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Abstract

A Q-mode factor analysis of the ) data of 2¢ broadly deh.ed suprg-geseric radiolatian gioups in 42
deep-sca surfaze sed:ments produced four statistically significant and | cographicaily distinct faunad nssembia-
ges related to (i) southwenst cooler (<< 27°C), hypersaline { 2> 34.5ppt) and highly productive { > 0.3 mgC/n3/
d}; (ii) norctheastern warmer ( > 27°C), hyposaline ( <34.5ppt) and poor productive { < 0.2 mgC/in®/d); (iii)
transit-onpl and (iv) southern water :aasses during southwest monscon in the centinl tropical Indian Ocean.
The soutliwest hypersaline and northcust hyposaline faunal assemblages are separaied by a transiticnel assem-
biage that divides the central Indiaa Ocecan basia dingonally s1on.g the 34.5ppt isohaline south of Sri Laika.
The so ithern factor dominates the arca Influenced by the 10-12°S hydcographic front. ii/Factor vaiuc of tlicis
asscmit.ages were regressed unto modern sca surface tomperature (SST), sahiuity and potential primary produc-
tivity (PPP) of surfaco waters ovarlying coch sample locations.  Resultant transfer fuactions bave muliiple
covrclation cocllicients (¢) at 0.001 [evel of significance (99.9%,) oy the aalinity, PP and 88T (or tho southe
west twonsoon only.  Descending trend {n the correlation coeflicionts ov the salinity-July-August (¢-=0.834),
PPP-S\WM (r=-0,785) SST-spring (Mey-July) (r=0.695) suggssts order of the faunal sensitivity in the area and
their rcspcctive reliatilities in the paleoestimates. "b'l'hc transfer furciions produced comparable estimiates of
the observed value for the majority within the limits uf standard errors of estimated salinilyl, SST and PPP
changes using %, data of the late Miocene radiolarian scquence from the Sawai Bay Formation, Neill Istand,
Andaicans.  Estimaited SST and salinity during soutlswesl monsocn are not enly conformable with the quali-
tative raleocenogiuphy in terms of warnuer petiods(W) Of V-9 and W-11, but aiso have vesolved W 3 and W-10
in late siocene Weili tsland radiolaci . data-set. Salintey soiaima b vanser . maxhng in culder e iods
refiect Le intlax of fresh water frum the Ganges-Beamhputra rivers into the Doy of Rengal dunitg cousbhwont
MOnEULT. i_’lhc loaciing trend i spring-salinity from 9.0-5.0 million years suggest the gradual sirengibenig
of the HOMDC R systeun The results substantiaie the hypothesis taat r.onsoonal conditions prevailed during
the late Miacena, |

lintroduction ' pheric phenomenon, it has a pronounced

effect on the Indian Ocean surface wuters.

Recent studics  suppest thut the  Asian The Guauges-Rrambaputia rivers dichirge
monsooh originated with the altainment of vnormous fresh water (90x103m?s) during
half of the present altitude of Hinnlayan- haly-August, whick s tie peak period of
Tibetan plateau during the late Miocene, the southwest monsoen (Carroll et al., 1993),
which cuused a natural barrier that chunged o the Bay of Bengal resulting in the
nou monsoonal to monsoonal atmospheric toweriag of the surface salinity of the nortl-
circutation in the northern ludiaa Ocean castern Tndiin Ocean (Wyrtki, 1971 Levitus,
(Rudcinn and Kutzbach, 199i; Prell e al, 1982). Further west towards the Arabian

1992, Altitough, the 0.005000 is 40 aUds- Sea, howcever, the surface water remaing
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comparktively hypersaline (7 34.5 ppt) be-
cause of the regional positive eviporation-
precipitation budget (Clemens er al, 1991)
and the absence of riverine fresh-water
influx. Because the majority of radiolaria
inhabit the top 100 m of oceanio water
(Dworetzky and Morley, 1987), they register
salinity chages in surface waters. Thereforo,
radiolaria preserved in sediments may retain
a palcomonsoonal record that can be estima-
ted by using transfer function technique sinee
late Mioceno.

Radiolarian transfer functions have been
widely used to estimate late Quaternary
oceanographic changesin the Pacifio (Moore
et al., 1980), Atlantic and southern ( >20° S)
Indian QOcean (Morley, 1979, 1989). Be-
cause of inadequacy in % data from surface
sediments (Lombari and Boden, 1985) there
are no radiolarian transfer functions in the
northern (north of 20° S) Indian Ocean.
Morcover, previous studies are based on
extant spccies/groups with the assumption
that fauna have not undergone sizni-
ficant ¢vclut.onary cbange over the last
one million ycars (Ma). Although, the
census  date of extant spzcies has the
advantage during the late Quateraary, it
has th: disadvantage that relationships bet-
ween species variations and environment
cannoi be applicd beyond the stratigraphic
and geographic limits of strictly defined taxa
(Mullineaux  and  Westberg-Smith,  1986),
It constrained the use of eurlier transfer
fu-ctions in the late Miocene simples, but
the sanic can be worked out by the supra-
goueric approach. How the s surfice
tomperature (SST) and salinity have changed
from late Quaternary to late Aocene is not
kaown  bsieiusr of the abirace of supra-
gingric tramslve  fuaction in the northern

1

Indivn Qcenn.  However, such studies have
already  been carried out in the Puacific
QOcean (Moore and Lombari, 198]; Romine,
1985; Haycs ef al, 19893). Our objective
was to derive such supra-generic transfer
functions and to produce reliable numerical
values of the oceanic changes. Resuliant
paleoestimates would be more accurale than
a qualitative approach in terms of warmer-
humid and colder-arid climatic scenario in
the late Miocene.

Oceanographic Setting

The tropical Indian Ocean  exhibits
scasonal changes in surface water during the
northeast and southwest monsoons (Wyriki,
1971). SST and salinity exhibit strong
geasonal chenges in the tropicil Indian
Ocean. SST variation in Decoember (SST-
Decc.) is low (3°C, 26-29°C) compared to
high (6°C, 23-29°C) in  August (SST-Aug.)
in the area nporth of 20°S ([ig. la-b),
Between 10° N to 4° S8, SST vary from
29-28°C, but south of 4"§ to 20°S, SST
gradiont is higher (28-23°C) with isotherms
subpurallel to the latitudes during August
(Fig. 10, Between  4°S to 20°S surface
water is 1-4°C cooler comparced to the north-
crn  part, uorth of 4°S, during August.
Becauss of enormous monsconal fresh water
influx from the Ganges-Bramhaputra rivers
(90x10%mYS) during July-August, the peak
period  of SW monsoon (Canroll et al,
1993), the surface water is hyposaline
(~34.5ppt) toward the Bay of Bergal;
wherens it remarns hypersalive (%) Sypt)
dus to positive cvaporation value in  the
Arbian-Sea  stde (Wyrtki, 1971)  Satinity
varics [roin 32-34.5 pot and 213155 prtin
the cast and west respectively during WNB
moasoon (g, le),  Saliuty contrast  that
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Pig- 1. Seasonal surface-wa'er oceanographic parameters used to relate the factors in present atudy.
(a) SST-Dec., (b) S8T-Aug., (¢) salinity-Nov.-Dec., (d) salinity-July-Aug. [after Wyaki, 1971];
and potentin} primary productivity (mgC/m?/d) la N& moasoon (¢) SW monsoon {f) [aller Krey and
Babeneid, 1976) in the ventral tropical tndiap Ocean.
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divs ‘o3 the basin obliquely along the 34.5ppt
is.. .ine south of Sri Lanka into south-
westorn and northeastern parts during July-
August (Fig. 1d) is morc pronounced. A
macked hydrographic front at 10-12°S,
chiasacterized by lower salinity, low primary
productivity and nutrient content, cxtends
acr.5s the equatorial Indian Occan from
Su_aatra to Somalia (Wyrtky, 1973). Simi-
l::;iy, surface water potential primary pro-
Juctivity (PPP) is higher during southwuest
vwonsoon than in the nporthcast monsoon
(Figs. le-f).

