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ABSTRACT,
Abstract

Two sediment cores, ABP-32/GC-01R and ABP-32/GC-03 were collected at a water depth of<\“

642m and 1086m off Goa from the present day Oxygen Minimum Zone (OMZ) of eastern Arabian
Sea (EAS) cover time span of last 18 ka and 32 ka respectively were analysed for multi-proxy redox-
sensitive elements to understand the variation in the redox conditions and factors responsible for its
development.

-

Redox-sensitive elements concentration and their normalized ratios (Mn/Al, U/Th, Mo/Al and<
Ce/Ce*) suggest that sediment core ABP-32/GC-01R is under more reducing conditions due to its location
within the centre of OMZ compared to core ABP-32/GC-03 which is at the base of OMZ. Sediments from
the EAS are of non-euxinic environments where dissolved sulfide is present but restricted to the sediment
pore-waters. Lack of significant correlation (r=< 0.1) of organic carbon with U and Mo suggest that
productivity may not have control on the development of reducing conditions. The lowest Mn/Al ratio,
strong negative Ce/Ce* anomaly and remarkable enrichment of U/Th and Mo/Al ratios during the last
deglaciation, and Heinrich events (H1, H2, H3) indicate intense reducing conditions probably due to poor
ventilation by oxygen depleted bottom waters from Subantarctic Mode Waters (SAMW) - Antarctic
Intermediate waters (AAIW). There is a distinct lathanide fractionation in the sediment cores  where,
Lagy/Ybg ratio is <1, =1 and >1 during the last 10 ka (Holocene), 14 - 10 ka (includes-Younger Dryas and
Bélling-Alleréd), 18-14 ka (last deglaciation) and Heinrich events suggesting less reducing, terrigenous
dominated and intense reducing condition respectively.

«

JKeywords: Eastern Arabian Sea sediments, Oxygen Minimum Zone, redox-sensitive elements, non-euxinic,=
reducing conditions, last deglaciation, Heinrich events (H1,H2, H3), ventilation, lanthanide fractionation.
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. Sediments from eastern Arabian Sea are of non-euxinic environments

o where hydrogen sulfide is restricted to sediment pore-waters.
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. There is distinct lanthanide fractionation [LanyYb] in the last 10 ka (Holocene),
. 14- 10 ka (Younger dryas, Bélling-Alleréd) and 18-14 ka (last deglaciation) are

. associated with less reducing, terrigenous dominated and intense reducing

. conditions respectively.
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L Introduction,

The concentration of trace metals in marine sediments reflect the geochemical process<

controlling their supply, distribution, and process of removal from the ocean (Rosenthal et al., 1995).

The distribution pattern of redox-sensitive elements is mainly related to degradation of organic

matter during its settling and diagenesis and also oxygen concentrations in the bottom waters (i.e.,

ventilation) at the time of sediment deposition on the seafloor. The degradation sequence of organic

matter starts with consuming free molecular oxygen, followed in sequence by the reduction of

nitrate, manganese, reactive iron, sulfate, and carbon dioxide (Froelich et al., 1979; Canfield and

Thamdrup, 2009). At each reduction stage the behavior and distribution of redox-sensitive elements

is variable. The behavior of redox-sensitive elements change at relatively low oxygen content and

their behavior varies with local sedimentary environment. Organic carbon rich marine sediments
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are generally characterized by the enrichment of a number of minor and trace elements and they
can be used as paleo-redox and paleo-productivity proxies (e.g., Tribovillard et al., 2006; Calvert
and Pedersen 2007; McKay and Pedersen, 2014). Redox-sensitive elements such as bulk U and Mo
concentrations and ratios such as U/Th and Mo/Al tend to enriched under reducing conditions
making useful proxies to under stand the paleo-redox conditions (Algeo and Tribovillard, 2012;
Algeo and Rowe, 2012). Under suboxic conditions, Re and U are enriched (~10 ppb and ~5 ppm
respectively) by their reduction and subsequent precipitation (Crusius et al., 1996; Morford et al.,
2012), while under anoxic conditions Mo enrichment is moderate (up to ~20 ppm) when pore water
is sulfidic, becoming highly enriched (>60 ppm) under euxinic conditions (Scott and Lyons, 2012).
The redox-conditions under which these metals accumulate and the mechanisms responsible for
their accumulation differ greatly (McKay and Pedersen, 2014). Under oxic conditions, both
manganese (Mn**) and Molybdneum (Mo®") are enriched, and Mo is associated with Mn-
oxyhydroxides where Mo/Mn ratio remains constant of 0.002 (Shimmield and Price, 1986).
Cerium (Ce) is a unique member of lanthanide group due to its dual oxidation state and Ce-
anomaly is negative under reducing conditions while, it is positive under oxic conditions (German
and Elderfield, 1990) and making its usefulness to reconstruct the paleo-redox conditions.
Therefore sedimentary redox chemistry is a common method to reconstruct the past bottom water
oxygen conditions. In addition to redox-sensitive element concentrations, other parameters such as
benthic faunal assemblages, the presence or absence of laminated sediments, and 5'°N of bulk
sediments are sensitive to oxygen concentration at the sediment-water interface (Jaccard and
Galbraith, 2011).

