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ABSTRACT

Singh AD 2021. Centennial to millennial-scale changes in thermocline ventilation in the Arabian Sea: insights from the
pteropod preservation record. Journal of Palacosciences 70(2021): 253-265.

The Arabian Sea hosts one of the three thickest oxygen minimum zones (OMZs) of the world ocean. Mid—depth oxygen
depletion profoundly influences the chemistry of thermocline waters (HCO,", CO,*” and pH), which in turn significantly influences the
preservation state of carbonates. The carbonate preservation is primarily controlled by the degree of saturation level of seawater with
respect to the calcite and aragonite. The seawater in OMZ is undersaturated with respect to the aragonite (a metastable polymorph
of CaCO,). Pteropod test being aragonitic in composition is therefore highly susceptible to the dissolution and dissolves completely
below the aragonite compensation depth (ACD). Because of the current condition of intense OMZ due to high primary productivity,
enhanced respiration of sinking organic carbon and reduced thermocline circulation; the ACD is shallow, lying in the middle of
the OMZ. Hence, preservation record of pteropods in sea—floor sediment archives past changes in thermocline oxygen condition,
carbonate chemistry, the ACD and OMZ intensity. High resolution records of various pteropod preservation indices (total pteropod
abundance, transparent Limacina inflata abundance, fragmentation index) in a sediment core from the lower OMZ of the Indian
margin (off Goa) enabled to investigate aragonite preservation/dissolution events and their links with the changes in ACD and OMZ
intensity in the eastern Arabian Sea during the last 70 kyr BP. The proxy records reveal centennial to millennial scale changes in
aragonite preservation condition in concert with Northern Hemisphere climatic events (Dansgaard-Oeschger (D-O) cycles and
Heinrich events). The pteropod preservation spikes apparently correspond to the Northern Hemisphere cold events (D-O stadials
and Heinrich events). Whereas, the pteropod tests were either poorly preserved or completely dissolved during the warm phases
of D-O cycles (interstadials). The aragonite preservation events are attributed to the low monsoon induced productivity combined
with the increased thermocline ventilation by Subantarctic Mode and Antarctic Intermediate Waters (SAMW-AAIW) resulting a
weak OMZ and deeper ACD. The novel proxies (abundances of Globorotalia menardii, a planktic foraminifera and Styliola subula,
a pteropod species) are used to gain better insights in to the variability of thermocline ventilation and OMZ intensity through time.

Key—words—Pteropods, Monsoon, ACD, OMZ, Thermocline ventilation, SAMW—-AAIW.

INTRODUCTION

N recent years, there has been a growing interest in

investigating perturbations in physico—chemical properties
of surface and sub—surface ocean waters due to current
scenario of global warming and rising atmospheric CO, and
its impact on marine biota. Studies have shown that the rising
atmospheric CO, in recent times has led to increased CO,
uptake by the oceans resulting in decrease of the seawater pH
and as a consequence reduction of carbonate saturation level
(e.g., Riebesell et al., 2000; Feely et al., 2004; Sabine et al.,
2004; Orr et al., 2005). The oxygen depletion at mid—water

depth can potentially expand the oxygen minimum zone
in oceans, and that will profoundly impact the biological
processes, nutrient cycling, deep ocean biosphere and global
climate (Keeling & Garcia, 2002; Stramma et al., 2008). The
mid—water oxygen minima also referred as oxygen minimum
zone (OMZ) or oxygen—deficient zone (ODZ) develops, where
the oxygen consumption exceeds the supply of O, within the
water column (Olson et al., 1993). The Arabian Sea is one
of the few areas in the world hosting well developed OMZ
within thermocline between 150 and 1200 m depths (e.g.,
Altabet ef al., 1995). An intensified, perennial OMZ in the
Arabian Sea today is attributed to the seasonal monsoon winds
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induced high primary productivity, high rates of respiration
of sinking organic matter in the water column coupled with
a poor thermocline ventilation (Schulz et al., 1998; Altabet
et al., 2002; Singh et al., 2006; Singh, 2007). Changes in the
intensity of the OMZ and its expansion and contraction have
significant impact on oceanic nutrient inventory, which in turn
influences global productivity and CO, sequestration by the
biological pump and global climate (Keeling & Garcia, 2002;
Stramma et al., 2008). Therefore, it is essential to understand
various factors controlling oxygen conditions at thermocline
depths and its consequences on climate and marine life on
various time scales.

