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Abstract

Apparent radiocarbortiC) ages of marine biogenic samples that deriver theibon
from surface seawater dissolved inorganic carbenoarthe average about 400 years older than
contemporary terrestrial woods or global atmosgh@®;. This age offset is due to mixing of
old carbon from the deep ocean and is referredaona'“C reservoir effect. Both regional and
temporal variations of ocean circulation patternses significant spatial and temporal variations
in marine *C reservoir ages and hence of biogenic surfacenmaamples. Knowledge of
reservoir age is very important to accurately calid*“C-ages of biogenic carbonates and
sediment organic matter from marine sediments d@natfrequently used in paleoceanographic
studies. Here the concept of marii€ reservoir ages and their quantification are dised and
data for the Indian Ocean region are reviewed. Gtedivariations of marin&'C reservoir ages
and fossil fuel Suess effect for the Indian Ocezhthe South China Sea are analyzed.

Introduction

The only naturally occurring radioactive isotope asfrbon is**C, commonly known as
radiocarbon“C is introduced in the environment through its prcitbn in the upper atmosphere by
the reaction of atmospheric nitrogen with thermaltmons that are produced form cosmic ray
spallation reaction on other atmospheric components

YN; + g = ¥Cs + 'H, + (energy)

The energeti¢’C atoms freshly produced in the atmosphere are egidiized in presence of
atmospheric oxygen to form carbon monoxide whicknéwally oxidises to carbon dioxide.

14C6 +0 :14CO
“co + 0 ="Co,

Radioactive carbon dioxid8CO, being indistinguishable from other forms of CEFCO, or
¥c0,), it eventually enters the biosphere through phithesis by terrestrial plants, and then to the
entire food chain through herbivorous animaf€. activities of most terrestrial living organisms a
therefore in equilibrium with that in the atmospiethrough continuous exchange € by
photosynthesis or food intake and respiration. Wareorganism dies tH8C exchange halts, and the
C in the dead tissues start to decrease exporgrtimbugh radioactive decay’C forms stable
nitrogen through beta decay and half-life of 573Dydars.

14C6 - 14N7 + -
(T¥2 = 5730140 years)

There are various conventions for expressii@concentrations in natural samples (Stuiver
and Polach, 1977; Mook and van der Plicht, 1988).concentration in a sample can be expressed
either as age in years before present or BP, wipeesent' is actually the year AD 1950. For
geochemical application¥'C is commonly expressed as*C which is permil (%o) deviation of
1C/*%C ratio of the sample with respect to a modéehstandard (whos¥C activity equal to that of
pre-industrial wood of AD 1890), the ratios beingrmalised for isotopic fractionation of tH&C
isotope and corrected for decay €. Old carbon containing samples (such as forasmsifrom
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deep sea cores) have 1€88 than that present in a modern sample and theréfave positivé‘C-
ages in BP and negative”C %o values; whereas most present day terrestrialdwsamples with
higher**C than the moderHC standard show negativé&C-ages in BP and positivel4C %o values.
Geologically old carbon samples (such as marbleldrdimestone, coal and other fossil fuels) are
“1%C-dead’ from which nearly alfC got decayed away. Such samples have infif@eage and *‘C
close to —1000%o.

