar positive matches; and Nd = number of dis
similar matches. The card. Fortran program was 
written by Paul Fisher at the Arizona State Computer 
Center and programmed on a General Electric 225 
computer. Grouping of the values was done with the 
method of 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 of the data showed only a few strains 
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T A B L E 1. Properties used in the characterization of marine bacteria 

General 
G r a m stain 
Oxidase-positive 
Catalase-positive 
Growth on McConkeys 
Growth on SS agar 
Growth on C h a p m a n Stone 
Growth on blood-agar 
Hemolysis on blood 

Morphology 
R o d or coccus 
Normal or pleomorphic 
Flagella 

Length 
Polar 
Lateral 
Peritrichous 

Motile, not motile 
Spores present 
Colony size 
Colony opaque 

Carbohydrates 
Acid from glucose 
Acid from lactose 
Acid from xylose 
Acid from arabinose 
Gas from carbohydrates 
Oxidative glucose metabolism 
Fermentative glucose metabolism 
Starch hydrolyzed 
Cellulose utilized 
Chitin utilized 
Inhibition by 5 carbon sugar 

Nitrogen metabolism 
H 2 S produced 
Gelatin hydrolyzed 
Casein hydrolyzed 
Indole produced 
Urease-positive 
Nitrate reduced 
Lysine decarboxylase-positive 

Antibiotics 
Chloramphenicol sensitive 
Tetracycline sensitive 
Penicillin sensitive 
Erythromycin sensitive 
Pteridine 0/129 sensitive 

Miscellaneous 
Pigment 

Red 
Yellow 
Violet 
Other 

Growth temperature 
Over 0 C 
Over 20 C 
Over 40 C 

Luminescence 
Require 0.1% agar for growth 

T A B L E 2. Differential generic characteristics used for bacteria with bacillus-like morphology 

Genus 

Bacillus 
Brevibacterium.. . 
Corynebacterium 
Pseudomonas . . . 
Xanthomonas.. . . 
Achromobacter. . 
Flavobacterium . 
Alcaligenes 
Vibrio 
Spirillum 
Photobacterium. 
Hyphomicrobium 

Gram 
stain 

+ 
+ 
+ 

Spores 

+ 
(-) 
(-) 
(-) 
(-) 
(-) 
(-) 
(-) 
(-) 
(-) 
(-) 
(-) 

Pigment 

+(-) 
+(-) 
(-) 
(-) 
+ 
(-) 
+ 
(-) 
(-) 
(-) 
(-) 
(-) 

Flagella 

Peritrichous 
Peritrichous 
Variable 
Polar 
Polar 
Variable 
Variable 
Variable 
Polar 
Bipolar 
Variable 
Polar 

Hugh-Leifson glucose 

N o growth 
N o growth 
N o growth 
Oxidative 
Oxidative 
Fermentative 
Fermentative 
Negative 
Fermentative 
N o growth 
Fermentative 
Fermentative 

Pteridine 
0/129 

sensitivity 

(-) 
+ (") 

- ) 
- ) 
- ) 
- ) 
- ) 
") 
+ 
- ) 
- ) 
- ) 

Lumines
cence 

(-) 
(-) 
(-) 
(-) 
(-) 
(-) 
(-) 
(-) 

+ (-) 
(-) 
+ 

" Characterized by pleomorphic cells and budding. 

above the 80% similarity level and virtually a con
tinuum at the 50% similarity level. 

Base ratio studies. D N A was isolated according to 
the method of Marmur (10) with Sipex (Alcolac 
Chemical Corp., Baltimore, M d . ) for lysis of the cells. 
The base composition of the D N A was determined by 
the thermal denaturation method of Marmur and 
Doty (11), with the use of a Coleman Autoset spectro
photometer equipped with a special cuvette holder for 
temperature control. 

R E S U L T S 

Figure 1 shows the sorted and reordered matrix 
in which eight major groups can be observed. 
Table 2 gives the major criteria used to determine 
genera of the collection as reported in Table 3. 
Table 3 summarizes the characteristics of each 

group. At the 60% S value, strains of each group 
are interrelated with at least one other group 
(Fig. 1). Groups 4, 5, 6, and 7 m a y indeed be con
sidered one group, and this is emphasized by 
group 6 which contains strains showing relation
ship at the 70% level to both groups 5 and 7. 

The large number of organisms between group 
3 and 4 include most of the genera in other groups 
plus some cocci. They relate in general below the 
60% level to the rest of the collection and to each 
other. They appear to provide a logical con
tinuum from the first three predominantly gram-
positive groups to the last groups which are all 
gram-negative. 

The following points from Table 3 appear sig
nificant: (i) The genus Vibrio was found in every 
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en e 

• 70-100% 

0 60- 69 % 

• BELOW 60% 

FIG. 1. Matrix sorted and reordered by single linkage technique. Eight major groups are indicated. Values less 
than 60% were not plotted. 

group, except the one small Pseudomonas group 
(4). (ii) Strains from both shark and land are as
sociated only with the first three groups which 
are predominantly gram-positive, (iii) All lumi
nescent bacteria (genus Vibrio or Photobacter) 
are in one group (group 8). (iv) Group 6, show
ing the greatest crossing of similarity between 
groups, contains strains isolated primarily from 
marine m u d . (v) Group 2, Brevibacterium shows 
a high correlation with a m u d habitat, (vi) Pig
ment appears to be of little significance in group
ing bacteria, as pigmented forms are found in 
most groups, (vii) Groups 7 and 8 isolated pre

dominantly from fish intestine have no pigment, 
attack glucose, and are essentially either Vibrio 
or Achromobacter genera. 

The wide distribution of the Vibrio genus, as 
well as the suggestion by Belser that marine bac
teria m a y have a c o m m o n narrow range of base 
ratio (1), prompted an examination of the base 
ratio of strains from each group. The majority 
of Vibrio strains are in the 35 to 4 0 % guanine 
plus cytosine ( G C ) range (Table 4); the Pseu
domonas strains are characteristically above this, 
whereas the remaining genera cover a range 
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T A B L E 3. Analysis and characteristics of numerical groups 

Group N o . oí 
isolates 

25 

12 

25 

20 

19 

Genus 

Bacillus 
Corynebacteriiim 
Vibrio 
Brevibacterium 

Brevibacterium 
Vibrio 

Alcaligenes 
Pseudomonas 
Vibrio 
Brevibacterium 
Corynebacteriiim 
Bacillus 
Achromobcicter 

Pseudomonas 

Alcaligenes 
Pseudomonas 
Vibrio 
Fla vobacterium 
Achromobacter 

Achromobacter 
Alcaligenes 
Pseudomonas 
Vibrio 
Hyphomicrobium 
Flavobaclerium 

Achromobacter 
I Vibrio 

Spirillum 

28 Vibrio 
¡ Photobacterium 
I Achromobacter 

Flavobaclerium 

No. 

18 
4 
2 
1 

11 
1 

5 
4 
3 
2 
2 
1 
1 

8 

10 
5 
4 
3 
3 

8 
6 
2 
2 
1 
1 

11 
6 
2 

15 
6 
6 
1 

Source 

Water 
Mud 
Fish 
Shark 
Land 

Water 
Mud 
Land 

Water 
Mud 
Fish 
Shark 
Land 

Water 
Mud 

Water 
Mud 
Fish 

Water 
Mud 
Fish 

Water 
Mud 
Fish 

Water 
Mud 
Fish 

No. 

8 
4 
2 

10 
1 

1 
10 
1 

7 
3 
3 
1 
4 

4 
4 

9 
8 
8 

2 
16 
2 

5 
2 

12 

10 
1 

17 

Unique group characteristics" 

Catalase-positive 

Sensitive, 5 antibiotics 

Starch (-) 

Resistant to tetracycline, penicillin, 
erythromycin, pteridine 0/129; cata
lase-positive, chitin-positive, xylose-
negative, arabinose-negative 

Resistant to tetracycline and penicillin; 
nitrate-negative 

Resistant to tetracycline, oxidase-posi-
tive 

Glucose-positive, no pigment, gelatin-
positive, and nitrate-positive 

Glucose-positive, no pigment, fermenta
tive, and luminescent 

1 Characteristics possessed by all but one or two strains of the group. 

more characteristic of their genus than of their 
marine origin. 

D I S C U S S I O N 

It is not our purpose to review the present 
status of the art of classification of nonmedical 
gram-negative bacillus. The separation of gram-
positive genera from each other and the gram-
negative bacteria at the 60% level is taken as a 
control for the numerical analysis. Liston (9) 
further suggested the 60% similarity level for 
generic groups. The 32 isolates between groups 3 

and 4 include all genera of the collection, except 
Bacillus and Pseudomonas. T w o Sarcina spp. and 
one Micrococcus sp. are also in this group. A s 
individual strains, these isolates have little in 
c o m m o n ; as a group, they appear to represent a 
transition from gram-positive to gram-negative 
bacteria and, perhaps, as W o o d (21) has sug
gested based on other data, a transition from 
land and m u d bacteria to seawater and fish bac
teria. The appearance of Vibrio spp. in every 
group except one is considered significant in 
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T A B L E 4. Base ratio of typical generic strains within each group 

1 

2 

3 

4 

5 

6 

7 

8 

Intergroup 

360 

237 

110 
339 
505 

156 

330 
234 

319 
213 
111 
243 
208 
209 

353 

305' 
306 
307 
329' 
313' 

510 
368 
231 
509 
182 

Vibrio 

Brevibacterium 

Vibrio 
Pseudomonas 
Bacillus 

Pseudomonas 

Vibrio 
Pseudomonas 

Alcaligenes 
Vibrio 
Achromobacter 
Pseudomonas 
Hyp horn icrob ium 
Pseudomonas 

Vibrio 

Vibrio 
Vibrio 
Vibrio 
Vibrio 
Plwtobacterium 

Micrococcus 
Vibrio 
Flavobacterium 
Flavobacterium 
Achromobacter 

Vibrio 

39.3 (85.4)° 

40.7 (86.0) 

37.0 (84.5) 

35.8 (84.0) 

39.4 (85.5) 

39.5 (85.5) 
39.0 (85.3) 
43.1 (87.0) 
39.5 (85.5) 
37.5 (84.8) 

39.5 (85.5) 

Per cent G C 

Pseudomonas 

64.3 (95.7) 

43.0 (87.0) 

59.0 (93.5) 

52.2 (90.7) 

34.6 (83.5) 

Other 

37.0 (84.5) 

43.6 (87.2) 

58.3 (93.2) 

44.3 (87.5) 

40.0b 

45.6 (88.0) 

60.5 (94.1) 
37.5 (84.7) 
35.8 (84.0) 

» Value in parentheses is T,„ obtained in standard saline citrate. 
b Value obtained by M . Mandel with buoyant density procedure. 
c Luminescent. 

view of other findings regarding the genus 
Vibrio. Colwell and Liston (2) found the same 
spread of Vibrio spp. in their work and at
tributed this to "oxidative and pigmented Vibrio." 
All of our Vibrio spp., however, are nonoxi-
dative and nonpigmented. Both DeLey ' s re
view article (5) and the study of Vibrio spp. by 
Davis and Park (4) indicate that Vibrio spp. are 
phenotypically variable with a wide range of 
nucleic acid base ratios. M a r m u r et al. (11) re
ported base ratios for Vibrio spp. from 42 to 66f>< 
G C , suggesting the same interspersed spread of 
this genus. In spite of their phenotypic difference, 
our Vibrio spp. showed a narrower per cent G C , 
from 36 to 43. T h e characteristic pleomorphism 
of Vibrio sp. reported by Hallock (6) m a y provide 
a morphological corollary for this variability. 

Flavobacter sp. have also been shown by 

M a r m u r et al. (12) to vary in base composition 
from 32 to 7 0 % G C . O u r data showed no group
ing of pigmented bacteria, and Pfister and Burk-
holder (13) grouped only 6 of 76 as Flavobacter 
sp. This would suggest that pigment should not 
be used as a significant taxonomic criterion. T h e 
potential significance of habitat on taxonomy can 
be seen in groups 7 and 8. These strains obtained 
essentially from fish intestine could essentially be 
classified as Vibrio sp. with two variations: (i) 
luminescent (all Photobacter sp. and some Vibrio 
sp.); and (ii) pteridine 0/129 resistant (all Achro
mobacter sp.). T h e relationship of Brevibacterium 
sp. to m u d is obvious in group 2 where the one 
water isolate is the one Vibrio sp. In conclusion, 
the relationship between all groups at the 6 0 % 
level (Fig. 1) suggests a continuum of marine 
bacteria with all possible intergeneric strains. That 
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such should be the case w h e n isolating m e m b e r s 
of the largest group of bacteria (gram-negative 
rods) from the acknowledged site of the origin of 
all life should not be surprising. W h e n generic 
criteria, established 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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OBSERVATIONS ON THE SCATTERING LAYERS OVER THE 
CONTINENTAL SHELF OFF K O N K A N COAST (INDIA) 

by V.S. RAMA RAJU 

Physical Oceanography Division, National Institute of 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 Rat-
nagiri, are examined and studied in relation to the thermocline layer present. 
Comparison of the reflections from the layers in the thermocline region with 
similar observation in the North Sea has indicated that the layers are not directly 
due to the physical discontinuity. 

INTRODUCTION 

Extensive sound scattering layers are observed in m a n y parts of the world 
oceans in deeper waters (day time layer depths 200—800 m ) and few in shallow 
waters. Hersey and M o o r e (1948) summarized the results of observations of the 
scattering layers in the Atlantic Ocean and attributed their origin to biological agency 
plankton, especially euphausids from the evidence of 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. S o m e 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 différent 
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 k n o w n 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 m a d e from the echo sounder and asdic records 
of R . V . " V A R U N A " obtained during the trawling operations. The scattering 
layers obtained in these records are quite interesting from the point of view of their 
occurrence at shallow depths, their vertical movements, their wavy pattern and 
also because of their double layered characteristics. 

D E S C R I P T I O N A N D E X A M I N A T I O 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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m 
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 océanographie stations. It has a scale range of 0-1500 m , 
frequency 30 K C . per second and chart speed 2 c m 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. 

0345 0355 

TIME (1ST) 
0420 

HERMOCUNE 
/DEPTH RANGE 

NEAR 16°57N)7JO0ie 

BOTTOM DEPTH SO M 
Fio. 1. Spatial and temporal variations of the depths of the scattering layers showing upward 

migration on 20th Sept, 1963. Ship underway at 8 Knots. 

A n examination of the records taken on 20th September by the asdic run 
in between the océanographie 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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of 11 and 18 m . A s the ship sailed west-ward, the upper layer present at 17 m at 
0345 hrs. m o v e d to the surface by 0400 hrs. and merged with the signal record 
of the outgoing pulse; and the lower layer also m o v e d 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 of the water can be observed in all the figures. 
A n 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 d o w n w a r d and later o n maintained separate levels m o r e or less parallel 
to one another, at least for s o m e time. T h e bifurcation is clearly illustrated in 
figures 2 and 3. 
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72 52C 
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W 

O 
30-J 

33 

072S 
L 

TIME (IS j) 
073 5 

x 
0745 0755 

I (VTHERHOCLINE DEPTH 
• R A N C C 

• NEARl65S'N,72Ve. 
¿50M. 

B O T T O M D E P T H 67 M • 

FIGS. 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. 
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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 
05.50 hrs. (1ST) on 20th September, show that the scatterers are mostly confined to 
the thermocline and the bifurcated levels of the layers are situated near the top and 
bottom of the thermocline. A n d 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 
K C 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 of 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. 

TIMERS I? 
1100 

* «o -

35 

II0S 
I 

II10 
X 

IMS II2( 
_L 

1125 

THERMOCUNC DEPTH 
RANGE-

I6 2 6 N ; 7 2 4 9 E 

BOTTOM DEPTH 72 M-
F I G . 4 . W a v e pattern of the shallow scattering layer recorded on 21st Sept. 1963. Ship trawling 

at about 0.5 Knot. 

D I S C U S S I O N 

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 d o w n 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 K C . 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 A N D PTEROTRACHEIDAE 

(HETEROPODA, MOLLUSCA) FROM THE INTERNATIONAL 

INDIAN OCEAN EXPEDITION 

by P. N. ARAVINDAKSHAN 

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

This is a description of the distribution in the Indian Ocean of species belonging 
to two families of the Heteropoda, the" Carinariidae and Pterotracheidae, The 
observations are based on plankton collected by Anton Brunn, Argo, Pioneer 
and Vityaz during the IIOE. The samples obtained by these vessels provide 
broad coverage of the Indian Ocean, including the Arabian Sea and Bay of 
Bengal and southward to 40° S. Beyond 40° S there were only three collections 
and these contained no specimens. Pterotracheids outnumber the Carinariids 
in abundance. The four species of the genus Carinaría, Cardiapoda richardi, 
Ptero trachea scutata and Pt. minuta deserve special mention because of their 
low density in the Indian Ocean. Most abundant and widely distributed are 
Firoloida desmaresti and Pterotrachea hippocampus. Pterosoma planum and 
Cardiapoda placenta appear to be more restricted to the tropical zone. T h e 
identification of the specimens is mainly based upon Tesch (1949). 

INTRODUCTION 

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 m o d e of life. The three families, Atlantidae, Carinariidae 
and Pterotracheidae, are seen to be in a clear phylogenetic line when w e take into 
consideration their shell-structure. In the case of Atlantidae the animal lives 
encased in the shell, in Carinariids the shell is m u c h 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 n o w , m u c h knowledge of the grpup is obtained from the works of 
Smith (1888); Bonnevie (1920) and Tesch (1906, 1910, 1949). It was Tesch w h o 
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-. F r o m 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 

Carinaría lamarcki challengeri 
C. cristata 
C. galea 
C. cithara 
Pterosoma planum 
Cardiapoda placenta 
C. richardi 
Pterotrachea coronata 
Pt. hippocampus 
Pt. scutata 
Pt. minuta 
Firoloida desmaresti 

Total number 
of stations 

1 
2 
1 
6 

32 
43 
1 

16 
64 
1 
2 

206 

Total number 
of specimens in 

all stations 
together 

2 
2 
1 
6 

45 
143 

1 
27 

155 
1 
2 

1252 

R E V I E W O F D I S T R I B U T I O N O F SPECIES 

Family Carinariidae 

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

Genus Carinaría Lamarck 1801 

This includes four species: Carinaría lamarcki (with one variety, Carinaría 
lamarcki challengeri), C. cristata, C. galea and C. cithara. O f these C . cithara is 
more c o m m o n in the Indian Ocean. Figure 2 shows the localities of capture of 
Carinaría. 
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Carinaría lamarcki challengeri Bonnevie, 1920 

The typical Carinaría lamarcki was not obtained. T w o specimens of 
Carinaría 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. O n e of the present specimens 
is a male (12 m m in length) and the other a female (21 m m ) . Both cephalic tenta
cles were present. The right tentacle was smaller than the left. This is contrary 
to the observations m a d e by Okutani. In his 15 m m specimen the right tentacle 
was completely absent. 

Carinaría galea Benson, 1835 

Only a 13 m m female specimen was recorded. The locality was off M o m b a s a . 
In the Indian Ocean it is distributed from Sumatra to M o m b a s a , according to 
Tesch. O n the East African coast its distribution extends to Durban. It has not 
been recorded from the Atlantic and m a y be considered an Indo-Pacific species. 
Carinaría cristata {Linne' 1766 ) 

The species is noted for its remarkably large size. In the present material 
there were only two specimens. The m a x i m u m length attained was 28 m m 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 m m 
specimen. The other specimen was a male, collected north of equator in the eastern 
Indian Ocean. The distribution of Carinaría cristata is known to extend from the 
south-east coast of Africa northward to M o m b a s a and also includes the eastern 
part of the Indian Ocean. 
Carinaría 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. 
A n 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 m a x i m u m length was 52 m m for a female 
specimen from Vityaz station 5251 (3° 00' N 77° 01' E ) . The largest Dana speci
m e n measured 50 m m . Tesch reported that Carinaría cithara was present at each 
station in the tropical region from Durban to Indo-Malayan waters. N o w the 
distribution is k n o w n 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). There were numerous records 
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from the eastern Indian Ocean. T o 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 m m 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 m m length, while the largest 
specimens reported by Hedley {cited from Tesch) and Tesch measured only 30 m m . 

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 c o m m o n 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. O n the east African coast it was 
found near Madagascar and M o m b a s a . 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(O4°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. N o w the distribution is k n o w n to extend to the eastern Indian Ocean. It 
is, clearly, rare and scattered in occurrence. 

Family Pterotracheidae 

All the k n o w n 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 a m o n g 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 
Ocean, 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 m m length (75 m m 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) w h o concluded that this is not always the case, and 
that the sucker m a y occur in Pt. corónala 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 Pi. 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 5GN. 
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). N o specimens were caught in the Arabian Sea. 

Pterotrachea scutata Gegenbaur, 1855 

Only one specimen was obtained, from Vityaz Stn 5199 (26° 02'S, 91° 38 'E) . 
The total length of the specimen was 39 m m . It was in a damaged condition. 
Evidently, this is not a c o m m o n species in the Indian Ocean but in the Atlantic 
and Pacific it is known to have been caught in large numbers. 

F I G . 5. Distribution of Pterotrachea coronata, Pt. scutata and Pt. minuta. 
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F I G . 7. Distribution of Firoloida desmaresti. 
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Pterotrachea minuta Bonnevie, 1920 

T w o specimens were obtained near the locality at which Pt. scutata was obtained. 
O n e specimen measured 13 m m and the other 29 m m in length. Bonnevie's specimen 
measured 13 m m and Tesch's was 25 m m . This species is rare in all oceans. Tesch 
reported it from near M o m b a s a and the present observation extends its distribution 
to the eastern Indian Ocean. 

Firoloida desmaresti Lesueur, 1817 

A s 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. 

T o summarise the above review of distribution, it m a y be said that all the 
species enumerated by Tesch were present in the material examined. Carinaría 
cithara was obtained from the Arabian Sea but not a single specimen was found 
in the Bay of Bengal. Carinaría cris tata, C. galea and C. lamarcki challenged 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. A m o n g the 
Pterotracheidae Firoloida desmaresti had the widest distribution. It seems to be 
rare beyond 20° S except on the African coast. O f the Pterotrachea species, Pt. 
hippocampus and Pt. coronata were relatively c o m m o n . 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 oí Pt. minuta were collected. 
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PRELIMINARY OBSERVATIONS O N THE DISTRIBUTION OF 
EUPHAUSIACEA FROM THE INTERNATIONAL INDIAN OCEAN 

EXPEDITION 

by K . GOPALAKRISHNAN1 and E. BRINTON 

Indian Ocean Biological Centre, National Institute of Oceanography, Cochin 16 

During the International Indian Ocean Expedition (IIOE), 1962-65, highest 
numerical densities of euphausiids were found on the western side of the 
Indian Ocean. A reduction in numbers occurred toward the east, but there was 
a secondary peak at 80°-90°E, the longitude of the western half of the Bay of 
Bengal. Numbers of euphausiids considered on a north-south basis show a 
picture of progressive decrease toward the southern limit of the Indian Ocean 
proper (40°-45° S) the zone of the Subtropical Convergence. The patterns hold 
for both seasons considered : April-October and October-April. Observed 
night-time numbers are twice as great as day-time numbers. Throughout the 
year, m a x i m u m numbers of euphausiids were found in the western most tropi
cal part of the ocean, particularly off Arabia and Somaliland, agreeing with 
findings for most other taxa reported in the present series of papers. Numerical 
densities in the Bay of Bengal and in waters south of Java were somewhat 
higher during the Southwest Monsoon period than during the opposite season. 
A discussion of distribution of the separate euphausiid species is based on Argo 
samples from an equatorial zone 5°N-5° S extending the full breadth of the 
ocean. Typical Indo-Pacific tropical species are dominant, but surprising n u m 
bers of individuals representing faunas from mid-latitudes are mixed in, parti
cularly toward the west and in the zone 0°-5° S. 

I N T R O D U C T I O N 

During IIOE, zooplankton samples were collected by research vessels from 
nine nations. The composite pattern of stations provides coverage of most of 
the ocean. Samples were received at the Indian Ocean Biological Centre (IOBC) 
for sorting and further analysis. O f the 2146 samples received, 1909 were collected 
according to the standard method prescribed for vessels participating in the IIOE 
(Currie 1963). T w o 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 w e are n o w 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 Institution of Oceanography, L a Jolla, California, U . S . A . 
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First of all, the bulk of 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 of the tropical zone — with which 
we are mainly concerned here — because the species attain similar sizes at 
adulthood. W e have therefore reasoned that euphausiids constitute an ecological 
entity, in a broad sense. 

The importance of 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. M a x i m u m 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 I A 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 I O B C 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 of 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 of ocean were averaged. The 5°-squares are quadrants 
of 10° Marsden squares.2 Each average then represents the number of euphausiids 
under 1 m 2 of sea surface to a depth of 200 m , for an area of approximately 160,000 
k m 2 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 m a n y euphausiid species carry out extensive diurnal vertical 
migrations, swimming d o w n 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). D a y and night IIOE samples differ in euphausiid content by an average factor 
of about 2. A s 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. W e 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 m a k e 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/m 3 ) 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 (=¿ 4 to 10/m 3 ) , were found along the coast 
of tropical Africa, and as far north as the Gulf of O m a n 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 A n d a m a n 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 of Sumatra that was found to be poor 
in euphausiids. This relatively poor area lies at the eastern end of the easterly 

2The standard method of coding the Marsden squares and their component quadrants is 
described in the National Océanographie Data Center Publication G- l , 1963. The method 

proved useful and was followed in the processing. 
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Fio. 1. N u m b e r of standard samples per S°-square considered in preparation of plankton charts, 
April 16—October 15. 
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F I G 2. N u m b e r of standard samples per 5°-square considered in preparation of plankton charts, 
October 16-April 15. 

81 



598 

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. A n attempt has been m a d e 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. D a y 
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 m a n y cases disproportionately 
lower than night-time values, as compared with other parts of the ocean where night 
values consistently exceeded day values by a m e a n factor of 2 (Figs. 7, 8). 

D a y 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. A s has been noted above, the comparatively low 
day-time densities m a y be owing to the fact that during the day-time m a n y 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 w e attempt to correct day-time values and incorporate them into 
a composite m a p . 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 m a d e to the study of seasonal and geographical 
variation by plotting m e a n 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 m e a n night-catch sizes for 
each rectangular area circumscribed by 5° of longitude and 10° of latitude. The 
m e a n 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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Fio. 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 5°-square. Day-time values 

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

F I G , 4 . April 16-October 15 period. Population densities shown in Figure 3 are contoured. 
Dots show the squares from which data are available. 
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Fia. 5. October 16-April 15. Euphausiid population density under unit area, 0-200 m depth, 
contoured as in Figure 4. 

Fio. 6. October 16-April 15. Arabian Sea euphausiid population density, based on individual 
station positions. Day-time vaules have been multiplied by a factor of 1.5, 
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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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FjO. 8. October 16-April 15. Day-night variation per 10° zone, as in Figure 7, 
for the opposite season. 
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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. 

T h e 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 m o r e 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. T h e 
standard I O S N net-haul strains only 200 m 3 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 w a s standardized on the basis of 1000 m 3 . It seems unlikely 
that differences in depth-of-haul are of importance in this comparison; m a n y of 
the data used by Ponomareva are from 0-140-0 m or 0-210-0 m tows, while the 
I O S N haul was from 200 m depth. 

T h e 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 w e 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. 

M e a n euphausiid abundances for the 10° zones north of the equator in the 
Indian Ocean m a y then be seen to fall into a range of 2500-4000/1000 m 3 . T h e 
Pacific m a x i m a , given a s > 1000/1000 m 3 , are s h o w n to be restricted to the temperate 
and subarctic far eastern seas and parts of the California Current. A n examination 
of Figures 4 and 5 (which illustrate abundances o n the basis of approximately 
200 m 3 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 m 3 . Furthermore, the shaded areas cir
cumscribed by the> 750/200 m 3 interval accommodate abundances greater than 
3750/1000 m 3 , while the blackened areas represent > 10,000/ 1000 m s . 

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 m a x i m u m abundance interval for most of the Pacific species was shown in 
the 1962 paper only as> 500/1000 m 3 . ) However, w e m a y 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 
m a x i m u m Indian Ocean densities are at least as high and probably higher than 
those reported in the Pacific. 

D I S T R I B U T I O N O F E U P H A U S I I D SPECIES D U R I N G L U S I A D E X P E D I T I O N 

A s 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—3°S) of the equatorial current system, at 52° E , 
62°E, 79° E and 89° E respectively. 

Ninety-four "Lusiad" samples were analyzed at I O B C 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 I O B C samples. All specimens 
were identified to species and classified as calyptopis, furcilia, juvenile, or adult. 
Counts were m a d e 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. 

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

O f 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 teñera 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 m a y 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. teñera 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. teñera belongs to "Group 2." Euphausia teñera proved to be the most abun
dant species in the equatorial belt of the Indian Ocean. Most max ima were at 
or to the north of the equator, as was also the case with T. tricuspata and N. gracilis. 
The m a x i m u m 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 teñera 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 abundance but not occurrence. Both are present at mos.t 
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F I G . 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 m a x i m u m number 

of specimens caught in a sample. 

stations. The mean density of E. teñera 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. teñera in the Pacific were approximately 2000/1000 m * . 

The four stations near Africa at which m a x i m a of S. microphthalma were 
recorded (Fig. 11) yielded 125-300/1000 m s (^25-60 per sample). Only five 
of the m a n y Pacific records for this species were based on as m a n y 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 m a x i m u m 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 m a x i m u m 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 m a x i m u m 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 m a x i m a of 20 at three stations near 
Africa. Immature specimens believed to be Nematoscelis atlántica 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 G N , 52° E . Both stations are 
somewhat to the east of the strong northeasterly Somali Current, which feeds water 
into the Arabian Sea from south of the equator. N . atlántica is recognized as a 
central water mass species in the Pacific and m a y prove to have affinities with the 
analogous zone, Í O " ^ 3 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 M o n s o o n 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 of the 
ocean during "Lusiad" appear to reflect transport from coastal waters of India, 
Ceylon and Sumatra. 

O f 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. Y o u n g 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 of 
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 furcilia and juveniles were caught. 

Specimens referable to Euphausia pseudogibba were caught at three stations, 
all north of the equator. E. sanzoi, k n o w n only from east African waters 
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F I G . 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 of 65° E . 
Stylocheiron indicus, recently described by Silas and Matthews (1967) from the 
south west coast of 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 I S C U S S I O 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 m a x i m u m of Total Euphausiids observed 
there during the Southwest M o n s o o n period (Fig. 4). This rich region was situated 
in and to the east of the Somali Current system, the northeasterly component of 
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 M o n s o o n Current evidently carries part of the dense Somali populations 
eastward. 

During "Lusiad," the characteristics of the Southwest M o n s o o n Current 
differed between the western and eastern sides of the ocean. O n 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 m a d e 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 M o n s o o n Current. Such a gyral of circulation in the rich area could help 
to explain the meridional type of distribution of 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 of 
55° E ' (Fig. 14). Salinity, oxygen and inorganic phosphate content are high in 
the upper layers of this westernmost area, suggesting that the water arose from depths 
below the thermocline. 

O n 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 of the equator, but not north of 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. S o m e 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 of 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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O f 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 m a x i m u m 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 
teñera, 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. 
teñera to be scarce south of 2° S along the 90° E Discovery 'transect. 

F I G . 14. "Lusiad" Expedition. Equatorial east-west transect, July 1-22,1962 : (a) distribution3. 
temperature, salinity, oxygen, and phosphate (from Fisher 1964) is compared with 
(b) distribution of ten euphausiid species. 27 stations between 45° E and 95° E are 

considered. 
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A PRELIMINARY REPORT ON THE DISTRIBUTION A N D ABUNDANCE 
OF PLANKTONIC OSTRACODS IN THE INDIAN OCEAN 

by JACOB GEORGE 

Indian Ocean Biological Centre, National Institute of Oceanography, 
Cochin-\6, 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 T R O D U C T I O N 

O n e 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 of 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 A T E R I A L S E X A M I N E D 

The observations on distribution and comparative abundance are based on 
1223 standard samples from different parts of 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 
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Fio. 2. Distribution of planktonic ostracods in the Indian Ocean from October 16 to April 15. 
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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 I S T R I B U T I O 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 I A 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 of 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 of 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 M a d a 
gascar the population is moderate in size throughout the year. A n interesting point 
to be noted is the abundance of ostracods in the central part of Indian Ocean, 
between 75° E-80° 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 max imum production 
of pelagic ostracods takes place. 

SPECIES O F O S T R A C O D S O B S E R V E D IN T H E A R A B I A N S E A 

Cypridina dentata (Mitfler) 

Stations :—C45, C49, C52, C55, C58, C62, V1797, V1802, V1808, V2040, 
V2041, AB183, AB198, AB200, D5265, M 2 1 7 . 
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Fio. 3. Distribution of planktonic ostracods in the Indian Ocean, based on all collections taken 
during the period 1962-65. 

F I G . 4. Locations of stations selected for the study of species occurrence in the Arabian Sea. 
C—Conch, V—Varuna, A B — A n t o n Bruun, D—Discovery, M—Meteor , 
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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 of the total number 
of 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 m a y therefore be assumed that the remarkably high 
abundance of ostracods in the Arabian Sea is caused largely by this species. 

Cypridina acuminata (Miiller) 

Station :—V1768 

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 Miiller 

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, 
M 2 1 7 . 

Observed in large numbers in a majority of the samples. A n estimated number 
of 550 specimens were present at Stn. M 2 1 7 . 

Euconchoecia chierchiae Miiller 

Station :—D5265. 

A single specimen was obtained from the above station, at which there was 
a complete absence of Euconchoecia aculeata. 

Grubea lacunosa (Miiller) 

Stations :—C49, V2Q41, 
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One female specimen 2.2 m m long from Stn. C49 and one male 3.15 m m long 
from Stn. V2041 were collected, which agree with Müller's (1908) description of 
E. lacunosa from a female larval specimen measuring 1.6 m m collected from 
Antarctic waters. 

Conchoecia atlántica (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, V1808, V2040, 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. 

Iles (1953) confirms the hypothesis put forward by Skogsberg (1920) that 
C. rotundata is probably a mixture of closely allied species. H e 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, V2040, V2041, AB168, AB182, 
ABL83, AB186, D5383, M 2 1 7 , AB198, AB200, D5265, D5369. 

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

Conchoecia acuminata (Claus) 

Stations :—C45,C49,C52, C55, C58, C62, V2040, V2041, AB170, AB182, 
AB186, AB198, D5369, D5383. 

Moderate numbers were collected from the above stations. 

Conchoecia elegens Sars 

Stations :—C45, C49,C52, C58, AB186. 
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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 a¿ 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 of 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, AB186, 
AB198, D5265. 

Moderate numbers were present. 

Conchoecia echinata Müller 

Stations:—C62, AB170. 

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 O N THE DISTRIBUTION A N D RELATIVE 
ABUNDANCE OF EUTHECOSOMATA WITH A NOTE ON THE SEASONAL 

VARIATION OF LIMACINA SPECIES IN THE INDIAN OCEAN 

by M . SAKTHIVEL 

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

Euthecosomata (holoplanktonic opisthobranch molluscs) sorted out from the 
collections of the International Indian Ocean Expedition are n o w being studied 
and the present communication is a first report based on an examination of material 
from 395 stations. Species were identified with the help of Tesch's studies (1946, 
48) on the Dana Collections. Limacina helicina (Phipps) is newly recorded from 
the Indian Ocean. Including it, twenty-five species of euthecosomes are known 
to occur in this Ocean. This paper reports on twenty species, their distribu
tion and numerical abundance over the Indian Ocean and compares present 
results with earlier records of the group in the Indian Ocean. The occurrence of a 
greater number of species as well as of larger numbers of individuals of particular 
species, is noted from the following areas: the sea east of Somalia, the Mozambique 
channel, the equatorial belt of the Indian Ocean, specified areas of the Arabian sea 
and Bay of Bengal. The most noteworthy of these areas is to the east of Somalia 
from where consistently high numbers of individuals were obtained for a good 
many species. This area is well-known for the upwelling of nutrient rich water 
during the south-west monsoon period and for its high biological productivity. A 
comparison of different months of the year with respect to the numerical abun
dance of three species oí Limacina, indicated that all three species were at m a x i m u m 
abundance during August, which is the peak period of the south-west monsoon. 
Some species, e.g., Styliola subula, Cuvierina columnella, Cavolinia globulosa and 
C. inflexa, that are c o m m o n in the equatorial belt and in Somali waters, are rare 
in the Bay of Bengal and the Arabian Sea, but the reasons for this are yet to 
be unravelled. 

I N T R O D U C T I O 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 a m e of the Expedition 

Voyage of H . M . S . Challenger (1873-76) 
Deut.Tiefsee Expedition 'Valdivia'(1898-1899) 
John Murray Expedition (1933-34) 
Percy Sladen Trust Expedition (1905) 
'Dana ' (Indo-Pacific 1928-1930) 
'Umitaka M a r u ' Expedition (Indo-Pacific 1956) 

Author of report N o . of species of 
euthecosomes recor
ded in the Indian 

Ocean 
Pelseneer, P . (1888) 20 
Meisenheimer, J. (1905) 21 
Stubbings, H . G . (1937) 16 
Tesch, J. J. (1910) 18 
Tesch, J. J. (1948) 21 
Taki, I. & Okutani, T . 

(1962) 16 
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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 of the stations 
of Cruises I to VIII of Anton Bruun and of the "Lusiad" and " D o d o " cruises of 
Argo are shown in figure 1 together with the distribution of Limacina inflata. N o 
collections have been examined from the west coast of India, west coast of 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. M c G o w a n (1960) states that there are 35 species of 
Euthecosomata recognized. O f 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 n o w increases to 25. O f 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 I E W O F D I S T R I B U T I O N O F SPECIES 

Systematic List of Species 

Family Limacinidae Gray 1847. 
Genus Limacina (Cuvier) Lamarck 1819. 

1. L. w/7a/a (d'Orbigny 1836) 
2. L. bulimoides (d' Orbigny 1836) 
3. L. trochiformis (d' Orbigny 1836) 
4 . L. lesueuri (d' Orbigny 1836) 
5. L. helicina (Phipps 1774) 

Family Cavoliniidae (d' Orbigny 1841) 
Genus Clio Linne' 1767 

6. C. pyramidata Linne' 1767 
7. C . cuspidata (Bosc 1802) 
8. C. balantium (Rang 1834) 

Genus Creseis Rang 1828 
9. C. virgula Rang 1828 

10. C. acicula Rang 1828 

Genus Styliola Lesueur 1810 

U . S . subula Quoy and Gaimard 1827 
Genus Hyalocylix Fol 1875 

12. H. striata (Rang 1828) 
Genus Cuvierina Boas 1886 

13. C. columnella (Rang 1827) 
Genus Diacria Gray 1850 

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

Genus Cavolinia Abilgaard 1791 
16. C. longirostris (Lesueur 1821) 
17. C. globulosa (Rang 1850) 
18. C. inflexa (Lesueur 1813) 
19. C. uncinata (Rang 1836) 
20. C.gibbosa (Rang 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 M c G o w a n (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 m a x i m u m 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 M c G o w a n 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). M a x i m u m concentrations are 
between 10° S and 12° N , but mainly east of Somalia. This area is more restricted 
than the area of L. inflata m a x i m u m , suggesting an even closer tie with the up-
welling-enriched conditions off Somalia where the temperature is low during June-
September. 

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 c o m m o n and widespread species in the Indian Ocean (Fig. 3). But the area of 
m a x i m u m 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 m a x i m u m 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. O n this basis 
it is considered rare in the Indian Ocean. F rom 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 eurythermic to a certain 
degree. In the North Atlantic it is known to penetrate regularly beyond 40° N . 

•The variants of Clio pyramidata have not been identified yet consequent on the absence of the 
shell in most of the specimens, 
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F I G . 2. The distribution of Limacina bulimoides. 
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F I G . 3, Tbe distribution of Limacina Irochiformls, 
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F I G . 5. The distribution of Limacina lesueuri and L . helicina. 

"At the east coast of Africa it reaches, in isolated individuals, less than 50 specimens 
per hour's fishing, d o w n to the latitude of Durban". 

In the Indian Ocean this widespread species is apparently most c o m m o n 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 c o m m o n species in the Indian 
Ocean. The rarity of C. cuspidata in the present samples m a y be due to the fact 
that juveniles have not yet been identified. M c G o w a n (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 O m a n (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 m a y 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 Q u o y and Gaimard 

Meisenheimer (1905) was of the opinion that S. subula avoids strictly tropical wat
ers and is most c o m m o n 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 w a r m water near the equator. In the Pacific, M c G o w a n 
(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 w a r m water... " m a y still be applicable, 
inasmuch as the tropical m a x i m u m 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, m a y 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 of C. virgula is not yet attempted as most of the specimens 
have lost their shells. 

**Antitropical is defined by M c G o w a n as follows. " W h e r e the same or two closely related 
species inhabit areas both to the north and to the south of the tropical latitudes. These m a y be 
bipolar, biboreal, bitemperate or bisubtropical." 
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F I G . 6. The Distribution of Clio pyramidata. 
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F I G . 7. The distribution of Creseis virgula. 
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F I G . 8, The distribution of Creseis acicula. 
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F I G . 9. The distribution of Sty lióla subula. 
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but on the track Nicobar-Ceylon-Seychelles it seemed rather scarce and only north 
of Madagascar, d o w n to Duran was it again numerous". It is Stubbings's (1937) 
view that, in the Indian Ocean, this species is "more abundant between 25° S and 
34° S except round the Cape of G o o d H o p e ; the scarcity in the northern part of 
Indian Ocean and Arabian Sea is in accordance with Meisenheimer's 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 m a y 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 M c G o w a n (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. 

Çuvierina columnella (Rang) 

This species is most c o m m o n 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, 
m a x i m u m 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 T o w n . T w o largest catches were 
made close together at the west Sumatran coast by D a n a " . 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 of 
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F I G . 10. The distribution of Hyalocylix striata. 
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F I G , 11, The distribution of Cuvierina columnelfa. 
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F I G . 12. The distribution of Diacria quadridentata. 
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F I G . 13. T h e distribution of Diacria trtepinosa. 
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395 (Fig. 13) and the forms observed in the remaining stations were more or less 
immatures or juveniles corresponding to Cleodoracompressa(So\ileyet); these juveniles 
belong mostly to D . trispinosa but some of these should perhaps be referred to D . 
quadridentata and the difficulty of separating juveniles of 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 of this species in the northern Arabian sea (see 
Fig. 13) had been remarked upon by Stubbings (1937). 

Cavolinia longirostris (Lesueur) 

This species is not c o m m o n south of 20° S (Fig. 14). Places of 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 c o m m o n 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 c o m m o n in the Bay of Bengal, the Arabian Sea and the 
central part of 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 
c o m m o n 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 G o o d Hope . In the Pacific the 
occurrence is also rare ( M c G o w a n 1960). Stubbings (1937) was of the opinion 
that "this is c o m m o n in the Bay of Bengal and eastern part of 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 of the Gulf 
of O m a n " . 

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 " m a n y in Indo-Malayan waters and in the Indian Ocean 
up to S. of Durban". Meisenheimer (1905) found it to be most c o m m o n 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 uncinata (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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Fio. 14. T h e distribution of Cavelinia longirostris. 
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F I G . 15, The distribution of Cavolinia globusa. 
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reached. Within the tropic circles it is widely spread, but such large 
swarms as were sometimes encountered by the ' D a n a ' in the Atlantic (Tesch 
1946) never occurred in the Indo-Pacific, the largest number being only 69 per haul 
at the West Sumatran coast " O n the basis of present observations and earlier 
records on the distribution of this species, it m a y 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 c o m m o n in higher latitudes in 
the south-western part of the Indian Ocean. It is unknown in the northern Indian 
Ocean. 

D I S C U S S I O N 

The results derived from the present introductory study of the H O E 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 of temperature probably provides a suitable 
environment or the breeding, spawning and feeding of several species of eutheco
somes. Tesch (1948) has remarked on the great abundance of euthecosomes from 
west of Sumatra. A s 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 c o m m o n 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 I O B C and in relation 
to environmental factors. A s 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 m a d e to 
identify the variants and juveniles. 
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F I G . 16. The distribution of Cavolinla inflexa. 
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Fro, 17, The distribution of Çavolmiq unclnafa and C. gibbosq, 
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A PRELIMINARY REPORT O N T H E G E N E R A L DISTRIBUTION 
A N D VARIATION IN A B U N D A N C E O F T H E PLANKTONIC 

POLYCHAETES IN T H E INDIAN O C E A N 

by G E O R G E PETER 

Indian Ocean Biological Centre, 

National Institute of Oceanography, 

Cochin-\6, S. India 

Pelagic polychaetes in the International Indian Ocean Expedition collections are 
being studied taxonomically and zoogeographically and the present paper is a 
report on the general pattern of distribution exhibited by the polychaetes. Larval 
forms of bottom living polychaetes also occurred in the plankton and were included 
in enumeration. The year is divided into two periods; April 16th to October 15th 
and October 16th to April 15th, corresponding to the south-west and north-east 
monsoon seasons respectively. W h e n these two periods are compared with each 
other with respect to the abundance of polychaetes the south-west monsoon season 
always shows a greater measure of abundance. W h e n the computed values for 
population density of the day collection are compared with those of the night 
collections, the latter values are invariably higher. The Indian Ocean is divided 
into six regions and these are compared with one another both regionally and 
seasonally with respect to the abundance of polychaetes. As a general statement 
it may be remarked that northern parts of the ocean show greater number of 
polychaetes. In general the areas of high population density of polychaetes are 
seen to be in the regions characterized by regular upwelling. 

I N T R O D U C T I O 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 a m o n g 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. 

O u r knowledge of these organisms in the Indian Ocean is very limited. T h e 

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). T h e distribution of 

polychaete species have been extensively m a p p e d for the South Atlantic and for 

the North Pacific by Tebble (1962) and for North Atlantic by Stop-Bowitz (1948). 

T h e 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. 

MATERIALS AND METHODS 

The essential requirement for an oceanwide study of distribution is a large n u m 
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 H O E samples, carried out at the Indian Ocean Biological 
Centre (IOBC). More than 2000 standard samples have been deposited in I O B C , 
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 of 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 m a n y bottom 
dwelling polychaetes. Data 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 A n d a m a n 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 present 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 m a x i m u m 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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Flo. 1. Distribution of Tomopteridac during the south-west monsoon period (April 16-October 15) 
in the Indian Ocean. 
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F I G . 2. Distribution of Tomopteridae during the north-east monsoon period (October 16-April 16) 
in the Indian Ocean. 
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F I G . 3. Distribution of planktonic polychaetes (excluding Tomopteridae) during the south» 
west monsoon period (April 16-October 15) in the Indian Ocean. 
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F I G . 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 of 
Madagascar, A n d a m a n coasts, and off the west coast of Australia, does not show 
any marked change with change of season. 

A n effort has been m a d e 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 m u c h higher than that of day 
collections (Figs. 5, 6). Similar variations are noted in the zones of40°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. 

A n attempt has been m a d e 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 of Arabian Sea, including the regions north of latitude 5° S, 
and east of longitude 65° E . 

3. Western part of 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 75° E . 

It is evident from the year-round collections that the western part of the Arabian 
Sea is 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 m a x i m u m 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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FlG. 6. D a y and night variation in the distribution of planktonic polychaetes 
(excluding Tomopteridae) per 10° increment of latitude. (Straight 

lines denote day collections and dotted lines night collections). 

In general it is observed that pelagic polychaetes are rich in the areas well-
k n o w n 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 A n d a m a n Islands. It is in these regions that the pelagic polychaetes 
occur in large numbers. 
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F I G . 7a. D a y and night variation in the distribution of planktonic polychaetes 
(excluding Tomopteridae) per 10° increment of longitude. (Straight 
lines denote day collections and dotted lines denote night collections.) 

F I G . 7b. D a y and night variation in the distribution of Tomopteridae 
per 10° increment of longitude. 
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A PRELIMINARY REPORT O N THE BIOMASS OF CHAETOGNATHS 
IN THE INDIAN OCEAN COMPARING THE SOUTH-WEST A N D 

NORTH-EAST M O N S O O N PERIODS 

by VlJAYALAKSHMI R . N A I R 

Indian Ocean Biological Centre, National Institute of Oceanography, Cochin-16 

The data for the present paper have been derived from the analysis of 1276 standard 
samples of plankton collected during the International Indian Ocean Expedition 
(1962-65). At the Indian Ocean Biological Centre fractions (3-5 ml) of the samples 
were sorted and the total number of chaetognaths in the samples were then 
computed. The average number of chaetognaths for all samples from each 5° 
Marsden Square is separately estimated for the south-west and north-east m o n 
soon periods. The period mid-April to mid-October ( S W monsoon) shows 
a comparatively higher density of chaetognaths for all areas except the eastern 
half of the Arabian Sea. In both the periods the areas of highest density are in the 
western part of the Arabian Sea. The region 40°-60°E between the equator 
and the northern limit of the ocean is richest in Chaetognaths during both seasons. 

I N T R O D U C T I O 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 of other oceans but 
comparatively little on chaetognaths of the Indian Ocean. Mention m a y be made 
of the systematic account of chaetognatha of Indian coastal waters by George 
(1952), of Tokioka's publications (1955-1956) on Chaetognaths of 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 of the work 
of Alvariño (1964e) on chaetognaths of the "Monsoon Expedition" of the Argo 
during 1960-61. The Siboga (Fowler 1906), Gazelle (Ritter-Zahony 1909), Sealark 
(Burfield 1926) and SneUius (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 of 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. A s 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 I A 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. 

DISCUSSION 

M e a n 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 

TABLE I 

5°-Square 
331—1 
032—2 
067—1 
067-^t 
102—2 
065—3 
029—4 
064-^1 
027—4 
327—1 

Average 

SW 
Day 

1790(2)* 
4769(5) 
2627(6) 
3158(9) 
577(3) 

792(16) 
4905(2) 
4254(7) 
1574(8) 

630(2) 
2508 

Monsoon 
Night 
2166(3) 
3569(6) 

2130(12) 
2312(5) 

187(7) 
684(9) 

2176(4) 
2841(12) 
1894(7) 
1594(3) 
2055 

NE 
Day 

3954(8) 
2874(5) 

4004(11) 
3146(2) 

1191(14) 
1265(8) 
2490(8) 
1899(8) 
1784(4) 
2708(1) 

2532 

Monsoon 
Night 
2953(8) 
5357(6) 
4053(4) 
3899(2) 

1373(15) 
1293(5) 
2910(4) 
1687(3) 
1254(4) 
1264(3) 

2404 

'Numbers in brackets indicate number of collections in each 5°-square. 

134 



749 

3107 
1287 
2369 
2502 
693 

2544 
1480 
2166 
1859 
715 

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) 
Eastern Arabian Sea (65-80° E , N of 5° S) 
Arabian Sea (above two regions combined) 
Bay of Bengal (E of 80° W , N of 5°) 
S W quarter of the Indian Ocean ( W of 80° E , 

S of 5° S) 
S E quarter of the Indian Ocean (E of 80° W , 773 495 

S of 5° S) 
East-west (Fig. la) and north-south (Fig. lb) 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 m a x i m u m peak between 50° E and 60° E 
and a lesser peak between 80° E and 100° E . Similarly for the north-east monsoon 
the m a x i m u m 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 of 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 110E 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 min imum near the equator, reaches a m a x i m u m 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. R a o and Ganapati (1958), after a study of the distribution 
of chaetognaths of the Visakhapatnam coast in relation to the salinity and tempera-
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F I G . 1. Average number of chaetognaths beneath lm2,0-200 m depth, plotted against (a) longitude, 
and (6) latitude. 

ture, concluded that, apart from Sagitta enflata and Krohnitta pacifica, the species 
s h o w aversion to low salinity and temperature. This m a y 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 m o n s o o n , the highest density 
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F I G . 2 . Population densities of chaetognaths April-October. Dots indicate squares for which 
data are available. L indicates areas of low density. 
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F I G , 3. Population densities of chaetognaths October-April. Dots indicate squares for which 
data are available. L indicates areas of low density. 
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is near the Somalia region (Fig. 2). O n the western margins of 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 et 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 not 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 m a x i m u m 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 O N THE DECAPOD LARVAE OF THE 
ARABIAN SEA 

by M . KRISHNA M E N O N , P. GOPALA M E N O N and V.T. PAULINOSE 

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

The note presents some general facts regarding the distribution of some of the 
larger groups of decapod larvae in the Arabian Sea. Their relative numbers 
and the families and subfamilies, so far as can be recognized, represented within 
each group are also indicated. Suitable charts to illustrate distribution are provided. 
The data collected on the distribution of larvae of the family Penaeidae are pre
sented separately in this note. Their general distribution in the Arabian Sea and 
the stations at which fairly good numbers were captured are described and illus
trated with suitable charts. The possible effect of the time of haul and the season 
on the number of larvae caught is explained. The probable parentage of the 
more commonly encountered types of larvae is indicated. 

1. A GENERAL SURVEY OF A L L M A J O R G R O U P S EXCEPTING SERGESTIDS A N D 

PHYLLOSOMA 

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 of 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. A s the subsorting progres
sed some amount of data relating to their distribution, composition, numbers etc. 
accumulated and they have been m a d e use of in the preparation of these notes. 
In the circumstances the notes could not be anything other than purely preliminary 
in character and m a y 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) m a y 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 of the present collections is, in 
all likelihood, the result of the method adopted. Complete series of larvae m a y 
not thus be available in regard to most of the species. Nevertheless it m a y 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 N o . 4) and 
47 (Argo, D o d o 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 
N o v a ' 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 m a n y as a dozen species have been secured at some stations around the Minicoy 
and Maldive Islands (Station 102, cruise N o . 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 m a y 
be stated in general that caridean and crab larvae occur in m u c h larger n u m 
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 A n o m u r a 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 of 
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 m a y 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 C a m b a y and neighbourhood than the 
Penaeids. A m o n g 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 A n o m u 
ran group has not been large at any station. 
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In contrast to the A n o m u r a , Crab zoeae and megalopae (Fig. 5) are noticed 
in m u c h larger numbers, the greatest numbers occurring in the regions surrounding 
the southern tip of the Indian Peninsula (a c o m m o n 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. PENAEIDAE 

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 of the entire order (minus Sergestids and Phyllosoma) and is 
illustrated in Fig. 2. The m a x i m u m 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 m u c h less, below 50%. M i n i m u m numbers have usually 
been recorded from areas situated far away from land. A n 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 m a y 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 m a x i m u m occurrence (Lat. 5°-10° N , Long. 
60°-65° E) . 

W h e n 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. T w o of the three stations 
are included in region No . l . The third, however lies far to the north of region 
N o . 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. O r they m a y be larvae of deep water species; but the point could 
be settled only after further study of the material. 

A n attempt was m a d e 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. O f the three hauls that brought up 
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over a hundred larvae in each (referred to in the previous para) two were m a d e 
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 m a y 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 d o w n during the day. Heldt has reported 
that larvae of Gennadas and Solenocera are unaffected by variations of light intensity. 
Hall (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 m a d e were also noted. A11 of them happen
ed to be m a d e during what m a y be called the monsoon period i.e. May-June to 
October-November. Collections m a d e during the remaining months were generally 
m u c h 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 M e n o n 1955). 

Without detailed study of the material it is impossible to m a k e any remarks on 
its composition i.e. on the genera and species represented. O n e 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. M o r e than one species 
seem to be represented, since they exhibit several small differences in their size, 
character of rostrum, spines on the abdominal somites etc. A few juveniles and 
adults have also been obtained from some collections; but no attempt was m a d e 
to identify them beyond determining definitely the genus they belong to. The 
adult prawns are stated to be mostly pelagic in habits and this m a y account for 
the occurrence of the larvae at so m a n y stations (Barnard 1950; R a m a d a n 1938). 

Larvae of the subfamily Solenocerinae are also quite c o m m o n . 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. S o m e of 
them in all probability m a y 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. N o 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. PETER 

Indian Ocean Biological Centre, 
National Institute of Oceanography, 

Ernakulam, 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 I O 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 k n o w n about its spawning and early larval stages. 
The published records of 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 of 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 of larvae of Rastrelliger kanagurta is from Gulf 
of Tonkin (Gorbunova 1965). There are several records of the capture of larvae 
of the genus Rastrelliger from Gulf of Thailand during the Naga Expedition (Matsui 
1963). A review of the literature of 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 of India. 

O B S E R V A T I O N S 

This paper deals with the records of occurrence and descriptions of 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 m m , 3.1 m m , and 5.3 m m , 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 betow (Table I). 
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FIG. 1. Localities showing the capture of larvae of Rastrelliger. 

TABLE I 

Details showing the station data regarding the capture of larvae of Rastrelliger 

N a m e of vessel 

R . V . Anton Bruun 
R . S. Meteor 
R . V . Pioneer 

Station 
No. 

194 
73 
16 

Position 
Lat. 

22°22'N 

18°15'N 

Long. 

60°05'E 
41°09'E 
87°48'E 

Date 

3-11-1963 
7-12-1964 
8-5-1964 

Time 
(Local) 

0450 
2145 
2000 

Length 
of 

specimen 
(mm) 

2.7 
3.1 
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 e m 
bryonic and larval development of which has been worked out by Kramer (1960). 
Further, these stages show a high degree of resemblance to the larvae of 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 of Scomber and Pneumato
phorus in having a lesser degree of pigmentation and a comparatively deep body. 
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Fio. 2. Development of Rastrelliger—tbiee different stages. 
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Imm. 
F I G . 3. Larva of Rastrelliger (2.7 m m ) . 

h 
Imm. 

F I G . 4. Larva of Rastrelliger (3.1 m m ) . 

Imm. 

F I G . 5. Larva of Rastrelliger (5.3 m m ) 
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The earliest of the stages collected (Fig. 3) measures 2.7 m m 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 m m , and height 1.3 m m . The 
depth of the body at the region of the stomach is 1.5 m m . 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. M o u t h 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 m m . 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 of 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 of 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 m m . The larva has a more 
stubby-bodied appearance. The length of the head measures 1.5 m m and the height, 
1.6 m m . The myomeres could be separated into seven abdominal and thirteen 
caudals. S o m e of the anterior myomeres have developed a zig-zag pattern. The 
processes of branchiostegal rays and gill arches are noticeable. The eyes also show 
proportional increase in size, having a diameter of 0.6 m m . 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 m m 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. O n 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 ana) opening as m a n y 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 m m 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 m m in diameter). A lengthening of 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 m e m 
branous finfold, shows signs of ossification of rays especially at the positions of 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 of the second dorsal is clearly 
indicated. O n close examination as m a n y 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 unlets 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. O f 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 m m . 
Six teeth are noticed in the upper jaw and four in the lower. Gill 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. T w o 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. 
O n 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 of fading 

D I S C U S S I O N 

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 g e m s Rastrelliger. The larva of Rastrelliger is found to be in a 
more advanced stage of development, than all its nearest scombrid relatives of 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 m m 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 of head and 
at the tip of 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 of 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 
of larvae from the Arabian Sea area is during November-December and from Bay 
of Bengal, during M a y . The data based on the capture of eggs and early stages of 
larvae (whose power of locomotion is very limited) will give a definite clue for the 
location and time of 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 of 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 O N T H E M A T U R I T Y A N D S P A W N I N G OF SILVER 

P O M F R E T , PAMPUS ARGENTEUS (EUPHR.) 

IN T H E 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 C a m b a y has also been noticed. 

I N T R O D U C T I O N 

Pomfrets form one of the principal groups of 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 of 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). 
O f 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 
L a k u m b (1961). One of the main features of their findings is the occurrence of large 
numbers of undersized fishes (juveniles) in the commercial catches in recent years 
when the fishing effort has become many-folds by the introduction of 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 of 
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, w e 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 oí Parastromateus 
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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 
C a m b a y . 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 I A 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 of C a m b a y 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 m a d e available for the months of June and July because of 
the suspension of fishing, due to the onset of 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. M o r e 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 of the snout to the 
end of the upper caudal lobe. 

D E S C R I P T I O 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 He 
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 c m and above. 

C L A S S I F I C A T I O N O F M A T U R I T 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 m a d e in males 
because of difficulties in assigning correct maturity stages to testes. The macro
scopic appearance of various maturity stages of ovaries have been diagrammatically 
shown in Fig. 1. 
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F I G . 1. Macroscopic appearance of ovaries of Pampas argeiiteus in various stages of maturity. 
A . Immature virgin 24 c m in length 
B . Maturing virgin 26.5 c m in length 
C . Recovering spent 30 c m in length 
D . Maturing (intermediate) „ „ 
E . Mature „ „ 
F. Ripening „ „ 
G . Ripe „ „ 
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Stage I (Immature) 

Ovaries thin, translucent strips of tissue weighing less than 0.5 g. Microscopic 
and transparent ova with nucleus at the centre and having diameters less than 5 m d 
(1 md-0.021 m m ) . 

Stage II (Maturing virgin and recovering spent) 

Creamy to pale yellow ovaries, weight not exceeding 4 g. Maturing group of 
ova not sharply separated from the immature (reserve stock). Largest ova with 
diameters 12-15 m d . 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 m d . 

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 m d . 

Stage V (Ripening) 

Ovaries very m u c h enlarged, yellowish or speckled, weighing 16-30 g Largest 
eggs vacuolated, with diameters 42-45 m d . 

Stage VI (Ripe and Running) 

Ovaries very m u c h 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 m d . 

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 I A 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 m m . O v a measurements from 
various individuals having the same stage of 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 m d were not 
measured. Approximately 500 ova were measured from the ovaries of each 
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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 m d 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 m o d e at 5-8 m d . T h e biggest ova of this 
stage have traces of yolk granules in the cytoplasm. A s the eggs get m o r e a n d m o r e 
ladened with yolk the m o d e A shifts to the position of m o d e Bj in stage III a n d 
thereafter to m o d e B 2 in stage I V . A fully mature batch of eggs likely to be s p a w n e d 
during the ensuing spawning season gets very sharply differentiated into a distinct 
m o d e B 3 in stage V . A b o u t half of this mature stock of ova suddenly increases 
in size a n d b e c o m e s completely transparent as the ovary ripens fully (stage V I ) . 
T h u s the m o d e C , at this stage, represents the first batch of eggs to be s p a w n e d . T h e 
other mature eggs represented by the m o d e ' B 4 are shifted to the position of m o d e C 
after the withdrawal of m o d e C , a n d are s p a w n e d . T h e interval between these t w o 
spawnings does not seem to be m o r e than a few weeks since the ova at m o d e B 4 

are already in vacuolated condition. A small batch of eggs which gets differentiated 
from the general egg stock is represented at m o d e B . But o w i n g to the fact that this 
remains far separated from the mature stock a n d does not s h o w m u c h progression it 
is most likely that this m a y not be s p a w n e d . 

T h u s from the withdrawal of eggs in successive batches it seems that the fish 
has a succession of spawnings but, as the fully m a t u r e eggs get very sharply differen
tiated soon from the smaller eggs, the spawning in this species m a y 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 t w o spawnings. P r a b h u 
(1956) observed that in s o m e species which have prolonged spawning seasons the 
range in the size of mature ova is m u c h larger than w h at has been noted here. Q a s i m 
(1956) while studying the spawning habits of Blennius pholis confirmed by aquar ium 
studies that the presence of multiple batches of o v a in the u n s p a w n e d ovary gives 
rise to m o r e than one spawning. 

S P A W N I N G S E A S O 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 m a d e in order to determine 
the spawning season. The distribution of 537 females of various maturity stages in. 
different months is expressed quantitatively in Table I. 

T A B L E I 

Percentage frequency of the number of females in the various maturity stages during the period 
1962-64 

Maturity N u m b e r 
stages A u g . Sept. Oct. N o v . Dec. Jan. Feb. March April M a y Examined 
_ r 

II 47.5 73.8 88.4 85.8 44.5 41.6 34.0 10.0 14.1 10.6 273 
III 37.5 17.8 5.7 12.6 55.5 44.4 37.2 31.0 22.4 21.1 116 
IV 10.0 8.2 2.8 1.2 13.8 29.5 41.3 18.9 20.4 80 
V 2.5 9 .0 17.2 29.3 32.8 50 
VI 3 .4 6.6 8 
V n 2.5 2 .0 11.7 8.2 10 
•Immature fishes in stage I occur throughout the year and not 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. F rom August to November there is a steady increase in the percentage of 
fishes of stage II. This gradually declines from December when the fishes of stage III 
become more predominant. By January, fully mature fishes of stage IV are c o m m o n 
in the catches and their percentage gradually increases and reaches the m a x i m u m in 
March. The fishes with ripening ovaries begin to appear from February onwards 
and their frequency of occurrence continues to increase until M a y when the fishing 
season comes toa close. A few fishes with ovaries fully ripe and in running condition 
were collected from Nawabundar and Jafarabad, during April and M a y . 

W h e n 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 c o m m o n 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 of resorption indicating that they are 
not likely to be spawned in the current season. They m a y be similar to the matured 
non-spawners of Norway Pout with resorbing eggs described by Gokhale (1957). 

It becomes apparent from the increasing occurrence of ripe and spent fishes 
during April and M a y 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. 

CONDITION FACTOR AND SEASONAL CYCLE IN GONAD WEIGHT 

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; M e n o n 1950). 

W 
K = £ x 100 

where W=average weight of fish in g 
L = m e a n length in c m 
K=condition factor to be calculated 

Average weight for each c m group was worked out in each month and from this 
the average ponderal index was calculated. Fishes measuring less than 25 c m 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. F r o m 
October onwards it gradually ascends and reaches its m a x i m u m in February. A 
sudden decline from the peak condition occurs in March. This point of inflexion 
of the curve coincides with the beginning of spawning which agrees with the direct 
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F I G . 3. 

Z> I L J Q O LU < LU < Û - < 

Seasonal variation in the condition factor " K " of females of Pampus argenteus. 

observations of gonads. F rom the values obtained in April and M a y it can be 
assumed that no drastic change in the condition of 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 c m 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 min imum 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 m a x i m u m 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. A s 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 A B L E II 

Seasonal variation in the Gonadosomatic Index 

Month Average Average Average Gonado-
lengthof weight weight somatic 

fish in m m in g of ovary in g index* 

August 
September 
October 
November 
December 
January 
February 
March 
April 
M a y 

310.0 
311.6 
313.2 
313.0 
319.0 
309.0 
306.0 
322.0 
314 
310 

512.0 
523.0 
542.9 
509.0 
559.0 
518.0 
473.0 
590.0 
544.0 
547.0 

5.57 
5.12 
2.98 
2.14 
2.77 
4.65 
8.63 

14.05 
12.03 
11.54 

1.080 
0.970 
0.548 
0.420 
0.495 
0.897 
1.820 
2.380 
2.210 
2.10 

•Gonadosomatic index= _Wt-of ovary 
W t . of body 100 
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A close relation between the cycle of 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 A T F I R S T M A T U R I T Y 

T o determine the size at first maturity, data pertaining to 394 fishes caught in 
the trawl during February-March were used. The appearance of milt in the testes 
and the yolk granules in the ova of females, were taken as an indication of their 
maturation. Percentages of maturing individuals in each c m size group have been 
plotted in Fig. 4. 

It can be seen that 5.5 % of the male fishes mature at 20 c m , and all the males 
above 24 c m were either mature or in maturing condition. Maturing females first 
appear in 24 c m group and their percentage increases thereafter. All of them 
were found to be maturing or mature at length between 26 and 27 c m , minimum length 
of the spent female observed was 27 c m . Thus the males seem to mature at a size 
smaller than that of the females. 

L A R V A E A N D J U V E N I L E S 

Large numbers of juveniles oí Pampus argenteus with length ranging between 5 
and 19 c m 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 

1100-
ce 

=2 80-
< 
s 60-
LÜ 

3 40-

w 20-
o 
CE 

°- 18 20 22 24 26 28 

T. LENGTH OF FISH IN CM 
F I G . 4. Size at first maturity of Pampus argenteus as indicated by the percentage of maturing 

fishes in every 1 c m 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 p o m -
frets are caught in grounds off Gujarat and Maharashtra, especially during Decem
ber-March. M i n i m u m size recorded in the trawl catch was 5 c m long. Monthly 
observation on the bag net catches at M a d h w a d , Nawabundar and Jafarabad reveal 
that post-larvae of Silver Pomfret measuring 2-4 c m 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 c m 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 c m , m a y be because the 
spawning season is highly protracted. 

MIGRATION AND SPAWNING GROUNDS 

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. 

F I G . 5. Post-larvae and juveniles of 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 of 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 of 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 of m a n y 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 C a m b a y 
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. 

SUMMARY AND CONCLUSION 

Results of investigation on the maturation and spawning of Silver Pomfret, 
Pampus argenteus (Euphr.) in an area between the Gulf of Kutch and Gulf of C a m b a y 
indicate that the fish has a prolonged spawning season lasting from February to 
August with peak spawning occurring during April-June. The min imum size at 
first maturity is 22 c m in males and 26 m m in females. 

There is a general tendency in the fish to migrate from the northern waters of 
Gujarat towards the Gulf of C a m b a y 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 
A N D LARVAE OF THE INDIAN OCEAN 

by K. J. PETER 

Indian Ocean Biological Centre, National Institute of Oceanography, 
Ernakulam, Cochin-\% 

A n estimation of the fish eggs and larvae of the Indian Ocean has been m a d e , 
based on the calculation of their average number in each 5°-square. Figures 
are presented to show the numerical abundance of fish eggs and larvae for 
April-October and October-April periods, and also during day and night times. 
T h e areas of occurrence of eggs and larvae are contoured, showing the different 
grades in the density of distribution. This distinguishes the various areas of 
spawning and larval development. The highest degree of concentration of eggs 
is observed during the October-April period, and in the following period, for fish 
larvae. Further, the dominance of fish eggs in day collections, and of larvae 
in the night collections is also noticed. The volumetric ratio of fish larvae to the 
total biomass is also represented graphically. The relationship between 
them is neither very close, nor uniformly proportional in all zones. 

I N T R O D U C T I O 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 m a n y of 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 offish 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 of the Indian Ocean covering oceanic, coastal and 
intermediate zones, at different times. The average number of fish eggs and larvae, 
and the volume offish 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 I O 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 m a d e 
by vertical hauls, the qualitative representation of larvae of pelagic groups are not 
well indicated. 
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TABLE I 

Composition offish larvae in the HOE collections based on 1352 samples 

Family Percentage of the sample in 
which the various families are 

represented 

Albulidae 
Clupeidae 
Engraulidae 
Bathylagidae 
Stomiatidae 
Idiacanthidae 
Chauliodontidae 
Astronesthidae 
Melanostomidae 
Gonostomidae 
Sternoptychidae 
Synodontidae 
Paralepididae 
Myctophidae 
Scopelarchidae 
Leptocephalii of Anguilliformes 
Exocoetidae 
Hemirhamphidae 
Bregmacerotidae 
Syngnathidae 
Fistulariidae 
Melamphidae 
Holocentridae 
Sphyraenidae 
Mugilidae 
Serranidae 
Carangidae 
Stromateidae 
Coryphaenidae 
Pomocentridae 
Labridae 
Gempylidae 
Scombridae 
Scomberomoridae 
Thunnidae 
Gobiidae 
Scorpaenidae 
Triglidae 
Blenniidae 
Bothidae 
Pleuronectidae 
Cynoglossidae 
Balistidae 
Monacanthidae 
Diodontidae 
Tetrodontidae 
Lophiidae 
Antennariidae 
Ceratiidae 

•Represented in approximately up to 5 % of the samples 
"Represented in approximately up to 10% of the samples 

•••Represented in approximately up to 25% of the samples 
••••Represented in approximately up to 55% of the samples 

Approximately 5 % of the samples include larvae that have not been yet assigned to any of 
the above families. 
The various families are separated based on the classification of Berg (1947). 

The concentration in the distribution of 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 difie-
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rences in the abundance are as follows. The first or highest degree of 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 of 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 . 

W h e n 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). 

A n estimation offish 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 15e N ) near and off Somali Coast, off the Arabian coast and in the north eastern 
portion of the Chagos Archipelago. 

The pattern of 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 m a d e 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 of eggs 
under lm 2 (200-0 m ) for each 10°-zone (Fig 7) indicates that the m a x i m u m abun
dance of 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 m a x i m u m 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 
m a x i m u m 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 of 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. 
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F I G . 1. Distribution and abundance of the total fish eggs for the year round period. 
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F I G . 2. Distribution and abundance of fish eggs for the April-October period. 
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F I G . 3. Distribution and abundance cf fish eggs for the October-April period. 
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F I G . 4. Distribution and abundance of total fish larvae for the year round period. 
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Fia. 5. Distribution and abundance of fish larvae for the April-October period. 

F I G . 6. Distribution and abundance of fish larvae for the October-April period. 
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F I G . 7. Average number of fish eggs under lm 2 (20C-0 m ) for each 10°-zone and iheir variation in 
number during day and night. 
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F I G . 8. Average number of fish larvae under 1 m 2 (200-0 m ) for each 10°-zone and their varia

tion in number during day and night. 
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D I S C U S S I O N 

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 of intensive spawning 
and larval development, as well as other localities where they are less or at a minimum. 
But those areas, where the m a x i m u m density of eggs or larvae is noticed, can be 
looked upon as the possible spawning grounds for a good number of species of 
fish. The eggs collected consisted of those with embryos in different stages of 
development. Eggs that are in a very early stage of 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 of the most interesting observations 
made. The reason for such an abundance of eggs in the day collections m a y proba
bly be that, at least in some groups of fishes, spawning might be taking place during 
day time. In the case of fish larvae, the highest degree of 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 of 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 offish larvae is very 
scanty in literature of the subject. 
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Introduction 

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 C 1 * 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). 

Hydrographie 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. O n 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 hydrographie 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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F I G . 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 m a d e during the winter in the open part of the 
Arabian Sea. M o r e 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). O n e large divergence zone between 70°-72° E and 
8°-l 1 ° 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 m a y 
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 (Bpzrukov, 1963). All these have a marked influ
ence on the production of this region since w e 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 d o w n 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 m i n i m u m 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. F r o m 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 88° 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. O n 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 euphotic 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 m a x i m u m quantity of nitrite nitrogen 
over a large area equalling 5.4 ¡xg-at./l (75 m g / m 3 ) which is a very high value 
(Bezrukov, op . cit.). Investigations carried out from the Anton Brum 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 c o m 
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 ( > 1 0 m g C/m 3 /hour) suggesting a fairly constant supply 
of nutrients. The rate of production amounts to over 2,000 m g C / m 2 / d a y near the 
coast off Cape Comorin. Outside the continental shelf the rate of production is 
moderately high—between 200 to 500 m g C / m 2 / d a y . Very high production rates 
exceeding 5,000 m g C / m 2 / d a y have been obtained off the south-eastern coast of 
India in the Gulf of Mannar (Prasad and Nair, 1963) and 2,000 m g C / m 3 / d a y 
in the surface waters of Palk Bay (unpublished data). Recent reports from the 
Anton Bruun (Ryther and Menzel, loc. cit.) show that at two stations off the Gulf 
of O m a n extremely high rates of 5,700 and 6,400 m g C / m 2 / d a y have been obtained. 
Though these values m a y be due to bloom conditions, the mean production rate 
for the Arabian Sea stations was found to be 1,800 m g C / m 2 / d a y . The Vityaz 
expedition results also indicate that, though production in the open part of the 
ocean is low and does not exceed 10-30 m g C / m 3 / d a y , 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 m g C / m 3 / d a y (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/m 2 /day (Gilson, 1937). 
The parbon equivalents of this value compare very favourably with the results 
w e have obtained so far for the same region with the C 1 4 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 m g C / m 2 / d a y , 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 m a d e 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 M o m b a s a to Ceylon a 
pronounced m a x i m u m of production is seen between 57° and 72° 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 A n d a m a n 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 Brum 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 O m a n and the Saurashtra coast. 
The south-west coast of India and the waters surrounding Ceylon, the Anda
m a n 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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Fig. 9. Distribution of 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) w h o 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 B o m b a y between the Seychelles and the 
Maldives, off Zanzibar and the C o m o r o Islands to the north-east of Madagascar, 
offChagos 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 m a y 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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side of the Arabian Sea where the plankton nets were clogged with organisms. 
They have also detected large quantities of organisms with echo sounders in layers 
up to 250 m . 

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 k m long and 200 k m wide (Jones, 1962). 
O n e such instance reported by the Polish ship Baltiisk amounted to an estimated 
20 million tons, almost half of the world's total annual catch! M a n y 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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FIG. 10. Distribution of plankton in the 
Indian Ocean, based on the volumetric 
analysis of 833 Indian Ocean Standard 
Net samples. Isolines drawn for every 5 ml. 



concentration of nutrients at or near the base of the euphotic zone indicates a 
potentially very productive and biologically unstable situation. Because of the 
intensive phytoplankton production, zooplankton increases and fish move into 
these regions. Due to the subsequent death and decay of this enormous quantity 
of sinking plankton the already low oxygen concentration in the bottom layers is 
further depleted. The presence of such very low oxygen councentrations has been 
noticed by Indian scientists in the south-eastern Arabian Sea between 8°-17° N and 
70°-76° E at depths of 150-1,000 m (unpublished data), and by the Vityaz in the 
north-eastern region between 125-200 to 1,000-1,250 m (Vinogradov and Voronina, 
loc. cit.). In the region from Cochin to Karachi, the R.v. Meteor has found the 
oxygen content of the waters within 200-900 m to be extremely low with a mini
m u m of 0.04 ml/1, but nowhere has H 8 S occurred. More recently the U . S . S . R . 
Expedition ship Akademik Knipovich is reported to have made somewhat similar 
observations. The shifting of the oxygen minimum layer is supposed to be prima
rily responsible for the mass mortality even though hydrogen sulphide poisoning, 
red tide, sudden changes of temperature, etc., m a y also be causes (Brongersma-
Sanders, op. cit.). 

In conclusion it m a y be mentioned that the subject of production in the Indian 
Ocean has only been touched on and, as the vast amount of data gathered during 
the International Indian Ocean Expedition are analysed, the mosaic of partial 
results will form a complete picture of this hitherto little known ocean, marking 
an era of fruitful collaboration between nations. 
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ABSTRACT 

Larvae of Pseudorhombus elevatus Ogilb) ranging in standard length 
from 3-47 to 7-76 m m . 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 m m . had deve
loped the full complement of dorsal, anal, caudal and pelvic rays but 
lacked pectoral rays and a few gill rakers. Metamorphosis must take 
place at a small size, probably at less than 10 m m . 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 of the adults of 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 of Pseudorhombus. 
Gopinath (1946) referred specimens of flat-fish post-larvae to P. arsius and 
P. triocellatus; Jones and Pantulu (1958) illustrated a late post-larval speci
m e n of P. oligodon (10-56 m m . total length) and illustrated a recently trans
formed individual of P. arsius from a collection of specimens ranging in 
size from 10-28 to 13-53 m m . total length; while Pertseva-Ostroumova 
(1965) illustrated an 8-2 m m . specimen of Pseudorhombus sp. 
178 
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M A T E R I A L A N D M E T H O D S 

From the processed plankton samples of R. V. V A R U N A of the Inter
national Indian Ocean Expedition (lOBC, 1968), 19 post-larvae of Pseudo-
rhombus species (Table I) were studied. All these were preserved in 5 per cent, 
neutral formaldehyde. Body proportions were taken using ocular and 
stage micrometers. Measurements were m a d e from the tip of the lower 
jaw and are included in Appendix I along with meristic characters. D r a w 
ings of larvae were m a d e by using Projectina-Optik, Switzerland. 

The composition of the catches of the fishing vessels near Quilon (09° 00' 
N , 76° 22' E) from a depth of 27 to 50 Tn. showed that P. elevatus Ogilby 
were present in large numbers in September, October and November, 1967. 
R a n d o m samples were preserved in 5 percent, formaldehyde. Alizarin 
preparations of the adults were m a d e to ascertain the meristic characters. 

T A B L E I 

Data for the stations from which Pseudorhombus elevatus Ogilby larvae were collected 

N a m e 

vessel 

R . V . Varuna 

Cruise 
No. 

104 

Sta
tion 
No. 

2004 

2005 

Year 

:1963 

Month 

11 

II 

Day 

4 

it 

Latitude 
N 

09° 00 ' 

Longitude 
E 

78° 22 ' 

76° 16' 

Local 
time 

0510 

0630 

Day/ 
night 

Night 

Day 

Depth Depth 
of at 

haul station 

45-0 

54-0 

50 m 

58 

Sampler 

IOSN 

IOSN 

No. of 
speci
mens 

18 

1 

RESULTS 

1. Description of Larva! Stages 

Larva 3-99 m m (Fig. 1).—The thin transparent body of the larva is 
symmetrical and laterally compressed. Length of the body is about eight 
times its depth. Eyes are symmetrical and black. Notochord is vacuolated 
at the caudal end. There are 29 myotomes, of which 10 are pre-anal. 
M o u t h 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 Amo-
glossus or Bothus species. At the postero-lateral aspect of the operculum 
there are sets of irregularly arranged spinules. Another set of spinules is 
also present on the head near the dorsal profile, above the level of the eye. 
The dorsal fin fold commences just behind the level of 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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marked 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 of each m y o t o m e 
and on the skin covering the tentacular process. 

F I G . 1. Pseudorhombus elevatus Ogilby—Larva (SL. 3-99 m m ) . 

Larva-4-26 m m (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 of 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 of pigments and spinules are as 
in the previous stage. 

FIG. 2. Pseudorhombus elevatus Ogilby—Larva (SL. 4-26 m m ) . 

Larva 4-72 mm.—Length of the body is less than 5-5 times its depth. 
The lower jaw projects beyond the upper. Anterior five rays are elongated. 
Rudiment of sixth ray is marked out. Thirty-one vertebral segments are 
differentiated corresponding to the number of myotomes, except at the pos
terior end where the notochord still remains vacuolated. Gill buds are 
present. Brown stellate pigment spots are also found along the middle of 
each myotome . 

Larva 5-48 m m (Fig. 3).—The length of the body is slightly more than 
four times its depth. Five branchiostegal rays are differentiated. There 
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are five gill rakers on the lower liinb. Thirty-two vertebral segments are 
differentiated. Anterior seven dorsal rays are elongated. Along the dorsal 
and ventral body wall interneural and interhaemal complexes are differenti
ated as in Cynoglossus semifasciatus D a y (Balakrishnan, 1961). Ventral 
fin radiais are differentiated. Rudiments of ventral fins are also seen. 
Hypural elements are in the process of formation. The opercular spinules 
have increased in number. Nature and distribution of pigments are same 
as in the preceding stages. 

F I G . 3. Pseudorhombus elevatus Ogilby—Larva (SL. 5-48 m m ) . 

Larva 6-01 mm.—Six branchiostegal rays and seven gill rakers on the 
lower limb are developed. Rudiments of 10 caudal rays are seen. Isolated 
brown pigment spots are found on the abdomen. 

Larva 6-37 m m (Fig. 4).—Thé length of 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 of them are differentiated near the caudal end. In the 
anal fin fold 15 interhaemal spines are differentiated all of them are found 
near the caudal end. Differentiation of 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 of pigments 
and spinules are as in the earlier stages. 

Larva 6-86 m m . — The length of the body is nearly thrice its depth. 
Seven branchiostegal rays and eight gill rakers on the lower limb are pre
sent. There are vertebral segments including the urostyle. Sixty-six 
interneural 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 of 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 m m 

F I G . 4. Pseudorhombus elevatus Ogilby—Larva (SL. 6-37 m m ) . 

Larva 7-76 m m (Fig. 5).—The length of the body is less than three 
times its depth. The eyes are still symmetrical. Seven branchiostegal rays 
and nine gill 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 of 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 of the pigments and spinales are the same as 
in the preceding stage. 

2. Distinctive Characters of Adult P . elevatus Ogilby. 

The adults of P. elevatus Ogilby are characterised by the presence of 
34 vertebrae including the urostyle, 66-69 dorsal, 50-55 anal, 17 caudal, 
six ventral rays and 13 gill rakers on the lower limb. These characters 
agree with those described by N o r m a n (1934). 
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F I G . 5. Pseudorhombus elevatus Ogilby—Larva (SL. 7-76 nun). 

(The anterior elongated rays of the larvae are broken. Hence their relative lengths are not 
shown in figures.) 

D I S C U S S I O N 

The thin, flat body, large numbers of soft continuous fin rays in the 
•dorsal and anal fins, the absence of procurrent rays in the caudal fin, and 
the relatively few (10) abdominal vertebrae help to distinguish the larvae 
as those of flat-fish. The presence of precocious elongated anterior rays 
in the dorsal fin together with symmetrical short-based ventral fins, place 
this larva in the Paralichthys-Pseudorhombus group of 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 of the presence of a group of elongated anterior 
dorsal rays on their specimens—although this character is one of the most 
diagnostic features of Pseudorhombus larvae. Larvae of the closely allied 
genus Paralichthys, develop a precocious group of five elongated anterior 
dorsal rays (Okiyama, 1967). It is probable that the two specimens identi
fied and illustrated as Samaris macrolepis N o r m a n by Jones and Pantulu 
(1958, pp. 131-33, Figs. 22-23) are larvae of Pseudorhombus. 

The presence of adult P. elevatus, with maturing gonads in the locality 
from where the larvae had been obtained previously, at the same season of 
the year, strengthens the assignment to this species. 

The largest larvae studied, slightly less than 8 m m standard length, 
possessed a full complement of dorsal, anal, caudal and pelvic fin rays, and 
lacked only the pectoral rays. The number of gill rakers on the lower limb 
is also incomplete. This stage of development of flat-fish larvae usually 
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immediately precedes metamorphosis ; hence, metamorphosis probably occurs 
at a length of 10 m m or less in this species. 
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Reprinted from Océanographie Research Inst. Durban, Investig. Report no. 23, 1969, p. 2-24 

Phytoplankton studies in the 
Agulhas Current Region 

off the Natal 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 Océanographie 
Research Institute Durban, and represents part of the Republic of South 
Africa's contribution to the I.Í.O.E. programme. Representatives of the 
Océanographie Research Institute participated in the cruise to investigate 
productivity and species composition of phytoplankton communities. A n 
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 m a y fluctuate according to prevailing weather conditions. 

Phytoplankton samples were collected with a Discovery type N 5 0 V 
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. I T h e 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 N 5 0 V net, 
hauled from 50 metres to the surface at eight stations: B 2 , B 4 , C l 5 D l 5 D 3 , 
D 4 , D 5 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 m m 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 A 2 , A 3 , A 4 , B 2 , B 4 , Q , C 2 , Q , D 2 , D 3 , D 4 , D 5 , E 1 ; E 2 and E 3 . 
Stations B 4 , C 4 and D 3 were sampled twice. N o bottle samples were obtained 
from D j or D 6 . 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 Utermôhl (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 

T h e 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. B 2 

situated off the Tugela River mouth is noteworthy for the variety of species 
found while D 6 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 
m a x i m u m concentrations at Station D v 

B Diatoms 

Dinoflagellates 

< " 
i -
O 
\~ 

0 

Stations 

Fig. 2 
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B Diatoms 

Dinoflagellates 
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A Boundary o) Agulhas current 

Û Edge of continental shell 
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distance of stations (rom tho coastlm 

B Diatoms 

Dinoflaqellates 

U B, B, C D 0. D- D, D, 

Numbers oí" Diatom and Dinoflagellate species at the net haul stations studied. 
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The range of the most c o m m o n species as calculated by their percentage 
relative abundance in the samples is expressed graphically in Fig. 3. 

C h . atlanticus f. audax 

C h . affinis f. diversus 

C h . compressus 

B. elongatum 

Bacteriastrum varians 

C h . affinis var. affinis 

C h . radicans 

C h . messanensis 

Thalassiothrix frauenfeldii 

Chaetoceros Lorenzianus 

I—•• 

10 
' T 
IS 20 

Range of relative abundance for all stations expressed 
asa % of cells in sample. Circle represents the m e a n . 

Fig. i Diagram showing the range of relative abundance of the ten most c o m m o n 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 c o m m o n to both, and is affected also by the relative abundance 
of the different species in the two samples. 

T w o 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. 
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TUGELA RIVER 

DURBAN 

Range of affinities in the. 
53 Agulhas stream 

, Total range of affinities 
53 between all stations 

Fig. 4 Diagram to show, by means of numbers of shared species, the affinities between 
stations in the Agulhas Stream. 

All species c o m m o n to any two stations were recorded as such, and summed 
(Figs. 4, 5 and 6). The lines connecting two stations m a y be termed lines 
of affinity. The number of species c o m m o n 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 D f i . 
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TUGELA RIVER 

_, Rango of affinities with D D on the 
21 27 35 eastern boundary of the Àghulas current-

| » j Total range of affinities 
21 35.45 53 between all stations 

Fig. 5 Diagram to show relative lack of affinity of 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 D 6 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. 
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Fig. 6 Diagram to show, by means of numbers of shared species, the affinities of the 
phytoplankton at 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. T h e term distance is a measure of 
the ecological relationship suggested by the resemblance or similarity of two 
communities or samples. T h e distance between two communities is the square 
root of the s u m of the squared differences between the measures of each 
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species. The distance between two stations j and h is calculated by the 
formula 

Djk IS (Xn—XihY 

X¡j, X¡h are the measures of the / , h species in stands j and h respectively 
and 5 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 D 6 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 B 2 , B 4 , D 3 , D 4 , and D 3 , as shown 
by a high number of species shared and a low similarity index. 

The ocean current date (Anderson, personal communication) show that 
B 4 , D ; i , D 4 and D 3 are in the core of the Agulhas current and B 2 is on the 
western boundary. The following species composition appears to be typical 
of the Agulhas stream: Skeletonema costatum, Gosslieriella tropica, Lauderia 
cumúlala, Leptocylindrus danicus, Guinardia flaccida, Rhizosolenia fragilissima, 
Rhizosolenia stolterfothii, Bacteriastrum minus, Chaetoceros pelagicus. Ch. 
radicans and Ceralium tripos. 

These findings are in agreement with Nel (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) 

D 6 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 c o m m o n species between Dj and D B 

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 c o m m o n 
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 
c o m m o n species flourish in this region of contact and stress (Margalef, 1967). 
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IDURBAN 

16.30 17.46 20.8 
R a n g e of similarity index in Agulhas current 

t m , Total range of similarity 
1360 20.84 30.23 index between all stations 

Fig. 7 Diagram to show affinities of phytoplankton at stations within the Agulhas Stream 
by means of a similarity index. 

There were only two species unique to D 6 (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 
D 6 . These data would suggest that D 6 differs from the other stations in its 
paucity of species rather than in the species present (Fig. 2). 
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Range of similarity index between D 6 on the eastern 

m i boundary of the Agulhas stream and the other 

24.83 30 23 stations 

' Total range of similarity index between all stations 

Fig. 8 Diagram to show, by means of numbers of shared species, the relative lack of 
affinity of phytoplankton at all stations to D 6 on the eastern boundary of the Agulhas 

Stream. 

Coastal stations (Figs. 6 and 9) 

The relatively shallow coastal stations sampled were D l t Q , and B 2 . 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 m a y become part of the 
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32 E 

Fig. 9 Diagram to show, by means of a similarity index, the relationship of the coastal 
stations to each other and to the Agulhas Stream stations. 

Agulhas stream the following week (Anderson, personal communication). 
When C1 was sampled, it was part of an eddy system and it is understand

able that it should have affinities with B 2 further north, rather than D^ 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, Streptotheca tamesis, 
Hemiaulus ehinensis and Ceralium trichoceros. It is interesting to note that 
S.palmeriana, Ch.dadayii, S.tamesis and H .ehinensis were found in a strong 
cyclonic eddy south of Cape T o w n 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 hydrographie data for Dj . D t has affinities with the Agulhas 
stream, however, and it is suspected that it was on the western boundary of 
this current. 

B 2 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 m a n y 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). 

Ifi/ diversity index, then d-Z -^-¡-.—-
! N(N—1) 

N is the total number of cells counted in a phytoplankton population and 
«j, «2 "s 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. A n index of 0 represents the smallest concentration, 
or largest possible diversity. A n 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 D 4 . 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. 10, the diversity indices are plotted against station numbers. There 
is only one transect crossing the Agulhas Current region and this is line D . 
F r o m this, it appears that the core of the Agulhas current is characterised 
by a high diversity of phytoplankton at stations D : i and D 4 (also see B 4 ) 
and that the diversity is lower at the eastern boundary of the Agulhas current 
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at stations D 5 and D„ . Stations Dj and B , have relatively low diversity and 
station C1 a very low diversity. 

Hence, these are signs of three different groups: 

1 The stations off the coast, viz. B 2 , Q and D1 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. D 3 and D,¡. 

Margalef (1958) found a relationship between species diversity and primary 
productivity. The primary productivity calculations per column of water 
beneath lm 2 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 m a y 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 hydrographie data available for the stations sampled on the RSA 
cruise include salinity, temperature, phosphorus, nitrate-nitrogen and silica 
values (Burchall 1968). The m e a n value of any of these factors for a water 
column has been calculated from the values for the different depths. The 
m e a n value was used in order to m a k e it comparable with the diversity 
index which was calculated from net haul samples which sample the whole 
column. The m e a n 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). D 6 in the western sub-tropical water 
also has enhanced productivity and a low diversity (Figs. 10 and 11). 

Q has the lowest diversity index of the cruise but this is not correlated 
with the highest productivity. The productivity is 240 m g C / m 2 / d a y , which is 
nevertheless relatively high. The productivity is probably limited by nutrients 
as N 0 3 — N , Si03—Si and P 0 4 — P are low. It is regrettable that no cell 
counts per litre were possible. 

N o data other than species composition and diversity are available from D , . 
B 2 , however, off the Tugela River, is situated in an extremely interesting 

area. There are exceptionally high values of nutrients, N O : ¡ — N (Fig. 14), 
P04—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 m a y also be the Tugela River, 
which is the largest river in Natal, draining fertile farm areas. It is not sur
prising, therefore, that B 2 is situated in a region of high productivity (Fig. II). 
The cells were observed to be large and actively growing and dividing. 

The productivity was calculated as 950 m g C m 2 , d a y (Burchall 1968), and 
is the highest recorded on the cruise, the next highest being 360 m g C m 2 / d a y 
from station D 5 . A previous record of productivity from this region off the 
Tugela River has also been very high {Anton Bruun Cruise, 1964, 3000 
m g C m 2 ' d a y ) . 

The greatest variety of species was found at station B 2 . There were 14 
more than B 4 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 B., 
(Thorrington-Smith, 1969). 

B 2 has great affinities with all stations except D f i , 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 N 5 0 V net and a Van Dorn 
water sampler were used. 

The species present in the samples were identified and counted to 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. T h e method of combining 
expressions of similarity and diversity is considered to be valuable in s u m 
marising the confusion of large complex species lists. 
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î" 

o
<

j iS
 33 .o S ü

 S; a
 o

 
"" 'K

 -2 ^ 
•* 

S
 

£
£
 §
••§

 
IS

 

U
J
 

•id
 

il-

Q
 

M
 

9i 

•z
2

s
 

c
a

s
 m

 
m

 

<u 
c
 

."O
 

3
 

C 
i-

cd a) a
 

«
O

S
 . 

S
 

g
e

" 
•S "S, S ! 

O
 

•9
.li 

; s.s~ w
 

S
ilâîjeS

fiS
h

i 
IP

 

-  
u
£

 
= | g

 g
| 

J
 •£

 
2
 

i 
-

M
il-

ii 

il! 

f 1
 225

 



<̂
r
 

•<
 

o 

< 
(N

 

u
c 

U
<
s 

U
-, 

+
 +

 
+

 -

Û
 1̂

 
+
 +

 
+
 +

 
+
 +

 
+

 +
 

+
 +

 
+

 

Q
-* 

+
 +

 
+

 +
 

+
 

OS-
Q 

fS 
+
 +

 +
 +

 +
 

+
 

+
 +

 
+

 +
 

+
 

+
+

+
+

+
 

+
 

+
+

+
 

+
 
-t- 

+
 +

 
+

 +
 

+
 

U
~

 

—
 —

+
" +

 +
 

"
*
 

—
 
—

 
+

-^
 +

 +
 

+
+

 
"">

 +
 

—
 

+
IN

+
 —

r- 
+

. 
+
 
+
 

—
 

+
 

•&
 +

 
(N

 
C

I 
+

 
—

 
-(-IN

—
 

+
 

\-m
 
+
 

h
«

-

-<
*l 

+
—

 
—

O
 +

 

Q
\0 

+ 
m

 +
3

- 
+

 

Q
^

 

Q
-* 

+
 

r- 
—

i 
(N

 

—
i (S

 
n

O
\ 

—
>

 
—

 -(-O
—

>
 

—
 

to
o
 

—
i 

—
 —

 r»
 +

 

Q
^

 

Q
-

•n
 

in
 

+
 

+
 

+
 

+
 

rs 
—

 
—

. 
—

 -

-a s
 

-C
-v 

•
c

o
g

 

S
O

 Û
 

11
 H
 

a» a> 
> > 

IS
û

O
D

Ô
i: 

S
! í! I! si 

<UUH> 
Id

 dd
 -s: -si -

. 
M

 
"O

 S
 C

 
í"

 3
 r
t

 ¡5
 

0
«

5
Í 

c
-J

 
O

 
E
 .. »

w
 

s
íe

s
 

- 
^
 
ft 

o
 
o

 

¿
 -s

: -s
; -s

: -c
 

-

w S5Í .«
5 

,tj¡ 
U

-
c

S
* tâ

 

—
<

 
O

O
 —

 
"I 

. +
cn —

 

—
 
r*i 

C
4

 
C

M
 c

i 
+

 
m

 

+
 

I líj iÉ
-
i 

41 

a-S
¡ 

-

J
Ü

Ü
Ü

S
 p 

*2 

?5 a> ,. 5  
w fc

 . 
e
 £

 

3>g
 s
S
-
5
-
S
£
0
3
S
5
g
g
l
l
 

*
^
*
 
s
 
s
u
 

¡
¡
£
¡
»
"
 

S
j 

í̂ 
S

i 
Í̂ 

^
 

S
 

. 
s

 
o

, o
, o

, ti, 
2

 

iá
lJ

 1
 £ *>> 

a. 
0>

 

¿
á
a
r" 

¡ü
l H

 
-o

-a
 "o 

S
 S

 6
¡3

J
 

Q
D

 OQ
 

Q
Q 00 DO

 

I «3 

I 



<
*

• 

^ 
r
i
 

•<
c
*l 

+
 +

 
+

 

U
C
J
 

+
 

+
 +

 
+

 

u
c
 

U
<S

 
+

 
+

 +
 

u
-

Q
t 

+
 

+
 +

 +
 

O
C

i 

Q
S

 
-+

 
+

 +
 

+
 

+
 +

 

Q
ts 

- +
 +

 +
 

+
 +

 +
 

U
-

+
 +

 +
 -

+
 

+
 -

+
 +

m
 +

 
s +

 —
 

Q
\c 

Q
u

i 
. 

h
 +

<
N

 
+

 +
 +

 
+

 
+

 
+

 +
 +

 
es

 

C
W

 
—

 
+<N

 

O
" 

r-4
 

<
*i 

Q
-

S
O

 

III 

ft, 

m
. <
o

o
U

 E
S

 
Û

. C
L

 O
. 

w
 

* 

<
/i 

"fc"?ï %
 

7
! las 

*>
¿

>
¿

>
i* il il a is

 

111
 O

í 
3
 

3 S
* SI! 
ja

i 2
2
7

 



o
 

<
¡P

1
 

«
( 

r
j 

U
C

Í 

ü
y
 

U
<

N
 

O
-

Q
5-

O
N

 

W
<N

 

• +
 

+
 

+
 

+
 +

 +
 

u
-

Q
*> 

Q
m

 
+

 +
 

+
 

+
 

Q
^f 

Í
Í
 

Q
m

 

Q
-

^fe
È

 

<
 

¿ 

S "S 
ÛC

 w
 -o

 

o 2 s 

X 
o .y 

<
 

w
 

u
 

X <
 

«
 

tu
 

o < « 
Z K « 
rí

 O
Í 

•J
-s

: 

228
 



Reprinted from Deep-Sea Research, 1970, vol. 17, p . 595-601 

Globorotalia menardiiflexuosa (Koch): A n 'extinct' foraminiferal 
subspecies living in the northern Indian Ocean* 

ALLAN W . H. BE* and A N D R E W MCINTYRE| 

{Received 3 September 1969) 

Abstract—Globorotalia menardiiflexuosa 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 w a r m interstadial of the Wisconsin and the 
Sangamon Interglacial. A total of about 1103 specimens have been collected at 47 plankton stations. 

INTRODUCTION 

P L A N K T O 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 
m a n y living specimens of Globorotalia menardii flexuosa (Koch) (Table 1). E R I C S O 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 w a r m 
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 m a y present 
clues to the paleo-oceanographic conditions when it was prevalent on a global scale. 

M O R P H O L O G Y A N D STRATIGRAPHIC DISTRIBUTION 

The foraminiferal tests with chambers twisted towards the umbilical side were 
first recognized by K O C H (1923), for his Pulvinulina túmida Brady, var. flexuosa, 
which was later renamed Globorotalia túmida flexuosa (Koch). Subsequent workers 
have noted that the flexuose forms appear in both Globorotalia túmida (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. túmida, but our specimens almost invariably belonged to G. menardii 
(Fig. 1). 

The earliest abundant occurrence of G. túmida flexuosa is in the Globorotalia 
margaritae zone of late Miocene age ( B O L L I , 1966). This zone is n o w considered to 
be of early Pliocene age by Saito (in H A Y S et al., 1969). E R I C S O N , E W I N G and W O L L I N 
(1964) observed Globorotalia menardii flexuosa in large numbers with normal G. 
menardii and G. túmida 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 (VZone) and the 
w a r m interstadial of the Wisconsin glacial age (X or Flexuosa Zone). G. m . flexuosa 

•Contribution N u m b e r 1476 of the Lamont-Doherty Geological Observatory. 
•Lamont-Doherty Geological Observatory of Columbia University, Palisades, N e w York 10964, 

U . S . A . and Department of Biology, City College of the City University of N e w York. 
tDepartment of Geology, Queens College of the City University of N e w 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 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
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Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Btuun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Bruun 
Conrad 
Conrad 
Conrad 
Conrad 
Kistna 
Kistna 
Kistna 

C
ru

is
e 

S
ta

ti
on

 
Sa

m
pl

e 

A - 1 2 - 6 9 
1-52-264 
1-53-268 
1-53-267 
1-53-269 
1-54-271 
1-54-272 
1-55-277 
1-56-281 
1-56-282 
1-57-286 
1-57-287 
1-57-288 
1-58-293 
1-58-294 
1-58-296 
1-59-298 
1-59-301 
1-60-304 
1-60-305 
1-60-306 
1-61-310 
1-61-311 
1-62-316 
1-63-322 
1-64-326 
1-75-361 
2-141-817 
2-142-813 
2-144-832 
3-146-7008 
5-282-1678 
5-283-1686 
5-284-1698 
6-335B-7195 
6-335B-7197 
6 - 3 3 6 A - 7 2 0 7 
6 -336A-7209 
6-336J*y7203 
6-337A-7211 
6 - 3 3 8 A - 7 2 2 0 
6 -334A-7189 
6 - 3 3 4 A - 7 1 9 0 
6-334B-7186 
6-335A-7201 
9-127 
9-128 
9-129 
9-130 

16-383-0634 
16-384-0614 
16-387-0640 

Kistna 16-388-0619 
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18°55' 
18° 33' 
18°33' 
18°33' 
18° 24' 
18° 24' 
18° 20' 
18°15' 
18°15' 
18°13' 
18°13' 
18°13' 
18°11' 
18° 11' 
18° 11' 
18° 00' 
18° 00' 
17° 54' 
17° 54' 
17° 54' 
17°53' 
17°53' 
17° 52' 
17° 56' 
17° 48' 
13° 16' 
03°13' 
00°33' 
04°18' 
10° 09' 
16° 13' 
15° 42' 
15°22' 
03° 46' 
03° 46' 
,02° 03' 
02° 03' 
01° 5,0' 
00° 03' 

L
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t 

68° 03' 
91° 59' 
91° 16' 
91° 16' 
91° 16' 
90°45' 
90° 45' 
90° 06' 
89° 20' 
89° 20' 
88° 42' 
88° 42' 
88° 42' 
88° 04' 
88° 04' 
88° 04' 
87° 16' 
87° 16' 
86°31' 
86°31' 
86°31' 
85° 56' 
85° 56' 
85° 12' 
84° 37' 
84° 02' 
91° 34' 
80° 02' 
80° 08' 
80° 08' 
59° 55' 
63° 29' 
60° 52' 
58° 12' 
65° 05' 
65°05' 
65° 04' 
65° 04' 
65° 07' 
65° 00' 

02°00'S 64° 54' 
06° 01' 
06° 01' 
05° 48' 
04° 02' 
06° 38' 
07° 21' 
06° 03' 
05° 47' 
13° 00' 
13° 00' 
13°00' 
13° 00' 

64° 59' 
64° 59' 
64° 57' 
65°03' 
76° 25' 
72° 40' 
69° 47' 
66° 34' 
81°00' 
82° 00' 
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3 M a r . 1963 125- 250 
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7 Apr. 1963 
7 Apr. 1963 
7 Apr. 1963 
7 Apr. 1963 
8 Apr. 1963 
8 Apr. 1963 
8 Apr. 1963 
8 Apr. 1963 
8 Apr. 1963 
8 Apr. 1963 
9 Apr. 1963 
9 Apr. 1963 
9 Apr. 1963 
9 Apr. 1963 
9 Apr. 1963 
9 Apr. 1963 
9 Apr. 1963 
9 Apr . 1963 
9 Apr. 1963 
9 Apr. 1963 

10 Apr. 1963 
10 Apr. 1963 
10 Apr. 1963 
18 Apr. 1963 
14 July 1963 
15 July 1963 
17 July 1963 
15 A u g . 1963 
29 Jan. 1964 

0 - 250 
0 - 250 
0 - 125 
0 - 200 
0 - 250 
0 - 125 
0 - 250 
0 - 125 
0 - 250 
0 - 125 
0 - 250 
0-1000 
0 - 125 
0 - 250 
0 - 200 
0 - 125 
0 - 250 
0 - 125 
0 - 250 
0-1000 
0 - 125 
0 - 250 
0 - 300 
0-1000 
0 - 25 
0 - 250 
0 - 125 
0 - 250 
0 - 250 
0 - 150 
0 - 200 

30 Jan. 1964 125- 250 
31 Jan. 1964 0 - 200 
26 M a y 1964 275-2575 
26 M a y 1964 0 - 275 
26 M a y 1964 275- 817 
26 M a y 1964 
27 M a y 1964 
27 M a y 1964 
28 M a y 1964 
24 M a y 1964 

0 - 275 
0 - 275 
0 - 275 
0 - 528 
0 - 275 

24 M a y 1964 275- 700 
24 M a y 1964 275-2868 
25 M a y 1964 
14 June 1965 
15 June 1965 
16 June 1965 
17 June 1965 
23 June 1964 
24 June 1964 
24 June 1964 
25 June 1964 

0 - 275 
0 - 300 
0 - 290 
0-1000 
0-2000 
0 - 200 
0 - 200 
0- 140 
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28-0 
28-8 
28-2 
28-2 
28-2 
28-4 
28-4 
28-1 
28-3 
28-3 
290 
290 
290 
28-3 
28-3 
28-3 
28-1 
28-1 
28-2 
28-2 
28-2 
28-2 
28-2 
28-6 
29-2 
28-5 
29-5 
28-5 
290 
28-1 
26-7 
25-2 
25-1 
23-9 
28-9 
28-9 
29-2 
29-2 
29-2 
29-9 
29-3 
29-2 
29-2 
29-2 
28-9 
— 
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28-9 
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— 
— 
— 

» 
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e 
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365 
555 
81 

— 
316 
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426 
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291 
650 
224 
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— 
191 
291 
209 
368 
850 
203 
277 
296 

1060 
86 

268 
— 
506 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
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529 
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— 
— 
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1 
4 
5 
1 

20 
1 
2 
1 
8 
3 
3 
3 
3 

22 
2 

43 
6 
5 
1 

22 
14 
3 
6 
1 
5 
1 
1 
1 
5 
6 
5 

270 
11 
1 

23 
52 
1 
7 

23 
6 
6 
1 
4 
1 

68 
20 

8 
4 
1 

203 
32 
11 
60 
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N
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m
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i 
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2 
3 
4 
5 
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— 

4 
— 

1 
2 
6 
5 
6 

28 
8 

120 
3 
8 
1 
9 

13 
2 
2 
2 

10 
2 
0 
0 

50 
54 

162 
613 
40 
30 

115 
92 

5 
87 
71 

109 
200 

2 
6 

10 
161 
191 
140 
201 

7 
202 
80 
18 
68 
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ec
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s 
\ 

t>o * 

, P
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n
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\ 
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a 

33 
57 
55 
16 
26 

100 
33 

100 
88 
60 
33 
37 
33 
46 
20 
26 
66 
38 
50 
71 
52 
60 
75 
33 
33 
33 

100 
100 

9 
10 
3 

31 
21 

3 
17 
36 
16 
7 

24 
5 
3 

33 
40 

9 
30 
9 
5 
2 

12 
50 
29 
38 
47 

3̂0 
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Table 1. continued. 
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m
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Kistna 16-390-0639 
Kistna 16-392-0626 
Kistna 16-393-0631 
Kistna 16-394-0611 
Kistna 19-513 
Meteor 7-101-0864 
Meteor 7-197-0665 
Meteor 7-198-0658 
Vitijaz 35-5229-0033 

La
t. 

N
or

th
 

14° 04' 
14° 04 ' 
14° 07 ' 
14° 10' 
09° 57' 
12° 13' 
14° 18' 
14° 14' 
07° 08 ' 

Lo
ng

. 
Ea

st 

87° 52 ' 
85°45' 
85°45' 
84° 20' 
95°03' 
51°48' 
72° 44' 
72° 19' 
91°31' 

D
at

e 

25 June 
26 June 
26 June 
27 June 
22 A u g . 
19 Dec. 
16 Feb. 
17 Feb. 
14 Sept. 

1964 
1964 
1964 
1964 
1964 
1964 
1965 
1965 
1962 

D
ep

th
 

ra
ng

e 

0- 181 
0- 129 
0-200 
0- 181 
0- 153 
0- 200 
0- 200 
0- 200 
0 -200 

g 
J 

Su
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i 
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pe
, 

_ 
— 
— 
— 
— 
— 
— 
— 

1 

I 
"8 

te 
of

 
fi

lte
r,

 
Vo

lu
n 

w
at

er
, 

_ 
— 
— 
— 
— 
— 
— 
— 
— 

rotal 

G
. m

en
ar

di
i 

N
um

b 
fl

ex
uo

 

13 
13 
34 
2 

P* 
P* 
16 
P* 

8 

G
. m

en
ar

di
i 

to
 

er
of

 
str

ict
 

N
um

b 
se

ns
u 

30 
32 
49 
4 

P* 
p* 
60 
P* 
53 

1103t 3245 

of
 

ec
im

en
s 

Pe
rc

ei
 

fl
ex

uo
 

30 
29 
41 
33 

— 
— 
21 

— 
13 

* P equals present. 
tEight 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. túmida survived to the present. 

DISTRIBUTION IN RECENT DEEP-SEA SEDIMENTS OF 
THE INDIAN OCEAN 

There has been n o previous report of the occurrence of Globorotalia menardii 
flexuosa in Recent deep-sea sediments of the Indian O c e a n or any other ocean. 
G. menardii is the dominant species in the surface sediments of the Bay of Bengal, 
but n o 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 A n d a m a n Sea and eastern B a y of Bengal ( F R E R I C H S , 1968). 
This m a y have been due to the general sparsity of G. menardii in the latter region as 
w a s also noted in the living population. O n 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). 

DISTRIBUTION OF LIVING POPULATIONS 
Globorotalia menardii is a c o m m o n species in tropical and subtropical waters of 

the Indian Ocean and appears in two main regions of m a x i m u m 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 m o r e frequent in the central waters. H o w e v e r , 

•It did occur at 160 c m in core K A - 1 8 , correlated with the upper part of the last glacial (Wisconsin). 
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Table 2. Sediment samples of core tops containing G. menardii flexuosa from the 

Arabian Sea. (Data from Mr. K. Kameswara Rao). 

No. of specimens of 
Cruise and Sta. Lat. Long. Water G . m . flexuosa in 

depth top centimetre of core 

Darshak 4-42 
43 
44 
45 
46 

Darshak 5-52 
54 

18°360'N 
18°33-5'N 
18°35-0'N 
18°49-0'N 
19°03-0'N 
19°020'N 
18°47-0'N 

70°39-4'E 
70°21-6'E 
70°030'E 
69°47-5'E 
69°30-4'E 
69°34-0'E 
70°08-5'E 

96 m 
204 m 

1820 m 
1660 m 
1460 m 
2240 m 

800 m 

3 
13 

176 
33 
78 
83 

102 
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Fig. 2. Distribution of living populations of Globorotalia menardii (d'Orbigny) sensu stricto, 
pieced together from samples collected during different seasons. Since the northwest and 
southeast monsoons cause reversals in oceanic circulation, the distribution m a y well deviate from 

the actual seasonal conditions in the Bay of Bengal and the Arabian 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 
(UJIIÉ, 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 Atlantic three specimens of G. menardii 
whose " last chambers were situated at an angle with respect to whole coil " , typical of G. menardii 
flexuosa (Koch). 
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Fig. 3. Distribution of living populations of Globorotalia menardii flexuosa (Koch). 

collections of the International Indian Ocean Expedition, sorted at the Indian Ocean 
Biological Centre, at the Smithsonian Océanographie Sorting Center and in our 
laboratory, G. m . flexuosa appeared in 47 out of 285 plankton stations where 
G. menardiiv/as 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 c o m m o n between Bruun 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 A n d a m a n Islands. G. menardii (including 
flexuosa) was very rare in the eastern Bay of Bengal and the A n d a m a n Sea, as was 
also noted in the bottom sediments by Frerichs (1968). W e 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 w e 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 m a y 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 {Bruun 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-l%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. túmida. 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 ¡J, in length. 

The 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 c o m 
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 m a n y 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. túmida 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 
plankton sample, Bruun cruise 1-60-306 (17° 5 4 ' N , 86° 31'E). The final chamber is gently, but 
noticeably twisted and curved to the umbilical side, and is significantly different from the normal 

curvature of the spiral side of G. menardii sensu stricto, (a, x 59; b, x 59). 
(c) Strongly-flexed Globorotalia menardii flexuosa (Koch), collected alive in same plankton sample 
as (a) and (b). T h e final chamber is curved in a position nearly perpendicular to the umbilical 

side ( x 59). 
(d) and (f) Strongly-flexed Globorotalia menardii flexuosa (Koch), 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 same sample as 

(d)and(f). (x 45). 
(g) Globorotalia menardii (d'Orbigny) sensu stricto, collected alive in 0-863 m plankton samples 

Bruun cruise 3-145-7002 (12° 00TSÍ, 60° 54'E). ( X 50). 
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Quantitative analysis of zooplankton samples collected during the IIOE from 

the Arabian Sea and the Bay of Bengal has been made seasonwise and relative 

productivity of the two regions has been discussed in the light of hydro-

graphic features and organic production. The distribution of zooplankton 

biomass in the Arabian Sea shows marked variation during the south-west 

and north-east monsoons, whereas in the Bay of Bengal there is no definite 

variation. The Arabian Sea is found to have a richer zooplankton biomass 

during the south-west monsoon with high concentration towards the coasts of 

Somalia, Arabian Peninsula, Iran and the south-western part of India with a 

low-production zone in the central and north-eastern regions. During the 

north-east monsoon a diffuse distribution of a comparatively lower magnitude 

is observed throughout the Arabian Sea. 

A comparative account of the fisheries of the two regions has been given 

with information on the regionwise availability, categorized analysis of 

species composition and catch per unit effort and percentage yield for the 

different areas. 

The relative productivity of the Arabian Sea and the Bay of Bengal has been 

assessed as observed by the zooplankton biomass, and the fishery resources 

have been correlated and the scope for increasing the exploitation of the 

resources in both regions has been indicated. 

I N T R O D U C T I O N 

The fishery resources of the Arabian Sea and the Bay of Bengal show 
qualitative as well as quantitative differences. Based on investigations 
carried out at restricted areas along the coasts of 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 two regions. Excepting for a short account by Ponomareva and 
N a u m o v (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 Bay 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 Net (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. It 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 of 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. 

GENERAL FEATURES OF THE REGIONS 

The northern part of the Indian Ocean is divided into the Arabian Sea 
and the Bay 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 

* Although the values discussed in this paper represent displacement volume in millilitres, 
assuming that the specific gravity of plankton will be unity, the displacement weight will be 
equal to the displacement volume and hence the term biomass has been used in this 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 of O m a n , the Persian Gulf and the 
Red Sea is about 1-8 times the area of the Bay of 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 of Bengal 
because of the influx of river discharge from a number of large rivers. N o 
less than seven large rivers and a number of smaller ones open into the Bay of 
Bengal. Consequent on this the surface salinity is considerably lower in the 
Bay of Bengal. It should, however, be mentioned that the higher surface 
salinity in the Arabian Sea is also due to the influx of 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 Bay 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 with 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 M a y and November-December in 
the south. The spring m a x i m u m is during the period when the sun is almost 
directly overhead while the fall m a x i m u m coincides with theperiod of the weak 
winds at the time of 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; 

* For computations here the eastern boundary has been fixed at 78° E and the equator as 
the southern 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 two 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. O n 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 West 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. 
The 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. 

A s 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 B u r m a . However, 
the very coast-parallel currents along the east coast of India are southerly 
during November-December and northerly along the coasts of Thailand and 

240 



403 

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 Bay 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-Arabian upwelling region 
range between 75 and 132 /¿g-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 O m a n , where upwelling is in evidence especially during 
September, the values range from 94 to 153 /¿g-at. P / m 2 , and (c) between 
Ratnagiri and Cape Comorin along the west coast of India the mean value is 
100 /ig-at. P / m 2 with a range of 70-130 ¿¿g-at. P / m 2 . As against this the 
only regions in the Bay 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 /¿g-at. P / m 2 with a mean of 75 ̂ g-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. 

DISTRIBUTION O F BIOMASS 

During the IIOE, 480 and 335 standard plankton samples were collected 
from the Arabian Sea and the Bay 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. 

For 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 Bay 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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up to 15° N latitude and between 65° and 75° E longitudes and Gujarat coast 
from the Gulf of Kutch to the Gulf of Cambay seem to have a low plankton 
biomass. 

During the night also the general picture of plankton distribution does 
not alter much from that of 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 of Cambay off Gujarat show a 
low density of 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 of 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 m a x i m u m density in the night samples. 

O n the other hand, for the same period the average plankton volume is 
considerably less in the Bay of Bengal. It is only 10-20 ml on the average 
in almost all parts of the Bay of Bengal. During day (Fig. 4) the east coast of 
India shows a very poor plankton biomass and the A n d a m a n Sea and the 
eastern coast of Ceylon exhibit a feeble increase. But 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 A n d a m a n 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). 
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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 Bayof 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 

«o* Qn* inn* 

F I G . 4. Density of zooplankton based on 98 day samples collected during April 16 
to October 15. 

distribution in the Arabian Sea becomes somewhat diffuse. In day samples 
(Fig. 7) there is no appreciable concentration anywhere excepting in Q a m r 
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 

246 



409 

coastal region of Somalia towards the equator registers a small increase in 
plankton biomass. In day samples of the north-east monsoon period for the 
major part of the Arabian Sea the volume of .plankton is only 10-15 ml . 

During the night (Fig. 8) there is a slight rise in density and excepting in 
the central region towards the equator the major part indicates a volume of 
15-30 ml, almost double that of the day volume. The Gujarat coast registers 
a higher biomass both in day and night samples during this period as compared 

80' 90* 100* 
T—i " ' 1 

F I G . 5. Density of zooplankton based on 108 night samples collected during 
April 16 to October 15. 

to the south-west monsoon period. Fairly high biomass is seen only around 
the Gulfs of Aden a n d . O m a n and the coastal region of Somalia. Even though 
there is increase in density in night samples it does not demarcate any parti
cular zone of high production as during the south-west monsoon half. The 
high density isolines found to concentrate around Q a m r Bay disappear, giving 
w a y to a completely diffuse distribution. 
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The averaging of the 239 day and night samples collected during the 
north-east monsoon period from the Arabian Sea (Fig. 9) also suggests the 
same diffuse distribution pattern with an average volume of 15-30 ml for 
almost the whole of Arabian Sea. The local concentration around Q a m r Bay 
on the southern coast of the Arabian Peninsula is still maintained. However, 
it cannot be attributed as a delineation of a zone of a high production as indi
cated earlier. The Somali coast also shows a low biomass excepting the 
southernmost region. The equatorial region up to 5° N and the Malabar 
coast indicates a faint increase. 

