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The benthic foraminiferal abundance and diversity for the last ~145 kyr at ODP Hole 723A in the
northwestern Arabian Sea have been analyzed to better understand the factors responsible for the
changes in the strength of Oxygen Minimum Zone (OMZ). The decline in the abundance of dysoxic taxa
and more diverse fauna during interstadials of MIS 5 (5.5 and 5.1) along with higher percentages of
G. bulloides reveal that the increased advection of well-oxygenated southern deep waters enhanced the
rate of remineralization of sinking organic matter and also reduced the strength of OMZ. The improved
supply of organic matter to the sea floor due to southwest summer monsoon linked higher surface
productivity between 114 and 108 ka and 102 and 92 ka enhanced the decay of organic matter utilizing
more oxygen at intermediate depths which resulted in the development of strong OMZ. The increased
inflow of well-oxygenated Sub-Antarctic Mode and Antarctic Intermediate Waters (SAMW-AAIW) and
significantly reduced or negligible outflow of low oxygen Red Sea Water (RSW) in the northwestern
Arabian Sea developed relatively weak OMZ and better bottom water oxygenation during early Holocene.
The low abundance of G. bulloides indicates decline in the surface water productivity due to weaker
southwest summer monsoon during late Holocene while more outflow of oxygen poor RSW at interme-
diate depths and no further inflow of well oxygenated SAMW-AAIW beyond 5°N relatively strengthens
the OMZ in the northwestern Arabian Sea.
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1. Introduction

Study of the Quaternary deep-sea benthic for-
aminifera provides significant information about
the climatically induced changes in deep-water
environment. The Arabian Sea sediments have well
preserved faunal and geochemical record of chan-
ges in the Indian Ocean monsoon and its influence
on surface water productivity, delivery of organic
matter to the seafloor and deep-sea oxygenation.
There is general consensus regarding the sign of
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southwest summer monsoon change in several
records of productivity; however, many studies
show a relatively intricate nature of phase relation
of oceanic response to the changing monsoon pat-
tern (Rostek et al. 1997; Almogi-Labin et al. 2000;
Budziak et al. 2000; Schmied] and Leuschner 2005).

The main source of sub-surface oxygen for both
the Arabian Sea and Bay of Bengal is from the
Southern Hemisphere. Antarctic Circumpolar
Current (ACC) is mainly responsible for well
oxygenated, intermediate water which flows
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northward and spreads throughout the Indian
Ocean. The outflow of high salinity and low-oxygen
Red Sea Water (RSW) and Persian Gulf Water
(PGW) also influences the oxygenation of inter-
mediate water mass of Arabian Sea (Jung et al.
2001). The changing global sea level is suggested to
be responsible to control the formation of deep-
water in the Red Sea and the amount of outflow of
RSW at glacial-interglacial scales (Rohling and
Zachariasse 1996). The Indonesian Throughflow
(ITF) water is also suggested to influence the upper
Indian Ocean and Arabian Sea waters at thermo-
cline depth (Haines et al. 1999; Song et al. 2004).
Deep-sea benthic foraminiferal study in the Gulf
of Aden reveals that intense NE winter monsoon
increased the surface water productivity during
glacial times (Almogi-Labin et al. 2000). The
intervals of strong NE winter monsoon are related
to the increased surface water productivity in the
southeastern Arabian Sea which is linked to the
precession-based maxima in ice volume (Rostek
et al. 1997). The intensity and extent of OMZ
during late Quaternary in the northeastern Ara-
bian Sea is directly related to the surface water
productivity and associated organic matter fluxes
to the sea floor. The intervals of intensified OMZ
are associated with the productivity maxima and
enhanced organic matter supply to the sea floor
(den Dulk et al. 2000), whereas very weak or
absence of OMZ are related to the periods of low
surface water productivity and deep winter mixing
during intense NE winter monsoon (Reichart et al.
1998). Further studies suggest intimate relation of
surface water productivity and OMZ with the
monsoon variation on centennial- and millennial-
scale which are linked to the variability in North
Atlantic climate (Schulz et al. 1998; Leuschner and
Sirocko 2000; Altabet et al. 2002; Gupta et al.
2003). The out of phase relationship of deepening of
OMZ with intense SW summer monsoon in the
western Arabian Sea has been explained by varia-
tion in the advection of oxygen-rich deep-water
masses (Schmiedl and Leuschner 2005). Recently,
Das et al. (2017) have undertaken a high resolution
benthic foraminiferal study of Holocene sediment
in the northwestern Arabian Sea and suggested
significant role of intermediate water circulation in
the variation of OMZ intensity. They also found
decadal to centennial scale cyclicity in the OMZ
intensity linked with the solar cycles. The present
study provides a high resolution benthic for-
aminiferal record of a sediment core in the north-
western Arabian Sea over past ~145 kyr to
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understand the role of Indian Ocean monsoon
system and intermediate water circulation in the
variability of OMZ intensity.

