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Abstract Benthic foraminiferal assemblages and geochemical tracers (§'°0, §'*C and '*C) have been
analyzed on benthic and planktonic foraminifera from core MD77-176, located in the northern Bay of
Bengal, in order to reconstruct the evolution of intermediate circulation in the northern Indian Ocean since
the last glaciation. Results indicate that during the Last Glacial Maximum (LGM), Southern Sourced
Water masses were dominant at the core site. A high relative abundance of intermediate and deep infaunal
species during the LGM reflects low oxygen concentration and/or mesotropic to eutrophic deep water
conditions, associated with depleted benthic 813C values. During the Holocene, benthic foraminiferal
assemblages indicate an oligotropic to mesotrophic environment with well-ventilated bottom water
conditions compared with LGM. Higher values for benthic foraminifera §'*C and B-P *C age offsets suggest
an increased contribution of North Atlantic Deep Water to the northern Bay of Bengal during the Late
Holocene compared to the LGM. Millennial-scale events punctuated the last deglaciation, with a shift in the
8'3C and the exq values coincident with low B-P *C age offsets, providing strong evidence for an increased
contribution of Antarctic Intermediate Water at the studied site. This was associated with enhanced
upwelling in the Southern Ocean, reflecting a strong sea-atmospheric CO, exchange through Southern
Ocean ventilation during the last deglaciation.

1. Introduction

The thermohaline ocean circulation plays a key role in regulating climate changes at different time scales
through heat redistribution and carbon cycling (e.g., Bryan et al., 2010; Rahmstorf, 1995; Stocker &
Wright, 1996; Talley et al., 2011; Tomczak & Godfrey, 2003). It has recently been shown that a deep and
vigorous overturning circulation may have persisted in the North Atlantic throughout most of the glacial
period, only disrupted by episodes of sluggish circulation associated with the catastrophic iceberg discharge
of the coldest Heinrich stadials (HS), the Dansgaard-Oeschger stadials, and the Younger Dryas cold event of
the last termination (B6hm et al., 2015). These major perturbations in Atlantic circulation have been related
to the reduced North Atlantic Deep Water (NADW) flow (e.g., Bohm et al., 2015; Mcmanus et al., 2004) and
the advection of southern sourced waters (SSW5s) filling a large part of the deep Atlantic ocean (e.g., Bchm
et al., 2015; Lynch-Stieglitz et al., 2007; Roberts et al., 2010).

Past changes in intermediate circulation are less well-documented than those of deep water (e.g., Kallel
et al., 1988; Mix & Fairbanks, 1985; Oppo & Fairbanks, 1987; Waelbroeck et al., 2006). Previous studies of
the intermediate water circulation during the last glaciation have mainly focused on the Atlantic Ocean
(e.g., Lynch-Stieglitz et al., 2007; Oppo & Fairbanks, 1987; Pahnke et al., 2008) and the Pacific Ocean (e.g.,
Bostock et al., 2010; Mix et al., 1991; Pahnke & Zahn, 2005). These studies suggest an increased northward
penetration of Antarctic Intermediate Water (AAIW) into the Pacific and Atlantic Oceans during glacial
periods, as well as at a millennial time scale during the Heinrich events and stadials (e.g., Cao et al., 2007;
Dubois-Dauphin et al., 2016; Pahnke et al., 2008; Pahnke & Zahn, 2005). In contrast, several studies based
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on eng and Cd/Ca records (e.g., Came et al., 2008; Gu et al., 2017; Howe et al., 2016; Xie et al., 2012) suggest
that no changes occurred or even that there was decreased northward penetration of AAIW during HS1 and
the Younger Dryas. For the Southern Ocean, previous studies based on opal flux records (Anderson et al.,
2009) and '*C data (Skinner et al., 2010) have suggested an increase in the production and advection of
AAIW during the LGM and the deglaciation, relative to the modern ocean, associated with more pro-
nounced Southern Ocean upwelling. Thus, evidence for changes in the AAIW circulation through the last
glacial period remains scarce and controversial, whereas changes in intermediate water masses need to be
accurately constrained as they play a major role in regulating heat and salt distribution in the ocean and also
affect the global climate through their influence on ventilation changes and atmosphere-ocean CO,
exchange (e.g., Anderson et al., 2009; Skinner et al., 2010).

The Northern Indian Ocean is characterized by only weak vertical contrasts in physical properties of the
water column due to a progressive vertical mixing of deep-water masses with intermediate ones. It plays
an important role in global ocean circulation in terms of affecting the carbon storage capacity of the ocean
and climate (e.g., Ahmad et al., 2008, 2012; Bryan et al., 2010; Raza et al., 2014; Talley et al., 2011). Compared
to the Atlantic Ocean, only limited hydrographical observations have been carried out in the Indian Ocean
due to its less distinguishable water mass characteristics, and little is known about the circulation below a
depth of 1,000 m. Even though it has received increasing attention over recent decades (e.g., Bryan et al.,
2010; Jung et al., 2009; Yu et al., 2018), the evolution through time of North Indian Intermediate and
Deep Water (NIIW and NIDW, respectively) and the penetration of SSW into the North Indian Ocean, asso-
ciated with changes of the large-scale thermohaline ocean circulation observed in the North Atlantic, are
still poorly constrained for the period since the last glaciation and remain controversial (Naqvi et al.,
1994; Ahmad et al., 2008, 2012; Bryan et al., 2010; Raza et al., 2014; Yu et al., 2018).

The Arabian Sea and the Bay of Bengal (BoB) are landlocked to the north by Asia. This land-sea configura-
tion implies that much of the intermediate and deep waters of the northern Indian Ocean originate from the
south, with only small contributions of intermediate waters from the Red Sea and of Pacific water to the
Indonesian sea (Talley et al., 2011). Consequently, studying intermediate waters in the northeastern
Indian Ocean will allow us to better constrain past changes in the production of intermediate and deep water
and in circulation from the Southern Ocean; in addition, it will help us to understand their potential role in
global climate changes (Jung et al., 2009; Kallel et al., 1988; Yu et al., 2018).

