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Abstract

Glacial to interglacial changes in atmospheric CO2 are an intriguing part of carbon reorganization in
the climate system and are estimated by investigating deep-water carbonate ion concentrations ([CO3s>
1). The scarcity of studies on [CO3?] in deep waters of the Indian Ocean and its role in the climate
system inspired us to study the past carbonate ion variations from the eastern Arabian Sea (EAS). We
analysed B/Ca ratios, 813C, and 580 of epibenthic foraminifera Cibicidoides wuellerstorfi from three
cores bathing in different water masses of the EAS in order to determine deep-water [CO3>] and
ventilation, spanning the Last Glacial Maximum (LGM) to the Holocene. This study reveals the
existence of stored CO; in deep waters of the EAS during the LGM. We document two periods of rise
in [COs?] in deep waters, during the deglaciation and the mid—Holocene. The rise in [CO3?] during
the deglaciation indicates outgassing of stored glacial CO» from deep waters via Southern Ocean and
through escape via intermediate waters of the EAS. The minor rise in [CO3?] during the mid-Holocene
could be due to release of CO> from deep water through upwelling, caused due to strengthening of
southern hemisphere westerly winds since 5.3 ka.

Keywords: - Deep-water carbonate ion, benthic foraminifera, B/Ca, Arabian Sea, deglaciation,
ventilation.
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1. Introduction

The atmospheric CO2 concentration has increased from 180 to ~280 ppmV from the last glacial
maximum (LGM) to the late Holocene, respectively, and the oceans are implicated as the major control
of this glacial-interglacial CO> change (Archer et al., 2000; Sigman and Boyle, 2000). The specific
process underlying these variations is partially known, and is still debated. As the largest and yet
responsive reservoir, the oceans control CO gas in the atmosphere by drawing it in and out through
its surface, depending upon its partial pressure relative to the atmosphere. Along with the biological
uptake, COzin oceans is taken up by dissolution of CO- in surface water, which increases the seawater
alkalinity more than dissolved inorganic carbon (DIC) resulting in higher surface carbonate ion
concentration. This process mostly occurs between 20-60° N latitude and intensively in the southern
hemisphere (Takahashi et al., 2009). Thus, these parts of the global oceans act as a sink for atmospheric
COz. Whereas, CO; is outsourced from the oceans through processes like intense upwelling, wherein
the subsurface waters rich in nutrients and CO3, upwells to the sea surface leading to an increase in
partial pressure of CO: in surface water, thus exhaling CO; to the atmosphere. This exhaling of CO>
mostly occurs in the tropical belt between 14° N to 14° S, wherein, the tropical Pacific is the largest
source of CO- to atmosphere, whereas the Nordic Seas and parts of Arctic Seas in the North Atlantic
are the largest sinks for CO2 (Takahashi et al., 2009).

Today, the southern temperate Indian Ocean (14°-50° S) acts as a sink for atmospheric COa.
Whereas, the region north of 14°N i.e. the north western Arabian Sea acts as source of CO; during
peak upwelling time in the summer monsoon (June, July and August) due to high monsoon wind speed
and higher pCO: in sub-surface waters (Takahashi et al., 2009), thus making the Arabian Sea a strong
source of CO, to atmosphere second to the equatorial Pacific (Takahashi et al., 2002; Sarma et al.,
2003). In-situ measurements using CTD carried out in the Arabian Sea during monsoon and
intermonsoon seasons show that seawater pCO: is supersaturated with respect to the atmosphere for
most part of the year and thus the AS is a perennial source of CO; to the atmosphere (Somasundar et
al., 1990; George et al., 1994; Goyet et al., 1998; Sarma et al., 2003). Although the Arabian Sea acts
as the source of CO, it is the western and the North Arabian Sea which majorly contribute to the
emitted pCO rather than the eastern Arabian Sea (EAS), which is affected by monsoonal precipitation.
and the excessive influx of fresh water from precipitation and river runoff from the Western Ghats of
India decreases the pCO: in surface waters. Hence the Arabian Sea shows a considerable spatial as
well as seasonal contrast in pCO>. A recent sub-annually resolved pH record (1990-2013) from the
Arabian Sea based on §'*B measurements on corals indicates significant inter-annual variations in pH
(Tarique et al., 2022).



The spatial pCO> contrast in the Arabian Sea has also been maintained on the glacial to
interglacial timescale as seen from 5''B measurements in foraminifera from sediment cores. The
western Arabian Sea (WAS) was seen to act as a constant source of CO- to atmosphere from 29 to 5
ka (Palmer et al., 2010), whereas, the EAS has acted as a persistent sink for atmospheric CO> for last
25 ka (Naik et al., 2015; Naik and Naik, 2018), except during the deglaciation, when the surface waters
of the EAS showed a spike in pCO> signifying emission of CO. to the atmosphere during the period
of 15 to 13 ka (Naik et al., 2015; Naik and Naik, 2018). Although the WAS constantly emitted CO> to
atmosphere for the last 29 ka, its intensity was maximum during 14 to 11 ka interval (Palmer et al.,
2010). A similar pCO2 spike in surface waters of the west and east Equatorial Pacific (Palmer and
Pearson, 2003; Martinez-Boti et al.,2015), south-west Pacific (Shao et al., 2019), Caribbean Sea
(Foster, 2008), Equatorial and South Atlantic (Henehan et al.,2013; Martinez-Boti et al., 2015), North
Atlantic (Ezat et al., 2017) and Southern Ocean (Moy et al.,2019, Shuttleworth et al., 2021) was also
observed, indicating a global event, which is considered to be the cause of deglacial atmospheric CO>

rise.

This CO2 outgassing was widespread during the last deglaciation, reflected through the
reconstructed [COs]*" at deeper depths, suggesting loss of carbon from the intermediate ocean to the
atmosphere. Although the variation in [COs?] has been studied in all the three major oceans of the
world, there has been very small amount of work carried out in intermediate/deep waters of the Indian
Ocean, one in the southwest Indian Ocean (Yu et al., 2010; Kerr et al., 2017) and other in the
intermediate waters of the Arabian Sea and the Bay of Bengal (BoB; Ma et al., 2020), whereas, the
deep waters of the Arabian Sea remain unexplored. In this study we use B/Ca ratios, carbon (!3C) and
oxygen (8'80) stable isotopic ratio measurements in benthic foraminifera to unfold the variation in
[COs%] of deep waters of the southeast Arabian Sea, and assess their contribution to the rise in
atmospheric CO> during the last deglaciation and Holocene and their relation to changes in ventilation.

