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Reconstructing the oxygen depth profile in the Arabian Sea during the last glacial period
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Abstract

Reconstructing the strength and depth boundary of oxygen minimum zones (OMZs) in the
glacial ocean advances our understanding of how OMZs respond to climate changes. While
many efforts have inferred better oxygenation of the glacial Arabian Sea OMZ from qualitative
indices, oxygenation and vertical extent of the glacial OMZ is not well quantified. Here we
present glacial-Holocene oxygen reconstructions in a depth transect of Arabian Sea cores ranging
from 600 to 3,650 m water depths. We estimate glacial oxygen concentrations using benthic
foraminiferal surface porosity and benthic carbon isotope gradient reconstructions. Compared to
the modern Arabian Sea, glacial oxygen concentrations were approximately 10—15 pumol/kg
higher in the shallow OMZ (<1,000 m), and 5-80 pmol/kg lower at greater depths (1,500-3,650
m). Our results suggest that the OMZ in the glacial Arabian Sea was slightly better oxygenated
but remained in the upper 1,000 m. We propose that the small increase in oxygenation of the
Arabian Sea OMZ during the last glacial period was due to weaker upper ocean stratification
induced by stronger winter monsoon winds coupled with an increase in oxygen solubility due to
lower temperatures, counteracting the effects of more oxygen consumption resulting from higher
primary productivity. Large-scale changes in ocean circulation may have also contributed to
better ventilation of the glacial Arabian Sea OMZ.

Key Points
1. The glacial Arabian Sea OMZ was slightly weaker but spanned the same depth as modern.
2. Enhanced oxygen supply locally and/or from the south likely explained the weaker OMZ

in the glacial Arabian Sea.

3. Bottom water oxygen in the deep glacial Arabian Sea ranged between 50 and 100 pmol/kg.

1. Introduction
Dissolved oxygen in the global oceans has been declining since the 1960s due to lower
oxygen solubility related to ocean warming and increased oxygen consumption related to more

nutrient input (Breitburg et al., 2018; Schmidtko et al., 2017). Oxygen Minimum Zones (OMZs)
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are important oceanic regions because of their unique low-oxygen ecosystems where many
organisms live, and also because of their important roles in global marine carbon and nitrogen
cycles. Any future changes in the OMZ volumes could have large impacts on marine and estuarine
fisheries and ecosystem (Breitburg et al., 2018). However, climate model simulations fail to
reproduce historical oxygen data (Bopp et al., 2013) and it is uncertain how much and when the
OMZ volumes will change under global warming scenarios (Bopp et al., 2013; Fu et al., 2018).
Models are also unable to tease apart the subtle balance among temperature-related oxygen
solubility, ventilation, and biological effects on the OMZs and between regions (Resplandy, 2018).
Paleo-oxygen reconstructions of the last glacial period (LGP, here broadly defined as 18,000—
32,000 years ago, or 18-32 ka) provide valuable targets for comparing with, and potentially
validating, climate models. Insights on how and why the OMZs changed in the past may help
improve future projections.

The Arabian Sea, Eastern Tropical North Pacific (ETNP), and Eastern Tropical South Pacific
(ETSP) are the three major OMZs and thus important regions to understand how oxygen responded
to climate changes in the past. Compilations of qualitative paleo-oxygen reconstructions from the
global ocean have suggested a generally better-oxygenated upper ocean but less-oxygenated deep
ocean during the Last Glacial Maximum compared to modern/Holocene (Jaccard & Galbraith,
2012; Moffitt et al., 2015). Recent studies have used semi-quantitative bottom water oxygen
(BWO) proxies to provide constraints on past BWO. These include benthic foraminiferal
assemblages (Erdem et al., 2020; Tetard et al., 2021) and morphology (Glock et al., 2022; Rathburn
et al., 2018), benthic carbon isotope gradients (Ad13C) (Hoogakker et al., 2015; McCorkle &
Emerson, 1988), benthic I/Ca (Glock et al., 2014; Lu et al., 2020), C37 alkenone preservation in
the sediments (Anderson et al., 2019), and bulk sediment U/Ba (Costa et al., 2023). The sensitivity,
uncertainty, and limitations of each semi-quantitative BWO proxy are summarized in Lu et al.
(2022). With the exception of A313C and U/Ba, these proxies are only sensitive to low BWO
conditions (<50 or <100 pmol/kg), and have been mostly applied and tested at sites from the
Pacific and Atlantic oceans. Previous studies have suggested weaker OMZ in the upper ocean and
less-ventilated deep water in the Arabian Sea during the LGP compared to modern (Altabet et al.,
2002; Gaye et al., 2018; Pichevin et al., 2007; Reichart et al., 1998; Schmiedl & Leuschner, 2005;
Schmiedl & Mackensen, 2006; Sirocko et al., 2000), but as yet there is no quantitative assessment

