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SYNOPSIS

The most important feature in the climatic system of
the mnorthern Indian ocean aﬁd adjoining regions is the
'monsoon'; Due to its profound impact on the economy of the
Indian subcontinent,it has received enormous attention from
climatologists and planners.alike.For predicting the future
behaviour of monsoon, it has therefore been <crucial to
understand its variation in the past.For recovgring the
short term variations in the past monsoon,natural recorders
like tree rings, coastal sediments etc. act as proxy
meteorological 'observatories'. However, in order to know
long term climatic changes related to the monsoon,spanning
time scales from a few thousand years to a few million
years, deep sea sediments are the ideal repositories.This is
because, apart from the Indian sub-continent,the monsoon
also has a pronounced effect on the northern Indian ocean.

The strong SW monsoon during the summer months brings
heavy rainfall over the Indian subcontinent and proéuces a
huge river discharge in the Bay of Bengal and the Arabian
sea. Pronounced coastal upwelling takes place off Arabia and
along the west coast of India due to this monsoon.During
winter the SW monsoon disappears and the NE monsoon is
activated, producing winter precipitation " in NE India and
along the east coast of peninsular India.The signatures of
these monsoons are attested in the ocean by a variety of

physico-chemical changes mnamely changes in temperature,
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saliﬁity,'nutrient supply and. so oh and can be tfaced by
‘stable isotopes of oxygen and carbon in marine calcitic
shells of foraminifera from the sediments of this ocean.The
oxygen isotopic composition (2}80) of the foraminiferal
shells depend on (i) the temperature of the ocean water in

18O composition of

which these organisms growj;and (ii) the S
the sea water,which in turn is related to its salinity.
Similarly, the carbon isotopic composition (513C) of
foraminiferal shells depends on the 6130 composition of
total dissolved CO2 in the ocean.From the stable isotope
studies on sediment cores from the other oceans viz. the
Atlantic and the Pacific,it haé been possible to know about
the glacial (cold) and interglacial (warm) climatic changes
for at 1least the last 2 million years.Variation in the
oceanic carbon cycle and its nature has also been studied-.
It is then a pertinent question to ask what was the
response of local monsoonal system to such global climatic
changés. Monsoon induced upwelling largely controlg the
biological productivity in the northern Indian ocean.Any
change in monsoon intensity therefore 1is capable of
perturbing the oce;nic productivity. The timing and the
causative mechanisms of these changes form an important
part of such inquiries.To know the timing of these climatic
events for last 40, 000 vyears (40 kyr),radiocarbon (lAC,

t1/2~5-73 kyr) dating is necessary and has been widely used.

In addition, the chronology based on 23OTh (t1/2"75.2 kyr)

can also be wused to date sediments as old as 300 kyr.Many

of these climatic changes are transient in nature and hence



iii
high resolution (71000 years) studies are necessary to get
a detailed picture.

This thesis 1is an attempt to study palaeoclimatic and

palaeo-oceanographic conditions in the mnorthern Indian
. 18 13

ocean based on precise measurements of $°°0 and $ "C of

foraminiferal shells in the sediments from this region.Aim

of this work was to:-—

1. Fabricate an experimental system of CO2 extraction for
. 18 13 .

precise measurement of & 0 and & “C (expressed in

terms of per mil,®/00) in minute (~ 0.5 mg) quantities

of foraminiferal carbonate.

2. Study of long term changes of monsoon-intensity with a
high resolution of 1000 years, and 1its effect on

+ upwelling and oceanic productivity.

3. Obtain 14C and 230Th measurements for dating these

3

climatic events as well as calculation of the

accumulation rates of sediments.

Important findings of the present study based on
sediment cores from the Arabian sea and the Indian ocean

are:

1. During last glacial maximum (- 18 kyr B.P.),the entire
Arabian sea was more saline than today.However,thé
northern Arabian sea was characterised by higher
salinity than southern part caused by an excessive

evaporation due to dry trade winds of the stronger NE
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monsoon circulation. This, cbupled with a low river
discharge (due to a weak SW-monsoon) increased the

salinity gradient in the Arabian sea.

2. The NE monsoon oceanic circulation was stronger than

today - 20-16 kyr back.

3. Oceanic productivity increased around 14 kyr B.P. due
to an increased wupwelling, which perhaps has an
important role in controlling 3130 of 2;002 in ocean

water.

4. Local reducing condition within the sediment column or
low oxygenated ©bottom water condition during the LGM
prevailied in the eastern Arabian sea leading to the

removal of uranium from the sea water.

This thesis is divided into four chapters.

In Chapter I, a brief introduction is given about the
application of stable isotope systematics in marine
sediments. Deep sea sediments have yielded imp;rtant
information about the past changes in the global build up
of continental ice, sea surface temperature (SST),ocean
circulation, sea level changes as well as changes in the
concentration of atmospheric 002.8180 and Sl3C changes in
formainifera of the ocean sediments yield information about
both global and local changes in climate.By subtracting the
global effects one can determine the local climatic changés.

This chapter also gives a brief review of the earlier

work dome in the Indian ocean sediments,particularly the
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Arabian sea. Stable isotope studies in this part have shown
that beside the normal global signature of
glacial-interglacial cycles, marked changes in 1local

hydrography had taken place in the past. These studies

revealed that:-

1. The SW monsoon was weaker than today at around 18 kyr

B.P. coinciding with the last glacial maximum (LGM).

2. As a consequence the upwelling in the western Arabian

sea was much less intense during LGM.

3. The sea surface temperature (SST) was warmer by about

1°¢ during LGM in some locations of the Arabian sea.

4. A CO2 rich,O2 poor water characterised the deep sea (>

2000 m) during LGM.

These studies though did not yield a detailed picture
of the climatic changes, served as a basis for conducting
the present investigation. Along with the weak SW mbnsoon
during LGM, the possibility of a stronger NE monsoon was
indicated by earlier studies but no oxygen isotope evidence

. . . .18 . .
was available for it. Excepting 6 O, other <climatic
13 .
parameters namely E> C,calcium carbonate were not measured
by earlier workers. Additionally,the absolute chronologies
for these events were not available.The present work aims
at providing these information together =so as to make a
better picture of <climatic changes in the northern Indian

Ocean. For this purpose,five deep sea cores have been raised

)



vi

namely SK~26—185,SK—20~186,cn—17—15;cn~17—30 and CD-17-32.
The" cores CD~17-36, CD~17-15 ;nd CD-17-32 are
representatives of the northern Arabian sea where salinity
is high and coastal upwelling plays a dominant role today.
Core SK;20-185 is located in the eastern Arabian sea,close
to the region where some salinity reduction takes place
during winter time due to the NE monsoon current but is not
affected by coastal processes.The core SK-20-186 comes from
the equatorial 1Indian ocean and represents an open ocean

condition.

Chapter ITI deals with the experimental techniques
employed’ viz., preparation of foraminiferal samples,
extraction of CO2 by acid reaction and its
\ . - 18 13
mass—-spectrometric measurements for S0 and S ¢,

radiochemical purification for U-Th isotopes and their
assay, 14C measurements and estima?ion of CaCO3 and coarse
fraction (> 150 P m). %180—%13C measurements 1in deep sea
cores require a rapid analysis of large number of samples.
Towards this an on-line CO2 extraction -system h;s been
fabricated which could analyse minute quantities (7 0.5 mg)
of foraminiferal shells. The reproducibility of the
measurements in this system is better than + 0.1 ®/o00.This
is about a factor of two better than the conventional
extraction system earlier employed at PRL,where we achieved
a reproducibility of + 0.2 ®/oo. An interlaboratory
comparison of standard carbonates between PRL and the

stable isotope laboratory (Godwin Lab.) at the University

of Cambridge shows that the absolute %180—213C values agree
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. o .
_within + 0.1 /oo. For the present work,about 600 samples

héve been analysed routinely accompanied by standard
“ecalcium carbonate measurements.

Before mass~spectrometric analysis foraminiferal shells
are generally cleaned by ultrasonication,HzO2 treatment as
wéll as roasting at 400°C under vacuum.These are done to
éﬁoid contamination from extraneous carbonates as well as
\ ,g?éanic matter. However it has ©been shown in the present
sgﬁdy that mneither HZOZ treatment nor roasting‘at high
téﬁperatures, is required to get reproducible Slvalues as
long as pure and near 1007 orthophosphoric acid is used.
However, ultrasonication was routinely employed to remove
extraneous particles though the present experiment did not
show any difference between ultrasonicated and
non-ultrasonicated samples.

In Chapter III,results of various studies are presented
\Eﬁd discussed.

Chapter III is divided into three sections.In Section
ITT.1 geochronological studies of the sediment cores are
presented. The dating of wvarious levels of sediments from
the <cores based on different dating methods viz. 14C,U—Th
series disotopes and 8180 stratigraphy,is discussed in this

. 14
section. Twelve C dates were obtained for SK-20-185.These
data give a constant sedimentation rate of 2.2 + 0.1 em/10
yrs, for the last 30,000 years.A dozen measurements on U-Th
series radionuclides have been made on this core.There is a

significant uranium enrichment (authigenically

Precipitated) at certain levels, by and large coinciding
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with the glacial periods.After correcting for both detrital

230T

and authigenic uranium, the h (excess) (on bulk

sediments) based sedimentation  rate is T~ 2.5 4+ 0.5 cm/10

yrs.

In the core SK-20-186, ten 14C measurements have been

made. In this core a change in sedimentation rate is noted.
“The Holocene rate is 2.4 + 0.1 cm/lO3 yrs in comparison to

0.6 + 0.1 cm/lO3 yrs prevalent during the glacial period.

23OTh measurement at ten levels gives a rate of 0.6 + 0.1
3 . 230

cm/10 yrs (both om bulk and CaCO3 free basis).The Th

rate does mnot show any break in rate.In both the cores

SK-20-185 and SK-20-186, 2°0T

h (excess) based rates agree
with 14C based rates within a factor of two.

However, since these cores are mostly calcareous oozes,
14C dates and sedimentation rates are taken to be closer to
the real age and sedimentation rates. Considering the
SPECMAP stage Dboundaries as true ages,the sedimentation
rates have been calculated based on 8180 stratigraphy.For
SK-20-185 this gives a rate of 2.0 cm/lC3 yrs which is

close to 14C based rate.For SK-20-186,however,this yields a

rate 1.1 cm/kyr and agrees only with gross lAC based rate

(" 1.3 4+ 0.1 cm/kyr) which does not consider the breaks.
W

Four 1 C dates have been generated for core CD-17-30,which

o~

gives a sedimentation rate 7.7 ecm/kyr.This core comes
from the strong wupwelling zone in the western Arabian sea
and hence has a higher sedimentation rate due to a high

productivity.

The oxygen isotope data obtained on the five cores from
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the - Arabian sea and - the equatorial Indian ocean, are
pfésented in Section IIi.Z.An intercomp#rison among them is
attempted and palaeoclimatic_ interpreation 1is derived

\therefrom.‘It has been shown in the present work that,though
analysis of a few individuals from large size fractions of
foraminifera, shows a significant intrasample variability,
analysis of a large number of 1individuals per aliquot,
picked wup from a very narrow size range (e.g. 250—400ﬁ(m)
exhibits much less variability. .A mean intrasample
variability of + 0.15 0/oo has been found in these ocean
cores. For the long term 6180 stratigraphy,G. sacculifer

alone has been analysed in all the cores.The core top 5180

values of this species indicate that they grow most likely
in isotopic equilibrium with the ambient sea water.

A correlation has been attempted between climatic
stages obtained in these cores and those obtained from the
global ~data of SPECMAP. This correiation, along with lL}C
dates, shows that core SK-20-185 has a well preserved oxygen
isdtope stratigraphy.Its length spans from theAprese;t upto
stage 5e corresponding to an age of 120 kyr,including all

the oxygen isotope substages. %180

stratigrqphy of core
SK-20-186 goes upto stage 11 i.e. upto 430 kyf. Core
CD-17-30 goes upto stage 3 i.e. a record for 30 kyr.In
SK-20-185  and SK-20-186, glacial-interglacial amplitudes
beyond last glacial maximum (LGM) are reduced. By ngO
analyses of solution resistant and solution susceptible

species it has been shown that dissolution is unimportant

in core SK-20-185 (also,it is located at a depth shallower
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than vCalcium Carbonape Compeﬁsatiqp Depth, CCD). Core
§K~20-186, though comes froﬁ a depth closer to CCD,has a
high CaCO3 content throughout . its 1length indicating the
near absence of dissolution. It has also been shown that
bioturbation is mnot significant in SK~20-185. Hence the
6180 amplitude reduction 1s attributed to the coarse
sampling where few Lkyr signals are averaged out. In
SK-20-186, however, bioturbatioﬁ may have some role in this
regard, owing to its lesser sedimentation rate in the deeper
section of the core.

Holocene~LGM amplitude (analysed at close intervals in
all the cores) shows a difference between southern core
SK-20-185 and northern cores CD-17-30 and CD-17-15.The
amplitudes inm these <cores are 2.12, 2.28 and 2.33 °/oo0
respectively. Such large amplitudes in the Arabian sea
indicate that the salinity during the LGM was higher than
today. Core top foraminifera in these <cores show anmn
enrichment (= 0.4 O/oo) from south to north in Arabian sea,
explained by increasing salinity and decreasing temperature
in the same direction. During the LGM this gradient
increased (~ 0.6 O/oo) with the excess enrichment in
northern cores, thereby making the difference in the
LGM-Holocene amplitudes in these cores and is consistent
with the earlier observation by Duplessy (1982).This is
explained by excessive evaporation over the northern
Arabian sea during the LGM mainly due to the stronger dry
trade winds caused by a reinforced NE-monsoon.This,coupled

with a 1low river discharge 1in the Arabian sea due to a
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wéaker SW—mbnsoon,increased the salinity gradient.
. Agaihst these values in the Arabian sea,Holocene-LGM
amplitude in the equgtorial core SK-20-186 is much less
i.e. 1.5 %/oo. This 1is expléined by either increased
precipitation over this oceanic region during LGM or a
reduced ice volume effect (~ 1.1 o/oo) coupled with ~ 2°C
decrease in SST.

Apart from the long term 6180 stratigraphies in various
cores, high resolution %180 analysis in multiple species of
planktonic foraminifera were performed from the core
SK-20-185 in order to find out short term transient
climatic events,especially during the LGM.While determining
the sedimentation rate by U-Th series isotopes in this core,
high authigenic ©precipitation of uranium was observed at
the glacial 1levels.This is probably due to the fixation of
uranium from _pore water under a locally reducing condition
or removal of uranium from sea water under a low oxygenated
bottom water condition during the glacial period.This in
turn indicates that benthic mixing was probably 1e;s and
the original 8180 signals are not seriously affected.Along
with the ©bulk sample,different fractions of sediments from

same layers were also dated by 1['C.All the fractions show

almost the same age indicating no contamination in the 1[J'C
Concentrations. Hence short term climatic signals could be
reliably recovered from this core if high resolution
analyses are done. The purpose of such analyses along with

the salient results obtained,are described below.

Earlier work in this region showed that the SW monsoon
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‘and related coastal ’UPWelling' was weaker durihg the LGM.
Howe&ef, there was no 6180 evidence for the increased
activity of the NE monsoon,a suggestion which came mainly
from pollen and mineralogical studies.To find this,the core
SK-20-185 was analysed from the Holocene to the LGM level
with a high resolution (1-2 cm).Core SK-20-185 was chosen
for the following reasons: At present the NE monsoon,a
relatively weaker monsoon, brings 1low salinity water from
the western Bay of Bengal to the west coast of India and
along SON. If during the glacial time,the NE monsoon was
stronger, this salinity reduction would have been more
pronounced, perhaps reaching further north upto the present
location of core SK-20-185.Three surface dwelling and two
deeper dwelling planktonie foraminifera were analysed.
Surface dwelling species show a strong negative excursion
of 8180 of upto ~ 1 %/o0 during LGM between 20-16 kyr (14C
dates). This 1is explained by a combinmation of 2°C relative
warming of SST in the Arabian sea (due to the .weaker
upwelling and mixed layer thickening since ﬁpwelling brings
up cooler, nutrient rich bottom water) and reduction in
salinity by 2 O/oo. Since the temperature coefficient of
calcitic 6180 is ~ 0.2 O/oo/OC,warming would decrease %180
by 0.40 ©/oo. Additionally 2 %/oo salinity decrease will
reduce E,lSO by 0.60 /oo (for 1 /oo salinity change,glso
change in the Arabian sea is about 0.32 O/oo),thus making
the total reduction in 8180 close to ~ 1 %/oo0.
The salinity reduction has been attributed to a

Stronger NE monsoon current which transported low salinity
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water from the western Bay of Bengal to the eéstern Arabian
cea. Dééper species however do not show this change since
the salinity change is essentially a surface phenomenon.

Another core SK-20-186 has also been analysed with a
similar high resolution from the LGM to the Holocene.But
the negative excursion during the LGM (as found in
SK-20~-185) is absent in this core.This is because the NE
monsoon current did not reach this equatorial region during
the LGM;it does not reach this region even today.

During LGM, increased amount of low salinity water was
brought by the reinforced NE monsoon current in the
southern Arabian sea. This water was driven further
northward by a stronger thermohaline circulation caused by
the enhanced salinity gradient between the northern and the
southern parts.

The data on 613C, CacCo coarse fraction, etc. are

32
presented in section ITII.3 and their ©palaeoclimatic
significance discussed. A high resolution EIBC analysis of
multiple species of planktonic foraminifera shows that the
%lBC ZCO2 in the Arabian sea was depleted by upto T 0.5
°/nn relative to the present around 9 kyf back.Also an

enrichment of upto 0.6 o/oo relative to 9 kyr is observed
during the LGM. This is explained by strong upwelling (and
perhaps strong SW-monsoon) around 9 kyr B.P. which brought
the ‘813C depleted water from the deeper levels to the
surface. Consequently the enrichment during the LGM

represents a weaker upwelling (and a weaker SW monsoon).

This 1is further corroborated by the fact that the glacial
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period  was characterised by a 1lower CaCO, productivity

‘””relatiQe to the Holocene (due to a weaker upwelling and

less nutrient supply).

Both the CaCO3 and the coarse fraction (> ISOme,mainly
foraminifera) in the core SK—20—183 decrease by a factor of
two from the Holocene to the glacial value,indicating that
most of the CaCO3 is biogenic&In core SK-20~-186 too,CaCO3
decreases from Holocene 90% to glacial 80% (CaCO3
estimation has an error of + 1Z%Z). Such changes in the
productivity has also been found from the northern and the
western Arabian sea.This low glacial productivity increased
around 14 kyr B.P., and was almost coincidental with the
onset of deglaciation.

A  power spectrum analysis of the 8180 and the CaCO3
variation indicates that both of them are in phase and
their wvariations are controllgd probably by the orbital
change in the obliquity (41 k&r) and the precessional (23
kyr) cycles of the wearth. éhapter v highlightf the

important conclusions derived from the present work and the

recommendations for future work in this region.
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CHAPTER I
INTRODUCTION

Most elements of lower atomic masses occur in nature as
. . 1.0 2
mixtures of stable 1isotopes,for example,hydrogen ( H, H),

IBC 16 17O 18

12C ) and oxygen ( O, ,

carbon ( s 0).Harold Urey
(1947) showed that significant + differences in
bphysico-chemical properties exiét among these isotopes due
to their finite mass differences resulting in their
fractionation during chemical jreactions. In mnature, the
fractionation or opartitioning bf these isotopes is caused
mainly by equilibrium isotope exchange reactions or kinetic
reaction processes (Hoefs 1980). Of these two processes,
isotope exchange reactions can be considéred‘as special
ctases of general chemical reactions.The present work deals
with a particular exchange reaction system,CaCO3~H20 system.

In such a system, where CaCO3 (calcium carbonate) is

Precipitating from HZO (water), the relevant exchange



‘reaction can be written as:

16 18

1/3 CcaC” "0 + H 180 16
3 2

O—K———!~1/3 CaC + H 0 (1)
= 3

2

where K is the equilibrium constant.The partitioning of two
oxygen 1isotopes in the two phases namely CaCO3 and HZO can

be expressed by dintroducing . the concept of fractionation

factor which is defined as:
RC3603
< = REo
2
18 16 . .
where R and R are 0/°70 ratios in CaCO., and H.O
CaCO3 HQO 3 2

respectively. If the isotopes are randomly distributed over

all possible positions in each of these two compounds,then

where n = number of atoms exchanged. For the exchange

reaction given in (1l),where monoatomic exchange occurs,

] [CaClBOﬂ 1/3 [H216OJ

[CaClGOB] 1/3 [HZIBO]

X = K

(180/160) CaCO3

(180/160) HZO

iSince equilibrium constant (K) or o depends on temperature
(T), carbonates precipitated from water of a constant

isotopic composition but at different temperatures,will

180/16O

have different ratiosf]This idea 1is the Dbasic
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concept behind the attempt for a quantitativé determination
of palééofemperatures of ocean water.
Isotopic ratios are wusually reported in terms of
S —values,vdefined as the rela£ive deviation of the sample
isotope ratio from that of an international standard and is

expressed in per mil ( O/oo):

_ 3 o
é; = (RS/RStd 1) 10 /oo
where RS = 180/160 in sample
_ 18,16 .
RStd = 0/"7°0 in standard

. . 18 .. .
Empirical relation between 6 O of precipitating CaCO3 from
a given water solution and solution temperature was first

determined by McCrea (1950) and has the follohing form:

w

T =a+ b (60—6“,)+c(gc_—g)z (2)

where T = temperature in OC,%% = 8180 of C02 obtained from
carbonate. by reaction with 100% orthophosphoric acid at
250C,€w = 8180 of CO2 (tank gas) equilibrated isotopically
at 25°¢ with water from.‘ which the carbonate was
precipitated. Both %SC and g; are measured against the same
mass spectrometer standard gas.A

McCrea's «calibration was made on inorganic CaCOB.But it
was not clear whether the same equation can be applied to
fossil CaCO3 for determining femperatures of ancient ocean

water (Emiliani 1981). Subsequent investigators measured

8180 in CaCO3 of both biogenic (e.g. mollusks, foraminifera,
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and abiogenic mnature as a function of temperature.

I}i gives different -values for the coefficients a,b
and ¢ obtained by different investigators.It can be seen
that most of the equations have-similar slopes indicating a
temperature coefficient,'b6180/bT,of about-0.2 °/oo per °C
and hence any one of them <can be used for calculating
relative temperature change.

Emiliani (1955) first analysed E>18O in planktonic
foraminifera separated from diﬁferent depths in a core from
the Caribbean sea. He obtained a saw-tooth pattern in the
value of ‘6180 as a function of depth (or time).A straight
forward interpretation of this signal in terms of sea
surface temperature (SST) variation is not possible since

the § 18, of foraminiferal CaCo0 not only depends on

3
temperature (T) but also on isotopic composition of water
. . , . 18
in which the organisms grow.It is known that the & 0 of

sea water depends on globalj and local climatic effects.
Extraction of a large amoun# of water from the oceans as
ice on the continents duriné colder periods change the
isotopic composition of theg water 1in the oceans and
constitute the global effect; whereas evaporation, river
discharge, etc. are the local;components.The difference in
%180 between the glacial and interglacial, the
glacial-interglacial amplitude (GIA) was ~ 1.8 ®/oo in the
Caribbean sea.Of this,Emiliani.attributed about 0.4 %/oo to
water—glgo ‘change, while the rémainder i.e. 1.4 %°/00 of the
signal was explained by glacial-interglacial SST change of

L)

about 60C. However, Shackleton (1967) based on simultaneous



Table 1.1

+
Empirical Equations for CaCOB~H20 8180 Equilibrium

G. sacculifer 16.998 ~4.52 0.02

Nature of a b c Investigators
CaCO3
Inorganic 16.0 =5.1 0.09 McCrea (1950)
Mollusk 16.5 -4.3  0.14 Epstein et al.
(1953)
Mollusk 16.9 -4.2 0.13 Craig (1965)
Inorganic 16.9 -4.68 0.10 O'Neil et al.
(1969)
Mollusk 17.04 -4.34 0.16 Horibe and Oba
(1972)
Core top benthics 16.9 -4.0 0.00 Shackleton (1974)
< 16.9°%
‘ *
Extension of 0'Neil 16.9 -4.38 0.10 Shackleton (1974)
et al.o(1969) in
2 16.9°C range
8 Erez and Luz

(1983)

+ .
These slightly differing relationships yield a range in
temperature coefficients of 6180 from-0.2 to-0.25 o/oo per
degree centrigrade.

*

For the present work, the relationship of Shackleton (1974)

ice. T = 16.9-4.38 <8C- %) + 0.1 (§

-6 .2

has been

used. This yields temperature coefficient for CaC03~$§80 as

0.2 °/00/°C.
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:  mea5urementS of planktonic and benthic foraminifefa from
hﬁﬁé same core, reinterpreted‘Emiliani's GIA of 1.8 /oo to
correspond mainly with the global -ice volume effect.Several
 \bther studies have brought out further complications in the
interpretation of %180 of foraminifera,e.g.,different depth
habitats and vertical migration of forams (Emiliani 1954,
seasonal variation in abundances (Williams et. al.,1981;
Ganssen and Sarnthein 1983), disequilibrium fractionation
(Shackleton et. al., 1973;Vergnaud-Grazzini 1976;Fairbanks
et. al., 1982),gametogenic calcification (Duplessy et. al.,
198la),dissolution (Erez 1979) and bioturbation (Mix 1987).

Till these controversies are resolved, it seems
difficult to accurately delineate the glacial-interglacial
temperature change and +the global ice volume effect.A
possible solution is to look for other sources of
climatological data to find out the temperature and/or ice
volume effect. One such source is the %}80 composition of
ancient ice sheets and their correlation with the past sea
level change. But controversies still exist among these
various estimates of ice volume effect (Mix 1987).

Apart from these dominant _global climatic effects of
ice volume and temperature, down core 8180 is considerably
modified by small scale,local oceanographic processes,sone
of which are described below.

I.1 Local Effects in the 8180 of Foraminifera

In  Gulf of Mexico, a negative 8180 spike (upto
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1.5 O/oq). during the transition .from the' Last Glacial
'Maximuﬁ (LGM) to Holbcené, superimposed on normal GIA,was
observed. This was explained _by the presence of a less
saline water that originated from the melting of the
Laurentide ice sheet (Kennett and Shackleton 1975) and was
considered to be a local phenomenon.Berger et al. (1977a)
and Berger (1978), however, ﬁroposed that such a meltwater
lid during last deglaciapioﬁ could have existed globally.
Subsequent studies indicated opresence of freshwater spike
from melting of Fennoscandian and Barents ice sheets
(Grosswald 1980; Jones and Keigwin 1988).If such an effect
contributes to the total 6180 signal,it becomes difficult
to assess the global ice volume effect.

Inspite of these aforementioned problems,down core 8180
analysis on various species of foraminifera from different
oceans have yielded more or less similar signals.A large
number of studies from various ocean cores suggest that
abeut 7 1/3 of the GIA is due to temperature variation
while majority (=~ 2/3) of the signal is due to ice volume
effect. This makes the 6180 ;stratigraphy as a proxy 1ice
volume indicator. After about a decade of the initial work
of Shackleton and Opdyke (1973, 1976), it is now firmly
established that the entire pleistocene experienced more
than 20 ice ages and not four (e.g. Wisconsin,Illinoian,
Kansas, Nebraskan) as was thought by Quaternary geologists.

The following section will address the cause of these ice

ages.
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"1:23,76180 Cycie in the Ocean Cores : Causative‘Hechanism

Since oxygen  isotopes. in deep sea cores provide
continuous palaeoclimatic record for a long period, much
effort has been made to establish an absolute %180
chronology for the entire pleistocene. Initially the
chronology was based on ﬁélaeomagnetic boundaries coupled
with the assumption of constant sedimentation rates in
between (Shackleton and Opdyke 1973).Subsequently Broecker
and van Donk (1970) made the correlation between isotopic
stages and coral terraces dated by U-series isotopes.

But Hays et al. (1976), for the first time,made a
combined effort to produce a time scale tuned to orbital
variations, which established the link between terrestrial
climatic changes and astronomical forces, the so-called
Milankovitch Thypothesis. The currently available SPECMAP
‘(Imbrie et al.,1984) time scale is the culmination of Hays
et al's effort.which demonstrated that isotopic signatures
are phase locked and aré strongly coﬁerent with orbital
variations, in all the frequencies namely 19 and 23 kyr.
(precessional), 41 kyr. (obliquity) and 100 kyr.
(eccentricity). According ‘ﬁo Imbrie et al. (1984), "85
percent of the observed isotopic variance is linearly
related to orbital forcing”. However, a detailed
investigation of the last deglaciation i.e. 20 kyr. to the
present, shows that the isotopic record is not strictly a
linear function of orbital forcing.

5

Now we turn our attention to the significance of carbon



fiQOCOPe changes in the foraminifera.

1.3 Carbon Isotope Records of Climatic Change
The carbon isotopic composition of calcium carbonate

precipitated from sea water is controlled by (Faure,1986):

1 613C value of the dissolved CO2 gas,in equilibrium

with the carbonate and bicarbonate ions in solution.

2. Fractionation of —carbon isotopes between CO2 gas,the
carbonate and bicarbonate ions in the solution and

solid CacCoO,.

3
jg Temperature of isotopic equilibration.
4. pH and eH values of the medium
13.,12 -
where 13 ( " C) 1 - 3
6 C = sample _~, 10% 960

13, 12
L (" C/""Clstandard .

The COZ gas 1s nothing but atmospheric CO2 dissolved in

ocean water, which produces several components thereafter.

The total CO, can be represented as:

= = 0.
E:COZ COS(aq.) ¥ COZ(dissolved) + HC 3(ag.)

Coﬂsequently, the exchange reactions among the various

Components can be written as:

13 12 - 12 13 -
© O2(dissolved) * 1 C03(aq. )~— €Oy gigs.)H €O



13 =
H co
H CO3(aq ]*—~> + 3(aq. )
13 ..= 12 . = S 13 = )
< 1
©0 (ag.) * CO3(solid) CO3(aq_) + CO3(so id)
Among these steps, the bicarbonate-carbonate exchange

reaction 1s the most important, because the HCO& is the

major component of the T CO Hence by approximating Z;COZ

9°

by HCOS, the relation between the %13C of CaCO, and HCO%

3

can be written as follows (Emrich et al.,1970):

13 1

C calcite = § 3C(HCO;,aq.) + 1.85 + 0.035 (T-20)

CaCO3
where X _ = 1.00185, T = temperature in degree
HCO 13
centigrade. The temperature coefficient of calcite - 8 C
13,
i.e.jbg /217 " 0.035 O/oo/OC,fis quite small. Hence any
change in %lBC of foraminifera can be interpreted in terms
of change in the E:CO2 reservoir:alone.