2. Material and Methods
2.1 Study area

The Arabian Sea is highly dynamic in nature, with summer and winter monsoonal winds
controlling the surface circulation by producing surface currents running in exactly opposite direction
to each other, which in turn control upwelling and productivity in this region and show temporal and
spatial heterogeneity. SW monsoon winds cause large-scale upwelling during summer in the western
and northern Arabian Sea which increase productivity in the western Arabian Sea, and to a lesser extent

in the EAS. In contrast, winter monsoon winds largely suppress upwelling in the west and north, but



result in moderate upwelling off Central India (Singh et al., 2011 and references therein). Higher
biological production leads to reducing conditions in the intermediate layers thus necessitating
denitrification while organic carbon is oxidised to CO>. The Arabian Sea experiences an Oxygen
Minimum Zone (OMZ) at a depth of 150-1200 meters (Wyrtki, 1973; Naqvi, 1991) due to high
biological productivity (Yentsch and Phinney, 1992; Banse and English, 1993) resulting from
convective mixing in its north, during the northeast monsoon season (Madhupratap et al., 1996;
Reichart et al., 1998).

The seasonal wind reversal greatly affects the CO, system in the surface waters of the Arabian
Sea. The increased pCO:z in surface waters of the AS mostly result from the upwelling and convective
mixing of subsurface waters containing 1100 patm of pCO> resulting from organic matter respiration
(Sarmaetal., 1998). However, a very small region of the EAS i.e. coastal waters at ~ 15° N shows low
pCO2 during southwest monsoon on account of high fresh water influx from small rivers in the Western
Ghats which are highly active during summer monsoon (Sarma et al., 1998). Thus, physical processes
control pCO2 concentrations in surface waters during monsoon season, whereas, biological activities
control pCOz during the inter-monsoon seasons (Sarma et al., 2000). Similarly, the EAS shows lower
DIC as compared to western and northern Arabian Sea, due to influx of fresh waters from the Western
Ghats and BoB during the southwest monsoon and northeast monsoon, respectively (Sarma et al.,
2000).

The shallow to intermediate depth Arabian Sea is occupied by the following water masses: The
Arabian Sea High Salinity Waters (ASHSW) are formed due to evaporative cooling of surface waters
by cold/dry continental winds blowing over the Arabian Sea during winter monsoons. This water mass
occupies the upper 150 m (Shetye et. al., 1994; Prasanna Kumar and Prasad, 1999). The high salinity
Persian Gulf Water (PGW) and Red Sea Water (RSW) masses occupy a depth of about 200-400 m and
500-800 m, respectively. The PGW and RSW water masses are bound by the Indian Central Water
(ICW) (Emery and Meincke, 1986; Tomczak and Godfrey, 2003; Carton et al., 2012) along with
contributions from Antarctic Intermediate Water (AAIW) and Indonesian Intermediate Water (11W),
both characterised by low salinities (Emery and Meincke, 1986; You and Tomczak, 1993). The AAIW
lies below the thermocline throughout the subtropical Indian Ocean, and is the dominant water mass
amongst the intermediate water masses of the Indian Ocean. It originates from deep convection of Sub-

Antarctic Front in the southern hemisphere and can only be traced up to 5° N (You, 1998).

The Indian Ocean does not have any sources of deep or bottom water, but water parcels from
the deepest layers originate from the ocean surface in the Atlantic and Southern Oceans. The Indian

Deep Water (IDW) is the only deep-water mass formed within the Indian Ocean, by diffusion and



upwelling (Talley et al., 2011). The IDW is low in oxygen, and high in nutrients. Waters above 2000
m depth in the Indian Ocean have a net southward transport and those below 2000 m depth have a
northward transport. The deep waters below 2000 m contain a high salinity core of the Circumpolar
Deep Waters (CDW) / North Atlantic Deep Water (NADW), which is found south of 25°S, and a high
salinity core of the IDW in the north. The CDW/ NADW has high oxygen and low silica. The Deep
Western Boundary Currents (DWBCs) carry the CDW along each of the deep western boundaries of
the Indian Ocean basins (Warren, 1974, 1978; Fieux et al., 1986; Johnson et al.,1991a, b; Warren and
Johnson, 1992). There are two flow pathways from the south to the north Indian Ocean (Figure 1a),
the western pathway through the Crozet and Madagascar Basins, along the Madagascar coast into the
Somali and Arabian Basins. The eastern pathway is through the Southeast Indian Ridge into the South
Australia Basin, and then through gaps in the Broken Plateau into the Central Indian and West
Australia Basins. The NADW also enters directly from the South Atlantic without passing through the
Antarctic Circumpolar Current (ACC). The bottom waters lying below the deep waters are the Lower
Circumpolar Deep Water (LCDW), which is mainly the Antarctic Bottom Water (AABW), are colder,
fresher, denser and high in oxygen. As the bottom waters circulate northward into the Indian Ocean
they are modified due to diapycnal mixing, their aging reduces their oxygen content, and they acquire
silica and nutrients (Talley et al., 2011). The densest waters are found in deep basins connected close
to the Southern Ocean. However, they move northwards through gaps in the ridges and are warmer
and less dense by the time they arrive in the northern Indian Ocean. The LCDW also upwells into the
IDW.

2.2 Sediment cores

The three sediment cores for this study represent the different water masses in the Arabian Sea
(Figure 1a and Table 1). Core AAS-9/21 was retrieved from a water depth of 1800 m from the EAS
during A. A. Sidorenko cruise no. 9, and cores SK-129/CR-05 and SK-129/CR-02, were raised from
the southeastern Arabian Sea from a depth of 2300 m and 3800 m, respectively during ORV Sagar
Kanya cruise no. 129. The cores AAS-9/21 and SK-129/CR-05 lie well below the present day OMZ
and above the Foraminiferal Lysocline (FL) depth of the Arabian Sea (FL= 3300 m; Cullen and Prell,
1984), except for core SK-129/CR-02, hence minimizing CaCOz dissolution at these depths. Cores
SK-129/CR-05 and SK-129/CR-02, are presently bathed by the CDW entering the Indian Ocean and
core AAS-9/21 is bathed by the HSDW. These cores lie in the flow path of southern sourced waters
entering the Arabian Sea, making them appropriate core sites for investigating variations in deep-water
[COs7].