of the magnitude of oxygen changes in the Arabian Sea during the LGP.
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In this study, we use two independent, semi-quantitative BWO proxies — benthic
foraminiferal surface porosity (i.e., surface area percentages covered by pores) and A3'3C — to
reconstruct the glacial oxygen profile in the Arabian Sea. Below BWO concentrations of 100
umol/kg, the benthic surface porosity of Cibicidoides spp. shows a strong negative logarithmic
correlation with BWO, both globally and regionally in the Arabian Sea (Lu et al., 2022; Rathburn
et al,, 2018). The proxy is based on the theory that in low-oxygen environments, benthic
foraminifera require more and/or larger pores (i.e., higher porosity) on the surface to facilitate gas
exchange, while in oxic conditions, foraminifera rely mainly on their aperture (the primary opening
on the test) for respiration. Furthermore, surface porosity seems to be independent from other pore
functions such as taking up organic carbon for food and releasing respiratory COz; thus BWO
seems to be the potential dominant control on surface porosity (Lu et al., 2022).

The A3'3C proxy is calculated as the 8'3C difference between bottom water (as recorded by
the epifaunal foraminifera Cibicidoides wuellerstorfi) and anoxic pore water (as recorded by the
deep infaunal foraminifera Globobulimina spp.) (Hoogakker et al., 2015; McCorkle & Emerson, 1988).
The proxy is based on the assumption that higher BWO leads to more organic matter
remineralization, which releases relatively low 8'3C carbon into the pore water, thus increasing the
8!3C gradient between bottom water and anoxic pore water. However, the 8'°C in pore water can
be lowered by denitrification mechanisms by Globobulimina spp. and sulfate reduction processes
(Jacobel et al., 2020; McCorkle & Emerson, 1988). Thus the Ad13C-based BWO values are likely
maximum estimates (Jacobel et al., 2020), and can be considerably higher than those estimated
from other independent proxies in some regions (Costa et al., 2023).

Given the uncertainty and limitations of each paleo-BWO proxy, we use a multi-proxy
approach to provide robust paleo-BWO estimates in the glacial Arabian Sea. We compare the
benthic surface porosity and A8'3C proxies to further evaluate their applicability and limitations,
and compare them with published qualitative paleo-oxygen records. Lastly, we compare the glacial
oxygen depth profiles from the Arabian Sea and the ETSP off the Peruvian Margin (Erdem et al.,
2020; Glock et al., 2022; Scholz et al., 2014), and we explore the driving mechanisms of oxygen

changes in these two regions.

2. Materials and Methods
2.1. Study areas and modern context of OMZs
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In the modern Arabian Sea, the OMZ (here broadly defined as O> < 20 pmol/kg) occurs
between 200 and 1200 m, where North Indian Intermediate Water (NIIW) is the dominant water
mass, itself a mixture of aged Antarctic Intermediate Water (AAIW), Subantarctic Mode Water,
and Indonesian Intermediate Water, advected from the south through the Somali current (Fig. 1)
(Morrison et al., 1999; Olson et al., 1993). Denitrification, where nitrate is reduced to nitrite,
generally occurs in the 200 - 800 m depth range of the OMZs, where O; is < 10 pmol/kg (Morrison
et al., 1999; Naqvi, 1987). In the Arabian Sea, this depth range is also influenced by 1) Persian
Gulf Water (PGW) entering from the north near ~ 300 m depths, with source oxygen
concentrations of ~110 pmol/kg; and 2) Red Sea Water (RSW) entering from west sinking to
depths between 600 and 1000 m, with source oxygen concentrations of ~150 umol/kg (Olson et
al., 1993). The perennial OMZ in modern Arabian Sea is caused by a combination of relatively
low-oxygen initial water, and high oxygen consumption due to high organic matter input during
the Indian summer and winter monsoons (Olson et al., 1993). Below the OMZ center, the deep
water masses between 1500 m and 3800 m are dominated by North Indian Deep Water (NIDW)
with source oxygen concentration of ~90 - 150 pumol/kg, which originated from aged North
Atlantic and Circumpolar Deep Water (NADW and CDW) (You, 2000).