2. Oceanographic settings

The present day Arabian Sea shows significant
seasonal variations in the biogenic particle flux due
to changing monsoon winds. The formation of
strong pressure gradient due to differential heating
between Asian continent and Southern Indian
Ocean develops southwest summer monsoon winds
from June to September and northeast winter
monsoon winds from November to March (Webster
1987). The development of Ekman transport along
the Oman margin due to intense SW summer
monsoon winds driven by Findlater Jet causes
upwelling of nutrient-rich subsurface water to the
surface that increases the surface water produc-
tivity. The reversal of surface circulation during
NE winter monsoon causes convective mixing and
cooling of surface water which also increases the
surface productivity primarily in the open-ocean
(Bartolacci and Luther 1999).

The decay of large amount of organic matter in
the water column produced by the enhanced rate of
surface water productivity consuming higher
amount of dissolved oxygen at intermediate water
depths along with pronounced thermohaline strat-
ification results into the development of a constant
and expanded oxygen minimum zone (OMZ)
between about 200 and 1200 m (Olson et al. 1993;
Schulz et al. 1996). The main sources of interme-
diate waters in the Arabian Sea are: (a) well-oxy-
genated Sub-Antarctic Mode and Antarctic
Intermediate Waters (SAMW-AAIW), (b) the
Indonesian Intermediate Water (IIW), and (c) less
oxygenated and more saline Persian Gulf Water
(PGW) and Red Sea Water (RSW). A combination
of SAMW-AAIW and IIW together as Indian
Ocean Central Waters (IOCW) flows in to the
Arabian Sea during the SW summer monsoon
along the Somali Current (Boning and Bard 2009).
The present day OMZ is described as the zone
having dissolved oxygen <0.5 ml/1 (Levin 2003),
which can also be the result of semi-enclosed
character of the northern Arabian Sea and supply
of the North Indian Intermediate Water from its
southern source (Wyrtki 1973; Olson et al. 1993).
Additionally, the outflow of more saline and oxy-
gen poor RSW and PGW that are confined mainly
at a depth of ~800 m also strengthens the OMZ.
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Below the OMZ, the Arabian Sea is influenced
by relatively more saline and oxygen-rich North
Indian Deep Water (NIDW) approximately
between 1200 and 3800 m of depth. Biological and
geochemical processes at the sea floor of deep
Arabian Sea mainly depend upon the trophic level
and deep water oxygen content (Graf 1989;
Pfannkuche and Lochte 2000). Oxygenation is the
primary factor to control the distribution of the
less diverse benthic fauna within the depth range of
OMZ in the eutrophic condition (Jannink et al.
1998; Gooday et al. 2000).

3. Materials and methods

A deep-sea benthic foraminiferal study was based
on samples of ODP Hole 723A (lat. 18°03.079'N;
long. 57°36.566'E and water depth 807.8 m) situ-
ated very close to the Oman margin around mid-
depth of present day OMZ in the northwestern
Arabian Sea (figure 1) where much intense winds
during summer monsoon cause increased
upwelling and surface water productivity. Benthic
foraminiferal census data were produced by ana-
lyzing a total of 180 samples. Samples were col-
lected at an average of 15 cm interval from 27.2 m
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long core with an average time interval of about
800 years. Each sample of 10 cm® volume was
processed by treating with 10% calgon solution
overnight. The processed samples were wet sieved
with Tyler sieves over 125 pm size fraction and
then dried at 50°C. The washed samples over
125 pm size fraction were divided by using micro
splitter into an aliquot of about 300 benthic for-
aminiferal specimens which was used to generate
census data. A total of 176 benthic foraminiferal
species representing 73 genera were recorded at Hole
723A (Annexure 1). The relative abundance of sig-
nificant benthic foraminiferal species and groups
were presented as the percent of total population.
The faunal census data was used to determine
various diversity indices such as Simple diversity
(S), Shannon Index (H), Equitability (E) and
Fisher’s Alpha Index (@) with the help of PAST
software (Version 3.25) (Hammer et al. 2001). The
mathematical expressions for these indices are:

Simple diversity (S) is the total number of
species in each sample.

Shannon index (entropy) (H): This diversity
index gives consideration to the number of speci-
mens and number of species both. The value of this
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Figure 1. Location map of ODP Hole 723A in the northwestern Arabian Sea. Black arrow represents southwest monsoon and

white arrow indicates northeast monsoon.
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diversity index remains zero for community with
only single species, whereas communities with
several taxa, each having a few specimens show
higher values.