Material and Methods

Selection of Surface Sedimert Samples

The sl ¢ scdinents {tap ol tho scu-
floor) were sclected tollowing the criterin
of Imbric and Kipp (i971). Sediments
collected Ly smu!ll grab sanples espocually
designed to collzct top-layer of ~ 10 ¢m
(personal commun , AV, Sonuwane) were
found suitable as . ~ifluid top layer (2-3 cm)
indicator of sediment-water interface of the
Hoidcene age -vas invariably present, Out
of 37, <.y surface sediments (Fig. 2,
Tablel) we. selected from the central
1ndian Basiu :or the analysis after discarding
the dubious Holoceie samples with fossil
rad claria or the anomalous fauna from the
ncighbouring samples.  Based upon  the
uverige sedimentation vates of ~ 1 ¢ kilo-
ycar (Ka) reported by Johuson es al, (1989)
for tht top most sections ol the vore ¥M-
34-33 ar Lat. 10729'S, Leoug. 78"03E
(0-236 cm=210 Ka) and RC-14-22 at Lat
11°28°S, Long. 75°09°S (0-100 cm:=120 Ku),
ou: samples are representauive of Holocene
material.  We followed Moore’s (1973a)
method to quantily our radiolarian  duta,
Late Miocene radiolarian data on coarser
taxonomy of Gupta und Srinivesan (1992)

was  used for the paleocstimates.

Supra-Generic Radiolarian Categories

To study the occanographic changes s:nce
late Miocgie, it wils nccessitry to consti uet
a data-basc of modern radiolaria
more goncral chacacteristics that have not
changed with time by discounting  minor
changes in the morphology of a species or
genera. It needed a scheme that accounted

using

for the characters in modern species grcups
and fossil counter parts since late Miciene
for the northern Indian Occan, which is aell
defined and illustrated in Gupta (1991)
and Gupta and Srinivasan (1992). Such
hroadly-delined coarser taxonomic  Groups
hawvo afrcrds been wied Lo gaalitelive
palcocnvitonmental canges (Ricd b oer al.,
1985:  Mulbacaua  nod  Westhe g-duoth,
1986; Guptioand Srovasin, 19970)
studics shew that the closer morplology of
radiolariaun  generic-pairs  develop  lewer
niches in their seasonal fluxes in sediment
traps (Tukakashi, 1987), and the subfun.ily,
family and suborder level census duta yicld
nearly similar results to the one based on
species (Boltovskoy, 1987). Thes: studies
suggested that the distribution of ligh
level (broadly-defined) radiclarian categaries
(groups) arz meaningful in ccologival terms
and provided impetus to the logics be.-al
the courser taxonomy based supra-gencric
radiolarian trausfer in present study,

Ke eni

Althongl, 250 radiolarian spec.es were
preseut in wurface samples, the census cata
was generated on broadly-defined tuxonomic
groups (here after, groups) that sre defined
and ilustrated in Gupta (1991) and Gupta
and Srinivasan (1992). Identificution of
speeics, comstruction o groups in mocern
sediments from the central Indian Occan
basin and late Miocene Ne¢il! Island, and the
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Lovatings of the suifaco acdimonty in the central Indinn Basiu and the late Miocens samples lucality
Litho sud Mostratigeaphie dotails of the lale Miotene sequence

of Sawal uay Formation tndy be 1sferred in Gupta and Stlnivasan (1992).

counting wus performed, We discriminately
analyzed and selected analogous radiolurian
groups that wera common in modern surface
scdiments and in the lute Miocene data sets.
At tha deep and witermediate dweller radio-
jarian groups (Gupta wod Sriuivasan, 1992,

Plectopyramidins, Botryostrobus, Setho-

perinids, and Siphocampe) do not represent
surfacc water characteristics, they were
omitted in the present analysis Qut of 47
groups, only 25 could qualify >2%, surface
to near surfuce and modern analogue criteria
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Tablo 1 . Latftudai, Longituirs, water depths, saepling devices and fector locding matrix for 42
rxiern cirtuce samples in the Centcal Indien Bauin.

S.M. Swpie Latitudes Longituizs Depth Secpier Cowu- Southwast Hortheast Transitic Sousiern

no. (m) used mk‘ity {F1) F2) oral (F3)  (FAD
1. RVG 2783 CR.UEO S BR.OTD E 4590 PG .BG1eh - 47741  -.6500%  -.L4352  .(Juvd
2. RVG 2435 C5.000 S GR.GMDE 4090 PG LUTEDY - 30UGT -.TDuD3 -.AD109 L2534y
¥, ORW 2494 04,000 S WS.190E 3750 P6 86572 -.247126 ~-.5r3s/ - 63079 35347
4, RY6 2501 04.000 3 84.00D € 4830 P& 69063 -.29106 -.82378 -.16679 .¥15%9
5. a6 2573 ©1.083 S BS.000 € 4600 P& .9NVES - 32587  -.70788  -.27978 3595
6. RV 2520 01.1253 B7.020E 400 PG  .B7957 -.2177 -.T7H6S8 - 41872 .15065
7. KV6 2528 03.070 8 86.109 E 5200 P6  .B9504 -.26691 -.27413  -.B2478  .26151
8. RVG 2551 O7.0125 DBB.955 E 5080 P .B6BSD -.26158  -.53161  -.T0482 14417
9. RVG 2532 06.001 S &8.090 € 5150 P6  .BISI? -.32955 - 36418 -.I9331 69241
10. av6 2533 05.075 $ B8.100E 5130 PG .B3807 -.34545 -.60746  -.63951  .I9571
1. Rva 2535 (5,062 8 B5.005 E 4820 Pe N2 -.38536 -.33708  -.69327 417
TV RVG 2/17 M.USY F BB.OV E 4620 PU I3ZA <200 - TESTT - AA9TS 25123
13. ¢ &7 13.000 3 B.99€ 5190 ra L9568 - 72073 - 33927 N Y M4{4 LS0Y8Y
%, F 56 14.0G2 S 75.001 E 4389 6 .68/6D -.61231 - 3A733 - 26003 36004
15. F  BY 12.450 S TB.011 € 4977 Sp-C .3B00Y - .G6653F - 2342 -.5723% L2557
16.F 9 (5.40S TS.99CE 92 PG .T9227 - 43174  -.67206 -.20912 53240
W F W 00N E TSORE SO P a2 - TG - 35002 - 0B v
6. F 190 Ul.ode 8 D YIAE &) PG R770T B A R o A - W14 kay )
19. 6 151 G7.4L9 5 TA.UVA E 4ATSO PG WY - 53512 - %2096 -.4BBYL M2
20, F 152 O7.eh0 % TY.SIDE HA PG 94383 - 52015 - 42385 -.6M37  .18589
21. F 153 08.004 = 70.967 € 5000 PG L9283 - TIHY - . 203 -.516067 10794
22.f 1% OP.67 S TG.YBOE MA PG L9NGE  -.soed -L60L7Y -,.20832 L3/
/3, F 155 07.004S T78.455 F6 88516 -.61375 - 37346  -.55338 25053
26, F 15 0/.0syS T9.S00E MA PE  LBTSGT ~.€%h05 - 20188 -.S3H25  .507S4
S.F 157 00038 TEROGE KA PG LWL -3 - SU4L0 - LA%08T Y269
26. F 158 06.505S 7B.94S5E MA PG .LOUG, -.41005 - ,528 - 4163 L21100
27.F 199 12.337 s  76.377 E 5600 BGt .90312 -.53190 -.2i655  -.66120  .36753
28. F 39 O1.089 N T4.670 € 24r5 PG .BOS25 -.45336 - 38855 - 47925 L4GB03
2;,55 30, T1.N0S  74.585 E ST22 BGt .93133 - 69«47 - 36103 -.4B079  .295H7
30. 85 120 13.006 8 T2.984 E 4300 @Gt .95222 -.69579  -.3206  -.50242 .334SB
31,85 121 12.CI'S T30 E 4430 PG U740 -.6W16  -.51251  -.37659  .17630
32,85 124 12.017S TI.000E 4390 PG .92241 - 48775 -.38600 -.59912  .42020
3,85 126 14.009 S T2.006 E 4310 86t 92419 -.42692  -.55081  -.21443  .62790
34. 85 127 i1.9995 TO.990 E 4750 P§  .92951 -.59395 -.50013 -.42172 .38635
35. 55 128 11.969 S  T5.465 € SO007 BGt 94471 -.60486 -.33927 -.60922  .30435
36, 55 129 12.0065 T6.452 E 5100 P& 91840 -.7S998  -.37402 -.23737  .3B2S
$7. 55 139 11.514 S B1.450E SOBS PG 94777 -.70351 -.39004 -.33471 .43436
38, §S 183 13.5105 T7B.979E 5388 8Gt .91224 -.474N7 - .377TI7  -.34235 65406
39. 85 206 15.090S B3.560F NA PG 94385 -.54120 -.34B4B  -.54670  .4B02S
40°§S 210 15407 8 82.950 E SN PG 75740 - -.30430  -.28W2 L120Mm
A1, 88 231 14UV 8 TISHE AW PG VNG - NG - 36N - ATAS4 L S5483H
42. 88 241 VDU S T2 E A0 e kol - 6USIS - 49303 - 1RYS2 LAGIEY