JIn the Arabian Sea, productivity estimated from the sediment trap data ( ~200g cm™ of C.) is
generally high (Nair et al., 1989) and of which nearly 70-80% of biogenic material is deposited
during summer monsoon. It was suggested that summer monsoon was stronger during interglacial
than in the cold glacial periods (Prell and Kutzbach, 1987; Pattan et al., 2003; Banakar et al.,2005
and reference therein). Different parts of Arabian Sea has experienced large regional variation in
productivity pattern during different seasons. In the western Arabian Sea, winds associated with
summer monsoon drive productivity (Levy et al., 2007) whereas in the northern and central Arabian
Sea it is due to intense convective mixing and deepening of mixed layer during the winter monsoon
(Madhupratap et al., 1996). In the Arabian Sea, the combined effect of high surface water
productivity, intense carbon respiration in the water column and intermediate water circulation

responsible for the development of Oxygen Minimum Zone between 150 and 1250 m water depth
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(Wyrtki, 1973). Productivity is responsible for the development of reducing conditions along with

ventilation and rapid sedimentation rate (McKay and Pedersen, 2014).,

.The climatic events during the last 30 ka includes Heinrich events (H1: 17-15ka, H2: 25-23ka
and H3: 30-29ka) where large armdas of icebergs break off from glaciers and travers in North
Atlantic, Last Glacial Maximum (LGM ~23 to 19 ka) where Ice Sheets were at their greatest
extension, followed by last deglaciation (LDG ~18 to 14ka), then a warm and moist inter stadial
period of Bélling-Alleréd (~14.7 to 12.7 ka), Younger Dryas (YD) cold event (~12.9 to 11.6 ka)
and the Holocene covers the last ~10 ka. It is important to know the redox conditions during these

climatic events in the eastern Arabian Sea,,

Studies related to the sediment depositional history in the EAS, particularly those based on
redox-sensitive elements, are very sparse (Sarkar et al., 1993; Pattan and Pearce, 2009). These
investigations are confined to southeastern Arabian Sea particularly from deep waters of ~ 2300m
depth and they proposed suboxic to near anoxic conditions occurred during last glacial cycle and
LGM caused by change in deep water circulation.. However, there are no studies related to redox
conditions using multiple redox-sensitive elements from the eastern Arabian Sea from shallow
water depth particularly within the present day Oxygen Minimum Zone. Therefore in the present
study, we have used a multi-proxy approach with number of redox-sensitive elements (Mn, Fe, U,
Mo and Ce), which behave differently under oxic, suboxic, and anoxic conditions. The objective of
the present study is to understand the variation in redox conditions and factors responsible for its
development by utilizing two sediment cores located at a water depths of 642m and 1086m within

the present day Oxygen Minimum Zone during the last 32 ka from EAS.

2. Materials and Methods,

During the Akademik Boris Petrov cruise number 32 in 2008, two sediment cores ABP-
32/GC-01R and ABP-32/GC-03 were retrieved off Goa, EAS at a water depth of 642m and 1086m
respectively. Both the sediment cores are situated in the present day Oxygen Minimum Zone
(150-1200m). Sediment core ABP-32/GC-01R is referred to as GC-01R and ABP-32/GC-03 as
GC-03 in the subsequent text. Sediment core locations are shown in Figure 1 and their details are

presented in Table 1,
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Both the sediment cores were sub-sampled onboard at 2 cm intervals. Sediment subsamples
were dried and finely powdered. A total of 102 and 80 subsamples from GC-01R and GC-03 are
used in the present study respectively. About 10 g of bulk sediment was soaked in water overnight
then, it was sieved with 63 micron sieve for coarse fraction. AMS radiocarbon dates were obtained
from National Science Foundation -Arizona AMS Facility, utilizing single planktonic species (G.
Sacculifer, 250-350um size-fraction) from the + 63 micron coarse fraction. Radiocarbon dates were
converted to calendar age (ka) using the CalPal2007-HuLu calibration of QuickCal 2007 version 1.5
(Danzeglocke et al., 2011) and were corrected for reservoir effects (622yr) based on the Indian

Ocean reservoir corrections suggested by Southon et al. (2002).,

Bulk sediments were treated with 1N HCI to remove the calcium carbonate fraction. Carbonate-free
aliquots were analyzed for Organic Carbon (Corg), Organic Nitrogen (Norg). Concentrations of Corg
and Norg were determined by combusting pre-weighed carbonate free aliquots in an elemental
analyzer (Thermo Electron Corporation, Flash EA, 1112). Calibration for Corg and Norg analysis was
carried out using 2, 5-bis-(5-tetrabutyl-benzoxazol-2-yl) thiopen (BBOT) as a standard. The

analytical precision for replicate samples was within = 1.6 % for Corg and + 1.8 % for Norg.,

Calcium carbonate content was determined with a coulometer (UIC, Inc-CM5130

acidification module). Analytical grade calcium carbonate was used as a standard reference material.

