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ABSTRACT

Early Miocene to Quaternary benthic foraminifers have been quantitatively studied (>63 pm size fraction) in a
southwest Pacific traverse of DSDP sites at depths from about 1300 to 3200 m down the Lord Howe Rise (Site 590, 1299 m;
Site 591, 2131 m; Site 206, 3196 m). Benthic foraminiferal species smaller than 150 uym are by far dominant in the sam-
ples, averaging from 78 to 89% of the total benthic foraminiferal assemblages in the three sites examined. Although
about 150 benthic foraminiferal species or taxonomic groups have been identified, only a few species dominate the as-
semblages. These dominant species include Epistominella exigua, E. rotunda, and Globocassidulina subglobosa, which
prevail in the three sites, and Oridorsalis umbonatus, E. umbonifera, and Cassidulina carinata, which occur usually in
frequencies of between 10 and 30%.

Faunal changes in Neogene benthic foraminiferal assemblages are not similar in each of the three sites, but faunal
successions are most similar between the two shallowest sites. The deepest site differs in composition and distribution of
dominant species. There are three intervals during which the most important changes occur in benthic foraminiferal as-
semblages: the early middle Miocene (14 Ma; the Orbulina suturalis Zone and the Globorotalia fohsi s.1. Zone); the late
Miocene (6 Ma; the Globigerina nepenthes Zone) and near the Pliocene/Pleistocene boundary at about 2 Ma.

A Q-mode factor analysis of the faunal data has assisted in recognizing assemblage changes during the Neogene at
each of the sites. Early Miocene assemblages were dominated by Globocassidulina subglobosa at Site 590 (1299 m), by
G. subglobosa and Oridorsalis umbeonatus at Site 591 (2131 m), and by G. subglobosa, E. exigua, and Bolivina pusilla
at Site 206 (3196 m). In the early middle Miocene at Sites 590 and 591, a marked increase occurred in the frequencies of
E. exigua. Epistominella exigua reached maximum abundance in the early Miocene in the deeper Site 206, and in the
middle and early late Miocene in the shallower Sites 590 and 591. In the late Miocene, a spike occurred in the frequen-
cies of E. umbonifera in Site 206, whereas the dominant species changed from E. exigua to E. rotunda at Site 590. Lat-
est Miocene to late Pliocene assemblages were dominated by E. rotunda at Site 590, by E. exigua at Site 591, and by G.
subglobosa-E. exigua (early Pliocene) and E. rotunda-E. exigua (late Pliocene) at Site 206. At the Pliocene/Pleistocene
boundary, E. exigua temporarily diminished in importance at Sites 591 and 206. Quaternary assemblages were domi-
nated by E. rotunda and Cassidulina carinata at Site 590, by E. rotunda at Site 591, and by E. exigua at Site 206.

These major faunal changes are all associated with known major paleoceanographic events—the middle Miocene
development of the Antarctic ice sheet; the latest Miocene global cooling and increased polar glaciation; and the onset
of quasiperiodic glaciation of the Northern Hemisphere, These major paleoceanographic events undoubtedly had a
profound effect on the intermediate and deep water mass structure of the Tasman Sea as recorded by changes in benthic

foraminiferal assemblages.

INTRODUCTION

Early Miocene to Quaternary benthic foraminifers have
been studied from three sites in the Tasman Sea, south-
west Pacific: Site 590 (31°10.02'S, 163°21.51'E), Site
591 (31°35.06'S, 164°26.92'E), both DSDP Leg 90, and
Site 206 (32°00.75'S, 165°27.15'E), DSDP Leg 21. Sites
590 and 591 were cored on the Lord Howe Rise in water
depths of 1299 m and 2131 m respectively. Site 206 is lo-
cated in the New Caledonia Basin to the east of the
Lord Howe Rise at greater water depth (3196 m).

We selected these three sites because they form a suite
of cores ranging from intermediate to deep water be-
tween about 1000 m and 3000 m. The purpose of this
study was to examine changes in benthic foraminiferal
assemblages at different water depths during the Neo-
gene. This, in turn, should provide information about
paleoceanographic changes in the vertical water mass

! Kennett, J. P., von der Borch, C. C., et al., Init. Repts. DSDP, 90: Washington (U.S.
Govt. Printing Office).

2 Add (Kurihara, per address) Rikkyo (St. Paul’s) University, Nishi-ikebu-
kuro, Tokye, Japan; (Kennett) Graduate School of Oceanography, University of Rhode 1s-
land, Kingston, RI 02881.

structure of the Tasman Sea. Changes in benthic fora-
minifers are known to be associated with certain deep
and intermediate water masses (Douglas and Woodruff,
1981). Changes in assemblages through geologic time have
also been shown to be sensitive monitors of changes in
the distribution of deep and bottom water masses (Schnit-
ker, 1974; Streeter, 1973; and others).

The three sequences are also appropriate for this in-
vestigation for several other reasons: (1) they all consist
of continuous or nearly continuous early Miocene to Qua-
ternary sequences; (2) the three sections are all well cor-
related using the same planktonic foraminiferal zona-
tion (Kennett and Srinivasan, 1983); (3) the three sites
are located above the foraminiferal lysocline and yield
rich assemblages of benthic foraminifers throughout; and
(4) no displaced benthic faunas were recognized in any
of the sites.

METHOD OF STUDY

Benthic foraminifers were studied from ~9 m intervals from 149
core-catcher samples: 51 from Site 590, 55 from Site 591, and 43 from
Site 206 (Fig. 2). The core-catcher samples were washed over a 63 um
Tyler screen. Benthic foraminiferal assemblages were quantitatively ex-
amined from the >63 pum fraction, chosen because relatively small in-
dividuals between 63 and 150 um completely dominate the assemblages.
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Figure 1. Location of DSDP Sites 590, 591, and 206 on the Lord Howe
Rise and in the New Caledonia Basin. Depth is shown in fathoms.

Different workers have studied rather different size fractions of
benthic foraminiferal assemblages. For example, fractions greater than
300 um were studied by Lutze (1979); >250 um by Lohmann (1978);
> 150 pm by Woodruff and Douglas (1981); >125 um by Schnitker
(1979); > 100 pm by Douglas (1973); >73 um by Boltovskoy (1983);
and >62 um by Resig (1976). Unfortunately, the size distribution of
benthic foraminiferal tests has not previously been examined in deep-
sea sediments. We examined the relative abundances of benthic fora-
miniferal tests larger and smaller than 150 pum. A number of impor-
tant studies of Recent deep-sea benthic foraminiferal distribution pat-
terns have been analyzed from the >150 pm size fractions (Parker,
1958; Phleger et al., 1953). Foraminiferal tests smaller than 150 um
range from 50 to 99% of the assemblages (Fig. 3), and average 78 to
89% of the assemblages in the three sites examined:

Site  >150 uym (avg.) (Vo) <150 pm (avg.) (%)

590 1-35 (11) 65-99 (89)
591 8-50 (22) 50-92 (78)
206 5-37 (15) 63-95 (85)

The number of individuals > 150 um were not always sufficiently abun-
dant to allow a quantitative study of this size fraction alone.