Oceans are important reservoir of exchangeableona(d0,000 Gt), most of which are
present as dissolved inorganic carbon (DIC). Tharahsteady-state concentration'¢€ in the DIC
of surface ocean waters is in quasi-equilibriunhveitmospheri¢’C production, air-sea exchange of
atmospheric C@ and mixing with deeper ocean water (Fig.1). Theing time-scale of the global
oceans through large-scale thermohaline circulai@bout 1000 years. This causes aging of a given
water mass during its residence in the ocean siadast equilibration with the atmosphere when it
was closer to the surface, and result§@rages of deep ocean water close to 1000 Bf€(about —
200%o) (Bienet al.,1965; Stuiver and Quay, 1983). Diffusive and ativeanixing with'“C-depleted
deep ocean waters causes i@ concentration for the surface oceans to be 5%i1@n the average
than in the contemporary atmosphere. Hence,'fBeages of surface ocean waters are apparently
older than contemporary terrestrial plants by abf@ years (Taylor and Berger, 1967; Bard, 1988;
Hughenet al.,2004). This phenomenon is known as matf@reservoir effect. While the long-term
temporal variations of surface oceHC-ages are a function of the contemporary atmosphée
levels and vertical mixing rates of the global agdheir spatial variations also depend on theoregji
circulation patterns within the thermocline andioeg! air-sea C@exchange rates. Local variations
of marine*C-ages can take place due to input of hard watesa/DIC is depleted HC. Sources of
hard water include rivers draining a geologicalld @arbonate terrain or ground water flowing
through old carbonate aquifer. All these factonsseaconsiderable spatial variations in the steatky-s
(or natural) distribution of’C in the surface oceans and regional offsets ofn@aeservoir“‘C-ages
from the global mean value, and make it difficdtuse a commoA’C calibration curve for‘C-
dating of all marine samples. This is unlik€-dating of terrestrial samples, which depends a@st p
4C levels of rapidly mixing global atmosphere witBraall difference between the two hemispheres.

Atmospheric age = 0 BP
HN, + Tny = 140, + TH,
Cosmogenic “C production = 2 atoms/em®/’s Atmosphere - ocean Depth
Polar CO, exchange = 19 mol/im?yr Shallow (km)
| ocean Average global ocean ocean

. e >
=13008P Surface = 405 BP N/ = 200 to 300 BP
= I

Intermediate = 700 BP

Fig.1: Natural radiocarbon age distribution in the maengironment

The introduction of anthropogentéC produced from atmospheric nuclear tests of the la
1950’s and early 1960’s had nearly doubled'fiizlevels of the atmosphere Qvhich eventually
transferred to other exchangeable carbon reserasirthe biosphere and the oceans (Rafter and
Fergusson, 1957). Mixing of bomfC contaminated atmospheric €@sulted in steady increase of
the level of**C in the surface oceans. This injection of bdfin surface waters though obliterated
the natural (pre-nucleafyC signatures and its inventory in the water colymovided a means of
determining the air-sea exchange rates of.d@Qe results of state-of-the-art ocean generauktion
models (GCMs), which predict the future rise ofegrieouse gases in the atmosphere, must be verified
through observations before they can be used fnihg of policies to control anthropogenic £O
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emissions. Such models can be also used to sinsikmdy state distributions of pre-nucleafC for
the global oceans (Maier-Reimer, 1993; Toggweskeal., 1989). Comparison of these model results
with direct measurements ofC in surface dwelling marine calcareous organisrosfthe pre-
nuclear era offer a way to check the validity af#b models and testing their predictive capatlslitie

Knowledge about the natural (or pre-nuclear) levefC in the surface ocean waters is
necessary to determine:

(i) Offsets of regional reservoir ages from the el global mean—to calibrate théC-ages of
marine calcareous fossils, which grew during the-muclear period and used for dating of marine
sediments

(i) Temporal variations of bomHBC in water column and its inventory—to assess theea CQ
exchange rates and decadal circulation in the tbeine

First oceanic measurements'E started during the mid 1950's—about the same tifmen
bomb#“C started penetrating the world oceans. Soon, stnealized that bomBC can be used as a
powerful tracer to study air-sea exchange rate€©f and mixing in the thermocline region on
decadal time scales, utilizing the temporal vaizgiof'“C concentrations (Rafter and O’Brien, 1973;
Broeckeret al., 1978; Broecker and Peng, 1982; Broeckerl., 1995). The need for information
about the pre-nuclear surface océ¥d levels was felt, while attempting to determine thcrease of
the surfacé“C levels from the pre-nuclear values. To deterntiepenetration depth and inventory
of bomb?“C in oceans, it is essential to have knowledge thmusurface pre-nucleiC (Broecker
et al., 1985). Several approaches have been made to detethese pre-nuclear surface océ¥h
values from the analyses of suitable marine sanfpdes the pre-nuclear era. Broecladral., (1985)
estimated the pre-nucleaf“C values for different oceanic regions of the wawithin £10%.. These
values range from a minimum of —140%. in the pole@ans to —50%. in the mid latitudes. However,
the surface ocean circulations for the global osear far from simple to adopt a uniform scheme for
meridional pre-nuclear*C variations for different oceans.