In this study, we have investigated benthic foraminiferal assemblages together with st3¢, 8'%0, and C of
benthic foraminifera from core MD77-176, located in the BoB, in order to reconstruct hydrological changes
in the intermediate waters at high temporal resolution over the last 40 cal kyr. Our results, combined with
previous foraminifera exg obtained on the same core (Yu et al., 2018) and on several deeper cores in the BoB,
allow us to constrain the temporal evolution of the source, ventilation and structure of intermediate and
deep-water masses of the northern Indian Ocean and the northward penetration of AATW.

2. Modern Hydrological Settings

Today, surface water above 100 m in the BoB results from a mix of Arabian Sea Surface Water and Bay of
Bengal Water (Figure 1; Talley et al., 2011; Tomczak & Godfrey, 2003). Thermocline and intermediate-depth
water masses are Indonesian Intermediate Water (IIW) and Red Sea Intermediate Water (RSIW). IIW origi-
nates from the Pacific Central Water and enters the BoB via the Indonesian through flow. ITW flows clock-
wise at thermocline levels in the BoB (You, 1998). RSIW is created by the outflow of water from the Red Sea
and Persian Gulf into the Arabian Sea, where it can sink to depths of 400-1,400 m due to its high salinity
(Talley et al., 2011). RSIW enters the BoB around the southern tip of India and also circulates in a clockwise
direction (You, 1998). In the South Indian Ocean, Antarctic Intermediate Water (AAIW) is found at 1,000- to
1,500-m depth, just above Indian NADW (Tomczak & Godfrey, 2003). Today, the northward extension of
AAIW in the Indian Ocean rarely reaches beyond 10°S (Lynch-Stieglitz et al., 1994).

The Indian Deep Water (IDW) lies between 1,500 and 3,800 m. It forms when the Circumpolar Deep Water
admixes with NADW (Tomczak & Godfrey, 2003; You & Tomczak, 1993). At depths below 3,800 m, the
Antarctic Bottom Water (AABW) only reaches the southern part of the BoB as most of the BoB is shallower
than 4,000 m (Tomczak & Godfrey, 2003). However, AABW can also mix with the IDW and thus contributes
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Figure 1. (a) Geographical setting and locations of reference sites (red circles) and MD77-176 (red star) in the Bay of
Bengal. The black arrows show the general direction of surface circulation in the Bay of Bengal from June to

September (Shankar et al., 2002). (b) Salinity (psu, colored shading) depth-latitude section using Ocean Data View (ODV)
software (Schlitzer, 2015) and vertical distribution of water masses in the Bay of Bengal (N-S cross-section).

EIOW = Eastern Indian Ocean Water; BoBLS = Bay of Bengal low salinity Water; IIW = Indonesian Intermediate Water;
RSW = Red Sea Intermediate Water; AABW = Antarctic Bottom Water; IDW = Indian Deep Water.

significantly to the deep-water masses in the BoB. As the bottom water upwells when it moves northward,
the deep waters can eventually return to shallower depths (Talley et al., 2011). Thus, changes in the
bottom waters can also affect shallower-depth water masses in the northern BoB.

3. Material and Methods
3.1. Sediment Core and Age Model

Core MD77-176 was collected from 1,375-m water depth in the northeastern BoB (14°30'5N-93°07'6E;
Figure 1). The sediment consists of intercalated olive gray terrigenous clay and silty clay layers with
foraminifer- or nannofossil-bearing ooze. The age model of core MD77-176 was previously established by
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using 31 planktonic foraminifer (Globigerinoides ruber) AMS **C dates combined with the MD77-176 oxygen
isotope record obtained on planktonic foraminifera G. ruber, which were correlated to the GISP2 Greenland
ice core record (Marzin et al., 2013). Core MD77-176 displays high accumulation rates (average ~25 cm/kyr
and up to 40 cm/kyr for the Holocene) and could provide high-resolution records for the period since 40 cal
kyr BP.

3.2. Methods

Samples were available from previous studies (Kallel et al., 1988; Marzin et al., 2013) and were sieved in the
63- to 150- and >150-um fractions. A total of 217 samples were collected for benthic foraminiferal analysis.
3.2.1. 5'®0 and §"C Analyses

Measurements of 50 and 8"*C were performed on 191 samples of benthic foraminiferal species (supporting
information Table S1). The 5'®0 and 8"C records covering the period since 14 cal kyr BP had previously
been analyzed on benthic foraminifera Cibicidoides wuellerstorfi at the Laboratoire des Sciences du Climat
et de I'Environnement (LSCE, France). These analyses were carried out on a Finnigan MAT 251 mass spec-
trometer, and the mean external reproducibility of carbonate standards is +0.05%o for §'*0 and +0.03%. for
8'3C. In order to obtain high-resolution §'%0 and §'*C records spanning the last 40 cal kyr BP, benthic for-
aminifera Cibicidoides wuellerstorfi, C. pachyderma, and Uvigerina peregrina were also analyzed at the State
Key Laboratory of Marine Geology of Tongji University (Shanghai, People's Republic of China).
Approximately four to eight clean and well-preserved specimens (>250 yum) were selected per sample.
Stable isotope analyses were performed using a Finnigan MAT 253 mass spectrometer, with a mean external
reproducibility better than +0.07%. for §'%0 and +0.04%. for 8*3C. §'%0 and §"C values were calibrated ver-
sus Pee Dee Belemnite (PDB) by using National Bureau of Standards. The average time resolution of §'*0
and 8"3C obtained on benthic foraminifera is about 160 years for the Holocene and 1,100 years for the degla-
cial and the last glacial period.

3.2.2. Radiocarbon Dating of Benthic Foraminifera

Radiocarbon analyses were performed on epifaunal species Cibicidoides spp. and Hoeglundina elegans (size
>150 pum). Approximately 400 to 1,000 ug of benthic foraminiferal shells were picked. They were leached
with HNO; (10™% M), rinsed with Milli-Q™ water, converted to CO, by reacting with anhydrous phosphoric
acid (Tisnérat-Laborde et al., 2001) and collected in small glass tubes (Wacker et al., 2013). Fourteen samples
were analyzed with the ECHoMICADAS at the LSCE, France. Measurements were taken using the gas hand-
ling system and cracker system (Wacker et al., 2013). Radiocarbon results are reported as conventional **C
ages in yr BP and the benthic-planktonic **C age offsets.