Washed samples were split to a size containing about 150 to 300 in-
dividuals using a microsplitter. The split samples were spread on a
counting tray, and all benthic foraminifers were removed and mounted
in taxonomic groups on slides. The procedure of spreading samples
and removing benthic foraminifers was repeated three times or more
for each sample to insure that no specimens were missed. The average
number of benthic foraminifers counted was 164 individuals per sam-
ple at Site 590, 212 at Site 591, and 224 at Site 206.

Planktonic to benthic foraminiferal ratios (P/B ratios) were also
determined in the fractions larger than 63 pm. In order to estimate the
number of planktonic foraminifers contained in the samples, the sam-
ples used for benthic forms were microsplit, and 300 to 1000 plankton-
ic individuals were counted.

The data for each site were also separately analyzed using Q-mode
factor analysis (Klovan and Imbrie, 1971) to assist in evaluating the
major changes in faunal components within each site.

1038

RESULTS

Site 590

Site 590 lies near the crest of the Lord Howe Rise at a
water depth of 1299 m and is the shallowest of the three
sites studied. The section is a 499 m-thick sequence of
mostly foraminifer-bearing nannofossil ooze from early
Miocene (Catapsydrax dissimilis Zone) to Quaternary
(Globorotalia truncatulinoides Zone). An unconformity
exists at the early/middle Miocene boundary where the
Praeorbulina glomerosa curva and Orbulina suturalis
Zones are missing.

Benthic foraminifers were studied from 51 samples of
Hole 590 (590-1,CC to 3,CC), Hole 590A (590A-1,CC
to 27,CC), and Hole 590B (590B-30,CC to 53,CC) (Fig.
2). Benthic foraminifers are well preserved in the Qua-
ternary to late Miocene, but are recrystallized during
most of the middle and early Miocene. There is a large
range of planktonic to benthic foraminiferal ratios, from
45:1 to 4469:1 (Fig. 4). The largest ratios occur in the
early Miocene and decrease over the early/middle Mio-
cene boundary. For the remainder of the Miocene to the
Quaternary, the ratios are rather constant and relatively
low, mostly within the range of 50:1 to 300:1.

The stratigraphic distribution of benthic foraminifers
in Site 590 is shown in Table 1. Benthic foraminiferal
faunas are dominated by Epistominella, Globocassiduli-
na, Cassidulina, Bolivina, Oridorsalis, and Gyroidina.
Most of the abundant species range throughout the sec-
tion from the early Miocene to the Quaternary. There
are many species with rare or sporadic occurrences (Ta-
ble 1) and hence their stratigraphic ranges are difficult
to determine with accuracy.

Early Miocene assemblages at Site 590 were domi-
nated by Globocassidulina subglobosa (Brady). Other im-
portant species include Oridorsalis umbonatus (Reuss),
Cibicidoides mundulus (Brady, Parker, and Jones) and
Bolivina pusilla Schwager. In one sample within the Cata-
psydrax dissimilis Zone, Bolivina sp. A was found with
exceptionally high frequencies (48%).

In the middle Miocene, the benthic foraminiferal as-
semblages were dominated by Epistominella exigua (Bra-
dy) usually in frequencies between 10 and 25%. Other
important species include Epistominella rotunda (Huse-
zima and Maruhasi), Cassidulina sp. A, B. pusilla, O.
umbonatus, G. subglobosa, and Cibicidoides wueller-
storfi (Schwager). Globocassidulina subglobosa, which
was the dominant species of the early Miocene assem-
blages, tended to decrease in abundance during the mid-
dle Miocene.

Late Miocene assemblages were also dominated by E.
exigua. The frequencies of this dominant species decrease
in the Globigerina nepenthes Zone and E. rotunda was
dominant in the late late Miocene. Other important spe-
cies include Cassidulina sp. A, B. pusilla, and O. umbo-
natus. At the same time as the dominant species changed
from E, exigua to E. rotunda, several species showed in-
teresting occurrences in the late Miocene. Rectuvigerina
sp. appears only in the Neogloboquadrina continuosa
and Globigerina nepenthes zones. Pyrgo and Quinque-
loculina first occur in the G. nepenthes Zone and Glo-
borotalia conomiozea Zone, respectively. Bulimina stri-



6€01

Age

Site 590

Zone

Depth
(m)
0

Hole

Core

Quat.

G. truncatulinoides

580

Pliocene

late

G. truncatulinoides—
G. losaensis

G. tosaensis

G. inflata

early

G. crassaformis

1004

G. puncticulata

Miocene

late

G. conomiozea

200+

G. nepenthes

N. continuosa

3004

middle

G. mayeri

400+

G. fohsi s.l.

early

G. miozea

C. dissimilis

590A

M~ AWM= wN =

— 38

L 40
— 41
L 42
L 43
— 44
—45

—47
— 48
—49
— 50
— 51
— 52
53

500

Site 591
Depth
Age Zone (m  Hole  cCore

= 2 591 [~ 1
3 G. truncatulinoides — 2
(s} — 3
L 4
— 5
G. fruncatulinoides — L — 6
G. tosaensis — 7
2 C &

o 3 —
P = G. tosaensis 10
] 100 1
2 G. inflata |—12
T —13
14
; —15
o G. crassaformis i 16
= 17
o G. puncliculata — 18
" G. sphericomiozea ™ =19
— 20
G. conomiozea — 21
2001 |— 22
— 23
G. nepenthes — 24
— 25
— 26
- — 27
i — 28
2 L 29
£ I~ — 30
-~ ~ 1
_ = “\:31
N. continuosa 300 5918 | %

[ —
4
e — 5
S — 6
7

o

o E 8
= T L9
—10
— 11
G. mayeri —12
—13
o 400- |12
=] 15
E G. fohsi s. — 16
—17
: —18
0. suturalis . L 19
P. glome [—e2
- . glomerosa curva 21
El 22
o G. miozea 23
500 24

Figure 2. Planktonic foraminiferal zones and stratigraphic position of core-catcher samples of Sites 590, 591, and 206.
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Figure 3. Percentages of benthic foraminifers <150 um within the total benthic assemblages at Sites 590, 591, and 206.

ata d’Orbigny and Epistominella rugosa (Phleger and
Parker) temporarily disappear in the upper part of the
Globigerina nepenthes Zone, while Uvigerina peregrina
Cushman first appears within this zone.

Pliocene and Quaternary assemblages were dominated
by E. rotunda, usually with frequencies between 10 and
25%, and the late Quaternary assemblage was domi-
nated by Cassidulina carinata Silvestri. Other important
species include E. exigua, Cassidulina sp. A, Globocas-
sidulina subglobosa, Bolivina decussata Brady, Virgu-
lopsis sp., Gyroidina cf. quinqueloba Uchio and Anom-
alinoides sp. B. Globocassidulina subglobosa increased
again in the latest Pliocene and Quaternary. The chang-
ing species dominance of benthic foraminiferal assem-
blages for Site 590 is summarized in Figure 5.