X of Varlance 8.4y 23.41 21.99 14.86
Cusulative veriance 28.089 52.89 14.29 89.16

Note < Sampling devices are PG= Pettersson grab (optisus vertlcsl penctratio depth of 10 ca), B6ta
boomerasng grabs attached with 10 ca plastic-tube, Sp-c= $;ade core to), and V-Gr.= Yan Yeen

2 Grab to collect the sea floor sediment. Dubious Hulocer.c camais, wainly troa larger coring
\ devices having older fauna than Collosphacra invaginata v (KR-1 20,17 Na) of Johuson et

al. (1989), vere discirded.
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of Imbrie and Kipp (1992). Dectails on
definitions of the 25 radiolarian groups, the
species included, taxonomic references, and
may te fonad in Gupta (1991) and Gupta
and Srinjivasan (1992), and the samec are
briefly summarized as followings:

1. Collosphacra group : Westberg-Smith
eral, 1986; Gupta, 1991, pl. 1, figs.
1-26, pl. 2, tigs. |-3; Gupta and Sriniva-
san, 1992, pl. 1, figs 7-13,

2. Disolenia-Siphorosphaera group : Gupta,
1991, p! 2, figs. 48, pl. 3, fig, 14
Disolenia group Gupta and Srinivasan,
1991, pl. 1, fig 14.

3. Acrosphaera group : Gupta 1991, pl. 2,
figs 9-27; Gupta and Srinivasan, 1992,
pl. 1, figs. 1-6.

4. Actinomma group @ Westberg  Smith
ctal, 1986, p 772, Adtinvmmna growp
Gupta 1991, pl. 4, figs. 4- 13, pl 5, tigs,
1-8,pl. 6, lig 4-6; Gupta and Snini*
vasan, 1992, pl. 1, figs 35-37.

5. Spoagodiscids group : Weet>erg-Smith ¢/
al , 1986, p. 772; Spongopyle  group
Kullineaux and Westberg-Smith, 1980,
p 66, pl 1, hyx 7a,by; Gupta, 1991, pl
§, fig 21, pl btps 822 pholo, dig 1L

6. Spongaster-Spongecore growp o Mulline-
aux eird Westberg-Smath, 1986, p. 6,
pl. 1, tig. 13; Gupta, 1991, pl 9, figs,
23-24, pl. 10, figs. 2-4

7. Halion na Eitt.mia gronp 1 Gupla
1921, pl 3, ligs. 20:21, pL. 0, 1-2, 4-6.

8. Lxacousiun group © Riedel o1 al,
1985, pl. |, “hgs, Ga-c, 7a->; Westberg-
Smuh eraf, 1936, p. 771 ; Gupta,
§991, pl 6, ligs. 11-21; Gupta and
Srmivasin, El‘)')?., pl, 2, tigs, 14,

9. Eghomils. group o Hymemicsinom
s1oap Ricael eraf, 1983, p. 2uo, (L 2,

! .

10.

I,

13

14,

7.

figs. 2a, b; Echltoniids group Gupts,
1991, pl. 8, figs. 9-12; Gupta and
Srinivasan, 1992, pl. 1, figs. 15-18.

Stylodictya-Stylochlamydium group
Stylodictya group Westberg-Smith er al,
1986, p. 772.  Suylodictya- Styluchlamyd-
tum group Gupta, 1991, pl. 9, figs. 1-7;
Gupta and Srinivasan, 1992, pl. 1, figs.
19-24,

Aretiscins (Didymocyriis) group :  Muil-
incaux and Westberg-Smith, 1986, p.
64, pl. 2, fig. l. Didymocryriis group
Gupta, 1991, pl. 8, figs, 3-8. ’

Phacodiscids (Heliodiscus) group ; West-
berg-Smith er al., 1986, p. 772. Heliodi-
scus group Gupta, 1991, pl. 10, iigs, 5-13;
Gupta and Srinivasan, 1992, pl. 2,
ligs. 7.8,

Litheliids group © Mullineaux and West-
berg-Smith, 1988, p. 6o, pl. 2, ligs. du,
b. Lithiciids yroup Gupta 1991, pl. 11,
figs. 1-8; Gupta and Srinivasan, 1992,
pl 2, figs, 20-21,

Pyloniids  group : Mullinszux  and
Wesiberg-Smith, 1986, p. 66, pl 2, fig.
2; Gupta, 1991, pl. 10, figs 15-21; Gupta
aad Srinivin,. 1992 pl 2, fips. 15- 16,

o Larcospira quedrangula group © Mullins

caux and Westherg-Smith, 1936, p. 66,
pl. 2, fig. 7; Gupta, 1991, pl 11, figs.
9-11; Gupta and Srinivasan, 1992, pl, 2,
figs 17-18.

. Stylosphaera group : Westberg-Smith

et al, 1986, p. 772; Gupa, 1991, pl. 7,
figs 10:21 and 2326; Gupta and
Srinivasan, 1992, pl.1 ligs. 38 42, '

Lophapiaena  group :  Mullicaux and
Wostherg-Sath, 1986, p. 67, pl. 2, ligs.

13 a-c. Loephophacnine graup Gupta,
1991, ph 12, figs. 6-13; Gupta and
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19,

20.

21,

22,

23.

24,

28,
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Srinivasan, 1992, pi. 2, figs. 28-31.