The accuracy and precision of measurements were better than +2%. Dried and powdered sediment
(0.5 g) was mixed with Merck’s Specrtomelt® A12 Flux and borate beads were prepared in a
Minifuse 2 induction furnace at ~ 1000 °C. These beads were used to determine the major elements
by X-ray fluorescence (PANalytical Axios). Accuracy and precision of the data was checked with

international standard reference materials (MAG-1 and JMS-1), and was better than + 4 %. ,

For trace element analysis, about 50 mg of sediment was weighed into a teflon beaker. To
this a 10 ml of acid mixture of HF+HNO3s+HCIO4 (7:3:1) was added and heated on a hot plate at a
temperature of 180 °C until it became paste. Another aliquot of same acid mixture (10 ml) was
added, and heated again till it became paste. To this paste, 4 ml of 1:1 HNO3 was added and heated
for 5 minutes then diluted to 100 ml with ultrapure water (18.2 MQ). A standard reference material
(MAG-1), blanks and duplicates were also prepared in the same way as sediment samples. All the
acids used were of supra pure quality. The digested solutions were measured for trace elements on
an inductively coupled plasma-mass spectrometer (Thermo X-Series 2) at National Institute of

Oceanography, Goa, India. The accuracy and precision of the data were better than +6%. Element
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concentration is reported on carbonate free basis (CFB) using equation (Element con X (1-
CaCOs %/100) . ,

. The Ce/Ce* anomaly has been calculated as Ce/Ce* =2 x Ce) / (Lam) + Prny ) where nis shale- ,

,hormalized value,,
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3. Results and discussion, “«

3.1. Age model and sedimentation rates “

Radiocarbon measurements suggest that GC-01R covers a time span of ~0-18 ka and GC-03+
covers ~0-32 ka respectively (Table 2). GC-01R had a sediment accumulation rate of 12.6 cm/ka
during Holocene and increased by nearly three times (35 cm/ka) during Marine Isotope Stage
(MIS)-2 (Fig 2a). GC-03 also had a low sedimentation rate during Holocene (9.7 cm/ka) and
increased to 14.2 cm/ka during MIS-2 (Fig. 2b). Therefore, the sedimentation rates obtained for the

Holocene periods in both the cores is lower than those recorded during MIS-2. ,

3.2 Past productivity changes, <

.The accumulation of calcium carbonate in the marine sediments is mainly controlled by the
productivity in the euphotic zone, the rate of dissolution during transit to seafloor and burial, and
dilution by the non-carbonate material such as detrital silicates (Volat et al., 1980). Calcium
carbonate content is high in core GC- 01R (27-79 %) compared to GC-03 (27-67%: Fig. 3).
However, its distribution pattern in both the sediment core is similar. Calcium carbonate content
varies from 35-40 % over the last 10 ka (Holocene), reached lowest of ~30% between 10 and 14
ka and reached maximum of 67-79 % during 18 to 14 ka (last deglaciation), and also during
Heinrich events H2 and H3 (Fig.3). Increased calcium carbonate content during last deglaciation

6
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and Heinrich events is corroborated with high aragonite and pteropods abundance suggesting better
preservation in the EAS rather than the high productivity (Naidu et al., 2013). This in-turn reflect
increased deep-water carbonate ion concentration and associated deep water circulation (Naik and
Naidu, 2016). Therefore, high carbonate content during last deglaciation and Heinrich events in the
present sediment cores do not represent high productivity. Based on number of studies, it is
observed that calcium carbonate behavior is different during last deglaciation and Heinrich events
within the Arabian Sea. For example, in the EAS particularly sediments from north off Goa coast,
calcium carbonate is high during last deglaciation and Heinrich events (lvanochko, 2004; Bonning
and Bard, 2009) whereas, Mir Ahmad et al (2013) recorded increased carbonate during last
deglaciation and H3 but not in the H2. On the contrary, carbonate peaks are missing during last
deglaciation and Heinrich events in the several sediment cores from southeastern Arabian Sea
particularly south off Goa (Pattan et ., 2003; Agnihotri et al., 2003; Narayana et al., 2009; Saraswat
et al., 2013; Naik et al., in press). Therefore, Arabian Sea is not exception to the missing carbonate
peaks during last deglaciation and Heinrich events like other several sediment cores from the world
Oceans (Mekik et al., 2012),

Aluminium (Al) in the marine sediment represents mostly terrigenous source and its
abundance is associated with the intensity of monsoons. Al content varies from 4 to 11 % and 8 to
11 %) in GC-01R and GC-03 respectively (Fig.3). During Holocene Al content is almost uniform
(~ 9 %) and increased to maximum during ~14 to 10 ka (10-11 %) and from there reached to
minimum during last deglaciation and Heinrich events. Highest carbonate content during last

deglaciation and Heinrich events is associated with lowest Al suggesting dilution effect.

The content and type of organic matter present in the marine sediments will reflect the supply
and method of its preservation. However, what controls the accumulation and preservation of
organic matter in Arabian Sea sediments (i.e., surface productivity and/or to oxygen content of the
water column) is still an enigma. Organic carbon (Corg) content in GC-01R varies considerably from
0.8 to 10 % with its high concentration of 8 to 10% during late Holocene (last 4 ka) and gradually
decreased from 8 to 3 % from 6 to 4 ka (Fig. 3). Therefore, increased Corg during the last 6 ka may
represent high productivity. Lowest Corg is recorded from 14-6 ka, during last deglaciation and
Heinrich events in both the sediment cores. Corg content is low (1 to 4.2 %) in GC-03 compared to
GC-01R (0.8 to 10 %). In both the sediment cores the C/N ratio is ~10 and 8*3C is -18.9 to -23.4 %o
suggesting that organic carbon is of marine origin during the last 32 ka in EAS (Pattan, unpublished
data). ,
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The large variation of Corg in GC-01R (0.8 to 10 %) and GC-03 (1 to 4.2 %) suggest its+
degradation with time. To understand this, we have calculated the Corg:Ptot molar ratio, and it varies
from 10 to 50, and is lower than the Redfield ratio of 106 (Fig. 5).
during last deglaciation and Heinrich events probably due to degradation of labile organic carbon