Chronological applications of*“C

Since carbon is ubiquitous in all living beings.e thadioactive decay of’C can be
conveniently used for age determination of orgamidiogenic samples. The scienceE-dating
was established by Prof. Willard Frank Libby of thaiversity of Chicago, who for the first time
demonstrated the potential 8fC in dating of archaeological artefacts (Libby al., 1949; Libby,
1955), and was awarded the Nobel Prize in Chemisth®60 for this pioneering discovery. The half-
life of “C (5730x40 years) is suitable for dating of sampheg are within 50,000 years old, thus
making it the most widely used dating method in ®@ueary geochronology. To determine
accumulation rates of marine sediments, the masiman method in use 8C-dating of planktonic
foraminifers. Adult species (250 to 500 of surface dwelling foraminifera, such Gfobigerinoides
ruber, Globigerinoides sacculifeiNeogloboquadrina dutertriandOrbulina universaare best suited
for 1“C-dating, which grow within the top 100 m of theasater column. In special cases such as in
near shore areas where planktonic species areesaaaicareous benthic foraminifera species may
also be used. Marine organic matter may also bd fme"“C-dating of sediments when calcareous
fossils are totally absent. However, as will becdgsed later the last two methods may need special
attention for their“C-age calibration. All samples chosen for analgsis carefully scrutinized and
are thoroughly cleaned from all forms of contamiratwhich may potentially alter theffC-age.
Since the amount of datable carbon from sedimergs usually small—typically few tens of
milligrams from a gram of sediment, accelerator sregectrometry (AMS) method is essential'far
analysis of these samples. For accurate calibratianarine’‘C-dates their initial*C-ages must be
well known, that depend on regional marine resersfiect.
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Concept of marine'“C reservoir age and R correction values

For a given oceanic region at any given time,'flereservoir age is defined as the difference
between the measured conventiofi@l-age of the reservoir (seawater) and that of tigemnporary
atmospheric C@(derived from tree-rings}‘C reservoir ages can be determined ffd@analysis of
pre-nuclear (pre-1950s) marine calcareous samgdlden@vn calendar age. Considerable spatial
variability is seen in the regional marine reservt€-ages from the global mean value, mainly due to
variations in local ocean circulation patterns eegional exchange rates of €®ith the atmosphere.
For a given region at any given time, the diffeebetween the regional marit€-age and that of
the modelled global surface ocean is expressetidotetm R, which account for regional deviations
of reservoir ages from the global mean value (®tiagnd Braziunas, 1993). The regiondR
correction values can be determined from the diffee of regional’C reservoir age and that of the
modelled global ocean.

Marine reservoir“C-ages exhibit considerable spatial variations thughange in ocean
circulation regimes. In those oceanic regions whemurable conditions exist for mixing with
deeper ocean water (with oldé€-ages) through wind induced upwelling, surfaceineareservoir
“C-ages will be higher than the global average valieerefore, R for such regions will have a
positive value. Examples of such region in thedndDcean are the eastern and the western Arabian
Sea, where upwelling takes place through seasoaaboon induced winds. DIC inputs from rivers
that leach geologically old carbonate rocks mayilteis large regional reservoifC-ages (Little,
1993). On the other hantfC in seawater DIC are higher than the average blotan in shallow
oceanic regions or in enclosed lagoons, where miwith *C depleted water from deeper ocean is
limited. Such regions have negativ® values, examples of which include the Gulf of éuin the
northeastern Arabian Sea, and the Chilika Lakehin riorthern Bay of Bengal. Shallow oceanic
regions of the western Pacific such as the soutbarnof the South China Sea also have negatiRie
values, where the water depth is less than 600 ccoling to the latest compilation of Global
Marine Reservoir Correction Database (Reimer anich®e 2001), R values for the global oceanic
regions excluding the Southern Ocean vary from &4y to +800 year, and majority of them fall
between —50 years to +250 years. As discussed lafgid vertical mixing off the Antarctica coast
causes unusually highR values for the Southern Ocean.