The preservation of pteropod tests has been proved to
be a potential proxy for reconstruction of past changes in
thermocline ventilation, carbonate (aragonite) saturation depth
and intermediate water circulation (Haddad & Droxler, 1996;
Reichart et al., 1998; Gerhardt & Henrich, 2001; Klocker &
Henrich, 2006; Singh et al., 2005, 2006, 2011a, b; Singh,
2007; Boning & Bard, 2009; Singh & Singh, 2010; Sijinkumar
etal.,2010; Naidu et al., 2014; Singh et al., 2017). Pteropods,
holoplanktic microgastropods are common members of
microfaunal assemblages in Quaternary sediments of the
Arabian Sea margins and topographic highs (e.g., Herman,
1971; Singh & Rajarama, 1997; Singh, 1998; Singh et al.,
2001, 2005; Singh & Singh, 2010; Singh et al.,2011a, 2011b).
Pteropod test being aragonitic in composition is susceptible
to dissolution (Berner, 1976, 1977; Berger, 1978) and its
preservation in sediment is related to the physico—chemical
conditions of the water column (e.g., Almogi—Labin et al.,
1991, 1998; Reichart et al., 1998; Gerhardt et al., 2000;
Klocker et al., 2006; Singh, 1998; Singh ef al., 2006; Singh,
2007). Aragonite being one of the metastable polymorphs of
calcium carbonate is more prone to dissolution than calcite.
The preservation of pteropod tests in sea—floor sediment
depends on the aragonite compensation depth (ACD). Present
day, the ACD in the Arabian Sea OMZ is shallow (~ 500
m), because the seawater in the OMZ is undersaturated with
respect to aragonite due to high consumption of oxygen and
poor ventilation of thermocline waters. Thus, the preservation
record of fossil pteropod assemblage can reveal the signature
of past variations in surface and subsurface water mass
carbonate chemistry. Previous studies showed that the past
changes in productivity, intermediate (thermocline) water
ventilation and the depth of local overturning have resulted
a significant variation in the OMZ intensity and the ACD
(Altabet ef al., 1995; Reichart et al., 1998; Klocker et al.,

2006; Singh et al., 2006, 2011a, b; Singh, 2007; Béning &
Bard, 2009; Naidu et al., 2014; Singh et al., 2015; Verma
et al., 2018). The strength of OMZ thus governs the ACD,
below which pteropod tests are completely dissolved. Hence,
records of pteropod abundance and preservation from Arabian
Sea sediment cores can archive changes in the intensity of
the OMZ and the ACD (Singh et al., 2006; Singh, 2007;
Singh et al., 2017). Most of the earlier palacoceanographic
reconstructions based on the Quaternary pteropods came from
the Red Sea, Mediterranean Sea, Persian Gulf and the western
Arabian Sea (e.g., Almogi—Labin et al., 1986, 1998; Reichart
et al., 1998; Ivanova, 1999; Klocker et al., 2006); recently
records from the eastern Arabian Sea have been added (Singh,
1998, 2007; Singh et al., 2006; 2011a, b; Naidu et al., 2014;
Singh et al., 2017). A high resolution pteropod record from
the eastern Arabian Sea showing centennial to millennial scale
variations in abundance and shell preservation is presented.
The pteropod proxy records are used to better understand
basin—wide changes in thermocline ventilation, OMZ intensity
and ACD in response to the global climatic perturbations.

REGIONAL SETTING

The monsoonal wind system produces pronounced
seasonal and spatial patterns in surface ocean circulation,
hydrography and biological productivity in the Arabian Sea
(Wyrtki, 1973; Naidu et al., 2014). In summer monsoon
(June to September), southwesterly winds blowing along the
Somali Coast generate large scale coastal upwelling in the
western and northern Arabian Sea and weak upwelling along
the Southwest Coast of India (Wyrtki, 1973; Banse, 1987).
During this period, the South Equatorial Current intensifies,
the northern branch of which forms the Somali Current as a
part of anticyclonic southwest monsoon circulation.