The [CO3?] distribution profile along the ~ 68°E transect, and between ~ 5°S and 17°N in the
EAS (Figure 1b) shows low [COs?] intermediate waters with slight increase in [CO3?] at deeper
depths. The [COs*] in the surface waters of Arabian Sea (Figure 1c) is higher, mostly due to
photosynthetic activity, whereas lower [CO3?] at intermediate depths is due to the organic matter
regeneration. Furthermore, an increase in [COs%] at depths >1500 m is due to deep water ventilation
from the South.

2.3 Age Model

The chronology of all the cores used in the study is based on radiocarbon (**C) dates obtained
by Accelerated Mass Spectrometer (AMS). Accelerated Mass Spectrometer 4C dates were obtained
on minimum of 13 mg of mixed species of Globigerinoides sacculifer and Globigerinoides ruber from
a size range of 250-355um. Wherever the sample quantity was not adequate, Neogloboquadrina
dutertrei was picked and added to obtain the desired quantity of sample. The chronology of core SK-
129/CR-05 is based on seven AMS 4C dates (Table 2) analysed at the Universitat zu Kéln, Germany.
The foraminiferal samples were pre-treated with 1% HCI and washed with Milli-Q water of pH 6 prior
to analyses. The chronology of core AAS-9/21 was adopted from Govil and Naidu, (2010) except for
three additional dates which were obtained from the Universitit zu Koln, Germany, to improve the
chronology (Table 2; Naik and Naik, 2022). The age model for core SK-129/CR-02 was taken from
Piotrowski et al., (2009). We have used an age-depth modelling routine named Undatable, which is
developed in MATLAB and uses Bayesian radiocarbon (14C) calibration software (MatCal)
(Lougheed and Obrochta, 2019). These 14C ages based age models were updated using Marine20
calibration data and a weighted mean AR= 42 + 54 Downcore median ages, confidence intervals, and
a density cloud that displays the most likely regions of age-depth probability were calculated by
linearly interpolating all nsim (number of simulations) number of unique age-depth (Lougheed and
Obrochta, 2019) runs to 1 depth unit resolution (e.g., cm), and then computing the 1st to 99th
percentiles of the ages corresponding to each depth unit. Darker regions of the density cloud are closer
to the 50th percentile. The age versus depth along with the uncertainties are provided (See

supplementary figures 1 to 3).
2.4 Proxies
2.4.1B/Ca

Boron/calcium analysis of benthic foraminifera was carried out on all the three cores, with
minimum of 7 shells of Cibicidoides wuellerstorfi in the size range of 250-500 um. Foraminiferal

samples were partially crushed between two clean glass slides, transferred to acid cleaned vials, and
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subjected to standard oxidative and reductive cleaning protocols to remove clay particles, organic
matter, oxides, and adsorbed contaminants (Boyle and Keigwin, 1985, as modified in Rosenthal et. al.,
1997). Cleaned samples were dissolved in ultrapure 0.065 N HNO3z and analysed on a sector-field
inductively coupled plasma mass spectrometer (ICP-MS, Thermo Scientific Element XR) at the
Rutgers University. To improve washout efficiency and reduce boron memory effect between samples,
anhydrous ammonia gas was injected into a high purity quartz cyclonic spray chamber, which raised
the pH of the injected sample (>9.14, NBS scale; assessed by monitoring spray-chamber waste). This
addition converts boric acid into soluble ammonium borate, which is more easily removed during wash
out (Al-Ammar et al., 2000). The long term precision on B/Ca measurements, as determined by
repeated analysis of consistency standards was +3%, or an uncertainty of about £2.5 pmol/kg (1 SD)

on the [COs?] estimates.

Contamination was identified by measuring Al/Ca, Fe/Ca and Mn/Ca ratios, and their covariance
with B/Ca ratios was checked for all samples. The clay and silicate contamination was monitored by
measuring the Al/Ca. The values of Al/Ca should be within 100 umol/mol (Rae et al., 2011). In this
study, Al/Ca ratios obtained for maximum samples were below 100 pmol/mol with no covariance of
Al/Ca with B/Ca ratios. The contamination from Mn-Fe oxide coatings was checked by measuring
Fe/Ca and Mn/Ca ratios and their values were below 100 pumol/mol and 1000 pmol/mol respectively
(Barker et al., 2003). The Fe/Ca ratios did not show any covariance with B/Ca ratios, hence concluding
an effective cleaning of foraminiferal shells. The Mn/Ca ratios were well below 1000 pmol/mol and
showed a negative covariance with the B/Ca ratios, which again indicate efficient cleaning of shells.

The B/Ca ratios obtained from B/Ca analysis of C. wuellerstorffi shells were firstly converted to
foraminiferal bottom water carbonate ion saturation (A[CO3?7]) by using the correlation equation [B/Ca
=1.14 (A[CO3?]) + 176.6] given by Yu and Elderfield (2007). Calcite saturation concentration ([CO3*
]sat) was calculated using the CO2sys.xls (Ver. 12) programme wherein the data of required parameters
was taken from the Global Ocean Data Analysis Project (GLODAP) (Key et al., 2004). The constants
used in programme are K; and K>—Millero (2010), KSO4 — Dickson (1990), B & Chlorinity - Lee et
al. (2010) and pH in Total Scale. The down core in-situ carbonate ion concentrations ([CO3%7] in situ)
was obtained from the equation [CO3%] insiu = A[CO3%] + [CO3?] sat Which was then plotted against

age.
2.4.2 Calcium carbonate (CaCO3%)

Calcium carbonate analysis was carried out on core SK-129/CR-02 by taking about 2-3 mg of

sample which was oven dried at 60°C for 24 hours and finely ground for analysis. The total inorganic



carbon (TIC) content was determined with a coulometer (UIC, Inc-CM140 acidification module) at
the CSIR-National Institute of Oceanography, Goa. Analytical grade calcium carbonate was used as
standard reference material. The precision of measurements was better than +2% based on repeat
analysis of laboratory standard after every 10 samples. The CaCOs weight percentage (%) was
calculated by multiplying TIC with factor of 8.333. Calcium carbonate data for the cores AAS-9/21
and SK-129/CR-05 was taken from Godad et al., (2017) and Pattan et al., (2003) respectively.