Phormospyris Lophosyris group : Gupta,
1991, pl. 12, figs. 24-26, pl. 13, iigs. 1-9.
Phormospyris group Gupta and Sriniva-
san, 1992, pl, 2 figs. 23-25,

Sethophormin group A,B. : Ricdel ef al.,
1985, p. 508, pl. 4, figs, 2s,b; Mulli-
neaux and Westberg-Smith, 1986, p. 67,
fig. 17; Gupta, 1991, pl. 13, figs. 17-20.

Petrocanium group : Mullincaux and

Westberg-Smith, 1986, p. 67, pl. 3, figs.

6 a-c; Gupta, 1991, pl. 14, figs. 15-21;
Gupta and Srinivasan, 1992, pl. 3, figs.
12 14,

Eucyrtidium group : Maullincaux  and
Westbory-Smith f al, 1980, p. 07, pl. 4,
fig. 4; Gupta, 1991, pl. 16, figs. -2,
Gupta, and Srinivasan, 1992, pl. 3,
figs. 8-11.

Theocorythium group : Westberg-Smith

et al, 1986, p. 775; Gupta, 1991, pl. 15,
figs. 13-16.

Anthoeyrtidium group : Mullineaux and
Westberg-Smith, 1986, pl. 3, figs. 11 s,
b; Gupta, 1991, pl 16, figs. 26-31;
Gupta and Srinivasan, 1992, pl. 3, figs.
26-28, and 52.

Lamprocycals group : Mullineaux and
Westberg-Smith, 1986, pl. 3, figs.
13 3, b; Gupta, 1991, pl. 17, fige. 29-38,
pl. 18, figs. 1.5; Gupta and Srinivasan,
1992, pl. 3, fig. 29.

Phormostichoartus group : Mullineaux
and Westberg-Smith, 1986, pl. 3, figs.
14a, b; Gupta, 1991, pl. 18, figs. 20-22;
Gupta and Srinivasan, 1992, pl. 3, figs.
36-42,

Data Sets and Apalysls

Coemputer programming of the sequential
procedures to cxccute Q-mode fuctor analysis,
Jinear and curvilinear multiple regression
analyses by Icast square technique to derive
transfer functions, and their use in paleousti-
nates as  descrived by Imbrie and Kipp
(1971) was performed and tested on their
data-set for reproducibility (Fernandes and
Gupta, 1994). Success of the programming
resulted in achicving similar results pre-
sented in  different tubles in  Jmbrie and
Kipp (1971). Woe related our palcontologi-
cdal data with surface salinity, SST data of
Wyrtiki (1971) and (Levitus (1982); and ppp

data of Krey and Babenard (1976}, The
mterpoltion — of  contour  values  of
ovennographic  varinbles  (Figs, e d)

digitization of data at respective sampling
locations was performed to relate factor
values in regression analysis step  National
Oceanic and Aunospheric Administraiion
{NOAA) data (Levits, 1982) of S5ST uud
salinity for Spring (May-June-July) and Fall
(Nov. Dec-lan) seasons corresponding to
southwest nd  northeast monscon was ucqg-
uired and iaterpolated at amgpling focations
from digitel tapes on
Both the duta-scts

functions  with almost
Derived transfet
cstimale

I x17 square gnd.
produced
gunilug
functions
changes n  the
Sawai Bay Formation,

transfer
stutistics.
were used (O
late  Miocene

Results and Discussion

Q-mode Yuctur Analysis

Surface sediment data (42 samiples, 25
groups) was normalized within each sariple
to give each samplo.’ cqual
subjected

weight and
to Q-mode factor anaulysis that
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Table 2. Bupra~generic groups, theirp

37

percontage ranges used in analyaos and‘

Factor Score Matrix after vurimax rotation.

V range :in

Factors (Asswvablagus)

Supra-generic groups Calibration 8w WE Transitiomal Southern
(r1) (F2) (F3) P4)
1. Collosphaera 9.57  ~.2912 -.0%077 .3 -
2. Disolenia-8iphonoa. §.05 -.15192 «10592 -.5?3:: —::;;;2
3. Acrpaphaora 4.49 -.37855 ~.C3452 -.19013 -.16683
4. Actinomama $.52 -.10767 -.14761 ~-.03574 -.135731
6. Spongaater 6.%6 ~.01192 =-.49831 04614 ~.0ps6a
7. ualxanwc[slacan-a 5.41 ~,26%588 ~.35968 -21388 -.00975%
8. Hexacontium 8.90 ~.34306 -.i0805 .461%1 01933
9. Buchitoniids 21.07 -06300 -.20593 -,29991 -.06%01
10. Stylodicya/chlamydiua 13.79 15791 ~.3743¢ -.23107 .31008
11. Didysocyrtis/Artiscin 19.52 -.42706 .10249 »07717 231753
12. Beliodiscus 4.87 -.12165 -.15913 »00679 -.02428
13. Lithellide 6.49 =.27713 ~.09160 00033 -,0297%
14. Pyloniida 34.60 ~-.3768¢ »09340 .0a234 <2334
13. Larcunpira 13.3% -, 406686 03964 L0403 -0713%
16. Stylasphacica 4.719 16832 -.28923 01770 -4880¢
17. Lophiphaoniida 3.30 =.03439 LU7282 -.239431 00401
18. ~Phorwsspyris-Lophoug. 6.76 -.08553 =e13493 -.31%34 -33033
19. Jethophorving 5.20 -.07316 Soulll -.85359 U861
40. ptersranium 6.18 .01225% ~. 02954 -.1€360 -24739
21, BRucyrtidiuvm 2.50 .01047 -.01523 ~-31z%0 (4323
22. Theozoryihium 1.48 -.00%15 01730 ~.09001 -3317Q
23. Anthocyrtidium 6.83 -,09797 05598 -.04564 . 34600
d4. Lamprocyclas/cytris 6.16 .05572 .03603 -01976  .39794
35. Phormosatichoartus 3,29 . 10506 .00582 -.21500 .07059

resolved four varimax fuctors accounting for
89.15% of distributional variince of the
group.. The variance, cumulative variance
of ea:h factor and communsality are also
presented in Table 1. The varimax factor
score matrix (F') of cach  of 25 groups
shows the relative importance of each gooup
in each factor (Table 2}, These factors ars
namcd after dominant groups and the
geogr.phical area of higher loading. The
cumulative variance nour <-fuctor moded
is ecologicul as it represcnty
82 15" of total variance  Co nmunality of
samplcs rangzd from 0,688-0.9:2 accounting
for 829397 38% of the iaformitions
retained. Comuaunality for cach samples is

signiicant

a useful internal check of distortion of
surface-sediment data duec to d:ilerential
dissoiution, stratigraphic mixing, taxonomic
inadequacies (by lumping sevcral species
into broadly defined group) and iocal ecol-
ogical anomalies in Mactor-assemblage model
(bmbrie eral, 1973). Higher communality
(h? 0 §8915) for broadly-defined radiolarian
groups shows thut the abuadances of groups

have not been  distarted. It shows that
lumping of severdd apecies s o braadly-
dfined group based on fow porssicnt conn-
ot chardltas sance late Moopens s

saecessfully retained  the  egvicoazmental
anform wions (9442

sutface  sedimenls and deserabe major feat-

preserved 1a
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Fig. 3.

Factor loading maps and areas of dominances shown by diagonal lines. (a)

southwest hypessaling

factor 1; (b) northeast hyposaline factor 2; (c) oblique-transitional factor 3; and (d) southern hydro-
graphic froat at 10-12°8 factor 4 in the centyal Indias Basin.

ures of the radiolarian distribution in the
basin.