3.2.3. Faunal Analysis

For each sample, benthic foraminifera (>150 um) were extracted, counted, and identified to species level fol-
lowing the taxonomical descriptions of various authors (e.g., Holbourn et al., 2013; Jones, 1994; Loeblich &
Tappan, 1988). As bulk samples of core MD77-176 were not weighed, we could not calculate absolute abun-
dance of foraminifera or accumulation rates. All specimens were counted, and individual census counts
were expressed as the percentage of total benthic foraminifera present in each sample.

To describe major faunal variations, we performed principal component analysis using PAST software
(Version 3.0, Hammer et al., 2001). Species with a percentage presence of >1% in at least one sample were
used for statistical analysis and diversity calculation.

4. Results
4.1. Stable Isotope Results

We combined stable isotope analyses performed on C. pachyderma, C. wuellerstorfi, and U. peregrina in order
to produce the most complete record possible. Vital effects on 580 and §'*C of selected species have been
extensively documented in several previous studies. U. peregrina is known to record the calcite 5'%0 at equi-
librium (e.g., Shackleton, 1974), whereas C. wuellerstorfi exhibits a vital effect ranging from 0.64%o to 0.82%o
(Ahmad et al., 2012; Duplessy et al., 1984; Mackensen et al., 1993; Naqvi et al., 1994; Raza et al., 2014). As
U. peregrina is an endobenthic species, its 5'>C cannot be used to reconstruct changes in the bottom water
813C, whereas C. wuellerstorfi is known to record the §**C of bottom water (Duplessy et al., 1984; Zahn
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Table 1

Stable Isotope Data (Per Mil Versus PDB) From the Core MD77-176 of

et al., 1986) without any microhabitat effect (except in some particular
areas, such as the Southern Ocean, Mackensen et al., 1993).

Cibicidoides pachyderma, Cibicidoides wuellerstorfi, and Uvigerina pere-
grina in the Same Levels to Assess the Vital Effect and Microhabitat Effect  Most of the benthic 8'3C records were obtained from C. wuellerstorfi. In
for §'%0 and 613C, Respectively

order to correct the §'3C results from C. pachyderma to C. wuellerstorfi,

st3c (%o versus PDB)

8'80 (%o versus PDB) we produced 18 pairs of measurements for certain levels where the

two species coexisted (Table 1). Results indicate a slight difference in the

Depth Cibicidoides Cibicidoides Cibicidoides Uvigerina
(cm) pachyderma  wuellerstorfi  wuellerstorfi  peregrina stable isotopic composition (0.13%o for §'*C). In addition, the results of
15 pairs of C. wuellerstorfi and U. peregrina measurements (Table 1)
30-33 0.30 0.42 1.80 2.61 o . . 18
35.38 0.07 0.39 1.91 2,88 indicate a mean offset of about 0.82%o in the 6" °O values. We corrected
40-43 1.88 2.69 C. wuellerstorfi 8'80 values for this vital effect of 0.82%o to establish a com-
45-48 0.12 0.42 1.97 2.97 posite record combining results obtained on both species.
50-53 2.00 2.72 s
55_58 0.09 0.42 2.00 2.94 For core MD77-176, downcore benthic 6 O values range between 2.48%o
65-68 0.26 0.47 2.09 and 4.23%o. (Figure 2). The most enriched 580 value (4.23%0) occurred in
70 0.24 0.25 2.00 the last glacial maximum and the most depleted (2.48%o) in the late
SR 220 s 202 Holocene (3.5 cal kyr BP). In addition, during the later part of the degla-
3(5)_88 gg g:;g 1:22 287 ciation, the 5'®0 showed a marked decrease at 11.5 kyr (2.51%0) followed
170 0.33 0.28 1.89 by higher values during the early Holocene (mean value of 3.15%o
180 0.35 0.43 2.01 between 10.5 and 8 cal kyr BP), and then a decrease from 9.9 cal kyr BP
185 0.25 0.24 1.72 to the core top (mean value of 2.83%o).
200 0.19 0.37 1.93 2.69
220 0.21 0.46 1.92 The §'3C values range from —0.46%o to 0.49%o. (Figure 2). Compared with
230 1.94 2.78 the lower values (—0.13%0) for the LGM, a rapid increase in the st3c
250 (L i begins at 17 cal kyr BP, highlighting the end of the LGM. From 17 to about
zgg igi §§§ 10 cal kyr BP, the 813C record exhibits a succession of large oscillations
930 037 —0.29 2.88 3.74 with a first wide peak (0.1%0) occurring between 17 and 14 cal kyr BP,
940 —0.27 —0.36 2.87 3.87 and a second shorter maximum (0.15%.) between 13 and 10.5 cal kyr
970 —0.11 0.01 3.07 BP. During the Holocene, the mean value of §'>C was 0.19%o, which is
980 —0.16 —0.09 312 3.66 higher than in the LGM (mean value of —0.14%o). However, significant
decreases of about ~0.31 %o occurred at 3.8-3.1, 5.4-4.9, and 10.5-9 cal
kyr BP.
4.2. Radiocarbon Dating of Benthic Foraminifera
14C ages of one planktonic (G. ruber) and two benthic (Cibicidoides spp. and H. elegans) foraminiferal species
from 11 different sample horizons of core MD 77-176 have been analyzed. Radiocarbon ages for Core MD 77-
176 are given in Table 2. *C ages obtained on benthic Cibicidoides spp. and H. elegans from samples at 65-,
220-, and 400-cm depth give similar ages within the analytical error bar (1o; Table 2). This suggests that cor-
rection of age is not useful for the mixed benthic sample (Cibicidoides spp. and H. elegans) analyzed at 558-
cm depth. Downcore benthic '*C ages range between 4.18 and 23.55 kyr.
The benthic-planktonic **C offset (B-P age) is the difference between coexisting benthic and planktonic for-
aminifera '*C ages. In core MD 77-176, the B-P age offset drops from ~1290 to ~380 years between ~19.6 and
16.9 cal kyr BP (Table 2). The B-P age offset shows a higher value (770 years) around 14 cal kyr BP and then
decreases to reach a minimum value of 200 years at 12.3 cal kyr BP. Then, in the upper part of the record, B-P
age offset steadily increases to reach a maximum value of ~1210 years over the late Holocene (2.6 cal kyr BP).
4.3. Foraminiferal Assemblages
The diversity of benthic foraminiferal assemblages ranges from 18 to 41 species, with specimen abundance
fluctuating between 82 and 648 individuals (supplementary Table S2). The hyaline benthic foraminifera are
the dominant constituents (>80%), mainly composed of Bulimina aculeata, H. elegans, C. wuellerstorfi, and
U. peregrina (in decreasing order of relative average abundance). The mean agglutinated benthic foramini-
fera relative abundance is only 1.2%, including Textularia sp., Martinottiella communis, and Eggerella bradyi,
while the average percentage of porcelaneous forms is about 4.1%, characterized by Pyrgo lucernula, Pyrgo
murrhina, Pyrgoella osloensis, Quinqueloculina spp., Sigmoilopsis schlumbergeri, and Spiroloculina spp.
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Figure 2. Stable isotopes of oxygen and carbon plotted against age in Core MD77-176. (a) 8'80 record of the planktonic
foraminifera (G. ruber, Marzin et al., 2013), (b) benthic § 8O, and (¢) 83C records for MD77-176. The black inverted tri-
angles represent the 14¢ calculated calendar age points (Marzin et al., 2013). LGIT = last glacial-interglacial transition.