The Marine 04 calibration curve (Hughehal.,2004), is shown in Fig.2(a) which has been
determined using the decadal tree-rifi@ data and the carbon cycle model after Oeschetal.,
(1975). Regional R correction values must be added to this curveiga2(a) to obtain the regional
marine **C calibration curves shown in Fig.2(b). Reconstarctof regional marine'‘C-age
calibration curves for three hypothetical ocearggions are shown in Fig-2(b). The Marine04
calibration curve extends back to 26,000 yearsmRIP.calibrating oldet'C-dates up to 50,000 years
BP one may use the calibration curve after Fairbatkal., (2005), which uses high-precisidfC
data of very old unaltered corals absolute dated WiTh series isotopic method.
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Fig.2: lllustration of the concept of marine reservoifeef and R correction values. (a) The
Marine04 calibration curve (Hughest al., 2004). (b) Reconstructed marif€-ages at three
hypothetical oceanic regions. Top curve: in an Ufimgeregion for which reservoit’C-age is
older than the global meanR = +100 years). Middle curve: in an oceanic ahed tesembles
the average world ocean R = 0 year). Bottom curve: an oceanic area withelowertical
mixing with deeper waters where reserV8-age is younger than the global meaR & —50
years)

Knowledge of regional R values is necessary for accurate calibratiof®fages of marine
samples. It is implicit in the definition ofR, that temporal variations of regional reservgjieawill
parallel those of the global ocean, thuR is assumed to be time independent for any giegion
(Stuiveret al., 1986, 1998). The reservditC-ages and R correction values reported from various
oceanic regions are valid for the modern statecebo circulation, since these were usually derived
from samples that grown within past few hundredyea so. Since climate induced changes in ocean
circulation may effect both mixing with deep waterd atmosphere-ocean £€é&xchange, regional
reservoir“C-ages may respond to major shifts in climate, thogoral variations of R is inevitable.
Reservoir“C-ages change at glacial-interglacial time scalas, to major shifts in ocean circulation
pattern. Model simulations of past reservE-ages have indicated that 30% reduction in Attanti
meridional circulation may enhance reservoir agdsgh latitudes by 500 years (Frardteal.,2008).

If the changes in regional reservdfiC-ages are significantly different from that of thiobal
modelled ocean, theR values would also change. Thus, the assumptin R values are constant
for a given region is not strictly valid. Staubwasst al., (2002) and Ascoughkt al., (2004, 2006)
reported such changes indeed took place durindHtiiecene in the Arabian Sea and in the north
Atlantic Ocean.

Determination of marine *C reservoir effect and regional R values

An ideal approach to determine tH€-age of seawater is to measure diretiy in its DIC
(Fonselius and Ostlund, 1959). However, direct mesasents of‘C in oceans began too late—only
after the onset of nuclear weapons testing in Hréy 950’s (Rubin and Suess, 1955). Therefore,
nearly all the seawater samples collected ¥Grdeterminations were contaminated with bdfiah To
determine pre-nuclear surface ocedfC, reservoir‘C-ages and R correction values, one must rely
on the analysi$“C in marine samples of known age, which were grewrollected before 1950.
Some of the commonly used methods for determinatibrmarine **C reservoir ages andR
correction values are described here.

(a) Marine shells:
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Measurement of’C in archived marine calcareous sheksg(, bivalves or gastropods)
collected prior to the nuclear-testing era is thestncommon approach to determine marif@
reservoir ages or pre-nuclear levels of surfaceemwat’C (Stuiveret al., 1986; Sianiet al., 2000;
Dutta et al., 2001). Short-lived and epifaunal (non-burrowingdlitsc species are preferred with
well-documented collection dates. One can also medC in long-lived giant calmse(g., Tridacna
gigasor Arctica islandicg, which form well-developed annual growth bandse{iivthan and Jones,
1993). Shell derived marinéC reservoir ages often yield anomalous old agegalircorporation of
geologically old detrital carbonates in the shélye, 1994). Several studies have indicated tf@¢
ages of various mollusc species differ due to diffiee in their habitat and diet. However, Ascoagh
al., (2005a) concluded that any mollusc species maguliable for the purpose if no geologically old
carbonate rocks or sources of hard water are presen