Site 591

Site 591 lies near the crest of a southern spur on the
eastern part of the Lord Howe Rise at a water depth of
2130 m. The crest of the spur, separated from the main
part of the Lord Howe Rise by a valley, is largely iso-
lated from sediment transportation from the main part
of the Lord Howe Rise. The sedimentary sequence re-
covered at Site 591 is a calcareous biogenic facies con-
sisting mainly of calcareous nannofossil and foraminif-
eral ooze. It is a 500-m-thick continuous sequence from
the late early Miocene (Globorotalia miozea Zone) to
the Quaternary (Globorotalia truncatulinoides Zone).

Fifty-five samples were studied from Hole 591 (591-
1,CC to 591-31,CC) and Hole 591B (591B-1,CC to
591B-24,CC), as shown in Figure 2. Benthic foramini-
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fers are well preserved in the upper part of the sequence,
from Quaternary to late Miocene in age. In the early
and middle Miocene, benthic foraminifers are rarer than
in sediments of younger age. Recrystallization of ben-
thic foraminiferal tests at Site 591 becomes conspicu-
ous, especially during the early Miocene. P/B ratios are
higher than at the other two sites (Fig. 4) ranging from
179:1 to 10674:1. Maximal P/B values occur in the early
Miocene and average about 6400:1 in this interval. As in
Site 590, P/B ratios decrease near the early/middle Mi-
ocene boundary. Beginning in the early middle Miocene,
the ratios become less than 100:1, with several peaks of
up to about 2000:1 to 3000:1.

Table 2 shows the stratigraphic distribution of ben-
thic foraminifers at Site 591. The following species are
the most abundant at this site: Epistominella exigua, E.
rotunda, Globocassidulina subglobosa, Cassidulina sp.
A, Oridorsalis umbonatus, Bolivina decussata, B. pusil-
la, Gyroidina sp. A, Virgulopsis sp., Cibicidoides wuel-
lerstorfi, Pullenia osloensis Feyling-Hanssen, and Siphon-
aperta sp.

Early Miocene assemblages were dominated by Glo-
bocassidulina subglobosa and Oridorsalis umbonatus,
with frequencies up to 31 and 20%, respectively.

In the middle Miocene, the assemblages were domi-
nated by E. exigua. This species increased in frequencies
in the early middle Miocene as in Site 590. Other impor-
tant species include G. subglobosa, O. umbonatus, Cas-
sidulina sp. A, Cibicidoides wuellerstorfi, C. cf. opacus
(Carter), and Virgulopsis sp.

Late Miocene and Pliocene assemblages were also dom-
inated by Epistominella exigua. This dominant species
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Figure 4. Planktonic to benthic foraminiferal ratios (P/B ratios) at Sites 590, 591, and 206 (water depth in parentheses).

showed highest frequencies in the early late Miocene (15
to 30%). Other important species include G. subglobo-
sa, O. umbonatus, E. rotunda, Cassidulina sp. A, Si-
phonaperta sp., and B. decussata. Quinqueloculina and
Pyrgo were found to occur beginning in the Neoglobo-
quadrina continuosa Zone, as in Site 590, but there are
some sporadic occurrences in the early and middle Mio-
cene.

Quaternary assemblages were dominated by E. rotun-
da. Near the Pliocene/Quaternary boundary, E. exigua
temporarily decreased in frequency and was even absent
just below the boundary (591-4,CC). Epistominella ro-
tunda and O. umbonatus also increased in frequency
near the boundary and remained important throughout
the Quaternary. Other important species are similar to
those of late Miocene and Pliocene age. The changing
species dominance of benthic foraminiferal assemblages
for Site 591 is summarized in Figure 5.

Site 206

Site 206 is located about 220 km to the southeast of
Site 590. It lies at the bottom of the New Caledonia Ba-
sin, and is the deepest of the three sites studied (3196 m).
The Neogene of Site 206 is represented by 440 m of fora-
minifer-rich nannofossil ooze. Planktonic foraminifers
at this site were studied by Kennett (1973) and Sriniva-
san and Kennett (1981), and 16 planktonic foraminiferal
zones were well recognized, from the Globoquadrina de-
hiscens Zone of the early early Miocene to the Globoro-
talia truncatulinoides Zone of the Quaternary. There is
an unconformity between the late Miocene and the early
Pliocene, where the G. conomiozea Zone to the G. punc-
ticulata Zone are missing.

Benthic foraminifers were studied from 43 samples of
Hole 206 (206-1,CC to 43,CC). They are not as well pre-
served as they are at the other two sites, but rich calcare-
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Table 1. Distribution of benthic foraminifers at Site 590.

Benthic foraminifers

Quat.

late

Pliocene

Miocene

G. truncatulinoides

G. inflata

590-1,CC

590A-1.CC |G truncatulinoides-
G. tosaensis

$90-2,CC
590A-2,CC

§90-3,CC

590A-3,CC
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Table 1. (Continued).
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Table 1. (Continued).

Benthic foraminifers

£

Pliocene

Miocene

late

G. truncatulinoides

G. truncatulinoides—

G. tosaensis

G. inflata

G. crassaformis

590-1,CC
590-2,CC

§90-3,CC

S90A-1,CC

590A-2,CC

590A-3,CC

5%0A-7,CC

590A-4,CC | G. tosaensis

590A-5,CC
590A-6,CC

-8,CC
590A-10,CC

5

590A-11,CC
S90A-12,CC
590A-13,CC
590A-14,CC

590A-15,CC

590A-16,CC | G. puncticulata

590A-17,CC

590A-18,CC

-19,CC | G. conomiozea

590A-20,CC

L

E. sp.

Gavelinopsis lobatulus
Laticarinina alto-camerata
L. pauperata

Valvulineria sp.

Heronallenia sp.A
Siphonina australis
Pleurostomella spp.
Cassidella bradyi
Cassidulina carinata

C. sp.A
C. sp.B
C. sp.C
C. sp.D
C. spp.

Globocassiduling subglobosa
G. ornata

Cassidulinoides spp.
Ehrenbergina hystrix

E. trigona

Chilostomella oolina
Allomorphina pacifica
Astrononion spp.
Nonionella spp.
Pullenia bulfoides
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P sp A

P sp.B

P spp.
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sp.C
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Table 1. (Continued).
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Table 2. Distribution of benthic foraminifers at Site 591.

Benthic foraminifers

Quat.

Pliocene

early

Miocene

G. truncatulinoides

G. truncatulinoides-
G. rosgensis

G. tosaensis

G. crassaformis

G. punciiculata

G. nepenthes

591-1,CC

591-2,CC

591-3,CC

5914,CC

591-5,CC
591-6,CC

$91-7,CC

591-8,CC

591-9,CC

591-10,CC

591-11,CC

591.12,cC | G. inflata

591-13,CC

591-14,CC
591-15,CC

591-16,CC

591-17,CC

591-18,CC

591-19,CC

591-20,CC

591-21,CC | G. conomiozea

91-2,CC

591-23,CC

§91-24,CC

Bolivinopsis cubensis
B. sp. A

B sp. B

Textularia [ythostrota
T. spp.