Factor Mapping

The factor loading values of ecach factor

(Table 1) werc ploticd at respective sampling
sites on geographical naps (Fig. 3a-d; to
examinc their spatial distribution and to
rclate them with  oceanographic churacteris-
lics of the overlying surfuce water in the
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basin.

Factor I (F1), Southwest Artiscin-Pyloniid-
Acrosphaera assemblages

The first factor accounted for 28.889, of
variance with highest loading tn the south-
western arca (Fig. 3a). Itis dominated by
Artiscing (Didymocyrsis  tetrathalmus),
Pyloniids (Tetrapyle octacantha, Octopyle
stenozona, and Hexapyle dodecanthal) und
Acrosphaera  groups  Our dccision to
count all Pyloniids together is supportted
by Nigrini's (1991, p. 94) expression
for the need of % data on combiaed
group of T. octacantha and O. stenozona to
estabiish its increased abundance in area of
monsoonal upwelling. This factor is com-
parable to Moore’s (1978) Pan-Pamfic west:
cra tropical factor downnated by D retrat-
halmus as the demiunant species are similar
inall. The SST is comparutively lower
(23-27°C), whereas surfuce - salinity
34.5-34.9 ppt) of the surface water in this
area is higher during SW than NE monsoon
(Fig. 1). This factor is coireluted  With
cooler (23-27°C) and hypersaline
(> '4.5ppt) and highly productive (>0.3 mig
C/m3:d) surface water muss during SW mon-
soon. Unfortunately, no rad:.olaran plan-
kton-tow data at various watcrs depths is
availuble from the tropical Indian Ocean.
But ther eprescutatives of Pylonuds group
T octacantla and O. stenozoria have abun-
dance maxima at 30 mof the water depth 1a
the nortlivest Pacilic Occun (Kling, 1979)
Pwo.ctky and  Motley (JY87) repuoited
highest nuniber ol T, octacar:tha and Hexap-
yle spp. and D, tetruthalinu: from 20-50 m
water  depths  ncar chloropylla-a maximum
at MOCN 016-017 plankton tow sites in the
caslern equatorial Atlantic Ocean Acrosphae

group is 8 know colonial  radioluria

dwelling in surface water. We assumed that
the habitat of Artiscins and Pyloniids is
similar to that of Pacific
Occans and represents

characteristics intropical
also.

and Atlantic
water
Ocean

surface
Indian

Fuctor 2 (F2), Northeast Spongaster-Spongo-
discids-Stylodicya assewibluges

The second factor accounted for 23.419
of variance with highest loading in the
northeastern area, north of 6°S (Fig 3b).
It is dominated by Spongaster, Spongodis-
oids and Styledictya/Stylochlamydium groups.
Constituent species of these groups are
Spongaster tetras, S. ftctras irregularis,
Spongocore puella, Spongotrochus glacialis,
Spangodiveus  resurgense, Spangadiveny
bicoacavus, Spongueus spp, Spougopyle oscu-
losa, Stvlochlamydivm asteriseus, S venu-
stum, and Stylodictya validisping  Lozano
and Hays (1976) alao combined the sbunda-
nces of S glacialis and S. esculusa in their
transfer function  This factor is comyparable
to Moora's {1978, fig. 11a) New Guinea fuc-
tor domiuated by Siylochlaniydinm asteriscus
in western tropical Pacific, a region that
also receives fresh water flux from the south
Chiua-Sca  du ing southwest monsoon,
Dworetzky and Morley (1987) reported
highest number of S. terras, Spongodiscus
spp. and §. glacialis at 20-40 m water depths
coinciding with chlorophyll-a maximum at
MOCN-016-017 plankton tows sites in the
Atuntic Occan which
shows that the group represcats surfuces
water characters.  Higher SST (>27-28°C)
narth of 6°3 and lower salinity (34.5ppt)
and low ppp (<20 2mgC’'m3/d) in the NE
arci Juring SWoanonsaon s evidont (g 1)
Therelvie, this factor s related to higher
SST (>27-28°C), lower salinity (<34 Sppt)

casteen equiitorial
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and low ppp (0.05-0.1 mgC/m3/d) during~

SW monsoon. |
Factor 3 (F3), sransitional uxsemblage

The third factor accounted for 21.98%, of
variance with highest loading in the area
shown by diagonal lines (Fig. 3¢). Itis
dominated by Disolenia, Collospheara, Euc-
yrtidium and Euchitoniids groups. Euchit-
oniid group is comprised of Euchironia
elegans, E. furcata, Euchitonia sp., Diciyoco-
ryne truncata, Dictyocoryne profunda, and
Hymeniastrum euclidis. Morley (1989, p..
296) also counted E. furcata. and E. elegans
togé!hcr as Fuchitonia spp. This factor iy
comparable 10 western Pucilic factor domi-
nated by E furcata, E. elegans, D. profunda
and D, Gredid repoanling Warmetr walers
of western Pacuic tropical gyre (Mouare, 1974,
fig. 9a). Disolenia, Collosphaera, D. truncaia
and Euchitonia spp. live 10-40 my water depth
at :23-40 m water depth coinciding with
chlorophyll-a maximum at MOCN-016-017
plankton tow sites in the castern equatorial
Atlantic  Ocean (Dworetzky  and Morley,
1937). The transitional assemblage scems
to bec an oblique bouundury of salinity con-
trast along 34.5 ppt isohaline (Fig.1d)
between SW and NE assemblages.

Factor 4 2 Southern 10-12°S hydrographic
frant asse.a.blage

The fourth foctor accounted for 14 862,
vaniaace with higher loading in southern part
of the basin south of 12°S latitude (Iig. 3d).
1tis dominated by Lamprocyclas, Aunthocyr-
tidiwn and Lophospyris-Phormospyris groups.
The arce of Juminance of dth fuctor i south
of 10-12°S hydrographic front of Wyrtki
(1973) in the cquatorial Indian Ocean,

Regression Analysis
The factor loadiag values in ecach 42

surface sediments were related (o modern
SST, sulinity and PPP of the sutlico w.ter
overlying cuch sumpling site during SW wnd
NE monsoons using multiple regression by
least squars technique, Both linear and
curvilinear equations were derived uand
examincd. Results of curvilinear equations
have better statistics and lower residuals
(observed  1nious estimated). Therefore,
these equations are used in palcocstimaics.
The regression cocflicients of the variables,
the intercepts for curvilinear equation, pro-
portion of variance, multiple corrclation
coeflicients (r), standard errors of estin ate

(s.e.e ), and % of rsuge of variables ex-

pressed by sce of 8§81, subinuy, PP
during SW monsoon are deted o the
ity stadinte s {Uable 4y 10 v evident

that the cgations fur \he southwest mon-
goon are sinificant at 0.00{ level (99 99))
for the saliuity-July August, salinity - spring,
PPP-SWM, SST-Spring and SST-Augnst.
The regression, the intercepts and ‘fuctor
score {F’) matrix define the transfer functions
derived from the faunul and SST, salinity
and PPP dita-sets.  The equations are nvm-
cd as NORITTHIEASTERN INDIAN OCEAN
(N1O) after Gupta and Fernandes (GF)
with sullix of the numcrals (Table 3).
Constraing en the tropical transfer function
We achizcved low  standard  errors of
extimate for SST-August and S5 F-Sprong
whicl shiows that our esthuales are accur.ate
within + ¢r - 1°C.  Unlike higher latitude
regions, the faunal factors in  tropics
(Atlantic) arc not strongly corclated due to
lower S5T- range (24-29"C), but they show
good correlation (r=-0.6) (Ravelo eral,
1990; Gupti in press), Moreover, the Pacillic
and Attuntic Oceans do not have mich
influence ol monsoon compared to nosthorn
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Table 3 . Curvilinear equations and sumsary statistics for various variables.