In géneral,%}3c of ZCO2 shows a stratification profile
with depth in open ocean similar to those of nutrients like
P04 and NO3 (Kroopnick 1974).This profile is controlled by
organic productivity im the ocean. In the euphotic zone,
organic productivity is high. The preferential uptake of

1
2C by organic matter through metabolic processes makes

13C and consequently enriches surface

them depleted in
. 13 ,
water in %} C. When the organic matter sinks through the

water column,it gets oxidised and releases 13C depleted CO2
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in the deeper water.As a result,deep waters are depleted in
%}BC reléfive to surface.This'%lBC profile can be recorded
in foraminiferal calcite*%l3c and can be wused as
palaeo-oceanographic tracer,provided different species grow
at different depths in isotopic equilibrium with the
ambient. Departure from this equilibrium and its effect on
%180 has been mentioned wearlier. Such disequilibrium may
affect the %IBC values too.Disequilibrium precipitation may
occur, if apart from HCOE (ZCOZ),some amount of respiratofy
Cco or CO derived from oxidation of organic matter,takes

2 2

part in the CaCO3 shell building process.Hence it has to be
assessed how reliable foraminiferal 513C are as

palaeoclimatic indicator.

Evaluation of Foraminiferal 8130

Majority of the work on ngC has been done on benthic
foraminifera. Most of the benthics precipitate calcite out
of isotopic equilibrium.The disequilibrium at a particular
place _is mnot coﬁstant but depends on taxonomic groups
(Grossman 1984).vFor a particular species, however, this
disequilibrium probably remains constant with time and can

be approximately corrected; for example:

- 13 _ 13

) Coibicides = 0-954 ©7C TCO, + 0.095
13 _ 13 B

% Ciyigerina = 0904 ®7c Tco, - 0.805

where TCO2 is total dissolved CO2 (ECOZ) (Duplessy et al.,
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'  f i984). In general, 513C of these commonly used species like

cibicides, Uvigerina, Planulina, etc.recordZCO2 of bottom
Cibiclde®

water quite reliably (Grossman 1984). Planktonic
foraminifera in most cases, show a Thigher scatter in

downcore ‘813C values than benthics (Williams et al.,1977;
Broecker and Peng 1982) .However many species from the open

ocean (e.g., N. dutertrei, G.bulloides etc.) have yielded

very similar 8130 variation,indicating that they too record
surface waterZCO2 property (Shackleton and Pisias 1985).
Summafising, it is clear that stable isotope
palaeoclimatology has expefienced multifarious developments
in the last three decades.Our present understanding of fhe
global isotope palaeoclimatology reveals the following

important features:

1. There exists a cyclic 8180 stratigraphy in the ocean

sediments for at least the last 2 million years.

2. Such fluctuations in 8180 ;re mainly controlled bx the
waxing and waning of confinental ice sﬁeets,which in
turn is controlled by the sun-earth orbital geometry
changes namely changes 1in eccentricity,obliquity and

precession of the earth.

3. The average glacial-interglacial change in %}80 (GIA)

is between 1.1 o/oo and 1.6 o/oo.

4. %180 signal and sea-level estimates show a fairly good

agreement.
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5. %13C bdifference between planktonics and benthics was
mékimum during LGM and 1is perhaps controlled by the
change in the oceanic nutrient cycles,coupled with the

deep sea circulation change.

Superimposed on these global effects, many 1local
climatic changes modify the isotope patterns. By
appropriately subtracting the global signals, one can

decipher the local climatic variation.For example,in tﬁe
Mediterranean and the Red sea GIA is ~4 %°/oo against the
global GIA of ~ 1.6 %°/oo (Vergﬁaud—Grazzini,1975;Thunell et
al., 1988) and 1is explained by increased local evaporation
in these marginal seas durihg LGM.Variations in coastal
upwelling systems also show very complex local phenomena
(Prell 1984a,b;Suess and Thiedé,Thiede and Suess 1983).Such
phenomena if ©present on a large scale ought to have
influenced global cimate as well.

We now discuss the Aproblems and prospects of
palaeoclimatic studies in the northern Indiag ocean and the

objectives of the present study in this context.

I.4. Review of Earlier Work in the Northern Indian Ocean
One of the early systematic studies of stable isotopes
in foraminifera from the northern Indian Ocean was carried
out by Oba (1969). His study focussed on estimating the
Palaeotemperature of the ocean water in relation to faunal
geography and identifying the depth habitats of different

foram species.%lgo stratigraphy was also tested against the
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éiébal climétic .cycles. Subsequent to the work of CLIMAP
group (1976) on world oceans,which included the northern
Indian Ocean also, incteasing attention was drawn towards
tﬁis region. This 1is because, fhe Arabian sea,the Béy of
Bengal and the adjacent oceans respond to a unique feature
in the regional <climate namely,"monsoon“,which introduces
important physico-chemical changes in these oceans.
Characteristic long term changes of the Indian monsoon,
their causes and effects have been the subject of numerous
studies (Miller and Keshavamurty 1968;Lighthill and.Pearce
1981; Fein and Stephens 1987).Broadly,the monsoon system has

two dominant effects in the oceanic realm:

1. Heavy rainfall during Juné to September over the
Indian subcontinent. This results in a large river
water discharge to the Bay of Bengal and the Arabian
sea. |

2. Intense wupwelling due to the prevailing wind system
takes place 1in the coastgl Arabia and -the west‘coast

of India.

Both these phenomena bring about significant changes in
the sea water saiinity and sea surface temperature,which,in
Principle, can be traced spatially and temporélly by the
stable isotope ratios of oxygen and carbon (by the
.Productivity changes).

A pioneering work in this regard was done by Duplessy
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(1982). who showed that apart from the generai global
climatié cycles, the 8180 Stratigraphy of foraminifera in
the Bay of Bengal and the Arabian sea records important
information about 1local oceanographic changes.His studies,
based on Holocene core tops and LGM levels of several cores
in the Arabian sea and Bay of Bengal,showed significant
changes in water properties in the past.

At present the 'Arabian sea 1is dominated by strong
evaporation. On the contrary the Bay of Bengal experiences
large river discharges from the Ganges,Brahmaputra,Irrawady
rivers. Consequently the mean annual surface salinity in the
Arabian sea increases from south to north by 1.5 0/oo and
decreases in the Bay of Bengal by 3 o/oo.Modern core top
G. ruber species record this salinity gradient in their
8180 composition; this shows a south to north increase in
8180 by 0.6 °/oo in Arabian sea and decrease by 1.1 °/oo0 in
the Bay of Bengal.Duplessy (1982) showed that this gradient
in.'6180_ during LGM time was higher in the Arabiaﬁ sea
(T 1 0/oo) and considerably smaller in Bay of Bengal (~
0.2 o/oo). This has been explained by enhanced evaporation
and low river discharge during LGM, in these two basins
respectively. Zonal nature of the 130—6180 contours and
their similarities along particular latitude, indicated
decreased runoff from west-bound peninsular rivers as well
as weak  wupwelling conditions in the western Arabian sea
(op. éit.). These conclusions supported the earlier

Observations of Prell et al (1980) in this region.Based on

Planktonic foraminiferal biogeography, Prell et al. showed
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_that the  Arabian séa was characterised by warmer SST and
bweak—upwelling condition .during LGM while increased
salinity was prevailing in the Bay of Bengal. Thus
glacial-interglacial changes in ‘5180 (a function of only
ice volume and temperature) are considerably modified by
local climatic effects in the northern Indian ocean.

Since wupwelling off the Arabian coast is coupled with
monsoon, its variation through time has been the subject of
ﬁany investigations. During summer months,upwelling brings
up <cold, nutrient-rich water from the deeper le§els and
creates a distinct temperature anomaly.The centre of this
upwelling lies between 17°N and 21°N and is 4°¢ cooler than
the mid-ocean SST (Prell and Streeter 1982).If foraminifera,

growing in this region,record such a temperature change,a

total of ~ 0.8 O/oo change 1in the %180 values should be
observed in their shells across this wupwelling =zone
(considering the CaCO3 temperature coefficient ~

0.2 °/00/°C). The study by Prell and Curry (1981) on
Holocene core top planktonic foraminifera collected across
this wupwelling zone,indeed showed such a range in the 8180.
18

0 compositions of any surface dwelling foraminifera such

as G. sacculifer, G. ruber,G. bulloides,G. menardii show a

total 0.8 O/oo change across the upwelling zone same as the
predicted value. This prompted Prell and Curry to suggest
that synoptic mapping of these shallow dwelling species
across the wupwelling zone <can be a potential tool for
studying its variation from LGM to the present.Due to the

Peculiar topographic configuration (Fig. 2.1), however,
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obtaining undisturbed _cores' is quite difficult éspecially
near the coast of Arabia,whére the upwelling is maximum.
During the same "investigation, Prell and Curry (1981)

noticed that the percentage (%) of modern G.bulloides is

directly <correlated with PO4 content of the surficial water
(an index of upwelling) and inversely correlated with SST.

Therefore, it was concluded that the abundance of

G. bulloides can be wused as an index of the intensity of

upwelling. Subsequent investigation by Prell (1984a,b) on

the down-core wvariation of G. bulloides from this region,

showed that its abundance decreased during 18 kyr B.P.
indicating a weak upwelling,while it increased around 9 kyr
B.P., suggesting a stronger upwelling than today.This is
consistent with the earlier observation of Duplessy (1982)
which showed a weak SW-monsoon during LGM and a probable
less intense upwelling off Arabia.

In addition, Duplessy proposed that a strongér NE
monsoon existed during the éame period but no ,o0xygen
isotope evidence was found for it.If true;such a stronger
NE monsoon should presumably; increase the evaporation in
the northern Arabian sea duev to the presence of dry NE
winds over this region (op. cit;) during LGM.

Apart from the oxygen 1sotope studies,evidence for a
weak monsoon during LGM and extreme aridity over south Asia
comes from a number of other sources.Pollen studies in
conjunction with 6180 stratigraphy from the western Arabian
sea have shown the prevalance of an extreme arid condition

around 20 kyr. B.P. and a wet condition around 11 kyr. B.P.
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‘: (Van' Campo et al.,l982).1ncfeasea glacial ariditybis also
indicated by high quartz cqﬁtent in Arabian sea (Kolla and
Biscaye 1977), increase’ in sand dune activity (Sarnthein
1978) and stronger loess storms in the cold deserts of
inner Asia (Huang 1973).Dessication took place in the large

~lakes from Rajasthan around 20 kyr. B.P. and recovered only

‘Lat 13.6 kyr. B.P. (Singh et al.,1974;Wasson et al.,1983).
Study of the fluvial deposits from the Deccan upland region
‘shows river aggradation and drier climate around LGM
whereas early Holocene was characterised by strong
incisional stages of these rivers,when discharge was high
(Kale and Rajaguru, 1987). Based on the abundance. of

planktonic foraminifera Globoquadrina dutertrei,as well as

/total planktonic assemblages,increased salinity in the Bay
of Bengal during LGM has been proposed (Cullen 1981).This
study also indicates a . 8trong salinity reduction in the
e§rly Holocene.Such salinity changes have been explained by
varying river run-off coupled with monsoon fluctuationsifor
last 20 kyr.

It is of interest to know the chronological evolution
°of monsoon from a glacial weak condition to its Holocene
Strength. Pollen study by Van Campo (1986) suggests that the
evolution of the monsoon was gradual.After LGM,rainfall
started increasing along the west coast as early as 16 kyr.
at 15° latitude. This produced extensive development of
ma?grove forests which culminated at 11 kyr. B.P. Monsoon
Feached its maximun strength around 10 kyr. B.P. at 10°N

latitude and 8 kyr. B.P. at 28°N. Such an evolution of
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'Kﬁonsoon was explained by progressive northward movement of
intertropical convergence zone (ITCZ) (op. cit). In the

:‘western Arabian sea (north of lQON) G. bulloides reached

its maximum abundance around 9 kyr. B.P. indicating the
strongest ‘upwelling which is consistent with the above
proposition.

Unlike oxygen,carbon isotope studies in carbonates from
these sediments are méagre.Prell and Curry (1981l) attempted
mjto study the effect of wupwelling on ‘%13C of modern
planktonic foraminifera, based on the fact that the deeper
water Dbrought up by wupwelling contains ZCO2 depleted in
813C arising from oxidation of organic matter.Consequently
one would expect a correlation between %13C and various
’indices of wupwelling. But S 130 values showed very poor
correlation with Dboth PO4 and SST (two strong upwelling

indices). Prell and Curry explained the lack of such

correlations by one or more of the following reasons:
1. Disequilibrium fractionation of carbon isotopes. ;

2. Dilution of upwelled water by the surrounding

reservoir.

3. Quick equilibration between atmospheric CO2 and

dissolved "ZCOZ.

13
However, §°7C of benthic foraminifera has been successfully
used to reconstruct the hydrographic condition in the
northern Indian ocean during LGM (Kallel et al 1988).

Analysis of benthic Cibicides reveals significant
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ifféfénces ‘between the charaéteristics of intermediate and
aé;é water masses during LGM.In the modern situation,the
”Qertical decrease jlelBC from 2000m to 2300m is less than
? b;i °/oo. During LGM,a sharp discontinuity was found around
2 :fthiS depth separating iﬁtermediate and the deep water
  uﬁaéses. The deep water was depleted in 813C by as much as
v “i'°/oo against the intermediate water value of ~ 0 %/oo.
similar discontinuity' was observed in the 3180 value also.
wCiA in the cores raised from the intermediate water depth,
’éfe ~ 1.1 % oo whereas, in the deep waters GIA has values
k'ﬁpto 1.5 %/oo (LGM levels being heavier).This was explained
kﬁy the presence of a ventilated intermediate water mass
Ewith same temperature as of today) and a cooler (8180
~énriched), poorly ventilated (CO2 rich and hence & 13C
depleted) deep water during LGM.Today's intermediate water
6riginates from the Red Sea and the Persian Gulf region.
During LGM, sea-level in this region was 1lower. thus,
:éignificantly reducing their contribution to intermediate
water. Consequently three probable sourées for this

vVentilated intermediate water have been suggested:

1. Dense water formed by increased evaporation and

reduced SST in the northern Arabian sea during LGM.

2, Expansion of Antartic intermediate water to the north
of 10°%s.
3. Increased flow of intermediate water from the Pacific

Ocean through the Indonesian Archipelago.
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:bﬁangé in’ the SIBC of the deep water has been expl#ined by
;f/’strong stratification énd development of a deep
ithermocline during the same period  (Kallel et al.,1988).
| A recent work on palaeomonsoon circqlation which is of
vgreat significance has been reported by Fontugne and
Duplessyz (1986). They wused the 8130 of organic matter as a
tracer. 813C in sedimentary organic matter is a mixture of
- contributions from marine and terrestrial sources.Since the
. average 8 13C values for these sources are -26 and -20 °/oo
> (w.r.t. PDB) respectively,one can calculate the fraction of
terrestrial and marine organic carbon in these sediments,
'provided the organic matter is not diagenetically altered.

~ Their reconstruction showed a higher terrigenous carbon

_ input to the Bay of Bengal along a NE-SW axis,indicating an
increased NE monsoon activity during LGM.This was supported
by the total organic carbon (TOC) content of the sediment
Wﬁich increased in the eastern Bay of Bengal.In the western
‘Arabian sea TOC decreased during LGM indicating a yeak

upwelling. However,the increased NE monsoon activity was not

indicated by any of the earlier 8180 studies cited above.An
enhanced input of terrestrial carbon,deep into the Bay of
Bengal during LGM, is also supported by the measurement of
sediment accumulation rate. In the Bay of Bengal this rate
was higher during LGM (Foucalt and Fang 1987;J.C. Duplessy
and R. Chesselet, preprint) while that in the Andaman sea

and the Arabian sea was much lower (Van Campo 1986;Fontugne
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d; puplessy 1986). A Thigher. terrigenous flux during the

,giQCial .ﬁeriod is perhaps due to the direct pathways of

fiVerS to the ocean cutting througb the newly exposed shelf.
’ fﬁough terrigenous input controls the sedimentation rate in
yffﬁéar coastal regions, in the deep ocean other factors such
' 35 productivity, eolian transport and dissolution play an
 ;;mportant role.

The above discussion on the available isotopic and
fﬁalaeontological data shows that significant changes in
”kpast climatic conditions have taken place in -the northern

Indian ocean and the adjacent regions.
In .addition to these experimental studies,a significant
amount of work has also been done to simulate the pest
climatic conditions based on theoretical modelling.These
- models take into account different boundary conditions
provided by the geological data.‘The major boundary
 Conditi0ns, which control the <climate over the northern
Indian ocean and adjoining <continents are SST,sizeaand
”elevation of the Asian continent, surface albedo and the
Seasonal distribution of solaf radiation over the Asian
continent (Prell 1984b).A change in any of these parameters
is potentially «cavahle of perturbing the local climate.By
using the GFDL general circulation model (GCM),Hahn zand
Manabe (1975) showed that the high elevation of the Tibetan
Plateau produces in part,an intensified monsoon.Absence of
the mountains, in the simulation, produced a much weaker

monsoon. However, the elevation of the Tibetan plateau is

almost constant when one is concerned about the climatic
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: ¢hange over a lO4 years timescale.Another GCM experiment by
__Manabe and Hahn (1977) demonstrated the effect of surface

ffglbedo and produced a weak monsoonal circulation during LGM

\\dﬁe to the higher albedo over Asia.Presence of an extensive
snow cover over the Tibetan plateau perhaps was responsible
for such a higher albedo during the LGM,which reduced the
land-ocean. temperature contrast.CLIMAP's (1976) simulation
with the modern terrestrial Dboundary conditions and the
glacial SST produced a monsoon intensity similar to that of
today. This indicates that the SST change is perhaﬁs not
very significant for the monsoon performance.Recent studies

by Kutzbach and Guetter (1986) indicate that the response

of the monsoon <circulation and tropical precipitation to
change in the solar radiation 1s much larger than the
response to the changes of glacial-age boundary conditions.
Their model predicts a higher aridity during LGM and 10-207%
increase in the summer monsoon precipitation between 12-16
kyr. ago. |
Relation between the terrestrial climatic changeiand
the astronomical forcing (Milankovitch theory) has been
mentioned earlier. Spectra of time series of 6180 and %

G. bulloides (index of upwelling) from the Arabian sea show

distinct peaks around 12 kyr. and 23 kyr. respectively
(Prell 1984a). Both these signals are coherent with the
insolation curve over the orbital frequencies. This
indicates that monsoonal upwelling is linearly correlated
with the solar radiation éver time scales of the

Precessional frequency (23 kyr).However 6180 (ice volume)
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“and % G._bulloideé (upwelling) lag insolation.change by ~
5.5 kyr. Such & delay of monsoonal circulation is probably
due to the persistencer of seasonal snow cover into the
summer and its wide areal coverage over the Tibetan plateau
which prevented low—-level heating and the consequent
pressure gradient (op. cit.).A latest review by Prell and
Kutzbach (1987) wusing the GCM simulation based on diverse
.arrays of data (also see COHMAP members 1988) on the
monsoon variability shows four distinct monsoon maxima
during interglacials for the last 150 kyr.Such maxima are
caused by changes in the northern hemispheric summer
radiation controlled by the precession of the earth.In this
simulation, the glacial age bc .ndary conditions produced an
increased precipitation on the western Indian ocean along
with glacial aridity and a weak SW-monsoon over Asia.
However, glacial age boundary <conditions have much less

effect on the monsoon intensity compared to the insolation

changes. .
Summarising all the geological evidences (ocean
sediments, pollen, lake level data, etc.) and model

simulations, several important conclusions can be drawn

about the past climatic changes in this region:

1. Presence of a weak SW-monsoon and weak <coastal
upwelling and indications of a strong NE monsoon

during LGM.

2. Extreme aridity over southern Asia during LGM.
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3. Presence of an Oz*poor, CO2 rich deep water and more
ventilated intermediate water front in the northern

Indian ocean.

4. Increased precipitation and SW-monsoon circulation

around 12-6 kyr. B.P..

I.5. Plan of the Present Study

In the foregoing section it has been shown that
important information on palaeoclimatic changes have been
obtained by wusing stable isotope tracers and foraminifera
from the northern Indian ocean.However,several questions
’rgmain. The actual geological data Dbase in this ocean on
which the abovementioned <conclusions are based is sparse.
There is no real evidence from the foraminiferal 8180 data
that the NE monsoon was strbnger during LGM.Since most of
the evidences lack absolute chronologies, it has not yet
been possible to precisely date the glacialrintergla;ial
transitions in the mnorthern Indian ocean. In  many cases
oxygen—isotope stratigraphy itself 1s wused to date the
sediments. However, concurrence between the %180 based
chronology and that obtained by the absolute dating
techniques may mnot be always achieved (Prell et al 1980;
’KEigWin et al 1984).Even among the various absolute dating
techniques serious discrepancy may arise (Ku et al.,1968;

GOldberg 1968). Such discordances arise because different

lsotopes wused to date the sediments,have different sources
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and geochemical pathways;,In addition their distribﬁtions
are likely to be affected by :-various post depositional
oceanographic processes viz. bioturbation, winnowing of
bottom sediments, variation in redox <condition etc. For
example, earlier attempts of dating sediments of the Arabian
sea by U-Th series isotopes did not prove very successful
(sarin et al.,1979;Sarin,M.M.,personal communication,1988,
unpublished data; Borole 1980),while in the other oceans it
proved to be a good technique (Goldberg and Koide 1962).
Hence an intercomparison of these various methods caﬁ be
made to ascertain their validity.

In the GCM simulation - of Prell and Kutzbach (1987),
influence of C02—change has not been taken into account and
hence the question is,what role does the change in carbon
cycle play in this ocean? Finally,the periodicities and
. the interrelationship of different «climatic dindices and
their phase relation to the orbitally induced solar
insolation should be tested.One such test has already been
done for % of foraminifera,an upwelling index (Prell 1984a,
b) and should be extended to other parameters e.g. 8180,
'\ caco3,etc.

The present work is an attempt to answer some of the

queries cited above and has been focussed to:

1. study the geochronology of the sediments and put an
absolute time bracket on the glacial-interglacial
transitions by wusing 14C (upto 30 kyr.) and 230Th

(beyond the range of 14C and upto ~ 300 kyr) dating
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methods .

find out the nature and extent of local climatic
variations in the "northern. Indian ocean vis—a-vis
global changes, based on the long term

SISO—stratigraphy.

find an oxXygen isotope evidence of a stronger
NE-monsoon during LGM, based on high resolution 8180

stratigraphy.

find out % 13C variation from LGM to present,vis-—a-vis
618 . . . . .
0 stratigraphy, in relation to changes in upwelling

and organic productivity.

test the periodicites,coherence and phase relationship

between %180, an ice volume index and CaCOB, a

productivity index.
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CHAPTER 1T

EXPERIMENTAL TECHNIQUES




CHAPTER II

EXPERIMENTAL TECHNIQUES

This chapter summarises the experimental procedures

employed in the present work.These are:

1.

Collection of sediment cores.

Separation of foraminiferal species from sediment
cores for stable isotope analysis and estimation of

the percentage of coarse fraction & lSOf(m).

Extraction of carbon~dioxide from foraminiferal

calcite for%l80 and %130 analysis.

Mass spectrometric measurements, their analytical

precision and reproducibility.
Effect of sample pretreatment on %180 - 813C values.

Estimation of calcium—carbonate (CaCOB) in cores.
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Radiochemical analysis of sediments for U-Th series

isotopes.

8. Dating of sediments by the radiocarbon (14C) method.

I1.1. Collection of Sediment Cores

Sediment cores for this work were collected from the
Arabian sea and the eéquatorial Indian ocean.Two cores were
raised by ORV/SAGARKANYA belonging to the Department of
Ocean Development (with the help of the scientists fronm the
National Institute of Oceanography,Goa) during the cruise
‘no. 20 in November,1985.The other three cores were raised
by the ship ORV/CHARLES DARWIN of National Environmental
Research Council (NERC), U.K., with the help of the
scientists from the University of Edinburgh, during the
¢ruise mo. 17 in 1986.Table 2.1 gives the relevant details
of these <cores.Locations of these cores along with a rough
sketch of botton topography is shown 1in Fig. Z.ILTwo
gravity cores i.e. SK-20-185 and SK-20-186 were subsampled
by thin perspex sheets at 1-2 cm interval for the top 50 cm
and at 5-10 cm intervals for the rest of the core lengths.
The ©piston core CD-17-15 and the box core CD-17-32 were
split into two halves and subsampled at 5 cn intervals.
Samples of CD-17-30 were kindly provided by Dr. N.B. Price
of University of Edinburgh,again at 5 cn inter;als.All the

samples were kept in zip lock bags and brought to the
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laboratory. All the coreé were collected from the fegions
where bottom topography was reasonably flat.Core SK-20-185
is located in the eastern Arabian sea to the west of the
Laccadive—-Chagos ridge. A minor but significant salinity
reduction due to the NE monsoon circulation,takes place
during winter time close to this region.In this respect it
is a strategically located core Dbecause an important
objective of the present study was to look for evidences of
the stronger NE monsoon, if any, during the last glacial
maximum (T 18 kyr. back, see Chapter 1).Such a salinity
reduction also takes place near the west coast of India.
However, the present location was chosen in order to avoid
the influence of coastal processes and the Laccadive-Chagos
ridge pfobably acts as a barrier din this regard.Core
SK-20-186, on the other hand, comes from the equatorial
Indian ocean and represents an open ocean condition where
the glacial-interglacial amplitude should be dominated by
global effects of the ice volume signal and a minor
temperature change with little or no contributions from the
local effects. Cores CD-17-15 and CD-17-30 come from the
south of the Murray ridge but above the Arabian sea abyssal
plain. Interestingly, the former one shows several turbidite
sequences in its litholog (prepared by. the author),
eventhough it was raised outside the southern fringes of
the Indus fan. The latter (i.e. CD-17-30) core seems to be
free of any disturbance albeit it is closer to the Indus
fan. Core CD-17-32 was raised from the Oman basin.These

three CD cores come from the northern Arabian sea where the
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~salinity isb high and coastal upwelling plajs a dominant
role. If.’in the past thése local oceanographic conditions
had changed,their glacial-interglacial amplitude would have
been modified and can be compared with the southern cores
SK-~20-185 and SK~-20-186.

We think that during retrieval some of the core top (a
few <cm) was lost in our piston and gravity corers.While in
the Charles Darwin (CD) cores the loss could not be
estimated (owing to the small diameter (~ 10 cm) of piston
cores), in SK-20-185 and SK-20-186 (giant gravity cores),
this estimation was made.After retrieval of these two cores,
the top part was found to be sloshy and some amount of
sediment was sliuamped, at the top when the corer was made
horizontal. Considering the cross sectional area of the
corers and the total weight of sediment slumped, the loss
was estimated to be atleast 1-2 cm (knowing the density of
sediments ~ 0.7 gm/cc). Consequently the depths given to
different 1levels of the corers are apparent depths.Howgver,
it is difficult to exactly know the amount of sediments

lost during retrieval.

ITI.2. Separation of Foraminifera and Estimation of the

Coarse Fraction

Sediment samples were soaked in 10% calgon solution
overnight in glass beakers,and subsequently washed through
150 H m sieve with a distilled water jet.The fraction >150

Mm was kept in beakers,supernatant decanted and oven-dried
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at .6OOC.>TBe dry <coarse fraction (> -150}4m),consisting
mainlyv'tﬁe mature foréminifera, is then kept in plastic
vials. These samples were dry-sieved to obtain different
size fractions.Each size fractién of interest was spread on
a black plate provided with a suitable grid.Foraminifera
were picked up wunder a binocular microscope and kept in
”pyrei thimbles for isotopic measurements.
Based on test results (discussed later) we avoided
_roasting of the samples and cleaned the forams.only by
ultrasonic treatment. The distilled water, the medium of
ultrasonic treatment, was then absorbed by tissue papers.
Foraminifera (in pyrex thimbles) were subsequently dried at
150°C in vacuum,and taken for mass spectrometric analysis.
For est}mating the coarse fraction (> 150M m),sediment
samples were dried at 200°C in an oven.The dried sediment
was weighed and subsequently wet sieved to collect the >
150 4 m fraction.Care was taken not to use a strong jet for
sieving since it might break foram—-shells into fine
fragments. The dried coarse fraction‘was reweighed and its

percentage in the total sediment was calculated.

IX.3. Extraction of CO2 from Foraminiferal Calcite

In 1950, McCrea developed a technique to analyse oxygen
and carbon isotopes in carbonates which involves the

reaction of CaCO3 with 100% orthophosphoric acid (H3PO4).

The reaction can be written as,
25°C

3CaC03+2H3P04.__4>C33(P04)2+3H20+3C02T
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Evolved CQZ and HZO are quilibrated at 25°C.

This method requires a considerable time for
equilibration and the precision of isotopic measurement is
not high (see Section TII1.4). Analysis of foraminera from
ocean cores requires the rapid analysis of a large number
of samples with a high precision,since the total range in
the 5180 signal obtained from ocean cores is about ~
2 °/oo. Shackleton (1967) developed a procedure,which,unlike
the McCrea-method, is an on-line extraction system and
capable of analysing a large number of samples with a high
precision (see Section TII.4). An extraction line was
constructed for the present work,following the design of
Shackleton. The present system is based on the CaC03~H3PO4
reaction at 50°C followed by the immediate removal of CO2
from H,0. This is a kinetic process where the evolved CO2

2

and Hzp are not allowed to interact as in the case of the
25°¢ equilibration method.

100 % orthophosphoric acid was prepared from
commercially available Analar grade H3PO4 ﬁith specific
gravity 1.75. The method of acid preparation is shown in
Fig. 2.2.A flask containing commercial acid is connected to
a glass vacuum line pumped through rotary pump.The acid is
continuously stirred by a magnetic stirrer.Water of the
acid is collected by a liquid nitrogen (LNZ) trap.No
heating was employed while removing the water from HBPOA'
Eventhough McCrea suggested 1007 H3PO4 as the best acid to

get a highly reproducible isotopic data, Mook (1968)

eported that 95% H.PO

3 gives a better reproducibility.

4
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Shackleton and Opdyke (19735 recommended the use of 100 7%
H3P04' Recently Coplen et al (1983) suggested that HBPO4 of
density 1.9-1.92 should be used and this is equivalent to
103-105% H3P04. It is known that as the percentage of H3P04
in a solution, approaches 100%Z level,polymerization starts
(Such 1971). In fact, polymerization starts well before it

reaches 100Z (Wachter and Hayes 1985). The common steps

involved are:

2H3P04 — H4P207 + HZO

H4P207 + H3P04 —~——>-H5P3010 + HZO

. —
HSPSOIO + H3P04<T__* H6P4O13 + HZO

The most serious effect of this polymerization 1is
production of HZO molecule which may exchange with CO2
evolved from the phosphorolysis of carbonates, thus
affecting the reproducibility.However,in the present case,
this is mnot wvery important, because CO2 and HZO' are
immediately separated. But if the HBPO4 hés lot of HZO
molecules in it, the trap efficiency may be reduced.As a
result the separation of HZO and CO2 will not be complete
and some H, O may be ’carried through to the mass

2

Spectrometer along with COZ’ thus affecting the

reproducibility. For the present study density of H3P04 is

kept at 1.86 gm/cc such that its concentration is 99%.