H = —Z%ln%,

i
where n is the number of individuals.

Equitability: This index measures the evenness
with which individuals are distributed among the
recorded species. This index can be acquired by
dividing Shannon diversity with the logarithm of
number of taxa.

H
b=

Fisher’s alpha: This diversity index is defined as
coefficient a of the formula

S =aln(l1+n/a),

where S'is the number of species, n is the number of
specimens and a is the Fisher’s alpha index.

The dysoxic and oxic benthic foraminiferal spe-
cies were identified on the basis of Hermelin and
Schimmield (1990), Kaiho (1994), Schumacher
et al. (2007), Caulle et al. (2014) Singh et al. (2015)
and Das et al. (2017) in order to explain bottom
water oxygen condition (Annexure 2). The dysoxic
species are distributed in the oxygen range between
0.1 and 0.3 ml/l (Kaiho 1994) which include
infaunal, thin-walled, elongate and flattened taxa.
This group mainly includes Bolivinids, Globobuli-
minids, Dentalina spp. and Fursenkoina spp. which
dominantly occur in extremely oxygen depleted
(< 1ml/l) deep-sea environment (Bernhard and
Sen Gupta 1999). Benthic species which thrive in
oxic conditions (> 1.5 ml/1) include miliolids and
taxa having relatively larger test size with thick
wall and planoconvex planispiral and trochospiral
shapes (Kaiho 1994). The above oxic fauna do not
occur in the deep sea environment with <1 ml/1 of
dissolved oxygen.

The relative abundance data of Globigerina
bulloides was produced by counting about 300
planktic foraminiferal specimens from over 125 um
size fraction. We also used the benthic for-
aminiferal 6'%0 and 6'°C data from Hole 723A of
Niitsuma et al. (1991). The age of top 7.4 m section
is based on the AMS "C dates given by Naidu and
Malmgren (1996). For rest of the section, we used
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the time—depth relationship in the oxygen isotope
stratigraphy provided by Anderson and Prell
(1993) which was recalculated following Lisiecki
and Raymo (2005).

4. Results

The relative abundance of benthic foraminiferal
species and groups, benthic 6'*C and 6'®0 values
and species diversity show distinct variations dur-
ing past ~ 145 kyr at Hole 723A (figures 2-5). The
abundance patterns of dominant benthic for-
aminiferal species and/or group do not exhibit any
close relation with glacial and interglacial intervals
(figures 2, 3), whereas G. bulloides occurs with
relatively higher abundance during interglacial
intervals (figure 5). During interglacial MIS 5
between 114-108 ka and 102-92 ka Bolivina spp.
(mainly B. spathulata) and dysoxic fauna increased
their abundance which corresponds with less
diverse fauna and almost absence of miliolids
(figures 2, 3, 5). The interstadials (5.5 and 5.1) and
early Holocene were the periods of distinct increase
in the values of species diversity and equitability
and decline in the dysoxic taxa along with rela-
tively higher abundance of G. bulloides and low
values of 6'°C (figure 5). The relative abundances
of Fursenkoina spp., Bulimina spp. and Bolivina
spp. show their decline during interstadials 5.5 and
5.1 (figure 3). The early Holocene was also char-
acterized by distinct increase in the population of
shallow infaunal species, H. balthica and interme-
diate to deep infaunal species, B. aculeata from the
lower margin of OMZ (figure 2). Three distinct
peaks of abundance of oxic taxa and miliolids along
with increase in species diversity at around 130,
65 and 14 ka were noticed which correspond
with relatively low abundance of G. bulloides
(figures 3, 5).

Except two short intervals of 30-25 and
42-38 ka, the values of species diversity remained
typically low during most of the time between ~ 55
and 15 ka (MIS 3 and 2) which also corresponds
with the increased population of dysoxic taxa
(figure 5). The low-oxygen taxa such as Fursen-
koina spp. and Bolivina spp. along with Uvigerina
spp. also increased their abundance during this
interval (figure 3). However, Bulimina spp. also
shows moderately higher abundance during
55—15 ka with substantial increase in its abundance
between 65 and 60 ka (figure 3). The population
of deep infaunal and dysoxic taxa such as
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Figure 2. Temporal variation in relative abundances of major benthic foraminiferal species at ODP Hole 723A (even numbered
grey horizontal bars represent glacial stages).
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Figure 3. Temporal variation in relative abundances of major benthic foraminiferal genera at ODP Hole 723A (even numbered
grey horizontal bars represent glacial stages).