bs*a Sourca <------ Wyrtki (1971)------cv.. » <----tevitus (1982)----> <Krey & Baben., 76>
Variables-> §ST-August ----- Salinity--=--- Salinyty SST-Spring PPP- SUN
July-August Hov.-Dec. Spring
£q.etion Ho. K10-6F-1 NIO-GI-2 NIO-GF-3 HIO-GF-4&  NIO-CF-$ KID-GF- 6
14 terns
£ -65.8B7894% +11.63:4 +2.97422 +7.78309 -177 . 86&) +.62448
f2 ~67.26555 13,9243 -41.4¢872 +«6.07?07 -17% G000 o4 198 EG
£3 ~65.77937 +14.50:°9 4. 345903 +8.77528 <188 030 *1 40068
(2] +61. 94474 -12.¢7-.2 -6 MG - 71987 127 90560 -1.13748
f‘lz -21.5551 +1.17°.0 -1 3v3ar 2. XM SSC Sne 5421
F1.5F2 3792200 o8 00T S8 RN WG e 21 B3NN
[ AMERY 5 IR S B AL B 1 0y 1 95957 RV IR T] 41 ho4e3
Flifh +47.19224 -9.15 L0 -9.%%537 -4.0151 +1C5.Y5%60 “1.73159
F2¢ -22.545%39  +2.83*&8 -11.(322)3 +1.36714 -53.977&7 +2.26074
F2)F3 -39.986597 +7.810:% -8.568% +4. 08777 - 98460904 +1.97749
FRXF& *35.25882 -T7.18'U6 -1.49276 -2.5519%9 +90 . 48481 -1.84159
F3¢ <26.11968 4415172 -4. 30835 1.82796 -53. 08044 * 63055
F3XF4 +26. 11872 -5.08C3 +.73019 -5.79482 +73.327469 +.76531
£4t =22.22023 <3 N0l +1.29561 +2.30823 -51.358N v Q7476
Intarcept -25.36638 4601770 LRI X1 ) &1.00%S ~114.068 1.48858
X variance 53,988 80.265 67.005 5533 6593 T4 .688
0. tor. reD 543 U B 0.106 0 Soraz U oval v.78s
Cocit)crment
dcg. Err.  0.9°¢C Ca2apt  0.2pm 0.143ppt 1.026°C 0 09 agC/of/d
Ez1.(S.E.E.) . '
Raiy e 20.6-25.3 34.8-3.1 35.4-33.8  3%.70-34.11 29.7T6-26.46 0.55-0.10
calibrated 3.3 0.7ppt 1. 3ppt 0. o5pp1 s sa3’c 0.45 aq(/-zld
X Crpressed 27.3 17.15 1L .28 22.02 18.9% 20.00

n T,

Note: @ » Adjustest for cogrec of freadom (N <L) ivlliple corraliica coafficignts higher than
th-reshold of r=0 &7 for =40 o7 0.2 Level of sigmitiaznes s considered to be
trustworthy (cf. lmbrie 4 Kipp, 1971, p. 106) st significancs tzvel of 0.007 (99.9%) . OQue
NLC >0.534-0.857 show =Zsasive Sigraficance levels at .0V and 99.9% correlation with SST-
Aug., salinmity-July-Augist, SST-Spring and zalinity-Spring duriig SW aonsoon 1n the central
purt of the tropical Indlan Ocean. Cur MCC. range (r=0.5-0.8) 18 close to the CLIMAPS'3
nC. range (r:0.6-0.9) used for the Pacific $ST reconstruction (Moore, et al.1980, ct. p.
221) )

Indian Ogean, which ia land locked in the
north by the Asian plate and restricts the
mixin;, of nurth pole water to produce simi-
lar thermal gradient.  Therefore, the order
of the faunai sensitivity to SST (r==09) and
salinity (r==0.8) in the Atlantic and Pacific
Oceans (Imbris and Kipp, 15/1; Moore,
1973k is reersed in northern lidian Gcean,
i.e., tulinity-July-August (=0.837) und S8T-

Spring (r=0.695) because of extreme sulinity
changes due o monsoon, Yuithermore,
Moore et al. (1980, cf. p. 22]1) used DP-1
transfer function with mulupic correlation
coctlicient 43 low as r-:0.02 in palcoestnnat-
¢s of the susiera cquatonial Fucific. 1o brie
and Kipp (1971, cf, p. 106) used <dcata from
the entire Atlantic .ovun anu tnculiviad
that any coviclution covi.cicil o, Li;._llca’f
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tl:an the threshold value of significance level
at 0.001 lcvel (0.411 for their N=:61;
whereas, it is 0.499 for our N=42) is stat-
istically significant and teanifer function is
valid to estimate changes at §9 9% confiden-
co level, Comparing the smaller geogriphic
arca of the cential Indian Basin (20°X16°)
to the entire Atlantic and Pacific Occans,
our corrclation cocflicients {mec.c raunge
1<0.543-0.837) aro sigaificant for the rcli-
able estimates of the SST-August, SST-
Spring, salinity-July-August, salinity-spring
and PPP-SWM (Table 3), and arc at par
with the CLIMAP's standard for SST ro-
construction in the Pacific Occan at 18,000
years (mcc range r=06-09,
et al, 1980).

Moore

Retiabilisy of transfer funcilons

Using the ecological equations in Table 3,
we cstimated oceanic variables for the 42
surface sediments (Table 4) that arc sound
within the+or - limits of the standard crrors
of estimates. The cstimated values are
subtracted from the obscrved values at cach
of 42 sampling sites for residuals of cach
variable, The spatial distributions of ress-
duals > 1.0 8 .6 of these variubles have no
geographio trend. The soundness of esti-
matcd values of these variables is depicted
in X-Y graphs, which shows almost linear
relationship for the majority of cstimutcs
within the coherent bauds of respective
standuard errors of estimates (Fig. 4). There-
fore, it has similar poteutial for lunger geo-
logical time scale such us late Miocene as
the tpccies or specics group data bud for
the late one million years.,

Palcoestimateé

Palcoestimnuics from the late Miocene
radiolarian data of Sawar Bay Formation,

Neill island (Gupta and Srinivasun, 1992}
ure presented in Fable 5. Puleoustinites
show warmer periods associated with lower
salinity duc to lugher fresh  water influx
alternating with colder periods with higher
salinity due to poor fresh influx from the
Ganges Brambaputra rivess into the Bay of
Bengal (Fig 5). Gupta and  Srinivasan
(1992) recognized warmer-humid ind colder-
arid perlods during Stichocorys peregring,
Didymocyrtis antepenultima and Didymoc-
yrtis  penultima zomes respectively, and
uttributed wurmer climatic periods (W)
corresponding to W-11 (5.6-5,0 Ma) and
W-9 (8 2-7.9 Ma) warmer cvents of Barroa
and Keller (1983) in Sawai Bay Formation
(Fig. 5). Besides confirming W-11 and W-9,
1 udae hax roaolved W10 (690 1 Maj aud
W-8 (Y2-90 Mu) warmer periods. SST-
August fluctuated within 1 3°Cin late Mio-
cene that concurs with CLIMAF (1981),
Prell er al (1980, cf. figs. %a-b) and
COHMAP (1988) that region around Aund-
amans in the Bay of Bengul witnessed littie
{~1°C) change in SST-Aug. during colder
periods such as last glacial maxima (LGM).
Similarly, SST spring  (May-June-July)
fluctuated within 3°C around the Andumauns
during latc Miocene.