2.4.3 Carbon and oxygen isotope analysis

Carbon and oxygen stable isotope analysis for core SK-129/CR-05 were done using minimum of
two shells of benthic foraminifera Cibicidoides wuellerstorfi in the size range of 250-500 um. The
analysis was carried out on a KIEL IV device coupled to a Delta V IRMS at the CSIR-National Institute
of Oceanography, Goa, India. The overall precision obtained was +0.04 %o for §13C and +0.08 %o for
5180. Calibration to the VPDB standard was performed by repeated measurements of international
reference standards NBS-19 and Carrara marble. Oxygen and carbon stable isotope data for core AAS-
9/21 was taken from Naik and Naik, (2022), and the data for SK-129/CR-02 was adopted from
Piotrowski et al. (2009).

3. Results
3.1 B/Ca and [CO5?]

The B/Ca values in core AAS-9/21 range from 171 to 211 umol/mol which translate to a [CO3%] of
53 to 91 pmol/kg, for the last 25 ka (Figure 2a). During the LGM [COs%] show a minimum value of
70 umol/kg at ~18 ka. Thereafter, an increase in [CO3%] is seen throughout the Henrich Stadial 1 (HS1;
~17.5to 14.7 ka) reaching a maximum of ~91 umol/kg during the Bglling-Allered (BA; ~ 14.7 to 12.9
ka), which accounts for a 5.3 pmol/kg rise during the deglaciation over the LGM, which is a significant
increase based on a two-tailed Student’s t test at a > 90% confidence level. Thereafter the [CO3?]
sharply decreases during the latter part of the BA and remains low during the Younger Dryas (YD;
~12.9 to 11.7ka), and the Holocene. Again, the mid-Holocene shows a notable rise in [CO3%], which

reaches a maximum of 75 pumol/kg —at ~5 ka.

The B/Ca values in core SK-129/CR-05 range from 190 to 215 pmol/mol, which translate to a [COs*
] of 76 to 98 umol/kg over the last 25 ka (Figure 2b). The [COs?] values show a large variability during
the LGM and an average value of 88 pumol/kg. Further, a peak of 98 pumol/kg is observed at ~15 ka
during the HS1. A considerable gap in [COs?] data exist between BA to mid Holocene, which is due

to insufficient C. wuellerstorfi shells at those particular sections in the sediment core. The [COs%]



shows lower values during the Holocene-than the deglaciation, reaching to a minimum of 76 umol/kg

in the Late Holocene.

Core SK-129/CR-02 recorded B/Ca variations between 165 t0188 pmol/mol over the last 25 ka,
which in terms of [CO3%] is an 80 to 100 pumol/kg variation (Figure 2c). The last glacial maximum
shows comparatively lowered [CO3?] of ~90 pmol/kg at a single available point. The [COs?] peaked
to ~100 pmol/kg during the BA-YD. Thereafter, the [CO3>] shows a gradual decrease into the
Holocene, which then increases in the mid-Holocene to 96 pumol/kg at ~4 ka. The scarcity of data
points in cores SK-129/CR-05 and 02 does not allow us to perform the Student’s t test on these cores.

3.2 Calcium Carbonate Content (CaCO3%)

Calcium carbonate content in core SK-129/CR-02 (Figure 2c) varied between 49 to 69 % with
highest values encountered during the YD. The CaCOs content showed lower values during the LGM
compared to the deglaciation, which continued through the early HS1 and reached to minimum value
of 49 % at ~16 ka . The values increased thereafter and reached a maximum of 68 % at~11.5 ka, during
the YD. A minor drop in values was observed thereafter, which then remained constant through the

Holocene.
3.3 Carbon and oxygen isotope ratios in core SK-129/CR-05

The 5'3C values in core SK-129/CR-05 range from - 0.33 to 0.52 %o for last 25 ka (Figure 3a).
Lowest values of - 0.33%o were recorded in the LGM, whereas highest values of 0.52 %o were observed
in the Holocene. The §'3C values were near about similar during the LGM and HS1 with a slight
decrease during the BA, followed by an increase in the YD to 0.18 %o. The values then decreased
during the early Holocene, and highest values were observed at the mid Holocene, which then
decreased sharply in the late Holocene. Overall, the 5!3C values in this core showed an increasing trend
from the LGM to the mid Holocene and a sharp decrease thereafter. The §'80 values in core SK-
129/CR-05 range from 1.79%o at ~3 ka to 4.14 %o during the LGM (Figure 3b). The 580 values
gradually dropped during the HS1, followed by a slight rise of 3.76 %o at ~15 ka in the BA, followed
by a drop. The lowest 530 values were recorded in the Holocene with slight increase at ~2 ka in the

Late Holocene. Overall, a decreasing trend in 5180 values was seen from the LGM to Holocene.
4. Discussion

Carbonate ion concentration in seawater is affected by air-sea exchange, changes in alkalinity,
CaCOg3 formation and dissolution at depth, organic carbon remineralisation, mixing of deep water
masses and changes in deep-water circulation. Air-sea exchange occurs at the sea-surface wherein, due

to the difference in the partial pressure, the CO> gas can either be taken up by seawater or given out to



the atmosphere. CO; evasion leads to lowering of DIC, which drives an increase in pH and shifts the
carbonate equilibrium to the right, thus elevating [CO3?7 of surface waters. A vice versa effect of CO>
invasion occurs. Additionally, the temperature effect on [CO3?] is small at about 0.5 pmol/kg per °C
and [COs?] is insensitive to salinity changes (Yu et al., 2008). But, since the studied sediment cores
lie at depths >1700 m, which represents deep-waters of the Arabian Sea, the changes occurring in
[COs*] due to air-sea exchange, temperature and salinity are insignificant. However, changes in
alkalinity caused due to dissolution of calcium carbonate in deep-waters can drive up the [COs*] in
the water column. Every deep water mass has a unique preformed [COs%], and biological effects on
deep water masses are less significant, therefore, changes in deep-water circulation as well as the
mixing of different water masses can play an important role in affecting [COs%] of deep waters (Yu et
al., 2008).