We merged species that show ecological similarities, such as Globobulimina affinis, Globobulimina pacifica,
Praeglobobulimina spinescens, and Praeglobobulimina pupoides, into Globobulimina spp. Species with a rela-
tive abundance of >1% in at least one sample were subjected to statistical analysis.

A total of 102 samples and 56 groups/species were selected for principal component analysis (supplementary
Table S2). This analysis suggests that benthic foraminiferal faunas can be grouped into two main assem-
blages that represent about 37% of the total variance (Table 3 and Figure 3). B. aculeata and H. elegans dom-
inate assemblage 1, which corresponds to the benthic foraminiferal fauna from the late deglaciation to the
Holocene (between 14 and 0.7 kyr; Figure 3). The main associated species of assemblage 1 are C. wuellerstorfi
and Globocassidulina subglobsa. In contrast, C. robertsonianus and Bolivina robusta dominate assemblage 2,
which is more important during the LGM and the early deglaciation. Other quantitatively important contri-
butors are C. pachydermus, Pullenia bulloides, and Globobulimina spp.

5. Discussion

Results obtained from core MD77-176 reveal (i) a clear glacial-interglacial variability, as already described in
the area and at different water depths and (ii) millennial-scale events that punctuated the Last Termination
and the Early Holocene. We will discuss the significance of these variations at the core site and also compare
the results with records for other water depths in the studied area. Then, we will compare the MD77-176
records with other areas in the ocean, particularly in order to discuss the role of the Southern Ocean in
the BoB hydrological variations at intermediate depths.

MA ET AL.

1597



~1
AGU

100 Geochemistry, Geophysics, Geosystems 10.1029/2018GC008179

ADVANCING EARTH
'AND SPACE SCiENCE

Table 2
Calibrated AMS c Age Determined on Planktonic (Data Taken From Marzin et al., 2013) and Benthic (This Study)
Foraminifera Sampled in core MD77-176

Depth Calendar age 1 sigma e age 1 sigma B-P age 1 sigma

(cm) (yr B.P.) error (£yr) Taxa (year) error (+year) offsets years error (+year)

65 2620 40 G.ruber 3060 60

65 Cibicidoides spp. 4180 60 1120 120

65 Hoeglundina 4270 55 1210 115
elegans

220 5520 100 G.ruber 5120 70

220 Cibicidoides spp. 5870 60 750 130

220 Hoeglundina 6110 70 990 140
elegans

305 7290 70 G.ruber 6960 80

305 Hoeglundina 7890 90 930 170
elegans

400 9985 180 G.ruber 9350 45

400 Cibicidoides spp. 9730 100 380 145

400 Hoeglundina 9700 90 350 135
elegans

445 11000 110 G.ruber 10950 90

445 Hoeglundina 11080 100 130 190
elegans

496 12280 120 G.ruber 11450 90

496 Hoeglundina 11650 90 200 180
elegans

535 14000 230 G.ruber 12910 110

535 Hoeglundina 13680 110 770 220
elegans

565 15405 180 G.ruber 14880 70

565 Hoeglundina 15260 80 380 150
elegans

585 16890 100 G.ruber 16420 70

585 Mixed two benthic 17250 280 830 350
species

617 19580 100 G.ruber 16660 120

617 Hoeglundina 17950 130 1290 250
elegans

740 27060 240 G.ruber 23420 140

740 Cibicidoides spp. 23550 360 130 500

Note. **c ages were converted into calendar years (cal. yr BP, BP = AD 1950) BY USING THE AGE MODEL ESTABLISHED BY
MARZIN ET AL. (2013). SPECIES USED FOR THE RADIOCARBON DATING ARE ALSO REPORTED.