Preparation of Mass Spectrometer Reference CO. Gas

2

For higher accuracy in experimental measurement of
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6—values, it 1is preferable to wuse a mass spectrometer
reference gas whose §-values fall well within the range of
$-values of the sampies.Owing'to the non-avaibaility of a
CaCO3 reference standard close to PDB (since sample values
are close to zero on PDB scale),it was decided to use CO2
extracted from a bulk foraminiferal assemblage din an
Arabian sea core top. Consequently, (0-2) cm. section
(Holocene) of the «core SK-20-185 was taken and wet seived
to collect > 150 Mm fraction consisting mainly of
foraminiferal shells.This fraction was soaked in 30% dilute
HZOZ and kept in a beaker overnight to remove the organic
matter. Subsequently it was filtered through a coarse (54)
Whatman filter paper,rinsed repeatedly with deionised Watef
and oven-dried at 60°C.Approximate1y 10 g. of this fraction
was taken for preparing the CO2 reference gas. The
extraction and clean wup system for this are shown in Fig.
2.3. Foraminiferal carbonate > 150 M m) is kept in a flask
provided with a side arm.Approximately 45 ml of 99%,H3PO4
is taken in the side arm.The flask is conneéted to a glass
vacuum line and pumped through diffusion and rotary pumps
for 3  hours.After evacuating, the sidé arm vessel is tilted

to drop H,PO on the carbonate sample to initiate the

3774
CaCO3—H3P04 reaction. The reaction was performed at room
temperature - BOOC). The acid-carbonate mixture was
magnetically stirred continuously so as to facilitate

complete reaction. Equilibration of CO2 and HZO was allowed
to proceed for 24 hours.To extract the CO2 thus produced

the flask was connected to the glass vacuum line.After
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'evacuatiop, the CO2 was ;eleased by opening stop—coék 1 and
collected in the cleaning trép between valves 2 and 3 with
the aid of LN2 (—196QC). All non-condensible gases were
pumped out through valve 2.After all CO2 was trapped, the
-196°¢ trap was replaced by an alcohol-acetone slurry,kept
at -80°C and LN2 is put in the trap between valves 3 and 4.
Stopcock 1 is closed,3 is opened and only CO2 is absorbed
in the second trap while H.O remains trapped in -80°¢

2
slurry. The CO2 is thus cleaned repeatedly through 3
consecutive traps as shown in Fig. 2.3 and finally
collected in a bottle by opening valves 7 and 8.This
purified COg, is expected to be free of water.This CO2 is
then transferred into the machine-reference CO2 reservoir
of 5 litre volume,fixed on top of the mass—-spectrometer so
as to give ~ 10 c¢m pressure. This gas is named as
Foram—-standard CO2 (FC). The ©purity  of the gas is checked

routinely by mass spectrometer and its & -values are close

to zero on (PDB) scale as expected.

On Line CO? Extraction from Small Samples

The gas extraction line designed and fabricated in PRL,
for the preparation and purification of CO2 from small
amount = of carbonates, is shown in Fig. 2.4.The thermally
insulated box was made out of Bakelite boards.After putting
997% HBPO4 in the acid vessel,it was pumped through valve 13
for 1 hour, so that the acid does not absordb or exchange

with HZO molecules present in the air.Carbonate sample,kept

in a gsmall pyrex thimble, is put in the reaction chamber

g
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";'connected below the acid vessel.The insulated box 'is kept

» o - o . .
at constant temperature 50 + 0.1°C with the aid of a

thermistor coupled to a RFL temperature controller (model
70A) and a heater. A fan inside the box,circulates air to
maintain the temperature uniform,which is monitored by an
indicator lamp as well as a thermometer. The reaction
chamber is evacuated through valve 1 by a rotary pump and
subsequently by a diffusion pump for 10 minutes through
valve 2,till the pressure goes down below lO_4 torr.

Afterwards valve 12 is opened to release a few drops of
acid on the carbonate samples and immediately closed before
the actual contact of acid with sample takes place.Reaction
starts and the evolved gas is made to pass through a large
spiral kept in a slush made of pure alcohol at -100°C.The
spiral separates HZO from CO2 and CO2 is collected in a
cold finger at -196°C. The entire reaction is completed
within 5 minutes and takes place at a very low pressure
10—5 torr.For porous foraminiferal shells the reactionvtime
was about 5 wminutes while solid coarser‘cafbonate (> 125
Mm) particles generally take 10 minutes for complete
reaction.

After CO2 was collected,valves 2 and 3 are closed,non
condensible gases are pumped out (via wvalve &) by a
diffusion pump. Subsequently valve 4 is closed and the LN2
trap in «cold finger is replaced by another small -100°¢
alcohol trap. This is a second cleaning after majority of
H20 is trapped in the big spiral.The CO2 then is passed
through another smaller -100°%¢ alcohol spiral (3rd
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véleaning) and collected in a LN2 cold finger,nekt to.valve
6.After all the 002 is colleéted'in this second cold finger,
valve © is closed and LN2 trap ig removed.The cold finger
is heated by a hot air—gun.CO2 is refrozen by LN2 and again
checked for non-condensible gases.Fipally,fourth cleaning
step by the small -100°c alcohol trap is employed here
before taking the CO2 into the mass—-spectrometer inlet cold
finger.

During the initial stages of analysis a major problem
was encountered. A pure CO2 gas shows typical 3 peaks of
masses 44, 45 and 46 in the spectrum.At the early phase of
work, the CO2 gas was cleaned in three steps and in the mass
spectrum, one more additional peak of mass 43 appeared
(having the same peak height as mass 46).Some simulation
experiments were done to jdentify the species of mass 43 ,by
running pure CO2 as /well as CO2 contaminated with waterT.
While, the former did not show any extra peak,the latter did
show a QB peak.However, the species could not be identified
properly, though it was concluded that water (H205 is
responsible in some Wway for the production of the mass 43

peak.This had 2 bad effects:

1. After a prolonged contamination with HZO vapour, the
source current stability became poor.Upon opening the
source, the filament was found to have a black coating,
which might Thave been responsible for fluctuating
electron emissions (source current fluctuation of 0.2

to 0.3 mA was observed).
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Presence of HZO and the associated 43 mass drastically

affects 813C value but not the 55180. It has been

observed that a contaminated CO2 gives a highly
13

depleted 8 C value.

The cause of this minute HZO contamination was the
inefficient trapping of water vapour by the big spiral trap.
For the present work the cooling was done by adding LN2
continuously in the slurry to keep it at -100°C.1f a
thermal gradient is produced in the trap and temperature is
not =-100°C all over the spiral,its efficiency would not be
100%. Consequently some amount of HZO might be carried
through to cold finger along with C02.

However, this problem was overcome by introducing a 4th
cleaning step. Often COZ—HZO form clathrets and by mefely
putting a -100°c trap,it is not possible to separafe them.
Hence in the final stage, gas was heated by hot-air gun,
refrozen in cold finger by LN2 and subsequently released by
putting the cold finger at -100°C to introduce pure CO2
into mass spectrometer. At this stage the H20 amount is
extremely small and does not cause any significant isotopic
exchange with COZ.In all the measurements reported in this
thesis the C02 gas was dried thoroughly and the 43 mass
peak did not show up.For every sample the mass spectrum was
taken with a chart recorder.

The present system is capable of analysing as small as

0.5 mg carbonate, but in general 1.5 to 2 mg of carbonate
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sample ‘have been analysed on a regular basis.In most cases,

it was difficult to weigh the carbonate samples due to

their small quantity.However,the yield of COé in all cases
are presumably close to 100%, since the reaction is
completed very quickly (~ 5 minutes).About 10-15 samples
were analysed per day routinely. Reproducibility of the
gQValues in the daily run of one or two standards as well
as occasional replicate analysis of pure homogeneous marble
acted as a check on the overall procedure.Blanks were also

checked periodically and found to be negligible.

IT1.4. Mass Spectrometric Measurements, Their Analytical

Precision and Reproducibility

Machine Standard

%180 and 513C were measured using a VG Micromass 602D
mass—spectrometer, relative to the foram-standard CO2 (FC),
which served as an internal standard.

Most of the measurements were done in the second half
of 1987 and in 1988.Initially one aliquot of FC of volume ~

~

10 cc at p 10 cm (between valves 9 and 10,Fig. 2.4) was

taken in the mass spectrometer's variable reservoir (VR).

This was sufficient to give major 44 current in the range
2 "'9 "‘9 .

x10 A to 5x10 “A. In the later stage of experiments two
aliquots were taken, since the pressure of FC in the
Teservoir decreased due to its continuous use.Once the FC

Was taken in VR, it was wused for 2 to 3 days.During the

Period of measurements i.e. from July 1987 to September
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1988, the- standard <carbonate gave reproducible wvalues

;(discussed later).

;,calibration to PDB via Secondary Standard

Prof. N.J. Shackleton kindly provided two standard
perbles, Z-Carrara and Marble-V (125-1804m) used in
; Cambridge as internal standard and whose D~values W.r.t.
fPDB are known. In the present work we used these 6—values
for <calibrating the laboratory standard against PDB.The

~values are, Z-Carrara % l80 = =1.79, %IBC = 2.18¢( O/oo)

- and Marble-V ‘5180 —1.02,%13C = 2.38 ( O/oo).An internal
. carbonate standard was also prepared from pure (MAKMARB)
Makrana marble of Rajasthan (< 150F4m).1n the present work
.Z-Carrara and Marble-v have always been routinely analysed
along with every set of samples. To check the

reproducibility of the extraction system from time to time,

replicate samples of MAKMARB standard were also run in a

single day. All the standards were stored in glass bottles
with air-tight screw caps and kept in an evacuated
dessicator.

S ~values of replicate MAKMARB rumns on two different

days are listed in Table 2.2 and the H-values of standards,

Z-Carrara and Marble-V,over a period of more than one year,
are listed din Table 2.3. The S —~values 1in single day
replicate runs of MAKMARB, as well as standard carbonates
analysed over a long period show that the overall
reproducibility of the system is + 0.1 ®/oo for both 5180

and %IBC. As can be seen from Table 2.3 that even after a
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6f one 'year; the s8tandard carbonate Z—Carrara and
had = not chahged isotopically and yielded the same

‘as  in the beginning. This shows that (1) the

reference gas remained fairiy unchanged despite use
depletion over the year,and (ii) carbonate standards
kgive reproducible values over quite a long period if
is taken to avoid ambient humidity.A comparison of the
;ét methods of CO2 extraction and analysis was made.Table
;4;‘ gives values of MAKMARB analysed in the 25°
onventional McCrea technique, before the on—liﬁe 50°¢
system was fabricated. Comparing values between Table 2.3
;nd 2.4 it 1is clear that reproducibility of & -values in
Ehe present system 1s better by about a factor of two.

All the raw data are subjected to Craig (1957)

correction and then converted to PDB through the following

_equations:

X FC b S FC
18 18 18 18 -3
= 0pg * & Oppp + 9 0L - O 0, . 10
\Y%
FC FC M-V/Z-C 18 'C 1g M V/27C
- ¢18, _ ¢18, C L g18g S OM—V/Z—C &
. PDR d M-V/Z-C PDB
_ 18 _,16

_Vhere x = 0/770 ratio in the sample,FC = Foram Standard

€0,, M-V = Marble-V, Z-C = Z-Carrara. g 80X

18 FC ,
,5 M-V /Z-C is also measured everyday along with a set of

SlBOMDV/Z € values are known and hence %18 gDB

calculated.For the sample data generated between 31-7-87

is measured
FC ?

_ Bamples. can
 be

to 7-9-88, grand mean values of Z-C or M-V with respect to

.10



Table 2.2
Typical Examples of Delta Values of Standard MAKMARB

Carbonate Run on Single Day

18 0 13 0
% OPDB /oo 8 CPDB /oo
~10.39 3.77
~10.10 3.97
~10.30 3.79
, ~10.16 3.90
1-3-88 ~10.39 3.95
~10.24 3.98
~10.29 3.99
-10.24 4.02
~10.33 3.93
~10.28 4.01
Mean' ~10.27+0.09 3.9340.09
~10.31 3.91
~10.39 3.84
13-4-88 ~10.61 3.99
-10.21 4.03
~10.24 3.86
~10.40 3.79
~10.29 3.98
~10.39 3.84
Mean' ~10.3640.1 3.91+0.09

Uncertainties given are one sigmas.




Table 2.3
. E *
8180, %IBC Values of Carbonate Standard Z-Carrara
%
and Marble-V

(provided by N.J. Shackleton) analysed in PRL

Date Z-Carrara Marble-V

%IBC ®/00 8180 °/o0 %lBC °/o0 8180 °/o0

0.38 ~1.96 0.53 -1.16
0.58 -1.98 0.65 ~1.24
0.40 ~2.00 0.52 ~1.20
0.51 ~2.03 0.60 ~1.36
0.54 -1.81 0.59 -1.35
0.48 -1.84 0.59 -1.32
0.55 -1.78 0.58 ~1.26
From 0.59 -1.79 0.62 -1.07
31-7-87 0.60 ~1.93 0.65 ~1.08
0.47 ~1.94 0.62 -1.05
7-9-88 0.60 ~1.90 0.68 -1.31
0.53 ~1.80 0.68 ~1.20
0.43 ~1.70 0.57 -1.10
0.48 ~2.07 0.52 ~1.10
0.43 ~1.74 0.72 ~1.10
0.57 ~1.77 0.73 ~1.13
0.54 -1.81 0.73 -1.28
0.51 -1.91 0.58 ~1.18
0.51 -1.71 0.70 ~1.20
0.51 ~1.80 0.69 -1.11
0.46 -1.77 0.58 ~1.13
0.58 ~1.66 0.49 - -1.18
0.54 -1.83 0.61 ~1.03
0.47 -1.78 0.47 ~1.12
0.50 ~1.65
0.50 -1.81
Mean' 0.5140.06  -1.83+0.1  0.61+0.08  -1.18+0.1

*
With respect to Foram-standard CO2 (FC)

Uncertainties given are one sigmas.



. Table 2.4

Run of Standard MAKMARB# IN 25°C (McCrea) Systenm

813C °/oo0 8180 °/o0 613C °/oo 6180 °/oo0
1.74 ~7.56 1.41 -8.34
1.50 ~7.98 1.46 ~8.43
1.56 -8.02 1.40 ~8.01
1.60 ~7.77 1.42 ~8.19
1.60 ~7.81 1.28 ~8.48
1.80 ~7.36 1.43 -8.06
1.29 ~8.20 1.35 -8.31
1.38 -8.31 1.26 ~8.60
1.48 -8.05 1.37 ~8.67
0.88 ~8.85 1.43 ~8.95
27-2-86 0.97 ~8.91 1.30 ~8.06
1.52 ~8.27 1.22 -8.29
1.60 ~7.75 1.38 ~8.36
1.58 ~8.03 1.02 ~9.18
1.46 -8.22 1.61 -8.54
1.63 ~8.03 1.60 -8.54
1.39 -8.41 1.68 ~8.39
0.90 -9.37 1.39 -8.62
1.43 ~8.40 1.33 -8.32
1.49 -8.09 1.51 -8.38
1.48 ~8.43 1.53 ~8.45
1.52 ~8.79 1.49 ~8.76
1.46 -8.42 1.64 ~8.47
1.44 ~8.41 1.36 ~8.89
1.45 -8.42 1.33 -8.89
1.59 ~8.06 1.28 ~8.89
1.41 -8.35 1.54 ~8.60
Mean® %0 = -8.38 + 0.30 S 13¢ = 1.43 + 0.20
O 18QMARMARB _ 14 5840.3, GLIcMARMARB _ 4 ,q.4 )
PDB — PDB L

# Against Toilet Seat Limestone Standard

Uncertainties given are one sigmas.
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FC were taken to calculate sample é;-values w.r.t. PDB.

This conversion method Adoes not require the direct
calibration of Foram-Standard - and takes care of any
fractionation in reference CO2 gas.Thus two sets of values
with respect to PDB were obtained.One via Z-Carrara and the
other wvia Marble-V. In most cases,these values were pretty
close and an average was taken (see section on
interlaboratory comparison). All data in this thesis are
reported with respect to PDB.Errors given in tables are one
standard deviation. The measurements were done with a
variety of controls and checks,some of which are described

below:

1. Z-Carrara and Marble-V standards were run regularly,

along with every set of 10-15 samples.

2. Replicate measurements were made for most of the
samples.
3. Blanks were measured periodically and kept at a

minimum by cleaning the extraction line regularly.The
extraction line has an inherently low blank since only
greaseless stop cocks with viton 'O’ rings (Kontes)

were used.

4. The machine performance was checked routinely
(capillary balance, zero enrichment, through wvalve
leakage and cross-mixing in the change over valve

etc.).
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5. Since  water contamination during acid extraction of
CO2 proved to be the only major problem during initial
testing of the liﬁe,mass spectrum of each sample was

taken as a routine check to see the presence of mass

43 species.If 43 mass was found,the run was rejected.

Interlaboratory Comparison of Standards

In addition to the tests cited above,it was necessary
to check our measurements for systematic errors.It has been

done in two ways:

1. Knowing the Z-Carrara and Marble-v values w.r.t. PDB,
Foram—CO2 standard was calibrated through both these
marble standards and compared.Additionally NBS-20 and
Paris sirap were also run to calibrate FC gas.This

calibration of FC was, however, mnot wused for

converting sample values with respect to PDB.

2. Also the standard (MAKMARB) prepared in our laboratory

was sent to another laboratory for measurement.

Table 2.5 gives a list of such an dinterlaboratory
comparison of MAKMARB standard and comparison of gas
reference standard through different standard carbonates.

It 1s seen that calibration of gas reference standard
against PDB via several secondary standards agrees well
among themselves within experimental errorsj;also the PRL
Value of MAKMARB standard agrees well with value quoted by

Godwin Laboratory (Cambridge) of Dr. Shackleton.Calibration
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- yia Z-Carrara and MarblerV gives very close values for same
samples. The 0 wvalues of Foram—-Standard (C02) (FC) are
very close to those of sample foraminifera i.e. close to

zeroOe.

A Few Notes on the Mass Spectrometric Measurement of

_C_(_)z

1. During the analysis of small amount of carbonate
sample it was observed that the depletion of sample
CO2 gas was faster than that of reference,over a
period of time when wusing machine cold-finger. By
eliminating the chance of through valve leakage and
introducing the same amount of gas on either side cold
fingers, it was found that sample cold finger had =~ 157
less <volume than that of reference cold finger.To
overcome this, a <circular groove of 0.075 ml was made
between the raised head and knife edge on cu-seat
valve of sample inlet side.This extra volume made the
sample cold finger volume equal to that of the
reference cold finger.In this condition both reference
and sample gas depleted equally even after a long

period 1i.e. major current (44) difference was within

the prescribed limit of 17%.

2. Since it was not feasible in this on-line system,to
weigh and measure the yield of CO2 from small
carbonate samples, the ion—gauge pressure (IGP) and

corresponding major current intensity could not be
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predetermined accurately for each sample.vThe major
current could vary anyﬁhere between 1.5 x 10—9A to 5 x
10 °A range. Possible effect of this variation on the
§-value was studied by noting the change of isotope
ratio with the variation in the major current and the
variation of.major current with the change in pressure
of gas in the mass spectrometer determined by the ion
gauge. Fig. 2.5 shows the plot of IGP vs. major current
as well as major current vs. 46/44 ratio.As can be
seen, the isotope ratio remains essentially constant
between current 3 x 10—9A to 5 x lOugA.Major current
increases linearly in this range with respect to IGP
and the isotope ratio remains constant.Hence samples
were usually taken in such quantities that the
extracted CO2 gives a current between 3 x 10_9 and 5 x

10’95.

In some samples current in the above range could not
be obtained by wusing the cold finger (either too low
or too high) and the ion repeller,electron voltage

were adjusted to get the proper current.

To calculate the final.slvalue,B sets of reference and
sample isotopic ratios Were printed out from a set of
isotopic measurements. A microcomputer’ fabricated in
our laboratory .was attached to the machine, which
enabled a quick calculation of the $~values and the
standard deviation for each run. This standard

deviation (16*), which was the precision of mass
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spectrometric measurement, was better thaﬁ + 0.01 °/o0
fof l813C and + 0;02 ®/o0 for 8180 for samples of
reasonably large .amount (~ 0.07 litre at 4 cm.
pressure). When same gas was run several times (e.g.
laboratory check standard) the reproducibility of the
measurements was same as the precision of the
individual run, given above. However,when cold finger
was used, reproducibility was better if six sets of
sample and reference isotopic ratios were taken.Table
2.6 gives the reproducibility obtained by running same
gas in cold finger condition but with variable number
of sets of ratios. These results clearly show the
effect of statistics on data reproducibility.In VG
Micromass 602D version,45/44 and 46/44 mass ratios are
measured one after the other,not simultaneously as in
the triple collecto; VG Micromass 903.While measuring
small samples fhe sample depletion was considerable
and it‘ was not \possible to take six sets of ratios;
instead 3 sets of ratios were taken. This is the

probable reason of having an overall reproducibility

of + 0.1 °/oo.
18 13
IT.5. Effect of Sample Pretreatment on $770-% 7C Values

Effect of sample ©pretreatment on 8180—E}3C has
been discussed at 1length by Duplessy (1970). The
techniques adopted by different laboratories are not

always the same but in general comprise of:
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(i) Soaking.in dilute H /Chlorox

0
272
(ii) VUltrasonic treatment for a few seconds

(iii) Roasting at high temperature (~ AOOOC)

in vacuum.

Apparently no difference 1is seen between treated and

untreated samples when one is dealing with pure CaCO3

(Dupiessy 1970), while dimpure CaCO3 like Fletton and

NBS-20 show significant difference. It 1is also not
known whether 100% H3PO4 has any effect on organic
matter which «can produce mass species in the mass
range 43-47 and bias isotopic ratios of carbonates.
However, some laboratories use so-called "green acid"
il.e. H3PO4 containing crystals of chromium trioxide.

Chromium trioxide changes to chromic acid,which is

highly oxidative and reacts with organic matter to

produce CO2 (D.S. Introne, U.C.S.D., personal
communication, 14.1.88). In general, pure H3PO4 is
unlikely to produce any CO2 from organic matter.

Nevertheless, almost all 1laboratories try to remove
organic matter by. some treatment. Some Troast under
vacuum at 400°C (J.C. Duplessy,personal communication,
3.1.88), while others roast under helium (Epstein et.
al., 1953). Other methods include soaking the sample in
dilute chlorox (Emiliani 1966), or in 10% H,0, (N.J.

272

Shackleton, personal communication, 30.12.88) both of
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which may partially dissolve thé carbonate (op-. éit.).
In contrast a few 1aborétories do not treat the
samples at all for removing organic matter (W.H.
Berger, personal communication, 14.1.88). However,all
laboratories employ wultrasonic treatment to remove
adhering carbonate particles inside the foraminifera
which may have wvery different 1isotopic composition
(for example, coccolith particles within Dbenthic
shells), thus biasing the actual ratio.The sample is
soaked either in methanol or distilled water and
ultrasonic treatment 1is given to dislodge extraneous
particles. The time of wultrasonic treatment is kept
nearly constant (a few seconds) since strong agitation
may break the. shells and some part of the sample may
be physically lost.

During the course of this investigation, some
experiments were done to determine the effect of
various types of pretreatments on 8180—813C values: of
carbonates. Samples were soaked in H202 fér 1/2 hour.
After adsorbing the H202,samp1e was rinsed thrice with
methanol and roasted at high temperature (~ 4200C)
under vacuum (~ 10—6 torr).Fig. 2.6 shows the roasting
system. Samples 1in pyrex thimbles are kept omn a steel
holder and inserted in a quartz tube.A heater provided
with a temperature controller (APLAB,model 9601) is
mounted on a trolley and can be moved back and forth.
The quartz tube is inserted within the heater after it

acquires the required temperature.The quartz tube is
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conne;ted to a. glass 1line evécuated by fotary and
diffusion pumps.Evolved gaées from roasting of organic
matter dis collected in a LN2 trap.The average roasting
time is about one hour.Samples have also been analysed
without roasting. Analyses have been done on samples
with and without wultrasonic treatment.In addition an
experiment was carried out to see the effect of
organic matter on sample values.Results (along with
pretreatment technique employed) of these analyses. are
given in Table 2.7.

It 1is evident from Table 2.7 that there is no
difference in 5180 between treated (roasted) and
untreated (unroasted) samples on pure marbles as well
as powdered and homogenised foraminifera samples from
Holocene and deeper levels of both the cores SK-20-185
and SK-20-186. Organic matter does not react with pure
H3PO4 to produce 002 and therefore no difference was
observed between treated and untreated mixtures of
organic matter and carbonate. Hence it is concluded
that roasting of forams is probably not necessary when

one is using pure H,PO,.Also no difference in &-values

3774
was seen between samples with and without ultrasonic
treatment, perhaps indicating that for planktonic
foraminifera, secondary carbonate particles do not bias
their isotopic composition. However,this might not be

always true and hence for the present study following

procedures have been routinely employed:
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1. Ultrasonic treatment of foram—-tests in distilled water

and subsequent absorption of water by a tissue paper.

2.7 Drying the tests under vacuum,at 150°C for one hour in

the roasting system.

Finally the problem of grain size has to be discussed in
some detail.Various workers have shown that different grain
size fractions of the same carbonate tend to show different
values for 8180 and SlBC. The variation may be from 0.2
to as large as 0.7 O/oo (Duplessy 1970). Most of these
workers have used McCrea's 25°c method.In Shackleton's 50°cC
method, however, no systematic variation is observed with
grain size. At SOOC, reaction rate 1is very fast and all
carbonates get quickly digested, where the evolved 002
probably has an isotopic composition irrespective of grain
size.

Recently Barrera and Savin (1987) have reported marked
changes in isotopic composition in fine graiged carbonates
(< 10 ﬁ(m), when dried from distilled water;This has been
observed when carbonates were dried even at room
temperature. However, the effect is not seen when carbonate
samples were dried from acetone.Foraminiferas are composed
of the fine calcite particles (X O.5fxm).Aggregation of
these particles significantly reduces the surface
area/volume ratio. When a foram test is subjected to
internal dissolution, this surface area and corresponding
Porosity and permeability increases.In that case the drying

of foram samples from distilled water may offset the



Results

Table 2.7

of the Sample Pre-Treatment Experiments

| %;18

PDB

Pretreatment

0 O/oo

%l3C ° /00
PDB

cm. level, Holo-
cene, 100 (>400
m) G. sacculi-
fer, powdered
and homogenised

SK-20-185,(70-75)
cm. level,

100 (>400 M m)

G; sacculifer
powdered and
homogenised

SK~-20-186,(6-7)
cm. level, Holo-
cene, 100 (>400
Hm) G. sacculi-
~ fer, powdered
and homogenised

"

 SK-20-186, (6-7)
cm level, Holo-

~_ cemne, 130

~ G.sacculifer

'”()400f4m)

No ultrasonic
treatment pre-
treated with
HZO , methanol
and roasted

No treatment,
no roasting

No ultrasonic
treatment, pre-
treated with
HZO , methanol
and roasted

.79+0.1(10)

72+0.1(6)

No treatment, =0.56+0.1(8)
no roasting
No ultrasonic -1.68+0.1(9)

treatment, pre-
treated with H202
methanol and
roasted

No treatment, -1.
no roasting
With ultrasonic -1.

treatment

(all the shells),
pretreated with
HZO , methanol,
roasted and subse-
quently powedered
and homogenised

540.1(11)

68+0.1(8)

-1.740.1(10)"  2.17+40.1(10)

2.23+0.1(10)

2.040.1(6)

2.140.1(8)

2.040.1(9)

1.98+0.1(11)

2.05+0.1(8)




~20-186,(25-26)
. leVe'l, ,
(D4LOOH m)

. sacculifer
omogenised

$K-20-186, (25-26)
n level, Holo-

ene, 130

. sacculifer

(>400 f m)

‘ure Marble
 (MAKMARB)
mixed with
_Organic matter

No ultrasonic
treatment, pre-
treated HZO ,
methanol ané
roasted

~0.79+0.1(8)

No treatment,
no roasting

~0.68+0.1(9)

With ultrasonic
treatment

(all the shells),
pretreated with
H202, methanol,
roasted and subse-
quently powedered
and homogenised

~0.64+0.1(10)

With ultrasoniec
treatment,
pretreated with
H202, methanol,
roasted

~10.3+0.1(7)

No treatment,
no roasting

With ultrasonic
treatment,
pretreated with
HZOZ’ methanol,
roasted

~10.44+0.1(5)

No treatﬁent,

=10.37+0.1(5)
no roasting v

.01+0.1(8)

.98+0.1(9)

.974+0.1(10)

19140.1(7)

.89+0.1(6)

.89+0.1(5)

.88+0.1(5)

Organic matter is obtained from Prof. §S.
marine plankton,

Number in parenthesis is the number of measurements.

Krishnaswami,
pretreated with mild HC1l to remove CaCOB, if any,
and dried before mixing with marble powder.

(300-600) Mm
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jsotopic values (op. cit.).In the experiments of Table 2.7,
foram—tests have been powdered, homogenised, treated with
H202~methanol and subsquently roasted. No difference in
:gg—values is seen between suchv treated and untreated
_foram—-powder. These have ©been done at several levels from
_two different cores,along with pure marbles.It appears that
these pretreatments do not change the isotopic composition
of a complete test by dissolution - reprecipitation

mechanism of isotopic exchange.
II.6. Estimation of Calcium Carbonate

Calcium carbonate estimation was done, following the
standard procedure (Barmes 1959). A known amount of dry,
powdered sediment sémple (T 100 mg) was taken for analysis
and subjected to 2% acetic acid 1leaching in Dbatches.

Centrifuged, clear solution was made to 100 ml. and titrated

against 0.0l M standardised EDTA. The reproducibility of
CaCO3 measurement,estimated from both replicate analyses of

standard carbonate and sample is + 17%.

IT.7. Radiochemical Analysis of Sediments for U-Th

Series Isotopes

A  known quantity of sample (- 5 gms),finely powdered
and ovendried at 110°C was brought into solution by HF,
HC10 HC1 and HNO, treatment and finally taken in a 9M HC1

42 3
solution. Prior to acid digestion,228Th/232U equilibrated
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spike was added to monitor the chemical yields of Th and U
: fractions respectively. Apprbximately 250//1 of this spike

(containing 7 17.7 dpm'232U

Anl),was used.From the solution,
}‘~Th and U were separated on an anion exchange column
(DOWEX-1x8 100-200 mesh, €l form) and purified following
the procedure of Krishnaswami and Sarin (1976).Chemical
}yields for both Th and U fractions were above 70%.The Th
and U were electroplated on platinum planchets.
Concentrations of Th and >U isotopes were determined by
alpha-counting on a solid state silicon surface barrier
detector, coupled to a ND10O pulse height analyser.Standard
U-Th sources were periodically counted to check the
stability of the system.Overall counting efficiency of the
system was‘ 27.2 + 0.7%Z.Error associated with the data was
only due to uncertainty in counting. Fig. 2.7 gives the
flow-chart of U~Th extraction?