(b) Corals:

Hermatypic or reef building corals form annual gtovibands made of aragonite (CafO
with **C/*2C in equilibrium with the ambient seawater DIC. @nteposited these aragonite bands do
not exchange their carbonate with external sounbess they are very old causing recrystallisation.

a live collected coral these bands can be precisglyd back in time by counting them just as ie-tre
rings. Past changes HC/°C ratio of the DIC of surface-oceans can be detethifrom *C
measurements in coral growth bands. Some of tHestdfC measurements in coral skeletons were
reported by Mooreet al., (1973), Moore and Krishnaswami (1974) and Buddems al., (1974).
Continuous records dfC variations in surface oceans can be decipheoed liong corals, extending
back to several hundred years in the pre-nuclema(Mozakiet al., 1978; Druffel and Linick, 1978;
Druffel, 1981; Druffel and Suess, 1983; Druffel a@dffin, 1993; Grumetet al., 2002; Huaet al.,
2004). The major disadvantage of using corals &r thestricted geographical distribution. Their
habitat is confined mainly within the tropical anited sub-tropical oceanic regions.

(c) Charcoal and marine shell pairs:

Direct determination of the atmosphere-oc&¥rage difference can be obtained fréi@
measurements in co-existing terrestrial charcoal amarine shell pairs collected from same
stratigraphic horizon, thus capturing the oceanit t@rrestrial events simultaneously (Soutkebal.,
1990, 1992; Talma, 1990; Little, 1993; Ingram, 1P9khis method has potential to determine past
variations of regional reservoir ages in responsethie ocean circulation changes for longer
timescales. To measure past reservoir ages, BagB)Ihad suggested comparing th@é-age of a
short and well-defined marker or event both on lgred and in the deep-sea sedimerdsy.(
deposition of a volcanic ash layer).

(d) Otaliths:

Otoliths are hard calcareous deposits that growiwithe inner ears of teleost or bony fish,
which primarily function as gravity and auditoryceptors. Similar to corals, otoliths are made of
aragonite and form annual growth layers. AMS measurements in otoliths of known age marine
fishes can be used for reconstructing @ evolution in surface water (Higham and Hogg, 1995
Kalish, 1993; Kalisket al., 2000). Advantage of using fish otoliths over othesthods is their large
geographical range. Fish being nektonic (or freensming), their otoliths can integrate the p&&
signals over much wider oceanic region, unlike o#rehives as in shells or corals that record acean
14C variations only at their growth location.

Most of the methods described above have their ovenits and demerits, and are often
fraught with problems. Ascougket al. (2005b) reviewed on various intricacies involved i
determination of marine reservoifC-ages. Reservoir ages an® correction values are usually
applicable for surface marine samples, but maybeotalid for samples such as benthic foraminifers
which live at the sediment surface. However, thmesaR correction values may be applicable for
benthic samples too, if the water depth of thetuoence is within 50 m or so as often the case for
near shore samples. Reservoir ages derived frof@acgumarine biogenic carbonates are also
applicable to marine organic matter, since theyveeheir carbon from the same reservoir (seawater
DIC). However, complications may arise if the origamatter is a mixture of terrestrial and marine
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organic matters. Organic molecules of purely madrigin will register the marine reservoir effects
in their *“C-ages, while terrestrial organic matters may shaange of ages that can be either too old
or too young. In such cases, it may be beneficdahdsess the contribution of each organic matter
types from geochemical (C/N wt.) or isotopi¢3C) ratios, or even better to isolate individualaig
compounds of purely marine origin. All reservbi€-age estimates are long-term average, ignoring
any seasonal DIG'C changes that may occur due to seasonal changeeam circulation pattern.
Most known age marine biogenic carbonate sampled e regional reservoir age determinations
are usually collected from coastal locations orlsisinds, which are then extrapolated for useéhwit
open ocean samples. Reservoir age correctionsragdiesing samples from small islands found to
match fairly well to that derived from nearby c@hdbcations, since the surface waters of the ebast
ocean are normally get replenished by the opermogeter in a short time scale.