The size and intensity of Arabian Sea OMZs are thought to be sensitive to changes in Indian
monsoons both on decadal (Lachkar et al., 2018) and millennial timescales (Reichart et al., 1998;
Schmied| & Leuschner, 2005; Schmiedl & Mackensen, 2006). During the summer monsoon seasons,
southwesterly winds drive strong upwelling off Somalia and Oman, bringing cold and nutrient-
rich water to the surface and sustaining high productivity (Lachkar et al., 2018; Nair et al., 1989).
During the winter monsoon seasons, dry cold northeasterly winds from the Asian continent lower
the sea surface temperature (SST) and increase the depth of convective mixing, bringing cold and
nutrient-rich subsurface water to the euphotic zone (Lachkar et al., 2018; Nair et al., 1989). Past
changes in monsoon intensity can therefore influence oxygen consumption through biological

productivity changes.

2.2. Samples

A total of six core sites of Arabian Sea were selected to form a depth transect with water
depths ranging from 600 to 3650 m (Fig. 1 and Table 1). We combined our new records with two
published semi-quantitative paleo-BWO records (TN041-8PG/JPC, water depth 761 m (Lu et al.,
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2022) and GeoB3004 (1803 m, (Schmiedl & Mackensen, 2006)). Four RC27 cores were sampled
from the Lamont-Doherty Core Repository, and two TN041/047 cores were sampled from the
Woods Hole Oceanographic Institution (WHOI) Seafloor Samples Repository.

All samples were first freeze-dried, then wet-sieved to > 63 um fraction with de-ionized
water, and oven-dried at 45°C. Benthic foraminifera Cibicidoides spp. and Globobulimina affinis
were picked from the > 212 um fraction. In three cores within the OMZ (RC27-14, TN041-
8PG/JPC, and RC27-23, water depths 596 — 820 m), the dominant species is an unidentified
Cibicioides spp. with sparse occurrences of Planulina sp. and C. wuellerstorfi. In core TN041-
2PG (depth 1428 m), both C. wuellerstorfi and C. pachyderma are abundant. The Cibicidoides spp.
in cores of RC27-61 (1890 m) and RC27-42 (2020 m) include C. wuellerstorfi, C. pachyderma,
and C. lobatulus, with C. lobatulus being the dominant species. In the deepest core (TN047-6GGC,
3652 m), C. wuellerstorfi is the dominant species. Planktic foraminifera Globigerinoides ruber in
core TN041-2PG were picked from > 250 pm fraction for isotope stratigraphy and radiocarbon
dating.

2.3. Age models

The age models for four RC27 cores were produced by linear interpolation between
previously published ages. RC27-14 and RC27-23 were based on correlation between bulk
sediment 3N and Greenland ice core 8'%0 (Altabet et al., 2002). RC27-61 was based on
correlation between planktic §'%0 and global stacked 8'%0 records (Clemens & Prell, 1990). RC27-
42 was based on planktic 8'%0 stratigraphy and six radiocarbon dates (Pourmand et al., 2007).

A new age model was created for core TN041-2PG. Ages for core TN041-2PG were first
estimated using G. ruber 8'%0 stratigraphy, then two samples, one from the core top and one from
near the core bottom, were selected for radiocarbon dating. Each radiocarbon date represents an
average of around 300 individuals of G. ruber. Both accelerator mass spectrometry (AMS) “C
dates were acquired at the National Ocean Sciences Accelerator Mass Spectrometry facility at
WHOI. Both radiocarbon dates were calibrated against Marine20 using Calib8.20 (Stuiver et al.,
2022) using an Arabian Sea regional marine radiocarbon reservoir age correction AR = 93+61
years (Table 2) (Heaton et al., 2020). The age model was then constructed using the BACON
v2.3.91 package in R (Blaauw & Christeny, 2011). We also updated the age models for TN047-6GGC
which has six radiocarbon ages (Dahl & Oppo, 2006) with Marine20 and BACON package. The G.
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ruber 8'®0 record of TN041-2PG was similar to those from two nearby cores, TN041-8PG/JPC
(Lu et al., 2022) and RC27-42 (Pourmand et al., 2007) (Fig. S1).