I11.8. 14C Measurements

14C measurements were done on bulk samples at the

Birbal Sahni 1Institute of Palaeobotany (BSIP),Radiocarbon

Laboratory, Lucknow. Sediment samples were hydrolysed using

10%Z HC1l.Evolved CO2 was purified,converted to methane (CHA)
14

and assayed for its C activity din gas proportional

counter (Rajagopalan and Vishnu-Mittre 1977).Since most of

the samples were calcareous ooze,enough CO, was available

2



SEDIMENT SAMPLE
~5 g

|

228,“ 232

ADDITION OF - U SPIKE

ACID DIGESTION USING HF, HC104. HCI, HNO3

AND FINALLY TAKEN IN 9M HCI

ANION EXCHANGE RESIN
AG-IX8, 9M HCl

l

COLUMN EFFLUENT+WASH
U+Fe+Pa, ELUTE WITH TH & SALT,ADD -
0.5M HC1, DRY, ADD CONC. HNOS. DRY
CONC. HNO3, DRY, TAKE TAKE IN "7M HNOB
IN 7M HNO3
AG-1X8, 7M HNO3
r M
EFFLUENT + WASH COLUMN COLUMN EFFLUENT
(Fe) DISCARD U + Pa Th + WASH,
DISCARD
ELUTE WITH
0.5M HCI ELUTE WITH
0.5M HC1

DRY, ADD HCl, DRY
& TAKE IN 9M HCl

AG-1X8, RESIN

9M HC1
COLUMN ' EFFLUENT
U + Pa DISCARD
ELUTE WITH
9M HCl + HF
COLUMN EFFLUENT, Pa
U DISCARD

ELUTE WITH
0.5MHC1

ELECTROPLATE ON 2.5 x 0.0025
PLATINUM PLANCHET WITH 1ml.
0.01M HNO, + 2mINH, CL 4 ZmlUNH ), G, O,

Fig. 2.7 : lIon exchange separation and purification
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for counting.In case of clayey sediments and/or less sample

,quantities, dead CO2 was_mixed and counted.Error in the age

estimation is typically 1 to 57%.



CHAPTER TII

RESULTS AND DISCUSSION




CHAPTER III

RESULTS AND DISCUSSION

Results of wvarious measurements carried out in the
present work are presented in this chapter and their
implications are discussed.For the sake of convenience,this
chapter is broadly divided into three sections.The dating

. . . 14
of sediment cores based on different methods viz. C,U-Th
' . . 18 , . . .
series isotopes and © "0 stratigraphy,is discussed in the
first section. Oxygen isotope Tresults of samples from the
cores and important palaeoclimatic results obtained from
these data are discussed in the second section.The third
section deals with carbon isotope variation in the samples

and down core calcium carbonate measurements and their

relation to oceanic carbon cycle and productivity.
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1I1.1. Geochronological Studies of the Sediment Cores

- 14
71I.1.1. Determination of Accumulation Rates from C and

E}SO Stratigraphy

140 dates on cores SK-20-185,SK-20-186 and CD-17-30,

are presented in Tables 3.1 to 3.3.

A plot of 14C ages against depth for core SK-20-185 is
 shown in Fig. 3.1.The best fit line through the data points,
taking into account the measurement error in 140 ages and
the spread 1in sampling depths,gives a sedimentation rate
(8) of 2.2i0.1 cm/kyr. The goodness of fit shows that the
average sedimentation rate can be considered to be constant
over the last 30 kyr at this location.A similar plot of 14C

ages versus depth for core SK-20-186 is shown in Fig. 3.2.
‘Tn this core, a distinct change in accumulation rate is
‘observed at 22.5 cm, corresponding to about 14 kyr.,
(glacial-Holocene transition). The observed sedimentaiton
rate during the Holocene is 2.4 + 0.1 cm/kyr,an increase by
a factor of 4 compared to that observed duriﬁg the glacial
period (S = 0.6 + 0.1 cm/kyr).Another change is observed at

30,5 cm  (i.e. ~ 27 kyr), the sedimentation rate at the

deeper levels being 1.6 + 0.4 cm/kyr.The 14C age of top

samples in cores SK~20-185 and SK-20-186 are 4.0 + 0.1 and

5.2+ 0.1 kyr respectively.Such older ages are typical of

. . . , 14
cores with bioturbation. However, in both these cores, C

activity shows a continuous decay and no plateau in the

ages is found near the core top.This observation argues



Table 3.1

Radiocarbon Ages on Core 5K-20-185

Age

(kyr)+

4.0 + 0.1, 4.2 + 0.17

4.8 + 0.1

6.4 + 0.2

8.8 + 0.4

12.9 + 0.4

13.3 + 0.2

15.6 + 0.2, 16.5 + 0.3%, 15.2 + 0

18.2 + 0.3

20.0 + 0.4

22.8 + 0.5, 19.7 + 0.8%, 23.5 + 0
45-50 25.3 + 0.7
65-70 27.7 + 1.2

Measurements made on bulk samples

> ISOfAm fraction—ages

2

> 63ﬁ(m fraction—ages
3

< 63[4m fraction—ages
+

A half life of 5730 + 40 years was used to

calculate the age.




SK-20-186

Rédiocarbon*>Ages on‘Core
”7;;;;;#~ Age
(cm) (kyr)
e -
0-2 5.2 + 0.1
5-6 6.6 + 0.1
14-15 10.2 + 0.1
22-23 13.6 + 0.2
26-27 19.8 + 0.3
30—31 27.4 + 0.7
37-38 31.1 + 1.3
42-44 36.1 + 2.2
72-77 >40
97-102 >40
Table 3.3

. ,
Radiocarbon Ages on Core CD-17-30

Depth

Age

(em) (kyr)"

30-35 10.4 + 0.2
50-60 14.8 + 0.6
95-105 18.1 + 0.5
175-185 30.0 + 1.9

Measurements made on bulk samples.

calculate the age.

A half life of 5730 + 40 years was used to



TSS0ONO ... e ,
o ~+:~m £ %cmm teiuyg

SBWS TS 8UO Se uaal1d sge SI0Jay] [
Z0°0+S0"T 7S°0+5¢°¢ 90°0+¥L"€ 90°0+00°¢€  Z0'0+8S'T  £0°0%9g°T Pr1v SPTI-CF I
Z0°0+0T" 1 GET0*0LTZ  L0T0FELY S0°0+*8Y°L  £0°0%LZ°2  £0°0%LZ°1 0°¢¥ STT-0%1
Z0°0+60°1 0€°0+0L"2 70°0+29" ¥ €0°0%90°T  L0°0%4v'e  zo'0 ez 1 0°9% 0TT-607T
Z0'0+50°T 0€'0+50"¢ 60°0+9T "% 80°0+08°7 20°0+87°T  70'0¥EC"T 95 06-59
Z0°0+00°T GE'0+Ig ¢ 70 0+7S ¥ 90°0+9Z2°€  Z0'0+97°1 0°'0+9€°T 8 zw 0L-59
T0°0+80°1 0E"0+EV "¢ 80°0+S6 ¥ GO"0+PL 1 €0°0+L8°Z  €0°0%99°1 0°6€ §6-08
200+ZT'T  0€°0+%6E°¢ 90°0+00°¢ E0'0+EE'T  LO°0%PS'E  £0°0+09°T '8¢ 05-5¥
10°0+60°1 0€'0+2Zv "¢ G0'0+9T°¢ €0°0+P6°0  90°0%€8°'F  20°'0%2G°T 0°6¢ SH-07
£0°0+90°T 0T 0+8L"€ 70'0+S9 ¥ LT'0*EF'F  20°0+L8°0 z0°'0+ee T 0°'T% 1€-67
€0°0700° T 0Z°0+ST"G 0T 0+96°G 81°0+0S'F  €0°0+18°0 €0°0%87'1 9°1g LT-G1
£0°0+E0" T 02°0+28°G 0T 0+0% "9 61°0+SL°€  20°0+85°0  10°0%75/°0Q S LY £-¢
POTO+TT T PZ 0+L2 "G 80°0+2L"¢ BZ'0+L9°%  20°0+SF°0  20°0%0L'0 5.9 z-1
70'0+8T'T Gz 0+pe-g 60°0+%8°G 12°0+92 ¥ 20°0+S°0  Z0'0+1L'0 5.9 I-C
(ws/wdp)
w@mm wMMuXm ﬁEwm%aUv HAMMMmL (w$ /udp) ﬁEm\EQUv D (wo)
fl 0€2 o€z dotem) n UL ¢ (%) Teadsjur
vEZ £ . Z n/4.L BET (AN 00ED yidag

= ~
S8T-0Z-)S 8109 Ut mm&opomH.Hﬂhlb JO BlR(Q

v'e 81qel




o011 AlIAaT10E

S810UBp uy

<

.shomm pelioddns-wuntuean Jo0J SuUT}08JIJ100 J81]B DOIB[ND[EBO ‘'SS80X8 shomm £

‘ .:Homm [el1og [4

"(sew81s 8uo se uaal8 sae saolae) sordues Ning uQ T

£ 0+%0G9°¢ 90°0%LEC" T P0°0%09°1 0E°0%06°¢€ ¢00F6¢€°0 20°0F0¢g°0 6'¥8 Lv1-271

0F"0%09°9 ST:0%06"¢ $0°0708 "¢ 0 0¥89" 9 ¢0'0%€S°0 Z0°0F7€"0 9°6L 26-L8

OBVOﬂOm.m 0Z2°0%00°'7F S0'0FLT ¥ 0 "0¥91°¢ ¢0"0FEv "0 10°0%SZ2°0 78 LL=TL

S6°0F08°0T1 0¥ 0%00°6 80°0%92"°S 0€"0%C26°¢ 2007970 10°0%SC°0 S v ¢S-08§

02 T0T1°GT 0S'0701"L LOT0+0€"L 050750 ¢L 20 0FLY "0 107070270 L°E8 £e-z¢

08°1%G6°LT cL0706° L 60°0F0T°8 0€°0%82°§ 20°0FPP 0 T0°0%52°0 818 2t-1¢2

.on.@a@m.wmv 96°0709°6 01°0+%28°6 0 0+ev ¥ ¢0"0FpC"0 10°0%€2°0 6't8 £c1-¢t1

0¥ "€%01°6¢C 058°0%0L°9 L0°0%€8°9 0S°0F1E ¥ ¢0°0%€2°0 10°0%91°0 8°L8 £-¢

08 €¥0T1°C¢ 00°1¥09°01 0T"0%€8°0T 0e 070€" ¥ 20'0%€E"0 T0'0%€Z°0 0°88 A

0L7€709°0¢ 68°0706"8 0T 0%01°'6 0 07G6°¢ 20°0%62°0 10°0%22°0 088 -0
(4v) ws /wd

w (w8 /udp) (wS/wdp) S o . ) (w)

ﬂmwm ﬁomm Nﬁomm TuSTem) (w mm p) (w \waE i (%) reAdaluT

i £ n/4l AN 8ET 0JeD yidsg

98T1T-0¢2-3s 8J0) ul s8dojosl _UylL-f1 JO ejeQ

I

g g aiqer




'4C AGE (K yr)
0 0O 20 30 40
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15 = —~
/—S=2.2cm/IO3yrs
~ i
e
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I
o
wJ A}ES - -
Q
60~ sk-20-185 |
75 | | |
Fin. 3.1 1aq ages with depth in core SK-
20-185. Sedimentation rate ($)

is obtained by drawing the best
fit line through the data sets

(S = 2.2+ 0.1 cm/kyr)
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- §= |.60m/I03yrs—~¥-r» B
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Fig. 3.2 146 ages with depth in core
5K-20-186. Note  the  breaks

(S = 2.4 £ 0.1, 0.6 = 0.1, 1.6 *

0.4 cm/kyr)
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against bioturbation/particle mixing as a cause for the

older surface ages.The only other explanation for the older

ages Wwould be to hypothesise that some part of the core top

was indeed lost during retrieval as mentioned before.

In  core SK-20-185,various fractions of sediments namely
bulk, > 63N m and < 63f4m fractions have been dated by
radiocarbon method, the significance of which will ©be
discussed later. In core SK-20-186 only bulk sediment was
"dated. For the sake of uniformity,in all cases only bulk 14C
ages have been used to calculate sedimentation rates.
However, the data in Table 3.1 indicate that bulk ages and

coarse fraction ages are nearly the same in the core

SK-20-1{5. Both these cores are foraminiferal oozes and
14 .

hence C ages should approximate the true ages of the

sediments. This 1isg corroborated when accumulation rates

based on radiocarbon dates are compared with those obtained

by %;180 stratigraphy. For all stage Dboundaries in 6180

Stratigraphies (see next section),SPECMAP dates have been
plotted against depth. For the core SK~20-185,this method
yields an accumulation rate ¥ 2 cm/kyr for the past 120 kyr
(Fia 3.3) and for the core SK-20~186, an average
sedimentation rate of 1.1 cm/kyr is obtained for the past
400 kyr (Fig. 3.4).The best fit lines in both the figures
do not pass through the origin,indicating that this method
gives the average sedimentation rates over a long time
Period but not the rates over past few kyrs.Though in the

tore SK-20-185, 8180 based rate and 14C rate agree fairly

well (2 cm/kyr against 2.2 cm/kyr),in the core SK-20-186,
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Fig. 3.3 : Sedimentation rate based on the
18 ) i

ages of & T 0O stage boundaries

at different depths for core SK-

20-185
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rate i‘las been calculated by drawing
a best fit line through all the data
points, neglecting the breaks

(6 = 1.3 = 0.1 cm/kyr)
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1180 based sedimentation rate "yields a lower value than

thét obtained by 14C in the upber part (1.1 cm/kyr against
2;4 cm/kyr).But if a best fit line is drawn through all the
lac data points, neglecting the breaks (Fig. 3.5),it gives
an accumulation rate of 1.3 + 0.1 cm/kyr,similar to that
obtained by the %5180 method.However,it is recognized that
. . 18 ,
the sedimentation rates based on & -0 chronology give
average rates over past several hundred thousand years;

14 ~
whereas the C rates are for the past

35 kyr,the 1limit
of conventional radiocarbon method. The similarity in
accumulation rates Dbetween 14C and %)180 methods is an
kindication that in these cores average sediment
‘accumu’ation rates have probably remaincd same over the
;past ~ 400 kyr.

The radiocarbon dates have been obtained for four

14

~different sections of core CD-17-30. 'C dates against depth

for this core are plotted in Fig. 3.6.The best fit line

gives a sedimentation rate ~f 7.7 + 0.6 cm/kyr.This rate .is
a factor of three higher than those of SK—ZO—185 and
SK-20-186. Core CD-17-30 comes from the western Arabian sea.
The high sedimentation rate can be interpreted in terms of
higher productivity associated with the monsoonal upwelling
in this area.

III.1.2. Determination of Accumulation Rates based on 230Th

(Excess) Method

To determine the sedimentation rate radiometrically

beyond the 1limit by 14C method (7 35 kyr) another method
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namely 230Th (excess) has been used.Similar to the oxygen
;SOtOPe stratigraphy, the 230Th(excess) method provides
on average scdimentation rate for the past 7 300 kyr.

~Th is a radioactive isotope,produced by the decay of
. . . . 230
present in the ocean.Being particle reactive, Th

removed from sea water to sediments on time scales of a few

of years.If the flux of 230Th to sediment surface has

remained constant over the dating interval (7 300 kyr),then

its activity would show an exponential decrease with depth

23OTh has not migrated in the sediments

i.e. the change in the 23OTh concentration with depth in

(time) provided

the sediment is only due to its radioactive decay.The half

flife of 230Th is 7.52x104 years and hence it can be used to

détermine the chronology of sediments deposited upto 300

kyr (Goldberg and Koide 1962). In addition to its

230T

~contribution from sea water, h in sediments can also

come from other sources, such as the radioactive decay of

234
L U contained in them. 23l“U in sediments arise from 23§U

inherited by them from their parent rocks/soils (commonly

termed as detrital wuranium) and 238U precipitated/removed

from sea water (termed as authigenic uranium).The 230Th

Produced by these uranium sources (termed as 23OTh

Supported) in the sediment ought to be accounted for,in

. , , , 230
_order to derive sedimentation rates based on Th excess

method. The detrital uranium component typically would have

234
; U/238U 234U 238U

activity ratio (AR) 0.95 - 1.00.The / AR

of authigenic wuranium derived from sea water would have a

Value 1.14 + 0.01 same as the activity ratio of the sea
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238U'

4ter. Therefore, the 234U

/

AR can serve as a tool to

égermine the source of uranium contained in the sediment.

Along with 238U, detrital phases.entering the oceans also

bfing finite amount of 232Th. This isotope has a long

alf-life 1.4x1010 years and is brought to oceans primarily

particulate phases.In addition to 230Th excess discussed

230T 232T

5b0ve, the h (excess)/ h ratio is also used to

determine the sedimentation rate of deep sea cores.

Criteria for identifying detrital and authigenic

~component of 238U in sediments

232Th 238U

Eventhough nd concentrations in crustal

materials wvary, the Th/U weight ratio centre around ~ 4
;(Faure 1986). Hence, a sediment made primarily of detrital

‘materials should have a Th/U ratio close to 4. These

detrital materials also transport 230Th,at levels close to

that in radioactive equilibrium with 238U.Therefore,the

230Th

amount of detrital in sediments is assumed to ‘be

equal to the activity of 238U in them.

In cases, where sediments contain 238U derived from sea
wWater, over and above the detrital component,the Th/U ratios
will be lower than that of the crustal value.In this case,
230 .

Th excess should be calculated by subtracting the

~tontributions from both detrital and authigenic 238U.Below,
We compute the sedimentation rate for the cores SK-20-186

and SK-20-185 after making appropriate corrections for

Supported 23OTh.



ore gK-20-186

The data for total 23OThl,232Th,238U and 230Th excess

various depths are given in Table 3.5.Also given are

QBOTh (excess)/232Th activity ratio and Th/U weight ratio.

238

for

1t is seen that U concentration is quite small (7 0.24 +

5;05 dpm/gm) and approximately constant throughout the core.
rom these data the average Th/U ratio of the levels 1is
,balculated to be 4.9 + 0.9 which is close to the crustal
yalue. As can be seen at all depths the Th/U ratio is close

to this value within experimental errors.Hence we can infer

. 238 . . . . .
that the entire U in this core is of detrital origin.

230Th excess in this core has Dbeen

. 0 . . .
computed, after correcting for 23 Th detrital contribution

'fby assuming its activity to be equal to that of 238U.Plots

of 230Th(excess) and 230Th(excess)/232Th

Consequently the

activity ratio

against depth are shown in Fig. 3.7. 23OTh(excess) is

plotted on a CaCO3 free basis.Regression analysis of the

data for the depth interval 12 to 147 cm yields a

sedimentaction rate of 0.6 + 0.1 cm/kyr for 230Th (excess)

(Fig. 3.7a) which is close to that obtained from activity

230 232Th

.ratio of Th(excess)/ i.e. 0.7 + 0.1 cm/kyr (Fig.

3.7b). Since CaCO,%Z in this <core does not vary much, bulk

3
230 , :
Th excess rate 1is also same as that obtained on CaCO3

free basis i.e. 0.6 + 0.1 cm/kyr.The concentrations of

2
30Th excess and 23OTh excess/232Th activity ratio in the

top four sectioms (0-1),(1-2),(2~-3) and (12-13) are quite
230

similar. Th scatter around a value of ~ 9 dpm/gm, a result

which can arise either due to bioturbation/particle mixing
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14

rapid sedimentation.The sedimentation rate based on C

or the top 22.5 cm core length is (2.4 + 0.1) cm/kyr.For
. . ) 230 ,

uch a high sedimentation rate, Th excess is not expected

show a measurable decay in these top sections,consistent
. : 230 .
ith our observations. The Th based accumulation rates,

1.6 - 0.7 cm/kyr for this depth interval i.e. 12 to 147 cm

about 507% lower than the yaC based rate of 1.0 + 0.05

cm/kyr for the depth interval 14 to 44 cm.

The U-Th isotope data for this core are given in Table
' 3.4. The Th/U weight ratio in these samples scatters

éconsiderably and at many depths it is as low as ~ 1.The

core sections with low Th/U ratio also have high 238U with

,234U/238U activity ratio of

~

1.14,close to sea water value.

. .This indicates the presence of authigenic wuranium at

several layers of «cores SK-20-185.Presence of authigenic

uranium in the <coastal Arabian sea sediments was reported
earlier (Borole et al.,1982b).
This .authigenic wuranium would also give rise to some

230
Th, in addition to its supply from wuranium in the

detrital phases. Consequently, the 230Th (excess) has been
computed by correcting for its contribution from both
detrital and authigenic wuranium. This has been done as
follows:

The top 5 sections viz. (0-1),(1-2),(2-3),(15-17) and

(29-31) ecm all have similar Th/U ratios which are close to

the crustal wvalue.The average value of Th/U ratio in these
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230

els is 4.32 + 0.35.The Th excess goncentrations.at

o : 3
¢e ~levels have been calculated by assuming that all 2 8U

of detrital origin.In the layérs below (29-31) cm where

/U ratios are much lower than the crustal value,detrital

fénium activity (UD) has been calculated wusing the
0110Wing relation:
232
U_ = _Th x 3

D 4.32x0.35

e measured 232Th concentration in each level was used to
alculate UD.

The authigenic uranium activity (dpm/g) (UA) was

calculated by subtracting UD from total uranium UT,i.e. UA

 UT - UD. Both the wuranium phases (UD and UA) would
céntribute to 230Th. The UD supported 230Th activity 1is
qual to Up- Since U, is deposited with .234U/238U ratio ~
14, the 230Th grown from authigenic uranium (UA) has been

lculated using the following relation (Ivanovich and

14C sedimentation rate (2.2 cm/lO3 yrs)

and sampling depth.

230T

he supported h  (grown from detrital and authigenic

S W P
. 238 238 e 230 )
230 _ (e -
U ___>\ t _)\230*7
[ - — 234 xO0-14
h A by
—+ 230 (Ei - €
> 230 )259
wh 238 _ . . . .
€re UA = activity of authigenic uranium
A = Decay constant
t = Age of sediment sections calculated based on
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phases) was subtracted from the measured 230Th, to get

‘230Th(excéés).

Fig. 3.8a gives the plot of 230Th(excess) concentration
; (on a CaCO3 free basis) againstvdepth.ln the top 3 layers
i.e. upto (2-3) cm the 230Th(excess) is nearly the same and
considerably higher than the values at (15-17) and (29-31)
cm. The data in this depth range (0-31) cm indicéte a very
élow accumulation rate. Thereafter, the activity of
230Th(excess) changes gradually with depth,indicating that
an apparent break 1in sedimentation rate may be considered
at (29-31) c¢m depth. However,lac based rate does not show
any such change (Fig. 3.1) at this depth.The best fit line
through all the data points (below 15-17 cm) yields a
sedimentation rate 3.4 + 1.3 cm/kyr. Fig. 3.8b shows the
plot of 230Th(excess) concentration in bulk sediments
against depth. Here too top 4 levels were not taken for
calculating the rate. The best fit line 'gives an

accumulation rate 2.5 + 0.5 cm/kyr.It is to be noted that

the scatter in the plot 3.8a is higher than the 3.8b.

I1I.1.3. Intercomparison of Sedimentation Rates Calculated

by Different Methods

The sedimentation rates of cores SK-20-185 and

SK-20-186 by three different methods are given below:



Theye (dpm/gm)

230

7 I 1
, d
50 - CCICOES FREE BASIS ]
K SK-20-185
I O — + ]
T ’
5 j I e
3.4cm/10° yrs ' %ﬁ
3 | | | |
10 I T T I ]
— BULK b ]
- SK-20-185
.-—+ -
5 it 4+ —_

T

| 25cm/ IO3 yrs

i

2
l | | | |
O 30 60 S0 120 150
DEPTH (cm)
Fig. 3.8 Variation  of 230Th excess  with
depth in SK-20-185.
a) On CaCO0, free basis (S = 3.4
+ 1.3 cm/kyr)
b) On bulk sediments (S = 2.5
£ 0.5 cn/kyr)
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SK-20-185. SK-20-186
_‘.w—“—_‘“ .

Method Depth Rate(S) Depth Rate(S)
Inter- ‘em/kyr . Inter- cm/kyr
val(cem) val(cm)

e 0-70 2.240.1  0-44  1.3+0.1

' (gross)
2303y excess  29-145 2.5+0.5 12-147  0.6+0.1
“~(bulk)

2307h excess  29-145 3.4+41.3  12-147  0.6+0.1

(CaCO, free

basis%

- 5%0 strati- 0-290 2.0 0-487 1.1

graphy

In core SK~20-185,the sediment accumulation rate based
on all the three methods are in reasonable agreement with

each other.The 14C and 6180 methods show a better agreement

with each other. The 23OTh excess method yields a slightly

higher sedimentation rate,however,the-associated errors are
large and hence the derived rates are probably compatible
with those derived from lZ*C and 8180.In core SK-20-186,

similar to that in SX-20-185, the 140 and 5180 methods yield

results which are in close agrement.The 230Th excess method

on the other hand yields an accumulation rate,” 507 lower

than that based on 14C.It is not clear why in both these

cores the 230Th derived sedimentation rates are slightly at

variance with those derived from 14C and 8180.Nevertheless,
the sedimentation rates of each of these cores by all the
methods yield values which are within + 50%Z of each other.
For «climatic interpretation, however, 14C based rates are
used.

- . . 230
In addition to sediment accumulation rate,the Th
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data also prpvideé information on the

ussing/erosion of sediments for a given core site.These
, ' 230

be done by comparing the obserwved Th excess flux at

site with that expected from its production in the

overlying water column. The flux of 23OTh precipitation is

iven by the following relation (Cochran and Osmond,1976):

F = DR A, A2
P 230 Azse
whefe Fp = 230Th production rate (dpm/cm2/103 yrs)
D = water depth in cm
C = uranium concentration in sea water = 3.3/Jg/l
R = uranium mass activity conversion factor
= 7.42 x 105 dpm 238U/gm
’x Decay constant of 230Th = 9.2x10_3/(103

230
| yrs)

' Al“‘ Activity ratio of 234U/238U in sea water

JAPRY
v = 1.14

n

Substituting the constant gives,
F = 2.6D
P

where D is water depth in km.

In a steady state condition,all 230Th produced in water

column should be deposited in the sediment and the

. 230 , .
dccumulation rate of Th in sediments can be calculated

from the following relation:
Fo=ASP

230

Where is predicted Th excess accumulating on

b

surface sediment,

, , 230
AO is the concentration of Th excess

observed on surface sediment
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S is the sedimentation rate, and
P is the in situ density. of sediment.

In cores SK-20-185 and SK-20-186,the recent deposition
230T 230T

h  has been calculated based on measured

14

4éxcess concentrations and C based (Holocene) sediment

flux of h

accumulation rates.

Calculated Fp and observed Fa values for these two

_cores are given below:

SK-20-185 SK~20-186
bepth interval (cm) 0-1 0-1
S (cm/kyr) 2.2 2.4
A_ (dpm/gnm) 5.34(bulk)  8.9(bulk)
CaCOB(%) 67.5 88.0
' -2 -1
Fp(dpm cm kyr 7) 6.5 9.1
F_(dpm cm”? kyr 1y 8.22 14.95 .

For both the cores, Fa was calculated on the basis of

23
OTh concentration in surface sediments i.e. (0-1) cm
‘ depth. In core SK-20-185, the 230Th accumulation is close to
. 230,
that calculated for a standing crop of Th din the
overlying water column. In core SK-20-186, however,ZBOTh

accumulation 1is higher than the calculated Fp value.But,

calculation of Fa based on the gross sedimentation rate
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e 1.3 cm/kyr) gives a value of 8.1 dpm cm—l kyr ~,which

close to the calculated Fp value.This indicates that

uring the Holocene the 230Th flux. is higher,either due to

ottom focussing of clay particles or due to the scavenging

230Th even by the CaCO, particles at the site of core

3

K-20-186.

III.2. Oxygen Isotope Studies of the Ocean Cores

The oxygen 1isotope data obtained on the five sediment
cores from the Arabian sea and the equatorial Indian Ocean
are presented in this section. An attempt 1is made to
intercompare the results from these cores and to derive
. . , 18

palaevclimatic information from them. The S 0 data are
given  in Table 3.6 to Table 3.13. For the sake of

. 13 . .

convenience % ~C data are also given in these tables but
their implications are discussed in a later section.Before
ve discuss the isotopic data for palaeoclimatic
interpretatons, it 1is dimportant to delineate the nature. of

intrasample variability and the ways to overcome it.

II1.2.1. Sample Variability and Reliability of Isotopic Data

as Climatic Indicators

In Chapter II, it has been shown that in the present
work, a typical experimental precision of + 0.1 O/oo has
been achieved. However, in mnatural samples of oceanic
sediments, foraminifera often show a variability in 8180 and

13
% C much greater than that resulting from the experimental

errors. In the initial phase of this work, only 5-6
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iﬁdividuals_ per aliquot were analyéed from a relatively
1érge size fraction i.e. 5 400 M m. The intrasample
variability for both %180 and %S;SC obtained from the

analysis of few individuals was as high as 1 O/oo.This is

:clearly undesirable, particularly when the climatic signal

-~

is only 2 °/oo in deep sea cores.

As a first approximation, when one considers only two
sources of error viz. analytical precision and intrasample
’variability, the total variance associated with these errors
ban be expressed as:
2 L

— (Killingley et al 1981)

2, . .
where G, 18 variance contributed by mass-spectrometer and
2

d; 1is variance contributed by the individual shells of

foraminifera. When Oég = 0.1 % oo, d =0.25 °/oo (taking

1 %/oo spread as 20 ),and n=5 (since 5 shells/aliquot were

analysed), CT}‘ = 0.5 °/00 i.e. about 2 °/oo spread (at
20 level) in § -values can be obtained in core SK~20—185,if
single shells of foraminifera are analysed.Causes of such
intraspecific variability are not very clear, though
sediment ’mixing by bioturbation, seasonal changes in the

water column properties,depth stratification and metabolic

effects have ©been proposed for such variations (Fairbanks

et al. 1982, Williams et al. 1979;Killingley et al. 1981).

While 4t is difficult to delineate the actual mechanism of
such wvariability, in practice it is overcome by analysing a

large number of individuals of a foraminiferal population
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killingley | et al. 1681; . N.J, Shackletbn, Personal
zommuniéafion,BO.12.1987;W.H.'Berger,personal communication,
i4.1.1988).

Consequently 1in the second phase of the present work,
iabout 30-40 individuals have been picked up for each sample,
{from narrow size ranges. Analysis of such large number of
individuals in a single aliquot, gives a signal which is
gyeraged over wide seasqnal and hydrographic variations and

_ the effects of the possible occurrence of discrete

iﬁdividual foraminifera with very different isotopic
éomposition, produced in different environmental conditions
t%fe also minimised. Table 3.6 gives the results of such
Lénalyses (replicates) for several depths in core SK-20-185.
As can be seen, this reduced . the effect of intrasample
variability. In the present study,the results of %}80 and
fS 3C used for delineating palaeoenvironmental information
 €ére all based on analysis of 30-40 individuals,run at least
’in duplicates. Mean intrasample wvariability for 300 such
k;duplicate analyses is about + 0.15 ®/oo for both 8180 and
13C. All the data on various cores presented in later
tables are the mean values of duplicates.