Salinity-July-Aug. fluctusted within 04
ppt in Suwai Bay Formation, Association
of SST-pcaks with salinity-troughs and vicc
versa is in agreement with Prell er al (1950)
that salinmity was higher in the Bay of Bengal
during weaker southwest monsoons in colder
periods like LGM than at present.  Saluuty
at 13'N latitude, porth of Nall llaacd
(12°N), was higher (>33ppt) duning LGM
than at present (~32ppt) suggesting couni-
derably low fresh water runoff inio the Bay
of Bengal ia colder periods analogous tv
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Tabis 4, Observed (0b.) and estisated (Est.) values of dependent varisbles (Y) using the curviiinear

oguations,

ssT-amg. Oc  s9T-upring Oc  satinity J-Aug. Salinfty N-Dec. Salinity-spring PPP- SV
S.N. 0b.  Est. . Est, . Et. Ob.  Est. Ob.  Est. ob. Est.
1. 28.60 28.029 26 899 29.060 34.400 34.437 34.800 34.556 34.560 34.418 0.500 0.373
2.28.30 28176 29.200 28.620 34.200 34.313 34,300 34.147  34.460 34.46k  0.400 0.363
3. 28.30 2B.434 29.76h 28650 34.200 34.025 34.200 34.200 34.510 34.481 0.250 0.143
&.28.30 23.057 28.401 28.660 34.200 34.299 34.100 34.216 34.510 34.529 0.250 0.2a3
$.28.60 26.195 29.221 29.09 34.200 34.211 34,100 33.956 34.530 34.455 0.300 0.347
6. 26.30 28.355 29.067 29.130 34.200 34.039 33.200 33.932 34.530 34.617 0.300 0.169
7. 27.30 27.521 27.856 27.680 34.200 34.196 34.600 34.554 34.210 34.229 0.250 0.22%
8. 27.60 27.564 28.064 28.380 34.100 34.212 34.600 34.550 34.360 34.373  0.150 0.240
9. 27.60 27.27T0 Z7.469 28.670 34.100 34.324 34.500 34.547 34.420 34.606 0.150 0.190
10. 27.60 28.078 29.153 20.890 34.100 34.291 34.500 34.407 34.470 34.486 0.150 0.268
11, 28.30 27.401  2B.395 29.150 34.200 34.356 33.900 34.340 34.530 34408 0.200 0.268
12. 27.00 28.107 29.245 25.150 34.200 34.181 33.800 33.811 34.490 34.4717 0.300 0.342
13, 25.60 26.502 27.578 26.380 34.500 34.630 34.700 34.639 34.280 34.211 0.500 0.501
%. 25.30 26.745 26,500 25.650 36.200 34.882 34.800 34.922 34.3/0 34.409 0.500 O0.469
15. 26.30 26.773 27.BA9 26.94D 34.700 34.657 34.700 34.693 34.180 34.150 0.500 0.519
16. 26.00 27.967 28.541 28.590 34.600 34.539 35.000 34.811 34.350 34.435 0.400 0.3%8
17. 28.00 26,308 25917 26.420 34.00 34.679 34.600 34.615 34.170 34.263  D0.500 0.49
18, 27.30 25.907 26,974 23,140 34.600 34.735  34.400 34.681 34.230 34.3%4% 0.500 0.504
19. 27.60 26.902 27.564 28.200 34.600 34.602 34,400 34.483 34.200 34.352 0.500 0.466
20. 27.30 26,728 27.581 28.2¢0 34.40C 34.611  34.(00 34.561 34,150 34.212 0.500 0481
21, 27.60 26,745  27.397 20.290 34.600 34.582 34.6%0 34.572 4.110 34.081 0.500 0.516
22. 27,30 26.T78  27.33% 20410 34.600 34.614 34.400 34.609 34.170 34.271  0.500 0.513
23. 27.30 26.932  27.98% 25.300 34.600 34.646 34,400 34.761 34.230 34.239 0.500 0.477
24. 27.30 26.596 27.555 23.160 34.600 34.668 34.300 34,633 34.280 34.277 0.500 O.48
25. 27.60 26.637 27221 23.450 34.800 34.653 34.500 34.563 34.220 34.338 0.500 0.492
26. 27.60 27.562 28.4%6 28 360 34.600 34.507 34.300 34.506 34290 34.341 0.500 0.427
27. 26.00 36.788 2T.TS9 27.3.0  3e.FO0 34593 34.700 34,486 34,140 34.263  0.900 0.442
28. 26.60 27.414 28.2s5 29.100 34.700 34.532  35.900 34.7/8 34.750 34.439 0.250 0.344
29. 26.30 26.416 27.339 27.760 34.700 34.661 54.700 34.653  34.140 34.244  0.509 0,509
30. 25.60 26.038 26.809 26.240 34.700 %4.693 3¢.7C0 54.586 2430 34.257 G.50 u.517
31. 25.60 27.509 28.720 26.790 34.700 34.521 34.700 34.656 34.220 34.265 0.$00 0.43%
32. 26.00 26.586 27.128 26.780 34:700 34.593 34.700 34.472 34.3:0 3L.416  0.300 0.3%5
33, 25.30 26.149 26.040 25.240 34.700 3..404 34.700 34.771 ¥.440 34.378  0.509 0.447
3%, 26.00 26.230 26.511 £6.290 34.709 34.6%% I4.700 34,565 34.480 34.361  0.500 0.508
35. 26.00 26.309 27.073 27.450 34.700 34.688 34.700 34.577 34.150 34.259 0.500 O0.4%
36. 25.60 26.164 26,978 27.230 34.700 34.626 34.700 34.597 34.140 34.253 0.500 0.50%
S7. 26.30 25.631 25.998 25.980 34.500 36.723  34.600 34.656 34.420 34.296 0.500 0.53%
38, 25.60 25.8% 25756 25.560 34.700 34.649 34.600 34.697 34.390 34.493 0.500 0.407
39. 25.30 25.964 26164 24.630 34.700 34.690 34.600 34.516 34.760 34.443 0,250 0.433
40. 26,60 26.352 26.461 26.310 34.700 34.642 34.600 34.568 34.760 34.689 0.250 0.26h
4. 25.50 26.067 26.223 25.360 34.800 34.665 34.800 34.599 34,370 34.476 0.500 0.414
62. 25.30 25.TT9  26.069 24.700 34.800 34.736 .900 34.7¢8 34,430 34.238 0.500 0.545