This ratio reached minimum

occurred more effectively or there was differential water column respiration as particles were
settling (Paytan and McLaughlin, 2007). Algeo and Ingall (2007) summarized the Corg:P molar
ratio in the modern marine sediments and their relationship to bottom water redox conditions. They
suggested this ratio will be highest (~150 to ~200) for permanently anoxic basin, ~75 to ~ 130 for
suboxic to intermittently anoxic environments and < 40 for the oxic to suboxic conditions. In both
the sediment cores the mean Corg:P molar ratio is 27 and fall within oxic to suboxic environment
(Algeo and Ingall,2007) and are nearly similar to Nambian shelf (~40), Amazon shelf (<30) and
Blake Plateau (<30 ) (Yuan 2017-In press). ,

. Ba/Al ratio or Bae in the marine sediments has been proved to be a better indicator of
productivity because of its post-depositional refractory nature (Dymond et al., 1992; Gingle et al.,
1999). Ba/Al ratio varies from 0.003 to 0.012 in the sediment cores (Fig.3). High Ba/Al ratio (up to
0.012) above the upper continental crust (0.0068) during late Holocene indicates higher productivity.
Ba/Al ratio remains low and almost constant (~0.004) and below the upper continental crust from
32 to 8 ka. There is a positive correlation between Corg and Ba in both the cores (Table 3 & 4)
suggesting productivity. However, correlation between calcium carbonate and Corg is not consistent
in both the cores (Table 3 & 4). Corg and Ba/Al ratio in the EAS indicates high productivity during
the late Holocene (last 6 ka) and high carbonate during last deglaciation and Heinrich events suggest

better carbonate preservation rather than productivity.,

3.3 Past changes in bottom water oxygenation , -

3.3.1 Manganese and iron, -
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Manganese is a redox-sensitive element and present as Mn** in oxic environments, whereas+
under reducing conditions Mn** dissolves into pore water as Mn?*, diffuses upwards and
subsequently re-precipitated as Mn** (Lynn and Bonatti, 1965). However, if surface sediments are
suboxic Mn?* may be lost to the overlying water column (Calvert and Pedersen, 1994). Bulk Mn
concentration in both sediment cores show large fluctuations ranging from 30 to 560 ppm and is
lower than the upper continental crustal value of 600 ppm (McLennan, 2001). The highest Mn
content (330-560 ppm) occurred from 14 to 10 ka and the lowest (30 ppm) during last deglaciation
and Heinrich events. The Mn/Al ratio in GC-01R varies from 0.0004 to 0.005, and in GC-03,
ranges from 0.001 to 0.005 (Fig. 4). These ratios are low compared to those of upper continent
crust (0.0085; McLennan, 2001), suggesting reducing conditions. The relatively high Mn/Al ratio
(0.005 to 0.055) from 14 to 9 ka may represent comparatively less reducing conditions with rest of
the sediment core and in-turn may suggest inflow of oxygenated waters. The time period of 14-9 ka
includes the cooler Younger Dryas ( 12.9 to 11.6 ka) and warm Bélling-Alleréd (14.7 to 12.7 ka).
Based on the high aragonite content and more shell weight of planktonic foraminifera G. ruber
during YD in the eastern Arabian Sea suggested presence of oxygenated Subantarctic Mode Water
(SAMW) and Antarctic Intermediate Waters (AAIW) (Singh, 2007; Naik et al. 2014).

A

Jron content varies from 3.4 to 8.7 % (avg. 6.9 %) and 5.0 to 7.9% (avg. 6.3%) in GC-01R
and GC-03 respectively. Fe/Al ratio ranges from 0.58 to 0.83 in GC-01R and 0.57 to 0.79 in GC-
03 (Fig. 4) and is always higher than the average upper continental crust value of 0.43 (McLennan,
2001). This could be due to fact that there is an additional supply of Fe other than that of
aluminosilicates. The Fe content and Fe/Al ratio from 14 to 10 ka is highest and nearly double
compared that of upper continental crust, reflecting a greater supply of Fe-rich material. Even
though, Fe/Al ratio reached minimum during last deglaciation, still it is higher than the upper
continental crust ratio. The distribution pattern of Fe/Al is nearly similar to that of Mn/Al in both
the sediment cores (Fig. 4). The Fe/Al ratio in the sediments from the OMZ of EAS is quite
different from that of the Peru continental margin, which has one of the most pronounced OMZs in
the world oceans. Sedimentary Fe is depleted compared to upper continental crust within the OMZ
and enriched outside of the OMZ because Fe is reductively remobilized from sediments within the
OMZ and then laterally transported and re-precipitated in more oxic water outside the OMZ (Scholz

et al., 2014). Such Fe reduction is not observed in the EAS, even though Mn dissolution has
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occurred in both the cores. The high Fe content in these sediments probably due to fact that the rate
of Fe supply is greater than rate of reductive dissolution on the seafloor. The high Fe/Al ratio above
upper continental crust is due to additional supply of Fe by aeolian dust, may be from the Indian
sub-continent. This is evident in GC-01R, which is much closer to the Indian subcontinent has
comparatively high Fe and Fe/Al ratio than in the GC-03. The highest Fe/Al ratio at ~12 ka
(Glacial Termination-1) in these two sediment cores is similar to the southeastern Arabian Sea
sediment cores (Rao etal., 2010; Pattan etal., 2012). ,