During the north-east monsoon period in day samples the biomass in the 
Bay of Bengal is not appreciably different from that of the south-west monsoon 
half (Fig. 10). The southern region of the Bay of Bengal is having only a 
very low concentration. O n the other hand, the equatorial region towards the 

80° 90° 100° 

Fio. 6. Density of zooplankton based on 206 day and night samples collected during 
April 16 to October 15. 
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80° E longitude is having a higher biomass. The upper reaches of the bay, 
especially towards the coast of Burma , are also having a slightly higher concen
tration. Thus, there is a progressive increase towards the northern region. 
This trend is reversed in the night samples for the same period (Fig. 11). 
From a low concentration of < 5 ml in the north-eastern part of the Bay the 
biomass progressively increases towards the south-west. A fairly high 
concentration of > 25 ml is thus seen towards the east coast of Ceylon. The 
equatorial region on the western side of Sumatra exhibits a low biomass. 

The averaging of 129 day and night samples from the Bay of Bengal for 
the north-east monsoon period (Fig. 12) does not show any appreciable con
centration anywhere. In the major part of the bay the average volume varies 
from 10 to 20 ml. Off Rangoon in the Gulf of Martaban and in the equatorial 
region the density is even less than 5 ml. 

80° 90° 100* 
n i 1 1 i ! 1 

Fio. 10. Density of zooplankton based on 61 day samples collected during October 16 to 
April 15. 
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Averages have been calculated and the distribution of plankton biomass 
has been determined for the entire IIOE period with 268 day samples and 212 
night samples from the Arabian Sea and 159 day samples and 176 night 
samples from the Bay of Bengal. 

For the entire IIOE period in the Arabian Sea distribution of plankton 
biomass as seen from the day samples (Fig. 13) is basically similar to that of 
the south-west monsoon period with a larger increasing trend towards the 

80° 90° 100* 
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0* 
80° 90* 100 

F I G . II. Density of zooplankton based on 68 night samples collected during October 16 to 
April 15. 

coasts of Somalia and Arabia and a moderate increase towards the south
western coast of India. The central area of the Arabian Sea again exhibits a 
large zone of poor plankton biomass. There is also a faint increase towards 
the equatorial regions. 

The averaging of the 212 night samples (Fig. 14) presents the same basic 
picture of distribution pattern. But there is a slight increase in the night 

253 



416 

samples, especially in the central low productive region and also towards the 
south-western coast of India. The averages for the Somalia and Arabian 
coasts do not alter much. The low production zone in the central Arabian 
Sea also seems to shrink in its extent considerably. 

The averaging of the day samples for the entire IIOE period emphasizes 
the low plankton biomass of the Bay of Bengal (Fig. 15). The whole Bay 
does not show anything more than 10 ml on the average. But the night 

80° 90° 100* 
T 1 ! 1 ! 

F I G . 12. Density of zooplankton based on 129 day and night samples collected during 
October 16 to April 15 

sample of the entire IIOE period gives some delineations of high and low 
productive areas. The upper reaches of the bay are found to have a higher 
biomass reaching a m a x i m u m of 40 ml towards the Bengal coast. The Gulf of 
Martaban with a volume of < 5 ml is having the lowest biomass. For the 
rest of the Bay it is between 10 and 20 ml which is the normal value for 
most part of the year (Fig. 16). 
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All the total 480 day and night samples collected from the Arabian Sea 
for the entire I I O E period w h e n averaged (Fig. 17) also exhibit the same 
picture characteristic of the Arabian Sea for the south-west monsoon period 
with the m a x i m u m concentration in the western half—the high production 
areas surrounding the Somali and Arabian coasts and to a certain extent on the 
south-western coast of India and the low production zones occupying the central 

80° 90° 100* 
I ' i ! i ! 1 

80° 90° 100 

F I G . 15. Density of'zooplankton based on 159 day samples collected during the entire 
IIOE period. 

part of the Arabian Sea and the precincts of the Gujarat coast. T h e distri
bution of plankton biomass as determined during the cruise of R . V . Vitiaz 

(Bogorov and Rass 1961) compares well with the pattern of distribution observ
ed n o w . For the B a y of Bengal there is no distinct variation in distribution 
either between the two monsoon halves or with the entire I I O E period (Fig. 
18), almost the whole of the B a y showing a rather low biomass (10-20 ml) 
with still lower values for the Gulf of Martaban and western region off Sumatra 

257 



420 

and moderately higher values on the Bengal coast. The averaged isolines for 
the entire period further stress the sparse distribution and lower biomass in 
the B a y of Bengal as compared to the Arabian Sea. 

It is relevant to consider here the distribution of plankton in the north 
Indian Ocean in the light of available information on the vergence field and 

80° 90° 100° 
IT"—' ' ' ' 1 • 1 1 i 1 

Fip. 16. Density of zooplankton based on 176 night samples collected during the entire 
IIOE period. 

circulation of the surface waters, organic productivity and chlorophyll 
concentrations. 

Varadachari and Sharma (1964, 1967) have presented results of investi
gations on the divergence and oonvergence and circulation pattern of the 
surface waters in the north Indian Ocean for different months of the year. 
According to these authors the divergence pattern shows considerable seasonal 
and spatial variations. In the equatorial region several centres of strong 
divergence and convergence occur in the open ocean almost throughout the 
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year while in the nearshore regions strong divergences and convergences occur 
only during certain periods of the year. Along the Somali coast divergence is 
prevalent from January to October and along the west coast of India from 
January to September and convergence during the rest of the year. The 
monsoon months, especially June, July and August, are the months of intense 
divergence of surface currents when central values of divergences and conver
gences exceed 60 units. In the Somali coast during June the value exceeds 

ICO 
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F I G . 18. Density of zooplankton based on 335 day and night samples collected during the 
entire IIOEÍ period. 

even 80 units indicating heavy upwelling. This region is unique as strong 
divergences or convergences occur almost throughout the year. The con
vergences cause dynamically a concentration of zooplankton and in divergences 
a higher production of organic matter takes place. The distribution of zoo
plankton broadly agrees to the vergence pattern of these areas brought about 
by the seasonal shift of the monsoons. 
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The surface currents in the northern Indian Ocean have been discussed 
briefly earlier. A comparison of the circulation maps (cf. Varadachari and 
Sharma 1967) with the plankton density charts also indicates that the distri
bution of zooplankton in the north Indian Ocean has a close relation to the 
surface currents which are directly connected with oceanic circulation. During 
the south-west monsoon period on the Somali coast the current flows north
ward and part of it flows along the Arabian coast. In May-September 
these currents are strongly offshore currents inducing upwelling all along the 
Somali and Arabian coast up to the Gulf of O m a n . Further, the winds also 
blow parallel to the coast, as a result of which the surface waters are trans
ported away from the coast, giving rise to upwelling, and thereby bring about 
the chain of events resulting in a high zooplankton standing crop. Thus it 
m a y be seen that the high concentration of plankton in the western part of the 
Arabian Sea generally comes within the orbit of the clockwise circulation 
developed during the south-west monsoon period and passing through several 
vergence fields. During this period the central region of the Arabian Sea 
and the regions off Kutch do not show any appreciable vertical movements. 
This m a y account for the low plankton biomass in these areas during the 
south-west monsoon months. 

During the north-east monsoon period, though fairly strong convergences 
develop on the east coast of India, coast of Ceylon and A n d a m a n Sea, it does 
not seem to cause a high zooplankton concentration in the Bay of Bengal. 
The reason for the variation in production between the two areas m a y be 
found in the difference in distribution of the 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 picture of the organic productivity of the Indian Ocean is n o w 
available through the cruises of Galathea (Steemann Nielsen and Jensen 
1957), Vitiaz (Kabanova 1961) and Anton Bruun (Ryther et al. 1966). Apart 
from these, m u c h data have been collected from the coastal regions of the 
Indian subcontinent by the Central Marine Fisheries Research Institute 
(Prasad and Nair 1963 and Central Marine Fisheries Research Institute, 
Annual Reports 1965-66). The Galathea's coverage is on the western part of 
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the Indian Ocean off the coast of South Africa, the equatorial region from 
M o m b a s a to Ceylon, Ceylon coast, some stations in the Bay of Bengal and the 
Indo-Malayan waters. The Vitiaz and Anton Bruun cruises cover a major 
part of the Arabian Sea. The results achieved during these investigations 
enable us to draw certain conclusions regarding the comparative productivity 
of the Arabian Sea and the Bay of Bengal. 

It is found that over the continental shelf in the tropical regions the 
production rate is usually very high. The surface waters generally have a 
production rate of over 0-2 gC/m 3 /day and for the entire column it is found to 
exceed 0-5 gC/m 2 /day and sometimes reach exceptionally high values of over 
5-0 gC/m 2 /day (Prasad and Nair 1963). 

In the Arabian Sea the level of organic production increases to the north 
and west reaching extremely high values off the coast of Saudi Arabia, Somalia 
and West Pakistan. Kabanova (1961) observed that the Arabian Sea water 
was characterized by an especially high productivity connected with the pre
sence of regions of deep-water ascent. Twenty-three measurements made 
recently in the Arabian Sea by Ryther et al. (1966) gave values in excess of 
1-0 gC/m 2 /day with a m a x i m u m of 6-4 gC/m 2 /day observed off the south-eastern 
tip of Arabia. These authors have calculated a total production of 3 X 1012 kg 
for an area of 2 3 X 1 0 6 k m 2 . Out of this more than one-fifth is from the 
western Arabian Sea where the mean production is approximately 10 times 
that of the world oceans. The data collected at the Central Marine Fisheries 
Research Institute indicate that the west coast of India is also equally pro
ductive. Coastal upwelling along the Somali coast, Arabian coast and off the 
west coast of India play an important part in the fertilization of the surface 
waters of the regions which induce high organic production. O n the other 
hand in the Bay of Bengal even though stations located on the shelf were all 
characterized by a high rate of production, the average for the whole Bay is only 
0-19 gC/m 2 /day which is only a little more than the rate usually found in tro
pical oceanic water (Steemann Nielsen and Jensen 1957). Hence it seems 
reasonable to conclude that the level of organic production in the Arabian 
Sea should be at least three times that of the Bay of Bengal. 

Further evidence of this higher productivity in the Arabian Sea is seen 
from the chlorophyll measurements made recently by Laird et al. 
(1964). They found during the south-west monsoon period along the 
Somali coast to the left of the main portion of the Somali Current values greater 
than 150 m g / m 2 . In terms of carbon fixed per square metre per day this 
would amount to about 4-5 grams. If it is assumed that this is a steady 
production, during the monsoon period this would amount to 350-450 g / m 2 . 
In terms of dry algae this will be 800 g / m 2 which ranks this area among 
the most productive. O n the other hand, in the Bay of Bengal the chlorophyll 
concentrations are of a very low order, being less than 10 m g / m 2 . The 
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highest value of 20 m g / m 2 has been recorded off the northern part of the 
Arakan coast of B u r m a (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. 

PLANKTON BIOMASS A N D FISHERIES OF THE REGIONS 
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 of Chidambaram and Menon (1945) on the co-relation 
of the fisheries of the Malabar and South Kanara coasts with plankton have 
shown that the landings of fish are directly proportionate to the quantity of 
plankton. The fishery in general coincides with the major peak in plankton 
production. Subrahmanyan (1959) observed a close relationship between 
the standing crop of phyto- and zoo-plankton with the total quantity of fish 
landed, particularly the landings of oil sardine (Sardinella longiceps) and the 
Indian mackerel (Rastrelliger kanagurta). H e also estimated (Subrahmanyan 
1967) the phytoplankton production for a potential fishing area of 155,400 
square k m of 100 m depth on the west coast of India and remarked that the fish 
landings of the west coast represented only 0-029 per cent of the phytoplankton 
production. A s a result of the investigations carried out in the Indian Ocean, 
Bogorov and Rass (1961) have stated that in the Indian Ocean there exists a 
number of areas with m u c h plankton biomass, these being mostly in the 
regions of upwelling. In some areas the amount of plankton exceeds 15 m g of 
dry matter per m 3 in the 0 to 100 m layer of water. These areas of high 
plankton production have been noticed by them in the central part of the 
Arabian Sea from Aden Bay to B o m b a y ; between Seychelles and Maldive 
Islands; off Zanzibar and Comoro Islands; to the north-east from Madagascar; 
off Chagos Bank; off Ceylon; to the south of Java and to the north-west from 
Australia. According to their observations the congregations of tunas and 
other pelagic fishes are seen in the regions of the ocean where plankton is 
most abundant. Prasad and Nair (1963) studied the organic production in 
relation to the local fishery of the east coast extending from Dhanushkodi to 
Cape Comorin. These investigations showed that the percentage of yield in 
relation 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 intensively exploited waters. The seasonal rhythm in 
organic production was well reflected in the trend of fishery, the peak periods 
of production corresponding with the low periods in fishery and vice versa 
suggesting an inverse relationship. A high fishery was noticed to follow after 
a peak production of organic matter in regular sequence with more or less 
uniform time lag, this time lag being presumably the time taken for the con
version of the organic matter synthesized to form fish protein. Sudarsan 
(1964) concluded that trawler catches at B o m b a y showed ' two peaks in the 
year, one following the period of plankton m a x i m u m in March and the other 
coinciding with the period of very high plankton standing crop in the 
post-monsoon months (October-November)'. According to Longhurst (1966) 
areas of high fisheries potential are more localized in the tropics than in the 
higher latitudes and less dependent upon the conformation and width of the 
continental shelf. While the level of production in the higher latitudes de
pends largely upon the annual turnover of the mixed layer during winter, an 
effect which is uniform over large areas, in the low latitudes production is 
largely dependent upon processes which result in local enrichment such as 
divergence, coastal upwelling, doming, frontal shearing and topographical 
wind intensification. In the tropical high seas fisheries for tunas and other 
predatory fishes depend mostly upon the aggregation of the fish in areas of 
localized enrichment and within the migrating temperature fronts, whereas 
fisheries for shoaling clupeids are situated principally in regions of coastal 
upwjelling and to a lesser extent in the estuarine areas where riverine nutrients 
create conditions of phytoplankton bloom. The demersal fisheries in the 
intertropical areas seem to be localized mostly in regions where deposition of 
riverine organic material occurs and it is this material rather than the results of 
primary production in the ocean that determines their level of production. 
However, where the shelf is narrow at the mouth of a great river m u c h of the 
material for potential production is lost by slumping to great depths. U d a 
(1966) observed conspicuous upwelling area of cold, fertile waters south of 
Sunda Islands and the most favourable tuna fishing grounds were located in 
the marginal area of this upwelling zone. Similar situation of océanographie 
and fisheries conditions were recognized in the Arabian Sea. Panikkar and 
Jayaraman (1966) while discussing the biological and oceanographical differ
ences between the Arabian Sea and the B a y of Bengal, as observed from the 
Indian region, have drawn attention to the extremely complex nature of the oil 
sardine and mackerel fisheries along the west coast of India which accounts for 
the bulk of the fish landing. They made an attempt to provide a suitable 
explanation for these on the basis of nutrient distribution pattern associated 
with the occurrence of the seasonal upwelling. They have concluded that the 
part of the Indian coast known to support a very rich fishery for the oil sardine 
and mackerel is a region of great biological and oceanographical complexity, 
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almost of biological instability and have pointed out that a thorough 
understanding of the various factors is essential for finding a satisfactory 
solution to the major problem of the differences in the fishery productivity 
of the east and west coasts of India. 

F r o m the investigations mentioned above and from other available in
formation it would appear that invariably high concentrations of fish, parti
cularly the pelagic ones, occur in areas of high plankton production which 
in turn will be areas of upwelling or local enrichment in the tropical oceans. 
It is also known that in the tropics, areas where there is no constant replenish
ment of nutrients are poor in plankton production because of the rapid utili
zation of the nutrients present in the euphotic zone. 

Although in area the Arabian Sea is only about 1-8 times that of the B a y 
of Bengal, the yield of fish from the former region is nearly 2-4 times. C o m 
pared to this the total fish landings from the western half of the Indian Ocean 
(approximately 78° E long, as the line of demarcation) are about 1-6 times 
those of the eastern half. Considering the fish production of the east and 
west coasts of India this difference is found to be still magnified, the landings, 
along the west coast being almost three times those of the east coast. O n the 
whole the fisheries of the western and eastern seaboards of the Indian sub
continent reflect the features of the fisheries of the northern Indian Ocean (Figs. 
19 and 20) with the pelagic and mid-pelagic species dominating in both cases. 
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F I G . 19. The catch composition of the west and east coasts of India. 
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The trend of fish production along the coasts of India for periods approxi

mating to those taken into account for plankton (October-March and April-

September) is considered below. The months of October to March coincide 

with a period of seasonal abundance of fish and intensive fishing activity 

along the west coast of India and over 80 per cent of the marine fish landed in 

India during this time is from the west coast. O n the east coast in the other 

half of the year (April to September) the fish landings are comparatively 

high forming 30 per cent of the total for the Indian coasts. The abundance of 

the fish along the west coast coincides with the post-south-west monsoon 

period when a large section of the waters of the region has been enriched by 
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F I G . 20. The catch composition of the western and eastern halves of the Indian Ocean. 

upwellings and favourable conditions for production of plankton have been 

established along the region. The weather is also settled without the effects 

of any monsoon conditions which hamper fishing activities. The annual 

appearance of densely shoaling species like the oil sardine, mackerel, prawns, 

flat-fishes and Bombay-duck start from August/September and these species 

are the mainstay of the fisheries of the region. April to September is a period of 

comparative calmness and is favourable for fishing activities on the east coast. 

S o m e salient features of the regionwise availability of different groups of 

fish are evident from a categorized analysis of the species landed along the 

coasts of India during 1964-66. Over 80 per cent of the crustaceans, flat

fishes, Indian mackerel and clupeids and 70 per cent of the tunas are caught 
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along the west coast. The elasmobranchs are the only group which makes a 
substantial contribution to the all-India landings along the east coast. They 
contribute about 48 per cent of the total for the country. Catch composition 
for the west coast (1964-66) shows (Fig. 19) that 48 per cent are composed of 
clupeids, the dominant element being the oil sardine Sardindla longiceps, 
20 per cent by the 'red fishes, basses and congers' group represented by 
Harpodon nehereus, sciaenids, goat-fishes, lizard-fishes, marine catfishes, eels, 
perches and silver-bellies. Crustaceans, mainly penaeid and non-penaeid 
prawns, constitute 12 per cent and the 'mackerels, bill-fishes and cutlass fishes' 
category (of which the Indian mackerel Bastrelliger kanagurta forms the 
major portion) forms 8 per cent. The 'jacks, mullets' group comprising 
barracudas, pomfrets, flying fishes, half-beaks, mullets, carangids and polyne-
mids forms about 5 per cent. Elasmobranchs contribute about 3 per cent and 
flatfishes about 1 per cent. Gadidae represented by a single genus Bregmaceros 
and the 'tunas, skipjack and bonitos' constitute less than 1 per cent each. 

O n the east coast the clupeids which form about 33 per cent of the catches 
have the lesser sardines (mainly Sardindla albella and S. jussieu) and white
baits (Anchoviella spp.) as the dominant elements. The 'red fishes, basses, 
congers' group forms about 23 per cent and the 'mackerels, bill-fishes, cutlass 
fishes' group dominated by the genus Trichiurus about 12 per cent. 'Jacks, 
mullets' group contributes about 10 per cent, elasmobranchs 8 per cent and 
crustaceans about 7 per cent. 

A generalized picture of the fishery resources of the coasts of India has 
been given above based on the results of random sampling of fish catches 
along the areas concerned. This over-all picture highlights the higher pro
ductivity of fish along the western coast of India bordered by the Arabian 
Sea where higher plankton production has also been consistently recorded. 
In terms of zooplankton biomass the west coast of India, particularly the 
southern half, is invariably about 2-5 times more productive than the east 
coast and this is well reflected in the fish landings also since the landings along 
the west coast are about three times those of the east coast. 

Pelagic fisheries 

In attempting to study the relation between the zooplankton biomass 
and fisheries of a region it will be the pelagic fisheries which will show direct 
relationship. Even then the quantitative relation is valid only in general 
terms. A s mentioned earlier the dominant components of the fishes caught 
off the coasts of India are either pelagic or mid-pelagic amounting to almost 
75 per cent. The truly pelagic fishes are the sardines, mackerel, anchovies, 
seer, ribbon fishes, carangids, silver-bellies, flying fishes, tunas, sail and sword 
fishes, etc. While these are c o m m o n along both the coasts of India large-
scale shoaling of pelagic fishes like the oil sardines and mackerel occurs only 
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along the west coast and that too along the southern half of the coast. F r o m 
the distribution of zooplankton biomass it was seen that during the south
west monsoon period there is a region of comparatively high-standing crop 
between Cape Comorin and north of Karwar. During the season of the north
east monsoon, although there is a reduction in the extent of area as well as the 
quantity of production, the Cochin-Mangalore region remains a relatively 
high production belt. This area coincides with the region of the most impor
tant pelagic fisheries of the west coast, the oil sardines and the mackerel which 
alone account for nearly 28 per cent of the landings of this coast. Considering 
all fisheries it could be said that almost 70 per cent of the landings are from 
this zone. It will be seen from the distribution of zooplankton biomass that 
the northern half of the west coast is comparatively poor and in this region 
there is a conspicuous absence of large shoals of pelagic fishes and a lower 
over-all fish production. 

The magnitude of zooplankton biomass along the east coast is decidedly 
low and the scarcity of pelagic shoaling fishes like the oil sardines and mackerel 
is conspicuous. However, occasional shoals of mackerel are caught off Manda -
p a m , Porto Novo, Madras, Kakinada, Waltair and certain parts of Orissa 
and of oil sardines from the coasts of Madras, Andhra and Orissa States. The 
mackerel Bastrelliger brachysoma forms a good fishery in the neighbourhood of 
the A n d a m a n Islands. Pelagic fishes such as anchovies, seer, the lesser 
sardines, ribbon fishes, silver-bellies, flying fish, etc., constitute a significant 
percentage of the inshore catches and good tuna fisheries are known to exist in 
the A n d a m a n Sea where there is a moderately high concentration of zooplank
ton during April-October period. Prasad and Nair (1963) based on their 
study of organic production along a stretch of the south-east coast of India 
(Gulf of Manaar) suggested the possibility of increasing the rate of exploitation. 
Of late a large number of mechanized vessels have started operating in the 
area resulting in a substantial increase in the fish landings the bulk of 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 m a d e 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; Hefford 1949; Chidambaram and Rajendran 1951; 
Gopinath 1954; Sivalingam and Medcof 1957; John 1959; Jayaraman et ai. 
1959; Poliakov 1962; Sivalingam 1964; Pruter 1964; R a o 1967; Annual 
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Reports of the C . M . F . R . Institute, M a n d a p a m C a m p , etc.) that the yield of 
ground fish from the west coast of India is comparatively more than from the 
east coast. 

The percentage composition by weight of trawl catches along the coasts 
is presented in Fig. 21 based on exploratory fishing operations conducted by 
the Government of India (Rao 1967, Tholasilingam et al. 1967, unpublished, 
Central Marine Fisheries Research Institute, Annual Reports, 1957-66). 
Miscellaneous fish comprising small sciaenids, lizard-fishes, flatheads, carangids, 
etc., to the extent of 40-50 per cent and elasmobranchs 5-25 per cent are 
c o m m o n to all areas on the west coast. In the B o m b a y region sciaenids form 
about 43 per cent of the catch which include good table fishes like Pseudosciaena 
diacanthus and Otolithoides brunneus which by themselves form about 5 per cent 
of the total catch from the region. A m o n g other groups elasmobranchs contri
bute 25 per cent, catfish 7 per cent, eels and polynemids 3 per cent, Pomadasys 
hasta 3 per cent, prawns about 2 per cent and miscellaneous fish 17 per cent. 

At Karwar medium-sized trawlers land mostly Leiognathids (25 per cent), 
clupeids, mainly Opisthopterus tardoore (21 per cent) and miscellaneous small 
fish (40 per cent). Elasmobranch component is m u c h reduced (5 per cent). 
There is similarity with the B o m b a y region in the negligible amount of prawns 
in the catches. Lactarius lactarius is probably the only table fish available 
from the area. 

Mangalore-Quilon region is known for the substantial prawn component in 
the trawl catches and full-scale commercial shrimp trawling by medium-sized 
boats has got established at m a n y centres along the region. Generally prawns 
constitute 25-35 per cent by weight of the trawl catches along the region, 
mostly caught at intermediate (20-35 m ) and shallow (within 20 m ) depths. 
Elasmobranchs constitute 6-14 per cent of the catch and miscellaneous small 
fishes about 50 per cent. A new fishery, struck by the medium boats at inter
mediate depths and beyond, in the region is based on the threadfin breams 
(kilimeen), mainly one species, Nemipterus japonicus. 'Kilimeen' contributes 
8-14 per cent of the catches of these vessels at Cochin. 

Larger vessels which operated in deeper grounds on the continental shelf 
(1957-61) in the Cannanore-Cape Comorin region using 'Bull trawls' or fish 
trawls showed the trend of availability of the demersal fish in the region. 
Elasmobranchs and miscellaneous small fish have been c o m m o n all along the 
region. In the northern section (Cannanore-Calicut) a significant catfish com
ponent was noticed, whereas in the southern sector (south of Alleppey and 
Cape Comorin grounds) a dominant perch component was observed. The 
middle sector (Cochin-Alleppey) appears to be a transition zone with small 
quantities of catfish and perches but more of the miscellaneous fish. 

O n the east coast at Tuticorin, trawl catches showed dominance of 
Leiognathids and sciaenids, together constituting nearly 60 per cent. 
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Elasmobranchs (8 per cent), clupeids (7 per cent), Pomadasys sp. (6 per cent), 
prawns (6 per cent) and few other miscellaneous species constituted the rest. 
Trawl catches in the Mandapam area consisted mainly of silver-bellies 
(90 per cent), catfishes, Lactarius lactarius, rays, prawns and mixed fish. 

At Visakhapatnam about 50 per cent of the catch consisted of miscel
laneous small fish. Elasmobranchs (24 per cent) and catfish (12 per cent) are 
the dominant individual items from the region. Prawns constituted a small 
percentage of 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. 

Ground fish catches along the Orissa-West Bengal coasts showed do
minance of sciaenids (45 per cent). Other items of importance being Kurtus 
indiens (20 per cent), Leiognathus spp. (6 per cent), clupeids (10 per cent) and 
miscellaneous small fish. Hardly 2 per cent of the catch consisted of prawns. 

Data available n o w from exploratory fishing operations enable a general 
assessment of the productivity of different trawling grounds along the Indian 
coasts. 

The north-western ground from B o m b a y to Kutch is found to yield 
on an average a catch 747 kg/hour of'Bull trawling' (1957-62). Otter trawl
ing during recent years (1961-65) showed a catch rate of 198 kg/hour from 
the Malvan-Kutch region. At Karwar medium-sized vessels showed a catch 
rate of 150-219 kg/hour (1963-66). At Mangalore the same type of vessels 
landed 178-206 kg offish per hour during 1959-61 and 99-255 kg/hour during 
1962-65. Bull trawling yielded 591 kg/hour from the Cannanore area (1957-
58), while medium vessels operating shrimp trawls returned 268 kg/hour 
(1960-61). The yield of smaller shrimp trawlers during 1965-66 was less, being 
only about 83 kg/hour. High returns ranging from 717 to 2,033 kg/hour were 
recorded by Bull trawlers (1957-59) from the Calicut area. Otter trawling by 
the same vessels yielded 136 kg/hour (1960-61). 

Bull trawling in the Cochin area showed a catch rate of 1,015-1,184 
kg/hour (1957-59). Shrimp trawlers yielded 91-250 kg/hour in 1957-61 period 
and 111-216 kg/hour during 1961-65 period. In the Alleppey-Quilon area 
catch rates of 583-1,025 kg/hour was recorded for Bull trawl (1957-59) and 
158-187 kg for otter trawling by the same vessels in 1959-61 period. Shrimp 
trawling 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 m u c h less, the rate being 69-83 kg/hour (1959-61). 

O n the east coast off Tuticorin trawl operations (1963-65) yielded 122-
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 Godavari and Mahanadi estuaries covered from Visa-
khapatnam during 1959-60 yielded on an average 90 kg of fish per hour. 
Catches at the rate of 78-115 kg/hour were recorded during 1964 and 1965. 
Experimental catch with 15 m Russian trawl yielded 192 kg of fish per hour 
(Poliakov 1962). Catches at the rate of 2,450 kg/day's absence were recorded 
from the Orissa-West Bengal coasts during 1961 (300 h.p. trawler) and 151 
kg/hour during 1962-63. 

Pruter (1964) has given the trawling results of R . V . Anton Bruun at 
different stations of the Arabian Sea and the Bay of Bengal during 1963. 
Fishing in the Arabian Sea was conducted along the coasts of north-west India, 
West Pakistan, Gulf of O m a n and Arabia. In the B a y of Bengal, A n d a m a n 
Island region, coasts of Thailand, B u r m a and East Pakistan were covered. 
Catch per hour for Arabian Sea and Bay of Bengal, worked out separately from 
these operations, showed yields of 123 kg and 48 kg respectively, indicating 
about 2-5 times productivity in the Arabian Sea. Based on the indices of 
productivity of demersal fishes along the coasts of India mentioned above it 
could be suggested that the grounds on the west coast are comparatively richer. 

CONCLUSION 

In conclusion it m a y be stated that the data on the chlorophyll concentra
tions, primary organic production and the distribution of zooplankton biomass 
presented in the earlier section clearly show that the level of fertility is notice
ably higher in the Arabian Sea as compared to the Bay of Bengal. This high 
organic production, however, need not necessarily be converted fully into fish 
protein of commercially exploitable nature and unusually high organic pro
duction could also sometimes lead to untoward results. Thus, several in
stances of mass mortality of fish resulting from the very high plankton pro
duction in the northern half of the Arabian Sea have been reported. While 
these mass mortalities should be considered as major catastrophes they have 
proved beyond doubt the existence of large populations of fish in the Arabian 
Sea. According to Bogorov and Rass (1961) there is evidence of significant 
fishing resources in the open parts of the Indian Ocean, first of all in the waters 
of the Arabian 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, m u c h 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 m u c h 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 m a n y areas restricts the scope of large-scale expansion of 
ground fisheries. 

The fisheries of India are n o w 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 exploitation, 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 B u r m a , East Pakistan, West Bengal, Orissa and west 
coast of Ceylon and the A n d a m a n 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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Reprinted from Cah. O.R.S.T.O.M., Sér. Océanogr. vol. VIII, no. 1, 1970, p. 47-57 

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) 

par Ph. LAVAL* 

RÉSUMÉ 

La découverte de Phronima colletti (forme « Atlantique ») dans l'océan Indien et le Pacifique 

Oued conduit à réexaminer le cas de la « forme Indo-Ouest Pacifique » de cette espèce décrite par 

S H I H (1969). Une étude morphologique détaillée permet de conclure que cette forme constitue une 

espèce distincte, déjà connue sous le nom de P . bucephala et mise à tort en synonymie avec P . colletti. 
Des renseignements supplémentaires sont donnés sur la morphologie et la distribution de l'espèce 

voisine P . pacifica. 

SUMMARY 

The discovery of Phronima colletti (<t Atlantic form ») in the Indian Ocean a¡id the West Pacific 

leads to a re-examination of the « Indo-W. Pacific form » described by S H I H (1969). From a 

morphological study of this form, it is concluded that it belongs to a separate species, already known as 

P . bucephala but erroneously included in the synonymy of P . colletti. Supplementary data are 

given on the morphology and distribution of the related species P . pacifica. 

INTRODUCTION 

Dans sa récente révision des Phronimidae du « Dana », S H I H (1969) a décrit trois variétés 
géographiques de Phronima colletti Bov . , 1887 : une forme Atlantique, une forme Indo-Ouest 
Pacifique et une forme du Pacifique Est. E n examinant une collection de Phronimidae aimable
ment confiée par R . R E P E L I N (Centre O . R . S . T . O . M . de N o u m é a ) , j'ai pu constater que la « forme 
Atlantique » de P. colletti était présente dans le sud-est de l'océan Indien et dans le Pacifique 
Ouest. D e plus, un examen approfondi de la « forme Indo-Ouest Pacifique » de S H I H , que j'ai 
retrouvée à Madagascar dans le matériel mis obligeamment à m a disposition par S. F R O N T I E R 

* Station zoologique, 06 — Villefranche-sur-Mer, France. 

Collected reprints of the International Indian Ocean Expedition, vol. VIII, contribution no. 609 277 



48 

(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 1887 sous le n o m de P. bucephala, 
et mise à tort depuis en synonymie avec P. colletti. 

Matériel. 

Les exemplaires de Madagascar ont été récoltés dans la région de Nosy-Bé [cf. F R O N T I E R , 1966, pour l'empla
cement des stations). Pour ce travail, 38 P. bucephala (23 <J et 15 $) ont été examinées, ainsi que 56 P. pacifica 
(25 <J et 31 $) et 4 P. curvipes (3 <?, 1 Ç). 

Les Phronimes du sud-est de l'océan Indien proviennent d'une radiale effectuée le long du 110e méridien E , 
de 9°30' S à 32° S, par la division d'Océanographie du C . S . I . R . O . , en accord avec le Centre O . R . S . T . O . M . de N o u m é a . 
J'ai pu étudier 39 P. colletti (11 <? et 28 ?), 79 <? de P. pacifica et 62 <J de P. curvipes. 

Les individus du Pacifique ont été capturés le long du 170e méridien E , entre 5° N et 20° S. Ce matériel 
comprend 1 P. colletti (Ç adulte), 1 P. bucephala ($ adulte), 110 P. pacifica <J et 14 P. curvipes <J. 

La répartition détaillée sera publiée avec les études écologiques entreprises par S. F R O N T I E R (Nosy-Bé) et 
R . R E P E L I N (Nouméa). Je signale toutefois que les individus utilisés pour les illustrations 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 $ : 29°00' S-110°00' E ; 10 nov. 1962 ; 21 h 14-22 h 58 ; chalut Isaacs-Kidd, 200 m . 
P. colletti (J : 32°02' S-110°00' E ; 11 nov. 1962 ; 21 h 35-23 h 08 ; chalut Isaacs-Kidd, 200 m . 
P. pacifica ¿ : 2°31' S-169°53' E ; 29 sept. 1966 ; 13 h 40 ; chalut Isaacs-Kidd, 1250 m . 

/ . COMPARAISON DE P. colletti ET P. bucephala 

La littérature n'apportant pas d'illustrations assez précises des appendices de P. colletti, 
j'ai redessiné les plus importants, avec en regard les appendices correspondants de P. bucephala 
(fig. 1, 2 et 3). Les proportions de ces dessins sont suffisamment exactes pour m e dispenser d'un 
texte descriptif. J'insisterai seulement 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 (1969) pour distinguer l'« Atlantic form» 
(= P. colletti) de l'« Indo-W. Pacific form» (= P. bucephala) : taille à maturité beaucoup plus 
faible pour P. bucephala que pour P. colletti (ainsi les femelles dessinées ici mesurent respecti
vement 5,7 et 10,1 m m ) ; partie supérieure de la tête fortement bombée chez P. colletti; article 
basai du péréiopode V au moins 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 femelles des deux espèces. Le trait 
le plus c o m m o d e à observer concerne la forme de la pince : le carpe du péréiopode V est chez 
P. colletti de forme rectangulaire, avec l'angle postérieur proximal remontant au-dessus de l'inser
tion de l'article méral; celui-ci est aussi long que large. Chez P. bucephala le carpe est de forme 
triangulaire, l'angle postérieur non remontant, et l'article méral beaucoup plus long que large. 
L'article basai est nettement plus court que l'article basai du péréiopode IV chez P. colletti, 
de m ê m e taille chez P. bucephala. 

L'article basai des péréiopodes III et IV s'élargit à l'extrémité distale chez P. colletti, et leurs 
carpes sont un peu plus dilatés 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, méral, du carpe et du propode du péréiopode III chez P. colletti. Cette 
ornementation se réduit à une ligne de soies sur le carpe et le propode de ces péréiopodes chez 
P. bucephala. 
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Fig. 1. — c : Phronima colletti, femelle adulte de l'océan Indien ; c in-cVII : péréiopodes III à VII ; U s : urosome. 
— b : Phronima bucephala, femelle adulte de l'océan Indien ; b l n - b v n : péréiopodes III à VII ; U s : urosome. 
Les garnitures de petites soies sont situées sur la face interne des appendices (remarque valable également pour les 

fig. 2 et 3). 

La première branchie (celle du segment IV) est très réduite chez P. colletti: elle est égale 

à la moitié, en longueur et en largeur, de la branchie V . Elle est beaucoup plus grande chez 

P. bucephala : elle atteint 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 examinés, y compris chez quelques exemplaires 

de la Méditerranée et de l'Atlantique N . en m a possession. 

La fig. 1 montre que les péréiopodes V I et VII sont différents chez les deux espèces. Leurs 

articles basaux sont beaucoup plus petits par rapport aux autres péréiopodes chez P. colletti: 

4 
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l'article basai du péréiopode V I est égal à 1/2 de celui du péréiopode IV chez P. collelti, aux 2/3 
chez P. bucephala; pour les péréiopodes VII, ces rapports sont respectivement de 2/3 et 7/8. 
Le propode est garni sur la face interne de soies assez nombreuses chez P. colletii ; ces soies sont 
pratiquement 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 terminer que les femelles de P. colletii de l'océan Indien diffèrent 
légèrement de celles de l'Atlantique. Par exemple, S H I H (1969) note que « chez la forme Atlantique 
le péréiopode V est remarquablement court, plus court que la longueur du péréion. Son article 
basai est au moins un quart plus court que celui du péréiopode III ». Chez mes exemplaires de 
P. colletti de l'océan Indien, le péréiopode V est de m ê m e taille que le péréîon, l'article basai 
à peine (1/12) plus court que celui du péréiopode III. 

2. Différences entre les mâles. 

C o m m e on peut l'observer pour les espèces voisines, les mâles sont plus difficiles à distinguer 

que les femelles. 

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 proximal remonte largement au-dessus de l'insertion 
de l'article méral chez P. colletti; cet angle n'est pas remontant (ou très peu) chez P. bucephala. 
La plus grande largeur de l'article méral est située au tiers proximal chez P . colletti, au milieu 
chez P. bucephala. Le tubercule terminal du propode est plus marqué chez cette dernière espèce. 
L'article basai est plus étroit proximalement chez P. colletti; le bord antérieur est fortement 
convexe, c o m m e l'a souligné S H I H (1969). L'article basai de l'individu de l'Atlantique dessiné 
par cet auteur montre une petite dent distale postérieure qui est absente chez tous mes exem
plaires de P. collelti de l'océan Indien (cette dent est bien marquée chez P. bucephala). S H I H 
(1969) indique également que l'article basai du péréiopode V est plus court que celui du péréiopode 
III chez la forme Atlantique; il est de m ê m e taille chez mes exemplaires de l'océan Indien. Il 
est un peu plus long chez P . bucephala. 

L'article basai du péréiopode IV est plus étroit proximalement chez P . collelti. Les petites 
soies denses qui garnissent la face interne de l'article méral, du carpe et du propode sont plus 
nombreuses chez P . colletti; le péréiopode III montre également cette différence. 

U n bon caractère est donné par la taille de la branchie IV (première paire). Elle est nettement 
plus petite que la moitié de l'article basai du péréiopode IV chez P. colletti, nettement plus grande 
chez P . bucephala. Elle est aussi beaucoup plus petite (environ les 2/3 de la longueur et la moitié 
de la largeur) que la branchie V chez la première espèce et à peine plus petite chez la seconde. 

Comparé à l'article basai du péréiopode IV, celui des péréiopodes V I et VII est plus petit 
chez P . colletti, c o m m e chez la femelle, mais la différence est beaucoup moins 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 mesurent 7,8 m m pour P. colletti et 5,9 m m pour P . bucephala, 
ce qui correspond aux tailles données par S H I H (1969). 

E n 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 ». E n fait ce nombre est variable, et si 6 semble être le nombre prédominant 
d'articles chez P . colletti contre 5 chez P . bucephala, j'ai trouvé quelques individus de P . bucephala 
à 6 articles; vraisemblablement seul le faible nombre d'individus examinés m ' a empêché de 
trouver des variations plus étendues chez les deux espèces. E n effet, un dénombrement effectué 
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Fig. 2. — Phronima colletti, mâle adulte de l'océan Indien; A - E : péréiopodes III à VII ; F : urosome. 

Fig. 3. — Phronima bucephala, mâle adulte de l'océan Indien ; A - E : péréiopodes III à VII ; F : urosome. 

sur un plus grand nombre d'individus chez P. pacifica montre, à côté du nombre 6 indiqué par 
S H I H pour cette espèce et trouvé pour 108 antennes I, six antennes à 5 articles et huit antennes à 
7 articles (chaque, antenne est comptée séparément pour ne pas perdre l'information apportée 
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par les individus à une seule antenne intacte ou à nombre d'articles différent à droite et à gauche). 
D e m ê m e , pour 61 antennes I de P. curvipes à 6 articles, nombre donné c o m 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 
30 

25 

20 

15 

10 

25 

20 

15 . 

10 

B 

Articles 

12 13 14 15 16 17 18 19 .6 10 11 

Fig. 4. — Histogrammes du nombre d'articles du flagellum des antennes II du mâle adulte ; chaque antenne est 
comptée séparément. — A : Phronima pacifica (sud-est de l'océan Indien et océan Pacifique). — B : Phronima 

curvipes (sud-est de l'océan Indien et océan Pacifique). 

Enfin je n'attache pas la m ê m e importance que S H I H (1969) aux mesures faisant intervenir 
des segments du corps (H h , f^, P / A , PlJPer,). Le rapport des mesures de deux segments ne 
peut être estimé qu'à environ 1/20 près avec une bonne loupe binoculaire ; les résultats généra
lement différents obtenus en répétant les mesures (après un intervalle de temps suffisant pour 
ne plus avoir en mémoire les résultats précédents) prouvent que cette limite d'erreur peut être 
dépassée. La structure des articulations empêche également de trouver des repères comparables 
d'un individu à l'autre. Les mesures faisant intervenir plusieurs segments, plus ou moins courbés 
et rentrant les uns dans les autres, sont encore moins précises. Les rapports intéressant les appen
dices, qui peuvent être mesurés à plat au microscope, sont moins sujets à caution. Finalement 
le test t, employé par S H I H pour séparer les différentes formes, ne peut être utilisé pour comparer 
des rapports de mesures; c'est l'analyse de covariance qui est indiquée dans ce cas (voir sur ce 
point L I S O N , 1958, p. 236). 
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3. Discussion. 

Il existe certainement 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
mens de l'Atlantique et d'autres de l'océan Indien; des populations à caractéristiques biomé
triques distinctes seraient sans doute mises 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-Ouest Pacifique » décrite par S H I H (1969), avec laquelle elle présente des différences 
beaucoup plus importantes, qui sont d'ordre spécifique. 

U n e comparaison avec les dessins et la description d'une femelle de l'océan Indien par G I L E S 
(1887) sous le n o m de P. bucephala montre 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 
permettre l'identification. 

La validation de P. bucephala entraîne une révision de la synonymie de P. colletti. 

Phronima colletti Bovallius 

Phronima colletti B O V A L L I U S , 1887, K . svenska VetenskAkad. Handl., 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, Bibl. zool., 19, p. 109, pi. 8, fig. 1-6. 
V O S S E L E R , 1901, Ergebn. Atlant. Planktonexped., 2, p . 32, pi. 3, fig. 8-12 [¿ = P. pacifica]. 
C H E V R E U X et F A G E , 1925, Faune de Fr., 9, p. 396, fig. 395 et 398 [<J = P. pacifica). M O G K , 

1927, Intern. Rev. Hydrobiol., 17, p. 60, fig. 31. S H I H et D U N R A R , 1963, Fich. Ident. Zoopl., 

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. Akad . Wiss. Berl., 30, p . 527, pi. 3, fig. 5. 
Phronima colletti Bov . Atlantic form S H I H , 1969, Dana-Rep. , 74, p . 21, fig. 5 a-f. 
[non] Phronima colletti Bov . IRIE, 1957, Compil. Fish. Sci. (Suisan Gaku Syûsei), 3, p . 348, fig. 8 

[ = P. pacifica]. 
[non] Phronima colletti Bov . <$. L A V A L , 1968, Cah. Biol, mar . , 9, p . 354, fig. 3 B [= P. pacifica ¿]. 

Les autres références citées par S H I H (1969) ne s'accompagnent pas d'une description assez 

précise pour identifier P. colletti, ou s'appliquent à d'autres espèces. 

La synonymie de P. bucephala est la suivante : 

Phronima bucephala Giles 

Phronima bucephala G I L E S , 1887, J. Asiatic Soc. Beng., 56, n° 2 , p. 215, pi. 3, fig. 1-2. 
Phronima colletti Bov . I ndo -W. Pacific form S H I H , 1969, Dana-Rep. , 74, p . 21, fig. 5 g - m . 

4. Répartition géographique. 

E n dehors de l'Atlantique, où elle est répandue entre 45° de lat. N . et 35° de lat. S. ( S H I H , 
1969), les seules stations se rapportant de façon certaine à P. colletti sont celles de la présente 
étude. Dans l'océan Indien, elle a été récoltée à 8 stations toutes localisées entre 27°30' S et 32° S 
le long du 110e méridien 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 Nouvelle-Guinée ( S H I H , 1969). 
U n individu (femelle adulte de 6,2 m m ) présent dans m o n matériel de l'océan Pacifique (8°38' S-
169°52' E ) étend plus à l'est cette répartition. Il faut y ajouter l'exemplaire de G I L E S (1887) 
du Golfe du Bengale, et les spécimens provenant de la région de Nosy-Bé (Madagascar) utilisés 
dans ce travail. 

Il est évident que de nouvelles investigations sont nécessaires pour préciser la répartition 

de ces deux espèces dans l'océan Indien et l'océan Pacifique. 
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//. DONNÉES COMPLÉMENTAIRES SUR P. pacifica STREETS, 1877 

Si le mâle et la femelle de P. bucephala ne peuvent être confondus avec ceux de P. pacifica 
(la forme du péréiopode V est déjà suffisante pour éviter toute confusion), il n'en est pas de m ê m e 
pour les mâles de P. colletti et de P . pacifica qui sont très semblables et se trouvent fréquemment 
dans les m ê m e s pêches. Il n'est donc pas inutile d'insister ici sur les caractères qui les séparent. 

1. Différences entre les mâles de P . colletti et de P . pacifica. 

Le mâle de P. pacifica a été découvert par S H I H (1969) qui en a donné une description 
détaillée. Cet auteur mentionne certains caractères qui le différencient de celui de P . colletti 
(rapport largeur/longueur du carpe du péréiopode V , forme du pédoncule de l'uropode II, processus 
carpal). Il existe d'autres caractères qui sont plus faciles à observer. Auparavant il convient 
de faire une remarque à propos du tubercule carpal du péréiopode V . 

Ce processus est de forme triangulaire chez P . colleili, avec les dents proches les unes des 
autres. Chez P . pacifica les dents plus espacées forment un processus arrondi, mais il existe des 
variations individuelles. C o m m e je l'ai montré chez Hyperia schizogeneios ( L A V A L , 1968 a), la 
m u e de puberté peut survenir plus ou moins tôt par rapport à la croissance de l'animal. C'est 
pourquoi on peut observer chez Phronima pacifica des variations depuis une condition proche de 
celle de la femelle, qui est celle du mâle sub-adulte (c'est-à-dire des dents peu espacées formant 
un processus arrondi) jusqu'à la condition que j'ai figurée dans un travail précédent ( L A V A L , 
1968 b : P . « colleili », fig. 3 B ) avec dès dents très espacées les unes des autres. 

Les caractères permettant une distinction aisée des deux espèces concernent la forme du 
propode du péréiopode V , la plaque épimérale 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 mince près de la base qu'au niveau 
du tubercule terminal; qui est bien marqué car le propode se rétrécit brusquement 
à l'extrémité. E n revanche, chez P . colletti on observe un net tubercule proximal, alors que le 
tubercule terminal est peu apparent (fig. 5, D et H ) . Cette différence se voit m ê m e chez les individus 
jeunes: 

La plaque épimérale I (fig. 5, A et E ) a son bord inférieur fortement échancré chez P . pacifica, 
alors qu'il est seulement infléchi chez P . colletti. Cependant c o m m e ce bord est droit chez le mâle 
sub-adulte de P . pacifica, selon la date de la m u e de puberté on peut trouver certains individus 
à plaque épimérale I assez peu échancrée. 

La branchie IV (première paire) est très petite chez P . colletti (voir plus haut) et beaucoup 
plus grande chez P . pacifica : elle atteint ou dépasse les 2/3 de l'article basai du péréiopode IV, 
et sa largeur est au moins les 3/4 de celle de la branchie V . 

Le propode du péréiopode IV (fig. 5, C et G ) est nettement plus dilaté chez P . pacifica que 
chez P . colletti. Le revêtement 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 sombre caractéristique. Cette garniture de soies est également plus dense 
sur la face interne des propodes des gnathopodes et des péréiopodes V I et VII de P . pacífica. 

S H I « (1969) note des variations de 15 à 17 pour le nombre d'articles du flagellum des anten
nes II de P. pacifica, et considère que ce nombre permet de différencier cette espèce de P . colletti 
(12-13 articles, « Atlantic 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, mais le petit nombre 
d'individus à m a disposition ne m ' a pas permis de déterminer l'étendue réelle des variations, 
qui est sans doute plus grande. D e m ê m e le nombre d'articles varie plus largement que ne l'indique 
S H I H chez P . curvipes: 6 à 10 au lieu de 7 à 9 (fig. 4 B ) . Il existe souvent des variations chez un 
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Fig. ó. — A - D : Phronima collelii, mâle adulte de l'océan Indien ; A : plaque épimérale I (l'avant dirigé vers la 
gauche) ; B - C : péréiopodes III et IV, vus par la face interne ; D : péréiopode V . — E - H : Phronima pacifica, 
mâle adulte de l'océan Pacifique ; E : plaque épimérale I : F - G : péréiopodes III et IV (face interne) ; H : péréio

pode V . 
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m ê m e individu : sur 40 mâles adultes de P. pacifica dont les deux antennes sont intactes, 8 n'ont 
pas le m ê m e nombre d'articles (différence d'une unité) à gauche et à droite. La m ê m e 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. O n 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 sedentario-Forsk. C L A U S , 1872, Z . wiss. Zool., 22, p. 335, fig. 1; pi. 26, fig. 3 ; pi.27, 

fig- n . 

Phronima pacifica S T R E E T S , 1877, Bull. U . S . nat. M u s . , 7 , p . 128. S T R E E T S , 1882, Proc. U . S . nat. 
M u s . , 5, p. 6, pi. 1, fig. 3-3 a. V O S S E 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. Zoopl., 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 [¿ seulement], pi. 4, fig. 1-3. G H E V R E U X 

et F A C E , 1925, Faune de Fr., 9, p. 396, fig. 398 [<$ seulement]. IRIE, 1957, Compil. Fish. 
Sci. (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 [ ¿ 
seulement]. L A V A L , 1968, Cah. Biol, mar. , 9, p. 354, fig. 3 B [<$ 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. Handl., 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'ÍRiE) pour affirmer que cette espèce ne dépasse pas 20° N 
dans le Pacifique Ouest. Mais la figure de P. cotletli donnée par IRIE (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. 

CONCLUSION 

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. cotletli 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 I H (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. U n e 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., Ser. 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 11/ 

par 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 Nosy-Bé 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 tôlière en saison chaude, océanique en saison fraîche. La 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, el 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. La 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. 

ABSTRACT 

The author is analyzing the information collected on the zooplankton of the three neritic stations 
of the Nosy Be region over three years. One of the stations is characteristic of the inner (bays) 
zone, the two others of the outer neritic zone. 

Seasonal variations on the continental shelf are distinguished by an alternation of coastal 

' Voir Cah. Océanogr.. vol. IV, n° 3, 1966 (1 et II). 
** Océanographe biologiste, Centre O . R . S . T . O . M . de N O S Y - B É (Madagascar). 
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influence in warm seasons and oceanic influence in cool seasons. The inner neritic station 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 May onwards in proportion as the alluvial 
deposits of the sea empty the continental shelf of soft water which becomes accumulated there during 
the rainy seasons. Maximum 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. At the lime of the following wet season, certain zoological groups show abundances 
exceeding those of previous years at comparable times. 

40' so 4 8 f 10' zo' JÛ' '"' so' 49 

Fig. 1. — Carte des stations (ZNE : zone néritique externe ; ZNI : zone néritique interne ; aire hachurée : zone de 
balancement saisonnier de la limite 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 typique de la zone 

néritique interne, n'étant que sporadiquement atteinte en saison sèche par des éléments du 

peuplement néritique externe. 

Les stations 4 et 11 sont néritiques externes. La station 4 a été occupée jusqu'en août 1964 ; 
à partir de septembre, l'intérêt s'étant porté sur le sud de la zone prospectée, elle a été remplacée 
par la station 11 située approximativement à la m ê m 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 ê m e s mois entre les stations 4 et 11 sont 
plus probablement à attribuer à la différence de latitude ou à des variations d'une année sur l'autre. 

Le rythme des sorties était mensuel. 

A. LE MILIEU HYDROLOGIQUE 

Les données hydrologiques (température et salinité) recueillies aux immersions 2 et 10 m 
ont été portées, pour chaque station, sur des diagrammes T / S annuels semblables à ceux publiés 
précédemment (stations 5 et 10 : F R O N T I E R , 1966). L'allure de ces diagrammes aux stations 4 
et 11 est la m ê m e qu'à la station 10, la température descendant toutefois en août-septembre 
au-dessous de 25 °G, alors qu'elle dépassait toujours 25,3 °C à la station 10 (fig. 2). 

La station 3 se distingue des précédentes par : 

— l'existence, en saison humide, d'importantes dessalures de surface, avec une forte strati
fication (maximale en février-mars : suivant les années 28,0 à 32,7 % o à 2 m ; 33,7 à 34,5 °/0o 
à 10 m) ; 

— une température de saison fraîche supérieure d'au moins 0,5 °C 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 diagrammes T / S aux stations 3, 4 et 11, pendant les trois années étudiées, à 
l'immersion 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 refroidissement hivernal 
est moins important lors de la troisième année : aux stations 4 et 11, la température d'août reste 
en 1965 supérieure de 0,5 °G à celle du large alors qu'elle atteint cette dernière (inférieure à 
25 °C) en 1963 et 1964. A la station 3, la température ne s'abaisse qu'à 25,65 °C en 1965, contre 
25,33 en 1963 et 1964. 

Pour la période septembre-décembre (branches ascendantes des diagrammes T/S) , ce sont 
au contraire les deuxième et troisième années qui coïncident, décalées d'environ 0,2 °/0o vers 
les faibles salinités par rapport à la première. 

Une rupture de l'évolution hydrologique est donc apparue entre août et septembre 1964. 
Il paraît maintenant fâcheux qu'à cette époque, la station néritique externe de référence ait 
été déportée d'un demi-degré vers le sud. Toutefois, de mai 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 phénomène est indépendant du changement de station. D'autre part, les m ê m e s 
faits apparaissent à la station 3, occupée sans interruption pendant les trois ans. Il s'agit donc 
d'une rupture ayant intéressé l'ensemble du plateau continental pendant la saison fraîche 1965. 

* Pour la terminologie des phénomènes liés au temps en écologie : voir S O U H N I A et FRONTIER, 1967. 
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Fig. 3. — Branches descendantes {mai-août) (a, c) et montantes (septembre-décembre) (b, d) des diagrammes T/S 
aux stations 3 (a, b), 4 ct 11 (c, d). Immersion 10 m . 
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L a 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. A u 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 I T O N , c o m m . person.). A partir du milieu 
de ma i 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 l'« 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 néritiqués par une eau voisine 
de l'eau océanique de surface. O n 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. O n 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 
néritiqués que les deux années précédentes 
(nous verrons plus loin que cette particularité 
a eu u n profond retentissement sur les peuple
ments planctoniques). A u c u n 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 (mai-août) des dia
grammes T/S aux stations 3, 4,5, 8, 10. Immersion 10 m . 
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B. VARIATIONS D'ABONDANCE 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 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Effectifs 

0 
1 à 3 
4 à 17 

18 à 80 
80 à 350 

350 à 1500 
1500 à 6500 
6500 à 27000 

27000 à 120000 
120000 à 500000 
500000 à 2000000 

Cotes 

1,5 

2,5 
3,5 
4,5 
5,5 
6,5 
7,5 
8,5 
9,5 

Effectifs 

3 ou 4 

environ 18 
— 80 
— 350 
— 1500 
— 6500 
— 27000 
— 120000 
— 500000 

C'est, c o m m e 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 ai, en préparation) montrent l'existence sur le plateau 
continental de deux types de peuplements planctoniques n o m m é s ( 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. O n 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 m a x i m u m 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 ; 

— les déplacements verticaux périodiques varient de nature non seulement avec l'espèce 
mais pour une m ê m e espèce avec le stade de développement ( B H A U D , 1969) et peut-être l'époque 
de l'année ou d'autres circonstances non discernées, en sorte que le phénomène se trouve géné
ralement très estompé au niveau du groupe zoologique ; 

•— 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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Fig. 5..—• Variations d'abondance des Dolióles. 
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Fig. 6. — Variations d'abondance des Appendiculaires. 
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La littérature est très pauvre en ce qui concerne les migrations verticales du plancton 
néritique — surtout du plancton tropical. U n 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 méthodologique : des résultats recueillis 
mensuellement, en des stations éloignées les unes des autres, et concernant un groupe zoologique 
(espèce au moins) pris dans son ensemble, seront comparables indépendamment des heures de 
prélèvement. Dès lors, variations verticales et hétérogénéité horizontale, indiscernables, consti
tueront dans nos séries de récoltes un bruit de fond qui, pour important qu'il soit (comme le 
montreront les graphiques de variations d'abondance) ne masquera pas entièrement les variations 
dues à l'alternance saisonnière ou au gradient côte-océan. 

Dolióles (fig. 5). •— Aucune périodicité n'apparaît à la station 3 où les Dolióles sont absentes 
ou rares, mises à part quelques récoltes" exceptionnelles. A u x stations néritiques externes, on 
observe (comme aux stations 5 et 10 : F R O N T I E R , 1966), une période de quasi-absence, située 
ici entre juin et octobre ou novembre, alors qu'elle se situait en janvier-mars à la station 5 et 
en août-février à la 10 ; ces décalages n'ont pas encore pu être interprétés. O n remarque, lors de 
la troisième saison sèche étudiée, un appauvrissement moins net que lors des deux premières 
années. La saison humide se caractérise par deux max ima (décembre et avril-mai) séparés par 
une période de moindre abondance. 

Appendiculaires (fig. 6). — Variations de grande amplitude, mais sans caractère saisonnier 
net, aux stations 4 et 11. Forte abondance à la station 3 avec quelques périodes de raréfaction 
apparente (peut-être simplement dues à l'hétérogénéité de la répartition spatiale) : mai-juin 1963 
août-octobre 1964, novembre-décembre 1965. 

Lucifer (fig. 7). •— U n cycle annuel d'abondance apparaît de façon nette aux trois stations 
étudiées : m a x i m u m de saison humide, m i n i m u m de saison sèche, avec un décalage entre les deux 
zones néritiques : une chute d'abondance brutale se manifeste en mai (début de saison sèche, 
c'est-à-dire début du refoulement de l'eau néritique par l'eau océanique) aux stations 4 et 11, 
alors que le genre reste abondant jusqu'en juillet à la station 3*. La troisième saison sèche se 
marque en zone néritique externe par un appauvrissement un peu moins accusé que les deux 
années précédentes. 

Larves de Crustacés Décapodes (fig. 8). — Les abondances des larves de Brachyoures, 
Anomoures et Natantia ont été estimées séparément ; les fluctuations saisonnières des trois 
groupes présentent un grand parallélisme. La figure 8 représente les enveloppes supérieure et 
inférieure des trois graphiques d'abondance, pour les stations 4 et 11. O n constate un m a x i m u m 
de saison humide et un m i n i m u m de saison sèche, les très faibles abondances observées lors des 
deux premières saisons sèches ne se reproduisant pas la troisième année. La station 3 ne montre 
que des fluctuations non périodiques autour d'une moyenne plus faible qu'en zone néritique 
externe. 

Euphausiacées (fig. 9). — La grande masse des Euphausiacées rencontrées au-dessus du 
plateau continental est constituée par l'espèce Pseudeuphausia laiifrons S A R S , qui est l'un des 
constituants essentiels (du peuplement néritique externe. La répartition spatiale est très surdis
persée, la tendance à constituer des essaims étant très accusée à tous les stades de développement ; 
l'abondance aux stations 4 et 11 varie entre les cotes 4 et 6 indépendamment de toute périodicité 
saisonnière. A la station 3, l'espèce n'apparaît qu'exceptionnellement (et, en général, en très 

* A la station 10 ( F R O N T I E R , 1966) on n'observait que des variations de grande amplitude sans périodicité, 
et à la station 5 un m a x i m u m de septembre à décembre. Ainsi qu'il sera exposé ultérieurement ( P E T I T , en prépara
tion), plusieurs espèces s'étagent entre la côte et le large, et des différences dues aux exigences écologiques 
spécifiques interfèrent avec celles dues aux variations des masses d'eau dans les zones de transition. 
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Variations 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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Fig. 9. — Variations d'abondance des Euphausiaccs. 

Stations 4 et 11 

Fig. 10. — Variations d'abondance des Ilyperiens. 
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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 marquéespar un cycle annuel avec un maxi

m u m de saison humide s'établissant assez brusquement en novembre, et m i n i m u m 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 Galycophores (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 Galycophores. Des remontées d'abondance 

semblent se produire en mai-juin et en décembre**. 

Cladocères (fig. 11). — A u x stations néritiques externes, les Cladocères (seule espèce ren

contrée : Evadne tergestina Claus) n'apparaissent qu'en octobre et avril, les max ima 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 donc 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 à!Evadne, atteint son développe

ment m a x i m u m 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. E n 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, c o m m e 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 holoplandoniques 

* A la station 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 raréfaction de l'espèce de novembre 
à février, et le reste de l'année des fluctuations entre les cotes 0 et 4, ce qui représente une situation intermédiaire 
entre celles rencontrées aux stations 3 et 11. 

** Aucune périodicité d'abondance n'apparaissait aux stations 5 et 10. 

299 



14 

\ 
J*. 

A M J J A 5 0 N D 

1963 

;lU4-M-

/ 

J F M A M J J A S O N D 

1964 

\ 
\ J J F M A M J J A S O N D 

1965 

Stations 4 ct 11 

Fig. 11. — Variations d'abondance dos Cladocères. 
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Fig. 12. — Variations d'abondance des Polychètes holoplanctoniques. 
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Fig. 13. — Variations d'abondance des Polychètes méroplanctoniques (larves exclues). 
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Fig. 14. — Variations d'abondance des Chaetognathes. 
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Fig. 15. —• Variations d'abondance des Cténaires., 

étant sensiblement parallèles, ce sont les effectifs totaux qui sont portés figure 12. O n 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. E n 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 — m ê m e ordre de grandeur qu'aux stations 4 et 11 pendant la troisième 
saison sèche). 

Les formes méroplancloniques (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). O n 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 : 
m i n i m u m de juin à octobre, m a x i m u m de novembre à mai. D e faibles effectifs (moins de 350 indi-
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Fig. 16. — Variations d'abondance des Méduses. 
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Fig. 17. — Variations 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 m a x i m u m 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). 

Cténaires Cydippoîdes (fig. 15). — Aucune périodicité nette n'apparaît à la station 3 où les 
Cténaires sont moyennement abondants toute l'année. A u x stations 4 et 11 par contre, les 
variations saisonnières d'abondance sont nettes (plus nettes qu'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 planctonique du plateau 
continental. U n 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. V u l'éloigne-
men t 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. U n e 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). — O n observe aux stations néritiques externes un m a x i m u m de saison 
humide et un m i n i m u m 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 ne-t à la station 3, mais décalé par rapport 
au précédent (2 à 4 mois d'avance). L a 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. L a parenté de ces variations avec celles manifestées par les 
Hypériens a été signalée plus haut. 

Manuscrit reçu le 24 mars 1970. 
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NOTE O N THE SEA SURFACE CURRENTS OF THE WESTERN PART 
OF THE INDIAN OCEAN 

by 

V. S. R A M A RAJU, 

Océanographie Research Wing of N.G.R.I., Cochin. 

ABSTRACT 

During the February-March 1960 part of the 31st cruise of the Soviet Research Vessel VITIAZ, 
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 océanographie stations when its propellers were not working. 
A n analysis of these surface currents is presented in this note. 

I N T R O D U C T I O N 

W h e n a ship is adrift, it moves under the influence of surface currents and 
wind. The effect of wind force in dragging the ship along its direction depends on 
the strength of wind, and the shape and orientation of the ship. The limitations 
and reliability of direct current measurements under various meteorological and 
océanographie conditions have been summarised by B O H N E C K E in one of his recent 
papers (1955). W h e n 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 of the ship and the very high density of 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 of the ship is mainly due to 
current alone for the purpose of obtaining the general pattern of surface currents. 
This means that the ship itself can be used as a current-meter while adrift under favou
rable conditions. T h e currents, however, m a y not be reliable in cases where tidal 
currents prevail and the swell is strong. 

DATA 

Observation data on the initial and final positions of the Soviet Research 
Ship V I T I A Z while drifting at the océanographie stations in the western part of the 
Indian Ocean, during February-March 1960, are utilised for detennining the surface 
currents. The position fixing of the ship is done by celestial method. In the analysis 
of 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. 
T h e 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. T h e direction 
of drift is determined with respect to geographical north. T h e magnitude of the 
average current is then equal to the ratio of the drift distance to the drift time. T h e 
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currents thus evaluated are represented by means of 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 of this method. It must, however, be noted that currents 
are not generally measured by this method because of many reasons, but useful 

Fig. 1 

inferences on surface currents could be derived from drifting océanographie vessels 

while on station. 

S U R F A C E C U R R E N T S IN T H E W E S T E R N P A R T O F T H E I N D I A N O C E A N 

The period during which the present investigations are carried out forms 
part of the winter in the northern hemisphere, and during this season strong north
west to north-east winds prevail over the north-western parts of the Indian Ocean. 
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The surface currents shown in Fig. 1 clearly indicate the presence of 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 of Oceanic Sea-surface Currents for the Northern H e m i 
sphere Winter " by D E F A N T (1961). 

A n examination of the currents along the 68°E meridian gives some indication 
to the boundaries of 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 9(rS 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 of 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 of India, the surface current is weak during this period and is directed 
southwards along the coast. 
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ADDENDUM 

Subsequent to the submission of the above note, the author has come across 
the initial results of the 31st cruise of V I T I A Z published in " Results of Researches 
of I G Y Programme, Section X—Oceanological Researches, N o . 4,1962 (in Russian)". 
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In the paper " Circulation of Waters in the Northern Indian Ocean during the Winter 
Monsoon " by I. M . O V C H I N N I K 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 of 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 of 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 i O V C H I N N I K 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 of India, the surface current flows southward along the 
coast. 
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THE HYDROGRAPHICAL FEATURES OF THE WATERS 
OF PALK BAY DURING M A R C H . 1963 

By A. V. S. M U R T Y & P. UDAYA VARMA 

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. 
O n 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 
hydrographie 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 I S T R I B U T I O 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 m u c h more appre
ciable in case of shallow basins due to the less thermal capacity of the basin waters. 
It 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 
m a y be achieved from shore-station observations. The observations at a shore 
station near Waltair (17° 4 1 ' N , 83° 17' E ) on the diurnal variations of surface tem
perature, connect the amplitude of temperature with hour of observation for the 
month of March 1960. The amplitude of temperature <£ (in °C) about the daily 
mean temperature is given by 

«¿ = - 0.58 Cos - ^ / + 0.15 Cos — ¿ - 0.02 Cos ~ t - 0.72 Sin-.7^ i 

- 0.10 Sin 2jJ / - 0.07 Sin ̂ J 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 c o m 

pared to the coastal region of the west and north-west of the Bay. They are 
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 P a m b a n Pass are comparable with those of the 

Fig. 2. Distribution of surface temperature (°C) in Palk Bay during March, 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. 

DISTRIBUTION OF SURFACE SALINITY 

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 watermasses brought into effect 
by currents and turbulent exchanges. 

The 32%„ 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 m a y be due to the incursion of 
!the Gulf water through the P a m b a n Pass. The circulation in the south-western 
region m a y be weak and the coastal configuration m a y 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% „ m a y 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 from" 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 (O-, ) 

The values of surface density (at) 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 at = 20 in the north m a y be 
treated as a forward boundary of the Bay of Bengal water. Similarly, the isopycnal 
rri = 19 m a y be the limiting contour for coastal water. A s in the case of salinity, 
it is also clear from the orientation of the isopycnal <rt = 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 P a m b a n 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 at = 20 that the in
fluence of the Bay of Bengal water on the Palk Bay is m u c h more extensive and 
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Fig. 3. Distribution of surface salinity (%0) in Palk Bay during March, 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. 
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D I S T R I B U T I O N O F D I S 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 

• T O N D I 

HANUSHKOa 

SdNi 

-/STOO' 79 30 80*00' 

Fig. 4. Distribution of surface density (at) in Palk Bay during March, 1963. 
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m 
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 

r- TONDI 

79W 
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79°30 

Fig. 5. Distribution of surface dissolved oxygen (ml/1) in Palk B;iy during March , 1963 
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computations show that the North-East winds are more frequent during 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 min imum 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. O n 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. A s 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. 

ZONAL DISTRIBUTION OF PHYSICAL AND CHEMICAL PROPERTIES 

In view of the nature of observations, the Palk Bay is divided into four different 
zones by the lines A A and B B as shown in Fig. I. The 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 w a r m , 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. 

SUMMARY 

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 hydrographie conditions of 
the Palk Bay. The Gulf waters influence the Palk Bay to a minor extent only. 
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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. 

T h e 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 

RICHABD B . PERRY A N D GERALD R. SCHIMKE 

U. S. Coast and Geodetic Survey, Washington, D . C. 

Abstract. Internal waves of large amplitude were observed north of Sumatra by the U . S. 
Coast & Geodetic Survey ship Pioneer in June 1964. T h e bathythermograph investigation 
which defined these waves was initiated after observation of curious periodic surface phe
nomena resembling tide rips. Analysis of bathythermograph records indicates that internal 
waves with a m a x i m u m observed wave height of 82 meters are the probable cause of the 
surface disturbances. 

Introduction. T h e existence of internal waves 
in the sea, along surfaces separating layers of 
contrasting density, has been inferred from 
océanographie observations for m a n y years. A 
better understanding of these waves is important 
because of their effect on dynamic height c o m 
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 A n d a m a n 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. T h e A n d a m a n Sea is separated from 
the B a y of Bengal by the A n d a m a n 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 ) . T h e sea is bordered by B u r m a , 
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 A n d a m a n Sea connect with those 
of the Indian Ocean through the Great Channel, 
a passage in the submerged ridge characterized 
by rugged sea^bottom topography and depths 
greater than 2000 m . 

General summaries of meteorological and 
océanographie conditions in the B a y of Bengal-
A n d a m a n Sea area are given in U. S. Navy 
Hydrographie Office Special Publication 53 
[1960] and by Sewell [1932]. T h e y indicate that 
in June a well-mixed surface layer of water, hav

ing lower salinity and higher temperature than 
the surface waters in the B a y of Bengal, flows 
southwest through the Great Channel. T e m p e r a 
ture profiles taken b y the Pioneer in June 1964 
showed a well-mixed layer extending to a depth 
of about 100 m . A recent analysis of océano
graphie conditions in the area indicates that 
surface currents in the Great Channel set to the 
west at about 0.8 m / s e c during m u c h of the 
year and that a subsurface flow sets to the east, 
into the A n d a m a n Sea, below the thermocline 
depth (R. H . Sullivan, Jr., U . S. N a v y Fleet 
Weather Service, personal communication). 

Observations. O n 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 k m ) in a 
north-south direction were observed in the 
A n d a m a n Sea north of Sumatra (see Figure 2 ) . 
A t least five of these zones, with a spacing of 
about 3200 m between each zone, were observed." 
T h e 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 N N W wind and a surface water tem
perature of 2 9 ° C were observed, but neither 
changed significantly as the ship crossed the 
bands of choppy water. Detailed salinity m e a s 
urements were not m a d e while crossing the 
bands; however, routine bi-hourly salinity s a m 
ples showed a m a x i m u m regional salinity gradi
ent of 0.03%o per k m . Later in the day, several 
other bands of similar dimensions, but having 
smaller waves, were observed. 

O n June 13, similar north-south trending 
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Fig. 1. Indian Ocean area. 
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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 S S W 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 time at which the 

bow of the ship entered a chop line and the 
time the stern entered the same line was ob
served. B y 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 B T 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 B T 
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Fig. 2. Trackline of U S C & G S ship Pioneer, June 12-13, 1964. Crosshatched areas indicate 
places where surface disturbances were observed. Depth contours in meters. 

observations (see Figure 3) . Each B T record 
taken while crossing the chop lines showed a 
split trace in the thermocline region. A maxi
m u m 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 B T traces against the time elapsed 
during the observations. The temperatures re
corded during the descent of the B T 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 m a x i m u m 
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 . 

U p o n completing the special B T observa

tions, the Pioneer resumed its westward course 
through the Great Channel into the B a y 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 B T observations indicated 
an intensification of the temperature gradient 
in and a rising of the thermocline. F rom 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 océanographie sta
tions in the A n d a m a n Sea in M a r c h 1963 while 
that ship w a s operating under the National 
Science Foundation P r o g r a m in Biology for the 
International Indian O c e a n Expedition. A t one 
of these stations a low roar accompanied b y 
breaking whitecaps w a s observed as the bands 
passed the ship in a flat calm sea ( E . C . L a F o n d , 
U . S . N . Electronics Laboratory, 1965, written 
communica t ion) . 

In m o r e restricted areas similar but smaller-
scale, elongated surface features occasionally are 
caused b y converging currents, b y tide rips, or 
b y the influence of bot tom topography. Pickard 

[1961] has observed similar surface p h e n o m e n a 
on a m u c h reduced scale in certain inlets along 
the British Co lumbia mainland. His surface 
p h e n o m e n a were related to progressive internal 
w a v e s associated with a shear zone between in
flowing bot tom water and outflowing surface 
water in a positive estuarinc situation. 

B a n d s of surface chop have also been asso
ciated with oceanic fronts. Such fronts are gen
erally characterized b y strong horizontal t e m 
perature gradients at the surface and b y m a r k e d 
faunal and color changes \Knauss, 1963] . A 
pronounced lateral shear in the surface flow is 
often in evidence as the observing ship crosses 
the disturbed b a n d of water. T h e 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 k m on either side 
of the five special B T 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 A n d a m a n 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) m a k e 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 m a n y 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, 
B T ' 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. O n 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. H o w 
ever, investigations by R . H . Sullivan, Jr. U . S. 
N a v y Fleet Weather Service, personal c o m m u 
nication, 1964), indicate that a strong shear flow 
m a y 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/cm 3 . 
F rom 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/cm 8 . Using 40 m for the ampli
tude of the internal wave, and the formula 
r¡0 = — Z(p — p')/p [Defant, 1961], where r)„ 
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 océanographie condi
tions north of Sumatra during m u c h of the year, 
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and reported sightings of disturbed bands of 

water stretching from horizon to horizon, w e 

believe that the existence of the phenomenon re

ported herein m a y be c o m m o n in this part of 

the world, and its occurrence on June 13, 1964, 

probably was not unique. 

M o r e 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 

m a d e using at least two ships equipped with 

thermistor chains. 

Conclusions. T h e zones or narrow bands of 

choppy water sighted by the U S C & G S ship 

Pioneer in the A n d a m a n 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 u n c o m m o n 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 

m a y be related to a shear zone resulting from a 

well-mixed upper layer of w a r m , low-salinity 

water flowing westward over cooler, higher-

salinity water flowing eastward through Great 

Channel north of Sumatra. 
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Reprinted from Defence Science Journal (India), vol. 16, no. 1, 1966, p. 47-50 

OFF SHORE SEA AND SWELL STUDIES IN THE INDIAN SEAS 

P . S. ¡5KIVA.STAVA, K . JOHN T H O M A S A N D D . K . N A I R 

Indian .Naval Physical Laboratory, Cochin 

•Revived 24 June 1965) 

Oft'shore sea and swell measurements on board INS K 1 S T N A during (lie International 
Indian Occur Exi>edition have been presented. Spatial diagrams showing signilicant height, 
average period and direction of wave approach have been given. A comparative study of wavo 
hindcasts using Wilson's method with the observed values has been presented. 

"Sea" is defined as the waves which are generated locally and in which all the fre
quencies are present. W h e n the waves pass out of the generating area the low high fre
quency waves are outstripped by the large waves of low frequency and w e get nearly 
regular waves, which are known as swell. The roughness of the sea surface is a 
guiding factor in ship movement. Picrson 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 a n 
sen and James2 of the U . S. Océanographie Office have shown that 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. Sea state, to a great extent, decides the variation in the 
thickness of this.layer. 

Bathymétrie 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 
Department 4~-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 OY 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 I N S K I S T N A 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 al,1 (Fig. 1). The floats were lowered from the stern 
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of the 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. 

and (d) wave height was estimated visually. 

For every wave parameter at 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 I N S K I S T N A 

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 

•Nj Fig. 2—4. Based on the data for 0—14 cruises 
and also on the data presented in the Atlas 

,Fig. 1—Measurement of wave parameter. 

MARKERS OF 
10 m INTERVALS 

»• CRUISE 

— - - . - «i£--4r 

.Fig. 2—Spatial diagram [+- sea and swell directions; T—average period in seconds and H—significant 
height in metres] 
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of sea and Swell issued by the U . S. Océanographie Office, monthly maps of the areas 
surrounding India depicting sea state (calm, moderate, moderately rough, rough and very 
rough) have been published by Srivastava7. 

A n instrument using pressure bellows for self recording of wave-height and wave 
period and capable of being operated from a ship, has been constructed. It will be put 
to field trials in the future cruises of INS K I S T N A . 

THEORETICAL COMPUTATIONS OF W A V E PARAMETERS FROM 
SURFACE SYNOPTIC W E A T H E R CHARTS 

W a v e parameters for a few stations of the cruises of INS Kistna, using Wilson's8 

method were calculated. A typical curve showing the comparison of wave hindcasts 
with observed values is given in Fig. 5 and 6. 

Fig. 3r-rSpatial diagrams (*—sea and swell directions; T—average period in seconds and H—signifi* 
•cant height in .metres] 
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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 . W i n d fields have been 
calculated along the alternate longitudes (i.e., 
e'very 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 -with observed values [o-o— 
hincasted significant period ; f § observed average period] 
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SEA-LEVEL VARIATIONS ALONG THE WEST-COAST OF INDIA* 

V S. R A M A RAJU and V. HARIHARAN 

Océanographie Research Wing of Indian Ocean Expedition, Cochin** 

Abstract 

The diurnal and seasonal variations of sea-level at Cochin during the years 1958 and 
1959 indicate that there is an annual range of 18 inches in sea-level, most of the variation 
occurring during the period August to December- The short period fluctuations in sea-level 
observed during south-west monsoon period bear a close association with the rainfall during 
this season. A deviation of 21° between the surface wind direction and the surface drift is 
arrived at; the departure from the theoretical value of 45° in the open ocean m a y be attributed 
to the shallowness of the region off Cochin. 

The general trend of secular variations of sea-level along the west-coast of India 
indicates that the variations are considerably large for Bhaunagar (1.77 cm/year) and small for 
B o m b a y (0 03 c m year). Studies on the periodicities show that in the case of B o m b a y and 
Bhaunagar an 18 years cycle among other periods is also indicated. Further, studies on sea-
level variations in relation to precise levelling data at Cochin indicate that the observed sea-
level variations are not only due to variations in the water level but also due to variations in the 
level of the neighbouring land. 

Introduction 

Tide-gauge records in harbour show that the varying perturbations of 

sea-level are superimposed over the regular tidal oscillations. The abnormal 

occurrence of very large deviations from the predicted tides is generally asso

ciated with tidal waves generated by earthquakes, submarine landslides, severe 

cyclones, etc. But the more frequent deviations of observed sea-levels from the 

predicted tides occur due to the influence of océanographie and meteorological 

factors. These factors are mostly dependent on one another and it is rather 

difficult to study their individual effects as several of them act together. The 

object of the present study is to (i) investigate the influence of various meteo

rological and océanographie factors more favourable and responsible for the 

frequent deviations of observed sea-level from the predicted values at Cochin, 

Presented at the symposium on "Problems in Geophysics Relating to the Crust of the 
Earth", held by the Geophysics Research Board in January 1964 at Hyderabad. 
Redesignated as the Physical Oceanography Division of the National Institute of Oceano
graphy, Cochin. 
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and (ii) understand the secular trends in the mean sea-level at certain stations 
along the west-coast of India. • The various meteorological and océanographie 
factors that are considered to be responsible for the short period deviations are 
(a) rainfall and runoff, (b) atmospheric pressure variations, (c) wind effect, 
(d) seasonal variations of density in a vertical column of water, and (e) the 
secondary phenomenon of 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 December 1959 are collected 
from the tide-gauge records of Cochin Port. Data on pressure, winds, rainfall, 
etc. are taken from the Indian Daily Weather Reports. In the study of sea-level 
variations at Cochin, the meteorological data available at Minicoy Island weather 
station have been found to be extremely useful. 

The ' meteorological effect ' is obtained either by subtracting predicted 
astronomical tide from the observed sea-level or by computing the average of 
the hourly heights of observed elevations for a period of twenty four hours. 
The former method has the drawback that the reliability of the value depends 
on adequate prediction of tides. Moreover the results include secondary pheno
menon such as seiches or surges. This method may not be sound, especially in 
shallow waters, as the constituents of the tides may be altered. In the present 
study the latter method is preferred as it eliminates to a large extent the regular 
astronomical tides and also reduces the transient variations. The meteorolo
gical effect thus obtained is called the "non-tidal sea-level". 

For the study of the secular variations along the west-coast the continuous 
mean sea-level data uncorrected for meteorological and eustatic variations 
available from the publications of I A P O (Publication Scientifique N o s . 19 and 20) 
for Cochin, B o m b a y (Apollo Bandar,, Bhaunagar and Kandla 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. 

O f the several methods n o w available for the computation of secular 
trends in geophysical time series, the method of periodogram analysis 
( K E N D A L L , 1951) is used for the stations Cochin, B o m b a y and Bhaunagar from 
where the data are available for fairly long periods (about 15 years or more). 
The authors are aware of the limitations involved in this type of study with data 
of 15 or 20 years. However, an attempt 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 of Results 

Diurnal and Seasonal Variations of Sea-level at Cochin 

The variations of non-tidal sea-level during 1958 and 1959 are shown in 
Figs. 1 and 2 respectively. During earlier months of both the years the m e a n 
sea-level remained almost steady with minor fluctuations, whereas wide varia
tion in level exists during the period July to December. Further, it is seen that 
the m a x i m u m and m i n i m u m values of sea-level exist during the latter half of the 
year. The m e a n sea-level during 1958 is 29.9 inches and though there is a rise 
of 2.5 inches in m e a n sea-level during 1959, the annual range is 18 inches during 
both the years and thus the seasonal trend appears to be maintained. 

Rainfall and Runoff 

At Cochin, out of the average annual rainfall of 115 inches, about 80 
inches of rainfall occur during the months of M a y , June, July and August. 
Though the direct influence of rainfall and runoff on sea-level is purely tempo
rary there is a clear-cut relationship between the short period fluctuations in 
non-tidal sea-level and rainfall during south-west monsoon periods. Figs. 3 and 

7KM£ 

Fig. 3 Fig. 4 

4 show the variation of fifteen days' m e a n non-tidal sea-level and fifteen days* 
total rainfall during the above months. Further, correlation coefficients of 0.94 
and 0.97 between these parameters during 1958 and 1959 suggest that apparently 
during the south-west monsoon period the non-tidal sea-level is closely asso
ciated with rainfall. 

Barometric Effect 

The atmospheric pressure changes in time over a wide area bring out 
changes in sea-level in accordance with the ratios of densities of air and water. 
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This sea-level change equals a column of water having the same weight per unit 
area as the change in atmospheric pressure. The theoretical value is very nearly 
1 c m / m b . But the atmospheric pressure variations acting on small areas of 
water surfaces m a y not show corresponding changes in sea-level. The * baro
metric effect ' is calculated for certain favourable periods of almost negligible 
winds with weak pressure gradients over the sea surface and when there is no 
rainfall, assuming for such periods that the sea-level change is primarily due to 
atmospheric pressure variations. While taking the mean pressure of the day, the 
pressure values at Cochin and Minicoy at the synoptic hours, namely 0830 
hours and 1730 hours 1ST, have been chosen, and the average of these values is 
taken to represent the mean pressure of the day fairly well. As the times of 
synoptic observations are such that the effect of semi-diurnal pressure oscilla
tions is practically eliminated, a fairly representative mean pressure for the day 
is obtained by taking the average of these values. During the two years there 
were twelve such occasions when the sea-levels at Cochin and appropriate varia
tions with the atmospheric pressure changes were available. F r o m these it is 
found that the ' barometric effect ' applicable for sea-level at Cochin is 1.065 
c m / m b and is considered to be fairly in agreement with the theoretical value. 

Winds and Set-up 

According to E k m a n ' s theory of wind currents, winds blowing over the 
sea-surface drag the surface waters at an angle of 45° to the right of the direc
tion of wind. This was proved by K r u m m e l and the important assumption 
m a d e in the theory is that the depth of water is great compared to the ' depth 
of frictional resistance ' ( S V E K D R U P et al, 1942). But in shallow waters the 
deflection of surface drift from the wind will be less than 45° and depends on 
the shallowness of the region. The piling up of water against the coast and 
consequently the rise of sea-level can be expected to be m a x i m u m when the 
surface drift is normal to and towards the coast and the sea-level expected to be 
m i n i m u m 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 of long coast lines. 

In order to find out the effect of wind on 'non-tidal sea-level' at Cochin, 
the surface wind observations of Minicoy Island Station for the complete year 
1959 are taken as representative values over the surface, off Cochin. Figs. 5, 6, 
and 7 show the harmonic analysis of 'non-tidal sea-level' variations with direc
tion of wind at velocity ranges of 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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Fig. 5 

Fig. 6 
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able effect on sea-level and from Figs. 6 and 7 it can clearly be seen amplitudes 
increasing with increasing wind speeds. It is also clear that the wind blowing 
with direction between 210° and 260° are mostly favourable for rise of sea-level 
at Cochin. 

In Fig. 8, the schematic diagram shows the results of favourable condi
tions for m a x i m u m "set-up". The deviation of 21° between the surface wind 
direction and the surface drift directed towards the coast raay represent a 

Fig. 8 

characteristic feature of the shallowness of 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 M e a n Sea-Level 

The secular variations of mean sea-level per year and the standard devia
tions for the four stations Cochin, B o m b a y (Apollo Bandar), Bhaunagar and 
Kandla are calculated by the standard least squares method for the purpose of 
comparison and accuracy and given in the following table (IAPO Publication 
Scientifique N o . 13, 1954). 

T A B L E 

Station 

COCHIN 

BOMBAY 
(Apollo Bandar) 

BHAUNAGAR 

KANDLA 

Position 

Latitude Longitude 

09°58'N 76°15'E 

18°55'N 72°50'E 

21°48'N 72°09'E 

23°01'N 70°13'E 

Period 

1939-'58 

1937-'58 

1937-'55 

1950-'58 

Total 
N o of 
years 

20 

22 

19 

9 

Secular Standard 
Variation deviation 

(0.01 cms/year) 

43 + 15 

3 + 6 

177 + 53 

61 + 39 
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The yearly mean sea-level variations and periodograms are shown in 
Figs. 9 A and 9B for Cochin, 10A and 10B for B o m b a y and 11A and 1 IB for 
Bhaunagar respectively. The mean sea-level variation for Kandla is shown in 
Fig. 12. At all the stations, the general trend of secular variation shows an 

KANDLA 

fit 1 -r 

Fig 12 

199» 

increase in mean sea-level, the highest value of 177 units (1 unit = 0.01 c m ) 
occurring at Bhaunagar in the years considered There does not appear to be 
any gradual variation in the secular trend as w e observe the values from Cochin 
in the south to Kandla in the north. 

The most probable periods as seen from the figure are : 

Cochin 

B o m b a y (Apollo Bandar) 
Bhaunagar 

— 6 and 14 years 
— 5 and 20 years 
— 3,11 and 18 years 

The variation of mean sea-level at any station is either due to the varia
tion in height of the fixed point to which the tidal observations are referred, or 
due to the changes in the depths of the ocean bottom, or due to eustatic varia
tions by the supply of 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 
océanographie factors or a combination of all these factors. Thus the secular 
variation is a complex phenomenon. However, the subsidence of 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 B o m b a y indicated the presence of a periodic variation of 
18 and 20 years respectively. The longitude of the M o o n ' 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 Environments1 

By 

Anna Mani, O . Chacko, V. Krishnamurthy, and V. Desikan 

With 10 Figures 

(Received July 14, 1966) 

S u m m a r y . M a p s showing the. distribution of global solar, net terrestrial and 
net radiation over the Indian Ocean area have been prepared from available 
observations, supplemented by calculations based on other meteorological measure
ments. Annual and monthly maps for four representative months January, April, 
July and October for global solar and net radiation are presented. 

Global solar radiation shows minima over the equatorial and monsoon regions, 
and maxima over land in the high pressure belts of the northern and southern 
hemispheres along the tropics of Cancer and Capricorn, the highest values of 
the order of 220 kcal/cmVyear occuring over North Africa and Arabia. While 
there is very little latitudinal variation over the ocean during the southern sum
mer, the variations are marked during the northern summer. The geographical 
distribution is mainly zonal except in the low latitudes, where areas of higher 
or lower radiation are distributed according to regions of higher or lower amounts 
of cloudiness. 

Net radiation over the ocean is always positive and greater than that on land. 
T h e distribution is mainly zonal, maxima occuring over the sea in the tropics, 
with the highest values in the North Arabian Sea and the ocean areas to the 
northwest of Australia. Minima occur over land in the arid regions of both 
hemispheres and in the monsoon areas where global solar radiation itself is low.' 
There is very little variation over the ocean during the southern summer but 
variations are large during the northern summer. 

Zusammenfassung. Auf Grund des verfügbaren Beobachtungsmaterials, das 
durch Berechnungen an H a n d weiterer meteorologischer Messungen ergànzt wurde, 
wurden Karten fiber die Verteilung del Globalstrahlung, der effektiven langwel-
ligen Ausstrahlung und der totalen Strahlungsbilanz für das Gebiet des Indischen 

1 Published by permission of the Director General of Observatories, 
N e w Delhi, India. 
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Ozeans und seiner Umgebung entworfen. Im nachfolgenden sind die Jahres- und 

die Monatskarten fiir die vier charakteristischen Monate Januar, April, fuli und 

Oktober fiir die Globalstrahlung und die totale Strahlungsbilanz wicdergcgeben. 

Die Globalstrahlung zeigt Minima in den Aquatorial- und d m Monsun-

gegenden, Max ima über Land in den Hochdruckgiirteln dcr Nord- und dcr Siid-

halbkugel in der Gegend der Wendekreise, wobei die hochsten Wertc von etwa 

-'20 kcal/cm2 und Jahr über Nordalrika und Arabien auftretcn. Wàhrend im Siid-

sommer die Breitenvariation über dem Ozean nur sehr klein ist, ist sic im Nurd-

sommer starker betont. Die geographisehc Verbreitung ist in der Hauplsachc 

zonal gegliedert. mit Ausnahme der niederen Breiten, w o die Gebietc hohcrer 

oder nicdererer Globalstrahlungssummen entsprechend den Unterschiedcn dcr Be-

wólkungsverháltnisse verteilt sind. 

Die totale Strahlungsbilanz ist über dem Ozean durchwegs positiv und grcificr 

ais über Land. Die Verteilung ist in der Hauptsacbe zonal, wobei die Maxima 

über dem Meer in den Tropen auftretcn mit Hochstwertcn in der Nordarabischen 

See und in den Meeresgebieten nordwestlich von Australien. Minima licgen über 

Land in den Trockenregionen beider Hemisphâren sowic in den Monsungebicten. 

w o die Globalstrahlung vermindert ist. Über dem Ozean sind die Untersrhiedc 

der Strahlungsbilanz wàhrend des Südsommers nur gering, wàhrend des Nord-

sommers dagegen grófier. 

Resume. A u vu des observations disponibles complétées de valeurs calculées 

en partant d'autres données météorologiques, on a établi des cartes de la répar

tition du rayonnement global, du rayonnement effectif émis à grandes longueurs 

d'ondes et du bilan radiatif total, et cela pour la région de l'Océan Indien et ses 

environs. O n donne maintenant des cartes du rayonnement global et du bilan 

radiatif total pour l'année entière et pour quatre mois caractéristiques, à savoir 

janvier, avril, juillet et octobre. 

Le rayonnement global présente des minimums 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 tropi

ques du Cancer et du Capricorne. Les plus hautes valeurs, de l'ordre de 

220 kcal/cm2 par année, se trouvent sur l'Afrique du Nord et sur l'Arabie. Alors 

que les variations dues à la latitude sont très faibles sur l'océan durant l'été 

austral, elles sont plus prononcées durant l'été boréal. La répartition géographique 

est en général zonale à l'exception des basses latitudes où les régions à plus 

faibles Q U plus fortes quantités de rayonnement global sont réparties selon les 

différences de la nébulosité. 

Le bilan radiatif total est toujours positif sur les océans et plus grand que 

sur terre. La répartition 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 Mer d ' O m a n ainsi que sur la mer au nord-ouest de l'Australie. Les 

minimums 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 bilan radiatif sont faibles 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 I G Y and after, particularly in the U S S R , 
have resulted in increasing knowledge of the magnitude and geogra
phical distribution of the components of radiation and heat balance 
over the earth. 

Direct 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 m a d e 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], w h o compiled 

radiation balance data and maps for the latitudinal zones, mainly of 
the Atlantic 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 radia
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 I G Y / I G C radiation data. 
B U D Y K O ' S [6] World 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. 

O n e 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 atmo
sphere and of energy transport and transformation 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 upward and downward fluxes of shortwave and 
longwave radiation over the whole Indian Ocean, both at the earth's 
surface and in the atmosphere. All 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 
océanographie ships. Despite the co-ordinated effort of m a n y 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 
measurements 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. Net terrestrial radiation measurements at the surface are 
m a d e at only 16 stations, net radiation measurements at only 6 and 
infra-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 IIOE 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 m a d e 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 l o b a l Rad ia t i on 

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 radia
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=TAK1 + (l-K1)S], (1) 

in which T0 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 # , is a constant, determining what portion of the possible radia
tion consists of actual radiation with overcast sky conditions. Values 
of the coefficient Kt are taken as 0.35. 
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For the remaining 200 locations, global radiation was computed 
from cloudiness data using the Angstrôm-Savinov formula ( B U D Y K O , 
1956) 

T=T,[l-(l-kt)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 atmo
sphere and of the heights and types of clouds. 

The observed values of global radiation, other than those for 
Indian and Michigan University radiation stations for the IIOE 
period, were taken from the I G Y / I G C Radiation Data published 
by W M O [16] and the Actinometric Reference Book by B E R L I A N D 
[3]. Data of sunshine and cloudiness for the Indian Ocean area were 
taken from I G Y data published by W M O and monthly charts for 
the Indian Ocean published in G e r m a n [15] and U S A [14] Marine 
Climatic Atlases. Observations m a d e in the Indian Ocean area 
during the 28 scientific cruises of the Indian océanographie 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 

Net radiation Q is expressed by 

where the first two terms give the net solar radiation Qy and the 
second two, the net terrestrial radiation Q2. Rs\- is the downward 
shortwave flux or global solar radiation T. r?s| is the reflected solar 
radiation given by T a where a is the albedo. / 2 ; , | is the longwave 
radiation emitted by the earth's surface and RL\. the longwave coun
ter radiation from the atmosphere. 

Direct observations of net radiation Q being m a d e 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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2.2.7. Net Salar Radiation Qt 

Observations of albedo w o e available at only 7 stations in the 
area. M o n t h l y values of albedo were therefore calculated for land 
surfaces from m e a n values given by B I D Y K O [.'>] for various under
lying surfaces, varying from 0..5O for desert areas to 0.10 for moist 
grey soil. T h e albedo of water surfaces is very low, c o m p a r e d to that 
of natural land surfaces. It depends on the altitude of the sun and 
varies from a few per cent at m m n 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. T h e albedo for 
total radiation thus shows definite diurnal and annual variations. 
A lbedo for 41 locations in (IK- Indian O c e a n area w a s calculated 
using Savinov's formula ( B U H Y K O [/>]) for direct radiation. A s s u m i n g 
0.10 for diffuse radiation, albedo for total radiation for water 
surfaces for all these locations w a s computed . Using observed 
a n d c o m p u t e d values of T and «. values of net solar radiation 
<2, — T (\—a) for 163 locations. 122 on land and 41 on sea, were 
calculated. 

2.2.2. Net Terrestrial Radiation 

T h e outgoing longwave radiation 7?,,f from the underlying sur
face follows Stefan's law and is equal to S"&„* where " is the 
Stefan-Boltzmann constant. @ „ is the temperature <>l the surface and 
s is a coefficient, characterising the departure of the radiation from 
that of a blackbody and varies from 0.R.5—1.00 for natural surfaces. 
M u c h of the outgoing longwave radiation is re-radiated by the a t m o 
sphere, depending on its water content, air temperature and cloud 
type and a m o u n t . T h e net terrestrial radiation is given b y the two 
formulae: 

Q,' s o (->> (0.39 - 0.058 ]/7), (3) 

ft = /„ ( 1 - c rr) + 4 j « ffi (Su, - tt), (4) 

where Q2 is the effective outgoing or net terrestrial radiation, 
Q.¡ the net terrestrial radiation with clear skies, 
e the vapour pressure in m m ol mercury, 
n the cloud a m o u n t in tenths, 
O the air temperature in degrees C , 
&,„ the temperature of the surface in degrees C . and 
c a numerical coelticient. 

T h e first formula gives the value of the net terrestrial radiation 
under a cloudless skv and the second allows for the a m o u n t of clouds 
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and the difference in temperatures 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, determining 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. M a p s showing the monthly 
and annual distribution of global radiation from 10° E to 160° E and 

Fig. 1. Global solar radiation 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, April, July 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/cnWyear. Isolines are drawn every 20 kcal/cm2/year. T h e 
total shortwave radiation flux varies from 100—220 kcal/cm2/year 
over the Indian Ocean and its adjacent areas. High values of T 

Fig. 2. Global solar radiation in kcal/cinVmonth: January 

are found over the high pressure belts of the northern and southern 
hemispheres, especially over the deserts of West Asia, Africa and 
Australia, where yearly totals exceeding 200 kcal/cm2 are received. 
T h e highest values reached are 220 kcal/cm2 over North East Africa 
and Arabia. T h e 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. 

T h e lowest amounts ot global solar radiation are received over 
the equatorial belts and the monsoon regions of Asia. T h e 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 h e 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 m a x i m a are reached about 
20—30° S with markedly higher values over land, decreases near 
the equator, increasing again with latitude northwards, reaching a 
m a x i m u m 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 

Fig. 3. Global solar radiation in kcal cm- month: April 

equinoxes. In January or the southern summer, global radiation 
increases southward mainly zonally, with the m a x i m u m 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 m a x i m u m about 20° N . The pattern is broken up in regions 
oí cloudiness, minima occuring around the equator; the lower Values 
coincide with the low pressure areas on either side of the equator, 
where the clouding is m a x i m u m . Over the Indian Ocean itself, global 
radiation shows very little zonal change and does not decrease with 

Fig. 4. Global solar radiation in kcal/cmVmonth: July 

increasing latitude, because of the compensating effect of the incre
asing length of the day in the southern latitudes. 

T h e pattern changes gradually as the sun moves north, till in 
April—May, the pattern is reversed with high values along 25° N . 
Secondary maxima 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 minima in radiation occur in the monsoon areas along the 
west coast of India and South-East Asia. The highest values of 
22 kcal/cm2/month occur over the deserts of North Africa and Asia. 
Over the oceans, the distribution of global solar radiation in July 
is quite different from that in January, with values decreasing 
rapidly with increasing latitudes in the southern hemispheres. 
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The distribution of global radiation in April and October 
resemble qualitatively the annual pattern and other months have 
intermediate patterns of distribution between those described earlier. 
Basically, max ima in global solar radiation occur in the regions of 
the tropical deserts and minima over the equatorial and monsoon 
regions. 

Earlier 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 [12], showed very little or 

Fig. 5. Global solar radiation in kcal/cm2/month: October 

practically no detail over the Indian Ocean area. The maps pre
sented in Fig. 1 to 5 are, however, not very different from those given 
by B U D Y K O in his Atlas of Heat 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 w a r m or cold sea cur
rents. These deviations m a y have different signs for the same type 
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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, 
humidity of the air and cloudiness. 

T h e distortion of the zonal pattern over land is mainly due to 
the effect of differential moistening. There are well marked regions 

Fig. 6. A m o u n t of net radiation in kcal/cniVyear 

of low net radiation associated with arid climates. This is particu
larly pronounced in the deserts of Central Asia, Africa 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 w a r m 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. A n d the m a x i m u m 
values, about 120 kcal/cm2/year occur about 20° S and 20" N over 
the ocean, in the north Arabian sea and the ocean areas to the north
west of Australia. D u e 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. T h e net terrestrial 
radiation over sea being low, net radiation remains high. 

During winter (Fig. 7) with low solar altitudes over the northern 
hemisphere 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 Tropic of Capricorn (10—12 kcal cm 2 ) . Still further south, it 

Fig. 7. Amount of net radiation in kcal/cmVmonth: January 

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. . 

During summer (Fig. 8) the features in the north and south 
hemispheres are reversed. T h e zero line lies about 45° S. North 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. O n land in 
the southern hemisphere it increases in a northerly direction up to 
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the equator. Northward it changes only slightly over the vast expan
ses of land. Over almost the whole of North Africa and Asia it fluc
tuates only between 6—8 kcal/cm'-. T h e net radiation in the Arabian 
sea and the Bay of Bengal arc basically different, both for the year 

Fig. 8. Amount of net radiation in kcal/cmVmonth: April 

and from month to month. It is also evident that large amounts of 
radiation energy are available in the Arabian 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 majority of the climatic zones, changes ol temperature and 
absolute humiditv are associated with each other: with increase in 
temperature, absolute humidity also increases. Since an increase in 
temperature and absolute humidity affect the net terrestrial radiation 
in opposite ways, the changes arc comparatively small. 
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T h e greatest amounts of net terrestrial radiation are observed in 
the tropical desert, where they reach values of 80 kcal/cm2/year. 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 

T h e 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. Amount of net radiation in kcal/cm l/month: July 

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. T h e intercom-
parisons of pyranometers and net pyrradiometers used in various 
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countries and the reduction of the data to a c o m m o n 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 [10] estimates of 

Fig. 10. Amount of net radiation in kcal/cnWmonth: 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 

357 



(IS 

expensive. Radiation measurements from satellites should be expec
ted to contribute in some measure towards a solution of this basic 
problem. 
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Monthly W a v e Characteristics of the Arabian Sea 
P. S. SEIVASTAVA, D. K. NAIR and K . R. RAMAN KARTHA 

I. N. Physical Laboratory, Cochin 
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A B S T R A C T . The monthly wave characteristics of the Arabian Sea are'reported.bascd on an analysis of tho 
ware data published in the Indian Daily Weather Reports of the India Meteorological Department for the period 
1960-1961. June and July are the roughest months in the Arabian Sea and October the oalmest. The m a n m i m 
height of the highest ten per oent wave which has actually occurred in the month of June is 12-8 m . 
The direction of approach of such waves ranges between W and S W . 

1. Introduction 

The knowledge of the sea state will be of use in 
problems related to naval architecture, navigation 
and naval warfare (Srivastava 1964). N o m a p 
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 . 
N a v y 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 for a short period was made earlier 
relating to Bay of Bengal (Chakravortty and 
Bhattacharjee 1957). A n analysis of the wave 
data reported for the five-year period 1960—1964 
and monthly charts of wave characteristics are 
presented in the paper. 

2. Analysis ot 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. A typical m a p 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. A n estimate of the m a x i m u m of highest 10 
per cent waves which could possibly occur in 2°-
square can be obtained by multiplying the maxi
m u m significant height reported in each 2°-square 
for each month by 1-27. The m a x i m u m of the 
highest 10 per cent waves thus found were plotted 
for each zone for each month and contoured. A 
typical m a p for the month of June is presented in 
Tig. 2. The areas shown by dots in the m a p 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 I N P L Departmental Report (see Réf.). 

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 S W . The m a x i m u m 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). 

- 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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Fig. 1. W a v e characteristics—June 
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Fig. 3. W a v e characteristics — July 
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A NOTE ON CURRENT MEASUREMENTS AT ANGRIA BANK IN THE 
ARABIAN SEA 

by K.V.K. NAIR and P.M.A. BHATTATHIRI* 

Health Physics Division, Bhabha Atomic Research Centre, Trombay, Bombay-T4 

Current measurements were carried out at two stations (1:16°34'N, 72°01'E; 
2:16°25'N, 72°06'E) in the Angria Bank in the Arabian Sea. A n E k m a n -
Merz current meter was used for measuring the currents over a period of 24 
hours at each station, covering the full cycle of semidiurnal tide. A n analysis 
of the data indicated residual currents with average velocities of 0.23 knots 
and 0.29 knots respectively at Stations 1 and 2 . The current directions were 
West Southwest at Station 1 and West at Station 2 . This was in accord with 
the inference on water movements based on salinity temperature data at the 
Bank. 

I N T R O D U C T I O 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 4 0 m and 125h 
31m before N e w M o o n Spring High Water (December 5, 1964). A n E k m a n -
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 J A N J I R A 
(Maharashtra 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 2 A and 2B. 

* Present Address: Biological Oceanography Division, National Institute of Oceanography 
Ernakulam, ' 
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T h e current ranges at the three depths at Stations 1 and 2 are given in Table I. 

T A B L E I 

Current ranges at different depths 

Station N o . Depth (m) 
(below the surface) 

Range (Knots) 

1 
10 
20 

1 
12 
24 

0.17-0.63 
0.30-0.68 
0.36-0.74 
0.16-0.68 
0.32-0.75 
0.24-0.75 

• 0 60 

N 0 

-0-50 
1m 0 

• 050 

0 

- 0 5 0 

• 

-

N 

- • 

^ N ^ 

rTTR 
—^v; 

1200 18 00 0000 
T I M E (HRS.) 

0600 1200 
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Residual currents (Table II) over the period of observation were calculated by 
vectorially adding the individual hourly observations. 

TABLE II 
Residual currents at the two stations 

Station N o . 

1 

2 

Depth (m) 
(below the surface) 

0 
10 
20 
0 

12 
24 

Residual 

Speed (Kts.) 

0.15 
0.22 
0.21 
0.31 
0.33 
0.22 

currents 

Direction 

23° W of S 
72° W of S 
76° W of S 
75° W of N 
88° W of N 
41° W of N 

•0-50r 

- 0 SO 
1nt 0 

^ ^ ^ \ v \ \ \ } 4 J • \ 

1700 2300 1100 1700 0S00 

TIME (HRS) 

FIG. 2 B WIND A N D C U R R E N T V E C T O R S A N D N O R T H A N D E A S T 

C U R R E N T VELOCITY C O M P O N E N T S AT STATION - 2 

J^ WIND VECTORS ^ " " C U R R E N T VECTORS 

f V NORTH-EAST COMPONENTS SCALE -
10 20 30 KTS. 

WIND 
CURRENTS 

g OS 10 KTS, 
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D I S C U S S I O N 

The observed current speed maxima of 0.74 and 0.75 knots at Stations 1 and 2 
respectively m a y be considered minimal values since the observations were made 
during the neap tide period. The current vectors (Figs. 2 A , 2B) suggest that the 
tidal currents are more oscillatory than rotational in character. At both the 
stations, the current was directed S S W to W S W during low tide. At high tide the 
directions were predominantly N N W to N N E at Station 1 while at Station 2 the 
current was N N W 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 S S W at O m depth and W S W at 
10 and 20 m depths at Station 1. At Station 2 the residual current directions were 
N N W 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). 

A C K N O W L E D G E M E N T S 
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O N THE LEVEL OF LEAST MOTION A N D THE CIRCULATION IN THE 
UPPER LAYERS OF THE BAY OF BENGAL 

by V. V. R. VARADACHARI, C. S. M U R T Y and PIYUSH KANTI DAS 
Physical Oceanography Division, National Institute of Oceanography, Ernakulam 

The paper presents the circulation pattern in the upper 500 metres of the western 
Bay of Bengal between 9 ° N and 16°N during the south-west monsoon period, 
based on the geo-potential anomalies computed from the hydrographie data. 
The circulation is characterised by two anti-cyclonic cells centred at 11°N 83 °E 
and 16°N 8iE with a zone of strong cyclonic shear between them. The strength 
of the circulation decreases with depth and it becomes feeble below a depth of 
400 metres. The level of least motion is situated around 500 metres depth. The 
methodology in choosing the reference level is discussed. 

I N T R O D U C T I O N 

Studies on the circulation in the Bay of Bengal based on the dynamic computa
tions are quite meagre. Mention m a y be made of the dynamic computations of 
currents off the Visakhapatnam Coast, by Poornachandra 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* 
" V I T Y A Z " . 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 of I.N.S. " K I S T N A " 
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. 

MATERIAL AND METHODS 

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 hydrographie 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. 

F I G . 3. Geopotential topography ot the sea surface relative to 500 decibars in centidynamic metres. 

C H O I C 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. If 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. M a n y 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 m a d e by Defant (1941). Although, this method m a y 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 of 'least 
motion'. It involves the analysis of the difference in the dynamic depths of the 
isobaric surfaces between station pairs. A n examination of Fig.2 representing 
the plot of the dynamic depth difference of 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 of 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 of'least motion'. 

D I S C U S S I O N O F R E S U L T S 

T h e circulation patterns for the western Bay of 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. T h e current follows the geopotential 
contours indicated in the figures and the strength of the current is inversely pro
portional to the spacing of 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 of 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 of Godavari and Krishna 
river mouths to about 87°E longitude. Another anticyclonic circulation 
shows u p beyond 90°E longitude. 

(b) The strength of the current decreases with depth. The strongest currents 
obtained at the surface have speeds of about 3 knots. At 400 metres 
depth, the currents are very feeble with speeds not exceeding 0.1 knot. 
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F I G . 6. Geopotential topography of the 400 decibaric surface relative 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 m e a n circulation pattern in the Bay of Bengal for the month of 
June (Bay of Bengal Pilot 1953; Varadachari and Sharma 1967), the dynamic c o m 
putations reveal that the circulation is more complex than that shown in the m e a n 
maps . While the general clockwise circulation in the Bay of 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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SALINITY MAXIMA ASSOCIATED WITH SOME SUB-SURFACE WATER 
MASSES IN THE UPPER LAYERS OF THE BAY OF BENGAL 

by V. V. R. VARADACHARI, C. S. M U R T Y and C. V. GANGADHARA REDDY 

Physical Oceanography Division, National Institute of 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 it 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 watefis sink to different depths subsequent to their entry into the 
Eay. The Persian Gulf water could be traced d o w n to a depth of about 350 m 
while the Red Sea water could be traced d o w n to 900 m depth. 

INTRODUCTION 

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 R a o 1956; 
Balaramamurty 1957) but due to lack of extensive océanographie data, these studies 
had to be confined mostly to the region of the continental shelf on the East Coast 
of India. A n 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 I S 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 m a x i m u m 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 océanographie data collected by the Russian Research 
Vessel " O b " in 1958. Since the stations of " O b " 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. 

MATERIAL AND METHOD 

Figure 1 shows the distribution of stations occupied during the 15th and 16th 
cruises of I .N.S. " K I S 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. 
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FIG. 1. M a p showing the station locations. 

R E S U L T S A N D D I S C U S S I O N 

T w o 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 maxima and the depths of their occurrence are noticeable. The <*t 

limits of these water masses, agree with those described by Rochford (<n=26.2 
to 26.9 for Persian Gulf water and <n=26.95 to 27.4 for the Red Sea water). 

(a) First Salinity Maximum: 

This salinity m a x i m u m lying between at limits 26.2 to 26.9 and salinity limits 
35.03 %, to 35.35 %„ 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 Gulf of Aden . Hence, he considered Persian Gulf as the origin 
for this m a x i m u m . 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. A n examination of the distributional charts of salinity 
m a x i m a (Fig. 2) and the depths at which the m a x i m a are noticed (Fig. 3) shows that 

F I G 2. Isoline of first Salinity maximum (Persian Gulf water). 

FIG. 3. Depth contours of first salinity maximum (Persian Gulf 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. F r o m the available data, it m a y 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 Gulf water is about 3 /¿g at/1. In the present study, most of 
the stations show phosphate values between 1.0 to 1.9 /¿g at/1, at the level of occur
rence of the Persian Gulf water. High values (2.5 to 3.0 Mg at/1.) are encountered 
only between Lat. 10°N and 11CN (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 m a x i m u m and extremely high phosphate content, suggestive of a 
discrete water body, perhaps having a very long residence time. The high phosphate 
content m a y 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 <rt limits of 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 al. 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 m a y sink to different 
depths under the influence of the clockwise circulation or shoal up under counter
clockwise circulation. It could be traced as far as 16°N. However, west of 82°E 
Long, the salipity m a x i m u m could not be located except at 14°N, 81°E. The 
m a x i m u m depth of occurrence is about 900 metres. The intense sinking region 
roughly coincides with that for Persian Gulf water (Lat. 1 1 N ) . At a few stations 
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two salinity m a x i m a within the at range of Red Sea water, appear at depths ranging 
from 400 to 900 m (Stations 356, 368, 394, 396 and 404). L o w values of salinity 

FIG. 4. Isolinesof second salinity maximum (Red Sea water). 

Fio. 5. Depth contours of second salinity maximum flUd 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 /ig at/1. Higher values of phosphates (2.0 to 3.8/xg at/1.) are found at stations 
370 to 374. It m a y be pointed out here that around the same region the Persian 
Gulf water also shows m a x i m u m phosphate concentrations, excepting that the high 
phosphate region is slightly extended towards the east for the Red Sea water. 

C O N C L U S I O N S 

T w o 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. F r o m the 
available data ("Ob", 1958 and the present data), it appears that the two waters 
m a y be flushing in during the southwest monsoon period and retreating during the 
northeast monsoon period. The high phosphate concentrations of Persian Gulf 
water (3.0 /xg 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 /*g 
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 INFLUENCE O F S O M E H Y D R O G R A P H I C A L FACTORS O N T H E 
FISHERIES OF COCHIN A R E A 

by V. N . SANKARANARAYANAN and S. Z. QASIM 

Biological Oceanography Division, National Institute of Oceanography, Cochin-ll 

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. M i n i m u m oxygen of less than 
0.5 ml /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 c o m m o n occurrence during this 
season. F r o m November onwards there is a reappearance of fish shoals in coastal 
waters and a resumption of large scale fishing activity. 

I N T R O D U C T I O N 

M a n y 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 B o m b a y area, rather sudden and 
pronounced variations in temperature, salinity and oxygen, resulting from upwell
ing, influence the availability of fish (Carruther et al. 1959). Similarly from 
Cochin to Calicut, Banse (1959, 1966) by making use of the earlier informa
tions and from his o w n 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. 

F r o m 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. M o r e specific information on upwelling can be obtained 
from the accounts given by Ramamirtham and Jayaraman (1960), Sastry and 
Myrland (1959), R a o 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. 

METHODS 

T w o 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 E S U L T S A N D D I S C U S S I O N 

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. It 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 m a x i m u m and m i n i m u m values of these parameters alternate 
with each other. Temperature variations are more pronounced at the bottom 
than at the surface. M a x i m u m temperature is recorded in the month of April 
and m i n i m u m in August and September. F r o m December to M a y 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 M a y , when the salinity is at about its m a x i m u m , 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 m o n 
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 M a y onwards when the surface oxygen is increasing, the bottom 
oxygen shows a sharp decline, reaching its m i n i m u m 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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TABLE I 

Values of temperature, salinity and oxygen at station 2 in some months of the year 
1965-66 

Temperature °C 

Surface 
Bottom (30 M ) 

Salinity %„ 

Surface 
Bottom (30 M ) 

Oxygen ml /L 

Surface 
Bottom (30 M ) 

Febru
ary 

28.80 
28.00 

33.13 
33.89 

4.34 
3.31 

1966 

March 

30.00 
29.25 

34.21 
34.57 

3.68 
4.05 

Months 

April M a y 

31.00 
29.50 

34.54 
35.24 

4.92 
4.24 

29.50 
29.00 

35.34 
35.39 

4.77 
3.77 

1965 

October N o v e m 
ber 

28.10 
24.52 

27.35 
35.35 

5.43 
0.28 

29.00 
28.40 

35.23 
35.41 

5.16 
4.21 

Decem
ber 

29.00 
28.00 

32.83 
33.51 

4.78 
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. 
It 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. 

F r o m the hydrographie 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
m u m 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., m i n i m u m 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 M a y . 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 m m , of which nearly 75% occurs from May-September. M a n y 
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 m o n 
soons, from the available data it appears that the phenomenon is not well synchroni
zed throughout the west coast at the same time. It 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-
deficient water seem to regulate the local fisheries. The termination of the fishing 
season towards the end of M a y , 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 m a y 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 d o w n south, 
near Quilon, trawling was most encouraging. A n 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. It m a y 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. 

T o 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 c o m m o n occurrence along the south-west coast (Bhimachar and George 1950; 
Subrahmanyan 1954; Prakash and Sarma 1964). It 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). It may be recalled that fishing season starts from October when 
both fish and prawns begin to reappear in large numbers in coastal waters. It is 
gradually intensified and the peak season approaches during a period when stable 
conditions begin to prevail in the sea. 
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SEASONAL VARIATION IN H E A T FLUX F R O M THE SEA SURFACE OVER 
T H E B A Y OF B E N G A L 

by R. R A M A N A D H A M , G. R. LAKSHMANA R A O and D . P. R A O * 

Department of Meteorology & 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 m i n i m u m 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 N T R O D U C T I O N 

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 m a d ¿ from pans placed on board 
of G e r m a n 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 m o m e n t u m 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 
W e b b (1956). 

Sverdrup (1937) suggested a mass transfer equation for computing evaporation 
•which is followed by m a n y 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, G o a . 
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Investigation on energy transfer over North Indian ocean 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. 

METHODS AND DATA 

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 - *- -ÉL 
*-Kndz (1) 
Qi ~ Vp K s 9 ~dl ~ ~ " '~dï .(2) 

and 
Q, = LE=-LK,§ ( 3 ) 

Here standard notation is followed. It will be n o w assumed, that the height 
above the sea at which all the three atmospheric properties are measured, is identical 
and that 

K m = K , = K e = K (4) 
T, , du 

sothat K = T / - ^ - ( 5 ) 

Substituting (5) into (2) and (3) and further using 
x„ = P C D w„2 (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 V o n Karman's constant. 

W e express the derivatives in terms of finite differences for the vertical intervals 
Az=z0—zo, so that 
A M = ( M 0 — o ) = M„ 

àT=(Ta-Ta) = - ( To - Ta ) 
àQ=(Qa-Qo)= - (Qo-Qa) J (7) 
Substituting (4), (5), (6) and (7) into (l)-(3), w e obtain three transfer equations. 

i, = p C j a . ! (8) 

Q. = P CD Cv (To-Ta) ua (9) 
Qe = LE = pLd, (go - Qa) M„ (10) 

.,} 
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The value of CT) is taken as 1.4 x 10"3 for a mean wind speed of 15 knots from 
the graph given by Deacon, Sheppard and W e b b (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 (t0-Ta) ua gm.cal/cm2/day (11) 
and 

E = 4.13x10-* (eB—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. F r o m the sea suiface temperature T 0 the saturated vapour 
pressure is obtained from the formula e o=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. 

SENSIBLE HEAT TRANSFER : Q s 

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 Q s values are m a x i m u m in the southern parts 
of the Bay and gradually decrease with latitude towards north. Near the head of the 
Bay again the magnitude of Q s 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 Q s 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 Q s appears to be latitudinal. With the 
advent of south-west monsoon reaching its m a x i m u m in July there is complete trans
formation of sensible lieat field all over the Bay. V/ith consistent strong winds 
blowing over northern parts of the Bay, having sufficient sea-air temperature difference 
maintained, the sensible heat transfer reaches its m a x i m u m value for all seasons ex
ceeding 35 g cal/cm2/day. In the south there is a secondary m a x i m u m over 
the eastern parts of the Bay and the value of Q s decreases towards west where the 
flow of Q s is reversed. During the month of October, with the retreat of south
west monsoon the Q s m a x i m u m is shifted to the southern parts of the Bay having 
m i n i m u m 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 I G . 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 w a r m 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 w a r m 
waters of Red Sea origin which are flowing from Arabian Sea into the equatorial 
Bay and Southern Bay m a y be responsible to certain extent for the high sensible 
heat transfer in the month of October. 