During the winter monsoon (December to March), the
wind pattern reverses and a cyclonic circulation develops
causing weak, sporadic upwelling along the coasts of Pakistan
and India (Bauer et al., 1991). The cold dry northerly—
northeasterly winter winds also induce a decrease in sea—
surface temperature and increase in sea—surface salinity due
to high evaporation (Madhupratap et al., 1996). This results
in convective mixing in the northern and northeastern Arabian
Sea. The biological productivity in the western and northern
Arabian Sea is very high in summer monsoon; whereas
during winter monsoon, a moderate increase in productivity is
observed in the northern and northeastern Arabian Sea. During

—

Fig. 1-—(A) Map showing the location of core MD76-131 (white star; this study) and other core sites discussed in the text (SO90-137, yellow circle and
NIOP905, white circle) in the Arabian Sea. White dotted contour marks the intensified oxygen minimum zone (ASOMZ). (B) Oxygen (umol/kg,
colour shading overlain by O, contours) depth (m) -latitude section and vertical structure of water masses in the eastern Arabian Sea (N-S cross
section from 25 °N to 60 °S). Map source is Ocean Data View (ODV; Schlitzer, 2014) using data from World Ocean Atlas 2018 (Garcia ez al., 2018).
ASOMZ= Arabian Sea Oxygen Minimum Zone, SAMW= Sub—Antarctic Mode Water, AAIW= Antarctic Intermediate Water, CPDW= Circumpolar
Deep Water, NIDW= North Indian Deep Water and AABW = Antarctic Bottom Water.
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the inter—-monsoon periods, November to December and April
to May, the entire Arabian Sea water column is stratified and
characterized by nutrient—poor conditions.

The thermocline waters in the Arabian Sea are a
combination of locally and externally generated water masses
(Schott & McCreary, 2001). Two high—saline and O, poor
water masses originate in the Persian Gulf (Persian Gulf
Water: PGW) and the Red Sea (Red Sea Water: RSW) and
flow into the Arabian Sea in a southeasterly direction at about
300 m and 500 m depth respectively (Schott & McCreary,
2001). However, the influence of PGW and RSW in the
eastern Arabian Sea is less evident (Rameshbabu ez al., 1980).
Southern sourced intermediate waters (Subantarctic Mode
Water: SAMW and Antarctic Intermediate Water: AAIW)
effectively ventilate the Arabian Sea thermocline (Olson et
al., 1993; You, 1998; Fine et al., 2008) (Fig. 1). A complete
reversal of the subsurface coastal circulation associated with
the seasonal change in monsoon circulation also results in
changes in oxygen—deficient waters of the eastern Arabian
Sea (Naqvi, 1991). During the summer southwest monsoon,
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pole ward undercurrent carries well-oxygenated waters off the
Indian margin. As monsoon wind reverses in winter, Arabian
Sea high salinity waters flow equator ward. Thus, the renewal
of the oxygen—deficient subsurface waters is more vigorous
during the southwest monsoon than the northeast monsoon.

METHODOLOGY
Core location

A 9.65 m long piston core (MD76—131) was raised from
central part of the western Indian margin at 1230 m water
depth (off Goa: Lat. 15° 31.8” N; Long. 72° 34.1° E) by R/'V
Marion Dufrense in 1976 (Fig. 1). The core site is situated
below the present day ACD (~ 500 m, Naidu et al., 2014),
but well above the Calcite Compensation Depth (~ 2400 m,
Belyaeva & Burmistrova, 1984).

The sediment core in general is characterized by dark
coloured indistinctly laminated sediments with intermittently
light coloured homogenous facies. The narrow homogenous
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Fig. 2—Records of (A) relative abundance of pteropods, (B) ratio of pteropods to planktic foraminifera (Pt/(Pf+Pt)x100), (C) relative abundance of planktic
foraminifera and (D) numerical abundance (g dry sediment >125um) of total pteropods in core MD76-131. Highlighted colour bands represent
Heinrich Events (H1-H6, blue), Younger Dryas (YD, blue), Belling/Allered (B/A, yellow) and Last Glacial Maximum (LGM, grey).
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intervals are lithologically in sharp contact with the laminated
strata. The core provides uninterrupted sedimentary sequence
(commonly hemi—pelagic mud), free of turbiditic (or mass
flow) deposition and reworking (Singh et al., 2006). The core
was sampled at 1 to 2 cm intervals. Samples from 2 to 4 cm
intervals were used for pteropod study.

Sample processing

For separation of pteropod tests, sediment samples were
processed following conventional micropaleontological
techniques (Singh et al., 2005). About 5 g of dried sediment of
each sample was wet sieved using a 63 pm screen. Dry residue
larger than 63 um was sieved again with a 125 um screen.
The coarse fraction (> 125 pm) was retained for pteropod
analysis. For qualitative and quantitative analyses, the
processed samples were sub—sampled using an Otto—Splitter
to obtain suitable aliquots containing about 300 specimens

257

of pteropod individuals. Those samples having less frequent
pteropod tests were completely used for the separation of
tests. Species identification, followed Van der Spoel (1967),
Bé and Gilmer (1977), Van der Spoel and Boltovskoy (1981)
and Singh et al. (2005).