Fursenkoina reagani, Bolivina pygmaea and The late Holocene interval is characterized by rel-
Bulimina arabiensis remained high between ~55 atively higher abundance dysoxic taxa and less diverse
and 15 ka (figure 2). This was also an interval of and equitable fauna (figure 5). The population of
lower benthic '*C values (figure 5). Fursenkoina spp., Uvigerina spp. and Uvigerina
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Figure 4. Temporal variation in the values of different diversity indices (Fisher’s alpha index (a); Simple diversity (S); Shannon
index (H) and equitability (E) (even numbered grey horizontal bars represent glacial stages).
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peregrina increased during this interval (figures 2, 3).
However, the relative abundance of G. bulloides shows
decline during the late Holocene (figure 5).

5. Discussion

5.1 Ecological significance of benthic
foraminiferal taxa

The relative abundance pattern of ecologically
significant benthic foraminiferal species and fau-
nal diversity were analyzed to better explain the
changes in the trophic level and bottom water
oxygenation through time. The significant ben-
thic foraminiferal groups/species (with abundance
of 15% or more in at least two samples) recorded
in this study are Bolivina spp., Bulimina spp.,
Fursenkoina spp., Uvigerina spp., Bulimina acu-
leata, Bulimina arabiensis, Bolivina pygmaea,
Bolivina spathulata, Fursenkoina reagani, Uuvi-
gerina peregrina and Hyalinea balthica. The past
changes in the dissolved oxygen conditions in the
deep sea environment can be efficiently explained
by analyzing the relative abundances of low-
oxygen taxa.

The benthic foraminiferal assemblages mainly
consisted of species of Bulimina, Bolivina, Uviger-
ina and Fursenkoina are abundantly distributed in
the deep-sea environments characterized by less
oxygenated bottom waters and increased organic
matter influx to the sea floor (e.g., Lutze and
Coulbourn 1984; Caralp 1989; Sen Gupta and
Machain-Castillo 1993). Species of Bolivina, being
deep infaunal taxa, prefer to live within the warm
bottom waters of OMZ in the equatorial Indian
Ocean with increased organic matter supply (Singh
et al. 2012). Bolivina spathulata, a deep infaunal
species occurs abundantly in sediments with
increased supply of organic matter within low
oxygen bottom waters (Corliss 1985; Corliss and
Chen 1988; Kaiho 1994; Jorissen 1999). Both
Bolivina pygmaea and Fursenkoina reagani are
characterized by small, thin wall, elongate and
flattened tests showing close similarity with
infaunal, dysoxic taxa of Kaiho (1994) on the
continental margin of the high productivity areas.

The infaunal species of Bulimina show their
increased abundance in the bottom waters with
higher trophic level and/or less oxygenated condi-
tion (Murray 1991). The higher abundances of
Bulimina spp. were recorded from the upper part of
OMZ in the Arabian Sea with characteristically
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high organic matter influx to the sea floor (Her-
melin and Schimmield 1990). Bulimina aculeata is
commonly an intermediate to deep infaunal species
(Mackensen et al. 2000) that is adapted to chang-
ing oxygen content and trophic condition at the
bottom and can survive both on fresh and degraded
organic matter (Linke and Lutze 1993). Abundance
of this species is associated with present day high
surface water productivity in the Gulf of Aden and
during past interglacial intervals (Almogi-Labin
et al. 2000). The occurrence of B. aculeata in the
Arabian Sea is not associated with the organic
matter supply to the sea floor (Hermelin and
Shimmield 1990), but its distribution by the sur-
face water productivity and organic carbon flux in
the south Atlantic and south China Sea (Mack-
ensen et al. 1995; Jannink et al. 1998). In the recent
sediments of northwestern Arabian Sea, B. acu-
leata abundantly occurs in the regions of very high
surface water productivity (De and Gupta 2010).
The increased population of Bulimina arabiensis in
the late Quaternary sediments of the eastern Ara-
bian Sea is suggested to indicate high organic
matter supply to the sea floor and less oxygenated
bottom water condition (Bharti and Singh 2013).

The genus Fursenkoina inhabits a very less
oxygenated benthic environment of shallow eastern
Arabian Sea (Mazumdar and Nigam 2014). In
oxygen-depleted benthic environments, miliolids
show their absence or rare occurrence (Mullineaux
and Lohmann 1981; Nolet and Corliss 1990; Jan-
nink et al. 1998; Jorissen 1999) and can be used as
an important marker of dissolved oxygen in the
bottom water. Increased abundance of miliolids in
the northern Arabian Sea is considered as an evi-
dence of increased bottom water oxygenation and
thus, this group can be used as very significant
indicator of oxygen and regarded as important
proxy for the reconstruction of changes in the
bottom and pore water oxygen (den Dulk et al.
2000).