E V A P O R A T I O N : 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 w a r m 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 m a x i m u m value over 
the southern Bay for all the four seasons and the min imum 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 min imum is maintained. By January, 
the evaporation decreases all over the Bay except from a small area over the central 
Bay. 

B O W E N ' S R A T I O : 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 o r Q i / L E 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. O n 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 min imum 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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F I G . 2. Evaporation over the Bay of Bengal. 

TABLE I 
Bov/eris 

January 

0.038 
0.027 
0.020 
0.015 
0.008 
0.005 
0.003 
0.012 
0.022 
0-400 

Ratio 

April 

0.060 
0.054 
0.053 
0.050 
0.026 
0.008 
0.008 
0.016 
0.021 
0.018 

July 

0.023 
0.005 
0.006 
0.020 
0.012 
0.003 
0.020 
0.044 
0.068 
0.130 

October 

0.070 
0.048 
0.031 
0.020 
0.014 
0.017 
0.028 
0.044 
0.047 
0.084 
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M O N S O O N CIRCULATION F R O M OBSERVATIONS OF NATURAL R A D O N 

RAMA 
Tata Institute of Fundamental Research, Bombay 5 

Received 28 March 1969 

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 d p m / m ). Those in the 
monsoon air over the West Arabian Sea are similar but gradually increase to higher values (20-30 d p m / m 3 ) 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. I N T R O D U C T I O N 

During the months of June, July, August and 
September, a moist homogenous south westerly cur
rent of air (south west monsoon), about 5 k m 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 k m level, coming from 
the southern hemisphere (deflected south east trades); 
and the upper relatively dry continental air mass (from 
1 k m to about 5 k m 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 k m thick layer 
appears as one homogenous moist air mass. The 
moisture content of this 5 - 6 k m 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 mdisture 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. T w o 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. A s the two 
constituent air masses move eastward, there is a • 
gradual mixing between the two and the inversion 
level gets lifted from 1 k m upwards, till at some dis
tance from the Indian coast the inversion completely 
disappears and the whole 5 k m 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 of 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 

Lower Layer Upper Layer 
Surface to 900 m b 900 m b to 600 m b 

1.5 g/cm^ 1.4 g/cm^ 

West coast of India 
(East Arabian Sea) 

Homogenous Layer 
Surface to 900 m b 900 m b to 600 m b 

1.7 g/cmr 3 g/cm 

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 d p m / m 3 ) 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 

Fig. 1. Concentration of radon in surface air over the Arabian Fig. 2. Concentration of radon in surface air over the Arabian 
Sea and the Indian Ocean. Units ( d p m / m 3 ) . Sea and the Indian Ocean. Units ( d p m / m 3 ) . 

m u c h . 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. A s 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
m e n o n . 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. E X P E R I M E N T A L 

For measuring the concentrations of radon in air, a 
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Fig. 3. Concentration of radon in surface air over the Arabian 
Sea and the Indian Ocean. Units (dpm/irP). 

40* 45* SO* 55* 

Fig. 5. Concentration of radon in surface air over the Arabian 
Sea and the Indian Ocean. Units ( d p m / m ^ ) . 

40' 45s SO' SS* SO* 6? 

Fig. 4. Concentration of radon in surface air over the Arabian 
Sea and the Indian Ocean. Units ( d p m / m ^ ) . 

Fig. 6. Concentration of radon in surface air over the Arabian 
Sea and the Indian Ocean. Units ( d p m / m ^ ) . 

simple and convenient method was employed. The 
air was filtered at constant speed (using a positive dis
placement p u m p ) 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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40* 45* 50* 55* SO* 65* 70* 75* 

4 0 * 4 ? 50* 5Í 6? 65* 7<? 7? 80* 

Fig. 7. Concentration of radon in surface air over the Arabian 
Sea and the Indian Ocean. Units ( d p m / m ). 

4rf 48* S O * 5 ? 6 0 s 6 S 5 W 75*80* 

Fig. 8. Concentration of radon in surface air over the Arabian 
Sea and the Indian Ocean. Units ( d p m / m 3 ) . 

tremely low and the counting error then m a y 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 m a y also exist but does not affect the considera
tions based on relative variation of concentrations. 

40* 45* 50* 55* 60* 65* 70* 75* 

Fig. 9. Concentration of radon in surfaceair over the Arabian 
Sea and the Indian Ocean. Units ( d p m / m ). 

3. R E S U L T S 

The results of measurements made over the Arabian 
Sea and the Indian Ocean are shown in figs. 1—9; the 
radon concentrations ( d p m / m 3 ) 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 d p m / m 3 ) , 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 2 0 - 3 0 
d p m / m 3 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 m a d e , but w e m a y obtain an indi
rect approximation as follows. 

The air from the Indian subcontinent is k n o w n to 
pervade •over the Arabian Sea during winter months. Its 
radon content in the month of November ranged from 
25 to 65 d p m / m 3 (figs. 8 and 9) and averaged around 
40 d p m / m 3 . It m a y likewise be expected that the radon 
content of the air coming from the African continent 
would be about 40 d p m / m 3 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 d p m / m 3 . 
The values near the western coast of India average 
around 20 d p m / m 3 . Comparing these with a value of 
~ 40 d p m / m 3 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 m o n 
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. C O N C L U S I O N S 

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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INDIAN OCEAN SURFACE METEOROLOGY* 

C . S. R A M A G E 

University of 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 m a n y 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. 

T o 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 Institute of Geophysics Contribution N o . 225. Supported by the Atmospheric 
Sciences Section, U . S . National Science Foundation, N S F Grant G A - 3 8 6 . 
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20^ 40' 60* BO* 100* 120* IjO' 

Fig. 1.—Wind direction as a monsoon criterion. A change in the mean resultant wind 
direction between January and July of more than 90' indicates that the ocean area 
possesses a monsoonal climate (diagonally hatched); direction change less than 90° 
(stippled); winds in both January and July less than 2-5 m sec _l (vertically hatched). 

Fig. 2.—Rainfall as a monsoon criterion. Periods during which moré than 75% of the 
annual rain falls are regionally delineated; regions with winter rainfall m a x i m u m 
(diagonally hatched, upward to right); regions with summer rainfall m a x i m u m 
(diagonally hatched, upward to left); regions with double rainfall m a x i m u m (cross 
hatched); regions with less than 250 m m per year are classed as deserts (stippled); 
regions accumulating 75 % of the annual rainfall in over seven months are considered 

to have no seasonal m a x i m u m . 

408 



13 

and south of this zone, around the continental periphery, rainfall possesses a 
single summer m a x i m u m . 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. A s 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 V a n 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 ( U N E S C O , 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. 

CONDITIONS IN J A N U A R Y 

M O N S O O N REGION 

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.—Net heat balance at the sea surface as a monsoon criterion. The difference, 
January minus July, is shown in units of langleys per day; computations based on 
Budyko (1956); away from the equator, small changes between January and July are 

confined to regions with wet or cloudy summers and dry sunny winters. 

Fig. 4.—January, m e a n resultant surface winds. Streamlines (full lines); isotachs 
(broken lines) in Beaufort Force numbers; the circulation as represented by m e a n 
resultant winds is closely related to average pressure distribution; centres of average 
anticyclonic and cyclonic flow coincide with centres of average highs and lows; 

friction 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 k m 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 m u c h of the moisture, evaporated 
earlier from the sea-surface by the north-east monsoon, is condensed and the 
released latent heat goes to w a r m the troposphere. The rain-shadowing of 
India and Ceylon weakens the trough's effectiveness over 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 m a y significantly reduce incoming 
radiation and the ocean loses sensible heat to the atmosphere, light winds 
and high humidity minimize evapprational 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 REGION 

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 of observations reporting precipitation 
(after U . S . Weather Bureau, 1957). 

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 k m south of the axis of m i n i m u m 
rainfall frequency (Figures 4 and 5). That this is a significant displacement is 
borne out by measurements m a d e during the M E T E 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 k m 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 m u c h of the 
incoming radiation, enough is received from the sun in this midsummer 
month to produce a net heating at the surface (Figure 6). 

CONDITIONS IN JULY 

MONSOON REGION 

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). 

' M o n s o o n 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 (full lines); isotachs (broken 
lines) in Beaufort Force numbers. 

-July, precipitation. Percentage of observations reporting precipitation 
(after U . S . Weather Bureau, 1957). 

414 



19 

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). 

T o the west, high pressure in the cool south and low pressure in the w a r m 
north extend the monsoon over Africa south to 20° S (Figure 7). Blowing 
S S E rather than S W this monsoon branch belongs in effect to the winter
time trade winds of the southern hemisphere (see page 20). 

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. 

A s 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 d o w n 
stream as warmer waters modify the air mass (Figure 8). A s 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 REGION 

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 m u c h 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 k m farther north, but n o w closer to the 
belt of m i n i m u m 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). 

SEQUENCE T H R O U G H THE YEAR 

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 M a y , nevertheless, in some 
years over some parts of the ocean the resemblances m a y be reversed. 

NORTHERN HEMISPHERE MONSOON REGION 

November to April 

North of 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. O n 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 m a x i m u m 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 
m a x i m u m in April. 
South of 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-Septëmber 

During M a y 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 M a y . 

In M a y 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 M a y 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 M a y , 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 m a k e their appearance some weeks after the moist 
surface south-westerlies have set in (Meteorological Office, 1943). Along the 
west coast of India, the rains m a y start any time from early M a y in the 
south to the second half of June in the north with an average standard 
deviation of six days (Ramdas, Jagannathan and Gopal R a o , 1954). 

Beginning in M a y , 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 M a y . 
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 m a x i m u m . 
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 m a x i m u m 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. M a x i m u m precipitation is usually found somewhat 
south of the trough. 

EQUATORIAL REGION 

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 
m a y 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. 

SOUTHERN HEMISPHERE M O N S O O N REGION 

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 
M a y 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 m a x i m u m 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 min imum shifts 
north-east toward the Timor Sea and the cloud m a x i m u m shifts westward 
to coincide with a rainfall m a x i m u m 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. 

I N T E R - A N N U A L C H A N G E S AT T H E SEA SURFACE 

Until n o w 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 m a d e 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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Fig. 10.—Changes in monthly average net heat balance at the ocean surface between 
corresponding months of 1963 and 1964. Computations based on Budyko (1956); 
isopleths labelled in hundreds of langleys per day; stippled areas, 1963 received less 

heat than 1964. 

and gained considerably more heat in June 1963 than in June 1964, a c o m 
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"' in 1964. 
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Fig. 11.—Same as Figure 10 but for sea-surface temperature. Isopleths labelled in °C; 
stippled areas, 1963 colder than 1964. 

SOMALI CURRENT 

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). H o w 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 c o m m o n — 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. R a m a g e (1968a) has suggested that an explanation 
m a y 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 k m 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. H e 
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 m y 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 m o m e n t 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 m a x i m u m upwelling. Fish can m o v e 
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 m a n y die. Fish accustomed to such temperatures are 'walled' 
off from the upwelling by surrounding very w a r m 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 m u c h by being harbour-bound during the 
height of the summer monsoon. 

NEAR-EQUATORIAL A N D HEAT TROUGHS 

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 m o n 
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 m a x i m u m 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 m a y be accounted for by the fact that not one trough moves 
continuously between latitudinal extremes but, rather, two distinct troughs 
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are involed (Ramage, 1968a). The near-equatorial trough exists alone during 
the winter months. Then, as R a m a n (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 M a y 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 m a x i m u m 
as the continental heat trough develops and intensifies to the north. 

CONCLUDING REMARKS 

Throughout our investigation of Indian Ocean meteorology we obtain 
tantalizing glimpses of what m a y 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. R a m a g e (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, w e 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). M o r e 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 m a n y other meteorological variables 
will soon be undertaken (Bolin, 1967) while the A T S - 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 k m above M S L ) around 
the Southern Hemisphere (Lally, Litchfield and Solot, 1966). O n e 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. O n the afternoon of September 14, 1966, clouds 
reveal the magnitude of the circulation; in the vertical plane, air near the surface 
moves inland where it rises and cools and clouds are formed; at a height of 
about 1 k m a return current, which is warming by subsidence, evaporates the 
clouds along the coast and up to 100 k m offshore; in the Gulf of Mannar the 
south Indian and Ceylon sea breezes reinforce each other. (Photo—National 

Aeronautics and Space Administration.) 
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already added significantly to our knowledge of the atmospheric circulation 
over the southern oceans and there is no scientific reason w h y this powerful 
and relatively inexpensive technique could not be extended over the whole 
globe. 

T o render these new methods most effective, spot soundings must con
tinually be m a d e 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 II (Brocks, 1967) is essential. T o meteoro
logists, the value of complete hydrographie 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 Bay of Bengal 

P. S. SRIVASTAVA*, P. K . VIJAYARAJAN and M . X . JOSEPH 

Naval Physical and Océanographie Laboratory, Cochin 

{Received 17 April 1969) 

A B S T R A C T . The ma.ithly wive characteristics of the Bay of Bengal 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. March is the calmest and June, the roughest month in the area. In June the average wave height is 
1*75 m although the maximum number of depressions and cyclones occur during the month of 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 H M S O , U . K . has pub
lished ocean wave statistics of the world's ocean 
(Hogben and L u m b 1967). It does not give any 
detailed analysis of the waves in the B a y 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 

T h e details of the procedure followed for the 
analysis of the data are similar tó that of Scri-
vastava et al, (loc. cit.). T h e w a v e data for each 
m o n t h were grouped for each 2° square. T h e 
average of the significant w a v e height, the standard 
deviation of the significant w a v e height, the pre
dominant w a v e period and w a v e direction were 
determined for each zone. M a p s depicting the 
average significant w a v e height; the standard 
deviation of tht same , the predominant w a v e 
period and w a v e direction were prepared for 
each m o n t h . A typical m a p for the m o n t h of 
June is presented in Fig. 1. 

T h e highest 10 per cent waves, which could 
possibly occur in 2° square were calculated for 
each m o n t h and were plotted for each zone for 
each m o n t h and contoured. A typical m a p for the 
m o n t h of June is presented in Fig. 2 . T h e areas 

s h o w n b y dots in the m a p represent the low w a v e 
activity areas and the value given therein re
presents the lowest value reported. T h e shaded 
areas represent the high w a v e activity and the 
value given therein represents the highest value 
reported. 

T h e monthwise average w a v e height taking 
the whole of B a y of Bengal as a single unit, is 
presented in Table 1. 

3. Results and Discussions 

A complete set of 24 m a p s depicting the monthly 
w a v e characteristics of the B a y of Bengal is 
presented in the N P O L Departmental Report 
(unpublished). 

B y studying the average wind pattern for fifty 
years as presented in the I M D W i n d Atlas, the 
B a y of Bengal can be divided into following four 
seasons for the study of waves — 

(a) Northeast monsoon (November to February) — 
W i n d mostly northeasterly, 

(b) Pre-monsoon (March-April) — Anticyclonic ' 
wind pattern, 

(c) Monsoon (May-September) — W i n d mostly 
southwesterly. 

(d) Post monsoon (October) —Variable wind 
pattern. 

(a) Northeast monsoon (November to F e b 
ruary)—The waves in general follow the north
east direction of the northeasterly wind pattern, 
except around the Nicobar group of islands, 
where the w a v e direction is variable during the 
m o n t h of January and N o v e m b e r (Figs. 3 and 
4). T h e w a v e amplitudes during the northeast 
m o n s o o n period are in general lower than during 
the southwest m o n s o o n (Figs. 1, 5 and 6) . 

*Pr»sent address : National Institute of Oceanography, Karikkamuri Boad, Ernakulani 
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Fig. 1. W a v e characteristics —June Fig. 2. Highest 10 Per cent high waves — June 

Fig. 3. W a v e characteristics—January 
H—Average significant wave height in metres; 
S—Standard deviation of average height; 

Fig. 4. W a v e characteristic—November 
P—Most predominant wave period in seconds 
N — N u m b e r of observations 

T A B L E 1 

Monthly average wave height taking Bay of Bengal as a single unit 

Month 

January 

February 

March 

April 

May 

June 

Average wove 
height 
(m) 

113 

104 

0'84 

0-87 

1-19 

1-75 

Month 

July 

August 

September 

October 

November 

December 

Average wave 
height 

(m) 

1-39 

1-41 

1-20 

0-97 

0-97 

1-05 
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Fig. 5. Wave characteristics—July Fig. 6. Wave characteristics — August 

Fig. 7. Wave characteristics — March 
H—Average significant wave height in metres,; P -
S—Standard deviation of average height; N -

Fig. 8. Wave characterstics — October 
-Most predominant wave period in seconds 
•Number of observations 

(b) Pre monsoon (March to April) — T h e dr 
ection of w a v e is variable throughout the B a y 
of Bengal. T h e m a p s depicting the average w a v e 
conditions in the B a y of Bengal s h o w that M a r c h 
(Fig. 7), is the calmest m o n t h in the area. T h e 
average height, taking B a y of Bengal as a single 
unit, is 0 - 8 4 m . 

(c) Monsoon ( M a y to September) — T h e direction 
of w a v e ranges between W and S W . T h e waves 
in the monsoons are in general higher than in any 
other seasons. June is the roughest m o n t h in 
the area (Fig.l). T h e average height, taking B a y 
of Bengal as a single unit, is 1*39 m . 

(d) Post monsoon (October) — T h e direction of 
w a v e is variable. T h e average height, taking B a y 
o f Bengal as a single unit, is 0 - 9 7 m (Fig. 8) . 

T h e area southeast of Ceylon is rough throughout 
the year. T h e 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 w a v e height has been 
m a d e (Fig. 9). It will be seen from the figure 
that m a x i m u m n u m b e r of depressions a n d cyclones 
occur during the m o n t h of October, whereas the 
B a y of Bengal is roughest during the m o n t h of 
June . T h e reasons for this apparent a n o m a l y are 
as follows — 

(a) During the m o n t h of June , southwesterly 
wind is blowing steadily over a longer fetch giving 
rise to a steady state a n d this condition prevails 
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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 of Evaporation from the Sea at Waltair 

By R. RAMANADHAM and A. V. S. MURTY ') 

Summary - The values of evaporation for several months from the sea at Waltair are computed 
from climatic means of observations made at a near-shore station at Waltair. The simplified equation 
of evaporation E = K„(ês—êa) ûa, has been used in the computations. 

Introduction 

The simplified theoretical form of evaporation which m a y be written as E=Ka(ês-
¿a) üa - (where Ka is the numerical coefficient of evaporation, w„ is the mean wind 
speed at the level a, ës 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 10~ 4 when E is expressed in centimeters of liquid water 
per hour, u in meters per sec and e in m b . W h e n the climatic means of the observations 
are used together with the independently calculated values of E, J A C O B S found that the 
value of the numerical coefficient becomes 6 x 1 0 - 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 10~4 . The upper limit of the coefficient 
(7.9 x 10~4) as given by D E F A N T [l]2) is approximately the same as above. The lower 
limit (5.0x 10"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 10" 4 and the climatic value 5.0 x 10"4) 
again bear the same ratio (i.e., 3:2). 

The evaporation values m a y 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 10"4 (e s-e,2) uxl where 4.8 is the numer
ical value of Ka adjusted for 12 m level of observations. 

2) Numbers in brackets refer to References, page 102. 
x) Dept. of Meteorology and Oceanography, Andhra University, Waltair, India. Present address : 

Central Marine Fisheries Research Sub-Station, Ernakulam, 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. 

A s 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 M a y ) and the beginning of the S . W . M o n s o o n season. During the S . W . 
M o n s o o n season its value gradually reaches zero from the lowest. 

7 -

0 

£o 
— -/ 
KJ» 

-2 

J F M A t t J J A S O N O J 

Figure 1 
Annual variation of sea minus air temperature 

The depression of wet-bulb (shown in Fig. 2) during the hot weather season (April 
to M a y ) 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 . M o n s o o n to the winter. 

The difference of water vapour pressure between the sea surface and the 12 meter 
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Figure 2 
Annual Variation 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 
min imum is more rapid than its rise to the m a x i m u m . 

18 
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Figure 3 
Annual variation of sea minus 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 

-H 4 

J F t l A M J J A S O N O J 

Figure 4 
Annual variation of wind speed 
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hydrolapse conditions. The wind speed is lowered d o w n 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 m a x i m u m 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-Hay 
June-September 
October-November 
December-March 

Figure 5 
Hourly variations of 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 m a x i m u m during the winter transition period (October-
November). It m a y 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 m a x i m u m 
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 
Annual variation of rate of 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 c m 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 m a y 
be noticed that the evaporation over the Bay of Bengal on its western side is about 
110 c m per annum per sq. c m . 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 c m . 

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. 
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Reprinted from Defence Science Journal (India), vol. 15, no. 3, 1965, p. 185-194 

STUDIES ON DISTRIBUTION OF OXYGEN TN THE NORTH 
ARABIAN SEA DURING THE POST MONSOON PERIOD 

S. P. ANAND 

DIrectorats of Scientific Research (Navy). Naval Headquarters, New Delhi 

(Received 12. Nov. 64; revised 19 April 65) 

Study on distribution of dissolved oxygen is important from the point of view of product
ivity and structure of water masses. Water samples at about 60 stations spread over the Nor
thern Arabian Sea were collected and their oxygen conten estimated. The study reveals 
fairly high oxyge;i co itent in Surface waters off the Bombay coast and along latitude 
15°N. Progressive lowering in depth of oxygei* minimum zone from 24°N Southwards is 
aho noticed. Subsurface upwellhg aroxid 60°E, 20°N seejns to be i i progreess. 

Study of distribution of dissolved oxygen m the ocean is important from the point of 
view of productivity of water masses. It 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 Myake 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' al.e and Ramamirtham and 
Jayaraman9. But 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. With this object in view an intensive Océanographie Research 
programme in the Indian Ocean under the name—'International Indian Ocean Expedi
tion' was started in 1961 by the International Council of Scientific Unions and U N E S C O . 
The programme of the Indian participation in this joint venture was developed by the 
Indian National Committee on Oceanic Research ( INCOR) . Active participation by 
India commenced in the year 1962 when one of our research vessels I N S K I S T N À 
made her first four cruises in the Arabian Sea during post monsoon period. O n 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 ^ " E was covered by a net work of 60 observation stations. The 
distance between two successive stations was approximately 60 miles. Details regarding 
positions of 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 Winkler procedure10 has been adopted throughout for the determination 
of dissolved oxygen in the sea water samples. Tight fit ground glass stoppered bottles of 
300 ml capacity were made use of for collection of water samples. Water 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. A n auto
matic burette graduated to 0-02 m l was used. All the apparatus were calibrated before 
the start of the cruise. 
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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 Eig. 1. Oxygen concentration (ml/L) of water 
samples collected at stations that come under one section were plotted against the corrected 
depths of sampling and the isopleths 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 the continental shelf 
off the Gujarat coast. The average depth in this region was about 88 metres. Being the 
first portion of the maiden cruise of I N S K I S 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 isopleths 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 
chc coastal region North of B o m b a y upto latitude 22°N is well mixed up and rich in oxygon 
tontent (5 — 6 ml/litre). The oxygen distribution suggests that thermocline does not 

„55 \ 6© «5* 7c? T5° 

Fio. 1 
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T A B L E 1 

O X Y G E N CONCENTRATION (Ml/litre) 

Depth in 

0 

1(1 

20 

30 

50 

m . 8 In. 1 

6-2 

3-6 

1-8 

Stn. 3 

5-5 

4-9 

5-0 

5-18 

Stn. 4 

4-4 

3-4 

Stn. 5 

6 0 

1-94 

Stn. 7 

5 03 

4-86. 

Stn.'8 

4-38 

2-11 

1-30 

Stn. 9 

4-2 ' 

2-27 

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-
cliiio in this region is clearly developed. Such a feature of the thermoclinc along this coast 
was also reported by Menon and Kurup1 1 and Tlamam et. al.12. 

, W B I * OCEANOGRAPHIC STATIONS ARABIA( 

» 10 11 12 13 14 IS 

NORTH SOUTH 

OCEANOGRAPHIC STATIONS 

U 15 16 17 1» 1» 

Fi«. 2 F I G . 3 
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Section No. 2 (Stations 9—14 along latitude 24°iV) 
The oxygen isopleths as shown in Fig. 2 indicate that m a x i m u m oxygen (4-5 ml/litre) 

exists in the surface waters at 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 N o . 12, west of which it rises towards the surface following the isopleths of 
higher values in the upper levels. The isopleths at deeper levels show ridges at Station N o . 10 
and 14 with a trough at station N o . 12. Here regular sinking of the isopleths with rise on 
either side of Station N o . 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
m u m oxygen content (0-25 ml/litre) seems to be localised only near station N o . 14 at a 
depth of about 150 m . 

Section No. 3 {Stations 15—19 along longitude 60°/?) 
This is a meridianal section along 60°E presenting the hydrographie 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 N o . 16 to more than 
5-2 ml/litre at station N o . 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 N o . 17. Isopleth with min imum 
oxygen content (0-16 ml/litre) seems to start below 500 m . at station N o . 17 and shoots to 
150 m . at station N o . 18. 
Section No. 4 (Stations 19—30 along latitude 20°N) 

This section comprises 14 observation stations along latitude 20°N and extends 
between 60°B to 70°E. Oxygen isopleths as shown in Fig. 4 mark the following features 
regarding oxygen distribution in this region. 

1. Zone of m a x i m u m oxygen concentration occurs in surface waters and extends 
d o w n to 20 m . at most of the stations. 

Fio. 4 Tíia. 5 
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2. The surface ami sub-surface waters at Station N o . 21 are comparatively poor in 
oxygen concentration. Marked 'dooming' of isopleths at these levels near this 
station is quite noticeable. 

3. Area of oxygen min imum (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 \ 8°A') 

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 m a x i m u m 
oxygen concentration (4-5—5-0 ml/litre) from surface to 30 m . is confined to the W e s 
tern flank of the. section. At station 44, the isopleths from the surface layers show marked 
doming, a pattern similar to that near Station N o . 21 along 20°N. Existence of almost 
uniform zone of oxygen min imum (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) 

It is a short rheridianal 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 pattern as shown by the disposition of oxygen isopleths (Fig. 6) indicates 

SOUTH ^rá' water layers from surface down to 40 m . contains 
m a x i m u m oxygen content. Bclow50 m . the isopleths 
show oscillatory behaviour. Appreciable depression in 
the 0-75 ml/litre isopleth to a depth of about 250 m . 
near Station N o . 45 from a depth of about 160 m . at 
Station ' N o . 47 is observed. A limited zone of water 
mass with min imum oxygen content (0-29 ml/litre) 
is noticed near Station N o . 45 at a depth of about 420m. 

NORTH 

OCEAÎOGRAPHIC STATIONS 

OCtANQGIUPHtC STATIONS 

Fjo, 0 FIG. 7 
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Section No. 7 (Stations 47-57 along latitude 15°JV) 

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. It 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) 

It is a diagonal section that runs about 15°N and 70°E in the North-East direction 
to wards B o m b a y . 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 m a x i m u m 
oxygen 4-27 ml/litre isopleth seems to start from 90 m . depth near Station N o . 57 and as
cends to 20 m . level near Station N o . 60. A sharp decrease in oxygen content in water 
layers below the said isopleths is noticed. 'Depression' in 0-3 ml/litre isopleth near 
Station N o . 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. 

BOMBAY 
OCEANOGRAPHIC STATIONS 

57 58 59 60 

C O N C L U S I O N 

O n the basis of observations notice in 
the proceeding 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 B o m b a y 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 ml/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. N o . 
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 O m a n flow into the 
Northern Arabian Sea. This water mass of 

FIG. 8 
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higher density partially mixes with the surface waters and sinks down partially. Exis
tence of zone of oxygen min imum at a depth of 100—150 m . and relatively higher salinity 
values provide additional support to this deduction. 

It is observed that conditions in the Northern Arabian Sea upto latitude 20°N are 
somewhat less stable in the early post monsoon period. But 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 Kurup1 1 

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 min imum zone afc 
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 m a y 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. 

Rechford33 has convincingly shown the intrusion of Persian Gulf waters into the 
Indian Ocean through the Northern Arabian Sea from his study of the salinity m a x i m u m 
in the North Indian Ocean. However, his data (from Vityaz 1960) did not extend North 
of 20°N. It will be interesting to correlate the results of this present study with a more 
rigorous study of the hydrographie 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 O m a n where it appears at a depth of 
about 120 m . and sinks to a greater depth (300 m . ) at its South-Eastern limits. 
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Station N o . Position Date Timo 
(1st) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

U 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

Lat.°N 

19°25' 

20°02' 

20°15' 

21°11' 

21°46' 

22°20' 

22°58' 

23°27' 

24°15' 

24°18' 

24°18' 

24°18' 

24°15' 

24°12' 

24°00' 

23°05' 

22°12' 

21°15' 

20°00' 

20°00' 

20°00' 

20°00' 

20°00' 

20°00' 

19°51' 

19°45' 

19°33' 

19°24' 

19°11' 

19°03' 

Long.°E 

72°00' 

71°13' 

70°30 5' 

69°46 5' 

69°02'5' 

68°15 5' 

67°27' 

66°4l' 

65°45' 

65°00' 

64°00° 

63°00' 

61°58' 

60°58' 

60°00' 

60°00' 

60°11' 

60°00' 

60°00' 

61°00' 

61°59' 

63°00' 

63°55' 

65°00' 

65°57' 

66°50' 

67°42' 

68°60' 

69°50' 

70°44' 

25-9-62 

25-9-62 

25-9-62 

25-9-62 

26-9-62 

26-9-62 

26-9-62 

27-9-62 

27-9-62 

27-9-62 

28-9-62 

28-9-62 

28-9-62 

29-9-62 

29-9-62 

29-9-62 

30-9-62 

30-9-62 

30-9-62 

1-10-62 

1-10-62 

1-10-62 

1-10-62 

2-10-62 

2-10-62 

2-10-62 

8-10-62 

3-10-62 

3-10-62 

3-10-62 

0050 

0720 

1350 

2020 

0312 

0920 

2015 

2015 

1145 

2015 

0405 

1230 

1825 

0110 

0740 

2135 

0430 

1135 

1900 

0330 

0915 

1435 

2030 

0334 

1430 

2020 

0200 

0900 

1430 

2110 
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Station N o . Position Date Time 
(1st) 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

Lat. °N 
18°55' 

18°52' 

18°45' 

18°45' 

18°46' 

18'36' 

18°35' 

18°31' 

18°27-25'~ 

18°25' 

18°31' 

18°15' 

18°12' 

18°08' 

17°40' 

16°35' 

15°30' 

15°31' 

15°30' 

15°30' 

15°30' 

15°30' 

15°29' 

16°30' 

15°30' 

15°30' 

15'13' 

16°18' 

17°04' 

17°5C 

Long. °E 
71°45' 

72°27' 

71°45' 

70°40' 

70°05' 

68°57' 

67'54' 

66°52' 

65°52' 

64°47' 

63°55' 

62°52' 

62°00' 

60°56' 

60°00' 

60°00' 

60°00' 

61°00' 

62°00' 

63°00' 

64°00' 

65°00' 

66°00' 

67°00' 

68°00' 

69°00' 

70°00' 

70°28' 

71°17' 

71°55' 

4-10-62 

4-10-62 

13-10-62 

14-10-62 

14-10-62 

14-10-62 

14-10-62 

15-10-62 

15-10-62 

15-10-62 

15-10-62 

16-10-62 

16-10-62 

16-10-62 

17-10-62 

17-10-62 

17-10-62 

18-10-62 

18-10-62 

18-10-62 

18-10-62 

19-10-62 

19-10-62 

19-10-62 

20-10-62 

20-10-62 

20-10-62 

20-10-62 

21-10-62 

21-10-62 

0128 

0540 

1745 

0016 

0430 

1315 

2030 

0305 

0445 

1620 

2S20 

0445 

1235 

1920 

0155 

0845 

1615 

0100 

0745 

1400 

2030 

0305 

0945 

1620 

0052 

0740 

1345 

1930 

0030 

0531 
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A n evaluation of primary productivity 
studies in the Continental Shelf Region of 

the Agulhas Current near D u r b a n (1961-1966) 

By 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. 

T . N . 

Tugela RiverV^ J 

N A T A L 

COAST 

DURBAN/ 

Umkomaas/ / 
River V / 

* 30^ 

/ / Nautical Miles 
/ J 0 30 60 

y 31°30E 31° 

53' 

x A ' 
.X 

4>' 

Nautical Miles 
1 

29°55' 

£-

31° 08;. 

Fig. 1. 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). A s 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 m a y be compared meaningfully. T o 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. 
W h e n 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 hydrographie information about the off-shore stations. 

Methods 

Sampling was carried out initially from the R.v. Lady Theresa and later from 
the local shark meshing vessels, Sea Hound and Shark Mesher II. Water 
samples were taken at approximately 1000 hours S . A . S . T . depending on 
other commitments of the vessel. 

1. Primary productivity measurements 

The rate of carbon assimilation by phytoplankton was measured by means of 
the carbon-14 technique of Steemann Nielsen (1952). During occupation of 
stations D 1 - D 6 9 (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 D 7 0 - D 9 0 (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 

4 
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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). W h e n 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 a H C 0 3 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/z 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. O n 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) E S , pressed glass with 
fittings Type 66254 H E / 0 0 . A n 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). T w o types of 
filters were placed in front of the bottles during incubation, a light neutral 
O N 32, and a dark neutral O N 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. N o 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 ( O N 32) and the 1 % sample by a light 
( O N 32) and a dark ( O N 31) neutral filter. N o 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 d o w n 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 5 W (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, Hall, Pease, 
Bakun and Jones, 1966). 

1.2 Post-incubation treatment of samples 
After incubation all samples were filtered through membrane filters (group 2, 
Membranfilter, Gottingen). The filters were clamped into special holders in 
which drying was completed during the following 24 hours (Steemann 
Nielsen, 1952). 

A s 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-Miiller 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 C 1 4 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 
p H of 8.20. Primary productivity was calculated as milligrams of carbon 
assimilated per cubic metre per day (mg C / m 3 / d a y ) . 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 / m 2 / d a y ) . The hours of daylight (to the nearest 0.25 
hour) between sunrise and sunset were used in the calculations of daily 
production. 

2. Hydrographie 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 D 1 - D 6 9 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 m a d e up in distilled water (Harvey, 1960). The phosphate was 
expressed as milligram atoms per cubic metre (mg-at/m3). 

During occupation of D 7 0 - D 9 0 sample water from each depth was stored 
in polyethylene bottles in a deep freeze. All analysis was carried out using a 
Beckman D U 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 off-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. T w o eddies have been detected 
at times, one to the north and the other to the south of Durban (Anderson, 
1967). These m a y be semi-permanent. Movemen t 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, m a y 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 c o m 
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). 

34.50 

30 | T 

alinity o / K 36.00 

T ~ 

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. T o 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. 
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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 
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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 h o w temperature and salinity data have been used to 
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x station B (100 fathoms) 

Fig. 3c. T -S diagram compiled from sub-surface samples obtained at 1 % light depth. 
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identify the water masses present at the off-shore stations (Figs. 3a, b, c). 
These water masses are k n o w n 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 m g - a t / m 3 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 m g - a t / m 3 . 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 m a y 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). 
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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/m'-/day (Table 3a). 

During the period March 1967 and M a y 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). 

O n 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: 

n 2 ; X Y — ZXZY 
r\ZX-2 — (ZXy 

b = regression co-efficient, or the slope of the regression line 
n = number of observations 
X=incubator measurements of primary productivity 
Y = ' i n situ' measurements of primary productivity 
a = Y — b X 
a=the constant term 

The regression equations predicting 'in situ' primary production from 
incubator measurements for each sample depth (mg C/m 3 /day) are shown 
(Table 4a, b, c). The regression equations predicting 'in situ' primary produc
tivity (mg C/m 2 /day) from incubator measurements are as follows: 

P'insitu^O.55^+96 (1) 

P'insitu'=0.64P2+196 (2) 

P'insitu'=0.52P3+143 (3) 

where P 1 = primary productivity in incubator-1 

P2=primary productivity in incubator-2 

P3=primary 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 of squares variance estimate 
Regression 1 " ( 2 : X Y ) 2 / £ X 2 

Error n — 2 by difference a^ 
Total : n— 1 ¿T2 

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 b l 5 b2, and b3 were determined as follows: 

standard error of b = 

and for ^ = 0 . 5 5 , the standard error=0.07 
b 2 = 0 . 6 4 , the standard error=0.10 
b.j=0.52, the standard error=0.00 

The standard errors of the constant terms a1( a2, and a3 were determined 
as follows : 

standard error of a = o* 

and for ax = 96, the standard error=186 
a 2 =196, the standard error=174 
a 3 =143, the standard error=l 17 

From these results it m a y 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. O n 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 m g C / m 2 / d a y during six years of routine sampling off Durban 
(Table la, b). The vertical distribution of primary productivity ( m g C / m 3 / d a y ) 
revealed that the m a x i m u m 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. A s 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. 

Primary productivity in relation to environment 

A n 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 M a y 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 M a y to October (Figs. 4a, b, and 5). 
A possible explanation of this feature of the surface distribution ot inorganic 
phosphorus m a y 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. 

Significance of primary productivity measurements 

By means of the radiocarbon technique the rate of transfer of inorganic to 
organic substances in the sea m a y be monitored. The technique has therefore 
been widely used to measure the rate of photosynthesis of natural phyto
plankton populations. A n 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. A n attempt has been m a d e 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'S5 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 C 1 4 technique. Other measurements m a d e 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. T o 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 m a y 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. 

F r o m 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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TABLES PAGE 4a 43 

la 26 b 43 
b 27 c 43 

2a 34 5a 44 

,GE 
26 
27 
34 
39 
42 
43 

4a 
b 
c 

5a 
b 
c 

6 

b 39 b 44 
3a 42 c 44 
b .- 43 6 44 

TABLE la 'IN SITU' MEASUREMENTS OF PRIMARY PRODUCTIVITY AT A FIXED STATION (D) OFF DURBAN IN 
50 FATHOMS 

Station 

Dl 

D2 

D4 

D5 

06 

07 

D8 

D23 

D24 

D25 

Date 

17.5.61 

8.6.61 

31.7.61 

30.8.61 

8.9.61 

2.10.61 

6.11.61 

12.6,62 

21.6.62 

5,7.62 

Sampling Depth 
metres 

0 
17 
32 

0 
18 
36 

0 
23 
42 

0 
13 
24 

0 
13 
28 

0 
43 
86 

0 
28 
53 

0 
16 
32 

0 
22 
41 

0 
18 
37 

Organic Production 
mg C/m3/day 

1.05 
2.31 
0 38 

1.74 
0.56 
0.75 

1.51 
2.04 
0.22 

1.96 
2.42 
0.58 

31.96 
18.92 
1.88 

52.25 
1.38 
0.25 

9.86 
14.31 

7.02 

13 02 
16.20 
7.89 

12.71 
10.97 

2.15 
17.43 
17.12 
14.14 

mg C/m2/day 
19 

32 

62 

45 

487 

1188 

605 

426 

385 

608 



TABLE 1b 'IN SITU1 PREDICTIONS OF PRIMARY PRODUCTIVITY AT FIXED STATIONS (D) OFF DURBAN IN 50 
FATHOMS (A) AND IN 100 FATHOMS (B) 

Station Date 

0 9A 17.11.61 

D10A 21.11.61 

D 11A 30.11.61 

D12A 15.12.61 

D13A 5.1.62 

D14A 11.1.62 

D15A 19.2.62 

D 16A 8.3.62 

D17A 15.3.62 
. D18A 20.3.62 

D 19A 27.4.62 

D 20A 4.5.62 

D21A 15.5.62 

D 22A 25.5.62 

D 26A 25.9.62 

D27A 29.10.62 

D28A 12.12.62 

27 

Sampling Depth 

nistrcs 

0 
30 
58 

0 
29 
49 

u 
23 
41 

0 

0 

0 
11 
23 

0 
8 

21 

0 

0 
0 

14 
28 

0 
20 
40 

0 

0 
15 
33 

0 
24 
46 

0 
33 
64 

0 
44 
83 

0 
32 
64 

Organic Production 

mg C/m3/day 
8.94 
8.80 
2.34 

9.49 
13.61 
12.51 

3.50 
46.90 

2.94 

3.92 

114.24 

24.22 
12.18 
0.74 

27.17 
28.47 

1.14 

88.88 

5.64 
18.25 
51.33 
16.66 

13.75 
8.14 
8.14 

7.63 

22.05 
19.95 
8.61 

3.05 
4.94 
5.99 

75.00 
38.76 
17.16 

10.40 
19.63 

1.95 

5.60 
16.52 

1.68 

mg C/m2/day 
422 

596 

1028 

278 

415 

963 

382 

572 

216 

2744 

1081 

645 

'in situ' 

prediction 
m g C/itf/day 

328 

424 

661 

249 

324 

626 

306 

411 

215 

1605 

691 

451 

475 



TABLE lb CONTINUED 

Station 

D29A 

0 30A 

D31A 

D 32(1 )A 

0 32(2)A 

D33A 

D34A 

D35A 

D36A 

D37A 

D38A 

D39A 

D40A 

D41A 

D42A 

D43A 

Date 

21.1.63 

25.2.63 

1.3.63 

21.3.63 

27.3.63 

19.4.63 

24.4.63 

2.5.63 

21.5.63 

29.5.63 

16.7.63 

31.7.63 

8.8.63 

22.8.63 

24.9.63 

27.11.63 

Sampling Depth 
metres 

0 

0 
34 
62 

0 
32 
59 

0 
7 

13 

0 

0 
13 
26 

0 
13 
26 

0 
20 
42 

0 

0 
28 
60 

0 
38 
76 

0 
23 
42 

0 
9 

16 
0 

32 
52 

0 
27 
55 

0 
24 
52 

Organic Production 

mg C/m3/day 
2.90 

1.04 
0.78 
1.43 

1.53 
2.81 
0.89 

76.44 
72.12 
33.96 

3.50 

13.73 
7.99 
6.30 

10.89 
7.81 
6.38 

58.63 
18.37 
11.00 

0.20 

2.10 
2.63 
0.63 

1.79 
1.89 
1.68 

4.41 
12.81 

• 8.93 

98.34 
85.80 
99.77 

3.38 
7.09 
5.18 

4.92 
4.08 
3.96 

1,82 
9.10 
1.82 

mg C/m2/day 

62 

119 

838 

234 

214 

1093 

1-18 

138 

405 

1478 

290 

234 

284 

'in situ' 
prediction 

m g C / m 2 / d a y 

130 

161 

557 

225 

214 

697 

161 

172 

319 

909 

256 

225 

252 

28 

476 



TABLE lb CONTINUED 

Station 

D44A 

D45A 

D46(1)A 

D 46(2)A 

D47A 

D48A 

D49A 

D50A 

D51A 

D52A 

D53A 

D54A 

D55A 

D56A 

D57A 

D58A 

Date 

12.12.63 

17.1.64 

31.1.64 

25.2.64 

25.3.64 

8.4.64 

21.4.64 

1.5.64 

15.5.64 

27.5.64 

3.6.64 

10.6.64 

17.6.64 

16.7.64 

23.7.64 

12.8.64 

Sampling Depth 
metres 

0 
29 
55 

0 

0 

0 
34 
70 

0 
20 
52 

0 
17 
33 

0 
18 
36 

0 
21 
39 

0 
27 
45 

0 
16 
31 

0 
20 
42 

0 
29 
50 

0 
22 
46 

0 
22 
44 

0 
22 
50 

0 
22 
38 

Organic Production 

mg C/m3/day 
1.54 
6.86 
2.10 

1.25 

3.79 

0.97 
6.33 
0.90 

0.17 
1.54 
0.42 

2.37 
12.36 
7.47 
4.59 

21.25 
11.61 

4.02 
12.44 
1.86 
2.29 

18.40 
7.20 
7.73 

38.97 
1.91 
8.59 

12.54 
3.53 

10.38 
10.54 
4.60 

14.90 
8.86 

12.35 
5.30 

12.39 
14.22 

13.62 
10.83 
6.13 

15.77 
38.31 

3.90 

mg C/itf/day 
238 

240 

48 

284 

528 

302 

503 

680 

388 

462 

516 

487 

506 

933 

'in situ' 

preoicTion 
m g C/ni/day 

227 

350 

227 

378 

534 

389 

518 

631 

444 

492 

526 

508 

520 

793 



TABLE lb CONTINUED 

Station 

D59A 

D60A 

D61A 

D62A 

D63A 

0 64A 

D65A 

D66A 

D67A 

D68A 

D69A 

D70A 

D71A 

D72A 

D73A 

Date 

3.9.64 

11.9,64 

18.9.64 

22.9.64 

9.10.64 

22.10.64 

30.10.64 

11.11.64 

25.11.64 

9.12.64 

16.12.64 

28.1.65 

3.2.65 

11.2.65 

25.2.65 

Sampling Depth 
metres 

0 
22 
40 

0 
18 
26 

0 
26 
49 

0 
38 
57 

0 
24 
36 

0 
25 
49 

0 
29 
48 

0 
45 
77 

0 

0 
31 
51 

0 
23 
57 

0 
25 
42 

0 
38 
60 

0 
20 
48 

0 
27 
47 

Organic Production 

mg C/m3/day 
11.39 
10.00 
9.47 

4.08 
6.98 
5.75 

4.13 
11.77 
11.03 

6.19 
5.00 
0.91 

13.92-
34.67 
13.95 

15.48 
16.75 
9.46 

1.89 
2.91 
1.20 

1.08 
0.19 
0.73 

3.63 

0.43 
3.76 
5.59 

3.21 -
8.93 
0,41 

0.64 
59.98 

6.74 

0.79 
1.92 
2.23 

3.91 
3.63 

0.62 
18.40 

3.05 

mg C/m2/day 
411 

150 

469 

269 

875 

717 

109 

43 

158 

298 

1325 

97 

126 

449 

'in situ' 

preoicTion 
m g C / m 2 / d a y 

459 

292 

496 

353 

756 

655 

266 

224 

297 

387 

832 

193 

209 

233 



TABLE 1b CONTINUED 

Station Date 

D 74A 10.3.65 

D 75A 30.3.65 

D76A 12.4.65 

D 77A 28.4.65 

D 77B 28.4.65 

D 78A 20.5.65 

D 78B 20.5.65 

D 79A 4.8.65 

D 79B 4.8.65 

D 80A 25.8.65 

D 80B 25.8.65 

B81A 20.9.65 

Sampling Depth 

metres 

0 
26 
48 

0. 
24 
50 

0 
25 
41 

0 
23 
49 

0 
23 
49 

0 
21 
41 

0 
21 
41 

0 
7 

17 
29 
44 

0 
7 

17 
29 
44 

0 
7 

13 
21 
39 

0 
7 

13 
21 
39 

0 
7 

13 
24 
40 

Organic Production 

mg C/m3/day 
14.81 
12.96 
9.16 

3.32 
25.73 

1.47 

4.42 
8.32 
5.53 

8.65 
3.22 

10.85 

4.68 
24.42 
12.44 

1.03 
4.08 
1.01 

0.98 
2.35 
1.58 

7.40 
4.06 
1.17 
0.21 
0.58 

2.65 
2.86 
1.07 
2.08 
0.49 

13.02 
7.31 

12.44 
30.13 
11.07 

28.09 
24.49 
10.56 
8.37 
3.52 

25.13 
13.95 
98.05 
15.22 
2.44 

mg C/m2/day 
604 

702 

270 

319 

814 

105 

74 

80 

77 

671 

471 

1220 

'in situ' 

prediction 
m g C /m 2 /day 

457 

508 

283 

309 

566 

198 

181 

185 

183 

492 

388 

777 



TABLE lb CONTINUED 

Station Date 

D81B 20.9.65 

D82A 7.10.65 

D 8 2 B 7.10.65 

D83A 2.11.65 

D 8 3 B 2.11.65 

D84A 29.11.65 

D 8 4 B 29.11.65 

D85A 6.1.66 

D 8 5 B 6.1.66 

Sampling Depth 
mflirop _ 

MI e i res 

0 
7 

13 
24 
40 

0 
7 

13 
23 
41 

0 
7 

13 
23 
41 

0 
5 

11 
18 
36 

0 
5 

11 
18 
36 

0 
7 

13 
25 
52 

0 
7 

13 
25 
52 

0 
9 

19 
28 
50 

0 
9 

19 
28 
50 

Organic Production 

mg C/m3/day 
32 34 
39.07 

6,46 
6,20 
5.80 

92.48 
120.55 
121.23 
87.67 
14.09 

76.03 
71.32 
70.72 
76.19 

1.64 

69.08 
31.67 
25.07 
45.69 

8.33 

32.64 
26.14 
58.93 
57.10 

7.29 

40.20 
65.73 
60.54 
46.96 

6.71 

64.19 
33.38 
53.28 
43.71 

1.43 

40.75 
28,15 
84,10 
45.12 

7.41 

11.01 
23.44 
37.58 
65.09 

2.28 

mg C/m2/day 
552 

3432 

2377 

1156 

1388 

2119 

1793 

2031 

1663 

'in situ1 

- nrAfiifttlAll 

preoiciion 
mg C/m2/day 

430 

1928 

1379 

744 

865 

1245 

1075 

1199 

1008 

32 



TABLE lb CONTINUED 

Station Date 

D 8 6 A 27.1.66 

D 8 6 B 27.1.66 

D 8 7 A 15.2.66 

D 8 7 B 15.2.66 

0 88A 2.5.66 

0 88B 2.5.66 

D 89A 27.5.66 

D 89B 27.5.66 

0 90A 16.6.66 

D 9 0 B 16.6.66 

Sampling Depth 

metres 

0 
8 

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 

0 

0 
7 

13 
22 
41 

0 
7 

13 
22 
41 

Organic Production 

mg C/m3 /day 
44.56 
83.83 
22.84 
91.27 

7.43 

56.39 
157.84 
163.92 
111.90 

2.20 
14.62 
20.18 
16.81. 
36.26 

1.32 

15.50 
28.11 

9.59 
14.44 

2.34 
5.73 
3.23 
0.79 

• 1.64 

4.78 
6.73 
5.95 
3.02 
0.85 

19.06 

21.14 

56.92 
64.80 
51.65 
34.65 
26.26 

33.55 
27.82 
33.16 
22.45 
4.44 

mg C/itf/day 
1265 

3939 

866 

549 

131 

211 

1743 

903 

'in situ' 

prediction 
m g C /m 2 / day 

801 

2191 

593 

428 

211 

253 

1049 

613 



TABLE 2a HYDROLOGY AT A FIXED STATION OFF DURBAN (D) IN 50 FATHOMS 

Station Date Sampling Temperature Salinity PO„-P 02 

Depth °C °L mg-at/m3 cc/1 
metres 

D 1 17.5.61 0 23.65 35.43 - 4 .70 
17 23.60 35.39 - 4.80 
32 23.50 35,40 - 4.60 

D 2 8.6.61 0 22.20 35.39 0.88 4 .90 
18 22.15 35.38 0 96 5.00 
36 21.65 35.42 1.01 4.60 

0 3 26.7.61 0 22.50 35 33 1.00 4,87 
20 22.50 35.35 1.13 4.94 
30 22.30 35.34 1.12 4.76 

D 4 31.7.61 Û 22.80 35,30 0.99 
23 22.10 35.34 0.96 4.92 
42 21.90 35.27 1.10 4.93 

D 5 30.8.61 0 21.00 35.46 1.16 4.95 
13 20.60 35.¿3 1.17 4.91 
24 20 30 35.43 1.22 4.96 

D 6 8.9.61 0 19.80 35.52 1.30 4 .98 
13 19.45 35.46 1.32 4.93 
28 18.90 35.45 1.40 4 .46 

D 7 2.10.61 0 20.40 35,37 1.13 5.18 
43 19.90 35.31 0.84 
86 16.80 35.36 1.33 4,23 

D 8 6.11.61 0 22.60 35.42 0 .94 5.13 
28 22.20 35.41 0.98 5.18 
53 21.40 35.38 0.97 4.73 

D 9 17.11.61 0 23.70 35.38 1.18 4.89 
30 23.70 35.37 1.11 4.86 
58 20.90 35,34 1.21 4,75 

D 1 0 21.11.61 0 23.20 35.45 1.13 4.97 
29 21.55 35.42 
49 18 00 35.37 

D11 30.11.61 0 23 50 35.43 1.13 5.05 
23 22.30 -
41 19.90 35.43 1.22 4.67 

D12 15.12.61 0 22.50 35.70 

D13 5.1.61 0 23.20 35.43 

D14 11.1.62 0 24.95 - 1.00 5.51 
11 24.95 35.22 
23 24.65 35.42 

D15 19.2.62 0 24.35 35.23 
8 24.25 35,23 

21 24.20 35,19 
D 1 6 8.3.62 0 25.30 35.36 

34 

482 



TABLE 2a CONTINUED 

Station 

017 

D18 

D19 

D20 

D21 

D22 

0 23 

D24 

D25 

D26 

D27 

D28 

D29 

D30 

D31 

D32(1) 

Date 

15.3.62 

20.3.62 

27.4.62 

4.5.62 

15.5.62 

25.5.62 

12.6.62 

21.6.62 

5.7.62 

25.9.62 

29.10.62 

12.12.62 

21.1.63 

25.2.63 

1.3.63 

21.3.63 

Sampling 
Depth 

metres 
0 

0 
14 
28 

0 
20 
40 

0 

0 
15 
33 

0 
24 
46 

0 
16 
32 

0 
22 
41 

0 
18 
37 

0 
33 
64 

0 
44 
83 

0 
32 
64 

0 

0 
34 
62 

0 
32 
59 

0 
7 

13 

Temperature 
°C 

24.70 

24.55 
23.25 
21.61 

24.95 
24.35 
23.45 

24.65 

23.90 
23.90 
23.85 

23.20 
23.05 
21.65 

22.30 
22.30 
22.30 

21.80 
21.80 
21.70 

21.60 
21.50 
21.30 

21.50 
21.20 
19.40 

23.60 
22.10 
20.10 

24.80 
21.90 
20.10 

-

25.20 
24.50 
22.20 

26.60 
24.80 
21.80 

22.90 
22,80 
22.80 

Salinity 

35 43 

35'. 39 
35,39 
35.43 

35.38 
35.45 
35.44 

35.52 

35.44 
35.36 
35.36 

35.47 
35.42 
35.47 

35.43 
35.36 
35.35 

35.32 

35.42 

35.46 

35.40 

— 

35.33 
35.29 
35.23 

34.57 
35.53 
35.40 

-

35.29 
35.27 
35.24 

35.09 
35.27 
35.30 

35.18 
35.17 
35.20 

P04-P 
mg-at/m3 

-

— 

1.04 
1.06 
1.27 

-

1.24 

1.23 

— 

0.93 

0.90 

-

— 

— 

-

1.08 
0.80 
1.17 

0.73 
0.91 
1.18 

0.88 
0.94 
0.83 

02 

co/1 

-

— 

4.52 
4.52 
4 .54 

-

4.45 

5.03 

-

4.97 

5.14 

-

— 

— 

4.89 

— 

-

: 

35 
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TABLE 2a CONTINUED 

Station 

D 32(2) 

D33 

D34 

D35 

D36 

D37 

D38 

D39 

D40 

D41 

D42 

D43 

0 44 

0 45(1) 

D 45(2) 

D46 

Date 

27.3.63 

19.4.63 

24.4.63 

2.5.63 

21.5.63 

29.5.63 

16.7.63 

31.7.63 

8.8.63 

22.8.63 

24.9.63 

27.11.63 

12.12.63 

17.1.64 

31.1.64 

25.2.64 

Sampling 
Depth 
metres 

0 

0 * 
13 
26 

0 
13 
26 

0 
20 
42 

0 
50 

0 
28 
60 

0 
38 
76 

0 
23 
42 

0 
9 

16 

0 
32 
52 

0 
27 
55 

0 
24 
52 

0 
29 
55 

0 

0 

0 
34 
70 

Temperature 
°C 

-

24.00 
23.80 
23.80 

23.60 
23.50 
23.40 

23.10 
22.90 
21.15 

22.75 
22.50 

23.01 
22.30 
20.00 

22.60 
23.20 
26.30 

23.00 
22.30 
20.40 

23.90 
23.60 
22.90 

25.60 
25.50 
24.90 

26.40 
26.90 

23.60 
23.50 
23.40 

23.40 
20.70 
19.20 

22.80 

24.40 

24.30 
23.10 
18.70 

Salinity 

34.98 

35.02 
35.12 
35,23 

. 35.20 
35.21 
35.23 

35.24 
35.32 
35.31 

35.17 
35.21 

35.19 
35.21 
35.37 

35.20 
35.20 
35.15 

35.25 
35.25 
35.26 

35.22 
35.25 
35.25 

35.25 
35.25 

35.24 
35.31 
35.39 

35.30 
35.27 
35.39 

35.18 
35.35 
35,35 

-

35.17 

35.18 
35.33 
35.27 

P04-P 
mg-at/m3 

1.16 

0.94 
0.88 
0.76 

1.08 
0.75 
0.87 

0.81 
0.72 
0.89 

0.97 
0.75 

0.72 
0.90 
1,29 

— 

0.79 
0.76 
0.72 

" 0.67 
0.70 
0.65 

0.77 
0.74 
0.70 

-

1.28 
1.23 
1.51 

0.84 
0.99 
1.43 

0.84 

0,80 

0,79 
1.47 
1.21 

02 
cc/1 

-

— 

— 

-

-

-

-

5.14 
• 5.12 

5.21 

5.09 
5.14 
5.25 

5.05 
5.05 
4.94 

5.75 
5.35 
5.38 

4,45 
3.70 
3.29 

4.97 
4.22 
4.11 

-

-

-

36 
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TABLE 2a CONTINUED 

Station 

D47 

D48 

0 49 

D50 

D51 

D52 

D53 

D54 

D55 

D56 

D57 

0 58 

D59 

D60 

Date 

25.3.64 

8.4.64 

21.4.64 

1.5.64 

15.5.64 

27.5.64 

3.6.64 

10.6.64 

17.6.64 

16.7.64 

23.7.64 

12.8.64 

3.9.64 

11.9,64 

Sampling 
Depth 

metres 
0 

20 
52 

0 
17 
33 

0 
18 
36 

0 
21 
39 

0 
27 
45 

0 
16 
31 

0 
20 
42 

0 
29 
50 

0 
22 
46 

0 
22 
44 

0 
22 
50 

0 
22 
38 

0 
22 
40 

0 
18 
26 

Temperature 
°C 

25.00 
24.00 
20.00 

23.00 
22.00 
19.00 

23.50 
24.50 
23.00 

23.00 
22.60 
20.60 

22.40 
22.00 

23.20 
22.60 
18.60 

21.60 
21.50 
21.50 

21.40 
20.80 
20.60 

20.80 
20.70 
20.40 

21.00 
21.00 
20.40 

21.20 
21.20 
20.70 

19.70 
19.60 
19.10 

19.80 
19.20 
18.10 

20.80 
20.50 
20.10 

Salinity 

'L 
35.29 
35.28 
35.28 

35.27 
35.22 
34.91 

35.28 
35.29 
35.26 

35.23 
35.33 
35.30 

35.21 
35.25 
35.19 

35.24 
35.27 
35.32 

35.33 
35.31 
35.31 

35.29 
35.28 
35.27 

35.36 
35.36 
35.53 

35.40 
35.39 
35.43 

35.36 
35.43 
35.38 

35.44 
35.44 
35.42 

-

35.45 
35.44 
35.42 

PÜ4-P 
mg-at/m3 

0.92 
1.00 
1.41 

0.90 
0.92 
1.04 

0.86 
1.03 
1.31 

1.11 
1.27 
1.30 

0.88 
0.98 
1.10. 

1.17 
0.91 
1.43 

0.72 
0.72 
0.92 

0.79 
0.67 
1.00 

0.66 
0.76 
0.71 

0.68 
0.70 
0.75 

0.50 
0.66 
0.64 

-

-

0.59 
0.59 
0.71 

02 

cc/1 

-

-

— 

-

— 

— 

-

— 

— 

-

— 

— 

4.35 
4.28 
4.35 

4.65 
4.96 
5.37 

37 
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TABLE 2a CONTINUED 

P04-P 
mg-at/m3 

0.80 
0.80 
0.80 

1,01 
1.30 
1.30 

0.79 
0.97 
1.04 

0.85 
0.86 
1,02 

0.75 
0.77 
0.83 

0.72 
0.75 
0.63 

0.89 

0,54 
0.62 
0.71 

0 55 
0,78 
1.15 

02 
cc/1 

4.35 
4.16 
4.21 

-

6.24 
5.89 
5.66 

5.31 
5.43 
5.66 

5.20 
4.82 
5.28 

4.91 
4.99 
4 .30 . 

• -

3 81 
4.97 
5.08 

4.56 
4.16 
4.88 

38 

Station Date Sampling Temperature Salinity 
Depth °C 7.0 

metres 
D61 18.9.64 0 21.10 35.41 

26 - 35.45 
49 20.20 35.49 

D62 22.9.64 0 20.50 35,45 
38 18.70 35.49 
57 17.50 35.45 

D 6 3 9.10.64 0 20.50 35,39 
24 19.60 35.40 
36 19.30 35.41 

D 6 4 22.10.64 0 20.90 35.37 
25 20.70 35.39 
49 20.70 35,39 

D 6 5 30.10.64 0 22.20 35.34 
29 21.10 35.32 
48 20.50 35.39 

D 6 6 11.11.64 0 22.10 35.20 
45 21.40 35.55 
77 20.00 35.42 

D 6 7 25.11.64 0 22.60 35,24 

D 6 8 9.12.64 0 23.00 35.31 
31 22.60 35.30 
51 21.50 35.34 

D 6 9 16.12.64 0 24.00 35.28 
23 19.90 35.35 
57 17.10 35.35 



TABLE 2b HYDROLOGY AT FIXED STATIONS OFF DURBAN (D) IN 50 FATHOMS (A) AND IN 100 FATHOMS (B) 

Station 

D 70A 

D71A 

D72A 

D73A 

D74A 

D75A 

D76A 

D77A 

D77B 

D78A 

0 7RB 

D79A 

D79B 

Date 

28.1.65 

3.2.65 

11.2.65 

25.2.65 

10.3.65 

30.3.65 

12.4.65 

28.4,65 

28.4.65 

20.5.65 

20.5.65 

4.8.65 

4.8.65 

Sampling 
Depth 

metres 
0 

25 
42 

0 
38 
60 

0 
20 
48 

0 
27 
47 

0 
26 
48 

0 
24 
50 

0 
25 
41 

0 
23 
49 

0 
23 
49 

0 
21 
41 

0 
21 
41 

0 
7 

17 
29 
44 

0 
7 

17 
29 
44 

Temp. 

24 80 
21.10 
18.90 

23.40 
18.90 
17.20 

22 50 
19.20 
15.80 

24 30 
19,05 
16.90 

23.50 
19.47 
16.90 

22.70 
19.90 
16.90 

24.10 
21.30 
20.80 

22,70 
20.40 
20.30 

23.00 
21.60 
20 40 

— 

-

22.20 
22.20 
22.20 
22.20 
22.20 

22.20 
22.20 
21.90 
21.20 
21.70 

Salinity 

35.20 
35.31 
35.35 

35.22 
35.33 
35.56 

35.26 
35.14 
35 39 

35.24 
35.27 
35.35 

34.79 
34.59 
34.90 

35.32 
35.42 
35.59 

35.40 
35.44 
35.31 

35.35 
35.37 
35.35 

35.36 
35.40 
35.41 

35.34 
35.37 
35.33 

35.39 
35.36 
35.35 

35.13 
35.15 
35.15 
35.19 
35.20 

35.16 
35.15 
35.17 
35.19 
35.28 

P04-P 

0 26 
0.39 
0.74 

0.25 
0.79 
1.00 

0.70 
1.09 
1.33 

0.36 
0.65 
1.44 

0.17 
0.32 

1.03 
1.02 

0.36 
0.52 
0.60 

0.12 
0.25 
0.30 

0.21 
0.33 
0.30 

0.44 
0.34 

0.53 
0.39 
0.43 

0.13 
0.20 
0.18 
0.20 
0.15 

0.15 
0.28 
0.17 
0.18 
0.19 

NO3-N 

mg< 

-

— 

— 

— 

-

— 

-

— 

-

-

1.61 
2.08 
2.33 
2.69 
2.18 

1.75 
2.16 
1.50 

NO2-N 

•at /m 3 

0.05 
0.36 
0.21 

0.09 

0.12 

0.07 
0.46 
0.34 

0.10 
0.15 
0.25 

0.03 
0.70 
0.08 

.0.05 
0.37 
0.25 

0.08 
0.17 
0.16 

0.08 
0.11 
0.16 

0.07 
0.03 
0.06 

0.12 
0.10 
0.27 

0.08 
0.10 
0.11 
0.09 
0.10 

0.09 
0.09 
0.05 
0.05 
0.09 

SiOs-Si 

-

-

— 

-

-

-

— 

-

-

— 

-

0.80 
0.80 
0.57 
1.14 
0.80 

0.57 
0.57 
0.57 
0.57 
2.28 

39 
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TABLE 2b CONTINUED 

Station Date 

D 80A 25.8.65 

D 80B 25.8.65 

D81A 20.9.65 

D 81B 20.9.65 

D82A 7.10.65 

D82B , 7,10.65 

D83A 2.11.65 

D 8 3 B 2.11.65 

D84A 29.11.65 

Sampling 
Depth 

metres 

0 
7 

13 
21 
39 

0 
7 

13 
21 
39 

0 
7 

13 
24 
40 

0 
7 

13 
24 
40 

0 
7 

13 
23 
41 

0 
7 

13 
23 
41 

0 
5 

11 
18 
36. 

0 
5 

11 
18 
36 

0 
7 

13 
25 
52 

Temp. 
C 

21.25 
21.20 
21.20 
20.85 
19.40 

21.25 
21.15 
21.10 
21.00 
20.00 

21.70 
21.70 
21.10 
20,40 
20.60 

21.70 
21.70 
21.70 
21.40 
20.80 

21.40 
21.40 
21.30 
21.30 
21.30 

21.75 
21.70 

_ 
21.50 

-

21.80 
21.80 
21.40 
21.00 
21.40 

21.80 
21.70 
21.30 
21.00 
21.00 

22.00 
21.80 
21.80 
20.70 
17.60 

Salinity 

°L 
35,27 
35.35 
35.29 
35.26 
35.37 

35.27 
35.24 
35.30 
35.26 
35.30 

35.13 
35.12 
34.98 
35.18 
35.28 

35.13 
35.16 
35.12 

•35.16 
35,16 

35.23 
35 27 
34 95 
35.19 
35.15 

35.15 
35.25 
35.21 
35.21 
35.17 

34.91 
34.97 
35.16 
35.20 . 
35.23 

35.06 
34.88 
35.23 
35.19 
35.22 

35.31 
35,24 
35,24 
35,25 
34.98 

P04-P 

0.17 
0 11 
0 14 
0.19 
0.40 

0,13 
0.13 
0.14 
0.11 
0.30 

0.24 
0 32 
0.67 
0 60 
0,88 

0.32 
0 22 
0.37 
0.37 
0.45 

0.14 
0,17 
0,17 
0,17 
0.10 

0.12 
0.19 
0,14 
0.13 
0.17 

0.41 
0.14 
0.16 
0.45 
0.28 

0.21 
0.21 
0.29 
0.31 
0.26 

0.09 
0.15 
0.08 
0.19 
0.56 

NO3-N 

mg< 
1.27 
0.99 
0 74 
0.88 
5.48 

1.04 
0.43 
1.20 
0 82 
2.98 

1.20 
1.03 
1.98 
4.44 
3.29 

1,40 
1.64 
1.34 
1.45 
1.76 

1,60 
1.82 
1.60 
1.82 
1.95 

1.60 
1.59 
0.84 
1.35 
1.38 

1.89 
1.78 
1.23 
2.23 
0.84 

1.41 
2.16 
2.33 
1.71 
1.76 

1.34 
0.40 
1.01 
2.05 
8.43 

NO2-N 

•at/m3 

0 13 
0 09 
0.10 
0.05 
0.14 

0.08 
1.18 
0 08 
0 06 
0.17 

0 08 
0 08 
0.23 
0.29 
0.31 

0 08 
0.07 
0.08 
0.19 
0.19 

0.13 
0.14 
0.14 
0.16 
0.16 

0.09 
0.10 
0.09 
0.12 
0.10 

0.14 
0.11 
0.11 
0.14 
0.14 

0.10 
0.12 
0.14 
0.16 
0.18 

0.14 
0.14 
0.11 
0 21 
0.17 

SÍO3-SÍ 

0 57 
f 
M 

1.37 
3.42 

f* 
y-
M 

0 23 
4.67 

1.48 
0.57 
6.73 
6.61 
7.64 

2.28 
2.51 
1.37 
2.62 
4.22 

2.53 
2.74 
5,02 
4 22 
4.10 

2.96 
2.17 
1.14 
2,39 
2.96 

3.19 
1.37 
3.65 
4.56 
1.48 

3.08 
3.42 
0.80 
2.74 
4.10 

1.60 
0.11 
0.80 
3.08 
6.95 

40 
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TABLE 2b CONTINUED 

Station Date 

D 8 4 B 29.11.65 

D85A 

D 8 5 B 

6.1.66 

6.1.66 

D86A 27.1.66 

27.1.66 

D87A 

D87B 

15.2.66 

15.2.66 

2.5.66 

2.5.66 

Sampling 
Depth 

metres 

0 
7 

13 
25 
52 

0 
9 

19 
28 
50 

0 
9 

19 
28 
50 

0 
8 

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 

Temp. 
°C 

21.70 
21.60 
21.40 
20.00 
16.50 

26.30 
23.60 
21.80 
20.65 
19.60 

25.70 
23.90 
22.40 
21.40 
20.20 

25.00 
23.55 
21.00 
20.30 
19.75 

24.70 
22.85 
20.00 
19.25 
15.15 

25.70 
25.70 
25.60 
23.65 
19.20 

25.80 
25.50 
25.45 
22.50 
18.70 

23.50 
23.45 
23.65 
22.80 
19.25 

23.60 
23.60 
23.50 
23.15 
19.30 

Salinity 

35 33 
35.23 
35.08 
34.88 
35.47 

35.15 
35.25 
35.30 
35.35 
35.33 

35.21 
35.33 
35.28 
35.27 
35.31 

35.11 
35.12 
35.22 
35.25 
35.29 

35.09 
35.13 
35.25 
35.24 
35.27 

35.07 
35.04 
35.05 
35.14 
35.29 

35.08 
35.07 
35.10 
35.07 
35.31 

35.27 
35.27 
35.27 
35.25 
35.31 

35.27 
35.30 
35.21 
35.27 
35.31 

PÛ4-P 

0.15 
0.13 
0.16 
0.59 
0.81 

P 
0.30 
0.04 
0.63 
0.37 

0.04 
0.13 
0.19 
0.07 
0.12 

0.09 
0.09 

' 0.43 
0.54 
0.63 

0.06 
0.19 
0.43 
0.52 
0.95 

0.14 
0.14 
0.15 
0.31 
0.68 

0.14 
0.15 
0.27 
0.45 
0.84 

0.13 
0.12 
0.15 
0.27 
0.72 

0.15 
0.15 
0.15 
0.25 
0.75 

NO3-N NÜ2-N 

mg-at/m3 

1.01 
1.99 
1.24 
3.08 
8.15 

1.64 
M 

1.84 
3.15 
4.17 

0,27 
0.39 
0.35 
0.30 ' 
6.57 

0.35 
0.03 
4.13 
5.92 
7.44 

0.26 
0.26 
3.60 
6.30 

10.23 

0.57 
0.14 
0.10 
2.42 
8.01 

0.19 
0.38 
0.96 
4.08 
9.10 

1.63 
2.01 
2.39 
3.69 
7.48 

0.42 
0.60 
1.17 
1.62 
8.26 

0.10 
0.13 
0.14 
0.23 
0,14 

0.09 
0.08 
0.16 
0.26 
0.46 

0.09 
0.06 
0,09 
0.11 
0.36 

/* 
F 

0.15 
0,22 
0.24 

H-
0.02 
0.09 
0.15 
0.05 

0.12 
0.11 
0.12 
0.43 
0.40 

0.13 
0.13 
0.22 
0.42 
0.26 

0.08 
0.10 
0.11 
0.20 
0.18 

0.08 
0.10 
0.10 
0.14 
0.14 

SiOs-Si 

1.03 
1.82 
0,57 
3.99 

10.26 

2.85 
1.25 
3.31 
4.56 
7.07 

1.94 
2.39 
1.03 
2.05 
6.50 

2.39 
0.68 
5.59 
7,64 
6,84 

1 ."71 
2.17 
4.22 
7.18 

11.17 

2.62 
3.42 
3.88 
3.53 
7.87 

2,51 
1.82 
2.85 
5.24 

10.94 

2.38 
2.74 
2.62 
3.88 
9.35 

2.96 
4.10 
3,99 
3.19 
8.44 

41 
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TABLE 2b CONTINUED 

Station 

D89B 

D89B 

D90A 

D90B 

Date 

27.5.66 

27.5.66 

16.6.66 

16.6.66 

Sampling 
Depth 
metres 

0 
5 

10 
17 
35 

0 
5 

10 
17 
35 

0 
7 

13 
22 
41 

0 
7 

13 
22 
41 

Temp. 
°C 

22.30 
22.50 
22.30 
22.45 
22.25 

22.60 
22.50 
22.55 
22.45 
22.50 

21.05 
21.15 
21.10 
21.10 
21.00 

21.30 
21.45 
21.35 
21.40 
21.15 

Salinity 

35.23 
35.20 
35.21 
35.22 
35.21 

35.22 
35.22 
35.23 
35.22 
35.37 

35.24 
35.23 
35.24 
35.24 
35.24 

35.23 
35.24 
35.23 
35.23 
35.26 

PÛ4-P 

0.15 
0.17 
0.18 
0.13 
0.17 

0.18 
0.15 
0.16 
0.14 
0.19 

_ 
— 
— 
— 
-

- _ 
— 
— 
— 
-

N03-N NO2-N 

mg-at/m3 

1.26 
1.57 
1.23 
1.15 
1.57 

1.67 
1.34 
1.11 
1.07 
1.48 

2.10 
1,53 
1.09 
1.40 
1.50 

0.87 
0.99 
0.81 
0.94 
1.06 

0.12 
0.13 
0.12 
0.14 
0.21 

0.11 
0.13 
0.13 
0.11 
0.14 

0.05 
0.03 
0.24 
0.18 
0.25 

0.15 
0.12 
0.18 
0.21 
0.19 

Si03-Si 

3.19 
3.08 
2.96 
3,65 
2.62 

3.53 
3.53 
3.65 
3.31 
2.85 

2.51 
2.28 
6 .04 
4 .22 
2 ,74 

1.71 
2.39 
2.17 
3.42 
2.17 

TABLE 3a MEASUREMENTS OF PRIMARY PRODUCTION 
SIMULTANEOUSLY IN T W O TYPES OF SHORE INCUBATORS 

OBTAINED FROM REPLICATE SAMPLES INCUBATED 
AND 'IN SITU' IN THE OCEAN 

Date 

30. 9.65 

27.10,65 

17.11.65 

13. 1.66 

25. 1.66 

Depth 

% light 
intensity 

100% 

10% 
1% 

100% 
10% 
1% 

100% 

10% 
1% 

100% 
10% 
1% 

100% 

10% 
1% 

'in situ 

mg C / m 3 

/day 
13,03 

4 . 3 0 
0 .73 

7 2 . 8 4 
35 .75 

0 . 0 0 

74 .36 

2 3 . 7 7 
6 .83 
0 ,65 

2 0 . 6 3 
8 1 . 8 8 

8 . 9 8 

1 

mg C / m 2 

/day 
311 

1660 

— 

572 

1621 

incubator-1 

mg C /m 3 mg C/m 2 

/day /day 
18.88 897 
23.42 
4.93 

113.10 2577 
55.19 

0.53 

66.40 1022 
14.50 

1.18 

13.49 480 
8.09 
3.09 

17.95 2920 
158.90 

18.33 

¡ncubator-2 

mg C /m 3 

/day 
5.53 
3.55 
1.75 

94.45 
51.68 

0.32 

75.75 
17.57 

3.27 

12.61 
13.13 
5.43 

25.51 
224.20 

73.58 

mg C/m 2 

/day 
186 

2279 

1209 

590 

4409 

42 
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TABLE 3b M E A S U R E M E N T S OF PRIMARY PRODUCTION OBTAINED F R O M REPLICATE S A M P L E S INCUBATED 
SIMULTANEOUSLY IN INCUBATOR-3 AND 'IN SITU' IN T H E OCEAN 

Date 

6.3.67 

23.3.67 

30.3.67 

1.5.67 

15.5.67 

Depth 'in situ' incubator-3 

% light intensity 
100% 
10% 
1% 

100% 
10% 
1% 

100% 
10% 
1% 

100% 
10% 
1% 

100% 
10% 
1% 

mg C/m3/day 
227.00 

12.00 
3.50 

36.36 
6.24 
1.08 

63 24 
75.24 

9.60 

34.87 
14.96 

1.65 

93.50 
31.35 
4.51 

mg C/m2/day 
1145 

556 

117 

349 

1652 

mg C/m3/day 
200.50 
127.75 
55.50 

17.16 
10.68 
14.04 

105.72 
89.40 
87.48 

32.67 
34.43 

9.24 

103.07 
63.47 
25.19 

mg C/m2/day 
2302 

543 

1860 

598 

2591 

TABLE 4a CORRELATION COEFFICIENTS AND REGRESSION EQUATIONS FOR CARBON-14 UPTAKE 'IN SITU' IN 
T H E OCEAN VERSUS CARBON-14 UPTAKE IN INCUBAT0R-1(P,) 

Depth corrélation co-efficient regression equations 
% light intensity (r) significance 
100% 0.90 significant at 5% level P¡ns¡tu-=0.63 Pi+12.00 

10% 0.98 significant at 5% level Pins,tu=0.52 Pi+ 0.25 
1% 0.99 significant at 1% level P'¡n>w=0.55 Pi- 1.25 

TABLE 4b CORRELATION 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% 0.97 significant at 5% level Pins¡tu=0.70 P 2 + 8.00 

10% 0 .993 not significant Pms¡t„ '=0.68 P 2 + 0 . 33 
1% 0 . 65 not significant P'¡nS¡t»'=0.20 P 2 + 0 . 2 0 

TABLE 4c CORRELATION CO-EFFICIENTS AND REGRESSION EQUATIONS FOR CARBON-14 UPTAKE'IN SITU' IN 
T H E OCEAN VERSUS C A R B O N - U UPTAKE IN INCUBATOR-3 (P3) 

regression equations 

P'insitn-=1.03 Pa— 3 .58 
PinsitM—0.20 P a + 1 4 . 9 6 
P'insitu'=0.10P3+ 0 . 2 4 

43 

Depth 
% light intensity 
100% 
10% 
1% 

correlation co-efficient 
(r) significance 
0.94 significant at 5% level 
0.33 not significant 
0.896 significant at 5% level 
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TABLE 5a ANALYSIS OF REGRESSION OF 'IN SITU' V A L U E S (Y) ON INCUBATOR-1 VALUES (X) 

Source S u m of squares d.f. Variance esfimate 
regression 5647100 1 5647100 

residual error (a¡) 160279 2 80139 

TOTAL 5807379 3 

TABLE 5b ANALYSIS OF REGRESSION OF 'IN SITU' VALUES (Y) ON INCUBAT0R-2 VALUES (X) 

Source Sum of squares d.f, Variance estimate 
regression 3120200 1 3120200 

residual error (^) 57981 1 57981 

TOTAL 3178181 2 

TABLE 5c ANALYSIS OF REGRESSION OF 'IN SITU' VALUES (Y) ON INCUBAT0R-3 VALUES (X) 

Source 
regression 

residual error {a2
e) 

TOTAL 

S u m of squares 
5600400 

116335 

5716735 

d.f. 
1 

3 

4 

Variance estimate 
5600400 

38778 

TABLE 6 ERROR OF TECHNIQUE IN THREE TESTS OF CARB0N-14 UPTAKE BY REPLICATE SURFACE SAMPLES 

Test 

1 
2 
3 

Mean activity 
(counts/minute) 

699 
1546 
1020 

No. of samples 

8 
6 
6 

Std. dev. (s) 

121 
111 
104 

Co-eff. of 
variation 

17.31 
7 . 1 8 

10 20 

44 
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(present address : Hydrographie Department, Fishery Board of Sweden, Gôteborg) 

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, Z n and C u 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. 

HeKOTopbie HHflHKaTopHbie aHajurau MeTajiJioB B CpeflireeMHOM, 
KpaCHOM H ApaBHHCKOM MOpHX 

KpaTKoe coaepacaHHe 

KpaTKO paccMaTpHBaioTCfl nepBbie pe3yjH>TaTH aHajiH30B Ha 
X p O M B MOpCKOH BOfle, B MOpCKHX OpraHH3MaX H OTJIOHCeHHHX, OiryÔJIH-
KOBaHHtie B jiHTepaType. 

B HacTOHineM flomiane aaeTCH onncamie Hcnojn>3yeMbix cnocoôoB 
B3HTHA npo6 H MeTOflOB aHajiH30B Cr, Z n H C u . ,ZJaK>TCfl H o6cyacaaioTCH 
pe3yjn>TaTH 3 T H X aHajiH30B. 
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Descripteurs retenus pour cette étude : 

Chrome , eau de mer — Cuivre, eau de mer — Zinc, eau de mer 
Missions Winnaretta-Singer — Mission Atlantis IL 

[2] 
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Introduction 

Very few analyses of the chromium content of sea water have been 
reported in the literature. R I L E Y [1965] gives six references, which 
show a variation between 0.04 and 2.2 ¡¿g Cr/1 sea water. O f 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 spectrographs 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 pg 
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 n o w between 
0.04 and 0.6 ¡jig/1. The co-precipitation method with spectrophotometric 
analysis was first used by ISHIBASHI [1953]. 

Textbooks and abstracts wich give tables of trace elements in sea 
water, generally quote values around 0.05 ¡i.g Cr/1, always originating 
from ISHIBASHI, 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 k n o w n about the form in which chro
m i u m 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. 
SiLLÉN [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 C r ( O H ) 3 . 

C h r o m i u m is k n o w n 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. H e showed that chromium and iron were 
leached from the sediments in the proportion 1.3 x 10 - 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 10~3. F U K A I found in his two samples 33 resp. 
15 ¡xg Cr/g material. 

[3] 
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T h e variations of iron in sea water are so great and the values of 
c h r o m i u m so few, that it is not possible at present to state any C r : F e 
relations in sea water. 

M A N H E I M [1965] gives ch romium values for several sediments from 
different parts of the world. These values agree with the values of 
F U K A I (be. cit.). M A N H E I M values vary from 5 to 32 ¡j.g Cr/g sediment. 

C h r o m i u m is brought to the oceans by river water. D U R U M and 
H A F F T Y [1963] give s o m e ch romium values for river water in the U . S . 
T h e variation range is 0.72-84 [xg Cr/1 river water and the median value 
is 5.8 ¡i.g/1. 

T h e occurrence and accumulation of ch romium in marine organisms 
indicate the possibility of variations of the ch romium content in sea 
water. C r m a y be removed from the water by accumulation in organisms 
and it m a y be brought back into the water phase through decay of 
dead organisms directly, or indirectly via the sediments, or it m a y 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. H e estimates the residence time for C r to be 
3.5 x 102 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 
b o m b shell. In this reaction Cr-51 is formed a m o n g other products. 
This fallout reaches the sea either by direct deposition on the sea surface 
or with river water. M I Y A K E [1963] has calculated that about61 percent 
of the stratospheric fallout is deposited directly into the sea. Even with 
radioactive wastes s o m e C r is brought into the oceans. Cr-51 is formed 
a m o n g 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 I U 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, I A E A . 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 I A E A stations 1 and 2 on board the Winnaretta 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 W o o d s Hole Océanographie Institution, 
on the cruise from M o n a c o 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 V a n Dorn 
samplers made of polyethylene. Five samplers were attached to the 
hydrographie wire 5 m apart and the series was closed from deck by 
help of a messenger exactly as the hydrographie 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 m a y 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 " hydrographie 
casts with special gear on long cruises with a fixed time schedule. The 
ship will be delayed too m u c h 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. 

[51 
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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 ISHIBASHI (he. cit.). O n 
board the ship the samples were co-precipitated with Al (OH) 3 , the 
precipitate was allowed to settle for 24 hours, the main bulk of 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 as described by S A N D E L L [1944]. 
The di-phenyl carbazide colour was measured at 540 m¡x in a Beckman 
D U 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 I U S 
and K O R O L E F F (he. cit.). For zinc the " monocolour " method was 
used. 100 m l 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 m[x in the Beckman D U 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 m¡j.. 
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 
hydrographie 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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TABLE I 

Ship, Station number, 
date and co-ordinates 

Winnaretta-Singer 
I A E A Sta N o 1 off M o n a c o 
24-IV-1963 
43°39.5'N 07°37'E 

Winnaretta-Singer 
I A E A Sta N o 2 off Monaco 
M a y 1963 
43°31.5'N O8°03.5'E 

Sample 
No 

1 
2 
2a 
2b 

3 
4 
5 
6 

Depth 
(m) 

0 
0 

0 
200 
600 

1500 

Cr 
(1*8/1) 

0.092 
0.076 
0.058 
0.018 

0.005 
1.25? 
0.212 
0.004 

Remarks 

Unfiltered 60 1 
Total (2a + 2b) 60 1 
Particulate 
Soluble 

Unfiltered 60 1 
Unfiltered 60 1 
Unfiltered 60 1 
Unfiltered 60 1 

TABLE I] 

Stations 

Atlantis II, Sta.No 30, 25-VII-63 
36°34.5'N 21°04.5'E 5084 m 
Mediterranean, off Crete 

Atlantis II, Sta. N o 33, 29-VII-63 
30°20.6'N 32°24.7'E 11 m 
Great Bitter Lake, Suez Canal 

Atlantis II, Sta. N o 39, 30-VII-63 
27°28'N 34°14'E 1150 m 
Red Sea, northern part 

Depth 
(m) 

0 
10 
20 
50 
99 

149 
198 
297 
396 
495 

0 
10 

0 
10 
20 
30 
50 

100 
498 
734 

1031 
1131 

Temp. 
(°C) 

25.93 
26.71 
24.81 
17.19 
15.07 
14.70 

(14.60) 
14.55 
14.35 
14.09. 

29.07 
29.05 

28.29 
28.30 
28.07 
26.34 
24.48 
22.84 
21.68 
21.72 
21.76 
21.78 

Sal. 
(°/oo) 

38.55 
38.54 
38.50 
38.58 
38.75 
38.79 
38.80 
38.88 
38.87 

(38.82) 

46.38 
46.60 

40.45 
40.33 
40.49 
40.62 
40.70 
40.77 
41.04 
41.11 
41.14 
40.99 

Zn 
(Hg/D 

24.7 
22.8 
17.6 
0.1? 

16.2 
0.8? 

17.6 
18.8 
29.4 
10.6 

40.0 
19.4 

20.6 
22.3 
12.4 
14.3 
17.7 
15.9 
9.5 

12.9 
18.0 
17.4 

Cu 
(WS/1) 

0.65 
1.53 
1.89 
0.44 
0.67 
0.48 
0.38 
0.34 
2.86 
0.00 

3.86 
2.66 

0.24 
0.44 
2.00 
0.75 
1.46 
2.24 
1.02 
1.26 
1.17 
1.56 

Cr 
(¡xg/D 

0.02 

0.49 

— 

. 
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Stations 

Atlantis II, Sta. N o 42, l-VIII-63 
21°21.5'N 38°04.5'E 1959 m 
Red Sea, middle part 

Atlantis II, Sta. N o 45, 3-VIII-63 
14°28'N 42°22'E 419 m 
R e d Sea, Bab el M a n d e b 

Atlantis II, Sta. N o 53, 8-VII1-63 
13°15'N 50°36.5'E 2506 m 
Gulf of A d e n 

Atlantis II, Sta. N o 61, ll-VIII-63 
14"56.5'N 56°59'E 3195 m 
Gulf of A d e n , off Socotra 

Atlantis II, Sta. N o 77, 22-V1II-63 
19°58.5'N 64°58'E 3166 m 
Arabian Sea, northern part 

Atlantis II, Sta. N o 98, 2-1X-63 
09°58'N 63°40'E 4439 m 
Arabian Sea, southern part 

Depth 
(m) 

0 
20 
49 
99 

199 
496 
991 

1336 
1632 
1781 

0 
50 
99 

198 
297 
397 

0 
49 
99 

198 
497 
987 

1268 
1463 
1857 
2045 
2300 

0 
384 
771 

1370 
2284 
3121 

0 
10 

100 
496 
993 

1975 

0 
10 
50 
99 

497 
988 

2060 
3235 
4393 

Temp. 
(°C) 

30.12 
30.06 
28.44 
23.79 
21.94 
21.70 
21.72 
21.80 
21.89 
21.93 

32.73 
23.02 
18.42 
21.99 
21.75 
21.72 

29.83 
24.15 
17.16 
14.02 
13.32 
11.46 
7.58 
5.75 
3.61 
3.12 

25.10 
11.72 
10.38 

6.27 
2.45 
1.82 

26.79 
26.79 
20.90 
12.39 

8.65 
3.04 

28.05 
28.05 
27.08 
25.96 
11.17 

8.02 
2.59 
1.73 
1.59 

Sal. 
(°/oo) 

38.26 
38.67 
39.08 
39.98 
40.57 
40.68 
40.69 
40.66 
40.59 
40.76 

37.14 
36.32 
37.11 
40.37 
40.70 
40.63 

36.37 
35.91 
35.50 
35.33 
36.02 
36.00 
35.36 
35.11 
34.90 
34.85 

35.10 
35.38 
35,53 
35.16 
34.80 
34.75 

36.37 
36.37 
35.90 
35.72 
35.40 
34.84 

36.23 
36.24 
36.24 
36.16 
35.37 
35.24 
34.80 
34.75 
34.73 

Zn 
(ws/D 

2.4 
17.3 
20.0 
17.4 
13.2 
23.2 
24.8 

15.6 
11.6 

24.8 
13.6 
8.1 
6.8 
7.5 
8.4 

26.7 
11.1 
7.2 

10.1 
19.2 
7.9 

11.5 
8.0 

11.6 
9.7 
9.0 

10.5 
21.5 
19.4 
11.6 
19.4 
11.4 

33.6 
18.2 
6.8 

11.6 
7.0 

10.4 

19.4 
8.6 
7.0 
7.0 
5.0 
3.7 
2.7 
0.4 
1.0 

Cu 
(Hg/D 

0.40 

6.57 
1.00 
0.00 
0.10 
0.00 

6.34 
0.00 

0.32 
0.52 
0.93 
0.12 
0.52 
0.57 

6.93 
1.28 
0.94 
0.68 
0.00 
0.45 
0.30 
0.57 
0.00 
0.62 

6.50 
0.00 
0.00 
0.12 
1.32 

2.38 

1.20 
0.08 

0.10 
0.13 
0.06 
0.14 
0.14 
0.43 
0.32 
0.20 
0.11 

Cr 
(M5/0 

0.02 

0.06 

0.13 

0.02 

6.07 



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 unaltered 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 u.g/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 I U 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 II station N o . 30 west of Crete. The salinity 
m a x i m u m , which indicates the " intermediate Levantine water " is 
found between 300 and 400 m . At 400 m the Cr concentration is 0.49 
[i.g/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 ISHIBASHI result [1955] that the 
chromium concentration in the open sea is around 0.05 ¡xg/1. 

Zinc and copper. F r o m Fig. 1 it can be seen that both elements at 
station 30, have a m a x i m u m in the core of the " intermediate Levantine 
water " , which supports the earlier results of F O N S E L I U S and K O R O L E F F 
(loc. cit.) from the Ligurian Sea. The Z n values at 50 m and 149 m 
are extremely low, possibly due to faulty analyses and have been regarded 
as questionable. 

Station N o . 33 in table II shows Z n and C u 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 m a y be an indication of 
the origin of the high Z n and C u values in some parts of the Red Sea. 

In the northern Red Sea the C u values seem to be extremely high 
except close to the surface. The Z n values are slightly higher than in 
the Mediterranean. In the middle part of the Red Sea the C u values 

[10] 

502 



— l i 
are low, close to 0 or 0 at some depths. The Z n values are like the values 
in the northern part except at the surface where the value was 2.4 [xg/1. 
In the strait of Bab el M a n d e b , the Z n values from 100 m d o w n to the 
bottom are low. In the Gulf of Aden the highest C u values are found 
in the surface water. At around 1000 m and also at 2000 m the C u 
concentration was 0. The water in the Gulf of Aden and also in the 
northern part of the Arabian Sea seems to be m u c h 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 m u c h 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 Z n and C u , with concentrations decreasing downward 
(Fig. 2). Generally the surface values for Z n in the oceans seem to be 
higher than the deep values. The surface Z n values in the Indian Ocean 
agree fairly well with the surface values found by D O S H I et al. [1965] 
while the C u values are m u c h lower than the values found by D O S H I 
and co-workers in the same area. 
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DISTRIBUTION OF PHOSPHATES AND SILICATES IN THE CENTRAL 
WESTERN NORTH INDIAN OCEAN, IN RELATION TO SOME HYDRO-

GRAPHICAL FACTORS 

by C. V. GANGADHARA REDDY and V. N. SANKARANARAYANAN 
National Institute of 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 d o w n 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 
océanographie properties indicate the distinctness of the North Equatorial Indian 
Ocean from the geographically similar regions of the Pacific and Atlantic Oceans. 
T h e 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. T h e variations in zooplankton 
volumes seem related to the changes in hydrographical features. 

INTRODUCTION 

Before the International Indian Ocean Expedition began, our knowledge 
about the Océanographie 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 " O b " (1956) and Vityaz (1958). 

A s part of the Indian Programme of the International Indian Ocean Expedi
tion, the vessel, I .N.S. K I S T N A 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 of the 
I .N.S. K I S T N A 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 m a y give a better understanding to the problem 
of possible influence of the oceanic waters on the inshore waters. 

METHODS 

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 

N 

20. 

'icr 

o 

lo° 
60° 70° 80? 9 0° E 

FIG. 1. M a p 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 m a d e 
with potassium chromate standard solutions, buffered with borax. 
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RESULTS 

1. Section along 68°E meridian, between Lat. 19° and 14°N 

Figure 2 A shows the phosphate distribution in surface layers. It can be 
seen from the figure that phosphate in surface layers d o w n to 50 m is more or less 
uniformly distributed (Fig. 2 A ) . The values are generally low (0.4 /*g at/1.). 

F I G . 2 A . 
F I G . 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 m a x i m u m 
concentrations of 1 to 1.5 f*g 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) d o w n 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 p-g at/1. Relatively higher values are found at deeper layers, 
reaching m a x i m u m values up to 14 /*g 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. 

FIG. 2B 
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 d o w n 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 d o w n to 200 m (Fig. 2 D ) . 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 d o w n to 200 m . 
The gradients are rather strong in the southern half. M i n i m u m 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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282 283 

STATION N U M B E R S 

284 285 286 287 
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Section along 71°30'£ meridian between Lat. i°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. 3 A ) . 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 /¿g at/1.) water is present between Lat. 6° and Io 42.5'N., just 
below the phosphate discontinuity layer (below 100 m ) extending d o w n 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. L o w 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. 3 C ) indicate that the mixed zone is maintained 
d o w n to 50 m along the entire section excepting in the northern end where it reaches 

293 294 295 

STATION N U M B E R S 

296 297 298 299 

£ 100-

150 

«00. 
8' 3* Q* 5" 4" 

FIG. 3A. 
FIG. 3(A-E). Vertical distribution of properties along 71° 30'E meridian between 8° N and 0' 
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d o w n 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. 

«TATI0N NUMBERS 

295 296 297 298 

B' 5" 4" 3" 

Fio. 3C. 
S TACTION N U M B E R S 

293 294 295 296 

1°N <f 

297 298 299 
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Salinity profiles (Fig. 3 D ) 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 d o w n 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 

STATION N U M B E R S 

293 294 295 296 2.97 298 299 

up to 3°N Lat. and beyond that, the values tend to increase reaching m a x i m u m 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 ¡ig at/1.) (Fig. 4 A ) . 
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 /*g at/1.) extending d o w n 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 /*g 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 ng at/1, and higher values of about 9 H-g at/1, are recorded at about 200 m . 

STAT ION N un B E RS 

SO? 299 300 302 

F I G . 4 A . F I G . 4B . 
F I G . 4(A-E). Vertical distribution of properties along the equator between 71° 30' and 75' E . 

299 300 301 

STATION N U M B E R S 

302 290 300 301 302 
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Temperature distribution is uniform in the upper 75 m (Fig. 4 C ) . T h e 
thermocline is present just below 75 m , spreading d o w n 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. 4 D ) . Pro
gressive increase up to 75 m is noticeable, which is followed by isohaline conditions 
d o w n 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 

29 9 

STATION NUMBERS 

300 301 302 

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 15°E meridian from 0° to 8°24.5' N : 

Uniformly low phosphate levels are present d o w n to 75 m along the entire 
section (Fig, 5 A ) , The values being generally less than 0,5 fig at/1. Values of 
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phosphate varying between 0.5 and 1.1 ¡ig 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 

STATION NUM B£RS 

302 303 304 305 3 06 307 308 309 310 3n îi 2 

Fro. 5(A-E). Vertical distribution of properties along 75° E meridian between 0° and 8° 24.51*1. 

in the range (from 0.5 to 1.5 ng 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 d o w n 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 f-g at/1.) is noticeable due to upslope of the layers 
between 75 and 100 m . Values greater than 9 /¿g at/1, are present below 150 m . 
However, it m a y 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. 5 C ) . 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. 
T h e same trend is reflected d o w n 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 d o w n 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 d o w n to 80 m . It 
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302 303 304 

STAT ION N U M B E R S 

305 306 307 308 309 310 III 312 

FIG. 5B. 

m a y 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. 

102 303 304 
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FIG. 5C. 
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Salinity distribution of the upper 75 m (Fig. 5 D ) 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 

¿02 
0 
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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 m a x i m u m 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 . 

DISCUSSION 

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 of origin of distinct 
moving water masses. Greater accumulation of nutrients at deeper levels and 
their consistancy, irrespective of seasons and places m a y 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 m a y replenish the losses of nutrients 
of the surface layers caused by physical or biological factors. A knowledge of 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 m a y 
also aid in understanding the fertility of different regions. 

M o n s o o n 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 al, 1942). Present observations on the hydrographie 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 d o w n to 50 or 75 m 
followed by a region of higher and fairly steep gradient of nutrient concentrations 
d o w n to 200 m . Considerable meridional and zonal variations in the thickness 
of these layers are apparent which m a y 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 m a y 
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 m a x i m u m 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 m a y possibly be due to the influence of horizontal 
eddies. 

The southern section along 71°30' E from Lat. 8°N extending to the equator, 
is characterised by deeper mixed zone extending d o w n 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 m a y 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 of several centres of divergence and conver
gence in the open ocean regions throughout the year, more intense field being in the 
south-west m o n s o o n 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 m a y 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. F r o m 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 m a y 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 ¡¿g 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 
d o w n to 100 m or more in North Pacific and Atlantic. This featural difference 
m a y have an important bearing in rapid exchange of nutrients to the surface layers 
from the nutrient rich sub-surface layers, and thus m a y 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 d o w n 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 R a o and Jayaraman (in press) and 
related to the presence of an undercurrent. H o w e v e r 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 
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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 m a y be mentioned here that this region m a y 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 m a y reveal some interesting features related to nutrients 
and other océanographie features. Zooplankton samples were collected from some 
regions covered during the 13th cruise. Several earlier workers have reported a 
correlation between zooplankton and Po 4 -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 I O S N ) 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 m a y 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 of 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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NUTRIENTS OF T H E N O R T H - W E S T E R N B A Y OF B E N G A L 

by V. N . SANKARANARAYANAN and C. V. G A N G A D H A R A R E D D Y 

National Institute of 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 d o w n to 500 rr. Phosphate m a x i m u m is found between 600 
800 m and the nitrate m a x i m u m 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 I O N 

While considerable information is available on the general océanographie 
conditions in the Bay of Bengal, very little is k n o w n 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 Sarma 1958; Bhavanarayana and LaFond 1957; V a r m a 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 of 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 A T E R I A L A N D M E T H O D S 

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. M a p 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 of 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 m / ¿ . 
Observations between depths 0-1000 m are presented. 

R E S U L T S 

Fugures 2 A , 3 A and 4 A 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 /¿g 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 /*g 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 
c o m m o n 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 m a y 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 d o w n to 500 m also and this feature is more pronounced in the south, 
off Visakhapatnam. Depth of phosphate m a x i m u m is found to be varying between 
600 and 800 m . 

Silicate distribution (Figs. 2B , 3B and 4B) corresponds well with that of 
phosphate. Surface concentrations range from 0.1 to 4 /*g 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 d o w n to 
200 m ; at deeper levels the values increase continuously with depth reaching a 
m a x i m u m of 21 /*g at/1 in the south. . Similar to phosphates, silicate isolines also 
show a strong upslope towards the coast. 

Nitrates (Figs. 2 C , 3 C and 4 C ) 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. A n 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 m i n i m u m 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 m a x i m u m nitrate content appears to be varying between depths 300 and 800 
m arid in general it m a y be said that the nitrate m a x i m u m is at a higher level than 
that of phosphate over major portion of the region. F r o m 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 I C A L F E A T U R E S 

Temperature profiles, (Figs. 2D, 3 D 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 m a x i m u m distance of 75 miles off the 
coast. T h e 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 w a r m 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. 2 E , 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. 2 F 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 m i n i m u m layer (<0 .5 ml/1) starts in the middle of the thermocline 
extending d o w n to 800 m coinciding more or less with the depth of phosphate 
m a x i m u m . The sloping up of the Oxygen m i n i m u m 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 I S C U S S I O N 

The distributions of the hydrographical factors in the Bay of Bengal, are 
primarily influenced by the immense land drainage and complex current patterns 

539 



160 

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 propeity 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 of 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. It 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). L a F o n d (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 w a r m high saline 
water from the equatorial region. At the same time the south south-west winds 
cause an offshore drift of the surface water. A s colder subsurface water rises to 
take its place, upwelling staits. Further investigations by L a F o n d (1954) indicate 
that the upwelling develops fully, off Visakhapatnam in M a r c h , extending up to 
April. T h e offshore transport of water fits with the prevailing wind direction ( S W ) 
and the northerly current along the coast. Present investigations confined to the 
3rd week of January w h e n 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 atout 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. It is obvious that the 
resultant operative force responsible for the upwelling is weak and of variable 
strength over the entire region. A s mentioned earlier the characteristic feature of 
the prevailing current system is the anticyclonic gyre at the head of the Bay extending 
d o w n to about 15°N. The centre of the gyre is in proximity to the northern section 
(off False point). It is felt that this circulation m a y be playing a significant role 
in the upwelling processes towards the coast. The convergence at the centre of the 
anticyclonic gyre m a y 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 m a y also equally aifect 
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 m a x i m u m (1.13 Fg at/1) is noticeable. The higher values are associated 
with cold and low saline waters while the lower values with w a r m and high saline 
waters. The existence of cold and low saline surface waters near the coast m a y 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 k m forming a boundary 
with the w a r m 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. At 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 m a y 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 of 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 of the westerly drift, bringing in 
w a r m high saline and phosphate poor waters from east and south-east. The phos
phate concentrations over the shelf show m a x i m u m values off Visakhapatnam and 
m i n i m u m off Gopalpur. The intermediate concentrations off False point m a y be 
reflecting the relatively weaker upwelling trend as could be inferred from the vertical 
profiles. The m a x i m u m 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 
m o n t h of January. They attributed this to the nutrient rich Antarctic bottom 
water, entering the bay to compensate the loss of water due to evaporation. H o w 
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 m a d e on the factors governing the silicate and nitrate 
distribution excepting that the minor variations m a y be more of regenerative 
character. 

At 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 d o w n 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 m a x i m u m 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. It 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 
m a x i m u m between 300 and 500 m . Rochford (1964) discussing the salinity m a x i m a 
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 n e w water 
mass m a y favour the formation of internal waves at the boundary enhancing eddy 
diffusion, and perhaps this m a y explain the observed peculiar patterns of the vertical 
distribution of the nutrients below 200 m . 
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DISTRIBUTION OF NUTRIENTS IN T H E SHELF W A T E R S OF THE 
ARABIAN SEA A L O N G THE W E S T COAST OF INDIA* 

by C. V. G \ N 3 \ D H A R . \ R E D D Y and V. N. SANKARANARAYANAN 

Biological Oceanography Division, National Institute of Oceanography, Ernakulam, 
S. India 

The paper presents a descriptive account of the distribution of phosphates, sili
cates and nilrates in the shelf waters of Arabian Sei along the West Coast of 
India including a brief mention about the hydrographical features and their 
relationship with the former during the period September to D e œ m b e r 1963. 
The results indicate marked variations through different periods, in nutrients and 
other hydrographical features. T w o distinct environmental conditions are 
apparent in the shelf waters from the nutrients point of view, characterised by 
nutrient deficient surface layers in the post-monsoon period and nutrient rich 
surface layers in the south-west monsoon period. These conditions are well 
reflected in the corresponding variations of the hydrographical features. It is also 
observed that the concentrations of the nutrients show a general decreasing 
trend from south to north. The distribution of the elements are more influenced 
by a phenomenon similar to upwelling, occurring during the closing phase of 
the south-west monsoon. The regional differences in the concentrations of 
the nutrients along the coast during this period, are attributed to the varying 
intensities of this upwelling like phenomenon. Post-monsoon period is chara
cterised by more vertical stability of the waters and uniform distribution of 
the properties. A significant feature of the nutrient components of the near 
shore environment (less than 15 miles) is their constancy through different periods; 
the value are relatively high throughout. Probable factors controlling the 
vertical and horizontal distribution of nutrients are indicated. 

INTRODUCTION 

T h e significance of the nutrients in the sea, especially of phosphates, silicates 
and nitrates, is well recognised, in understanding 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 océanographie 
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 hydrographie conditions 
(temperature, salinity and oxygen) m a y also help in understanding the seasonal 
changes in fisheries. T h e present work was undertaken as part of the studies on 
the nutrient distribution in the Indian Ocean under the Indian P r o g r a m m e of the 
International Indian Ocean Expedition. 

T h e 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 at the Second International Océanographie Congress, M o s c o w 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. A m o n g 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 E R I A L A N D M E T H O D S 

Collections were obtained during the regular océanographie cruises of 
R . V . V A R U N A from three selected regions: 1. Off Quilon, 2. Off Mangalore, 3. 
Off Ratnagiri across the continental shelf falling in line with océanographie 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. I. Only parts of the sections comprising the 
station locations wherein water sampled for nutrients are represented in the m a p . 
The water samples were preserved by freszing 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 
mp 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/¿ as sug
gested by Barnes (1960). Comparisons were made with potassium enrómate 
standards buffered with borax. 

Nitrates:—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 E S U L T S 

The sections covered in a particular region during the two different periods 
(monsoon and post-monsoon) are designated as 'a' and 'b'. 

Sections Off 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 
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Fro. 1. M a p 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 /*g. 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 N o . 1918 near the edge of the continental 
shelf, the silicate distribution generally parallels with that of phosphate. F r o m 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 jug. at/L towards offshore region. 

STATION NUMBERS 

138 16 14 08 16 14 KMB 16 H 

40 30 20 10 0 40 30 20 10 0 40 30 20 JO 0 

OISTANCE IN NAUTICAL MILES 

F I G . 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 /*g. 
at/L; values greater than 1 jug. at/L are usually found below 20 m and the highest 
of 4.4 Mg. at/L is recorded near the edge of continental shelf at about 100 m . Below 
this depth the values again tend to decrease to about 1 /*g. at/L. 

Section '6':—(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 /tg. 
at/L) in the near shore region and towards the middle of the section they decreased 
to about 0.4 jug. at/L and thereafter the values tend to increase up to the edge of the 
shelf reaching 1.8 jug. at/L. A s compared to the monsoon period the values in the 
offshore region show an increase. The 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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O I S T A N C E IN N A U T I C A L M I L E S 

Flo. 2(b) Vertical distribution of phosphates, silicates and nitrates in the section off Quilon in 
N o v e m b e r . 

¡Silicates are generally poor in December relative to the monsoon period 
except in the nearshore station N o . 2003 wherein a slight increase is noticeable, 
Surface values varied from 0.73 to 4.8 n%. at/L. The values decreased to m i n i m u m 
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 /*g. at/L. 

Section Off Mangalore: 

Section 'a':—(Between Lat. 12°52' N , Long. 74°54' E and Lat. 12°33' N 
Long. 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 l.S fig. at/L) in the near shore stations 
within 15 miles and decrease further offshore to below 0.4 M g . at/L. The isopleths 
at the depths between 25 to 50 m (0.5 to 1.5 /*g. 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 /*g. 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 fig. at/L, while in the off-

FIG. 3(a) Vertical distribution of phosphates, silicates and nitrates in the section off Mangalore in 

shore region the values are in general less than 4 fig. at/L. Concentrations as high 
as 12 M g . at/L are found below 100 m . 

T h e pattern of nitrate distribution also shows a strong upslope of the isolinesá 
towards the surface near the coast. The.values are relatively high in-the near shore 
area, ranging from 1 to 4.5 /¿g. at/L. The concentration is low in^the offshore 
region ranging between 0.4 and 1 f*g. at/L. Unlike phosphates and silicates, nitrates 
are generally low d o w n to 150 m . Nitrate accumulation is apparant only below 
this level. 

Section ib,:~(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 f*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 ng. 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 M g . at/L and further 
off the coast the values drop to 0.6 /xg. at/L. Higher concentrations up to 6 M g 
at/L are found below 10 m in the increasing order with depth. 

Section off 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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DISTANCE IN NAUTICAL M U E S 

F I G . 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 M g . at/L) and lower (0.6 to 0.8 /*g. at/L) towards offshore. 
Isopleths (Fig. 4a) between the depths 30 and 75 m in the offshore region show a 

STATION NUMBERS 

44 43 42 4140 l 9 4 5 

T o 70 60 50 40 M 10 Iff 0 80 70 GO 50 40 30 20 .0 

DISTANCE IN NAUTICAL M U E S 

Fio. 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 m a x i m u m 
of 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 Mg. at/L and those of offshore between 5.6 and 6 /¿g. at/L. Below 40 m 
there is uniform increase; m a x i m u m values up to 12 ^g. at/L are recorded at the 
bottom layers near the edge of the shelf. 

Section '6':—(Between Lat. 16°28' 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 /¿g. at/L. It could be seen from the Fig. 4b that 

STATION N U M B E R S 

2035 34 33 32 31 30 29 28 2035 34 35 32 31 30 29 28 

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 ^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 M g . 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 f*g. at/L and in the latter 2 to 5 n$. 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 offshore region it is present at 30 m (Fig. 5). Salinity 
does not bear any relationship to temperature above the thermocline; below the 
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F I G . 5. Depthwise variations of the hydrographical factors and the nutrients at selected stations 
(Nos. 1916, 1918, 2004, 2005 and 2006) off Quilon in September, and November. Oxygen 
in ml/litre, nutrients in ¡¿g at/litre, salinity in °/00 and temperature 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 m i n i m u m 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 m i n i m u m layer reaches up to the shelf edge, being present at about 160 m . 
It does not extend over the shelf and the oxygen shows more uniform distribution 
in contrast to conditions in September. 

Off 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 m i n i m u m 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 
of the continental shelf and over the shelf the waters are isothermal. While the 
temperature pattern shows a fairly good mixed layer above the thermocline, salinity 
gradients are observed within this layer, sometimes extending d o w n to 100 m . 
Oxygen m i n i m u m layer is present neai 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. 

Off 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 d o w n 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 m a x i m u m at about 30 m and below once again observed 
to be in decrease. Oxygen m i n i m u m 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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A s 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 m i n i m u m 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 I S C U S S I O N 

T h e present studies at three selected regions across the West Coast covering 
the shelf waters provide some picture of the distribution of nutrients on the West 
Coast of India. 

T h e 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. It 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 m a y vary from year to year and from region to 
region and these could be attributed probably to varying intensities of 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 mixing 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 m a x i m a 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 m a y be fractionated and this m a y 
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 m a y 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 
betaw 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. It 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 
m a n y large rivers flow into the Bay of Bengal. O n e 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 m o r e 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 m a x i m u m 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 m a x i m u m 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 m l / L . 
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SPECIFIC ALKALINITY IN THE N O R T H E R N INDIAN O C E A N D U R I N G 
THE SOUTH WEST M O N S O O N 

by R. SEN G U P T A 1 and A B R A H A M PYLLE2 

Titration alkalinity was measured for a total of 500 water samples from the nor
thern Indian Ocean during the south-west monsoon cruises of I .N.S. K I S T N A 
in 1963 and the specific alkalinity were calculated from the chlorinity values. 
Results are represented along two sections in the Indian Ocean, two in the 
Arabian Sea and three in the A n d a m a n Sea. Observations were restricted to a 
depth of 200 metres in the Indian Ocean and to about 500 metres in the Arabian 
and the A n d a m a n Seas. In the Indian Ocean the values decreased between 25 
and 50 metres where the optimal 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 of the 
equatorial under-current, which has been found to exist in the Indian Ocean, 
as well. In the Arabian 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 intermediate water in the Arabian Sea whose origin has been traced 
to the Persian Gulf. The values in the A n d a m a n 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' or this area being in a zone where 
precipitation exceeds evaporation, and the observations were taken at the time 
of almost the highest precipitation. The surface values at the eastern section is in 
general higher than those at the western part, which m a y be due to the effect of 
the discharges from the River Irawaddy and its tributaries. The values gradually 
decrease towards the depth which m a y also be due to the fact that this is an area 
of intense south-west monsoon 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: 

u r •• t m - C — i 2C 2— , C — , / C C + \ alkal.n.ty (eq./l) - ^ ^ + ^ T ^ ^ + ( Q H R ) 

Wattenberg (1933) used the term 'specific alkalinity' in the Atlantic waters, which 
can be defined as: 

_ .„ „ .. ., Alkalinity x 103 

Specific alkalinity = 
Chlorinity 

and found a constant value of 0.123. K o c z y (1956) found that this value varies 
between 0.119 a n d 0.130 in all the oceans. T h e specific alkalinity indicates the 
changes d u e 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. W i t h rising pres-
1. Oceanografiska Institutionen, Gôteborg, Sweden. 
2. Physical Océanographie Division, National Institute of Oceanography, Ernakulam-1, India. 
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sure of 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 I A 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 I S 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). 10 ml of N / 2 0 H C 1 

(USINA 

Crutsti in 1863 (Monsoon) 

FIG. 1 
was put in a polyethylene bottle (ca. 200 ml volume) and it was then filled up with 
sea water. W h e n 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 / 2 0 carbonate-free sodium hydroxide 
solution to a p H 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 I S C U S S I O 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 d o w n to the depth of 300 
metres. 

INDIAN O C E A N 
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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 N e w Hebrides and Fiji Island in the Pacific Ocean 
(Rotschi 1965). This increase m a y not be representative of general conditions in 
the Indian Ocean but m a y 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) w h o 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 of variation has also been 
observed during the Swedish D e e p Sea Expedition (Bruneau et al. 1953). O n e 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. 

INDIAN OCEAN 

Specific Alkalinity S W . Monsoon 63 
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FIG. 3, 
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CURRENT VELOCITY TEMPERATUPC AND SALINITY PitOFILE 
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FIG. 4 

A comparison of Figs. 3 and 4 shows that the region of the m a x i m u m 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 m a y 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 SEA 

Specific Alkalinity S.W.Monsoon 'ei 
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FIG. 5. 

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 <n 27 surface. All the surfaces are found to slope downward from north to 
south. The surface layer m a y be said to be originated in the Arabian Sea itself 
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«RABIAN SEA (Along 6e°li70*E) 

Spec'lic Alkalinity S W Monsoon '63 

N ¡n' 19- 16° 17» i6° 15» 14* 13? 12» II' 

FIG. 6. 

(Sabinin 1964). The intermediate layer is formed by the tributary of the high 
salinity water of the Persian Gulf—the salinity m a x i m u m 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 d o w n to 4°N latitude. The 
lower layer of a\ 27 (specific alkalinity 0.125—0.126) can be said to be of the Red 
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Sea origin—the salinity m a x i m u m 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 A n d a m a n Islands. Line 1 represents the eastern 
section between 11° and 14°N and 93° and 95°E; line 2 represents the western 
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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 of 
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 m a y 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 B u r m a 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 %D—33 %o. 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 A n d a m a n 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. 

GENERAL REMARKS 

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 estimations are made on samples collected along four 

sections, perpendicular to the coast between B o m b a y and Cochin, during 

the 25th cruise of I N S Kistna in March 1965. The results reveal consider

able variability in the regional and depthwise distribution of the same. 

Higher concentrations are encountered in the upper 800 m in the northern 

sections (off B o m b a y and Karwar) than in the southern ones (off Mangalore 

and Cochin) while at deeper levels ( > 800 m ) the trend is reverse. Off 

Cochin greater concentrations ( > 10 ¡ug-sAjl) are found below 800 m as 

compared with 2-4 ¡ig-atjl found at the same depths in the other regions. 

Percentage of organic phosphorus is in general very high in the surface 

(upper 200 m ) . Even at 1,000 m mineralization of organic phosphorus is 

not complete and at majority of the stations the composition amounted to 

20-30 per cent of the total phosphorus. Distinct convergence of the waters 

is indicated almost all along the coast over the mid-shelf, extending towards 

the slope region. Probable factors governing the distribution of total 

phosphorus are discussed. 

I N T R O D U C T I O 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 al. 1937; Armstrong and 
Harvey 1950; Bush et al. 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 Kistna 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). 

RESULTS A N D DISCUSSION 

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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F I G . 4. Showing the distribution of phosphate-phosphorus off the Karwar Coast. 
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Fio. 5. Showing the distribution of total phosphorus off the Karwar Coast. 
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F I G . 6. Showing the distribution of phosphate-phosphorus and total phosphorus 

off the Mangalore Coast. 
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F I G . 7. Showing the distribution of phosphate-phosphorus and total phosphorus 

off the Kerala Coast. 
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will be presented along with other nutrients elsewhere. A n 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 ĝr-at/Z and at deeper 
levels it is 1-4-16-7 ¡ic-at/l. It m a y , however, be mentioned here that concen
trations exceeding 6 ̂ g-at/i 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 m a x i m u m in the latter. One characteristic 
feature in all the sectionŝ  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 m a x i m u m 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 
m a y 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 B o m b a y and Karwar) than those in the southern sections 
(off Mangalore and Cochin), but at deeper levels the trend seems to be reversed. 
M a x i m u m surface concentration (4 pg-at/l) is found off Karwar in the offshore 
region. Off Cochin a greater concentration ( > 10 //gr-at/Z) is found below 800 m 
as compared to the 2-4 ¡xg-atjl 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 of the total phosphorus. A comparison of the 
average organic phosphorus values in the shelf waters of different regions 
will reveal that m a x i m u m levels occur around B o m b a y (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 B o m b a y 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 m a y 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 turbulence 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. 

A n examination of the total phosphorus data will reveal that the waters 
of the upper 800 m in the northern sections (off B o m b a y and Karwar) have 
a very high concentration of total phosphorus, m u c h 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 ¡ig-aJijl) 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 m is quite significant and it appears to have a 
good bearing on the fertility of the region in general (McGill 1964; Rytner 
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 m a y 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 sources 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 of high total phosphorus, comprising 
60-80 per cent of organic phosphorus indicating the concentration of 
phosphorus of planktonic or detrital origin. F rom 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 m u c h 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 ' 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 m a y 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 m a y throw more light on this aspect. 
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ABSTRACT 

The depths of occurrence of 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 of 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. 

INTRODUCTION 

D U R I N G the International Indian Ocean Expedition (1960-65) a considerable 
amount of data has been collected by most of the participating ships on the 
distribution of dissolved oxygen in the different areas of the Indian Ocean. 
While these studies involve the general pattern of distribution both in the 
vertical and horizontal and the occurrence of oxygen minima, n o detailed 
work has yet been undertaken on the occurrence of layers of oxygen m a x i m a 
and minima and their seasonal variations. This type of study, while giving 
a general pattern of seasonal and regional variations in oxygen m a x i m a 
230 
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and minima, will also help in an understanding of water movements and 
mixing processes, and potential productivity in the different regions of the 
Indian Ocean, as the oxygen content of the upper layers is intimately related 
to biological activities. The present paper deals with the surface and sub
surface layers of 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 min imum 
in the sub-surface layers in the tropical marginal seas of the world oceans 
was reported in the Pacific and Atlantic Oceans (Wust, 1935; Dietrich, 1937; 
Seiwell, 1937) and has been attributed to several factors such as limited 
circulation in the basins and oxidative processes of the organic matter 
(Sverdrup, 1938; Kawamoto , 1935; Wattenberg, 1939; Redfield, 1942). 
During the John Murray Expedition of 1933-34 (Gilson, 1937) well-defined 
oxygen minima were observed in the central and northern Arabian Sea. 
Clowes and Deacon (1935) reported oxygen min imum between the 300-100 
meter layers with oxygen concentration of less than 0-8 m l / L 
at 8° N and further stated that at 11° S this min imum with oxygen content 
of 2-0 ml /L is found at 1,200 meters. Schott (1935) pointed out that the 
sub-surface oxygen minimum is most prominent at about 50 meters off 
Bombay, while Carruthers et al. (1959) found the oxygen min imum at a 
depth of 18 meters at a distance of 18 nautical miles off Bombay and 
stated that the oxygen minimum lies below the salinity maxima and occa
sionally reaches surface layers. N e y m a n (1961) referring to the presence 
of oxygen minima along the entire west coast of India states that both the 
oxygen content and the thickness of the layer are sharply heterogeneous. 
Vinogradov and Voronina (1961) correlated the min imum 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 
et al. (1967), Elizarov (1968), Timofeev (1968) and Khimitsa (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 min imum in 
the north-western Indian Ocean, especially in the north and north-eastern 
parts of Arabian Sea to the aging of the Red Sea waters introduced 
through the Gulf of Aden into the subsurface and intermediate depths 
and to limited circulation in the area. 