3.3.2 Cerium and Ce/Ce*,

Cerium is an unusual member of lanthanide group due to its dual oxidation states (Ce** and
Ce*). Under oxidizing condition, Ce®* is oxidized to Ce**, which is less soluble, and under
suboxic/anoxic conditions, Ce** is reduced to Ce®* (Elderfield, 1988; de Baar et al., 1988). This
allows Ce to deviate from the regular behavior shown by other strictly trivalent lanthanides, and can
be used to track the redox conditions of depositional environments (German and Elderfield, 1990;
Pattan et al., 2005). The Ce/Ce* values can be <1, >1 and =~ 1 which indicate negative, positive and
no anomaly respectively (Murray et al., 1991). The negative Ce/Ce* anomaly (< 1) is due to the
presence of calcareous, siliceous organisms, phillipsites, phosphorites, smectite and/or reducing
conditions (Piper, 1974a & b; Courtois and Jaffrezic-Renault, 1977; Desprairies and Courtois 1980;
Tlig and Steinberg 1982; Banakar et al., 1998; Pattan et al., 2005). The positive Ce/Ce* anomaly is
due to presence of the Ce*" enriched Fe-Mn oxyhydroxides, reflecting oxic conditions (Piper,
1974b). Finally, the absence of a Ce/Ce* anomaly (neither positive nor negative) is due to

dominance of terrigenous material (Nath et al., 1992).,

.The bulk Ce concentration in GC-01R varies from 31 to 73 ppm with an average of 53 ppm
and in GC-03, ranges from 52 to 74 ppm with an average of 63 ppm. The slight increase in Ce
content in GC-03 could be due to its location at the base of OMZ. The lowest bulk Ce content
occurs during last deglaciation and Heinrich events may indicate reducing conditions (Fig. 4).
Comparatively high Ce content between 14 to 10 ka probably reflect less reducing or improved
oxygenation condition. This is also corroborated by the increased concentration of Mn and Fe in
both the cores. The Ce/Ce* anomaly in both sediment cores is negative, varying from 0.76 to 0.92
(Fig. 4). Over the last ~10 ka , Ce/Ce* varies from 0.80 to 0.85 and between ~14 and 10 Ka, it
increased to ~ 0.90. During last deglaciation and Heinrich events, Ce/Ce* anomaly is more
negative (Fig.4) indicating intense reducing conditions, and is corroborated with Mn/Al and

Fe/Al . Interestingly, between ~10 and 14 ka, Ce/Ce* values are closer to 1, with a flat shale-
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normalized lanthanide pattern. This is due to increased influence of terrigenous material. The
high terrigenous material is associated with high sedimentation rate and occurred during important

events like the cool Younger Dryas and warm Bélling-Alleréd period (Fig. 4). ,

The Ti/Al ratio in the marine sediments has been used to trace aeolian dust supply in the
Eastern Mediterranean (Wehausen and Brumsack, 2000), Arabian Sea (Schnetger et al., 2000).
Globally, average aeolian deposition rates were 3-5 times higher during glacial periods than in
interglacials (Rea, 1994). Ti/Al ratio in GC-01R varies from 0.060 to 0.090 with an average of
0.075 and in GC-03 ranges from 0.060 to 0.086 with an average of 0.072 (Fig. 6). The highest Ti/Al
ratio of 0.090 and 0.086 in both the sediment cores recorded during ~ 14 and 10 ka, suggest
increased input of aeolian dust. The slightly higher Ti/Al ratios recorded in GC-01R compared to
GC-03 could be due to dust blown from the Indian sub-continent into the EAS. Ti/Al ratio
recorded in these two sediment cores (0.060 to 0.090) is higher than the Ti/Al ratio of aeolian dust
from Arabian Peninsula (0.057 to 0.062) reported in northeastern Arabian Sea (Sindh continental