Besides choosing a large number of individuals for

dnalysis it is also important to pick up shells of a given

S8ize since isotopic composition is different for different

Size fractions (Berger et al. 1978b).Such differences arise

~ due  to the vertical migration of foraminifera through the
Yater column during the ontogenic development.Since the

~ Physico-chemical properties of sea water change




Table 3.6

Oxygen and Carbon Isotope‘Datag on Core SK-20-185

o180 '»(O/OO) 5 13PDB* (°/00) A180+ A13c+
PDB .
- -1.23,-1.44 1.75,1.74 0.21 0.01
-1.65,-1.78 1.8,1.72 0.13 0.08
.5 -1.38,-1.43 1.58,1.48 0.05 0.10
:25 -1.23,-1.24,-1.03,-1.03 1.33,1.44,1.49,1.41 0.21 - 0.16
2.5 -0.75,-0.44 1.47,1.52 0.31  0.05
.0 -0.49,-0.43 1.0,1.1 0.06 0.10
;O -0.11,-0.21 1.42,1.29 0.10 0.13
6.0 0.29,0.23,0.24,0.17 1.51,1.41,1.44,1.37 0.12 0.14
.5 0.47,0.33 1.94,1.9 0.14 0.04
.5 -0.05,0.01 1.83,1.84 0.06 0.01
.5 -0.28,-0.17 1.52,1.54 0.11 0.02
.5 -0.12,-0.16 1.55,1.54 0.04 0.01
; 5 -0.15, -0.09 1.4, 1.52 0.06 0.12
0.0 -0.74,-0.86 1.6, 1.65 0.12  0.05
Measured on G.sacculifer, 30-40 individuals (250-400 p m)
per aliquot.
Values of replicate measurements are given.
. 13180 and LSISC are the differences between two extreme

values at each level.
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Significantly within the upper few hundred metres,vertical
hmigration of foraminifera results in the secretion of their
tests in different temperature conditions. Consequently

different size fractions representing various stages of

ontogenic development can yield different isotopic values.
Alternatively, disequilibrium fractionation can give rise to
such differences,as mentioned in the first chapter.Emiliani
(1954) first studied the relationship between various size
fractions and isotopic composition. He showed that.apart

from Orbulina universa,no other species had any appreciable

difference between different size fractions. Subsequent
studies showed that, in general,larger size fractions are
enriched in 8180 and ‘8130 (Emiliani 1971;Berger et al.
1978b). In the present study,two different size fractions

viz. > 400 “ m and 250—400r{m of G. sacculifer have been

analysed for the entire length of core SK-20-185.Relative
difference of these two fractions are shown in Table 3.7.
The $ 18O values of these two fractions from different
leveis are plotted in Fig. 3.8c.All the points should‘fall
on the 45°% line in case there is no difference in %lSO.But
the best fit 1line through the data points indicates that
the larger (> 400M m) fraction is depleted in ngO by about
~ 0.5 %/oo compared to the smaller fractions (250-500 U m).
Fig. 3.8d shows the plot of 613C in > 400}4m against
(250-400) ﬁ( m fraction. Though no significant trend 1is
observed, by and large,in most of the levels %13C in > 400
fpqm  fraction is enriched compared to the (250-400) ¢« m

fraction. This observation is in contradiction with that of



Table 3.7

Oxygen# and Carbon# Isotope Data* on Core SK-20-185
” Depth > 400 M m (250-400) M m A'wo+ A 13c+
(cm) %% pos $%% ppp 5% ppB S c PDB
(°/00) (°/00)  (°/o0)  (°/00)

2.5 -2.22 1.13 -1.34 1.74 -0.88 ~0.61
10.5 -1.75 1.77 ~1.17 1.42 -0.58 .35
12.5 -1.3 1.93 0.6 1.5 -0.70 .43
 18.0 -1.12 1.41 -0.16 1.5 -0.96 -0.09
- 22.0 -0.87 1.75 -0.09 1.48 -0.78 0.27
 24.0 0.41 2.13 0.08 1.49 0.33 0.64
- 26.0 -0.31 1.68 0.23 1.40 -0.08 0.28
28,0 -0.75 1.89 -0.14 1.54 -0.61 0.25
130.0 -1.09 1.74 -0.30 1.36 -0.79 0.38
132.0 -1.55 2.22 ~0.97 1.66 -0.58 0.56
. 340 -0.58 1.57 -0.88 1.62 0.30 -0.05
s -0.46 1.66 0.34 1.54 -0.80 0.12
42,5 -0.21 1.88 0.26 1.73 -0.47 0.15
.5 -0.21 1.77 0.26 1.65 -0.47 0.12

.5 0.34 2.25 0.40 1.92 -0.06 0.33

.5 -0.12 2.55 0.22 1.88 -0.34. 0.67

.5 -0.79 1.83 0.11 1.83 -0.90 0.0
67.5 -0.40 2.25 -0.02 1.84 -0.38 0.41
72.5 -0.31 2.47 -0.25 1.79 -0.06 0.68
77.5 -0.78 2.08 ~0.17 1.69 -0.61 0.39
92.5 -0.54 1.67 -0.23 1.53 -0.31 0.14
97.5 -0.84 1.51 -0.21 1.71 ~0.63 0.2
107.5 -0.75 1.62 -0.21 1.75 -0.54 ~0.13
112.5 -0.86 1.38 ~0.67 1.5 -0.19 ~0.12
122.5 -0.64 1.83 ~0.49 1.48 -0.15 0.35
127.5 -0.83 1.65 ~0.42 1.52 -0.41 .13
137.5 ~1.13 1.28 -0.14 1.54 ~0.99 ~0.26
142.5 -0.73 1.67 -0.07 1.49 -0.66 0.18
147.5 ~1.12 1.31 0.03 1.65 ~1.15 -0.34
152.5 -0.63 1.25 -0.24 1.32 -0.39 ~0.07
157.5 -0.82 1.48 -0.12 1.46 ~0.70 0.02




+

> 400pm (250-400) Mm ZsiLBO 4313c
518 roB S13¢ poe $%% pos $Mc poB

5 -0.9 1.71 -0.68 1.50 -0.22 0.21

.5 -0.92 1.48 -0.34 1.41 -0.58 0.07

.5 -1.01 1.72 -0.90 1.36 -0.11 0.36

0.0 -1.11 1.58 -0.51 1.53 -0.60 0.05
0.0 -1.44 1.99 -0.80 1.63 -0.64 0.36
.0 -1.67 1.59 -1.09 1.87 -0.58 -0.28

.0 -1.06 1.92 -0.60 1.82 -0.46 0.10

0.0 -1.46 1.3 -0.87 1.42 -0.59 -0.12
.0 -1.15 1.64 -0.89 1.47 -0.26 0.17

.0 -1.38 1.6 -1.05 1.48 -0.33 0.12

.0 -1.53 1.89 -1.18 1.76 -0.35 0.13

.0 -1.67 1.5 -1.10 1.71 - -0.57 -0.21

.0 -1.44 1.65 -1.13 1.45 -0.31 0.20

.0 -1.3 1.58 -0.84 1.55 -0.46 0.03

In case of replicate analysis, mean values are given.

Measured on G.sacculifer. 30-40 individuals per aliquot.

AlBO and A13C are the respective difference between large
( >400/um) and small (250—400}Am) size fractions.




+ | | ] [ ] [ | |
= G. sacculifer 7
Or —
E
= B _
@)
@)
q—
A - = —
8
A - i
O
o
© _ol _
-3 1 | 1 | L !
-3 -2 .l O +1
18
80 (%) (250-400um)
Fig. 3.8c : 8180 values of two different size fractions of

G.sacculifer from SK-20-185.



3'3C (%o) (>400 pm)

3.0 I I !
G. sacculifer
?
2.5 . .
® o o
* L
20 — [ =
[ ]
(] ® 00
® ]
® [ ] [ ]
8 °
o 9o
.é ®
1.5 + ° L -
-]
1.0 | J |
1.O 1.5 2.0 2.5 3.0
8'°C (%) (250-400um)
Fig. 3.8d : 813C values of two different size fractions

of G.sacculifer in SK-20-185.



30 I ' i
G. sacculifer
i [ ]
— 2.5 R ]
£
i
9 .o
< o
A e
~ 20 T ) i
— (]
0\8 : '- ° ®
S e ,0 °
O o
2) ",‘:
- o
® 1.5 - o e _
®
9
] ° e °
1.0 | ] {
1.0 1.5 2.0 25 30

8'°C (%o) (250-400um)

Fig. 3.8d : 8136 values of two different size fractions

of G.sacculifer in SK-20-185.



- 71-
rger et al -(1978b).Recently Duplessy et alv(l98la) have
élyseai different size fractions from plankton tows in the
rabian sea. Their study does .not show any difference in

>0 among various size fractions in G. sacculifer.However,

7¢c in large specimens are significantly enriched relative
smaller ones, consistent with our observations.Be and
puplessy (1976) noted a direct correlation between sea

surface temperature and the size of Orbulina universa.

Higher SST can presumably deplete‘%lgo,a mechanism’which

might have been responsible for producing 8180 depletion in

large size fraction of G. sacculifer if we assume that the
larger forams migrate wupwards due to their Dbuoyancy.
Conversely, the smaller tests <can be grown during summer
period when SST is 1lowered, thereby =enriching the 5180
(Berger 1969).

. 13 L .
The depletion of 8 C 4din the smaller fraction can be

explained either by

1. the wuse of —carbon derived from oxidation of ofganic

matter while building CaCO, shells,or

3

2. the kinetic fractionation operating due to rapid CaCO3
production in initial ontogenic stage, thereby

enriching 120 (Berger et al 1978b).

Since considerable differences exist in the isotopic
values of different size fractions,it is pertinent to test
whether these fractions grow in isotopic equilibrium or not.

This requires measurement of the %180 of water in which the
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foraminifera calcifies =~ and - thé > 13C of Dbicarbonate

dissolved in water. Duplessy et al. (198la) have earlier
: 18 . . . .

measured water- ¥°°0 - in the  Arabian sea. But their
measurements are limited 1in number and restricted to a
émall transect off west—coast of India, where the sea
= 18 .

water-% 0 has a strong influence of the large amount of
continental river water input. Measurements ©of Craig and
Gordon (1965) were made at places,far away from present

. .. 18 .

core locations. Consequently these salinity- $° 70 relations

cannot be used for calculating equilibrium values in the

present case. As an alternative, GEOSECS (1987) data of

_ stations 416, 417 and 418 have been taken for calculating

‘:8180 and E>13C values of equilibrium calcite.These stations

cover a mnorth-south transect 1in central Arabian sea,
. O [

~ spanning 6 N to 20 N and hence could be taken to represent
the present core locations. Unfortunately, however, only

’

station 416 has data on water-%lSO.Stations 417 and 418
13 . 18

have only § °C data on aquous bicarbonate.Hence the § 0 of

equilibrium caleite —n- ralculated only for cores CD-17-30,

15, 32, for which surface water-%lgo was available from
. 0, ¢t Oy 13 .

nearby station 416 (19 45'N 64 37'E).%S "C is calculated for

all the core locations.

180

Equilibrium calcite-$ has ©been calculated from the

following equation:

TC = 16.9-4.38( 5 - © ) + 0.10( & - ©)?
c W c W
(Shakleton 1974; This Thesis, Chapter I)

value of Sc for given 7°C and gw’ is obtained



from above as:

(5.~ 8, = 4.38 -V19.18-0.4(16.9+T)
0.2

ere % o and S . are both expressed with respect to CO2
erived from PDB. Normally, Sw is measured w.Tr.t. CO2
@gilibrated with SMOW.So, Sw (SMOW) has been converted to

'5(PDB) through the following relation:
E%(PDB) = SW(SMOW) - 0.22 (Friedman and O'Neil, 1977)

imilarly, equilibrium 813C value of calcite 1is calculated
from the following relation, based on the assumption that
13 . ' 13 .
16 C(SCOZ) can be approximated by %" “C-bicarbonate
(Williams et al. 1977):

13 . 13 -
$ "C calcite = & C(HCO,,aq.) + 1.85 + 0.035 (T-20)

(Emrich et al. 1970, Chapter 1)

where T = Temperature (OC)

8

The calculated equilibrium values for Sl 0 and %lBC and

those observed on core top G. sacculifer are given in Table

3.8. As can be seen,there is virtually no difference between
the calculated and the core top 8180 values,indicating that

G. sacculifer, (ZSO*AOO)ﬁ(m fraction probably grows in

isotopic equilibrium. However, this conclusion should be

viewed with <caution because GEOSECS data on surface water
18 .

€"°0 was obtained at a particular time of the year and does

(&)

18 o .
not represent the mean annual 2°°0 composition.Earlier,from
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plankton tow studies in the Arabian sea Duplessy et al
(198la) showed that for both G. sacculifer and G. ruber,the

temperature coefficients of 1SO/16

0 fractionation are same
as that given by Epstein et al. (1953) but the absolute
values of 8180 are systematically depleted by 0.7 to
0.6 °/oo0 respectively. Duplessy et al. (1981a) also noted

that significant (~ 20%) @gametogenic calcification,takes

place in G. sacculifer in this region,which leads to 18O
enrichment and probably balances the 0.7 °/oo
disequilibrium depletion at surface water. Hence the
observed equilibrium values 1in the present core top

G. sacculifer might be a fortuitous coincidence.Duplessy et

al. (198la) report,core top G. sacculifer value for station

13.67,close to the core CD-17-30 and CD-17-32 as -1.25 %°/oo.

This wvalue 1is same as the values of core top G. sacculifer

from CD~17-30 and CD-17-32, and this demonstrates the
reliability of our measurements in a natural sample,which
is not affected by any systematic error.

However, the core top SlBC values in G. sacculifer show

a depletion of 2 °/o0 or more (Table 3.8) than the
calculated value. This observation (also noted by Duplessy
et al. 198la) indicates a very strong disequilibrium effect
in planktonic foraminifera as far as carbon isotopes are
concerned. In the following discussion it is assumed that

18O of G. sacculifer reliably records the temperature and

salinity wvariation of the upper 100 m in the water column
(Duplessy et al. 1981la) and the disequilibrium effect in

8130 perhaps remained constant throughout the upper
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gaternary period. Hence this species can be used to

cconstruct past climatic variations.Since the (250—400)ﬂm

fraction was found to give near isotopic equilibrium value,

for all the 5 cores G. sacculifer from this size fraction
' ) -18
has been analysed to construct a long term % O

‘tratigraphy.

IIT1.2.2. Long Term 6180 Stratigraphy

8180 values of G.sacculifer for the 5 cores are given

 1n Tables 3.9 to 3.12 and ploﬁted against depth in Fig. 3.9.
Data of C€D-17-32 are not plotted in this figure as this
core does not reach Last Glacial Maximum (LGM). For
SK-20-185 there is a negative spike corresponding to depths
(28-34) cms. whose significance will be discussed later.This
spike 1s not shown in this figure as it represents a local

event. Based on the shape of the %180 curves and the

radiocarbon dates for samples from several depths in the
cores 8180 stratigraphies for the cores have beén made in
comparison with the typical 5180 curve of SPECMAP (Imbrie
et al. 1984).

Core CD-17-30 has a sedimentation rate of 7.7 cm/kyr
and has been analysed wupto stage 3.Core SK-20-185 has a
moderate sedimentation rate of 2.2 cm/kyr and goes upto
stage Se. Core SK-20-186 has a long climatic record upto
stage 11. Bold arrows in these three cores indicate the 18
kyr level. In general, the 6180 maximum din stage 2 is

assigned as the LGM.When two maxima are present,the older

one 1is selected as LGM level (Prell et al. 1980).Such a
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47.50

52.50

57.50

Table 3.9

' : *
Oxygen and Carbon Isotope Data

on Core SK=-20-185

818OPDB %SIBCPDB

(°/00) (°/o00)
-1.34 1.74
-1.72 1.76
-1.70 1.53
-1.41 1;53
-1.17 1.42
-0.60 1.50
-0.94 1.31
-0.46 1.05
-0.16 1.50
-0.16 1.36
-0.09 1.48

0.08 1.49
0.23 1.40
-0.14 1.54
-0.30 1.36
-0.97 1.66
-0.88 1.62
0.34 1.54
0.26 1.73
0.26 1.65
0.40 1.92
0.22 1.88
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~-0.48

-0.06

-0.23

-0.21

-0.44

-0.21

-0.67

-0.53"

—0049

-0.32

-0.14 -

-0.07

-0.24

-0.12

-0.44

—'0068

-0.34

.83
.84
.79
.69
.65
.74
«53

.71

.62

.75

.50

.42

.48

47

.54

.49

.65

.32

<46

.52

.50

<41




-0.90

-0.90

-0.51

-0.80

-1.09

-0.60

-0.87

-0089

-1.05

260.00 -1.18

270.00 -1.10

280.00 -1.13

290.00 -0.84

1.53

1.63

1.42

l'47

1.71

Measured on G. sacculifer (250f400),4m with 30-40

individuals per aliquot.



Table 3.10

Oxygen and Carbon Isotope Data

*

on Core SK-20-186

%180PDE, %SIBCPDB
(°/00) | (°/o0)
-1.37 1.67
-1.39 1.79
-1.10 1.68
-0.85 1;71
-0.51 1.74
-0.49 1.76
-0.57 1.82
-0.47 1.78
-0.32 1.65
0.00 1.99
0.13 1'.84
30.50 -0.30 1.73
32.50 -0.31 1.76
43,00 -0.37 1.78
47.00 -0.46 1.79
53.00 -0,.,R3 1.68
57.00 -0.70 1.91
64.50 ~-0.68 1.70
69.50 -0.84 1.57
74.50 -0.92 1.62
79.50 -0.71 1.42
84.50 -1.00 1.29
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144.50
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189.50
197.00
207.00
217.00
227.00
237.00

247.00

-0.70

-0.07

-0.21
-0.35
-0.61
=0.42
~0.50
~0.52
-0.75
~0.60
~0.54
-0.35
~0.40
-0.60
-0.90
-0.62
~0.43
-0.18
~0.13
~0.39
~0.41

-0.56
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257

267.

277

287

297.

307.

317

327

337.

347

357

367

377

387

397

407

417

427

437

447

457

467

477

487

.00 -0.66

00 | ~0.78
.00 0.06
.00 0.12
00 ~0.48
00 -0.47
.00 0.31
.00 0.21
00 0.13
.00 0.05
.00 -0.38
.00 ~0.59
.00 ~0.40
.00 ~0.03
.00 -0.22
.00 ~0.73
.00 ~0.46
.00 ~0.28
.00 -0.47
.00 ~0.27
.00 ~0.45
.00 ~0.69
.00 0.01
.00 0.43

1.21

1.49

1.37

1.38

1.44

1.60

1.72

1.64

1.43

*

Measured on G. sacculifer (250—400)}4m with 30-40
individuals per aliquot.




Table 3.11

: *
Oxygen and Carbon Isotope Data on Core CD-17-30

Depth glgoPDﬁ %lBCPDB
(cm) (0/00} (°/o0)
5.0 -1.28. | 1.35
15.0 -1.21 1.13
25.0 0.61 1.21
42.5 -0.36 1.14
50.0 | 0.21 1.36
55.0 0.14 1.06
65.0 0.87 1.13
75.0 0.69 1.07
85.0 0.87 1.34
92.5 0.28 0.82
1100.0 0.61 1.27
112.5 0.35 0.95
130.0 1.01 1.13
1 150.0 0.90 - ~ 0.90
165.0 1.03 1.17
195.0 0.74 1.22
12,5 0.42 - 1.02
235.0 0.58 1.02
250.0 0.52 1.13
262.5 0.26 0.86
277.5 0.18 0.64
307.5 0.15 0.78

Measured on G. sacculifer (250—400)/Am with 30-40

individuals per aliquot.




‘Table 3.12

o o *
Oxygen and Carbon Isotope Data on Core CD-17-15

gjLSOPDB - A%313CPDB
(O/OO) (O/oo)
-1.43 : 1.27
Piston Core
isturbed Top -0.08 0.81
0.73 1.18
0.76 1.11
0.52 1.00
-0.35 0.83
0.34 0.95
0.65 1.07
0.89 0.88
0.47 0.91
0.90 0.64
0.32 1.03
127.5 0.61“ 1.20
142.5 0.17 _ 0.77
157.5 0.19 0.93
§¢”175.o -0.51 0.98

182.5 0.19 0.73




yle 3.12 contd.

8180PDB €§3CPDB
(°/00) (°/00)
0.23 0.93
0.50 0.91
-0.49 0.20
0.41 1.15

*
Oxygen and Carbon Isotope Data on Core CD-17-32

%lSOPDB 613CPDB

(°/o0) (°/00)
-1.22 1.11
-1.05 1.12
~-0.65 1.22
32.0 -1.11 1.29
41.0 -0.R9 1.13
1.31

.0 -0.95

Measured on G. sacculifer (250—400)/Am with 30-40

individuals per aliquot.
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Fig. 3.9 : Variations of ®"°0 in the sediment cores.
For reference SPECMAP curve is also shown
(data from Imbrie et al. 1984). For SK-20-
185 data for depths (28-34) cm are not plotted.

No stage boundary is shown for CD-17-15
due to its disturbed nature (see text).

* Here ( 6180— %180)/g~ has been plotted.
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iterion for selecting  the ‘LGM ‘level, however,does not
.frictlyb.apply here. For. exémple, in core CD-17-30,18 kyr
4c data) lies mnot on a maximum but on a minimum in
etween two maxima. In core SK-20-185 too (see section
11.2.6), 18 kyr (14C data) lies on a %180 minimum.While
7§K—20—185 has a moderate sedimentation rate,CD-17-30 has a
’elatively higher rate, and hence bioturbation 1is less
fiikely to affect the position of the 18 kyr level.Hence
fixing the -18 kyr level purely based on the shape of 5180
curve may be erroneous. As will be discussed later,local
hydrography can considerably modify the shape of the 8180
curve.

When the 140 based sedimentation rate is extrapolated,
’in SK-20-185, an excellent agreement is found with 8180
stratigraphy. Considering the 14C based sedimentation rate
to .be constant throughout the core length (2.2 cm/kyr),122
kyr (stage 5e of SPECMA?) should occur at 263.5 cm level,
which agrees with the peak of 5e stage in this core.For
SK-20-186, however, the situation is different;Extrapolated
140 dates do not match with the ages of 55180 stage
bouvdaries. This is related to the fact that sedimentation
rate in this equatorial region has undergone significant
changes for 1last 4Q kyr.Glacial rate is about a factor of
four lower than that of Holocene.Considering these breaks
and putting the radiocarbon age constraint,5e stage in this
core lies at 184.5 cm. In both the cores,SK-20-185 and

SK~20-186, substages are also well developed upto stage 5Se

(122 kyr). These include all the 3 substages in stage 3 and
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vsubstages (a,b,c,d,e) in stage S;Beyond 5e stage,in core
K—20—186 substages are not Very well preserved.Also it is
,noticeable that considerable modifications of the
O-amplitudes are found when one compares with global
jgﬁo data. Modification ofb Holocene~LGM amplitude and its
gsignificance will be discussed later. The following
‘discussion pertains to the modification of Slgo—amplitudes

and cycles beyond LGM.

IIT1.2.3. Modification of 8180 Cycles and Amplitudes

In SK-20-185,the amplitude between substages 3 and 4 is
about 0.7 °/oo while in SK-20-186 it is ~ 1 %/oo and is
higher than that noted in other oceans (Shackleton 1977),

~which record a value of ~ 0.25 ®/oo to a maximum of about

0.5 0/oo. This cannot be explained either by bioturbation
(which reduces the amplitude,see the following discussion)
or by dissolution (which also reduces the amplitude in an
interstadial stage, like 3,see ﬁext section).Considering a
constant dice volume effect for all oceans,fhis inc;eased
amplitude 1in stage 3 perhaps indicates higher SST in this
tropical ocean during this period.

The global average amplitude between stage 5e and 6,is
seen to be about same as that between stage 1 and 2
(SPECMAP cycles,Fig. 3.9).The stage 5e event,normally taken
as a super interglacial when perhaps less ice was stored in
the continents than any other time (Shackleton and Opdyke,
1973), is however,represented by enriched E) values relative

to Holocene 1n these cores.This reduces the amplitude of
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5e-6 Stége compared - to 1—2,In core 185,the 5e stage in 8180

_4s enriched by 0.5 °/oo relative to Holocene.In SK-20-186
too,5e stage shows 0.5 ®/oo enrichment relative to Holocene,

-~

thus making Se-=6 amplitude 0.8 °/00.This is much less
,fhan Holocene-LGM (1-2) amplitude of 1.5 °®/co in this core.
'his core has a record of more than 400 kyr and its other
_stages beyond 5e, can bev‘compared with SPECMAP cycles.In
iétage 7 finer structures (substages) are not well preserved
and amplitude between stage 6 and stage 7 is only 0.6 o/oo.
However, 7-8 amplitude 1s again 1 O/oo and that between 8
and 9 is 0.9 °/oo. Amplitude between stage 9 and stage 10
~and between stage 10 and stage 11 are as small as 0.6 and

0.75 °/oo0 respectively. Both stage 8 and stage 9 do not

contain finer substages.Possible causes of modification in

75180 amplitude are discussed below.

’

I11.2.4. Mechanisms for Modifications of 8180 Amplitude

The original 8180 amplitudes in deep sea cores can be
modified by a variety of ©processes out of which two are
most important, namely, bioturbation and dissolution. We

discuss below features of these processes.

ITITI.2.4.a. Bioturbation or Benthic Mixing

It has long been recognized that the “upper few
centimeters 1in the sediments arebmixed by benthic organisms
(Arrhenius 1963; Ruddiman and Glover 1972).As a result the
original signals of chronology (e.g. 14C) or of climatic

indices (e.g. (5180, CaCo etc.) are modified.Bioturbation

3,



to a loss of high frequgncy events in the record (Bard et
?51" 1987 ) .However,a reduction in tﬁe 8180 amplitude is most
_serious, ‘when one is interested in using
élacial—interglacial 6180 change (GiA) as an ice-volume
indicator. This reduction in amplitude is more prominent in
ores having a low sedimentation rate (Broecker 1986).The
,gedimentation rate in core SK-20-185 is moderate (2.2
cm/kyr), hence it can have some bioturbation effect-Iﬁ the
_subsequent sections (IT1.2.6.a),however,we show by uranium
analyses, that bioturbation (at least during the glacial
:period) is not very significant in this core.Additionally

'T‘this core shows a laminated 1ithology all through

indicating that benthic mixing was not 1intense. Core
SK-20-186 might have some bioturbation effect more in the
deeper section because sedimentation rate (- 0.6, 1-6
cn/kyr) is lower during glacial pericd compared to Holocene
(2.4 cm/kyr). In both the <cores, however, estimation of
bioturbation mixing length could mot be done since top few
ems of sediments are lost and no plateau age (of 14C) were
obtained in the top part of these cores.CD-17-30 has a high

~urbation is unlikely to

~sedimentation rate and thence bi
change the amplitude in a major waw.Ilf it is assumed that
bioturbation is dinsignificant fer the entire length of

SK-20-185, then the enrichment w«f %e stage by 0.5 o/oo is

most probably caused by some other meshanism.
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III.Z.é.b. Dissolution and 6180 Amplitude

Savin and Douglas (1973) were the first to point out,
that increasing dissolution not only progressively removes
the species susceptible to dissolution but also
preferentially removes the individuals which are
thin-walled and calcified in the shallow-warm water.Berger
and Killingley (1977) showed that this effect may increase
,%180 of dissolution susceptible species such as

G. sacculifer by as much as 0.3 O/oo. Therefore, a

dissolution effect in interglacial time will reduce GIA
while an increase in dissolution during glacial period will
enhance it (Erez 1979).This change in dissoclution pattern
in the past can be identified by analysing 5180 in two
different Species having different dissolution
Susceptibility. One such study by Berger and Killingley
(1977) in western equatorial pacific shows that [&180 i.e.

difference in %180 between Pulleniatina obliquiloculata (a

dissolution resistant species) and G. sacculifer (a

solution susceptible Species), increases dﬁring Holocene
compared to glacial period (LGM), thus indicating greater
Holocene dissolution.Similar analysis has been done in core
SK~20-185 where [§l80 has been calculated between

P. obliquiloculata and G. ruber.G. sacculiferw%lgo in this

core has a strong influence of 1local hydrography (see
section III.2.6) and therefore cannot be used for this
Purpose. The solution susceptibility of G. ruber has been

shown to be same as that of G. sacculifer (Bonneau et al.

1980). Additionally, the difference in %180 of G. menardii
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(énother.~solution resistant,thick walled form) and G. ruber
‘has also been calculated. ﬁ3180 values are given in Table
3.13. As can be seen,in bbth the cases £§18O remains more or
less constant from LGM to Holocene,indicating possibly no

major changes 1in dissolution pattern.Such a situation is

not unexpected because SK-20-185 is located at a shallower

level (~ 2.5 km) than the depth where calcium cérbonate
starts dissolving. This characteristic depth,termed as the
calcium carbonate compensastion depth or CCD,in the indian
ocean and the Arabian sea is known to lie between 4.2 and 5
km water depths (Weser 1974).

In core SK-20-186, however, analysis of species other

than G. sacculifer was not done.This core has a very high

abundance of CaCO3 throughout its length (Table 3.20),
eventhough it comes from a depth closer to CCD (3.5 km).
Thus ,in this <core too,the near absence of dissolution can
be assumed. |

Summarising dissolution effect, in SK-20-185 and
SK-20-186 is probably insignificant. Bioturbation effect,
though small in SK-20-185 and CD-17-30,might be important
in SK-20-186. 1In addition, Holocene-LGM amplitudes in
SK-20-185 and SK-20-186 (see next section) are similar to
those obtained in the cores with high sedimentation rate
from nearby locations (Duplessy 1982).Hence it is assumed
that Holocen-LGM amplitudes are not altered by bioturbation
or dissolution mechanism.If it is assumed that this is true
for the last 120 kyr, then the enrichment of 5e stage

relative to Holocene in SK-20-185 cannot be explained by



Table 3.13

Difference in 8180* of two species having different

solution susceptibilities in SK-20-185

Depth A18O(Pull .~rub.) A 180(men.—rub. )

(cm) (°/00) (C/)OO)

2.5 - 1.06

4.5 1.30 1.42

6.5 1.27 1.21

8.5 0.86 1.16
10.5 1.31 1.68
12.5 - 1.02
14.5 1.34 0.93
16.0 1.33 1.33
18.0 - : 1.25
20.0 '1.33 1.36
22.0 1.27 1.23
24.0 1.30 1.26
26.0 1.24 1.08
28.0 1.27 1.01
30.0 - 1.40
32.0 1.88 1.15
34.0 1.80 1.32
37.5 1.23 1.08
42.5 - 0.99
47.5 1.58 1.42

) Calculated from values of Tables 3.14, 3.16 and 3.17.
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he ‘above-mentioned effécts.It is suspected that this is an
artifact of the sampling procedure. From 190 cm downward
(see Table 3.9), this vcore is sampled at 10 cm intervals.
Taking the sedimentation rate as 2.2 cm/kyr,this means,an
éveraging out of 6180 signal over a period of 4.5 kyr.This
is sufficient to 'reduce' the peak value of 5Se stage by 0.5
%/0o0 which existed for 3 kyr only (Martinson et al. 1987).
Core SK-20-186 was also sampled at coarser levels
 beyond LGM. From 22 kyr (stage 1-2 boundary,i.e. 47.cm) to
124 kyr (stage 5-6 boundary,i.e. 197 cm) sampling is done
at 5 cm intervals.From 197 cm below,sampling interval is 10

cm. Considering the sedimentation rate of 0.6 cm/kyr and 1.6

cm/kyr (see Fig. 3.2), this means an averaging of 8180

_record over 3-8 kyr period. Since peak S5e stage spanned

~

about 3 kyr (op. cit.},such coarse sampling can 'reduce'
the 5e-6 amplitude by ~ 0.5 0/oo compared to LGM-Holocene
amplitude. Similarly, reduced amplitude of 1 o/oo or less
from stage 6  to 11 might have resulted from this coarse
sampling. Superimposed on this coarse sampling,bioturbation
(as° has been mentioned earlier) might have some effect on
%180 amplitudes in the deeper sections of this core.