In spite of the availability of several establidhmethods, pre-nuclear surface waf€r data
for many key oceanic regions are still sparse rgadhie to scarcity of suitable known-age marine
samples. The Indian Ocean region is an area ofidemable interest from the perspective of
paleoclimate and paleoceanographic studies. Unfatély spatial data df'C reservoir ages for this
region is too meagre, essential for reporting b#ia'C chronologies crucial for such studies.

Studies of reservoir*“C-ages and R correction values for the Indian
Ocean

The earliest seawater DISC measurements in the tropical Indian Ocean regiere done
during the expeditions named Monsoon (10°S, 99°&yexber, 1960), Lusiad (8°N, 71°E; October,
1962) and Dodo (6°S, 55°E; September, 1964) by Sbepps Institute of Oceanography, USA
(Linick, 1975). The surface oceari4C values measured during these periods ranged-88 to —
24%o, for the latitude band of 24°S to 11°S durihg Monsoon expedition. These results, however,
could not provide pre-nuclear*’C values for the region. These values are sigmifigehigher than
those obtained from pre-nucleal’C in biological archives—indicating the penetratimnbomb*‘C
even during early 1960s. More extensive studiesusface water 'C measurements were made
between 1977 and 1978 as a part of the interndt®B®SECS Indian Ocean expedition (Stuiver and
Ostlund, 1983). To calculate the bomi€ inventories from the GEOSECSC measurements,
Broeckeret al., (1985) assumed pre-nuclear surfacéC values of —60 to —65%o for the northern
Indian Ocean. In a later report, Broecleral., (1995) assumed surface naturafC —59%o in the
equatorial Indian Ocean (GEOSECS 448), and a $yedeiireasing *‘C trend was followed towards
the north, assuming minimum*‘C value of —68%o for the northern Arabian Sea (GEOSH16).
Moore and Krishnaswami (1974) first reported measiemt of*“C in the growth bands of corals
from the Gulf of Kutch. **C of coral growth bands grown during or before 9B8ve been reported
for corals from the Red Sea and Gulf of Aden (Camb@89), the Gulf of Kutch (Chakraborty, 1993)
and the western Indian Ocean (Grumieal.,2002).

First systematic studies of marii€-reservoir ages andR correction values for the
northern Indian Ocean were reported by Duwtaal., (2001), from**C measurements in archived
marine mollusc shells collected between 1930 ars#1%he R correction values were calculated
from the *'C data of annual growth bands of corals from théf GhiKutch (Chakraborty, 1993;
Bhushanet al., 1994), and AMS"C dates of annually laminated sediments in theheastern
Arabian Sea (von Raet al., 1999). Southort al., (2002) reported R correction values for several
locations in the Indian Ocean and the South Che®r8ainly using museum archived marine shells.
Huaet al.,(2004) reported R correction values for the Cocos (Keeling) Islamdthe eastern Indian
Ocean using annual coral bands.