Table 3
Species Composition of Benthic Foraminiferal Assemblages From Core MD77-176

Principal component

number Dominant species Important associated species Variance (%)
PC1 37
Negative loadings Bulimina aculeata —0.78  Cibicidoides wuellerstorfi —0.05
Hoeglundina elegans —0.45  Globocassidulina subglobsa —0.14
Positive loadings Cibicidoides robertsonianus 0.24  Cibicidoides pachyderma 0.1
Bolivina robusta 0.12  Pullenia bulloides 0.1
Globobulimina spp. 0.04
pPC2 20
Negative loadings Globocassidulina subglobsa  —0.86  Cibicidoides wuellerstorfi —0.06
Cibicidoides pachyderma —0.06  Bulimina aculeata —0.02
Positive loadings Hoeglundina elegans 0.44  Uvigerina peregrina 0.12
Bolivina robusta 0.1 Pullenia bulloides 0.03
Sphaeroidina bulloides 0.09
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Figure 3. Downcore variations of PC 1 scores and the percentages of major species. LGIT = last glacial-interglacial
transition.

5.1. Glacial and Interglacial Variations

Results from core MD77-176 indicate an average value for Cibicidoides 8'>C of —0.13%o during the LGM,
which is close to the §'C records collected at a deeper water depth, Sk157-14 (3,306 m, 5'>C: —0.05%o),
Sk157-15 (2,855 m, 8*3C: —0.11%o), and Sk157-16 (2,920 m, 5§'3C: —0.12%0) in the southern BoB (Ahmad
et al., 2008; Raza et al., 2014; Figure 1 for core locations) and core RC12344 (2,140 m, —0,12 %o) in the
Andaman Sea (Naqvi et al., 1994). Glacial to Holocene 8"C shift is about 0.35%o, consistent with previous
studies in the northern Indian Ocean (e.g., Curry et al., 1988; Duplessy et al., 1984; Naqvi et al., 1994) and
an increased benthic 8"*C of 0.38 + 0.08%0 from LGM to Holocene for 0.5-5 km in the global ocean corre-
sponded to the changes in the terrestrial carbon reservoir (Peterson et al., 2014). This increase from the
LGM to the Holocene reflects more invigorated circulation associated with better ventilated waters at inter-
mediate depth in the Northern BoB during the Holocene (Duplessy et al., 1984; Waelbroeck et al., 2006).

During the LGV, the outflow from the Red Sea, Persian Gulf, and the ITF was greatly reduced, or ceased
altogether, due to sea-level lowstand (Locke & Thunell, 1988; Naqvi et al., 1994; Siddall et al., 2003).
Lower values of §'3C during the LGM in the BoB have been interpreted as reflecting a reduction in the
NADW flux into the southern BoB, and an increased contribution from the SSW (Ahmad et al., 2008,
2012; Raza et al., 2014). Such results are also consistent with the radiogenic enq values (from —6.5 to —8)
observed on several cores collected at different water depths of the BoB which indicate a higher contribution
of SSW before 18 cal kyr BP (Figure 4; Yu et al., 2018).
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Figure 4. (a) Ice core atmospheric CO, from Antarctic Dome C (Monnin et al., 2001), (b) comparison of the intermediate
water B-P *C age offset: Arabian Sea records, shown in pink (RC 27-23; Bryan et al., 2010), dark red (SO161-SL22; De Pol-
Holz et al., 2010) and MD 77-176 (black, B-P 14c age offset calculated by benthic H. elegans age, red diamond, calculated by
benthic Cibicidoides spp.), (c) benthic 53¢ records for MD77-176, (d) comparison of seawater exq records in BoB obtained
from planktonic foraminifera in core MD77-176 (Yu et al., 2018), core RC12-343 (Stoll et al., 2007), SK157-20 (Naik et al.,
2019), and ODP site 758 (Burton & Vance, 2000). The gray-shaded intervals mark the two-step increase in atmospheric CO,;
the yellow-shaded interval marks the 14-13 cal kyr BP interval and the early Holocene (10.5-9 cal kyr BP), respectively.

This is also supported by a 8'®0 shift of 1.8%. from the LGM to the Holocene in core MD 77-176, in agree-
ment with other benthic §'0 records from the BoB (Ahmad et al., 2008, 2012; Naqvi et al., 1994; Raza
et al., 2014). If we assume a limited deep local salinity change at the studied site during the LGM, and an
ice-volume effect of about 1 to 1.2%, the higher values of benthic §'®0 during the LGM indicate that tem-
perature of the intermediate water in the northern BoB was about 3-4 °C lower than those of the
Holocene. Such colder intermediate water in the BoB can be linked to a higher proportion of cold deep
water masses.

The 8'3C and 8'®0 records obtained on benthic foraminifera and the foraminiferal exq record accord closely
with the faunal record, which is dominated during the LGM by assemblage 2 (Figure 3 and Figure S1), of
which B. robusta, P. bulloides and Globobulimina spp. are major components. The distribution of living B.
robusta ranges from 700 to 2,000 m and is associated with low dissolved oxygen conditions (Murgese & De
Deckker, 2007; Szarek et al., 2009). P. bulloides and Globobulimina spp. prefer an intermediate to deep infau-
nal microhabitat, associated with a meso-eutrotrophic environment in poorly ventilated deep waters (e.g.,
Corliss, 1985; Fontanier et al., 2002). Thus, assemblage 2 could indicate relatively low-oxygen and mesotro-
pic to eutrophic bottom water conditions during the LGM. This environment may be linked to the higher
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contribution of the SSW, which is known to present a higher trophic condition and a lower oxygen concen-
tration than waters from the North Atlantic.

By contrast, assemblage 1 dominates during the Holocene. The major species are B. aculeata, H. elegans, C.
wuellerstorfi, and G. subglobsa. Previous studies on B. aculeata indicate that this species has a widespread dis-
tribution and shows adaptability with respect to food (e.g., Altenbach et al., 1999; Caulle et al., 2015).
However, H. elegans, C. wuellerstorfi, and G. subglobsa were observed in areas with low organic carbon flux
rates and in high-oxygen content water masses (e.g., Altenbach et al., 1999; De & Gupta, 2010; Fontanier
et al., 2002, and references therein). Periods dominated by these taxa probably correspond to high oxygen
levels and oligotrophic environments. All of those elements suggest that intermediate water masses during
the Holocene were characterized by oligotropic to mesotrophic conditions and/or well-ventilated conditions.