LGM (Cullen, 1981)  Sinularly, spring- inc wuter mass was flusted out of the Bay of

sablinty estimates fluctuated withha 0.335ppt
aiound Andumans. Luwcrning treud in the
sugpests  strengthening  of
monsven snce 90-50 Mu. The modern
mean salinity (July Aug.) s ~33.3ppt, where-
as it was 34 5ppt around the Nall biand
10 the late Mivcene (Fig. o). The hypciaal-

spring salimty

Beagul by tne hyposaline watcr duc 1o river-
ine fresh water flux from the Gatges-Bram-
haputra rivers duriog periods unalogous to
tiie Holocene und the reverse happened in
Osaill-
ution of hiypersaline waler 1wass 1o the Bay
of Bengal suggests mousoonal fresh water

colder periods analogous to LOM,
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Tabie 5. Paleocstimates n Savai Bay formaticn, Neill Island, Andamans,
S.N. Sample Factor Factor Factor Factor <------ Salinity--c------ LA 1555 1) EELEEEE > PPP-SiM
nusber 1 2 4 Hov.-Dec. July-Aug. Spring August Spring.
1. N1538 -.28736 -.45028 -.55496 30356 35.075 34347 34.347 28.401 28.483 Q.175
2. HIS36 - 31057 - 36581 -.54970 33465 35.171 36000 34406 2B.193 20.424 0.204
3. Nf533 - 38501 -.34016 -.48493 24400 35.549 34,851 34.851 27.331 27.5%9 0.312
4. MI530 - 35676 -.35147 - 64343 16222 35.408 34,648 34.648 27.278 27.995 0.323
-5, M1527 - . 40670 - .47352 -.43260 16011 35,635 36.803 34.803 27.616 27.536 0.260
6. W1523 - 41280 - 32549 -.4B260 ..33791 35.216  34.678 34.678 27.801 23.178 0.321
T. M520 - 19319 - 45944 - .4T3B9 33393 35,372 34.620 34.420 23.087 27.882 0.049
8. RIS16 <. 25376 -.4B767 - .44547 (22207 35.338 34,456 34,466 28.244 28.02% a.127
9. mf591 - ,19350 -.57538 - 40555 27174 35.393 34.462 34.462 27.9%% .27.498 0.055
0. NE507 -.27600 -.49676 -.e5841 35386 35.116 34.359 34.359 28.527 28.360 Q.15

flux related salinity changes in tho north-

castern Indian ocean.

Iraplication on Paleomonsoonal
Studies

Probably, Gupta et al (1931) were first to
present a palcomonsoonal  scenario with
enbarced riverine sedimentary discharge
from the lrrawadi river during warmer per-
iods 1 one of the cause  of basinal shallow-
ing of Sawusi Bay Formalion in the late
Miocene (~9.0-5.0 Mu). Several results
the late Mioczne origin of
monsoon have appeared in  subscquent
years. Quade el al (1989) reported the
onset of an  intensificd monsoun at ~7.4 7.0
Ma that reflected in C, and C, carbon-isoto-
pic shift in soil pronles snd vegetational
changes from  Potwar  Plateaw,  Pukistu,
Bnrci.lc (1989) suggested the imtiation of
moasoonal circulation in nosthern Indian
Oceen at ~ 10 Ma that resulted 1n a remark-
able increace in distom abundunce.  Nigrini
(159} found late Miocenc (~8.5 Mu)
pateomonsuonal signals relatcd to endemic
monsoonal upwelling fauna at ODP-117-122
sitc, Rapid build-up of the Bengal aand
lodus fan sediments in the  lae Miocene

coverging to

indicates elsvation changes in the Himalaya
and is considered to be associated with onset
of monsoon (Cocbran, 1990; Rea, 1992),
Klootwijk eral (1992) reported distinct
chimatic chunges at 10.4-10,%.8,6.5,5.4-5.1,
272519 and | 2-1 | Ma reluted to sedi-

“mentary flux from the Ganges-Bramhaputra

drainage system iuto the Bay of Bengal in
ODP-1i7-738 site. Gupta and Srinivasan
{1992) und Gupta and Feruundes (1994)
prosented  palcamonsoonnl and oveanogia-
piic changes respectively in terin of higher
sedimentation and the fresh water dischurgo
during warmer periods associated with stron-
ger monsouns curresponding to W-9 and
W-11 wurmer periods,

We have rosolved two additional paeriods
corresponding to W-10 (6.3-6.5 Ma) and
W-R (RR-90 Ma) sassociated with salinity
minimu (Fig. 5). If the W-8 warmth and
Jlow gabinty s foliowed by W 7 {~ 10 Mu)
and W-6 (~11.3 Majin older geological
samples, than the enigim of mousvon may be
older thiua previously ar - 5.5 Ma {Prell
et al, 1992, because the lowering of surface
sabinity is the first order  oceanographie
change dus to wmonsoonal fresh water fux
1110 the Bay of Bengai aud the nurtbeastan
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Fig. 5. Paleotstimates of 88T-Spring and salinity-July-Aug. and salinity-spting in Sawai Bay Formation of
 Gupta and Srinivasan (1992). Broken line over salinity-Spring shows conyistently lowering trend
since 9.0-5.0 Ma suggesting the atrgn.thening of monsoon in the late Miocene.



Rig. 6.

OG

Mcan surface salinity during July-Avgust in modern (n, after Wyriki, 197i) and mean of late
Miuncene over Neill Island 134.55ppt) Andamans in the Bay of Bengal (b). Note coverage of hypersa-

line water (crosshatched >-34.5ppt) in modern time south of Sri Lenka (a) and its decper intrusion
into the Hay of Bengal in late Miccene (b), As monsoon siiengthened hypersaline water wus flushed
out of tho Bay of Bengai by the Ly posaline water duc to riverine fresh water flux dusiug warmer
periods analogous 10 modern time and revetae happened in the colder periods. Back and forth
oscillation of hypersaline water in the way of Bengal shows palcomonsoonal salinity changes {n the
nostheastern fndian Ocean,
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Indian Occan. The results are cicouraging
and suggest similar studics on ¢loser sumples
to arrive au ageurate timing of the fisst
salinity drop due to the onset of monsoon
in the late Miocene, We sugiest that the
changes in the atmospheric circulatlon from
non-monsoonal to monsoonal one during
late Miocene has resulted in  torrential raius
and riverine fresh water flux from the
Indian subcontinent into the Bay of Dsngal,
that caused the salinity lowering at ~9.0 Ma
in the northeastern Indian Occan. Consis-
tenly lowering tiend in spring-salinity from
9.0-5.0 Ma suggest the strengthening of the
monsoon in the Jate Miocene (Fig. 5),

Conclusions

The % data of 25 broadly-defined taxono-
mic radiolarian groups has resulted in 4 Q-
mode factors, ie, SW, NE, transition aud
southern,  cxplaining 89152 variance,
Factor-1 (hypersaline, cooler, highly produc-
tive), factor 2 (hyposaline,
productive), factor 3 (transition) and factor
4 (southern) define statistically sound water
masses during southwest monsoon in the
central tropical Indian Ocean. The curvili-
necar multiple regression analysis of facter
loadings and the surfuce oceanographic
variables of overlying water 4t the respective
sampling  sites, e 88T, salinity, PPP,
derived the longrange transicr
We surmise that our transfer functions based
on broadly-defined supra-gencric groups of
radiolaria are potential for reliable estimates
sinCe late Ivfioccne Late Miocene palcoesti-
mates of SST and salinity are conformable
with the palcomonsoonal sceario described
in Gupta and Srinivasan (1992) in addition
to recoputiion of W 10 (6.3-6.5 Ma) and
W-8 (92 0-9.2 Ma) warmer bum.d pcaks, It

wariier, low

functions,

concurs that SW meonsoon was stronger dur-
ing watiner periods between 5.5 9,0 My, Fhe
warnier hund monsoonal periuds coriespon-
ds to W--11 warmer cveats of Barron snd
Keller (1953) and ure the oldest moasounal
salinity record jn Neogene, It is surmiscd
that the chauges in atmospheric circulation
from non-monsoonal one has been very well
reflected in the surface sulinity beciuse
of monsoonal fresh water flux into the Bay
of Bengal in he northeastern Indian Ocean
~9.0 Ma. The Bay-of Bengal bad a hypersa-
line (>345 ppt) water ass
late Mive:ne that has
hyposiline water due to the monsoos. in
modern time. Consistently lowering trend
in spring-salinity  suggests  monsonal
strengthening 90 to 5.0 Ma sitee during
the lute Miocene.

duiing
been flushed our by
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