Siphotextularia rolshauseni
Gaudrying sp.

Dorothia brevis

Eggerelia sp. A

E sp. B

Karreriella bradyi
Martinottiella spp.
Ophthalmidium pusilium
Quingueloculing venusta
Q. spp.

Pyrgo murrhina

E spp.

Sigmoilina edwardsi

5. tenuis

Sigmoilopsis schiumbergeri

Siphonaperta sp.
Triloculina spp.

Lagena spp.
Lenticuling spp.
Vaginulina sp. A
Pyruling spp.
Seabrookia eariandi

Owoling spp.

Fissurina spp.
Parafissuring spp.
Buliminelia sp.
Sphaeroiding bulloides
Bolivina anastomosa
decussata

minuta

pusilla

seminuda

p. A
sp. B

. spp.
Stilostornelia spp.
Bulimina miolaevis
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Table 2. (Continued).

Miocene
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Table 2. (Continued).

Benthic foraminifers

Quat.

late

Pliocene

carly

Miocene

G. truncatulinoides

G. truncatulinoides-

G. losaensis

G. fosaensis

G. puncticulata

G. nepenthes

591-1,CC

591-2,CC

$91-3,CC

591-4,CC

591-5,CC

591-6,CC

591-7,CC

591-8,CC

591-9,CC

591-10,CC

591-11,CC

$91-12,CC | G. inflata

591-13,CC

591-14,CC

591-16,CC

591-17,CC

591-18,CC
$91-19,CC

591-20,CC

$91.21,cC | G. conomiozea

$91-22,CC
591-23,CC

591-24,CC

L. pauperata
Stetsonia sp. A
Valvulineria spp.
Heronallenia sp. A
Siphonina ausiralis

Eponides tumidulus
Pleurostomella spp.
Cassidella bradyi
Francesita advena
Cassidulina carinata

C. sp. A
C.sp.B
C.osp. C
C.sp. D
C. spp.

Globocassidulinag subglobosa
G. ornata

Cassidulinoides spp.
Favocassiduling favus
Ehrenbergina hystrix

E. trigona

E. sp.

Chilostomella oolina
Allomorphina pacifica
Astrononion spp.

Nonionella spp.
Pullenia bulloides
P osloensis

P quingqueloba
Psp. A

Psp. B

P spp.
Gyroiding acuta
G. broeckhiana
G. lamarckiana

G. neasoldanii

G. cf. quingueloba
G osp. A

G sp. B

G sp. C

G. sp. D

G. spp.

Oridarsalis umbonatus
0. sp.

Osangularia culter

Anomaling sp.
Anomalinoides globulosus
Aosp. A

A.sp.B

A. spp.

Cibicidoides bradyi

C. kullenbergi

mundulus

cf. opacus
pseudoungerianus

wueilerstorfi

sp. A

- Spp.

Gavelinella sp.
Hanzawaia cf. cushmani
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M. sp. A
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Table 2. (Continued).

Miocene
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ous faunas are contained throughout the Neogene sec-
tion. P/B ratios are lower than at the two shallower
sites, probably because some planktonic foraminiferal
tests were dissolved or broken at this greater water depth.
The ratios range from 8:1 to 1864:1 (Fig. 4). In the early
Miocene, the ratios are high and average value is 454:1.
P/B ratios are rather constant after the early Miocene
and mostly average less than 100:1.

The stratigraphic distribution of benthic foraminifers
is shown in Table 3. The most important species in this
site include Epistominella exigua, Globocassidulina sub-
globosa, E. rotunda, Epistominella umbonifera (Cush-
man), Bolivina pusilla, B. decussata, Oridorsalis umbo-
natus, and Cassidulina sp. A. Almost all species at this
site are also commonly found at the other two sites.
Species occurring more frequently than at the other two
sites are Buliminella sp., E. umbonifera, Favocassidu-
lina favus (Brady), and Stetsonia sp. A. The following
species, which occur at the other two sites and are ab-
sent from this site include Seabrookia earlandi Wright,
Cibicidoides kullenbergi (Parker), and Gyroidina broeck-
hiana (Karrer).

Early Miocene assemblages were dominated by G. sub-
globosa and E. exigua. Other important species include
Bolivina pusilla, B. decussata, Oridorsalis umbonatus,
Cassidulina sp. A, and Stetsonia sp. A.

In the middle Miocene and early late Miocene (Neo-
globoguadrina continuosa Zone), the assemblages were
also dominated by G. subglobosa and E. exigua. No sig-
nificant change of dominant species was recognized be-
tween the early and middle Miocene assemblages at this
deepest site. Other important species include O. umbo-
natus, Bulimina rostrata Brady, Cassidulina sp. A, and
Bolivina decussata.

In the late late Miocene (Globigerina nepenthes Zone),
the assemblages were dominated by E. umbonifera. Oth-
er important species include E. exigua, Globocassiduli-
na subglobosa, and Cassidulina sp. C. Cassidulina sp.
A almost disappeared during this interval.

Early Pliocene assemblages were again dominated by
G. subglobosa and E. exigua as in the early to early late
Miocene. Other important species include E. rofunda,
Oridorsalis umbonatus, and Virgulopsis sp.

In the late Pliocene, the assemblages were dominated
by E. rotunda and E. exigua. Epistominella rotunda mark-
edly increased in abundance during this interval. Other
important species include O. umbonatus, G. subglobo-
sa, E. umbonifera, and Melonis pompilioides (Fichtel
and Moll).

Quaternary assemblages were dominated by E. exig-
ua. This species slightly decreased in frequencies near
the Pliocene/Pleistocene boundary. Other important spe-
cies include E. rotunda, Cassidulina sp. A, O. umbona-
tus, G. subglobosa, and Virgulospsis sp. The changing
species dominance of benthic foraminiferal assemblages
for Site 206 is summarized in Figure 5.

COMPARISON OF BENTHIC FORAMINIFERS
AMONG THE THREE SITES

The distribution of important benthic foraminiferal
species among the three sites is shown in Figure 6. Among

1050

the genera occurring in the three sections, Epistominella
shows highest frequencies in most part of the sections.
Globocassidulina, Cassidulina, Oridorsalis, Gyroidina,
and Bolivina occur frequently in the three sites. Other
genera, including Cibicidoides, Uvigerina, Pullenia, and
Stilostomella, rarely exceed 10% of the fauna. Bolivina
was found to occur in high frequencies in the early Mio-
cene.

Dominant species prevailing in the three sections are
E. exigua, E. rotunda, and Globocassidulina subglobo-
sa, which usually occur in frequencies between 10 and
30%. The average size of specimens of these three spe-
cies is small (<150 pm). Other dominant species, such
as Oridorsalis umbonatus, E. umbonifera, and Cassidu-
lina carinata, show a more restricted stratigraphic distri-
bution.