2.4. Benthic foraminiferal surface porosity

We measured the surface porosity of Cibicidoides spp. following (Petersen et al., 2016).
Around 1-16 specimens in each sample were analyzed, for a total of 790 individuals reported in
this study. We scanned 68 individuals in core RC27-14; 83 individuals in core RC27-23; 140
individuals in core TN041-2PG; 239 individuals in core RC27-61; 96 individuals in core RC27-
42; and 164 individuals in core TN047-6GGC. Because no systematic surface porosity offsets were
found among different Cibicidoides spp. in the same sample in the core-top calibration (Lu et al.,
2022; Rathburn et al., 2018), we reported the average and standard deviation of porosity of all
Cibicidoides spp. in each sample.

Photos were taken using a Scanning Electron Microscope (SEM) (Hitachi model TM3000)
at WHOI. The dorsal side of each specimen (side that is exposed to bottom water) was imaged.
Imagel, a semi-automatic image-processing software (available at https://imagej.nih.gov/ij/), was
then used to calculate the surface porosity, based on a grayscale threshold applied to a specific
frame. Because the last chamber is often broken or absent, porosity was calculated for the
penultimate chamber of all specimens, which represents the same ontogenetic stage (Petersen et
al., 2016; Rathburn et al., 2018). The frame was placed in an area representative of the whole
chamber, usually the inner, flat portion of the chamber, to avoid including distorted pores. Frames
were manually positioned using a macro developed by (Petersen et al., 2016), which allowed us to
place a frame of the same size on all SEM images. Selected representative SEM photos of

Cibicidoides spp. are shown in Fig. 2.

2.5. Stable isotopes

Carbon and oxygen isotopic analyses were made using a Finnigan MAT253 mass
spectrometer at WHOI with a long-term laboratory precision (1c) of the NBS-19 carbonate
standard of + 0.07 %o for 6'*0 and + 0.03 %o for 6'*C. The isotopes on Cibicidoides spp. were
performed after benthic surface porosity analyses were completed. Each isotope analysis used 3 —

4 specimens of G. ruber, 1 — 2 specimens of Cibicidoides spp., and 1 — 2 specimens of G. affinis.
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Because the A3!3C-based BWO values were found to be much higher than those estimated
from surface porosity, benthic I/Ca, authigenic uranium proxies in site TN041-8PG/JPC within the
OMZ center (Lu et al., 2022), we did not make additional measurements of A3'*C in cores RC27-
14 and RC27-23. We report new A3'3C records in cores RC27-61, RC27-42 and TN047-6GGC.

3. Results
3.1. Benthic surface porosity-based BWO records

For the two new records from within the OMZ (RC27-14 and RC27-23), the benthic surface
porosity values are high (10 - 40%) throughout, consistent with those found previously in core
TNO041-8PG/JPC (Fig. 3) (Lu et al., 2022). In core RC27-14 (596 m), surface porosity values are
~15% in the LGP, increase to ~ 25% between 18 and 12 ka, with limited benthic specimens found
in Holocene sediment. In core RC27-23 (820 m), surface porosity is relatively lower in the LGP
and deglaciation (23 - 12 ka, average 21 + 2 %, n = 8) compared to those in late Holocene ages (7
- 0 ka, average 30 £4 %, n=15). In core TN041-2PG (1428 m), surface porosity values show small
variations, falling between 10 and 15% throughout the core. In the three deeper cores below the
OMZ (RC27-61, RC27-42, and TN047-6GGC, depths between 1.9 and 3.7 km), surface porosity
in most samples is < 10%.

The surface porosity-based BWO equation is only applicable when BWO < 100 umol/kg
(Lu et al., 2022). Six sites (all except for TN047-6GGC) have modern BWO < 100 pmol/kg, and
because redox-sensitive trace element records suggest lower glacial BWO in deep Arabian Sea
(Sirocko et al., 2000), we converted the surface porosity values in these six cores into BWO using
the Arabian Sea regional calibration equation (Lu et al., 2022). We did not apply the calculation
on core TN047-6GGC because modern BWO at this site is ~130 umol/kg and exceeds the
calibration limit of the proxy. As a result, glacial BWO may range between 0 and 130 pumol/kg.
The surface porosity-based BWO uncertainties were previously estimated to be +10 umol/kg at 20
umol/kg (with average porosity S.D. of 8%) and to increase to £33 umol/kg at 80 umol/kg (with
average porosity S.D. of 2%).