Chronostratigraphy

The chronological framework of the core developed by
Singh et al. (2011c) was adopted. The chronology of the core
for 4 to 28 kyr BP is primarily based on 7 AMS radiocarbon
ages. The calibration of radiocarbon ages to calendar ages
was done with Calib 4.4 software package, after subtracting
640 years for reservoir corrections (Southon ef al., 2002).
Beyond 30 kyr BP the chronostratigraphic control of the
core was achieved by the correlation of 8"°N record of this
core with stable oxygen isotope record of the GISP2 ice core
(Singh et al., 2011c¢). Age estimate of individual sample was
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Fig. 3—Records of preservation indices and numerical abundance (g dry sediment > 125 um) of pteropods (this study) are compared with 8'30 record
of GISP2 ice core (Stuiver & Grootes, 2000): (A) Fragmentation Index (FI: no. of pteropod fragments/whole tests and fragments), (B) numerical
abundance of Limacina inflata transparent tests (Tpt), (C) numerical abundance of total pteropods and (D) GISP2 ice core §'*0. The numbers 1-20
in the GISP2 3'%0 record denote the D/O interstadials. Highlighted colour bands represent Heinrich Events (H1-H6, blue), Younger Dryas (YD,
blue), Bolling/Allerad (B/A, yellow) and Last Glacial Maximum (LGM, grey).
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calculated based on the linear interpolation between the age
control points. A 70 kyr composite record of sediment shows
an average sedimentation rate of ~13.85 cm kyr' at the
core site. The linear sedimentation rates calculated between
stratigraphic tie points range from ~7.06 cm kyr! (between
5 and 10 kyr BP) to ~26.71 cm kyr' (between 59 and 70 kyr
BP). The high sedimentation rate with its average value of
~13.85 cm kyr ! indicates that 1 cm thick sediment can provide
a resolution of approximately ~70 years.

Pteropod proxies

Preservation indices—The processed samples contain
complete and damaged pteropod tests and test fragments. We
counted < 50 % damaged test as a whole pteropod test. All
the fragments were also counted. The abundance of pteropods
was estimated in 1 g of each sample. Based on the census data,
the relative abundance (%) of each species was calculated.
Aragonitic pteropods are more susceptible to the dissolution
than the calcitic planktic foraminifera. In order to evaluate
changes in the preservation of pteropod tests, the percentage
of pteropods (Pt) relative to the sum of planktic foraminifera
(Pf) and pteropods (Pt/(Pf + Pt)) was calculated as an index
of the preservation/dissolution of aragonite (Almogi—Labin
et al., 1998; Singh, 2007).

Variations in the production rate can also influence the
abundance of pteropod and foraminifera. To quantify this
problem, we calculated a fragmentation index (FI=number
of pteropod fragments/whole tests and fragments), a
measurement independent of variable pteropod production.
We took care to avoid mechanical damage of pteropod tests
during processing of samples. However, a contribution of
bottom currents in breaking these tests cannot be ruled out.

An additional reliable proxy for state of aragonite
preservation is based on assessing the surface ultrastructure of
certain pteropod species (Gerhardt ef al., 2000). The original
test of a living pteropod is transparent. In the corrosive
environment (in the water column and/or sediment) the
transparent test alters into opaque—white and as dissolution
progresses the test is damaged and ultimately dissolved
(Haddad & Droxler, 1996). In this study, the state of fossil
pteropod preservation was quantified based on the variation
of transparent tests in population of Limacina inflata, a
dissolution susceptible species (Singh et al., 2006). The tests
of L. inflata were grouped into two categories: (1) unaltered—
transparent tests indicating good preservation and (2) altered—
opaque white/damaged tests reflecting corrosion/dissolution.

RESULTS

The pteropod assemblages recovered from the sediments
of core MD76-131 are characterized by low diversity
and composed of both epipelagic and mesopelagic forms.
Limacina inflata (d’Orbigny), Limacina trochiformis