4.1 [CO3*] during the LGM

The average [CO3?] observed during the LGM is 76 umol/kg, 87 umol/kg, and 89 pumol/kg in
cores AAS-9/21, SK-129/CR-05, and SK-129/CR-02 respectively (Figure 2a, 2b and 2c), and is lower
as compared to the deglacial [CO3?7 in all the three cores. The core AAS-9/21 (1800 m) showed the
lowest [COs%] in comparison to the deeper cores. A similar gradient of increasing [CO3?] with depth
is evident in the modern ocean (Figure 1b and c). Low [CO3?] recorded during the LGM are consistent
with lowered CaCO3% (Figure 2a, b, c), and declined 8*3C values in all the three cores (Figure 3a, 3¢
and 3d). Depleted §3C values indicate lack of ventilation, higher nutrient concentration, and microbial
organic matter respiration. Studies carried out using **C in the northern Indian Ocean showed §3C-
depleted and nutrient enriched water mass during the LGM, which could have resulted due to strong
stratification/ poor ventilation of deep waters (Kallel et al., 1988; Ahmad et al., 2008; Piotrowski et
al., 2009; Yu et al., 2010; Ma et al., 2019).

Organic carbon was sequestered in the deeper layers via the Southern Ocean by an enhanced
biological pump, which transported high amounts of organic carbon to the global deep ocean during
the LGM (Smetacek et al., 2012; Muglia et al., 2018; Rae et al., 2008). This organic carbon persisted
in deep waters, accumulating respired CO., and the stratified deep waters further reduced its escape to
mid-depths, yielding older and CO-rich deep waters (Skinner et al., 2010; Skinner et al, 2014; Skinner
et al., 2017). The northward shift of the southern-hemisphere westerly wind belt and northward
expansion of Antarctic sea ice led to reduced formation and/or overturning rate of southern-sourced
water masses (i.e. AABW) and/or reduced air-sea CO> equilibration in the Southern Ocean during the
LGM (Gottschalk et al., 2020). Thus the ventilation of the ocean interior was reduced. As a result large

swaths of the Indian sector of the Southern Ocean accommodated an above-average share of the global-



ocean respired carbon at the LGM, largely contributing to the observed glacial reduction in CO2 am
(Gottschalk et al., 2020). The eastern Arabian Sea upwelling induced productivity was also higher in
the glacial period due to stronger glacial winter monsoon winds (Singh et al., 2011), and similarly the
equatorial Indian Ocean productivity was also high (Figure 3e; Yadav et al., 2022). Recent studies
from the northern Indian Ocean also highlight the storage of CO; enriched deep-waters during the
LGM (Bharti et al., 2022; Nisha et al., 2023). The observed poor ventilation during the last glaciation
shows that the northern Indian Ocean was a part of the glacial ocean aged carbon pool (Nisha et al.,
2023).

Sub-oxic conditions were observed in deep waters of the southeastern Arabian Sea (Sarkar et al.,
1993; Pattan and Pearce, 2009), and the equatorial Indian Ocean during the LGM (Chandana et al.,
2017), have been attributed to changes in deep-water circulation. Hence we had a look at the deep
water circulation by observing the neodymium isotope (end) record of deep waters of the Arabian Sea
(Figure 3f, SK129, CR-05-Piotrowski et al., 2009; SK221-05-Lathika et al., 2021), and the BoB (Naik
et al., 2019; Ma et al., 2019), which indicate decreased proportion of NADW reaching the northern
Indian Ocean and the core sites, resulting in decreased ventilation of glacial deep waters. These two
mechanisms, poor ventilation of deep waters, and increased surface productivity resulted in enhanced
carbon respiration, which resulted in lowering of oxygen and [CO3%], and depletion of 5'C of deep

waters during the LGM, thus lowering CaCO3% at our core sites.
4.2 The deglacial rise in [CO3*]

A deglacial [COs*] rise is seen in all the cores, beginning during the late Heinrich Stadial (HS1)/
BA-YD (Figure 2a,b,c). However, the coarse resolution of our dataset could possibly explain the
variable timing of the deglacial rise at these water depths. During the last deglaciation, pteropod
preservation spikes were observed in the Andaman Sea (Sijinkumar et al., 2010; Sijinkumar et al.,
2015), the Arabian Sea (Singh, 2007, Naidu et al., 2014) as well as a carbonate preservation spike
across the northern Indian Ocean (Naik and Naidu, 2016), which signify better preservation at that
time. These changes could have probably arisen through changes in circulation by an increased
proportion of COs?-rich deep-waters at the core sites, degassing of CO2and upwelling in the Southern
Ocean, and/or through in situ degassing of CO2 from deep waters. The Atlantic meridional overturning
circulation (AMOC) is thought to have been significantly reduced during HS1 and the YD as a result
of freshwater input in the North Atlantic that prevented waters becoming dense enough to form deep
waters (Vidal et al., 1997; McManus et al., 2004), and the NADW production was reduced. The North
Atlantic Deep Waters are well oxygenated, nutrient-depleted, and contain highest [COs?] of~ 125
pmol/kg (Broecker and Sutherland, 2000). At the end of HS1 the AMOC strengthened and NADW



production intensified. NADW being a well ventilated, carbonate rich water mass, which flowed
northwards, flushed the deeper depths of the northern Indian Ocean. The CO; stored during the LGM,
was released into the atmosphere by wind-driven upwelling of deep waters in the Southern Ocean
during the deglaciation (Anderson et al., 2009; Skinner et al., 2010; Allen et al., 2015; Allen et al.,
2020) thus contributing to the atmospheric CO; rise (Figure 4a). The fast increase in **C and O
ventilation in the South Indian Ocean at the end of HS1, which is linked to a rapid resumption of
Atlantic overturning, caused homogenization of the entire South Indian Ocean water column, laterally
and vertically (Gottschalk et al., 2020). The ventilation age records from the northern Indian Ocean
relate well to the Southern Ocean upwelling indices pointing towards the Southern Ocean as the source
for redistribution of aged and intermediate water masses of the Southern Ocean (Nisha et al., 2023),
which spread northward into the Pacific, Atlantic Ocean and Indian basin (Bryan et al., 2010). The
upwelling of deep waters and reduction in Antarctic sea ice cover during the deglaciation caused
substantial outgassing of CO> from the Southern Ocean, as recorded in the South Atlantic Ocean
(Martinez-Boti et al., 2015; Shao et al., 2019; Shuttleworth et al., 2021), South Pacific Ocean (Allen
etal., 2015, 2020; Moy et al., 2019; Allen et al., 2020; Shuttleworth et al., 2021) and the South Indian
Ocean (Gottschalk et al., 2020; Ronge et al., 2020; Narayana et al., 2020), and contributed to an
increase in atmospheric CO2 of 80 ppmv. The outgassing of CO from deep waters resulted in increased
[COs%] in deeper waters of the EAS as seen in this study and promoted better preservation of
foraminiferal shells and CaCOz3 during the deglaciation. The Southern Ocean is said to thus play a
significant role in sequestering as well as expelling stored deep-water carbon back to the surface layers
in the Southern Ocean. An increased Southern Ocean ventilation and rise of atmospheric CO2 noticed

during the deglacial reveals their relation (Skinner et al., 2010).