Area of investigation, data and analysis.—The observations presented 

here relate to the depths of occurrence of oxygen m a x i m u m and min imum 
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in the north-western Indian Ocean, including the Arabian Sea and the Lacea, 
dive Sea (Special Publication N o . 23 of International Hydrographie 
Bureau) covering the grid between the equator and the northern-most part 
of the Arabian Sea, i.e., upto Pakistan and Iran coasts and 45°-80° E 
longitude. 

For convenience and ease of interpretation, the following seasona 
classification has been adopted: 

(1) S u m m e r or hot weather season—March, April and M a y ; 

(2) South-west monsoon season—June, July and August; 

(3) Post-monsoon season—September, October and November ; and 

(4) North-east monsoon season or winter monsoon—December, 
January and February. 

A H the available data on oxygen max ima and minima with correspond
ing depths of 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 
max ima and minima certain arbitrary limits were fixed for the m a x i m u m 
and m i n i m u m concentrations of oxygen. All values of oxygen which fell 
between 4-5 and 5-5 m l / L or above have been included as maxima and 
the values of oxygen which fell between 0 and 1-0 m l / L . were taken 
as m i n i m u m . These limits were chosen because the occurrence of the 
respective values have the 80-90% probability. 

After pooling the data, the depths were plotted on maps for oxygen 
max ima and minima for each season. Contours were drawn at the intervals 
of 5-10 meters in the case of m a x i m a and 25-50 metres in the case of 
minima, depending on the extent of variation of the values (Figs. 1 to 8). 

R E S U L T S 

Summer season.—Figures 1 and 2 show the depths of oxygen max imum 
and minimum respectively during the summer months. In regard to the 
oxygen max imum it is seen that in the shelf waters along the west coast of 
India (eastern Arabian Sea) oxygen max imum occurs between 1 and 12 
meters except at 9° N latitude where the max imum is seen to exist at 30 
meters. Taking the whole of the north Indian Ocean, west of the Indian 
Peninsula, it is observed that there is a central zone extending north to south 

584 



233 

and comprising of a number of cells (A to J in Fig. 1) where the oxygen 
maxima occur fairly deep at depths exceeding in most of the cases 50 metres 
and sometimes going down to as much as 86 meters (H). O n either side 
of this central zone extending eastwards to the coast of India and westwards 
to the coast of Arabia, including the Gulf of Aden, oxygen maxima invari
ably exist in the upper layers often reaching the surface as the coast is 
approached. Thus the central part of the Arabian Sea is characterized by 
having deep oxygen m a x i m u m during this season. 

F I G . 1. Depths of occurrence of oxygen max imum during summer season (March, April 
and M a y ) . 

' 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 máxima in 
the first 10 meters. ' H ' represents the area of occurrence of oxygen maxima around 85 meters, 
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While the depths of occurrence of oxygen m i n i m u m show a similar 
cellular pattern, the comparison with the depths of oxygen m a x i m u m ends 
here. In general, there is no regularity in the pattern of distribution. The 
highest value for depth of m i n i m u m 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 o a ) . North and south of this area oxygen min imum comes up to 200 
meters. A s the equator is approached in this eastern part, there is shoaling 
with the oxygen m i n i m u m layer reaching up to 120 meters. Proceeding 
westwards towards western and central parts of the Arabian Sea, the oxygen 

Fio. 2. Depths of occurrence of oxygen minimum during summer season (March, April 
and M a y ) . 

' 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, ' G ' 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 of deepening and shoaling resembling a sine wave. 

South-west monsoon season.—Figure 3 shows the distribution of oxygen 
m a x i m u m during south-west monsoon season. The oxygen maxima in 
the eastern and western fringes of the Arabian Sea are observed in depths 
ranging from 0 to 10 metres. In the Central Arabian Sea deep occurrences 
of oxygen maxima are seen but not to that extent as during summer months. 

F r o m the east coast of Arabia d o w n to the Gulf of Aden, m a x i m u m 
values are seen mostly at the surface while at the mouth of the Gulf of Aden 

F I G . 3. Depths of occurrence of oxygen max imum during south-west monsoon season 
(June, July and August). 

' A , B , E , F and G ' represent the areas of occurrence of oxygen m a x i m u m in the surface. 
' B ' represents the area of occurrence of oxygen m a x i m u m at about 25 meters. ' D ' represents 
the area of occurrence of oxygen m a x i m u m at about 40 meters. ' H ' represents the area of 
occurrence of oxygen m a x i m u m at about 55-60 meters. ' I' represents the area of occurrence of 
oxygen m a x i m u m at about 60 meters. 'J' represents the area of occurrence of oxygen m a x i m u m 
at about 80 meters. 

587 



236 

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 m a x i m u m is seen 
to occur at a depth of 83 meters with steep gradients around this grid. In 
the northern-most and the open regions away from the coastal influences, 
the depth of oxygen m a x i m u m ranges between 20 and 25 meters. 

Figure 4 shows the distribution of 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 

• ' * • • • « 

F I G . 4. Depths of occurrence of oxygen minimum during south-west monsoon season 
(June, July and August). 

' A , B and G ' represent the areas of occurrence of oxygen minimum at about 150 meters. 
* C represents the area of occurrence of oxygen minimum at about 450 meters. ' D ' represents 
the area of occurrence of oxygen minimum at about 100 meters. ' E ' represents the area of 
occurrence of oxygen minimum at about 75 meters. ' F represents the area of occurrence of 
oxygen minimum at about 250 meters, 
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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 of oxygen minimum vary between 
30 and 200 meters, the lowest value being at the south-eastern part of 
Arabian Peninsula. Towards the Gulf of 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 of oxygen maxima and minima 
for the post-monsoon season is shown in Figs. 5 and 6 respectively. In 

J U 1 L 

F I G . 5. Depths of occurrence of oxygen max imum during post-monsoon season (September, 
October and November). 

' A ' represents the area of occurrence of oxygen m a x i m u m between 0-5 meters. ' B ' repre
sents the area of occurrence of oxygen m a x i m u m at about 35 meters. ' C represents the area 
of occurrence of oxygen maximum at about 25 meters. ' D ' represents the area of occurrence 
of oxygen max imum at about 50 meters. ' F , G , I and K ' represents the area of occurrence of 
oxygen max imum in the surface. ' J ' represents the area of occurrence of oxygen max imum at 
about 30 meters. ' L ' represents the area of occurrence of oxygen maximum below 70 meters. 
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both the cases, the distribution pattern appears to be ' cellular ' . The oxygen 

maxima are present off the west coast of India almost at the surface, the 

depths of occurrence oscillating in general between zero and 30 meters. 

Surface oxygen m a x i m u m is more c o m m o n along the east coast of Arabia 

and southern Arabian Sea, going to deeper layers such as 30 metres along 

the northern-most parts of the sea and to 50 metres at ' H ' . South of 

10° N off the Somali coast the m a x i m u m exists between 0 and 25 meters 

with steep-gradients (Cell L ) . 

F I G . 6. Depths of occurrence of oxygen minimum during post-monsoon season (Septem
ber, October and November). 

' A , B , C , E and K ' represent the areas of occurrence of oxygen minimum between 150-200 
meters. ' D , G and I' represent the areas of occurrence of oxygen minimum at about 500 meters. 
' F ' represents the area of occurrence of oxygen minimum at about 400 meters. ' H ' represents 
the area of occurrence of oxygen minimum at about 300 meters. ' J ' represents the area of occur
rence of oxygen minimum at less than 100 meters. 
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North-east monsoon season.—Figures 7 and 8 show the depths of 
occurrences of oxygen m a x i m u m and minimum respectively during north
east monsoon season. 

The oxygen m a x i m u m is found in the upper layers along the west coast 
of 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 m a x i m u m sinks to 100 meters (at ' A ' ) and 
rises to upper levels both in the southern and northern parts of the Arabian 
Sea. At the mouth of the Gulf of Aden, the oxygen m a x i m u m reaches a 
depth of about 30 meters. South of 5° N , the m a x i m u m occurs at 45 
meters. 

F I G . 7. Depths of occurrence of oxygen maximum during north-east monsoon or winter 
monsoon (December, January and February). 

' A ' represents the area of occurrence of oxygen maximum at about 100 meters. ' B , C , E 
and F ' represent the areas of occurrence of oxygen maximum at the surface, ' D ' represents thç 
area of occurrence of oxygen maximum at about 10 meters, 
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The main features (Fig. 8) of the occurrence of oxygen minimum along 
the west coast of India are that from the southern tip to the Gujarat coast, 
the minimum occurs in the deeper layers when compared to the south-west 
monsoon 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 of 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 of the sea. In the mouth of Gulf of Aden, it reaches to 
350 meters and rises up to upper levels towards the Gulf of Aden. Increas
ing trend of depths of oxygen minimum is also found south of Somali coast. 

F I G . 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 occurrence of oxygen minimum at about 100 metres, 
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D I S C U S S I O N 

The results presented in the earlier section make it abundantly clear 
that there are considerable seasonal and regional variations in the distri
bution of oxygen in the upper 500 meters of the North-western Indian 
Ocean, which includes mainly the Arabian Sea, the Laccadive Sea, the 
Gulf of Aden and the Persian Gulf. The most important factor control
ling the distribution of 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 of 
the organisms gain importance in certain selected regions, particularly along 
the coasts. O n the other hand, in the open parts of the ocean w e have to 
take into account the circulation pattern and water movements as the major 
contributing factor. 

During the months constituting the south-west monsoon 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 
of the ocean (Swallow, 1965, Swallow and Bruce, 1966, Warren, B . , 1965, 
Warren et al, 1966, Gallagher, 1966). Under the influence of these winds 
the high speed Somali current crosses the equator bringing with it the oxygen-
rich Indian Equatorial waters. The turning of the current away from the 
coast north of 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 of the 
Somali current forming some kind of a boundary between these two types 
of waters. The current travelling away from the coast gives rise to con
vergence cells north of 5° N and along 60° E . The northern limits of these 
convergence cells are sometimes seen as far as 10° N . The oxygen m a x i m u m 
sinks here to depths of about 90 meters with values ranging from 4 • 5 to 4-35 
ml/L. 

Along 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 of 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 
of the layers of oxygen maxima. Oxygen maxima are observed at about 
50 meters in this area. 
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Coming nearer the Indian coast, the large influx of river-water, the high 
degree of turbulence due to monsoonal winds, give rise to increased turbi
dity of the waters, thereby reducing considerably the thickness of the photic 
zone. Thus very often, the oxygen max ima are seen in the surface layers 
only. 

O n e 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 of ventilation, the spreading of these 
waters to the northern part of the Arabian Sea results in a considerable 
degree of oxygenation of these waters with the exception of upwelling areas 
near the Somali-Arabian coast and the south-west coast of India. This 
factor should therefore determine to a large extent the depths of occurrence 
of oxygen maxima and minima in the different areas in this part of the Indian 
Ocean. 

W h e n w e consider, on the other hand, the conditions during the north
east monsoon, when there is a reversal of 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. D u e to opposing forces the Somali current becomes insignificant. 
The coastal current off the west coast of India becomes northerly. Again 
compared to the southerly drift along this coast during the south-west m o n 
soon months, the northerly drift is somewhat weaker, intensifying perhaps only 
north of B o m b a y where this takes a north-westerly turn conforming to the 
coastal configuration and in line with the general circulation pattern. A s 
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 of Red Sea and Persian 
Gulf waters. 

The southern part of 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 of 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. O f course the most essential data required for this purpose 
are the depths of occurrence of oxygen minimi, m layer, the minimis m oxygen 
concentration and also the thickness of this layer. The last-mentioned 
parameter will give the necessary clue to the biological and biochemical 
activities in the upper surface layers. The importance of biological and bio
chemical activities leading to the oxidation of 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 of 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 of the northern Indian Ocean requires a detailed 
knowledge of the biological productivity and distribution of organisms in 
this region of the Indian Ocean. A fairly good picture of the plankton 
biomass has been brought out in the detailed and interesting paper by Prasad 
(under publication). 

O n e of the most interesting and detailed accounts on the oxygen distri
bution in the Arabian Sea containing an explanation for the formation of 
oxygen m i n i m u m in the region is that of Khimitsa (1968). This author 
has summarised the observations of Smetanin (1959) and Neyman (1961) 
besides stating his o w n views. Khimitsa mentions that the views of Smetanin 
are more or less in accord with those of Seiwell (1937). Seiwell has m e n 
tioned that the oxygen min imum m a y appear and re-appear with a conti
nuous decrease in both the horizontal current velocity, or m a x i m u m oxygen 
consumption m a y , perhaps, coincide with the depth of oxygen min imum 
layer. H e 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 m a y be considerably increased by their 
manifold repetitions. 

N e y m a n (1961) relates the foimation of oxygen min imum to the regions 
of formation of deeper water masses in the Arabian Sea. Referring to the 
Gulf of Aden and the Persian Gulf as the main source regions, N e y m a n 
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 min imum 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 k n o w n 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 of 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 of 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 w h o 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 of oxygen min imum, 

it is particularly emphasized that the studies on the intermediate water masses 

of the Indian Ocean, with particular reference to occurrence of oxygen 

minima—sometimes alternating with layers of oxygen maxima—would be 

a most fruitful line of research and this would solve some of the most com

plicated problems of circulation and sub-surface water movements in this 

part of the Indian Ocean. 
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and geophysics 



Reprinted from Bull. nam. geophys. res. Inst. India, vol. 1, 1963, p. 48-51 

NOTE ON THE BOTTOM PROFILES OF THE WESTERN PART 
OF THE INDIAN OCEAN 

by 

V. S. RAMA RAJU, 
Océanographie Research Wing of N. G. R. I., 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. k m and equals approximately one-fifth of the total water cover or 
one-seventh of the total area of the globe. Its m e a n 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 océanographie studies. 

In the past, several océanographie expeditions have been conducted 
in the Indian Ocean by various countries covering some areas starting 
with that by N O V A R A 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 w h e n the equipment and methods of 
observation were not standardised, but they certainly created interest 
in furthering the knowledge of oceanography by m a n y 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 . 
F r o m 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. 2 A to 21, 
along the various sections. The vertical exaggeration of the profiles is 
270:1. The position fixing of the stations is m a d e 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 

FIG. I STATION POSITIONS OF 31 ST CSUISt Of 'VITIAZ"(4 Ft».4 APRy. l»*o) 

station. The latitude and longitude are the m e a n 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. 2 E at station 4661 is shown 
a newly discovered sea-mount (not shown in Admiralty charts) which 
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rose from a mean depth of 4.5 to 3 k m , and a detailed survey across the 
mountain has revealed that the shape of the mountain is conical. Fur
ther, preliminary studies of the nature and structure of the ocean bed 
from the collections of bottom grab and hydrostatic corer have revealed 
some very interesting features. At station 4660 in the region off Mada
gascar, both 'grab' and corer brought up large nodules of manganese 
which might be present in large quantities for economic exploitation. At 
station 4694 off Zanzibar, a core sample 10 m long taken from a depth of 
4,720 m , contained 1.8 m of red clay and blackish-green m u d in the top 
layer and the rest was clear sand. This appears to be the first obser
vation of its kind in Indian Ocean, although similar reports of the pre
sence of sands in the abyssal basins were first discovered in the Gazelle 
expedition ( A N D R E 1920) in the South Atlantic and in recent years by 
A T L A N T I S (1947) in the Hudson submarine canyon. Several theories of 
transport of material from the continents to the deep ocean basins by 
strong winds, by ice rafting, by turbidity currents, etc. have been put 
forward to explain deep-sea sands. But the theory of transport by tur
bidity currents appears to gain support from the observed good sorting 
and grading of the materials. These are only a few preliminary remarks 
on the initial results of the expedition and the detailed investigations 
will bring m a n y n e w facts about the Indian Ocean. 

F rom the physical océanographie point of view, the knowledge of 
bottom topography of the oceans is vital in understanding the circulation 
of water. 
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Reprinted from Okeanologija, vol. V , fase. 4, 1965, p. 684-691 

The structure of the terrestrial 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. r. T A H H A H O B 

O CTPOEHHH 3EMHOH KOPbl HHflHHCKOrO OKEAHA 
no flAHHblM rEO*H3HHECKHX HCCJIEflOBAHHH 

MOCKOBCKUÜ eocydapcTBeHHbiü ynueepeureT UM. M. B, JIoMOHOcoea 

OôiimpHbie KOMnjieKCHbie reocpH3HqecKHe HccjieAOBaHHH CTpoeHHH 3 C M -
H O H Kopbi K HacTOHmeMy BpeMeHH npoBe^eHbi B ATjiaHTHnecKOM H T H X O M 
OKeaHax; H H A H H C K H H oxeaH HairiweHee H3y*ieH B S T O M OTHomeHHi-i, n CBeAe-
HHfl O CrpOeHHH 3eMHOH KOpbl HBJIHIOTCfl BeCbMa CXeMaTH^HblMH H H e ^ O C T a -

TOTOO TOtJHHMH [11]. 

FlepBbie reo(pii3i«ecKHe HccjieAOBaHHH Ha aKBarapHH HHAHHCKoro OKe-
aHa 6bijiii npoBe^eHbi BeHimr-MeHHecoM B 1923 r. Pe3yjibTa™ H3MepeHHH 
CHJIbl T5í>KeCTH 6bIJIH HCnOJIb30BaHbI AJI5Î VCTaHOBJieHHH H30CTaTHqeCKOrO' 

COCTOHHHH H OCOÔeHHOCTeH CTpOeHHH 3CMH0H KOpbl HHJI0He3HHCKHX nepe-

xo^Hbix 3 O H [2]. B nocjiejiyioiuHe ro/ibi rpaBHiweTpH^ecKHe HccJie/iOBaHHH 
B H H ^ H H C K O M OKea^e 6MJIH npoAOJiíKeHbi BeHimr-MeHHecoM, a xaxjKe aiwe-
p H K a H O K H M H H aHrjIHHCKHMH reO'(pH3HKaMH [24, 26—28], 

riepBbie ceñcMiitiecKHe iiccjiê OBaHiia M C T O ^ O M npejioivrjieHHbíx BOJIH B 
H H A H H C K O M oateaHe 6HJIH npoBejreHbi TacKejuioM H ÜBOJiJioy B pañoHe 
CeñiueJibCKHx O - B O B H B B O C T O T O O H qacTH OKeana [23]. H a CeñuieJibCKHX 
o-Bax noA cjioeM KopajiJiOBbix pncpOB MomnocTbio 30 M, H M C I O H I H X CKopocTb 
npoflOJibHbix BOJIH 2,1—2,7 KM)cea, ÓHJI o6Hapy>KeH CJIOH TOJIHIHHOH OKOJIO 
2,4 KM, B KOTOpoM OKopocTb BOJIH cocTaBJiHjia 5,5—6,0 KM/ceK. HejocTaTOti-
Han npoTH>KeHHocTb npotpiíJieñ He no3BOJiHJia Hsy^HTb cipyKTypy 6oJiee 
rjiyôoKHx ropH30HTOB. K K>ro-3anaAy O T O . CyiaaTpa H K roro-BOCTOKy O T 
o. UeñjioH, B o6jiacTii rjiyôim OKeaHa O T 3 j\o 5 KM 6HJIH BMHBJieHbi pbix-
jibie ocaao^Hbie ouio>KeHHa MomHocTbio 0,2—0,8 KM, CKopocTb pacnpocTpa-
HeHHH npOflOJIhHblX BOJIH B KOTOpblX COCTaBHJia 2,1 KM/CeK. Ylofl, 3THM CJIOeM 

no^TH Bo Bcex nyHKTax ycTaHaBJiHBaeTCH BepxHiiñ CJIOH MomHOCTbio 1,4— 
2,0 KM, B KOTOpOM CKOpOCTH np07J,0JIbHbIX BOJIH 4,2—5,0 KM¡CeK, IIOA'CTH-
jiaeMbiñ cjioeM, BepoflTHO <o6a3a.ubTOBbiM», 6ojiee nJiOTHbix nopo/j(, r/re C K O -
pocTH 5,9—6,6 KM/ceK. B HanSojiee rjiyóoKOBOAHoñ y a c ™ K O T J I O B H H M «6a-
3ajibT0Bbiñ» CJIOH, r/̂ e CKopocTb 6,54 KM/ceK, Ha^iHHaeTCH Henocpe^CTBeHHO 
nofl MajioMomHHM CJioeM oca^KOB Ha rJiyÔHHe 0,46—0,76 KM O T /i.Ha OKeaHa. 

B TeneHHe M I T Ha^aJiocb iuiaHOMepHoe KOMnjieKCHoe H3yqeHHe H H J J H H -
CKoro OKeaHa, BKjiKmaiomee pa3jraqHbie reotpH3HqecKHe HocjieAOBaHUH c 
UeJIbK) BbIHCHeHHH OCOÔeHHOCTeH rjiyÓHHHOrO CTpOeHHH 36MH0H KOpbl [3, 

12, 16 H flp.]. 
B HacT0fiiu.ee BpeMH HHTepec K H3yqeHHio H H A H H C K O T O OKeaaa 3«auH-

TeJIbHO B03pOC J\jlñ KOOpAHHaHHH OKeaHOJIOrHqe-CKHX HCCJieJJOBaHHH C03Aa-

Ha Me>KAyHapoAHaH HHAo-OKeaHCKan SKcneAHUHH, no nporpaMMe KOTopoH 
BbinojiHHJiHCb KOMnjieKCHbie paôoTbi B 1959—1962 ir. aHrjrañcKHMH H aiwe-
pHKaHCKHMH HCCJie/joBaTejiHMH, a Ta-KJKe 31—33 H 35 peiicu s/c «B,HTH3b» 
B 1959—1962 rr. [13, 17—18, 22]. 

riepBbie coBeTCKHe reotpH3HMecKHe HCCJieflOBaHHH B H H A H H C K O M OKeaHe 
6bijiH npoBeireHbi B O BpeMH njiaBaHHH coTpyAHHKOB T A M I U H reojiorHqecKo-
ro cpaKyjibTeTa M r y Ha AH3eJib-9JieKTpoxoAe «06b» B cocTaBe G O B C T C K H K 
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aHTapKTHMeCKHX 9KCneAHUHH. npOH3BOAHJIHCb H3MepeHHH C H A M TfltfteCTH 

np« nOMOIUH MOpCKHX M a H T H H K O B H X npHÔOpOB H MOpCKHX rpaBHMeTpOB 

{3, 7—8, 19—21]. 
B o BpeMH M F T H H A H H O K H H oxeaH 6 H A nepeceweH naTbio peiicaMH 

coBeTCKoro «eMarmiTHoro cyAHa «3ap5i» [12]. H a ocHOBaHHH S T H X paôoT 
BblHBHAOCb, iJTO B OKeaHe CymeCTByiOT AOBOJIbHO yeTKO pa3JIHt!HMbie OÔJia-

C T H OTHOcHTejibHo cnoKOHHono H aHOMajibHoro MarHHTHbix nojieñ. K a K npa-
BHJIO, CTeneHb aHOMajibHocm MarHHTHoro noAH yBejiHMBaeTCH B oÓJiacTHX 
KpynHeniDHx noAHHTHn Ana oxeaHa, TaKiix KaK njiaio Kpo3e, UeHTpajibHO-' 
H H A H Í Í C K H H xpeôeT H Ap. O ^ H a K o B u,ejioM aHOMajibHocTb He 3aBHCHT O T 
Tex H A H HHbix qacTHbix tpopM pejibecpa Ana OKeaHa, a onpeAeAiieTCfl HeoA-
HOpoflHOCTbK) MarHHTHblX CBOHCTB nOpOA, CJiaraiOUinX KpHCTajIJIHMeCKHH 

(py«AaMeHT AHa. O ^ e B H A H O , TaK Ha3biBaeMbiñ 6a3ajibT0Bbrâ CJIOH, I IOACTH-
Jiaiomufi ocaAo^Hbie OTJiOvKeHHH B OKeaHax, wpañHe HeoAnopoAeH no co-
CTaBy, H CTeneHb 3T0H H60AH0p0AH0CTH MO>KeT SblTb BblHBJieHa reO(J)H3H-

HecKH-MH MeTOflaMH TOjibKO npn BecbMa yacTbix TO^e^Hbix H A H HenpepbiB-
H H X MapUipyTHblX H3MepeHH5îX. 

B 31-.M pence a/c «BnTH3b» B 1959 r. Ó H J I H npoBe/ieHbi nepBbie C O B 6 T -
CKHe ceñcM-oaKycTH^ecKHe HcaneaoBaHHH B H H A H H O K O M OKeane MeTOAOM 
oTpa>KeHHbix BOJiH [13]. B H J I H BbinojiHenH ABa npotpHJia: nepBbiñ—qepe3 
JÏBaHCKHH rjiyôoKOBOAHHH JKejioô, BTopoñ — K BocTOKy O T AtppHKH B paño-
He o. 3aH3n6ap. O o m a n npoTHsteHHOCTb npotpnjien óojiee 500 Mnjib. Kpoiwe 
Toro, B ueHTpajibHoñ qacTH OKeaHa 6buia onpeAeAena MOiHHocTb A O H H H X 
OTjio>KeHHH Ha AByx CTaHHHHx. C K O P O C T H 3ByKa B BepxHeñ naqxe ocajion-
HblX OTJIOJKeHHH paBHbl 1,8—2,5 KM/ceK. 

H a noABOflHOM CKJioHe o. JlBa Ha iviyÓHHe 1530 M MOiUHOCTb ocaAO^Hoñ 
TOJimii OKOJio 450 M. Ylo Mepe yAaJieHHH Ha lor BHH3 no CKJiOHy nponcxoAHT 
yBejiHHeHne M O H Í H O C T H ocaAKOB. M a K C H M a A b H O H BejiHHHHbi, óojiee 1200 M, 
M o m H o c T b ocaAO^Horo C A O H AocTnraeT B BaAnñcKon BnaAHHe, Ae>Kamen 
uexjiy BHyTpeHHHM H B H 6 U I H H M xpeÔTaMH ÍÍBaHCKoñ Ayrn. H a B H e u m e M 
noABOAHOM xpeÔTe 5îBaHCKoro )Kejio6a MomHocTb ocaAKOB yMeHMiiaeTCH 
Ao 700 M. H a CKJioHe ero OHa OHOBa yBejinqnBaeTCH n AOCTHraeT Ha Ane 
aceJi'OÔa OKOJio 1000 M. Ylo Mepe ABîiJKeHHH B CTopoHy OKeaHa nponcxoAHT 
nocTeneHHoe yMeHbiueHHe M O H I H O C T I I ocaAO^Horo C A O H A O 600 M , a na Jine 
KOTJioBEHbi, pacnojiojKBHHOH Ha Jio>Ke OKeaHa B 350 M H A H X O T O . B a A n , A O 
500 M. 

H a MaTepHKOBOM CKJioHe AcppnKH MomnocTb A O H H W X ocaAKOB na pás
pese He npeBbiuiaeT 500 M H o^eHb MeA^ieHHO yMeHbiuaeTCH no Mepe npo-
A B H ^ e H H H B CTOpOHy OKeaHHieCKOTO JIO>Ka. B H6HTpaJIbHOH qaCTH H H A H H -

cKoro OKeaHa MomnocTb A O H H H X ocaAKOB, onpeAejieHHaH Ha AByx cTaHunax, 
He npeBbiuiaeT 300 M. B KOHue 1960 r. B 3 3 - M pence a/c «BnTH3b» B A p a -
BHHCKOM MOpe ÔblJlH npOBeAEHbl CeHCMHHeCKHe pa60TbI MeTOAOM OTpaîKeH-

HblX BOJIH C HeAblO H3yHeHH5I MOUI,HOCTH H CTpOeHHH AOHHblX OTJIOMteHHÎI 
[17]. Bcero BbinoAHeHO 23 CTaHunn. B pe3yjibTaTe npoBeAeHHbix paôoT 
BblHCHeHO, UTO B HCCJieAOBaHHOM paHOHe M O m H O C T b OCaAKOB KOJieÔJieTCH 

O T 0,5 A O 2,5 KM. HaiiMeHbinne M o m H O C T H npnypoqeHH K K » K H O H , caMon 
rjiyôoKOBOAHon qacTH ApaBnñcKon K O T A O B H H H . SHa^eHna CKOpocTeñ B 
OCaAKaX H3MeHHK>TCH OT 1,5 AO 2,3 KM/ceK. 

B 1961 r. B O BpeMH 33-ro penca a/c «BnTH3b» 6 H J I H npoBeAeHbi cencMH-
MecKne nccjieAOBa-HHH MeTOAOM npejiOMAeHHbix B O A H B 3anaAHOH ^acTH 
H'HAHHOKO-ABCTpajIHHCKOH KOTJIOBHHbl C HCnOAb30BaHHeM paAHOÔyeB [18]. 

B pe3yjibTaTe S T H X HCCAeAOBaHnn BnepBbie RJin H H A H H C K O T O OKeana 6 H A H 
nojiyqeHbi cencMH-qecKne AaHHbie o crpoeHHH 3eMHoñ K O p M BnAOTb A O no-
BepxHocTn MoxopoBnqnqa. M o m H o c T b 3eMHoñ Kopu B nccAeAOBaHHOM 
panoHe paBHa 7 ,0±1 ,5 KM. Kopa H-MeeT TnnnqHO OKeaHnqecKoe CTpoeHHe 
H COCTOHT H3 CJieAyK)IH,HX CJIOeB: 1) O C a A O ^ H H H CJIOH, Vr = 2,0 KM/ceK, 

M o m H O C T b / / = 0,3—0,5 KM; 2) 6a3aJibTOBbiñ CJIOH, V = 6,4 KM/ceK, 
i f=6,5±l ,5 KM; 3) noAKopoBbiá CJIOH, V r = 8,0 KM/ceK. 
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M H O r H M H HCC^eflOBaTeJIHMH ÔblJIO nOKa3a,HO, ^TO Ha OCHOBaHHH AaHriblX 

rpaBHMeT.pHH M O W H O JiocTaTOHHO ycneuiHO onpeAeJiHTb oômyio Mom,HOCTb 
3eMHOH Kopbi A O noBepxHocTH MoxopoBHMHqa [1, 6, 10, 11]. 

ECJIH npHHHTb aHaneHHe cpeAHeñ HJIOTHOCTH 3 6 M H O H Kopw a\, a nJiOTHO-
C T H nojicTHJiaiomHX nopOA BepxHeñ MaHTHH o2, T O nojiyqHM pa3HOCTb njiOT-
HOCTeñ Ha rpaHHue MoxopoBHiHiia Ao = 0*2—0\. Ilpn S T O M H3MeHeHHe 
MOIU.HOCTH 3CMHOH KOpbl AH BM30B6T H3MeHeHHe aHOMaJIHH CHJIbI TH>KeCTH 

B pe,ayKUHH Byre Ha eejiH^HHy oAg. nojib3yncb (popMyjion npnTHweHHH AJIH 
oecKOHe^Horo 'RJiocKonapajijiejibHoro CJIOH, nojiy^HM: 

2nkàa 

ne 

a¿Ag = Agi — AgQ. 

TaKHM ü6pa30M, 3Han rviyÔHHy noBepXHoem MoxopoBH^Hna H0 H aHO-
MajiHK) Byre Ago B Ka:Kofl-jinóo onopHoñ Tonne OKeaHa, M O > K H O no S T O H 
(popMyjie Bbiq-HCJiHTb rjiyÔHHy H¡ AJIH JIK>6OH T O M K H , ecJiH H3BecTHH aHO-
MajiHH Byre B S T H X TOMKax. áHa^eHHH H0 B onopHbix TO^Kax onpeAejiaiOT-
CH MeTOAOM CeftCMHieCKHX 30HflHp0BaHHH. H e O Ô X O A H M O , OflHaKO, HMeTb B-
BHfly, UTO B AeHCTBHTejIbHOCTH HaÔJIIOAaeMbie aHOMaJIHH CHJIbl THJKeCTH 
OÔVCJIOBJieHbl He TOJIbKO H3MeHeHHeM MOIU.HOCTH 3eMHOH KOpbl, HO H H3Me-
HeHHeM MOIHHOCTH pblXJIblX H ynjIOTHeHHblX OCaAOMHblX OTJIO>KeHHH, a 

TaK>Ke H3MeHeHHeM njiOTHOCTH <«6a3ajibTOBoro» CJIOH H njioTHoera no^Kopo-
Boro eemecTBa s ropH30HTajibHOM HanpaBjieHHH. B HeôjiaronpHHTiibix 
oôjiacTHX, oco6e»HO B nepexoAHwx 30Hax O T MaTepHKOB K OKeaaaM, S T H 
(paKTOpbl MOryT 3Ha*IHTejIbHO CHH3HTb TOHHOCTb OnpeAEJieHHH M O m H O C T H 
3eMHOH KOpbl nO rpaBHMeTpH^eCKHM AaHHblM. HeKOTOpbIMH HCCJieAOBaTe-
JIHMH Ha OCHOBaHHH COnOCTaBJieHHH M O m H O C T H 3eMHOH KOpbl, nO.iyVeHHOH 

no ceñcMHHeoKHM aaHHbiM, c cooTBeTCTByioiuHMH AJIH 3THX yqacTKOB ocpeA-
HeHHHMH a H O M a ^ H H M H Byre, cocTaBjieHbi KoppejiauHOHHbie rpatpHKH 3aBH-
CHMOCTH Me>KAy TOJIU1HHOH 3eMHOH KOpbl H OCpeAHeHHblMH a H O M a ^ H A M » 

Byre [1, 6, 9—11, 29]. 
XUHHbie reOtpHSH^eCKHX HCCJieAOBaHHH n03BOJIHJIH JiaTb HeKOTOpoe 

npe^CTaBJieHHe o crpoeHHH 3eMH0ñ Kopbi noA A H O M H H A H H C K O F O OKeaHa. 
H a M H nocxpoeHH cxeMaTHqecKne pa3pe3H 3eMHofl Kopu no AByM npot{>H-
JIHM (pnc. 1); onpeAejieHHe M O I U H O C T H 3 6 M H O H Kopu npoH3BOAHJiocb no* 
aHOMa/iHHM Byre c pa3HocTbio njioTHOCTeñ BemecTBa Kopw H BepxHeñ 
MaHTHH 0,4 a/cM3, onpejieJieHHe My6HHbi M npoH3BOfl,HJiocb no (popMyjie 
n„aocKonapajiJiejibHoro CJIOH. 

ripocpiHJib 1. K e ñ n T a y H ( A t p p n K a ) — 3 e M J i a K o p o j i e e b i 
M O A ( Â H T a p K T H A a ) . TaK KaK B 3anaAHoñ ^acTH H H A H H O K O P O OKea-
Ha A a H H H X CeHCM030HAHpOBaHHH He HMeeTCH, MOIH,HOCTb 3eMHOÎI KOpbl 

onpeAeJiHJiacb no KoppeJiHUHOHHbiM cooTHomeHHHM Me>KAy aHOMajiHHMH 
CHJIbl TH)KeCTH H MOIIIHOCTblO 3eMH0H KOpbl. npHHÎITO, WO Hyjie.BHM 

anoMajiHHM Byre cooTBeTCTByeT Kopa MouiHOCTbio 33 KM H H3MeneHHe 
anoMajiHH Ha 20 MBA cooTBeTCTByeT H3MeHeHHio M O I U H O C T H Kopw na 
1 KM [4, 5]. 

n p o c p H J i b II O . UeiîjioH — mej ibcpoBbiH JI e A H H K IlIeK.i-
T O H a (A'H T a p K T ' H A a ) . M0UI,H0CTb 3eMHOH KOpbl BbiqHCJIHJiaCb H O 

tpopMyjie (1). B KavecTBe H3BecTHoro onopHoro nyHKTa H0 6HJI ncnojib3o-
BaH ceHCMuqecKHH npotpHjib a/c «BnTH3b» [18]. 

riepBbiH npotpHAb nepecenaeT 3anaAHVio qacrb H H A H H C K O F O OKeaHa or 
KeñnTayHa A O ÂHTapKTHAbi. JIEO oxeaHa 3Aecb poBHoe, cnoKOÍÍHoe. FIpo-
(pHJIb npOXOAHT Hepe3 KOTJIOBHHy MbICa HrOJIbHOrO H A(ppHKaHCKO-ÂH-

TapKTHqecKyio KOTAOBHHy, a TaK>Ke njiaTO Kpo3e. OôAacTH 0KeaHH4ecKHx 

KOTJIOBHH (cOÔCTBeH'HO OKeaHHMeC'KOe AHO) XapaKTepH3yiOTCH CnOKOHHblM 
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nOJieM CHJIbl T5HK6CTH, C H 00 O Jib HI H MlH IIOJIO>KHTeJIbHbIMH HJIH ÔJIH3KHMH K 
HyjIK) aHOMajIHHIMH Oaf! H 3HaqHTejIbHbIMH nOJIO>KHTeJIbHbIMH aHOMaJIHHMH 
Byre (AO +400-^450 MZA). H a A njiaTo Kpo3e aHOMajiHH O a n 3aMerHo «e 
H3MeHHK3TCH; aHOMaji-HH Byre 3Aecb yMeHMiiaioTCH A O + 250 MZA. ripn nepe-
xoAe O T oKeaHa K AcppHKaHCKOMy MaTepiiKy nojio>KHTejibHbie aHOMajiHH 
Oaa nodeneHHo yÓHBaioT A O —30 MZA; aHOMajiHH Byre pe3xo yóuBaiOT 
Ao —120 MZA, co3AaBaH sHa^HTejibHbiH rpaBHTauHOHHbiñ rpaAneHT 
(15 3TBem). ripn nepexoAe O T OKeaHa K AHTapKTH^ecKOMy MaTepnKy aHO-
MaJiiHH Oaa yÔHBaiOT H H O C H T nepeMeHHbiñ xapaicrep. B pañoHe KOHTHHeH-
TajibHoro CKJioHa npeoSjiaAaiOT OTpHiiaTejibHbie aHOMajiHH Oan. B pañoHe 
mejibcpoBoro JieAHHKa aHOMajiHH Ôaa pe3Ko B03pacTaiOT, nepexoAH CHOBa 
K oTpnuaTeJibHbiM BejiH^HHaM B Fop ax KopoJieBH M o a . AHOMajiHH Byre 
yôbiBaiOT OT OiKeaHa K MaTepnxy O T +400 A O — 100 MZA. TaKan uinpoKaa 
nepexoAHan 30Ha o6"b»cHHeTCH 3«amiTeJibHbiM norpyxeHH€M mejibcpa aH-
TapKTHqecKoro MaTepuKa noA AewcTBHeM JieaoBOH Harpy3KH. 

MoiUHOCTb 3eMHOH KOpbl Ha 3T0M pa3pe3e MeHHeTCH OT 5—7 KM 
(B pafiOHe KOTJIOBHH) A O 15—17 KM Ha nJiaTO Kp03e H up H nepexoAe K Ma-
TepHKaM y-Bejiiî HBaeTCH A O 40—43 KM. 

BTopofi npocpHJib nepecenaeT OKeaH O T O . UeiijiOH A O iuejibcpoBoro JieA-
HHKa IIIeKJiTOHa B AHTapKTHAe. 3a OTcyTCTBHeM ¡(paKTH^eoKHx AaHHbix 
(KpoMe rjiyôiiH AHa) npotpiuib HMeeT pa3pbiB npoTjmeHHOCTbio 1000 MWib. 
OoBepxHocTb M Ha 3T0M y^acTKe npoBeAeHa opneHTHpoBotmo no peJibecpy 
AHa OKeaHa. 

Pejibetp OKeaHCKoro AHa Ha 3 T O M npocpHjie 3HaraTejibHo cjio>KHee. 
O H npe^CTaBJieH P H A O M oxeaHCKHx KOTJIOBHH (KoKOcoBaa, UeHTpaJibHan, 
3anaAHo-ABCTpajiHHCKaH H Ap.) , HecKOJibKHMH xpeÔTaMH (U,eHTpajiMio-
H H A H H C K H H , 3ana^HO-ABCTpajiiHHOKHH, B O C T O I H O - H H A H H C K H H ) , O . IJeñjioH 
H apxnnejiaroM K O K O C O B H X O - B O B . H Ha S T O M npocpHjie oKeaHCKHe KOTJIO-
BHHbl XapaKTepiOyiOTCH CpaBHHTejIbHO CnOKOHHblM nOJieM aHOMajiHH O a H 
C HeÓOJIbHIHMH OTpimaTejlbHblMH 3HatieHHHMH (AO 30"^40 MZA) H 3HaHH-
TejibHMMH nojio>KiiTejibHbiMH aHOMajiHHMH Byre (AO + 400-^420 MZA). 
Co CTopoHbi aHTapKTHMecKoro MaTepHKa npotpHJib yxoAHT B OKeaH Jinuib 
Ha 350—400 Mjuib. FIosTOMy o mnpiiHe nepexoAHoñ 3 0 H H xpyAHO ITO-JIH6O 
CKa3aTb. Oü,HaKo ii TyT B pañoHe KOHTHHeHTajibHoro CKJioHa aHOMajiHH 
Oaa HiweiOT OTpHiiaTejibHbie 3HaqeHHH H pe3Ko B03pacTaK)T B pañoHe 
me.ibipOBoro MejiKOBOjbH, nepexoAH onHTb K SHa^HTeJibHbiM OTpnuaTe^b-
HblM BeJII-MHHaM, OoyCJIOBJieHHbIM HaJIHWHeM 3AeCb TJiyÔOKHX >KeJ1060B HUA 
mejibcpoBbiM jieAHHKOM. AHOMajiHH Byre pe3Ko y6biBaiOT OT OKeaHa K 
Gepery, yivreHbiiiaHCb O T +300-^-350 MZA A O Hyjin. 

Monj,HoCTb 3eMHoñ KopH B OKeaHCKHX KOTJiOBHHax KOJieÔJieTCH B npe-
Aejiax 5—12 KM. üpn nepexoAe « aHTapKTHweoKOMy i6epery MomwocTb 
Ko,pbi B03pacTaeT A O 33—35 KM, T. e. nepexoAHT B THnH^Hyro MaiepHKo-
Byio Kopy. 

KoKocoBbie o-Ba H o. LlenjiOH OTjiH âioTCH 3HaiHTejibHHM yBejiHweiineM 
aiioMajiHË Oaa (AO +50-^-60 MZA) H pe3KHM yiweHbiueHHeM aHOMajiHH 
Byre (AO + 8 0 - M 5 0 MZA). MomHOCTb 36MH0H KOpbi yBejiiWHBaeTCH noA 
OCTpOBaMH AO 15 KM (KOKOCOBbie O-Ba) H AO 24 KM (O. UeftjIOH). 

CjieAyeT OTiweTHTb, qTO AJIH H H A H H C K O T O oxeaHa, Tax me Ka-K H AJIH 
Apyrnx oxeaHOB, xapaKTepHO HajiHHHe BbiAaioiHHXCH OKeaHHiecKHX xpe6-
T O B [15, 25]. CpeAHe-HHAHHCKufi xpedeT Ha^HHaeTca y 6eperoB ApaBHH3 

y o. CoKOTpa O H pa3ABaHBaeTcn: oAHa BeTBb HAeT B ceBepo-BOCTOHHOM 
HanpaBJieHHH (K flaKHCTaHy), Apyran o6pa3yeT ApaBHHCKO-HHAHHCKHH 
xpeôeT, nepexoAHui.HH B UeHTpajibHo-HHAHHCKHH. H a uinpoTe 25° IO. ui. 
UeHTpajibHo-HHAHHCKHH xpeôeT pa3ABaHBaeTCH: OAHa BeTBb yxoAHT iepe3 
njiaTo Kp03e B ATJiaHTO-H«AH&cKHH nopor, coeAHHHHCb co CpeAHe-ATJiaH-
THHecKHM BajioM, ApyraH seTBb xpeÓTa Mepe3 Taycc-KeprejieHCKoe noAHH-
THe yxoAHT B AHTapKTHAy, a TaKJKe uepe3 o-Ba AMCTepAaM H C B H T O T O 
ElaBJia — B T H X H H oxeaH « o-BaM H O B O H 3ejiaHAHH. O T SeperoB H H A H H A O 
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Pue. 2 . 3aBnciiMOCTb aHosiajiHH í>ea H By.re O T rJiyÔHH ana HHfliiftcKOiro OKeaHa: 

a — aHOMa.iHH Oaa (MBA); 6 — aHOMaJiHH Byre (MZA) 

copoKOBbix mnpoT lOHiHoro nojiyuíapiifl B MepHjijHOHaJibHOM HanpaBJieHHH 
•npoTHHyjicfl B O C T O U H O - H H A H H C K I I H xpeôeT, K O T O P H H Me ;*my30 o H 40° IO. m . 
n o n ™ noj, npHMbiM yrjiOM nepexo^HT B I U H P O T H M H 3anaAHO-ABCTpajiHH-
OKiifi xpeSeT. 

Ba>KHoñ ocoSeHHocTbio xpeÔTOB HH^HHCKoro OKeaHa HBJineTCfl Hajin-
qne rjiyóoKHX TpemHHHbix (pmpTOBbix) AOJIHH, coBnaaaioiUHX c pa3Me-
meHne.M anHueHTpoB seMJieTpHceHHH (KoppeJiHitfiH, xopouio ycTaHOBjieH-
HaH H fljifl spynix OKeaHOB) (14, 25, 26]. 3 T H A O J I H H H npoxo^HT B,nojib 
xpe6TOB, iviySiiHa iix AOCTHraeT 5—6 KM, a mnpHHa He npeBocxo,u,iiT ae-
•CHTKa KiiJiOMeTpoB ( B O C T O ^ H O - H H A I I H C K H H xejioô). 

XpeÔTbi HHjHiicKoro oneaHa Tax >Ke, KaK n ocTpoBa, BbijieJifiiOTCH 
nojioîKiiTejibHbiMH ano.Ma.iHHMH O a s (ao +30-Í-50 MZA), na (pone C . I O K O H -
Hbix OTpnuaTejibHbix aHOMaJiHH naa KOTjioBimaMH. Rjia LI,eHTpaJibH.o-HH-
^HHCKoro xpeÔTa nojiyieH HenpepbiBHbiñ npotpHjib, yiKa3biBaiomnH Ha 
ôoJihuiyK» H3MeHqiiBOCTb aHOMajiHÜ B OKpecTHOCTHX irpeSHH xpeÔTa [26]; 
npuneM nafl pntpTOBOH AOJIHHOÍI 3Ha^eHiie aHOMaJiHH O a a paBHo —67 MZA, 
B T O BpeMH KaK Haa. caMHM xpeSTOM aHOMaJiHH paBHH +50-^-60 MZA. M o m -
iiocTb 3eMH0ii Kopbi .ncu, xpeÓTaMH yBeji-HM'HBaeTCH no 15 KM. 

HenpepHBHbie rpaBirraixHOHHbie npocpHJiH Hepe3 GeBepo-ATJiaHTHwe-
CKHÎÎ xpeôeT [14—15, 26] yKa3biBaiOT Ha KoppeJiJinuHio aHOMaJiHH O a a n 
TonorpacpiiH flHa, T . e. Ha Sojibmyio H3MeHHHB0CTb Ag®™ B oxpecTHOCTH 
xpeSTOB. B ^acTHOCTii, aHOMaJiHH O a a ¡iaj caMHMH xpeÓTaMH iiMeioT 3Ha-
qeHiie + 3 0 ^ - 6 0 MZA, pHtpTOBbie J O J I H H H OTMeqaKDTca 3HaHHTejibHbiMH O T -
pimaT-ejibHHMii (AO —50-^60 MZA) aHOMa.iHHMH. 

XapaKTep rpaBHTamiOHHbix nojieñ Haa xpeÓTaMH H H A H H C K O F O n AuiaH-
TimecKoro OKeaHOB H CTpoeHHe 3eMHoñ Kopw noa H H M H yKa3biBaioT Ha H X 
cxoacTBO. 3 T O nojTBep>KAaeT MHeHHe MHornx HccjiejoBarejieñ o cyuíecT-
BOBaHHII e^HHOH H£nil OKeaHCKHX XpeÓTOB, OnOHCUBai0111,HX BeCb 3eMHOII 

m a p . 3 T H xpe6Tbi conpoBo>KjaK)TCfl rjiy6o»HMH KaHbOHOo6pa3HHMH Tpe-
iUHHaMii, K KOTopbiM npiiypo^eHH noHca annueHTpoB 3eMJieTpHceHHÔ, npo-
HBJieHHH ByjiKaHimecKoñ jeHTeJibHOCTH. 3 T H Tpeiuimw «MeiOT, oqeBHjHO, 
TeKTOHii^ecKoe nponcxo>KjeHHe n paccMaTpiiBaiOTCH KaK npoHBJieHiie Mej-
jieHHoro pacuiHpeHiiH 3eMJin. 

ÏXJW Toro, HTOÓbi .KatiecTBeHHO conocTaBHTb pernoHa^bHbie ocoSeHHOcm 
B CTpoeHHH 3eMHOH Kopw HHAHHCK'oro, AuiaHTHqeoKoro n Tiixoro OKeaHOB. 
HaMii ôbijiii cocTaBjieHbi rpaipHKH (pue. 2) 3aBHCHMOCTii aHOMajimi O a a H 
Byre O T rjiySim AHa HH^iiHCKoro OKeaHa, a nojiyqeHHue pe3VJibTaTbi epas-
HCHbi c aHaJionmnbiMii cooTHOiueHHHMii, nocTpoeHHbiMii juin ATjiaHTH^ecKO-
ro n Tiixoro OKeaHOB ByjiJiapnoM n CTpaHHteM [29]. 
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Flo 'HMejOlUHMCH K HaCTOfllUeMy BpeMeHH JiaHHblM MO>KHO yKa3aTb, HTO^ 

Kan no pa36pocy BejiH^HH aHOMajinñ Oaa H Byre AJIH OJIHHX H Tex we H H -
TepaajiOB r^yÔHH, Tax H no cpeAHeMy sHaHeHHio STHX aHOMajinñ Ha COOT-
BeTCTByromHx HHTepBajiax rjiyÔHH H H A H H C K H H OKeaH ônnme K TnxoMy OKe-
aHy. Pa3Ôpoc aHOMajraft Oan H Byre AJIH cooTBeTcrByrouinx HHTepBa^OB 
rjiyÔHH ATJiaHTH êcKoro óojibiue, neM JXJW Tnxoro H HHjiHHCKoro OKeaHOB. 
CpejiHee 3HaHeHne aHOMajiHÍi Oan n Byre, B «HTepBajie r;iy6HH 4000—5000 
H 5000—6000 M (rjie HMeexcfl HanSojibinee KojimecTBo onpê ejieHHH CHJIH 

THHcecTH) ;yiH ATJiaHTHiecKoro OKeaHa npnMepHO Ha 20 MZA HH*e, qeM AJIH 
Tnxoro H H H J H H C K O D O OKeaHOB. BO3MO>KHO, STH pa3JiHHHa oôycjioBJieHbi 
ÓOJIbUieñ HeOflHOpOflHOCTbK) BeUieCTBa 3eMHOÍÍ KOpbl H BepXHeñ M a H T H H B 

oÔJiacTH ATJiaHTHqecKoro OKeaHa no cpaBHeHHio c T H X H M H H H ^ H H C K H M . 
BapnauwH CKopocTeñ npojiojibHbix ceiicMHqecKHx BOJIH Ha noBepxHocm M o -
xopoBHiiHqa noA ATJiaHTHTCOKHM H T H X H M OKeaHaMH noKa3HBaioT, HTO 
BepOHTHO BepXHHe CJIOH MaHTHH MeHee OAHOpO^Hbl no n^OTHOCTH nOA A T -

^aHTHHecKHM OKea«OM, HewejiH nojí T H X H M [9]. 
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A Reconnaissance Geophysical Survey in the Andaman Sea 
and across the Andaman-Nicobar Island Arc 

G. PETER, L. A. W E E K S , AND R. E . B U R N S 

U. S. Coast and Geodetic Survey, Rockiiille, Maryland 

Abstract. A marine geophysical study of the Andaman Sea has been conducted as part of 
the International Indian Ocean Expedition. A combination of magnetic, gravity, bathymétrie, 
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 A n d a m a n Sea and across the A n d a m a n -
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 m a g 
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. O n 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 m a d e 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 A n d a m a n 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 ( P D R ) 
during all underway operations. The bathy
métrie profiles in this report represent uncor
rected soundings obtained from the P D R 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. O n the re
flection profiles presented in this report, the 
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A N D A M A N SEA 

Fig. 1. General location chart. 
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form lines 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 
k m / h r . 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 bathymétrie 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 
m u c h as 4 0 % . 

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 framework. The prin
cipal objective of the reconnaissance geophysical 
survey in the A n d a m a n 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 m a p prepared by the Geological Survey 

100° 110° 

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 
bathymétrie features of the area (Figure 3) has 
been compiled from several sources, including 
the bathymétrie 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 
A n d a m a n Sea from the Mergui archipelago in 
the east and extending westward across the 
Andaman-Nicobar island arc. 

T o the east of the A n d a m a n Sea, the geo
logic structure belongs to the fold-mountain 
system which extends from B u r m a , 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 B u r m a 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 A n d a m a n Sea. O n 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. O n the northeast 
side of the graben there are additional young 
volcanic rocks, which are generally identified as 
andésite effusives. O n 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 B u r m a . In B u r m a , a major fault 
zone separates the Triassic-Jurassic fold-moun
tain system of eastern B u r m a from the Cre
taceous B u r m a Range. 

The only clear subaerial indication of the 
outer sedimentary arc is the island arc formed 

by the A n d a m a n and Nicobar Islands, which 
form the western border of the A n d a m a n 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 n o w 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 A n d a m a n and 
Nicobar Islands, through Narcondam Island, 
Barren Island, and Invisible Bank and con
nects the Cretaceous orogenic ranges of B u r m a 
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 m a p ) . 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 m a y 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 A n d a m a n Islands. A belt of slightly 
positive free-air anomalies in the west is gen
erally associated with the outer limit of the 

618 



499 

ANDAMAN SEA 

Fig. 3. Schematic presentation of principal bathymétrie features. 
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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. T h e 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. T h e magnetic field measurements 
generally indicate minor anomalies associated 
with the extension of the Java-Sumatra trench. 
T h e 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 m a g 
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 [Girdler and Peter, 1960]. 

The postulated continuity of the igneous belts 
of B u r m a and Sumatra is strengthened by this 
set of profiles. Although on profile A'-A" there 
is complete lack of bathymétrie indication be
cause of burial due to the encroachment of the 

0 100 200 300 400 
Km 

Fig. 5. Bathymétrie, magnetic, and free-air 
and F-F'-F" as 

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 A n d a 
m a n 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 ' ) . T w o 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-

0 100 200 300 400 
Km 

ûy profiles (profiles A-A'-A", D - D ' , E-E', 
in Figure 1). 
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Fig. 6. Sub-bottom profiles based on seismic reflection measurements (section 3 near profile 
F'-F"). 

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 N e w 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 Bemmelen [1949] as a ten
sional relaxation feature, m a y indicate through 
some of these similarities that the island arc sys-
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Fig. 7. Sub-bottom profiles based on seismic reflection measurements (section 2 near profile 
D-D'). 
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terns represent another manifestation of global 
crustal tension. 

North-northeast trends. With the exception 
of the major trends of the arc system which have 
already been discussed, the trends in the Anda
m a n 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 A n d a m a n 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 k m west 
of the poorly defined shelf break and associated 
with a minor rise that m a y 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 m a y reflect the under
lying Triassic-Jurassic tectonic trends of the 
Malaysian peninsula, or m a y 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 [Drake 
et al., 1958; Peter et 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 A n d a m a n Sea, 
while crossing the 200-m shelf break, w e found 
indications of normal faulting. O n profile G'-G" 
(Figure 10) there is a distinct change in the 
magnetic field character from smooth to m o d 
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 A n d a m a n 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. Bathymétrie, magnetic, and free-air anomaly profiles, (profiles B-B', C-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 m a y 
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 k m 
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 / c m 3 and a two-dimensional model 

of the bottom topography [Talwani et 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 m a 
rine seismic refraction measurements [Talwani 
et al., 1959; Peter 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 [Woollard, 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 m a y be 
composed of rocks of higher density than the 
assumed 2.84 g / c m 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 / c m 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. Bathymétrie, free-air, and Bouguer anomaly profile (profile C-C). 
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Fig. 14. Bathymétrie 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 k m . Through suc
cessive calculations, the crust under the Anda
m a n Islands was lowered to 40 k m , 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 k m , 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/cm8 

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. O n the basis of 
similar calculations by Woollard [1959], the 
estimated error in the crustal thickness of the 
model is ± 1 0 % . It is entirely possible that 
sedimentary material has a m u c h greater role 
in the Bouguer anomalies than is implied in 
Figure 14 (a mismatch of only 30 mgal). H o w 
ever, more detailed treatment of this possi
bility would be purely speculative without 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 [Talwani et 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 [Woollard 
and Strange, 1962] but also the sedimentary 
island arc itself. A similar phenomenon was ob
served by Lyons (published by Eardley [1962] ) 
and Talwani (personal communication) in the 
Antilles arc, where the large negative anomalies 
of the Puerto Rico 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. 

Conclusions. O n the basis of the data avail
able from the reconnaissance survey by the 
Pioneer, 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 
A n d a m a n 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 B u r m a Range which was formerly 
postulated principally on evidence of bathym
etry and of volcanism in the Barren and 

AIRYHEISKANCN 
mgal 

Fig. 15. Bathymétrie 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 A n d a m a n Sea is underlain 

by the down-faulted Sunda shelf (west M a 

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 m a y be expected. 
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S o m e particularities of the gravimetric field and of the structure of the terrestrial crust of the Atlantic, Indian 
and Pacific Oceans 

by A . G . Gaïnanov and P . A . Stroev 

T A H H A H O B A. I\, C T P O E B n. A. 

HEKOTOPblE OCOEEHHOCTM TPABHTAUHOHHOrO 
Í10JI5I H CTPOEHHE 3 E M H O H KOPbl ATJIAHTHHECKOrO, 

HHflHMCKOrO H THXOrO OKEAHOB 

H3MepeHHH cHJiM THJKecTH Ha Mopnx H OKeaHax B HaCTOHiu.ee Bpe-
M H npOH3BO,HHTCH M O p C K H M H MaflTHHKOBbIMH n p H Ô O p a M H H M O p C K H M H 

rpaBHMerpaMH KaK c noABO^Hbix JIOAOK, TaK H C HaABOAHbix cyAOB. 
Hcnojib30BaHMe KBapueobix uacos AJIH nojiyneHHfl O T M C T O K BpeMe-

H H Ha (})0T03anHCH KOjieóaHHH MaHTHHKOB 3«aiHTeJibHo yMeHbiaaer 
BeJiH^HHy nonpaBKH 3a X O A xpo«OMeTpa H noBbiuiaeT T O H H O C T B Mop-
CKHX rpaBHMeTpHieCKHX HaÔJIrO^eHHH. 

HaHÔojiee KpynHbie norpeiuHOCTH npn HaôJiioaeHHHx CHJIU THJKC-
CTH Ha Ha/tBOflHblX Cy^aX B03HHKaK)T H3-3a BJIHflHHH B03MymaK)IUHX 

ycKopeHHH Ha nepHo^bi KOJie6aHHti MaflTHHKOB H na noKa3aHHH Mop-
C K H X rpaBHMeTpoB. PerncTpauHH H yneT BJIHHHHH B03MymaiomHX 
ycKopeHHH — oflHa H3 caMbix BaxfHbix H HaHÓojiee Tpy^Hbix 3a^an B 
MOpCKOH rpaBHMeTpHH. B HaCTOHIliee BpeMH MOpCKHe MaHTHHKOBbie 

IipHÔOpbl CHaÓXeHbl AOnOJIHHTejlbHblMH KOpOTKO- H ¿UIHHHOnepHOflHie-

C K H M H M a H T H H K a M H AJIH perHCTpaUHH HaKJIOHOB H rOpH30HTaJIbHblX 

ycKopeHHH KopaÓJin H BepTHKajibHbiMH ance^epoMeTpaMH RJISI 3anHCH 
EepTHKajibHbix B03MymaiomHx ycKopeHHH. 

ripn HaÓJirOAeH'HHX Ha no^BOAHbix JiOAKax HanoojibiUHe norpem-
HOCTH B03HHKaK)T H3-3a Hey^eTa CKOpOCTH H HanpaBJieHHH MOpCKHX 

TeneHHH, m o B H O C H T ouiHOKy B onpeae-ieHHe nonpaBKH SrBema. 
nepBbie H3MepeHHH CHJIH TH>KeCTH B ATJiaHTH^eCKOM, H H , H H H C K O M 

H T H X O M OKea«ax ÓHJIH npoH3Be,a,eHbi B 1923—1930 rr. B 3Kcne,nHiiHHx 
Ha noflBOflHofi jioflKe BeHHHr-MeñHecoM. H3iviepeHHH CHJIM THJKecTH 
npoH3Bo^HJiHCb no pa3pa6oTaHHOH BeHHHr-MeñHecoM MeTOAHKe npH 
noMouiH CKOHcrpyHpoBaHHoro H M cneunajibHoro TpexMaHTHMKOBoro 
npHÔopa [30]. B 1937 r. ÔHJIH npOH3BeaeHbi onpeaeJieHHH CHJIU THîKe-
CTH B OxOTCKOM H flnOHCKOM MOpHX Jl. B . CopOKHHbIM {16]. C 1951 I\ 
KatpejipoH reo(pH3HHecKHX M C T O A O B Hcc/ie/iOBaHHH 3eMHoii Kopbi reo-
.norH^ecKoro (paKyjibTeTa MocKOBCKoro yHHBepcHTeia H M . M . B . J I O M O -
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HOCOBa COBM6CTH0 C BceCOK)3HbIM Hay^HO-HCCAeAOBaTeAbCKHM HHCTH-
TyTOM reO(})H3HHeCKHX MeTOAOB pa3BeAKH (BHHHreO(J)H3HKH) H TO-
cyaapcTBeHHbiM acTpoHOMH^ecKHM HHCTHTyTOM HM. EL K. LllTepHÔep-
ra (TAHLLI) c nepepbiBaMH npoH3BOAHJTHCb rpaBHMeTpHiecKHe 
HCCJieAOBaHHH Ha a/c «BHTH3b» HHCTHTyTa oKeaHOJiorHH A H C C C P 
BO epeMH njiaoaiHHH cyAHa B O X O T C K O M , HIIOHCKOM H BepHHroBOM 
Mopiix, KypHJio-KaiviqaTCKOH rjiyôoKOBOAHOn BnaAHHe H T H X O M OKea-
He. HaMepeHHH CHAM THJKeCTH npOH3BOAHAHCb KaK C nOMOIUbK) pa3-
AH^HblX MajJTHHKOBblX npHÔOpOB, TaK H C MOpCKHMH 3aTyiIieHHbIMH 
rpaBHMeTpaMH, pa3pa6oTaHHHMH BHHHreocpH3HKH [2, 3]. ' 

BojibiuoH o6"beM rpaBHMeTpHHecKHX 'HCCJieAOBaHHH B nepexoAHoñ 
oÔJiacTH ox A3HaTCKoro KOHTHHeHTa K TnxoMy oKeaHy 6 H A BbinoAHeH 
B nepnoA M I T B 1957—1958 rr. [1, 7], 

B nepexoAHoñ 30He OT HIIOHCKHX OCTPOBOB « TnxoMy OKeaHy Mop-
CKHe rpaiBHMeTp«qecKHe H3MepeHHH npn noMomw MopcKoro MaHTHH-
KOBoro npnôopa 6 M A H BbinojiHeHbi H H O H C K H M H reocpH3HKaMH [27]. 
MHoroHHCJieHHbie onpeAejieHHH C H A H TH>KCCTH B nepexoAHHx 30Hax OT 
AMepHKaHCKoro KOHTHHeHTa K THxoMy OKeaHy, O T AjieyTCKoñ rpaAbi 
K TnxoMy OKeaHy H BepHHroey Mopio, a TaKHíe B O T K P M T O M OKeawe 
npOH3BeAeHbi aMepHiKaHCKHMH reo(})¡H3HKaMH. H3MepeHH« CHJIH Tare
era npoH3BOAHJiHcb npn noMomn ycoBepweHCTBOBaHHoro MopcKoro 
ManTHHKOBoro npnôopa BeHHHr-MeHHeca Ha noA'BOAHoñ jioAKe, aTaK-
xe npn noMouxH MopcKHx rpaBHMeTpoB, ycTaHOBJieHHbix Ha Kopa6jiax 
Ha rHpocKonH^ecKH CTa6HJiH3HpoBaHHbix njiaT(popMax. CBOAKa 3apy-
ôejKHbix rpaBHMeTpHHecKHx AaHHbix no THxoMy OKeaHy AaHa B paôoTe 
ByjijiapAa H GrpaH>Ka (31]. H M H cocTaBAeHM cxeiwaTHqecKHe rpaBH-
MeTpHHecKHe KapTH Tnxoro OKeaHa B peAyKHHHx Oan H Byre (Hop-
MajibHan (popMyAa— MOKAyHapoAHaa 1930 r.). B AaAbHeflmeM npn 
onncaHHH aHOMa^HH CHJIH THKecTH Tnxoro oneaHa M M 6yAeM nojib-
30BaTbCH rpaBHiwerpiH'iecKHMH .KapTaMH, cocTaBJieHHMMH ByjiJiapAOM 
H OpatoKeM. 

TpaBHMeTpHiecKaH H3yMeHHOCTb Tnxoro OKeaHa K HaerOHiueMy 
BpeMeHH eme coBepuieHHo HeAOcraTOMHa. EIOMTH coBepiueHHO He ocee-
meHbi B rpaBHMeTpHHecKOM OTHOuieHHH rpoiwaAHbie njiomaAH K»K«OH 
nacTH THXoro OKea«a. OTHOCHTeJibHO xopowo H3yqeH0 rpaBHTaitHOHHoe 
nojie nepexoAHoñ 3 0 H M OT A3HaTCKoro H ABCTpajiHHCKoro KOHTHHCHTOB 
K THxoMy OKeaHy. 

AHOMajiHH CHJIH THJKeCTH B peAyKHHH Byre BbiMHCjieHbi npn no-
CTOHHHOM 3'HaieHHH njiOTHOCTH npoMeîKyToqHoro CJIOH 0=2,67 ¿¡CM3. 
HeKOTOpbie aBTopw npeAJiaraioT BbmncjieHHe nonpaBKH Byre npoH3~ 
BOAHTb npH nepeiweHHOH HAOTHOCTH npoMemyTOinoro CJIOH, a H M C H H O 
AJIH KOHTHHeHTOB a = 2,67 a/cM3 (njiOTHOCTb «rpaHHTHoro» CAOH 3eM-
HOH KOpbl), AJIH OKeaHOB 0 = 2,8 ¿/CM3 (njiOTHOCTb «6a3ajIbTOBOrO» 
CAOH). npH HCnOAb30BaiHHH AAH BHHHCAeHHH MOHI;HOCTH 3eMHOH KOpbl 
KOppeJIHIIHOHHHX 3aBHCHMOCTefl MeJKAy MOmHOCTbK) 3eM:HOH KOpbl H 
aHOMaJIHHMH CHAbI TflJKeCTH B peAyKUHH Byre B03MOJKHO HCHOJIb30BaTb 
nonpaBKH Byre c nepeiweHHOH nAOTHCcrbio, OAHaKo B STOM CAyqae 
ocAOiKHHeTCH Hcnojib3aBaHHe aHOMajiHH Byre AJIH BUHCHCHKH ocoôeH-
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HOCTeñ rjiyÔHHHoro CTpoeroiH B nepexoAHbix 30Hax O T MaTepHKOB K 
oKeaHaM, cpeaHHHbix OKeaHHnecKHx xpeôroB, ocTpoBOB, rae pa3BHTM 
nopcubi KaK «rpaHHTHoro», TaK H «6a3ajibTOBoro» cocTaBa. flosTOMy 
npii perHOHajibHbix Hcc,/ie,noBaHHHx ocooeHHOCTeñ CTpoeHMH 3eMHO!Í 
Kopbi H,ejiecoo6pa3HO BbmHCJiHTb nonpaBKy Byre c IIOCTOHHHOH ruiOT-
HOCTbio npoMe>KyTOHHoro ejión, paBHoñ cpeAHeñ OJIOTHOCTH BepxHeñ 
nacTH 3eMHOñ Kopbi 2,67 ¿/CM3. 

FlepBbie coBeTCKHe rpaBHMeTpHqecKHe onpeAejieHHH B AiviaHTHHe-
C K O M OKeaHe 6MJIH npOH3BeAeHbi « 1954 r. Ha óopTy KHTo6a3bi «Cjia-
Ba», B IX peñce K H T O Ô O H H O H tpjioTHJiH «CjiaBa» e 1954—1955 ir. Haiwe-
peHiHH CHJIbl THJKeCTH npOH3BO^¡HJIHCb A B y M H M O p C K H M H TpeXMaHTHH-

KOBblM'H n p H Ô O p a M H (4]. B AaJlbHeHUieM H3MepeHHH CHJIH THXeCTH 3 
ATJiaHTHiecKOM OKeaHe, ocoóeHHO IB AHTapKraqecKOM ceicrope AiviaH-
TH^eCKOrO OKeaHa, npOH3'BOAHJIHCb npH nOMOIUH MOpCKHX M a H T H H K O -
B H X npHÔOpOB H MOpCRHX 3aTyUieHHbIX rpaBHMeTpOB, yCTaHOBJieHHblX 
Ha 6opTy flH3ejib-3JieKTpoxoji,a «06b» B cocTaBe C O B C T C K H X aHTapKTH-
qecKHX SKcne^HUHH [5, 8, 9, 18, 19, 20]. Bojibiuoñ oÓT^eM M O P C K H X 
MaHTHHKOBblX OnpeAejieHHH CHJIbl TH>KeCTH Ha nO/tBOAHbIX JIOAKaX B 
ATJiaHTHiecKOM OKeaHe H B npHJieraiomHx Mopnx BbinojmeH aMepH-
K a H C K H M H , aHrJIHHCKHMH H flpyrHMH 3apy6eJKHbIMH HCCJieflOBaTejIHMH 
[22, 23, 24, 25, 26, 28, 29 H Ap.]. 

FlepBbie coBeTCKHe rpaBHMeTpHqecKHe H3MepeHHH B H H A H H C K O M 
OKeaHe 6bijiH npoH3Be,o.eHbi Bo BpeMH njiaBaHHH coTpy^HHKOB TAMllI 
H reojiorHweeKoro cpaKyjibTera M F y Ha AH3ejib-3JieKTpoxoae «06b» B 
cocTase coBeTCKHX aHTapKTHuecKHx aKcneAHHHH [5, 8, 9, 17, 18, 19]. 

rioc/ie paôoT BeHHHr-MeñHeca rpaBHMeTpHqecKHe HSMepeHHa B 
H H A H H C K O M OKeaHe npoBOAHJincb aiviepHKaHCKHMH H aHiviHHCKHMH reo-
4>H3HKaMH {26, 29]. Oco6eHHo oojibiuoii oôteM rpaBHMeTpHnecKHx H3-
MepeHHñ B ApaiBHftcKOM Mope H 3anaAHoñ nacra H H A H H C K O F O OKeaHa 
BbinojiHeH amviHH'CKHMH reo(pH3HKaMH Ha sKcneAHUHOHHOM cyAHe 
« O B C H » B 1961 —1962 IT. H3MepeHHH CHJIbl THJKeCTH IIpOH3BO,ZlHJIHCb 
npH noMomn MopcKoro Ha6opTHoro rpaBHMeTpa GSS—2—11 AcKa-
H H H BepKe (Tpa^a), ycTaHOBJieHHoro Ha riipocTa6HJiH3HpoBaHHOH 
njiaT(popMe cHcreMH «ÁHUIIOTU.» [21]. O^HOBpeMeHHO c H3MepeHHe.M 
CHJIbl TH>KeCTH npOH3BOAH^IHCb H3MepeHHH HanpH>KeHHOCTH nOJIHOrO 
BCK-ropa MarHHTHoro nojia npn noMom-K 6yKCHpyeivioro HflepHoro Mar-
HHioMeTpa H axojiOTHbie npoMepbi. TomHocrb onpe^ejieHHa aHOMajinñ 
cHJibi THJKeCTH nopHAKa ± 5 M2A. H H A H H C K H H OKeaH A O HacToamero 
BpeiweHH B rpa'BHMeTpHqecKOM OTHomeHHH HBjiaeTCH HaHMeHee nay-
MeHHblM H3 BCeX OKeaHOB. 

lio xapaKTepy rpaBHTaiíHOHHHx aHOMajinñ ATJiaHTHMecKHñ, T H X H H 
H H H A H H C K H H oKeaHbi M O > K H O pa3AejiHTb Ha TpH' ocHOBHbie rpynnbi 
O6JI aeren: 

1. 06jiacTH rjiyôoKHx oKeaHHiecKHX KOTVIOBHH, xapa,KTepH3yiomHecH 
OTHOCHTeJIbHO C n O K O H H H M n O ^ e M CHJIH THJKeCTH C HeÔOJIbUJHMH, ÔJIH3-
K H M H K HyjIK), nOJIOJKHTeJIbHbIMH HJIH OTpHUaTeJlbflblMH a H O M a ^ H H M H 
O a H H OqeHb ÓOJIblHHMH, H0 + 4 5 0 MBA nOJIOJKHTejIbHbIMH aHOMaJIHHMH 
Byre. 

233 

633 



2. OôjiacTH noA'BOAHbix xpeÔTOB H oKeaHHiecKHx ocTpoBOB, xapaK-
TepH3yK)mHecfl yBc/iHieHHeM anoMaJwïi <t>aa A O + 1 0 0 MZA H ôo^ee H 
yMeHbiueHHeM aHOMajinii Byre A O 0+100 MZA. TaK, «aA CpeAHHHO-
aTJiaHTH^ecKHM xpeÔTOM aHOMajiHH Oan AocraraiOT aHa^erniH + 7 0 , 
+ 80 MZA, HaA KDJKHOH ^acTbio K H T O B O T O xpeÔTa A O +150 MZA. 

H a oerpoBax ByBe, Bo3HeceHHH, A3opcKHX, C B . naB.ua, TpHeraH-
Aa-KvHbH aHOMajiHH Byre yMeHbinaiOTCH jxo +110, +120 MZA, Ha 
ocTpoBe KeprejieH A O +55 MZA, na ocipoBe UefijiOH A O + 5 0 MZA, ua 
ocTpofie Ma^aracKap A O —100 MZA. üpyraa rpynna ocTpo-BOB oTJiHqa-
eTCH cpaBHHTeJibHo BbicoKHMH aHOMajiHHMH Byre. Tan, B pañoHe Bep-
MyACKHX ocxpoBOB aHOMajiHH Byre AOCTiiraeT BeJiHHHHH +353 MZA, 
B pafiOHe KaHapcKHX O C T P O B O B +200 MZA, y O C T P O B O B 3ejieHoro M M -
ca +271 MZA, Ha ocTpcme MaAeñpa +254 MZA, Ha raBañcKHx H Kapo-
JIHHCKHX OCTpOBaX AO +250 MZA, Ha MapUiajIJIOBblX OCTpOBaX HO 
+ 200 MZA [13, 21,31]. 

3. riepexoflHbie oôjiacTH O T oxeaHa K KOHTHHeirraM. 3 T H ooJiacm 
BbiaeJlHIOTCfl HaHÓOJiee pe3KHMH H3MeHeHHflMH aHOMajiHH CHJlbl TH>Ke-
CTH KaK B pe^yKUHH Oan H Byre, TaK H B H30CTaTHHecKHX peAyKUHHX. 

HaHôojiee pe3KHe H3iweHeHHH aHOMa^HH cmibi THJKCCTH HaóViioAa-
K)TCfl B nepexOAHOH 30He O T A3naTCKOro MaTepHKa K TnxoMy OKeaHy 
B oÓJiacTH pa3BHTHH ocTposHbix A > T H rjry6oKOBOA«bix JKejioôoB. TaK, 
B pañoHe flnoHCKHx O C T P O B O B H HnoHCKoro niyBoKOBOAHoro >KeJio6a, 
a TaK^e B npHJieraiomHx paiioHax KypHjibCKoii O C T P O B H O H flyrn H Ky-
pH^bcKoro rjiySoKOBOAHoro xejioôa aHOMajiHH Oan H S M C H H I O T C H O T 
+ 240 MZA no —320 MZA, ropH30HTajîbHbiH rpa/meHT AocmraeT 
30 areeiu. AHOMajiHH Byre H 3 M 6 H H K ) T C H OT —40 MZA Ha ocrrpoBe X O H -
CK) JXO +420 MZA B JînOHCKOM JKejIOÔe C ropH30HTajlbHbIM TpaAHCHTO'M 
10—15 3T6eui. OTHeTJiHBo npocnejKHBaeTCH BAOJib r^yôoKOBOAHbix 
HnoHCKoro, KypHJio-KaMqaTCKoro, AjieyTCKoro, nepyaHCKO-MHJiHHCKO-
ro JKejioôoB H jKejioôa ToHra H KepiuaAeK noac HHTeHCHBHbix oTpHua-
TejibHbix aHOMajiHH Oan. 

B CeBepo-AMepHKaHCKOH nepexoAHoA 30He STOT none pacnajiaeTCH 
Ha OTAeJibHbie oôjiacîH OTpHuaTejibHbix aHOMajiníi Oan . 

Hanôojiee oomnpHaH oÔJiaerb OTpHuaTeJibHbix aHOMajiHH Óaa 
npHMbiKaeT K KajiHipopHHñcKOMy no6epe>KbK) H orpanH^eHa c K>ra 
pa3.T0M0M KjiapnoH, a c ceBepa pa3JioMaMH FlHOHep H MeHAOcwHo. 
none OTpimaTejibHbix aHOMajiHH Oaa npH nepexoAe AaJiee B OKean 
oôpaMJineTCH MeHee HHTeHCHBHHM IIOHCOM nojiojKHTejibHbix aHOMajiHH 
Oaa. B HeKOTopbix cny^anx S T H noaca nojio>KHTeJibHbix aHOMajiHii 
Oan xopoino KoppeJiHpyiOTCH c KpaeBMMH BajiaMH rjiyôoKOBOAHHx 
>Kejio6oB. oAHaKo, KaK npaBHjio, iunpnHa atHOMajibHoii 30HH ôo^biue. 
Hanôojiee HHTeHCHBHan H oôiuupHan oôjiacTb nojio>KHTejibHHx aHOMa-
jiiiH Oan npHMbmaeT K AjieyTCKOMy xenoôy. OomnpHaH 30Ha noBbi-
meH'HWx 3HaMeHHH aHOMajiHH Oaa BbiaBjieHa o pañoHe C O J I O M O H O B H X , 
HoBO-TeopHACKHx O C T P O B O B , O C T P O B O B O H A ^ H H HoeaH KajieAo-
H H H [31]. Ô p H nepexoAe O T ATJiai-iTHqecKoro oKeaHa K MaTepHKaM 
CeBepHofl H IOJKHOH A M C P H K H , EBponbi H AtppuKH TaK>Ke npocAe>KH-
BaeTCfl noHC OTpHuaTejibHbix aHOMajim'i Oajî. Hanôojiee omeTJiHBO 
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npocjieJKHBaeTCH S T O T none npH nepexoAe or ATJiaiHTHqecRoro OKeaHa 
K MaTepHKaM CeBepHoñ AiwepHKH H EBponw, r^e iimpHHa ero A O C T H -
raer 150—300 KM. B A^pHKaHCKofi H K)>KHoaMepHKaHCKOH nepexoA-
Hbix oôJiacTHX nose OTpHuaTejibHbix aHOMajiHH O a a pacnaAaeTCn na 
OTAejibHbie nnTHa. KDro-BOCTOHHee PHO-Ae-JKaHeñpo pacnoAOJKeHa 06-
jiacTb ôojibiiioro rpaBHTauHOHHoro rpaAHeHTa, iyie Ha paccTOHHHH O K O -
JIO 100 KM aHOMajiHH O a H yóbiBaior O T + 1 2 no —205 MZA (21 areeiu), 
a aHOMajiHH Byre H3MeHHiOTCH O T + 2 6 8 A O + 7 5 MZA. (19 areeiu). ripn 
nepexoA? O T ÁTJiaHTHqecKoro, H H A H H C K O F O H T H X O T O OKeaHOB K A H -
TapKTn,ae TaKJKe HaOAiOAaiOTCH oôJiacTH OTpHuaTejibHbix aHOMaAHH 
O a a . LUHpHHa nepexoAHoñ 3 0 H M O T ATJiaHTH^ecKoro oneaHa K AHTap-
KTH^e ôojibiiie, weM iiinpHHa nepexoAHbix 30« K ApyrHM K O H T H H C H -
Ta\i [13]. 

nepexoAHbie o Ô A a c ™ H H A H H C K O T O OKeaHa HaHMeHee H3yqeHbi. O T -
HOCHTe^bHO Ayiiue H3yieHbi nepexoAHbie 3 0 H W O T ABCTpajiHHCKoro 
MaTepHKa K H«AHHCKOMy OKeaHy, HHAOHesHHCKaii nepexoAHan 30Ha 
H nepexoAHbie 30Hbi ApaBHiicKoro Mopn [21]. Eiu,e BeHHHr-MeHHeco.M 
6bIAH BHHBJieHbl nOKCa HHTeHCHBHblX OTpHUaTeJIbHblX a H O M a A H H C H A H 

THJKecTH (B peji,yKUHHx O a n H H30CTafHHecRHx) B HHjtOHesHHCKOH ne-
pexoAHOH 30He, nojiy^HBiiiHe Ha3BanHe IIOHCOB BeHHHr-MeñHeca [30]. 
B nepexojHOH 30He O T A(ppHKH K HHAHftcKOMy OKeaHy H O T 3anaAHoro 
noôepexbH H H A H H K HuAHHCKOMy OKeauy TaioKe B H H B A H I O T C H 30HM 
HHTeHCHBHblX OTpHIiaTeJIbHblX aHOMajiHH O a H [21]. 

M H o r H M H HccjiejioBaTe^aMH noh'a3aHo, M T O «a ocHOBaHHH AaHHbix 
rpaBHMeTpHH AOCTaTowHo ycneuiHO M O J K C T 6biTb BbinoAHeHo onpeaejie-
Hne o6meH MoiUHOCTH 3eMHoii KopM A O noBepxHOCTH MoxopoBHqHia 
[6, 11, 12,31 HAPJ. 

E C A H npHHHTb 3HaHeHHe cpeAHeñ H A O T H O C T H aeMHoñ Kopw njia 
OKeaHH^ecKHx oÔAacTefi ai = 2,8 a/cM3, a I IAOTHOCTH noACTHJiaioiiiHX 
nopoA 02 = 3,3 a¡CM3, T O nojiymiM pa3H0CTb njioTHOCTeñ Ha rpaHHUe 
MoxopoBHHH^a Aa=a2—ai = 0,5 ¿¡CM3. IlpH Tanoñ pa3H0CTH IIAOTHO-
creñ, ecxecTBeHHO, H3MeHeHHe M O I U H O C T H 3eMHofi Kopw AH H BM30BeT 
H3MeHeHHe aHOMaAHH C H A H mmecTK IB peAyKUHH Byre na BeAHiHHy 
bAg. rioAb3yHCb (popMyjioii npHTH^eHHH óecKOHetjHoro nAOCKO-napaji-
AeAbHOrO CAOH, nOJiytJHM 

H* =H°~ v é f - ; Ô'A^ = A^ - A^°- (1> 
2nfeAa 

TaKHM o6pa30M, 3Han rjiyÔHHy noeepxHocTH MoxopoBH^Hwa H0 B 
KaKOH-jiHÔo onopHoñ TOMKe oxeaHa, M O M C H O no S T O H (j)opMyAe B U M H C -
jiHTb rAyÔHHy Hi AJIH A1060H T O H K H , ecAH H3BecTHbi aHOMaAHH Byre B 
3THX TOIKaX. 3:Ha»ieHHH Ho B OnopHblX TOHKaX OnpeAeAHHJTCH MeTOAOM 

CeHCMH^eCKHX 30HAHpOBaHHH. H e O Ô X O A H M O , OAHaKO, HMeTb B BHAy, 
M T O B AeñcTBiHTeAbHocTH Ha6jiK)AaeMbie aHOMaAHH C H A H THXecTH o6y-
CJIOBAOHbl He TOJIbKO H3MCHeHHeM MOIUHOCTH 3CMHOH KOpbl, H O H H 3 M e -
HeHHeM MOIIIHOCTH pbIXAblX H ynAOTHeHHblX OCaAOHHblX OTAOJKeHHH, 3 
TaKKe H3MeHeHHeM H A O T H O C T H «6a3aAbTOBoro» cAoa H H A O T H O C T H noA-
KopoBoro BemecTBa B ropH30HTaAbHOM HanpaBJieHHH. OcoôeHHO 3Ha« 
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HHTeJibHbie norpeiiiHOCTH B onpeAejiennH M O I U H O C T H 3eMH0fi Kopbi no 
(popMyjie (1) MoryT noJiyHHTbcn B nepexojuHbix 30Hax O T MaTepHKOB K 
OKeaHaM, B OÔJiaCTHX pa3BHTHH CpeAHHHblX OKeaHHHeCKHX XpeÔTOB, 

rjiyôoKOBo^Hbix BnaAHiH, noABOAHbix rop H ocTpoBOB, rae Haojno/jaiOT-
C H HaHÔojiee pe3Kne H3MeHeHHH MouiHOCTen ocaAOHHoro CJIOH, C O O T H O -
meHHH MomHOCTeñ «rpaHHTHoro» H «6a3ajibTOBoro» cjioeB, H3MeHeHHH 
njiOTHOCTeñ cjioeB Kopu H no/iKopoBoro BemecTea B ropH30HTajibHOM 
HanpaBJieHHH. O O H H H O AJIH «eKOToporo ocjiaojienna B J I H H H H H jioKajib-
Hbix HerjiyóoKHx HeoAHopoAHOCTeñ seMHOM Kopw Ha HaS^iOAeHHbie 
aHOMajiHH cHJibi THJKecTH npoH330AHT ycpeAHeHHe aHOMajiHÍi no njio-
ma/iH. OnpeAeJieHHH CHJIM TH>KecTH, npoH3BeAeHiHbie c 6opTa Kopaójin 
B oTKpuTOM oxeaHe, rae rjiyÔHHbi AOCTHraiOT 3—5 KM, B 3HaqHTeJibHoñ 
CTeneHH C B O Ô O A H M O T B J I H H H H H jiOKajibHbix aHOMajiHH CHJIH THJKecTH 

BCJieACTBHe yflajieHHOCTH HCTOTOHKOB JIOKajIbHblX aHOMaJlHH OT ypOBHH 

Ha6jiiQA.eHHH. BjiHHHHe JiOKajibHbix aHOMajiHH pe3KO B03pacTaeT B ne-
peXOAHblX 30HaX, B OÔJiaCTHX pa3BHTHH ilOABOAHblX Xpe&TOB, OCTpOBOB, 

r^e HCTOHHHKH JIOKajIbHblX aHOMajiHH npHÔJIHJKaiOrCH K ypOBHK) Ha6-

JIIO/I,eHHH. 

HeKOTOpblMH HCCJieAOBaTeJIHM'H Ha OCHOBaHHH COnOCTaBJieHHH 

MOUIHOCTH 3CMHOH KOpbl, nOJiyqeHHOH nO CeHCMHHeCKHM AaiHHblM C CO-
OTBexcTByiom«MH AJiH 3THX yiacTKOB ocpeAHeHHHMH aHOMajiHHMH By
re, COCTaBJieHbl KOppeJIHUHOHHbie rpa4>HKH 3aBHCHMOCTH MeJKfly TOJI-
m H H o ñ 3eMHoñ Kopu H ocpeAHeHiHbiMH aHOMajiHHMH Byre [11,31 H AP-1-
TaK KaK CTpoeHHe 3eMHoñ Kopu nepexoA'Hwx 30H O T MaTepHKOB K oxea-
HaM BecbMa cjiowHoe H onpeaeJieHHe M O I U H O C T H 3eMHoñ Kopbi B S T H X 
30Hax no rpaoHMeTpHiecKHM flaHHHM noJiynaeTCH MeHee T O M H H M , H C M 
B OKeaHHiiecKHx oôjiacTHX, w a M H Ô U J I H nocTpoeHH pa3pe3H 3eMHoñ K O -
pbi no rpaBHMeTpHqecKHM A a H H M M no npoipHJiHM, 6JI 'H3KHM K MepHjj.no-
HajIbHHM, npOXOAHIUHM Mepe3 UeHTpaJIbHbie HaCTH ATJiaHTHMeCKOrO, 

HHflHHCKoro H THxoro OKeaHOB (pne.). BbmncJieHHe rJiyÓHH noBepx-
H O C T H MoxopoBHHHna npoH3BOAHJiocb AByMH cnocoóaMH: 

1) no KOppeJIHUjHOHHOMy rpa(J)HKy 3aBHCHM0CTH M O K ^ y T0JI1H.HH0H 

3eMHoñ Kopbi H ocpeAHenHMMH aHOMajiHHMH Byre, nojiyqeHHOMy 
P . M . XleMeHHUKOH; 

2) no (popMyjie npHTH*eHHH ôecKOHe^iHoro njiocKO-napajiJiejibHoro 
CJIOH. 

FIpHMeM AJIH pacqeTa no (popiwyjie (1) AJIH yMacraa pa3pe3>a B A T -
JiaHTHqecKOM oxeaHe B KanecTBe onopHbix aHa^eHHH Ho H Ago B 3 H T O 
cpeAHee 3Ha*ieHHe H3 12 To^eK CeaepHOfi ATJiaHTHKH, rAe AocraTOHHO 
xoponio H3B6CTH0 nojie CHJibi TH>KecTH B peAyKUHH Byre H «MeiOTça 
cpaBHHTejibHO MHoroHHCJieHiHbie ceñcMHHecKHe onpeaejieHHH M O U I H O C T H 
3eMH0H Kopw {10, 12]. YnacTOK npo(J)HJiH B H H J J H H C K O M oKeaHe 6HJI 
npHBH3aH K onopHOH ceficMHMecKOH TOiKe IB TacManoiBOM Mope [12]. 
H , HaKOHeu, TnxooKeaHCKHH yqacTOK pa3peaa 6HJI np«BH3aH K onop-
HbiM A a H H H M T C 3 B ceBepo-BOCTOiHOH MacTH Tnxoro OKeaHa, nojiy-
HeHHHM B nepHOA M I T C O B C T C K H M H HccJieAOBaTejiHMH [14]. 

PaccHHTaHHan no AByM MeTO^aivi TOJimHHa 3eMHoii Kopbi He HMeeT 
CHCTeMaTHHecKoñ pa3HHUbi. 3a OKOHHaTejibHbiH pe3yjibTaT ôbiJio npn-
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H A T O cpeimee SHaneme M3 asyx MeroaoB. OueHHTb TOMHOCTb nojiyue-

S o n ± 1 Î*. Boaee peajibHyío oueircy T O H H O C T H onpe/tejieHHH M o m -

HPOCTH seMHOÍi KOpb, HO rPaBHMeTPH,eCKHM AaHHblM M ™ ™ ™ ^ ™ 
n P H COnOCTaBJieHHH H3IIJHX BbIHHCJieHHfi C CeHCMH4eCKHMH AaHHHMH O 

4mjictHmuvecKuú anea» 

CeBepu AmnaHmuuecxuu Cedepo - AippuKaHCKa» 
roeâem xommSHuHa 

'acifapencKO-Maaaea 
cxapcKufi iwnvwouHa 

Tuxuii OK eau lb! 
i-ABcmpa-

"a MÙCKCLH Kom/wôUHa 

les 

BaHKCL 
Mu/i/i 

BocmcwHO-MOcmpaPùcKan 
norruraBUHO. ¡UBUJ/OC 

BnaàUh 

P H C CxeMaiHiecKHil paspes aeMHoft K O P H Ha aKBaropHflx AwaHranecKoro, 
HHflHftcKoro H THXoro oKeaHOB: 

1 - a n o M a , ™ *aa 2 - aHOMaj.Hu Byre, 3 - pejibe* w a , 4 - r p a m m a MoxopoBHWia 
1 - aHOMajiHa '"a

5
al"!

rpaH
a
HIla MoXopoBH«Hia no ceflcMHiecKHM aaHHUM 

rjivÔHHe rpaHHUbi MoxopoBHqiwa. GBO/uca cencMmecinix aa»HHx o 
SpoeHHH aeMHOH Kopbi n p m e w n a « paôojax P . M . fleMemiUKDii 
T 3 TvpapHH H H . A . CojiOBbeBoñ (10, 12]. HaHÔojiee HsyqeHHbiMH B 
ceñcMHHecKOM OTHOUieHHH HBJIHÍOTCH CeBepuasi ATJiaHTHKa a Tarare 
sanaba» H roro-aanaftHaa OKpaHHbi T H X O P O oKeana.^ B H H A H H C K O M 
oKea«e K flacTOHiueMy opeMemi HMeeTCH eAHHCTBeHHWH ceHCMHiecKHH 
npodDHJib, rAe nojiyqeHbi ¿aHHbie o « p o e m m seMHOH Kopbi OKeana 
E M O T b Ao noBepxHoc™ MoxopoBHiiHia[15]. HauiH npocpHJiH nepeceica-

ceñcMHiecKHe nyHKTH. Bcero Tarax nyHKTOB 20. B .peayjibTaie cono-
craBJieHHH ceftcMHHecKHX H rpaoHMCTpHiecKHX AaHHbix o rJiyÓHHe no-
BepxHocTH MoxopoBHiHia cpem** KBaApaTH^ecKaH ouiHÔKa onpefleyie-
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HH3 MOIUHOCTH SeMHOH KOpbl no rpaB'HMeTpHHeCKHM flaHHWM nOJiyMH-

Jiacb paBHOH ± 2 , 4 KM. H e o ô x o A H M O yqecTb, H T O caMH ceücMHqecKne 
onpeaejieHHH MoryT coAepncaTb O I U H S K H nopaAKa ± 1 , 5 KM. 

H a pHC. 1 npHBeaeHbi paspesa 3eMHofi K o p w qepea ueHTpajibHbie 
lacTH ATJiaHTHHecKoro, H H ^ H H C K O T O H T«xoro OKeaHOB. K a K B H A H O Ha 
3 T H X pa3pe3ax, HaH6ojiee TOHKaa Kopa HaôJitOAaeTca B o6jiacTHX rjiy-
60KHX OKeaHHMeCKHX BnaaHH. HoflepXHOCTb M o X O p O B H H H H a nOA BnaAH-

HaMH panojiaraeTca «a rjiySuHax 7—10 KM OT ypoBHH oneaHa. ECJIH 
yqecTb CJIOH B O A H MomHOCTbio 5—6 KM, TO TOJimHHa KOpbi noA BnaAH-
HaMH yMeHbmaeTCH AO 2—4 KM. 

n O A CpeAHHHblMH OKeaHHHeCKHMH H n O A B O A H M M H XpeÔTaMH, a Tai<-

xe noA ocTpOBaMH «aoJUOAaerca yBcnnqeHHe M O I I I H O C T H aeMHoñ K o p w 
AO 12—25 KM. HaMeMaiOTCH HeKOTopbie perHOHajibHbie O T J I H H H H B M O I U -
HOCTH 3eMHOH KOpbl pa3JIHMHbIX OKeaHOB. TaK, nOA B n a A H H a M H IViyÔH-

H O H 5000—6000 M Kopa B ATJiaHTHqecKOM OKeaHe «ecKOJibKo TOHbiue, 
neM noA rjiyôoKOBOAHbiMH B n a A H H a M H Tnxoro OKeaHa. rio o S m e ñ M O I H , -
H O C T H 3eMHaa Kopa noA rjiyôoKHMH K O T J I O B H H 3 M H H H A H H C K O I X » oneaHa 
ôjwxe K T H X O M y oneany. 

MOIU.HOCTH 3eMH0ÍÍ KOpbl, nOJiyqeHHbie no ceñCMHqeCKHM AaHHblM 

AJiH CeBepo-ATJiaHTHHecKoro xpeôxa, KaK npaBHJio, iweHbme M O I U H O C T I I , 
nojiyieHHoô no rpasHMeTpHqecKHM AaHHbiM. B O 3 M O J K H O , 3Ta pa3HHua 
oôycJiOBJieHa «3MeHeHneM njiOTHocTH BemecTBa BepXHeñ M a H T H H noa 
CpeAHHHoaT^aHTHnecKHM xpeÔTOM. M o m H O C T b aeMHOH Kopbi, nojiyqeH-
Haa no rpaBHMeTpnqecKHM A a H H M M AJIH Tnxoro OKeaHa, Jiyqiue coivia-
CyeTCH C CeHCMHMeCKHMH AaHHbIMH npH pa3HOCTH nJIOTHOCTeñ M e K A y 
BemeCTBOM 3eMHOH KOpbl H BepXHeñ MaHTHH iHeCKOJIbKO MeHbUieñ, qeM 

0,5 afcM3. JXJIK H H A H H C K O I - O OKeaHa HMeromniicH eAHHCTBeHHbiñ ceíicMH-
HecKHÔ nyHKT jiyqme coniacyeTCH c rpaBHMerpHHecKHMH onpeAe.neHHa-
M H MOIU.HOCTH 3CMHOH KOpbl TaKÎKe npH MeHbllieH, qeM 0,5 ¿¡CM3, pa3HO-

C T H nJIOTHOCTeñ BemecTBa K o p u H BepxHeft M a H T H H . ZtajibHefimee 
HaKon^eHHe rpaBHMeTpHqecKHx H ceficMHqecKHx AaHHbix o cTpoeHiin 
3eMHoñ Kopbi AT^anTHqecKoro, H H A H H C K O F O H Tnxoro OKeaHOB H H X 
KOMnJieKCHaa HHTepnpeTauna no3BOJiaT ôojiee onpeAejieHHo cyAHTb o 
HaMeqaiomHxca B «acToamee BpeMa pa3JiHHHax B CTpoeHHH 3eMHoiï K O -
Pbl H BepXHefi MaHTHH HOA aKBaTOpHHMH ATJiaHTHqeCKOrO, HHAHHCKOrO 

H THXoro OKeaHOB. 
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A B S T R A C T 

Using the British Admiralty bathymétrie charts off the West Coast 
of India and employing the graphical method of 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 of approach of 
deep-water waves, limited to a cone of 90°, five directions of approach 
are chosen at intervals of 22£° in the range of 202^° to 292i°. 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 I O N 

T H E area under investigation is a twenty-mile stretch along the Kerala Coast, 
the neighbourhood of the entrance to the Cochin Port—which has to be 
maintained at a constant depth of 6 fathoms by frequent dredging as it often 
gets chocked with accretion materials. There is evidence of beach erosion 
at some points that are covered by this study. 

The seaward stretch of the area of investigation extends from the coast 
to the fifty-fathom line. The bathymétrie 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 of 
the wave periods, reported in the Indian Daily Weather Reports for the years 
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1961 and 1963, shows that waves with periods around 5 seconds or less form 
a large percentage of the waves affecting the coast. Hence, this study is 
limited to waves of periods 5 and 6 seconds. However, 4-second period 
waves are also considered as the lower limit. Waves of 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 
of 22£° in the range of 202|° to 292|°. Angles beyond these limits are left 
aside due to the involved drafting errors and the possibilities of diffraction. 

Nineteen stations marked, alphabetically, A to S are chosen roughly 
at intervals of one mile along and around the three-fathom line. Stations 
A to F are to the south of Cochin Port entrance while G to S are on the 
northern side of it. 

METHOD OF STUDY 

With the introduction of high speed electronic computers in recent years, 
the construction of wave refraction diagrams has become much simplified 
and less time-consuming (Dorrestein, 1960; Griswold, 1963; H . M . Iyer 
et ah, 1963). But the basic procedures remain almost the same as that 
followed in the present study, where the method suggested by Arthur, M u n k 
and Isaacs (1952) and adopted by Pierson, N e u m a n n and James (1955) is 
used to prepare refraction diagrams and to evaluate the refraction and direc
tion functions R and 0 respectively. These functions have been used to 
gain an understanding of 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 of one fathom applying Snell's Law—c¿ /c= 

sine a¿/sine a; where c¿ and c are the wave celerities in deep and shallow 
waters and a¿ 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 of propagation of 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 of 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 of the bathymetry. The changes in direction 
and spacing between adjacent wave rays are used to evaluate the refraction 
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function R and the direction function 6 at the point of interest. The refrac
tion function R is given by 

R - I M P , o r - , ¿f'" i -

L c 

where L is the wavelength, d the depth at the point of interest, C<j and C 
the wave velocities in deep water and at depth d respectively, b¿ and b the 
distances between two adjacent orthogonals in deep water and at depth d 
respectively and F is the frequency of 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 I S C U S S I O N 

In Tables 1 and II are presented the refraction and direction functions, 
worked out at each of the stations for varying directions and periods. 
Table III presents the angles that the refracted rays m a k e with tne normal 
drawn to the contour at the point of interest. Figures 1 to 5 show the varia
tion of R values from stations A to S with different directions and periods, 
while the arrow marks at each station show the probable direction of flow 
of long-shore currents derived from the direction function 6. 

The distribution of R values along the stations is directly related to the 
amount of 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 of wave rays, deciding R and 0 values at a particular station, 
speak for the accumulation and dissipation of 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 m a d e by the wave ray 
with the normal drawn at the station to the m e a n contour on the landward 
side, gives us an idea about the direction of flow of the longshore current. 
The accumulated water, after the breaking of 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 Bruun, 1963). Suggestions are therefore m a d e regarding the longshore 
drift of beach materials along with the longshore currents at each station. 
The general pattern of erosion and accumulation of beach material follows 
from this. 
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L M N O P Q R S 

A s 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 m a y 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 of the lower periods studied here. The refraction functions 

therefore would be much higher than those found in the cases of 4, 5 and 6-

second waves. The waves however will break at greater depths and the total 

effect m a y vary much from those expected from the wave actions of 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 m a y 

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 m u c h 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 of the drafting errors asociated with the acute angles of approach 
of 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 of wave height in general and therefore dissipation of the energy 
associated, which m a y 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 of 1-0-at certain stations with varying directions such 
as at K and S for 225° and at J and O for 292J°. This, howevei, will be dis
cussed later along with the station characteristics. For 6-second period, 
R mostly shows a value of more than 1 -0 for all the five directions of approach 
and at particular stations (Table I) this is seen to be persistent as at stations 
E and F on the southern side of the fairway channel and at J, K and O on 
the notthern side of it. The m a x i m u m and m i n i m u m 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 of 
arrival of the wave at the point of interest is obtained. It is seen from this 
table that up to a deep-water direction of 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 of transition and the changes 
in angles here are mixed indifferently for different periods. There are posi
tive and negative values for each of the periods which vary stationwise. 
Table III shows the angles that the refracted wave rays m a k e with the land
ward drawn ttorntals to the depth contours of the station. A rough idea 
of the alongshore currents can be had from the values given in the table. 

In the perspective of the above findingst he following suggestions, regard
ing the longshore flow, m a y be offered. For 202£° deep-water direction, 
the northerly component of longshore -current is predominant for all the 
periods excepting a singular case in station I for 6-second waves. For the 
direction 292 J° trie direction of flow of 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. T h e changes in longshore currents associated with the 
changes in peak and trough values of refraction functions give very plausible 
hints for the erosion and accumulation patterns for different waves. 

PIG. 6. 

A s seen from Figs. 1 to 5 there exist alternate peaks and troughs for 
R in the northern side of 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 of energy concentration due to conver
gence of wave rays. The situation at station F is somewhat different and 
the high value of R here is mostly associated with an increased wave height 
which is due to the shoal immediately south of the channel (Fig. 6). C o n 
sidering the directions 225°, 247£° 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). A n d 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 

of wave rays for all the directions and periods with the only exception for 

a deep-water direction of 270°. Hence, this point is also susceptible to 

denudation due to wave action. 

SUMMARY 

The investigations on wave refraction along the coast near Cochin 

reveal the possible existence of areas of concentration of wave energy at 

certain points and removal of the material of the beach, which is disturbed 

near areas of concentration of wave energy by diverging longshore currents 

and the accretion of materials at certain regions due to converging long

shore currents. The accretion of 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 of this investigation. 
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Some aspects of the structure of the terrestrial crust in the Red Sea, Gulf of Aden and the north-western 

part of the Indian Ocean 

by A . G . Gaïnanov and P . A . Stroev 

A. r. T A H H A H O B , il. A. C T P O E B 

HEKOTOPblE HEPTbl CTPOEHHfl 3EMHOW KOPbl B KPACHOM 
MOPE, AflEHCKOM 3AJIHBE H CEBEPO-3AnAflHOM HACTH 

HHflHHCKOrO OKEAHA 

riepBbie reo(})H3HqecKHe HccjieaoBaHHH B oôJiacTH KpacHoro Mopa ÔHJIH 
npoBeAeHbi B 1890—1898 rr., Kor^a O O H Tpnyji3y nposeji ManTHHKOBbie on-
peAejienHH CHJIW THJKecTH B pa3JiHiHbix nyHKTax noôepejKba, a TaioKe Ha 
HeKOTopux odpoBax [25]. 

B 1923 r. BeHHHr-Meñriec [3] npn njiaBaHHH Ha U O A B O A H O H jioAKe K 
HnflOHe3HHCKOMy apxHnejiary BbinojmHJi ^eTbipe onpeAeJieHHH CHJIH TH>Ke-
CTH M O p C K H M MaHTHHKOBbIM npHÔOpOiM B pa3JIH4HbIX pafloHaX KpaCHOrO 

Mopn. B 1955 r. rnpAJiep H TappHcoH npoBejiH rpaBHMeTpnqecKHe H3Mepe-
HHH Ha nOABOflHOH jIOflKe B K»KHOH MaCTH KpaCHOrO M O p H Me>Kfly OCTpOBaMH 

/{axjiaK H OapcaH [26]. 
B 1958 r. aiviepHKaHCKHe 3KcneflHU,HH Ha HcaneAOBaTejibCKHX cyjjax 

«BnMa» H «AuiaHTHK» BbinojiHHJiH KOMn^eKCHbie reo{pH3HiecKHe Hccjie^o-
BaHHH B KpacHOM Mope, BKJiio'iaioinHe axo^oTHpoBaHHe, ceficMHqecKHe pa-
6oTbi (15 npofpHJieii MeroflOM npejiOMJieHHbix BOJIH), H3MepeHHH nojiHoro 
BexTopa Hanpa>KeHHOCTH MarHHTHoro nojín [21]. Bcero B 1958 r. BbinojmeHo 
4500 KM npcxpHJien. B 1959 r. aHrjiHHCKan aKcneAHiina Ha cy^He «JXan-
paMnjib» oTpaôoTajia 3000 KM npotpnjien B KpacHOM Mope, npoBean 6aTH-
MeTpH^ecKHe H MarHHTHbie HCCJieAOBaHiin. 

B KOHiie 1961 r. HTajibHHCKaH aKcne^HUMH Ha Haymo-HccjieAOBaTejib-
C K O M cyaHe «AparoHe3» npoBejia axojioTHpoBaHne, a TaioKe MarHHTHyio H 
rpaBHTau,HOHHyio cteMKy aKBaiopHH KpacHoro Mopa Ha 54 npoipHJiHX [17]. 

B 1965 r. HeMeuKoe (OPT) HayiHo-HccjieAOBaieJibCKoe cy^Ho «MeTeop», 
paóoTaBiiiee no njiaHy MesíflyHapoAHoñ HHAOOKeaHCKoñ 3Kcne.zi.HU.HH, npo-
Bejio HCCJie^oBaHHH (oKeaHorpa^HH, MopcKaa reoJiorHa) B IOJKHOH ^acra 
KpacHoro Mopn, B llepcHflCKOM 3ajiHBe, A A C H C K O M 3ajiHBe H ApaBH&CKOM 
Mope no MapmpyTy AJIHHOH B 44 T H C . KM¡. B 1958 r. B O speMfl penca 
cyAHa «BHMa» aMepHKancKHMH HccneAOBaTejiHMH ÔHJIH BbinojmeHbr KOMn-
jieKCHbie reo'(pH3HHecKHe HccjieAOBaHHH B A A C H C K O M 3aJiHBe, BKjno^aiomHe 
axojioTHpoBaHHe, ceñcMHqecKHe paôoTbi (5 npotpHJieñ M C T O A O M npejiOMJieH-
H U X BOJIH) H MarHHTHbie H3MepeHHH [28]. B oTflejibHbix nyHKTax KpacHoro 
Mopa BbinojiHeHbi H3MepeHHH TenjiOBoro noTOKa [19, 29]. KpoMe MopcKHX 
reo4>H3HHecKHx HccjieaoBaHHH Ha ôeperax H ocTpoBax KpacHoro Mopn B H -
nojiHeHbi reotpHSHqecKHe paôoTbi c reojioropa3BeAOHHHMH uejiHMH. 
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ripw iuiaBaHHH noABOAHOH A O A K H «AnepoH» THpfljiep H TappHcoH [26] 
B 1955 r., a B .1959 r. TaAbBaHH [31] npoBOAHAH MopcKHe MaaTHHKOBbie on-
peAeJieHHH CHJIM Tareera B 3anajtHOH H ceBepo-3anaAHOH nacTHX H H A H H C K O -
ro oKeaHa. IlepBbie ceñcMHnecKHe HCCJieAOBaHHH M C T O A O M npejioMjieHHbix 
BOJiH 6biJiH npoBeAeHbi Ha cyAHe «MejuieHA/Kep» B 1950—1953 rr. TacKeA-
A O M H Ap. [24]. 

OóiiiHpHbie KOMn.ieKCHbie reo<pH3HHecKHe HCCJieAOBaHHH ceBepo-3anaA-
H O H qacTH H H A H H C K O T O OKeaHa BbinojmeHbi B 1961 —1962 rr. aHrjiHficKHMH 
yqeHbiMH Ha SKcneAHUHOHHOM cyAHe «OyaH» [16]. 3KcneAHU,HH npoAejiajia 
16 Tbic. MHJib (37 npocpHjien), npoBOAH HenpepbiBHbie 6aTHMeTpHHecKHe, 
rpaBHMeTpHiecKHe H MarHHTHbie HCCAeAOBaHHH. EoAbmoñ o6i>eM ceftcMHie-
C K H X paôoT MeTOAOM npejioM^eHHbix B O A H B ceBepo-3anaAHOH wacTH H H A H H -
cKoro OKeaHa 6 M A BbinojmeH aMepHKaHCKHMH H aHrjinwcKHMH HccJieAOBa-
TCJIHMH no nporpaMMe Me>KAyHapoAHOii HHAOOKeancKOH SKcneAHHHH [15, 
22, 23]. B 3TOT >Ke nepHOA BnepBbie B H H A H H C K O M OKeaHe 6 M A H BbinojiHeHbi 
H3MepeHHa BejiH^HHbi TenjioBoro noTOKa [12, 13, 19, 29]. 

IlepBbie coBeTCKHe reo<pH3HnecKHe HCCJieAOBaHHH B KpacHOM Mope H 
ce&epo-3anaAHOH yacTH H H A H H C K O P O OKeaHa 6 H A H Ha^aTbi B 1956 r. B O Bpe-
M H njiaBaHHH coTpyAHHKOB r A H L U H reojiorHHecRoro (paKyjibTeia M r y Ha 
AH3e^b-3JieKTpOXOAe «06b» B COCTaBe COBeTCKHX aHTapKTHMeCKHX SKCneAH-
U H H . B 3THX SKCneAHUHHX npOH3BOAHJIHCb H3MepeHHH CHJIbI THJKeCTH npH 
nOMOIUH MOpCKHX MaHTHHKOBblX npn6opOB H MOpCKHX rpaBHMeTpOB [4, 6, 7j. 

B nepHOA M r r (1957—1958 rr.) B KpacHOM Mope H ceBepo-3anaAHOH 
HacTH ÜHAHHCKoro OKeaHa coBeTCKaa HeMarHHTHaa iuxyHa «3apn» npoBejia 
MarHHTHbie HCCJieAOBaHHH [8, 9]. 

B 1959 r. B 31-M pence cyAHa «BHTH3b» 6 M A H BbinojiHeHbi nepBbie co-
BeTCKHe ceacMoaKycTHHecKHe HCCJieAOBaHHH B H H A H H C K O M OKeaHe M C T O A O M 
orpaHieHHbix B O A H [11]. 

B 33-M pence «BHTH3b» (1960—1961 rr.) 6 M A H npoBeAeHbi ceñcMHMe-
CKHe HCCJieAOBaHHH MeTOAaMH OTpajKeHHbix H npeJiOMJieHHbix B O A H B ce-
BepHOH ^acTH HHAHHCKoro OKeaHa. HaÔAioAeHHH M C T O A O M 0Tpa>KeHHbix 
BOJiH npoBeAeHbi B ApaBHÉícKOM Mope, Ha ApaBHHCKo-HHAHHCKOM xpeÓTe, 
a MeTOAOM npejioMJieHHbix BOJIH — B K O K H O H nacra KOTJIOBHHH ApaBHHCKO-
ro Mopn [11]. B 1964—1965 rr. B 3 6 - M pence cyAna «BnTH3b» B H H A H H C K O M 
OKeaHe BbinojraeH 3HaMHTeJibHbiH KOMnjieKc reoAoro-reo(pH3HHecKHX HCCJie-
AOBaHHH [13]. B qacTHOCTH, npoBeAeHbi Ae-TaAbHbie noAHroHHbie ceficMH^e-
CKHe (MeTOAaMH M O B H M U É ) , rpaBHMeTpH^ecKHe H rHApoMarHHTHbie H C -
CAeAOBaHHH, a TaKKe H3MepeHHH TenAOBoro noTOKa B pHtpTOBoii 30He Cpe-
AHHHO-HHAooKeaHCKoro H Apyrnx noABOAHbix xpeÓTOB. 

B nepnoA noAroTOBKH H npoBeAeHHH M r r H. ocoóeHHO MeHtAynapoAHOH 
H'HAooKeaHCKoñ SKcneAHUHH (1959—1962 rr.) BbinojiHeH oojibuioii o6-beM 
pa6oT no H3yneHHio peAbecpa AHa ceBepo-3anaAHOH nacra HHAHñcKoro OKea
Ha. H a ocHoBaHHH o6o6m,eHHH MaTepnaAOB S T H X HccAeAOBaHHñ B HHCTHTy-
Te QKeaHOAorHH A H C C C P cocTaBAeHH HOBbie 6araMeTpHnecKHe KapTbi ce-
Bepo-3anaAHOH nacra HHAHHCKoro OKeaHa [1, 2]. H a arax KapTax BbiAe-AH-
IOTCH HanóoAee KpynHbie ocoóeHHOcra peAbetpa AHa ceBepo-3anaAHO& qacTH 
HHAHHCKoro OKeaHa, Taxne KaK ApaBHHCKO-HHAHHCKHH, MacKapeHCKHñ, 
M a A b A H B C K H H XpeÔTbl, ApaBHHCKaH, MaCKapeHCKaH, CoMajIHHCKaH KOTAO-

BHHbi H Apyrne MeHee npoTHJKeHHbie xpeÓTbi H iKejioóa (AMHpaHTCKHñ, M e p -
pea H Ap-). H a KapTe annueHTpoB 3eMAeTpHceHHH, cocTaBJieHHoñ no M.aTe-
pnaAaM ryTe»6epra, PHXTepa, PoTe, flpeñKa H THpAAepa [2, 21 H Ap.], 
xopouio npocAeHíHBaeTCH npnyponeHHocTb óoAbuiHHCTBa annueHTpoB K pH(J3-
TOBoñ 30He ApaBHHCKO-HHAHñcKoro xpeÓTa (pnc. 1). 3oHa pe3Koro, H3M6-
HeHHH npocTHpaHHH ApaBHHCKO-HHAHiícKóro xpeÔTa B panoHe AAeHCKoro 
3aAHBa xapaKTepH3yeTCH ycHAeHHeM ceñcMHMecKOH 3 K T H B H O C T H . npnMepHO 

4 
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Ha jiHHHH npeanojiaraeMoro coeflHHeHHH pHtpTOBoñ 3 0 H H AaeHCKoro 3a/iHBa 
C 30HOH B O C T O ^ H O a t ^ p H K a H C K H X pa3JIOMOB KOHljeHTpHpyiOTCH SnHIteHTpbl 
3eMJieTpHceHHH [10]. B KpacHOM Mope ceñcMHHecKaa aKTHBHOCTb Bbiuie B 
IOJKHOH qacTH; ceBepHee 20° c. m . OTMe^eHo jmiiib HecKOJibKO anHueHTpoB. 
Xlajiee K ceBepy, B MepTBOM Mope H B O C T O H H O H nacTH CpeflH3eMHoro Mopa, 

P H C . 1. KapTa snimeriTpoB 3eMJieTpaceHHii H pacnoJioweHHe pa3pe30B: 
I—ApaBHHCKaa KOTjioBHHa, II — CoMaiiHHCKaa KoTjioBHHa, III — MacKapeHCKaa KOTJIO-
BHHa, IV — UeHTpaJibHaa KOTjioBHHa. 1—MacKapeHCKHÜ xpeóeT, 2 — ApaBHHCKO-HHflHñ-
C K H H xpeóeT, 3 — MaJiwiHBCKHH xpeóeT, 4 — CeñmeJibCKHe oerpoBa. TonKaMH o6o3HaieHM 

anHueHTpbi 3eMJieTpsiceHHH: a—6 — CBOflHbie ceftcMorpaBHMeTpHHecKHe pa3pe3w 

CHOBa oTMe^aioTCH anHueHTpbi 3eMJieTpaceHHH. OneHb BbicoKa ceflcMMHecKaa 
aKTHBHOCTb B üepcHACKOM 3ajiHBe H ceBepo-BOCTOMHOM na6epe>Kbe. 3a-pe-
rncTpHpoBaHbi oTACJibHbie annueHTpbi, npHypo^eHHbie K xpeÓTaM Meppea, 
Ma^ibflHBCKHM, a TaioKe K MoaaMÓHKCKOMy npo;iHBy. 

nojiyneHHbie K HacTonmeMy BpeMeHH jaHHbie IIO3BOJIHIOT npoBecTH 
KOMnjieKCHyío HHTepnpeTauHio reo.noro-reo(pH3HiecKHx MaTepnaJiOB c uejibio 
BbiHCHeHHH nnyÓHHHoro CTpoeHHH 3eMHoñ Kopbi H BepxHeñ MaHTHH B ceBe-
po-3a.naflHoñ nacTH H H A H H C K O I - O oKeaHa H KpacHOM Mope. 
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H a acHOBaHHH HMeiomnxcH rpasHMeTpHqecKHx AaHHbix HaMH OHJIH C O -
CTaiBJieHH RjiK HCCJieayeMoñ oôjiacra cxeMaranecKHe KapTM aHOMajinfi CHJIH 
THJKecTH B peayKUHHx Byre c iuioniocTbio npoMejKyToiHoro CJIOH 2,67 H 
2,80 e¡CMz H B peayKUHH Oaa (HopMajibHan (popiwyjia Me>KAyHapoAHaH). 
H a cxeMaTHqecKOH KapTe aHOMajiHH Oan npeo6jiaaaK)T oTpHuaTejibHbie aHO-
MajiHH nopHflKa •—30, —40 MZA. TojibKO HaA cHJibHO pa3Apo6jieHHOH no-
BepXHOCTbK) nOABOAHblX XpeÔTOB, COCTOHHIHX H3 COMeTaHHH HBÓOJIblIIHX Xpe6-
T O B H y3KHX rpaóeHOo6pa3Hbix Aenpeccnñ H >Kejio6oB HaóJiíoflaeTca pe3Kaa 
H3MeHtIHBOCTb aHOMaJIHH <PaH. B MaCTHOCTH, aHOMaJIHH OaH Hafl C3MHMH 
rpeÓHHMH xpeÓTOB HMeiOT 3HaqeHHH nopHAKa + 5 0 MZA (a HaA -MacicapeH-
C K H M xpeÔTOM A O +230 MZA), a pucpTOBbie A O J I H H M oTMenaiOTCH 3HanHTejib-
H H M H OTpHuaTe.ibHbiMH aHOMajiHHMH, nopaAKa —50 MZA. XteTajibHoe onH-
caHHe rpaBHTaitHOHHoro nojin ceBepo-3anaAHoñ qacTH HHAHHCKoro OKeaHa 
6biJio HaMH AaHo paHee (5]. 