(d’Orbigny), Creseis acicula (Rang), Creseis virgula (Rang)
forma virgula (Rang), Creseis virgula (Rang) forma conica
(Eschscholtz), Creseis chierchiae (Boas), Clio convexa (Boas),
Clio pyramidata (Linnaeus), Cavolinia longirostris (de
Blainville), Diacria quadridentata (de Blainville) and Styliola
subula (Quoy & Gaimard) are the common pteropod species.
Other rare species are: Dicaria trispinosa (de Blainville),
Cavolinia gibbosa (Rang), Hyalocylix striata (Rang) and
Limacina bulimoides (d’Orbigny). Numerical abundance of
the total pteropod tests (> 125 pm) in core samples is highly
variable ranging from its complete absence to maximum up
to 60638 /g. Pteropods are generally absent in the samples
between 43.9 and 45.2 kyr BP and 63.6 and 72.9 kyr BP
(Fig. 2). Intervals between 46.7 and 57.8 kyr BP and 5.1 and
7.9 kyr BP contain lowest abundance of pteropods (< 5000
specimens /g). Highest abundance of pteropod tests (> 20,000
specimens /g) occurs between 14.1 and 21.6 kyr BP (Fig. 2).
Within this interval, there are two spikes of abundance maxima
at 17.6 and 20 kyr BP. Other prominent peaks of pteropod
abundances occur during 23-24.8 kyr BP, 25.1-26.1 kyr BP,
27.4 kyr BP, 28.5-29.6 kyr BP, 32.4-32.7 kyr BP, 35.5-36.5
kyr BP, 38.2-39.5 kyr BP, 45.7-46.6 kyr BP, and 59.5-60.7
kyr BP (Fig. 2). There are minor pteropod spikes occurring at
9kyr BP, 13 kyr BP, 30.7-31.1 kyr BP, 33.5-34.4 kyr BP, 41.5
kyr BP, 43 kyr BP and 58 kyr BP. A chronology of pteropod
abundance spikes identified in core MD76-131 is provided
in Table 1. It is worth mentioning that most of the pteropod
spikes occurring in MD76-131 correspond to the Northern
Hemisphere cold Heinrich events (H1-H6) and Greenland
stadials (Dansgaard—Oeschger events) (Fig. 3; Table 1) and
some of these aragonite events are co—relatable with similar
events reported from the western, northern and northeastern
Arabian Sea records within the range of chronological error
(Reichart et al., 1998; Klocker & Henrich, 2006; Klocker et
al., 20006) (Fig. 5).

Planktic foraminifera (calcitic), which are more resistant
to dissolution than pteropods (aragonitic), also show frequent
variation in its abundance along the core. The numerical
relation of these two pelagic groups (% Pteropod [Pt] /
Planktic foraminifera [Pf] + Pteropod) is used as the indicator
of the dissolution/preservation condition with respect to the
aragonitic (pteropod) tests (Berner, 1977; Almogi—Labin et
al., 1998). Record of % Pt /Pf + Pt parallels the pteropod
numerical abundance curve with high values corresponding
to the abundance spikes (Fig. 2). A value (% Pt/Pf+Pt) of 50
% or more is found during 14.4-20.4 kyr BP, 25.1-26.1 kyr
BP, 28.5-29.4 kyr BP, 35.8-36.2 kyr BP and 38.6-39.5 kyr
BP. The abundance ratios of pteropods to planktic foraminifera
are also high but < 50 % during other intervals of high
pteropod abundance (45.7—46.6 kyr BP and 59.5-60.7 kyr
BP). The pattern of fragmentation index (FI) clearly displays
that pteropod abundance spikes correspond to the low values
of FI (Fig. 3). However, this opposite relationship is not
much evident for the interval of pteropod maximum during
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Table 1—High resolution record of Pteropod Events in the eastern Arabian Sea (MD76-131). Bold and blue lettered events
are major Northern hemisphere climatic events (Heinrich events 1-6). The stadials are identified by comparison of
pteropod preservation event chronology with the INTIMATE event stratigraphy, Rasmussen ef al. (2014).

Preservation Event Pteropod Fragmentation L. inflata Transparent | Northern Hemisphere
(Age) Abundance Index (FI) Tests (Tpt) Climatic Events
9 kyr BP Low Medium Absent -

13 kyr BP Low Low Absent Stadial 1

14.3—15 kyr BP High Low Low —

15-17.3 kyr BP High Low High Heinrich Event 1
17.5-20.6 kyr BP High Low Low Stadial 2
23.5-24.5 kyr BP Medium Low High Heinrich Event 2
25.5-26.1 kyr BP Medium Low Low -

27.4 kyr BP Medium Low Low Stadial 3
28.5-29.6 kyr BP Medium Low High Heinrich Event 3
30.7-31.1 kyr BP Low Low Low Stadial 5
32.4-32.7 kyr BP Medium High Absent Stadial 6
33.5-34.4 kyr BP Medium Medium Absent Stadial 7
35.8-36.2 kyr BP Medium Low Low Stadial 8
38.6-39.3 kyr BP Medium Low Low Heinrich Event 4
41.5 kyr BP Low Medium Absent Stadial 10