margin) sediments from 571m water depth (Deplazes et al., 2014). ,

,.3.3.3 Molybdenum,

. Molybdenum (Mo) concentration in the Earth’s crust is very low (~1 ppm; McLennan, 2001)
but is the most abundant transition metal in the modern oxygenated ocean (105 nM), present as
molybdate (MoO?%4), and conservative in oxic environments (Collier, 1985) with a residence time of
~800 ka (Emerson and Huested, 1991). The removal of Mo from the ocean to the underlying
sediments is driven largely by redox conditions and to some extent by microbially removed. Under
oxidizing conditions, Mo is generally associated with Mn oxyhydroxide phases with a nearly
constant Mo/Mn ratio of 0.002 (Shimmield and Price, 1986; Crusius et al., 1996; Tribovillard et al.,
2006) and this phase constitutes ~ 35-50 % of total Mo removal (Scott et al., 2008; Poulson Brucker
et al., 2009). In the presence of hydrogen sulfide, even at very low concentrations (~10 uM H2S),
molybdate converts into particle reactive thiomolybdate (M0S4xO?) and is rapidly adsorbed on to
organic matter and authigenic sulfide minerals (Helz et al., 1996; Crusius et al., 1996; Ericson and
Helz, 2002; Algeo and Lyons 2006; Helz et al., 2011; Scott and Lyons, 2012). Piper (1994) and
Crusius et al. (1996) suggested that high Mo concentrations (e.g.,5 to 40 ppm) in sediments indicate
highly reducing overlying water column (i.e., anoxic conditions). Recently, Scott and Lyons (2012)
suggested that in the euxinic environment, where hydrogen sulfide is present in the water column,
and depending upon the availability of Mo in the water column, the sediments show Mo enrichment

of >60 to 100 ppm whereas, if sulfide is restricted to sediment pore waters then Mo concentration in
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the sediment will be ~ 10 ppm. Molybdenum concentrations in sediments and sedimentary rocks can
therefore provide information about redox conditions at the time of sediment deposition (Calvert and
Pedersen, 1993; Crusius et al., 1996, 1999; Dean et al., 1997; 1999; Zheng et al., 2000; Yarincik et
al., 2000; Werne et al., 2002; McKay and Pedersen, 2014).,

Molybdenum concentration in GC-01R vary from 0.7 to 27 ppm with an average of 3.1 ppm
and in GC-03, ranges from 0.46 to 3.5 ppm with an average of 1.35 ppm suggesting its
enrichment compared to lithogenic background value of ~ 1 ppm (Fig.4). In GC-01R, the average
Mo content over the last 14 ka is 1.4 ppm and increased to 6-13 ppm (8 ppm average) during the
last deglaciation with a spike of 27 ppm at 14.4 ka (Fig.4). Over all, Mo content is low in GC-03
compared to GC-01R. The mean Mo content in the EAS is enriched compared to surface sediments
extending from above to well below the OMZ off Pakistan margin (avg. 0.9 ppm) and at a sub-
surface depth of 30-35 cm (avg. 1.1 ppm) (Crusius et al., 1996) and from the Southeastern Arabian
Sea (< 1 ppm) (Pattan and Pearce, 2009). The Mo concentration in sediments from modern sulfidic
settings covering wide range varies from 1 ppm to 100s of ppm. The Mo concentration is distinctly
different in the sediments where hydrogen sulfide is confined to sediment pore-waters and sulfidic
bottom waters (Scott and Lyons, 2012). In the presence of sulfide and thiomolybdates in the
sediment pore-waters, the sediment average Mo content is ~ 10 ppm and rarely exceeds 20 ppm.
On the contrary, in euxinic environment where hydrogen sulfide is present in the water column, then
the Mo content ranges from 60-100 ppm (Scott and Lyons, 2012). In the EAS average Mo content
is less than 10 ppm suggesting non-euxinic environments with a presence of hydrogen sulfide in the
sediment pore-waters. However, during the last 14 ka (Holocene, Younger Dryas and Bélling-
Alleréd) the Mo concentration in the sediment is just above the crustal abundance indicating trace
of hydrogen sulfide in the pore waters whereas high Mo content (6-13 ppm) during last deglaciation

and Heinrich events suggest presence of more hydrogen sulfide in the pore-waters.,

The primary sink for MoO?; in the oxic environment is co-precipitation/adsorption with Mn-
oxyhydroxides where Mo/Mn ratio should be ~0.002 (Shimmield and Price, 1986). In both the
sediment cores, the Mo/Mn ratio is quite high (0.02 to 0.25) and distribution of Mo and Mn are
quite different in the sediment cores suggesting Mo is not associated with Mn-oxyhydroxide phases.
Mo concentrations in GC-03 is just close to crustal abundance during the last 16 ka and then
increased from 1 to 3.5 ppm during 32 to 16 ka suggesting presence of hydrogen sulfide in the
sediment pore-waters Therefore, GC-01R core is under more reducing conditions compared to GC-
03. The Mo/Al ratio is also higher as expected in GC-01R (0.07 to 1.86) compared to GC-03

(0.005 to 0.35) and mimic the bulk Mo distribution (Fig 4).,
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The positive correlation between Corg and Mo observed in many black shales, and modern
sediments deposited in oxygen-deficient marine basins is well known and suggests that scavenging
with organic matter is a principal mechanism by which sediments become enriched in Mo
(Brumsack 1986; Wilde et al., 2001; Werne et al., 2002; Lyons et al., 2003; Cruse and Lyons 2004;
Algeo and Lyons 2006, Algeo et al., 2007; Scott et al., 2008: Gill et al., 2011; Helz et. al., 2011).
According to Helz et al., (1996), availability of dissolved sulfide is also a critical factor for Mo
sequestration and simultaneous accumulation of organic carbon may generate hydrogen sulfide on a
local and basinal scale. The sulfide can occur either in pore waters or in the water column (Lyons et
al., 2003). The highest Corg content was recorded during late Holocene in both the cores (Fig. 3) but
Mo concentration is low during this time (Fig. 4). In contrast, during the last deglaciation, and
Heinrich events though Corg content is low (~1 wt%) but Mo concentration reaches maximum
(Fig.3 & 4). The scatter plot of Mo versus Corg, does not show any correlation in both the cores (r?=
0.09) (Fig. 7; Table 3 & 4). This is contrary to the general observation made by other researchers.
The absence of covariance between Corg and Mo could suggest that Corg may not be the only control
on Mo uptake into sediments (Gilleaudeau and Kah, 2013). The apparent absence of covariance
between Mo and Corg Was also observed in some Proterozic euxinic shales (Scott et al., 2006, 2008)
and drill core sediments of Atar group from Africa (Gilleaudeau and Kah, 2013). This could also
be due to low Mo concentrations in the water column. On the other hand, the absence of any
correlation between Corg and Mo may suggest that Mo enrichment is related to decreased
ventilation rather than increased productivity (Ivanochko and Pedersen, 2004; Cartapanis et al.,
2011). Therefore, the absence of covariance between Corg and Mo content in EAS might be due to a
combination of factors such as nature of Corg, and changes in ventilation control sedimentary redox