Uvigerina peregrina is a shallow infaunal species
which generally inhabits in topmost 1-cm sediment
with its highest occurrence in the lower part of
OMZ with high organic matter influx (Hermelin
and Shimmield 1990; Jannink et al. 1998; Schmiedl
2000; Schumacher et al. 2007). This species is
recorded in the recent sediments within the OMZ
of northwestern Arabian Sea where surface water
productivity remains very high and bottom water
is much depleted in oxygen (De and Gupta 2010).
Several other studies suggested the abundant
occurrence of U. peregrina in fine-grained
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sediments with increased organic matter content,
but could not show clear evidence of its occurrence
in oxygen deficient deep-sea environment (e.g.,
Lutze and Coulbourn 1984; Rathburn and Corliss
1994). The occurrence of this species near the base
or even below the OMZ indicates its preference for
relatively less food supply or highly degraded
organic matter (Jannink et al. 1998). The intervals
of abundant occurrence of U. peregrina are
explained by the increase in depth of lower
boundary of OMZ in the western Arabian Sea
(Schmiedl and Leuschner 2005).

Hyalinea balthica is recorded as shallow infaunal
taxa from the lower part of Arabian Sea OMZ
where oxygen depletion is not much severe (Her-
melin and Shimmield 1990). The increased occur-
rence of this species is associated with the higher
diversity reflecting less stressed ecological condition
(Schmiedl et al. 2000). Hyalinea balthica is a sub-
oxic species found to be associated with moderate
supply of organic matter and less intense OMZ in
the northwestern Arabian Sea (Das et al. 2017).

5.2 Changes in the strength of OMZ

The deep-sea oxygenation plays a significant role
in the benthic environments of the Arabian Sea.
The paleoceanographic studies reveal that the
surface water productivity and subsurface venti-
lation in the Arabian Sea have shown noticeable
changes in the past. Earlier studies suggested
several micropaleontological and geochemical evi-
dences of changing depth and strength of OMZ in
the Arabian Sea (e.g., den Dulk et al. 1998, 2000;
Reichart et al. 1998; Almogi-Labin et al. 2000;
Gupta et al. 2008; Rai and Das 2011). An
increased occurrence of deep infaunal taxa and
more organic matter supply to the sea floor at
intermediate depths in the northern Arabian Sea
indicate oxygen level at its minimum within the
OMZ (Reichart et al. 1998; den Dulk et al. 2000).
The distinct increase in the relative abundance of
deep infaunal taxa having preference for oxygen
depleted condition at least once during last
225,000 years suggests deepening of OMZ base up
to or below 1470 m in the northern Arabian Sea
(den Dulk et al. 2000). Decreased northward
inflow of NADW in the Arabian Sea during glacial
intervals might be responsible for the OMZ
expansion, whereas relatively more inflow of
oxygenated deep water results into almost present
position for the OMZ base during interglacial
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times (den Dulk 2000). On the basis of benthic
foraminiferal evidences, Schmiedl and Leuschner
(2005) recognized repeated deepening of base of
western Arabian Sea OMZ equal to or below
1800 m during past 190 kyr.

In general, the dominant occurrence of low-
oxygen benthic foraminiferal assemblages mainly
consisting of Boliwina spathulata, B. pygmaea,
Bulimina arabiensis and Fursenkoina reagani dur-
ing most of the last ~145 kyr suggests that except
few short intervals the studied site almost contin-
uously remained located within the middle depth of
OMZ. However, some intervals of variation in the
faunal abundance and diversity reflect shifts in the
bottom water oxygen level at intermediate depths
in the northwestern Arabian Sea. The abundant
occurrence of Bolivina spp. (mainly B. spathulata)
and dysoxic fauna along with less diverse fauna and
almost absence of miliolids during interglacial MIS
5 particularly between 114-108 ka and 102-92 ka
reveal relatively strong OMZ due to poor ventila-
tion at intermediate depths. The organic matter
supply to the sea floor during these intervals
remained high due to increased monsoonal upwel-
ling and higher surface water productivity as evi-
denced by the higher abundance of G. bulloides.
Poor ventilation in the intermediate water is
because of the utilization of oxygen due to the
decay of organic matter which reduces the
dissolved oxygen level and strengthens the OMZ.