The increase in [CO3?] is also observed at the water depth of 1800 m (AAS9/21; Figure 2a). During
the NADW reduced phases of the HS1, an increased proportion of AAIW reached the northern Indian
Ocean (Duplessy et al., 1984; Curry et al., 1988; Waelbroeck et al., 2006; Jung et al 2009; Romahn et
al., 2014; Yu et al., 2018; Ma et al., 2019). However, the water depth of the shallowest core used in
this study (AAS9/21) lies well below the depth of AAIW flow, and the AAIW is a water mass depleted
in [COs*]. Moreover, during the deglaciation, the AAIW carried old upwelled carbon from the
Southern Ocean into the tropical Ocean’s (See Marchitto et al., 2007). Hence AAIW is expected to
have a lowered [COs%], and its influence will rather lead to a [COs?] decrease. Furthermore, the
Persian Gulf being ~50 m deep was largely dry during the LGM. The Red Sea exchanges water with
the Arabian Sea through the Bab el Mandeb which is currently having a sill depth of 130 m and had

minimal water mass exchange during the LGM as the global drop in sea level was 120 m. Assuming



the initiation of sea level rise during the early deglaciation, the contribution of water masses from the
Persian Gulf and Red Sea would have been minimum. Also, these water masses have low oxygen
content, currently of 2.5-3 ml/l (Grasshoff, 1969; Wyrtki et al., 1971), and are currently found in the
Arabian Sea between a depth of 200-1000 m, where a severe and perennial OMZ is observed. The
waters of the OMZ are not only oxygen depleted but also have high concentration of DIC (Paulmier
et al., 2011), which signify low [CO3>]. Hence, the minor proportions of water emerging from the
OMZ also have low [CO3?] and thus mixing may not contribute to a rise in [CO3?] in core AAS-9/21
during the deglaciation. The core AAS-9/21 lies below the deep chemical front separating the
intermediate and deep waters of the Arabian Sea (Kallel et al., 1988). The depth below 2000 m are
dominated by the Indian Deep Water (IDW) (Talley et al., 2011), which has a significant proportion
of the [CO3%] —rich-NADW. During the HS1, though the AMOC weakened, the NADW production
did not fully halt, it rather was shallow (Skinner et al., 2021). It is hence possible that during the HS1,
waters below the depth of 1800 m that had NADW contribution, were mixed vertically, thus increasing
the [CO3?] at the water depth of AAS9/21. Later as the deglaciation progressed, the NADW production
intensified and became the major contributor of waters to a depth between ~ 2000 m to 4000 m.

Along with CO> outgassing records from sites in the Southern Ocean, CO> outgassing was also
observed at equatorial regions of the world oceans which includes the Equatorial Pacific (Palmer and
Pearson, 2003; Martinez-Boti et al., 2015; Gray et al., 2018; Kubota et al., 2019), Atlantic (Foster and
Sexton, 2014; Ezat et al., 2017) and the EAS (Naik et al., 2015, Figure 4b). The mechanism of CO>
outgassing has been attributed to the excess COz signal carried by the sub-Antarctic surface waters that
are subducted in the sub-Antarctic Zone to form the AAIW, which is then transported to and upwelled
at the equatorial regions of the major oceans. The C and carbonate ion depleted AAIW during the
deglaciation in the Southern Ocean (Basak et al., 2010) and its incursion in the Arabian Sea (Bryan et
al., 2010; Ma et al., 2020) provides a major evidence for carrying the excess CO> to the Arabian Sea.
The [CO3%] from the deeper Arabian Sea cores are comparable to another core from the southwest
Indian Ocean, WIND 28K, retrieved from a water depth of 4147 m (Yu et al., 2010, Figure 4d),
suggesting similar processes operating at these different locations. The elevated [CO3s?] in deglacial
deep waters is aligned in timing with the depleted C signal in intermediate waters of the western
Arabian Sea (Figure 4c, Bryan et. al., 2010), along with increased pCO: in surface waters of the EAS
(Figure 4b, Palmer et al., 2010; Naik et al., 2015). The depleted *C signal is seen from the depth of
~3200 m to 1800 m suggesting the entire water column was ventilated during the deglaciation (Figure
4c). Other than the Southern Ocean loop, the CO> degassing may follow a direct path of escape from

the deep to intermediate waters and to the atmosphere via surface waters of the Arabian Sea.