Today, the deep water in the BoB is filled with a mixture of NADW and Circumpolar Deep Water (Talley
et al., 2011). In the northern BoB, the bottom water could contribute to shallower-depth water masses,
because bottom water can upwell when it flows northward (Naqvi et al., 1994; Talley et al., 2011). The
Glacial to Holocene Cibicidoides 8*>C shift is around 0.35%o at core MD77-176 site, consistent with the aver-
age 8'3C shift (~0.4%o) obtained from RC12-344 (2,140 m, intermediate water depth) in the Andaman Sea
(Nagvi et al., 1994). However, at deeper water depth from the southern BoB (Sk157-14, 3,306 m; Sk157-15,
2,855 m; Sk157-16, 2,920 m), the average Glacial to Holocene Cibicidoides 5'>C shift is around 0.6%o—
0.65%o. This benthic §'C shift is interpreted as reflecting the enhanced influence of better-ventilated deep
water NADW (Ahmad et al., 2008; Raza et al., 2014). Thus, the increased benthic 813C at intermediate water
at the studied site may also reflect the enhanced contribution of NADW during the Holocene. Compared
with deeper records of Cibicidoides 5'>C, the benthic §'C at intermediate water depth may also be affected
by the larger river input during the Holocene (Marzin et al., 2013), discharging lighter *C terrigenous
organic matter into the ocean margin. However, in the modern situation, the percentage of terrigenous
organic carbon from the Irrawaddy River decreases gradually offshore. On the outer Irrawaddy continental
shelf, the contribution of terrigenous organic carbon is reduced and does not seem to a large contribution at
the core site (Ramaswamy et al., 2008). In addition, benthic foraminifera assemblage 1 is also consistent with
the higher values of Cibicidoides 8*>C, reflecting better-ventilated waters at the core site during the Holocene
that could correspond to NADW. Thus, we suggest that benthic §'*C during the Holocene is mainly influ-
enced by the better-ventilated water masses (NADW).

In addition, B-P **C values dramatically increase from 10 cal kyr BP onward, and reach a maximum
(~1,210 years) at 2.6 cal kyr BP (late Holocene). The maximum value in the late Holocene is similar to the
B-P age offset of ~1,290 years at 19.6 cal kyr BP (during the LGM; Figure 4). Higher values of B-P age offset
could indicate intrusions of deep old water masses and a strong stratification of the upper water column.
Moreover, the decrease in enqg at deep water depth of the BoB could be interpreted as the increased influence
of NADW (—13), and/or enhanced nonradiogenic Nd inputs from Ganges-Brahmaputra river system during
the Holocene (Naik et al., 2019; Yu et al., 2018). Combined with the 8t3¢, 880 and assemblage records,
higher values of B-P **C age offset may also suggest the contribution of NADW and SSW, respectively, dur-
ing the late Holocene and LGM.

Our results indicate that during the LGM, deep and intermediate waters in the BoB were dominated by SSW,
with a lesser contribution of water mass from the North Atlantic Ocean; this is in contrast to the Holocene.
Bottom conditions changed from eutrophic to oligotrophic as we move from the LGM toward the Holocene,
which could indicate a reduction in the supply of organic matter and an increase in oxygen levels in the
bottom water.

5.2. Millennial-Scale Variations

5.2.1. Intermediate and Deep Water Depth Evolution in the BoB during the Last Termination and
the Early Holocene

Superimposed on the glacial-interglacial trends, short events have also been recorded at the Core MD77-176
site during the 17-14, 13-10.6, and 10.5-9 cal kyr BP intervals. Increases of §'*C values in the 17-14 and 13-
10.6 cal kyr BP intervals correspond to reductions of B-P *C age offset to around ~300 and 200 years, respec-
tively (Figure 4). The 5'3C decreases at around 10.5-9 cal kyr BP are coeval with lower values of B-P *C age
offset of about ~350 years. The B-P *C age offsets subsequently increase significantly from 10 kyr onward
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continuous increase throughout the deglaciation until the Holocene.

Depth (m)

Figure 5. Benthic average s3c profiles for each of the cores in the vertical
transects for selected time slices (23-18, 17-14, 13-10.6, 10.5-9, and 8.7-
0.7 cal kyr BP). The 8'3C data are obtained from Sk157-14 (3,306 m), Sk157-

15 (2,855 m), and Sk157-16 (2,920 m) in the southern BoB (Ahmad et al., However, the evolution of deep and intermediate water mass 8'°C is quite
2008; Raza et al., 2014) and core RC12-344 (2,140 m) in the Andaman Sea  different over the intervals 17-14, 13-10.6, and 10.5-9 cal kyr BP. After
(Nagvi et al., 1994). 23-18 cal kyr BP, the intermediate §'C values display an increasing trend

at 17-14 and 13-10.6 cal kyr BP intervals, while during the 17-14 cal kyr
BP interval the §'>C records from deep water depths show similar §'C values to those of the LGM and they
begin to increase from the 13-10.6 cal kyr BP interval onward. This difference suggests an increased strati-
fication between intermediate and deeper water masses during the last deglaciation. In addition, the §'3C
decrease around 10.5-9 cal kyr BP (early Holocene) is also observed in the deep water depth cores from
the southern BoB (Ahmad et al., 2008; Raza et al., 2014), with a clear shift from the early Holocene to
late Holocene.

The last glacial period and the last deglaciation, until approximately 10.5 cal kyr, were characterized by enq
values of between —7.9 + 0.3 and —6.3 + 0.2 in core MD77-176 (Figure 4). Before 18 cal kyr BP, the exq values
of intermediate and deep-water masses are quite similar and become decoupled during the deglaciation.
From 18 to 9 kyr BP, the eng values of deep water display a decreasing trend dropping down to ~—9.
However, the enq record obtained on intermediate-depth core MD77-176 maintains an increasing trend at
17-14, 13-10.6, and 10.5-9 cal kyr BP intervals (enq values range between —8 and —6). The decoupling of
&na Values between various water depths since the LGM may reflect enhanced stratification between deep
and intermediate water during the deglacial period (Yu et al., 2018). This is in agreement with the evolution
of the vertical profile of Cibicidoides §'*C collected from different water depth cores in the BoB (Figure 5).
The deeper water masses could be associated with a higher contribution of unradiogenic NADW &ng values
from about 18 cal kyr BP, whereas intermediate water masses are associated with a higher contribution of
AAIW implying a strong propagation of SSW (AAIW) into the Northern Indian Ocean (Yu et al., 2018).