43 kyr BP Low Low Absent Stadial 11
45.7-46.6 kyr BP Medium Medium Low Heinrich Event 5
58 kyr BP Low Medium Absent Stadial 16
59.5-60.7 kyr BP Medium Medium Low Heinrich Event 6

45.7-46.6 kyr BP. The interval between 14.4 and 20.6 kyr BP
characterized by lowest average FI value suggests minimal
natural breakage of pteropod tests, thus good preservation
condition. Highest value of FI reported during 5—6 kyr BP
indicates worse preservation of aragonitic tests (Fig. 3). The
pteropod test preservation record (no. of transparent L. inflata
tests, (Tpt)) reveals that the L. inflata population consists of
significant number of least altered transparent tests during
15-17.5 kyr BP, 23.5-24.8 kyr BP and 28.4-29.6 kyr BP (Fig.
3). There are a few intervals where traces of transparent L.
inflata tests are also found (25.1-26.1 kyr BP, 35.5-36.5 kyr
BP, 38.2-39.5 kyr BP, 45.7-46.6 kyr BP and 59.5-60.7 kyr
BP). These correspond to the spikes in pteropod abundance
(Fig. 3). Otherwise the L. inflata population is characterized
wholly by opaque—white tests.

DISCUSSION

The tests of the pteropod are preserved in sediments,
when in situ CO,* concentration exceeds the saturation
concentration with respect to the aragonite. The mineral

aragonite, a metastable polymorph of CaCO; is more soluble
in seawater (by a factor of 1.5, Morse et al., 1980) and
dissolves at shallower depths than calcite. Today, the Arabian
Sea is characterized by a pronounced OMZ basin—wide at
water depths between 150 and 1250 m (Wyrtki, 1973) (Fig.
1). The sea water in the OMZ is undersaturated with respect
to aragonite because of high consumption of oxygen and CO,
addition due to oxidative destruction of organic matter which
lowers the pH and carbonate saturation (Canfield & Raiswell,
1991). Because of a persistent sub—surface oxygen depleted
condition resulting from the combined effects of high primary
productivity, large flux of organic matter and poor ventilation
of thermocline waters, the ACD in the eastern Arabian Sea is
much shallower (~ 500 m) than other parts of the Arabian Sea
(Singh, 2007). Therefore, the variation patterns of abundance
and modes of preservation of pteropods in the core MD76-131
should be related to the changes in the ACD controlled by
the OMZ strength which might have varied in the past due
to fluctuations in the primary productivity and ventilation
condition of thermocline waters.
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Pteropod preservation events and patterns of monsoon
induced productivity

Records of pteropod preservation indices (Tpt and FI)
follow the pattern of pteropod abundance variation. Hence, the
abundance spikes of pteropod tests are related to better state
of aragonite preservation rather than variation in pteropod
production. However, the preservation condition had changed
through time, as evidenced from the quantitative variation of
transparent tests in L. inflata population (Tpt) and values of
relative abundance ratio of pteropod fragments and whole
tests (fragmentation index, FI). Based on the high resolution
abundance and preservation proxy data, we identified four
stages of pteropod events characterizing a particular state
of preservation condition. Pteropod event I (14.4-17.3 kyr
BP) characterized by the high abundance of pteropod tests,
low values of FI and maximum of transparent L. inflata tests
relates to the best state of preservation. Pteropod event II
(23.5-24.5 kyr BP, 28.5-29.6 kyr BP) represents a condition,
when pteropods tests are better preserved but not as good as
in case of pteropod event I. Pteropod event III (25.5-26.1
kyr BP, 35.8-36.2 kyr BP, 38.6-39.3 kyr BP, 45.7-46.6
kyr BP, 59.5-60.7 kyr BP) associated with less abundant
transparent L. inflata tests and low to medium values of FI
suggesting good preservation condition but poorer than event
II. Pteropod event IV (9 kyr BP, 13 kyr BP,14.3—-15 kyr BP,
17.5-20.6 kyr BP, 27.4 kyr BP, 30.7-31.1 kyr BP, 33.5-34.4
kyr BP, 41.5 kyr BP, 43 kyr BP, 58 kyr BP) represents an
interval with devoid of transparent tests and medium values
of FI. The intermittent intervals occurring between these
pteropod preservation events are generally characterized by
the absence of pteropod tests and fragments, which suggest
a stage of severe aragonite dissolution. A comparison of our
pteropod preservation record with the Greenland ice core
temperature record indicate that the pteropod (aragonite)
preservation spikes apparently correspond to the Northern
Hemisphere cold events (Dansgaard—Oeschger (D-O) stadials
and Heinrich events). The preservation of pteropods was
poor during the warm phases of D-O cycles (interstadials).
The ACD in the Arabian Sea, above which pteropod tests get
preserved in sediments, is closely linked with the dissolved
oxygen concentration in thermocline waters or in other
words the strength of the OMZ (e.g., Reichart ef al., 1998).
The surface ocean productivity has been considered as one
of the main factors causing variation in the OMZ intensity
and as a consequence the ACD (von Rad & Schulz, 1995;
Singh et al., 2006). We compared our pteropod preservation
record with the primary productivity proxy record (Corg %)
of core MD76-131 (Singh ef al., 2011c). There is a striking
anti—correlation between pteropod preservation and Corg %.
Low values of Corg % during the stadials and Heinrich events
correlate very well with the pteropod preservation events. On
the contrary, the warm interstadials are characterized by high
Corg % and substantial or complete dissolution of pteropods