4.3 Variations in [CO3?] in the Holocene

Carbonate ion concentration in all the cores showed a decreasing trend through the Holocene.
Closer examination of the Holocene [CO3?] in core AAS-9/21, SK-129/CR-05 and SK-129/CR-02
reveals a lowering of 18 pmol/kg, 9 pmol/kg and 4.0 pmol/kg respectively compared to the
deglaciation. On the other hand, higher §'3C values observed in same cores indicate well-ventilated
and nutrient-depleted water mass like the NADW reaching the core sites, which was further confirmed
from &ng studies from the northern Indian Ocean (Piotrowski et al., 2009; Naik et al., 2019, Lathika et.
al., 2021). With increased proportion of NADW reaching the core sites, an elevated [CO3%] is
expected. On the contrary, the decrease in [CO3?] can be attributed to the inter-basin carbonate
compensation as suggested by Sosdian et al., (2018), which involves shifting of the calcium carbonate
burial locus from the Atlantic Ocean basin to the Indo-Pacific Ocean basin. This mainly occurs through
the changes in contribution of Antarctic Bottom Water/NADW during the cold/warm phases causes
the dissolution/preservation of calcium carbonate in Atlantic sediments and this
dissolution/preservation is balanced by the enhancing burial/ dissolution of calcium carbonate in the
Indo-Pacific Ocean which causes preservation/dissolution of calcium carbonate during the
glacials/interglacials. The whole mechanism of shifting of the locus of calcium carbonate
preservation/dissolution mainly occurs through the changes in the A[CO3%] of the deeper waters
(Sosdian et al., 2018). Although the Indian Ocean behaved similar to the Atlantic Ocean during the
LGM, it showed contrasting [COs%] variations during the Holocene i.e. the [CO3%] values in deep
waters of the Atlantic Ocean were seen to be increasing through the Holocene (Yu et al., 2008; Yu et
al., 2010; Yu et al., 2014). The increased [CO3?7] during the Holocene was mainly attributed to the
replacement of &3C-depleted, low [COs?>] and corrosive southern sourced water mass by &*C-
enriched, high [CO3%] NADW, due to the resumption of the AMOC (Yu et al., 2008; Yu et al., 2010;
Yuetal., 2014). This burial of calcium carbonate is compensated by shifting of the locus of dissolution
to the Indo-Pacific basin, causing dissolution of calcium carbonate during the Holocene. Hence, the
Indian Ocean in terms of [CO3?] and preservation of CaCOs is corrosive and behaves similar to the

Pacific Ocean today unlike the Atlantic Ocean.

Although a decrease in [CO3s*] was observed throughout the Holocene, a minor rise was
observed during the mid-Holocene at ~4 ka in all the cores, although not distinguishable in core
SK129/CR-05 (Figure 2). This [CO3?] surge might have arisen on account of CO, outgassing of from
deep waters to the atmosphere. A recent high-resolution study covering the last 8 ka discovered a pCO>
spike in the surface waters of the northeast Arabian Sea thus demonstrating that the AS was a strong
source of CO; to atmosphere from 5.5 to 4 ka (Azharuddin et al., 2022). This was attributed to the



strong ENSO activity, wherein frequent ENSO events resulted in intensification of the Findlater Jet
(FLJ), which induced strong coastal upwelling by Kelvin waves and led to outgassing of CO..
However, coastal upwelling caused due to intensification of FLJ and Kelvin waves is shallow. But
since the cores used in this study lie at a depth of >1800 m, the upwelling of deep waters through such
a process is questionable. Another possibility of a mid-Holocene rise in [CO3?7] could be due to the
strong upwelling of CO2-rich CDW in the Antarctic zone, which can result in increased [CO3%] in deep
waters as suggested by Moy et al. (2019). The strong upwelling in the Antarctic zone was caused due
to constant and intense Southern Hemisphere westerly winds during 5.3-0 ka (Moreno et al., 2010;
Saunders et al., 2018). This outsourcing of CO> via rise of pCO: in surface waters of the Southern
Ocean was observed by Palmer and Pearson (2003); Moy et al. (2019); Shao et al. (2019); and
Shuttleworth et al. (2021) in the Pacific Ocean during the Holocene.

To sum up, this study fills the data gap in Indian Ocean deep-water-[CO3?] studies. The Indian
Ocean vertical [CO3?] profile, similar to the Pacific Ocean does not show much difference between
the Holocene and LGM (Figure 5). The northern Indian Ocean [CO3%] lie between the Atlantic and
Pacific values as expected owing to its intermediate location in the circulation pathway. The COs*
water column gradient observed in the modern times (in situ measurements; Figure 1c) was maintained
during the Holocene and the LGM (figure 5), implying efficient buffering of deep water pH by deep-
sea CaCOs dissolution (Yu et al., 2014). The Holocene [CO3?] at 1800 m is the lowest amongst the
global records as it lies just below an intense OMZ of the Arabian Sea (See Figure 1b). Future studies
on [CO3?7] from the OMZ-core can provide us clues on the mechanism hypothesised here on the escape
of deep water CO> into intermediate waters and into the atmosphere, and also an understanding on
[CO3?] variations in the OMZ through time.

5. Conclusion

This study highlights the importance of the northern Indian Ocean in deglacial atmospheric CO>
rise. Low [CO3%] and 8*3C values during the last glacial maximum indicate storage of COz in deep
waters of the Indian Ocean as observed in the Atlantic and Pacific Ocean. The rise in [CO3?7] observed
in all the three cores during the deglaciation is attributed to the outgassing of CO> from deep waters
through upwelling in the Southern Ocean as a result of change in ocean circulation, and also via
degassing of CO, from the eastern Arabian Sea. The variation in [CO3?] during the Holocene could be
due to the inter-basin calcium carbonate compensation in response to changes in deep water
circulation, as the [CO3?] in the Deep-Atlantic increased, which promoted CaCOs preservation in the
Atlantic basin and dissolution in Indo-Pacific basin. In addition, rise in [CO3?7] observed during the

mid-Holocene could be due the outgassing of CO, from the Southern Ocean. The Indian Ocean vertical



[CO3s?] profile is similar to the Pacific profile, with lowest [CO3%] recorded at ~ 1800 m water depth

related to an overhead intense oxygen minimum zone.
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Legends to Figures

Figure la:- Map showing location of the cores used in the study, AAS-9/21 , SK-129/CR-05 and SK-
129/CR-02 (all shown as red circles). Black arrows indicate deep-water circulation in the Indian
Ocean, essentially the flow paths of Circumpolar Deep Water (CDW) entering the Indian Ocean by
two pathways, from southwest and southeast Indian Ocean. Thickness of the arrows refers to the
intensity of the flow (You, 2000; Talley et al., 2011)

Figure 1b:- Image showing [COs*] distribution profile along a transect (Gl04) from the Eastern
Arabian Sea (EAS), based on GEOTRACES data (GEOTRACES IDP 2021). Red circles in the profile
indicate the three cores used for the study — AAS-9/21 (wd =1800 m), SK-129/CR-05 (wd =2300 m)
and SK-129/CR-02 (wd =3800 m). This profile is generated using Ocean Data View (ODV, Schlitzer,
2021).

Figure 1c:- Vertical distribution of [CO3?] in the eastern Arabian Sea (EAS) (Station 944B-8.5°N &
71.2°E, GLODAP; Key et al., 2004). The red line shows the calcite saturation curve. The calcite
saturation horizon (marked in grey line) is the depth where in-situ [CO3%] = [COs%] saturation.