However, changes in 8">C values of benthic foraminifera can be influenced by different processes such as
surface productivity, changes of the water mass sources and/or mixing and air-sea exchanges (Lynch-
Stieglitz et al., 1995). The B-P **C age offset could also reflect the source of water masses and/or the renewal
process of deep water masses. Therefore, we will discuss these issues in greater detail below and will com-
bine our data to enable us to decipher these different processes.

5.2.2. Variations in Local Processes

Variations of primary productivity can impact the 8"*C of benthic foraminifera, but do not appear to be a
major control at our core site. The distribution of chlorophyll in surface water of the western BoB suggests
a slight increase in productivity during the winter monsoon period (around January) in the BoB (O'Malley,
2017; Thushara & Vinayachandran, 2016). The Indian summer monsoon intensity decreased, relatively
speaking, during the 17-14 and 13-10.6 cal kyr BP intervals (Marzin et al., 2013), whereas East Asia
Winter Monsoon (EAWM) strengthened during the same intervals (Wen et al., 2016). If the intensity of
EAWM influenced our core site in the BoB during the 17-14 and 13-10.6 cal kyr BP intervals, we should
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Figure 6. Compilation of benthic 8'3C records obtained from core MD77-176 (water depth of 1,325- m; this study), core
RC12-344 (2,140-m water depth; Naqvi et al., 1994), MD97-2120 (1,210-m water depth; Pahnke & Zahn, 2005), and core
905 (1,580-m water depth; Jung et al., 2009). The color-shaded intervals are the same as in Figure 4.

expect an increased surface productivity during those intervals of intense winter monsoon and, therefore,
lower Cibicidoides 8">C values through enhanced export and decay of organic carbon at intermediate
depth. This is in contradiction to what we observe in the 813C record of MD77-176. Thus, the influence of
primary productivity on the benthic §**C values can be discounted.

The G. ruber 8*%0 record of core MD77-176 indicates the surface salinity variations in the core site (Marzin
et al.,, 2013), and the lower salinity during the earliest Holocene (around 10 kyr) is associated with an inten-
sified Indian monsoon, leading to more freshwater discharge from the Ganges-Brahmaputra river system
and from the Irrawaddy River. This should have led to pronounced ocean stratification of the northern
BoB. During this period, however, we observe a decrease in the B-P age offsets, the opposite of what would
be expected from strong upper water column stratification. Thus, we suggest that vertical mixing does not
appear to play an important role in this area.

5.2.3. Changes in Intermediate Water Circulation

We compared the benthic §'*C record of MD77-176 with 8'3C records at intermediate depth from the
Arabian Sea (Core 905, 10°46’'N-51°57'E, 1,580-m water depth), the Southwest Pacific Ocean (MD97-
2120, 45°32.06'S-174°55.85'E, 1,210-m water depth) and the Andaman Sea (RC12-344, 12.46°N-96.04°E,
2,140-m water depth; Jung et al., 2009; Naqvi et al., 1994; Pahnke & Zahn, 2005; Figure 6). All of the benthic
8'3C records display an increasing trend during the 17-14 cal kyr BP and 13-10.6 cal kyr BP intervals.
Furthermore, we also observed a decrease in those intermediate '3C records at the beginning of the
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Holocene (10.5-9 cal kyr BP; Jung et al., 2009; Naqvi et al., 1994; Pahnke & Zahn, 2005; Figure 6). This sug-
gests that the variations during these intervals are related to global changes at intermediate water depths in
the Indo-Pacific region. The similarity of the benthic §'*C-increases reflects the northward expansion of
AAIW during these time intervals in the Arabian Sea and Pacific Ocean (Jung et al., 2009; Pahnke &
Zahn, 2005). In addition, the transition in the exq and A™C records during the deglaciation also indicates
a strong northward penetration of AAIW within the North Atlantic (e.g., Cao et al., 2007; Pahnke et al.,
2008). Combined with the enq record of core MD77-176, all of these signals tend to show that, during 17-
14 cal kyr BP and 13-10.6 cal kyr BP intervals, BoB circulation was driven by Southern Ocean processes.

By contrast, the generally decreased trend in the presented intermediate benthic §'*C records during the 14—
13 cal kyr BP interval associated to a more stable eyq may indicate the weakened formation and northward
advection of AAIW (Yu et al., 2018). In addition, the decrease of intermediate benthic st3c corresponds to
the rapid increase in sea-level during the ~14-14.5 cal kyr BP time interval, the so-called Melt-Water
Pulse 1A (MWP-1A; Deschamps et al., 2012; Fairbanks et al., 2005; Peltier & Fairbanks, 2006). This signifi-
cant sea-level fluctuation during the 14-13 cal kyr BP interval could have influenced the discharge of terri-
genous organic matter into the ocean. Thus, this large input of lighter §'C terrigenous organic carbon may
have contributed to the global decrease in the benthic foraminifer §'*C values.

The changes in the carbon isotope record and B-P age offsets obtained on the sedimentary section from
MD77-176 at the 17-14 and 13-10.6 cal kyr BP intervals correspond to warming episodes in Antarctica
and the Southern Hemisphere during the deglaciation (e.g., Cuffey et al., 2016; Epica, 2006). These time
intervals also correspond to a decrease of the Antarctic sea-ice (Shemesh et al., 2002; Wais, 2013) and the
reduction of stratification resulting in better ventilation in the South Ocean (e.g., Anderson et al., 2009;
Skinner et al., 2010). The Southern Hemisphere westerlies migrated to a southern position during those
same intervals, which could have led to an increase of the northward Ekman transport (Toggweiler et al.,
2006). Therefore, during the 17-14 and 13-10.6 cal kyr BP intervals, enhanced vertical ventilation in the
Southern Ocean could have led to an increased production of subsurface water masses (Subantarctic
Mode Water, SAMW) and intermediate water masses (AAIW; Anderson et al., 2009). These water masses
could have carried a chemical signature resulting in a reduced difference between intermediate and surface
water masses (e.g., 813C values, B-P offsets, temperature, and salinity) and which was transported at the
same time to the north.