(Fig. 4). Previous studies from this region have shown
low productivity during Northern Hemisphere cold events
(Heinrich events and stadials) linked to the weakening of both
southwest (SW) summer and northeast (NE) winter monsoon
circulations (Singh et al., 2006, 2011c, 2018). Whereas, the
SW monsoon induced productivity increased during the warm
interstadials of the late glacial period. High export flux of
organic matter and its decomposition leads to an increase of
CO, concentration in thermocline waters, which lowers the
pH resulting dissolution of aragonitic pteropod tests, OMZ
intensification and shallowing of ACD. In contrast, when
export flux of organic matter reduced during low productivity
periods, the pteropod tests are well preserved because of
higher pH in thermocline waters, deepening of ACD and a
weak OMZ. Hence, the pteropod preservation in the eastern
Arabian Sea is associated with the oxygenated thermocline
waters during the periods of reduced productivity. Abundant
occurrence of high oxygen—benthic foraminifera during the
periods corresponding to the pteropod spikes further suggests
an oxygenated benthic environment resulted due to the
weakening of OMZ (Singh et al., 2015; Verma et al., 2018).

The pteropod preservation record from the eastern
Arabian Sea is in agreement with the preservation records
from the northern, northeastern and western Arabian Sea,
which show pteropod preservation events occurring basin—
wide during the cold stadials attributed to the low monsoon
induced productivity, a weak OMZ and the deep ACD (e.g.,
Reichart et al., 1998, 2002; von Rad et al., 1999; Klocker &
Henrich, 2006; Klocker et al., 2006) (Fig. 5). It has also been
suggested by a few workers (e.g., Reichart ef al., 1998; von
Rad et al., 1999) that intensified northeasterly winter monsoon
winds during cold periods resulted deep vertical mixing of
oxygen-rich waters, which enhanced the pH of thermocline
waters and lowered the ACD in the northeastern Arabian
Sea. Our record from the eastern Arabian Sea, however, does
not support this hypothesis, as previous results of our study
showed weakening of winter monsoon circulation during
the cold stadials (Singh et al., 2011c, 2018). Nevertheless, a
large increase in pteropod abundance during the last glacial
maximum (LGM) between 17.6 and 21.6 kyr BP is intriguing
as this is associated with high Corg % (Fig. 4). Therefore, high
oxygen condition within the thermocline cannot be explained
by the productivity factor. There are several line of evidences
suggesting intensification of the NE winter monsoon winds
during the LGM (e.g., Reichart et al., 1998; Singh et al., 2006,
2011c, 2018). It is plausible that the strong winter winds might
have resulted subduction of oxygen—rich surface waters into
the thermocline through deep vertical mixing leading to a
weak OMZ and deeper ACD. But this process does not seem
to be applicable to the present area of investigation, because,
we don’t record pteropod preservation during the LGM in the
core at shallower depth (SK 17; w. d. 840 m) (Singh ef al.,
2006; Singh, 2007). Therefore, we argue for the factor other
than winter mixing responsible for the thermocline ventilation
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and deepening of the OMZ during the LGM. However, with
the present data set it is not possible to answer this question.