MarHHTHoe nojie ceBepo-3anaAHoñ nacra H H A H H C K O T O OKeaHa ipe3Bbi-
HaHHO HeOflHOpOflHO. AHajIH3 MarHHTHblX npOtpHJieH, BbinOJIHeHHblX SKCneflH-
UHOHHbiMK cyflaMH «OyaH» H «3apa», no3BOJineT cxeMaranecKH BbiAejiHTb 
OTflejibHbie oÔJiacTH, xap"aKTepH3yiomHecH cTeneHbio aHOMajibHOcra MarHHT-
HOrO nOJlH. XlJia Ka^eCTBeHHOH OUeHKH MarHHTHOH aHOMajIbHOCTH HaMH Bbl-

tjHc.iHJiacb xapaKTepHCTHMecKan BejinqHHa N = — — - - - — AJIH paBHbix 
* 100 r 

150-MHjibHbix yqacTKOB MapuipyTOB «OyaH». TaKHe pacne™ ÔHJIH BnepBue 
BbinojiHeHbi B ceBepo-3anaAHoñ nacra H H A H H C K O T O oneaHa M . M . HBaHOBbiM 
AJIH Za [9]. 

HanMeHee aHOMajibHbie oôjiacra cjieAyiouine. IlepBaa — O T ocTpoBa 
CoKOTpa K ioro-3anafly, MaTepHKOBbifi mejibtp, MaTepHKOBbiñ CKJIOH AtppHKH 
H 3anaflHa5i nacTb CoMajiHñcKOH K O T J I O B H H H . 3Aecb HaóJiíoAaioTCH aHOMajiHH 
A7V&;±40 Y H TOJIbKO B 0TA6JIbHbIX y^aCTKaX O H H AOCTHraiOT BejIHHHHbl 
± 100 y. BTopan — ueHTpajibHan nacTb HccneayeMOH oôjiacra K cesepy O T 
CeHUieJlbCKHX OCTpOBOB H ApaBHHCKOe MOpe. AHOMaJIHH A T B 3TOH OÔjiaCTH 
B cpeflHeM KOJieÔJiiOTCH B npeaejiax ±100+-150 y. 

ApaBH&CKo-HHflHHCKHH xpe6eT xapaKTepH3yeTca rannnHbiMH juin cpe-
flHHHO-OKeaHHMecKHx xpeÓTOB MarHHTHbiMH aHOMajiHHMü [27]. TaK, Ha Tpex 
nepeceneHHnx B ueHTpajibHoñ H ceBepHOH nacra xpeÔTa HaóJiíoAaiOTCH cjie-
Ayioume H3MeHeHHH aHOMajinñ A T . ÈCJIH B CoMajmncKOH KOTJioBHHe Ha-
ÔJiioflaioTCH AJiHHHonepHOAHMecKHe MarHHTHbie aHOMa.iHH c aMnjiHTyAaMn 
O T —420 Y AO +260 y, T O npn noflxofle K cKJiOHy ApaBHHCKO-HHflHHCKoro 
xpeÔTa fljiHHHonepnoflHbie MarHHTHbie aHOMajWH 3aTyxaiOT H BHAe^aioTCfl 
KopoTKonepHOflHbie aHOMajiHH c aMnjiHTyAoñ ±60+-100 y. H a A pntpTOBon 
30HOH aMnjiHTyfla MarHHTHbix aHOMa^HH B03pacTaeT O T —360 y RO +400 Y 
(pnc. 2). H a MaTepnKOBOM cKJioHe K lory O T Kapann Haó^ioAaiOTCH «HTeH-
CHBHbie MarHHTHbie aHOMajiHH c aMnjiHTyaoH O T —200 Y A° +400 Y , K O T O -
pue y no6epe>KbH HHflocTaHa 3aTyxaiOT A O ± 2 0 y. UenoïKa JlaKKaAHBCKHx 
OCTpOBOB XapaKTepH3yeTCH HHTeHCHBHblMH nOJIO»HTe/IbHbIMH MarHHTHblMH 
aHOMajiHHMH c aMnjiHTyAOH A O +400 Y» a MajibAHBCKHX O C T P O B O B — npe-
HMymeCTBeHHO OTpHUaTejIbHblMH aHOMaAHHMH C aMnJIHTyAOH AO —400 Y-
CeiIUJejIbCKHe OCTpOBa BblAejIHIOTCH HHTeHCHBHblMH, npeHMymeCTBeHHO OT-
pHitaTejibHbiMH MarHHTHblMH anoMaAHHMH c aMnAHTyAoñ B cpeAHeM ±300 Y -
MacKapeHCKHH xpeôeT xapaKTepnayeTca cjiaôbiMH MarHHTHblMH aHOMa.iHH-
M H c aMnjiHTyAaMH ± 6 0 y. CeBepHaa HacTb MacKapeHOKoñ BnaAHHbi ôojiee 
aHOMajibHa (±150 y), neM io>KHaH (±20 Y ) -

•B AAeHCKOM 3a^HBe H B 30He nonepeiHoro pa3JioMa H cABHra ApaBHñ-
CKO-HHAHHCKOrO XpeÔTa BbiaBJieHbl HHTeHCHBHbie MarHHTHbie aHOMaJIHH C 
aMnjiHTyAaMH O T —300 A O +400 y (oTAeJibHbie MaKCHMyMbi A O 2000 Y [16, 
28]). B KpacHOM MOpe, ocoôeHHo B IOHÎHOH lacTH B 30He pa3BHTHH pnipTa, 
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HaÓJiíoflaiOTiCH BecbMa xapaKTepHbie AJIH pncpTOBbix 3 0 H cpeAHHHbix oKeaHH-
TCCKHX xpeÓTOB HHTeHCHBHbie MarHHTHbie aHOMajiHH c aiwn^HTyflaMH B cpe/i-
HeM OT —500 Y Ao +500 Y [21]. 

H a ocHOBaHHH HMeKJiuHxcH reotpHSHqecKHx AaHHbix HaMH ôbiJiH no-
CTpoeHw cxeMaTHHecKHe pa3pe3bi 3 C M H O H Kopu ceBepo-3anaaHoñ nacrn H H -
flH&cKoro oKeaHa H KpacHoro Mopa (pHC. 3, 4, 5). FIpH noAcneTe BJIHHHHH 
H3¡vieHeHHH pa3pe3a 3eMHoñ Kopu Ha HaójiíOAeHHbie aHOMajiHH CHJIM Tjwe-

\ 
N > 

Z/ 
^ 

-V' 
\ \ 

i-BO-

0 -

-60-1 Mr/I 

A{J3pMK£k 

\ \ 

'/ 
V v\ \ 

\ 

ApaBHn 

P H C . 3. CBOflHbiñ pa3pe3 3eMHoñ Kopu, nocTpoeHHbift no ceñcMHiecKHM II rpaBHMeTpime-
C K H M AaHHbiM qepe3 A/ieHCKHH 3ajiHB (no 48°E). ycjioBHbie o6o3HaieHHH C M . pnc. 2 

C T H njioTHocTH cooTBeTCTByHDiuHx anoeB 3eMHOH Kopw onpcnejiHJiHCb no 3na-
leHHHM rpaHHHHblX CKOpoCTeñ npOAOJIbHblX BOJIH, HCnOJlb3yH 3MnHpHUeCKyK> 

3aBHCHMOCTb CKOpOCTH pacnpOCTpaHeHHH npOflOJIbHblX BOJIH OT nJIOTHOCTH 
no Heñcpy H flpewKy [32]. Pa3pe3 iepe3 ceBepo-3anaflHyio nacTb H H J H H -
CKoro OKeaHa (CM. pnc. 2) npoxojHT O T KeHnñcKoro no6epe*bH AtppnKH 
(nopT JIaMy), nepe3 CoMajinncKyio KOTJioBHHy K CefmiejibCKHM ocTpoBaM, 
flajiee npHMepHo no 5o IO. m . , nepecenaH ApaBHHCKo-HHflHHCKHH xpe6eT„ 
MajibAHBCKHñ xpeôeT H jKejioó Maroc. H a ocnoBaHHH reo.ioro-reo(pH3Hqe-
C K H X HccjieflOBaHHH na cyme ycTaHOBJieHo, H T O y no6epe>KbH KeHHH B paño-
He Jlaiuy Mom'HocTb ocaao^Hbix nopoa paBHa 15 KM, npnneM HHKHne 9 KM 
ocaflKOB npeflCTaBJiHK»T C O Ó O H (popMan,Hio Kappy, coeroHmyío npenMymecT-
BeHHO H3 KOHTHHeHTa^bHblX (paitfiH CO CKOpOCTbK) npOflOJIbHblX BOJIH OKOJIO' 
4,8 KM/ceK. CeñcMHqecKHe npocpHJin B oKeaHe xopomo comacyiOTCH c pe-
3y^bTaTaMH HccjieflOBaHHH Ha cyme [15, 23]. 
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CeñcMHHecKHMH HccjieAOBaHHHMH ycTaHOBJieHo, I T O CeñiuejibCKaH 6aH-
Ka HMeeT MaTepHKOBblH THII KOpbl. TpaHHTHbie nOpOflbl, BblXOflbl KOTOpblX Ha 

noBepxHocTb oÓHapy>KeHbi Ha ocTpoBe M a s , MomHocTbio AO 13 KM C O C T O H T 
H3 flByX CJIOeB. ÔepBblH CJIOH CO CKOpoCTbK) npoaOJIbHblX BOJIH 5,6— 

5,7 KM/ceK aocTHTaeT M O I U H O C T H flo 3,5 KM. no/i, S T H M THriHmo «rpaHHT-
HbiM» cjioeM aajieraeT CJIOH co cKopocTbio npoaoJibHbix BOJIH 6,3 KM/ceK, K O -

Topbiñ, BepoflTHo, cooTBeTCTByeT HecKOJibKo 6oJiee yn^oTHeHHbiM rpaHHTaM. 

P H C . 4. CBOflHbift pa3pe3 3eMHoñ Kopu, nocTpoeHHwñ no ceftcMmiecKHM H rpaBHMeTpnie-
C K H M AaHHbiM B KpacHOM inope (no 16°N). yc/ioBHbie o6o3HaieHHH C M . PHC. 2 

H a rjiyÔHHe 13 KM oÓHapyweH CJIOH C O CKopocTbro npo/ioJibHbix BOJIH 

6,8 KM/ceK, THnHHHbiñ flJiH «6a3ajibTOBoro» CJIOH HJIH, no TepMHHOJiornH 
aMepHKaHCKHx HccJieflOBaTejieñ, nopo^bi oKeaHHnecKoñ Kopw. TpaHHua M 
oôHapyjKeHa Ha rJiyÓHHe 32 KM noA CeHiuejibCKHMH ocTpoBaMH. HaHMeHb-
uiaa MomHocTb 3e¡viHoñ Kopbi oÓHapy^eHa Henocpe/icTBeHHO K 3anaay O T 
Ceniiie/ibCKOH óaHKii, i\ne BbiKJiHHHBaeTCH «oKeaHH^ecKHH» CJIOH co CKOpo-
CTbio 6,8 KMJceK, a MaHTHH HaxoflHTca Ha rjryÓKHe Bcero JiHuib 8,5 KM H«>Ke 
ypoBHH M o p n . ¿Jajiee B 3ana/j,Hoii nacTH CoMajiHHCKofl K O T J I O B H H M B páspe

se 3CMH0H KOpbl CHOBa nOHBJIHeTCH CJIOH CO CKOpOCTbK) 6,8—7,2 KM/ceK, a 

rjiyÔHHa noBepxHOCTH M norpymaeTCH p,o 13—15 KM HHJKe ypoBHH Mopn. 
B pañoHe 6aHKH COÍÍH j¡,e MaJibH, pacnojio>KeHHOH io>KHee CeniiiejibCKHX 

ocTpoBOB H HBjiHiomeHCíi qacTbio MacKapeHCKoro xpeÔTa, rpaHHTHbiñ CJIOÍI 
He oÓHapy^eH. Pa3pe3 3eMHoñ Kopw Ha 6áHKe Cofia ne MajibH ranHMeH 
£JIH OKeaHHqeCKHX OCTpOBOB C ByJIKaHHHBCKHM OCHOBaHHeM. FIo/J. CJIOHMH 
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HeÔOJIblIIOH MOIIÍHOCTH (CKOpOCTH IipOAOJIbHblX BOJIH 1,72 H 3,25 KMJCeK), 
npeacTaBjiHiomHMH KopajuioBbie nopoAM, cxoAHbie c nopoAaMH, HañAeHHbi-
M H Ha jwe Ceñme^bCKOH 6aHKH, oÓHapyweHbi CJIOH C O C K O P O C T H M H 4,4 H 

5,4—5,5 KM/ceK MomHOCTbio cooTBeTCTBeHHo OKOJIO 3 H 4 KM. 3 T H CJIOH T H -
ilHHHbl AJ1H By^KaHHMeCKHX OCTpOBOB H nOACTHJiaiOTCH MaTepHajIOM CO CKO-

ISOJMIMI 

+100 

-60 

Pue. 5. CBOflHbift pa3pe3 3eMHoft Kopw, nocTpoeHHbift no ceftcMHHecKHM H rpaBHiueTpme-
C K H M aaHHbiM B KpacHoM Mope (no 25CN). ycJioBHbie oôoanaMeHHH C M . pHC. 2 

pocTbK) npoflojibHbix BOJIH 6,8—7,0 KM/ceK [15, 30]. K 3anaAy O T 6aHKH C O H H 

Ae MajibH oÔHapy>KeHbi CJIOH C O C K O P O C T H M H npoAOJibHbix BOJIH 6,03 KM/ceK 
ÓOJIblIIOH npOTH^íeHHOCTH H MOIIÍHOCTH. 

3 T H CJIOH, HeTHnHHHbie AJÍ H ByjiKaHH^eCKHX cTpyKTyp, M O > K H O paccMaT-

piiBaTb KaK npoAOJiJKeHHe Ha ror rpaHHTHoro MaccHBa CefmiejibCKHX ocTpo-
B O B . AMepHKaHCKHe HccjieAOBaTejiH OpeHcnc H LUop, onnpaHCb Ha 9 T H cpaK-
Tbi, npeAnojiaraiOT, H T O MacKapeHCKHîi xpeôeT 0'6pa30BajicH B pe3yjibTaTe 
ByjIKaHHVieCKOH AeHTejIbHOCTH BAOJIb rpaHHIIbl MaCCHBa KOHTHHeHTajIbHOrO 
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THIia [15, 22]. Ylofl, A p a B H H C K O - H H A H H C K H M XpeÔTOM, MOpfpOJIOrHHeCKH OMeHb 
CXOAHbIM CO CpeflHHHO-ATJiaHTH^eCKHM X'peÔTOM, aMepHKaHCKHe HCCJieflOBa-
TejlH He OÔHapyJKHJlH aHOMajIbHOH BepXHeft MaHTHH C HOHHÎKeHHblMH CKOpO-
-CTHMH npOAOJIbHblX BOJIH, KaK B CpeAHHHO-ATJiaHTHiieCKOM H BOCTOHHO-
T H X O O K e a H C K O M XpeÔTaX. B03MO>KHO, MaHTHH C aHOMaJIbHO HH3K0H CKOpO-
CTbK) npOflOJIbHblX BOJIH B 3TOH OÓJiaCTH ApaBHHCKO-HHfl'HHCKOrO XpeÓTa OX-

BaTbiBaeT oôJiacTb I U H P H H O H MeHee 300 KM H aMepHKaHCKHe ceñcMHqecKHe 
-CTaHUHH, pacno^oHceHHbie Ha 3ana,a,HOM H B O C T O M H O M cKJioHax xpeôia Ha 
paceroHHHH 300 KM Apyr OT apyra, nponycTHJiH aHOMajibHyio 30Hy. CeñcMH-
qecKHe HccJieflOBaHHH B pncpTOBoñ 30He ApaBHiïcKo-HHAHHCKoro xpeÓTa, npo-
BeaeHHbie B 3 6 - M pence « B H T H 3 H » , o6Hapy>KHJiH B S T O H 3>OHe Ha rjiyÔHHe 
7,5 KM OT ypOBHH MOpH CJIOH CO CKOpOCTbK) npOflOJIbHblX BOJIH 7,0 KMJCeK, a 
aMepHKaHCKHe Hccjie/ioBaTejiH noa 3anaa'HbiM noAHO>KHeM ApaBHÔCKo-
HHflHHCKOrO xpeÔTa — CJIOH CO CKOpOCTbK) npOAOJlbHblX BOJIH 7,81 KM/ceK. 

Bo3MO)KHO, HenOCpeflCTBeHHO nOA A p a B H Í k K O - H H A H H C K H M XpeÔTOM aHO-
MajibHan BepxHHH MaHTHH npeflCTaBjineT He eflHHbiñ iwaccHB, a 4epe,noBa-
HHe BepTHKaJIbHHX ÔjIOKOB C HOpMajIbHblMH H aHOMajIbflblMH (pHSH^eCKHMH 

CBOHCTBaMH, KOTOpbie Ha ÔOJIbUIOH TJiyÓHHe, B O 3 M 0 K H O , HMeiOT 061U.HH K O -
peHb. OAHaKo (paKTHMecKHx aaHHbix eme HeAOCTaTorao AJIH OAH03HaqHoro 
peU16HHH 3TOrO BOnpoca. HHTeHCHBHbie nOHHJKeHHbie aHOMajIHH CHJIbl THHte-

C T H B peayKUHH Byre, noBbimeHHbie sHaneHHH TenjioBoro noTOKa, xapaKTep-
Hbie MarHHTHbie aHOMajiHH — Bee S T H O C O O C H H O C T H ecTecTBeHHbix nojieñ 3eM-
JIH B coBOKynHocTH c noBbiHieHHOH ceñcMHHHOCTbio npncymH AJIH Bcex cpe-
AHHH00KeaHH46CKHX XpeÓTOB. ,H,JIH yAOBJieTBOpHTejIbHOTO OÔTjflCHeHHH HHTeH-

cHBHwx noHHMeHHbix aHOMajinii Byre Ha/J. ApaBHñcKO-HHjiHHCKHM xpeÓTOM 
npHxoflHTca flonycTHTb no/j 3eMHoñ Kopofi MouiHocTbio OKOJIO 8 KM HajiHiine 
aHOMajlbHOH BepXHeñ MaHTHH C nOHHJKeHHOH AO 3,il a/CM3 njIOTHOCTbK), OXBa-

rbiBaromeñ oÓJiacTb rjiyÔHHon OKOJIO 32 KM. ECJIH x e njioTHOCTb BemecTBa 
BepxHeñ MaHTHH coxpaHHercH noeroHHHOH (~3,3 e/cM3) KaK noA xpeÔTOM, 
TaK H noA npHMbiKaiouiHMH KOTjioBHHaMH, T O B 9TOM cJiyqae HaôjiioflaeMbie 
noHHJKeHHH aHOMajiHH Byre HaA ApaBHHCKO-HHAHñcKHM xpeÔTOM B O 3 M O > K H O 
OÔlHCHHTb yTOJimeHHeM 3CMHOH ¡KOpbl nOA XpeÔTOM AO 25 KM. H a M 
Ka>KeTCH óojiee BepoHTHMM BapnaHT HHTepnpeTan,HH c pa3ynjioTHeHHeM Be-
mecTBa BepxH^eñ MaHTHH, X O T H cBoeo6pa3He ApaBHñcKO-HHflHHCKoro cpe-
AHHHoro xpeÔTa, KaK 6 M 3a>KaToro MejK^y MacKapeHCKHM H MajibflHBCKH-
M H XpeÔTaMH C TJiyÔOKHMH K O p H H M H B KOpe, M O X e T npOHBHTbCH H B HeCKOJIb-

KO H H O M , inO cpaBHeHHK) CO CpeflHHHO-ATJiaHTHMeCKHM Xpe^TOM, TJiyÔHHHOM 
•CTpoeHHH ApaBHHCKO-HHjiHHCKoro cpeAHHHoro xpeÔTa. 

n o cencMHHecKHM .naHHbiM, B ceBepHoft ^acTH MajibAHBCKoro xpeÔTa 
Me^íAy MajIbflHBCKHM H JlaKKaAHBCKHMH OCTpOBaMH O Ô H a p y W e H THnHHHblft 
AJlfi. By^KaHHHeCKHX OCTpOBOB pa3pC3 3CMHOH KOpbl — nOMTH 5 KM ByJIKaHO-
reHHbix nopoA co C K O P O C T H M H npoAOJibHbix BOJIH 3,8 H 5,0 KM/ceK, noflCTH-
JiaeMblX OCHOBHblM «OKeaHHWeCK'HM» («6a3aJlbT0BbIM») CJIOeM 3eMHOH KOpbl 

MomHocTbK) 10,6. KM co cKopocTbK» npoAO/ibHbix BOJIH 6,8 KMJceK. TpaHHua 
M oÔHapy>KeHa Ha rjiyóime 17,3 KM noA ypoBHeM Mopa. KD^tHee B pa3pe3e 
3eMH0H KOpbl nOHBJIHeTCH CJIOH MOIUHOCTblO OKOJIO 5 KM CO CKOpOCTbK) npO-
flOJlb'HHX BOJIH 6,13 KMjceK, KOTOpblft T a K * e MO>KHO OTHeCTH K ByJIKaHHMe-
•CKHM nopoaaM. TpaHHua M pacnoJiomeHa, BepoflTHO, Ha rjiyÔHHe He MeHee 
2 0 KM, TaK KaK HeCMOTpH Ha TO, HTO CeHCMHHeCKHH npOtpHJIb 6bIJI AJIHHOH 

óojiee 100 KM, BOJiHH OT rpaHHUbi M He 3aperHCTpHpoBaHbi. TpaHHua M Ha 
K)»ÎHOM KOHite xpeÔTa, BepoHTHO, pacnojioîKeHa Ha 6ojibuieñ rJiyÔHHe. HaR 
ôaHKOiî 'íaroc BbiHBJieHbi CJIOH C O C K O P O C T A M H 3,01; 4,76 H 6,79 KM¡ceK, T H -
nHHHbie AJIH KopajiJioBbix H ByjiKaHHHecKHx nopoA H juin ocHOBHoro OKeaHH-
lecKoro («6a3avTbTOBoro») CJIOH. H a ocHOBaHHH ceHCMHuecKHX AaHHbix B M -
íiCHHJiocb, qTo MajibAHBCKHH xpeóeT no Been AJiHHe cjio>KeH H3 ByJiKaHHqe-
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CKOrO CJIOH MOIUHOCTbK) OT 4 A O 5 KM, nOACTHJiaeMOTO «6a3ajlbTOBbIM» CJIOeM. 

HHTeHCHBHbie MarHHTHbie aHOMajiHH, BbiHBjieHHbie noMTH Ha BceM npoTH>Ke-
H H H Ma;ibAHBCKoro xpeÔTa, noATBepjKAaiOT TaKyio Tom<y 3peHHH. BepoHTHo, 
o6pa30BaHHe H pa3BHTHe MajibAHBCKoro xpeÔTa npoHcxo.HH.no BAOJib JIH-
HeflHoro rjiyÔHHHoro pa3JioMa, npn^eM S T O T npouecc, HanaBiiiHHCH B K » K ~ 
H O H nacTH xpeÔTa B pafioHe 6aHKH Maroc, B AajibHeñmeM oxBaTbiBaji Bceóo-
jiee cesepHbie panoHbi. ByjiKaHH^ecKHe npoueccbi, npHBefliune K H 3 J I H H H H H M 
jiaBbi H o6pa30BaHHK) MajibAHBCKoro xpeÔTa, B O 3 M O > K H O , 3axBaTHJiH Ha ce-
Bepe npHMbiKaromyro K MajibAHBCKHM xpeÔTaM qacTb H H A H H , r^e iunpoKo 
pa3BHTbi Tpannbi ¿eKKaHa. JlaóopaiopHbie H3MepeHHH cKopocfeñ npoAOJib-
Hbix BOJIH B pa3JiHHHbix o6pa3u,ax TpannoB flaiOT xopomee corjiacne co C K O -
POCTHMH npOflOJIbHMX BOJIH, HaOJIIOAeHHblMH B By.lKaHOreHHblX CJI0HX pa3-

pe3a 3eMHoñ Kopu MajibAHBCKoro xpeÓTa [18]. Bo3pacT TpannoB AeKKaHa 
KaK no a6coJiK)THbiM onpeAejieHHHM, TaK H no HaxoAKaM (payHbi Hanôojiee 
BepoHTeH B npeAejiax O T Bepxnero Mejia A O ojinroueHa. OcHOBHan Macea 
TpannoB, Bepcarao, H3JiH'Bajiacb B paHHee — aoueHOBoe opeMH. üpeBHHÍí 
By.iKaHH3M B pafioHe 6aHKH Maroc, B O 3 M O > K H O , npoHBJiHJica c paHHero HJIH 
cpe/iHero Mejia [22]. IleTporpaipHH TpannoB XleKKaHa TaK>Ke noATBep>KAaeT 
rnnoTe3y o MHrpauHH paHHeMejioBoro ByjiKaHH3Ma c iora, O T 6aHKH Maroc, 
Ha ce'Bep, K inoôepeaiHio H H A H H . KaK >noKa3aji Meii3, coAepwaHHe TÍO2 iB Jia-
Bax HBjiHeTCH BecbMa T O M H H M HHAHKaTopoM «BHyTpnoKeaHH^ecKorq» HJIH 
«BHeoKeaHHqecKoro» KaHH030HCKoro ByjiKaHH3Ma {20]. CoAep>KaHHe TÍO2 
6ojiee 1,75% >'Ka3biBaeT Ha «BHyTpHOKeaHHHecKHH» ByjiKaHH3M. AHajiH3M 
TpannoB JXeKKana. ASIOT coAepxayne Ti02 B cpczmeM 1,91%. X U H o6pa3-
U O B TpannoB c 6ojibiiiHx rjiyÔHH co,nep>KaHHe Ti02 B03pacTaeT A O 2,34%, a 
A A H noBepxHOCTHbix TpannoB — noHHJKaeTca A O 0,63%, T. e. nepBOHa^ajib-
Ho «BHyTpHOKeaHHqecKHH» By^KaHH3M KaK 6w TpaHc4>opMHpyeTCH B O «BHe-
OKeaHHHecKHH» ByjiKaHH3M [22]. Haxo>KAeHHe «BHyTpnoKeaHHqecKOH» JiaBbi 
Ha KOHTHHeHTe, B03MO>KHO, OÓyCJIOBJieHO ÓOJlbUJHM OÔ-beMOM OKeaHH^eCKOH 
MarMbI H HeOÔXOAHMOCTbK) BeCbMa AJIHTeJlbHOrO B03AeHCTBHH KOHTHHeHTajlb-
HOH cpeAbl AJIH H3MeHeHHfl COCTaBa MarMbI. 

J\j\ñ yAOBJieTBopHTejibHoro 06-bHCHeHHH HaÔJiioAeHHbix aHOMajinft CHJIW 
THJKecTH B peAyKUHH Byre HaA MajibAHBCKHM xpeÔTOM H C O Ô X O A H M O Aonyc-
THTb yTOJimeHHe 3eMHoñ Kopbi Ao 25 KM. 

iipH nocTpoeHHH pa3pe30B 3 C M H O H Kopbi B KpacHOM Mope no mnpoTe 
16° N ( C M . pnc. 4) H 25° N (CM. pHc. 5) 6bijiH ncnoJib30BaHbi ceñcMHqecKHe 
KOJIOHKH 3eMHOñ Kopbi AJIH KpacHoro Mopa, no.iyMeHHbie XlpeñKOM H T H P A -
jiepoM [21]. Flo ceECMH^ecKHM A 3 H H W M , B pa3pe3e 3eMHOH Kopbi KpacHoro 
Mopn BbiAe^HKDTcn: 1) HeynjioTHeHHbie ocaAO^Hbie oTJioHieHHH co C K O P O C T H -
M H npoAOJibHbix BOJiH 1,7—3,0 KM/ceK, BKJiioHaiomHe oneHb nopHCTbiñ M a -
Tepna^ H MacTHHHo ynjioTHeHHbie ocaAKH; 2) ocaAoiHbie OTJioHieHHH H n.H-po-
K^acTHiecKHH MaTepnaji co C K O P O C T H M H npoAo.ibHbix BOJIH O T 3,0 A O 
5,0 KM/ceK; 3) KpncTajuiHHecKHe nopoAbi co C K O P O C T H M H npoAOJibHbix BOJIH 
5,5—6,4 KM/ceK; 4) ocHOBHbie yjibTpaocHOBHbie nopoAbi co C K O P O C T H M H 
npoAOJibHbix BOJIH 6,7—7,4 KM/ceK. 

BbiHBJiHercH HHTepecHan ocoôeHHocTb B pacnpocipaHeHHH . S T H X nopoA 
no aKBaTopHH KpacHoro Mopa. B ueHTpajibHOH rJiyôoKOBOAHOH nacTH Kpac
Horo Mopn, K)}KHee 25° N , nopoAbi co C K O P O C T H M H npoAOJibHbix BOJIH 5,5— 
6,4 KM/ceK, HHTepnpeTH'pyeMbie KaK nopoAbi KpiiCTajuinnecKoro mnia, O T -
cyTCTByiOT H 3aMemaK>TCH BwcoKOCKopocTHbiMH (6,7—7,4 KM/ceK) nopoAa-
M H . C y S H K H H 38JIHB H 38JIHB A K a Ô a XapaKTepH3yiOTC51 OTpHU,aTejlbHbIMH aiI0-

MajiHHMH B peAyKUHH Byre. nepexcA O T oTpHuaiejibHbix aHOMajinñ Byre ce-
BepHoñ nacTH KpacHoro Mopa K nojio>KHTejibHbiM aHOMaAHHM IOJKHOH qa-
CTH KpaCHOrO M O p H , BepOHTHO, npOHCXOAHT B 30He 3 a M e m e H H H HH3K0CK0-

pocTHbix KpncTajijiHHecKHx nopoA BbicoKOCKopocTHbiMH. CeBepHee 25° N 
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MarHHTHoe nojie oTHocHTejibHo cnoKOHHoe, a K»KHee 25° N , B ueHTpaAbHon 
rjiyôoKOBOflHOH lacTH KpacHoro ¡viopa, HaÔJiioAaiOTCH HHTeHCHBHbie 3HaKo-
nepeMeHHbie MarHHTuwe aHOMaAHH, BecbMa xapaKTepHbie A A H pnipTOBbix 30H 
cpeflHHHooKeaHHqecKHx xpeôraB. C yweTOM S T H X nannux HaMH nocrpoeHbi 
HaHÓOJiee BepoaTHwe pa3pe3H 3eMHOíí Kopbi H BepxHeñ MaHTHH A A H ceBep-
HOH H K)>KHOH HaCTefl KpaCIHOrO MOTJH. Pa3pe3 3eMH0H KOpbl K»KHOH HaCTH 

KpacHoro Mopa (CM. pnc 4) BecbMa cxoAeH c pa3pe30M 3eMHOH Kopw Apa-
BHHCKO-HHflHftcKoro cpejHHHoro xpeÔTa. 

ByjiKaHoreHHO-ocaflOHHaa TOJima co cKopocTbio npoAOAbHbix B O A H 
3,7—5,0 KM/ceK, MomHocTbK) 2—3 KM 3ajieraeT nenocpeACTBeHHO Ha yjibTpa-
OCHOBHblX nopOflaX CO CKOpOCTbK) npoflOJlbHblX BOAH 7,0—7,3 KM/ceK. H a 

ocHOBaHHH HccjieflOBaHHÍi yjibTpaocHOBHbix nopofl, coópaHHbix B 36-M pen
ce «BHTH3H» CO CKAOHOB pHipTOBblX ymeAHH TpeX BeTBeft CpeflHiHHO-HHflO-
oKeaHCKoro xpe6Ta (ApaBHftcKO-HHAHHCKoro, 3anaAHO-HHAHHCKoro H U,eHT-
pajibHO-H'HflHHCKoro xpeÔTOB), H aHajiH3a HMeiouiKxcH reo<pH3HHecKHX naa-
Hbix (ceHÇMHqecKHX, MarHHTHbix, H H3MepeHHH TenjioBoro noTOKa) no Cpe-
AHHHo-HHflooKea,HCKOMy xpeÓTy I\ B . YAHHueB H B . H . HepHbimeBa BbicKa-
3biBaiOT npeflno^o^eHHe, m o S T H nopoAbi HBJIHIOTCH MaA0H3MeHeHHbiMH no-
po^aMH BepxHeñ MaHTHH 3eMAH {14]. BeAyfflHMH npoueccaMH (popMHipoBa-
HHH KOpbl B 3T0H 30He HBJIHIOTCH CepneHTHHH3aiIHH BeHjeCTBa BepXHeH MaH

THH, npHBOflflmaa K yBejiHMeHHK) ee oô-beMa, H K ropH30HTajib¡HbiM H Bepra-

KajibHHM pacTHxeHHHM. BemecTBo BepxHeñ MaHTHH noA CpeAHHHooKeaHH-
qeCKHMH XpeÔTaMH HaXOAHTCH B yCJIOBHHX nOHHXeHHOrO flaBJieHHH, OTHO-

cHTejibHo BbicoKHx TeMnepaTyp H noABepraeTcn cepneHTHMnsauHH H AHHa-
M0MeTaM0p{pH3My. Bee 3TO, eCTeCTBeHHO, inpHBOAHT H K caOTBeTCTByiOmHM 
H3MeHeHHHM <pH3HqeCKHX CBOHCTB BemeCTBa BepXHeH M a H T H H , B qaCTHOCTH 
K yMeHbUieHHK) njIOTHOCTH H rpaHHIHOH CKOpOCTH npOAOJlbHHX BOAH. IlOBbl-
iue»Hbie 3HaMeHHH TenjioBoro noTOKa B KpacHOM Mope noATBepjKAaioT npa-
BOMepHOCTb TaKOH HHTepnpeTauHH {19, 29]. 3oHa anoMaAbHOH MaHTHH noA 

K)>KHOH lacTbio KpacHoro Mopn, BepoHTHO, npocTHpaeTCH Ha 250—300 KM 
no HiHpHHe H 34—38 KM B rjiyÓHHy. 

CepneHTHHH3auHfl H cooTBeTCTBeHHo pacuinpeHHe TaKoro oôteMa Be-
IHeCTBa BepXHeft M a H T H H , B03MO>KHO, H HBHJIOCb npHTOHOH 06pa30BaHHH 

pHfpTa KpacHoro Mopn H noBopoTa ApaBHHCKoro nojiyocTpoBa npoTHB ia-
COBOH CTpejIKH Ha 6—9°. 

CTpoeHne 3eMHoñ KOpbi ceBepHoii qacTH KpacHoro Mopn ( C M . pnc. 5) 
ÓJIH3KO IK CTpoeHHK) KOpbl BHyTpeHHHX H OKpaHHHblX MOpeÜ (CpeA'H3eMHOrO, 
MepHOrO H A p . ) . M0UI,H0CTb 3eMHOH KOpbl B npHÔpeHtHOH laCTH H3MeHHeTCH 
OT 25—30 Ao 18—20 KM. Kopa B ueHTpa^bHoñ nacTH KpacHoro MOpH HMeeT 
HopMaAbHyio BepxHioK) MaHTHio KaK no cocTaBy, Tan H no (pH3HHecKHM CBOÍÍ-
CTBaM. BepoHTHO, npouecc cepneHTHHH3auHH BemecTBa BepxHen MaHTHH H 
pacTHXeHHH H nepepaôoTKH 3eMHOH Kopu eme He 3axBaTHJi 3Ty nacTb Kpac
Horo MOpfl. 

O A H a K O CAOH KpHCTaAAHHeCKHX nOpOA, HMeiOLUHX MOUÍHOCTb OKOAO 

10 KM y npn6pe>KHOH H 2—3 KM B ueHTpajibHoñ HacTH MOpH, HBJiaeTca paao-
pBaHHblM Ha ÓJIOKH BepTHKa^bHblMH pa3J10MaMH, 3anOJIH6HHbIMH OCHOBHbIMH 

HHTpy3HBHHMH nopoAaMH. H o Been BepoHTHOCTH, 3T0 pe3yjibTaT nponecca 
nepecTpoHKH 3eMHoñ Kopbi. IlpHMeM, AaAee Ha ceBep nponecc nepeMemaeT-
CH BBepx ino pa3pe3y. TaK, ,B 3aAHBe Axaóa pn<pT BbiipaíKeH Hajin^neM rpa-
ÓeH'OB B MOUtflOH OCaAO^HOH T O A m e , H 30HH pa3pbIBOB He 3aXBaTHAH CAOH 
Kp'HCTaAJIHTOCKHX nOpOA- 3 T 0 nOATBep»<AaeTCH HajIHIHeM HHTeHCHBHblX OT-
pHHaTeAbHblX a H O M a A H H CHAbl TH^íecTH Aga>aa = — 200 M2JI, AgByre = 
—ilOO M2A) H OTCyTCTBHeM 3aMeTHbIX M a r H M T H M X a H O M a A H H [17]. 

HccAeAOBaHHH B AAeHCKOM 3ajiHBe noKa3aAH npoAOAs<eHHe pncpTOBoñ 
A O A H H H aCppHKaHCKOH nAaTIpOpMbl Ha BOCTOK-CeÉepO-BOCTOK K OCTpOBy C o -
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KOTpa, r^e JioABOAHbin xpeôeT H prncpTOBan nojinua coeAHHHK)TCH c ApaiBHH-
C K O - H H A H H C K H M xpeÔTOM. 3eMHaH Kopa 3Aecb HMeeT CTpoeHHe, cxoAHoe cr 
ApaBHHCKo-HHflHHCKHM xpeÔTOM H c H3>KHOH qacTbio KpacHoro Mopa ( C M . 
pHC. 3) . CBepxy no pa3pe3y [28] 3ajieraioT Majioyn.ioTHeHHbie ocaAKH M o m -
HocTbio 0,5—1,2 KM co CKopocTHMH 2—3 KM/ceK; HHHíe pacnojiaraioTCH yn-

jioTHeHHbie ocaAKH H By.iKaHoreH-
Hbie nopoabí co C K O P O C T H M H 4 ,0— 
4,5 KM/ceK MOIUHOCTbK) 1,2 KM. O c -
HOBHbie H VJIbTpaOCHOBHbie K p H -
CTajiJiHqecKHe nopoAH co C K O P O 
C T H M H npOAOJlbHblX BOJ1H 6,4— 
6,8 KM/ceK 3ajieraiOT Ha iviyÔHHe 
4—4,5 KM OT nOBepXHOCTH BOflbI. 
H a HeCKO.TbKHX CTaHUHHX ÓbIJIH 3a-

perHCTpnpoBaHbi CKopocTH 7,5— 
7,8 KM/ceK, KOTopbie H xapaKTepn-
3yiOT, no Bceñ BepoHTHOCTH, nopo-
Abi aHOMajibHOÍi BepxHeñ MaHTHH. 
C a M a a m y ô o K a n rpaHHua co C K O -
pocTHMH 7,5—7,8 KM/ceK B pañoHe 
AAeHCKoro 3ajiHBa onpeAcneHa Ha 
rAyÔHHe 10 KM. Pe3yjibTaTbi reo-
(pH3HHeCKHX HCCJieAOBaHHH nOK.a3a-

A H , M T O , HecMOTpn Ha pasjiH^ne B 
aeTajiHX dpoeHHH, cTpyKTypu 

AAeHCKoro 3ajiHBa H KpacHoro Mopa ( M J K H O H M a c ™ ) BecbMa C X O J K H H H B -
JIHIOTCH OAHa npoAOJi>KeHHeM Apyroñ. 

• nepCHACKHH 3ajIHB XapaKTepHSyeTCH 3HaHHTe.JIbHbIMH OTpHUaTeJIbHbIMH 

aHOMajiHHMH C H A H THKecTH (pHc. 6) . O H , BepoaTuo, o6pa30BaAca Ha Kope 
MaTepHKOBoro THna. Fio AaHHbiM HpaHCKnx HcaieAOBaTejieñ [33], 3eMHaa 
Kopa B pañoHe 3ajiHBa HMeeT KOHTHHeHTajibHoe CTpoeHHe. BepxHHH rpaHHT-
Haa TOJima c a = 2,7 Z/CMZ HMeeT MoiimocTb cBbiuie 25 KM. Hn>Ke 3ajieraer 
6a3aAbT0Bbiñ CJIOH c a = 3,0 Z/CM?. 3 T H npeAnojiovKeHHH nojiyieHbi Ha O C H O -
BaHHH KanecTBeHHOH HHTepnpeTauHH rpaBHTaunoHHbix aHOMajinñ. CeñcMH-
qeoKHx HccjieAoBaHHH B IlepcHACKOM 3ajiHBe, no Bceft BepoaTHOCTH, nona He 
npOBOAHJIOCb. 

TaKHM o6pa30M, B HCCAeAOBaHHOM pañoHe BbiAe-ineTca 3eMHaa Kopa 
qeTbipex ocHOBHbix THnoB: MaTepHKOBaa, oKeaHH^ecKaa, nepexoAHaa H Kopa 
cpeAHHHOOKeaHHnecKHx xpeÔTOB. 

P H C . 6. AHOMajiHH cHJibi TsisíecTH B paflcme 
nepcHACKoro 3a;mBa. Pe.nyKU.HH By re (a= 
= 2,67 Z/CMF). HopMa^bHaH (popMyjia — Me>K-
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The geotectonic development of the Indian Ocean and the top of the Earth 

by E . Kraus 

3. KPAYC 

TEOTEKTOHHMECKOE PA3BHTHE H HA HHCKOTO OKEAHA 
H «KPblUJH MHPA»* 

Tenepb, nocjie noHBJieHHH OTJIH^HO BbinoJiHeHHOH KapTbi peAbe(})a AHa 
M H A H H C K O T O oKeaHa Xeñ3eHa H Tapna (pHC. 1), npeACTaBJiaeTca B O 3 M O > K -
H H M HaMeTHTb xapaKTep H noc^eAOBaTejibHocTb npouecca ApmpTa MaTepn-
KOB npH Me3030HCKOM o6pa30BaHHH (npHOTKpblTHH) H H A H H C K O T O OKeaHa. 
n p H 3TOM M H onnpaeMCH He TOJibKo Ha onyôjiHKOBaHHbie B nocjieflHee Bpe-
M H npeflCTaBjieHHH o rjiaBHbix npuMHHax S T O T O npouecca, H O Ta«>Ke Heno-
cpeflCTBeHHo Ha pe3yjibTaTM najieoMarHHTHbix, najieoKAHiviaTimecKHx, najieo-
reorpacpHHecKHx H ceficMimecKHX HccneAOBaHHH. 

Mbi H C X O A H M H3 KOHU.enu.HH «ToHflBaHbi», T . e. cymecTBOBaHHH rHraHT-
CKoro KOHTHHeHTa, qacTH^Ho pacnojiaraBiuerocH B npeae.iax K)>KHono.nHp-
HOH OÓJiacTH, KOTOpblH BnJIOTb AO OKOHMaHHH naJie030H B OCHOBHOM COCTOHJ1 
H3 oporeHOB, o6pa30BaHHbix «a Mecre reocHHKJiHHaAeü. ToHABaHa o6T>eAH-
HHJia A0Me3030HCKHe HApa AHTapKTHKH, I O J K H O H ÂMepHKH, AtppHKH, H H -
A H H H ABCTpajiHH. 3Ty KOHuenuHK) npeAJio>KHA BereHep eme B 1912 r. [13] 
Ha T O M ocHOBaHHH, HTO B Te^eHHe no3AHeKaMeHHoyrojibHoro H paHHenepM-
CKoro BpeMeHH oomupHbie lacra S T H X Hbme Tax AajieKo Apyr O T Apyra O T -
CTOHIU.HX KOHTHHeHTOB ÔbIJIH nepeKpbITbl OÔIUHM MaTepHKOBbIM OACAeHeHHeM 
H HaXOAHAHCb ÔJIH3 K)>KHOrO nOAIOCa [6] (pHC. 2) . 

HbIHe Mbi M O « e M pa3AHHHTb B TeHeHHe Me3030H H KaHH030H OKOAO nfl-
T H rJiaBHbix (pa3 SToro nopa3HTeAbHO rpaHAH03Ho npoTeKaBiiiero pa3BHTHH 
ynacTKa 3eMHoñ noBepxHoc™ B oÓAacTH H H A H H C K O T O OKeaHa (BnjioTb A O 
ee HbiHeuiHero C O C T O H H H H ) . B KanecTBe nocAeAHero cymecTBeHHeñmero 
CAeACTBHH 3T0r0 pa3BHTHH MO>KHO paCCMaTpHBaTb B03HHKHOBeHHe «KpbllUh 

MHpa» K ceBepy H ceBepo-BocTOKy O T H H A H H . 

BeposiTHbiH xapaKTep H nocjieAOBaTejibHOCTb reoTeKTOHHMecKoro 
pa3BHTH$i H H A H H C K O T O OKeaHa 

B TeieHHe n e p B o u (p a 3 H pa3BHTHH K»KHbie KOHTHHeHTbi (KDiKHaa 
AMepHKa, AtppHKa, H H A H H H ABCTpaAHa) oTAejiHAHCb O T AHTapKTHAU 
BAOJib pà3AOMa, pacnoAO)KeHHoro nepinpepHMecKH no OTHoiueHHio K o6;ia-

* JXoKJian, npo^HTaHHbift 3 HIOHH 1966 r. H,a 3ace,naHHH KOJiJioKBHyMa no MeTOAHKe 
KapTHpoBaHHH «Ha Mopeñ H OKeaHOB II MeKAyHapoAHoro OKeaHorpa<pHqecKoro Konrpecca 
B M O C K O B C K O M yHHBepcHTeTe. IlepeBOA c HeMeuKoro H3MKa E . B . flopoiueHKo H 
J\. n. HaflAHHa. 
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CTH, oKpywaiomeH K O K H H H nojiioc. B npe^ejiax nepBbix K O H T H H 6 H T O B nocjie 
no3^Henajieo30HCKoro MaTepHKOBoro ojiejxeHeHHH K Hawajiy TpHaca KJIHMHT 
cTaji Tenjiee. O H H nepe^BHrajiHCb, óyjxyw eme coejiHHeHHbiMH BMecTe, K ce-
Bepy, HaBCTpeny apyroMy najieo30HCKOMy rnraHTCKOMy KOHTHHeHTy — JlaB-
pa3HH. ynOMHHVTblH BblUie OTflejIMBIUHH HX OT AHTapKTHAbI pa3JIOM B03HHK 

Kan myÔHHHbift pa3JioM ÔJÎH3 coBpeiweHHoro 50° 10. m . H napajuiejibHo S T O H 
iiiHpoTe. B^ojib Hero H napajuiejibHbix eMy pa3„ioMOB, no-BHAHMOMy, B ne-
paoAbi pacTHJKeHHH noflHHMajiHCb orpoMHbie Maccw H3 pacnjiaejieHHoro oc-
HOBaHHa, cajibCHMH^ecKoñ OOOJIO^KH 3eMJiH, a TaK»e H3 jie>KameH noAHeñ 
BepXHeH Ha.CTH M 3 H T H H . n p H 3T0M 30HH pa3JIOMOB BCe ÔOJiee paCIIIHipHJIHCb, 

P H C . 2. riojio>KeHHe KOHTHHCHTOB B no3AHeM Kap6oHe (no BereHepy, 1924). npe.ncTaB.ne-
H H H A. BereHepa o nepeiwemeHHH KOHTHHeHTOB (3neftpo<j>ope3e) ocHOBbmajiHCb Ha pacnpo-
cTpaHemiH ocTaTKOB MaTepHKOBoro ojiefleHeHHH (E — TojibKo Ha eme oôieflHHeHHbix K O H -
THHeHTax), pa3MemeHHH MecTOHaxo>KfleHHH yrjieft (K), cojieft (S) B apHAHwx oÔJiacTHX 
(noKa3aHH TowaMH), rnnca (G) H «necnaHHKOB nycTHHH» (W). Kpy>KOiKH c TOIKOH 
o6o3HaqaK)T npeflnoJiaraeMoe nojiojKeHHe lOKHoro H ceBepHoro IIOJHOCOB; nyHKTHp co 
CTpejiKofl noKa3biBaeT nepeMemeHHe ncwiiocoB B no3,aHeM KapôoHe H B TeneHHe nepMCKoro 

nepHOAa 

Tax ÏTO qacTH ToHABaHbi, HaxoAHBiUHeca paHee BMecTe, oTAeJiHjiHCb Apyr 
or Apyra. 

3 T O T npouecc npeACTaBJiHex nojmyio aHaJioraio c npoueccoM, HbiHe HAy-
iiIHM B B O C T O H H O H uacTH HcjiaHAHH, rae O H 6biji HeoAHOKpaTHO onncan ¡[1, 2; 
noapoônee C M . 8]. OrpoMHoe 3HavieHHe noAoÔHoro MexaHH3Ma, AeHCTByro-
mero B ueHTpajibHbix nacTHx oKeaHOB, M O J K H O yBHAeTb H3 pac. 3. 

O ó m e e nepeMemeHHe lerapex KOHTHHeHTajibHbix rjibió Ha ceBep npo-
HcxoflH.no, oieBHAHO, HepaBHOMepHO. Mexfly H H M H o6pa30BbiBajiHCb Mepn-
AHOHajibHO HanpaBJieHHbie ropH30HTajibHbie 3 0 H H cflBHroB (Blattverchie-
bungen, transcurrent faults, décrochements), B O 3 M O > K H O , BbipaMeHHbie no-
CTyMHO K3K JIHHeaMeHTbl, KOTOpbie B nOCJieiiyiOmeM CTaJlH COCTaBHblMH Mac-

T H M H «MeflHaHHbix 3 O H » [8], T. e. «cpeflHHHOOKeaHHiecKHx xpeÓTOB»: Cpe-

AHHHO-HHflHHCKOrO H CpeflHHHO-ATJiaHTHHeCKOrO BajIOB. 3 T H ApeBHeMe30-
30HCKHe pa3JIOMbI pa3fleJlHJIH ABCTpajIHK), HHflHKD, JleMypHK), A4>pHKy H 
KDíKHyK) AMepHKy. H a ocHOBaHHH TOJibKO najieoMarHHTHbix H3MepeHHñ, K O -
Topue He onpcuejiHiOT coBpeMeHHoro AOJiroTHoro nojio>KeHHH Bajíos, Ha pHc. 4 
noKa3aHbi npeACTaBJieHHH, He noflTBep>KAeHHbie eme reojiorHMecKHMH flaH-
HblMH. 

2 BMy, JV? 6, recuiorM 17 
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rio Mepe coBMecTHoro nepeMemeHHH S T H X K O H T H H 6 H T O B B Tpnace Ha ce-
Bep, O H H nona^ajiH B oôJiacTb ôojiee 6bicTporo BpameHHH 3eMJiH. llpn S T O M , 
O ^ B H A H O , ooAbuioii KOMnjieKC, COCTOHBUIHÍÍ H 3 K D J K H O H AMepHKH, AfppHKH, 
H H A H H , BpamaBuiHHCH Mefl^eHHee H3-3a cBoeñ oojibiueñ H H S P U H H , HecKOJibKo 
OTCTaBajl OT 3HaHHTeJIbHO MeHbUieñ ABCTpa^HHCKOH rjlblÔbl, KOTOpaH MOrJia 

paHbiue npHcnocoÔHTbCH K ôojibiuen cKopocTH BpameHHH a.uiHncoHAa He-
cKo^bKo ceBepHee 50° 10. in. 3aecb, KOHeMHO, Hejib3H 3a6biBaTb ,H O AeñcTBHH 
3aKOHa KopnojTHca. TaKHM o6pa30M, BeponTHO, 3HatiHTe^bHo pacuiHpH^acb 
cflBHroBaa TpemHHa Me>KAy ABCTpajiHHCKon rjibióoñ H 3anaAHt>iM .KOMnjieK-
COM KOHTHHeHTOB. 3 t H M pa3JIOMOM HBJIHeTCH COBpeMCHHbfH XpeÔeT 90° B. A - * , 

P H C . 3. MHpoBoe pacnpocTpaHeHHe MeAHaHHbix 30H pa3JioMOB — cpeAHHHbix oKeaHHiecKHX 
BaJiOB (no PaHKopHy, 1962) 

BflOJIb KOTOporO npOHCXOflHJIH MOIUHbie nOflHHTHH Mar.MaTHMeCKHX MaCC (CM. 
PHC. 1 H 5 ) . O T Hero K BOCTOKy Ha M O p C K O M AHe, nO-BHflHMOMy, OCTaJIHCb 
KpaeBbie cjieAH, orpaHH^HBaromHe c jora H C ceBepa T O T nyTb, no KOTopoMy 
ABCTpaJiHH ABHra^acb Ha B O C T O K . H a lore S T O T nyTb orpaHHneH 3 0 H O H pa3-
JIOMOB J3,HaMaHTHHa, a Ha ceBepe — nymKOM pa3JioMOB BAOJib 3 O H A C K O H AyrH-
KoHTHHeHTajibHbie Maccbi K 3anaAy O T cABura xpeÔTa 90° B . A . H 30Ha cpe-
A'HHHOoKeaHHMecKoro Bajía nepeABHraAHCb B 3anaAH0M HanpaBJieHHH. Pa3-
^HMHMbie Hbme npenHTCTBHH 3T0My nepeABHweHHio TaM BnepBbie BO3HHKJIH, 
KaK 6yAeT noKa3aHO HH>Ke, BiiepBbie JiHiiib nocjie Tpnaca. 

BjiaroAapH STOMy BocTOHHOMy ApntpTy ABCTpajiHH K MecTy ee coBpe-
MeHHoro noJiOHceHHH H nepeMemeHiiio riibié H H A H H , AcppHKii, K D > K H O H A M C -
P H K H Ha 3anaA, HMeBiueMy MecTO eme B Tpnace, cHanajia o6pa30BaAacb K>K-
Han qacTb H H A H H C K O T O OKeaHa. 3 T O npoH30iu.no nocjie nepBoii (pa3bi yAajie-
HHH KOHTHHeHTajlbHblX IVIbl6 OT HOJlIOCa B O B p e M H !B T O p O H , H O 3 A H e-

T p H a c o B o ñ C T a A H H p a 3 B H T H H . H a P H C . 6 noKa3aHO H3MeHeHHe 
ujHpoTHoro noJio>KeHHH ABCTpajiHH no na.ieoMarHHTHbiM AamibiM c AOKeM-
6pHH Ao KañH030H, H O 6e3 nonpaBOK Ha Ao.iroTy. 

C,BH3b H H A H H C JleMypnen, cocTOHBiueH H3 MaAaracKapa H oojibineñ 
qacTbio Hbme norpy3HBUiHXCH rjibiô B <o6\jiacTH CefluiejihCKHx ocTpoBOB, A O -
Ka3biBaeTCH AJIH lo'pcKoro nepnoAa oôiuHOCTbK) HCKonaeMoñ (payHbi. JleMy-
P H H B rope y>Ke OTAeAHJiacb O T AíppiiKH BAOJib MopcKoro npojniBa, BepoHTHO, 
npeAonpeAejieHHoro npHMepHo MepHAHOHajTbHo HanpaBJieHHOH 30HOH C A B H -

* B O C T O U H O H H A H H C K H H xpe6eT Ha coBeTCKHx Kapiax H H A H H C K O I O OKeaHa (npu.u. 
nepeeodnuKoe). 
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roB. riocrccnyiomee OTAe-JieHHe H H A H H C K O H rjibiôu O T JleMypHH B paHHeMe-
jiOByio anoxy npoH30iujio, Beponrao, BAOJib H O A H H T H H H cflBHroB K » K H O H qa-
C T H KapjicóeprcKOH MeAHaHHoñ 3 O H M , a TaK>Ke BAOJib ceBepnoro y^acTKa 
CpeflHHHO-HHflHHCKoro Bajía. H M C H H O Toraa H H A H H nepeMecTHjiacb C B O H M 
BOCTOHHbIM KpaeM HeCKOJIbKO Ha BOCTOK AO XpeÔTa 90° B. A- (KOTOpblH HbIHe 

He HB^neTcn aKTHBHbiM cpcuHHHOOKeaHHHecKHM xpeÔTOM), a K)}KHbiM Kpa
eM — npHMepHo A O 40 ° K». in. OflHOBpeiweHHo noAHHTHe Mace B O BpeMH pac-

KOHTypW — IKWIOWeHHe KOHTHHeHTOB 
B cepeflHHe iwe3030H; cTpeJiKH — Ha- P H C . 6. ílojioweHHe ABcrpajiHH, onpe-
npaBJieHHe nepeMemeHHH KOHTHH6HTOB; AeJieHHoe no naJieoMarHHTHMM flan-
nyHKTHpHue KOHTypw —. coBpeMeHHoe H U M , OT AOKeMÔpna A 0 KaftH030H (no 

nojioweHHe KOHTHHBHTOB PaHKopHy, 1962) 

THJKeHHH KapjicôeprcKoro Bajía oôycjioBHJio nepeABHJKeHHe JleMypHH K 3a-
na¿y. TaKHe apntpTOBbie nepeMemeHHH npoH3onuiH B TpeTbio <pa3y pa 3-
BHTHii . B TeneHHe TpeTbeñ <pa3H, no-BHAHMOMy, OKOH^HJiocb AeñcTBHe Me-
xaHH3Ma npoueccoB pacTHxeHHH, paciiiHpHBiuero pa3JiOMbi H npHBOAHBiuero 
K nOAHHTHK) H3 TJiyOHH OrpOMHblX MarMaTH^eCKHX MaCC H TaKHM 06pa30M 
ÔbIBUierO npHHHHOH KOHTHHeHTajIbHOrO ApH(pTa H 06pa30BaHHH (npHOTKpbl-
T H H ) HHAHHCKoro OKeaHa. üocjieAOBaBuiee 3aTeM nepeMemeHHe H H A H H K 
ceBepy y>Ke He M O J K C T 6biTb o6-bHCHeHO AeñcTBHeM SToro MexaHH3Ma. 

rioAKOpOBoe TeneHHe IIOA H H A H H C K H M OKeaHOM, HanpaBJieHHoe 
K ceBepy, H ero nocjieACTBHn 

H a AHe OKeaHa, KaK H Ha nyTH TpnacoBoro AputpTa ABcrpajiHH, npocjie-
>KHBaiOTCH cjieAH nepeMemeHHH H H A H H C K O H rvibiôbi B Me.noBoe BpeMH. 3 T H 
cjieAH npeACTaBjieHbi napajuiejibHUMH 3onaMH KpaeBbix CABHroBbix pa3Jio-
M O B , OrpaHHHHBaiOmHMH C 3anaAS H C BOCTOKa CpeAHHHO-HHAHHCKyiO M e p H -

AHOHajibHo BbiTHHyTyio rjibióy H B O 3 H H K I H H M H npn nepeMemeHHH H H A H H Ha 
ceBep. B KaqecrBe BocToiHoro KpaeBoro pa3JioMa cjieAyeT paccMaipHBaTb 
jiHHeaMeHT 90° B . A - , He HBJIHÍOIIIHHCH 6ojiee cencMHuecKH aKTHBHbiM. H a ce-
Bepe jiHHeaMeHT norpyíKaeTCH noA AejibTOBbie ocaAKH BeHrajibCKOro 3ajiH-
Ba. Ero ceBepHoe npoAOJinteHHe nepeceKaexcH c B O C T O ^ H H M Kp.aeM H H A H H . 
npHMepHo TaKoñ >Ke AJiHHbi 3anaAHbiñ KpaeBoñ pa3JioM, a H M C H H O xpeóeT 
Maroc-JlaKKaAHBbi. O H HMeeT ceBepo-eeBepo-3anaAHoe npocTHpaHHe H H C -
qe3aeT noA ocaAKaMH AeJibTbi H H A S . Ero ceBepHoe npoAOJMteHHe o6pa3yeT 
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P H C . 5. TeKTOHHHecKan cxeMa 3anaAHoñ Macra T H X O F O OKeaHa, HHAHHCKOI-O H ATJiaHTHWCKora 
B paGote Kpayca, 
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çKeaHOB (no EeMMcrceHy, 1965). O noKa3aHHbix 3Aecb MerayHZiauHsix noapoÔHee CKa3aHO 
HaxoAameñca B neqara 3 a K Q52 crp. 20—21 
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3anaj.HbiH Kpañ H H A H H C K O T O cyÓKOHTHHeHTa. 3anaflHbiñ KpaeBoft pa3.i0M He-
CKOJIbKO H30rHyT K BOCTOKy. BepOHTHO, 3T0 HBJIHeTCH pe3yJIbTaTOM fleHCTBHfl 

eme H Hbme cencMH^ecKH aKTHBHoro KapjicôeprcKoro (CpeflHHHo-HHjiHHCKO-
ro) Bajía. 06e S T H 3 0 H W KpaeBbix pa3JioMOB B HacTOHiu.ee BpeMH cencMHie-
CKH He aKTHBHbl. 

OepeMemeHHe H H A H H K ceBepy, BHe BCHKoro C O M H C H H H , npoHcxoflH.no 
yjKe nocne apncpTa ABCTpajiHH Ha B O C T O K B Tipnace: KaK B H A H O Ha pnc. 1 H 
5, BOCTOiHoe KpaeBoe orpaHHHeHHe nyTH nepeMemeHHH H H A I I H (xpeóeT 90° 
B . a.) cpe3aeT KpaeBbie orpaHH^eHHH nyTH nepeMemeHHH ABcrpajiHH. T O H -
H O xaKwe y 3anaflHoro KpaeBoro orpaHH^eHHH nyTH nepeMemeHHH H H A H H 
HC^e3aK)T Bce HepoBHocTH pejibetpa «Ha, HaoJiioaaeMbie K 3ana/iy O T Maroc-
JlaKKaflHBCKOH 30HbI pa3JI0Ma. 

C flpyroH CTopoHbi, H H A H H ya<e B no3AHeMejioByio anoxy 3aHHJia MecTO 
BÓ.1H3H cBoero coBpeMeHHoro nojio>KeHHH. 3 T O A0Ka3WBaeTCH cymecTBOBa-
HHeM XleKaHCKoro 6a3ajibTOBoro njiaTO. Beflb Maccbi noKpoBHbix 6a3ajibTOB 
npoHcxoflHT H3 ocHOBaHHH ApaBHHCKoro Mopn, A H O KOToporo TaK>Ke noKpw-
To 6a3ajibTaMH. Ba3a;ibTbi npopBa.iHCb oflHOBpeMeHHo nepe3 HHflHñcKyio 
cna.HHHecKyK) njiHTy, cymecTBOBaBuiyio Ha S T O M MecTe y>Ke B no3AHeMe-
.lOBoe BpeMH, Kor^a npoHcxoflHJio H 3 ^ H H H H C aeKaHCKHX JiaB. 

B no3flHeMejiOByio anoxy H B najieoreHe, Korfla B THMajiancKOH reocHH-
KJiHHajiH pacnpocTpaHHJiocb Mope Terac, ceBepHbiii Kpañ H H A H Í Í C K O H njiHTbi 
6biJi BOBJienen B noKpoBHbie cTpyKTypbi THMajiancKoro oporeHa. KpaeBbie 
nacra njiHTbi Hbme M O H Í H O Ha6jiK)flaTb B TeKTOHHqecKwx oKHax 3T0H ropHoft 
CHCTeMbl. 

ABHJKyiyHe CHjibi ocHOBaHHH HHAHÜCKoro OKeaHa B MejioBóe BpeMH 

A K T H B H H H cpeflHHHOOKeaHHHecKHH Bají, opHeHT.HpoBaHHbiñ npHMepHO 
uiHpoTHo, B MejioBoe BpeMH He cymecTBOBaji. IToaTOMy MepHAHOHajib-
Hbiñ apH(pT He MO»eT 6biTb oó-bHCHeH npHMHHaMH, fleñcTBOBaBuiHMH paHee. 
Jlnuib B xpnace cymecTBOBají noaoOHbiñ Ba.n, oóycioBHBniHH nepeMeiueHHe 
AHTapKTHflbi K lory, a ocTajibHbix K O H T H H 6 H T O B — K ceBepy. 3 T O T Bají y>Ke 
He Mor oóecneHHTb ropa3.no óojiee no3AHHH ceBepHbiñ ApHípT H H A H H , TaK 
KaK O H caM B TeneHHe MejioBoro nepnoaa 6bui pacHJieHeH Ha BceM cBoeM 
npoTHJKeHHH Ha lore H H A H H C K O I - O 0Keana perHOHajibHbiMH nepeMemeHHHMH 
K ceBepy. ílpn S T O M O H 6HJI nepeflBHHyT npHMepHO c 50° ro. m . A O 20° K>. m . , 
T. e. Ha MecTO, Ha KoropoM eme B rope naxoAHAacb H H A H H . P H C 1 H 5 noKa-
3bIBaK)T, HTO nOTepHBHIHH aKTHBHOCTb TpHaCOBblH CpeAHHHOOKeaHHUeCKHH 

Bají 6biji paciJieHeH npaBHMH cABuraMH Ha ion>BocTOKe H J I C B H M H cflBHra-
M H Ha K)ro-3anaae. TaKHM o6pa30M, oTAejibHbie O Ó J I O M K H Bajía ôbum nac-
C H B H O nepeMemeHbi Apyr oraocHTejibHo flpyra npn BceoômeM nepeMemeHHH 
K ceBepy. MaKCHMajibHoe nepeMemeHHe na ceBep HcnbiTajia BbiTHHyTan B Me-
pHAHOHa.ibHOM HanpaBJieHHH HeHTpa.ibuan nacTb oKeaHH^ecKoro flHa, B C B H -
3 H c HeM H H A H H H AOCTHrjia cBoero HHHeiiiHero nojio>KeHHH. no3aflH S T H X 
ytiacTKOB TaK>Ke Ha ceBep nepeMemaJîncb pa3JiHHHbie no onepTaHHHM npeH-
MymecTBeHHo noflBOiiHbie rjibiów (B nacTHocTH, rjiuôa KeprejieHCKoro njia-
T O ) . 3 T H rjibiôbi, no KpanHen Mepe ^acTH^HO, npeflcxaB^HK)T O Ó ^ O M K H ce-
Bepnoro cHa.iHnecKoro oópaM.ieHHH AHTapKTHflbi. C^eaoBaTejibHO, no,n H H -
M H ems H noHbme rocnoflCTByeT paspymHTejibHan myÓHHHan sHeprHH, Ha-
npaB.ieHHan H3 K » K H O H nojinpHon oôJiacTH. 

TaKHM o6pa30M, M H naÔJiioflaeM pe3y;ibTaT AeñcTBHH AecTpyKTHBHoro H 
HapacTaBmero K ceBepy rJiyÓHHHoro ABH>KeHHH, oxBaTHBmero B TeqeHHe Me-
jioBoro nepHOfla Bee ocHOBaHHe HHfluñcKoro OKeaHa. PerHOHajibHO npoHB-
jiHBmHHCH, HanpaBJieHHbin K ceBepy iviyÔHHHbiH noTOK pacHJieHHJi HecoMoe 
H M , a oÔJiOMKH nepeMemaJi c C O Ô O H . TaK óbijia co3flaHa coBpeMeHHaa 
KapTHHa, «oKeaHCKan TeKTOHHKa» H H A H H C K O F O OKeaHa. /leñcTBHe perwoHajib-
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Horo rjiyÔHHHoro noTOKa cocTaBJineT H e T B e p T y i o <p a 3 y p a 3 B H T H H 
OKeaHa. 

OflHaKO 3T0T rnraHTCKHH rjiyÔHHHHH noTOK npoflOJiHtaji AeñcTBOBaTb H 
B TperaiHoe BpeMH, cocTaBjiHiomee nnTyio (pa3y p a 3 B H T H H . 

Apncj)T H H A H H K ceBepy H «Kpuuia MHpa» 

FIOMHMO ynOMHHyTOrO Bblllie BOBJieMeHHH CTpyKTyp ToHflBaHbl B T H -

MajiaHCKOH oporeH cymecTByeT, BepOHTHO, eme H .apyraa, ôojiee uiapoKaa 
CBH3b Me>Kfly noHBjieHHeM H H J I H H B npe^ejiax oporeHa TeTHc (Ha 3ana/i,e B 
Be»aya>KHCTaHe, Ha ceBepe B THMajiaax, Ha BOCTOKe B uenn BHpMaHCKHx 
rop), c O A H O H cTopoHH, H ropHCTbiM HaropbeM «KpbiuiH MHpa», c Apyron. 

H e TOJibKO caMbie BbicoKHe ropbi MHpa B03BbimaioTC5i nan H H A U H C K H M 
(pop.iaHAOM. C ojinrouena naqajiocb inocTeneHHoe o6mee B03flbiMaHHe KaK 
jpeBHHx, Tax H MOJioflbix ropHbix cHCTeM K ceBepy H BocToxy OT H H J I H H : T H H -
ayKyuia, na.MHpa, KapaxopyMa, KyHbJiyHH, Tnoeia, a aajiee K BocTOKy js,a-
.leKO 3a inpeaenaMH npHHHflHñ.cKHX ropHbix CTpaH Taione ropHbix coopy>Ke-
HHii Bn.iOTb jo 6acceiiHOB 5IHH3H H XyaHxa. HecoMHeHHO, MOJioflbie a.ibnHii-
CKHe oporeHH TeTHca npw S T O M npom.iH HopMaJibHbiñ inyTb pa3BHTHH H ÏIOC-
„ie ¡ripeHMymecTBeHHoro norpy>KeHHH B Te^eHHe rMnoporeHHOH reocnnKJiH-
Ha.TbHOH cTa^HH BdynHJiH B cTa^Hio anHopoKHHe3a *, B (pa3y oôpaaoBaHHa 
BbicoKoropHoro pejibetpa. H o BMecTe c H H M H B TpeTHHHOM nepHOAe noflHH-
.iHCb B cpeflHeM Ha BbicoTy O T 4000 flo 7000 M, o6pa30BaB «Kpbiuiy MHpa», 
na.ieo30HCKHe coopy>KeHHH, a TaK>Ke eme 6ojiee apeBHHe, aaBHo neHenjie-
HH3HpoBaHHbie oporeHHbie o6pa30BaHHH. 

KaKHe >Ke CHJIM co3.na.JiH S T H MO.io.Hbie BbicoKHe ropbi, nonnnnn 3Ty 
«Kpbiiuy Miipa» na BbicoTy, HeH3BecTHyio HHi\ae 6ojiee Ha 3eMjie? K Hop-
Ma.lbHOMV 3HH0p0reHH0My nOflHHTHK) 3,fleCb npHCOeflHHH^HCb B03AbIMaHHH 

ropa3/io óo.Tbuiero Macurraôa. CneayeT oo^HCHHTb, KaKHM o6pa30M Harpo-
Mo>i\aa.Tiicb cTo.ib BbicoKHe MOJioAbie ropbi. OueBHflHo, Heoóxo^HMo npeano-
jio îHTb, H T O noa 3Ty «Kpwujy MHpa» npoHHKJiH orpoMHbie noaKopoBbie Mac-
cbi, TaK xax npe^cTaBHTb o6pa30BaHHe TaM nycTOT HJIH HeoóbiHañHoe ynjiOT-
HeHHe nopoj, eciecTBeHHo, HeB03M0>KH0. OTKyaa >Ke nocTynajw TaKiie or-
pOMHbie nonKopoBbie Maccbi? 

O H H He M O I M H npHHTii c ceBepa, H3 ooJiacTeñ najieo30HCKOH H eme 6o-
Jiee ApeBHeíi KOHCOJiHflau,HH. H e MOIVIH O H H npHHTH TaioKe H H C BocTOKa, H H 
c 3ana.ua, rae TaK>Ke pacnojiarajiHCb MaiepHKOBwe cTpyKTypu. O H H MOIMIH 
npHHTH To/ibKo c lora. JlHTocipepa Tex GÓJiacTeñ, H3 KOTopux nepeMecnwucb 
noAoôHbie orpoMHbie Maccbi, ^ojiscua ôbLia B TpeTHmoM nepHo^e HcnbuaTb 
perHOHa.ibHbie, X O T H H Mea îeHHbie onycKaHHH. HiaK, HanpauíHBaeTCH B M B O , H , 
M T O 3 T H niraHTCKHe Maccbi nocTaBjiajiiicb ocHOBaHHeM HHflHHCKoro oxeaHa, 
KOTopoe iiocjie ero o6pa30BaHHH B Me303oe, B no3flHeTpeTHMHoe BpeMH 6HJIO 
em,e SHa^HTe.ibHo norpyKeHHbiM. noAOÓHan B03MO«íHOCTb nanóo^ee Bepo-
HTHa. 

TaK>Ke HanpaujHBaeTCH npeflno.no>KeHHe, H T O ocoôeHHo 3HaHHTe.ibHbie 
Maccbi, nepeMecTHBHJHeca Ha ceBep H B O C T O K noA «Kpuiuy MHpa», nponcxo-
JIHT H3 CpeilHeñ Mep.HAHOHajIbHO BblTHHyTOH MaCTH HHflHHCKOrO OKCaHa. 

H M C H H O nofl S T O H ^acTbK) oxeaHa aeñcTBOBajio noAKopoBoe TeneHHe, nepe-
Hecuiee H H A H I O Ha ceBep. 

THraHTCKoe noflKopoBoe TeneHHe, c pe3y^bTaTaMH fleñcTBHH KOToporo 
Mbl KOpOTKO 03HaKOMHJlHCb, OTHIOAb He OCTaHOBHJIOCb nepefl THMa. i aHMH. 

3 T O T orpoMHbiñ r.iyOHHHbiñ MarMaTHMecKHH noTOK flBnrajica H flajiee Ha ce
Bep nofl ApeBHue H MO.ioAbie CKJiafl̂ â bie ynacTKH CHajiH^ecKOH Kopw. O H 

* riofl opoKime30M 3 . Kpayc noHHiwaeT coBOKyrmocTb flBii>KeHHH B reociiHKJiHHa^ax 
(npuM. ped.). 
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pacnpocipaHHJicfl TaK)Ke ^ajiexo Ha B O C T O K . H M C H H O O H B03ABHrHyji «Kpw-
m y MHpa». 

B . H . KpecTHHKOBy H H . Jl. HepcecoBy [10] npHHafljie>KHT 3ac/iyra npo-
BeaeHHH, no KpanHen Mepe, B T O H nacTH «KpuiuH MHpa», KOTopan oôpaivuiH-
eT c ceBepo-3anafla H H A H I O , nepBwx cncTeMaTHiecKHx reojioro-reo(pH3Hie-
C K H X HaôjiKDAeHHH, a TaK^e nyéjiHKauHH pe3yjibTaroB S T H X HaSjiroaeHHÜ. 
Mbi B H A H M 3^ecb KpynHbie 6 A O K H , noAHHTbie Ha pa3JiHiHyro BbicoTy O T H O -
CHTejibHO flpyrnx, ocTaBiUHxca HenoABH>KHbiMH, ÔJIOKOB, a no.nomeHHe no-
BepxHOCTH MoxopoBH^HHa CHjibHo MeHjieTCH B npeAcnax O T 30 no 70 KM. 
3 T O npoHB^eHHe no3AHe- H nocjieopoKHHeTHHecKHx HMnyjibcoB. llo BpeiweHH 
H ocoèeHHo no cBoeMy npocTpaHCTBeHHOMy pacnpocxpaHeHHio S T H HMnyjib-
cbi flajieKo npeBocxo^HT HOpMaAbHbiii ¡wacuiTao reocHHKjiHHajibHo-oporeH-
Horo nponecca. 

CTOJib HCHbin xapaKTep npoHBJieHHH 9THX npoueccoB aaeT AonojiHHTejib-
Hoe ocHosaHHe AJIH npHHUHnnajibHoro pa3Ae.neHHH AByx reoAHHaMHHecKH 
pasjiHMHbix npycoB A B H > K C H H H . Mbi BbiAejineM BepxHHÍi npyc, B npeaejiax 
KOTOpOrO pa3BHBaK)TCH reOCHHK^HHaJIbHbie OporeHbl C HX HaCTHblMH TJiyÔHH-

HbiMH Te^eHHHMH H nepeMemeHHHMH MarMbi, B KOHue K O H U O B npeBpamaK)-
mHeca B KOHTHHeHTbi, H H H Î K H H H apyc, 3HaHHTejibHO ôojiee iviy6oK'0 pacno-
JTOiKeHHblH. B 3T0M nOCJieAHeM B03HHKaiOT KaK rOpH30HTaJlbHbie, TaK H Bep-

THKajibHbie rjiyOHHHbie Te^eHHH ropa3Ao oójibuinx MacimaóoB H 3HanHTejib-
HO ÓÓJlblUeH npOflOJl>KHTeJlbHOCTH. Oa3bI B03paCTaHHH SHeprHH 3THX TeHeHHÍI 

B O BpeMeHH OTHioAb He Bcerfla coBnaAaioT c STanaMH pocTa Hanpa>KeHHH B 
pa3J!HHHblX B 3T0M OTHOUjeHHH JIOKajIbHO OTJIHHaiOmHXCH reOCHHKJIHHajIHHX. 

nosTOMy qacTo nponcxoAHT KOJI.JIH3HH M O K ^ y A B H K C H H H M H O Ô O H X apycoB; 
B T O M HHCJie ,HHOi\na npn coBnaAeHHH HanpaBJieHHH ABHweHHH nponcxoAHT 
HX cjiOKeHiie. BepxHHH Hpyc aBTop B 1950 r. Ha3Baji «rnnopeoHOM» (Hypor-
heon), a H H W H H H — «óaTHpeoHOM» (Bathyrheon). KpynHbie nepeMemeHHH 
B oÔJiacTH OKeaHHqecKoro AHa H KOHTHHeHTa^bHbiH ApwtpT npHHaA^iewaT K 
KaieropHH 6a™peoHHbix A B H J K C H H H . BaTHpeoHHbie ABHJKeHHH Bbi3MBaiOT ne
peMemeHHH KpynHbix rjibiô, npHBOAHmnx K o6pa30BaHHio npHMOJiHHeñHbix 
nOpa3HTejIbHO npOTH>KeHHbIX CABHTOB, nOAHHTHH KOJIOCCajIbHblX MaCC MarMbi 

B npeaejiax cpeAHHUooKeaHHiecKHX BajioB, a TaiOKe nponeccbi pacTH>KeHHH 
orpoMHoro MacuiTaôa. CjioîKHoe coneTaHHe 6a™peoHHbix H rnnopeoHHbix 
npoueccoB H B HacToamee BpeMH eme npoflBjineTCH BOKpyr Tnxoro oxeaHa 
B npe^ejiax aHAe3HTOBoro nonca. noAKopoBbie TeneHHH noA H H A H H C K H M OKe-
aHOM, HMeiomne perHOHajibHoe pacnpocTpaHeHHe H C cepeAHHM MejioBoro 
nepnoAa npoHHKUJHe noA « K p w m y MHpa», npeACTaB^niOT xopouiHH npHMep 
6aTHpeoHHbix npoueccoB. 

H a AHe OKeaHOB M M He pacno3HaeM HHKaKnx CJICAOB reocHHK^HHajib-
Horo pa3BHTH5i, 3a HCKjiioHeHHeM aHAeanTOBoro noaca BOKpyr Tnxoro OKea-
Ha. B o BHyTpeHHHX OCHOBHblX HaCTHX AHa OKeaHOB, TaK >Ke KaK H B lO^HblX 

OKeaHax, oTcyTCTByeT THXooKeaHCKan AH(J)(pepeHUHaiXHH (KpoMe aHAeaHTO-
Boro noHca), a TaK>Ke aTJiaHTHHecKaa AH<p(pePeHu,Hau.HH- H a H O A P O O H O C T H X 
3AËCb H d B03MO>KHOCTH OCTaHaBAHBaTbCH. 

BblBOAU 

XapaKTep H nocjieAOBaTejibHOCTb C O Ó H T H H , npHBeAinnx K o6pa30BaHHio 
MOJiOAoro HHAHHCKoro OKeaHa, Majio eme oóocHOBaHHbie HaÓJiíOAeHHHMH, 
MoryT 6biTb BbiHcneHbi c noMOinbio reoTeKTpHHHecKH AocTOBepHbix aaK^io-
^eHHH (CM. pHC. 1 H 5) OS OCHOBHblX npHHHHaX nOCJieAHHX KOHTHHeHTaAb-

Hbix nepeMemeHHH. 
B no3AHeM najieo3oe ToHABaHa (OM. ipnc. 2) 6wjia pac^JieHeHa 3 0 H O H 

pa3JIOMOB, 0.pHeHTHpOBaHHOH nepHtpepHHeCKH K KOKHOnOJIHpHOH OÔ^aCTH, 
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Ha flBe qacTH: AHTapKTHfly, c oflHoñ CTopoHbi, H K)>KHyio AMepuKy, AtppnKy, 
H H J H K ) H ABCTpajiHK), c iipyroH. B paHHeM Tpnace, BCJieacTBHe cmibHoro Me-
pHflHOHajibHoro pacTHíKeHHH noflKopoBOH npeHMymecTBeHHO 6a3ajibTOBoñ 
cajibCHMHqecKOH OÔOJIO^KH 3eMJiH, npoHcxoflHJi KOJioccajibHbiñ noflT>eM pac-
njiaiBjieHHbix Mace. ynoMHHyTbie Bbime neTbipe KOHTHHeHTajibHbie rvibióbi 
COCTaBJIH/IH B OÔmeM eflHHblH MaCCHB H, BepOHTHO, ,BMeCTe C HX OCHOBá-

HHeM 6biJi.H nepeMemeHbi 3a 50° 10. m . n p H S T O M B pe3yjibTaTe pa3^HHHH 
B CKopocTH nepeMeiueHHH Meatfly ivibiôaMH BO3HHKJIH H MepuflHOHajibHbie 
30HH KpynHblX CflBHTOB. 

KpyriHbie yqacTKH 3eMHcü Kopbi, BoneflCTBHe MeHbiueñ CKopocTH Bpa-
lUeHHH B BbLCOKHX UIHpOTaX, nO-BHflHMOMy, OKa3ajIHCb paCnOJIO>KeHHbIMH fla-

jiee K 3anafly no cpaBHeHHio c MeHee KpynHHM yqacTKOM — ABcrpajiueH. 
3 T O noc^yíKHjio npHranou flajibHeffruero pacmnpeHHa 30Hbi MepHflHOHajib-
Horo pa3JioMa ( B O 3 M O > K H O , pa3JioMa 90° B . A . ) Meatfly ABCTpajiHeñ H Sojib-
uieü MacTbio roHflBaHbi (HHflHeii, AippHKOH, I O Í K H O H AMepHKoñ). B o B C H K O M 
cjiyqae, B no3flHeM Tpnace nepeMemeHHe ABCTpajiHH Ha B O C T O K ocymecTBjifl-
jiocb KaK 6bi Ha «JICHTOIHOM TpaHcnopTepe», pe3Ko orpaHH^eHHOM O T CBoe-
ro oxpy>KeHHH xax cnpaBa (pa3JioMOM ^ H a M a H T H H a ) , TaK H cjieBa (qacTuii-
HO CTpyKTypaMH ceBepo-BocrowHoro npocTupaHua) ( C M . pue. 1 « 5). A B C T -
pajiHH nepeMemajiacb H3 oojiacra, 6JIH3KOÍÍ K io>KHOMy nojiiocy, K ee coBpe-
MeHHOMy nojioJKeHHio óojiee oKOJibHbiM nyieM, ieM T O T , KOTopbiñ noKa3aH 
Ha pnc. 6. 

lOpcKHe OKaMeHejiocTH noKa3HBaioT, I T O H H ^ H H noene B O C T O W H O T O 
jlpHtpTa ABCTpa^HH pacnojiarajiacb na 3anafle BMecTe c JleMypnen (Maaa-
racKap-Ceñme^bCKHe ocTpoBa). JleMypua ôbijia OTflejieHa O T AtppnKH, no 
seen BeponTHocTH, TaK>Ke pa3JioMOM HJIH, B O B C H K O M ofiy âe, MopcKHM npo-
JIHBOM. JlHiiib K Haiajry MejioBoro ne.pnofla B pe3y;ibTaTe ino^teMa MarMW 
KapjicóeprcKHH pa3JiOM pacuiHpi-iJicH, npeBpaTHBiiiHCb B ynacTOK CpeflHHHO-
MHflHHCKoro Ba.ia. BoneflCTBHe 3Toro JleMypHH nepeMecTHJiacb K 3anaay O T 
Ha3BaHHoro Bajía, a H H A H H K BocTOKy O T Hero, BepoHTHO, flocrarHyB 3 0 H M 
pa3JioMOB 90° B . a. c I O K H H M orpaHH^eHHeM npHMepno Ha 20° K>. IU. 

K cepeflHHe Me/ioBoro nepnofla B oSjiacra MOJIOAOTO H H A H H C K O T O oxea-
Ha npouecc o6pa30BaHHH cpeflHHHbix ôajioB, cBH3aHHbifi c noflteMOM MarMbi, 
oiieBHflHo, 3aKOHHHJicH. üoc^e 0¡6pa30BaHHH óojibmeñ yacTH H H A H H C K O T O 
OKeaHa B M C C T O S T O T O npouecca Hanajiocb rpaHflH03Hoe nepeMemeHHe c lora 
Ha ceBep. nocpancTBOM pe3KHX npaBbix H JIBBHX caBHroBbix nepeMemeHHH 
TpHacoBan R3>KHOHHflooKeaHCKaH 30Ha noAHHTHñ 6bi^a npoflBHHyTa c 50° 
K>. iu. flo 20° to. iu. nepe/i Heio oóocooujiacb ( C M . pue. 1 H 5) cpeflHHHOUH-
jIHHCKasi nojioca oKeaHHqecKoro AHa, orpaHH^eHHaa cnpaBa, T. e. c BocTOKa, 
pa3JioMOM 90° B . A . , a cjieBa, T. e. c 3anafla, 3 0 H O H rpaóeHOB Haroc-JlaKKa-
AHBbi. H a 3TOH MepHflHOHajibHoñ nojioce, npocTHpaBuieüca, BepoHTHO, BnjioTb 
AO BepxHeñ MaHTHH 3CMJIH, pacnojiarajiacb HHanncKasi rjibiôa. 3Ta r.ibiôa 
ÓHJia nepeflBHHyTa no MepHflHOHajibHoñ nojioce, KaK no «jieHTOiHOMy Tpanc-
nopTepy», nepe3 SKBaTop K ee coBpeMeHHOMy nojioíKeHHio. B no3flHeMe^o-
Byio anoxy K 3anajy O T K D J K H O H H H / I H H , a TaK>Ke B npej,ejiax K>ro-3anaflHoü 
H H ^ H H Mepe3 oKeaHHqecKyio 3eMHyio Kopy npopBajiucb noKpoBHbie 6a3aJibTbi 
AeKancKoro njiano. H H A H H B S T O BpeMH ébuia ya<e « B H H ^ H H » ! Ee ceBepHbiü 
Kpafi, CJIOJKeHHblH TOHflBaHCKHMH OTJlO^teHHHMH, '6bIJI BOBJICTeH B CTpyKTyp*/ 

rHMajiaHCKOÜ reOCHHKJIHHajIH. 
CTpyKTypw Ana H H A H H C K O T O OKeaHa B O C H O B H O M c^opMHpoeaHbi B03-

aeücTBHeM perHOHaJibHoro no,HKopoBoro TeieHHH, aeñcTBOBaBuiero c lora 
ua ceBep B no3flHeMejiOByio anoxy H B T P C T H H H O M nepHo^e. OieBHflHO, 6y-
jteT npaBH^bHWM npeAnojio>KHTb, M T O S T O rHraHTCKoe no^KopoBoe Te^eHHe 
He ocTaHOBHJiocb nofl TuMajiaHCKHM oporeHOM, H O npoHHK^o uofl 3eMHoñ 
Kopoíi eme Aajibuie B HanpaBJienuH ropHbix coopy>KeHHH, noKa3aHHbix Ha 
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pHc. 7, non. Tn6eT H ropHbie coopy>KeHHH, o6paMJiaiomHe H H A H I O . B pe3yjib-
Taie fleñcTBHH S T H X Te>ieHHH «Kpuiua MHpa» 6buia nojHHTa Ha coBpeMeH-

P H C . 7. CxeMa 3anajHoii M a c ™ «KpwuiH MHpa». yqacTKH, nona3aHHHe UJTPH-
X O B K O H , npcflcTaB.ixwT BbicoKO nojiHHTbie (6ojiee 4000 M najx ypoBHeM Mopn), 

H O rjiyôoKO pacM.neHeHHbie ropHbie coopyx<eHH5i. 3 T O iwaHTCKoe B03At>iMaHiie 
Haqajiocb nocjie o.nnroueHa BCJie.acTBHe B03AeftcTBHH noAKopoBbix TeweHHft Mar-
Mbi, no-npe>KHeMy HanpaBjieHHbix Ha ceBep. PacnojioweHHaH HHHe K lory O T 
TuMajiaeB H H A H H C K 3 H rjibi6a 6bMa nepeMemeHa S T H M H TeieHHHMn K ceBepy O T 

20—40° re. m. Ao 10—25° c. m . 

Hue oTMeTKH O T 4000 Ao 7000 M Haa ypoBHeM Mopn. TnraHTCKaH lOKHan: 
BHprauHH THMajiaeB c H X orpoMHMMH BbicoiaMH aejiaeT STO ô eBHflHbi.M. 

Haiua cxeMa, KOHenHO, TpeôyeT eme MHorux yToiHaromux H AonojiHH-
IOIIIHX ee HaôJHOjieHHH. 
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ISLAND A R C SYSTEM IN A N D A M A N SEA1 

L. AUSTIN WEEKS,' R. N. HARBISON,2 AND G. PETER5 

Silver Spring, Maryland 

A B S T R A C T 

A sub-bottom profiler survey of the Andaman Sea was conducted as part- of 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 right 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 of 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. 

It was possible to delineate the major segments of the island arc system through a distance of 
600 nautical mi (1,110 k m ) in the Andaman Sea, specifically, the foredeep, outer sedimentary island 
arc, interdeep, inner volcanic arc (and rift valley), 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 A n d a m a n 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 c o m m o n members of a single great 

structural geologic province. 

G E O L O G I C HISTORY 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 m o v e 

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 m a n y of the 

trenches and lie approximately above the zone of 

intermediate-focus earthquakes (landward of the 

trenches). In the A n d a m a n Sea volcanoes are 

present on the landward side of the outer sedi

mentary island arc. 

T h e tectonic development and patterns of the 

'Manuscript received, M a y 27, 1966; accepted, N o 
vember 18, 1966. 

2 Institute for Oceanography, Environmental Science 
Service Administration; formerly with U . S. Coast 
and Geodetic Survey, Rockville, Maryland. 

A n d a m a n Sea region are discussed in an east-to-

west direction (Fig. 1). 

T h e Malay Peninsula is the tectonic continua

tion of the eastern B u r m a north-south fold-moun

tain system, which, at the southern end, swings 

eastward, parallel with the island arc system, into 

Borneo. T h e 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. T h e Mergui Archi

pelago along the west coast of B u r m a is moder

ately faulted and has been submerged slightly in 

late geological time (Chhibber, 1934). T h e M a 

lacca Strait and adjoining Sunda Shelf also were 

submerged during Recent time. 

A large fault, striking north-south through cen

tral B u r m a , 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 A n d a 

m a n Sea. However, the bathymetry of the eastern 

A n d a m a n 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. 

T h e Malay peninsula came into existence dur

ing the Mesozoic as a result of a series of di-

astrophic cycles during Triassic-Jurassic time. 

T h e cycles radiated from an older center of-
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FIG. 1.—Map showing major structural trends in Andaman Sea area, southeast Asia. 
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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 S u m a 
tra and B u r m a (backdeep) are interconnected 
through the A n d a m a n 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 A n d a m a n 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 
B u r m a 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. T h e 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). T h e 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, B u r m a , the A n d a m a n 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. O n the south, this feature is called the 
"Java trench." A s a morphological feature the 
trench does not extend north of Simalur Island 
(3°N.), nor is it present off the A n d a m a n and 
Nicobar Islands (Van Bemmelen, 1949). H o w 
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 B e m m e 
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. 
, V a n 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. H e believed that the A n d a m a n Sea 
belts developed from a different orogenic focus 
than did the areas south and north. V a n B e m m e 
len also concluded that northern Sumatra (Atjeh 
section), near which the Pioneer ran several track 
lines, belonged to the same orogenic system as the 
A n d a m a n 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 A n d a m a n 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 B u r m a 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. S o m e 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 m a k e their iden-
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F I G . 2.—Island arc elements of A n d a m a n 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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Fie. 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. 

T h e horizontal scale of the interpreted sections 
is based on the ship's position fixes. These were 
m a d e 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 m i between 
every second fix mark. Analysis and interpreta

tion of the results preceded the receipt of adjust
ed fix locations by m a n y 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. T h e scale of the sections is based on a 
velocity of 1,600 m/sec, or 5,248 ft/sec. W h e r e 
"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. S.—Section 4, fix 639, southwest-northeast profile. Sediments on southwest (left) are seen to 
disappear against hard bedrock or volcanics toward northeast. Mass on northeast is western block of inner 
volcanic arc, supposedly a horst block. A fault is postulated at right side of picture, upthrown toward north
east. For location, see Figures 2 and 4. 

ments penetrated, perhaps as m u c h as SO per cent 
in some cases. Bottom depths change greatly 
throughout the A n d a m a n Sea; therefore instru
mental scale shifts were frequent. T h e results of 
the sub-bottom profiler surveys are discussed 
from south to north. 

NORTHERN SUMATRA—SECTIONS 4 AND 5 

T h e two profiles just north of Sumatra were 
m a d e 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). F r o m 
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. 5). T h e 
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. 

T h e 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. T h e 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. O n Sumatra, these rocks are 
primarily Permo-Carboniferous sediments (un
doubtedly metamorphosed), diabase, and serpen-
tinites (Geologic M a p s of Netherlands Indies, 
1927). T h e 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). O n Sumatra the graben is filled with N e o -
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. T h e 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 A n d a m a n Sea extension of the 
Sumatra oil basin. Folding and faulting are evi-
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F I G . 6.—Section 4, fix 671, southwest-northeast profile. Unconformity, 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 (right). For location, see Figures 2 and 4. 

dent. In this area and also in Sumatra, structural 
complexity tends to decrease away from the inner 
volcanic arc. T h e zone between fixed 660 and 665 
is more contorted than are zones on the north
east. Fixes 665 to 673 are in a broad synclinal 
trough, although the bottom rises gradually to

ward the northeast (Fig. 6 ) . Beyond fix 673 and 
northeastward to the large fault at fix 675 (Figs. 
4, 7) , sub-bottom reflections disappear (Fig. 6 ) . 
T h e writers interpret this to m e a n that the "base
ment" or volcanic rocks are faulted against ap
proximately 1,600 m of sediments. T h e fault does 

Fie. 7.—Section 4, fix 675, southwest-northeast profile. Large fault downthrown toward northeast (right). 
Southwestern block consists of "basement" or volcanic rocks faulted against approximately 1,600 m of sedi
ments. Note h o w basal sediments dip into fault, whereas youngest beds drape across fault and onto "basement" 
or volcanic fclock. Small buried channel can be seen above fault plane, as well as larger buried channel on 
right. For location, see Figures 2 and 4. 
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FIG. 8.—Section 5, fix 100, northeast-southwest profile. Fault with about 200 m of displacement, down-
thrown toward southwest (right). About 1,000 m of penetration can be seen here. Fault 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 A n d a m a n 
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. 
T h e 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 k m ) 
southeast of section 4. T h e 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. T h e surface veneer is 
relatively flat, except at fix 118. Between fixes 99 
and 100 a large fault zone was observed (Fig. 8) . 
T h e 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 A n d a m a n Sea shelf. 

TEN DEGREE CHANNEL—SECTION 1 . 

Section 1 (Fig. 3) , the first profile run in the 
area, was interrupted frequently in order to m a k e 
océanographie observations at various stations. 
Consequently, this profile is not continuous and 
some important features were missed. T h e sec
tion from fixes 245 to 284 includes structural fea
tures of the western outer island arc (Nicobar 
Islands), west of the T e n Degree Channel. F r o m 
fix 272 to fix 284, the records indicate sedimenta
ry blocks that are thrust westward against the an
cient foredeep. T h e bathymetry west of fix 284 
indicates gradual shoaling. T h e greatest depths 
are adjacent to the thrust blocks. T h e 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-
e m limit of the outer island arc. It seems proba
ble that later sedimentation filled the foredeep 
west of the A n d a m a n and Nicobar Islands. 
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F r o m 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 k m ) . 

There is a 16}4-mi gap (31 k m ) 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. Bathymétrie 
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 k m ) . 
The m a x i m u m width of Car Nicobar Island, near 
which the Pioneer passed, is 7 mi (13 k m ) . The 
sea-floor base of the outer island arc is m a n y 
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 k m ) apart. 
Sub-bottom profiles were not obtained between 
these fixes, but continuous depth soundings were 
made . 

Bathymétrie 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. T h e result 
of this is that the graben has a greater apparent 
width in this section. T h e 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. 

R I T C H I E ' S A R C H I P E L A G O — S E C T I O N 2 

Section 2 (Fig. 4) was run south of Barren Is
land and extends west to Ritchie's Archipelago, 
just east of the A n d a m a n 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 m a y 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 A n d a m a n 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 bathymét
rie 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. 

IRRAWADDY DELTA—SECTION 3 

Section 3 (Fig. 4) , the northernmost traverse 
m a d e in the A n d a m a n Sea, crossed the submerged 
extension of the Irrawaddy delta from the Tenas-
serim coast of B u r m a . 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 A n d a m a n 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-
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al complexity of the wide belt from fix 939 to fix 
909, a distance of 38 mi (70 k m ) . 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 k m ) . Hence it was 
impossible to identify the rift valley (Semangko 
fault zone), which m a y 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 m a y 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. If 
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 m a y 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. 

If 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 k m ) . O n the Irrawaddy delta traverse 
the segments m a y 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 m a n y multiple reflections which 
m a y mask some structural features. 

D E S C R I P T I O N or S T R U C T U R A L B E L T S 

The study of sub-bottom profiles, bathymetry, 
gravity, and magnetic measurements in the Anda
m a n 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 k m ) . This feature could 
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T A B L E I. SIMILARITIES O F A N D A M A N S E A I N N E R 

V O L C A N I C A R C A N D C E N T R A L P A R T O F 
M I D - A T L A N T I C R I D G E 

Andaman Sea Inner 
Volcanic Arc Mid-Atlantic Ridge 

Volcanic rock types: serpentine, 
diabase, andésite 

Earthquake belt: zone of epicen
ters (200 k m ) 

Prominent rift valley 
Adjacent high mountains 
Peaks above sea-level: Narcon-

d a m 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 
crossed by profiler 

High length to width ratio 

Volcanic rock types: serpentine, 
diabase, basalt 

Earthquake belt: zone of epicen
ters (25 k m or less) (G. H . 
Sutton, pers. coram.) 

Prominent rift valley 
Adjacent high mountains 
Peaks above sea-level: Iceland to 

Bouvet Island 
Considerable reliei between rift 

valley and adjacent peaks 
Comparable width 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 k m ) 
wide and also is faulted. In the backdeep part of 
section 3, two anticlinal structures were observed, 
one 12^2 mi (23 k m ) wide between fixes 845 and 
851 and the other 8 mi (15 k m ) wide between 
fixes 858 and 861. The rocks in both are uncon-
fonnably 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. 

INNER VOLCANIC ARC A N D S E M A N G K O RIFT VALLEY 

The inner volcanic arc (with its associated 
Semangko rift valley) was the most interesting 
structural feature observed in the Andaman Sea. 
O n land, the rift valley can be traced approxi
mately 1,100 mi (2,040 k m ) , 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 k m ) 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 et 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 (9J4-18J4 
k m ) 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 of the western structural ele
ments of the inner arc system. 

The magnetic and gravity results in the Anda
m a n 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 of 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 of 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
m a n 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 of an island arc development, but the 
rift valley and m a n y related tectonic features 
are c o m m o n to both the Mid-Atlantic Ridge and 
the Andaman Sea inner volcanic arc. 

I N 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 m a n y 
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 m a y 
have been the source of most of the sediment. O n 
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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 A n d a m a n Sea structural system. It 
continues north of section 3 as the Arakan Y o m a 
(mountains) of western B u r m a 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 k m ) . 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 bathymétrie 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 bathymétrie 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 m a p (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 B u r m a . T h e 
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 of its surface peaks 
(Nicobar and A n d a m a n 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 S U R V E Y 

The geologic-geophysical investigations of the 
1964 Pioneer Indian Ocean Expedition provided 
m u c h new data and information about the geolog
ical features of the A n d a m a n Sea, particularly the 
submarine tectonic patterns and crustal develop
ment of the area. The sub-bottom profiles m a d e 
it possible to delineate the major segments of the 
island arc system through a distance of more 
than 600 mi (1,110 k m ) and provided informa
tion about the structural relations of 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 
A n d a m a n 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 gravimetric field and thickness of the terrestrial crust of the north-western part of the Indian Ocean 

by A . G . Gaïnanov and P . A . Stroev 

IV. PE3yjlbTATbI rPABMMJETPMHECKMX H3MEPEHMÎÏ 
B MHPOBOM OKEAHE H AHTAPKTHflE 

A. r. raünanoe, il. A. Crpoee 

rPABHTAUHOHHOE nOJIE H MOUJ,HOCTb 3 E M H O H KOPbl 
CEBEPO-3AnAflHO|/| HACTH H H A H H C K O T O OKEAHA 

OÓUJHpHbie KOMFLieKCHbie reO(})H3HMeCKHe HCCieflOBaHHH CTpOeHHH 3eM-

HOÉÍ Kopbi K HacTOHiueiviy BpeMeiiH npoECnenbi B AT^iaHTHtiecKOM H T H X O M 
oKeaHax. H H A H H C K H H oneaH A O HeflaBHero BpeMeHH ocTaBa„icfl HaHMeHee 
H3yqeHHbiM reocpiiaimecKHMH MeTOflaiwii. H TOJibKo B nepnofl MoKAVHapofl-
Horo reocpHsimecKoro rofla Hawajiocb njiaHoiwepnoe KOMiuieitcHoe H3yieHHe 
IlHAHHCKoro OKeaHa, Bieno^iaiomee pa3„iHMHbie reo(pn3HLiecKiie Hcc.iefloBa-
HIIH c uejibio BbiacHeHiiíi ocoóeHHOCTeft myónHiioro CTpoemiH 3eMHoft K O -
pbi. B HacTonmee BpeMH HHTepec K H3yqeHHro 14Hflnñcitoro OKeaHa 3Hami-
Te.ibHo B03poc. JXnn KoopflnnauHii Bcex paôoT co3flaHa MeatflyHapoflHaa 
línao-OKeaHCKaH sitcneflHmiH, no nporpaMMe KOTopoii BbinoJiHHJincb KOMII-
jieKCHbie paóoTbi B 1959—1962 rr. aHrviHHCKiiMH H aMepHttaHCKiriviH uccjie-
flOBaîejiHMH, a Taitate 31—32, 35 peñcbi a/c «BnTH3b» B 1959—1962 rr.[l]. 

Haiiôojiee H3yiieHHbiMH B rpaBHTamioHHOM OTHomeHHH B M H A H I I C K O M 
OKeaHe HB.THIOTCH ero 3anaflHaa (ocoôeHHO ceBepo-3anaflHaa) qacTb, aiaK-
>Ke npiiaiiTapKTi-mecKne oójiacTii [1, 2]. 

flepBbie rpaBHMeTpimecKHe H3MepeHHH na aKBaiopiiH HHfli-iñcitoro 
OKeaHa ÔMJIH npoBefleHbi BeHiiHr-MeiiHecoM B 1923 r. [3]. Ha6.iK>jxenim 
npoBOfliLiH na noflBOflHOH ¿ioflite npii cjieflOBaHmi ee H3 ro.iJiaHfliin K 
o. 5îBa wepe3 C \ 9 U K H H KaHaji. H3MepeHHH CHJIH T H ^ C C T H npon3Boan.incí> 
e noMombio .wopcKoro ¡waflTHHKOBoro npnôopa. Bcero B H H A H H C K O M OKeaHe 
ii KpacHOM Mope ÓHJIO onpeflejieHo 22 nyHKTa c OIIIHÓKOH aHOMajiHH O a n 
± 5 — 6 MBA, aHOMajiHH Byre O K O ; I O ± 10 MCA. 

B nocjieflyiomiie roAM Beminr-MeñHec npoAOAwaji rpaBiiMeTpHMecKiie 
HCC.ieAOBaHHH Ha noflBOflHbix jioflKax B H H A H H C K O M oxeaHe. TaK, B 3kcne-
fliiUHii 1948 r. [4] npn njiaBamiH Meatfly A(ppHKoft H ABCTpajiHeñ IIM Bbi-
noJiHeHo iiecKOJibKo flecHTKOB rpaBHMeipimecKHx nyHKTOB c oujHÔKaMH 
aHOMa.THH O a a ± 5 MZA, aHOMaJiHñ Byre ± 1 0 MZA, flpn njiaBaHim aHr„inft-
CKoñ noflBOflHoñ JIOAKH «AxepoH» B 1955 r. [5] B H H A H H C K O M oxeane ó M A o 
Bbino.TneHo 37 nyHKTOB. HaôjiiofleHHH npoBOfliiAH P . rupfljiep H JXm. Tap-
pucoH c 3-MafiTHHKOBbiM MopcKHM npHôopoivi BeHHHr-MeñHeea H KBapue-
BblM XpOHOMeTpOM. TjiyÓHHa M O p H H3MepH.TaCb 3X0JI0T0M. KOOpflHHaTbl 

nVHKTOB OnpefleJIHJIH aCTpOHOMHMeCKHM CnOCOOOM; TOHHOCTb aHOMa.TIIH 

O a a ± 4 — 5 MZA, aHOMaAHii Byre ± 6 — 8 MZA. 
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B 1959 r. AMepiiKaHCKaa sKcne/umHH noA P Y K O B O A C T B O M M . Ta.ibBaHii 
Ha Toil >Ke ópiiTaHCKOH noflBOflHoñ «lOflKe «AxepoH» Bbino.iHH.ia rpaBHMeT-
pnqecKHe H3MepeHna B 3anaflHofi H ceBepo-3ana,aHOH Macrax HuAHñcKoro 
OKeaHa [6]. H a vapuipyTe JlypôaH—MoMÓaca qepe3 M O 3 3 M 6 H K C K H H npo-
JIHB Bbino.iHeHO II nyHKTOB. BecbMa HHTepecHbiM 0Ka3a.ica npotpH.ib H3 
11 nyHKTOB Haó.iiofleHHH qepe3 ApaBHÍicKO-MHflHHCKHÍi xpeóeT K roro-BO-
CTOKy 0T O. CoKOTpa. npO(¿HJIb npOTa>KeHHOCTbK) 650 KM HaMHHaeTCH B 

CoMa.iHHCKoñ KOT.ioBHHe, nepeceKaeT HHAHHCKO-ApaBHHCKHií xpeôeT, 
3aKanmiBaeTCH B ApaBi-tficKoñ K O T J I O B H H C H naex rpaBHTauHOHHVK) xapax-
TepiiCTHKy cpe^iiHHO-OKeaHHMecKoro xpeÓTa H ero oxpecTHOCTen. M3¡viepe-
HHH CH.lbl THJKeCTH npOBOAH.THCb C 3-MaHTHHKOBbIM npHÔOpOM BeHHHT-

Meíineca; c.iy>KÓa Bpe¡\ieHii oóecneqHBa.iacb KBapueBbiMH xpoHO.MeTpaMH. 
OóHiHpHbie KOMn.ieKCHbie reo(pH3nqecKne nccJieflOBaHua ceBepo-3anaa-

HOÍÍ 4acTH HHjHHCKoro OKeaHa ôbi.iH npoBe/ieHbi B 1961 —1962 ir. aHrjinñ-
C K H M I I vMeHbiMi; .na 3KcneflHUH0HH0M cyaHe «Oy3H» [7]. 3KcneaHU.ua 
npone;ia.ia 16 T H C . \in.ib (37 npocpHjieii), npoBOAH HenpepbiBHbie 6aTHivieT-
piíwecKHe, rpaBHMeTpimecKHe H MarHiiTHbie HccieaoBaHua. H3MepeHiin CH.ibi 
THXíecTH Ha 6opTy «Oy3Ha» npoBojHJiHCb B . JloHKapeBimeM c HaztBOflHbiM 
MopcKHM rpaBHMeTpoM GSS-2-II (pHpMbí «Askania Werke» ( O P T ) . Ilpn-
óop ôbi.i \CTaHOB.ien Ha rnpocTa6njiH3HpoBaHHyio n.iaTcpopMy <pHp¡vibi 
« A H L U T I O U » ( O P T ) . TpaBHMeTp HMe.i TepMOCTaT, CMeuieHiie Hy.ib-nyHKTa 
B cpe^HeM no peñcy cocTaBiuio 0,9 M¿A¡C\¡T. Hyjib-nvHKT onpe.ne.ifl.iH 
M O K j y onopHbi.MH HaôJitojeHHHMH B nopTax; Ka.iHÔpoBKa rpaBHMeTpa npo-
BejieHa Ha aHr.imicKOM onopHOM npotpHJie O T CayTreMHTOHa ao AóepaHH-a 
C A g = 573 MBA. H 3 M e p e H H H ropH30HTa¿IbHbIX VCKOpeHHH He npOH3BOflH¿lH, 

BJiHHHHe Kpocc-Kan.iHHr 3<p(peKTa HrHopnpoBa.iH, no.iara», M T O OIIIHÓKH O T 
HHX He MOIYIH 6bITb ÓO.lbIHHMH, T8K KaK MOpe 3a BCe BpeMH n.iaBaHHH 6 b M O 

cnoKoíiHMM. Cpeamie HaK.iOHbi Kopaóaa 6bi.ni 1—2o B KH.ieBoíi n„iocKocTH 
H 2—4° B ÓOpTOBOÍI n.TOCKOCTH. 

CieayeT oTMeTHTb, M T O pe3V.ibTaTbi reocpH3HqecKnx iicc.ieaoBaHHii 
SKcneAfiUHH Ha «Oy-3iie» onyô.iHKOBaHbi [7] B Biiae nenpepbiBi-ibix npocpHJieü 
c ôaTHMeTpuMecKHMii npoMepaMH, MaruHTHbiMH H rpaBHTamiOHHUMH (B 
CBOÔojHOM B03jyxe) aHOMa.iHHMH. 3 T H aaHHbie npeacTaBJieHbi 6e3 KaKux-
JIH6O KOMMeHTapneB H HHTepnpefauHH H X . ToqHocTb no.iyqeHHbix 3HaqeHHH 
a H O M a . m ñ O a a M O > K H O oueiiHTb Bejii-iqHHoñ ± 5 MZA. Kpo\ie MOpcKnx rpa-
BHMCTpiíMecKHx H3MepeHnñ 3Kcne^nnHfl Bbino.inn.ia cyxonyTHyío cbeiviKy Ha 
ocTpoBax A.ibaaópa, CeñiuejibCKHx H aTo.i.ie Ajmy. C teMKa Bbino.iHeHa 
c noMOiubio rpaBiuieTpa YopaeHa. 

B o Bcex nopTax MopcKne rpaBHMeTpnqecKHe npotpH.in npusíisaHbi K 
6eperoBbiM onopiibiM nynKTaiw. 

B nocneanee BpeMH B paôoTax [8—9] ynoMHuaeTca 06 O Ó H J H P H M X K O M -
njieKCHbix reo(pH3iiiiecKHx HccJienoBaHHHx HnfliiñcKoro oneaiía. npoBeaen-
Hbix B 1960—1961 TT. aMepuKaHCKHMH 3KcneiHUHHMii («MyucoH», «Jlyn-
3Haji» H up.) . B 3THX paóoTax cooómaeTCH, M T O rpaBUTaunonnbie ¡i3Mepe-
HHH npoBeAeHbi noqTH B 20 000 nyHKTax, noKpbiBaioutnx ôoJiee 45 000 MHJib 
MapmpyTOB. ToquocTb S T H X n3MepeHHH xapaKTepH3yeTCH O U J H Ó K O H ±8-r-
-í-18 MZA. K co»ía.ieHHK), S T H jaHHbie ne onyó.iHKOBaHbi, 3a HCK.iroqeHHeM 
AanHbix no npotpH.iK) Ag^aa, npHBe^eHHbix B paôoTe M . KanyTo [8]. n p o -
(pii.ib npoxoflHT no J IHHHH SKBaTopa O T 48° no 100° B . JX. 

T a K H M o6pa30M, cae.iaHHbie K HacToameMy BpeMeHH rpaBHMeTpHqe-
CKHe HCCiejOBaHHH (pHC. 1) aaiOT B03MO>KHOCTb COCT3BHTb HeKOTOpOC 

npeacTaBJiemie 0 xapaKTepe rpaBHTauHoimoro nojia ceBepo-sanaflrion qa-
C T H OKeaHa H B O Ô I U H X qepTax BbiHBHTb cTpoeHHe 3eMHoñ Kopbi B S T O M 
paíiOHe. 

H a piic. 2 npeflCTaB.iena cxe\iaTHqecKaa rpaBHTauHOHHan KapTa aHO-
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MajiHií Byre (Hopiviâ faHaH <popMy./ia MewAyHapoAHaa) ceBepo-3ana%KOH 
MacTH HHflHHCKoro oKeaHa. KapTa coeraBJieHa no aaHHbiM ynoMHHyTwx 
3KcneflHUHÍí amviHHCKHx H a\iepHKaHCKHx reocpH3HKOB H SKcncuHmiH B e -

P H C . 1. CxeMa rpaBHMeTpimecKoñ n3y4ennocTH ceBepo-3anaanoñ HaCTH HHAHÍicKoro oi<ea-
ua. ycjioBHbie oóosHa^eHHH: 

y —MaHTHiiKOBhíe nyHKTU (Vening-Meinesz 1923—1948); 2 — MaaTHHKOBbie nyHKTU 
(Girdler and Harrison, 1955); 3 — MaHTHHKOBbie nyHKTbi (Talwani, 1959); 4 — MapuipyTbi 
rpaBHMeTpoBoft cbeMKH («Owen», 1961—1962); 5— rpaBHMeTpoBbiñ npoipmib (Caputo, 

1960—1963) 

HHHr-MeñHeca. ÂHOMajiHH Byre BbmHoneHbi c ruiOTHOcTbio npoMewyToqHO-
ro ejión ai = 2,8 ¿/CM3 H MopcKoñ BO,n,bi a2=l,03 el CM3. H3oaHOMaJibi npo-
Be/reHbi !iepe3 50 MZA. 

PaccMaTpHBaeMbiñ pañoH c ceBepa H C 3ana,aa OKañivuiHeTCH MaTepH-
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KaMii AcppHKa H A3H«. H a BOCTOKC 3Ta wadb OKeaHa orpaHimHBaeTca 
noJiyocTpoBOM HHjocTaH H jiajiee K lory uenoHKaMH O C T P O B O B Ma;ibAHB-
C K H X H Maroc. H a lore pañoH orpammeH napajuieJibK) 25° 10. LU. 

P H C . 2. CxeMarayecKaa KapTa aHOMajiHH Byre ceBepo-3ana/iHOH nacra H H A H H C K O Í - O OKeaHa 
(HopniajibHaa cpopiuyjia MewAyHapoAHaH, o=2 ,8 a¡CM3). 

ycjiOBHbie o6o3HaweHH5i: ] —H3oaHOMa.ibi, MZA 

dpoeHHe AHa ceBepo-3anaflHoñ liacni H H A H H C K O T O OKeaHa onpejie-
jineTCH cHCTeMoñ xpeÔTOB, pa3flejiHK)mHx ee Ha pnA KOTVIOBHH [10, 11]. 3 T O 
ApaBHHCKO-HHflHHCKHH, MaJIbflHBCKHH, M a C K a p e H C K H H , A M H p a H T C K H H 

xpeóTbi, xpeóeT Meppea, xpeôeT KoMopcKHx O C T P O B O B , O C T P O B Maaarac-
xap H CBH3aHHbiH c HHM MaccHB O C T P O B O B OapKyap. B pañoHe o. PoApHrec 
OCHOBHbie XpeÔTbl COeAHHHIOTCH BMeCTe H OTCIOAa yXOAHT B ATJiaHTHMeCKHH 

H T H X H H OKeaHbi, cocTaBJina eAHHyio CHCTeiviy cpeAHHHbix xpeÔTOB Mnpo-
Boro OKeaHa. C H C T C M M xpeÓTOB npeACTaBJiaiOT coôoft, KaK npaBHJio, A O -
BOJIbHO IIIHpOKOe H OHeHb pa3ApOÔJieHHOe nOAHHTHe, nOAHOJKHe KOTOpblX 

HaxoAHTCH Ha iviyôHHe OKOJIO 4 KM. CpeAnan oTHOCHTeJibHaa BbicoTa xpe6-
TOB paBHa 1500—2000 M, H O OTAeJibHbie BepuiiiHbi noAHHMaioTca Bbime, 
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HHor.ua jo ¿uieBHoñ noBepxnocTH, o6pa3yn MiioroHHcneHHbie Kopaa.noBbie 
ocTpoBa: Ma.ibflHBCKHe, Maroc, CeftmeabCKHe, KoMopcKHe H ap. KaK H AJTH 
Bcex cpeAHHHbix oKeaHHqecKHx xpeÔTOB [12], juin xpeÓTOB HuaHHCKoro 
oi<eaHa xapaKTepHbi rayóoKHe pa3aoMbi— pncpTOBbie HOJIHHH. y ApaBHft-
cKo-HH^HHCKoro xpeÔTa S T O T pa3JiOM npoxoflHT npHMepHO no ero O C H ; 
y apynix xpeÔTOB O H H npHMbiKaiOT c BHeumeft cTopoHbi (AMHpaHTCKHñ «e-
JIO6, >Kejio6 Maroc H ap.). 

rioflHO>KHH xpeÓTOB nocTeneHHo nepexoaflT B ¡vieHee pacHJieHeHHoe 
JIHO OKeaHCKHx K O T . I O B H H C m y Ó H H a M H 4000—5000 M. B HccneayeMOM 
pañoHe — 3 T O ApaBHHCKan, CoMaaHHCKan, MacKapeHCKaa, Maaaracivap-
•CKaH, KoMopcKaH, Mo3aMÓHKCKaH H UeHTpajibHan KOT.iOBHHbi. H a ceBepo-
3anaae 3 T O KOT.iOBiiHbi AaencKoro 3ajiHBa H KpacHoro Mopn. 

Fio xapaKTepy rpaBHTaunoHHbix aHOMajinñ B ceBepo-3anaaHOH M a c ™ 
MHflHñcKoro OKeana M O > K H O Bbiaejnrrb cjieayio'mne ocHOBHbie o6¿iacTH: 

1. r.iyóoKne oKeaHCKHe K O T J I O B H H H . 
2. OKeaHuqecKHe xpeÓTbi H ocrpoBa. 
3. FlepexoAHbie 3 0 H H O T oKeaHa K MaTepiiKa.M. 
T.iyóoKOBOAHbie OKeaHCKHe Bna/uiHbi xapaKTepii3yiOTCH OTnocuTe/ibKO 

cnoKOHHbiM none M CHJIM THwecTH c OTpHuaTe.ibHbiMH aHo.Ma.iHHMii Oaa 
(—30-:—50 MZA) H 3HaMHTejibHbiMn no BC/iHMHHe aHOMa.iHHMH Byre (ao 
+ 350-^-+ 400 MZA). 3aMeTHoñ Koppe.iHUHH aHOMa/inñ Oaa c IYIYÓHHOH 
oiteaHHMecKHx KOTJIOBHH ne HaÓJiíoaaeTCH. TaK, a-ifl ApaBHHCKoñ KOTJIOBK-
Hbi co cpejHeií IYIVÔHHOH oKO.no 4000 M aHOMa.THH Oan aocn-iraiOT —30H-
-i 40 MZA, a B OÔ.iaCTH UeHTpajlbHOH KOTJlOBIIlIbl C m y Ó H H a M H CBblUIO 
5000 M anoMa.iHH O a a TaK>Ke paBHbi — 3 0 H 50 MZA. AHOMa.iHH xe Byre 
AAñ Bbiuie\'Ka3aHHbix KOTJIOBHH OT.nimaiOTCH Ha 80-r-100 Me A . 

n O A H O ^ H H OKeaHimeCKHX XpeÓTOB MeTKO OKOHTypUBaKJTCH H30aHOMa-
*IOH Byre +250 MZA. 3 T O O T H O C H T C H K O BceM O C H O B U U M xpe6Ta¡vi: ApaBHfr-
C K O - H H A H H C K O M V , Ma.ibjHBCKOMy H MacKapencKOiMy. 