In the early Miocene, G. subglobosa was the domi-
nant element of benthic foraminiferal assemblages in all
three sites. Globocassidulina subglobosa was associated
with other dominant species such as E. exigua in the
deepest site and O. umbonatus at the intermediate site.
In the early middle Miocene, E. exigua migrated up-
slope and became dominant at the intermediate and shal-
lowest sites (Sites 590 and 591), whereas G. subglobosa
decreased in importance at these two sites. However, G.
subglobosa remained dominant with E. exigua at the
deepest site for much of the remainder of the Neogene.
The stratigraphic range over which E. exigua dominated
varies from site to site, but E. exigua maintained near
constant abundance in the deepest site. This species re-
mained the dominant form until the beginning of the
Quaternary at intermediate Site 591, but was replaced as
the dominant species by E. rotunda in the shallowest
Site 590 during the late Miocene. Epistominella umbo-
nifera was dominant during the late Miocene only at
deepest Site 206. Epistominella rotunda appeared earlier
as an important form at shallower Site 590 in the late
Miocene and remained dominant in the Pliocene and
Quaternary. This species appeared as a dominant spe-
cies at the deepest Site 206 in the late Pliocene and at in-
termediate Site 591 in the Quaternary. Assemblages dom-
inated by Cassidulina carinata appeared in the late Qua-
ternary only at the shallower site.

Among the three sites, faunal successions are most
similar between the two shallowest sites (Sites 590 and
591). The deepest site (Site 206) differs in composition
and distribution of dominant species. Major faunal
changes of benthic foraminiferal assemblages often oc-
curred during the same time intervals among the three
sites (Fig. 5). Major changes in benthic foraminiferal as-
semblages occurred during the middle Miocene at Sites
590 and 591; the late Miocene at Sites 590 and 206; and
near the Pliocene/Pleistocene boundary at Sites 591 and
206.

RESULTS OF FACTOR ANALYSIS

Site 590

The factor analysis of the benthic foraminifers of Site
590, which employs 5 factors, incorporates 88% of the
faunal variance. Four distinct faunal assemblages are rec-
ognizable as follows (Fig. 7):
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Factor 1: This assemblage (factor) is dominated by
Epistominella rotunda and Cassidulina sp. A (39%
of the faunal variance).

Factor 2: This assemblage is dominated by Globocas-

sidulina subglobosa and Oridorsalis umbonatus (10%

of the faunal variance).

Factor 3: This assemblage is dominated by E. exigua

(28% of the faunal variance).

Factor 4: This assemblage is dominated by Bolivina

pusilla. Other important species include Cassidulina

sp. A, Virgulopsis sp., E. rotunda, and Siphonaperta
sp. (7% of the faunal variance).

Distribution of these four assemblages in Site 590 is
summarized as follows. The early and early middle Mi-
ocene was characterized by oscillating dominance of the
G. subglobosa-0O. umbonatus assemblage (factor 2) and
the B. pusilla assemblage (factor 4). During the middle
middle Miocene to middle late Miocene, the E. exigua
assemblage (factor 3) became dominant and the E. ro-
tunda-Cassidulina sp. A assemblage (factor 1) increased
in importance. During the middle late Miocene to Qua-
ternary, the fauna was dominated by the E. rotunda-C.
sp. A assemblage. In the Quaternary the G. subglobo-
sa-0. umbonatus assemblage increased once again in
importance.

Site 591

Factor analysis of the benthic foraminifers at this site
(5 factors; 87% of the faunal variance) shows that five
distinct faunal assemblages are recognizable, as follows
(Fig. 8):
Factor 1: This assemblage is dominated by Epistomi-
nella exigua (35% of the faunal variance).
Factor 2: This assemblage is dominated by Globocas-
sidulina subglobosa (16% of the faunal variance).
Factor 3: This assemblage is dominated by E. rotun-
da. Other important species are Cassidulina sp. A
and Oridorsalis umbonatus (12% of the faunal vari-
ance).
Factor 4: This assemblage is dominated by Siphon-
aperta sp. Another important species is E. rugosa (11%
of the faunal variance).
Factor 5: This assemblage is dominated by O. umbo-
natus and Cibicidoides wuellerstorfi. Other impor-
tant species include E. rotunda, Virgulopsis sp., and
Cassidulina sp. A (14% of the faunal variance).
Distribution of the five assemblages in Site 591 is
summarized as follows. The early Miocene to early mid-
dle Miocene was dominated by the O. umbonatus-C.
wuellerstorfi assemblage (factor 5) and at times by the
G. subglobosa assemblage (factor 2). During the early
middle Miocene to middle late Miocene the fauna was
dominated by the E. exigua assemblage (factor 1). Dur-
ing the middle late Miocene to earliest Pliocene the Si-
phonaperta sp. assemblage (factor 4) increased in im-
portance, while the E. exigua assemblage still remained
important. During the early late Pliocene to Quaternary
the E. rotunda assemblage (factor 3) became dominant.

Site 206

Factor analysis of the benthic foraminifers of Site
206 (5 factors; 88% of the faunal variance) shows that

five distinct faunal assemblages are recognizable, as fol-
lows (Fig. 9):

Factor 1: This assemblage is dominated by Globocas-

sidulina subglobosa. Another important species is Ori-

dorsalis umbonatus (24% of the faunal variance).

Factor 2: This assemblage is dominated by Epistomi-

nella rotunda. Other important species include O.

umbonatus, Cassidulina sp. A, and Uvigerina pere-

grina (23% of the faunal variance).

Factor 3: This assemblage is dominated by E. umbo-

nifera. Another important species is Cassidulina sp.

C (12% of the faunal variance).

Factor 4: This assemblage is dominated by E. exigua.

Another important species is E. rofunda (20% of the

faunal variance).

Factor 5: This assemblage is dominated by Bolivina

pusilla. Other important species include B. decussata

and E. exigua (9% of the faunal variance).

Distribution of the five assemblages in Site 206 is sum-
marized as follows. The early early Miocene was domi-
nated by the G. subglobosa assemblage (factor 1) and
the E. exigua assemblage (factor 4), which, in turn, were
replaced during the late early Miocene by the B. pusilla
assemblage (factor 5). This, in turn, was replaced during
the latest early Miocene by the E. exigua assemblage
(factor 4). During the early middle Miocene to early Pli-
ocene faunas were mostly dominated again by the G.
subglobosa assemblage as well as at times by the E. um-
bonifera assemblage (factor 3), which particularly domi-
nated during the late Miocene. During the late Pliocene,
faunas were dominated by the E. rotunda assemblage
(factor 2). The late Quaternary was again dominated by
the E. exigua assemblage.