Strengthened upward mixing would provide a conduit for moving much younger **C age surface water to
deep water masses; this in turn may lead to a greater decrease of the B-P age offsets. In addition, the inter-
mediate benthic §'C in the Southern Ocean is dominated by the influence of air-sea exchange (Lynch-
Stieglitz et al., 1994), and values of intermediate benthic 8"3C could increase relatively via stronger upwelling
during the formation of AATW/SAMW. Such a hypothesis is consistent with the variations of intermediate
benthic §'3C records and B-P age offsets from the Northern BoB, Arabian Sea, and Pacific Ocean
(Figures 6 and 4b). Coinciding with the carbon isotopes and '*C ages, the disconnection observed in the
ena values between core MD77-176 and the other deeper cores of the BoB during the deglaciation could con-
firm the influence of glacial radiogenic AAIW (Yu et al., 2018; Figure 4d).

Increased benthic carbon isotope values and smaller B-P age offsets obtained from MD77-176 at 17-14 and
13-10.6 cal kyr BP intervals are synchronous with a two-step increase of atmospheric CO, (Figure 4). The
changes in B-P age offset and benthic 8"°C records reported here indicate strong upwelling and enhanced
northern flow of AAIW from the Southern Ocean during these two periods. Thus, the variations of these
records could support the hypothesis that the Southern Ocean upwelling played a vital role for the CO,
increase in the deglacial period (Anderson et al., 2009; Skinner et al., 2010; Skinner et al., 2014).

The variations of intermediate benthic 8'C, B-P age offsets and exq records during the 17-14 and 13-10.6 cal
kyr BP intervals correspond to warming in South Hemisphere and increased atmospheric CO,. These ele-
ments support the idea of more fresh water input in the North Atlantic Ocean and associated to a weakened
northward transport of heat. Synchronously, the Southern Hemisphere increased the heat fluxes and
reduced sea ice cover in the Southern Ocean. Thus, strong winds enhanced the upwelling and increased
the northward penetration of the northward flow of AATW/SAMW, which could increase northward trans-
port of nutrient and heat at intermediate waters depth (Anderson et al., 2009; Poggemann et al., 2017, 2018;
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Skinner et al., 2014). The role of AAIW is still controversial during the last deglaciation in the Atlantic
Ocean, several studies suggesting a reduced northward flux of AAIW into the tropical Atlantic (e.g., Came
et al., 2008; Gu et al., 2017; Howe et al., 2016; Xie et al., 2012). However, other studies indicate an increased
penetration of AAIW in the Atlantic Ocean (e.g., Dubois-Dauphin et al., 2016; Pahnke et al., 2008;
Poggemann et al., 2017, 2018). This is also strongly supported by the intermediate records of benthic carbon
isotope, eng, and B-P age offsets from the North Indian (Bryan et al., 2010; Jung et al., 2009; Yu et al., 2018),
and Pacific Ocean (e.g., Bostock et al., 2010; Mix et al., 1991; Pahnke & Zahn, 2005). Therefore, we suggest
that the global northern flow intermediate water was sourced from the Southern Ocean by AATW/SAMW
during the deglaciation.

8'3C records subsequently display a short-term decreasing trend in the northern Indian Ocean and SW
Pacific Ocean at the beginning of the Holocene (10.5-9 cal kyr BP; Jung et al., 2009; Naqvi et al., 1994;
Pahnke & Zahn, 2005). The B-P *C age offsets and eng from core MD77-176 are close to the values obtained
for the deglaciation (Figure 4). Thereafter, from the 10.5-9 cal kyr BP interval to the late Holocene, the
increased benthic §'*C and B-P age offsets, associated to depleted exq records, seem to indicate the enhanced
influence of the NADW since the 9 cal kyr BP. Thus, we suggest that the BoB circulation during the 10.5-
9 cal kyr BP interval was also driven by the northward expansion of AAIW, with a progressive increase in
the influence of the NADW during the Holocene, as is also indicated by the 8'®0 and benthic
assemblage records.

6. Conclusions

Changes in benthic foraminiferal assemblages, together with §'C, §'®0, and '“C ages obtained from benthic
foraminifera have been analyzed on core MD77-176, located in the BoB at 1,375-m water depth, in order to
reconstruct the evolution of intermediate water masses in the northeast Indian Ocean from the LGM to the
Holocene. Benthic §'>C and 8'0 records suggest that the LGM was dominated by expansion of South Ocean
waters with low 8'C values, whereas the late Holocene is characterized by strengthened NADW flows into
the BoB, with higher values of §'*C and B-P age offsets. Benthic foraminiferal assemblages are consistent
with the geochemical proxies, with the LGM assemblage reflecting a relatively low-oxygen level and meso-
tropic to eutrophic deep water conditions. The typically Holocene assemblage indicates well-ventilated con-
ditions and/or an oligotropic to mesotrophic environment.

Furthermore, during the last deglaciation to the Early Holocene, events at 17-14, 13-10.6, and 10.5-9 cal kyr
BP intervals display decreased B-P age offsets, increased benthic 813C records, and changes in the s%0
values and engq results. All of these results are best explained by a northern Indian Ocean variation associated
with changes in water masses formed in the South. Our proxy variations are consistent with enhanced
upwelling in the Southern Ocean and increased northward penetration of the northward flow of
AATW/SAMW during the 17-14, 13-10.6, and 10.5-9 cal kyr BP intervals. These signals are coeval with
the two-step increase of atmospheric carbon dioxide (CO,), indicating that the enhanced Southern Ocean
ventilation could have played an important role in the CO, increase during the last deglaciation.
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