In three shallower cores (< 820 m), the glacial BWO was around 20 umol/kg, implying
slightly better oxygenation than modern. In the deeper cores (1400-2000 m), porosity-based BWO
values for the LGP are generally comparable to the modern value, with ~20 pmol/kg fluctuations

for TN041-2PG, and 30 - 40 umol/kg fluctuations for both RC27-61 and RC27-42. In core TN047-
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6GGC (3700 m), we infer glacial BWO ranging between 50 and 130 umol/kg based on low benthic

surface porosity and redox-sensitive trace element records (Sirocko et al., 2000).

3.2. Benthic A3'*C-based BWO records

As expected, the §'80 glacial values of both C. wuellerstorfi and G. affinis in cores RC27-
61, RC27-42, and TN047-6GGC are higher than Holocene values, reflecting changes in both
temperature and seawater 3'%0 (Fig. 4). In cores GeoB3004 and RC27-61 (1800-1900 m), 5'3C in
both C. wuellerstorfi and G. affinis are comparable during the Holocene and the LGP. In core
RC27-42 (2000 m), 8'3C in C. wuellerstorfi is ~0.2 %o lower in LGP samples compared to
Holocene samples; 3'3C in G. affinis in the LGP are around -1.0 %o, similar to the Holocene. In
core TN047-6GGC (3700 m), 8!°C values in C. wuellerstorfi are ~0.5 %o lower in LGP samples
compared to Holocene samples; 8'°C in G. affinis ranges between -1.5 and -2 %o throughout the
core, with no clear down-core trend.

For the four cores deeper than 1800 m, we converted the A3'3C values into BWO using the
global calibration equation, with uncertainties estimated to be £17 umol/kg (Hoogakker et al.,
2015). The updated A8'*C-based BWO values in core GeoB3004 (1800 m) (SchmiedI| & Mackensen,
2006) are highly variable in the last 32 ka, fluctuating between 30 and 120 umol/kg (Fig. 4C). In
core RC27-61 (1900 m), three samples show A8'*C-based BWO within 20-30 pmol/kg of the
modern value. In core RC27-42 (2000 m), the A§!3C-based BWO in three LGP samples are 15-30
umol/kg lower than the modern value, while one Holocene sample has A3'*C-based BWO ~20
umol/kg higher than the modern value. In core TN047-6GGC (3700 m), the A3'3C-based BWO
values are ~100 pumol/kg during the LGP, generally increase during the deglaciation and Holocene,
and reach ~225 pmol/kg at 2.5 ka. In three samples close to the core top (sample depths < 10 cm),
two values suggest A3!3C-based BWO close to the modern value, and one suggests ~60 umol/kg

higher than the modern value.

4. Discussion
4.1. BWO proxy intercomparison

The two new benthic surface porosity records from RC27-14 (596 m) and RC27-23 (820 m)
from the OMZ center are consistent with the published record from TN041-8PG/JPC (761 m) (Lu
et al., 2022). All three sites indicate that the OMZ was weaker during the LGP than modern,
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consistent with qualitative paleo-redox records, such as bulk sedimentary §'°N (Altabet et al., 2002;
Gaye et al., 2018; Pichevin et al., 2007; Reichart et al., 1998). Our estimates constrain the glacial
OMZ to be only slightly better oxygenated, by about 10 - 15 pmol/kg. In RC27-61 (1890 m) and
RC27-42 (2020 m), both benthic surface porosity and A3'3C reconstructions suggest glacial BWO
fluctuating within 20 - 30 umol/kg of modern BWO. At water depths between ~1500 and ~2000
m, BWO was not substantially different between the LGP and modern (Fig. 5A).