The distribution of the benthic foraminiferal assem-
blages revealed by the factor analysis is shown in Figure 10
for the three sites. The analysis shows that the most of
the assemblages tend to be dominated by single, rather
than multiple, species. Only about eight species can be
considered to represent dominant Neogene forms at these
locations and depths on the Lord Howe Rise. Other spe-
cies may be persistent, but are never dominant elements
in the assemblages.

Changes in the assemblages revealed by the factor anal-
ysis (Fig. 10) are generally similar to observations based
on the changes in species frequencies as summarized in
Figure 5. The factor analysis allows greater assemblage
subdivision in the early Miocene, when there tended to
be more rapid oscillations in faunal dominance.

DISCUSSION

Paleoceanography

Benthic foraminifers tend to be relatively unchanging
for long intervals of time because of the relative con-
servatism of the deep-sea environment. Although large
numbers of benthic foraminiferal species are present in
deep-sea assemblages, only a few species tend to domi-
nate the assemblages, and it is their fluctuations that
mark the important changes in the assemblages through
time. The frequency changes of dominant forms usually
vary from 10 to 30%, which is quite large compared
with most other species. The changing relative dominance
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Table 3. Distribution of benthic foraminifers at Site 206.

Benthic foraminifers

Quaternary

Pliocene

late

g

G. truncatulinoides

G. truncatulinoides-

G. tosaensis

G. losaensis

G. inflata

G. crassaformis

206-1,CC

206-2,CC

206-5,CC

206-4,CC

206-3,CC

206-6,CC

206-7,CC

206-8,CC

206-9,CC

206-10,CC

206-11,CC

206-12,CC

206-13,CC
206-14,CC
206-15,CC

206-16,CC

206-17,CC

206-18,CC

Bolivinapsis cubensis
B.sp. A

B sp. B

Vulvulina pennatula
Textularia spp.

Cirk laria rolsh

Dorothia brevis
Eggerella sp. A
E. sp. B
Karreriella bradyi

Martinotiella spp.
Ophthalmidium pusitlum
Quinqueloculing venusta
Q. spp.

Pyrgo murrhina

P serrata

P spp.
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S. tenuis
Siphonaperta sp.
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sp. B

sp. D
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B. spp.
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Table 3. (Continued).
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Table 3. (Continued).

Benthic foraminifers

Quaternary

Pliocene

late

early

G. truncatulinoides

G. truncatulinoides-
G. tosaensis
G. tosaensis

G. inflata

G. crassaformis

206-1,CC

206-2,CC

206-3,CC

206-4,CC
206-5,CC

206-6,CC

206-7,CC

206-8,CC
206-9,CC

206-10,CC
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206-13,CC
206-14,CC

206-11,CC

206-15,CC
206-16,CC

206-17,CC

206-18,CC

Laticarinina alto-camerata
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Stetsonia sp. A

S sp. B

S sp. C
Heronallenia sp. A
H. sp. B
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C.5p.C
C. spp.
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sp. B

sp. C

spp.
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0. sp.
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Table 3. (Continued).
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Planktonic
foraminiferal Site 590 Site 591 Site 206
Age zone (1299 m) (2131 m) (3196 m)
Cassidulina carinata Epistominelia
- ; \ i
@ . Epistominella .
é G. truncatulinoides tana exigua
G. truncatulinoides— - - o
G. tosaensis
@ : E rotm_':da—
= G. tosaensis E. exigua
g G. inflata
:.'5: : Epistominella - T Globocassidulina
[ G. crassaformis rolunda subglobosa—
3 E. exigua
§ G. puncticulata
G. sphericomiozea E. exigua Hiatus
G. conomiozea ‘
g G. nepenthes E. umbonifera
N. continuosa
TR E. exigua - -
G. mayeri
2
3 G. fohsi sl.
3
1]
2 0. sutural il .
2 Shrace ””“ = Globocassidulina =
o Hiatus subglobosa—
s P. glomerosa curva |||”“““ Oridorsalis G. subglobosa—
U— ] umbonatus E. exigua
) Globocassidulina
> C. dissimilis subglobosa
©
e G. trilobus
G. zealandica incognita
G. dehiscens

Figure S. Dominant benthic foraminiferal species in assemblages at Sites 590, 591, and 206, as determined using changes in species

frequencies (water depths in parentheses).

of a few species, particularly Epistominella exigua, E.
rotunda, and Globocassidulina subglobosa, as well as
E. umbonifera, Cassidulina carinata, and Oridorsalis um-
bonatus, define the major faunal changes that have oc-
curred in these three sites.

Major faunal changes of benthic foraminiferal assem-
blages occurred in the early middle Miocene, late Mio-
cene, and near the Pliocene/Pleistocene boundary. These
faunal changes reflect global paleoceanographic events.
A marked faunal change occurred in the early middle
Miocene at about 14 Ma. Globocassidulina subglobosa,
which prevailed as the dominant element in the early
Miocene assemblages, was replaced by E. exigua, which
had been the dominant element at the deepest Site 206
during the early Miocene. Epistominella exigua was prob-
ably associated with the water mass at the bottom of the
New Caledonia Basin and migrated upslope to shallow-
er depths during the early middle Miocene. Accordingly,
dominant species of the early Miocene assemblage at
the shallower two sites, namely, G. subglobosa at Site
590 and G. subglobosa and O. umbonatus at Site 591,
were replaced by E. exigua in the early middle Miocene.
This may suggest a shallowing of the deeper water mass-
es within the New Caledonia Basin to water depths of at
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least 1300 m during the early middle Miocene. This cir-
culation change was probably related to the develop-
ment of the Antarctic ice sheet, which caused a change
in the intermediate water mass structure of the southern
oceans. In the three Leg 90 sites studied, high P/B ra-
tios were recognized in the early Miocene; they decrease
dramatically during the middle Miocene event (Fig. 4).
In contrast, P/B ratios at Site 289 in the equatorial Pa-
cific were shown to increase during the early middle Mi-
ocene, synchronously with the characteristic middle Mi-
ocene enrichment in %0 (Woodruff and Douglas, 1981).
The differences in the P/B ratio changes probably re-
sulted from the different size fractions studied. How-
ever, the reasons for these differences remain unresolv-
ed.

Another faunal change is found in the Globigerina
nepenthes Zone of the late Miocene. By then, E. exigua
prevailed as the dominant species in all three sites. How-
ever, E. exigua shows a decrease in frequencies during
the G. nepenthes Zone at Site 590, and was replaced by
E. rotunda at this time. Synchronously with this faunal
change, assemblages at Site 206 became temporarily dom-
inated by E. umbonifera. This species is abundant in
Cenozoic sections of deeper DSDP sites of the Pacific
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(Resig, 1976), and is associated with Antarctic Bottom
Water in the Atlantic Ocean (Streeter, 1973; Schnitker,
1974) and in the Indian Ocean (Corliss, 1978). The tem-
porary dominance of E. umbonifera at Site 206 may in-
dicate the influence of deep water masses, probably Ant-
arctic Bottom Water, during the late Miocene. Bottom-
water temperatures may have cooled at the three sites
during this time. This faunal change coincided with the
latest Miocene carbon isotope shift (6.2 Ma) in marine
sequences (Keigwin, 1979; Loutit and Kennett, 1979; and
others), and with other numerous paleoceanographic
changes which occurred during the latest Miocene (Ken-
nett, 1983).