Spatial and temporal variations of marine**C reservoir ages in the Indian
Ocean
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The data of mariné’C reservoir ages andR correction values for the Indian Ocean and
South China Sea are compiled here and shown i3 Fidre**C-reservoir ages for the open eastern
Arabian Sea range from 622 to 390 years, whichirageneral higher when compared to the open
Bay of Bengal values which range from 315 to 47drgeReservoir ages in the shallow marine areas
of the Gulf of Kutch and the Chilika Lake lagoor &41 years and 229 years, respectively (Dettta
al., 2001). One sample collected near Pondicherry imimstern Bay of Bengal yield anomalous high
reservoir age of 831 years, possibly due to inaatpan of geological carbonate (Southenal.,
2002). These two shallow marine samples and thenalowms old sample from Pondicherry were
excluded for determining regionaR correction values of the Indian Ocean. The resemages are
younger in the shallow marine areas of the Soutm&Sea. The Red Sea, the Persian Gulf, the
western Arabian Sea and the western Indian Ocean Madagascar have rather narrow range of
reservoir “C-ages, mostly lying between 400 and 500 years. 8astern Indian Ocean south of
Indonesia and west of Australia has reserVifirages between 323 and 377 years, similar to tlye Ba
of Bengal values.
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Fig. 3: Spatial variation of marinéC reservoir ages for the entire Indian Ocean obthfrom Globall
Marine Reservoir Correction Database (Reimer anin&e 2001). Reservoit'C-ages (in
years) reported from selected locations are shammle regional average R values (in
years) are in given bold with 4-standard deviation. Indian Ocean reservi@-age data
compiled from Bowman (1985a, 1985b), Cember (19B8ysharet al., (1994), von Racbkt
al., (1999), Dutteet al.,(2001), Southoret al., (2002), Grumett al.,(2002), and Huat al.,
(2004). Values for the southern Indian Ocean sa@itl0°S (in parentheses) have been
estimated from Berkman and Forman (1996).

The observed pattern 6iC reservoir ages in the Indian Ocean can be exglaim terms of
regional variation of circulation patterns withihet thermocline. In the northeastern Arabian Sea
vertical mixing is favoured by (i) seasonal upwadliduring southwest monsoon and (ii) convective
processes associated with winter cooling (Madhapreit al., 1996). The average reservéi€-ages
for the Arabian Sea is older than that of the mledelvorld ocean (meanR ~ 180 years), due to
upwelling induced mixing with deep&iC-depleted water derived from Antarctic Bottom Wdtem
the south. The Bay of Bengal, which receives langmunt of fresh water from several major rivers
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(Milliman and Mead, 1983) has steep gradients efifopycnal (equal density) surfaces within the
top 200 m. Steep isopycnal gradient in the Bay erfidal may greatly impede the vertical mixing rate,
retarding the advection of deepéE depleted water. This resulted in relatively yoemgservoir‘C-
ages (R ~ 60 years) for the Bay of Bengal compared toAhgbian Sea. Input of riverine DIC
depleted in*'C may tend to counteract the effect of reduced maixLittle, 1993), due to the hard
water effect. Higher reservoir ages in the Arab&ea compared to the Bay of Bengal shows that
greater vertical mixing is the dominant process,chdetermines the observed pattern'®
reservoir ages in the northern Indian Ocean. Istirgly, the modelled pre-nuclear surface océgn
distribution by Toggweileet al., (1989) and Guildersoat al., (2000) predicts youngéfC-ages in
the Arabian Sea than in the Bay of Bengal. Thimisontrary to the pattern observed from tf@
data of pre-nuclear marine carbonates.

These R values would be useful in calibrating tH€-ages of marine microfossils for dating
marine sediments and also for dating coastal cadcar archeological samples from the Indian Ocean
region. The regional averageR correction values given in Fig.3 have taken iatoount all valid
reservoir*C-age data, and are only indicative of the largdespattern. In order to calibrate a given
marine'‘C date, R data from the nearest locations must be chosmie® mean (error weightedR
correction values from these locations must be érsethe calibration.

Significant climate induced changes in the northerdian Ocean circulation took place
during the glacial and interglacial periods (Dupiesl982). Since the marin& reservoir age of the
northern Indian Ocean, particularly in the Arabtea is controlled by summer monsoon upwelling,
winter monsoon convection and the reservoir agéhefArabian Sea thermocline water which is
derived from Antarctic Bottom Water (Staubwasseal.,2002), variations in any of these factors due
to global climate shifts can potentially alter tlegional reservoit’C-ages. Staubwasser al., (2002)
reported that the surface Arabian Sea reservoils agere more than 1000 years during the
deglaciation, and they varied between 780 and ¥&26s during the early Holocene.