Kopa.i.ioBbie aTO.iJibi JlaKKaaiiBCKHX, MajibauBCKHx ocipoBOB H apxiï-
ne.iara Maroc OTivieLiaiOTCH no/io>KHTe.nbHbiMH anoMa/iHHMii O a a 
( + 10-^+15 MeÁ). H a KapTe aHOMajiHH Byre 3-TH ocTpoBa M C T K O npocjie-
/KHBaiOTCH vMeHbLueHneM aHOMajiHñ ao + 50-Í—h 100 MZA. CeHUje.ibcKHe, 
MacKapeiicKHe, AiUHpanTCKHe ocTpoBa, OapKyapcKHií MacciiB, a m n a 
Aaay, o. TpoM.ieH xapaKTepn3yK)Tca pe3Ko no.ioKUTe.ibHbiMH aHOMa.iHHMH 
<I>aH (ao +!00-=-+150 MeÁ) w TaKHMH >Ke no Beanmme aHOMa.iHBMH Byre. 

rpynna MacKapeHCKHx O C T P O B O B OTMe^aeTcn HaHÔoaee HHieHCHBHbi-
M H nOJIOWHTCTbUblMH aHOMajIHHMH Oafl (CBblIHe + 2 0 0 MZA) H 3HaMHTe;ib-
H H M H aHOMa.iHHMii Byre ( + 200-^ + 250^2^) . . 

H a ocTpoBax MaaaracKap H UeñjiOH no no6epe>KbK) Haô-iro^aiOTCH He-
ôo.ibujHe nojiO/KHTe.TbHbie aHOMajiHH Byre (jo + 5 0 MZA). H a o. M a a a -
racKap H3oaHOMa.ia + 5 0 MeA oKañivuiHeT ocTpoB. B ueHTpajibHOH ^acTH 
ocTpoBa aHOMa.THH vMeHbuiaiOTCH JXO —135 MZA [13, 14], npuqeM H 3 0 . T H H H H 
T H H V T C H napa.ruie.ibHO ôepery. n p H nepexoae O T ocTpoBa K OKeaHy c B O -
C T O M H O H cTopoHbi aHOMa.THH Byre pe3Ko yBejiHHHBaiOTCH ao +350 MZA; 
c 3ana/iHOH — S T O T nepexoa 6o/iee njiaBHbiñ, rae aHOMa;iHH Byre yBejumií-
BaK)TCH JO +200 MÍA.' 

O . HeñnoH oKOHTypHBaeTCH nyaeBOH n3oaHOMaaoft Byre. K ueHTpy 
ocTpoea aHOMa/iHH Byre yMeHbiuaioTCH. K rory O T ocTpoBa, B CTopoHy ueH-
Tpa.ibHOH KOT.ioBHHbi anoiviajiHH Byre pe3KO yBe.iHMiiBaioTCH ao +300 MZA 
H 6oJiee [13, 1]. 

B6.TH3H Bcex O C T P O B O B rpaBHTauHOHHoe no.ie MenaeTCH aoBOJibHo pes-
KO, ropH30HTa.ibHbie rpaaneHTbi aocTHraiOT 20—30 sreetu. 

OKeaHHiecKne xpeÓTH, KaK y>Ke OTMeqa.iocb [1, 6], TaK >Ke KaK H 
ocTpoBa, Bbiae.iHiOTCH noJio>KHTeabHbiMH aHOMa.iHHMH O a n (ao +30-^-
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-^- + 50 MZA) na tpoHe qiOKOHHbix OTpHuaTeAbHbix aHOMa^Hñ HaA KOTVIOBH-
HaMH. B OKpecTHOCTHX rpeSneñ xpeÔTOB Haó/uoAaeTcn 3a¡vieTHaa KoppeJia-
UHH TonorpacpHH Ana H aHOMajiHH CHJIU Tareera. CHAbHO pa3ApoÓJieHHaa 
noBepxHOCTb cpeAHHHO-oKeaHHqecKHx xpeÔTOB, cocToamaa H3 coieTaHHH 
HeôojTbiiJHx xpeÔTOB H y3KHx rpa6eHOo6pa3Hbix aenpeccHH H >KeAo6oB xa-
paKTepH3yeTCH ôojTbuioft H3MeHMHBOCTbio aHOMaJiHH Oan (pHC. 3). B nacr-
H O C T H , anoMaJTHü Oaa HaA caMHMH rpeÔHHMH xpeÔTOB HMeiOT 3HaneHHH 
+ 30-Í- + 50 MZA, pHCpTOBbie AO.IHHbl OTMeHafOTCH 3HaHHTe;ibHbIMH OTpHU,a-

TejibHbiMH ( A O —50- ;—70 MZA) 

àgm V50 ' 

300KM VOOMMSO 
0 

anoMajiHHMH. MacKapekcKHH 
xpeôeT OT/iHqaeTCH wpe3BbmafiHO 
pe3KHM H3MeHeHHeM aHOMaJIHH 

Oaa. BepiiiHHbi xpeÔTa co cno-
KOHHOH nOBepXHOCTbK) OTMeMa-
K3TCH 3HaHHTeJlbHbIMH nOJlOJKII-
TejIbHblMH aHOMajIHHMH O a H 
(AO +230 MZA). MemropHbie 
BnaAHHbi c rjiyÓHHa.MH A O 3500 M 
XapaKTepHSyiOTCH 3HaMHTejIbHbI-

MII OTpHUaTe^bHbTMH a H O M a ü H H -
M H Oan (AO —50 MZA). 

B o6,TacTH nepexoja O T H H -
AHHCKoro oneaHa K MaTepmoM 
A3HH H AcppHKH aHOMajiHH Byre 
3HaLiHTe;ibHo y.MeHbiuaiOTCH. 

zootK-
M V000\ 

2000 

1000 M 

P H C . 3. ri|)oi|)H.ib aHOMa.mfi <i>aa nepe3 Apa-
B U H C K O - H H . I H H C K H Ü (CI) H MacKapeHCKHÍÍ (6) 

noABOAHbie xpeÔTM 

B Mo3aM6nKCKOM npojiHBe no;io>KnTe¿ibHbie aHOMajiHH Byre noAxoAHT K 
6epery H coxpaHHiOT C B O H 3Hai< ¡H Ha H H 3 M 6 H H O C T H Mo3aMÔHKa. Xlajiee K 3a-
Tiajxy na B03BwmeHHOCTH aHOMaAHn Byre yMeHbuiaiOTCH A O —50 MZA. 

B pañoHe M o M O a c w 3namiTe,ibHwe no/io>KHTe.nbHbie aHOMaAHH Byre 
peaKo yMeHbiuaioTCH H Aa;iee na 3anaA K oaepy B H K T O P H H AOCTHraiOT 3Ha-
qeHHH —200 MZ.I. 

y n-OBa HnAOCTaii B6JIH3H óepera OTMeqaroTCH He6ojibuiHe noJio>KH-
TejibHbie ( + 50-^+100 MZA) H Aawe OTpimaTejibHbie (AO —16 MZA) aHO-
MajiHH Byre. HyjreBaa H3oaHOMajia OKOHTypHBaeT no.iyocTpoB. K ueHTpy 
H H A H I I anoMa^HH Byre AOCTHraiOT —100 MZA. 

KpacHoe Mope xapaKTepii3yeTCH noJio>KHTeAbHbiMH aHOMa.iHHMH Byre 
C A B y M H M a K C H M V M a M H ( + 1 0 0 MZA) B UeHTpe M O p H . Ocb M a K C H M y M O B 

BMTHHyTa BAOJib HaHÔoJiee r.iyôoKoft cpeAHeñ qacTH Mopa. H a ôeperax 
Mop» OTMenaioTCH cnaôbie noJio>KHTe.ibHbie H.IH oTpnuaTeJibHbie aHOMajiHH 
(OT + 4 0 A O —40 MZA). Tipil nepexoAe K A(ppHKaHCKOMy MaTepHKy OTpH-
uaTejibHbie aHOMajiftH Byre VMCHbuiaiOTca A O —150-i—200 MZA B oÓAacTH 
AÔHCCHHCKoro HaropbH. 

KaK H3BecTiio, ocpeAHeHHbie rpaBHTaunonHbie aHOMa.iHH B peAyKUHH 
Byre Ha oKeaHax B O C H O B H O M OToèpamaiOT H3\ieHeHHe M O I U H O C T H 3eMHoñ 
Kopbi. B nacTOnmee BpeiviH A^IH MHornx paftoHOB 3eMHoro uiapa cocTaB-
^eHbl KOppejTHUHOHHbie rpa(pHKH 3aBHCHMOCTH M O K A y TOAIHHHOH 3eMHOH 

Kopbi H ocpeAHeHHHMii aHOMa.THHMH Byre. 
npii HajiHHHH «onopHbix» MomHocTeft 3eMHOH Kopbi, nojiyqeHHbix ray-

Ô H H H M M H CeñCMH^eCKHMH 30HAHpOBaHHHMH ( T C 3 ) , A ^ H OKeaHa BO3M0>KHO 

HcnoJib30BaHi-ie (popMyjibi npiiTHJKeHHH 6ecKOHe4Horo n^ocKonapa îJieJTbHoro 
Cjioa [15, 16, 1 H AP-]. no 3Toft (popMyjie M O K H O BwmicJiHTb r^yÔHHy no-
BepXHOCTH M o X O p O B H H H U a ( M O X O ) B JIK3ÔOH TOMKe, eCJlH H3BeCTHa TJiyÓHHa 

noBepxHocTH Moxo B onopHOH To^Ke H ec/in H3BecTHbi aHOMa.THH Byre B 
3THX TOHKaX. 
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BjiHwañiiiHH pafioH, rae B Hacroamee BpeMH H3Bec™a rjiyôHHa no-
BepXHOCTH M O X O , — 3T0 U,eHTpajlbHaH KOTJIOBHHa K lOrO-BOCTOKy OT OCTpO-

B O B tíaroc, B KOTopoH coBeTCKHe reocpH3HKH B 1961 r. Bbino.iHHJiH npocpHJib 
MeTOflOM npejioMJieHHbix BOJIH [17]. 3eMHaa KOpa B S T O M pañoHe HMeeT T H -
nHMHO oneaHHHecKoe cTpoeHHe (BOfla, oca^KH, «6a3ajibT»); rjiyÔHHa no-
BepxHOCTH M o x o cocTaBJiaeT — 11,5 KM. HcnoJib3ya S T O T onopHbiñ npocpHJib 

1 — H30J1HHHH rjiyÔHH noBepxHocTH Moxo (KM) ; 2 — rjiyÔHHa Moxo (KM) no ceñcMimecKiiM 
flaHHHM. 

H KapTy aHOMajiHH Byre, M H pacc^HTaJiH no (popMyJie njiocKonapaJiJiejib-
Horo ejión rjiySHHbi flo noBepxHOCTH M o x o ;J.JIH Bcero onHCbíBaeMorp pañ-
OHa B npe/uioJiomeHHH pa3HOCTH njioTHoeren Memjxy Kopoñ H BepxHeñ MaH-
THeñ, paBHoñ 0,5 Z/CM3. H a pHC 4 npHBe/j,eHa cxeMa rjiyÓHH noBepxHOCTH 
M o x o , H30rJiyÓHHbi npOBefleHbi wepe3 5 KM. > 

K a K BHflHO, OÔJiaCTH OKeaHHieCKHX KOTJIOBHH HMeiOT CpaBHHTeJIbHO 

«TOHKyio» 3eMHyK) Kopy. TaK, UeHTpajibHaa, MacKapeHCKan, Ma^aracKap-
cKaa H CoMajiHHCKan K O T J I O B H H H HMeroT MomHOCTb Kopbi 4—6 KM; ApaBHÜ-
CKaa KOTJIOBHHa OKOJio 8—10 KM; KoMopcKan, Mo3aMÔHKCKaH KOTJIOBHHH, . 

88 

698 



OTHOCHLUHeCH K IiepeXOAHOH 30He, HMeiOT nOBMIIieHHyiO MOlUHOCTb KOpbl flO 

12—15 KM. 
H a cxeMe H C T K O npocnoKHBaioTca oKeaHHnecKHe xpeÔTH, orpaHH^eH-

Hbie H3orjiyÓHHaMH Moxo 15 KM, rae HaÓJiíOAaeTca, no-BHAHMOMy, yjoji-
II],eHHe 3eMHOH KOpbl AO 20 KM H AO 25 KM Ha OCTpOBaX 3THX XpeÔTOB. T a K 

ApaBHHCKO-HHflHHCKHH xpeóeT npocjie>KHBaeTCH OT o. CoKOTpa no o. P O A -
pHrec. TpeÔHH xpeÔTOB xapaKTepH3yiOTCH yBCJiHieHHeM M O I U H O C T H Kopbi 
AO 20 KM. 

MacKapeHCKHH xpeôeT O T CeñuiejibCKHx A O MacKapeHCKHx O C T P O B O B 
TaKxe npocjie>KHBaeTCH H30JIHHHCH Moxo 15 KM. H a Ceñme^bCKHx oerpo-
Bax H oerpoBax KapraAoc—Kapaxoc MomHOCTb Kopw yBejiH^HBaerca A O 
25 KM; MacKapeHCKHe ocTpoBa OTMenaiOTca yBeJinqeHneM m/imHHbi Kopbi 
Ao 20 KM. OcTpoBa OapKyap H A^b^aôpa H M C I O T MOlUHOCTb Kopbi óojiee 
20 KM. MaJIbflHBCKHH XpeÔeT C ero MHOrOHHCJieHHblMH OCTpOBaMH OTMe-
MaeTCH nOBblllieHHOH TOJIIU.HHOH 3CMHOH KOpbl. O H BeCbMa HeTKO OKOHTypH-
BaeTCH H30JIHHHeH M O X O 20 KM. MaJIbflHBCKHe H JlaKKaflHBCKHe OCTpOBa 
xapaKTepH3yK)TCH yBC/inqeHHeM M O I U H O C T H Kopbi A O 25—27 KM. 

H a o. UeftjioH MomHocTb Kopbi AOCTHraeT 25 KM. O . MaAaracKap O T -
JIimaeTCH 3HaHHTeJIbHbIM yTOJimeHHCM 3eMHOH KOpbl. T a K B UeHTpaJlbHOH 

BblCOKOropHOH MaCTH OCTpOBa MOlUHOCTb KOpbl AOCTHraeT 35 KM. 

B nepexoAHbix oojiaerax O T OKeaHa K MaTepHKaM TOJiiuHHa 3 C M H O H K O -
pbi yBejiHHHBaeTca. TaK npn nepexoAe K AcppnKe B pañoHe Mo3aMÓHKa H 
CoMajiH TOJIIUHHS Kopu yBejiimHBaeTCH A O 35 KM. E . ByjuiapA no rpaBH-
MeTpHHecKHM aaHHbiM npeAnojiaraji, m o y BOCToraoro ôepera AcppnKH 
MomHocTb Kopw npHMepHO paBHa 30 KM [18]. B pañoHe n-OBa HHAoeraH 
TOJTUiHHa 3CMHOH KOpbl yBe/IHHHBaeTCH AO 30 KM. 

Bna^HHa KpacHoro Mopa xapaKTepH3yeTca cpeAHeñ TO,JIIUHHOH Kopbi 
OKOJIO 25 KM, C VMeHbllieHHeM TOJIIUHHbl KOpbl flO 20 KM B UeHTpaJlbHOH, 

rjiyôoKOBOflHOft ee qacTH. 3 T H jaHHbie noflTBepm/iaiOT MHeHHe M . B . Mypa-
TOBa [19], Koropbiñ Ha ocHOBaHHH xapaKTepa pejibetpa oKeaHHiecKoro Ana 
KpacHoro Mopa « KaqecTBeHHoro conocTaBJienna aHOMajinñ Byre CHHTaeT, 
MTO TOJIIUHHa SeMHOH KOpbl B K p a C H O M MOpe COCTaBJIHeT OKOJIO 25 KM. 

P. THp/yiep [20] nojiaraeT, H T O MOlUHOCTb (BepHee rjiyôiiHa H30CTaTnqecKOH 
KOMneHcauHH) 3eMHoñ Kopbi B KpacnoM Mope cocTaBJineT 30 KM. Tipa ne-
pexofle K AtppHKancKOMy BbicoKoropHOMy óepery TOJimima 3eMHoñ Kopw 
yBe.iHMHBaeTCH no 35—40 KM. 

ConocTaBJieHiie cxeMaTH^ecKoñ KapTbi rjiyÓHH noBepxHOCTH Moxo, 
cocTaBJieHHoñ HaMH no rpaBHMeTpnqecKHM AaiiHbiM c aHajiomiHbiMn cxeMa-
THMecKHMH KapTaMH, nocTpoeHHHMH P. M . j],eMeHHHKOH [21] H H . n . Tpy-
I U H H C K H M [22], noKa3HBaeT Hajinnne CHCTeMaTimecKiix pacxo>KAeHHH Me>KAy 
3THMH TpeMH KapTaMH. CxeMaTH^eCKaH KapTa TOJIHIHHbl 3eMHOH KOpbl AO 

noBepxHOCTH Moxo HHAnncKoro OKeaHa noerpoeHa P. M . XleMeHHnKOH no 
«ocpeAHeHHbiM rpa4)HKaM» noHTH HCKjiromiTejibHO no oaTHMeTpnqecKHM 
KapTaw. HaH6o.nbniHe pacxo>KAeHHa c Hauíeñ KapToñ, AOCTnraroui,He \ 0 K M , 
Ha6jiK)AaroTCH B pañoHe MacKapeHCKoñ KOTJIOBHHH H MacKapeHCKoro 
xpeÔTa. H a KapTe P . M . ,H,eMeHHU.KOH rjiyÔHHa noBepxHOCTH M o x o B M a -
CKapeHCKoñ KOTJiOBime AOCTHraeT 25 KM, na nauíeñ Kapre He óo.nee 15 KM. 
CxeMaTHtiecKaH KapTa TOJILUHHW 3eMHoñ Kopbi nocTpoeHa H . EL rpyuiHH-
C K H M no pejibecpy, ocpeAHeHHOMy B npeAejiax TpaneuHH co CTopoHaMH, 
paBHbiMii 5 3KBaTopHajibHbiM rpaAycaM. üpH TaKOM ocpeAHeHHH pejibetpa 
ôojibuiHx njiomaAen cHJibHo crjiajKHBaiOTca MHorne npHMeMaTejibHbie oco-
ôeHHOCTH pejibecpa Ana H H A H H C K O T O OKeaHa, TaKne, KaK ApaBHHCKO-HHAHñ-
C K H H , MacKapeHCKHH, MajibAHBCKnñ noABOAnwe xpeÓTW. rtosTOMy Ha KapTe 
H . n . rpyuiHHCKoro B O C H O B H O M npoHBJiaeTCH M O H O T O H H O C yivieHbuieHHe 
TJiyÔHHbi noBepxHOCTH Moxo O T 35—40 KM y no6epe>Kba AcppHKH H A 3 H H 
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Ao 12—15 KM B ceBepo-3anaflHoft nacrn HH^m'icKoro oKeana. Pacxowae-
H H A c Hainen KapTon B O C H O B H O M B npeaeaax 5—7 KM. TaKHe cpaBHHTejib-
Ho HeôoJibLune pacxo/KneHHH BeponTHO ooycioBneHbi T C M , M T O H . n . Tpy-
L U H H C K H H n p H COCTaBJieHHH C X e M a T H M e C K O H KapTbl TOJILUHH 3 C M H O H KOpbl 

n o 6 a T H M e T p H M e C K I I M JiaHHblM HCHOJlb30Ba;] K03(pCpHU,HeHTbI . T H H e H H O H 

C B H 3 M TOJ1IU.HH 3 C M H O H KOpbl C pe.TbetpOM, nOJiyMeHHblM H e fljlfl BCefl 3 e M . T H , 

a fljiH oôjracTH Tuxoro, MnaHHCKoro oneaHOB. 
npH oueHKe T O M H O C T H Hanjeñ cxeMaTHMecKoñ KapTbi rjiyÔHH noBepx-

H O C T H M O X O , nOCTpoeHHOlï H O r p a B H M e T p H M e C K H M a a H H b I M , H e O Ô X O A H M O 

oueHHTb X O T H 6bi npn6.nn>KeHHo nopaaoK cucTeMaTHHecKHx H cjiyMaiiHbix 
01111160K. CncTeMaTiiMecKne O H J H Ô K H npii onpeaeaeHHH rjiyÓHH noBepxno-
C T H M o x o no rpaBHMeTpHMecKMM aanHbiM MoryT óbiTb oóycioB.ieHw B 
OCHOBHOM 3BVMH (paKTOpaMH. 

1. TaK KaK Mbi npn pacneiax rjiyÔHH noBepxnocTH M o x o no rpaBH-
MeTpHMecKHM ^aHHbiM onupaancb Ha eanHCTBeHHbiñ ceñcMimecKHñ nyiiKT, 
rae rpaiiHua M o x o onpeaeaeHa c norpeumocTbio ±1 ,5 KM [17], T O B C H Hama 
cxeiMa r.nyóHH M o x o MO>KeT 6biTb cucTeMaTHnecKH 3aBbiu:eHa HJIH 3aHH-
xe»a B npeaeaax norpeiuHocui onpeaejienna rayôHHbi noBepxHOCTH M o x o 
CeÜCMHMeCKHM MeTOJIOM. 

2. MccaeaoBanna nocJieaHiix Jiei [23 H ap.] noi<a3a¿iH, M T O B cpeaHeM 
njiOTHOCTb BemecTBa BepxHeii MaHTHH a*ia Been 3eumi paBHa 3,3 a/cM3. 
OflHaKo BbiHB.iHK3TCH HJiaHeTapHbie njioTHocTHbie HeoflHopofliiocTH B Bepx
Heii MaHTHH, jiocTnraK)iuHe 0,1 e'cM3. rio3TOMy npn HenpaBHJibHOM Bbiôope 
njioTHOCTH Kopbi H BepxHeii MaHTHH MoryT B pacqeTax rviyÓHH noBepxHOCTH 
M o x o no rpapHMeTpimecKHM aaHiibiM noaBHTbca cncreMaTHMecKHe norpem-
H O C T H . H a M H npn pacMCTax npniiflTa cpeanaa naoraocTb BemecTBa BepxHeii 
M a H T H H , p a B H O H 3,3 ¿ICM3, a C p e A H H H nJIOTHOCTb KOpbl 2,8 e/CM3. 

HeKOTopoe npeacTaBaemie o naoTHOCTHoñ HeoAHopoflHocTH BemecTBa 
BepxHeii MaHTHH MoryT aaTb KapTbi ocpeaHeHHbix aHOMajinñ CHJIM TH>KCCTH 
B pe,a,yKU.HH <J>aa 11 rpacpiiKH 3 3 B H C H M O C T H aHOMajinn O a a O T r¿ry6nH aHa 
OKeaHa. CocTaBaeHHaa HaMH cxeMaTH4ecKaa KapTa aHOMajiuft CHJIH Tn>Ke-
C T H B peayKUHH <J>aa a*ia ceBeposanaaHoñ qacTH H H A H H C K O T O oxeana 
(wopMaabnaa (popwyjia Me>KayHapoaHan) noKa3HBaeT npeoóaaaaHne Ha 
Been paccMaTpHBaeMOH aKBaTopiin OTpnuaTejibHbix aHOMajinñ O a a nopaa-
Ka —30-=—40 M¿A. H a KapTe ocpeaHennbix aHOMajinñ Oan AJIH Been 
3eM.iH, cocTaBJieHHofi B . M . Kayjioii, KOTopbiñ ncno.ib30Baji Hanôoaee noJi-
Hbie rpaBHMeTpimecKiie H cnvTHHKOBbie aamibie, ceBepo-3anaaHaH MacTb 
H H / U I H C K O T O OKeaHa xapaKTepH3yeTCH oTpnuaTenbHbiMH aHOMajiHHMH 
<t>aa —30 Me.i, B OTJiHiiie O T K)>KHOH MacTH HHAiiHCKoro OKeaHa, RJIK K O -
Topon nanôojiee xapaKTepnu no.TO>KHrre.Tbnbie aHOMajiHH Oaa + 1 0 Man [24]. 
H a cocTaBaeHHOM i-iaMii rpacpHKe (puc. 5) 3aBHCiiMOCTH anoMa.THH Oan O T 
rayOHH ;uia ceBepo-aanaanofi nacTH HHAHHCKoro OKeana aocTaToiiHo ^ICTKO 
iipoflB.TaeTca TenaennHü K npeoôjiaaaHHK) ôojiee oTpnuaTejibHux aHOMaann 
í>aH a^IH COOTBeTCTByjOIUHX HHTCpBajJOB r.iyÓHII IIO C p a B H e H H K ) C aHaJlO-

rHMHbiM rpacpHKOM, HocTpoeiiHbiM HaMH ajifl Bcero HHAiificKoro OKeana [1]. 
Bee 3 T H aaHHbie cBnaeTejibCTByroT o T O M , ^ T O n.TOTHOcTb BemecTBa 

BepxHeñ MaHTHH B ceBepo-3anaanoH iiacTH HHanncKoro OKeaHa BeponTHO 
necKOJibKo Menbiiie cpeaHeft njioTHOCTH BepxHeñ MaHTHH. HeKOTopoe Bana-
HHe Ha naÔJiioaaeMbie OTpHuaTeabKbie anoMaann Oaa ceBepo-3anaa,HOH 
MacTH HuanncKoro OKeana M O > K C T OKa3aTb H anoMajibHo HH3i<an cpeaHaa 
njioTHOCTb 3eMHOH Kopbi. OflnaKo â ia nojmoro oÔTjacneHHH naôaioaaeMbix 
OTpnuaTejibHbix aHOMa«THH Oaa HeoôxoanMO npeanoaoKHTb, M T O n.iOTiiocTb 
3eMHoñ Kopu ceBepo-3anajiHon iiacTn HHaniicKoro OKeaHa na 0,2 a I CM3 

MeHbme cpeanefl HJIOTHOCTH 3eMHoñ Kopbi. OanaKo TaKoe npeanojio>KeHHe 
MajioBepOHTHO, H O H O He noATBep/KflaeTCH CTpoenHeM 3eMHofi Kopbi, nojiy-
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qeHHbiM no ceñcMtmecKHM jiaHHbiM RJIH oTflejibHbix ynacTKOB ceBepo-3ana#-
H O H yacTH HHflHHCKoro oKeaHa [25]. TaKHM o6pa30M, ecjiH aonycTHTb, M T O 
njiOTHOCTb BemecTBa BepxHeñ MaHTHH B ceBepo-3anazmoñ M a c ™ H H A H H -
cKoro OKeaHa MeHbuie cpeAHeft [IJIOTHOCTH BepxHeñ MaHTHH Ha 0,05 el CM3, 
T O nauia cxeMaTHMecKaa KapTa TJIVOHH noBepxHOCTH M o x o óyaeT coaep-
x<aTb OHCTeMaTHMecKyio norpeujHOCTb, AocTHraromyio B oojiacrax. Hanôojib-
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PHC. 5. Tpa(j)HK 3£IBHCHMOCTH aHOMa.iHH <t>aa OT iviyôiiH flHa ce3epo-3anaj.Hofi MacTii 
HHAniicKoro OKeaHa 

ujiix iviyÔHH ao 2 KM. B oôJiacTHx c r^yÔHHaMH noBepxHOCTH M o x o 10— 
15 KM, T . e. Ha óoJibuieñ qacTH paccMaTpHBaeMoñ aKBa-ropuH, CHCTeMaTHqe-
CKan norpeujHOCTb, oóycjiOBJieHHan njioTHOCTHOH HeoAHopoAHOCTbio Bepx-
Heñ MauTHH, He npeBbimaeT 1 KM. 

K p o M e ruiaHeTapHbix H J I O T H O C T H M X HeoflHopoflHocTen BepxHeñ MaHTHH 
B nocueflHHe roflbi B pe3yjibTaTe KOMrueKCHOH HHTepnpeTau,HH AeTajibHbix 
rpaBHMeTpuqecKHX H cencMHuecKHx AaHHbix BHHBJieHbi pernoHaJibHbie, 
cpaBHHTe.ibHO y3Kne, H O BecbMa npoTHwe.HHbie n/iOTHocTHbie HeoAHopoA-
H O C T H BepxneH MaHTHH, npHypoqeHHbie K cpeAHHHbiM xpeÔTaM H nepexoa-
HbiM 30HaM O T MaTepHKOB K oKeaHaM {26, 27 H ap.]. T a K noa cpeAHHHbiM 
A T J i a H T H ^ e C K H M H B o C T O q H O - T H X O O K e a H C K H M X p e Ô T a M H O Ó H a p y > K e H O y M e H b -

m e H H e M O L U H O C T K 3eMHoti Kopbi, oflHaKo B 3 T O M c/iyqae Ha6jiK)flaeMbie 
M H H H M y M b i aHOMaJiHH CHJibi THHiecTH B p e a y K U H H Byre H a a x p e Ó T a M H 

>O6T3HCH5IK)TCH pa3vn. iOTHeHHeM B e m e c T B a Bepxnen M a H T H H . 3 T O noflTBep>K-
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lacrea TaKJKe yMeHbmeHHeM rpaHimHoñ cKopocru pacnpoerpaHeHHH npo-
flOJlbHblX BOJIH Ha TpaHHUe M O X O . H e HCKJllOMeHO, HTO H nOA ApaBHHCKO-
HHflHHCKHM, a B03MO>KHO H nOJJ, flpyrHMH nOflBOflHblMH XpeÔTaMH HHflHH-
cKoro OKeaHa 6ynyr BbiHBJieHbi npii AajibHeniuHx HCCJieAOBaHHHx MeHee 
nJiOTHbie CJIOH BepxHeñ MaHTiiH. B S T O M ciy^ae H3o6aTH noBepxHOCTH M o x o 
nofl xpeÔTaMH Ha Hameñ cxewe ôyjiyT npHMepHO cooTBeTCTBOBaTb BepxHe-
My npeaejiy rjiyÓHH pa3ynjiOTHeHHH BemecTBa BepxHeñ MaHTHH. Tai<HM 
oépa30M, Ha Hameñ cxe¡vie HaHMeHee yBepeHHHMH HBJI3K>TCH rjiyÔHHbi no-
BepxHOCTH M o x o , BbiHHC.ieHHbie no rpaBHiueTpHMecKHM AaHHbiM fljia non-
BOflHblX XpeÔTOB H OCTpOBOB. 

Cjiy^añuaa omnÔKa onpeaejieHHa rjiyÓHH noBepxHOCTH M o x o no rpa-
BHMeTpHHecKHM jiaHHHM oóycjiaBJinBaeTCH ouiHÔKaMH onpeaejieHHH aHOMa-
JIHH Byre, JlOKaJIbHblMH H3M6HeHHHMH MOLHHOCTH H COCTaBa OCaAOHHblX 

OTJio>KeHHH H «6a3ajibTOBoro» CJIOH. B cpe,a.HeM 3 T H BJIHHHHH pe/j,Ko npe-
BOCXOflflT ± 2 KM. 

B CBeTe Bcero Bbiiuen3jio>KeHHoro H3o6atbi noBepxnocTii M o x o npoBe-
aenbi Hepe3 5 KM. y>xe nocjie cocTaBJieHMH Haiueñ cxeMaTHiecKoñ KapTH 
rjiyÓHH noBepxHOCTH M o x o GbiJiii nojiyqeHbi (ycTHoe coo6meHne KD. n . H e -
npoMHOBa) npeABaptiTejibHbie pe3yjibTaTbi ceñcMimecKHx onpeaejieHHii 
MOII1HOCTH 3eMH0H KOpbl B 36-M pence 3/C «BHTH3b» B MaCKapeHCKOH KOT-
JIOBHHe. MoUIHOCTb 3eMHOH KOpbl HO CeHCMH^eCKHM ¿aHHblM B MaCKapeH
CKOH KOTJiOBHHe 10,7 KM, a Ha Hameñ cxene OKOJIO 12 KM. CeñcMHiecKHe 
HccjiejiOBaHHH T. T. LUopa H JX. R. riojuiapaa [25] 6aHOK CeñmeJibCKoñ ¡i 
Cansí j\e Majia, npoBe^eHHbie B 1962 r., noJXTBepflHJiH HajmiHe nofl Ceñ-
mejibCKOH 6aHKOH «rpaHHTHoro» CJIOH, BnepBbie BMHBJieHHoro B pe3yjibTaTe 
cencMHiecKHx Hccjie/JOBannñ T. racKejiJiow ii JX'M. CBOJIJIOV [28]. H a óaHKe 
Caña j¡,e Majia BbiHBJieHa cymecTBeHHO OTJiHvmafl CTpvKrypa Kopbi 6e3 
«rpaHHTHOrO» CJIOH. BepXHHH CJIOH CO CKOpOCTHMH npO/lOJlbHblX BOJIH OT 

1,72 KM/ceK jxo 3,0 KM/ceK npejuioJiO/KHTejibHO oTHeceH K KOpajiJiOBMM no-
pojiaM, noflCTHJiaeMbiM MaTepnajiOM co C K O P O C T H M H npojiojibHbix BOJIH 
4,4—4,5 KM/ceK, TunHiHbiMH juin By-iKammecKiix O C T P O B O B . 3 T H nopoaw 
pacnpocTpaHHioTCfl Ha rjiyôimy npHMepHO ,ao 8 KM H no^CTHJiaiOTCH «6a-
3aJIbTOBbIM» CJIOeM CO CKOpOCTbK) npOJIOJlbHblX BOJIH 6,8—7,0 KM/ceK. Ta-

K H M o6pa30M, B cpe/JHen MacTH MacKapeHCKoro xpeÓTa B pañoHe 6aHKH 
Caña je Majia MomHOCTb Kopbi JIO «6a3ajibTOBoro» CJIOH no ceñcMimecKHM 
/laHiibiM He MeHee 8 KM, a na Hameñ cxeMe MomHOCTb 3eMHoñ Kopw ;jo 
noBepxHOCTH M o x o no rpaBHMeTpHqecKHM jiaHHbiM He j\ienee 15 KM. 

npoBeaeHHbie K nacTOHuieMy BpeiweHH rpaBHMeTpmiecKHe nccjie/jpBa-
H H H B ceBepo-3anaa,Hoñ M S C T H HH^HncKoro OKeaHa IIO3BOJIHJIH B O6LU.HX 
MepTax npeflCTaBHTb xapaKTep rpaBHTannoHHoro nojia, MomHOCTb 3eMHoñ 
Kopu, a TaKme o6mne 3aKOHOMepHOCTH H3MeHenna TO.im.HHbi 3 C M H O H Kopw 
B pa3JiHiHbix pañoHax S T O H ijacTH OKeana. B 1964—1965 rr. B 3 6 - M pence 
s/c «BnTH3b» BbinojmeH 3HainiTeJibHbiH KOMnjieKc reojioro-reo(pH3HtiecKHX 
paôoT B ceBepHon MacTH HH^iiñcKoro OKeaHa. B H X H H C I O B X O ^ H T ceñCMH-
MecKHe (MeTo^aMH M O B n T C 3 ) , rpaBHMeTpHiiecKiie H niflpoMarHHTHbie 
HCCJieAOBaHHH. 

Pe3yjibTaTbi S T H X paôoT H O 3 B O ^ H T B fla.ibueñmeM npOBecTH KoivinJieKC-
Hyro HHTepnpeTaunK) Bcex HMeiornHxca reocpH3HMecKHx H reojiorniecKHX 
flaHHbix c ueJibK) yTOHHeHHH rjiyÔHHHoro CTpoeHHa 3eMHoñ Kopw H BepxHeñ 
MaHTHH 3Toro perHOHa. TaK pesyjibTara npeABapHTe.ibnoñ HHTepnpeTauHH 
cencMH^ecKHx jaHHbix, noJiytfeHHbix B 3 6 - M pence a/c «BHTH3b» B pncpTO-
Boíi 30He ApaBHñcKo-HHAHHCKoro xpeÔTa, no jaHHHM K ) . n . Henpo^HOBa, 
noKa3HBaK)T, H T O HenocpeACTBeHHO nos ocaaoMno-By.iKaHoreHHoñ TOJim,eñ, 
xapaKTepH3yiomeñcíi C K O P O C T H M H ceñcMHMecKHx BO. IH nopajKa 5,0 KM/ceK 
H MoniHOCTbK) Bcero 2,0—2,5 KM, 3ajieraioT nopojibi, xapaKTepH3yiomHecH 
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CKopocTHMH 7,0—7,2 KM/ceK. Ha ocHOBaHHH npeABapHTejibHoro H3yMeHHH 
o6pa3UOB ocHOBHbix H yjibTpaocHOBHbix nopo/i, coôpaHHbix B 36-M pence 
3/C «BHTfl3b» CO CKJIOHOB pHCpTOBMX yiH,eJIHH TpeX BeTBeft CpeflHHHO-HHJI,0-
OKeaHCKoro xpeÔTa: ApaBHHCKo-HH,nHHCKoro, 3anaflHO-HHflHñcKoro H ü,eH-
TpajibHo-HHAHÍicKoro xpeÓTOB, H aHaJiH3a HMeiomHxcH reocpH3HHecKHX RZH-
Hbix (ceñcMH^ecKHx, MarHHTHbix H H3MepeHHH TemioBoro noTOKa) no Cpe-
flHHHO-HHflooKeaHCKOMy xpeÔTy T. B. YflHHueB H B. H . HepHbiiueBa 
BHCKa3biBaK)T npe,n,no,no>KeHHe, TTO STH nopoflw HBJIHKJTCH MajioH3MeHeH-
HHMH nopoflaMH BepxHeñ MaHTHH 3eMJiH]. npe^nojiaraeTCH, HTO o6pa30-
BaHHe CpeflHHHo-HHflooKeaHCKoro xpeÔTa oôycjiOBJieHO C B O A O B U M no/iHH-
THeM BepXHeft M a H T H H . BeflVmHMH npOUeCCaMH (pOpMHpOBaHHH KOpbl B 
3T0H 30He HBJIHH3TCH CepneHTHHH3aiIHH BeiH,eCTBa BepXHeÔ M a H T H H , paCTH-
>KeHne H pa3pwBbi Ha noBepxHOCTH. i 

BeiuecTBO BepxHeñ MaHTHH noA CpeflHHHO-OKeaHHHecKHMH xpeÔTaMH 
HaXOJHTCH B yCJIOBHHX nOHH>KeHHOrO flaBJieHHH, OTHOCHTeJIbHO BbICOKHX 
TeMnepaTyp H no^BepraeTCH cepneHTHHH3auHH H flHHaMOMeTaMop(J)H3My. 
Bce 3T0, eCTeCTBeHHO, npHBOflHT H K COOTBeTCTByK)IH,HM H3MeHeHHHM (J3H3H-
qecKHx CBoñcTB BemecTBa BepxHeñ MaHTHH, B nacTHOc™ K yMeHbujeHHio 
nJIOTHOCTH H rpaHHHHOH CKOpOCTH npO^OJIbHblX CeHCMH^eCKHX BOJIH. YlO-
3T0My CpeflHHHo-OKeaHHHecKHe xpeÔTH OTpa>KaioTCH 3HawrejibHbiM yMeHb-
uieHHeM aHOMajiHñ CHJIH Taxée™ B pe.ayKu.HH Byre H , BepoaTHO, 6ojiee 
o60CH0BaH0 HHTepnpeTHpOBaTb 3TH aHOMajIHH He yBeJIHMeHHeM MOU1HOCTH 
3eMHoft Kopw, a pa3ynjioTHeHHeM BemecTBa BepxHeñ M S H T H H no,n, CpeflHH-
HO-OKeaHHqecKHMH xpeSTaMH. 
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SIZE DISTRIBUTION A N D CARBONATE CONTENT OF THE 
SEDIMENTS OF THE WESTERN SHELF OF INDIA 

by R.R. NAIR and ABRAHAM PYLEE 

Physical Oceanography Division, 
National Institute of Oceanography, Ernakulam 

Sediment samples collected during the 25th cruise of I .N .S . K I S T N A (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 B o m b a y , 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 of 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 
(>70 fms), the outer shelf sands grade into foraminiferal sands. 

I N T R O D U C T I O N 

One of the cruises, the XXVth , carried out by I.N.S. K I S T N A 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 of 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 B o m b a y (Stewart 
et al. 1964). 

L A B O R A T O R Y P R O C E D U R E A N D PRESENTATION O F D A T A 

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). F r o m the data, cumulative frequency 
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curveswere plotted and standard statistical parameters such as median (Md<f>), sigma 
phi (6<j>) 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 m a p of the western shelf of India. 

Calcium Carbonate in the sediments was determined by the method of Herrin el 
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 oifshore direction. 

P H Y S I O G R A P H Y A N D S H O R E L I N E D E V E L O P M E N T O F T H E W E S T C O A S T 

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 max imum 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, latentes 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. 

S E D I M E N T S 

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. 

638 

639 

640 

641 

642 

643 

645 

650 

651 

652 

653 

654 

655 

656 

657 

658 

659 

660 

661 

666 

667 

668 

669 

670 

671 

672 

673 

674 

675 

676 

677 

678 

679 

Depth 
(Fms) 

13 

17 

19 

19 

26 

38 

250 

108 

66 

42 

32 

25 

12 

10 

10 

17 

23 

43 

105 

46 

32 

23 

17 

13 

14 

10 

9 

20 

27 

29 

85 

250 

370 

Location 

N . Lat. 18° 06.4' 
E . Long. 72° 48.0' 
N . Lat. 18° 03.0' 
E . Long. 72° 43.0' 
N . Lat. 18° 01.5' 
E . Long. 72° 37.6' 
N . Lat. 17° 57.9' 

E . L o n g . 72" 18.1' 
N . Lat. 17° 53.9' 
E . L o n g . 72° 18.1' 
N . Lat. 19° 46.4' 
E . Long. 72° 00.0' 
N . Lat. 17° 46.4' 
E . Long. 72° 00.0' 
N . Lat. 14° 22. 5' 
E . Long. 73° 15.0' 
N . Lat. 14° 28.0' 
E . Long. 73° 24.2' 
N . Lat. 14° 30.5' 
E . Long. 73° 43.8' 
N . Lat. 10° 33.0' 
E . Long. 73° 43.8' 
N . Lat. 14° 35.2' 
E . Long. 73° 53.5' 
E . Lat. 14° 47.5' 
E . Long. 73° 59.8' 
N . Lat. 14° 40.3' 
E . Long. 74° 9.2' 
N . Lat. 12° 49.0' 
E . Long. 74° 45.8' 
N . Lat. 12° 46.7' 
E . L o n g . 74° 41.0' 
N . Lat. 12° 43.5' 
E . Long. 74° 41.2' 
N . Lat. 12° 35.5' 
E . L o n g . 74° 21.0' 
N . Lat. 12° 35.0' 
E . Long. 74° 16.5' 
N . Lat. 10° 13.5' 
E . Long. 75° 39.0' 
N . Lat. 10° 14.5' 
E . Long. 75° 43.7' 
N . Lat. 10° 15.4' 
E . Long. 75° 49.1' 
N . Lat. 10° 16.2' 
E . Long. 75° 53.8' 
N . Lat. 10° 17.1' 
E . Long. 75° 58.3' 
N . Lat. 10° 17.0' 
E . Long. 76° 0.0' 
N . Lat. 9° 20.7' 
E . Long. 70° 16.6' 
N . Lat. 9° 21.5' 
E . L o n g . 76° 18.5' 
N . L a t . 9 ° 18.6' 
E . L o n g . 76° 11.5' 
N . Lat. 9° 16.8' 
E . Long. 76° 06.6' 
N . Lat. 9° 14.9' 
E . Long. 76° 02.2' 
N . Lat. 9° 11.0' 
E . Long. 75° 54.25' 
N . Lat. 9° 07.6' 
E . Long. 75° 45.0 ' 
N . Lat. 9° 03.5' 
E . Long. 75° 35.5' 

Mdtf 

8.0 

5.0 

5.0 

9.0 

8.0 

1.5 

6.9 

4.0 

3.1 

2.9 

0.25 

2.0 

7.0 

5.3 

5.8 

5.0 

2.9 

3.1 

3.0 

3.1 

3.6 

2.8 

2.0 

3.5 

6.8 

7.4 

3.0 

2.1 

1.2 

2.4 

3.8 

2.7 

Sigma^ Sand/Silt/Clay % 

3.0 

2.7 

2.7 

2.9 

2.9 

2.4 

2.5 

2.1 

2.2 

2.4 

0.9 

2.2 

2.8 

2.4 

2.9 

2.2 

1.9 

1.6 

1.9 

1.5 

4.0 

1.5 

1.1 

2.4 

3.7 

4.0 

1.9 

1.7 

1.1 

1.3 

1.2 

0.9 

4.0/30.0/66.0 

49.0/31.0/20.0 

26.6/8.6/64.8 

1.0/10-0/89.0 

1.9/34.3/63.8 

4.9/16.6/78.5 

9.0/70.0/21.0 

48.0/30.0/21.0 

72.7/17.0/10.3 

75.6/13.3/10.1 

97.6/2.4/0.0. 

91.0/13.0/5.0 

8.3/60.6/31.1 

9.4/75.6/15.0 

3.2/63.4/33.0 

7.6/80.1/12.3 

51.0/35.0/14.0 

75.0/19.0/6.0 

70.0/20.0/10.0 

69.6/22.5/7.0 

63.3/22.5/14.2 

81.0/18.0/1.0 

99.0/01.0/0.0 

1.9/97.0/1.1 

14.2/42.0/42.6 

3.6/60.4/35.6 

62.0/20.0/18.0 

89.0/10.0/1.0 

96.4/4.0/0.0 

74.0/20.0/6.0 

52.0/47.0/1.0 

90.0/6.0/4.0 

CaCo„ 
% 

(Total 

CaCos % 
(Silt-Clay 
Frac-

Sample) tion) 