Similar to the modification of the 8180 amplitudes,
against global cycles found beyond LGM, Holocene-LGM
amplitudes in different cores also show considerable
variations. This 1is inspite of the fact that %180 analysis
is performed at a very close interval for this part in all
the cores, so that the 6 l80 signals are sveraged out for

14C

only 1-2 kyr (considering their sediventation rates,
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1so see section III.2.6).The'following section discusses
o o ’ 1
‘the implications of the variations in the Holocene-LGM H 8O

\gﬁplitudes.

I1I.2.5. The Holocene-LGM 6180 Amplitudes

Estimation of this amplitude in various cores,depends
on the 6180 values corresponding to the Holocene and the
 LGM level which have to be independently established.But in
practice the LGM in deep sea cores is assigned to the most
‘feCent level which shows a maximun enrichment in 8180.
Globally LGM 1is supposed to have occurred about 18 kyr ago
(CLIMAP 1976). However, it has been shown earlier that 6180
maxima. levels always do not have 18 kyr age in the cores
studied. Prell et al (1980) have shown that in Indian ocean
this has a spread of ~ 1.5 kyr (18.6 + 1.5 kyr).This spread
is determined by the sediment mixing depth during rapid
isotopic changes associated Qith fast deglaciation,rather
than actual rate of change in the isotopic composition of
Ocean water (Shackleton and Opdyke,1976){Consequently,one
has to be careful while selecting the LGM level.

In SK-20-185, the most enriched %180 level lies at 52.5
cm (T 26 kyr) having a value ~ 0.4 °/oo0 and is taken as the
LGM value.In CD-17-30,the most enriched levels of ~ 1 °/oo0
lies at 130 cm ("\22 kyr) and is taken as representative of
14C

LGM. Note that 18 kyr ( ) in both SK-20-185 (S = 2.2

cm/kyr, Table 3.1 and Table 3.9,see next section also) and
CD-17-30 (8 = 7.7 con/kyr,Fig. 3.9) lie on 6180 minima.

For SK-20-186, only one 9 18O maximum (0.13 °/oo0) is
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gerved at 28.5 cm.‘Ihis ‘too, has been obtained by
fforming very close analyses at 2 cm interval between

cm and 32 cm. Lower glacial sedimentation rate 1is

aps responsible for the confinement of enriched level
very thin layer of sediment.CD-17-15 (piston core)
not yield a good oxygen isotope stratigraphy.Core top

is -0.08 °/oo and erratic excursion of §:%0 (Fig.

is consistent with the 1litholog showing distinct

180 value in

tﬁrbidite layers. However, the most enriched $
ﬁhis core is 0.9 %/oo corresponding to a depth of 77.5 cm.
ihé most depleted value of -1.43 °/oo comes from 47.5 cm.
depth of the box core part of CD-17-15 (Fig. 3.9).No
?foraminifera could be picked up:from 0 - 45.0 cm depth in
this box core where the sediment% are sandy and clayey and
'perhaps derived from slumped‘ materials of adjacent
_ continental slopes.If these two extreme values are taken as
"représentative - LGM and Holocene,then the amplitude for this
core is 2.33 o/oo.

In SK-20-185, CD-17-30 and SK-20-186,the most depleted
28180 values are taken as Holocene values i.e. -1.72,-1.28
Mand =1.39 respectively. Consequently (GIA) amplitudes for

these three core locations are calculated to be 2.12 o/oo,
2.28 °/oo and 1.52 °/oo0 respectively.Note that,even though
CD-17-15 is a disturbed core, its estimated amplitude is
close to fhat of CD-17-30.Both the cores came from nearby

locations in the western Arabian sea.CD-17-32 shows a small
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variation (0.5 O/oo) in 5180- and does not reach the LGM

Before the possible. causes of the amplitude differences

among various cores are examined,it will be necessary to

discuss the modern hydrological setting in northern Indian
. 18 .

~ocean and how it controls the § "0 of planktonic

foraminifera.

. IIL.2.5.a. Modern Hydrological‘Conditions of Northern Indian
Ocean related to Foraminiferal 6180

The present day climatic condition over the Asian
continent and the northern Indian ocean 1s dominantly
controlled by seasonally varying insolation.In summer,the
land 1is heated faster than ocean,resulting in the expansion
of the overlying air.A pressure gradient from ocean to land
is set; strong wind blows from the ocean to the continent?
which carries moisture from rdcean.This wind is deflected
rightward due to the Coriolis force. Near the coast of
Somalia and Arabia, this wind reaches a very high speed of
about 5-10 m/sec during this period (Hasternath and Lamb
1979) causing intense wupwelling due to Ekman transport
(Prell and “tvccter 1982).0n the other hand,the moist air
moving towards the 1Indian continent,rises up,water vapour
condenses and causes heavy monsoon rains.Such a coupled
system of monsoon and upwelling (Dietrich 1973;INDEX 1976)
produces two changes in the Arabian sea.Firstly,the Arabian
sea recelves a large freshwater discharge,(due to heavy

precipitation) through the west—bound rivers. Secondly,a
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pronounced temperature decrease (”4OC) takes pléce along
Somalian and the Arabian éoasts due to the upwelling of
cold bottom water. Horizontal advection and wind induced
mixing also contribute towards cooling of the Arabian sea
in summer. In general, the Arabian sea is dominated by a
strong evaporation which increases from south to north
producing a salinity gradient.Salinity during summer time,
increases from 35 O/oo in the south to 36.5 o/oo in the
north (Fig. 3.10a). Beéause of a large freshwater flow,the
iso-haline contours, which runm east-west in the central
Arabian sea, are pushed northward along the west coast of
India. In winter time, this gradient steepens, but has a
similar north-south pattern (Fig. 3.10b).0n the contrary,
sea surface temperature (SST) during the monsoon period
does not show any marked change or a gradient from south to
north (Fig. 3.1la) except near Somalian and off the Arabian
coasts where SST reduces due t§ intense upwelling.However,
winter SST shows a gradient of 4°¢ (from 28°C in the south
to 24°C in the north), with :vanishing coastal upwelling
centres (Fig. 3.11b). These patterns of salinity and
temperature have a strong influence on the %180 composition
of water and foraminiferal CaCO3 respectively. 5180 of the
surface ocean water 1is mainly controlled by precipitation
(freshwater), evaporation and mixing of different ‘water
masses (Craig and Gordon 1965).During evaporation process,
isotopically lighter molecules i.e. H216O are preferentially
reﬁoved and the remaining water becomes enriched in the
18

heavier H2 O molecules. On the contrar},precipitation adds
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ater. depleted inbglgo to the oceans either through river

xdischarge or by direct rainfall over the ocean.Besides
changing the €)180 composition of ocean water,evaporation
and precipitation also cause marked changes in salinity.The
former increases the salinity while the latter reduces it.
Hence a linear relationship between sea-surface salinity
and 6180 is observed (Hoefs 1980) in most of the ocean
basins. However? the slope of the line in Slso—salinity plot
differs from region to region and depends mainly on the
5180 composition of freshwater input. For Arabian sea,
water—S}SO data are very meagre. Calculation of
salinity-water 8180 relation,from the available meagre data
of Duplessy et al (198la) from the Arabian sea shows that
for a 1 O/oo change 1in saliniﬁy,%}80 of water changes by

about 0.32 O/oo.

The difference 1in core t?p %180 of G. sacculifer
between the locations of core% SK-20-185 and CD-17-30 is
0.4 °/oo. The difference in mean annual SST between the
‘locations of CD-17-30, 32 and 15 (16-22°N) and SK-20-185
(100N) is ZOC, the northern part being cooler (Fig. 3.11).
This can give rise to enriched core top value by ~ 0.4 o/oo
in CD-17-30 relative to SK-20-185. On the other hand,
difference in mean annual salinity between these locations
is ~ 1.13 O/oo, the norfhern part being more saline (Fig.
3.10). Hence this salinity difference alone can also produce

~

enriched wvalue in CD-17-30 by 0.4 O/oo.Therefore,lower
SST and higher salinity in northern core locations relative

to southern one,together should give a 3180 value,0.8 o/oo
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‘higher. The observéd difference of 0.4 o/oo ié lower by a
factor §f>two.A possible éxplanation of this discrepancy is
that the foraminiferas . in this region might have strong
seasonal abundance (as has been found in other oceans,
Williams et al 1979, 1981),thereby not recording fhe mean
annual SST and salinity in these locations.Instead,their
’,6180 composition might reflect surface water properties of
particular season of the year.Additionally tﬁe foraminifera
might wvertically migrate‘ in the water column,which has a
gradient 1in temperature.Therefore,the small SST difference

[¢)

(of 27°C) Dbetween the two places may not be recorded in the

‘foraminiferal 8180.

III.Z.S;b. Climate during the Laét Glacial Maximum
Considering the global’ ice% volume effect to be 1.6
°/oo the GIA values of 2.12 t; 2.28 ®°/oo for the Arabian
sea cores indicate extra 0.5 ;o 0.7 o/oo effect,which is
local in nature.Such an enrichmént during the last glacial
period in both the northerné and the southernm cores
indicates that the entire Arabian sea was in general more
saline than today by about ILZ °/oo (following the 8180
salinity relation cited above,Du;lessy et al.,1981la).In the
next section, howevet,we show that there was a brief period
when the surface water salinity at SK-20-185 1location
significantly reduced. When the Holocene core
top~differences between northern and southern cores are

compared with those during the LGM one,a small change is

observed. The difference in 8180 is found to have increased
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during LGM. Against the Holocene difference of.0.4 o/oo,LGM
difference between CD—17—30‘ and SK-20-185 is 0.6 o/oo.
similarly, Holocene difference of 0.3 ®/oo between CD-17-15
and SK-20-185, increases to 0.5 ®/oo during LGM.Considering
the experimental error this difference 1is mnot very
'significant. However, earlier work by Duplessy (1982) also
demonstrated such an increase in 8180,from 0.6 O/oo in the
Holocene to 1 O/oo during LGM in this region.Our result
seems to be consistent with his observation.This differencé
cannot be attributed to any change in temperature due to
the following reason. The wupwelling during LGM reduced
resulting din warmer SST in north-western Arabian sea (Prell
1978, 1984; Prell et al., 1980). This would deplete the
foraminiferal 6180.Thus the %180 difference between the two
locations would decrease, rather than increase,as has been
found. Hence upwelling (or temperature) change 1s not
responsible for the observed difference.Therefore,we infer
that salinity 1s the causativé factor for this change.

Salinity change can produce the observed effect in two ways:

1. A large amount of fresh water may be discharged during
LGM, in southern (SK-20-185) Arabian sea, thereby
increasing the difference 1in 8180 with the northern

part

2. A strong evaporation in northern Arabian sea relative
to southern part,can take place during LGM.This would

. 18 .
enhance the salinity (and 8 0) 4in northern part,

thereby increasing the difference with southern region.



Farlier work in this region showed that freshwater

discharge to the Arabian éea had considerably reduced
during LGM (Duplessy 1982; Kale‘ and Rajaguru 1987).This
rules out the first possibility and we conclude that the
difference 1is due to excess evapofation over northern
__Arabian sea during LGM.The effect of this evaporation (and
_enhanced salinity) was so strong that its signal is not
masked by the compensating effect of warming due to the
weaker upwelling.

A large body of palaeoclimatic evidence shows that
during the LGM (18 kyr B.P.),extreme arid condition was
prevailiﬁg over India,associated with stronger NE dry winds
(Van Campo et al. 1982) and less rainfall in the northern

plains (Duplessy 1982).As a result,large lakes in Rajasthan

dried wup (Singh et al. 1974).The west—bound rivers also

became almost dry (Kale and Réjaéuru 1987).Evidence of a
strong NE monsoon circulation,;by organic carbon isotopic
measurements from Bay of Bengél has also been reported
(Fontugne and Duplessy 1986). If true,then the dry trade
winds associated with this NE§ monsoon,over the northern
Arabian sea could have been responsible (for the excess
evaporation observed. This,coupled with a weaker SW monsoon
(Prell 1978, Prell et al.,1980,Prell and Van Campo,1986),
perhaps increased the salinity gradient from south to north.
However, no 23180 evidence for a stronger NE monsoon has so

far been reported. In the next section we report some new
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_experimental evidence, ‘based .on foraminiferal o 18O
,measuréments which gives information about a short term
intensification of NE- monsoon  during LGM compared to the
present day. From the foregoing discussion,it is evident
fhat global glacial-interglacial climatic cycles are
considerably modified in the Arabian sea.

In comparison to the Holocene-LGM amplitude of 2.12,
2.28 o/o_o in the Arabian sea,the Holocene-LGM amplitude in
the equatorial core SK-20-186,is 1.5 o/oo.Duplessy (1982)
has also mnoted such a reduced amplitude in this region and
~commented that "this amplitude is lower than the ice volume
effect alone (1.6 O/oo) for south of 1OON".According to him,

this reduction is present even in cores with a high

sedimentation rate,often going qpto 1.27 o/oo and therefore
cannot be an effect of bioturbation.He explained it to be
due to a marked increase in thé_precipitation over oceanic
regions south of 10°N during LGM which depleted the 8180
and decreased the amplitude. This interpretation, though
supported by GCM simulation of Prell and Kutzbach (1988)
indicating an increased precipitation over the western
Indian ocean during LGM, howéver, still remains to be
substantiated. Recent studies by Labeyrie et al. (1987) (the
same French Laboratory) show that the global ice volume
effect 1s only 1.1 O/oo, contrary to 1.6 °/oo believed
before. If true, then the 1.5 /oo amplitude in SK-20-186
need not be taken as an indication of an increased oceanic
bPrecipitation as proposed by Duplessy. It can as well be

explained by a combination of 1.1 O/oo ice volume effect
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and a decrease in SST by ~ 206 during LGM, at this
equatorial region. However, Lébeyrie et al.'s estimate of
such a low ice volume effect is .a radical proposition and
still being debated.Their observation demands that the deep
sea temperature was 2-3°C lower during LGM to be consistent
with the results of benthic foraminifera.Such a relatively
large reduction in déep sea temperature requires an
increase in the rate of thermohaline overturn (Mix and
Pisias 1988) during LGM.But the available data suggest that
this rate was lower,associated with a reduction in the rate
of deep water formation (Shackleton et al.,1983;Berger and
Vincent -1986). In such a situation it is difficult to
conclude which of the two factors, namely increased
precipitation or a reduced ice volume effect coupled with
2% cooler SST, is responsible for 1.5 O/oo LGM-Holocene
amplitude in SK-20-186.

Summarising, individual shells of planktonic
foraminifera show significant isotopic variability
(probably due to seasonal change, depth stfatification,
ontogenic development, metabolic effect, etc.). However,
*nalyeie  of large population as a whole does not show such
variability mainly because the isotopic variations due to
the factors cited above, are averaged out.In the northern

Indian ocean, modern G. sacculifer from the core top

sediments, have been found to grow in isotopic equilibrium
. . 518 . .
with ambient water. Long term O stratigraphies from 5

tores based on analyses of G. sacculifer, give climatic

records of the last 30 kyr to more than 400 kyr in the
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ﬁorthern Indian ocean. The major global ‘5180 cycies and
_amplitudes in these records are present with sone
modifications. Holocene-LGM amplitudes in the Arabian sea
cores are much higher than global ice volume effect,
indicating that in general entire Arabian sea was 1-2 O/oo
more saline than today. In addition, these cores show
 differences (where fine scale sampling was done to improve
time resolution) among themselves, consistent with the
proposed effect of increased salinity in the northern
Arabian sea during LGM. Such a <climatic <condition was
perhaps caused by a vigorous NE-monsoon circulation with
simultaneous weakening of the SW-monsoon. The equatorial
Indian ocean, on the contrary,:was characterized by heavy

precipitation or lower LGM-SST.

IIT.2.6. High Resolution 8180 Stﬁﬁy of the Cores from

the Arabian Sea and the Equatorial Indian Ocean

Apart from the long term changes,palaeoclimatic records
~In the deep sea cores also contain high freduency events
corresponding to short term pﬁenomena. These include a
sudden dinput of meltwater inté the sea (meltwater spike,
Kenneth and Shackleton 1975;Keigwin et al. 1984),stepwise
deglaciation (Berger et al. 1985a,b;Duplessy et al. 1986)
etc. Most of these transiént climatic phenomena are lost,
mainly due to the bioturbation on the sea floor (Bard et al
1987) in cores with a low sedimentation rate.Additionally,
stable isotope analysis performed at large intervals

(several thousand years) tend to average out these signals
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(éhackleton - and Opdyke 1976), thﬁs either completely
5bliterating or making a subétantial reduction in the
émplitudes of these high frequency events.One common method,
to recover these signals from the cores which show evidence
of bioturbation, is to use the so-called "unmixing models™
_(Berger et al 1977a).But these models are successful only
_uynder suitable «circumstances. In any case, when one 1is
_looking for short term events,it 1is essential that isotope
 aﬁalysis be performed at intervals as close as possible to
improve the resolution.Such a high resolution (even upto 1
cm. level) stratigraphy has been successfully used earlier,
to derive 1local climatic information (Johnson 1980;Berger
et al. 1985a,b).However,obtaining a meaningful signal,from
high resolution 8180 analysis,specially in cores with a low
sedimentation rate, requires thét the core should be devoid
of bioturbation (Jones and Kei%win 1988) in order to avoid
spurious mnoise (Vincent et ai. 1981). The ©best way of
recovering short-term signals,%is to wuse cores with high
sedimentation rates, if available (Broecker 1988b).While it
is difficult to obtain cores with high sedimentation rates
from the deep sea,those raised;from near the continents do
often have <considerable Sediﬁentary flux due to high
productivity and/or terrigenous input.However,one should be
cautious while dinterpreting tﬁe data obtained from such
cores since their records are substantially influenced by
near coastal processes (Duplessy 1982).

In the present study,we have performed high resolution

1
) 8O analysis of 5 species of planktonic foraminifera from
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_core SK~20-185 (Fig. 3.13).Before we discuss the climatic
implication of these 5180 Aata;it is important to show that
the original signals of»%lgo and_lac in this core are not
significantly altered by processes like bioturbation or
alteration of 14C dates by contamination with external
carbonates, changing the chronology of climatic events.We
show below, based on the wuranium data and 140 ages of

different fractions of sediments, that bioturbation and

contamination are probably negligible in this core.

I11.2.6.a. Uranium Analysis and Bottom Water Conditions

In section IITI.1.2, it has ©been shown that in core

238U

SK-20-185 concedtration gradually increases below

(29-31) cm with a corresponding decrease in the Th/U ratios.
238U concentration in deeper layers is higher by factor of
2 to 10 relative to the core top sections. The high

concentration of wuranium results from its incorporation

into the sediments from the sea water as evidenced from

234U/238U ratio > 1 (see Table 3.4). Fig. 3.12 shows
. . 238 , . 18

downcore variatiom of total U (in ppm) as against ©°°0

stratigraphy of G. sacculifer. The maximum 238U

concentration of 6.4 ppm (in bulk sediments) is observed at

(40-45) cm, which corresponds to 1[“C age of 7 22 kyr.Omn the

other hand, Holocene sediment 1ayefs are characterised by
. 238 ]

lower concentration of U.A second peak in the uranium

concentration is found at (105-110) cm.

High concentration of wuranium in sediment layers can

come from the following sources:
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Deposition of uranium rich hydrothermal materials

(Cochran,1982).

) 238
Diagenetic effects, resulting in removal of U from

bottom water to sediments under suitable redox

conditions (Cooley and Thompson 1985).

In addition,presence of coral debris containing uranium

can produce false wuranium enrichments in sediments,if its
concentration 1is expressed on a carbonate free - basis.
Presence of such debris can be weasily ascertained by
looking for aragonite with XRD. Recently, Shankar et al
(1987) - have reported high wuranium content in surface
sediments close to the Laccadive ridge,a region adjacent to
that of core SK-20-185. They obtained very high values of
uranium concentration ranging >from 12-16 ppm (on a CaCO3
free ©basis) and explained itT to be derived from coral
debris. Since during glacial time the sea level was lower,
terrigenous input was likely to be increased,bringing coral
carbonates wupto the ©present core 1ocatioﬁ. However, all
earlier studies showed that corals can contain a maximum §f
only 2  ppm of uranium.Additionélly,U—content in corals has
been shown to be remarkably constant for last 5 million
years (Broecker and Peng 1982). Hence the wuranium
concentration of upto ~ 6.4 ppm (on bulk basis) in
sediments cannot be explained by contributions from corals.

The site of core SK-20-185 is far away from any active
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ydroﬁhermal ridge systems and hence hydrothermal deposits

~are unlikely to be the caﬁse of the observed high uranium
layers.

That 1leaves the second mechanism to be responsible for
high uranium concentration i.e. the removal of uranium from
the sea water to the sediments under reducing conditions.In
‘general, under oxidising conditions, U forms uranyl dion
’(U0+2) .in which U has a hexavalent state,and forms soluble
:complexes like [(UOZ)(COB)] —A.Under reducing conditions in
‘sediments, this hexavalent U (VI) is reduced to tetravalent

~state U (IV) (Weber and Sackett 1981;Faure 1986),which can

be fixed into sediments more easily.However,there is some

debate over the exact mechanism of this fixation.Uranium
fixation may be due‘;to the fo:mation of an insoluble U+4
species or adsorption/complexation of U+4 by organic matter
(Burton ’'1975; Dymond et al. 1973).The creation of reducing
conditions in sediments would depend on many factors,
important one among ‘them being the flux of organic matter
to the sediment surface.Therefore,a correlation may exist
between U-concentration and organic matter in sediments.
High U content from organic matter (OM) rich sediments from
the coastal Arabian sea and several other shallow water
sediments have been reported earlier (Borole et al. 1982b);
they ghowed a positive correltion between U and OM.In core
SK-20-185 also, we believe that the high uranium layers
result from its dincorporation into sediments from bottom
waters. Such an incorporation would require these layers to

. . . +4
be reducing so that uranium can be fixed into them in U
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state. The.-sediment‘ accuﬁulatibn réte of core SK-20-185 is
nearly uniform over the .past 30 kyr. However, the
accumulation rate of CaCO3 during the LGM stage was only
50%Z of that in Holocene (see section III.3) perhaps due to
higher productivity during Holocene.If CaCO3 is a measure
of supply of organic matter to sediment surface,then it
would require that organic matter supply to sediments was
higher during the Holocene than during the LGM.Pore water
oxygen may be consumed for this oxidation of OM in the
Holocene sediments and an oxic/reducing boundary layer may
have formed around the vicinity of the Holocene/LGM
boundary (40 cm).This reducing layer would fix uranium from
pore water to solid phase,thereby creating a concentration

gradient in pore water uranium. The peak in 238U

concentration at various levels ﬁay ariée because of change
in the , flux of organic matter%Presence of black coloured
sediments around the depths wher% high uranium was observed
indicates the presence of higﬁer organic carbon content.
This can pe verified only bf. the measureﬁent of total
organic carbon in the sediments. Earlier, Fontugne and
Duplessy (1986) recorded highér organic carbon content
during LGM in the eastern Arabian sea.Our uranium data
indicate that 1in the deeper layers of sediments a reducing
condition 1is produced which provides a better preservation
of organic matter, relative to the upper Holocene part.In
addition, a low oxygenated condition in bottom water during
LGM would have given rise to better preservation of organic

matter. Recent work by Kallel et al (1988),based on the 13C
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analysis of benthics has recorded the development of a deep
water mass (below 2000 m) depleted in oxygen during LGM.As

a result pglacial sediments below 2500 m in eastern Arabian

sea do not contain sufficient benthic foraminifera
(cibicides) which @generally grow in well oxygenated water.
Such a situation might have enhanced the preservation of
organic matter in sediment layers during LGM which might
have acted as a concentration sites for uranium.Furthermore,
complexation of organic matter and wuranium in a low
oxygenated condition can also give rise to high uranium
concentration during LGM.However,exact mechanism of uranium
fixation is not very clear at the moment for which further
close analysis of uranium all through this core is required.
Occurrence of glacial low-oxygenated deep water has an
important implication for retrieving climatic information
based on the high resolution 8180 record.Prevalence of
low-oxygenated condition means the near absence of benthic
fauna which in turn implies a negligible bioturbation at
least in glacial sections. Consequently the transient
climatic events during glacial periods can be recovered if
high resolution analyses are performed.

The second problem that can affect the conclusions
regarding past climates, is the uncertaianty due to

, - . o 14
contamination in determining C ages.

ITI.2.6.b. Reliability of the 14C Ages:
Radiocarbon ages on bulk sediments are often subject to

contamination by lateral advection of old fine grained
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‘CarbonateA (Berger ‘et - al. 1985b),m;king the 14C ageé older
”5y 2;4 kyr.This alters the chfonology of climatic events.In
’the Arabian sea, radiocarbon ages are often biased towards
older ages, because of the transport of dust carbonate
particles from the «continents to the ocean.This effect is
most dominant near the coast of Arabia (J.C. Duplessy,
"personal communication, 24.3.1985). The best way to get rid
of this problem is to date the same species of foraminifera
by accelerator mass spectrometry (Duplessy et al. 1986),for
which ‘6180 analyses have been performed. The second
alternative, which is less accurate but more viable,is to
date <coarse carbonate fraction (> 63 um or > 150/1m) which
is predominantly  composed of foraminiferal specimens.
Consequently, we have dated tﬁree different fractions of
sediments in this core at threé different depths:(0-2) cm,
(23-25) cm and (40-45) cm (se%iTableJB.l) along with bulk

sediments.As explained in Table iﬁl,these 3 fractions are:

1. Size fraction > 63 g m, consisting of - juvenile and

mature forams

2. Size fractiom > lSOfJ m, consisting of - only mature

forams,and
3. Size fraction < 63 ﬂ m, consisting of fime carbonate

powder and nannoplanktons.

As can be seen,for (0-2) cm and (23-25) cm depths different

fractions yield same age,within one standard deviation.At
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(40-45) cm,fine fraction (< 63flm)-is older than the coarse
(» 63 Mm) fraction but not by a large amount considering
the errors in the measurements.Hence we infer that in this
14 , . )

core, C ages are not significantly altered by fine older
particle contamination and bulk ages can be taken as
representative of the true ages.

Based on the above <considerations we can safely

. -18 14

conclude that neither the & °0 record nor the C ages are
seriously degraded by bioturbation and/or contamination.The
following section discusses the implication of high

resolution studies in SK-20-185.

I11.2.6.c. High Resolution £ 50 Studies in SK-20-185 and
its Climatic Implication
Five planktonic species were chosen for analyses.These

are Globigerinoides sacculifer, Globigerinoides ruber,

Orbulina wuniversa, Globorotalia menardii and Pulleniatina

obliquiloculata. Anlyses have been done at 2 cm intervals

from surface to 37.5 cm and at 5 cm intervals from 37.5 to
47.5 cm, corresponding to resolutions of 1 and 2 kyr
respectively (based on a constant sedimentation rate of 2.2
ém/kyr upto 70 cm depth,see section ITI.1).A11 the species
have been picked wup from a narrow size range of (250-400)

ﬂm, excepting Orbulina wuniversa (400-500 /[ m) in order to

avoid the contribution due to ontogenic developments
(Berger et al. 1978b).In all cases,30~40 individuals were
analysed per aliquot. Results of the analysis are given in

Table 3.9 for G. sacculifer and Tables 3.14 to 3.17 for




Table 3.14

*

Oxygen and Carbon Isotope Data on Core SK-20-185

Depth 8180PDB 813CPDB

(cm) (0/00) (o/oo)
.50 ~1.87 1.43
.50 ~2.24 1.32
6.50 -2.23 1.27
1 8.50 -1.90 1.01
110.50 -1.89 1.25
12.50 ~1.17 1.17
14.50 ~1.45 0.90
16.00 -1.37 0.84
18.00 ~0.61 1.17
120.00 ~1.21 0.96
22.00 ~0.72 1.11
24.00 ~0.48 1.21
26.00 ~0.21 1.19
28.00 ~0.42 1.30
30.00 -0.53 1.24
32.00 -0.75 1.21
34.00 ~0.67 1.23
37.50 -0.28 1.04
42.50 ~0.42 1.26
47 .50 ~0.63 0.85

*

Measured on G. ruber (250«355)f{m with 30-40

individuals per aliquot.



Table 3.15°

Oxygen and Carbon Isotope Data on Core SK-20-185

R " Cppy

(°/00) (°/o0)

~1.49 1.94

-1.61 1.80

~1.44 1.50

-1.38 1.61

-0.69 1.62

-0.63 1.21

-0.52 1.34

',16.00 0.01 1.45
- 18.00 0.08 1.44
20.00 -0.12 1.51
22.00 0.38 1.43
24.00 0.38 j 1.47
- 26.00 | 0.43 - 1.35
28.00 0.23 : | 1.47
30.00 0.31 1.71
32.00 0.05 _ ' 1.72
34.00 -0.69 1.66
37.50 0.65 1.58
42.50 0.20 2.01
47.50 0.22 1.94

*
Measured on 0. universa (400—500)/4m with 30

individuals per aliquot.



Table 3.16

*
Oxygen and Carbon Isotope Data on Core SK-20-185

Depth %180PDB SIBCPDB
(cm) (°/oo0) (°/00)
4.5 -0.94 - 0.60
6.5 ~0.96 | 0.58
8.5 ~1.04 0.59
10.5 -0.58 0.57
14.5 -0.11 0.50
16.0 -0.04 0.59
20.0 0.12 0.65
22.0 0.55 0.65
24.0 0.82 0.67
26.0 1.03 . / 0.92
28.0 0.85  0.62
32.0 1.13 0.76
34.0 1.13 0.76
37.5 0.95 ; 0.70
47.5 0.95 0.70

*

Measured on P. obliquiloculata (250—400)fim with

30-40 individuals per aliquot.