Marine “C reservoir ages of the southern Indian Ocean off étarctica

The southern Indian Ocean is a region for whichvikedge of pre-nuclear surface watée
is too meagre. The earliest seawdf€@ measurements in the southern Indian Ocean regae
compiled by Delibriugt al., (1980). Reports of marine reservbi€-ages close to Antarctica range
from 932 BP to 1632 BP, corresponding to me&hof 849+13 year (n=14). Till date, no systematic
study on marine reservolfC-ages had been done specifically for the South®ian Ocean near
Antarctica. This oceanic region is an area of abgrsible interest from the perspective of
paleoclimate studies from multi-proxy geochemiaadlgses of marine sediments. Such studies must
rely on firm*“C-chronology, for which accurate knowledge on resier“C-age is essential. Berkman
and Forman (1996) recommended use of resel{@inges of 1300+100 year for the Southern Ocean
region. However, it is unlikely that reservoir agiethe Southern Indian Ocean off Antarctica coast
are significantly different than in other areagiué Southern Ocean, due to fast zonal mixing by the
circum-polar currents.

Marine **C Suess effect in the northern Indian Ocean
and the South China Sea

Following the beginning of industrial era duringtlate 18 century and before the onset of
large scale atmospheric tests in the late 195tsjn the atmospheric GCsteadily decreased by
about —25%. through dilution BY/C depleted fossil fuel COInvasion of fossil fuel Coto the oceans
caused significant depletion of surface ocedfC values between 1900 and early 1950s, an
phenomena known as marine Suess effect (Druff@];1Bruffel and Suess, 1983; Toggweigtral.,
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1989). The observed depletion was typically fewngkeper decade, but variable among different
oceanic areas (Druffel and Griffin, 1993). ThEC values of the samples reported from the northern
Indian Ocean and the South China Sea are analyzbikistudy, which also show a decreasing trend
between AD 1900 and 1955 (Fig.4). The results strmvmagnitude of marinéC Suess effect of —
3.0+£1.8%0 per decade for the Arabian Sea, —2.1+0f%6.decade for the Bay of Bengal, and —
2.0£1.3%0 per decade for the South China Sea.
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-90
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Fig. 4: Suess effect in the Northern Indian Ocean and thghSChina Sea. Data from Dugh al.,
(2001) plotted as circles and from Southetnal., (2002) plotted as triangles and squares.
Symbol fills: white — Bay of Bengal, black — Arahi&ea; and grey — South China Sea.
Straight lines indicate linear fit to thé“C data between 1900 and 1955.

Even though the uncertainties in individual reserege estimates are of the order of +5%e,
several samples were considered to evaluate thes Sffiect for a large oceanic area. Thus, the small
values of the Suess effect (2 to 3+1%o0) reportatiimstudy are statistically significant. Magnituafe
Suess effect for various ocean basins dependsyrainihe penetration of anthropogenic 0 the
ocean. The present analysis shows similar magniti@eiess effect for the Arabian Sea and the Bay
of Bengal, as indicated by the parallel trendshefltnear fits, though the vertical scales of thases
are offset depending on their reservoir ages.

Further measurements from the Indian Ocean regiennaeded to assess and reduce the
uncertainty in mariné’C Suess effect. This can be better understood ff@nanalysis in long coral
cores dating back to the pre-industrial era. Diufi®81) reported post-industrial and pre-nuclear

“C recorded in corals from the Urvina Bay, Galapatghand, in the eastern equatorial Pacific
Ocean, which also show similar magnitude of Suéfesteof about 6%. between 1930 and 1953.

Conclusions

C is commonly used for dating of marine sedimehés are up to 50,000 years old. Initial
“C-ages depend on regional marifié-ages of surface oceans and any variations thenest be
known to accurately determiféC-dates of marine samples. Information on naturgire-bomb™C
in surface oceans is also important for studie®adanic carbon cycle that use anthropogenic or
bomb?‘C as a tracer. ReservdiiC-ages has been reported from many places in tianrOcean
analyzing known age marine biogenic carbonatesdbtd on its spatial and temporal variability is
still not adequate. The'“C values between 1900 and 1955 from the Indian ®esa the South
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China Sea show a decreasing trend, indicating mafh Suess effect in the Bay of Bengal. The
average magnitude of this Suess effect is —3+2%«dpeade for the Arabian Sea and —2+1%. per
decade for the Bay of Bengal and the South Chima Se
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