10.0% 2.5% 

46.5 

45.0 

42.0 

31.0 

32.5 

32.0 

56.0 

51.0 

47.0 

33.0 

43.0 

6.0 

3.5 

7.0 

13.0 

28.0 

57.0 

23.0 

21.5 

30.0 

10.0 

0.0 

2.0 

1.5 

2.0 

19.0 

16.2 

24.5 

31.5 

54.5 

59.5 

41.5 

35.0 

22.5 

20.0 

32.0 

30.00 

50.1 

00.0 

42.0 

0.0 

0.0 

1.5 

0.0 

4.0 

7.0 

24.0 

~~~ 

28.5 

3.8 

19.0 

12.0 

17.0 

0.0 

0.0 

0.0 

2.0 

0.0 

16.0 

24.0 

24.0 

1.0 

31.5 
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m a x i m u m 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<f>) remains uniform throughout the section, ranging between 
lj> to 8<£ thus falling in the coarse clay group. Stray patches of fine to med ium 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$. 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>. A n 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 latérite, basalt and silicified w o o d 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. A n 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^. 
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 m i n i m u m width, 
being less than 30 miles. Throughout the length of the section ,the median grain 
size remains remarkably uniform, with medians between 2<f> to 3.5<f>. Sorting is good 
with the coarser sands being better sorted than the finer ones. It m a y 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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T h e calcium carbonate values along this section have the smallest range, from 
0 % nearshore to a m a x i m u m of only 23% offshore. T h e relatively low values 
of calcium carbonate in these sediments m a y 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 3 | miles offshore at 
a depth of 10 fathoms and continues to a depth of 370 fathoms. Brownish green 
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F I G . 1. Station location and distribution 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 med ium 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 I S C U S S I O N 

A generalised picture of the sedimentary zonation m a y 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 med ium 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, latérite pebbles and silicified w o o d 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. A n 
obvious conclusion resultingfrom their exposure at the present timéis the implication 
that little or no sedimentation takes place. Further more the close association 
of silicified w o o d , basalt and latérite 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 a( 
a depth of 30 fathoms below the present. The presence of bottom currents of 
sufficient strength to winnow the fines from these sediments is not precluded. R a o 
(19fî9) lias put forth a similar depth for the Pleistocene low stands on the east coast 
en 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). A s 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. 

|-*)j SILT i CLAY. 

m SANO WITH S H f U S . 

ÏÏJR FORAM SANO i SILT. 

£ COARSE SAND WITH SHELLS i PEBBLES, 

Ç ip Kms. 

CONTOURS IN FATHOMS. 

FIG. 2. M a p 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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F I G . 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 
vs. 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
ponderance of foraminiferal off tests over the 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. L o w 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. Mos t 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 "opt imum depth of formation m a y 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 O N C L U S I O N S 

(1) The continental shelf off the West Coast of India has a max imum width 
100 miles, in the north (off Bombay), tapers to its narrowest point off 
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Cranganore (Kerala) with a width of 30 miles and again widens southward, 
however, not as m u c h 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 m e d i u m sands with abundant 
molluscan shells. These sediments are at places interspersed with very 
coarse iron stained sands and shells, latérite and basalt pebbles with occa
sional fragments of silicified w o o d . T h e 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. E x 
ceptionally high values of carbonate occur at the shelf edge, which probably 
are lag deposits. 

(6) Absence of fine sediments on the outer shelf m a y also be taken as anindi-
action of the presence of bottom currents. 

(7) M o r e 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. 
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SHORTER CONTRIBUTION 

Trincomalee and associated canyons, Ceylon 

S A M A . B U S H * and PATRICIA A . B U S H * 

(Received 25 March 1969) 

Abstract—Trincomalee and associated canyons conform to Ceylon's geological structure. Trinco
malee Canyon crosses the insular shelf and slope with a general northeast trend similar to the strike 
of charnockite-khondalite series found on the island. Deviations in the canyon's strike result from 
joint planes and tectonic deformation. T w o secondary canyons which also trend northeast align 
with north and south contact zones of Wanni gneisses and charnockite-khondalites. 

INTRODUCTION 

As P A R T of the 1964 International Indian Ocean Expedition, the U S C & G S S Pioneer conducted a 
detailed bathymétrie and geophysical survey over Trincomalee and two associated canyons (Fig. 1). 

Trincomalee Canyon was first noted in 1908 when Somerville discussed several deep and narrow 
notches in the submarine plateau off the east coast of Ceylon ( A D A M S , 1929a). S H E P A R D (1963) 
published an inshore bathymétrie m a p and described a branching, rock-walled canyon with heads in 
Trincomalee Harbor and Koddiyar Bay. Data collected by the Pioneer in 1964 were used by S H E P A R D 
and D I L L (1966) to expand Shepard's earlier compilation. 

GEOLOGY 

Rocks of the Koddiyar Bay area (Fig. 2) consist of biotite gneiss basement rock overlain by 
charnockite-khondalite series and Wanni gneisses. Khondalites are metamorphic rocks that have 
been intruded by charnockites. The younger Wanni gneisses outcrop both northwest and southeast 
of the charnockite-khondalite series. A D A M S (1929a, b) and C O A T E S (1935) place the Wanni gneiss 
and charnockite-khondalite ages as Early Precambrian. A F A N A S S Y E V , BORISOVICH and S H A N I N (1964) 
reported K - A r whole rock ages approximating 800 million years for charnockites on Ceylon, but 
A S W A T H A N A R A Y A N A (1968) substantiates the Early Precambrian. Using Rb-Sr methods, he dates 
one group of charnockites as older than 2100 million years and mentions a younger group (1660 
± 250 million years). 

In the vicinity of Koddiyar Bay, Wanni gneiss and charnockite-khondalite formations strike 
northeast with strong evidence of folding. According to C O A T E S (1935) a road between the towns of 
Nilaveli and Trincomalee crosses the strike of two charnockite-khondalite ridges. The first ridge, 
6 k m wide, lies just south of Nilaveli, and the second, 1 k m wide, lies immediately north of Trin
comalee. At these two localities the dips are nearly vertical, but decrease southeast of Trincomalee 
until a northwest-southeast anticlinal arch can be seen at Dutch Point (Fig. 2). Southeast of Dutch 
Point the dip returns to nearly vertical ( C O A T E S , 1935). 

Reversal in dip and outcropping of younger Wanni gneisses on northwest and southeast sides of 
the charnockite-khondalite series indicates the existence of a northeast trending synclinal fold with 
its axis in Koddiyar Bay. 

BATHYMETRY 

Within the area of this investigation the dominant feature is northeast trending Trincomalee 
Canyon (Figs. 2 and 3). T w o of its principal heads are located in Koddiyar Bay and a third in 

•Environmental Science Services Administration, Atlantic Océanographie Laboratories, Miami, 
Florida 33130. 
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Fig.l. Index chart showing a section of track run by U S C & G S Ship Pioneer. Positioning was 
established by astronomical fix, but track was adjusted on the basis of bathymétrie ( P D R ) 

crossings. Broken line with arrow indicates direction and drift of underwater camera. 

Trincomalee Harbor. T w o tributaries enter the canyon from the south. O n the broad ridge north
west of 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 of and parallel to Trincomalee and North Trinco canyons is another canyon herein 
named South Trinco Canyon* (Figs. 2 and 3). O n e east and two northeast trending tributaries 
originate on the insular slope and debouch into it from the west. A shoreward projection of 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 n o w 
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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900n 1 1 1 1 1 n ' 
WANNI GNEISSES 

Fig. 2. Bathymétrie chart contoured from P D R soundings (corrected) of the U S C & G S Ship 
Pioneer. Data shoreward of Ceylon's territorial limit (Fig. 1) compiled from H . O . 3689. Dotted 
lines show axes of North Trinco Canyon (N.T .C . ) , Trincomalee Canyon (T.C.), South Trinco 
Canyon (S.T.C.), their tributaries, and a sea valley. Dot-dashed lines show assumed contact 
zones of Wanni gneisses and charnockite-khondalites. Light dashed contour lines are over areas 
containing fragmentary data. Heavy dashed line is the projection of Trincomalee Canyon's 
northwest-southeast trending segment and possible fault zone. Lengths, average gradients, 
and m a x i m u m wall heights of North Trinco, Trincomalee, and South Trinco canyons are 
respectively: 29 k m , 100 m / k m , 900 m ; 59 k m , 54 m / k m , 1560 m ; .28 k m , 107 m / k m , 350 m . 

MAGNETICS 

A Varian nuclear precession magnetometer recorded continuous total intensity measurements of 
the earth's magnetic field. The nearest magnetic observatory located near Bombay, India, furnished 
magnetograms which indicated such a slight diurnal variation that it has been disregarded in this study. 
Because of the small geographic extent encompassed by the survey, a constant of 40,450 gammas was 
assumed to be the value for the earth's main field (U.S. N A V A L O C E A N O G R A P H I C O F F I C E , 1966). 
Removing this constant from total field values and contouring the resultant field (Fig. 4) leaves a 
gentle gradient varying from — 50 gammas in the southeast to — 300 gammas in the northwest. 

Elongation of the magnetic trends along the projected contact zones of Wanni gneisses and char
nockite-khondalites suggests a continuation of these rock series on to the insular slope. 
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HORIZONTAL DISTANCE IN KILOMETERS 

¡ I I I I ¡ M I I | I I I I | I I I I | I I I I 

S ^ K 

Note: Profile localions ore indicated on Fig 1. 

Fig. 3. Bathymétrie profiles of Trincomalee and associated canyons. Vertical exaggeration is 
10:1. Axes of canyons, their tributaries, and a sea valley <.re shown by dotted lines based on 
U S C & G S Ship Pioneer's P D R data and their interpretation (Fig. 2). Broken lines with arrows 

indicate where profiles are broken to keep them in proper perspective (Fig. \). 

BOTTOM PHOTOGRAPHY AND DREDGING 

O n e camera lowering was made at ship's position 984 (Fig. 1). Bottom photographs revealed a 
flat bottom which appeared to be composed of fine-grained sediments. As the camera drifted across 
the insular shelf it crossed over a rock outcrop and detritus (Fig. 5). Seaward from the talus, photo
graphs of the bottom appear similar to the flat bottom shown landward from the outcrop. Near 
ship's position 998 (Fig. 1) the camera passed over an extremely steep slope (International Indian 
Ocean Expedition, U . S . C . and G . S . Ship Pioneer—1964. 1965, Vol. 1). At this location the camera 
was retrieved, and a chain dredge was lowered over the side. The dredge haul recovered "eight 
chunks of medium-grained saccharoidal dark green to black igneous rock," (International Indian 
Ocean Expedition, U . S . C . and G . S . Ship Pioneer—1964. 1965, Vol. 2). 

The field description of these rocks suggests a similarity to rocks found in the Koddiyar Bay area 
by C O A T E S (1935). 
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Fig. 4. Residual magnetic field off northeast Ceylon. Dot-dashed lines indicate projected contact 
zones of Wanni gneisses and charnockite-khondalites. Note elongation of magnetic trends along 

lines of projection. 

DISCUSSION 

The epeirogenic history of Ceylon has been positive with some minor oscillations. The last major 
uplift was pre-Miocene ( K R I S H N A N , 1953) when, according to A D A M S (1929a) the island was raised 
approximately 460 m above sea level. Ensuing peneplanation formed the present coastal plains which 
were incised before their submergence in the Miocene sea ( A D A M S , 1929a). During this period of 
erosion, Trincomalee Canyon was probably cut along the axis of a synclinal fold and served as the 
major flume for denudation. Submergence was followed by a positive movement that raised the 
present insular shelf up to or slightly above sea level ( A D A M S , 1929a). North and South Trinco 
were likely cut during this emergent period. Subsequent oscillations returned Ceylon to its present 
elevation. Feeder channels cutting across the shelf into North and South Trinco canyons were 
presumably buried during the depositional cycle following the last glacial stage of the Pleistocene. 
Trincomalee Canyon remained open because of its greater width and steeper gradient. 

Like the major rock units of this area, Trincomalee Canyon has a general northeast strike. In 
Koddiyar Bay the axis of its main head trends northeast approximately 4 k m , abruptly turns 90° north
west for a distance of 3 k m , and again bends 90° northeast. The canyon's two remaining heads are 
in alignment with a landward projection (Fig. 2) of the northwest-southeast striking 3 k m segment of 
Trincomalee Canyon. The northwest projection crosses a quartzite ridge ( S H E P A R D and D I L L , 1966) 
and aligns with a series of hot water wells and lakes (U.S. H Y D R O G R A P H I C C H A R T 3689, 1949). The 
southeast projection aligns with a river mouth and series of lakes. It seems plausible that this lateral 
offset in Trincomalee Canyon's axis is the result of a major fault. Sharp bends whfch alter the north
easterly course of Trincomalee Canyon as it crosses the insular shelf are probably due to structural 
control. According to A D A M S (1929a) the rivers on Ceylon frequently cross quartzite ridges along 
joint planes so it seems reasonable to assume that joint planes m a y have deflected Trincomalee's path. 

North and South Trinco canyons are very similar in structure. With one exception their tribu
taries trend northeast and enter their respective canyons from the west. Both canyons strike northeast 
parallel to Trincomalee Canyon, and both canyons are apparently cut along Wanni 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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of major rock unit strikes with submarine canyon trends; (2) alignment of North and South Trinco 
canyons with contact zones of VVanni gneisses and charnockite-khondalites; (3) alignment of the 
broad ridge between North Trinco and Trincomalee canyons with the 6 k m wide quartzite ridge 
between Nilaveli and the town of Trincomalee; (4) elongation of magnetic trends along Wanni 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. Bottom photograph of rock out-crop and talus. General location shown on Fig. 1. 
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Statistical characteristics of selected marine geophysical profiles 

by G . V . Aganova, A . G . Gaïnanov, E . P . Kalinina, and P . A . Stroev 

IV. PE3YJlbTATbI rPABHMETPHHECKHX H3MEPEHHH 
B MHPOBOM OKEAHE H AHTAPKTHAE 

r. B. Azanoea, A. r. Taünanoe, E. U. KUAUHUHU, II. A. Crpoee 

CTATHCTHHECKHE XAPAKTEPHCTHKH HEKOTOPblX 
MOPCKHX rEO*H3HMECKHX nPO*HJlEB 

B MopcKHx reojioro-reo(pH3HqecKHX Hccjie/ioBaHHax npn aHajiH3e H H H -
TepnpeTauHH flaHHHx oôfamHo Hanojib3yeTCH KOMTiJieKc cBeaeHHH 06 Hay^ae-
M O M oô-beKTe. PaajiHWHbie xapaKTepncTHKH oflHoro H Toro ine pañoHa 
nofl'BepraioTCH cpaBHHT&nbHOMy Ka^ecTBeHHOMy aHajiH3y. M a m e Bcero 
OCHOBHblMH flaHHblMH HBJIHIOTCfl pe3yjIbTaTbI IipOMepOB HiyÔHH, H3MepeHH5I 

HanpH>KeHHOCTH rpaBHTaitHOHHoro H MarmiTHoro nojieñ. YcTaHOBJieHbi 
rjiaBHbie 3aKOHOMepHOCTH pacnpe^ejieHHH rpaBHTauHOHHbix H MarHHTHbix 
aHOMajiHH 3eMjm H H X C B H 3 H (CO crpoeHHeM 3eMHoñ Kopu) , onpeaeJieHbi 
K03(p(pHUHeHTbI, CBH3bIBaiOmHe BejIHIHHy a H O M a ^ H H CHJIbI TiDKeCTH C TJiy-

ÔHHOH H BblCOTOH M6CTH0CTH [1—5]. OflHaKO fleTajIbHbie HCCJICHOBaHHH Ü O -

cjie/iHHx jieT, upoBe/ieHHbie B pa3JiHHHbix OKeaHax, -noKa3ajiH, *ITO 3aBHCH-
MOCTH Me>KAy CTpOeHHeM 3eMHOH KOP'bl, peJIbe<pOM flHa H aHOMajIHHMH 

rpaBHTauHOHHoro H MarHHTHoro nojiefi 3eMJiH 6ojiee CJIOJKHM, H T O oôycjiOB-
jieHO He TOJibKo ocoôeHHocTHMH pernoHajibHoro reoJiorH^ecKoro cTpoeHHH, 
HO H HeOflHOpOflHOCTbK) BepXHefl M a H T H H B pa3JIHHHHX OÓJiaCTHX ^6, 7]. 

B CBH3H C 3THM ÓOJIbUIOe 3HaMeHHe TipHOÓpeTaiOT pa3JlHHHbie M e T O A H KOJ1R-

qecTBeHHoro, B wacTHOc™ CTaTHCTHqecKoro aHajiH3a aaHHbix rpaBHMarHHT-
HblX H 3X0JI0THbIX CbeM'OK [8—11]. J\jlH OH,eHKH B03MO>KHO'CTeH CTaTHCTHHe-

cKoro aHa;iH3a HanóoJiee ÔJiaronpHHTHWMH HBJIHIOTCH ^aHHbie oflHOBpeMen-
H H X HenpepbiBHbix onpeflejieHHH aHOMa^nñ rpaBHTauHOHHoro H ManiHTHoro 
nojieñ H pejibetpa flHa. 3 T H M TpeôoBaHHHM yAOBJiexBopnioT MaTepnajibi 
Me>KflyHapoflHoñ HHfloOKeaHCKoñ 3Kcne,ziHH,HH Ha H / C «OyaH», noJiyqeHHue 
B 1961—1962 rr. [12] flJiH ceBepo-3anaaHoñ rça-cra HHAHflcKoro oxeaHa H 
npejiCTaBJieHHbie HenpepbiBHHMH npoipHjiHMH ,a,Ha, rpaBHTauHOHHbix H Mar-
HHTHbix aHOMajiHH. YÍ3 Bcex npoipHjieH flJiH cTaTHCTHqecKoro aHajiH3a HaMii 
6biJi BbiópaH MapmpyT npofa>KeHHocTbio cBbiiue 1500 MUAb, nepeceKaioinjiH 
ocHOBHbie CTpyKTypHbie ajieMeHTbi 3ana/iHoñ y a c ™ OKeaHa: CoMajiHHCKyio 
KOTJIOBHHy, A p a B H ñ c K O - H H A H ñ C K H H XpeÓeT, ApaBHHCKyK) KOTJIOBHHy H M a -

TepHKOBbiH C K ^ O H 3a:na,a,Horo no6epe>Kbfl PÏH/iocTaHa (pnfc. 1). 
B paôOTe 6bUH Hcnojib30BaHbi npocpHJiH flHa, nocrpoeHHbie Ha O C H O -

BaHHH npeuH3HOHHoro H3MepeHHH rjiyÔHH. PerncTpHpyeMaa BejiH^HHa O T -
cHHTMBajiacb qepe3 10-MHHyxHbie HHTepBajibi. B H3MepeHHbie r^yôHHbi BBe-
aeHbi nonpaBKH 3a OTKJiOHeHHe (paKTHnecKOH cKopocTH 3ByKa B MopcKoñ 
BOfle OT pacHeTHoñ. ripotpHJiH cocraBJieHbi B ropH30HTaJibHOM MaciiiTaôe 
npH6jiH3HTejibHO 1 : 1 000 000 H aaiOT B03MO>KHOCTb no^yqaTb rjiyôHHbi 
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C TOMHOCTbK) ± 100 M H HX nOJIO^eHHe C TOHHOCTbK) flO ± 1 MUAU BAOJIb 
rajica [12]. 

EerecTBeHHO, H T O B «aHHOM Maciuraôe Majibie (J)opMbi noABOAHoro 
pejibecpa He uauuin 0Tpa>KeHHH Ha npcxpHjinx. 

H3MepeHHH nojiHoro BeKTopa HanpajKeHHOc™ MarHHTHoro nojiH i-ia 
oopTy cyflHa npoBojiHjiH c noMoinbio óywcHpyeMoro HAepHoro MarHHTOMerpa. 

P H C . 1. CxeMa nojioHteHHH npocjwjieft 

H3MepeHHH flejiajiH KawAyro MHHyTy, HCKJironaH pañoHbi c pe3Ko nepeMeH-
HbiM nojieM, r/te H3MepeHHH ocymecTBJifljiH Mepe3 0,5 MUH. Ka>Kflbiñ oTcqeT 
perHCTpnpoBajiH Ha nepcpoKapTH una ajieKTpoHHo-cneTHOH MauiHHbi, a no-
cjienHHe Tpn uH(J)pbi — Ha nepoBoft caMonHceu. B /tajibHeñmeM, ywTbiBaa 
HopMajibHoe nojie, CTpoHjiH oKOHnaTejibHbie npotpHJiH MarHHTHbix aHOMajmñ. 
rionpaBOK 3a BeKOBbie BapnauHH He BBOÂHJIH. CyTOHHbie BapnauHH TaKJKe 
He yHHTMBajiH, Tan KaK O H H He npeBoexoAHT 20 Y (no HaojiiOAeHHHM na 
cTauHOHapHbix ôeperoBbix H MopcKHx HKOpHbix oècepBaTopHHx). OuiHÔKa 
onpejiejieHHH MarHHTHbix aHOMajinfi cocTaBJineT OKOJIO ± 2 0 Y -

H3MepeHHH CHjiu Tii^ecTH Ha 6opTy «OysHa» UÇOBOAHJIH c noMombio 
Ha^BOAHoro MopcKoro rpaBHMeTpa «AcKaHHH — Bepxe», ycTaHOBJieHHoro na 
rHpOCTa6HJIH3HpOBaHHOH OJiaTCpOpMe (pHpMbl A H U H O T U , . MyBCTBHTejIbHaa CH-
cTeMa rpaBHMeTpa noMemeHa B TepMocraT. B KanecTBe onopHbix nyHKTOB 
Hcnojib30BajiH Ha6jiK)AeHHH B nopTax 3axoAOB JlaMy, BoMÓeñ, Kapaqn 
H T . n. 3 T H npHqajibHbie nyHKTbi npHBH3aHbi rpaBHMeTpoM «yopAeHa» 
K MHpoBoñ bnopHOH rpaBHMeTpHMecKoñ ceTH. Bee HaôJiioAeHHH Bbrno'jiHeHH 
npH C n O K O H H O M M O p e , TaK MTO n O n p a B K H 3a BJIHHHHe B03MymaK)IU,HX yCKO-
PeHHH He BBOAHJIHCb. 
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HaÓJiíOAeHHH BeJiH Ha xoay cyAHa. OTcneTbi rpaBHMeTpa BMecTe c or-
MeTKaMH BpeMeHH aBTOMaTHHecKH perncTpHpoBajiHCb Ha flHarpaMMe nepes 
Ka*flbie 5 MUH. 3HaqeHH« CHJIW THÎKCCTH OTHeceHbi K nyHKTaiw Hao\nioAeHHÍi 
A A H Ka^Aoro 10-MHHyTHoro HHTepBa^a xoaa cyAHa. 

OueHKa T O H H O C T H rpaBHMeTpHqecKHx H3MepeHHñ npoBeAeHa no K O H -
TpOJIbHblM H HOBTOpHblM nyHKTaM. CpeAHeKBaApaTHqeCKaH OlUHÔKa H 3 M 6 -

peHHbix aHOM,ajiHñ B CB060AHOM B03Ayxe cocTaBJiaeT ± 5 — 7 MZA. 
n p o <p H ji b 1 (pHC. 2,1) nepeceKaeT BocTOHHyío nepn(pepHio CoiviajiHH-

C K O H KOTAOBHHH, rjiyÓHHbi KOTopoñ pacnojiaraiOTCH B AHana30He O T 4000 
Ao 5000 M, noBepxHocTb cnerKa HaKjicmeHa B cTopoHy ApaBHÜcKo-HHAHñ-
CKoro xpeÔTa H , 3a HCKJiioqeHHeM AByx noABOAHbix B03BbiuieHH0CTeñ c or-
HOCHTejIbHblMH BbICOTaMH HeMHOrHM ¿OJiee 1000 M, OCJIO>KHeHa B OCHOBHOM 
MeJIKHMH X O A M a M H . 

K ceBepo-BOCTOKy O T K O T J I O B H H H pacnoJiomeH ApaBHHCKO-HHAHñcKiiii 
xpeóeT (PHC. 2,11), npeACTaBJiHioimHH B crpyKTypHOM OTHOuieHHH BeTBb 
CpeAHHHo-HHAOOKeaHCKoro xpeÓTa. MopcpojiorHHecKH O H BbipaweH xas T H -
nHHHblH XpeÓeT C ^eTKOH pH(j)TOBOH AOAHHOH C OTHOCHTeJIbHOH m y Ó H H O H A') 

1000 M, npocjie>KHBaiomeHCH n o n ™ Ha BceM npoTHKeHHH xpeÔTa, c xapai<-
TepHbiM pacHJieHeHHeM, B K O T O P O M inpeoôJiaAaioT jiHHeftHo BbiTHHyTbie cpop-
Mbi pejibecpa, opHeHTHpoBaHHbie BAOJib O C H xpeÔTa. FIoAHO>Kbe xpeÔTa pac-
nojio>KeHO Ha rjiyÓHHe OKOJIO 5000 M, a OTAeJibHbie BepuiHHbi noAHHMaioTcsi 
AO TAyÔHHbl 2500 M. 

Me>KAy MaTepHKOB'bIM C K J I O H O M HHAOCTaHa H A p a B H H C K O - M H A H H C K H M 

xpeÔTOM pacnojio>KeHa ApaBHHCKaa KOT.riOBHHa (PHC. 2,111). PacciwaTpHBae-
Mbiñ inpotpHAb nepeceKaeT ee BocTOHHyío MacTb. ÓHa 3aHHMaeT oóJiacTb rjiy-
6 H H O T 4000 A O 5000 M, xapaKTepHyío RJIR THnwHHbix OKeaHHiecKHx 
KOTJioBHH. rioBepxHOCTb ee cjierKa HaKAOHeHa B CTopoHy xpeÔTa. Heôojib-
uiHe noABOAHbie ropti H X O J I M H H3peAKa HapymaiOT B oómeivi BbipoBHeHHyro 
nOBepXHOCTb AHa KOTAOBHHbl. MaTepHKOBblH CKJIOH 3anaAHOTO HHAOCTaHa 

(pHc. 2,IV) inepeceneH inoA HeKOTopbiM yrjiOM K npocTHpaHHio. FIoAHO>KHe 
CKjioHa pacnoAomeHO Ha rjiyÔHHe CBbiine 4000' M, BepxHHH MacTb CKJiOHa 
KpyTaa, H H Í K H H H BbinoJiajKHBaeTCH H 6e3 neTKHX rpaHHU, nepexoAHT B no-
BepxHOCTb ApaBHHCKoñ KOTjioBHHbi. CKJIOH ocno>KHeH HerjiyôoKHMH Aenpec-
CHHMH H XpeÔTaMH. 

MarHHTHoe nojie ceBepo-3anaAHoñ nacTH H H A H H C K O T O oxeaHa npe3Bbi-
M3HH0 HeoAHopoAHO. AHajiH3 MarHHTHbix npocpHJieñ no3BOJifleT cxeiwaTHqe-
C K H BbiAê iHTb OTA&nbHbie oÔAacTH, xapaKTepH3yiom.Hec5i pa3JiHHHoñ CTe-
neHblO aHOM3AbHOCTH. 

HaHMeHee aHOMajibHbie oôjiacra — 3 T O : 
a. 3anaAHaH nacTb CoMajiHñcKOH K O T J I O B H H M , MaTepHKOBbiñ CKJIOH H 

mejibtp A(ppHKH. 3Aecb cpeAHHH BejiHMHHa aHOMajiHñ A T cocTaBJineT ± 4 0 Y . 
H TOJIbKO B OTAeJlbHHX y^aCTKaX OHH AOCTHraiOT Be/IHHHHbl ± 100 y. 

6. LJeHTpajibHan nacTb CoMaAHHCKoñ K O T J I O B H H W K ceBepy O T Ceñuiejib-
C K H X ocTpoBOB H ApaBHHOKaH KOT^OBHHa, rAe aHOMajiHH A ^ B cpeAHeM 
KO^eÔJiioTCH B npeAejiax ±100—150 Y ( P H C 2,1, 2,111). ApaBHHCKO-HHAHñ-
C K H H xpeóeT (PHC. 2,11) xapaKTepH3yeTCH TwnHHHWMH A^IH cpeAHHHo-OKea-
HHnecKHX xpeÔTOB MarHHTHMMH aHOMaJiHHMH. TaK, Ha Tpex nepeceneHHHx 
B ueHTpajibHoñ H ceBepHoñ rçacTH xpeÔTa Haó^ioAaioTCH cjieAyromiie H3Me-
HeHHH aHOMajlHH AT. ECJIH B CoMaJlHHCKOH KOT^ÍOBHHe Ha6jIK)AaK)TC5í AJIHH-

HonepHOAHbie MarHHTHbie aHOMajiHH c aMnAHTyAaMH O T —400 Y A O +250 Y . 
T O npn noAXOAe K CKJioHy ApaBHHCKO-HHAHHCKoro xpeÔTa A^iHHHonepHOA-
Hbie MarHHTHbie aHOMajiHH 3aTyxaioT H BMAeJiHiOTCH KopoTKonepnoAHbie c 
aMnAHTyAoñ O T + 5 0 A O —200 Y - H a A pncpTOBoñ 3 0 H O H aivrajiHTyAa MarHHr-
Hbix aHOMajiHñ B03pacTaeT O T +200 A O —400 Y -
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H a MaTepHKOBOM CKjione y n-0Ba HHAOcrraH (pHC. 2, IV) HaÔJiioAaioTCH 
HHTeHCHBHbie MarHHTHbie aHOMajiHH c aMnjiHTyAoñ O T —200 A O +300 Y» 
KOTopue y caMoro no6epe>KbH 3aryxaiOT. 

XapaKTep rpaBHTauHOHHbix aHOMajinñ B ceBepo-3anaAHoií qacra H H -
A H H C K O T O OKeaHa pa3JiimeH nnn cjieAyrouiHX O C H O B H M X oojiacren: rjiyôoKHe 
OKeaHCKHe K O T J I O B H H H , OKeaHHqecKHe xpeÔTbi H ocTpoBa, nepexoAHbie 30Hbi 
O T OKeaHa K MaTepHKaM. 

rjiyôoKOBo/iHbie OKeaHHnecKHe BnaAHHbi xapaKTepH3yiOTCH O T H O C H -
TejlbHO OIOKOHHblM HOJieM CHJIbI TH>KeCTH C OTpHUaTeAbHblMH aHOMajIHHMH 

O a H ( — 3 0 H — 5 0 MZA) H 3HaqHTejibHHMH no BejiHqHHe aHOMajiHHMH Byre 
( + 350-=- 400 Me A). 

CnjibHo pa3flpo6jieHHaa noBepxHocTb ApaBHñcKo-HHAHHCKoro xpeÔTa 
(pHC 2, II) xapaKTepH3yeTCH ÔOJIblHOH H3MeHqHB0CTbIO aHOMaJIHH <I>a3. Hafl 

CaMbIMH rpeÓHHMH XpeÓTOB aHOMajIHH OaSÍ HMeiOT 3HaUeHHH +30-T-

+ • + 50 MZA, pHtpTOBbie AOJIHHbl ÍKe OTMeqaiOTCH 3HaWHTejIbHMMH OTpHU,a-

TejIbHblMH (Au —50-= 70 MZA) aHOMa/ IHHMH. ri0AH0>KHH OKeaHHqeCKHX 
xpeÓTOB qeTKo oKOHTypHBaiOTCH H3oaHOMajTHeH B peAyKUHH Byre +250 MZA. 
3 T 0 OTHOCHTCH KO BCeM OCHOBHblM XpeÔTaM: A p a B H H C K O - H H A H H C K O M y , 

MajibAHBCKOMy H MacKapeHCKOMy. H a BepuiHHax rpeÓHeñ xpeÓTOB aHOMa-
JIHH Byre yMeHbiuaiOTCH A O +150-=- + 100 MZA. 

B nepexoAHbix 30Hax O T OKeaHa K MaTepHKaM B ceBepo-3anaAHoñ qa-
C T H H H A H H C K O T O OKeaHa aHOMajinn Oaa H O C H T B oómeM cinoKofiHbiñ xapaK-
Tep, coxpaHHK)T C B O H OTpHijaTejibHbie 3HaqeHHH H y>Ke y caMoñ ôeperoBoft 
qepTbl pe3K0 yBeJIHqHBaiOTCH, MeHHIOT 3HaK Ha nO./IO>KHTejlbHbIH. AHOMa/ IHH 

Byre npn noAxoAe K 6epery 3HaiqHTejibHo yMeHbuiaioTCH, AocTiiraa Hyjie-
Bbix SHaneHHH Ha caMOM ôepery H O T —100 A O —150 MZA Ha MaTepHKe[13]. 

¿Urn pacqeTa crraTHCTHqecKHX xapaKTepncTHK npocpHJiH AHa ÓMJIH .aaMe-
HeHbl AHCKpeTHbIMH p H A a M H 3HaMeHHH TJiyÓHH, rpaBHTaUHOHHblX H MarHHT-

H H X aHOMajIHH, CHHTbIX C HCXOAHOrO MaTepHaJia C qaCTOTOH, COOTBeTCTByiO-
meñ Ha MecTHocTH paccTOHHHio 1,23 KM. 

KpHBbie Ha6jiK>AeHHbix napaMeTpGB no npocpHjiHM M O J K H O paccMaTpn-
BaTb KaK cyMMy rapMOHHqecKHX KojieôaHHH c pa3JiHqHbiMH nepnoAaMH 
(qacTOTaMH) H aMnjiHTyAaMH. TapMOHnqecKHH aHajiH3 pejibecpa 3eMJiH, 
npoBeAeHHbiñ npeeM [14] H BeHHHr-MeftHecoM [15], noKa3aji npaBOMOHHOCTb 
noAOÔHbix TipeACTaBJieHHH AJIH HccjieAOBaHHH Merapejibeipa. TapMOHHqe-
C K H H aHa^H3 pejibecpa BAOJib napajuiejieñ c qacTOTon B H C O T H rjiyÔHH qe-
pe3 5-rpaAycHbiñ HHTepBají, npoBeAeHHbiñ B 1964 r. [16], noKa3aji, qTO no-
jio»;eHHe H pHTMHqHocTb B qepeAOBaHHH KpynHwx erpyKTypHbix sjieMeHToa 
3eMJiH AocTaToqHo qeTKO BbiHBjiaeTCH y>Ke cyMMoñ qeTbipex rapMOHHK. 

M O X H O AyMarb, qTO KpymHbie (popMbi peJibecpa Ana, rpaBHTau,HOHHbie 
H MarHHTHbie aHOMajIHH (pOpMHpyiOTCH B OCHOBHOM H O A BJIHHHHeM KOMnjieK-

ca 3HAoreHHbix nponeccoB, pa3JiHqHbix no BeJinqHHe, ccpepe H AJiHTejibHO-
C T H H X AeñcTBHH OTHocHTejibHo noBepxHocTH 3eMjiH. Pa3AejieHHe (popM 
pejibetpa, rpaBHTauHOHHbix H MarHHTHbix aHOMajinn Ha pa3JiHqHbie qacroT-
Hbie cocTaBJiHiomHe B KaKoñ-To Mepe cooTBeTCTByeT pa3AeJieHHio «popMH-
pyiowHX H X (JiaKTopoB Ha pa3JiHqHbie no xapaKTepy, Be/iHqHHe H ccpepe Aeñ-
CTBHH COCTaBJIJHOIUHe. B 3aBHCHMOCTH OT HeJieft HCCJieAOBaHHH npOBOAHTCfl 

aHajiH3 pernoHajibHbix HJIH jioKajibHbix cocTaBJiniomHX. 
B AaHHOM cjiyqae noA perHOHajibHoñ cocTaBjiHromeñ noApa3yMeBaeT-

C H xapaKTep pejibetpa, rpaBHTauHOHHbix H MarHHTHbix aHOMajinñ, THnHqHbiñ 
AAH KpynHbix €TpyKTypHO-reoMop<pojiorHqecKHx pernoHOB OKeaHa. 

n o A JioKajibHoñ cocTaBJiHiomeH noApa3yMeBaioT HepoBHocTH pejibecpa, 
rpaBHTanHOHHbie H MarHHTHbie aHOMajinn, ocjio^HHiomHe pernoHa^bHbiH 
xapaKTep npo<pHJiH, co3AaHHbie, no-BHAHMOMy, KOMnjieKCOM <paKTopoB, Aeñ-
CTByioui,Hx B npeAeJiax perHOHa H oTpa>KaioinHe ocoôeHHOcTH ero reojioni-
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necKoro cipoeHHH. AHajiH3 nocneAHHx inpeflCTaBJiaeT HaHÔojibiuHn HHTepec. 
JXnn BbiflejreHHH perHOHajibHbix cocTaB^nromHx npoipHAen 6UJI Hcnojib-

30BaH MeTo/i crjiajKHBaHHH. OpAHHaxbi cr^ajKeHHbix, H A H perHOHajibHbix. 
npoipHJiefl onpe/ie^eHbi npn n o M o m H (popMyjibi 

j_ 
_̂  2 

* = E a'Xi+h 

• = _ - L 
2 

rae Xi — opflHHaTH HcxoAHbix npocpHJieñ; a¡ — civia>KHBaioiH.He KoacpcpHUH-
eHTbl, KOTOpbie OnpeAeJIHIOTCH H A p O M CIViajKHBaHHH, H M e i O m H M BHA 

1 + cos—/; / — napaivieTp crjiaiKHBaHHH. 

n p H TaKOM «Ape Ha perHOHajibHbix npo<pHJiHX He oeraioTCH (popMbi 

pejibeipa, aHOMajiHH AT H Ag, A^iHHa B O A H M KOTopwx MeHee — [17]. 

Crjia>KHBaHHe 6MJIO npoH3BeAeHo c napaMeTpoM 123 KM, oAHHaKOBMM 
AJiH Bcex npocpHJieft. T S K H M o6pa30M, Ha crjia>KeHHOM npocpHJie n o q ™ H C T 
HepoBHocTeñ pejibetpa. npoTH>KeHHocTbio MeHee 60 KM H aHOMajinñ AT H 
Ag Ton w e nepnoAHHHOCTH. 

HaHÔOAee oómeñ xapaKTepHCTHKoñ nojieñ HBJineTCH H X cpeAHHH BeAH-
MHHa, onpeAeAeHHají AJIH Ka>KAoro npotpHJia Kan 

x = — - . 
n 

CrjianceHHbie npoxpHjiH Ha pnc. 3.AaHbi KaK OTKAOHeHHa O T cooTBeTCTByio-
HÍHX cpeAHHX. 

B 'COMaJIHHCKOH KOTJIOBHHe (pHC. 3, I) peTHOHaAbHblH npOlpHJIb A H a , 

pacno^o>KeHHbiH Ha rjiyÓHHe 4000 M, nojioro HamiOHeH K noAHOWHio Apa-
BHñcKO-HHAHHCKOro xpeÔTa, HeôoJibuioe noAHHTHe Ha HeM cooTBeTCTByeT 
AByM nOABOAHblM B03BWHieHHOCTHM. H a rpaBHTaHHOHHOM perHOHajIbHOM 

npotpHJie npeoôJiaaaroT oTpHuaTejibHbie aHOMajiHH Oaa , BejiHHHHa KOTopbix 
B03pacraeT K noAHO>KHK) xpeÔTa. Heoojibuioñ MaKCHMyM aHOMajinñ C O O T -
BeTCTByeT B03BbimeHHOCTHM. H a perHOHajIbHOM npoípHjie MarHHTHbix aHO-
MajiHñ cpeAHee 3HaqeHHe 6JIH3KO K Hyjiio. KpHBaa perHOHajibHoro MarHHT-
Horo noAH 'CJio>KHee, HeM KpHBbie perHOHajibHbix npotpHAeñ Ana H aHOMa-
J1HH CHAbl TH>KeCTH. 

B npeAejiax ApaBHiicKO-HHAHHCKoro xpeÔTa (pnc. 3, II) perHOHaJib-
Hbie npotpHJiH, BepoHTHo, 0Tpa>KaiOT ocHOBHbie ocoôeHHOCTH cTpoeHHH xpe6-
Ta. CrjiajKeHHbiñ npo<pHJib pejibecpa BHHBJiHeT MaccHBHoe CHMMeTpHMHoe 
nOAHHTHe C HeCKOJIbKO npHnOAHHTbIMH KpbIJIbHMH. y3KaH pHtpTOBafl AOJIH-

Ha npn TaKOM ôojibmoM napaMeTpe crjiaxHBaHHH He oTpaweHa Ha npo-
(pHJie. CyAH no njiaBHHM onepTaHHHM npocpHJín, M O > K H O cqHTaTb, qxo Bce 
cno>KHoe pac^JieHeHHe xpeÔTa co3AaeTCH (popMaMH, npoTH>KeHHOCTb K O T O -
pbix MeHee 60 KM. 

PeraoHajibHbie aHOMajiHH O a n HaA xpeÓTOM OTpHiíaTejibHbi, oAHaKo 
BejiHHHHa H X He3HaHHTejibHa. H a A PHÍJDTOBOH 3 0 H O H H y H X H O A H O J K H H Be-
JIHmiHW OTpHUaTeJIbHblX aHOMa/IHH B03paCTaK)T AO —15 30 MZJl COOT-

BeTCTBeHHO. MarHHTHbie aHOMaAHH B pañoHe ApaBHñcKO-HHAHHCKoro xpeó-
Ta OTpHuaTeJibHbi, H X cpeAHHH BejiHTOHa paBHa —82 y; HaA pmpTOBoñ 
30H0H BejIHIHHa aHOMajiHH HeCKOJIbKO yMeHbUiaeTCH. 

OqeHb cnoKoeH perHOHajibHbiñ npotpH^b AHa H rpaBHTauHOHHbix aHO-
MaJlHH ApaBHHCKOH KOTJIOBHHbl (pHC. 3, III). PerHOHajIbHbie aHOMajiHH O a H 

He3HaMHTe^bHO oTKjioHHiOTCH Ha HeKOTopbix y^acTKax npo4>HjiH O T cpeAHero 
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3HaMeHHH, paBHoro —37 MZA. BoJiee C J I O X H H M HBJIHCTCH npo<pHJib MarHHT-
HblX aHOMajIHH, y IIOAHO>KHH aHOMaJIHH OTpHliaTeJIbHbl, C npHÓjIH>KeHHeM K 

MaTepHKOBOMy CKJIOHy nOHBJIHK)TCH nOJIO>KHTeJIbHbie aHOMajiHH. 
y HHflocTaHa (PHC, 3, IV) perHOHajibHbiü inpoipHJib AHa mjiaBHO noAHH-

MaeTCH K noBepxHocTH. PerHOHa^bHHH npocpujib aHOMajiHH O a a BHpoBHeH, 
aHOMajiHH oTpHitaTejibHbi, cpeAHee 3HaqeHHe paBHO —46 MZA. MarHHTHbie 
aHOMajiHH nojioiKHTejibHbi, cpeflHee 3HaneHHe paBHO + 6 4 Y -

H 3 conocTaBJieHHH perHOHajibHbix ocoóeHHOCTeü npotpHJieñ B H A H O , H T O 
B npeaejiax Bcex cTpyKTypHbix 3JieMeHT0B OKeammecKoro AHa cymecTByeT 
flOBOJibHo xopomee cooTBeTCTBHe Mexcay pejibe(poM ana, BejiHMHHaMH H xa-
paKTepOM H3MeHHHBOCTH rpaBHTauHOHHbix aHOMajiHH Oaa . XapaKTep pe-
rnoHajibHbix MarHHTHbix aHOMajiHH He corjiacyeTCH c perHOHajibHHMH oco-
ôeHHOCTHMH pejibe(pa AHa H aHOMajiuñ CHJIH TÍDRCCTH. 

ECJIH H3 opAHHaT HaóJiíoAeHHoiro napaMeTpa BbmecTb opAHHaTbi SToro 
me napaMeTpa Ha cooTBercTByiomHX perHOHajibHbix npocpHJisx, noJiyiHM 
^oKajibHbie rpaBHTauHOHHbie H MarHHTHbie aHOMajiHH H rjiyÓHHbi (pHc. 3). 
Ü,JIH ^OKajibHbix aHOMajiHH xapaKTepHa 3HaHHTejibHaa H3MeH«iHB0CTb BejiH-
KJHH. KOJIHqeCTBeHHO OIieHHTb CTeneHb H3MeHHHBOCTH JlOKaJIbHblX aHOMajiHH 

MOHÍHO npH nOMOIUH CpeAHero KBaapaTHHCCKOrO OTKJIOHeHHH JlOKaJIbHblX CO-

CTaBJIHIOIUHX OT perHOHajibHbix. BeJIHTOHbl CpeflHHX KBaapaTHqeCKHX OTKJIO

HeHHH aaHbi B TaóJiHite. 

XapaKTepncTHKa npo4>nJiefl 

TpaBHTaiiHOHHbie aHOMajiHH, MZA . . 

Ta 6 jiH u a 

PaSoH 

CoMajiHft-
CKaH KOT-
JlOBMHa 

225 
.10 
118 

ApaBHÜCKO-
MHAHnCKHfl 
xpeóeT 

334 
11 
97 

ApaBHñcKan 
KOTJIOBHHa 

45 
4 

81 

MaTeptiKo-
Bblft CKJIOH 
HHflocTaHa 

141 
8 

92 

B pH/ie cjiynaeB TanaH oueHKa He HBJiaeTCH aocTaToraoñ, TaK KaK He 
OTpa>KaeT ocoóeHHOCTeñ nepnoflHiHocTH H aMnjiHTya S T H X OTKJIOH6HHH. 

RjlH BblHBJieHHH CTpyKTypHblX OCOOeHHOCTeH JlOKaJIbHblX aHOMajiHH ü,e-

jiecoo6pa3Ho BbmncJieHHe aBTOKoppejisiuHOHHbix H cneKTpajibHbix (pyHKUHH 
[10, 18, 19]. ABTOKoppejiHUHOHHaH (pyHKUHH xapaKTepH3yeT CTeneHb H3MeH-
HHBOCTH aHOMajiHH. ABTOKOppeJIHUHOHHbie (pyHKUHH paCCMHTaHbl no (pop-

Myjie 

N-r 

= T ^ 7 2 *<•*<+" 
¡=0 

rae N— IHCJIO opaHHaT npotpHJiH; r — paa nocjieaoBaTejibHbix 3HaqeHHñ 
OT 0, 1, 2, 3, ..., m ; m — BejiHHHHa MaKCHMajibHoro cABHra npu pacneTe 
(pyHKUHH. 

BejiHHHHa MaKCHMajibHoro CABHra npHHHTa paBHofi 96 KM. H a pHC. 4 
npHBeAeHbl HOpMHpOBaHHbie aBTOKOppejIHUHOHHbie (pyHKUHH JlOKaJIbHblX 

rpaBHTaUHOHHHX H MarHHTHblX aHOMajiHH H rjiyÔHH. 
fljifl Bcex npotpHJien xapaKTepHO óbicrpoe 3aTyxaHHe KoppejiauHOHHbix 

(pyHKUHH, 4T0 OTpaSOeT 3HaqHTeJIbHyiO HSMeHKIHBOCTb aHOMajiHH. Pa3JIH-

HaiOTca TaKJKe THTIH aBTOKoppejiHUHOHHbix .(pyHKiijHH, M.TO oTpa^aeT pa3-
JiuqHbiH xapaKTep H S M C H H H B O C T H pejibe(pa, rpaBHTauHOHHbix a MarHHTHbix 
aHOMajiHH He TOJibKO B pa3jiHMHbix paftoHax, H O H B npeAeJiax O A H O T O H 
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P H C . 3. PerwoHajibHwe (-4) H jioKajibHbie (6) cocTaBJiniomHe reo<pH3HrçecKHX npo<pHJieü: 
I — CoMajiHñcKafl KOTjiOBHHa; II — ApaBHñcKo-HHñHñcKHH xpeôeT; 
III — ApaBHHCKaa KOTjiOBHHa; IV — MaTepwtoBbiñ CKJIOH MH£OCTana 
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Toro íKe pañoHa. IlpH HajiwHHH C K P H T O H nepHOflHMHocTH aBTOKoppejinuH-
O H H a H ( p y H K U H H HBJIHCTCH 3 H a K O n e p e M e H H O H . P a C C T O H H H e MejKfly T O M K a M H 

nepexofla nepe3 Hyjib npnMepHo cooTBeTCTByeT nojioBHHe nepnofla (18]. 
Hanoojiee qeTKO BbipaweH nepHOflHMecKHñ xapaKTep aBTOKoppejiHUH-

C(r) 

P H C . 4. ABTOKOppe^HUHOHHbie (pyHKUHH: 
I, II, III, IV — npotpHJiH ( C M . pue. 2); 

/ — rJiyÓHHbi flHa OKeaHa; 2 — aHOMa^HH CHJIU THHíe-
C T H ; 3 — iwarHHTHbie aHOMajiHH 

OHHbix (pyHKUHH CoMajiHHCKOH K O T J I O B H H M , OTpawaiaiuHH onpeAC/ieHHyio 
p H T M H q H O C T b B MepeflOBaHHH (pOpM pejIbeCpa, a H O M a j I H H CHJIbl TH>KeCTH H 

HanpameHHOCTH MarHHTHoro nojin. PaccTOHHHe, Ha KOTopoiw cTaTHCTH^e-
C K a H CBH3b B 3Ha'HHTejIbHOH M e p e T e p H e T C H — K03(p(pHUHeHT KOppeJIHUHH 

yMeHbmaeTCH O T 1,0 npnMepHo A O 0,3, — oóbmHo Ha3biBaeTca paanycoM 
aBTOKoppejiHUHH. ABTOKoppejiHUHOHHbie (pyHKUHH pcnbeipa flHa H aHOMajiHH 
CHJibi TH)«ecTH nofloÓHH, HMeiOT oflHH H T O T x e pa^nyc KoppejiHUHH, paB-
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Hblfi 8 KM. HeCKOJIbKO ÓOJIblIie paflHyC KOppejIHUHH MarHHTHblX aHOMajIHÍÍ, 

OH paBeH 10 KM, KpOMe TOrO, BHA (pyHKUHH CBHfleTe^bCTByeT O HeCKOJIbKO 

HHOH nepHOAH^HOCTH B MepeflOBaHHH aHOMaJIHH. 
ABTOKoppeJiHUHOHHbie (pyHKUHH ApaBHHCKO-HHflHHCKoro xpeÓTa xapaK-

TepH3yK3TCH 6bICTpbIM 3aTyXaHHeM, pa3JlHqHHM OÓJIHKOM H HH3KOH KOppe-

jiHUHeii Ha 3HaqHTejibHbix paccTOHHHax. E m e MeHee KoppejinpoBaH pe/ibe<p 
AHa, pa^Hyc KoppejiHUHH Bcero 4 KM, a 3HaqeHHH aBTOKOppeJiHUHOHHoii 
(pyHKUHH He npeBbiujaioT 3a nepBbiM MHHHMyMOM ±0,3. Pa/iHyc KOppejIH
UHH MarHHTHblX aHOMaJIHH COCTaBJIHCT 7 KM, a rpaBHTaUHOHHblX — 9 KM. 

IloKajiyñ, Hanôojiee nepnoAHnecKHM B npeAejiax xpeÔTa ocTaeTCH H3MeHe-
HHe aHOMaJIHH CHJlbl TH>KeCTH. 

B ApaBHñcKoñ KOTJioBHHe aBTOKoppeJiHUHOHHan (pyHKUHH pejibetpa flHa 
HMeeT paflHyc KoppejiHUHH OKOJIO 6 KM. Paanyc KoppejiHUHH rpaBHTaunoH-
Hbix aHOMa^Hñ eme MeHbiue — OKOJIO 4 KM. Pajinyc KoppejiauHH M a m H T -
Hbix aHOMaJIHH paBeH 10 KM. 

H a MaTepHKOBOM CKJIOHe HHAOCTaHa aBTOKOppeJIHUHOHHbie (pyHKUHH 

pejibe<pa H rpaBHTauHOHHbix aHOMajinñ c nonpaBKofl 3a yroji uexny npo-
CTHpaHHeM CTpyKTyp MaTepHKOBoro cKJi»Ha H HanpaBJieHHeM npo(pHJi5i 
HMeiOT paflHyc KoppejiHUHH OKOJIO 3 H 6 KM cooTBeTCTBeHHO, a paAHyc Kop-
pejIHUHH MarHHTHblX aHOMaJIHH OKOJIO 9 KM. 

HacTOTHan xapaKTepncTHKa jioKajibHbix aHOMajiHñ MO>KeT 6wTb nojiy-
MeHa nyTeM npeo6pa30BaHHH KoppejiHUHOHHbix (pyHKUHft B cneKTpajibHbie 
npn noMOiUH (popMyjibi 

m 

Pk = ^VCxr cos ^L, 
m ¿J m 

rfle 

„ _ i O , 5 n p H & = 0 , k = m 

\ 1 np« 0 < ¿ </rc. 

CneKTpajibHbie «pyHKUHH npeACTaBjieHbi Ha pnc. 5. ,H,oBepHTejibHbie 
npeaejibi AJIH paccMOTpeHHbix npo(pHjieñ H S M C H H I O T C H O T 12,6—2,0 KM A O 

11,5—2,6 KM. 
B CoMajiHHCKOH KOTJioBHHe B cneKTpax npeoôjiaaaeT O A H H H C T K H H 

M a K C H M y M , KOTOpblH AJIH peJIbetpa H rpaBHTaUHOHHblX aHOMaJIHH CBH38H C 

(popMaMH npoTHJKeHHOCTbio MeHee 50 KM, a AJIH MarHHTHbix aHOMajiuñ c 
nepHOflHHHOcTbio 50—55 KM. X U a conpHKeHHbix MaKCHMyMa rpaBHTauHOH-
Hbix aHOMaJIHH H rjiyÓHH O T H O C H T C H K (popMaM pejibetpa npoT-nrceHHOCTbio 
OKOJIO 26 KM. 

HaHÓojiee C J I O K H H cneKTpu B npeaejiax ApaBHHCKO-HHAHñckoro xpeñ-
Ta, ocoóeHHO cneKTp npo<pHJin JioKajibHbix HepoBHOCTeft pejibe<pa, K O T O -
pblñ HMeeT TpH M a K C H M y M a , COOTBeTCTByKHUHe (pOpMaM npOTH>KeHHOCTbK) 

47, 23 H 12 KM. Hanôojiee 3HaMHTejibHbie no BejiH^HHe aHOMaJIHH CHJibi T H -
jKecTH HMeiOT nepnoAH'iHocTb 50 KM H , no-BHAHMOMy, conpa>KeHbi c MaK-
C H M y M O M OTKJIOHeHHH pejlbe(pa. riepBblH M a K C H M y M MarHHTHblX aHOMaJIHH 

no cpa'BHeHHK) c rpaBHTaunoHHbiMH aHOMajiHHMH H pejibeípOM CMemeH B 
OÔJiaCTb BbICOKHX tiaCTOT H OTHOCHTCH K AJIHHe BOJIHM npHMepHO 37 KM. 

B ApaBHHCKOH KOTJIOBHHe C HeÔOJIbUIHMH KOJieÔaHHHMH TJiyÔHH H rpa
BHTaUHOHHblX aHOMaJIHH B HX CneKTpaX BblAEJIHlOTCH JIHIlIb ABa HeÔOJIblIIHX 
MaKCHMyMa. ,H,JIH pejibetpa nepBbifi O T H O C H T C H K (popMaM npoTH>KeHHOCTbio 
45 KM, BTopoñ Bbipa^eH oneHb cjiaóo H xapaKTepeH AJIH (popM npoTH>KeH-
HocTbK) 25 KM, a AJIH rpaBHTauHOHHbix aHOMajikñ xapaKTepeH AJIH nepno-
AHHHOCTH 58 H 22 KM COOTBeTCTBeHHO. M a K C H M y M MarHHTHblX aHOMaJIHH 

O A H H H xapaKTepeH AJIH nepHOAa 60 KM. 
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7050 251015 rO 

P H C . 5. CneKTpajibHbie (pymuiHH. ycjiOBHbie o6o3HaqeHHH Te we, m o H Ha pue. 4 

CneKTpbi aHOMajiHH CHJIH T H ^ B C T H H iviyÔHH AJIH MaTepHKOBoro CKJIO-
Ha nojioÔHbi H c yneTOM nonpaBKH 3a yroji Me>Kay npocTHpaHHeM ¡viaTepu-
KOBoro CKjroHa H HanpaBJieHHeM npocpHJin HMeioT leTKO Bbipa>KeHHbiñ Maií-
CHMyM jinn <popM pejibecpa H rpaBHTauHOHHbix anoMZjmk npoTHJKeHHOdbio 
OKOJio 40 KM. B cneKTpe MarHHTHbix aHOMajinñ npeoÔJia^aeT O A H H qeTKO 
Bbipa>KeHHbIH M a K C H M y M , OTHOCHUÍHHCH K JIOKajIbHblM aHOMajIHHM npOTJI-
JKeHHOCTbK) OKOJIO 57 KM. 

BbiHBjieHHbie B pe3yjibTaTe npoBeaeHHoro aHajiH3a CTaracTHKecKiie 
xapaKTepncTHKH no3BOJiHK)T Sojiee onpeaejieHHo cyAHTb o npnpoAe aHOMa-
jiHH rpaBHTauHOHHoro H MarHHTHoro nojieñ H 06 O C H O B H M X pejibetpooôpa-
3yromHx (paKTopax B oKeaHe. B qacTHOcra, leTKo nponB^aromnecH B crjia-
«eHHbix perHOHajibHbix MarHHTHbix aHOMajinnx ApaBHHCKo-HHAHHCKoro 
xpeÓTa OTpimaTejibHbie aHOMajiHH c aMnjiHTVAon A O —150 y (B cpe^HeM 
—82 y) M O > K H O cBH3aTb c no/i,i>eMOM n30TepMbi T O H K H KropH noA CpeAHH-
Ho-OKeaHHHecKHMH xpeÔTaMH. 3 T O xopouio noflTBep>K/i,aeTCH H pac^eTaMH 
rjiyÓHH 3ajieraHHH H H > K H H X K P O M O K MarHHTOB03MymaromHX Ten. ECJIH H H > K -
HHe K p O M K H MarHHT0B03MymaH3mHX Tejí B r/iyÔOKHX KOTJIOBHHaX OKeaHOB 

pacnoJiararoTCH Ha nnyÔHHax 30 KM H ôojiee, T O noA CpeAHHHo-OKeaHHqe-
C K H M H xpeÔTaMH rjiyÓHHbi H H > K H H X K P O M O K yMeHbiiiaroTca no 10 KM H Me-
Hee [7]. 

MacTOTHaa KoppejiHima MarHHTHbix H rpaBHTauHOHHbix aHOMajiHH, a 
Taione pejibeipa AHa KaK HaA rjiyôoKHMH K O T J I O B H H 3 M H , TaKH naaCpeAHHHO-
ÛKeaHHqecKHM xpeÔTOM H MaTepHKOBHM CKJIOHOM noAKpenjiHeT Tomty 3pe-
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HHH Tex HocjieAOBaTeneñ, KOTopwe cmrraroT T I P H M H H O H nepHOflmmocTH Mar-
HHTHfaix aHOMajiHH B oKeaHax He qepe,a,OBaHHe y^acTKOB c npHMoft H o6par-
H O H HaiwarHHqeHHOCTbK) [20], a, CKopee, CTpyKTypHbie HeoflHopoflHpcTH 
38MHOH KOpbl H BepXHeH MaHTHH [7]. 

ConocTaBJieHHe cneKTpOB rpaBHTau,HOHHwx H MarHHTHbix aHOMajiiift 
pa3JiHqHfcix MOAejieñ co cneKrpaMH Ha6jno,n,aeMbix rpaBHTauHOHHbix H Mar-
HHTHbix aHOMajiHH no3BOJiHT ôojiee onpeAejieHHo cyjwrb o dpopiwe, pa3Me-
pax H rjiyÔHHe 3ajieraHHH aHOMajioo6pa3yiomHX Tejí. 

Bee pacMeTH ÔWJTH BbinojiHeHH Ha 3 B M « M H H C K » H M - 2 0 no npo-
rpaMMaM, cocTaBJieHHHM B r A H L U M r y H B HHCTHTyre OKeaHOJiornn 
AH CCCP. 

A B T O P H 6jiaroAapHT B. n . FlaHTejieeBa, M . y. CarHTOBa H A. XL 3 M -
nojibCKoro 3a ueHHbie coBeTbi H oócy^AeHHe paôoTH. 
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Reprinted from CUTT. Sci., vol. 39, no. 2, 1970, p. 30-32 

DISTRIBUTION OF NICKEL IN T H E MARINE SEDIMENTS OFF T H E 
W E S T COAST OF INDIA 

P. S. N. MURTY, CH. M . RAO* AND C. V. G. REDDY* 
National Institute of Oceanography, Panjim (Goa), India 

I ^ H E distribution of trace elements and the 
•*• possible factors influencing them in tha 
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. 

20' 

10 

8 

• 
' » • • -

0»BOMBAY 
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••• > 

VjRATNAGIRI 

\ KARWAR 

65CH 
>5* 

\ MANCALORE 
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66if" 
|67' 
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\ QUILON y 

70" 72° 74" 76° 78* 
FIG. 1. Map showing the station locations. 

The marine sediments fringing the west coast 
of India exhibit texturally, chemically and 
mineralogically certain well.-defined distribu
tion patterns. The inner shelf (upto 20 fms.) 

* F r o m the branch establishment of National Institute 
of 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 B o m b a y the shelf is covered for a greater 
part by fine-grained sediments. Studies on 
the organic matter (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 B o m b a y and Karwar 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 (Hi) 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 Sandel5 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 
' U N I C A M ' spectrophotometer S P 500. 

Table I gives the contents of nickel, organic 
carbon, iron, manganese and calcium carbonate 
along with the depths from where the samples 
were collected. In order to understand the 
nature of relationship existing between nickel 
and other parameters analysed, correlation 
coefficients1 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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TABLE I 

Stn. 
No. 

638 
639 
640 
641 
642 
643 
645 
656 
654 
653 
652 
651 
650 
657 
658 
659 
660 
661 
671 
670 
669 
668 
667 
666 

Depth 

13 
17 
19 
19 
26 
38 

250 
10 
25 
32 
42 
55 

110 
10 
17 
23 
43 

105 
13 
14 
17 
23 
32 
46 

Nickel 
in 

ppm 

40 
36 
24 
33 
45 
29 
34 
53 
30 
25 
19 
20 
27 
27 
:jl 
16 
28 
22 
38 
34 
3:t 
38 
12 
33 

Concentration of 

Organic 
carbon 
in % 

1-59 
1-48 
1-14 
1-41 
1*86 
2-48 
6-24 
2-24 
1-21 
1-25 
2-00 

2'20 
2-57 
2-83 
2-73 
2-38 
2-17 
2-93 
3-90 
2-98 
2-62 
2-76 
2-45 
3-73 

Calcium 
carbonate 

in % 

2-5 
41-5 
39-0 
22-5 
20-0 
32-0 
30-0 

0-0 
0-0 
0-0 

42-0 

0-0 
50-1 

4-0 
7-0 

24-0 

28-5 
0-0 
0-0 

17-0 
J2-0 
16-0 
3-8 

Manga
nese 
in % 

0-077 
0-072 
0-064 
0-055 
0-037 
0-028 
0-009 
0-055 
0-058 
0-046 
0-029 

0-017 
0-027 
0-045 
0-037 
0-032 
0-033 
0-0.19 
0-03! 
0-028 
0-030 
0-020 
0-020 
0-014 

Iron 
in 
% 

3-65 
2-5 
2-3 
4-50 
1-55 
1-60 
2-15 
3-55 
2-20 
1-90 
0-20 

0-40 
0-30 
3-6ñ 
3-65 
1-95 
1-75 
2-75 
5-10 
4-25 
4-30 
4-85 
3-9 
3-00 

Note : Values of manganese and calcium carbonate 
are borrowed from Murty et al.2 and Nair et al.3 

respectively. 

obtained in respect of nickel a n d iron in rela
tion to depth along each section are given in 
Table II. A careful examination of the data 
permits the following generalizations : 

N a m e of the section 

Off B o m b a y 
Off Karwar 
Ort Mangalore 
Off Cochin 

TABLE II 

f-value for nickel 

- 0 - 1 9 
- 0 - 4 6 
- 0 - 2 6 
- 0 - 3 9 

/•-value for iron 

-0-6"> 
- 0 - 5 2 
- 0 - 7 2 
- 0 - 3 8 

r for manganese has not been calculated as it is 
clearly evident from the data that it 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 
a m o n g the fine-grained sediments, the sedi
ments off B o m b a y , 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. It does 
not show any relationship with organic carbon. 

(Hi) A negative relationship exists between 
nickel and both calcium carbonate and depth 
of sampling. 

Kraus-kopf8 m a d e an extensive study of the 
factors controlling the concentration of several 
trace elements in sea-water including nickel. 
H e investigated in detail four processes for 
the removal of these elements namely (t) preci
pitation of insoluble compounds with 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 Hirst*» 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 m a y be probably removed permanently 
from sea-water under conditions of low redox 
potential w h e n 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-water is greatly 
under-saturated with 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. p H measurements carried 
out by R a o and M a d h a v a n 1 3 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 m a y 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) elope regions has been attributed by 
Murty et al. (loe. 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 m u c h of 
the organic matter and (Hi) the preservation 
of organic matter in the slope sediments under 
oxygen poor waters. The organic carbon does 
not show any relationship with 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, 
(in) slow rate of deposition and (iv) 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 E S 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 with 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 hydrographie conditions in 
the shelf region being similar along the dif-

T A B L E III 

N a m e of the section 

Off Bombay 

Off Karwar 

Off Mangalore 

Off Cochin 

Station N o . 

638 

642 

656 
652 

657 

659 

661 
671 

669 

666 

M n O content 

0-05 

O-03 

0-04 

0«03 

0-02 

0-01 

0-02 

0*02 

0'01 

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. 
It is quite possible that nickel m a y also ba 
simultaneously getting fixed up in the sedi
ments by this process. Thus while this process 
m a y 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-water 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 m a y 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 m a y be scavenging 
the nickel from the waters. The relatively 
stronger correlation observed with iron than 
with manganese in the sediments of this section 
supports this surmise. 
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DISTRIBUTION OF ORGANIC MATTER IN THE MARINE 
SEDIMENTS OFF T H E W E S T COAST OF INDIA* 

by P. S. N . MTTB.TY,t C. V. G. R E D D Y and V. V. R. VABADACHAKI, 

National Institute of Oceanography, Ernakulam 

(Communicated by N . K . Panikar, F.N.I.) 

(Received 11 July 1968) 

Organic matter has been estimated in sediment samples collected from the 
continental shelf and slope regions along five sections normal to the coast off 
B o m b a y , 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 matter 
while the sediments in the region in between are relatively poor in their 
organic matter content. The regional distribution of organic matter 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 I O 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 B o m b a y and Quilon. 

MATERIALS AND METHODS 

Samples of bottom, sediments from the shelf and slope regions were collect
ed along five sections normal to the coast between B o m b a y and Quilon (Fig. 1) 
using L a Fond-Dietz snapper and a gravity corer during the 25th and 26th 
cruises of I N S Kistna 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 m a y 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 at the symposium on Processes and products of sedimentation held at 
Waltair in December 1966. 

t Present address: National Institute of Oceanography, Miramar, Panjim, Qoa. 

Collected reprints of the International Indian Ocean Expedition, vol. VIII, contribution no. 649 741 
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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 °0 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 k n o w n quantity of chromic acid and determining 
the amount of acid consumed by titration against ferrous a m m o n i u m 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 m u d s collecting not far from land is 
undoubtedly partially of terrestrial origin and consequently the organic matter 
of these sediments is likely to have a ligno-protein with a high carbon content 
just as the soils '. 

RESULTS 

Organic 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 
organic 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. S o m e of the salient features in the distribution of organic 
content of the sediments based on a study of these data are presented here. 

1. O n 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 B o m b a y as com
pared to other areas. 

D I S C U S S I O 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 . Station No. 
Depth in 

fathoms 

Type of 

sample 

Sediment 

level in 

inohes 

Texture 
% Organic 

matter 

Off Bombay 

1 

Off Karwar 

638 

639 
640 

641 

642 

643 
645 

10 
11 
12 

13 

14 

656 

655 

654 
653 
652 

661 

650 

13 

17 
19 

19 

26 

38 
250 

10 

12 

32 
42 

55 

110 

corer 

snapper 
corer 

9> 

snapper 
corer 

f» 

tr 

snapper 

corer 

M 

»> 

0-4 
4-8 
8-12 
0-4 
0-4 
4-8 
8-12 
0-4 
4-8 
8-12 

12-16 
16-20 
0-4 
4-8 
8-12 

12-Jü 
10-20 
20-24 
0-4 
0-4 
4-8 
8-12 

12-16 
16-20 
20-24 

0-4 
4-8 
8-12 

12-10 
16-20 
20-24 
24-28 
0-4 
4-8 
8-12 

12-16 
0-4 
0-4 
0-4 
4-8 
8-12 

12-16 
16-20 
20-24 
0-4 
'4-8 
8-12 

12-16 
0-4 
4-8 
8-12 

12-16 
16-20 
20-24 
24-28 

Silty clay 

() 
>> 

Silty sand 
Sandy clay 

>> 
» 

Silty clay 

»> 
5» 

»» 
It 

it 

Jt 

if 

,, 
,, 
,, 
,, 

Clayey silt 
»s 

>> 

JJ 

" 

1* 

Si 

J} 
„ 
,j 

)J 

Silty clay 

»» 
»» 
j» 

Silty sand 

*t 

f> 

}9 
99 
11 

t» 

>J 

1» 

11 

11 

99 
Clayey sand 

>> 
»» 
99 
»> 
>) 
)» 

1-92 
1-94 
1-73 
0-24 
0-89 
1-43 
1-07 
1-73 
1-01 
0-95 
1-73 
1-91 
3-15 
2-91 
2-74 
2-97 
2-97 
2-91 
0'89 

11-12 
9-52 
7-79 
9-12 
7-61 
7-67 

3-81 
2-50 
4-45 
4-39 
3-86 
3-7G 
3-31 
3-45 
3-39 
2-56 
2-09 
0-83 
0'88 
0-95 
1-42 
1-31 
1-19 
0-98 
0-88 
1-49 
2-14 
2-02 
1-49 
3-69 
2-43 
1-90 
1-55 
1-37 
1-49 
1-31 
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T A B L E I— (concild.) 

Serial K o . Station N o . 
Depth in 
fathoms 

Type of 
sample 

Sediment 
level in 
inches 

Texture 
% Organic 

matter 

Off Mangalort 

16 657 

16 

29 

30 
31 
32 

33 

668 

17 

18 

19 

Off Ooehin 
20 
21 
22 
23 
24 
26 

OffAtteppty 

26 

27 

28 

669 

660 

661 

671 
670 
669 
668 
667 
666 

673 

672 

674 

675 

676 
677 
678 

679 

10 

17 

23 

43 

106 

13 
14 
17 
23 
32 
46 

9 

10 

20 

27 

29 
85 

250 

370 

corer 

>t 

i> 

>i 

n 

snapper 
»» 
99 

99 

J» 

>> 

corer 

i» 

»? 

>9 

snapper 
99 

corer 

>9 

0-4 
4-8 
8-12 

12-16 
0-4 
4-8 
8-12 

12-16 
16-20 
20-24 
0-4 
4-8 
8-12 
0-4 
4-8 
8-12 
0-4 
4-8 
8-12 

0-4 
0-4 
0-4 
0-4 
0-4 
0-4 

0-4 
4-8 
8-12 
0-4 
4-8 
8-12 
0-4 
4-8 
8-12 

12-16 
0-4 
4-8 . 
8-12 
0-4 
0-4 
0-4 
4-8 
8-12 
0-4 
4-8 
8-12 

Clayey silt 
99 

1» 

»> 
99 

IS 

99 

SÏ 

J> 

Silty sand 
»» 
>» 

Clayey sand 
»» 
» 

Silty sand 
» 
J9 

Silty clay 
Silty sand 

SI 

»> 
99 

Silty clay 

Clayey silt 
» 
9) 

Silty olay 
>» 
» 

Silty sand 
» 
9* 

9t 

9> 

»> 
J> 

» 
f* 

» 
9> 

í> 

11 

3-93 
4-70 
3-75 
4-04 
4-40 
3-33 
3-83 
3-33 
1-96 
1-96 
1-78 
1-43 
1-01 
1-90 
1-78 
1-49 
3-15 
2-65 
2-83 

3-80 
0-24 
0-89 
1-19 
1-07 
1-71 

4-69 
4-88 
3-45 
4-52 
3-35 
3-45 
1-96 
1-61 
1-91 
1-77 
1-19 
1-07 
1-84 
1-31 
2-44 
5-34 
4-94 
2-91 
5-04 
5-17 
3-86 

supply of organic 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 
organic 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 et al. 1959; Bamamri tham and Jayaraman 1960; Varada-
chari and Sarma 1964; Gangadhara Reddy and Sankaranarayanan 1966), not 
m u c h 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 during different seasons (Subrahmanyan 1959; Gogate 
1960; Sudarshan 1964; R a m a m u r t h y 1965). The high organic content of 
the waters could, therefore, be explained on this basis. 

A n 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 
B o m b a y , 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 slope sediments 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 m a y account for the high organic 
content in these sediments. Hydrographie 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 organic matter, 
deposited in them, by oxidation. 

The fine-grained sediments off the B o m b a y coast contain a lesser amount 
of organic matter when compared with the sediments of similar texture in 
other sections. The reason for this m a y have to be sought in the different 
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set of conditions obtaining off the B o m b a y coast. A n y 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 m a y 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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Recent foraminifera from off 
Pentakota, east coast of India 

ABSTRACT 

A study of the foraminiferal 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 7 0 - c m . core taken 
from a depth of about 1 50 meters in the 
same area consists of oolitic sediments In 
the lower 45 c m . and silty clays in the 
upper 25 c m . The oolitic sediments of the 
core abound in shallow-water w a r m -
water benthonic fossils. A comparison of 
the faunas in the core and in the surface 
sediments of the sea floor is m a d e , 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 
of the sediments of the modern time 
surface is divided into three depth zones, 
ranging from 0 to 1 5 meters, from 1 5 to 
4 0 - 4 5 meters, and greater than 4 0 - 4 5 
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. 

INTRODUCTION 

Our knowledge of the foraminifera in the bottom sediments of the Bay of 

Bengal is limited to a few investigations hear the mainland of India and 

the islands scattered nearby. The earliest investigations were confined 

to the southern end of the Bay of Bengal, where it opens out into the 

Indian Ocean. Carter worked on specimens dredged up from the Gulf of 

Mannar, while Dakin recorded 131 species of foraminifera from the Gulf 

of Mannar off the coast of Ceylon, according to Ganapati and Satyavati 

(1958). Gnanamuthu (1943) listed 47 littoral species from near Krusadi 

Island in the Gulf of Mannar. 

Ganapati and Satyavati (1958) were the first to report on the foraminifera 

of the continental shelf sediments off the east coast of India. They 

identified 103 species grouped into 65 genera and 23 families. Ganapati 

and Sarojini (1959) m a d e a quantitative study of the foraminifera of the 

same samples of sediments on which Ganapati and Satyavati worked 

earlier, and reported the presence of another 57 species. Basing their 

species identifications mainly on the work of Ganapati and Satyavati 

(1958) and Ganapati and Sarojini (1959), Subba Rao and Vedantam 

(1968) reported the distributional pattern of foraminifera in the sediments 

across the shelf off Visakhapatnam on the east coast of India. 

Bhatia and Bhalla (1964) described and illustrated 14 species of 

foraminifera from the shore sands at Puri, 400 k m . north of Visakha

patnam. Ghose (1966) collected Asterorotalia trispinosa from the 

Digha beach about 350 k m . north of Puri and m a d e a detailed statistical 

study of the species. Bhalla (1968) reported 16 species from the Visa

khapatnam beach sands. Raghothaman of Madras University (personal 

communication) has identified more than 100 species of foraminifera 

from the beaches of Madras State. M a n y species, however, are found to 

be c o m m o n in these various reports. 

The present investigation concerns the distribution of the foraminiferal 

populations of the continental shelf off Pentakota, a town located about 

60 k m . northeast of the northernmost mouth of the Godavari River on 

the east coast of India. The populations are compared with those from a 

core sample in the Holocene sediments of the same area to discover 

possible correlations and any reflection of change in environmental 

conditions since the populations in the lowest part of the core were 

buried. 
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T A B L E 1 
Characteristics of the sediments and waters of the Indian continental shelf off 
Pentakota. Samples collected April 22, 1953. 

T E X T - F I G U R E 1 

Sample locality m a p . showing the western margin of the Bay of 

Bengal from Pentakota to Kakinada and the delta of the Godavan 

River. 

METHODS OF STUDY 

Eight samples of surface sediments were collected from 
the continental shelf off Pentakota on April 22, 1953, 
with the La Fond-Dietz snapper type of sampler by the 
staff of the Department of Geology, Andhra University, 
Waltair, India. A core of about 70 c m . in length w a s 
obtained in August, 1964, by M . Subba Rao, one of the 
authors, during the 18th Scientific Cruise conducted 
under the auspices of the Indian National Committee on 
Océanographie Research ( INCOR) during the Inter
national Indian Ocean Expedition Program. Station 
locations are shown in text-figure 1. 

In his earlier studies of these sediment samples, one of 
the authors (M. Subba Rao) oven-dried them at 80°C. 
They were subsequently treated overnight with 0.025 N 
sodium hexametaphosphate solution and washed on a 
230-mesh sieve having openings of 0.063 m m . The 
sand-sized material retained on the sieve w a s dried and 
screened into different size fractions by shaking in a 
nest of sieves arranged on the Wentworth scale and 
fitted on a Ro-Tap. These well-preserved size fractions 
have been used in the present study for evaluating 
faunal differences and distributional patterns of indi
vidual species. Because of this limitation, no total 
population counts could be m a d e , and so the frequency 
of the species in each sample is reported as very abun
dant, abundant, c o m m o n or scarce. 

STATION 
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B O T T O M 67 
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34-77 

34.16 
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The 7 0 - c m . core w a s sampled at the top and bottom, 
and also at points 10. 25. 30, 40, 50 and 60 c m . from the 
top of the core. These samples are designated from top 
to bottom respectively as Pi, Pa, P3, P4 , Ps, Po, Pi. and 
Ps, the letter P standing for Pentakota. A n aliquot of 
5 g m . in weight w a s taken from each of these samples 
and treated in the same w a y as described in the fore
going paragraph. Total population counts are reduced 
to per gram weight of material. Percentage occurrence 
of each species is calculated and recorded. However, 
population counts in samples P3 and P7 are not included, 
as these samples do not register significant variations 
from the adjacent samples. 

SEDIMENT SAMPLES 

Sediment characteristics, such as sand, silt and clay 
ratios, and calcium carbonate and organic matter 
content, as well as the depths at which the samples 
were collected, are summarised in table 1. These data 
have been taken from the published papers of Subba 
Rao (1958,1960). The outer shelf sediments are richer 
in calcium carbonate than the silty clays of the middle 
shelf. Oolitic grains and foraminiferal tests account for 
most of the carbonate content. Organic matter content 
shows a progressive increase from the inner to the outer 
shelf. 

The coarse fraction of sample 301 contains mostly 
mineral grains, and these are followed in abundance by 
foraminifera. The rest of the fraction is composed of the 
shells and shell fragments of mollusks. Samples 3 0 2 -
304 do not contain m u c h coarse material, and the 
foraminifera are not abundant. In the coarser grades of 
sample 306, shells and shell fragments of mollusks and 
oolitic grains predominate over the other constituents, 
while in the finer grades foraminifera constitute more 
than 40 per cent of the total constituents. Sample 307 

326 

750 



contains 50 per cent shells and shell fragments of 
mollusks, 10 per cent globigerinids, 37 per cent ben-
thonic foraminifera and 2 per cent ooliths in the 1 -
Vz m m . size grade. The Ví-Vi m m . size grade contains 
40 per cent benthonic foraminifera, 34 per cent glo
bigerinids, 14 per cent shells and their fragments, and 
12 per cent ooliths. In the finer grades ooliths and 
broken fragments of globigerinids increase considerably 
in number. 

The top 25 c m . of the core consists chiefly of a dark-
grey clay, the bottom 45 c m . of a light-grey, calcareous 
clayey sand. Samples Pi and P2 of the core are 75 per 
cent silt and clay and 25 per cent sand-sized material, 
composed predominantly of foraminiferal tests. There 
are a few bivalves and their fragments. Ooliths are 
present in traces. 

In sample P3 the silt-clay content decreases consider
ably. Cream-coloured ooliths make their appearance in 
considerable numbers in all of the size grades. Ammonia 
beccarii occurs abundantly in the 1—V4 m m . size grade. 
In the size grades greater than 1 m m . , well-preserved 
mollusks and their fragments occur in s o m e abundance. 
However, the foraminiferal population in this sample is 
not recorded in the present study. 

In sample P4, cream-coloured ooliths increase in n u m 
ber, and Ammonia beccarii specimens are considerably 
reduced in number as compared with those in sample P3. 
Bryozoans are observed in the coarser grades. 

In sample P5 the cream-coloured and grey to dark-
coloured ooliths occur in equal abundance. 

Samples Ps-Pe contain the largest-sized material in the 
entire core. It consists of corals, calcareous tubes partly 
worn out, unidentified calcareous fragments, and 
mollusks and their fragments. More bryozoans are 
recorded in these samples than in the upper sections of 
the core. Grey to dark-coloured ooliths abound. 

Samples P4-Ps are composed of 80 per cent sand-sized 
material and 20 per cent silt and clay. 

In no part of the core, from top to bottom, are terrigenous 
mineral grains observed in the coarse fractions. 

SALINITY 

Data on the salinity of the surface waters (Satyana-
rayana Rao, M S . ) and on the temperature of both the 
surface and bottom waters (La Fond and Borreswara 
Rao, 1955) are also included in table 1. 

Surface salinity varied from 33.1%o to 34.77%o on the 
day w h e n the sediment samples were collected. The 
lowest value w a s recorded around the shelf edge, the 
highest at Station 306. Waters at Stations 303 -305 are 
flanked by waters of higher salinity on either side. At 

TABLE 2 

Seasonal salinity variations at different water depths in the Bay of Bengal off 
Waltair. 

M O N T H 

JANUARY 

FEBRUARY 

M A R C H 

APRIL 

MAY 

JUNE 

JULY 

AUGUST 

SEPTEMBER 

OCTOBER 

NOVEMBER 

DECEMBER 

SALINITY (%») AT A LEVEL OF 

SURFACE 

32.87 

32-71 

33-46 

33.30 

33.70 

33-30 

34-10 

33-70 

19-35 

17-48 

23.05 

26-46 

20 M -

33.54 

32.96 

34-04 

33-60 

33.90 

28.00 

26.Ol 

28.23 

7SM. 

33.95 

34.75 

34-IO 

33.91 

33.15 

IOO M-

34-30 

34-BO 

34-60 

34.SO 

I S O M . 

34-60 

34-50 

this time of the year the runoff from the Godavari River 
is at its low, and the inshore waters are affected more 
by upwelling (La Fond, 1957), which brings high 
salinity bottom waters to the surface inward of Station 
303. 

At Visakhapatnam, which is located about 90 k m . north 
of Pentakota, the salinity of the surface waters increases 
outward from the coast. It w a s found to range from 
18 .26% in the 0 - 1 0 k m . zone to 25.21%o in the 3 0 -
40 k m . zone in October, 1952. and from 33.78%0 to 
33.31%o in the same zones in March, 1953 (Ganapati 
and Murty, 1954). 

Varadachari ( M S . ) established the vertical salinity 
pattern of the waters at Visakhapatnam with the use of 
data obtained during October, 1 9 5 5 - M a y , 1956, and in 
September, 1957. A portion of his data relevant to the 
present study is reproduced in table 2. 

The surface salinity shows a very wide variation during 
the year, with the lowest values in October and the 
highest in July. The annual range of surface salinity 
reaches as high as 16.62%o. Such a large fluctuation is 
unusual for open-sea areas. However, the amplitude of 
the seasonal variation of salinity gradually decreases 
with depth, and the range becomes probably as low as 
1%o at a depth of 100 meters. The sudden and large drop 
in salinity taking place in September and October is 
associated with the flow of the southerly current bring
ing very dilute waters from the head of the Bay of 
Bengal. But these dilute low-salinity waters do not 
seem to influence significantly the salinity of waters at 
depths below 100 meters. 

A similar salinity pattern m a y be expected to prevail at 
Pentakota, too. 

TEMPERATURE AND CURRENTS 

O n the day w h e n the sediment samples were obtained, 
the temperature of the surface waters w a s found to 
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increase steadily from 81 °F in the inshore area to 84 "F. 
around the shelf edge. O n the other hand, the tempera
ture of the bottom waters decreased steadily from 
77 °F. at a depth of 25 meters to 56 °F. at a depth of 
200 meters. 

Based on data collected from October, 1952, to April, 
1953, a series of maps w a s constructed to show both 
the vertical and lateral thermal variations of the coastal 
waters in different seasons of the year (Rama Sastry and 
Balarama Murty, 1957, pp. 296-315) . The following 
information is obtained from these maps . 

1 ) The temperature of the bottom waters varies from 
81 °F. in October and November to 71 °F. in April at 
Stations 304 -305 , and from more than 65 °F. i.n October 
and November to 64 °F. in April at Stations 306-307 . 
Thus, the greatest temperature difference of 10°F. is 
located at Stations 304 -305 at depths of 7 0 - 1 0 0 
meters. 

2) It appears from the maps that in the Pentakota area 
the currents are directed northward all through the year 
and at all depths, except that the bottom currents at 
70 meters depth (Stations 304-305) are directed south
ward during the October to February period. 

FORAMINIFERAL FAUNA 

In the surficial sediments of the continental shelf off 
Pentakota, a composite foraminiferal fauna totaling 
85 benthonic species in 15 families and 13 planktonic 
species in 2 families w a s found, and most of the species 
were identified (table 3). Taxonomic notes on most of 
the specres are omitted, but eight species of the surficial 
sediments and 4 species in the core sample which are 
identified only at the generic level are described in an 
appendix and illustrated in three plates. At least one of 
these is a n e w species. 

Of the 15 benthonic families recognised, the Miliolidae, 
Buliminidae, and Rotaliidae are represented by the 
largest number of species in that order. Together, they 
account for 55 per cent of the benthonic species, while 
the Lituolidae, Ophthalmidiidae, Peneroplidae, Alveo-
linellidae, Calcarinidae and Cassidulinidae are repre
sented by only one species each. Whereas the miliolids 
dominate the inner shelf populations and the buliminids 
the outer shelf populations, the rotaliids are well dis
tributed over the entire shelf. 

The inner shelf and the outer shelf yield the highest 
number of species (50-60), while the middle shelf has 
the smallest number (30-40). It appears that the silty 
clays of the middle shelf support neither a rich variety 
nor an abundance of fauna. 
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Of the 85 benthonic species, six occur in great abun
dance in one sample or another : Nonion grateloupi, N. 
incisus, Bolivina vadescens, B. compacta, Amphistegina 
radíala and Hanzawaia concéntrica. Sixteen species 
occur in abundance, 26 in moderation and 37 sparingly. 

Of the 1 3 planktonic species. Globigerina conglomerata 
and Globigerinoides trilobus occur in great abundance 
in one sample or another; Globigerina bulloides. 
Globigerinoides ruber and G/obigerine/la aequilateralis 
occur in abundance ; Globigerina eggeri, G. hexagona. 
G. rubescens, Globigerinoides sacculifer, Globigerinita 
glutinata and Pulleniatina obliquiloculata occur in m o d 
eration ; and Sphaeroidinella dehiscens occurs sparingly. 

In the core, 89 benthonic species in 13 families and 
18 planktonic species in 2 families were identified 
(table 3). Of the 13 benthonic families, the Miliolidae, 
Buliminidae and Rotaliidae are represented by the lar
gest number in that order. Together, they account for 
64 per cent of the benthonic species found in the core, 
while the families Ophthalmidiidae, Peneroplidae, 
Amphisteginidae and Cassidulinidae are represented by 
only one species each. The miliolids, the nonionids, and to 
some extent the rotaliids are represented in rich variety 
at the bottom of the core, while the buliminids maintain 
their variety all along the length of the core. There is a 
gradual decrease in the diversity of the fauna from the 
bottom to the top of the core. While the bottom section 
of the core contains 67 species, there are only 24 species 
at the top of the core.The forammifera attain their greatest 
abundance in terms of the number of specimens in the 
middle sections of the core. The lowest number of 
specimens were recorded at the top of the core. Even 
though the middle section of the core is lithologically 
the same as the bottom section, the population is m u c h 
smaller in the latter. It is understandable that the popula
tion at the top of the core is very much diluted by the 
heavy load of sediment deposition. There emerges a 
striking relationship in which the population with the 
greatest number of specimens per gram weight of sedi
ment does not coincide with the population with the 
highest number of species. A similar relationship w a s 
observed off the west coast of Central America by 
Bandy and Arnal (1957). 

Only 3 of the 89 benthonic species occur in sufficiently 
great abundance to constitute more than 10 per cent of 
the total population in any one sample {Uvigerina 
peregrina, Bolivina vadescens and Ammonia beccarii), 
8 in sufficient abundance to constitute 5 - 1 0 per cent 
{Nonion grateloupi, Buliminella elegantissima, Bolivina 
spathulata, B. seminuda, B. compacta, Cancrís oblonga, 
Cassidulina laevigata and Hanzawaia concéntrica), 32 
in moderately significant numbers (1-5 per cent), and 
46 in traces (less than 1 per cent). 



T A B L E 3 

Distribution of foraminifera in the sediments of the Bay of Bengal off Pentakota. 

DISTRIBUTION IN THE C O R E O F B E N T H O N I C FORAMINIFERA 

K E Y : N U M B E R S REPRESENT P E R C E N T A G E O F E A C H SPECIES IN THE 
T O T A L B E N T H O N I C P O P U L A T I O N S . ™ 
5. INDICATES S C A T T E R E D P R E S E N C E (LESS T H A N 1 P E R C E N T } . 
PLANKTONIC A N D BENTHONIC P O P U L A T I O N S A R E C O M P U T E D 
S E P A R A T E L Y . 

S A M P L E N » . : 

DISTANCE O F S A M P L E F R O M THE T O P OFl 
T H E C O R E IN C M . 1 

T O T A L B E N T H O N I C P O P U L A T I O N S PER GM.l 
WEIGHT O F M A T E R I A L . J 

P E R C E N T A G E OF BENTHONIC IN T H E l 
T O T A L POPULATIONS. J 

LJTUOLJDAÇ 

1. HAPLOPHRAGMOIDES C A N A D E N S I S 

TEXTULARIIDAE 

a. TEITULARIA AGGLUTINANS 

3. T- CANDE1ANA 

4 . T. AFF. CANDEIANA 

5- T. FOLIÁCEA 

ft. T. MAVOni 

T. T. AFF. XERIMBAENSIS 

• • BlGENERINA NODOSARIA 

VERNEUILINIDA£ 

« CAUDRVINA TRIANGULARIS A N C U L A T A 

io. CLAVULINOIDES CF. APERTURA 

MiyOLtDAE 

II. quINQUELOCULINA AGGLUTINANS 

13. Q . VULGARIS 

1). q . AUBERIANA 

14- Q . BICOSTATA 

IS- Q . O B L O N G A 

16. Q . S C H L U M B E R G E R I 

17. Q . L A M A R C K I A N A 

IB a . AFF . L A M A R C K I A N A 

l«. Q. CANDEIANA 

aO- Q . SAGRAI 

IL Q - CUV1EH1AKA 

aa. Q . SCHREIBERSII 

î*. Q . RETICULATA 

34- Q - 5P. 

IS- MILIOLINELLA S U S R O T U N D A 

I*. SCHLUMBERGERI MA A L V E O U N I F O R W S 

37- MASSILtNA SP. 

aa- SPIROLOCULINA ARENARIA 

a«. s- C O M M U N I S 

SO- S . iNblCA 

31. S- C L A R A 

aa. s. DISPAR IL i* 

31. S . SP. 

34. SIGMOILINA TENUIS 

33. HAUERINA IN VOL UTA 

36- TRILOCULINA TRIGONULA 

37. T. TRICAR1NATA 

IB. T- AFF. BICARINATA 

39 T RUPERT Í AN A 

AO- T- O B L O N G A 

41. T. SP. A 

4a. T. SP- B 

43. T- SP- C 

44- ADELOSINA LAEVIGATA 

49' FLINTlNA B R A D V A N A 

46. ARtlCULINA SAGRAI 

Q P H T H A L M I D H D A E , 

47. OPHTHALMIDIUM SP. 

41- VERTEBRALINA STRIATA 

l„ A G E N 1 D A E 

4f. R O B U L U S LIMBOSUS 

SO- R. C A L C A R 

51. NODOSARIA CATE&BY1 

U . L A G E N A TENUIS 

S3. L. STRIATA 

54. L- SP. 

SS DEHTALINA VERTEBRALIS ALBATROSSI 

56. GLOBULINA GIBBA 

tJONlONIDAE 

57. N O N I O N G R A T E LOUPI 

5B. N. INCISUS 

99. N. T R A N S L U C E N S 

A O . CLPH1DIUM CRISPUU 

6). E. CRATICULATUM 

6a- E. M A C E L L U M 

63- E. DISCOIDALE 
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CAMER1N1DAE 

66. OPERCULINA A M M O N O I D E S 

47. O . CflANULOSA 

6B- O- BARTSCHI 

69- O - BARTSCHI V A R . O R N A T A 

70- OPERCULINELLA SP-

PENEROPLIDAE 

71. PENEROPLIS PERTUSUS 

7a. SORITES MARGINALIS 

ALVEOLINELLIDAE 

73. ALVEOLINELLA QUOYI 
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DISTRIBUTION IN S E A - F L O O R SURFACE 
SEDIMENTS O F B E N T H O N I C FORAMINIFERA 

K E Y : O C C U R R E N C E IS INDICATED BY 
VA: V E R Y A B U N D A N T ; A : A B U N D A N T ; 
c : C O M M O N ; S : S C A R C E . 
BENTHONIC AND PLANKTONIC P O P U L A 
TIONS A R E R E P O R T E D SEPARATELY. 
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DISTRIBUTION IN THE C O R E O F BENTHONIC FORAMINIFERA 

S A M P L E N * . 

DISTANCE OF S A M P L E F R O M THE TOP Of\ 
T H E C O R E IN C M . J 

BUUMINIDAE 

74. BULIMINA M A R G I N AT A 

75. a- AFFINIS 
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DISTRIBUTION IN S E A - F L O O R SURFACE 
SEDIMENTS OF BENTHONIC FORAMINIFERA 
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DISTRIBUTION IN T H E C O R E O F PLANKTONIC FORAMINIFERA 

K E Y : N U M B E R S REPRESENT P E R C E N T A G E OF E A C H 1PECIES IN THE 
TOTAL PLANKTONIC POPULATIONS. 
S. INDICATES S C A T T E R E D PRESENCE (LESS THAN 1 P E R C E N T ) . 
PLANKTONIC A N D BENTHONIC POPULATIONS ARE C O M P U T E D 
SEPARATELY. 
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DISTRIBUTION IN S E A - F L O O R SURFACE 
SEDIMENTS O F PLANKTONIC FORAMINIFERA 

K E Y : O C C U R R E N C E IS INDICATED BY 

C : C O M M O N ; 5: S C A R C E . 
BENTHONIC A N D PLANKTONIC POPULA
TIONS ARE REPORTED SEPARATELY. 
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T A B L E 4 
Restricted occurrence of foraminifera in the sediments of the Bay of Bengal off 
Pentakota. 

SPECIES RESTRICTED TO THE 
MODERN TIME SURFACE 

1 HAPLOPHRAGUOIDES CANADENSIS 

3. TEXTULARIA AFF. KERIMBAENSIS 
3- BIGENERINA NODOS ARIA 

4- QUINQUELOCULINA LAMARCKIANA 

S. Q. SAGftAI 

6. 0/ CUVIERIANA 

7. Q- RETICULATA 
8- UASSILINA SP. 

f. SPIROLOCULINA DISPARILIS 
IO- S. SP-

11- TBILO COLINA RUPERT IAN A 
13- ADELOSINA LAEVIGATA 

13 OPHTHALMID1UM SP. 
14- LAGENA TENUIS 

IS- DENTALINA VERTEBRAL IS ALBATROSS) 

16- SLOBULINA &1BBA 

17. ELPHIDIUM MACELLUM 

II- OPERCULINELLA SP. 

19- PENEROPLIS PERTUSUS 

SO. ALVEOLINELLA QUOYI 
si. spiRiLLiNA VIVÍPARA 

33. ASTERIGERINA SP. 

33. CALCARINA SPENGLERI 

34. CIBICIDES MARGARITIFER 

OCCUR
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KEY-OCCURRENCE IS INDICATED BVi 
A - ABUNDANT 
C - C O M M O N 
S - SCARCE 

SPECIES RESTRICTED TO THE CORE 
(HOLOCENE) 

1. TEXTULARIA AFF. CANDEIANA 

3. GAUDRVINA TRIANGULARIS ANGULATA 

3- CLAVULINOIDES CF. APERTURA 

4. QUINQUELOCULINA SCHLUMBEtCERl 

S- MILIOLINELLA SUBROTUNDA 
6- QUINQUELOCULINA CANDIIANA 

7. Q. SCHREIBERSI1 
t- SPIROLOCULINA ARENARIA 

9. HAUERINA INVOLUTA 

IO- TRILOCULWA TRIGONULA 
1 1. T- OBLONSA 

13. T- SP. A 

13. T- SP- B 
14- T. SP- C 
15 ART1CULINA 5AGRAI 

1*. VCHTEBRALINA STRIATA 
17. LAGENA STRIATA 

II- NONION TRANSLUCENS 

IS. ELPH1DWM HISP1DULUM 
SO- OPERCULINA BAATSCHI 

3). SORITES MAflGINALIS 

33. OEUSSCLLA ACULEATA 

33- AN6ULOGENINA ANGULOSA 
34. BOLIVINA SPINEA 

IS. LOXOSTOMUM CONVALLARIUM 

2b- N E O C O N O M I N A PAT 6 |_L If Oft Ml S 

37. R O T A D A C A L C A R 

at. et ROI 01 M A S O L D Á N II 

3t. GLOBIGERINA F A L C O N E N S I 5 

SO- GLOBIGERINITA U V U L A 

31. GL06IGERINOIDES C Q N C L O B A T U S 

33. G- SP-

33. O R B U L I N A UNIVERSA 

ST 
s 

c 

Of the 18 planktonic species, 9 occur in great abundance 
in one sample or another. 3 species in abundance 
(Globigerina uvula, Globigerinoides sacculifer and 
Pulleniatina.obliquiloculata). and 5 species in moder
ately significant numbers (Globigerina falconensis. 
Globigerinoides conglobatus, Globigerinoides sp., Glo-
bigerinella aequilateralisandSphaeroidinella dehiscens). 
Orbulina universa has a scattered occurrence. 

The total planktonic population reaches its zenith in the 
same section of the core as the benthonic population. 
Its numbers decline towards the bottom by 60 per cent, 
while toward the top the reduction in numbers is by 
50 per cent. But w h e n percentage occurrence of the 
planktonic specimens in the total population is con
sidered, they range from 11 to 15 per cent in the lower 
section, while in the upper section they range from 
36 to 37 per cent. 

A comparison of populations in the core with those in 
modern sediments reveals that, of a total of 131 species 
found in the area, only 74 species are c o m m o n to both 
the core and the modern sediments; 24 species, most 
of them having a scattered distribution, are restricted to 
the surface sediments; and 33 species, almost all of 
them occurring only in traces, are restricted to the core's 
Holocene sediments. The restricted occurrence of the 
species is illustrated in tables 4 and 5. 

Furthermore, the uppermost clayey section of the core 
contains 33 species, while the deepest surface sediment 
sample off Pentakota contains 57 species, even though 
both samples c o m e from about the same depth, the 
difference being that the core is located a few kilo
meters south of the Pentakota section. It m a y be noted 
that the deep-water sediments from corresponding 
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T A B L E 5 
Foraminiferal families in core and surface sediments. 

— 
1. LITUOLIDAE 

3. TIXTULARIIOAE 

3. VEHNCU1LINIDAE 

4- UILIOLIOAC 

S. O P H T H A L M t D U D A E 

• - L A G E N 1 DAE 

7- MONIOHIDAf 

• - CAMERINIDAE 

I PENEROPLIDAE 

IO- ALVEOLINELLIDAE 

11. BULIMINIDAE 

13. D O T A L IIDAE 

13- AUPHlSTCSINIDAC 

14 CALCARIHIDAC 

IS. C A S 51DUL INI DAE 

It. A N O U A LINIO AC 

B E N T H O N I C T O T A L : 

17 GLOBIGERINIDAE 

II. CLOBOROTALI1DAE 

PLANKTONIC T O T A L ! 

T O T A L P O P U L A T I O N S ; 

SPECIES R E C O R D E D 

IN THE ENTIRE A R E A 
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depths off Visakhapatnam north of Pentakota contain a 
m u c h larger number of species (Subba Rao and Vedan-
tam, 1968), and that sediments from south of Pentakota 
contain a m u c h smaller number of species. It is inferred 
that with the increasing influence of Godavari effluents 
toward the south, the richness and variety of the fauna 
declines, probably partly due to the low salinity caused 
by the influx of fresh water and partly due to the rapid 
sedimentation of large quantities of terrigenous materi
als. However, 29 of the 33 species found at the top of 
the core, the exceptions being Textularia aff. candeiana. 
Angulogerina angulosa and Rotalia calcar which are 
not found in the surface sediments, and Textularia 
foliácea which is represented only in the shallowest-
water sediment sample (301). are found to occur not 
only in sample 307 but also in other samples, with vary
ing depth ranges and abundance. 

DISCUSSION 

The continental shelf between Kakinada and Visakha
patnam is on an average about 50 kilometers wide. 
Only ephemeral rivers debouch into the sea on this part 
of the coast. The shelf does not seem to be indented by 
submarine canyons or valleys. This part of the shelf 
constitutes a distinct environment, for it differs from the 
shelf to the north, which is cut into by numerous sub
marine canyons (La Fond, 1964 ; Subba Rao et al.. 
1967), and also from the shelf to the south, which is 
covered by clays and silty clays formed by the deposi
tion of suspended particles discharged into the Bay of 
Bengal by the Godavari and Krishna Rivers. 

The outer part of the Visakhapatnam-Kakinada shelf is 
occupied by calcareous sediments, while the inner shelf 
at depths of less than 100 meters and the continental 
slope as well are occupied by clastic sediments. The 
calcareous sediments comprise ooliths, foraminiferal 
tests, and shells and shell fragments of other organisms, 
those of bivalves preponderating. Having considered 
the different aspects of these shelf sediments, Poorna-



chandra Rao (1957) and Subba Rao (1958; 1964. 
p. 85) concluded that the oolitic sediments and the 
detrital sands to their landward side were laid d o w n in 
an environment of lowered sea-level, probably in the 
final Pleistocene glacial stage, and that this zone of 
calcareous sediments, since the postglacial rise of sea-
level, has not as yet been masked by Recent deposition 
of terrigenous sands and m u d s coming either from the 
river mouths or from coastal erosion. Numerous obser
vations of ooliths forming in modern shallow waters, 
and the association between ooliths and shallow-water 
living foraminifera, s o m e of which are discoloured 
brown and replaced by grey to greenish-black material, 
were advanced as evidence of their original emplace
ment during low stands of sea level. Naidu (1968) 
reports an age of 10,800±55 years B.P. for a composite 
sample of calcareous ooliths and littoral shells taken 
from the core under study at a depth of 35 c m . from the 
top of the core. 

The calcareous sediments, which have their greatest 
spread off Visakhapatnam, are overlapped to the south 
by the Godavari sediments (Subba Rao, 1964, p. 79). 
Pentakota, which is located 60 k m . northeast of the 
mouth of the northernmost distributary of the Godavari 
River, marks the approximate southern limit of the cal
careous zone. 

The calcareous sediments of the outer shelf, where net 
deposition of clastic sediments is insignificant in the 
Recent, must have been reworked, especially by waves 
and currents during the storms which frequently rage 
over the Bay of Bengal. They are also subject to large-
scale contamination by the addition of planktonic debris 
and the remains of benthonic organisms that haveentered 
the area from time to time with the rising sea level. 
Studies by Ludwick and Walton (1957) of dead and 
living benthonic foraminifera from the shelf edge cal
careous prominences in the northeastern Gulf of 
Mexico, Walton's study of the livtng benthonic forami
nifera in Todos Santos Bay, Mexico (1955), and other 
similar studies (Phleger, 1960, pp. 99-102) indicate 
that m a n y fossil tests of shallow-water benthonic 
foraminifera which are observed in deeper waters are 
not those of living species. They concluded that these 
sediments were formed in an environment of a past 
lowered sea level. 

The sediment samples of the present study were not 
preserved in neutralised formalin, which, if it had been 
used, could help in distinguishing living foraminifera 
from the tests of dead individuals. Nor have investiga
tions of dead and living populations ever been reported 
from the area. Consequently, the occurrence of shallow-
water warm-water species in anomalous association 
with a deep-water fauna in the middle and outer shelf 

sediments (table 3) renders it difficult to work out a 
zonal pattern for the Recent foraminifera in the area. 
Their comparison with the core populations is equally 
beset with riddles for the reasons stated below. 

The lower part of the core (Ps-Pa), consisting of oolitic 
grains and possibly also of faecal pellets in abundance, 
m a y have been deposited in shallow w a r m waters 
about 11,000 years B.P. The upper part of the core, 
composed of silty clays, m a y have been deposited on a 
continuously deepening shelf immediately succeeding 
the oolitic sediments, or m a y have been deposited in 
the Recent, long after the cessation of oolitization pro
cesses and after the oolitic sediments had remained un
covered to be reworked over and again while the sea 
level w a s rising. However, the silty clays of the top of 
the core contain a shallow-water faunal element a m o n g 
which are Alveolinella quoyi, Quinqueloculina spp., 
Cancris oblonga and others which are discoloured 
brown, and Amphistegina radiata and Elphidium spp. 
which are replaced by dark-green material, probably 
glauconite. It is noteworthy that discolouring and re
placement are symptomatic of the reworked nature of 
sediments (Maiklem, 1967). 

That m a n y shallow-water living species are present in 
the core but absent in the surface sediments and vice 
versa m a y be attributed to their elimination during re
working of sediments by burrowing animals, evidence 
for which m a y be considered the presence in the sedi
ments of broken tests, sporadic frequency distribution 
of species, abnormally low numbers of foraminifera and 
large amounts of faecal pellets (Harman, 1964). H o w 
ever, the lowermost portion of the core is presumed to 
be unadulterated and to be typical of littoral sediments 
as they were originally laid d o w n . The proportion of re
worked material increases toward the top of the oolitic 
sediments. As the silty clays are deposited, ooliths, 
foraminiferal tests and other relict materials c o m e from 
the north where the relict calcareous sediments remain 
exposed and get mixed into them. The reworked grains 
can not c o m e from the south, for there they are buried 
deep under the Godavari sediments. 

It is significant that, of the 89 benthonic species in the 
core, only 4 m a d e their first appearance in the upper 
silty clays. 55 were confined to the lower oolitic part of 
the core, while 24 survived the drastically modified 
environmental conditions. 

Giving due consideration to these aspects of sedimenta
tion trends, an attempt has been m a d e to work out the 
faunal assemblages of the modern time surface at 
Pentakota. Initially, the foraminiferal populations in the 
séa-floor surface sediments at Pentakota (table 3) have 
been divided into 17 groups on the basis of their depth 
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ranges, and, similarly, the populations in the core have 
been divided into 14 groups according to their range in 
the core from the bottom upwards. 

Of the 17 groups of foraminiferal populations of the 
surficial sediments (table 6) , the first four groups in
clude species restricted to the inner shelf, groups V and 
VI those which extend to the middle shelf as well. 
Groups VII through X include such species as occur 
both on the inner shelf inward of 60 meters as well as on 
the outer shelf but are conspicuous by their absence on 
the middle shelf at depths of 6 0 - 9 0 meters in the area 
which is covered by silty clays. Groups XI to XIII 
include the species which are restricted to the outer 
shelf, groups XIV and X V those which ajso extend to 
the middle shelf, and group XVI those which range over 
the entire shelf. Group XVII embraces all species of 
sporadic occurrence without a specific pattern. 

In the core, first, species exclusive to each sample are 
listed (groups I—IV. table 7) . Secondly, species starting 
at the bottom of the core and extending upward to 
various levels are listed (groups V—VIII). Thirdly, 
species that range from the bottom to the top are listed 
(group IX). A n d finally, species of sporadic occurrence 
(group X) are listed, followed by those with very limited 
vertical ranges within the core (groups XI-XIV). 

Population distributions as n o w rearranged are correlat
ed and certain broad patterns m a y be recognised. 

Of the 10 species of group I (table 6) which are ex
clusive to sample 301 (depth : 25 meters), six are not 
represented in the core. They probably have entered the 
area in the modern environment. The remaining four are 
found to occur over a length of the lower part of the 
core. O n the other hand, of the 18 species exclusive to 
the lowermost section of the core (group I, table 7) , 
12 have not been observed in the surface sediments. 
However, living specimens of s o m e of these species, 
Miliolinella subrotunda and Elphidium hispidulum, for 
example, have been identified by T. Venkata Rao, a 
colleague of the authors, in the sediments of the lower 
reaches of a tidal stream at Pentakota. Obviously, the 
lowest portion of the core originally must have been 
deposited in waters shallower than 25 meters, possibly 
in surf and near-surf conditions, or even in a lagoonal 
environment. 

Of the 6 species of groups 11—V (table 6) having a depth 
range d o w n to 3 0 - 3 5 meters, Bigenerina nodosaria. 
Globulina gibba and Adelosina laevigata are not re
ported in the core. Schlumbergerina alveoliniformis and 
Elphidium discoidale have restricted occurrences in Pa 
and Ps respectively, while Triloculina aff. bicarinata 
ranges from Ps to Ps. They are all considered to be 
inner shelf species. 

332 

756 

Quinqueloculina sp. and Lagena sp. of group VI (table 
6), which are found d o w n to 100 meters in depth, are 
represented only at the bottom of the core. Their speci
m e n s at depths more than 35 meters, are therefore 
believed to be relict. Nonion incisus. which occurs in 
abundance at 4 0 - 1 0 0 meters in depth, has a restricted 
appearance in the core at Ps. Thus, Nonion incisus, 
which started in deeper waters, steadily moved into 
shallower waters and has n o w established itself on the 
inner part of the middle shelf. 

Of the 12 species of groups Vl -X (table 6) that occur in 
shallower as well as in deeper waters, Spiroloculina sp. 
and Elphidium macel/um are not represented in the core. 
Pseudorotalia schroeteriana and Flintina bradyana are 
restricted to the bottom of the core. Operculina a m m o -
noides and O. granulosa range from Ps to Ps, Textularia 
agglutinans ranges from Ps to P4, and Loxostomum 
lobatum has a limited range of Ps and Ps, while the 
occurrence in the core of Textularia candeiana. T. aff. 
candeiana, Quinqueloculina agglutinans and Elphidium 
crispum is irregular and sporadic. These are all well-
recognised shallow-water warm-water species, and 
therefore their specimens in the reworked outer shelf 
sediments are relict. 

Of the 17 species of groups XI-XIII (table 6) that are 
here found only at depths greater than 100 meters, 
Textularia aff. kerimbaensis, Quinqueloculina reticulata, 
Dentalina vertebralis albatross!, Operculinella sp., 
Peneroplis pertusus, Alveolinella quoyi, Asterigerina 
sp., Cal carina spengleri and Ci bieldes marga ri tifer are 
not found in the core. But these species are all well 
k n o w n for their restriction to shallow w a r m waters. Of 
the remaining 8 species, Operculina bartschi var. ornata 
and Cibicides cicatricosus are found only at the bottom 
of the core. These, together with the above nine species, 
obviously are not indigenous to the outer shelf, and 
their specimens, therefore, are relict in nature. Spiro
loculina clara is a late entrant into the area and definitely 
is an outer shelf species. Bulimina affinis and Bolivina 
seminuda, which are present in the core from Ps up
wards, and Buliminella elegantissima, Uvigerina pere
grina and Bolivina spathulata, which occur all along the 
length of the core, along with m a n y others originally 
invaded the shallow water and have continued to thrive 
at the same place in the increasingly favourable depths 
for their development. The virtual absence of detrital 
mineral grains in the coarse fractions of the core 
samples and the presence of less than 20 per cent silty 
clay suggest that the waters were clearer and probably 
more saline than those of corresponding depths at 
present, so that the species adapted to high salinity and 
deep water, especially the planktonic species, could 



T A B L E 6 
Forammiferal depth ranges on the continental shelf off Pentakota. 

K E Y - O C C U R R E N C E IS INDICATED BY:- VA: VERY ABUNDANT; A: ABUNDANT; C: C O M M O N ; S: SCARCE. 
*SPECIES ARE NOT KNOWN TO OCCUR IN THE CORE. 

STATION No.: 

DEPTH IN METRES: 

GROUP I 
1. TEXTULARIA FOLIÁCEA 

2. *QUINQUELOCULINA LAMARCKIANA 

3. Q- AFF. LAMARCKIANA 

4 - * Q . SAGRAI 

5- *MASSILINA SP. 

6. TRILOCULINA TRICARINATA 

7. *T . RUPERTIANA 

S. *OPHTHALMIDIUM SP. 

9. ELPHIDIUM CRATICULATUM 

IO. «SPIRILLINA VIVÍPARA 

GROUP II 
1. SCHLUMBERGERINA ALVEOLINIFORMIS 

GROUP m 
1 *BIGENER1NA NODOSARIA 

2. TRILOCULINA AFF. BICARINATA 

3. ELPHIDIUM DISCOIDALE 

GROUP IV 
1. 'GLOBULINA GIBBA 

GROUP V 
I. *ADELOSINA LAEVIGATA 

GROUP VI 
1. QUINQUELOCULINA SP. 

2. LAGENA SP. 

3. NONION INCISUS 

GROUP VII 
1. TEXTULARIA CANDEIANA 

2. T. MAYORI 

3. ELPHIDIUM CRISPUM 

GROUP VIII 
1. *SPIROLOCULINA SP. 

2. LOXOSTOMUM LOBATUM 

3. PSEUDOROTALIA SCHROETERIANA 

GROUP IX 
1. TEXTULARIA AGGLUTINANS 

2. FLINTINA BRADYANA 

GROUP X 
1 QUINQUELOCULINA AGGLUTINANS 

2. «ELPHIDIUM MACELLUM 

3. OPERCULINA AMMONOIDES 

4. O- GRANULOSA 

GROUP XI 
1- "QUINQUELOCULINA RETICULATA 

2. *DENTALINA VERTEBRALIS ALBATROSSI 

3. *OPERCULtNELLA SP. 

4- BULIMINA AFFINIS 

5. CtBICIDES CICATRICOSUS 

GROUP XII 
1. «TEXTULARIA AFF. KERIMBAENSIS 

2. SPIROLOCULINA CLARA 

3. »PENEROPLIS PERTUSUS 

4- *CALCARINA SPENGLERI 

30I 

25 

S 

C 

S 

s 
s 
s 
s 
s 
s 
s 

s 
C 

s 

s 

s 

A 

s 
s 

s 
s 
s 

s 
s 
A 

s 
C 

A 

C 

A 

C 

302 

46 

s 

C 

A 

S 

S 

? 

? 

? 

VA 

S 

S 

c 

A 

S 

303 

54 

S 

S 

s 
s 

VA 

C 

304 

64 

s 

S 

s 
VA 

306 

96 

S 

S 

A 

S 

S 

s 

s 
s 

c 
c 
s 
s 

s 
c 
s 
s 

307 

156 

STATION Ne.: 

DEPTH IN METRES '• 

GROUP XIII 
1. OPERCULINA BARTSCHI VAR. ORNATA 

I 2. *ALVEOLINELLA QUOYI 

| 3- BULIMINELLA ELEGANTISSIMA 

H 4. UVIGERINA PEREGRINA 

| S. BOLIVINA SPATHULATA 
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6- B. SEMINUDA 

7 *ASTERIGERINA SP. 

S. *CIBICIDES MARGARITIFER 

GROUP XIV 
1. ROBULUS CALCAR 

2. CASSIDULINA LAEVIGATA 

3. QUINQUELOCULINA AUBERIANA 

4. SIGMOILINA TENUIS 

5. NODOSARIA CATESBYI 

GROUP XV 
1. ROBULUS LIMBOSUS 

2. BULIMINA MARGINATA 

3. UVIGERINA PROBOSCIDEA 

4. CASSIDELLA BRADYI 

S. BOLIVINA ROBUSTA 

GROUP XVI 
1. QUINQUELOCULINA VULGARIS 

2. Q. OBLONGA 

3- * Q - CUVIERIANA 

4- SPIROLOCULINA COMMUNIS 

S. S- INDICA 

6. NONION GRATELOUPI 

7. BOLIVINA VADESCENS 

8. B- COMPACTA 

9. DISCORBIS AUSTRALIS 

10- AMMONIA BECCARII 

II. AMMONIA BECCARII VAR. TEPIDA 

12. A. PAPILLOSA 

13. ASTEROROTALIA TRISPINOSA 

14- CANCRIS OBLONGA 

IS. CIBICIDES LOBATULUS 

16. HETEROLEPA DUTEMPLEI 

17. HANZAWAIA CONCÉNTRICA 

18. QUINQUELOCULINA BICOSTATA 

19. ELPHIDIUM STRIATOPUNCTATUM 

20- AMMONIA AFF. PAPILLOSA 

21. AMPHISTEGINA RADIATA 

GROUP XVII 
1. *HAPLOPHRAGMOIDES CANARIENSIS 

2. «SPIROLOCULINA DISPARILIS 

3. *LAGENA TENUIS 

4. TRIFARINA BRADYI 

S. BOLIVINA SP. 

6. EPONIDES SUBORNATUS 

SOI 

25 

A 

C 

S 

c 
S 

c 
s 
c 
s 
A 

c 
c 
s 
s 
c 
A 

A 

A 

C 

C 

VA 

S 

S 

302 

46 

C 

S 

c 
s 
c 

A 

S 

A 

S 

S 

C 

C 

A 

S 

A 

S 

A 

A 

S 

C 

S 

VA 

? 
S 

A 

? 

C 

303 

54 

S 

S 

S 

s 
s 

s 
s 
c 
s 
? 

c 
s 
c 
s 
s 
A 

c 
VA 

s 
A 

C 

C 

s 
s 
s 
s 

VA 

C 

c 
s 
s 

s 
s 

s 
c 
s 

304 

64 

S 

s 
9 

? 
? 

S 

s 
c 
5> 

A 

C 

S 

S 

s 
s 

VA 

VA 

C 

s 
c 
s 
s 
s 
s 
s 
s 
A 

S 

? 
? 
S 

S 

306 

96 

S 

S 

s 
A 

s 
S 

S 

A 

c 
S 

c 
s 
c 

c 
s 
s 
s 
c 

c 
s 
s 
s 
s 
c 
A 

A 

S 

C 

S 

s 
s 
c 
c 
s 
A 

S 

S 

s 
VA 

S 

s 

307 

156 

S 

S 

c 
s 
c 
s 
s 
c 

s 
c 
s 
A 

C 

C 

s 
A 

s 
A 

S 

S 

S 

s 
S 

A 

VA 

VA 

S 

C 

s 
c 
s 
c 
c 
s 
A 

C 

c 
c 

VA 

S 

c 
s 
s 



T A B L E 7 
Foraminiferal 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-

SPECIES 

GROUP I 
1. «QUINQUELOCULINA SCHLUMBERGERI 

2. "MILIOLINELLA SUBROTUNDA 

3. «QUINQUELOCULINA CANDEIANA 

4- * Q - SCHREIBERSII 

S. *SPIROLOCULINA ARENARIA 

6- FLINTINA BRADYANA 

7. *VERTEBRALINA STRIATA 

8- *LAGENA STRIATA 

9- *NONION TRANSLUCENS 

IO- ELPH1DIUM DISCOIDALE 

1 1. E. STRIATOPUNCTATUM 

12. »E. HISPIDULUM 

13. *OPERCULINA BARTSCHI 

14. O. BARTSCHI VAR. ORNATA 

IS- «SORITES MARGINALIS 

16- «NEOCONORBINA PATELLIFORMIS 

17. AMMONIA BECCARM VAR. TEPIDA 

IS- PSEUDOROTALIA SCHROETERIANA 

GROUP II 
I. OUINQUELOCULINA AFF. LAMARCKIANA 

2; SPIROLOCULINA INDICA 

3. «TRILOCULINA SP. A 

4. *T. SP. C 

5. *ARTICULINA SAGRAI 

6. LAGENA SP. 

GROUP III 
1. *GAUDRYINA TRIANGULARIS ANGULATA 

2. SCHLUMBERGERINA ALVEOLINIFORMIS 
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GROUP IV 
1 NONION INCISUS 
21 *ANGULOGERINA ANGULOSA 
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GROUP V 
IT OUINQUELOCULINA SP-

2- *HAUERINA INVOLUTA 

3; «TRILOCULINA TRIGONULA 

4. ELPHIDIUM CRATICULATUM 

S- «BOLIVINA SPINEA 

6. CIBICIDES CICATRICOSUS 

GROUP VI 
1 OUINQUELOCULINA AUBERIANA 

2. SPIROLOCULINA COMMUNIS 

3. TRILOCULINA AFF. BICARINATA 

4- * T . OBLONGA 

5- ROBULUS CALCAR 

6- OPERCULINA GRANULOSA 

7. OPERCULINA AMMONOIDES 

8- BOLIVINA SP. 

Pi 

s 

s 

1 

1 

s 

s 

Pfl 

1 

s 

1 

s 

s 

s 

s 

s 

P6 
s 

s 

1 

s 

s 

s 

Pft 

s 

s 

s 

1 

s 

s 

2 

Ps 

s 

s 

s 

s 

s 

s 

s 

2 

SPECIES 

GROUP VII 
1- TEXTULARIA AGGLUTINANS 

2. QUINQUELOCULINA VULGARIS 

3- Q. BICOSTATA 

4- Q- OBLONGA 

S- TRILOCULINA TRICARINATA 

6. *REUSSELLA ACULEATA 

7. ASTEROROTALIA TRISPINOSA 

8- DISCORBIS AUSTRALIS 

9- *GYROIDINA SOLDANII 

IO. CIBICIDES LOBATULUS 

GROUP VIII 
1- BULIMINA MARGINATA 

2. AMPHISTEGINA RADIATA 

GROUP IX 
1. ROBULUS LIMBOSUS 

2. NONION GRATELOUPI 

3. BULIMINELLA ELEGANTISSIMA 

4. UVIGERINA PEREGRINA 

5. TRIFARINA BRADYI 

6- BOLIVINA VADESCENS 

7- B- SPATHULATA 

8- B- ROBUSTA 

9- B- COMPACTA 

IO- AMMONIA BECCARM 

1 1- A- PAPILLOSA 

12. A- AFF- PAPILLOSA 

13. CANCRIS OBLONGA 

14. CASSIDULINA LAEVIGATA 

IS. HANZAWAIA CONCÉNTRICA 

16. SIGMOILINA TENUIS 

17. NODOSARIA CATESBYI 

IB. UVIGERINA PROBOSCIDEA 

19. HETEROLEPA DUTEMPLEI 

GROUP X 
1. TEXTULARIA CANDEIANA 

2.»T- AFF. CANDEIANA 

3. T. FOLIÁCEA 

4- QUINQUELOCULINA AGGLUTINANS 

S. ELPHIDIUM CRISPUM 

6-*ROTALIA CALCAR 

GROUP XI 
1. *CLAVULINOIDES CF. APERTURA 

2.«TRILOCULINA SP. B 

3. LOXOSTOMUM LOBATUM 

4-*L. CONVALLARIUM 

GROUP XII 
1. TEXTULARIA MAYORI 

GROUP XIII 
1. SPIROLOCULINA CLARA 

GROUP XIV 
1. BULIMINA AFFINIS 

2. CASSIDELLA BRADYI 

3. BOLIVINA SEMINUDA 
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invade waters m u c h shallower than their normal 
habitat. 

Of the five species of group XIV (table 6) which occur 
at depths of more than 50 meters, Robulus calcar and 
Quinqueloculina auberiana are represented only in the 
lower half of the core, while Cassidulina laevigata, 
Sigmoilina tenuis and Nodosaria catesbyi occur all 
along the length of the core. Thus, the former two are 
relict in the outer part of the outer shelf, the latter three 
being deep-water species. 

The five species of group X V (table 6) , Robulus lim-
bosus, Bulimina marginata, Uvigerina proboscidea, 
Cassidella bradyi and Bolivina robusta are present 
virtually all along the core, although their absence in 
sample 301 is conspicuous. Probably they need a little 
higher salinity and clearer water with less turbulence. 
These m a y be reckoned as species of the middle and 
outer shelf. 

Of the 21 species of group XVI (table 6) that are found 
in all of the surface sediment samples, and of the 
19 species of group IX (table 7) that occur along the 
entire length of the core, only 9 species (Nonion 
grateloupi, "Bolivina vadescens, *B. compacta. Am
monia beccarii, **Ammonia papulosa, *A. aff. papulosa, 
'Cancris oblonga, *Heterolepa dutemplei and *Hanza-
waia concéntrica occur in all samples of both sets. 
Species marked with a single asterisk increase in 
numbers toward the top of the core, just as they increase 
in numbers out to sea, while species marked with a 
double asterisk s h o w a reverse relationship. Reduction 
in numbers of the latter group's specimens m a y be a 
result of their movement into shallower waters as the 
postglacial sea level rises and/or their partial destruc
tion during the reworking of the sediments. Nonion 
grateloupi behaves the same w a y throughout, probably 
thereby showing its tolerance of large fluctuations in 
ecological factors. Ammonia beccarii is represented by 
a large number of specimens at the bottom of the core. 
Its numbers are reduced in the middle section, attain 
their peak in sample P3 (not recorded in the tables), and 
toward the top of the core again dwindle considerably. 
It is most abundant in shallow-water sediments of the 
modern time surface. Its abundance, no matter where 
it is found, indicates shallow-water environment at the 
time of deposition. 

"Quinqueloculina vulgaris (P8-P4), * Q . oblonga (P%-
P 4 ) , 'Spiroloculina communis (Ps-P5), Discorbis 
austra/is, *Ammonia beccarii var. tepida (PB) , 'Astero-
rotalia trispinosa, **Quinqueloculina bicostata (P8-P4), 
Elphidium striatopunctatum (Ps), "Amphistegina radí
ala (Ps-Pz), Cibicides lobatulus (Ps-P4) and Spiro
loculina indica (Pe) have limited ranges of occurrence 

in the core. It must be emphasized that the species 
marked with a single asterisk occur in abundance in 
shallow water but are very m u c h reduced in number in 
deep water. They are altogether absent in the upper half 
of the core. Either they must have developed tolerance 
for deep water or their specimens on the outer shelf are 
relict. Species marked with a double asterisk have a 
peak of abundance in shallow water and another in 
deep water. Like the first group of species, these are 
also not represented in the upper half of the core, with 
the exception of Amphistegina radiata. These species 
could rightly be included in group IX (table 6) but for 
their anomalous occurrence in the intermediate samples, 
too. It m a y safely be assumed that these are inner shelf 
species and that their specimens on the outer shelf must 
be treated as relict. 

Of the 6 species of group XVII (table 6) , which occur 
sporadically, Haplophragmoides canariensis, an inner 
shelf species, Spiroloculina. disparilis, apparently a 
middle and outer shelf species, and Lagena tenuis, a 
middle shelf species, are not seen in the core, and they 
m a y have first appeared in the modern shallow waters. 
Trifarina bradyi is a species with a wide range of occur
rence. Bolivina sp. (Ps-Ps) must be considered as 
relict. Eponides subomatus is an outer shelf species, 
and, like Spiroloculina clara, is a late entrant into the 
area. 

Of the 18 planktonic species found in the area, 
Globigerina falconensis, G/obigerinita uvula, Globiger-
inoides conglobatus, G. sp. and Orbulina universa are 
not found in the surface sediments. The other 13 species 
are abundant in the outer shelf sediments but occur in 
different ways in the core. Globigerina falconensis, 
G. eggeri, G/obigerinita uvula, Globigerinoides saccu-
lifer, G. conglobatus, Globigerinella aequilateralis. 
Orbulina universa and Sphaeroidinella dehiscens occur 
in their greatest abundance at the bottom of the core. 
Globigerina bulloides, G. hexagona, Globigerinoides 
trilobus and G/obigerinita glutinata occur abundantly in 
the middle section of the core. Globigerina rubescens, 
Globigerinoides sp., and Pulleniatina obliquiloculata 
occur in increasing frequencies toward the top of the 
core. Globigerina conglomérala, Globigerinoides ruber, 
and Globorotalia menardn have higher frequencies of 
occurrence both at the top and at the bottom of the core. 

G/obigerinita glutinata occurs in the lagoon and in the 
areas open to the ocean (Todd, 1 961 ). Globigerinoides 
ruber and G. saccu/ifer are also described as lagoonal 
species (Phleger, 1960, p. 183). The former's abnor
mally high frequency of 29 per cent in Pe and the high ' 
frequency of occurrence of the latter two in Pa suggest 
lagoonal conditions at the time w h e n samples Ps-Pe 
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were being deposited. However, the presence of other 
planktonic species in the lower part of the core in 
association with a shallow-water warm-water fauna 
indicates that the area w a s part of open ocean, probably 
with a reef complex along the coast, and that there w a s 
not m u c h deposition of terrigenous sediments. 

SALINITY, TEMPERATURE AND CURRENTS 

A s the salinity of the bottom waters of the shelf off 
Pentakota does not change appreciably from season to 
season, it m a y be presumed that it does not control the 
development of foraminifera. The silty clays of the shelf 
at depths of 4 0 - 1 0 0 meters, rich in organic content, are 
overlain with waters which undergo wide fluctuations 
in temperature through different seasons of the year. 
Furthermore, this is the zone where the bottom currents 
flow southward, instead of northward as at all other 
depths. These sediments contain the populations lowest 
both in variety and abundance. Thus, temperature 
appears to control the distribution of the fauna more 
than the other ecological factors do. 

ORGANIC rilATTER OF SEDIMENTS 

Populations are smallest on the shelf at depths of 3 0 -
70 meters, where the sediments are silty clays and clays. 
These silty clays are richer in organic content than the 
shoaler-water sediments. In the outer shelf sediments, 
the planktonic foraminifera far outnumber the ben-
thonic, particularly w h e n the relict benthonic specimens 
are disregarded The sediments of the outermost shelf 
are therichest in organic content, and yet their ben
thonic populations are not as abundant as those of the 
coastal sands and sand-silt-clay sediments, which are 
the poorest in organic matter in the area. While its fine
grained nature and rapid deposition favour the preserva
tion of organic matter in the middle and outer shelf 
sediments, its consumption by large communities of 
organisms in the coastal sediments m a y partly account 
for lower organic matter content in the latter than in the 
former. Furthermore, the silt-laden, relatively cold, 
fresh water of the Godavari River, spreading along the 
coast northward and out into deeper water in a north
east direction (Rama Sastry and Balarama Murty, 1957) , 
its silt content settling out, probably at a rapid rate, 
along its path, seems to exert an inhibiting effect on the 
benthonic foraminifera. 

LITHOLOGY OF SEDIMENTS 

There appears to be a fair degree of correlation between 
benthonic populations and the nature of their sub
strates, sand-silt-clay sediments supporting popula
tions greater both in variety and in abundance than the 
silty clays and clays. The unimpressive number of 
arenaceous specimens associated with any kind of sub-
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strate, except for a few species like Textularia candeiana, 
T. foliácea, Bigenerina nodosaria and Quinqueloculina 
agglutinans, is significant. It m a y partly be due to their 
elimination during the laboratory treatment of the 
samples with sodium hexametaphosphate. Even so, 
some samples which were disaggregated without the 
addition of chemicals do not yield arenaceous speci
mens in appreciable numbers. Either they were de
stroyed during the drying of the samples (Phleger, 1960. 
p. 38) . or they were not abundant originally. This 
problem needs further investigation. 

In the relict sediments, where arenaceous material is 
very scanty, the question of arenaceous tests being 
noticeably present does not arise. However, the species 
Textularia agglutinans and Quinqueloculina agglutinans 
successfully m a d e use of the finer oolitic grains in 
building their tests. It is possible that certain other 
species of arenaceous habit could also make use of the 
finer oolitic grains in test-building. This possibility also 
needs further investigation. 

It appears that, in general, the sites of active sedimenta
tion, especially of silty clays and clays, do not favour the 
profuse development of foraminifera, except for a few 
specialised species which can adapt themselves with 
relative ease to such hostile environments. At any rate, 
this seems to be the situation on the Visakhapatnam-
Kakinada shelf. 

GEOGRAPHICAL PROVINCES 

Cushman (1948) divided the Recent warm-water 
foraminiferal fauna of the world into four main geo
graphical provinces and considered the Bay of Bengal 
as constituting a part of a zone which contains a mix
ture of the East African and Indo-Pacific faunas. Bhalla 
(1968, p. 389) recorded such a mixed fauna from the 
beach sands of Visakhapatnam. The foraminiferal 
assemblages off Pentakota also include elements of 
both the Indo-Pacific and East African geographical 
provinces. The relative abundances of the elements of 
the fauna from these two geographical realms in the 
foraminiferal assemblages of the continental shelf off 
the east coast of India will be discussed in a forth
coming publication. 

CONCLUSIONS 

With the elimination from consideration of the relict 
faunal elements of the outer shelf and, to s o m e extent, 
of the middle shelf, the living foraminiferal population 
can be divided into three distinct depth zones, or faciès, 
the first ranging from 0 to 1 5 meters in depth, the second 
from 1 5 to 4 0 - 4 5 meters, and the third consisting of 
depths greater than 4 0 - 4 5 meters. 



Faciès 1, sands 

Depth : 0 - 1 5 meters. Temperature : 85 °-79 °F. 

Quinqueloculina schlumbergeri. Q. candeiana, Q. 
schreibersii, Miliolinella subrotunda, Spiroloculina aren
aría. Vertebra/ma striata. Lagena striata, Nonion trans-
lucens, Elphidium hispidulum, Operculina bartschi. 
Sorites marginalis and Neoconorbina patelliformis are 
restricted to this zone. The following species present in 
the faciès continue in the next faciès also (temperature : 
85°-74°F.): 

Triloculina tricarinata, Elphidium craticulatum, Oper
culina ammonoides and O. granulosa. 

The following species which are present in this zone 
extend m u c h deeper into the silty clays of faciès 3 - A 
(temperature : 85 °-64 °F.) : 

Textularia agglutinans, Quinqueloculina n. sp.. Tri
loculina aff. bicarinata, Flintina bradyana, Lagena sp., 
Elphidium discoida/e and Pseudorotalia schroeteriana. 

Facias 2, sand-silt-clay 

Depth : 15 to 4 0 - 4 5 meters. Temperature : 83°-74°F. 

Textularia candeiana, T. foliácea, T. mayori, Quinque
loculina agglutinans. Q. lamarckiana. Q. aff. lamarcki-
ana. Q. sagra i, Massilina sp., Triloculina ruperuana, 
Ophthalmidium sp., Elphidium crispum, £ macellum 
and Spiri/lina vivípara are restricted to this faciès. 

The following species which make their appearance in 
this zone extend a little seaward beyond this zone : 

Bigenerina nodosaria, Spiroloculina sp. and Loxo-
stomum lobatum. 

The following species which also make their appearance 
in this zone extend m u c h deeper into the succeeding 
silty clay faciès, and these m a y be treated essentially as 
middle shelf species: 

Adelosina laevigata and Globulina gibba extend d o w n 
to 60 meters in depth, and Nonion incisus extends d o w n 
to a depth of 90 meters. 

Quinqueloculina vulgaris, Q. ' bicostata, Q. oblonga, 
Q. cuvieriana, Spiroloculina communis, S. indica. 
Elphidium striatopunctatum, Discorbis australis, Astero-
rotalia trispinosa, Amphistegina radiata and Cibicides 
lobatulus are abundant in faciès 1 and 2 but extend 
deeper in m u c h less abundance. 

Faciès 3 -A , silty clays 

Depth : greater than 4 0 - 4 5 meters. Temperature : 82 °-
64 °F. or even lower. 

Sigmoilina tenuis, Robulus limbosus, Nodosaria cates-
byi, Bulimina marginata, Uvigerina proboscidea. Cassi-
della bradyi, Bolivina robusta, Eponides subornatus 
and Cassidulina laevigata. 

Facias 3 - B , silty clays 

Depth : greater than 80 meters. Temperature : 82 °-64°F. 
or even lower. 

Spiroloculina clara, Bulimina affinis, Buliminella ele-
gantissima, Uvigerina peregrina, Bolivina spathulata 
and B. seminuda are restricted to this zone. 

Nonion grateloupi. Ammonia beccarii, A. beccarii var. 
tepida, A. papulosa, A. aff. papulosa and Heterolepa 
dutemplei s h o w a wide range of distribution, but they 
are more abundant in the inner shelf sediments. 

Bolivina vadescens. B. compacta and Cancris oblonga 
also s h o w a wide range of distribution, but they be
c o m e more abundant in the outer shelf sediments. 

Hanzawaia concéntrica is uniformly distributed over the 
entire shelf. 

Other conclusions drawn from this study are : 

1 ) Sites of active deposition of fine-grained terrigenous 
materials do not support large populations. 

2) Organic content of the sediments does not appear 
to control faunal development. 

3) Wide fluctuations in temperature of the bottom 
waters of the middle shelf inhibit population growth in 
the area. 

4) The low salinity, the relatively cold water and the 
sediments of the Godavari River reach the shelf off 
Pentakota and tend to inhibit the populations. 

5) The oolitic sediments and the associated shallow-
water warm-water foraminifera forming the lower part 
of the core suggest that the shore line stood 11,000 
years ago at not less than 100 meters below the present 
sea-level. 

6) As the postglacial sea level rose, the water where 
the core sample w a s taken deepened steadily, resulting 
in the elimination of many shallow-water warm-water 
species. But certain species, finding themselves at more 
favourable depths, and finding' the waters richer in 
nutrient salts added from the land to the postglacial 
rising sea, multiplied their numbers manyfóld. Eco
logical factors should have induced certain deep-water 
species, including the planktonic species, to enter the 
shallow waters from the then offshore regions. 

7) The oolitic sediments lay exposed until the Godavari 
sediments reached as far north as the shelf off Penta
kota and covered them. Before they had been buried 
under the terrigenous sediment cover, they were re
worked and considerably contaminated with the faunal, 
assemblages of postglacial origin. 

It is realised that, in the absence of quantitative data on 
populations in sediments of specific volume, and in the 
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absence of studies on living foraminifera, the faunal 
assemblages presented should be considered as only 
approximate. It is also realised that many species which 
occur sparingly have been unduly overemphasized as 
indicators of environment. Nevertheless, this paper 
presents, in the opinion of the authors, a fairly depen
dable approximation to the true conditions. W h e n more 
detailed studies are undertaken in the future, some of 
the species are bound to be recognised as typical zone 
guides. It is hoped, however, that the zonal pattern 
described above m a y help in the reconstruction of the 
paleogeography and in identifying the Late Tertiary 
shore lines, the recognition of which is very important 
in our quest for oil in the Bengal Basin and other 
Tertiary basins along the east coast of India. 
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APPENDIX 
Taxonomic notes on species identified to the generic level 

Quinqueloculina sp. 

Plate 1. figure 1 

Description: The suboval test is slightly longer than 
broad and is subtriangular in apertural view. Five quin-
queloculine chambers, four exposed on one side of the 
test and three on the other, are visible externally. The 
arcuate chambers are longer than broad and are broad
est in the middle, becoming narrower towards the ends. 
The depressed sutures are indistinct in some specimens 
but in the majority are distinct. The periphery is highly 
rounded. The thick porcellaneous wall is polished and 
shining, and is ornamented with numerous evenly 
arranged longitudinal costae upon each of which a row 
of very sharp'to somewhat blunt conical spines is 
present. A large circular aperture is situated at the end of 
a short neck, and has a thick lip and a thick simple tooth, 
broadening distally and sometimes projecting slightly 
above the lip. 

Dimensions: Length 0.5 m m . , breadth 0.48 m m . ' , thick
ness 0.3 m m . 

Distribution: Present sparingly in a majority of the sur
face sediment samples. 
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Remarks: The species has some resemblance to Q. 
seminulum but differs from it in having very prominent 
ornamentation. 

MassMna sp. 

Plate 1, figure 2 

Description: The nearly oval test is almost three times as 
long as broad, quinqueloculine in the early stages, later 
with the chambers added in one plane, in side view sub-
rounded, and narrow in end view. The last two c h a m 
bers are half of a coil in length and equally broad 
throughout, the last chamber projecting at either end of 
the test. The distinct sutures are depressed. Periphery 
rounded. Wall smooth. Aperture elongate, at the end of 
a neck of moderate length, and usually with a simple 
tooth. 

Dimensions: Length 1.3-1.5 m m . , breadth 0.35 m m . , 

thickness 0.28 to 0.35 m m . 

Distribution: Present only in sample 301 in traces. 

Spiroloculina sp. 

Plate 1, figure 3 

Description: The oval to subcircular test is about 1 % to 
114 times as long as broad, slightly biconcave in the 
later stages, and laterally compressed. The two ends 
project slightly. The chambers are longer than broad, 
arcuate, and equal in breadth from one end to the other. 
The later chambers rapidly increase in size. The edges of 
the last two chambers stand out slightly above the pre
ceding chambers. A n external arenaceous layer is 
present on the final chamber. The chamber's thickness 
increases from the inner margin to near the outer. The 
depressed sutures are indistinct in the initial stages but 
distinct in the later stages. The broad periphery is con
cave with angular edges. The porcellaneous wall is 
opaque and rough due to the presence of minute pits. 
The circular aperture has a short cylindrical neck, a lip, 
and a short blunt tooth. 

PLATE 1 
1 Quinqueloculina sp. 

x 130. a, c, opposite side views ; b, apertural view. 

2 Massilina sp. 
x35 . Side view. 

3 Spiroloculina sp. 
* 1 3 0 . a, side view; b, apertural view. 
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Dimensions: Length 0.85 m m . , breadth 0.65 m m . , 
thickness 0.17 m m . 

Distribution: Present in surface sediments only (samples 
301, 302 and 307). 

Remarks: The initial chambers are completely covered 
with fine, pitted calcareous material, and the final 
chamber is covered with an arenaceous layer. But for 
these differences this species is quite similar to Spiro-
loculina costifera C u s h m a n . 

Triloculina s p. A 

Plate 2 , figure 1 

Description: The elongate test is about two times longer 
than broad and subtriangular in apertural view. Three 
triloculine chambers, three exposed on one side of the 
test and two on the other, are visible externally. The 
gently curved chambers are longer than broad and are 
nearly equal in width from one end to the other. The 
middle chamber is centered well above the other two 
chambers. The slightly depressed sutures are somewhat 
indistinct. The periphery is subrounded. The thick cal
careous wall is polished and shining, ornamented with 
numerous slightly raised longitudinal costae inclined to 
the longer axis of the test and curving into the inner side 
of the chambers. These costae are not distinct on the 
earliest chamber visible. The aperture is a large and wide 
slitlike opening cutting into the chamber on both sides. 
Tooth absent. 

Dimensions: Length 1.1 m m . , breadth 0.54 m m . , thick
ness 0.25 m m . 

Distribution: Present only in the lower section of the 
core. 

Remarks: The species is somewhat similar to T. oblonga 
and T. rupertiana. but differs from the former in the 
absence of any tooth and in having surface ornamenta
tion, and from the latter in the absence of pitlike sur-
ficial ornamentation. 

Triloculina sp. B 

Plate 2, figure 2 

The suboval test is slightly longer than broad and has 
three externally visible triloculine chambers. Triangular 
in apertural view. The arcuate chambers are longer than 
broad, broadest at the middle, and highly inflated. 
Sutures distinct and depressed. Periphery subrounded 
or blunt. The thick calcareous wall is dull. Aperture a 
triangular to subcircular opening with a long broad 
tooth bifid at the end. 

Dimensions: Length 0.62 m m . , breadth 0.54 m m . , 
thickness 0.54 m m . 
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Distribution: Present in traces in the core samples Ps 
and Pe. 

Remarks: The species differs from Triloculina trigonu/a 
in the position of the aperture. 

Triloculina sp. C 

Plate 2, figure 3 

Description: Test in the adult with three visible c h a m 
bers, subglobular in shape, nearly equal in length, width 
and thickness. All three chambers appear on one side of 
the test and only two on the other side. Chambers 
slightly longer than broad, bean-shaped and equal in 
width from one end to the other. The sutures are de
pressed and indistinct. The peripheral angles are 
rounded. The thick calcareous wall is dull and in s o m e 
cases ornamented with faint longitudinal costae. The 
aperture is circular with a broad bifid tooth. 

Dimensions: Length 0.45 m m . , breadth 0.45 m m . , 
thickness 0.45 m m . 

Distribution: Present only in the core sample Pe. 

Remarks: Very close to T. insignis, but the costae are not 
so strong as in T. insignis, and the aperture is very broad 
with the tooth occupying almost all of the area. 

Ophthalmidium sp. 

Plate 2, figure 4 

Description: Test planispiral, evolute, circular, m u c h 
compressed, consisting of a globular semitransparent 
proloculum, followed by a second chamber forming two 
coils, followed by chambers relatively shorter in length, 
gradually becoming a half coil in length in the final 
stage. Chambers nearly circular in transverse section. 
Depressed sutures somewhat indistinct. Peripheral 
margin subrounded. Numerous minute pits present on 
the porcellaneous wall. Aperture simple, without lip or 
tooth. 

P L A T E 2 
1 Triloculina s p. A 

x97.5. a, c, opposite side views; b, apertural view. 
2 Triloculina sp. B 

x97.5. a, c, opposite side views; b, apertural view. 
3 Triloculina sp. C 

x 97.5. a, c, opposite side views ; b, apertural view. 
4 Ophthalmidium sp. 

x22.5. Side view. 
5 Lagena sp. 

x 97.5. a, side view ; b, apertural view. 
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Dimensions: Diameter about 1.4 m m . 

Distribution: Present in traces only in sample 301. 

Lagena sp. 

Plate 2. figure 5 

Description: The elongate unilocular test has a slightly 
compressed rounded base. The apertural end is ex
tended into a short rounded neck with .a flaring lip. The 
thick opaque wall is smooth but in some cases orna
mented with slightly raised continuous longitudinal 
costae, varying in number from very few to numerous. 
The aperture is a moderately large circular opening at 
the end of the rounded neck. 

Dimensions: Length 0.42 m m . , breadth 0.17 m m . 

Distribution: Present sparingly in almost all of the sur

face sediment samples and in sample Peof the core. 

Remarks: The species is somewhat similar to L. laevis 
but differs from it in having a very wide neck and longi
tudinal costae. 

Bolivina sp. 

Plate 3. figure 1 

Description: The elongate test is compressed in the 
initial stages, tapers rapidly to the bluntly rounded 
initial end, and becomes broader toward the apertural 
end. There are about 18 -20 biserially arranged cham
bers, broader than high, oblique to the periphery and 
rapidly increasing in size in the early stages, highly in
flated in the later stages. The sutures are slightly in
clined to the longer axis of the test and almost flush 
with the surface or slightly limbate in the early c o m 
pressed stages, distinct and depressed in the later 
stages. The periphery is acute in the compressed por
tion, rounded and lobulate in the later portion. The thin 
translucent wall is finely perforate. The elongate loop-
shaped aperture extends to the suture at the end of the 
final chamber. 

Dimensions: Length 0.23 m m . , breadth 0.12 m m . , 
thickness 0.06 m m . 

Distribution: Present in the lower half of the core and 
also in surface sediment samples 303 and 307. 

Remarks: The species is somewhat close to B. seminuda 
but is bigger, less inflated, and broader at the apertural 
end-, and has oblique sutures and more chambers. 

Globigerinoides sp. 

Plate 3. figure 2 

Description: The low-spired trochoid test consists of 
2 to 3 whorls. In the early whorls the small subglobular 
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chambers are less distinct, while the final whorl con
sists of four large highly globular chambers. There 
exists a small, flaplike, highly inflated supplementary 
chamber on the ventral side, covering almost the entire 
umbilical region. The other chambers very rapidly 
increase in size. The rounded periphery is lobulate. The 
thin calcareous wall is perforate. The umbilicus is some
what depressed. The aperture is a.large arched opening 
into the umbilicus at the base of the final large chamber 
and is covered by the supplementary small chamber, 
which has a similar aperture. There are a number of 
supplementary apertures at the base of each chamber 
on the spiral side. 

Dimensions: Diameter 0.25 to 0.3 m m . 

Distribution: Absent in the surface sediment samples. 
Present throughout the entire length of the core. 

Remarks: S o m e specimens are discoloured black. The 
rest are well preserved, and occur in significant numbers. 

Operculinella sp. 

Plate 3, figure 3 

Dimensions: Length 1.25 m m . , breadth 1.2 m m . , thick
ness 0.4 m m . 

Asterigerina sp. 

Dimensions: Diameter 0.65 m m . 

As the specimens of the last two species are heavily 
oolitically coated, it is practically impossible to describe 
their morphological features accurately. Neither of them 
has been recognised in the core, and they seem to be 
present only in the outer shelf sediments. 

BIBLIOGRAPHY 

BANDY, O. L, and ARNAL, R. E. 

1957 Distribution of Recent foraminifera off west coast of 

Central America. Amer. Assoc. Petr. Geol., Bull., vol. 41, 

no. 9, pp. 2037-2053. text-figs. 1-3. 

PLATE 3 

1 Bolivina sp. 
* 2 6 0 . a, side view; b, apertural view. 

2 Globigerinoides sp. 

x130. a, dorsal view; b, peripheral view; c, ventral 
view. 

3 Operculinella sp. 
x 130. a, side view ; b, peripheral view. 



PLATE 3 

2 A 

2C 

767 



BHALLA. S. N. 

1968 Recent foraminifera from Visakhapatnam beach sands and 
its relation to the known foramgeographical provinces in 
the Indian Ocean. India, Nat Inst. Sci.. Bull., no. 38, 
pp. 376-392. 

BHATIA, S. B.. and B H A L L A , S. N . 

1964 Recent Foraminifera from beach sand at Puri. Orissa. Pal. 
Soc. India, Jour., vol. 4 (1959), no. 1, pp. 78 -81 , pis. 1-2 . 

CUSHMAN, J. A. 

1948 Foraminifera, their classification and economic use. 

Cambridge, Mass. : Harvard Univ. .Press, ed 4, pp. 1 -605, 

text-plates 1-31, key-plates, 1-55. 

GANAPATI , P. N., and M U R T Y , V. S. R. 

1 954 Salinity and temperature variations of the surface waters 

off the Visakhapatnam^ coast. Andhra Univ., M e m . 

Oceanogr., vol. 1. pp. 125-141. 

G A N A P A T I . P. N. . and SAROJINI . D . 

1959 Ecology of foraminifera off Visakhapatnam coast. All-