Figure 2:- Graph showing variations in B/Ca (umol/kg), [COs*] (umol/kg), and CaCOs (%) in cores
a) AAS-9/21 (red circles, water depth = 1800 m) b) SK-129/CR-05 (green circles, water depth = 2300
m), and ¢) SK-129/CR-02 (blue circles, water depth = 3800 m). Grey open circles depict variation in
CaCOs (%) in the respective cores. The CaCOs (%) data in core AAS-9/21 and SK-129/CR-05 is taken
from Godad et al., 2017 and Pattan et al., 2003, respectively. Grey bands in the figure indicate Heinrich
Stadial 1(HS1) and Younger Dryas (YD). White band indicates the Bglling-Allergd (BA). The Last
Glacial Maximum (LGM), deglaciation and Holocene are marked with arrows on the top axis and
dotted lines.

Figure 3:- Graph showing variations in a) §*3C of C. wullerstorfi in core SK-129/CR-05 (green
squares) b) 5180 of C. wullerstorfi in core SK-129/CR-05 (orange squares) (The precision obtained
was £0.04 %o for §13C, and £0.08 %o for 5180), ¢) 613C of C. wullerstorfi in core AAS-9/21 (red squares;
Naik and Naik, 2022), d) 5!3C of C. wullerstorfi in core SK-129/CR-02 (blue squares; Banakar et al.,
2005), e) é&na in core SK-129/CR-02 (pink squares; Piotrowski et al., 2009), and core SK221-05
(purple squares, 9°N, 72.09°E, water depth = 2700; Lathika et al., 2021) and, f) Ratio of mixed layer
eutrophic species (MLES = G. bulloides and G. glutinata) to mixed layer oligotrophic species (MLOS
= G. ruber, G. sacculifer, G. quadrilobatus and G. triloba) in core SSD-044/GC-01. An increased ratio
suggests increased productivity (yellow squares, 5°N, 77°E, water depth = 3160 m; Yadav et al., 2021).
Grey bands in the figure indicate Heinrich Stadial 1(HS1) and Younger Dryas (YD). White band
indicates the Bglling-Allerad (BA). The Last Glacial Maximum (LGM), deglaciation and Holocene
are marked with arrows on the top axis and dotted lines.

Figure 4:- Graph showing variations in a) atmospheric CO> (orange open circles; Bazin et al., 2013),
b) surface water pCO- in core AAS-9/21 (purple squares; Naik et al., 2015), c) ventilation ages of the
core SSD-044/GC-01 (blue triangles; water depth = 3160 m; Nisha et al., 2023), core RC27-23 (orange
circles, 18°N, 57.6°E, water depth = 820 m; Bryan et al., 2010), and core SS152/3828 (black squares,
3.89°N, 78.06°E, water depth = 3166 m; Bharti et al., 2022). These ventilation ages are the benthic-
planktic radiocarbon age differences, e) variations in deep-water [CO3?] in the Indian Ocean, WIND
28 K (black line, water depth =4257 m; Yu et al., 2010), SK-129/CR-02 (blue squares, this study), SK-
129/CR-05 (green squares, this study) and AAS-9/21 (red squares, this study). Grey bands in the figure
indicate Heinrich Stadial 1(HS1) and Younger Dryas (YD). White bands indicate the Balling-Allergd
(BA). The Last Glacial Maximum (LGM), deglaciation and Holocene are marked with arrows on the
top axis and dotted lines.



Figure 5:- Vertical profiles of carbonate ion concentration [CO3?] for the LGM and Late Holocene
reconstructed from B/Ca. Purple stars represent averages from this study between 0 and 5 ka (filled
symbol) and 18 and 24 ka (open symbol). Blue and pink symbols are data that have been previously
published (Yu et al., 2008; Yu et al., 2013; Allen at al., 2015). Horizontal bars represent 1-sigma
uncertainty of the mean.

Legends to Tables
Table 1:- Sediment cores used in this study with core IDs, location and water depth.

Table 2:- AMS radiocarbon ages for core SK-129/CR-05.*the model output of calibrated age at each
cm interval along with the uncertainties is provided in the supplementary material.

Table 3:- Average deep water [CO3?] for selected time intervals at the three studied sites. Errors
represent 1 standard deviation (1c) of reconstructions within the indicated time interval.
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Table 1
Sr.No. | CorelD Latitude | Longitude Water
Depth (m)
1 AAS-9/21 14.50° N 72.65° E 1800
2 SK-129/CR-05 9.35° N 71.98° E 2300
3 SK-129/CR-02 3.02° N 76.50° E 3800
Table 2
Sr. AMS- | SK-129/CR-05 | F*C+% 14C age Species used
No. Lab-ID sample (yr BP)
interval (cm)
1 | COL5308 0-4 0.711+0.32 | 2743+25 G. sacculifer
2 | COL5309 22-24 0.460+0.36 | 6240+29 G. sacculifer
3 | COL5310 46-48 0.208+0.48 | 12598+39 G. sacculifer
4 | COL5311 62-64 0.142+0.61 | 15654+49 G. sacculifer, G.ruber
5 | COL5312 70-72 0.122+0.77 | 16910+62 G. sacculifer, G.ruber, N.
dutertrei
6 | COL5313 86-88 0.106+0.74 | 1804259 G. sacculifer, G.ruber
7 | COL5314 98-100 0.061+0.82 | 22434+66 G. sacculifer, G.ruber
Sr. AMS- AAS-9/21 14C age Species used
No. | Lab-ID sample (yr BP)
interval (cm)
1 | COL5315 96-99 0.216+0.42 | 13546+33 G. sacculifer, G.ruber
2 | COL5316 116-119 0.190+0.45 | 13326+36 G. sacculifer, G.ruber
3 | COL5317 136-139 0.155+0.48 | 14953+39 G. sacculifer, G.ruber
Table 3
Sr. | Core Deep water [COs?]
No. Late Hol (0-5) LGM (18-24)
1 AAS-9/21 64 + 9 (5)° 76 + 4 (7)
2 SK-129/CR-05 82+ 8 (2) 87 +5 (9)
3 SK-129-CR-02 96 (1) 90 (1)

qnumber of samples used for averaging