In core TN047-6GGC (depth 3652 m), the overall low benthic surface porosity < 10% and
published redox-sensitive trace element records from nearby sites (Sirocko et al., 2000) suggest
glacial BWO ranging between 50 and 130 umol/kg in the deep Arabian Sea. The A3'3C record
adds additional constraints, suggesting a maximum glacial BWO value of ~100 pmol/kg. In
general, these independent BWO proxy reconstructions (benthic surface porosity, A3!3C, and
redox-sensitive trace elements) are consistent with each other, confirming that the glacial deep
Arabian Sea was less oxygenated than modern. It has been suggested that '°C in G. affinis might
be impacted by denitrification mechanisms, and sulfate reduction within the sediments which
could reduce the 8'*C in the pore water where G. affinis calcify (Jacobel et al., 2020; McCorkle &
Emerson, 1988), implying that A3'*C provides maximum estimates of BWO. Comparing the three
samples close to the core top, the 8'°C values in C. wuellerstorfi are comparable, but one sample
has relatively lower 8'*Cq. aginis (-2 %o vs. -1.5 %o in other two samples), resulting in its A3'3C-
based BWO ~60 pmol/kg higher than the modern value. Similar order of magnitude A3'*C-based
BWO offset are also found in the western Equatorial Atlantic and Eastern Equatorial Pacific (Costa
et al., 2023). Thus, we assume the A8'*C record provides maximum BWO estimates.

In both RC27-61 (1890 m) and RC27-42 (2020 m), C. wuellerstorfi are scarce, so C.
pachyderma and C. lobatulus were used for isotope analyses. The comparison of 3'3C of these
three Cibicidoides species suggests that the downcore 8'°C offsets are highly variable among C.
wuellerstorfi, C. pachyderma, and C. lobatulus (Fig. S2). This finding suggests that at least in the
Arabian Sea, only C. wuellerstorfi, and not other Cibicidoides spp., should be used for A3'*C-
based BWO estimates.

4.2. Potential driving mechanisms of glacial OMZ in the Arabian Sea
Our new and published paleo-BWO records from eight sites ranging from 600-3700 m water

depths provide the first semi-quantitative reconstruction of the glacial oxygen depth profile in the
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Arabian Sea (Fig. 5A). Compared to modern, the glacial upper ocean OMZ was more oxygenated
by 10 - 15 pmol/kg and the lower depth boundary of OMZ remained at ~1000 m; at 1500 m depth,
oxygen concentrations were similar; and in the deep ocean (2000-3700 m), oxygen was lower by
5 - 80 umol/kg, but the absolute concentrations remained between 50 - 100 umol/kg.

As noted in Section 2.1, the modern Arabian Sea OMZ results from low oxygen supply by
the mean ocean circulation combined with relatively high productivity fueled by the seasonal
monsoons (Keeling et al., 2010; Olson et al., 1993). During the LGP, as a result of lower sea-level,
the Persian Gulf dried out and the Red Sea outflow was reduced by ~85% (Rohling & Zachariasse,
1996), so these two relatively high-oxygen water masses did not ventilate the Arabian Sea OMZs.
However, upper ocean oxygen increased, not decreased during the LGP, so the reduction of these
flows to the Arabian Sea was not the major influence on the weaker OMZ. Indeed, model
simulations suggest that the loss of the Persian Gulf source would have increased the suboxic
volume below 200 m by 3%, with little impact on density structure and circulation (Lachkar et al.,
2019). We thus explore two other options, a decrease in productivity and/or an increase of oxygen
supply locally and/or from the south as drivers of the weaker OMZ in glacial Arabian Sea (Fig. 6).

A regional compilation of paleo-productivity reconstructions suggests generally higher
productivity in the Arabian Sea during the LGP relative to Holocene (Zhou et al., 2022), which
would have resulted in more oxygen consumption in the water column, reducing oxygen
concentrations and strengthening the OMZ, rather than weakening it as we observe. We thus infer
that there was a higher oxygen supply to the Arabian Sea OMZ during the LGP, compensating for
the loss of the relatively minor high oxygen source waters from the Persian Gulf and Red Sea and
more oxygen consumption due to higher productivity. Indeed, physical controls from temperature
and ocean circulation changes have been proposed to explain reduced water column denitrification
during the LGP (Galbraith et al., 2004; Meissner et al., 2005). More intense winter monsoon winds
and/or an increase in its seasonal duration (Pourmand et al., 2007), coupled with 2 - 4°C colder
SSTs (Dahl & Oppo, 2006; Pourmand et al., 2007), may have contributed to better oxygenation of the
OMZ. While winter mixing in the modern Arabian Sea only extends to ~100 m depth, strengthened
winter monsoon winds during the LGP might have resulted in convective mixing to as deep as
~800 m (Reichart et al., 1998), injecting oxygenated waters into the OMZ. In addition, both proxy
records and model simulations suggest enhanced formation of AAIW, which may have reached

northern Indian Ocean during the LGP (Galbraith et al., 2004; Pichevin et al., 2007; Schulte et al.,

10
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1999; Yu et al., 2018), and with higher oxygen concentrations (Muratli et al., 2010; Schulte et al.,
1999), thus potentially providing higher oxygen supply from the south and help weaken the OMZ.