India Congr. Zool. Inst., Proc, vol. 2. Sci. Papers, pp. 3 1 1 -
315. 

G A N A P A T I . P. N. , and SATYAVATI , P. 

1 958 Report on the foraminifera in bottom sediments in the Bay 

of Bengal off east coast of India. Andhra Univ.. M e m . 

Oceanogr., vol. 2, pp. 100-127, pis. 1-6. 

G H O S E , B. K. 

1966 Asterorotalia trispinosa (Thalmann). a spinose rotaliid 

from Digha beach, southern Bengal. Cushman Found. 

Foram. Res.. Contr., vol. 1 7, pt. 3. pp. 104-108, text-figs. 

1-6. 

GNANAMUTHU, C. P. 

1943 The foraminifera of Krusadi Island. Madras Govt. M u s . , 

Bull., n. ser.. Nat. Hist. Sect., vol. 1, no. 2, pp. 1-28. 

pis. 1-4. 

HARMAN, R. A. 

1964 Distribution of foraminifera in the Santa Barbara Basin. 

California. Micropaleontology, vol 10. no. 1, pp. 81-96, 

text-figs. 1-12. 

LA F O N D , E. C. 

1 957 Océanographie studies in the Bay of Bengal. Indian Acad. 
Sci., Proc, vol. 46, sec. B, no. 1, pp. 1-46, pis. 1-3, text-
figs. 1-30. 

1964 Andhra. Mahadevan, and Krishna submarine canyons and 
other features of the continental slope off the east coast of 
India. Indian Geophys. Union. Jour., vol. 1, no. 1. pp. 2 5 -
32. 

LA F O N D . E. C. . and B O R R E S W A R A R A O , C . 

1955 Vertical temperature structure of the upper layers of the sea 

off the east coast of India. India. Ministry Defence. Defence 

Sci. Org., PubL.no. 4 /55 . pp. 1-21. 

LUDWICK. J. C , and WALTON, W . R. 

1 957 Shelf-edge, calcareous prominences in northeastern Gulf 

of Mexico. Amer. Assoc. Petr. Geol.. Bull., vol. 41. no. 9. 

pp. 2054-2101. text-figs. 1-19. 

344 

MAIKLEM. W . R. 

1 967 Black and brown speckled foraminifera! sand from the 

southern part of the Great Barrier Reef. Jour. Sed. Petrol.. 

vol. 37. no. 4. pp. 1023-1030. 

NAIDU, A . S. 

1 968 Radiocarbon date of an oolitic sand collected from the 

shelf off the east coast of India. India. Nat. Inst. Sci.. Bull.. 

no. 38, pp. 467-471. 

PHLEGER. F. B 

1960 Ecology and distribution of Recent foraminifera Balti
more: Johns Hopkins Press, pp. 1-297. pis. 1-11, text-
figs. 1-83. 

POORNACHANDRA RAO, M. 
1 957 Some observations in the marine geology of Bay of Bengal 

(along the east coast of India). Pan Indian Ocean Sci. 
Assoc, Congr. 3e. Tananarive, C. R., sec. C , pp. 143-148. 

R A M A SASTRY. A. A., and BALARAMA M U R T Y . C. 

1 957 Thermal field and oceanic circulation along the east coast 

of India. Indian Acad. Sci.. Proc. vol. 46, sec. B, no. 5, 

pp. 293-323, text-figs. 1-20. 

SATYANARAYANA RAO. T. S. 

M S . Studies on the Chaetognatha in relation to the biology and 
hydrography off the Indian coast. Unpublished doctoral 
thesis (1955) submitted to Andhra Univ., Waltair, India. 

S H E P A R D , F. P. 

1954 Nomenclature based on sand-silt-clay ratios. Jour. Sed. 
Petrol., vol. 24, no. 2. pp. 151 -1 58. 

SUBBA RAO. M. 

1958 Distribution of calcium carbonate in the shelf sediments off 
east coast of India. Ibid., vol. 28, no. 3. pp. 274-285. 

1 960 Organic matter in marine sediments off east coast of India. 
Amer. Assoc. Petr. Geol.. Bull., vol. 44, no. 10, pp. 1705 -
1713, text-fig. 1. 

1964 Some aspects of continental shelf sediments off the east 
coast of India. Mar. Geol.. vol. 1, no. 1. pp. 59-87 . 

SUBBA RAO, M., and VEDANTAM, D. 

1968 Distribution of foraminifera off Visakhapatnam. India, Nat. 
Inst. Sci., Bull., no. 38. pp. 491-501. 

SUBBA RAO, M., VENKATARATNAM, K., and 

CHANDRA, P. R. 

1 967 Submarine canyons off the east coast of India. Seminar 

Geomorph. Studies India, 1 965, Univ. Saugar, India, Proc, 

pp. 114-120. 

TODD, RUTH 

1961 Foraminifera from Onotoa Atoll. Gilbert Islands. U . S. Geol. 
Survey. Prof. Paper, no. 354-H. pp. 171-191, pis. 22-25. 

V A R Á D A C H A R I , V. V. R. 

M S . On some meteorological and océanographie studies of the 
coastal waters off Waltair in relation to upwel/ing and 
sinking. Unpublished doctoral thesis (1958) submitted to 
Andhra Univ.. Waltair. India. 

WALTON. W . R. 

1955 Ecology of living benthonic foraminifera. Todos Santos 
Bay, Baja California. Jour. Pal., vol. 29. no. 6. pp. 9 5 2 -
1018, pis. 99 -104 . text-figs. 1 - 2 4 . 

768 



Reprinted from Geologischen Rundschau, Band 60, 1970, p. 264-275 

Geologische Untersuchungen an Sedimenten des 

indisch-pakistanischen Kontinentalrandes 

(Arabisches Meer) 

W . SCHOTT, U . V O N STACKELBERG, F.-J. E C K H A R D T , B . MATTIAT, 

J. PETERS & B. Z O B E L , Hannover *) 

Zusammenfassung 

Mit Sedimentmaterial, das von dem Forsdiungsschifl „ Meteor" und dem paki-
stanischen Fischereiforschungskutter „Machhera" gesammelt wurde, sollten die 
Ablagerungsbedingungen auf dem Meeresboden des indisch-pakistanischen Kon
tinentalrandes erfafit und unter anderem festzustellen versucht werden, wo die 
Schlammassen des Indus auf dem Meeresboden des Arabischen Meeres wieder-
zufinden sind (Abb. 1). 

Enge Beziehungen zwischen den ozeanographischen Verhâltnissen im Wasser-
raum (Chemismus und Strómungen) und der Ausbildung der Sedimente konnten 
erkannt werden. Rhythmisch gebánderte Sedimente auf dem oberen Kontinental-
abhang spiegeln die weitreichenden Auswirkungen des Monsunwechsels wider. 
Indusmaterial ist bis weit in die Tiefsee zu verfolgèn. Die Tonmineralien zeigen 
von der Kiiste zur Tiefsee und audi mit zunehmender Teufe in den Sediment-

*) Anschrift der Verfasser: Prof. Dr. W . SCHOTT, Dr. U . V O N STACKELBERG, Dr. 
F.-J. E C K H A R D T , J. PETERS, Dr. B. ZOBEL, Bundesanstalt fur Bodenforschung, 
D-3 Hannover-Buchholz, Postfach 54; Dr. B . MATTIAT, Niedersachsisches Landes-
amt fur Bodenforschung, D-3 Hannover-Buchholz, Postfach 54. 
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kernen die Tendenz: «Detritus" (Chlorit, Muskovit, Illit) — „Zersatz" (Mont-
morrillonit, mixed layer-Minerale) — „Rückbüdung" (Illit). 

Die I iostratigraphische Bearbeitung, kombiniert mit den Ergebnissen einiger 
C14-Datierungen ergibt u. a. Sedimentationsraten bis zu > 50 cm/1000 Jahre a m 
oberen Kontinentalabhang abnehmend auf ca. 1 cm/1000 Jahre im offenen Ozean. 
Die Faunenzusammensetzung erweist das Vorhandensein eines holozanen Klima-
optimums. 

Die geochemische Untersuchung der jungen Porenwásser zeigt, daC diese sehr 
schnell die Zusammensetzung fossiler Formationswàsser erreichen kônnen (siehe 
V . M A H C H I G , i. d. Bd.) . 

Abstract 

F r o m the R . / V . "Meteor" and the Pakistan F . / V . "Machhera" sediments from 
the Indian-Pakistan continental margin have been investigated in order to 
delineate the faciès distribution of the recent deposits. O n e of several objectives 
of this study w a s to find out h o w far the suspended material of the Indus River is 
being transported into the Arabian Sea. 

A close genetic relationship was recognised between the océanographie con
ditions of the water masses (chemistry and currents) and the characteristics of the 
sediments. T h e activity of the monsoons is reflected b y the rhythmic lamination 
of the sediments of the upper continental slope. T h e suspended matter from 
the Indus River can be traced far into the Arabian Sea. T h e clay minerals show 
the following tendency from litoral to abyssal regions and from the top of the 
cores d o w n w a r d : detrital clay minerals (chlorite, muscovite, illite) — degraded 
clay minerals (montmorillonite, mixed-layer minerals) — "re-formational ' mine
rals (illite). 

T h e biostratigraphic investigation of the sediments combined with several C o 
dâtes results in sedimentation rates from > 50 c m / 1 0 0 0 years at the upper con
tinental slope decreasing to about 1 c m / 1 0 0 0 years in the open ocean. T h e faunal 
Composition proves the existence of a climatic op t imum during part of the 
Holocene. T h e geochemical investigation of the recent pore fluids demonstrates 
that their composition very soon assumes the characteristics of fossil interstitial 
waters (cf. V . M A R C H I G , in this vol.). 

T h e results will be published in "Meteor"-Forschungsergebnisse, Reihe C . 

Résumé 

L a tâche à remplir consista à saisir les conditions de sédimentation au fond 
de la m e r dans la zone bordière d u talus continental indo-pakistanais en se ser
vant des échantillons de sédimentation recueillis par le navire d'exploration 
«Meteor» et par le cutter de pêche et de recherche scientifique pakistanais 
«Machhera» et, entre autres, à tenter de déterminer où les masses de boue de 
lTndus se retrouvent sur le fond de la M e r d ' O m a n . 

Il fut possible de reconnaître des relations étroites existant entre les conditions 
océanographiques (chimisme et courants) et la formation des sédiments.. D e s 
sédiments rubanés à stratification fine sur le talus continental supérieur reflètent 
les effets d'alternance des moussons. Il est possible de suivre les sédiments de 
l'Indus jusqu'à une grande distance dans les profondeurs de l'océan. Avec 
l'éloignement da la côte et, dans les carottes, avec l'augmentation de la profon
deur de prélèvement les minéraux argileux montrent la tendance suivante: 
«matériel détritique» (chlorite, muscovite, illite) — «matériel de décomposition 
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chimique» (montmorillonite, minéraux de couches mixtes) — «matériel de re
combinaison minéralogique» (illite). 

L'étude biostratigraphique combinée aux résultats de quelques déterminations 
radiométriques au 1 4 C donne, entre autres, des taux de sédimentation jusqu'à 
> 50 cm/1.000 ans au talus continental supérieur — taux qui vont décroissant 
jusqu'à environ 1 cm/1.000 ans en plein océan. La composition faunique prouve 
l'existence d'une phase climatique optimum à l'Holocène. 

L'analyse géochimique des eaux interstitielles récentes montre que celles-
ci peuvent atteindre, dans uns délai assez bref, la composition des eaux fossiles. 
(V. M A R C H I G , en ce tome). 

La publication des résultats est prévue dans les «Meteor» Forschungsergeb-
nisse, Ser. C . 

KpaTKoe coffepjKaHiie 

3Kcnefl;nu,Heii „Meteor" H ,,Machhera" 6bMH B3HTM npoBbi c OTJioweHiiii 
M O p C K O r O A H a H H A H f t C K O - n a K H C T a H C K O r O KOHTWHeHTaJIbHOrO CKJIOHa. O T -

MeiaeTCH TecHaH CBH3b Memjiy rHflpoAKHaMHHecKHM pe>«HMOM BORoeiwa ( X H M H 3 M 
BOflH H HanpaBJieHHe TeneHHH) H o6pa30BaiMeM ocaAKOB. PHTMHHHbie CJIOH H X 
B BepXHett M a C T H KOHTHHeHTajIbHOrO CKJIOHa OTpaîKaiOT BJIHHHHe H 3 M e H e H H H 

MOHcyiwa. C H O C H H Í Í MaTepHaji peKH H H A yAaercH npocJieAHTb no rJiyOwH 
OKeaHa. — BnocTpa™rpa<j)HHecKHe HCcjieAOBaHHH H flaTHpoBKa no C 1 4 ycTaHO-
BHJiH CKOpocTb HaKonJieHHH oca«KOB B 3T0M pattOHe > 50 C M / 1 0 0 0 jieT Ha 
BepxHeM Kpae KOHTimeHTajibHoro CKJIOHa, H J O 1 C M / 1 000 J K T B O T K P M T O M 
OKeaHe. CocTaB c^ayHH yKa3biBaeT Ha KJiHMaTHieCKHH onrHMyM B roJiou,eHe. — 
TeoxHMHqecKHe HccjieflOBaHHH nopoBbix B O A A0Ka3HBaioT, M T O O H H oneHb 
C K O p O AOCTHraiOT 3peJ10CTH TaKOBblX A p e B H H X CJ)OpMai;HH. 

Einfiihrung 

Von W O L F G A N G S C H O T T , Hannover 

Vortragskurzfassung mit 1 Abbildung 

Auf der ersten Reise des Forschungsschiffes „Meteor", die 1964/65 im 
R a h m e n der Internationalen Indisdien-Ozean-Expedition durchgefiihrt 
wurde, ist auf 6 Profilen senkrecht zur indisch-pakistanischen Kiiste Sedi-
mentmaterial gesammelt worden, das vor der Indusmündung mit d e m 
pakistanischen Fischereiforschungskutter „Machhera" durch ein gemein-
sames deutsch-pakistanisches Untersuchungsprogramm ergânzt wurde 
(Abb. 1). 

Die topographischen Verhâltnisse des Meeresbodens weisen in diesem 
ôstlichen Teil des Arabischen Meeres einige markante Unterschiede auf, 
die die Sedimentverteilung beeinflussen. Westlich von Bombay ist der 
Schelf iiber 500 k m breit, westlich von Cochin dagegen nur ca. 70 k m . 
Der Meeresboden sinkt dort erst westlich der Lakkadiven bis auf iiber 
4000 m ab. 

Die bearbeitete Meeresregion liegt innerhalb des Monsungebietes mit 
wechselnder Windrichtung, trotzdem ist vor der indisch-pakistanischen 
Kiiste im Oberflàchenwasser vorwiegend eine nach Suden gericiitete kü-
stenparallele Meeresstrômung vorhanden. Kaltes Auftriebwasser ist vor 
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Abb . 1. Übersichtskarte des Unteísuchungsgebietes. Das „Machhera"-Areal u m -
fafit 40 Stationspurikte. Die Untersuchungen mit der „Madihera" wurden durch 
Aufsammlungen von Sedimentproben im anschlieBenden Küstengebiet ergánzt 

(siehe punktiertes Gebiet auf d e m Festland). 
Fig. 1. Sketch m a p of the area of investigation. Shaded area: 40 stations 
from the F . / V . "Machhera". The investigations from F . V . "Machhera" have 
been supplemented by sediment samples from the neighbouring beach (see 

shaded area on the main land). 
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Cochin und südostlich von Karachi festgestellt worden. Diese Beobachtun-
gen sind fiir die Deutung der Sedimentationsverháltnisse auf d e m M e e -
resboden wichtig. 

Durch die Bearbeitung des Sedimentmaterials sollte versucht werden, 
vor allem folgendes zu erfassen: 

1. Überblick über den Fazieswechsel in den Oberflâchensedimenten von 
der Kiiste bis in die Tiefsee. 

2. Klarung der herrschenden Sedimentationsbedingungen. 
3. Untersuchung der vertikalen Verânderung der organischen und an-

organischen Komponenten der Ablagerungen in den Sedimentkernen. 
4. W o werden die Schlammassen des Indus auf d e m Meeresboden des 

Arabischen Meeres sedimentiert? 
Die Sedimentverteilung zeigt einen vorwiegend kiistenparallelen Fazies

wechsel v o m Quarzfeinsand unterhalb der Kiiste über pleistozàne biogene 
Kalksande im Bereich des áufieren Schelfs z u m Globigerinenschlamm der 
Tiefsee. 

Eine groBere Arbeitsgruppe, die durch die Deutsche Forschungsgemein-
schaft in groBzügiger Weise unterstiitzt wurde, hat im R a h m e n einer G e -
meinschaftsarbeit die Untersuchungen durchgefiihrt. 

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 „ M e -
teor"-Forschungsergebnissen verôffentlicht werden. 

Faziesverteilung in Sedimenten des indisch-pakistanischen 
Kontinentalrandes (Arabisdies Meer) 

Von U . V O N S T A C K E L B E H G , Hannover 

Vortragskurzfassung mit 1 Abbildung 

Sedimentkerne und Oberflâchenprobèn von 91 Stationen auf d e m in
disch-pakistanischen Schelf, Kontinentalabhang und Kontinentalfufi standen 
fiir die Untersuchungen zur Verfiigung (Abb. 1). Die einzelnen Fa-
ziestypen der Sedimente werden v o m flachen z u m tiefen Wasser der 
Reihe nach behandelt (Abb. 2). Die hierbei geschilderten Verhàltnisse gel-
ten ± fiir den gesamten indisch-pakistanischen Kontinentalrand. 

Auf d e m Schelf beobachtet m a n von der Kiiste gegen die offene See hin 
folgende Sedimenttypen: Glimmerreicher, nahezu fossilleerer Quarzsand; 
quarz- und glimmerreicher fossilarmer Schlick; ± sandiger Pteropoden-
schlick; ooidreicher Kalksand (Reliktsediment). D e n Kalksand unterlagert 
ein weiBer Aragonitschlick. Der Kontinentalabhang wird bedeckt von Bán-
derschlick im oberen Teil, olivgrauem Schlick im mittleren und braun-
grauem Schlick im unteren Teil. A m Kontinentalfufi findet sich Globige
rinenschlamm. Kalksand und Argonitschlick wurden im flachen Wasser 
wáhrend der letzten eiszeitlichen Meeresspiegelabsenkung abgelagert. Sie 
treten heute in Meerestiefen bis zu 160 m auf. 
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Die Sedimente auf d e m Kontinentalabhang und Kontinentalfu/3 werden 
in ihrer Zusammensetzung und in ihrem Wiihlgefiige wesentlich bestimmt 
durch den Chemismus des Bodenwassers. Eine sauerstofifarme (min. 0,02 
ml/I) Zwischensdiidit, die ihre Entstehung einer extrem hohen Produk-
tion von organisdier Substanz im oberfladiennahen Wasser verdankt, 
prallt in Wassertiefen zwischen 200 und 1500 m gegen den Kontinental
abhang. Sie liefert das sauerstoffarme Milieu für die Bildung der Bander-
sdilicke. Der Rhythmus der Sdiiditung im Bândersdilick spiegelt die Aus-
wirkungen des Monsunwedisels auf die Sedimentation wider (Sedimen-
tationsraten bis zu 1,5 m/1000 Jahre). Im Bereich des olivgrauen Schlicks 
(500—1500 m Wassertiefe) liegt das M a x i m u m der Gehalte an organi-
schem Kohlenstoff (max. 9%) sowie an dunklen Kotpillen. Ersteres hat 
seine Ursache einerscits in der starken Anlieferung von organisdier Sub
stanz, z u m anderen in den giinstigen Erhaltungsbedingungen aufgrund des 
Mangels an O a im Bodenwasser. Der unvollstândige Zerfall der organi-
sdien Substanz hat die Entwicklung von N H 3 und H 2 S zur Folge, wodurdi 
Kieselorganismen aufgelôst werden, Kalksdialer dagegen besonders gute 
Erhaltung zeigen. Genau entgegengesetzt sind die Verháltnisse unterhalb 
des G y M i n i m u m s im Bereidi des braungrauen Sehlidcs, w o unter Einwir-
kung von 0 2 die organisdie Substanz weitgehend zerfâllt und C 0 2 frei 
wird. Hier bestimmen Kieselorganismen und Sandsdialer das Bild der 
Sandfraktion. Kalksdialige Foraminiferen sind sehr schledit erhaltcn. Im 
braungrauen Sdilick beobaditet m a n eine besonders intensive Bioturba-
tion. In den Sedimenten des Globigerinensdilamms tendieren die Verhált
nisse wieder mehr zu denen des mittleren Kontinentalabhangs. Offenbar 
war wegen der grôCeren Entfernung v o m Sdielf die primare Anlieferung 
von organisdier Substanz nidit mehr so hodi wie im Bereidi des braun
grauen Sdilicks, so daB sidi weniger C 0 2 entwickelte. 

Die Màditigkeit der Oxydationszone in den Sedimentkemen ist abhân-
gig v o m 02-Gehalt des Bodenwassers (Abb. 2). 

Die Normalfazies der Sedimente wird hàufig gestôrt durch die Einlage-
rung von gutgesdiichteten, gradierten Sanden, die Material v o m Sdielf 
bzw. oberen Kontinentalabhang enthalten. Diese Turbidite zeigen stets ho-
here Kohlenstoffwerte ais ihre Umgebung , wobei das M a x i m u m an der 
Basis liegt und die Gehalte nach oben parallel zur Korngrôfie abnehmen. 
Diese Tatsadie stiitzt die A n n a h m e einer sdinellen Sedimentation. Turbi
dite fehlen weitgehend a m oberen und mittleren Kontinentalabhang, sie 
erreidien ihr M a x i m u m im Bereidi des KontinentalfuBes mit > 50% der 
Gesamtkernlânge. Offenbar durdilaufen die Triibestrome den steileren 
Hang gebiindelt in sdimalen Rinnen. Erst unterhalb, im fladien Bereidi, 
verbreitern sie sich fàdierartig. 
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Petrographische Untersucfaungen an Sedimenten des Indischen Ozeans 
im Bereidi der paldstanisdi-indisdien Westkiiste 

Von F.-J. E C K H A R D T , B . M A T T I A T , J. PËTEHS, Hannover 

Vortragskurzfassung mit 1 Abbildung und 1 Tabelle 

A m Aufbau der Sedimente in unserem Untersuchungsgebiet sind zwei 
in bezug auf ihr Sedimentationsverhalten vôllig verschiedenartige K o m p o -
nenten beteiligt. 

1. Vorwiegend silikatische Minérale, die v o m Festland durch FluB- oder 
Windtransport ins Meer gelangten. Ihr Sedimentationsverhalten wird 
beeinfluBt durch KorngrôCe, Kornform, durch Oberfláchenreaktionen 
mit den Ionen des Meerwassers, durch Streamings- und Windverhalt-
nisse und durch das Bodenrelief. 

2. Die karbonatische Kompanente ist in den von uns untersuchten Sedi
menten bis auf sehr geringe Ausnahmen organogen und gehorcht da-
her ganz anderen sedimentologischen Gesetzen. 

Kombiniert m a n fiir eine stoffliche Gliederung der von uns angetrof-
fenen Oberflaehensedimente die Kriterien: KorngrôCe und Karbonat-
(CaC03-) Gehalt, so ergibt sich von der Küste zur Tiefsee schematisiert 
folgender Aufbau: 

1. Kiistennaher Mineralsand, stellenweise rcich an Glimmer (Biotit). 
2. Karbonatarmer, kiistennaher Schlidc, der sich in Verlángerung der 

Indusmündung über den Kontinentalhang hinaus bis in die Tiefsee 
verfolgen laCt, und der hier im Bereich des KontinentalfuCes weit 
nach Suden reicht. 

3. Eine Kalksandzone im Bereich des Auí3enschelfs. 
4 . Eine etwas feinerkôrnige, karbonatreiche Ubergangszone im Bereich 

des oberen Kontinentalhanges. 
5. Karbonatreicher, feinkôrniger Schlick im Bereich des Kontinentalan-

stiegs (Globigerinenschlamm, stellenweise Pteropodenschlamm). 

Die Bestimmung der a m Aufbau dieser Sedimente betciligten Minérale 
erfolgte mit mikroskopischen und rontgenographischen Untersuchungs-
methoden. Einige fiir das groBrâumige Sedimentationsgeschehen intér
essante Untersuchungsergebnisse sollen hier kurz mitgeteilt werden: 

1. Quarzverteilung im nichtkarbonatischen Sedimentanteil: Quarzmaxi-
m a wurden angetroffen in den Kiistensandbereichen und auCerhalb 
der Schelfregion in auslaufenden „Fingern" des Indus-Schuttfâchers. 
Intéressant ist ferner eine deutliche Abstufung der Quarzgehalte in 
den Sedimenten des Kontinentalanstiegs nach Suden. Auch innerhalb 
des Globigerinenschlamms nehmen die Quarzgehalte in der karbonat-
freien Substanz nach Suden ab und pendeln sich im westlichen 
Cochin-Profil auf Werte u m 1% ein. Diese Quarzverteilung wird u. E . 
im wesentlichen durch den Indus und die von ihm transportierten 
Schwebstoffe verursacht. Dariiber hinaus ist es môglich, daC sie im 
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Ergebnisse sediment pet rographischer Untersuchungen 

"Meteor" 1964/65 
BfB-Hannover 

Dr. Mattiat 

A b b . 3. Lithofaziesverteilung der Oberfiâchensedimente. 
Fig. 3. Lithofacies distribution of the surface sediments. 
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Bereidi der nôrdlichen Arabisdien See audi durch áolischen Quarz-
transport beeinfluBt wird. 

2. Die Verbreitung der Tonminerale erlaubt ebenfalls einen Einblick in 
das rezente Sedimentationsgcsdiehen in diesem R a u m . 
Im Indusmündungsgebiet und westlich von Karachi finden wir eine 
„Detritus-Zone", charakterisiert durdi die Tonminerale Muskovit und 
Chlorit. Weiter südlich wurde diese „Detritus-Zone" audi aufierhalb 
des Kontinentalabhanges angetroffen (Verdriftung durdi siidwarts-
geriditete kiistenparallele Meeresstromung). 
Normalerweise finden wir, ausgehend von dieser „ Detritus-Zone" mit 
zunehmender Entfernung von der Kiiste, die Abfolge: Muskovit und 
Chlorit -»• Illit -»• Montmorillonit -»• Illit. Diese Abfolge ist nadi un-
seren bisherigen Kenntnissen im marinen Bereidi zu erwarten. Illit 
durdilâuft eine Phase der K - A b g a b e und bildet sidi zu Mixed-layer-
Mineralen und Montmorillonit urn. I m Verlauf der weiteren Dia-
genese k o m m t es dann wieder zu K - A u f n a h m e und Illit-Riickbildung 
aus Montmorillonit. 
Abweidiend von diesem Sdiema finden wir in d e m küstenparallelen 
Sdilidcstreifen entlang der Indisdien Kiiste stark quellfâhige Ton
minerale, im wesentlidien Montmorillonit, stellenweise audi Mixed-
layer-Minerale: Chlorit — Montmorillonit. Audi in der Kalksandzone 
sind dies die vorherrsdienden Tonminerale. Erst im Bereidi des 
Kontinentalanstiegs (Globigerinen-Sdilamm) stellt sidi dann wieder 
Illit als dominierendes Tonmineral ein. Diese Montmorillonit-Minerale 
kônnen direkt hergeleitet werden aus den Sdilammassen, die beson-
ders zur Zeit des Sommermonsuns durdi Fliisse aus d e m Gebiet des 
Deccan-Trapp ins Meer transportiert werden. 
Aufgrund der speziellen Oberflàcheneigensdiaften der sie zusammen-
setzenden Minérale werden diese Sdilammassen beim Übergang ins 
Meerwasser kiistennah ausgeflodct. Durdi küstenparallele Meeresstrô-
m u n g e n werden sie z u m Teil siidwârts verdriftet. 

3. Mikroskopisdie und elektronenrnikroskopisdie 'Untersudiungen an 
Einzelmineralen des Aragonitsdüicks (s. U . v. S T A C K E L B E R G ) madien 
eine Fladiwasserbildung dieser Aragonitkristalle wahrsdieinlidi. 

4. In einigen Kernen westlidi von Codiin wurde in bestimmten Teufen-
bereichen vulkanisches Glas angetroffen. 
Die optisdien und diemisdien Analysedaten sind in Tab. 1 wieder-

Tabelle 1. Vulkanisdies Glas in Sedimenten des Indisdien Ozeans 
im Profil westlidi von Codiin 

E i n i g e c h e m i s c h e D a t e n : 
Si02 — 70,0% 
Al2O s — 11,9% 
F^Oj — 0,97% Sonstige D a t e n : 
CaO — 0,80% Brediungsquotient: n = 1,505 ± 0,01 
M g O — 0,076% D — 2,48 g/cm' 
K 2 0 — 4,89% KomgroCenmaximum: 30—70 u.0 
Na 2 0 — 2,93% 
H 2 0 — 5,33% 
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gegeben. Das Auftreten dieses vulkanischen Glasés erôfînete uns 
einige Korrelationsmôglichkeiten in dem betreffenden Gebiet. 

Biostratigraphische Untersuchungen an Sedimentkernen aus dem 
Arabischen Meer 

Von BARBARA ZOBEL, Hannover 

Vortragskurzfassung 

Die biostratigraphische Gliederung der Sedimentkerne aus dem Indi-
schen Ozean wurde mit planktonischen Foraminiferen durchgefuhrt. 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 Westkiiste vor Cochin zu gewonnen wurden. Die 
Untersuchung ergab, daJ3 die Arten-Zusammensetzung und die vertikale 
Abfolge der planktonischen Foraminiferen-Gemeinschaften im jiingsten 
Quartár in diesem Gebiet des tropischen Indischen Ozeans nicht ohne wei-
teres vergleichbar ist mit den bereits gut bekarmten Verháltnissen im tropi
schen Atlantischen Ozean. So wurden in Planktonnetzfângen im Unter-
suchungsgebiet gewisse Arten planktonischer Foraminiferen lebend gefan-
gen {Globoquadrina hexagona; Globorotalia cultrata flexuosa), die im 
Atlantischen Ozean im Holozán nicht mehr beobachtet werden konnten. 
Kaltes Auftriebswasser vor der indischen Westkiiste verursacht erhebliche 
Ànderungen in der Arten-Zusammensetzung der Foraminiferen-Gemein
schaften mit Annàherung an den Kontinentalhang. Die Unterschiede zwi
schen warm- und kiihlzeitlichen Faunen sind nicht so ausgepràgt wie im 
Atlantischen Ozean. Aus alledem ergibt sich die zwingende Notwendig-
keit, die Arten-Zusammensetzung der planktonischen Foraminiferen-Ge-
meinschaft im heutigen Oberfláchensediment jeweils an der Kernentnahme-
stelle ais Standard für die Beurteilung klimatisch bedingter Anderungen 
in der vertikalen Faunenabfolge im Sedimentkern zu benutzen. Die 
Angabe „ warmer" oder „kálter ais heute" bezieht sich auf den %-Gehalt 
der Foraminiferen-Gemeinschaft an Kühíwasserarten auf der h e u t i g e n 
Meeresbodenoberflache a m Stationsort gleichgiiltig, ob dieser Gehalt 3% 
oder 30% betrâgt. 

Ein sehr schnell sedimentierter Kern vom oberen Kontinentalhang vor 
Cochin konnte aufgrund seines hohen Gehaltes an Co rg nach der 14C-
Methode datiert werden1); aufierdem 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 môglich. Es ergibt sich folgen-
des Bild der Klimageschichte im jiingeren Quarter im Untersuchungsgebiet: 
V o m Hangenden zum Liegenden folgen innerhalb des Holozán den heuti
gen Ablagerungen sehr schnell solche, deren Fauneninhalt einem kâlteren 

') Die 14C-Datierungen fuhrte Herr Dr. G E Y H vom Niedersadisisdien Landes-
amt für Bodenforschung, Hannover, durch. 
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Lebensmilieu zuzuordnen ist. Diesen sdilieBen sich nach unten Sedimente 
mit einer Foraminiferen-Gemeinschaft an, die auf warmere Bedingungen 
hinweist, als heute a m Untersuchungsort herrschen. Diese warme Période 
liegt nach Untersuchungen in Borneo zwischen 3000 und 13 000 vor heute 
(SABELS, 1966), im Roten Meer zwischen 6000 und 11 000 (geschátzt nach 
H E R M A N , 1965), nach den uns vorliegenden Daten zwischen ca. 5000 und 
13 000. Damit ist ein holozânes Klimaoptimum also audi für den Indischen 
Ozean nachgewiesen. Für den unmittelbaren Grenzbereich zwischen kalt-
und warmzeitlichen Sedimenten im Untersuchungsgebiet ergibt sich da-
nach ein etwas hôheres Alter als im offenen tropischen Atlantischen Ozean. 

Die Faunenabfolge im Holozan und jiingsten Pleistozan der Kerne des 
bearbeiteten Stationenprofiles sind miteinander parallelisierbar, wenn das 
eingelagerte Fremdmaterial beim Vergleich ausgeklammert wird. Dieses ist 
im allgemeinen unschwer an der geânderten Zusammensetzung der bentho-
nischen Faunenelemente erkennbar. Die Sedimentationsraten in ungestôr-
ten Kernen nehmen mit Entfernung von der Kiiste 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 ermôglichen sowohl den Vergleich zwi
schen den im offenen Ozean gewonnenen Sedimentkernen (bei ca. 5° bzw. 
7° N / 66° bzw. 71° E) , als audi mit einem nordwestlich der Lakkadiven 
gelegenen Kern, mit d e m dann der AnsdiluB gewonnen wird an die 
Kerne im Norden des Untersudiungsgebietes. In alien Kernen mit geringer 
Sedimentationsrate ist eine Lage vulkanisdien Glasés zu beobachten. Sie 
ist alter als die letzte pleistozàne Kaltzeit und jiinger als ein Maximalvor-
k o m m e n von Globigerina pachyderma var., das wahrsdieinlidi der vor-
letzten pleistozanen Kaltzeit zuzuredinen ist. 
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Reprinted from Geologischen Rundschau, Band 60, 1970, p. 275-293 

Porenwasser in rezenten Sedimenten vor der indisch-

pakistanischen Kiiste und Riicksdiliisse auf 

f riihdiagenetische Vorgange 

V. MARCHIG, Hannover 

Zusammenfassung 

In mehreren Sedimentkemeri aus d e m Indischen Ozean, v o m Schelf im Bereidi 
der Indusmiindung iiber den Kontinentalabhang bis z u m Tiefseeboden vor der siid-
indisdien Kiiste wurden die Porenwasser untersudit. Sie wurden durdi Auswasdien 
von den Sedimenten abgetrennt und auf N a , K , C a , M g , CI und S 0 4 analysiert. 

*) Ansdirift des Verfassers: Dipl.-Ing. V . M A R C H I G , Bundesanstalt fur Boden-
forsdiung, 3 Hannover-Budiholz, Postfadi 54. 
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Die Salinitât der Porenlôsungen ist gegenüber der des Meereswassers schon 
bei geringer Sedimentteufe im allgemeinen erhoht. Das Verhâltnis von N a und 
CI zeigt einen schwachen Anstieg zugunsten des N a . In den Porenlôsungen zeigt 
die Salinitât gegenüber der des Meereswassers eine starke Verarmung an M g , im 
allgemeinen eine deutlidie Verarmung an C a und eine sehr starke Anreidierung 
an K . — Die Verhaltnisse der Kationen N a , Ca, M g liegen bei den meisten 
Kernen bereits im Bereich der fossilen Formationswasser (nadi 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 N a , 
K , Ca , M g , CI 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 N a and CI shows a slight increase in favor of N a . Compared to sea-
water there is marked impoverishment of M g ; in general there is a clear impo
verishment of C a and a very significant enrichment of K . — In mast cores, the 
proportions of the cations N a , Ca , and M g 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'Océan 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 N a , K , Ca , 
M g , Cl et S 0 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 N a et le 
Cl accuse une faible augmentation en faveur du N a . La salinité montre, en 
comparaison de celle de l'eau de mer, un fort appauvrissement en M g ; elle 
montre, en général, un appauvrissement net en C a et un enrichissement très fort 
en K . — Les proportions des cations N a , Ca, M g 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 , 1960). 

KpaTKoe co^epacaHHe 

HccjieAOBajiH nopoBbie B O A H M H O T H X ocaso^Hbix KepHOB HHAiiftCKoro oneaHa 
OT uiejib(J)a y ycTbH HHa,a nepe3 KOHTHHeHTaJibHMft CKJIOH «o rjiyoim oKeaHa 
iiepeA roffiHo-HHAHftCKHM no6epe>KbeM. 9 T H B O A U BLrrecHHJiH H3 ocajioMHbix 
nopoa H HCCJieAOBajiH Ha cueflyromae KaTHOHbi H aHHOHbi: N a , K , Ca, M g , Cl 
ii S 0 4 ConeHOCTb nopoBbix pacTBopoB no OTHomeHHro K MopcKOtt Bojie B oômeivt 
noBbiuieHa, «awe ecjiH B T H pacTBopn noJiyieHu H3 KepHOB, 3ajieraiomHX 
cpaBHHTeJTbHo noBepxHOCTHo. B cooTHOiueHHH N a H Cl npeoSnaflaeT N a . lio 
cpaBHeHHH) c MopcKOfl Bonoft 3TH nopoBbie BOflM 6eAHbi M g , Ca H oôorameHbi 
K . — CooTHouieHHe n a w o H O B N a , Ca H M g B Bojibinett nacTH KepHOB C O O T -
BeTCTByeT TaKOBOMy B O A «peBimx (JwpMamiii. 
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1. Literaturiiberblick 

Die ersten Untersuchungen an Porenwâssern rezenter Sedimente fiihr-
ten M U R R A Y und IRVINE 1892 durch. Das verwendete Sediment war blauer 
Schlick, der bei der Challenger-Expedition gesammelt wurde. Sie fanden, 
da/3 durch den Zerfall der organischen Substanz die Alkalinitât gestiegen 
war, auCerdem verminderte sich die M e n g e an Sauerstoff und Sulfat 
gegeniiber d e m Meerwasser. 

Nach d e m Aufschwung der Olbohrungen beschàftigt m a n sich mit fos-
silen Wàssern, die m a n in Verbindung mit Erdôl findet ( K R E J C I - G R A F , 
H E C H T & P A S L E R , 1957; F R I E D L , 1956). Als Erklàrung fiir die starke Salz-
anreicherung wird z u m ersten Mal von D E S I T T E R (1947) und weiter von 
ELLIS (1954), W Y L L I E (1955), D A V I S (1955), M C K E L V E Y , ' SPIEGLER & W Y L -

LIE (1957) die Filtration durch dabei als semipermeable Membran wir-
kende Tone genannt. 

V O N E N G E L H A R D T (1960) hat die bisher verôffentlichten Daten über fos
sile Porenwàsser aus verschiedenen Erdôlprovinzen gesammelt und deren 
Abstammung vom im Sediment eingeschlossenen Meerwasser abgeleitet. 

B O R D O V S K I J (1961), SISKINA (1957, 1964), SISKINA & BILJKOVA (1962), 
T A G A E V A & T I H O M I R O V A (1962), SISKINA & Z E L E Z N O V A (1964) haben in 

grofiem Ausmafie die Porenwàsser aus verschiedenen Typen von Meeres-
sedimenten untersucht. Sie kamen zu einer Abhàngigkeit zwischen der 
Salinitàt und dem Redoxpotential. 

D E G E N S , H U N T , R E U T E R & R E E D (1964) analysierten die Sauerstoff-

isotopenzusammensetzung fossiler Porenwàsser und kamen zu dem Er-
gebnis, daJ3 diese sich nur unwesentlich von rezentem Meereswasser unter-
scheiden, was bedeuten wurde, daC sie nicht infolge von Evaporation an 
Salzen angereichert sind. In der gleichen Arbeit wird auf die Àhnlichkeit 
der Aminosáurespektren aus fossilen Porenwâssern und rezentem Meeres
wasser hingewiesen. 

Innerhalb der letzten Jahre sind mehrere Arbeiten erschienen, die sich 
mit Wechselbeziehungen zwischen Mineralen und Porenwâssern in rezen-
ten Sedimenten befassen. 

SIEVER, B E C K & B E R N E R (1965) befassen sich mit den Lôsungsgleich-
gewichten zwischen Mineralen und Porenwâssern in rezenten Sedimenten. 

B R O O K S , P R E S L E Y & K A P L A N (1968) analysieren eine Reihe von Spuren-
elementen in Porenwâssern 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 Porenwâsser durch Ton EinfluC haben kônnen. 

K R A M E R (1969) vergleicht eine Reihe der fossilen Porenwâsser mit den 
Gesteinen, in denen sie zu finden sind, und untersucht ihren Sáttigungs-
grad in bezug auf verschiedene Minérale. 

2. Einleitung 

Die ersten diagenetischen Prozesse in rezenten Sedimenten sind uns bis-
her im allgemeinen nicht zugânglich. So lassen sich z. B . in ozeanischen 
Sedimenten die beginnende Umwandlung der Tonminerale und das erste 
Auftreten authigener Minérale weder rôntgenographisch — wegen geringer 
Gehalte —• noch optisch •— wegen geringer KorngrôBe — erfassen. 

D a in solchen Sedimenten diese Reaktionen immer in Gegenwart einer 
fliissigen Phase ablaufen, die in stàndigem Austausch mit den festen Mine-
ralphasen steht, besteht Hoffnung, daC sich die chemischen Ànderungen 
der festen Phasen in der Zusammensetzung der umgebenden fliissigen 
Phase widerspiegeln. Dariiber hinaus scheint eine stufenweise Annaherung 
an die Zusammensetzung der Porenlôsung des verfestigten Sedimentes 
môglich. 

U m einen Beitrag zur Klârung dieser Fragen zu leisten, wurden nach-
folgende Untersuchungen an Forenwassern rezenter Sedimente durchge-
fiihrt. Die Mittel hierzu stellte dankenswerterweise die Deutsche For-
schungsgemeinschaft zur Verfügung. 

3. Herkunft der Proben 

Von den bei der „InternationaIen 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 Porenlôsungen ausgewáhlt. W i e A b b . 1 zeigt, ent-
stammen sie verschiedenen untermeerischen Regionen. 

1 Kern v o m Tiefseeboden nahe d e m Kontinentalabhang (182), 
4 Kerne v o m Kontinentalabhang (183, 185, 187, 237), 
1 Kern v o m Schelf im Bereich des Indusdeltas (28). 

Alie diese Sedimente zeigen hohe Sedimentationsraten, die grôCenord-
nungsmaCig bei 3 und mehr cm/1000 J. liegen diirften ( H E Y E , 1968). A m 
Indusdelta war die Sedimentation wahrscheinlich a m starksten. Relativ 
hoher Gehalt an organischer Substanz in alien 6 Sedimentkemen spricht 
ebenfalls für starke Sedimentation. 

4. Methodik und Fehlerbetracfatung 

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, derm die bisher bekannten M e -
thoden stellen alie einen Eingriff in die empfindlichen Lôsungs- und Aus-
tauschverhaltnisse dar. Die zwei wichtigsten Methoden, die heute Ver-
wendung finden, sind Wasserextraktion und Auspressen. Beide Methoden 
greifen entweder durch Verdünnung oder durch Druckerhôhung in das 
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Gleichgewicht Porenwasser/feste Sedimentphasen ein. Wir muJ3ten uns aus 
Mangel an Probenmaterial fiir die Extraktion entscheiden, da das Aus-
pressen viel mehr Substanz verlangt. 

Wir bringen im folgendendieErgebnissederUntersuchungen a m lângsten 
der untersuditen K e m e , der als Beispiel fiir die anderen gelten kann. 

4.2 D u r c h f i i h r u n g 

4.2.1 Probenvorberoitung, Untersudiungsmethoden 

A u s den untersuditen Kernen w u r d e alie 1 0 — 2 0 c m eine Probe von je 
etwa 2 c m Dicke e n t n o m m e n . Diese Sedimentproben w u r d e n im feuchten 
Originalzustand g e w o g e n , d a n n in Wasser dispergiert und anschlieBend auf 
einem Membranfilter mit Porendurchmesser ^ 0,1 A* bis z u m Verschwinden 
der AgCl-Reaktion ausgewaschen u n d zuletzt bei 105° C bis zur Gewichts-
konstanz getrocknet. Die Differenz zwischen den E inwaagen des feuchten 
u n d des trockenen Sedimentes ist das Porenwasser oder die Porenlôsung 
( = H 2 0 + gelôste Stoffe). 

D a s Filtrat w u r d e auf 250 m l eingedampft u n d darin folgende Ionen 
bestimmt: 

a) C I - titrimetrische Bes t immung nach M O H R 

b) S 0 4
2 - gravimetrische B e s t i m m u n g mit B a C I 2 

c) C a 2 + komplexometrische Titration mit E D T A 
(photometrische Endpunktanzeige) 

d) M g 2 + Bestimmung mit Hilfe des Atomabsorptions-
Spektralphotometers 

e) N a + , K + flammenphotometrische Bes t immung . 

Die S u m m e der lonen, angegeben in Prozent der Porenlôsung, bezeich-
nen wir ais Salinitát. (Sie enthâlt nicht samdiche Anionen u n d Kationen, 
die i m Meereswasser vorhanden sind, jedoch den iiberaus grôBten Teil da-
von.) Als vergleichbare BezugsgroBe gilt die mittlere Salinitát des Meeres-
wassers, die auf die gleiche Weise aus Mittelwerten dieser Ionen fiir das 
Meereswasser berechnet wird ( = 3,42%). 

4.2.2 Fehlerbetrachtung 

Zunàchst w u r d e gepriift, ob bei zu griindlichem Auswaschen ein Teil 
der von T o n e n adsorbierten Ionen mit in die Lôsung geht. Z u diesem 
Z w e c k e w u r d e die Salinitát in Abhângigkeit der ausgewaschenen Sediment-
m e n g e graphisch dargestellt (Abb. 2). v 

A u s der A b b . 2 geht hervor, daB bei kleineren Probenmengen die von 
uns bestimmte Salinitát der Porenlosungen deudich hôher ist als bei grô-
Beren. 

U m diese Aussage quantitativ erfassen zu kônnen, haben wir an einem 
Kern für elf aufeinanderfolgende Proben je zwei Bes t immungcn durch-
gefiihrt, und zwar fiir jede Probe einmal mit einer grôBeren (15—25 g) 
u n d einmal mit einer kleineren Sedimentmenge (5—10 g) als Einwaage . 
(Das waren ungefáhr die extremen Einwaagen , mit denen vereinzelt auch 
bei anderen Proben gearbeitet w u r d e , normalerweise lagen bei den spá-
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Abb . 2. Abhângigkeit der Salinitat des Porenwassers von der Einwaage 
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Ausgewaschene Salze 
in % der Naflsubstanz 

Abb . 3. Mengen der ausgewasdienen Salze in Kern 28 bei jeweils zwei verschie-
denen Einwaagen vom gleidien Sediment. 
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teren Untersuchungen die Einwaagen zwischen diesen Extremen.) W i e 
Abb . 3 zeigt, sind bei der kleineren Einwaage im Mittel 10% mehr aus-
gewasciien worden. D a der Salinitátsunterschied unserer Proben (Abb. 6 
und 7) teilweise bedeutend iiber 10% liegt, wird er also tatsâchlich be-
stehen und nicht durch fehlerhafte Auswaschungen unterschiedlich groi5er 
Sedimentmengen vorgetàuscht sein. 

100 Na 

Abb. 4. Verhâltnisse der Kationenâquivalente Na, M g und Ca in den Poren-
wâssern in Kern 28, bei jeweils rwei versdiiedenen Einwaagen vom gleidien 
Sediment. — Kleine Budistaben: Proben mit 15—25 g Einwaage; grolîe Buch-

staben: gleiche Proben mit 5—10 g Einwaage; M = Meerwasser. 

U m zu zeigen, dafi sich bei zwei verschieden gro/3en Einwaagen einer 
Probe audi die Verhâltnisse der Kationen verschoben haben, haben wir 
die Kationenâquivalente N a , M g , Ca in das Dreieckdiagramm nach N I G G L I 
(1952) eingetragen (Abb. 4). W i e m a n sieht, besteht der Unterschied zwi
schen den zwei Bestimmungen je einer Probe hauptsâchlich in der Er-
hôhung des Mg-Gehaltes bei der kleineren Einwaage. Die Auswaschung 
wurde demnach zu intensiv vorgenommen, so daB ein Teil der von Tonen 
adsorbierten Mg-Ionen in die Losung gegangen ist. D a Magnesium in den 
ersten Stadien der Diagenese sehr labil und reversibel an Tonminerale 
gebunden bzw. absorbiert ist, wird m a n mit dieser Méthode sehr schwer 
zu guten Ergebnissen fiir M g k o m m e n . Unsere Bemiihungen sollen sich in 
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der Richtung bewegen, den Fehler môglichst klein zu halten und die Er-
gebnisse durch konstante Einwaagen reproduzierbar zu machen. 

Im iibrigen soil bei der Darlegung der einzelnen Ergebnisse deren Ver-
fàlschung 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 Ubereinstimmung 

KK185 
5itinaal cr SCv" C i" fj" 

Abb. 5. Vergleidi von Salinitât und Gehalt an versdiiedenen Ionen in den Poren-
wàssern des Kernes 185 (in Beziehung zur Teufe) mit dem Meerwasser (die 
vertikale Linie zeigt jeweils den entsprechenden Gehalt des Meerwassers an). 
— Punktiert: Anreicherung gegeniiber Meerwasser; schraffiert: Verarmung gegen-

iiber Meerwasser. 

mit entsprechenden Literaturangaben. In Schichten mit grôberem Mate
rial sinkt der Porenwasseranteil vereinzelt bis auf 17% ab, und im grob-
kôrnigeren Kern 28 (Indusdeltanâhe) liegt er srenerell zwischen etwa 30 
und 40%. Eine eingehcnde Diskussion des Porenwasseranteils wird den 
geologisch-mineralogischen Bearbeitungen dieser Sedimente zu entnehmen 
sein ( S C H O T T et al. 1970). 

5.2 Salinitât 

Stellt man die Werte fiir die Salinitât und die fiir die analysierten Ionen 
in Abhângigkeit von der Sedimentteufe graphisch dar und zeichnet zu-
sâtzlich die entsprechenden Mittelwerte fiir Meerwasser ein, so ergibt sich 
folgendes Bild (Abb. 5). 

Die Salinitât liegt durchschnittlich mit Gehalten bis zu fast 5% (Abb. 7, 
unterer Teil des Kerns 187) deutlich iiber der mittleren Salinitât des Meer
wassers von 3,42%. Dieser groBe Salinitâtsunterschied kann nur zum Teil 
mit dem bereits diskutierten „Waschfehler" erklârt werden; ein gewisser 
Unterschied zwischen den Salinitâten des Meerwassers und den von uns 
analysierten Porenwâssern ist sicher vorhanden. Die niedrigere Salinitât 
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beim Kern 185 ist vielleicht auf die relativ háufigen Einschaltungen diin-
ner, grobkornigerer Schichten zurückzuführen. Die Porenwasser im oberen 
Teil des Kerns 187 kônnten wegen des grôBten Porenvolumens aller Pro-
ben (max. 71% Porenwasser) und der damit verbundenen Austausrhmôg-
lidikeiten mit d e m Meerwasser d e m Meerwasser so âhnlich sein. Weit-
gehendere Erklàrungen ergeben sich vielleicht durch die geologisch-mine-
ralogischen Bearbeitungen ( S C H O T T et al., 1970). 

Die logische Deutung für die Erhôhung der Salinitàt des Porenwassers 
gegeniiber der des Meerwassers in der Mehrzahl der Falle scheint die 
Auspressung eines Teils des Porenwassers durch Kompaktion der Sedi
mente zu sein. Infolge der Wirkung des Tons als semipermeable W a n d 
kônnen nur Lôsungen mit geringerer Ionenkonzentration den W e g ins 
offene Meerwasser passieren, wahrend die Konzentration der im „Rest-
wasser" des Sediments verbleibenden Ionen ansteigt (ELLIS, 1954). Die 
Erklârung der erhôhten Salinitàt ais konservierte Paláosalinitat (SISKINA-
Z E L E Z N O V A , 1964; G O N I & P A R E N T , 1966) stol3t dagegen bei den hier 
untersuchten Sedimenten auf Schwierigkeiten. In der Mehrzahl unserer 
Kerne tritt die Erhôhung direkt an der Sedimentoberflâche ein; das aber 
würde bedeuten, da/3 eine wesentliclie Erhohung der Meerwassersalinitat in 
allerjüngster Zeit eingetreten sein müCte, was kaum plausibel erklárt wer-
den konnte. 

Setzen wir also die Erhôhung der Salinitàt im Porenwasser gegeniiber 
der des Meerwassers durch Kompaktion der Sedimente und „Diffusions-
barriere" voraus, so ist ein Anstieg der Salinitàt mit zunehmender Sedi-
mentteufe zu erwarten. Ein solcher Anstieg ist andeutungsweise nur in 2 
von den 6 untersuchten Kernen (ein Beispiel zeigt A b b . 7) zu erkennen. 
Zur Ausbildung einer regelmaCigen, gut beobachtbaren Zunahme inner-
halb eines K e m s ist jedoch sicher relativ hohe Gleichfôrmigkeit von Korn-
grôCe und Materialart über das ganze Sedimentprofil erforderlich, die 
annàhernd ebenfalls nur im Kern 187 realisiert ist. Wahrscheinlich ist aber 
unsere Art der Salinitâtsbestimmung nicht ausreichend, und weiterhin sind 
die Kerne vielleicht zu kurz, urn bei diesen Sedimenten bereits grôfiere 
Unterschiede in der Salinitàt zu zeigen. Aus den gleichen Griinden wurde 
wohl auch keine Abhângigkeit zwischen Salinitàt 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 

W e n n m a n die Konzentrationen der Ionen einzeln, zunàchst der A n -
ionen, in gleicher Darstellungsweise betrachtet (Abb. 5), so stellt m a n ent-
sprechend d e m Verhalten der Salinitàt im allgemeinen eine Erhôhung 
fest. Bei den Kationen sind die Gehalte an N a und K gegeniiber d e m 
Meerwasser erhôht; C a und M g dagegen gibt es in den Porenwàssern 
weniger als im Meerwasser. 

U m zu zeigen, inwieweit diese Konzentrationsunterschiede der unter
suchten Ionen zu den Mittelwerten des Meerwassers durch Salinitâts-
erhôhung der Porenwasser bedingt sind und in welchem AusmaCe noch 
andere Prozesse eine Rolle spielen, wurde eine andere Darstellungsweise 
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gewahlt. Zunâdist wurde in den A b b . 6 und 7 der prozentuale Untersdiied 
der Salinitât zwischen Meerwasser und Porenwasser, bezogen auf 3,42% 
des Meerwassers als 100%, in Abhàngigkeit von der Sedimentteufe gra-
phisch dargestellt. Unter der Annahme , daB die Zusammensetzung der 
Salinitàten von Porenwasser und Meerwasser gleidi sei, wurde sodann 
fur jede Ionenart der prozentuale Untersdiied zu den Mittelwerten fur 
Meerwasser (= 100%) aus der Salinitât der Porenwasser berechnet und auf 
die gleiche Weise gezeidinet. SdilieBlidi wurden die tatsâdilidi gemesse-
nen Ionenkonzentrationen audi auf diese Art in den gleidien Diagram-
m e n den beredmeten gegenübergestellt. Die Flâdie zwisdien den beiden 
Stredcenzügen stellt den Untersdiied in der Zusammensetzung der Salini
tât zwisdien d e m dariiberstehenden Meerwasser und den untersuditen 
Porenwàssern dar. Er soil als relative Anreidierung bzw. Verarmung der 
entspredienden Ionen bezeidinet werden. 

Nadi dieser Darstellung zeigt sidi, dal3 die relative Na-Anreidierung 
im Porenwasser im allgemeinen durdisdinittlidi 20% nidit iibersteigt. (Es 
k o m m e n jedodi audi starkere Anreidierungen mit bis zu etwa 30% und 
Verarmungen von bis zu 10% vor.) Die relative Cl-Verarmung betrâgt im 
Durdisdinitt hôdistens 20%. (Es k o m m e n jedodi audi sdiwadie Anreidie
rungen mit bis zu etwa 10% vor.) 

Im groBen und ganzen kann m a n feststellen, daB N a und Cl keine w e -
sentlidien relativen Abweidiungen gegenüber d e m Meerwasser erfahren. 
Der Effekt der semipermeablen W a n d wirkt sidi auf beide Ionen etwa 
gleidi aus, wofiir audi die etwa gleidie IonengrôBe von N a + und Cl" 
spridit. SdilieBlidi wird die Konzentration von N a und Cl audi nidit 
durdi diemisdie Reaktionen gestôrt, in denen N a oder Cl verbraudit wer
den. Aufjer der sidier untergeordneten Neubildung von Zeolithen, bei der 
N a verbraudit werden kann, sind derartige Reaktionen zu Beginn der 
Diagenese nidit bekannt. Die oben besdiriebene geringe Versdiiebung des 
Na/Cl-Verhâltnisses zugunsten des N a kônnte hôdistens mit einer Auf-
lôsung von detritisdien Feldspâten erklârt werden. 

Ganz anders verhâlt sidi demgegenüber das Kalium. In alien Kernen 
finden wir eine starke relative Anreidierung in den Porenwàssern, die 
zwisdien 200 und 500% betrâgt. Eine Erklârung fur die hohen K-Gehalte 
ist sowohl darin zu sehen, da!3 die semipermeable „Tonwand" fiir K + einen 
iiberdurdisdinittlidi hohen Widerstand darstellt, als audi in der M g 2 + - A d -
sorbtion an die Tone, wobei K + verdrângt wird und in die Porenwasser 
gelangt. Ein Teil des K + in Porenwàssern konnte audi aus der Verwitte-
rung K-fiihrender Silikate (Feldspâte und Glimmer) stammen. 

Ebenfalls anders aïs N a und Cl, aber entgegengesetzt wie K , verhâlt 
sich das M g . Die relative Verarmung betrâgt im allgemeinen durdisdinitt
lidi mindestens 70%, meist jedodi mehr (vereinzelt sogar95%) (in kleineren 
Bereidien anderer Kerne kann sie auf 20—40%-absinken). Diese geringe 
Mg-Konzentration ist z u m Teil vielleidit durdi einen iiberdurdisdinittlidi 
kleinen Widerstand der semipermeablen Tonwand für M g 2 + zu erklaren, 
wahrsdieinlidi aber werden d e m Porenwasser durdi starke Adsorbtion 
von M g an Tonmineralen und Neubildung Mg-führender Sdiichtsilikate 
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grôBere Mg-Mengen entzogen. Derartige Reaktionen in friihen Stadien der 
Diagenese sind bereits beobachtet und beschrieben worden (VON E N G E L -
HARDT, 1960; SIEVER, B E C K & BERNER, 1965; BROOKS, PRESLEY & KAPLAN, 

1968). Wahrscheinlicii spielt zunâclist die Adsorbtion eine grôBere Rolle, 

wàhrend sich im Laufe der Zeit das Verhâltnis von adsorbiertem zu ein-

gebautem Magnesium immer mehr zugunstèn des eiñgebauten ver-

schiebt. 

Ca verhâlt sich im Prinzip wie das M g , 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, daB das Verhalten des Ca durch àhnliche 

Faktoren wie beim M g gesteuert wird. 

Die relative Verarmung an C a iiberrascht zunâchst, 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 

verstârkten Auflôsung der Karbonate führen müBte (eine solche Auflôsung 

junger Karbonatschalen wird jedoch durch deren organische Schutzschicht 

erheblich erschwert, wie bei Bearbeitung dieser Proben im Labor mit 

Sàuren selbst hôherer Konzentration vielfach beobachtet wurde). Mit fort-

schreitender Diagenese und erhôhtem Abbau dieser organischen Schutz-

hiille sollte aber verstârkte Auflôsung von Kalkschalen und damit Anrei-

cherung von Ca im Porenwasser môglich sein. 

In alien Kernen ist mit Zunahme der Sedimentteufe eine relative Zú

ñanme an S04
2~ festzustellen. Dieser Befund konnte zunâchst keine Er-

klârung finden. In den meisten in der Literatur beschriebenen Fallen 

wurde nàmlich im Gegensatz zu den hier untersuchten Kernen eine A b -

nahme beobachtet und durch bakterielle Reduktion des Sulfates zu Sulfid 

und nachfolgender Ausfâllung als Metallsulfid gedeutet. V O L K O V und O S T -

R O U M O V (1960) haben dagegen auch eine Erhôhung des Sulfatgehaltes in 

manchen Porenlôsungen von Sedimenten des Pazifiks gefunden. Sie erklâ-

ren diese Erhôhung durch Zerfall von Ca-Sulfoaluminaten. Diese Erklâ-

rung scheint fur die hier untersuchten Sedimente des Indischen Ozeans 

unbrauchbar zu sein, da hier bisher keine Ca-Sulfoaluminate festgestellt 

werden konnten. 

Abb. 6. Vergleidi von Salinitàt der Porenwasser mit den Gehalten an verschie-
denen Ionen im Kern 185 (in Beziehung zur Teufe). Salinitàt und Ionen-
konzentrationen sind in % ausgedriickt. BezugsgiôBe ist die Salinitàt bzw. Kon
zentration an dem jeweiligen Ion des Meerwassers, die = 100% gesetzt wurde. — 
Punktiert: Anreicherung gegenüber dem %-Anteil des gleichen Ions im Meerwas-
ser; sdiraffiert: Verarmung gegenüber dem %-Anteil des gleichen Ions im Meer-

wasser. 

Abb. 7. Vergleidi von Salinitàt der Porenwasser mit den Gehalten an versdiie-
denen Ionen im Kern 187 (in Beziehung zur Teufe). Salinitàt und Ionenkonzen-
trationen sind in % ausgedriickt. BezugsgrôBe ist die Salinitàt 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. N I E L S E N (frdl. mündliche Mitteilung) den 
Hinweis auf eine môgliche Oxydation des Sulfidanteils des Sediments zu 
Sulfat beim Auswaschvorgang. Unter dieser Voraussetzung wiirde die ge-
fundene Sulfatanreicherung auf eine Sulfidanreicherung mit der Teufe im 
Sediment hinweisen. 

KK185 
CI/SO/ 

.0 S 
Na/K 
0 20 

100 
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Abb. 8. Verhàltnisse der Ionenkonzentrationen (in Beziehung zur Teufe) in 
Porenwâssern des Kernes 185. Die vertikale Linie zeigt jeweils das entspre-

chende Verháltnis im Meerwasser an. 

5.4 V e r h á l t n i s de 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 er 
Die Verhàltnisse C1/S0 4 ) C a / M g und N a / K (Abb. 8) bestâtigen die 

schon angefiihrten Beobachtungen: 

Das durchschnittliche Cl/S04-Verhâltnis fàllt deutlich mit Zunahme 
der Teufe, da S 0 4 mit der Teufe zunimmt und CI konstant bleibt. 

Das Ca/Mg-Verhâltnis ist im Mittel in den Porenwâssern durchweg 
etwas hôher als im Meerwasser, da unter den gegebenen Bedingungen 
offensichtlich M g aus den Porenwâssern bevorzugt vor C a an die Tone 
adsorbiert wird. 

Das Na/K-Verháltnis der Porenlôsungen ist wegen hôheren K-Gehaltes 
generell bedeutend niedriger als das des Meerwassers. 

W e n n m a n die unterschiedlichen Veránderungen der Gehalte an den 
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analysierten Ionen betrachtet, stellt sich die Frage, ob das Verhâltnis 
der von uns bestimmten Kationen und Anionen im Gleichgewicht geblie-
ben ist. D a das Verhâltnis von Kationenâquivalenten zu Anionenâquiva-
lenten 1 sein miiB, folgt aus den Verhâltnisverschiebungen der von uns 

i i i 

0 0,5 1,0 1,5 

2KÀqu/£ÀAqu 

. . . _ ni .. . i .. i /-. Summe der Kationenâquivalente . . 
Abb. 9. Abhangigkeit des Quotienten: — : ;—: r—; in den 

Summe der Amonenaquivalente 
Porenwássern von der Salinitàt dieser Porenwàsser. Die vertikale Linie zeigt den 
theoretisdien Wert für diesen Quotienten, d. h. fiir den Fall, dafi alie Ionen aus 

den Porenwássern bestimmt wurden. 

bestimmten Ionen, da/3 andere Ionen, die in unserer Analyse nicht beriicksich-
tigt wurden, in die Lôsung gekommen sind. 

Aus Abb. 9 geht deutlich hervor, dafi sich das Verhâltnis von Kationen
âquivalenten zu Anionenaquivalenten verschoben hat, und zwar wird der 
Kationenmangel mit ansteigender Salinitàt immer starker. Hier spiegelt 
sich wahrscheinlich eine Abhangigkeit zwischen der Elektrolytkon-
zentration und dem Kationenaustausch an den Tonen wider. Bei hoherer 
Elektrolytkonzentrátion (also hôherer Salinitàt) werden mehr Kationen aus-

19 Geologische Rundschau, Bd. 60 289 

5 

4 

3 

-

9/ 
<n in 

- n 
? 
c Of 

o 0. 
«1 

TJ 

^̂  :m 
'c 

n S 

797 



getauscht — also werden weniger von den primaren Kationen in der Lôsung 
bleiben. U m welche Kationen es sich bei diesem Austausch handelt, kônnen 
wir zunâchst nicht beweisen. Es wird unsere Aufgabe sein, bei weiteren 
Untersuchungen von Porenlôsungen dieser Sache nachzugehen. 

100 Na 

Abb. 10. Verhâltnisse der Kationenâquivalente von M g , Ca und Na in den 
untersuchten Porenwâssern. Im Dreiecksdiagramm ist gleichzeitig der Bereidi der 
fossilen Formationswâsser nach V O N E N G E L H A R D T (1960) eingezeichnet — Voile 
Kreise: Kerne 182, 183, 185, 187; leere Kreise: Kerne 28, 237; M = Meer-

wasser. 

5.5 V e r g l e i c h der P o r e n l ô s u n g e n rezenter u n d 

fossiler S e d i m e n t e 

In unseren bisherigen Betrachtungen gingen wir von der Voraussetzung 
aus, daB die Verânderungen in der chemischen Zusammensetzung groBten-
teils auf Kompression und Wechselwirkung mit den Tonen zurückzuführen 
sind. Weiterhin nehmen wir an, da!3 die gleichen Prozesse bis zu Formations-
wàssern, wie sie uns von den Erdôlbohrungen bekannt sind, fiihren. U m un
sere Porenlôsungen mit Formationswàssern vergleichen zu kônnen, haben wir 
uns einer Darstellungsweise der Erdôlgeologie bedient. Es handelt sich da-
bei u m ein Dreiecksdiagramm mit den Kationenáquivalenten von Na, Ca und 
M g an den Ecken. Aus der Abb. 10 geht deutlich die Annaherungstendenz 
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zu Formationswássern hervor. D e n Übergang v o m Meervvasser zu For-
mationswassern machen, wie erwartet, die Porenwâsser des grobkôrnigsten 
der hier untersuchten Kerne (Kern 28 v o m Indusdelta) aus. Die wahr-
scheinlich sehr groBe Sedimentationsrate dürfte die geringste diagenetische 
Veránderung bewirkt haben. Die anderen Kerne konzentrieren sich im 
Bereich der Ca-armen Formationswásser. Die Verminderung des M g -
Gehaltes gegenüber anderen Kationen ist ofíensichtlich schon fast voll er-
reidit. Diese Darstellungsweise schlieBt leider das Kalium aus. 

6. Zusammenfassung 

Bei der Untersuchung von Porenwássern rezenter Sedimente des Indi-
schen Ozeans wurden folgende Ergebnisse erzielt: 

Die Salinitât der Porenlôsungen ist gegenüber der des Meerwassers 
schon bei geringer Sedimentteufe im allgemeinen erhoht. Das Verhâltnis 
von N a und Cl, den Haupttràgern der Salinitât, zeigt einen schwachen 
Anstieg zugunsten N a . 

In den Porenlôsungen zeigt die Salinitât gegenüber der des Meerwas
sers: 

starke Verarmung an M g , 
im allgemeinen deutliche Verarmung an Ca, 
sehr starke Anreicherung von K . 

Zusammenfassend kann m a n sagen, daB die Porenwâsser gegenüber d e m 
Meerwasser schon bei sehr geringer Sedimentteufe, sowohl bezüglich der 
Salinitât insgesamt ais auch bezüglich der Zusammensetzung der Salinitât 
deutlich verândert sind. 

Vergleicht m a n nun die Zusammensetzung der Salinitât in unseren 
Porenwássern rezenter Sedimente mit der fossiler Porenwâsser, so zeigt sich 
folgendes: 

Mit Ausnahme des Kerns vor der Indusmündung ist in alien Kernen 
der Bereich der fossilen Formationswásser nach V O N E N G E L H A R D T (1960) 
bereits nadi geringer Sedimentteufe erreicht. Das Porenwâsser des etwas 
grobkórnigeren und daher wahrscheinlich besser durchspülten Kernes stellt 
in seiner Zusammensetzung den direkten Übergang zwischen d e m Meer
wasser und den anderen Porenwássern dar. Diese Porenwâsser sind sehr 
Na-reich, M g - und Ca-arm. Die A b n a h m e ihrer Mg-Gehalte gegenüber 
d e m Meerwasser dürfte in etwa abgeschlossen sein. Dagegen ist eine 
Zunahme an C a mit zunehmender Sedimentteufe und/oder zunehmendem 
Sedimentalter durch Auflôsung von Kalkschalen zuerwarten. 

Beim Vergleich der beschriebenen Porenwâsser in rezenten Sedimenten 
mit fossilen Porenwássern ergeben sich folgende Schlüsse über den Be-
ginn der Diagenese: 

a) Schon früh gibt es eine starke K-Zunahme, die durch eine Diffusions-
barrière oder durch Austausch mit Mg-Ionen an den Tonen bedingt 
sein kann. Ein Teil dieser Zunahme kann audi aus d e m Zerfall K -
haltiger Silikate (Glimmer und Feldspâte) síammen. Eine K - A b n a h m e 
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infolge von Illit-Neubildung fndet erst in viel grôBeren Sediment-
tiefen statt ( W E A V E R , 1967). 

b) Die Karbonatauflôsung ist bei den rezenten organogenen Karbonaten 
wegen einer organischen Schutzhülle verzogert. Gleidizeitig wird 
wohl etwas Ca an Tonminerale adsorbiert. Infolgedessen sinkt der 
Ca-Gehalt der Porenlosung unter den Ca-Anteil der Meerwasser-
salinitat. 

c) Schon früh ist die Mg-Adsorbtion an den Tonen abgeschlossen. D a s 
adsorbierte M g steht spáter für diagenetische Mineral-Neu- u n d 
Umbi ldungen zur Verfiigung. 

Die hier vorgelegten Ergebnisse sind Teil einer groBeren Arbeit von V . M A R -
C H I G iiber geochemische Untersuchungen an Sedimenten vor der indisch-pakistani-
schen Küste, die demnâchst in-vden „Meteor"-Forschungsberichten, A b h . Geol. 
u. Geoph. ersdieinen wird. Dort werden dànn audi samtliche Analysendaten und 
weitere Einzelheiten der Porenwasseruntersuchungen mitgeteilt. 
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Review of over-all geophysical studies of the structure of the terrestrial crust of the Indian Ocean 

by A . G . Gaïnanov, J. I. Svistounov, P . A . Stroev, and A . A . Schreider 

A. f. fauHanoB, K). M. CeucTtjHoe, TI. A. Crpoee, A. A. Lüpeüdep 

OB30P KOMnJIEKCHblX TECXDH3HHECKHX HCCJlEflOBAHMFl 
CTPOEHHfl 3 E M H O H KOPbl H H A H H C K O T O OKEAHA 

B pe3yjibTaTe iiHTeHCiiBHbix KOMnjieKCHHx reocpn3iniecKiix iiccneAOBa-
HiiH, pa3BepHVBiiiHxcH Ha aKBaTopmi HHAHHCKoro OKeaHa B nepnofl M r r 
(1957—1958 IT.) H B nocjicayiomHe roflw B C B H 3 H C co3flaHHe¡vi MoKflyna-
pOAHOÍi HHAOOKeaHCKOH 3KCneflHU.HH, BHaCTOHLUeeBpeMH HHfllliiCKHHOKeaH, 

B ocooemiocTii ero ceBepo-3anaflnaa iacTb, HBJineTCii O A H O Ü H 3 Han6o;iee 
reocpiisimecKH ii3yMeHHbix oójiacTeii MnpoBoro oKeana. Ilo pe3yjibTaTaM 
rpaBiiMeTpHMecKHx HCCJieflOBannii B ceBepo-sanafluon M a c ™ Hufli-incKoro 
oxeana flo 1962 r. BKJiK)HHTe.ibno ó bum cocTaB/ienw cxeManmecKiie KapTbi 
anoMa.THH ciijibi TH>KecTii B CBoóoflHOM B03flyxe H peflyKUHH Byre 
[o — 2,8 e'cM3) c ceneHneM H3oaHOMa„i B 50 MZA [1]. KoMnjieKCHbifl aHaAH3 
ceiicMHMecKHx flannbix o erpoenHH 3 6 M H O H Kopu no OTfleJibiibiM npocpHJiHM 
C rpaBHMeTpHHeCKHMH flaHHHMH n03BO.1H.il BHHBHTb OCHOBHbie MepTbl CTpOe-

iiiiH Kopu H BepxHen iviaiiTHH B pa3JiHMHbix oôJiacTiix HHflHHCKoro OKeaHa 
[2, 3]. TpaBHMeTpHMecKHe cbeMKH B H H A H H C K O M OKeaHe upoBOflHTca aHr-
JIIIHCKHMH H aMepHKaHCKHMH IICCJieAOBaTCUHMH C M O p C K H M H rpaBHMCTpaMH 

Tpacpa, «AcKaHiia GSS-2» H Jla Kocra-PoMÓepra. OflHOBpeMeHHo c H3Me-
peiineM ciijibi THJKecTH npoBOflflTCH nenpepbiBHbie ii3MepeHHH. no npocpujiio 
no.moro BeKTopa MarHHTHoro no.iii H r.iyóiiH flua, a B HeKOTopbix peñcax 
H HenpepbiBHbie ceiicMoaKycTHMecKiie nccjieflOBaHHH Bepxnefl ocaAOiHoii 
TOAiiui {4—10]. CoBeTCKne nccjieflOBaTejiii na H H C «BiiTH3b» H H H C 
«Kyp^aTOB» TaK>Ke npon3BOflHJiH HenpepbiBHbie H3MepemiH C H A H TH>KecTH ' 
H HanpH>KeiiHOCTH nojiHoro BeKTopa MarHHTHoro noAa npn njiaBaHiinx B 
H H A H H C K O M OKeaHe [11]. 

HanóoJiee H3yMeHHoñ rpaBiiMeTpH^ecKH oóJiacrbio HHflHHCKoro oxeaHa 
K HacTOHmeMy BpeMeHH HBJineTCíi ceBepo-3anaflHaH qacTb, AJIH KOTopoñ 
c yqeTOM onyôJiHKOBaHHbix A O 1967 r. pe3yJibTaTOB rpaBHMeTpHnecKHX H3-
MepeHHñ no npocpHJiHM HaMH cocTaBjieHa cxeMaTH^ecKaa KapTa anoMajiHii 
cH.ibi Tfl^ecTH B peAyKU,HH Byre (a *= 2,67 e/cM3, HopiviaJibHaH (popMy.ia 
MeatflyHapoflHan). CpeflHHH KBaflpaTimecKafl ouiHÓKa onpeAeJieHHfl aHOMa-
miü Byre He npeBbimaeT ± 1 0 MZA. OAHaKO, yiuTbiBasi peAKyio ceTb npotpH-
Jieñ, H3oaHOMajibi npoBeAeHbi wepe3 50 MZA. npiiHHHniiajibHbie nepTbi aHO-
MaAbHoro rpaBHTauHOHHoro noJín B cpaBHeHHH c KapTOH anoMajiHH B pe-
flVKUHH Byre a — 2,8 Z/CMZ He H3MeHHAncb. CpeAHHHO-OKeaHHMecKHii 

1 C M . B. A. r n a A y H, H . H. KanuoBa. rpaBHMeTpiwecKne paóoTbi B 40 H 41-M 
peñcax H H C «B«TH3b». HacTosmHñ C6OPHHK. 
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A p a B H H C K O - H H A H H C K H H , Ma^bflHBCKHH, MaCKapeHCKHH nOABOAHbie XpeÔTbl 

XapaKTepH3yK)TCH nOHH>KeHHbIMH, no CpaBHeHHK) C IViyÓOKOBOAHblMH KOTJIO-
BHHaMH, 3HaneHHHMH aHOMa^Hñ Byre. B pañoHe noneperaoro pa3JioMa 
OysH loro-BocTo^Hee o. CoKOTpa ceBepo-3anaAHoe npoerHpauHe H3oaHOMaJi 
oc^o>KHaeTCH. Co3flaeTCH BneqauieHHe, H T O ocjio>KHeHHe oôycJiOBJieHo B O 3 -
AeñcTBHeM aHOMaJibHbix ¡viacc ceBepo-BocroqHoro npocTHpanHH, cocpeAOTO-
HeHHblX B pa3JIOMHOH 30He Oy3H. 

TpaBHTauHOHHoe nojie Apyrnx wacTeñ H H A H H C K O T O OKeaHa ocBemeHO 
TO-ibKo Ha y^acTKax OTAejibHbix pa3po3H6HHbix npoipH.ieH, nepeceKaiomiix 
rnyóoKOBOjiHbie K O T J I O B K H H , noABOAHbie xpeóTH, rjiyóoKOBOAHbie wejiooa, 
KOHTHHeHTaJIbHbie CKJIOHbl [2, 12 H Ap] . 

n o pe3yjibTaTaiw naojimueHuñ opóHT iicKyccTBeHHbix cnyTHiiKOB 3eM-
•TH BbiHBJieHbi KpynHan OTpHuaTeJibHafl BOJiHa reoHAa B ceBepo-3anaAHOÍi 
lacra HHflHHCKoro OKeaHa, AocTiiratoman —77 M, a B B O C T O H H O H H ioro-3a-
naflHoñ — no.ioKHTejibHbie npeBbimeHHa reoiiAa [13]. 

O A H H M H H3 nepBbix MarHHTHbix HccjieaoBaHHH B H H A H H C K O M OKeaHe 
c uejibK) Hsy^eHHH C T P O C H H H 3eMHoñ Kopw 6biJiH peñcbi coBeTCKoñ Heiviar-
HHTHoií uixyHbi «3apH»B 1957—1958 ir. [14, 15]. B H J I O BbinojmeHO HecKOJib-
Ko cyôuinpoTHbix H cyÓMepHAHOHajibHbix nepeceneHHH H H A H H C K O T O OKeaHa 
c HenpepbiBHoñ 3anHCbio nojiHoro BeKTopa 3eMHoro MarHHTHoro nojín T, 
BepTHKaJIbHOH Z H rOpH30HTajIbHOH H COCTaBJlHIOmHX, a TaiüKe MarHIITHOrO 

CKJioHeHHH D. Wxe B S T H X peñcax ÔHJIH BbiHBjieHM xapaKTepHbie HHTeH-
CHBHbie KOpOTKOnepHOAHbie aHOMajIHH MarHHTHOrO nCIIH HaA pHCpTOBbIMH 

soHaMH CpeflHHHO-HHflHHCKoro xpeÓTa, oójiacTH CJiaóux MarHHTHbix aHO-
MajiHñ B pañoHax flBaHCKoro >Kejio6a, CeBepo-ABCTpajiHHCKoñ H I O J K H O -
ABCTpaJIHHCKOH KOTJIOBHH. ¿UjIbHeHUIHe MarHHTHbie CbeMKH, npOBOaHBUIHe-
CH C ÔyKCHpyeMbIMH HflepHbIMH MarHHTOMeTpaMH COBeTCKHMH, aHrjIHHCKH-
M H , a M e p H K a H C K M M H H flpyrHMH HCCJieflOBaTeJIHMH, yTOIHHJlII H BbIHBHJIH 

HOBbie oójiacTH pa3JiHHHOH MarHHTHOH aHOMajibHOCTH B H H A H H C K O M OKeaHe 
[3—11, 16]. 

HaHÔOJiee noJiHO MarHHTHoii cbeMKoñ n o K p m a ceBepo-3anaAHaH nacrb 
H H A H H C K O T O OKeaHa. O ó m a n AJiHHa MarHHTHbix npotpHJieñ K HacToameMy 
BpeMeHH B 3T0M pañoHe npeBoexoflHT 150 rae. KM. B pe3yjibTaTe Bbino^-
neHHbix HccjieflOBaHHH BbiHBjieHbi HanpaBjieHHH oceñ MarHHTHbix anoMa-
JIHH B ApaBHHCKOM Mope H CoMa.iHÜCKOH KOTjioBHHe. HaMenaeTca napa„i-
JiejIbHOCTb npOCTHpaHHH OCeÜ MarHHTHHX aHOMaJIHH OCHOBHblM MOptpO-

CTpyKTypaM pejibetpa. CBoeo6pa3Hbie M03aHHHbie MarHHTHbie aHOMa.iHH 
OTMeweHbi Ha noABOAHOM xp. Meppeñ, He xapaKTepHbie AJIH T H H H H H O oKea-
HHiecKoñ Kopbi. B O 3 M O > K H O xp. Meppeü 3ajio>KeH Ha ceBepo-BocTomoM 
npoAOJiJKeHHH 30HH HapymeHHH Oy3H HJIH HBJiHeTCH MopcKHM npoAOJMe-
HneM OMaH-IlaKHCTaHCKOH reoaHTHK.iHHajin [17]. 3oHa HapyuíeHHH O V S H 
no MarHHTHblM aHOMaJIHHM pe3KO OTJIHiaeTCH OT npHMblKaiOIUHX ytiaCTKOB 

ApaBHHCKO-HHAHÍicKoro xpeôTa. ECJIH HJIH nocjiezmero O C H MarHHTHbix 
aHOMaJIHH napaJIJiejIbHbl XpeÔTy C HHTeHCHBHHMH aHOMaJIHHMH Hafl pHtpTO-

Boñ oôjiacTbio, T O 30Ha OysH xapaKTepH3yeTC« cJiaóo aHOMa^bHMM nojieM, 
B cpe^HeM He npeBocxojiHmHM ± 1 0 0 y. Ha6jiioflaeTCHTeH/i,eHnHH K C B — 1 0 3 
npocTHpaHHio oceñ aHOMajinñ. 

3anaAHO-CoMajiHHCKaH KOT^oBHHa xapaKTepH3yeTca cnoKOHHbiM Mar-
HHTHblM nOJieM, JIHUIb H3peflKa OC.lOJKHeHHblM aHOMaJIbHbIMH 30HaMH, npO" 

CTHpaiomHMHCH, KaK npaBH^io, napa î̂ ejibHo AtppHKaHCKOMy no6epe>Kbio. 
BoCTOHHaíI ^aCTb COMaJIHHCKOÍÍ KOTJIOBHHbl, 3aK^K)HeHHaH Me>KJiy M a C K a -
peHCKHM H A p a B H H C K O - H H A H H C K H M XpeÓTaMH, BblfleJIHeTCH CHJIbHO paCHJie-
HeHHHM MarHHTHblM no^eM. AMnjiHTyAbí aHOMaJIHH OT 150 AO 300 Y c ne-
p H O A O M 10—40 KM. IlpHMeM XapaKTep aHOMaJIHH OAHHaKOB HaA pOBHblM 

A H O M H BCTpenaiomHMHCH 3Aecb noABOAHHMH ropaMH. H a A Ceñme/ibCKOH 
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ÔaHKOH BbIHBJieHbl HHTeHCHBHbie AOKaAbHbie a H O M a A H H , C aMriJIHTyflOH 

jlOOO—1500 y H nepHo/ioM O K O A O 1 KM. BepoHTHo, S T H aHOMaAHH oóycAOB-
•neHbi 6a3ajibTOBHMH aafiKaMH, nació HaÓAioAaeMbiMH Ha CeñuiejibCKnx 
ocTpoBax. BeKTopa eerecTBeHHOH ocTaTOHHOH HaMarHHHeHHOCTH o6pa3u,OB 
6a3ajibTOB, coôpaHHbix Ha 40 flaÜKax CeñuiejibCKHx O C T P O B O B , 0Ka3ajiHCb 
BecbMa pa3JiHHHbiMH no HanpaBjieHHK) [18]. 

BaHKa C O H H ae MajibH B oTAHMHe O T CeñiuejibCKoñ ôaHKH B M A C A H C T C H 
cjiaôoaHOMaJibHHM MarHHTHHM nojieM. AMnjiHTyflbi MarHHTHbix aHOMaJiHñ, 
coBnaAaiomHe co cKJioHaMH ôaHKH, AOCTHraioT 50 Y - B ioro-3anaAHOH na-
C T H MacKapeHCKoro xpeÔTa H B K » K H O H nacrn MeAKOBOAbH KapraAoc-Ka-
paxoc HaojiioAaioTCH y3KHe nojiocoBbie OTpHuaTeJibHbie MarHHTHbie aHOMa
AHH HHTeHCHBHOCTbK) flo 400 y. 3 T H MarHHTHbie aHOMajiHH, npoTHrHBaio-
mnecH Bflojib 3ana/iHoro cKAona MacKapencxoro xpeÔTa A O ôaHKH COHJT 
/te MaJibH, B O 3 M O > K H O , 0Tpa>KaK)T coBpeiweHHyK) ocAaôAeHHyio 30Hy B Mop-
C K O M Rue, xapaKTepH3yK)Hj,yrocH MarMaTimecKHMH H 3 A H H H H H M H [8]. 

ApaBHñcKO-HHflHHCKHH xpeôeT (xp. KapACÔepr no 3apyôe>KHOH Tep-
MHHOJiorHH) nepeceqen MarHHTHMMH npo(pHjiHMn Ha pa3AHMHMx iHHpoTax. 
XapaKTep aHOMaAHH Ha Bcex nepeceqeminx ocraeTCH OAHHaKOBHM, MeHHeT-
CH JIHIlIb HX HHTeHCHBHOCTb [19]. PlKpTOBbie AOAHHbl ApaBHHCKO-HHAHHCKO-
ro XpeÔTa XapaKTepH3yiOTCH OTpHU,aTeAbHMMH M a r H H T H M M H aHOMaJIHHMH. 

ConocTaBJieHHe noAiiroHHbix cbeMOK, BbinoAHeHHbix P H A O M C O B C T C K H X H 3a-
Py6e>KHbIX 3KCneflHUHH HaA pa3AHiribIMH yiaCTKaMH A p a B H H C K O - H H A H H C K O -

ro xpeÔTa, cBHAeTeAbCTByeT o T O M , H T O O C H aHOMaAHH, accouHupyiomHecH 
c pHcpTOBbiMH aoJiHHaMH H rpeÔHHMH npHAeraiomHx rop, He HBAHIOTCH He-
npepbiBHbiMH [11, 20]. H a Bcex noAHroHax HaÔAioAaioTCH B03MymeHHH 
B MarHiiTHOM nojie, O C H KOTopbix yacTO iiepneHAHKyjiHpHbi ocHOBHOMy Ha-
npaBJienHio noAH. HaÔAioAaioTCH cMemeHHH oceiï MarHHTHbix aHOMaAHH, na-
pajijiejibHbix HanpaBjieHHK) xpeÔTa, B 3onax B03MymeHHñ nopnAKa 10— 
30 KM. 

IlocKOJibKy MecTa Bbiôopa nojinroHOB B oômeM CAynae HBAHIOTCH cjiy-
MaftHblMH, H M d O T C H OCHOBaHHH yTBepHiflaTb nO M a r H H T H H M flaHHblM, HTOOC-

HOBHbie MOp(|)ocTpyKTypbi B npeaejiax xpeÔTa He HBJIHIOTCH HenpepbiBHHMH. 
a HaCTO HCnblTbIBaiOT rOpH30HTaAbHbie H , BepOHTHO, BepTHKaJIbHbie nOflBH»-

K H HeôojibiHHx aMnAHTyA, ^ T O no/iTBepjKaaeT npeACTaBJieHHH o CpeflHHHOM 
xpeÔTe KaK coBpeMenHon TeKTOHH^ecKH aKTHBHofi 30He B MnpoBOM OKeaHe. 
MarHHTOMeTpHieCKaH H3yieHHCCTb CHCTeMbI XpeÔTOB JlaKKaflHBCKOrO, 

jMajibAHBCKoro, Maroc, a Tanxe K O T A O B H H H noABOAHMx xpeÔTOB IOJKHOH 
H BocToqHoñ yacTeii H H A H H C K O F O OKeaHa HeAOCTaTOHHa. H M C I O T C H TOAbKo 
OTflejibHbie MarHHTHbie npocpHjra. 

riepBbie ceHCMHqecKHe HCCAeAOBaHHH MeTOAOM npejioMJieHHbix BOJIH B 
ceBepo-3anaflHOH H B O C T O T O O H nacTnx H H A H H C K O I - O OKeaHa ÓHJIH npoBeae-
Hbi B 1953 r. Ha a/c «MejieHfl̂ iep» [21]. B panoHe CeñuiejibCKoñ ôaHKH, pac-
nojio^eHHoñ na ceBepHOM O K O H H 3 H H H MacKapeHCKoro xpeÔTa, noa cjioeM 
KOpaJIJIOBblX pH4)OB MOIUHOCTblO 30 M, HMeiOmHX CKOpOCTb npOflOJIbHblX 

BCJIH 2,1—1,7 KM/ceK, ôbui oSHapyjKeH CJIOH TOJIIH,HHOH OKOJIO 2,4 KM H C K O -

pocTbio npoflOJibHbix BOJIH 5,5—6,0 KM/ceK. HocjieAyiomHe cencMH^ecKHe 
HCCJieAOBaHHH ycTaHOBHJiH, HTO CeñiuejibCKaH 6aHKa HMeeT MaTepHKOBbiñ 
THn KOpbl [22]. TpaHHTHbie nopOflbl, BbIXOAbI KOTOpblX Ha nOBepXHOCTb 06-

HapyKeHbi Ha oerpoBe M a s , MomHocTbio RO 13 KM C O C T O H T H3 Asyx cjioeB. 
FlepBblH CJIOH CO CKOpOCTbK) npOAOJIbHblX BOJIH 5,6—5,7 KM/ceK, flOCTHraeT 

MomHocTH Ao 3,5 KM. FIOA 3THM THnHMHO «rpaHHTHbiM» cjioeM 3ajieraeT 
CJIOH CO CKOpOCTbK) npOAOJIbHHX BOAH 6,3 KMJCeK, KOTOpblH, BepOHTHO, CO-
oTBeTCTByeT HecKOAbKo 6oAee ynAOTHeHHHM rpaHHTaM. H a rAyÔHHe 13 KM 
oÔHapy>KeH C A O H C O CKopocTbio npoAOAbubix B O A H 6,8 KM/ceK, THnnqHbiH A A H 

«6a3aAbTOBoro» C A O H . TpaHHua MoxopoBHMH^a (rpaHHua Ai) BbiHBAeHa 
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na rjiyóHHe 32 KM noA CeñiuejibCKHMH ocTpoBaMH. HamieHbiuaa M O I U H O C T B 
?eMHoñ Kopbi oônapyjKena nenocpeflCTBenHo K 3ana,ay O T CeiiiuejibCKon 
óanKH, r^e BbiKJinniiBaeTca 6a3ajibTOBbin CJIOH C O CKopocTbio 6,8 KM!cea, 
a nopoAH Hafl6a3ajibTOBoro CJIOH C O CKopocTbio 4,2—6,2 KM'CCK 3ajieraiOT 
¡íenocpeflCTBeHuo na MaHTHH, naxoAamenca na rjiyôiwe Bcero Jinuib 8,5 KM 
mime ypoBHH Mopa. Xlajiee B 3anaAHoii MacTn CoiviajiHHCKOH K O T J I O B H H H B 
pa3pe3e 3eMiioíi Kopw cnoBa noaBJiaeTca CJIOH co CKopocTbio 6,8—7,2 KM/ceK, 
a rjiyóima noBepxHOCTii Al norpy>KaeTca A O 13—15 KM Hume ypoBHaMopa. 
Tío Mepe npiióJiíiJKeHHH K 6epera¡vi AcppiiKH BbiKJiHHiiBaeTca naAÓa3ajibT0-
Bblf'i CJIOH CO CKOpOCTbKD 5,2 KMÍCeK H yBeJIHMHBaeTCa MOLUHOCTb OCaflOHHHX 

0TJi0H<ennñ (ur = 2,5 KM/ceK) A O 2—3 KM. B pa3pe3e 3eMHOíi Kopbi IIOHB-

.líieTCH rpaHHTIlblH CJIOH CO CKOpOCTHMH HpOAOJIbHblX BOJIH 4,7—5,3 KM.'ceK, 

KOTOpblíi, BepOHTHO, npeACTaBJIHCT C0Ó0H npOflOJlXeHHe B MOpe OTJIOÎKeHHH 

CHCTeMbl Kappy . Y nOAHO>KbH KOHTHHeHTajIbHOrO CKJIOHa BblHBJieHbl CJIOH 
co CKopocTHMii npoflOJibHbix BOJiH 2,9 KM.'ceK H 3,5 KM,ceK. ripeAnoJiaraeT-
ca, M T O CJTOH c vT — 2,9 KM/ceK cjiojKeii ocaflKaMH Me.TOBoro H najieoreHOBo-
ro B03pacTa, a CJIOH C vr = 3,5 KM/ceK npeACTaBJiaeT coóoñ iopcKiie OTJIO-
memia [23]. 

B 1958 r. 3Kcne/iHUHeH na cyaax «Bnivia» H «AuiamiiK» ÓLIJIO noJiyne-
H0 5 pa3pe30B 3eiviHoñ Kopw B A A C H C K O M aajiHBe [25, 26]. CBepxy no pa3-
pe3y 3ajieraiOT ivtajioynjioTHeHHbie ocaAKii MouiiiocTbio 0,5—1,2 KM co C K O -
pocTHMH 2—3 KM:ceK; nii/Ke pacnojiaraiOTca ynjroTueHHbie oca„n.Kii H BVJI-
KaHoremibie nopoAbí co C K O P O C T H M H 4,0—4,5 KM/ceK MoniHOCTbio 1—2 KM. 

OcnoBHbie n yjibTpaocuoBHbie KpiicTajiJiHRecKiie nopo/ju co cKopocTaivin npo-
aojibiibix BOJiH 6,4—6,9 KM!ceK 3ajieraiOT na myónue 4—4,5 KM II invieioT 
Momi-iocTb oKOJio 6 KM. H a flByx pa3pe3ax iiiiMíe CJIOH C O cKopocTbio 6,4— 
6,9 KM/cea oónapymeH CJIOH C O CKopocTbio 7,7 KM/ceK. BepoaTHO, S T O T CJIOH 
npcACTaBJiaeT coóoñ anoMajibHyío MaHTino, xapaKTepHVio AJÍ a pa3pe3a cpe-
A¡iHHO-oKeaHiiMecKHx xpeóTOB [3, 26]. 

CeñcMHHecKiie paóoTH Ha MacKapeHCKOM xpeÓTe ÓMJIH npoAOJimenbi 
3KcneAHmiHMH Ha cy/j,ax «Apro» H«TopH30HT» B 1962 r. (sKcneAimna «Jly-
3iiaj») H «^HCKaBepii» H «Oyaii» B 1963 r. CoBOKynHOCTb pe3yjibTaT0B 
no3Bo.iHJia ycTanoBHTb HeoAHopoAHOCTb cTpyííTypbi xpeÓTa n npHjieraiomeñ 
K HeMV C BOCTOKa MaCKapeHCKOH KOTJIOBHHbl. 

B pailoHe GaiiKH Coña Ae Majiba, pacnojiomeHiioñ K»KHee Ceñiuejib-
C K H X ocTpoBOB H aBJiaiomenca qacibio MacKapeHCKoro xpeÓTa, rpaHHTHbiii 
CJIOH ne oôiiapymeH. Paspe3 3eMHoñ Kopbi Ha 6anKe Coña Ae MaJiba THnn-
Men AAa oiíeaHHMecKHx O C T P O B O B C ByjiKanimecKiiM ocHOBaHueM. FIOA CJIOH-
M H HeÓOJIblUOÍÍ MOIUHOCTII CO CKOpOCTHMH npOAOJIbHblX BOJIH 1,72 KM/ceK 

H 3,25 KM/ceK, npe-ACTaBJiatoiuHMH KopajiJiOBbrii HJI H KopajiJioBbie nopoflbi, 
cxoAHbie c nopoAaMH, naiiAeHHbiMH Ha Ane CeñiueJibCKoñ óaHKH, oÓHapy-
>I<eHbI CJIOH CO CKOpOCTaMII npOAOAbHblX BOJIH 4,4 KM/ceK H 5,4—5,5 KM/ceK 

MOIIIHOCTblO COOTBeTCTBeHHO OKOJIO 3 II 4 KM, THnHMHbie AJia ByjIKaHHHeCKHX 
O C T P O B O B H noACTHJiaiomiieca MaiepnajioM co CKopocTbio npoAOJibHbix B O A H 
6,8—7,0 KM/ceK [22]. K 3anaAy O T 6aHKH Coña Ae M a A b a oÓHapy>KeHbi CJIOH 
CO CKOpOCTaMII npOAOJlbHblX BOJIH 6,03 KM/ceK ÓOAbLUOH npOTa>KeHHOCTII II 
MOIIIHOCTH. 

3 T H CJIOH, He THniHHbie AJia ByAKaHHHecKHx CTpyKTyp, Mo>KHO pacciwaT-
pHBaTb KaK npoAOA>KeHiie Ha lor rpaHiiTHoro iwaccHBa CeniueAbCKHx ocTpo-
BOB. HeKOTopbie HCCACAOBaTeAH, onnpaacb Ha S T H cpaKTbi, npeAnoAaraioT, 
M T O MacKapeHCKHH xpeôeT o6pa30BaAca B pe3yjibTaTe ByAKaHHMecKoñ Aea-
TeJIbHOCTH BAO^b TpaHHUM MaCCHBa KOHTHHeHTajIbHOrO THna [24]. 

B sKcneAHUHH «JIy3HaA» 6MJIH noAyneHbi TaK>Ke ceñcMHqecKHe pa3-
pe3bi 3eMHoñ KOpbi Ha npocpHJie, nepecexaiomeM xpeÔTbi JlaKKaAHBCKHÍi, 
MajibAHBCKHH H ^íaroc. B ceBepHOH nacTH MaJibAHBCKoro xpeÓTa MejKAy 
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MaJlbflHBCKHMH H JlaKKaAHBCKIIMH OCTpOBaMH OÓHapyjKeH THnHHHblii flJIfl 
BY'JIKaHIIMeCKIIX OCTpOBOB pa3pe3 3CMHOH KOpbl — nOMTH 5 KM ByJIKaHOreH-
Hbix nopoA co cKopocTHMH npoAOJibHbix BOJiH 3,8 KM/ceK H 5,0 KM/cea, noA-
CTHJiaeMHX OCHOBHbIM OKeailHHeCKMM («6a3aJIbTOBbIM») CJIOeM 3eMHOH KOpbl 
CO CKOpOCTbK) npOAOJlbHblX BOJIH 6,8 KMJCeK H MOlUHOCTbK) 10,6 KM. TpaHH-
ua M oÔHapyjKeHa na rjiyônne 17,3 KM noA ypoBHeM Mopn. K)>KHee B pás
pese 3CMHOÍI KOpbl HOHBJlHeTCH CJIOH MOLUHOCTblO OKOJIO 5 KM H CO CKOpO-
CTbK) npOAOJlbHblX BOJIH 6,13 KM.'CeK, KOTOpblH TaK)Ke MOJKHO OTHeCTH K B}'JI-
KaiiHHecKHM nopoAaiw. TpaHHua M pacnojiojKeHa, BepoHTHO, Ha rjiyÓHHe He 
Menee 20 KM, TaK KaK, HecMOTpn Ha T O , M T O ceñcMHHecKHH npoipHJib 6MJI 
AJIHHOH SoJiee 100 KM, BOJ IUH O T rpaHHUbi M He 3aperHcrpHpoBaHbi. 
noj, 6aHKoñ Maroc BbiHBJieHbi CJIOH C O C K O P O C T H M H 3,01 KM/ceK, 4,76 ii 
6,79 KM;ceK, TMiHMHbie AJIH Kopaji.ioBbix H ByjiKaHHwecKHx nopoA H A J I H O C -
HOBHoro OKeaHHHecKoro («6a3ajibTOBoro») CJIOH. H a ocuoBaHHH ceñcMime-
C K H X AaiiHbix BbiHCHiiJiocb, m o MajibAHBCKHÍi xpeóer no Bceñ AJiHHe cjio>KeH 
ii3 ByjiKaHimecKoro CJIOH Moiuiiocrbio O T 4 A O 5 KM, noACTHJiaeMoro «6a-
3ajibTOBbiM» cjioeM. TpaHHua M na K D K H O M KOHue xpeóTa BepoHTuo pacno-
jiü/KeHa na óojibmoií rjiyÓHHe. CeácMH^ecKHe AaHHbie Ha cpJiaHrax cpeAHH-
Horo ApaBHHCKO-HuAHHCKoro xpeóTa He BHHBJIHIOT aHOMaJibHbix CKopocTeft 
B ¡viaHTHH, xapaKTepHbix AJÍ H cpeAHHHO-OKeaHCKHx xpeôTOB. H a rjiyÓHHe 
OKOJio 10 KM oÓHapy>KeHa r p a m m a Ai. 

3KcneAHUHH «Jly3HaA» npoBejia ooJibuioü o6T>eM ceïïcMHiecKHx paôoT 
MeTOAOM npeJIOMJieHHblX BOJIH B IOÍKHOH H B O C T O H H O H HaCTHX HHAHHCKOrO 
OKeana. HccjieAOBannHMH ÓHJIH oxBaMeHbi 3anaAHO-HnAHHCKaH H UeHT-
pajibHO-IÎHAHHCKaH BeTBH cpeAHHiio-OKeaHimecKoro xpeÔTa, B O C T O M H O - H H -
A H H C K H H H 3anaAHO-ABCTpajiHncKHii xpeÓTbi H npiiMbiKaiomne K H H M ynacTKii 
rjiyóoKOBOAHbix KOTJIOBHH [27]. B MaAaracKapcKoñ K O T J I O B H H C rpaHima M 
BbiHBjieHa na rjiyÓHHe OKOJIO 10,3 KM. Pa3pe3 3eMHOH KopH npeACTaBJieH 
OMeHb TOHKHM (~ 150 M) CJIOeM pblXJIblX OCaAKOB, HaA6a3aJIbTOBbIM CJIOeM 
(VT^ 5,2 KM/ceK) MOlUHOCTbK) OKOJIO 1 KM H 6a3ajIbTOBbIM CJIOeM 
(Vr£z6,8 KM/ceK) MOlUHOCTbK) OKOJIO 4 KM. H a paCCTOHHHH 185 KM OT OCH 
xpeóTa anoMajibHan ¡vianTiin ne o6Hapy>KeHa. H a necKOJibKHx craHunax B 
KOTjioBHue Kpo3e K tory O T pa3BHJiKH BeTBeii cpeAHHHoro xpeÔTa oÔHapy-
>KeHa TOHKaa OKeaHtmecKan Kopa. CpeAHflH MomHOCTb Kopbi Bcero 4,8 KM, 
cpeAHHH rjiyCHHa rpaHHUbi M OKOJIO 9,0 KM. Pa3pe3 Kopbi C O C T O H T H 3 CJIOH 
pblXJIblX OCaAKOB HeÓOJlblIIOH MOIU.HOCTH, HaA6a3ajIbTOBOrO CJIOH MOmHOCTbK) 
1.5 KM (u r^5,0—6,2 KM/CCK) H 6a3ajibTOBoro CJIOH (ur = 6,8 KM/ceK) M O I U -
HOCTbK) 2,4—4,7 KM. H a paccTOHHHH MeHee 50 KM O T O C H H,eHTpajibHO-HH-
AHiicKoro cpeAHHHoro xpeóTa B pa3pe3e 3eMHO¿i Kopbi Ha rjiyÓHHe 10,4 KM 
BbiHBJieHa anoMajibuan ManTHH c rpaHHMHoñ CKopocTbio npoAOJibHbix BOJIH 
7.6 KM/ceK. OAnaKO, B oTJinmie O T pa3pe3a 3eMHoñ Kopu B CpeAHHHO-AT-
jiaHTHiecKOM xpeÓTe, naAóasajibTOBbiíi CJIOH Hegojibiiioñ M O I U H O C T H , a M O I U -
HOCTb Kopbi A a « e HecKOJibKo óojibiue M O I U H O C T H Kopw npHMbiKaiomHx rjiy-
ÓOKOBOAHblX KOTJIOBHH. Bo3MO)KHO, HaJIHHHe TaKOrO KOpHH nOA CpeAHHHblM 
XpeÓTOM OÓT.HCHHCTCH ÓJI1I3KHM npOXOKAGHHeM CeÜCMHMeCKOrO IipOCpHJlH V 
OCTpOBOB AMCTepAaM II CeH nOJIb. 

CeiicMHiecKHe pa3pe3bi cyÓKOHTHHeHTajibHoro THna na 3anaAHO-ABCTpa-
J I H H C K O M xpeôTe nojiyieHbi HeyBepeHHO. TpaHHua M OTMe^eHa Ha rjiyómie 
OKOJIO 22 KM. Kopa MHorocjioflna, IIOA cjioeM pbixjiux ocaAKOB Heóojibiuoií 
M O I U H O C T H BbiHBJieHbi vnjioTHeHHbie ocaAKH (vr — 4,7 KM/ceK) H CJIOH c rpa-
IIHMHblMH CKOpOCTHMH npOAOJlbHblX BOJIH 5,8; 6,1; 6,4 KM/ceK, ÓJIH3KHMH 
K CKopocTHM B rpaHHTHOM cjioe [27]. H a rJiyÓHHe OKOJIO 15 KM npocjie>KH-
BaeTCH rpaHHUa CO CKOpOCTbK) npOAOJlbHblX BOJIH 7,3 KM/CeK. y BOCTOMHOrO 
noAHOJKbH xpeÔTa rpaHHua M noAHHMaeTCH A O 12—10 KM, pa3pe3 Kopbi 
npeACTaBjien puxJibiMHOcaAKaMH, HaA6a3aJibTOBbiM cjioeM (u r^=5,0 KM/ceK) 
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H 6a3aJIbTOBbIM OÎIOeM C HeCKOJIbKO IIOHH>KeHHOH CKOpOCTbK) npOAOJIbHblX. 

BOJIH (vT t= 6,3 KM/ceK). Jlajiee K B O C T O K Y B KOTJioBHHe M O K ^ y 3ana,n,H0-
ABCTpajiHHCKHM xpeÔTOM H njia-ro HaTypajiner pa3pe3 Kopw HopMajibHO 
OKeaHHHecKHH, rpamma M Ha rjiyóHHe 10—12 KM, Kopa C O C T O H T H3 pbix-
JIUX ocaflKOB, Hafl6a3aJibTOBoro CJIOH (vr — 4,7—6,0 KM/ceK) H 6a3ajibTOBO-
ro CJIOH (vr i= 6,7—6,9 KM/ceK). 

EflHHCTBeHHan ceñcMHHecKaH craHUHH Haa rpeÔHeM B O C T O H H O - H H A H H -
CKoro xpeÓTa BMHBHJia pa3pe3 3eMHOH Kopu, C O C T O H I U H H H3 puxjibix oca/i-
KOB MOmHOCTbK) OKOJIO 700 M, HeÔOJIbUIOH MOIIIHOCTH (2,2 KM.) CJIOH C rpa-
HH1H0H CKOpOCTbK) 4,7 KM/CeK, 6a3aJIbT0BbIH CJIOH MOIUHOCTbK) 2,9 KM H 
vr = 6,6 KM/ceK, noflCTHJiaeMbiñ cjioeM c rpaHHHHOH cKpocTbio 7,1 KM/ceK. 
Pa3pe3 He THnnqeH AJIH ByjiKaHHqecKHx rpa/i. IlpeAnojiaraioT, H T O crpyK-
Typa BocTOMHO-HHflHHCKoro xpeÔTa cKopee ropcTOBoro npoHcxojK/ieHHH, 
weM ByjiKaHoreHHoro [27]. B 3ana/i,Ho-ABCTpajiHHCKOH KOTJIOBHHC y noflHO-
ÎKbH BoCTOHHO-HHAHHCKOrO XpeÔTa MOIIÍHOCTb 3CMH0H KOpbl HeCKOJIbKO 
MeHbiue (~10 KM) MeM B caMoñ KOTJioBHHe (~12 KM). K roro-BOCTOKy O T 
KOKOCOBblX OCTpOBOB OÔHapyîKeHa HeOÔbmHaH JJJIH TJiyÓOKOBOAHblX OKeaHH-

MecKHx KOTjioBHH TOHKaa Kopa MOmHOCTbK) Bcero 2,8 KM, noacTHJiaeiviaH 
aHOMajibHOH MaHTHeñ c rpaHHimoH CKopocTbK) 7,7 KM/ceK. Pa3pe3 THnnneH 
fljifl cpejiHHHO-OKeaHHHecKHx xpeÔTOB. HmepecHO, m o nepe3 3Ty 30Hy npo-
XOflHT IlIHpOKHH CeHCMHHeCKHH nOHC (pHC. I)2 CeBepO-BOCTOlHOH laCTH H H -

aiiHCKoro OKeaHa [28]. B CeBepo-ABCTpaJiniicKon KOTJIOBHHC Ha AByxnyHK-
Tax oTMe^eHa yTOJimeHHan, npHMepHO Ha 3 KM, no cpaBHeHHio c 3anaflHO-
ABCTpaJIHHCKOH KOTJIOBHHOH, 36MHaH KOpa. YTOJIHieHHe KOpbl npOHCXOflHT 
B O C H O B H O M 3a cneT 6a3ajibTOBoro CJIOH, rpaHHua M pacnojio>KeHa Ha rjiy-
ÔHHe ~ 14,4 KM. H a ceHCMH^ecKHx pa3pe3ax, nepeceKaiomnx JîBaHCKHH iKe-
JIOÔ B pañoHe npojiHBa J 1 O M 6 O K , oTMeqeHO yBejinneHHe M O H J , H O C T H 3eMHOH 
Kopbi UOJX rjiaBHHM BHeuiHHM K C J I O S O M . rpaiiHua M pacnojioJKeHa Ha rjiy-
ÓHHe 20—25 KM [29, 30]. Kopa yTOJimaeTCH B O C H O B H O M 3a cneT 6a3ajibTO-
Boro CJIOH (vr = 6,9 KM/ceK). B eropony ocTpoBHoñ a y m Kopa MeHee M o m -
Ha, ^ M nos BHeuiHHM >Kejio6oM, H O 6ojiee MomHan , vew nojj, npHMbiKaiomeii 
^acTbio H H A H H C K O T O OKeaHa. YBejinqeHHe M O I U H O C T H Kopu no Mepe npHÓJin-
>KeHHH K OCTpOBaM npOHCXOflHT 3a CHeT HapaCTaHHH OCa/lKOB. 

CoBeTCKHe CeHCMHMeCKHe HCCJICHOBaHHH HI'ÏC «BHTH3b» HHCTHTyTa 

OKeaHOJiorHii A H C C C P npoBo^HTCH B H H / J H H C K O M OKeaHe c 1959 r. [31]. 
C 1964 r. HanaTbi cencMH^ecKHe HccJieaoBaHHH Ha nojinroHax B pasjin^Hbix 
npoBHHUHHx HHflHHCKoro OKeaHa B KOMnjieKce c jipyniMH reojioro-reo(pH3H-
MeCKIIMH MeTOflaMH [11, 32]. 

TjiyonHHoe cefiCMHHecKoe 30HflHpoBaHHe BbinpjiHeHo Ha 12 npo^HJinx, 
pacnojioiKeHHbix B AHflaiwaHCKOM Mope H BeHrajibCKOM 3ajiHBe, B UeHT-
pa.TbHOH, COMaJIHHCKOfi H MaCKapeHCKOH KOTJlOBHHaX, B pHCpTOBblX 30HaX 

ApaBiifiCKO-HuAHiiCKoro, 3anaflHo-HHflHHCKoro H HeHTpajibuoro xpeÓTOB, 
¡ia MaJibflHBCKOM, 3anaAHO-ABCTpajiHHCKOM H B O C T O M H O - H H A H H C K O M xpeô-
Tax. B pe3yjibTaTe S T H X paóoT BHHBJieHo, I T O UenTpajibuan, CoMajiHH-
CKan ii MacKapeHCKan K O T J I O B H H M rnweiOT cxo/iHoe CTpoeHne 3eMHOH Kopw. 
MajioynjioTHeHHbie oca^KH nivieiOT Heôojibiuyio MomHOCTb 0,2—0,4 KM, 
nojcTHJiaioTCH Hafl6a3ajibT0BbiM cjioeM c rpaHHiHoñ CKopocTbK) OKOJIO 
5.0 KM/ceK H MOiUHOCTbio 1,5—2,0 KM. HHîKe 3ajieraeT 6a3ajibT0Bbift, HJIH 
O C H O B H O H , OKeaHHqecKHH CJIOH co CKopocTbK) 6,5—6,8 KM,/ceK. O ô m a a M o m -
HOCTb 3eMHOH KOpbl 6—7 KM. 

B pHCpTOBbix floJiHiiax ApaBiiiicKo-HHAHHCKoro H 3anaflHO-HHflHHCi<o-
ro xpeÓTOB nojiy^enbi cxoziHbie KOJIOHKH 3eMHoft Kopw. nofl noBepxHOCTbio 
AHa 3ajieraeT CJIOH co CKopoerbio 4,5—5,0 KM/ceK H MomHOCTbio OKOJIO 

2,5 KM. HHîKe 3ajieraiOT nopoflbi c rpaHHraoÉï CKopocTbK) 7,0—7,5 KM/ceK. 
2 C M . npnjio>Keiiiie 1. 
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BojiHbi co cKopocTHMH 8,0 KM/ceK, xapaKTepHbie A A H rpaHHiibiAi, Ha S T H X 
npotpHjiHx He nojiyqeHbi. BbicKa3aHO ABa npe/inojio>KeHHH: H A H cHcreMaHa-
6jIK>AeHHH ÔbIJia HeflOCTaTOHHa, HJIH H<e nOA pHCpTOBblMH AOJIHHaMH HMeeT-
CH CBoeo6pa3Hoe reojiorHnecKoe cTpoeHHe. 

JXJIH pncpTOBOH AOJIHHH UeHTpajibHo-HHAHiicKoroxpeÔTa crpoeHHe3eM-
HOH KOpbl HeCKOJIbKO HHOe. Tlofl MaAOynJIOTHeHHblMH OCaflKaMH MOIUHOCTbK) 
200 M 3ajieraioT nopoAbi c rpaHHHHoñ CKopocTbio 4,5 KM/ceK H MomHOCTbio 
1,1 KM, noACTHJiaeMbie nopoAaMH co CKopocTbio 6,5 KM/ceic. 

H a 3anaflHO-ABCTpajiHHCKOM H B O C T O H H O - H H A H H C K O M xpeÔTax noA 
pbixjibiMH oca^KaMH, MomHOCTbra 0,3—0,5 KM, npocAe>KeH CJIOH co CKopo-
cTbK) 5,4—5,5 KM/ceK, Mom,HOCTbK) 3,5—4,5 KM, HHJKe KOTOporo 3ajieraeT 
CJIOH CO CKOpOCTbK) 6,5—6,7 KM/ceK H MOHJ,HOCTbK> 4,5 KM. TpaHHIja M Bbl-
HBJieHa Ha rjiyôHHe 10—12 KM. CjieayeT oTMeTHTb HeKOTopoe pacxojKfleHHe 
B pe3yjibTaTax, nojiyqeHHbix H H C «BHTH3b» H aMepuKaHCKon SKcneAHUHen 
na 3anaAHo-ABCTpajiHHCKOM H B O C T O M H O - H H A H H C K O M xpeóTax [27, 32]. O A -
naKo KaK aMepHKaHCKHe, TaK H C O B C T C K H C ceiícMHHecKHe AaHH'bie o rjiyóHHe 
rpaHHUbi M noA 3anaAHo-ABCTpajiHíicKHM xpeôTOM nojiyneHbi HeyBepeHHO. 

BoJibuioH HHTepec A A H H3yneHHH rjiyÔHHHoft erpyKTypu AHa H H A H Í Í -
cKoro oKeaHa HMeeT HccneAOBaHHe ceiícMHqHocTH paccMaTpHBaeMoñ aKBa-
TOpHH. 

CHCTeiviaTHiecKoe H3yqeHHe 3eMJieTpnceHHH B H H A H Í Í C K O M OKeaHe npo-
B O A H T C H c Hanajia X X B. , H O BcjieACTBHe Majioro KOJinqecTBa perncTpHpyio-
m n x CTaHUHH, H X HepaBHOMepHoro pacnojiojKeHHH H HecoBepujeHHbix MeTO-
A O B o6pa6oTKH, To^HOCTb onpeAeAeHna anwueHTpoB 3eMJieTpHceHHii A O 
50-x roAOB 6bijia BecbMa H H 3 K O H . B Te^eHHe nocAeAHHx 10—12 A C T TOMHOCTb 
onpeAeAe-HHH annneHTpoB cymecTBeHHo noBbiuieHa (AO ± 10 KM). 3ioyAa-
Jiocb cAejiaTb ÓJiaroAapH ycTaHOBKe 6oAee coBepuieHHbix ceñcMorpacpoB, 
opraHH3aHHH AonojiHHTejibHbix cencMocTaHUHH, Hcnojib30BaHHH coBpeivieH-
HblX MeTOAOB paC<ieTOB H BHeApeHHfl SJieKTpOHHOH BblHHCJIHTeJIbHOH TeXHH-
K H [28, 33]. 

PacnpeAeJieHHe annueHTpoB 3eMJieipHceHHH noKa3aHO Ha pnc 1 (no 
K . B . CTOBepy). EIOHC 3eMJieTpHceHHH, coBnaAaiomHx c cpeAHHHo-OKeaHH-
necKHM xpeôTOM, npoTHrHBaercH O T IOJKHOH nacTH ATAaHTHHecKoro OKeaHa 
nepe3 ocTpoBa DpHHHa 3AyapAa BAOJib pncpTOBoñ 3 O H W 3anaAHO-HHAHH-
cKoro xpeôîa A O O . PoApnrec, me cencMH^ecKHH none pacmenJineTCH. O A H 3 
BCTBb BAOJIb piIípTOBOH 30HH ApaBHHCKO-HHAHHCKOrO XpeÓTa npOCTHpaeTCH 
AO AAeHCKoro 3aAHBa H coeAHHíieTCH c ceiicMHiecKHMH 30HaMH B O C T O I H O -
A(ppHKaHCKHx putpTOB H KpacHoro Mopn, ApyraH BeTBb itpocTHpaeTca BAOJib 
UeHTpajibHO-HHAHHCKoro xpeÓTa H ABCTpajio-AHTapKTHHecKoro H O A H H T H H 
A O CMbiKaHHH c THxooKeaHCKHM ceHCMHqecKHM noflcoM. TjiyôHHbi ranouenT-
poB 3eMJieTpHceHHH HHAHHCKoro OKeaHa MeHbuie 70 KM. annuenipH B oc-
H O B H O M coBnaAaroT c onpeAeJieHHbiMH CTpyinypaMH H o6pa3yioT 3 0 H H pa3-
diiMHoro npocTHpaHHH. rlpe í̂Ae Bcero oépamaeT Ha ceèfl BHHMaHHe T O T 
cpaKT, IJTO 30HH pacnojio>KeHHH anHixeHTpoB xopomo KoppeJiHpyioTCfl c npo-
CTHpanneM ApaBHñcKO-HHAHHCKoro xpeÓTa. HaHÓo.aee T O I H O ceñcMHiiecKaH 
30Ha coBnaAaeT c UeHTpaAbHoñ pncpTOBoü AOJIHHOH Me>KAy o. PoApHrec H 
>KeJio6oM BHMa. CeBepHee >KeAo6a BHMa anHHeHTpu HecKOAbKO pacce^Hbi, 
H O TeHAenuHH H X pacnojiowenHH 6 A H 3 O C H xpeóTa coxpaHHeTCH. FlpeAno-
.TaraeMoe npaBOCTopoHHee ciwemeHHe PH4)TOBOH A O A H H W no >KeJio6y BHMá 
cooTBeTCTByeT cMemenHio ceñcMH^ecKoñ 3 O H H . CaM xenoó BHMa He H B -
jiaeTCfl ceñcMH^ecKH aKTHBHMM. /],ocTHraH 30HM HapyujeHHH OyaH, noAoca 
3eMJieTpHCeHHH CHOBa HCnblTblBaeT npaBOCTOpOHHHH CABHr C aMnjTHTyAOH 
B 300 KM. HHTepecno OTMeniTb, M T O HaHÔOJibuiaa innpHHa AAeHCKoro 3a-
;iHBa TaKjKe cocTaBJiaeT OKOJIO 300 KM. Caua 30Ha HapyuieHHH OyaH H B -
•iHeTCH ceifCiMHHecKH aKTHBHoii, a ee HanpaBAeHne kax 6 H npoAOJiJiiaeT npo-
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cTiipamie xp. Meppeñ, B KOTopoM xaiOKe 3aperHCTpnpoBaHO HecKOAbKO 
gnHuempoB 3eM.ieTpHceHnii. B A A Ë H C K O M 3a;iHBe snHueHTpbi pacnoAOHieHb! 
Y3KOH nojiocoii, npoxoAHiuei'i B Hanóojiee pacHJieHeHHoii no pejibecpy iieHT-
paabHoñ MacTii 3a¿niBa. Hojio>KeHHe snHuenTpoB 3flecb, B O 3 M O > K H O , cooTBeT-
CTByeT cpe^HiiHOMy pHCpTy [26], a TaK>Ke OTflejibHWM napyiuenHHM Tuna 
CÓpOCOB, pa3.10MOB C npOCTHpaHHeM BKpeCT pHCpTOBOH 30HC 

Ilpn nepexoae K Ba6-3Jib-MaHAe6cKOMy npoJiHBy none 3eMjieTpacennH 
noBopaniiBaeT B T O A > K H P C K H Í I 3a.iHB H cMbiKaeTCH c nojiocoft annueHTpoB 
BoCTOHHO-AcfrpHKaHCKOH pHCpTOBOH CHCTeMbl. 

B 3anaAHO-MHflHHCKOM xpeÔTe annueHTpbi TaioKe cocpeAOToneHbi 
BflOJib pHcpTOBoñ A O A H H H . rionepe^Haa pa3JioMHaH 30Ha ripHHiia 3flyap/ia 
cencMH^ecKH aKTHBHa, B 0T»THine OT acei'icMHMHoff pa3JioMHofi 30Hbi Ma.ia-
racH. CencMimecKHH nose roro-BOCToquoi-'i B C T B H CpeflHHHO-HHflnncKoro 
xpeóTa no nonepe^Hoft pa3JioMnon 3one AMCTepaaiw cMemeH noMTH na 
300 KM. CrymeHHH snimeHTpoB BOCTonnee AMcrepjaMCKoft pa3JioMHOH 30Hbi, 
B O 3 M O J K H O , Tanse npiiyponeHbi K nonepeiHHM pa3JioMaw. HaMeqaeTCH mii-
poKHH none ceiiCMHHHOCTH, npocTuparoinnnoi npiiMepno napajiJieJibHO JÎBaH-
CKOMy JKejioóy. 3Ta oóJiacTb noBbimeHHon ceñcMímHOCTH HaMHHaeTCH K » K -
nee ocTpoBa UeiiAOH, nepeceKaeT B O C T O ' I H O - H H A H H C K H H xpeóeT rognée 
^KBaTopa H 3aMbiKaeTCH y CeBepo-ABCTpa.iiiiicKOH K O T A O B H H H . n o HMero-
I U H M C H K HacTonmeMy BpeMeHH flaHHMM eme He H C H O , C KaKHMH erpyKTypa-
M H coBna^aroT snHuenTpbi 3Toro cencMimecKoro noaca. 

H3MepenHH TenjioBoro noTOKa B H H A H H C K O M OKeaHe BbinojiHeHbi B oc-
H O B H O M aMepiiKaHCKHMH 3KcneflHUHHMH [34—38]. C 1964 r. H3MepenHH ren-
JIOBOTO noTOKa npoBOAHTCH H B coBeTCKiix 3KcneflHUHHx B H H A H H C K O M OKea-
ne Ha H H C «BnTH3b» H H H C «KypqaTOB» HHCTHTVTa oKeanojiorHH 
A H C C C P [11]. HaHóojibLuee MHCJIO H3MepeHHii TenjioBoro noTOKa npoBe-
Aeno B ceBepo-3anaAHOH "-iacTii HHAi-iiicKoro OKeaHa (CM. pnc. 1). TenjioBofi 
noTOK B H H A H H C K O M O K e a H e H3MeHneTCH B o^eHb mnpoKHx npeAe/iax: O T 
G , T H 3 K H X K nyjiio A O 5,0 u KCL.I CM2-cen H ôojiee. Cpeanee 3HaqeHne, BepoaT-
Ho, ne OTJiimaeTCH 3naHHTejibno O T cpeAnero 3naneHHH A A H Apyrux oi<ea-
jiOB, paBHoro 1,2—1,4 ¡.i KaA¡CM2-ceK. FucTorpaMMa pacnpeAe.iemiH 3Haie-
H H H TenjioBoro noTOKa B CoiuajiHHCKOH KOTJioBMne noKa3biBaeT, M T O Hanóo-
nee xapaKTepHoii BeJiimHHOH HBJiaeTCH 1,25 \i KaA.'CM2-ceK. upiiMepHo Ta-
Kne >Ke 3HaMeHHH TenjioBoro noTOKa HaÓAfOAaioTCfl B ApaBHHCKoii H 
MacKapencKOH KOTJioBHHax. 

Xl-Tfl ApaBHiicKO-HHflHHeKoro xpeóTa cpe^Hee 3HaqeHHe TenjioBoro no-
TOKa cocTaB.ineT 1,35 j.i Ka.i;CM2-cen. OflHaKo B oTflejibHbix TOMKax xpeóTa 
HaóAioflaioTCH BbicoKne jxo 4—5 ,u Ka.ijcM2-cen- 3Ha*ieHHH TenjioBoro noTOKa. 

Koppe.THUHH BbicoKHx 3HaMeHiiH Ten.,TOBoro noTOKa c rpeôHeM xpeóTa 
Bbipa/Kena ciaóo. Bo.ibuiiiHCTBo noBbiujeHHbix 3HaieHHH Ten^OBoro noTOKa 
5ÎB.TJ1K3TCH JT0KajIH30BaHHbIMH nHTHaMH Ha OKeaHHieCKOM AHe. HeKOTOpbie 
ii3 3THX 3HaMeHiiH pacnojio/KeHbi na 3iiamiTe.TbHOM yaajieHnn O T O C H xpeó
Ta. B T O Me Bpeivifi MacTo BÓJIH3H TOMex c noBbiuienHbiM 3HaMeHHeM Ten.TO-
Boro noTOKa periicTpupyiOTCii Hii3Kne 3HaMeHHH. FHCTorpaiviMa pacnpeaejie-
liiin BeJiimHH TenjioBoro noTOKa Ha ApaBiincKO-HHAHHCKOM xpeÔTe, nocT-
poeiiHaa no AannbiM 74 n3Mepennfi HOKa3biBaeT HaAHHue necKo.nbKHx M O A . 
43% TOMeK HMeioT3HaHeHHe 0,5±0,2 n'KüA,:cM2-ceK. 3T03HaqeHHe necKOAb-
KO HiiJKe cpeAHero ¡u\fi oKeana B ue.TOM, H O O H O MBJIHCTCH xapaKTepHHM A-TH 
pañoHa xpeóTa. BTopaa MOAa (32% ToneK) cooTBeTCTByeT 3HaHeHHK) 
1,5 ± 0 , 2 ¡.i KO!A,'cM2-ceK. 3 T O npHMepno cooTBeTCTByeT cpeAneMy 3naMeHHio 
TenAOBoro noTOKa min xpeôTa B uejiOM. HaKoneu, 9% O T oómero Koan^ecT-
Ba H3MepenHH AaiOT Bejiimnny 2,75 + 0,25 \i KaA/cM2-ceK. TaKasi BMiiiiiHa 
noTOKa cooTBeTCTByeT cpeAHeMy 3HaijeH{iK3 juin pnípTOBbix AOJIHH. 

H3MepeHiifl, BbinoAHeHHbie B AAeHCKOM.3aAHBe, CBHAeTejibCTByiOT o no-
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BbimeHHOM Ten.ioBOM noTOKe. CpeAHee 3HaneHHe ero no 5 H3MepeHHHM 
3,8+0,49 ¡.i KüA.'cM2-ceK, T . e. TenjioBoñ noTOK 3flecb ropa3/io HHTeHCHBHee, 
«íeM Ha cpeAHHHOM xpeÓTe. Kpoiwe B H C O K H X 3HaqeHHH B ueHTpaJibHon 30He 
3a.iHBa noBbiuieHHbie 3HaneHHH HaojiroaaioTca B TOHKax, pacnoJioJKeHHbix 
B6JIH3H KOHTHHeHTajibHoro CKJiOHa. TaKHM o6pa30M, 30Ha noBbimeHHbix 3Ha-
4eHHH TenjioBoro noTOKa mnpe 3 0 H M pacnoJio>KeHHH annueHTpoB 3e¡vuaeTpH-
CeHHH. 

B rjiyôoKOBOjHoft KOTJioBHHe K ce3epo-3anaAy O T ABcrpajiHH H K lory 
OT HBaHCKoro >Ke^o6a 3HaneHHH TenjioBoro noTOKa HecKOJibKO MeHbiue Hop-
MaJIbHblX. 

H a pnc. 2 ii 3 npHBefleHbi pa3pe3bi 3eMHoñ Kopbi no npocpHJiro o. M a -
aaracKap — 3anaüH0-HHAHHCKHH xpeôeT — UeHTpajibHO-HHflHHCKHÍi xpe-
6eT — 3anaaHO-AdCTpajiHHCKHH xpeôeT — ABCTpaJina H no npocpHJiro npo-
JIHB JIOMÔOK — JÎBaHCKHH JKejIOÔ. 

Pa3pe3 MajaracKap — ABcrpajinn nocTpoeH, onHpaacb Ha ceñcMune-
cKne KOJiOHKii, no aHOMajiHHM cHJibi TH)KecTH B peayKUHH Byre no MeTojy 
noAÔopa. B nepexoflHoii 30He O T ABCTpajinn K HHflHHCKOMy oneaHy npn no-
cTpoeHHH pa3pe3a ncnojib30BaHbi pe3yjibTaTbi ceHCMH^ecKHx HCCJie/toBaHnn 
MeTOAOM npejioMJieHHbix BOJIH B panoHe IlepTCKoro ôacceUHa [39]. HHTep-
npeiauHH rpaBHTaunoHHbix aHOMajiHH najx 3anaflHO-HH,a,HHCKHM xpeÔTOM 
BbinojiHeHa mía apyx BapnaHTOB cTpoeHHH 3eMHoft Kopu cpe/iHHHbix xpe6-
T O B : 

1. npn HopMa.ibHOH njioTHOCTH BepxHeft MaHTHH noa rpeôHeM xpeôïa 
no rpaBHMeTpHqecKHM ziaHHbiM AOJimeH 6biTb KopeHb B 3eMH0H nope, r.ay-
6ïiHa rpanHUbi M norpy}KaeTCH no 12—14 KM. 

2. n p n aHOMa.ibHo H H 3 K O H njioTHOCTH BepxHeñ MaHTHH nofl xpeÔTOM 
M O l H H O C T b 3 C M H O H KOpbl y M e H b U i a e T C H . M o i H H O C T b a H O M a J I b H O H M a H T H H 3a-

BiicHT O T cTeneHH pa3ynji0THeHHH. ECJIH yMeHbiueHHe njioTHOCTH B aHOMajib-
Hoñ MaHTHH /jocTnraeT 0,2 e/cM3, T O H H J K H H H rpaHHua aHOMajibHoñ MaHTHH 
noA 3anaflHO-HHAHHCKHM xpeÔTOM, BepoaTHO, pacnojio>KeHa Ha rjiyóHHax 
18—20 KM. HaHMeHee Haae>KHbie pa3pe3bi 3eMHOH Kopbi nojiyqeHbi non 
U e H T p a J I b H O - H H f l H H C K H M , B O C T O H H O - H H / J . H H C K H M H 3 a n a f l H O - A B C T p a J l H H C K H M 

xpeÔTaMH. B 3THX oójiacTíix BecbMa cjiaóo H3yneHo rpaBHTannoHHoe nojie, 
a ceiicMiniecKHe pa3pe3bi 3eMHOH Kopbi nojiyneHbi HeyBepeHHo H pe3yjibTa-
Tbl n p O T H B O p e m i B b l . ECJIH nOfl LI,eHTpaJIbHO-I'lH,HHHCKHM X p e Ô T O M M a H T H H 

pa3ynjiOTHeHa npnMepHo Ha 0,2 a/CAÍ3, T O H H ^ K H H H rpannua aHOMajibHoñ 
MaHTHH, BepoHTHo, pacnojiaraeTca Ha rjiyóHHax 18—22 KM. Jinn 3anaAHO-
A B C T p a J I H H C K O T O X p e Ó T a H OÔJiaCTH COMJieHeHHH B o C T O ' l H O - H H . U H H C K O r O H 

3anaflHO-ABCTpa.iHHCKoro xpeÓTOB HHTepnpeTauHH aHOMajinñ CHJIH Tsme-
C T H B peflVKUHH -Byre npoBeaeHa AJIH A B V X BapnaHTOB crpoeHHH 3eMHOñ 
Kopbi: 

1. ECJIH no^TBepAHTca pa3pe3 Kopbi (craHUHH 42, pnc. 2), nojiyqeHHbiñ 
B 3KcneAHUHH «JIy3Ha/i» [27], T O M O > K H O npe/moJiaraTb, M T O 3Ta oóJiacTb 
H M e e T CyÓKOHTIÍHeHTaJlbHMH Tlin KOpbl MOUJ.HOCTbK) 1 8 — 2 2 KM H C H O p M a . l b -

H O H BepxHeft MaHTtieñ. 
2. ECJIH >Ke 3eMHaa Kopa B S T O H oójiacTH HMeeT Mom,HOCTb nopHAKa 

10—12 KM [32], T O /yin corjiacoBaHHH c rpaBHMeTpHnecKHMH AaHHbiMH He-
O Ó X O A H M O npeA,no.io>KHTb HajiH^ne nos STOÍÍ oôjiacTbK) pa3ynjioTHeHHoñ 
BepxHeñ MaHTHH. B 3aBHCHM0CTH O T CTeneHH pa3ynjiOTHeHHH HH«íHíia rpa-
H H U a a H O M a J T b H O H M a H T H H , B e p O H T H O , H a X O A H T C H H a TJiyÔHHaX 26—-34 KM. 

Fio npocpHJiio npojiiiB J I O M Ó O K — 5ÍBaHCKHñ /Kejioó — CeBepo-ABCTpa-
jiHHCKaH KOT.ioBHHa pa3pe3 3eMHoñ Kopu nocTpoeH no ceñcMHMecKHM aaH-
HblM [29, 30]. C 1IX n O M O m b R D 6bIJlH paCCIHTaHbl H 3 M e n e H H H a H O M a J I H H CHJIbl 

TH>KecTH B pe.ayKu.HH Byre, o6ycjioBJie,HHbie H3MeHeHHeM MomHOCTH pa3-

•ÍIHHHblX CJIOeB 3 e M H O H KOpbl. BbmHCJieHHbie S H a ^ e H H H a H O M a J I H H ÓbIJlH 
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cpaBHeHbi c Ha6JiK)fl,eHHbiMH aHOMa^HaMH B peayKHHH Byre, B pe3yjibTaTe 
nero 6biJiH BbiHBJieHbi 6ojibiiiHe- pacxo>K,n,eHHH Me>K,ny H H M H , ocoôeHHO B 
paiioHe rjiyóoKOBOflHoro iKejioóa. YaoBJieTBopHTejibHoe corjiacoBaHHe Ha-
ÔJirofleHHbix H BbiMHcneHHMX'aHOMaJiHH B O 3 M O > K H O npH npeAnoJio^ieHHH 
IUIOTHOCTHOH HeOflHOpOflHOCTH ÔJIOKOB BepXHCH MaHTHH flO IViyÔHH 60 KM. 
ripii 3TOM nOfl TJiaBHblM BHeiUHHM >KeJ1060M IUIOTHOCTb BepXHeñ MaHTHH 

ED' E3¿ EZJJ QZ> rwis 
P H C . 3. Pa3pe3 3eMHofi Kopu npcwiHB JIOMÔOK—JÎBaHCKHH acejioó—CeBepo-

ABCTpaJMHCKaH KOTJioBHHa HHAHHCKoro OKeaHa: 
J — pbixjibie ocaAKH; 2 — Hafl6a3ajibTOBbift CJIOH; 3 — 6a3ajibTOBHñ cjioñ; 

4 — naoTHOCTb B e/cw3; 5 — CKopodb npoflOJibHbix BOJIH B Kjn/ceK 

B03pacTaeT /to 3,4 a/cM3, a no/i BHyTpeHHeñ H BHeiimen rpHAoft njioTHoerb 
MaHTHH yMeHbiuaeTCH Ao 3,2 a/cM3. KpoMe Toro, noA BHeuiHen noABOflHOH 
rpsmoii, BepoHTHO, HecKOJibKO yMeHbiuaeTCH MomHOCTb 6a3ajibTOBoro cjioa 
sa CMeT paccjioeHHH H yBejiHneHHH M O I H H O C T H HaAôasajibTOBoro CJIOH. YIOJI 

BnaflHHOH Me^fly BHeiHHeii H BHyTpeHHeñ rpa^oñ ñyru H no,n npHMbiKaro-
m e ñ KOTJIOBHHOH HHflHHCKOrO OKeaHa njlOTHOCTb BepXHefl MaHTHH ÓJlH3Ka 

K HopMajibHoñ H paBHa 3,3 a/cM3. 
B pe3yjibTaTe npoBeAeHHbix K HaeroHmeMy BpeMeHH reo(pH3HqecKHx 

HccJie^oBaHHH B H H ^ H H C K O M OKeaHe BbiHBJiaeTCH cjioHCTo-6^0KOBoe cTpoe-
Hne 3eMHoñ Kopw H BepxHeñ MaHTHH. Hanôojiee qeTKo ÔJioKOBan Heo^Ho-
pOflHOCTb BepXHeH MaHTHH npOHBJIHCTCH nOfl, CpeflHHHblMH XpeÔTaMH H 

B pañoHe pa3BHTHH ocTpoBHbix Ayr. CBoeo6pa3Hbie erpyKTypbi HaMeiaiOTCH 
B oÔJiacTH cMbiKaHHH BocTOHHO-HHAHHCKoro H 3ana;mo-ÁBCTpajiHHCKoro 
XpeÔTOB H B rJiyÔOKOBOflHOH 3anaflHO-ABCTpaJIHHCKOH KOTJIOBHHe K K)rO-BO-
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CTOKy OT KoKOCoBbix ocTpoBOB. OAHaKo HeoóxoAHMH ôojiee jeTa.ibHbie 
KOMnjieKCHbie reo.noro-reodpn3HqecKHe HccjieAOBaHHH AJIH BbiHBJieHHH oco-
6eHH0CTeH niyôHHHoro crpoemia S T H X oô.iacTen. 
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Part V General reports 
and comments 



Reprinted from Science, no. 3491, 1961, p. 1674-1676 

T h e International 

Indian Ocean Expedition 

Oceanographers will m a k e full-scale "laboratory" 

studies of ocean-atmosphere relationships. 

Except for the glamor and excite
ment of working in far-away places, 
why are scientists particularly interested 
in studying the Indian Ocean? M a n y 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. 
Tnis 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 tire 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 

The author is assistant research oceanographer 
at the Scripps Institution of Oceanography, 
University of California, La Jolla. 

John A . Knauss 

include a series of océanographie 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. 

Reasons for the Expedition 

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 océanographie 
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. 

M a n y 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 lor 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. M u c h of the effort 
during the next lew years will be con
cerned with gathering biological, phys
ical, chemical, and geological informa
tion about the land, ocean, and 
atmosphere, in order to provide a better 
description of the Indian Ocean area. 

History 

The International Indian Ocean Ex
pedition was proposed al Ihe initial 
meeting of Ihe Special Committee for 
Océanographie Research Í S C O R ) al 
W o o d s Hole, Massachusetts. 28 to 30 
August I95S. Al thai time ('. O ' D . Ise-
lin of the W o o d s Hole Océanographie 
Institution was appointed convener of 
a small working group lo consider ex
ploration of the Indian Ocean. The 
Special Committee was established by 
the International Council of Scientific 
Unions Í I C S U ) . and one of the reasons 
for its establishment w;is the fact that 
ICSU considered il important that in
ternational cooperation in field pro
grams in oceanography be continued 
after the end of Ihe 1(1 Y "on a broad 
basis and for a longer period." 

The idea of a concerted effort in the 
Indian Ocean W H S further discussed, 
both informally and in formal sessions 
of Sf O R , at the International Océano
graphie Congress at United Nations 
Headquarters in N e w York, in Septem
ber 1950. Shortly thereafter, S C O R 
asked Robert G . Snider lo serve full 
time as Indian Ocean Coordinator. N a 
tional committees were formed in many 
countries, including the United States. 

In March I960 the S C O R working 
group was reconstituted into three sub
committees under (i. E . R . Deacon, di
rector ol the National Institute of 
Oceanography, England (/). Most m e m 
bers of the working group were able to 
meet in Copenhagen on 16 and 17 July 
1960, at which time ideas and plans 
were exchanged and some matters of 
policy were decided. In the fall of I960 
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 S C O R can be 
seen in the name "International Indian 
Ocean Expedition." T o most people, an 
expedition is a rather well-defined en
terprise. A n océanographie expedition 
usually consists of a ship or a group of 
ships working together in an area on a 
given set of problems. Georg Wiist, di
rector emeritus of the Institut fur 
Mecreskundc, Kiel, proposed such an 
expedition at the N e w York meeting 
in 1959. H e 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 
Wiist 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 shape 
it becomes apparent that the opportuni
ty lo 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. A s in most thriv
ing enterprises, the report was out of 
date as soon as it was released. 

United States Plans 

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 Oh and Viliaz 
have carried out investigations in the 
Indian Ocean, as have the Atlantis, the 
Vema, and the Argo of the W o o d s Hole 
Océanographie Institution, the Lamont 
Geological Laboratory, and the Scripps 
Institution of Oceanography, respec
tively. Océanographie vessels from 

France and Japan have worked in the 
area recently, and there has been an in
crease in the océanographie 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 W o o d s Hole Océanographie 
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 C o m 
mittee on M e a n Sea Level of the Inter
national Union of Geodesy and G e o 
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 W o o d s Hole Océan
ographie 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 w h o would like to participate 
in the International Indian Ocean E x 
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 M a d a 
gascar. Biologists interested in this pro
gram should write directly to John H . 
Ryther, W o o d s Hole Océanographie In
stitution, W o o d s Hole, Massachusetts. 

5) It is planned to establish, under 
U N E S C O sponsorship, a marine tax-
ononiic center somewhere in India. This 
center will serve as a preliminary sort
ing center for collections m a d e in the 
Indian Ocean and at the same time will 
provide India with a reference collec
tion of marine organisms from the area. 

6) A s 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. A s part 
of this program, the United States 
hopes to m a n 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 m a d e 
in several more or less independent 
ways, and it is hoped that four differ
ent techniques m a y be used for inter-
comparison. 

8) Scripps. W o o d s Hole. Lamont, and 
the U . S . Coast and Geodetic Survey all 

expect to conduct reconnaissance-type 
geological-geophysical cruises in the 
Indian Ocean between n o w 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
métrie observations while the vessels are 
under w a y 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 
W o o d s Hole in the west Indian Ocean 
and the Arabian Sea. 

9) The newly established National 
Océanographie Data Center in W a s h 
ington, D . C . , will process m u c h 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. 

Foreign-Policy Implications 

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 m u c h with veri
fication of theories of the equatorial 
circulation as with matters such as co
operation between océanographie ves
sels of different nations, the develop
ment of oceanography in m a n y 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 
n o w is h o w 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 w h o 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, N e w York 
16, N e w York, or to any of the chair
m e n or members of the various work
ing groups. Questions about the pro
grams of other countries should be 
addressed to M r . Snider. 
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AN INDIAN VIEWS THE INTERNATIONAL 
INDIAN OCEAN EXPEDITION 

T. S. SATYANARAYANA R A O 
National Institute of Oceanography, Bombay, India 

N o w that the International Indian Ocean Expedition (I.I.O.E.) is over, or at 
least the operational aspect of it, perhaps it is not out of place to indulge in 
some personal reflections—both about the various problems it has generated 
and those it has solved—which will supplement the review of Currie (1966) 
regarding what the I.I.O.E. set out to achieve and what were some of the 
preliminary results. It will be valuable to supplement this with a brief history 
of marine research in India, what I think I.I.O.E. meant to India, and in what 
way the nation has benefited by its o w n full participation in the programme. 

M y o w n association with I.I.O.E. began officially on the 1st August 1962 
when I took up the post of Liaison Officer for the U . S . Programme in Biology 
during the I.I.O.E.; I was stationed at B o m b a y throughout the period of the 
expedition. By virtue of this position, I was not only looking after the interests 
of the U . S . Programme in Biology, but also maintained a close liaison with 
the Indian authorities w h o were responsible for the Indian Programme and 
with foreign countries participating in the expedition. 

M A R I N E R E S E A R C H IN INDIA PRIOR T O I.I.O.E. 

Sewell (1952) has given an account of the deep-sea oceanographical ex
ploration in Indian waters, while Panikkar (1952,1953) has dealt in great detail 
with the development of fisheries and oceanographical researches in India. 
I can add here very little to what they have already said, except perhaps to 
indicate some of the latest developments. I should, however, like briefly to 
recall some facts concerning marine research in India prior to I.I.O.E. O f all 
the different facets of marine science, marine biology is perhaps the oldest in 
India. S o m e of the more important early workers associated with marine 
animal studies in the Indian waters are Carter (Porifera), Canton, D a y and 
Russel (fishes), Annandale and K e m p (Fauna of the Chilka Lake), Gardiner 
(Fauna of the Laccadive and Maldive Islands), Chopra (Crustacea), Fauvel 
(Polychaeta), Herdman (Pearl Fishery Investigation of Ceylon), Gravely 
(Fauna of the Madras Coast), Sewell (Copepoda), and others, all working in 
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the early part of this century. The excellent book The Naturalist in Indian Seas 
by A . Alcock, published in 1902, gives a delightful account of the fauna 
and flora of the Indian Seas. Subsequently, there has been a large number of 
publications mostly dealing with the fauna of the beaches and inshore waters, 
and in this respect the contribution of the Madras University, Zoological 
Laboratories and the publications of the Madras M u s e u m are most significant. 
Lt.-Col. R . B . Seymour Sewell's oceanographical researches on board 
H . M . I . S . I N V E S T I G A T O R and R.v. MABAHiss in the Bay of Bengal and the 
Arabian Sea during the period 1925-1935 form an important chapter in the 
history of Marine Science in India (Sewell, 1925-38). His results were serially 
published by the Royal Asiatic Society of Bengal and deal with surface 
temperature distribution in relation to wind force, plankton studies, parti
cularly of Copepoda, and description of various types of sediments in the Bay 
of Bengal and the Arabian Sea. The Reports of the John Murray Expedition 
include the results of R . V . M A B A H I S S . The Océanographie Memoirs of the 
Andhra University, Waltair, Vols 1 and 2 (1954-1958), which deal with the 
results of the large number of cruises on board the Indian Naval Mine 
Sweepers conducted by the University during 1952-1955 under the leadership 
of Professor E . C . LaFond, Fulbright Visiting Professor of Oceanography, 
form another step in India's progress in marine research, particularly in the 
Bay of Bengal. These studies cover the physical oceanography, nutrient 
chemistry, plankton distribution, and sediment analysis. 

Meanwhile, in 1947 the Central Government in the Ministry of Food and 
Agriculture set up the Central Marine Fisheries Research Institute, with 
headquarters at M a n d a p a m , and this organization under the leadership of 
D r N . K . Panikkar began carefully organized studies on various aspects of 
marine research relating to fisheries. A comprehensive scheme of sea-water 
analysis was initiated by the Central Marine Fisheries Research Institute in 
1952 with the financial support of the Council of Scientific and Industrial 
Research; under this programme chemical laboratories were set up at Cal
cutta, Madras, and B o m b a y to analyse thousands of samples of sea water for 
salinity collected by Fishery and Merchant Navy vessels all along the Indian 
coastline. The Indian Naval authorities also set up a physical research centre 
at Cochin to study military oceanographical problems. In this connection the 
excellent progress m a d e by the Forest Research Institute, Dehra D u n , in the 
study of marine fouling and boring organisms at different university centres 
all along the coast of India should be mentioned. The Universities of Kerala, 
Annamalai, Madras, Andhra, and B o m b a y have developed and expanded 
research and teaching facilities in marine science from 1950. Meanwhile, the 
Government of India constituted the Central Board of Geophysics in 1949 
and an Océanographie Committee to review problems of Océanographie 
studies in India from time to time and with the ultimate object of setting up an 
Institute of Oceanography. Notwithstanding all this activity and expansion 
in the marine sciences, it should be emphasized that until 1960 there was no 
organization in India with sufficient funds and authority either to back up 
extended researches in oceanography or to co-ordinate marine studies at the 
national level; nor was there any organized projection of marine studies to 
suit India's requirements and goals. This gap was finally filled when the Central 
Government appointed an Indian National Committee on Ocean Research 
( I . N . C . O . R . ) in 1960. The terms of reference of this committee were: 

824 



113 

(a) to draw u p a co-ordinated plan for India's participation in the I . I .O .E . , 
(b) to advise on the allocation of a p r o g r a m m e between Departments of 

Government , research organizations, universities, and other institutions, 
(c) to consider and approve detailed plans for research in the several 

scientific disciplines related to India's participation and to r e c o m m e n d 
financial grants, 

(d) to further and co-ordinate research programmes , 
(e) to advise the Government generally o n all matters connected with 

India's participation in the expedition. 

I.I.O.E. A N D INDIA 

It would appear from the terms of reference of I . N . C . O . R . that besides being 
responsible for India's participation in the I . I .O.E . , the Committee also 
became the focus of all developments and research projects connected with 
oceanographical researches. T h e Committee and its working groups included 
almost all the important scientists representing various Indian institutions 
concerned in different branches of oceanography. T h e results of the C o m m i t 
tee's deliberations led directly to the establishment of an Indian Ocean 
Expedition Directorate as a department of the Council of Scientific and 
Industrial Research, and to the allocation of sufficient funds and staff and 
thus ensured full participation of India in the International P r o g r a m m e . T h e 
subsequent establishment of the International Meteorological Centre at 
Colaba ( B o m b a y ) and the Indian Ocean Biological Centre at Cochin are well 
k n o w n to marine scientists the world over. 

T h e genesis of the I . I .O.E. is n o w well k n o w n (Currie, 1966). T h e expedition 
sought to explore in detail the oceanography of the Indian Ocean and to 
m a k e the area as well k n o w n as either the Atlantic or the Pacific. It w a s also 
fashionable for all w h o ever spoke on the p r o g r a m m e of I . I .O.E . to draw 
attention to the enormous population increase of India and neighbouring 
countries and the inadequacy of food and protein requirements for under
nourished people and to plead fervently for the exploration and exploitation 
of the food resources of the sea; if the speaker were a marine meteorologist, 
he would say h o w interesting are the reversing m o n s o o n s and h o w u n 
predictable or unreliable they are for Indian agriculturists; a geophysicist 
would stress the possibility of u n k n o w n oil resources in the shelf areas off 
India. In this w a y all sought to justify the m a n y cruises, ships, and nations 
participating in the joint enterprise of the I . I .O.E. O n e must consider very 
carefully h o w crucial these problems were from India's point of view. 

T h e food problem is without any doubt serious. India's exploitation of 
fishery resources has been growing every year and it is reasonable to expect 
that given m o r e vessels and m e n , it should be possible to double the gross 
tonnage of fish landed on our coasts. T h e most interesting aspect of this prob
lem, however, is the fact that 65-75% of marine fish landed annually in 
India comes from the west coast (Table I). This w a s pointed out by Panikkar 
and Jayaraman (1956) at the 8th Pacific Science Congress and the picture 
remains the same even today. T h e reason for the apparent scarcity of fishery 
resources off the east coast of India and the rest of the B a y of Bengal should 
be urgently investigated and considered quite separately from the problem as 
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to whether w e are fully exploiting the available fishery off the west coast. 
Although in recent years mechanization of fishing vessels has increased, the 
fact remains that fishing is done mostly in nearshore waters while the vast 
shelf off the west coast remains totally unexploited. For example, off the 
B o m b a y and Gujarat coasts, the shelf extends out for nearly 200 miles and but 
for one or two vessels of the deep-sea section of the Food and Agriculture 
Ministry no large scale commercial trawlers are commissioned to fish these 
vast areas. Regular mapping of coastal areas rich in fishery resources was 
one of the immediate requirements of India. 

Next w e m a y consider the mineral resources of the sea. India lacks natural 
deposits of fertilizer salts and also rich deposits of fossil fuel. O n e of the 
ingenious suggestions was that the possibility of extracting nutrient salts such 
as phosphates and nitrates from the vast quantities of marine sediments 
dumped by the great river systems into the Bay of Bengal and the Arabian Sea 
should be considered. The possible accumulation of oil under the shelf 

TABLE I 

Marine fish landings of India {in metric tons) 
{by the courtesy of K. V. Rao) 

Year 

1960 
1961 
1962 
1963 
1964 

Annual 
Average 

East coast of India, 
including A n d a m a n 

Islands 

170,191 
187,062 
180,684 
185,850 
213,826 

187,523 

West coast of India 
including Laccadive 
and Minicoy group 

of islands 

702,264 
489,300 
463,560 
469,634 
645,677 

554,087 

Total 

872,465* 
676,363* 
644,244 
655,484 
859,503 

741,610 

* Excludes trawler catches of 7000-8000 tons. 

(offshore areas), particularly off C a m b a y , was also considered suitable for 
investigation, particularly since the nearby area of Anklesvar had yielded 
exploitable deposits of gas and oil. 

Again, the mapping of coastal currents and the bathymetry of nearshore 
areas, and their importance for coastal navigation, defence, harbour con
struction, and so on, cannot be minimized. With the increase in industries and 
nuclear reactors, the question of pollution and waste disposal takes on added 
significance. Our knowledge of coastal bathymetry and bottom topography 
is totally out-of-date and the physical oceanography of the coastal currents 
is almost unknown; such as is k n o w n is based on visual observations of wind 
and water. Such observations needed to be immediately augumented by 
modern methods of sounding and Hi-Fix. 

Finally, there is the study of the monsoons. T w o problems are involved; 
first, h o w does the reversal of the monsoons affect the oceanic circulation in 
the North Indian Ocean, and secondly, h o w m a y the onset and intensity of 
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the southwest monsoon be predicted. This second problem is of great 
agricultural importance since most of the ryots (farmers) in India depend on 
monsoon rains for the cultivation of summer crops (Kharif). O n e m a y 
illustrate this point by quoting from the 'panchangam' (Almanac, 1966), the 
prediction of the origin and rainfall in India for 1966-67; this shows the 
orthodox Hindu view of the monsoons on which our farmers pin their hopes. 
"This year [1966-67] a cloud by name 'Avartha' will be born at the summit of 
' M e m ' mountains [the present Vindhya system of Central India] and will 
cause 'medium' quantity of rainfall. There will be fear of war and famine in 
the country. The rain consists of 2 kolagas of rainfall and 4 kolagas of wind" 
[each kolaga measures 60 gavuda square and 100 gavuda height—each 
gavuda is variously described as equal to 1 | to 12 miles]. Nobody has checked 
statistically h o w accurate these predictions are, but the fact remains that the 
farmer has no other dependable alternative for information on monsoons. 

THE INDIAN P R O G R A M M E 

These were some of the problems in which India herself was interested at the 
time of launching of the I.I.O.E. Quite rightly, therefore, the planners of the 
Indian Programme concentrated their efforts in these directions and confined 
their cruises and observations to yield an intensive study of the coastal areas, 
both in the Arabian Sea and the Bay of Bengal. With the inauguration of the 
1st Scientific Cruise of I .N.S. K I S T N A on October 9, 1962, by Professor 
H u m a y u n Kabir, Minister for Scientific Research and Cultural Affairs, the 
Indian Programme of work during the I.I.O.E. was effectively launched. 
Besides I .N.S. K I S T N A the Indian Programme included scientific cruises by 
R.v. V A R U N A of the Indo-Norwegian project, R.v. C O N C H of the University 
of Kerala, and F . V . B A N G A D A , an exploratory fishing vessel of the Ministry of 
Food and Agriculture, Government of India. All the cruise tracks and 
programme of work were co-ordinated so that a complete coverage of 
important coastal areas of both in the Bay of Bengal and the Arabian Sea 
(see Figs 1 and 2) was effected. 

I . N . S . ' K I S T N A ' 

The participation and programme of I.N.S. KISTNA in the I.I.O.E. is unique 
in many respects. The Indian Navy should be congratulated for placing the 
frigate at the disposal of the Indian National Committee on Ocean Research 
solely for Oceanographical work. This was a most welcome development for 
the future of this work in India since by this gesture of co-operation the 
Indian Navy's full support for I.I.O.E. was assured. 

From Figures 1 and 2 it is clear that I .N.S. K I S T N A has covered fairly well 
both the Bay of Bengal and the Arabian Sea and in the south right up to the 
Equator. Commencing in October 1962, I .N.S. K I S T N A has completed 28 scien
tific cruises, and had it not been for the unfortunate Indo-Pakistan conflict in 
the middle of 1965, she would have successfully accomplished the rest of the 
cruises planned during the fall of 1965. The vast amount of data collected by 
I.N.S. K I S T N A is n o w being analysed at the data and planning division of the 
National Institute of Oceanography. 
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Meanwhile, the International Meteorological Centre ( I .M.C. ) at Colaba, 
B o m b a y , functioned from 1 st January 1962 with Professor C . S. R a m a g e as 
director. This centre was financed by the Council of Scientific and Industrial 
Research, and was manned by the Indian Meteorological Department. The 
United Nations special fund provided an I . E . M . 1620 Electronic Computer 
for data processing. The United States National Science Foundation had 
given liberal assistance through equipment and other services. The extended 
Indian Ocean Chart in use at I . M . C . covers the whole of the Indian Ocean 
plus adjacent areas. Reception of about 75 daily Radio Teletype broadcasts 
from Canberra, Nairobi, Singapore, and Pretoria, provided the bulk of the 
Southern Hemisphere coverage. Data exchanged with Tokyo and M o s c o w 
and some 40 Radio Teletype/Carrier W a v e broadcasts received from Karachi, 
Aden, Colombo, Djakarta, .and Saigon, supplemented by collections at the 
Meteorological communication centre, formed the coverage of the Northern 
Hemisphere. Ships' reports obtained over Radio Teletype circuits from 
Mauritius by the Indian Navy added to the coverage of the South Indian 
Ocean. O n a typical day the total coverage amounted to : 

Surface reports 1155 
Ships 384 
Upper air 429 

Aircraft report from long distance international flights on three to four air 
routes. 

At the I . M . C , synoptic charts are prepared for two principal times—00 and 
12 hours Greenwich M e a n Time—for surface and standard isobaric levels, 
namely 50, 100, 200, 300, 500 and 700 m b . Back plotting is also done after 
data reception of additional information from other centres. During the 
period of the I.I.O.E., perhaps the most important observations on the 
monsoons were carried out by specially instrumented research aircraft of the 
U . S . Weather Bureau Research Flight Facility and the W o o d s Hole Océano
graphie Institution. In addition, a N O M A D automatic weather station was 
anchored in the Bay of Bengal half-way between Madras and the A n d a m a n s 
in April 1964. A n Automatic Picture Transmission (A.P.T.) receiving equip
ment on loan from the U . S . National Science Foundation was installed at 
I . M . C . in December 1963, and this picked up pictures of cloud cover from 
TIROS vu and N I M B U S Meteorological Satellites during their orbits over the 
Indian subcontinent. It is too early to say that I . M . C . has solved the problem 
of the development of the monsoon or is able to predict the arrival of the 
monsoon accurately, but it has accumulated a vast quantity of information 
and the preliminary analysis of the data has improved our knowledge of the 
circulation pattern of the monsoon winds. In fact, for the first time meteoro
logists in India were able to get data from over the oceans for their studies and 
have come to realize that the weather pattern of the Indian sub-continent is 
greatly influenced by conditions in the sea. 

The establishment of the Indian Ocean Biological Centre (I.O.B.C.) at 
Ernakulam marks a very important milestone in the history of marine 
biology in India. The Centre was organized by the Council of Scientific and 
Industrial Research (C.S.I.R.) in co-operation with U . N . E . S . C . O . The chief 
considerations which led to the selection of India for the location of the 
Centre were (from Indian Scientific Programme 1962-65): 
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1. Geographical location of India at whose ports m a n y of the ships 
participating in the expedition were likely to call. 

2. The very considerable interest in biological and taxonomic studies in 
India at scientific and university institutions. 

3. The availability of a large number of trained biologists w h o could take 
up the work. 

4. The advantage of a centre of this type in South Asia which would 
stimulate marine biological studies in the Asian region. 

The principal functions of the Centre are: 

1. Maintenance of a named reference collection of Indian Ocean material 
and duplication of it for laboratories throughout the world. 

2. Sorting zooplankton samples taken by standard methods. 
3. Examination of the sorted standard material or sending it to specialists 

throughout the world. 
4. Sorting of the zooplankton samples at the request and expense of 

participating laboratories. 
5. Training. 

The development of this Centre in India has provided a unique opportunity 
for the training of biologists from India and other countries in the region. It 
is becoming almost a Mecca for visiting marine scientists and university 
parties from different parts of the country. 

I.I.O.E. BENEFITS TO INDIA 

The I.I.O.E. has achieved for itself the distinction of being one of the best 
examples of international co-operation between m a n y nations both East and 
West. Indian scientists visited m a n y neighbouring countries and the Indian 
ship I .N.S . KISTNA visited Singapore. India played host to scientists from m a n y 
nations resulting in deep and abiding friendship. M a n y of the participating 
foreign research ships like 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 and R . V . H O R I Z O N , provided facilities for ship-board training and 
research for m a n y Indian scientists. 

The expedition also provided opportunities for organizing seminars in 
which m a n y young scientists from different parts of the country and senior 
scientists from abroad participated. A n All-India Seminar on Marine 
Science was held at Waltair on 26-27th April, 1963, sponsored by the Andhra 
University, Waltair, the Indian National Committee on Ocean Research, the 
U . S . Programme in Biology and the U . S . Information Service. It was well 
attended and was a great success. At the time of the visit of R.v. H O R I Z O N 
and R.v. A R G O at Cochin and then again at Calcutta during the visit of the 
U . S . Coast and Geodetic Survey Ship P I O N E E R seminars were arranged at 
which visiting scientists and their Indian counterparts participated in discus
sions. In July 1965 an International Symposium at B o m b a y on the Meteoro
logical Results of I.I.O.E. was held and this was attended by a large number of 
foreign and Indian delegates. 

A s a finale to all this activity, a training programme was organized at the 
postgraduate level to train junior scientists in the subject and practice of 
Oceanography as a multi-disciplinary science during January-March 1966 at 
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B o m b a y . This was jointly sponsored by U . N . E . S . C . O . and C .S . I .R. A total 
number of 25 trainees were recruited from a m o n g the applications submitted 
by Indian and adjacent Asian countries to U . N . E . S . C . O . The break-up 
figures for the trainees were; India 20, Thailand 2, Singapore 1, Ceylon 1, and 
Malaysia 1. 

THE FUTURE 

While the Training Programme marked the end of I.I.O.E. activities, it also 
saw the birth of the National Institute of Oceanography (N.I.O.) of India. 
The Central Government approved the establishment of this institute as one 
of the national laboratories under the C.S. I .R. and appointed D r N . K . 
Panikkar, Director of the Indian Programme under the I.I.O.E., as director of 
the new institute. All the activities started under the Indian Programme of the 
I.I.O.E., including the Indian Ocean Biological Centre, have n o w been 
merged into the National Institute of Oceanography. 

The National Institute proposes to study various aspects of coastal oceano-
graphical problems, coral reefs, oceanographical data for improved fishing 
and navigational charts, sedimentary history of the Indian Ocean basins, and 
prospecting for oil, ore, minerals, and phosphates in the sea. 

Proposals are afoot for acquiring an oceanographical research ship for the 
institute. The institute also proposes to co-operate with other research 
organizations in India such as the National Geophysical Research Institute, 
Atomic Energy Establishment, Zoological and Botanical Surveys, and the 
Naval Research groups, and work on problems of mutual interest. The 
Institute m a y also have to concentrate specially on problems relating to 
desalination and also the pollution of coastal waters by big industries and 
atomic reactors. 
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656 Note on the formation of sand domes on the Fort Cochin beach 

by V . S. R a m a Raju 
Physical Océanographie Centre of Indian Ocean Expedition 

(CSIR), Cochin, India. 

in: Bull. natn. geophys. res. Inst. India, vol. 2, nos. 2/3, 1964, p. 74-76. 

657 Red Sea fishes recently found in the Mediterranean 

by Adam Ben-Tuvia 
Sea Fisheries Research Station, Haifa, Israel. Present address : 
Fisheries Biology Branch, F A O , Rome, Italy. 

in: 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, m a y 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 c o m m o n in this area, and nine are commercially exploited. 

658 Plankton in the Arabian Sea 

by R . Raghu Prasad 
Indian Ocean Biological Centre 

in: Indian Seafood, vol. 6, no. 2, 1968, p. 12-15. 

659 X-ray microscopy of recent planktonic Foraminifera 

by Allen W . H . Bé, Willem L. Jongebloed and Andrew Mclntyre 
Lamont-Doherty Geological Observatory, Columbia University, 
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Palisades, N e w 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 m a y be viewed 
from stereoscopic pairs of radiographs. Measurements of pore concentrations and pore diameters were m a d e on shell fragments. X-ray micro
scopy is particularly helpful in ontogenetic studies of involute species of foraminifers. 
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