Remarkably high sedimentation rates were also found
in the early Pliocene of Site 591 and were calculated to
be as high as 131 m/m.y. High sedimentation rates were
also recognized in the Pliocene of Site 590 (57 m/m.y.).
Such high rates of calcareous biogenic materials are con-
sidered to be due to high biogenic productivity. The sed-
iments consist mostly of planktonic foraminifers and
calcareous nannofossils. An increase in the P/B ratio at
this time may be expected because of the increased pro-
ductivity of planktonic foraminifers. The average P/B
ratio of Site 591 in the early Pliocene, during which the
highest sedimentation rates were recognized, is only slight-
ly higher than ratios in the Quaternary and the late Plio-
cene, and is comparable to late Miocene ratios (Table 4).
The early Pliocene P/B ratios are an order of magnitude
smaller than the early Miocene ratios. P/B ratios are
not significantly higher during the high sedimentation
rate interval in Sites 591 and 590. However, it is note-
worthy that Site 591, at which highest sedimentation
rates were calculated, shows higher P/B ratios than Sites
590 and 206 throughout the section. Site 591 has been
marked by higher productivity of planktonic foramini-
fers than the other two sites since the early Miocene.

A number of interesting changes in the composition
of benthic foraminiferal assemblages can be found in
the latest Pliocene and early Quaternary within the Glo-
borotalia truncatulinoides-G. tosaensis Zone and the G.
truncatulinoides Zone. Major changes occurred in the
distribution of E. exigua, which became more dominant
at the deeper Site 206 and less dominant at the shallower
Site 591 (Fig. 5). The data suggest that E. rotunda mi-
grated to deeper water in the latest Pliocene, probably in
association with an expansion of intermediate water mass-
es. E. exigua became more restricted as an abundant form
to deeper waters. Distinct surface-water cooling of the
southern oceans was associated with the development of
Northern Hemisphere glaciation during the late Pliocene.

Table 4. Planktonic/benthic ratios at Sites 590

and 591.
Site 591 Site 590
Age P/B ratios Avg. avg.
Quaternary 210:1-593:1 343:1 153:1
late Pliocene 179:1-753:1 490:1 79:1
early Pliocene 420:1-1662:1 756:1 141:1
late Miocene 151:1-2775:1 713:1 181:1

early Miocene  2121:1-10,674:1  6147:1 2522:1

This cooling of high-latitude surface waters may have
played an important role in the final development of in-
termediate water structure in the southwest Pacific.

CONCLUSIONS

1. All samples examined from Sites 590, 591, and
206 are dominated by relatively small individuals of ben-
thic foraminifers in the size fractions between 63 and
150 pm. Foraminiferal tests smaller than 150 pm make
up from 50 to 99% of the assemblages and average 78 to
89%, at the three sites. This demonstrates the impor-
tance of studying the small size fraction of Neogene deep-
sea benthic foraminifers.

2. Planktonic to benthic foraminiferal ratios (P/B ra-
tios) were examined in the fractions larger than 63 pm.
The ratios range approximately from 50:1 to 10,000:1.
Benthic foraminifers comprise between 0.01 and 2% of
the total planktonic and benthic populations. P/B ra-
tios indicate similar trends at the three sites. High P/B
ratios occur in the early Miocene, and decrease over the
early/middle Miocene boundary. The ratio remains low
and almost constant with several minor peaks from the
middle Miocene to the Quaternary. The decrease of the
P/B ratios at the early/middle Miocene boundary is the
most remarkable change during the Neogene, and was
recognized at all three sites. This faunal change is al-
most certainly associated with middle Miocene oceano-
graphic changes related to increased Antarctic glacia-
tion. Increased numbers of benthic specimens relative to
planktonic forms at this time may have resulted from in-
creased supply of organic material to the deep sea as a
result of increased surface-water productivity.

3. Benthic foraminifers were studied in the fractions
larger than 63 pm at the three sites. The most dominant
species, which prevailed in the three Neogene sections,
are Epistominella exigua, E. rotunda, and Globocassi-
dulina subglobosa. Most specimens of these three spe-
cies are small (<150 um), and each usually occurs in
frequencies of between 10 and 30%. The assemblages
are dominated by only a few forms. Single species usu-
ally dominated the assemblages at any interval of time.

4. Faunal changes of benthic foraminiferal assem-
blages, as shown by species frequency changes and fac-
tor analysis, occurred in the three sites through the Neo-
gene. Faunal successions are most similar between the
two shallowest sites (Sites 590 and 591). The deepest site
(Site 206) has a different faunal sequence. The most im-
portant faunal changes of benthic foraminiferal assem-
blages occurred in the early middle Miocene (14 Ma; the
Orbulina suturalis Zone and the Globorotalia fohsi s.l.
Zone), in the late Miocene (6 Ma; the Globigerina ne-
penthes Zone), and closely associated with the Pliocene/
Pleistocene boundary (2 Maj; the Globorotalia truncatu-
linoides-G. tosaensis Zone and the G. truncatulinoides
Zone).

5. These major faunal changes of benthic foraminif-
eral assemblages at the three sites are associated with
known major paleoceanographic events: the middle Mi-
ocene development of the Antarctic ice sheet, the latest
Miocene global cooling and increased polar glaciation,
and quasiperiodic glacial oscillations of the Quaternary.
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Figure 7. Factor analysis scores (5 factors analyzed) for Site 590, showing changes in the relative importance of four benthic foraminiferal assem-