In summary, despite higher productivity and the associated greater oxygen consumption, the
Arabian Sea OMZ was weaker in the LGP than in the Holocene. Consistent with previous studies,
we suggest two potential mechanisms for the slightly higher oxygen levels in the upper ocean.
First, a stronger winter monsoon may have resulted in deeper convective mixing, and coupled with
colder glacial SSTs which increased oxygen solubility, injected relatively high oxygen surface
waters into the OMZ. Second, enhanced formation of AAIW and with higher oxygen
concentrations, also due to increased oxygen solubility, from the south may have contributed to
more oxygen in the intermediate depths of Arabian Sea.

Lastly, in the deep Arabian Sea, the less-ventilated glacial conditions are likely to reflect
ventilation changes in the source waters from Southern Ocean. Indeed, Nd isotope records suggest
that less NADW but more AABW water reached the glacial Arabian Sea compared to the Holocene
(Lathika et al., 2021; Piotrowski et al., 2009). The AABW/CDW water may have been less
oxygenated during the LGP (Gottschalk et al., 2016, 2020), contributing to the deep-sea

deoxygenation.

4.3. Comparing to the Peruvian Margin

We next compare the glacial OMZ profile of Arabian Sea to that of Peruvian Margin (Fig.
5B). The glacial oxygen profile from Peruvian Margin is based on a variety of semi-quantitative
proxy records including benthic foraminifera assemblages (Erdem et al., 2020), benthic surface
pore density (Glock et al., 2022), and redox-sensitive trace metals (Fe, Mo, and U) (Scholz et al.,
2014). The glacial upper ocean (< 500 m) appears to have been slightly more oxygenated by ~5 -
10 umol/kg compared to modern (Glock et al., 2022; Scholz et al., 2014), while data from sites at
1000-1200 m suggest similar BWO between LGP and modern (Erdem et al., 2020). Thus, the
glacial OMZ changes seem to be similar in the Arabian Sea and Peruvian Margin, both having
slightly higher oxygen concentrations and no changes in the depth of the OMZ lower boundary.

Similar physical control for the glacial upper ocean oxygenation has been proposed in
Peruvian Margin: increased oxygen solubility related to ocean cooling and increased oxygen
supply from source water (Galbraith et al., 2004; Glock et al., 2022; Meissner et al., 2005). On the

other hand, glacial primary productivity in Peruvian Margin was suggested to be lower compared
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to modern (Glock et al., 2018), thus leading to less oxygen consumption in the upper ocean. This
low glacial productivity on the Peru Margin compounded the gain of oxygen due cooling and the
large-scale circulation In contrast, in the Arabian Sea, high productivity damped the oxygen
increase due to cooling, enhance vertical mixing, and the large scale circulation. The shallow OMZ
in the glacial Peruvian Margin seems to have decoupled from those from Eastern and Central
Equatorial Pacific, which downward expansion of oxygen-depleted waters may have occurred

during the LGP (Anderson et al., 2019; Hoogakker et al., 2018; Jacobel et al., 2020).

4.4. Implications for model-data comparison

As noted in the Introduction, improving the model performance/prediction to simulate the
extent and timing of OMZ changes can benefit from reproducing paleo-oxygen records. Previous
model simulations have mostly relied on qualitative paleo-oxygen records to validate the glacial
simulation results, and proposed different driving mechanisms of glacial oxygenation changes
(Bopp et al., 2017; Buchanan et al., 2016; Cliff et al., 2021; Galbraith & Jaccard, 2015; Schmittner & Somes,
2016; Somes et al., 2017; Yamamoto et al., 2019). The quantitative oxygen changes between the LGP
and modern/Holocene vary among different models. For example, the simulated glacial oxygen in
the upper North Indian Ocean ranges from ~20 to ~50 umol/kg higher than modern. Our estimate
of ~ 10-15 umol/kg suggests that the lower range of these estimates is more likely. On the other
hand, glacial simulations suggest that oxygen in deep North Indian Ocean ranged from ~10 to ~120
umol/kg, with our results (Fig. 5) suggesting the lower range of these estimates is unlikely (Bopp
etal., 2017; Schmittner & Somes, 2016; Somes et al., 2017; Yamamoto et al., 2019). Thus, although there
is still relatively large uncertainty in oxygenation of the deep glacial Arabian Sea, the glacial
oxygen depth profile reconstruction for Arabian Sea presented here is a valuable target for future
model-data comparison, namely the 10 — 15 umol/kg higher oxygen in upper ocean but with a
similar OMZ depth boundary (at ~1000 m). Combined with model simulations, these constraints
can help disentangle the relative contributions of temperature, ocean circulation, and biological