conditions,

3.3.5 Uranium, <

WUranium (U) is conservative in oxygenated oceanic waters and has a residence time of ~0.5+
Ma (Ku et al., 1977; Cochran, 1982; Chen et al., 1986; Dunk et al., 2002). Dissolved U in seawater
has a concentration of ~13 nM (Chen et al., 1986) and is present as an uranyl tricarbonate species

(UO2(CO3)s*) in the oxic seawater. Under reducing condition, U%* is converted to U*, which is
13
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particle reactive, and adsorbed on the sediment or clay mineral surface (Klinkhammer and Palmer,
1991; Tribovillard et al., 2005). The association of U with the particulate organic carbon suggests
that U may serve as a proxy for organic carbon transport to the seafloor (Kumar et al., 1995;
Anderson et al., 1998; Zheng et al., 2002). Under suboxic and anoxic conditions, U shows strong
enrichment above the upper continental crust and also exhibits a positive correlation with Mo
(Zheng et al., 2000). Therefore, U concentration in marine sediments is used extensively to trace
the paleo-redox conditions of the depositional environment (Dean et al., 1999; Algeo and Maynard,
2004; Tribovillard et al., 2008; Algeo et al., 2012).,

Uranium concentration in GC-01R varies from 5 ppm to 23 ppm with an average of 10 ppm
whereas, in GC-03, it ranges from 6 to 17 ppm with an average of 11 ppm. Thus, the U content in
both the sediment cores is very similar and enriched ~ 4 times compared to upper continental crust
(3 ppm: Taylor and McLennan, 1995). GC-01R, has U content of ~ 12 ppm during Holocene and
reduced to ~ 6 ppm during 14-10 ka but increased to maximum of 23 ppm during last deglaciation.
This could be due to intense reducing conditions during last deglaciation. Similarly, high U
content during last deglaciation and Heinrich events is also recorded in GC-03. High U content is
observed in the surface sediments from the east-west transect within the OMZ at a water depth
ranging from 218m to 325m in the EAS (Nath et al., 1997). On the contrary, low U content is
recorded in a deep sea sediment core from the southeastern Arabian Sea during the last 100 ka
(Pattan and Pearce, 2009). Sarkar et al., (1993) reported enrichment of organic carbon and 28U of 8
dpm/gm during the last glacial period (~18 ka) and proposed near anoxic conditions caused by the
deep water circulation in the southeastern Arabian Sea. However, such near anoxic conditions are
not possible in the Arabian Sea because there is no extreme enrichment of either U nor Mo
concentration. Uranium enrichment and its association with relatively high organic carbon was due

to changes in circulation pattern in the southeastern deep Arabian Sea (Pattan and Pearce, 2009). ,

Jones and Manning (1994) suggested that U/Th ratio of < 0.75 is indicative of an oxic
depositional environment. In GC-01R, U/Th ratio varies from 0.8 to 3 and 0.8 to 1.6 in GC-03,
indicating sediments were never exposed to oxic conditions. High U/Th ratio is recorded during last
deglaciation and Heinrich events reflecting an intense reducing conditions. Normally, authigenic U
and organic carbon show a positive correlation suggesting U removal by organic carbon (Kumar et
al., 1995; Anderson et al., 1998; Zheng et al., 2002). On the contrary, no such correlation is
observed in both cores (Fig. 8, Table 3 & 4) indicating Corg may not be the only carrier of U in the
sediments. Scatter plot of U against calcium carbonate shows good positive correlation for GC-01R

(r?=0.78) and reasonably good in GC-03 (r?=0.28) (Fig.9; Tables 3 & 4). This may be due to
14
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incorporation of U into carbonate skeletons. The incorporation of U probably taking place during
the journey of foraminifera in the water column. Relatively high U concentrations were observed in
carbonates from deeper part of the Gulf of Mexico (Mo et al., 1971). It is observed that high U
content in calcareous skeletons was due to presence of aragonite compared to calcite (Kitano and
Oomori, 1971). Therefore, in EAS aragonite may be the major contributor for the bulk calcium
carbonate content (Naidu et al., 2013; Naik and Naidu, 2016). ,