Thermocline ventilation and intermediate water
circulation

Changes in pteropod preservation conditions are closely
linked with the fluctuations in dissolved oxygen level in
thermocline waters. In recent years, there have been growing
number of palacoceanographic studies from the tropical
Indian Ocean showing enhanced thermocline ventilation in
the Arabian Sea by externally sourced water masses in concert
with the global climatic events (Kiefer ef al., 2006; Naidu &
Govil, 2010; Mohtadi et al., 2010; Visser et al., 2003 ; Weldeab
et al., 2006; Jung et al., 2009; Boning & Bard, 2009; Naidu
et al., 2014). Therefore, changes in thermocline circulation
and its ventilation through time potentially modulate the
OMZ intensity and the ACD and preservation of aragonitic
pteropods. We used abundances of Globorotalia menardii
(a thermocline planktic foraminifera) and Styliola subula (a
mesopelagic pteropod) as proxies for dissolved oxygen levels
in thermocline waters (Singh et al., 2005, 2018; Naidu et
al., 2014). Singh et al. (2018) in their recent study from the
eastern Arabian Sea have shown that G. menardii abundance
significantly declines when oxygen levels in thermocline
increased. High abundance of S. subula indicates oxygen—rich
thermocline waters and a weak OMZ (Singh et al., 2005).
Both the proxy records show centennial to millennial scale
changes pointing towards enriched dissolved oxygen levels
in thermocline during the Northern Hemisphere cold events
(stadials and Heinrich events), which correspond to the
pteropod preservation spikes (Fig. 4). Intriguingly, we do
not observe this pattern during the cold Younger Dryas event.
Previous studies showed past changes in the Arabian Sea
thermocline ventilation accompanied with remotely forced
variations in the intensity of intermediate water circulations
(e.g., Jung et al., 2009; Béning & Bard, 2009). The thermocline
water of the Arabian Sea has three possible sources: SAMW-—
AAIW, ITW and PGW—-RSW (Bo6ning & Bard, 2009). The two
high density water masses (RSW and PGW) flowing into the
Arabian Sea have little influence today in its eastern sector
(Rameshbabu et al., 1980). Palacoceanographic records from
the northeastern and western Arabian Sea provided evidence
for strengthened influx of oxygen rich SAMW-AAIW to the
Arabian Sea at thermocline depths during the cold Heinrich
events and D-O stadials (Boning & Bard, 2009; Jung et al.,
2009). The oxygen replenishment of thermocline waters in the
eastern Arabian Sea with the southern—sourced AAIW during
the Northern Hemisphere cold events have been suggested
by recent studies (Naidu et al., 2014; Singh et al., 2015).
A significant reduction in Atlantic Meridional Overturning
Circulation (AMOC) and North Atlantic Deep Water (NADW)
during the cold stadials probably triggered the intensification
of AAIW and its northward expansion (Pahnke & Zahn, 2005).

Low oxygen demand because of reduced organic carbon flux
combined with high oxygen supply by intensified thermocline
circulation during the cold stadials led to the deepening of
ACD and high preservation of pteropod tests. On the contrary,
high organic flux and poorly ventilated thermocline during
the warm interstadials resulted in shallow ACD and poor
pteropod preservation.

The pteropod abundance records from the western and
northeastern Arabian Sea show an overall agreement with the
eastern Arabian Sea record indicating basin—wide abundance
maxima during the Heinrich events (Fig. 5). Jung et al. (2009)
based the benthic 6"°C record from the western Arabian
Sea suggested increased incursion of southern sourced
waters ventilating the thermocline during cold Heinrich and
Younger Dryas events. However, our pteropod abundance
and preservation proxy records along with thermocline
oxygen proxies (G. menardii and S. subula) do not suggest
a significant ventilation of thermocline waters in the eastern
Arabian Sea during the Younger Dryas. A pronounced increase
in pteropod abundance as recorded in northeastern Arabian
Sea during the Younger Dryas and Heinrich 1 and 2 might
also be related to the intensified winter monsoon wind induced
vertical mixing, which would have brought oxygen-rich
surface waters down deep into the thermocline (e.g., Reichart
etal., 1998; Schulte & Miiller, 2001). The pteropod abundance
maxima recorded in the eastern and northeastern Arabian Sea
during the early Holocene at around 9 kyr BP is intriguing and
that can’t be explained with the present data.

This study highlights how changes in global oceanic
circulation modulated oxygen condition of thermocline
waters in the Arabian Sea, the OMZ and ACD in response
to the abrupt climate changes at centennial to millennial
scales. However, relative contributions of different deep
water masses including Arabian Sea Deep Water, North
Atlantic Intermediate Water, Indonesian Throughflow Water
in ventilating Arabian Sea thermocline both in time and space
still remain poorly understood. Therefore, further work on
foraminifera (stable C and O isotopes, Nd isotopes and trace
elements) is needed to address this issue.
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