The benthic foraminiferal record at ODP Hole
723A during interstadials 5.5 and 5.1 and early
Holocene shows decreased percentages of dysoxic
taxa, increased abundance of oxic taxa and higher
values of species diversity suggest relatively better
oxygenation of bottom water at intermediate
depths during this time. Decreased abundance
of B. spathulata along with moderate occurrence of
H. balthica during interstadials 5.5 and 5.1 also
reflects better oxygenation at the intermediate
depths during this time. On the other hand,
abundant occurrences of G. bulloides during these
intervals indicate increase in the organic matter
supply to the sea floor due to intense southwest
monsoon led upwelling (Naidu and Malmgren
1996; Gupta et al. 2003). Increased abundance of
U. peregrina during this time also indicates
increased supply of organic matter to the sea floor.
During interstadials, occurrence of increased
abundances of epifaunal and shallow infaunal taxa
along with higher faunal diversity and abundance
of high oxygen indicator species in the western
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Arabian Sea suggest more advection of oxygen-rich
NADW in the Circumpolar and Indian Ocean
(Schmiedl and Leuschner 2005). The increased
advection of well-oxygenated deep waters during
interstadials was responsible for the enhanced rates
of remineralization of organic matter settled at
the sea floor and significant reduction in burial
strength of organic matter in the Arabian Sea
sediment (Schmiedl and Leuschner 2005). We also
believe that in the study area, the enhanced lateral
advection of southern source, oxygen-rich water at
intermediate depths during interstadials 5.5 and
5.1 reduced the strength of OMZ due to regular
oxygen replenishment.

Recently, in a high resolution benthic for-
aminiferal study of the northwestern Arabian Sea,
Das et al. (2017) suggested stable deep-sea envi-
ronment with stable faunal diversity during the
early Holocene which coincided with strong
southwest monsoon winds increasing the primary
productivity and organic carbon influx. However,
instead of increased abundance of dysoxic taxa,
they recorded the occurrence of repetitive pulses of
oxic taxa reflecting oxygenated bottom waters
during intense southwest summer monsoon and
increased influence of SAMW-AAIW in the
northwestern Arabian Sea. We also recorded the
low abundance of dysoxic taxa, increased occur-
rence of oxic and porcelaneous taxa along with
more diverse fauna which coincided with increased
abundance of G. bulloides during the early Holo-
cene indicating relatively better deep-sea oxy-
genation and higher surface water productivity.
Moreover, Gupta et al. (2008) suggested that the
influence of increased production due to strong SW
monsoon upwelling in the northwestern Arabian
Sea during early Holocene was reduced by the
enhanced Circumpolar Deep Water (CDW)
admixture and resulted in to a weak OMZ.

Most of the duration between MIS 3 and MIS 2
(~55 to 15 ka) was characterized by the increased
percentages of dysoxic taxa, Bulimina spp.,
Bolivina spp., Fursenkoina spp., B. pygmaea and
F. reagani along with low values of species diver-
sity representing strong OMZ with further decline
of oxygen level at intermediate depths in the
northwestern Arabian Sea. Uvigerina spp. associ-
ated with increased flux of organic matter to the
sea floor shows moderately higher abundance dur-
ing 55-42 ka and 30-15 ka. However, two short
intervals of 42-38 ka and 30-25 ka were marked
with decreased population of dysoxic taxa and
more diverse benthic fauna along with low
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abundance of G. bulloides showing better oxygen
condition and low surface productivity during this
time. The reduced oxygen content in the deep-sea
and deepening of the OMZ in the western Arabian
Sea during ~ 50 to 15 ka was also reflected by the
increased relative abundance of deep OMZ indica-
tor benthic foraminifera and less diverse fauna (see
figure 3 in Schmiedl and Leuschner 2005). The
higher organic matter supply to the sea floor and/
or reduced oxygenation of deep-sea were responsi-
ble for less oxygenated bottom water in the
northern Arabian Sea during MIS 3 and 2 (den
Dulk et al. 1998). A widespread increase in the
surface water productivity between ~60 and
~15 ka was also identified in various parts of
Arabian Sea utilizing different proxy records (e.g.,
Zahn and Pedersen 1991; Hermelin and Schim-
mield 1995; Rostek et al. 1997; Reichart et al. 1997;
den Dulk et al. 1998, 2000). We suggest that the
OMZ was possibly intensified due to enhanced
organic matter supply to the sea floor and its decay
consuming oxygen reduced the ventilation at the
intermediate depths.