blages (factors) in > 63 um fraction. Factor 5 was relatively unimportant quantitatively. Percentages indicate the amount of faunal variance with-
in the data set contained within each of the factors.
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Figure 8. Factor analysis scores (5 factors analyzed) for Site 591, showing changes in the relative importance of five benthic foraminiferal assemblages (factors) in > 63 um fraction.
Percentages indicate the amount of faunal variance within the data set contained within each of the factors.
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Figure 9. Factor analysis scores (5 factors analyzed) for Site 206, showing changes in the relative importance of five benthic foraminiferal assemblages (factors) in >63 um fraction.
Percentages indicate the amount of faunal variance within the data set contained within each of the factors.
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Figure 10. Dominant benthic foraminiferal assemblages at Sites 590, 591, and 206 as revealed by factor analysis (water depth in
parentheses).
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Plate 1. 1, 2. Textularia lythostrota (Schwager), x 75, Sample 591-12,CC. 3. Siphotextularia rolshauseni Phleger and Parker, %220, Sample
591-19,CC. 4. Eggerella sp. B, %80, Sample 591-5,CC. 5. Eggerella sp. A, x 133, Sample 591-5,CC. 6-8. Siphonaperta sp., (6) %513,
Sample 591B-16,CC; (7) %367, Sample 591-18,CC; (8) x 343, Sample 591-25,CC. 9. Ophthalmidium pusillurn (Earland), x96, Sample
591-4,CC. 10. Dorothia brevis Cushman and Stainforth, x 49, Sample 591-5,CC. 11, 12. Sigmoilopsis schlumbergeri (Silvestri), (11) x70;
(12) x 125, Sample 591-3,CC. 13. Pyrgo murrhina (Schwager), x 160, Sample 591-5,CC. 14, 15. Quingueloculina venusta Karrer, (14)
% 120, Sample 591-21,CC; (15) x 133, Sample 591-25,CC. 16, 17. Sigmoilina edwardsi (Schlumberger), (16) > 133; (17) %213, Sample
591-1,CC.
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Plate 2. 1. Sphaeroidina bulloides d’Orbigny, %95, Sample 591-6,CC. 2. Seabrookia earlandi Wright, x Sample 591-21,CC. 3, 4. Bu-
liminella sp., (3) % 199; (4) x 238, Sample 206-13,CC. 5. Bolivina decussata Brady, x 176, Sample 590A-1,C 6. Bolivina minuta Natland,
% 249, Sample 590A-1,CC. 7, 8. Bolivina pusilla Schwager, (7) 117, Sample 590B-36,CC; (8) x 113, Sample 591-5,CC. 9, 10. Bolivina
seminuda Cushman, (9) x 108, Sample 591-3,CC; (10) %120, Sample 591-5,CC. 11. Bulimina aculeata d’Orbigny, x279, Sample
590A-1,CC. 12. Bulimina rostrata Brady, x 176, Sample 591-5,CC. 13. Bulimina striata d’Orbigny, x 83, Sample 591-3,CC. 14. Bulimina
translucens Parker, x 274, Sample 206-38,CC. 15, 16. Virgulopsis sp., (15) x 132, Sample 590B-52,CC; (16) x 220, Sample 590A-11,CC. 17.
Stainforthia complanata (Egger), x 135, Sample 591-5,CC. 18, 19. Cassidella bradyi (Cushman), (18) x 50; (19) x 44, Sample 591-5,CC.
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Plate 3. 1-3. Uvigerina peregrina Cushman, (1) x 107; (2) »93; ( 7, Sample 591-5,CC. 4, 5. Uvigerina sp. A, (4) x 133, Sample 591-27,CC; (5)
% 69, Sample 591-9,CC. 6. Uvigerina proboscidea Schwager, x 103, Sample 591-5,CC. 7, 8. Uvigerina hispida Schwager, (7) X 63; (8) x 64,
Sample 591-24,CC. 9. Rectuvigerina sp, %73, Sample 590A-27,CC. 10-12. Epistominella exigua (Brady), (10) x227; (11) x 213; (12) %175,
Sample 591-1,CC. 13-15. Epistominella rugosa (Phleger and Parker), (13) x 128; (14) x266; (15) x 208, Sample 206-13,CC.




K. KURIHARA, J. P. KENNETT

Plate 4. 1-3. Epistominella umbonifera (Cushman), (1) x 100; (2) x117; (3) %91, Sample 591B-15,CC. 4-8. Epistominella rotunda (Husezima
and Maruhashi) (= Eponides rotundus Husezima and Maruhashi, 1944), (4) x 387; (5) x479; (6) x 383, Sample 591-1,CC, (7) x 383; (8) x 367,
Sample 590A-14,CC. 9,10. Laticarinina alto-camerata (Heron-Allen and Earland), (9) x 100; (10) x 126, Sample 591-1,CC. 11. Laticarinina
pauperata (Parker and Jones), %79, Sample 206-11,CC. 12. Siphonina australis Cushman, x 112, Sample 591B-24,CC.
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Plate 5. 1-3. Cassidulina carinata Silvestri, (1) x 144, Sample 591-5,CC:; (2) x 144, Sample 591-6,CC; (3) x 184, Sample 591-5,CC. 4-8. Globo-
cassidulina subglobosa (Brady), (4) x95; (5) x 119; (6) x 110, Sample 591-5,CC, (7) x400; (8) x 466, Sample 591-18,CC. 9, 12. Cassidulina
sp. B x 208, Sample 591-5,CC. 10, 11. Cassidulina sp. A, %364, Sample 591-3,CC.
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Plate 6. 1, 2. Favocassidulina favus (Brady), x 141, Sample 206-19,CC. 3. Ehrenbergina trigona Goés, x 147, Sample 590A-27,CC. 4. Ehren-
bergina sp., % 125, Sample 591-10,CC. 5, 6. Pullenia bulloides (d’Orbigny), (5) x 163; (6) x 180, Sample 591-5,CC. 7, 8. Pullenia osloensis
Feyling-Hanssen, (7) x249; (8) x 323, Sample 590A-1,CC. 9. Allomorphina pacifica Cushman and Todd, x 147, Sample 590B-43,CC. 10.
Chilostomella oolina Schwager, x 104, Sample 206-5,CC. 11-13. Oridorsalis umbonatus (Reuss), (11) x 100; (12) x 115; (13) x 127, Sample
591-5,CC.
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Plate 7. 1-3. Oridorsalis sp. (1, 2) x93; (3) x 96, Sample 591-5,CC. 4-6. Osangularia culter (Parker and Jones), (4) x 105; (5) x 125; (6) x 123,
Sample 591-14,CC. 7. Gyroidina acuta Boomgaart, %73, Sample 591-7,CC. 8. Gyroidina neosoldanii Brotzen, x 61, Sample 591-7,CC.
9. Anomalinoides sp. A, %213, Sample 591-6,CC. 10-12. Gyroidina sp. A, (10) x207; (11) x230; (12) x 240, Sample 591-5,CC.
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Plate 8. 1-3. Cibicidoides kullenbergi (Parker), (1) x 80; (2) x 74; (3) x 69, Sample 591-14,CC. 4-6. Cibicidoides wuellerstorfi (Schwager), (4, 5)
% 74; (6) x68, Sample 591-8,CC. 7-9. Cibicidoides mundulus (Brady, Parker, and Jones), x 107, (7, 9) Sample 591-11,CC; (8) Sample
591-10,CC. 10-12. Cibicidoides sp. A, (10) x 110; (11) % 122; (12) x 100, Sample 591-6,CC.
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Plate 9. 1-3. Cibicidoides bradyi (Trauth), (1) x81; (2) % 152; (3) %129, Sample 591-6,CC. 4-6. Cibicidoides cf. opacus (Carter), (4) x 137; (5)
% 190; (6) x 161, Sample 591B-15,C 7, 8. Melonis pompilioides (Fichtel and Moll), (7) x 161; (8) x 173, Sample 591-5,CC. 9. Anomali-
noides globulosus (Chapman and Parr), x 148, Sample 591-8,CC. 10, 11. Melonis barleeanum (Williamson), (10) x 132; (11) x 147, Sample
591-5,CC. 12. Anomalinoides sp. B, 75, Sample 590-1,CC.