effects on the OMZ changes.
5. Conclusions

We use the benthic surface porosity and A3!*C proxies to semi-quantitatively reconstruct the

intensity and depth of the OMZ in the glacial Arabian Sea. The dual-proxy approach suggests a
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weaker OMZ but with a similar depth boundary as modern. In the deep Arabian Sea (~3700 m),
the benthic surface porosity and A3'3C proxies are consistent with published redox-sensitive trace
element records, confirming less-oxygenated deep ocean during the LGP compared to modern.
The benthic surface porosity and A3'3C records suggest glacial BWO ranged from 50 to ~100
umol/kg in the deep Arabian Sea. The comparison of glacial OMZ profiles between the Arabian
Sea and Peruvian Margin suggest slightly better-oxygenated upper ocean and no changes in the
OMZ depth boundary in both regions. These emerging semi-quantitative oxygen records during
the LGP are valuable targets for future data-model comparison.

Consistent with previous studies, we propose that two mechanisms, one local and one related
to high-latitude process, contributed to better oxygenation of the OMZ, overcoming the influence
of more oxygen consumption due to higher primary productivity. In the glacial Arabian Sea, colder
SST and strong convective mixing (induced by stronger winter monsoon) injected high oxygen
surface water into the OMZ. In addition, more AAIW, with higher oxygen concentrations, may
have contributed to better oxygenation of the OMZ. The less-oxygenated deep water was likely

due to poorly-oxygenated source water originated from the Southern Ocean.
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408  Table 1. Core summary

Site Lat Long Depth Modern BWO Proxy (*published) Age model reference(s)
(m) (nmol/kg)
RC27-14 1825 57.66 596 6 Surface porosity Altabet et al., 2002
TN041-8PG/JPC 17.81 57.51 761 7 Surface porosity * Luetal, 2022
RC27-23 17.99 57.59 820 7 Surface porosity Altabet et al., 2002
TNO041-2PG 1770 57.83 1428 42 Surface porosity This study
GeoB3004 14.60 52.90 1803 82 ASPC * Schmiedl and Mackensen, 2006
RC27-61 16.63 59.86 1890 77 Surface porosity, A3'3C  Clemens and Prell, 1990
RC27-42 16.50 59.80 2020 84 Surface porosity, A3'*C  Pourmand et al., 2007
TN047-6GGC 17.38 58.80 3652 129 Surface porosity, A3'*C  Dahl and Oppo, 2006
409
410

411  Table 2. Radiocarbon dates in core TN041-2PG

14C age (BP Age Calibrated age 2 sigma (BP
LabID Core Depth (cm) Material yrs) error (BP yrs) yrs)
0S-170487 TN041-2PG 0.5 G. ruber 3290 20 2841 2670 - 3060
0S-170488 TN041-2PG 120.5 G. ruber 17850 110 20533 20175 - 20880
412
413
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Fig. 1. Sampling locations and dissolved oxygen concentrations in the Arabian Sea. Eight core
sites are located within and below the modern OMZ. A) Circulation and water masses in the
Arabian Sea. Black solid arrows denote surface water currents, dark blue dash arrow denotes deep
water masses, while red and blue arrows denote summer and winter monsoon. RSW: Red Sea
Water; PGW: Persian Gulf Water; NIIW: North Indian Intermediate Water; NIDW: North Indian
Deep Water. B) Cross section of oxygen concentrations vs. water depth at the study site. The
oxygen minimum zone (<20 umol/kg) ranges from 200-1000m. C) Water depth profiles averaged
across the Arabian Sea, with core depths superimposed. Figures were generated using Ocean Data
View software (Schlitzer, 2021). Oxygen data are from World Ocean Atlas 2018 (Garcia et al.,

2019).
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Fig. 2. Representative SEM photos of Cibicidoides spp. of Holocene and LGP ages in six cores.
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