A prominent decline in the faunal diversity and
equitability during late Holocene (last ~4 kyr)
along with the relative increase in the population of
dysoxic taxa indicates stronger OMZ in the north-
western Arabian Sea. This period is also character-
ized by the increased relative abundance of
Fursenkoina spp., Uwuigerina spp. and Uwvigerina
peregrina along with almost absence of oxic taxa
and miliolids reflecting less oxygenated condition.
However, low abundance of G. bulloides during late
Holocene indicates less upwelling and surface water
productivity due to weak southwest summer mon-
soon. The oxygen-rich SAMW-AAIW could not
flow beyond 5°N due to increased outflow of more
saline, low-oxygen RSW in the western Arabian Sea
reducing the vertical mixing of water masses which
resulted in the formation of better OMZ condition
at intermediate depths (Das et al. 2017). The
development of weaker southwest summer monsoon
and an arid condition in the Indian region at
~4.2 ka was suggested to be responsible for the
de-urbanization of Indus valley civilization (Dixit
et al. 2014; Boll et al. 2015). However, the bottom
water at deeper site GeoB3004 (1803 m water
depth) behaved differently than at intermediate
depth (ODP Hole 723A) in the western Arabian Sea
where increased percentage of high O, indicator
benthic fauna reflects well-oxygenated deep water
during the late Holocene (Schmiedl and Leuschner
2005). The outflow of oxygen-poor RSW settled
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around 1600 m off Somalia due to changes in the
evapoprecipitation equilibrium in the Red Sea
(Jung et al. 2001) and could not influence the
oxygenation at deeper site in the western Ara-
bian Sea.

6. Conclusions

The benthic foraminiferal record for the last
~ 145 kyr in the northwestern Arabian Sea suggests
that changes in the upwelling and surface water
productivity due to Indian Ocean monsoon system
and outflow of oxygen poor RSW from the north are
mainly responsible for the variations in the OMZ
intensity. The strength of OMZ was noticeably
reduced during warmest intervals of MIS 5 (5.5 and
5.1) due to increased lateral advection of well-oxy-
genated deep water and regular oxygen replenish-
ment. The development of significantly strong OMZ
during time intervals of 114-108 ka and 102-92 ka s
perhaps linked to the increased oxygen utilization
for the decay of large amount of organic matter
fluxes due to increased southwest summer monsoon
upwelling and surface water productivity. The
higher inflow of oxygen-rich SAMW-AAIW towards
the northwestern Arabian Sea and almost non-
existence of the outflow of oxygen poor RSW during
early Holocene reduced the effect of production due
to intensified southwest monsoon upwelling that
resulted into a weak OMZ. The increased outflow of
low oxygen RSW and almost complete shutdown of
inflow of oxygen-rich SAMW-AAIW intensified the
OMYZ during late Holocene while southwest summer
monsoon remains weak.
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Annexure 1: List of benthic foraminiferal
species recorded at ODP Hole 723 A

Amphicoryna hirsuta
Amphicoryna proxima
Angulogerina carinata
Anomalina semipunctata
Biloculina inflata
Biloculina murrhina
Bolivina italica

Bolivina pygmaea
Bolivina spathulata
Bolivina tortuosa
Bolivinita quadrilatera
Brizalina capitata
Bulimina aculeata
Bulimina arabiensis
Bulimina marginata
Bulimina subornata
Cancris oblongus
Cassidulina bradyi
Cassidulina crassa
Cassidulina pacifica
Chilostomella oolina
Cibicides bradyi
Cibicides kullenbergi
Clibicides mundulus
Clibicides pseudoungerianus
Dentalina advena
Dentalina filiformis
Dentalina intorta
Discopulvinulina baconica

Eggrella bradyi
Epinoides bradyi
Epistominella exigua
Fissurina crebra
Fissurina sequenziana

Fursenkoina bradyi
Fursenkoina reagani
Fursenkoina texturata
Globobulimina pacifica

Amphicoryna intercellularis
Amphicoryna scalaris
Anomalina globulosa
Astrononion umbilicatulum
Biloculina lucernula
Bolivina bradyi
Bolivina pseudopunctata
Bolivina robusta
Bolivina subspinescens
Bolivinita pseudoplicata
Brizalina alata
Brizalina variabilis
Bulimina alazanensis
Bulimina gibba
Bulimina striata
Cancris auriculus
Cassidulina laevigata
Cassidulina carinata
Cassidulina oblonga
Ceratobulimina pacifica
Chrysalidinella dimorpha
Clibicides cicatricosus
Cibicides lobatulus
Cibicides pachyderma
Clibicides wuellerstorfi
Dentalina communis
Dentalina guttifera
Dentalina subsoluta
Discopulvinulina
subbertheloti
Ehrenbergina trigona
Epinoides schreibersi
Fissurina alveolata
Fissurina quadrata
Fissurina
trigono-marginata
Fursenkoina cornuta
Fursenkoina rotundata
Gavelinopsis lobatulus
Globocassidulina

pacifica
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Annexure 1. (Continued.)