Table 3.17

A ‘ .
Oxygen and Carbon Isotope Data on Core SK-20-185

%18OPDB. 813CPDB
(cm) (°/o00) (°/00)
. fz.so -0.81 1.37
| -0.82 f 1.37
~1.02 1.34
~0.74 1.16
10.50 -0.21 1.21
12.50 -0.15 1.47
14.50 -0.52 1.13
16.00 -0.04 ﬂ 1.36
18.00 0.64 : 1.39
20.00 0.15 : 1.48
22.00 0.51 ; 1.53
24.00 0.78 E 1.61
26.00 0.87 | A 1.63
28.00 0.59 , 1.57
30.00 0.87 o 1.70
32.00 0.40 : ‘ 1.42
34.00 0.65 1.65
37.50 0.80 1.71
42.50 0.57 1.62
47 .50 0.79 1.54

*

Measured on G. menardii (250-400)/4m with 30

individuals per aliquot.
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other species and plotted in Fig. 3.13.

Glacial to interglacial. amplitude (GIA) in all the

. . o
species excepting G. menardii, are 2 "/oo and consistent

with the earlier result (Duplessy 1982), from nearby
locations. Holocene G. ruber value of -2.2 o/oo also agrees
. . . 818
well with earlier measurements (op. cit.). Absolute 0
values 1in these species éhow an interesting sequence.For

example, %180 values of shailow water species G. sacculifer

are significantly more negative than the %180 values of

deeper water species G. menardii, If the %180 differences

are solely due to depth habitat, then the ranking,with

increasing depth habitat,should be as follows:

G.sacculifer O.universa P.obliquiloculata
—_—> L —>
G.ruber G.menardii

The difference 1in 8180 bétween G. sacculifer,G.ruber and

- is 0.8 to 1.3 %°/o0o,the second

G.menardii, P.obliquloculata
group being heavier. This ?ndicates temperature difference
of 4 to 6°C in their bcglcification' zonés.This ranking
agrees with that observedéfrom the Pacific (Berger et al.
1978b) and 1Indian oceans ;(Be 1977;Shackleton and Vincent
1978). Table 3.18 is a compa;ison of depth habitats of these
species based on plankton tow and 6180 data from the Indian
ocean.

In Fig. 3.13, radiocarbon dates of bulk sediments are

14C age pips have been drawn to

shown on the top. The
indicate 1integer values for clarity and the positions of

the pips have been obtained roughly based on the actual
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ages in iable 3.1,

The most notable featufe of Fig. 3.13 (shown enclosed
between two vertical dashed. lines), is the negative
excursion of 8180 during LGM,lasting approximately for &4
kyr (16 to 20 kyr).Though all the four species show this,

the magnitudes are different:~ 1 o/oo in G. sacculifer and

0. universa, ~ 0.6 O/qo in G. ruber and ~ 0.4 °/oo in

G. menardii. The coarse fractiom > lSOf{m) mainly consisting

of foraminiferal tests also reduced to a minimum of 5%
(Fig. 3.13¢f) during this period indicating lesser
productivity (section III.3).From 16 kyr upwards the curves
follow a mnormal monotonous decrease in %180. Since the

magnitude of the pulse 1is much less in G. menardii (a

deeper dwelling planktonic species),it can be inferred that
the mechanism responsible for this pulse was predominantly
of surface origin.Also,no difference in 8180 values between
"peak' (34 cm) and 'background' (26 cm and 37.5 cm,Table
3.9, Fig. 3.13) 1levels was found in another deep dwelling

species P. obliquiloculata (Fig. 3.13e). Having the most

enriched %180 values among these species,G. menardii does

not record the variation of the salinity and temperature of
the euphotic zone (Duplessy 1982) and so is the case with

P. obliquiloculata.

The negative pulse inV‘ngO was confirmed by repeated
analysés of these species extracted from multiple aliquots
of the sediments. Thus, there was a period of about 4 kyr
during LGM, when suvrface dwelling foraminifera in this

region secreted isotopically lighter CaCO3 shells.
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We  have already shown that benthic mixing in this core
duging LGM was small due to prevailing low oxygenated
conditions.Even 1f somé amount of benthic mixing took place,
a signal can be detected if the mixing scale length is low
or if the amplitude of the signal is large enough to escape
a complete wash-out.In the present case,the signal shows up
even without the use of any 'unmixing' ©precedure.
Application of unmixing model will only sharpen the pulse
(Guinasso and Schink 1975) apart from introducing some
spurious mnoise (Jones and Ruddiman 1982).We have also shown
earlier, that dissolution effect in this core is almost

14 .
C concentrations are

absent (section I1T.2.4b) and
uncontaminated. Consequently, the negative pulse during LGM,
is considered to be a genuine climatic signal.

Modern hydrographic conditions at the —core site
indicate a decrease in SST by 1-2% during summer (SW)
monsoon period,caused by the thickening of mixed layer from
20 m to 80 m induced by the SW monsoon (Nair et al.,1989).
During winter time, the NE monsoon current transports low
salinity water from the Bay of Bengal to the eastern
Arabian sea via south of Sri Lanka (Wyrtki 1971),decreasing
the surface salinity at the core location by about 1 0/oo
(Fig. 3.10b). |

Numerous studies have shown that SW monsoon was weaker
during LGM (Chapter I; Prell et al. 1980;Van Campo et al.
1982; Duplessy 1982;Prell 1984;Prell and Van Campo 1986) and

the wupwelling diminished. As a result,the Arabian sea SST

was higher (Prell et al. 1980).It may be suggested that the
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fobsérved négative pulsé 1s essentially due to this warwing.

However, explaining the  enfiré 1 %/oo signal to bé due to
{ncrease 1in temperature, reduires an abnormal increase in
55T of about 59¢ during LGM,for which there is no evidence
(CLIMAP 1976). At present there is record of a small scale
upwelling only near Minicoy Island (~ 8°N,73°E,Init. Rep.
b.S.D.P. 1974) during winter time and mnot at our core
location (lOON,71050'E).If at all,the core site experiences
reduction in temperature by 1-2°C due to minor upwelling or
mixed layer thickening during the SW monsoon (Wyrtki 1971;
Nair et al.1989).Since the SW monsoon was weaker during LGM,
the mixed layer thickness would be reduced and <cold
nutrient rich bottom water supply would be less.As & result,
the SST would be relatively increased by 1—20C,resulting in
a decrease in the ‘%180 of planktonic foraminifera upto a
maximum of 0.4 O/oo, thereby explaining only a part of the
observed signal. For the remaining part,we propose another
mechanism.

In Chapter I,it has been shown that along with a weaker
SW-monsoon, evidences (non-isotopic) of a strong NE monsoon
during LGM were also found.This conclusion was based on the
percentage of quartz (Kolla and Biscaye 1977),pollen (Van
Campo et al. 1982) and SlBC of organic matter {(Fontugne and
Duplessy 1986). Today,the NE monsoon circulation brings low
salinity water from the western Bay of Bengal to the
eastern Arabian sea. If duirng LGM the NE mwmonsoon was
stronger, increased precipitation in the SE coast of India

and increased run—off from the southern rivers,viz.,Cauvery,
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odaV?ri’ etc., would result in a further lower salinity in
he SW >Bay of Bengal.Today,most of the annual rainfall in
ramilnadu and eastern Andhra Praaesh, is received during
:NE—monsoon which causes cyclonic storms and occasional
floods 1n these regions.This,coupled with reinforced trade
winds and atmospheric circulation (op. cit.), would
_intensify the NE monsoon oceanic current. As a result
increased amount of low salinity water would have been
’tran5ported to the core location.The inferred path qf this
‘transport of low salinity water is shown by the arrows in
Fig. 3.14. The transport of low salinity water along this
~ route takes place even today, however, its magnitude
‘increased during LGM, due to the intensified NE-monsoon
circulation.

To substantiate the above scenario we need to look
critically at the available evidence on the salinity of the
Bay of Bengal during LGM.It is known that fhe Bay of Bengal
and the Afabian sea were more saline (compared to today)
during LGM due to the decrease in the  river water
discharges caused by weaker SW monsoon system.However,
between the two basins the Bay of Bengal was less saline.

Unfortunately, the earlier work in this region was confined

(s

mostly to eastern and <central Bay of Bengal and he
evidence regarding salinity of western Bay of Bengal is
lacking. Nevertheless,if the salinity difference between the
two basins was similar to that of today,and the annual

circulation in the eastern Arabian sea was dominated by the

NE monsoon current the surface water at the core location
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duld'have less salinity than otherwise expected.
- Below we compute the probable effect of this sélinity
dﬁction on foraminiferal %180;
A 518
Present day salinity- 0 relation in eastern Arabian
sea 1is given by the following €quation (calculated from the

data of Duplessy et al.l1981la).

G8( °/00) = (0.32)s5-10.97
where S is the salinity in O/60.
This relation implies that for a 1 °/oo drop in
_salinity, the ‘5180 value will reduce by about 0.32 °/oo0 in
,’this region. Assuming that this relation is valid for the
: LGM ocean, 0.6 °/oo of the total pulse 1 °/oo would require
lna salinity decrease (due to transport of low-salinity
_water) of about 2 °/oo0.
Thus, a total reduction of ~ 1 °/o0 in 5180 would result
_from a combination of temperature increase (T 0.4 o/oo) and
salinity (7 0.0 0/00) decrease due to transport of fresher

water by increased NE monsoon circulation.G. menardii being

deeper dwelling, records only the lack of mixed layer

. . ~ o
thickening ( 0.4 "/oo) whereas the other species show the
- 0
full effect of 1 "/oo. G, ruber,though surface dwelling,

—~

has a lower pulse 0.6 °/00.The negative %180 anomaly of
varying magnitude in different planktonic components has
been reported wearlier (Showers and Margolis 1985) and has
been attributed to migration of depth habitat.Currently no

evidence exists to show that G. ruber depth habitat changed

during LGM. Therefore the reduced magnitude could be due to
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panges in .seasonal abundances.G. ruber abundance peaks in

gymmer and fall whereas O.universa has more or less uniform

sbundances throughout the Year (Deuser 1978).G. sacculifer,

presumably has a Thigher summer abundance,may have

some winter contribution as well, thus recording the

galinity variation during LGM-winter. This record of
gk-20-185 is compared with that of SK-20-186 1in the

following section.

111.2.6.d. Comparison with the High Resolution Stratigraphy

of SK-20-186

Along with SK-20-185, high resolutionﬁ}go stratigraphy

Hon G. sacculifer, was also performed in core SK-20-186.The

close spaced analysis on this equatorial core was done from
LGM to Holocene (Table 3.10). Considering the 2.4 cm/kyr
sedimentation rate (Fig-. 3.2) in the upper part,this means
a climatic resolution of < 1000 years.A magnified plot of
this core from the LGM to the Holocene (Fig. 3.15) shows
s s . 18 '
the characteristic decrease 1n the $ 0 values due to
. . . . 18 .
deglaciation. The mnegative excursion of © "0, as seen in
SK-20-185, is,however,absent probably because the NE monsoon
current did not reach this location.This is consistent with
the ocean circulation pattern prevailing today,where the
low salinity tongue does mnot reach upto this equatorial
region (Fig. 3.10b).
. 18 . . .

The monotonous decrease 11 S 0O in this core,halts at a

depth of 19.5 cm and remains constant (or slightly

enriched) upto 15.5 cm,indicating a quiescent stage in the
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deglaciation (note that break and reduction in
sedimentation rate in this core occur at 22-23 cm. depth
below and not during the Holocene segment).This cessation
of deglaciation 1is confined Dbetween 10-12 kyr (14C age).
Such a sﬁepwise nature in the deglaciation associated with
a brief period of <cold condition has been reported from
other oceans and correlated with the continental 'Younger
Dryas' period (Ruddiman and Duplessy 1985;Berger et al.
1985a, b). Timing of this event has beén a matter of
controversy. Accelerator mass-spectrometer dating in recent
years has substantially resolved this issue and the time
bracket has been put as 10-11 kyr (Broecker et al. 1988a).
As can be seen from the figure,the step in SK-20-186 is
also <centred around 11 kyr and thus can be correlated with
'"Younger Dryas'. Similar step-wise deglaciation din high
sedimentation rate <cores, from the W—Arabian sea has also
been noted by Prell (1984b).These observations contradict
the idea that the 'Younger Dryas' event was a local one,
strongest in the vicinity of N-Atlantic and weak or absent
in records from south of 45°N (Broecker et al. 1988a;
Broecker et al. 1988b). Our data indicates the probable

global nature of the effect of 'Younger Dryas' event.

I1I1.2.6.e. Mechanism of Freshwater Intrusion at the
site of SK-20-185 during LGM
A; present, the intrusion of Bay of Bengal water during
winter time, into the SE Arabian sea takes place along two

routes,one along the west coast of India and the other along
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5°N (Fig. 3.10b). The intrusion aléng'SOH is mainly due to
the NE monsoon circulation,wﬁich brings low salinity water
to the southern Arabian sea. This low salinity water
intrudes northward along the west coast (Fig. 3.10b)
(SE-Arabian sea), by a strong thermohaline circulation,the
mechanism of which is described below.

The pronounced density stratification, found in this
region (SE-Arabian sea) 1is very well correlated with the
salinity stratification, indicating that salinity controls
the density field. During winter time salinity gradient
(north-south) in this part, is higher than that in summer
time (Fig. 3.10).This is because the NE-monsoon circulation
brings - low salinity water along 5°% (in Arabian sea),which
enhances the gradient. This produces a drop in sea surface
dynamic height (density), and subsequent intrusion of low
saline water mnorthwards. Mass transport in such a case is

expressed by (Pankajakshan and Rama Raju 1987):

_ gh 1 . -KD, S .. -KD
Tg = 12 L-gp (3¢ ) - 5 (1-e )

1t

where, g gravitational acceleration

f = coriolis parameter
1/k = density gradient along depth
D = depth of the ocean
S = depth upto which transport takes place
and B = meridional density gradient at the surface.

Since 1/k and S << D,

T, = gb/fk?
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T can be compared with amount of surface Ekman transport

~due to strong wind stress.The Ekman transport is expressed

by Ti/f,where Ti is longshore win@ stress and f is coriolis
parameter. During SW monsoon period, salinity gradient 1is
less (i.e. O 1is less).Consequently‘Ti/f > TS and hence no
thermohaline transport occurs. During NE monsoon, on the
other hand, the salinity gradient is increased.Taking the

-11

winter time density (salinity) gradient & = 1.5.10 gm/cm,

Ts has been calculated to be 9.103 gm/cm/sec.This is 3
times larger than the Ekman transport (Ti/f) value of
2.5.103 gm/cm/sec, calculated for the same time (op. cit.).
Hence, the thermohaline transport dominates over Ekman
trensport during winter period resulting in intrusion of
low saline water further northward.

We assume that the salinity gradient in the Arabian sea
increased by ~ 50% during ©LGM. Taking LGM A value as
2.25x10—11gm/cm and considering 1/k as of today, we
calculate 7 13.103gm/cm/sec value for TS during LGM.This is
5 times larger than present day winter value of Ti/f,which
either remained constant or reduced.Such a situation should
make much stronger thermohaline <circulation than today,
taking more of the low salinity water north upto and beyond
the present core site.

It can be however, argued that during LGM salinity of
Bay of Bengal was higher due to lower river discharge from
Ganges—Brahmaputra river system.A closer look at Duplessy's

(1982) core sites would reveal that most of the cores are

from eastern Bay of Bengal,while no core was raised from
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western Bay of Bengala where séuthern rivers drain their
water. In this part a prondunced'low salinity pocket (upto
32 O/oo, Fig. 3.10b) is produced even today during NE
monsoon season. During this season, Ganges has a total
discharge of water wupto about 2.4.1011 cubic meter (from
December to May, 10 year—average,UNESCO 1971),into the Bay
of Bengal. This is 10 times lower than the discharge during
monsoon months (7 2.2.1012 cubic meter,June to November,10
years average, op. cit.). In this respect, today's Ganges
discharge during winter perhaps mimics the discharge during
LGM-summer (Duplessy 1982). Even if we accept that Ganges
discharge during LGM reduced by 507Z,the salinity could not
have been higher than 32-33 O/oo. Hence, though today's
assymetry 1in salinity between the Arabian sea and the Bay
of Bengal reduced during LGM,we believe that Bay of Bengal
was still less saline than the Arabian sea.This,coupled
with increased precipitation along east—coast due to
stronger NE-monsoon and increased evaporation-induced
thermohaline circulation in Arabian sea perhaps,brought
significant amount of the low salinity water to the present
core site.

Our results, thus indicate that the phase during which
the NE-monsoon was stronger,lasted for a maximum of 4 kyr
during LGM. It is of interest to note that an indication of
stronger NE monsoon circulation in this region was obtained
by Van Campo et al (1982) based on pollen analysis of a
core taken from western Arabian sea.Theilr studies indicate

that during (19-25) kyr ago ther was a high relative
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frequency of taxa from Mediterranean steppé, indicating
strong NE‘ trade winds.'Considering the uncertainty of the
dating and methodology{ we think their study provides an
independent evidence of the same bhenomenon of particularly
intense phése of NE monsoon circulation.This was possibly
caused by the build up of glacial ice over Himalayas and
Tibetan plateau, which enhanced the land to sea temperature
contrast in winter and reduced it during summer (Duplessy
1982). Evidence based on terminal moraines,for the existence
of huge ice sheets on Tibetan plateau has been reported
(Kuhle 1987). The &estimated areal extent of this ice sheet
was 2-2.4 million sq. km. (larger than the Greenland ice
cap, 1/3 of Laurentide ice sheet) with an average thickness
of 700-1200 m. This is in contrast to the assumption of
CLIMAP group that high Asia was little glaciated during LGM
(CLIMAP 1976). As the ice sheet gradually built up,it
reached a «critical size,enough to energise the NE-monsoon,
usually a weak one, to become highly active.As the global
ice sheets melted,so did the Tibetan ice,bringing back the
North-east monsoon to the present day levels. It 1is
Speculated that the peak seen in 8180 (Fig. 3.13) between
26 and 37 cm in SK-20-185,is a crude méasure of the excess
ice that was required to increase the NE monsoon activity.
The duration for which this excess 1ice lasted is not
clearly known otherwise.Pollen evidence from north-western
Himalaya (same latitude as Tibetan plateau) indicates that
deglaciation started around 15 kyr B.P. (Singh and Agarwal

1976). It is therefore likely that the excess ice lasted for
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about 3 kyr (18 to 15 kyr).

In conclusion, our vstudy of high resolution <5180
analyses on multiple species of planktonic foraminifera,on
a core from SE Arabian sea shows an oxygen isotope evidence
of a stronger NE-monsoon during the last glacial maximum.
The spatial and temporal extent of this intensification
should be further studied using cores raised from several
locations in Athe southern Arabian sea and especially from
the "western Bay of Bengal and the south of Sri Lanka,where

more significant ?5180 anomaly (and drop in salinity) is

expected.

IIT.3. Carbon Isotope Studies of the Ocean Cores
SIBC values for all the 5 cores are given in Tables 3.9

to 3.12.These measurements have been made on G. sacculifer.

/ 2
In addition, high resolution %13C analyses were made (along
with simultaneous measurements of 8180,see section III1.2.6)

on four other species viz., G. ruber, O. universa,

P. obliquiloculata and G. menardii upto 47.5 cnm depth (™~ 25

kyr, 140 age) 1in core SK-20-185.Data for these species are

given in Tables 3.14 to 3.17.
In section TIII.2.1, it has been shown that the species

G. sacculifer does not grow in isotopic equilibrium as far

as carbon isotopes are concerned. If the calculated %lSC
value at the site of SK-20-185 (i.e. 3.77 °/oo,Table 3.8)
1s compared with the core top %13C values of the four other
species «cited above, it 1is seen that none of them grows

their shells in isotopic equilibrium with surface water
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E:coz. However,an apparent depth habitat is discernible from
“their absolute Sl C values. The deep dwelling

P. obliquiloculata is depleted by -1 o/oo than the surface

species G. sacculifer and G. ruber.This 1is consistent with

the %13C'ZCO2 profile in the water column (Chapter 1),which
shows that the deep water 1is depleted with respect to
surface water and confirms our previous inference from 5180
data regarding depth habitat of different species.This
simplified picture, however, does not fit with the observed

values of 0. universa and G. menardii. The former one is

o} .
0.2-0.4 “/oo enriched compared to G. ruber while the latter
13
has the same % °C values as those of surface species.The
18

% G measurements, on the contrary, show greater depth
habitats for both these species. This indicates that the
magnitude of disequilibrium fractionation is not constant
and perhaps species dependent (Grossman 1987).However,as
discussed 1in Chapter 1,we consider that the extent of this
vital effect,has remained constant in the past.

13 '
C data against depth, for five

A plot of the §
planktonic species from SK-20-185, is shown in Fig. 3.16
where 9 kyr (early Holocene) and 20 kyr (glacial) periods

(14C

the top 3 species viz., G. sacculifer. G. ruber and

ages) are indicated by bold arrows.As can be seen,all

O. universa show a more or less similar BIBC stratigraphy.

To remove the effect of single "wild" points,a 5 points
~moving average has been run to smooth out the data.Dashed
lines in Fig. 3.16 represent the smoothed trends which

reveal the following features:
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1. There are E;lBC minima in G. sacculifer,G. ruber and

O. universa around 9 kyr period.The magnitude of these

minima between surface to 9 kyr period is about (0.5 +

0.1) °/oo.

2. With respect to 9 kyr B.P., glacial 813C values in
these species show an enrichment by 0.2 o/oo

(G. ruber) to 0.6 °/oo (0. universa).

. : .13 B
3. For G. menardii, no difference in $"7C value is seen

between surface and 9 kyr B.P. level.However,glacial
value 1is enriched relative to surface (present) by ~

0.4 o/oo.

Additionally, P. obliquiloculata (not plotted in Fig.

3.16, Table 3.16) shows almost constant SIBC (-~
0 . 13
0.66+0.1 “/oo) throughout this length. A plot of °7C of

G. ruber against SlBC of G. sacculifer (Fig. 3.17) shows

that they are positively correlated (correlation
coefficient r = 0.6 which 1is significant at 2.57 level).A

similar plot between G. sacculifer and O. universa is shown

in Fig. 3.18 and the down core 513C values for these two
species are also positively correlated (r = 0.6;sig. level
= 2.5%). Such a concomitant variation in down-core 813C in
several species of planktonic foraminifera,indicates likely
major changes in E:CO2 reservoilr in the Arabian sea during
the last 25 kyr.A large number of models have been proposed

. 13 ) . . A
to explain the downcore D -C variations in foraminifera



T 1OAD] juroLy
-[udts pu gt o= a1 toandi) oyl Uyl umoys oull
UOTSS0dB0d 8y} 104 *OUBO0 0L [eroed
UoJ]  GQT-0Z-MS Ul -~ S[9A8] snorava e 9]
~T[NOoESs "9 1sulef8e JI8qnad 9 JO sSonea UmHm L1 ¢

O¢

Gl

8L

[48411n99Ds 9] 8Qd (°%) I8

| _

S8I-02-XUS

1

©

w0

-

[eqni 9] €dd (°%) O,



TOA91 Byt7 v queop)
—Ugls pue gt o= 4 fududly o uy) o up umoys oul|
018504304 9yl J0,  COUOLOLULL U] Jutoe(s wodj
G1-0Z-MS Ul S[OAD[  SNOLJEBA R JdaJT[nooes

*g  jsuiede  BSJaATUn Q) JO GONRA Umﬁw gLt e cOId

[1841In00DS '9] 4dAd (°%) 0¢8

0'¢

G8l-02Z-MS

_ | |

Lc

[osi8Aun 0] g0ad (°%) OgS



-117-
(Broecker . and Peng, 1986).Recently Sarnthein et al. (1988)
have made a strong case about the importance of biological
productivity in the ocean in controlling the 813C of
foraminifera and the wvariation in past atmospheric COz.In
today's ocean, the productivity is largely controlled by mid
and low latitude wupwelling centres (op. cit.). In the
Arabian sea also the copious productivity is mainly
controlled by wupwelling, which has varied in the past.We
discuss below the downcore calcium carbonate measurements
and show that a significant change in productivity had
taken place in the ©past in the Arabian sea.Variation in
%136 is then subsequently discussed in the context of this

productivity change.

IIT.3.1. Calcium Carbonate and Palaeoproductivity

Two cores, SK-20-185 and SK-20-186,have been analysed
for their calcium carbonate (CaCOB) percentage. Data on

CaCO3 for these <cores are given in Tables 3.19 and 3.20.

Along with CaCO3 percentage,coarse fraction (> 1504 m) is

also measured. These are mainly mature foraminifera.The
coarse fraction data are given in Tables 3.21 and 3.22.

Depth profiles of CaCO3 and the coarse fraction

abundances against depth for SK-20-185 1is shown in Fig.
18 . . . .

3.19. The % 0 stages are also given in this figure for a

chronological framework. Bold arrows indicate the 18 kyr

level. CaCO3 decreases from Holocene ~ 68% to LGM ~ 40%.

CaCO3 again increases to about 60% during the interglacial

stage Se. CaCO3 and §>18O exhibit a strong inverse



Table 3.19

Down Core CaCO3 Data on SK-20-185

Depth

Depth CaCO3 CaCO3
(cm) (%) (cm) (%)
2.50 67.5 132.50 43.4
3.50 65.8 137.50 45.8
5.50 65.6 142.50 41.4
10.50 60.3 147.50 37 .4
14.50 52.6 152.50 32.6
16.00 51.6 157.50 31.4
18.00 48.1 162.50 32.6
24.00 42.6 167.50 28.6
30.00 41.0 172.50 32.5
37.50 40.2 177.50 35.2
47.50 38.5 182.50 33.0
57.50 40,2 190.00 44 .0
62.50 40.2 200.00 48.6
67.50 42 .8 210.00 53.5
72.50 45.2 220.00 42.7
77 .50 44 4 230.00 56.0
82.50 46 .7 240.00 59.4
87.50 45.6 250.00 55.1
97.50 45.7 260.00 52.1
102.50 46.1 270.00 49,7
112.50 42 .9 280.00 49,2
117.50 45.4 290.00 51.0
T 127.50 45 .4




Table 3.20

Down Cofe CaCO, Data on SK-20-186

3

Depth CaCO3 ' Depth CaCO3
(cm) (%) (cm) (%)
2.50 87.8 21.50 81.8
3.50 87.1 22.50 80.2
4.50 89.0 23.50 88.5
5.50 80.1 24.50 82.5
6.50 86.7 25.50 83.2
7.50 85.8 26.50 82.2
8.50 86.4 27.50 81.4
9.50 86 .4 28.50 82.0
10.50 83.8 29.50 81.8
11.50 87.9 30.50 81.3
12.50 84.9 31.50 82.0
13.50 82.0 32.50 83.7
14.50 82.6 33.50 82.8
15.50 83.3 34.50 82.6
16.50 77.8 35.50 82.7
17.50  84.3 36.50 86.0
18.50 83.3 37.50 82.7
19.50 82.5 | 38.50 82.6

20.50 83.4 39.50 83.7




Table 3.20 contd.

40.50

41.50

43.00

45.00

47 .00

49.00

51.00

53.00

55.00

57.00

59.00

61.00

64.50

69.50

74.50

79.50

84.50

89.50

94.50

99.50

104.50

109.50

114.50

119.50

124.50

83.0

84 .4

79.5

82.4

80.9

83.3

84 .4

82.3

85.0

85.1

84.1

85.3

85.6

83.6

84.2

83.2

85.1

79.6

81.6

81.1

80.4

79.0

79.9

81.3

86.2

129.50
134.50
139.50
144.50
149.50
154.50
159.50
164.50
169.50
174 .50
179.50
184 .50
189.50
197.00
207 .00
217.00
227.00
237.00
247.00
257.00
267.00
277.00
287.00
297.00

307.00

83.

82.

84 .

84.

87.

86.

86.

83.

83.

83.

86.

85.

86.

84,

83.

82.

- 83.

87.

88.

88.

85.

85.

83.

84,

83.




Table 3.20 contd.

317.00

327.00

337.00

347.00

357.00

367.00

377.00

387.00

397.00

83.

83.

83.

82.

83.

85.

88.

81.

85.

407

417

427

437

447

457

467

477

- 487

.00

.00

.00

.00

.00

.00

.00

.00

.00

87.

86.

87.

86.

86.

87.

87.

88.

84 .




Table 3.21

Down Core Coarse Fraction (> 150/4m) Data on SK-20-185

Depth Coarse , Depth Coarse
(cm) Fraction (%) (cm) Fraction (%)
2.50 21.2 30.00 6.2
3.50 27.3 | 32.00 4.1
4.50 25.3 | 34.00 4.5
5.50 19.1 } 37.50 5.1
6.50 21.5 | 42.50 7.3
7.50 21.5 47.50 4.7
8.50 16.3 52.50 5.1
9.50 19.3 57.50 5.4
10.50 17.7 62.50 8.3
11.50 19.8 67.50 7.3
12.50 1403 72.50 7.0
13.50 11.6 77 .50 7.9
14.50 15.9 82.50 8.6
16.00 11.8 87.50 6.9
18.00 10.4 92.50 7.0
20.00 , 6.5 : 97.50 5.8
22.00 8.8 102.50 7.2
24.00 6.5 107.50 7.2

26.00 4.9 112.50 4.5

28.00 4.4 117.50 5.4




Table 3.21 contd.

122.50

127.50

132.50

137.50

142.50

147 .50

152.50

157.50

162.50

167.50

172.50

177.50

182.50

190.00

200.00

210.00

220.00

230.00

240.00

250.00

260.00

270.00

280.00

290.00




Table 3.22

Down Core Coarse Fraction (> lSO/Lm) Data on SK-20-186

Depth Coarse ' Depth Coarse
(cm) Fraction (%) (cm) Fraction (%)

2.50 34.1 22.50 32.7

3.50 36.9 23.50 36.7

5.50 39.5 24.50 33.4

6.50 37.8 25.50 42.7

7.50 38.2 26.50 37.6

8.50 39.6 27.50 34.3

9.50 37.0 28.50 35.3 i
10.50 39.6 29.50 38.5 ;
11.50 36.2 30.50 37.5 |
12.50 34.7 31.50 35.8 %
13.50 38.6 32.50 34.9 |
14.50 41.7 33.50 35.5
15.50 34.6 34.50 32.5
16.50 32.7 35.50 . 32.3
17.50 35.1 36.50 30.8
18.50 35.5 37.50 30.2
19.50 31.8 38.50 35.9
20.50 33.6 39.50 38.0

21.50 35.1 40.50 33.4




Table 3.22 contd.

41.50

43.00

45.00

47.00

49.00

51.00

53.00

55.00

57.00

59.00

61.00

64.50

69.50

74.50

79.50

84 .50 |

89.50

94.50

99.50

104.50

109.50

114.50

119.50

124,50

129.50

33.3

33.2

29.2

33.6

35.1

28.8

35.5

28.7

34.0

32.3

36.3

33.2

30.2

31.5

34.7

37.3

34.8

36.5

34.2

30.8

144,

149

154

159.

164.

169.

174

179

184

189

197

207

217

227

237

247

257

267

277

287

297

307

317

.50

.50

50

.50

.50

50

50

50

.50

.50

.50

.50

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

21.9
23.0
20.4
23.5
28.3
35.4
32.9
25.2
22.9
33.0
28.2

28.1

128.7

31.5

27.9

16.2

10.2

15.6

21.4

22.3

29.7

1706

15.3

14.6

19.3




Table 3.22 contd.

327.00 18.9 417.00 23.2
337.00 17 .4 | 1 427.00 22.4
347.00 16.3 | 437.00 27.7
357.00 13.4 : 447 .00 29.8
367.00 25.5 ‘ 457.00 35.1
377.00 26.8 467.00 34.7
387.00 28.4 ' 477.00 35.1
397.00 ; 18.1 f 487.00 33.9

407.00 18.5 E 2
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correlatiqn (r = —0.6) iﬁ‘this core;which is significant at
2.5%7 level (Fig. 3.20).Major Slgovstages are also reflected
in the CaCO3 abundance profile.In.stage S5e,however,only two

CaCO3 substages are found,against 5 substages in %180 .As

has been discussed in Section III.2.3,this can be due to
the coarse sampling (at 10 c¢m intervals) below 150 cm depth.
The coarse fraction amount also varies sympathetically with
the CaCO3 in this core.From 27% in Holocene,it degreases to
5% during LGM.During 5e stage,the coarse fraction does not

increase to same degree as much as CaCOB.Such a close

parallelism between CaCO3 and the > 150 M m fraction

indicates that most of the CaCO3 is biogenic in mnature.

The depth profiles of CaCO3 and the coarse fraction for

the core SK-20-186, are plotted in Fig. 3.21 (along with
%}80). For the top 61 cm all the data points are not plotted

in Fig. 3.21, but the gemeral trend in CaCO3 and coarse

fraction abundance are shown. Unlike SK-20-185,the CaCO3

variation 1in this «core 1is only marginal.In general,the
CaCO3 % in this core is very high (~ 80%).Nevertheless,a

Holocene value of 907 reduces to an LGM value of 80%.There

exists an apparent correlation between 6&80 and CaCO3 in

this core as well (shown by dashed lines in Fig. 3.21).0n

the contrary, the coarse  fraction percentage varies

significantly with depth and does not show any relationship
. . 18 - .

with either 8 0 or CaCOB. A pronounced minimum in the

coarse fraction %Z d1s found at 237 cm depth. Visual

inspection under microscope shows that most of the coarse

fractions in both the <cores are composed of foraminifera
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and other ‘form of carbonates are extremely small in
proportion.
These fluctuations in downcore CaCO3 can be due to

three factors (Volat et al. 1980):
1. Variation in carbonate dissolution

2. Dilution by non~-carbonate material i.e. variation in

terrigenous input.

3. Variation in the biological productivity of calcareous

planktons.

It is known for some time that variation in CaCO3 in

Pacific ocean is often a mirror image of the Atlantic
pattern (Boyle 1983). While the interglacial in Atlantic
ocean 1is represented by higher CaCO3,that in the Pacific

ocean shows 1low CaCO3.Consequently the glacial Pacific has

higher CaCO3 content relative to interglacial (op. cit.).

Berger (1968) found that in the Pacific, the ratio of
solution susceptible to solution resistant species
increased during glacial. This indicates that dissolution
was lower in the Pacific during glacial period,resulting in

a high CaCO, stage.Subsequently most of the explanations on

3

CaCO3 variation, was based on the change in dissolution

intensity from interglacial to glacial period.In general,

the Indian ocean shows a similar CaCO3 pattern as that of

the Pacific (Volat et al. 1980).A change in the global deep

water circulation during the glacial period has been held

responsible for such a pattern.For example,the formation of
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North Atlantic ‘Deep Water (NADW) makes the femaining North
Atlantic surface water nutrient depleted.The nutrient rich
NADW flows southward and becomes progressively enriched in
Co due to the respiration and oxidisation of benthic
organisms. This CO2 rich corrosiye bottom water ultimately
reaches the Pacific wvia the Indian ocean and enhances the

dissolution of CaCOB, producing 1lower CaCoO

3 content in

Pacific compared to Atlantic. Evidences are increasingly

accumulating that productio of NADW was much reduced

during LGM _ (Berger and Vincent 1986).In such a case the
CaCo presefvation cycle in two oceans would be reversed.
This basin to basin fractionation,though held important,is
not the oniy viable mechénism.Terrigenous input can also
significantly dilute the CaCO3 content. It is generally
believed that the volume of eolian and fluvially
transported material increésed during the glacial period.wé‘
Added to this was the effect of lowered sea-level,when more

of terrigenqus inputs could have reached the deeper basin
(Volat et al. 1980).

Earlier we have shown (from 8180 analysis of solution
prone and solution resistant species) thatugissolutiqn was
perhaps mnegl;gible for last 25 kyr in the core SK-20-185.
Th;” high CaCO3 content of SK-20-186 perhaps also indicates
insignificant dissolution,inspite of its depth being closer
to CCD (~ 3.5 km).An earlier study by Lﬁz and Shackleton
(1975) in the tropical Pacific showed, that CCD plays an
important role in controlling the CacCo variation wvia

3

dissolution. They observed that the CaCO, content during the

3
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~glacial and interglacial stages are similar in cores well
above CCD, while the éores' below it show significant
fluctuations. In the present study, both the cores show
almost similar downcore variation in CaCO3 (i.e. glacial
lower CaCOBZ) albeit their large differénces in water depth.
Consequently we consider that dissolution is probably
unimportant for CaCO3 variations in these cores.

During the LGM river discharge was much less in the
Arabian sea. Also the Arabian basin‘recei§ed similar amount
of continental detritus over last 18 kyr (J.C. Duplessy and
R. Chesselet,:preprint). The influence of terrigenous input
can be estimated as follows. The amount of dilution by
terrigenous material (non-carbonate) required to reduce an

initial carbonate content Ci to some observed carbonate

value Cf is given by (Gardner 1982):
Addition of non-carbonate = [(Ci/Cf)—l]/(l-Ci)

If we take surface CaCO3 values for SK-20-185 and SK-20-186

as 687%Z and 907 respectively,and if we assume that the LGM

value of 40%Z and 80% in them are purely due to dilution

\ S——

effect by terrigenous influx, then for SK-20-185,220% and

USRI

for SK-20-186, 125% increase in non-carbonate material are

necessary to get the low CaCO3 values in LGM.Such an

increase would obviously change the bulk sedimentation rate

at those places. The bulk sedimentation rate (14C) of core

SK-20-185 is 2.2 cm/kyr which remained constant for last 30

kyr and shows no major break during this period.SK-20-186
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location receives very 1little terrigenous input tdday and

bulk (IAC) rate shows a decreése by a factor of four during

glacial period which 1is iIin opposite direction.Hence we

infer, that wvariation in terrigenous input is unlikely to

cause the down core change of CaCO3 in these cores.

Therefore, we are left with the third option i.e. CaCO3
variation is dinduced by a change 1n the productivity.

Arrhenius (1952) proposed that higher Q§CO3 in glacial

Pacific 1is mainly due to increased productivity caused by

stronger oceanic circulation and increased upwelling.On the

J—— e

other hand, Atlanglgmwﬁsfkers hold a view of shifting the
high productivity belt from ©polar tok equatorﬁards,thus
making low proé;;éivity (and low CaC03) stages in high and
mid latitudes.

In the Arabian sea,however,the productivity Variation>
is caused mainly by the change in upwelling intensity.In
today's condition, though the strong centres of upwelling
are known to occur only along coast off Arabia and Somalia,
perhaps their effects are felt over most of the Arabiaﬁ sea.
The SST din the monsoon period (strong upwelling time)
decreases by ~ 4°¢ along the Arabian coast while over most
of the Arabian sea ~ 1-2°C drop in temperature is seen
(Wyrtki 1971). This dis due to the wupwelling,horizontal
advection and mixed layer thickening which supplies cold
water to the surface rich din nutrient,thus supporting a

high productivity. Recent sediment trap experiments by Nair

et al. (1989) show that during the SW monsoon period,the

total particle flux (mainly composed of biogenous



-123~
carbonates. and opél) iﬁcreasés iﬁ most of the AraBian sea
(east, central and west). Cdnsequently,the weakening of SW
monsoon (Duplessy 1982) and hence the upwelling and less
thickening of mixed layer (Prell 1978) would decrease the
productivity not only in the strong upwelling zones of
today (Prell 198%4a, b) but probably also in other parts of
the Arabian sea.A dgﬁggqsewin theWC,aCO3 during the glacial
period in the <cores from the NE Arabian sea has been
reported earlier and was explained by a change in the
productivitx (Borole et al. 1982a).0n the oth;;yhaﬁd;Néi;
s
and Hashimi (1980) have reported a high productivity in the

west coast of India during the Holocene.The percentage of

G. bulloides increased in the westernm Arabian sea around 9

kyr (Prell 1984b) indicating a stronger upwelling.This
reinforced wupwelling was caused gy a stronger SW monsoon
than today,when heavy rainfall produced high lake levels in
surrounding continental areas (Street and Grove 1979).A
vigorous SW-monsoon in this early Holocene period (~ 8-11
kyr) brought humid tropical pollen from Africa to Arabian
sea (Van Campo et al. 1982) and sustained a luxuriant
growth of Mangrove forest along the west coast of Indié
(Van Campo 1986).Theoretical model simulations by Kutzbach
(1981) and Kutzbatch and Otto-Bliesner (1982) indicate rhat
the increased summer insolation around this period (7 11
kyr) was responsible for such a stronger monsoon,when the
temperature contrast between the Asian continent (Tibetan

plateau) and the Arabian sea was enhanced. In section

II1.2.6.d we have shown that around 11l kyr B.P. there was a
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pause 1in deglaciation (cold period?) in the 8180 record of
core SK-20-186. However,at this equatorial region monsoonal
effect is absent. Additionally step 1in deglaciation
('"Younger Dryas') 1is probably caused by some internal
feedback mechanism unrelated to «change in 1insolation
(Broecker et al., 1988). Therefore, though the monsoon is
directly linked to the northern hemispheric summer
insolation, the «cold 'Younger Dryas' stage 1is mnot. The
enhanced land-ocean temperature contrast around 11 kyr
produced by this insolation; change, created low pressure
cells over :-Asia, stronger than today, producing an
intensified SW monsoon. Henoe we find two climatic regimes

in the Arabian sea for the last 25 kyr.Glacial weak monsoon,

weak upwelling and low biogenic productlvity and early

Holocene (” 9 11 kyr) intensifled monsoon stronger upwelling
and hlgher productivity We discuss below the effect of this
change in wupwelling and productivity on foraminiferal

carbon 1isotope ratios, in relation to the downcore 8130

variation in the different cores.

I1I.3.2. Upwelling,Productivity and 813

Phytoplanktons preferentially fix more 12C than 13C at
the surface layer of the ocean.This carbon fixation makes
the pkhytoplankton 6130 ~ -19 tvo -26 0/oo,thereby enriching
the % CO2 of surface water by about ~ + 2 °/oo PDB
(Kroopnick 1985). These organisms,after their death,settle

down to deeper water.Their carbon is subsequently released

by oxidation, making the deep water 613CE:C02 depleted.This
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‘biologically " controlled 513C§fCO profile can be modified

2

by disturbing the water  column stability. For  example,

thickening of mixed layer and upwelling from deeper water

may bring %130 depleted water up,which may deplete surface

water SlBC. Consequently, in an upwelling dominated region,
surface water'-813C is a mixture of 513C, induced by

biological productivity and amount of water upwelled.

In today's condition,the surface yateriﬁCOz in Arabian
sea has a ‘SIBC of ~ 1.6-1.8 %/oo0 (PDB) while that in the
depth between 100 m and 200 m is 0-0.3 °/oo (PDB),(GEOSECS
1987). If wupwelled water comes from a depth of 200.mdor
mixed layer thickening of 100 m takes plade, then the
maximum 8130 difference Dbetween the upwelled water/water
brought up by mixed layer thickgning and the_nbrmal surfacé
water would be ~ 1.5 o/oo. This difference is of course
diluted by mixing within the water column, secondary
production and the exchange of upwelled CO2 with
atmosphericv C02.Hence one might expect a change in downcore
%}BC record upto ~ 0.5 to 1 ®/oo (PDB),if any change in the
upwelling took place in the past.

During the LGM, 813C values in different planktonic
species show an enrichment by upto about 0.6 °/o0 (Fig-
3.16) relative to the early Holocene (7 9 kyr).We have
shown earlier that the producgivity in the Arabian sea was
lower during glacial period,which should deplete the‘%lBC
of the CaCO3.The fact that it shows an enrichment instead,

indicates that the absence of upwelling masked the

productivity effect. Less wupwelling means less supply of
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%13C depleted water to surface an& consequent enrichment of
%IBCE:CdZ of surface wéter;Similarly 513C depletion upto ~
0.5 O/oo in 3 surface species (Fig. 3.16) around 9 kyr B.P.

indicates a very strong upwelling caused by an intensified

SW monsoon during this period.G. menardii,a deeper dwelling

~

species shows a 0.4 O/oo enrichment only during glacial
period relative to 9 kyr period but no difference in the
%lgc is found between 9 kyr and present.This may be because
of the deeper habitat of this species.If the upwelling
around 9 kyr was essentially a surface phenomenon,

G. menardii would not record its effect.During LGM,however,

it records an enrichment which is an effect of lower
glacial productivity, rather than upwelling.Lower glacial
productivity would supply 1less organic matter to deeper
level. Consequently the production of oxidised CO2 would be
less and %IBCZbOZ would be enriched relative to today.

P. obliquiloculata (with most depleted 813C) has the

déepest habitat (see section ITT1.2.6) and is not affected
by a change in the %IBC gradient in upper water column,
thereby not showing any change for last 25 kyr.

(513C values against depth, for the cores SK-20-186,
CD-17-30 and CD-17-15 are plotted in Figs. 3.22 and 3.23.
The ‘%13C minimum around 9 kyr B.P. (as found in core
SK-~20-185) is not present in these cores.While SK-20-186 is
far away from any upwelling centre,it is surprising that,a
core (CD-17-30) nearer to the upwelling zone off Arabia,
does not show any change in the 813C due to variation in

upwelling. Prell and Curry (l981),however,observed that core
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top foraminifera across this ﬁpwelling zoﬁe do not record
any iﬁprint of SlBC chénge;It is possible,that owing to the
vast nutrient supply din thig zone, growth of planktonic
foraminifera is very fast. Such fast growing species can
suffer from severe disequilibriumr"vital" effect (Berger et
al. 19770b) which is not constant in magnitude, thus
potentially damping the original signal.Further analysis of
downcore 813C within and outside the upwelling zomne would
substantially help to resolve tﬁe issue.

The increase in the intensity of upwelling and
productivity during post-glacial period indicates a major
climatic change in the Arabian sea. Prell (1984a,b) has

shown that G. bulloides percentage 1increased in the

post—glacial period in the western Arabian sea,which was
synchronous with the change in %180 (an ice volume index).
Therefore, it is important to know the timing of this
Rroductivity change 1in various parts of Arabian sea.In the
following discussion we make an attempt to find out the

timing of this change.

ITITI.3.3. Chronology of Productivity Change in the Arabian
Sea

Considering that the CaCO3 variation is an index of the

productivity change,we have compared its temporal variation

in SK-20~186 and SK-20-185 with the data from cores (ARB52,

54) of Borole et al. (1982a).These four cores span from 0°

o} .
to 19N and are probably representative cores for most of

the Arabian sea.Plots of CaCO3 variations with time,in them,
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are shown in Fig; 3.24.In cores ARB-52 and 54,5 rapid CaCO3
change oécurs within av very short time interval between
13-14 kyr. In SK-20-185 and SK~20-186 too 14 kyr levels
(shown by bold arrows in Fig. 3.24) mark the change in
CaCOB, though the changes are not as rapid as ARB-52 and 54.
In all the 4 cores in Arabian sea, by 10 kyr B.P. a
significant 1increase in CaCO3 productivity has taken place.
The changes 1in productivity around 14 kyr B.P. are almost
coincidental with the onset of the 8180 deéletion
(deglaciation) in core SK-20-185 and SK-20-186 (see Tables
3.1, 3.2, 3.9 and 3.10) and is found in all cores
irrespeétive of their sedimentation rates.Interestingly,the
break in the sedimentation rate in SK-20-186 is also found
around ~ 13-14 kyr. Therefore,we infer that perhaps there
was a synchronous and ubiquitous change in productivity in
most of the Arabian sea.Though no CaCO3 data is aygilable
on core CD-17-30 at present (for which 14C dates are
obtained), from the study of the western Arabian sea cores,
Prell and Curry (1981) observed .that “carbonate content
sseeceses 1s high during isotope stage 1 and decreases
rapidly across the termination” which is likely to be due
to low glacial productivity. Hence we see an uniform
increase in productivity from glacial to Holocene in this
region at around ~ 14 kyr B.P. This conclusion is
consistent with the observation of Van Campo (1986),who
states that the resurgence of monsoon (and upwelling and
consequent produétivity? ) took place around 16.5 to 15.5

kyr ago. Evidence to the contrary comes from the study of
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Sarnthein et al. (1988). Their study waé based on the
downcofe variation of the total brganic carbon (TOC)
content and 813C of organic matter in this region.From the
TOC content, these workers estimated a higher
palaeoproductivity in the eastern Arabian sea during LGM.On
the other hand, they conclude that in the western Arabian
sea productivity decreased during the same time.Such an
asymmetry within a small basin is difficult to visualize.We
consider that the increase in TOC in eastern Arabian sea,
during LGM is not due to high productivity but due to
better preservation of organic matter.Earlier we have shown
that either low-oxygen condition was prevailing during
glacial period in the eastern Arabian sea or a reducing
condition (redox front) in deeper part of sediment was
established, which removed significant amount of uranium
from sea water.We essentially attribute the high LGM-TOC to
these mechanisms. Therefore, interpreting TOC in terms of
productivity is not probably valid at least in the eastern
Arabian sea. The productivity during glacial time can be
better estimated by CaCOB,which was indeed lower.

This change in productivity and upwelling might have
been responsible for the down core %13C variation cited
above. Upwelling,in particular,controls the productivity and
the turnover of COz,ultimately controlling the %IBC of the
surface COZ'

The <813C stratigraphy of core SK-20-185 is compared
with that of another planktonic species

Neogloboquadrina dutertrei from another ocean basin.Fig.
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3.25 compares % C stratigraphy of this species in a
Pacific core V 19-30, analysed by Shackleton and Pisias

(1985) with Sljc stratigraphy of G. sacculifer for the

entire length of core SK-20-185.In Fig. 3.25,all &3¢ data
for the wupper part of core SK—20—185 are not plotted and
only the general trend 1is shown.‘%lgo curve on core
SK-20-185 is also shown 1in the wupper panel for time
framework. It 1is worthwhile to attempt a correlation only
upto a depth of 132 cm in core SK~20-185,beyond ﬁhich high
resolution 8130 measurements are not available.As can be
seen, upto this depth i.e. for a period of about 60 kyr
there is a good correlation between the two %13C variations.
Dashed 1lines show that in both the cores glacial levels are
enriched 1in %13C while early Holocene (7 9-10 kyr) levels
are depleted in it. The %13C enrichment in varjious oceans
during glacial period has mostly been explained by
increased productivity (Sarnthein et al. 1988);However,in
the Arabian sea,productivity was lower during LGM and hence
+kvo observed enrichment is perhaps'due to the cessation of
upwelling as was discussed earlier. Therefore,eventhough
variations in %5130 in different ocean basins are in the
same direction, causative mechanism might be different.Such
a change 1in the %;136 of di?fereﬁt planktonic speciesg in
relation to the variation of wupwelling (depleted ‘813C
coupled with stronger upwelling and higher productivity)
has also been reported from corés off NW-Africa (Berger et

al. 1978a).
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ITI.3.4. Periodicities in the Climatic Indices and their

Inter-relationship

After Hays et al.v (1976) reported that periodicities
associated with earth's orbit ére recorded in the oceanic
18O record, numerous other investigators supported their
contention (Berger et al. 1982). According to the
Milankovitch theory, these statistical correlations between
astronomical forces and «c¢limatic index are caused by the
change in the distribution of solar radiation over the
earth. The orbital variations have mainly four freqﬁencies
e.g. 100 kyr eccentricity cycle,4l kyr obliquity cycle,23
and 19 kyr precessional cycles,with varying amplitudes and
phaseé° It 1is, therefore, expected that if solar insolation
changes in such a cyclic fashion,its imprint will be found
on both '8180, an dce volume indicator and CaCO3, a
productivity index.

In the previous section,we have seen that there was a
significant variation of CaCO3 productivity 1in both the
Arabian sea and the equatorial Indian ocean in the past.We
have also noted that an apparent correlation exists between
S80  ana CaCO, in both the cores SK-20-185 and SK-20-186 in
this region. Therefore,an attempt has been made to find out
the periodicities associated with these wvariations and
their interrelationship. For this purpose, 8180 and CaCO3
records in these two <cores have been converted to time
series. Sampling interval (At) for SK-20-186 is 5 kyr and

for SK~20-185 4is 2 kyr.In cases,where actual measurements

were mnot available, at these intervals (coarse sampling),
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interpolated values were taken from the respective curves.
The time control points in these cores are 140 dates for
the top part and_glso stratigraphies (compared with SPECMAP
curve, Fig. 3.9) for the remaining part.Subsequently these
time seriés were subjected to a power spectrum analysis.
Spectral variances are obtained using Fourier
transformations on autocorrelation calculations (Jenkins
and Watts 1968). The coherency between two time series is
calculated on the basis of cross—correlation which yields a
cross—spectrum. A Tukey lag (one~third) window has been used
in this calculation.Finally a phase spectrum between these
two series is obtained (Shah,1988).

Fig. 3.26 shows the normalized variance density of both
8180 (dotted 1line) and CaCO3 (dashed line) for about ~ 430
kyr record of SK-20-186, also shown in this figure is the
coherency spectrum (solid 1line) between 8180 and CaCOB.
Variance ,spéc;ra are plotted on an arbitrary log scale
while coherency spectrum .is plotted as hyperbolic arec
tangent. Frequencies in cycle/kyr and periods in kyr are
also shown. Examination of 8180 and CaCO3 spectra reveal
peaks around 41 kyr and 45 kyr respectively. Second
concentrations 1in variance occur at 23 kyr for both 8180

and CaCOB. We also note a significant 16 kyr peak in CacCoQ

3
spectrum and a weak 17 kyr peak in the %180 spectrum.

Examination of cross-spectrum shows that%>180 and CaCO, are

3
coherent at 95%7 1level over a frequency band of 50 kyr for
which no peak exists. However,both are coherent at 23 kyr

(80%Z 1level) and 15 kyr band. Fig. 3.27 shows the phase
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spectrum between $ 18O and CaCOB.Over 50 kyr band 8180 lags

o} 0o

CaCO3 by merely 12 (™ 2 kyr). CaCO3 lag 8]80 by 25
(equivalent to 1.5 ky;) over 41 kyr band and by 125° (- 8
kyr) over 23 kyr frequency band. |

Presencé of 41  «kyr a&d 45 kyr periods indicates the
influence of the obliquity% cycle. The 23 kyr periodicity
shows the effect of the précessional frequency.16 kyr and
17 kyr periodicities perhaps indicate influence of 19 kyr
precessinal cycle. Both 518O and CaCO3 are coherent over 23
kyr precessional cycle bu€  not on 41 kyr and 19 kyr.The
distinct 100; kyr eccentri%ity cycle, found in many ocean
cores, is not'present in anyiof these records.For Slgo,it is
perhaps due to the reducéd pPeaks at stages 5e,7,9 and 11
(section I11.2.2). ‘

The 1lag .of coarse fraétion carbonate behind 8180 by 5
kyr has been reported by Shackleton and Opdyke (1976).A 1lag
of 1-5 kyr has also been reﬁorted by otﬁér workers (Luz and
Shackletoﬁ 1975; Gardner 1982).However,at the present stage
of our sampying interval ofgs kyr in SK-20-186,the observed
lags Dbetween CaCO3 and %18Ofof 1.5-8 kyr over obliquity and
precessional bands,are not gignificant.Similar observations
were made by Foucault ané Fang (1987) from the Bay of
Bengal, where both 5180 and darbonate along with terrigenous
flux changed in phase witg periodicities of 41 kyr and 22
kyr,for last 200 kyr. !

The core SK—20—185,howe€er,does not reveal any distinct
peak at the orbital variétions, perhaps due to its short

length of time series (7 120 kyr).Plot of 8180 and CaCO3
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(Figs. 3.19. and 3.20) . shows that they are correlated and
perhaps'ih phése.

These observations along with that of Foucault and Fang
(1987) indicate that in the northern Indian ocean climatic
and productivity change are Qrobably dominantly controlled
by the obliquity and precessiogal cycles.

Summarising, biogenic productivity in the Arabian sea
and the equatorial Indian ocean show a significant change
around 14 kyr B.P. This change ffom glacial low productive
ocean to Holocene high pgoductivity stage, is almost
coincidental with change inéﬁglso.The probable reason for
this producti&ity change is;the variation of upwelling in
this region.During glacial period upwelling was weak due to
a weak SW-monsoon. In the early Holocene upwelling was
stronger due to a reinforced monsoon. These changes in
upwelling intensity are recorded in the down core %13C
values of different species in planktonic foraminifera.The
variations in 6180 (ice volume) and CaCO3 (productivity) in
northern Indian ocean are brobably controlled by orbital

variations in obliquity (41 kyr) and precessional (23 kyr)

frequencies.
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CHAPTER 1V

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

IV.1l. Conclusions

The main aim of this thesis is to study
palaeo-oceanographic and palaeoclimatic <conditions in the
northern Indian ocean (the Arabian sea and the equatorial
Indian ocean) by using stable isotopes of oxygen (5180) and
carbon (813C) in deep sea cores. For fhis purpose a CO2
eXtraction systen was fabricated which 'can anslyse
foraminiferal samples consisting of 30-40 individual shells
from these sediments with a high precision (+ 0.1 o/oo).

Different absolute dating techniques (IAC

s U-Th series
isotopes) have been wused to determine the timing of these
climatic events. In addition, conventional studies 1like
measurements of downcore CaCOé, estimation of coarse

fraction (> 150 Mm), etc., were also carried out.The ma jor

conclusions obtained from this work are given below:
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%180_ stratigraphies_ from 5-.deep sea cores from the
eastern and the westefn Arabian sea as well as
equatorial Indian 'ocean‘provide past climatic records
of more than 400 kyr.Iq general,the entire Arabian sea
was more saline than today.In the northern Arabian sea,
excessive evaporation .coupled with increased salinity
gradient (than today) from south to north,
characterised the last:glacial maximum (~ 18 kyr B.P.)
condition. These observations indicate,prevalance of a
dry NE monsoon atmospheric circulation during the same
period .and a low ri{ér discharge in the Arabian sea

due to a weak SW-monsoon.

High resolution %180 analyses in multiple species of
planktonic foraminifera yield evidence of a stronger
NE monsoon current which brought increasing amount of
low salinity water frpm the western Bay of Bengal to

the eastern Arabian sea during the LGM.

High resolution 513C analyses on multipie species of
planktonic foraminifera show that upwelling in the
Arabian sea was very strong around 9 kyr B.P.
alongwith a probable weaker upwelling condition during

last glacial period.

Biogenic productivity in the Arabian sea and the
equatorial Indian ocean was lower during glacial

period, due to the weaker upwelling.The increase in
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productivity, from glacial to Holocene, took place
around 14 kyr B.P. This change in productivity was
perhaps synchronous in most of the Arabian sea and
concomitant with deglaciation.This indicates that the
variation in upwellingf has probably a major role in

controlling 813C§:C02 of ocean water.

Sedimentation rates for the cores from the eastern
Arabian sea and the equatorial Indian ocean,based on
14C agree quite well gith 8180 stratigraphies.In the
Holocene, these rates are 2.2 to 2.4 cm/kyr,similar to
those found 1in deep ?ea cores. The core from the

upwelling zone of the western Arabian sea has a higher

rate (7 7.7 cm/kyr) indicating a higher productivity.

Sedimentation rates based on the 230Th excess method

agree with those ©based on 140 method within a factor
of two. In the eastern:Arabian sea,the glacial period
was characterised by a high deposition of authigenic
uranium, indicating fixa;ion of uranjum from pore water
to the sediments at these deeper levels and/or its
removal under the idw oxygenated Dbottom water

condition.

Time series analysis of CaCO3 (a productivity index
18 : ,

and S 0 (an 1ice value index) show that their

variations are in phase and controlled by the change

in obliquity (41 kyr) and precession (23 kyr) of the

earth's axis.
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Iv.2. Recomnendations

Though interesting information about past oceanographic
and climatic conditions 1in the northern Indian ocean have
been obtained during the present investigation,it has also
raised several questions.

For example,the anomalous 8180 depletion during LGM has
been explained by the transport of low salinity water from
the western Bay of Bengal to the eastern Arabian sea.
However, to check this hypothesis,a few more strategically
located cores should be studied from the western Bay of
Bengal and the south of Sri Lanka where a more significant
drop in salinity is expected. Apart from foraminiferal
species, nannoplankton assemblages should also be analysed.
Having the shallowest depfh habitat,nannoplanktons should
show the maximum effect of this surface process.

We have shown that an increase in the oceanic
productivity took place around 14 kyr B.P. in these oceans.
However, 5180 and CaCO3 measurements from higﬁ (> 10 cm/kyr)
sedimentation rate cores from the eastern and the western
Arabian sea should be done in conjunction with radiocarbon
dating. This would tell wus how rapid the change 1in
productivity was and what was its exact time relationship
with deglaciation.Broecker et al.(1988b) have reported from
south China sea an abrupt increase in foraminiferal

abundance (by 10 fold) within a period of 1000 years,
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centered aréund 13-14 kyr. It would be interesting to see
whether tﬁe observed productivity chaﬁge in the Arabian sea
is of such rapid nature.

The ‘SlBC signature of upweiling found in the core
SK-20-185 was not found from the <core raised near the
upwelling region. Prell and Curry (1981) also observed that
planktonic foraminifera in the upwelling zone do not record
the dimprint of theiCO2 variation.The question is,does the
foraminifera from strong upwelling zones,suffer from severe
disequilibrium effect,so as to mask theZCO2 variatioﬁ?Fast
growth (owing to a copious nutrient supply) might be the
reason for such disequiiibrium (Berger et al., 19770b).
Studies of %13C in cores from within and out of upwelling
centres would probably resolve the issue.

A significant enrichment in authigenic uranium has been
observed which indicates wuranium fixation from pore water
under locally reducing condition or a low oxygenated bottom
water condition. If removal or wuranium is controlled by
bottom water oxygen content then it .supports the
observation of Kallel et al. (1988) regarding a glacial
deep water enriched in CO2 and poor in Oz.However,from the
limited data, it is difficult to ascertain whether the
removal of wuranium is «climatically controlled.More high
resolution analysis of uranium on the entire core SK-20~185
as well as other <cores raised from south to north in the
Arabian sea, 1is required to establish the causative
mechanism and time variation of the authigenic removal of

uranium.
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