Globocassidulina subglobosa
Gyroidinoides nitidula
Heronallenella boltovoskoyi
Hyalinea balthica
Karreriella subrotundata
Lagena hispida

Lagena striata

Lenticulina altifrons
Lenticulina convergens
Lozostomum limbatum
Martinottiella bradyana

Melonis barleeanum
Miliolina rotundata
Nodosaria calomorpha
Nodosaria inflexa
Nodosaria radicula
Nonionella amplilabrata
Nummoloculina irregularis
Oolina apiculata
Oridorsalis tenera
Osangularia culter
Praeglobobulimina pyrula

Protoglobobulimina pupoides

Pullenia quadriloba
Pullenia salisburyi
Pyrgoella sphaera
Quinqueloculina seminulum
Quinqueloculina venusta
Rectoglandulina aequalis
Rectoglandulina rotundata
Robertina bradyi

Robulus costatus

Robulus pliocaenicus
Rosalina globularis
Rotaliatinopsis semiinvoluta
Saracenaria latifrons
Sigmoilopsis schlumbergeri

Sphaeroidina bulloides
Spiroloculina depressa
Textularia lythostrota
Teztularia sagitulla
Triloculina rupertiana
Tritazia tricarinata
Uvigerina crassicostata
Uvigerina flinti
Uvigerina hispidocostata
Uvigerina peregrina
Uvigerina proboscidea
Vaginulina patens
Vaginulinopsis tasmanica

Gyroidinoides cibaoensis
Gyroidinoides torulus
Hoeglundina elegans
Karreriella bradyi
Lagena gracillima
Lagena laevis
Lagena sulcata
Lenticulina calcar
Lenticulina peregrina
Marginulina obesa
Martinottiella
communis
Miliolina oblonga
Neoconorbina torquemi
Nodosaria flinti
Nodosaria lamnulifera
Nodosaria simplexa
Nonionella bradyi
Nuttallids umbonifera
Oolina globosa
Oridorsalis umbonatus
Planularia australis
Protoglobobulimina affinis
Pullenia bulloides
Pullenia quinqueloba
Pyrgo depressa
Pyrulina gutta
Quinqueloculina tropicalis
Quinqueloculina weaveri
Rectoglandulina redicula
Rectoglandulina torrida
Robertina oceanica
Robulus crassus
Rosalina bradyi
Rosalina vilardeboana
Russella simpleza
Sigmoilina tenuis
Siphotextularia
rolshausensi
Spiroloculina asperula
Spiroloculina rotundata
Teztularia pseudogramen
Trifarina bradyi
Triloculina trigonula
Uvigerina carariensis
Uvigerina cushmani
Uvigerina hispida
Uvigerina nitidula
Uvigerina porrecta
Uvigerina schwageri
Vaginulina subelegans
Virgulina davisi
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Annexure 2: List of characteristic oxic
and dysoxic benthic foraminiferal species
recorded at ODP Hole 723 A

Oxic species

Dysoxic species

Biloculina inflata
Biloculina lucernula
Biloculina murrhina
Cibicides bradyi

Cibicides cicatricosus
Clibicides kullenbergi
Cibicides lobatulus
Clibicides mundulus
Cibicides pachyderma
Cibicides pseudoungerianus
Clibicides wuellerstorfi
Globocassidulina subglobosa
Pyrgo depressa
Quinqueloculina weaveri
Quinqueloculina seminulum
Quinqueloculina tropicalis
Quinqueloculina venusta
Siphotextularia rolshauseni
Spiroloculina asperula
Spiroloculina depressa
Spiroloculina rotundata
Triloculina rupertiana
Triloculina trigonula

Bolivina bradyi
Bolivina italica
Bolivina pseudopunctata
Bolivina pygmaea
Bolivina robusta
Bolivina spathulata
Bolivina subspinescens
Bolivina tortuosa
Brizalina alata
Brizalina capitata
Brizalina variabilis
Chilostomella oolina
Dentalina advena
Dentalina communis
Dentalina filiformis
Dentalina guttifera
Dentalina intorta
Dentalina subsoluta
Fissurina alveolata
Fissurina crebra
Fissurina quadrata
Fissurina sequenziana
Fissurina
trigono-marginata
Fursenkoina reagani
Fursenkoina bradyi
Fursenkoina cornuta
Fursenkoina rotundata
Fursenkoina texturata
Globobulimina pacifica
Globocassidulina pacifica
Praeglobobulimina pyrula
Protoglobobulimina affinis
Protoglobobulimina
pupoides
Virgulina davisi
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