3.4 Process responsible for the development of intense reducing condition,

Sarkar et al., (1993) proposed near anoxic conditions in the deeper part of the southeastern
Avrabian Sea at a water depth 2500m during the entire last glacial cycle (MIS- 2, 3 and 4) associated
with high organic carbon and authigenic U content and was probably caused by the change in deep
water circulation. More recently, Pattan and Pearce (2009) suggested suboxic conditions during the
LGM, stadials of MIS-5b, 5d, and Glacial Termination-Il in southeastern Arabian Sea. Piotrowski
et al. (2009) studied the Nd isotopic composition of leached authigenic ferromanganese oxides and
3'3C of benthic foraminifera in a deep-sea sediment core from the equatorial Indian Ocean at a
water depth of 3800m, showed a decreased contribution from North Atlantic Deep Water (NADW)
during MIS-2 & 4. Therefore, it appears that in the deep southeastern Arabian Sea and equatorial
Indian Ocean, suboxic conditions during the last glacial period were due to a change in the
circulation and is associated with increased Corg (Sarkar et al., 1993; Pattan and Pearce, 2009;
Piotrowski et al., 2009). Based on redox-sensitive element concentration and their ratios such as
low Fe/Al, Mn/Al, high U/Th, Mo/Al and strong negative Ce/Ce* anomaly during last deglaciation
and Heinrich events indicate an intense reducing conditions in the EAS. However, the cause behind
the development of intense reducing conditions appear to be different when compared to the deep
southeastern Arabian Sea. The intense reducing conditions during the last deglaciation in the EAS is
associated with high U and Mo concentrations, but with low Corg (~1 to 2 %) content. The positive
correlation between Corg , Mo and U content that is typically observed in reducing sediments (Algeo
and Lyons, 2006) is not observed in sediments of EAS (Fig. 6 & 7). The absence of any such
correlation between Cog , U and Mo suggest that productivity may not be responsible for the
development of reducing conditions in the OMZ of EAS. It has also been suggested that increased
sedimentation rate and a corresponding decreased oxygen flux into the sediment can result in anoxic
conditions (McKay and Pedersen, 2014). However, there is no increase in the sedimentation rate
during deglaciation and Heinrich events (Fig. 2), so this is ruled out as a cause for the Mo and U
enrichments in these cores. The strongest contender is the ventilation related to the movement of

oxygen deficient Subantartic Mode Waters - Antarctic Intermediate Waters (SAMW-AAIW) in the
15
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EAS. Similar to the present study, during the deglaciation, enrichment of Mo, Re and Cd was
reported in the eastern tropical North Pacific Ocean sediment cores and was due to oxygen depleted
SAMW-AAIW (Hendy and Pedersen, 2006). Recently, Brain et al. (2010) reported the presence of
14C-depleted intermediate waters during deglaciation at a water depth of 596m and 820m from the
northern Arabian Sea (18°N) off the Oman Coast. A similar observation was made in the eastern
north Pacific Ocean near Baja California (Marchitto et al., 2007; Stott et al., 2009) and they
suggested that the intermediate waters are oxygen depleted SAMW-AAIW. The evidence for this
comes from Nd isotopic studies of fish teeth (Basak et al., 2010) where a deglacial decrease in end
values is interpreted to represent an influx of AAIW into the north eastern Pacific Ocean, which
coincides with negative radiocarbon excursions (Marchitto et al., 2007; Scott et al., 2009). The
negative radiocarbon excursions at the northern Arabian Sea observed by Bryan et al., (2010) at
18°N is due to oxygen depleted intermediate waters and same water mass might have extended
upto  15°N, where both sediment cores from EAS are situated. Therefore, the intense reducing
conditions developed during deglaciation and Heinrich events in the EAS could be due to the
presence of oxygen depleted SAMW-AAIW. ,

The intense reducing conditions recorded during last deglaciation and Heinrich events in
both of the sediment cores have important implications with respect to lanthanide fractionation.
Lanthanide fractionation can be studied using ratio of shale-normalized Lanthanium to Yerbium
(LamyYbmy). The Ce/Ce* anomaly in both cores is <1 suggesting reducing conditions (Fig. 4). The
intense reducing condition observed during the last deglaciation is associated with a strong negative
Ce/Ce* anomaly in both the sediment cores. There is a large variations in the LanyYbg) ratio
ranging from 0.8 to 1.35 in the cores (Fig. 10). In both the sediment cores the LagyYbgratio is <
1 during the last 10 ka suggesting depletion of the light lanthanide compared to the heavy
lanthanide, whereas between 14 and 10 ka this ratio is almost constant and is close to 1, indicating
the presence of terrigenous derived material (Piper, 1973; Nath et al., 1992). During last
deglaciation and Heinrich events, the LanyYbn ratio is >1 and reaches a maximum of 1.35
whereas Ce/Ce* becomes more negative, reaching lowest value of ~0.75.  This suggests that
heavy lanthanides are removed during intense reducing conditions. Therefore, intense reducing
conditions during last deglaciation and Heinrich events in the EAs might have been caused by the
presence of oxygen depleted water mass from SAMW-AAIW and might be responsible for the

lanthanide fractionation.

A
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4. Conclusions, <

The following conclusions are drawn from the present study:, <

. There exist three types of depositional environment in the sediments of EAS. Holocene<

sediments (last 10 ka ) were deposited under weakly reducing conditions, 14 to 10 ka (Younger
Dryas and Bélling-Allergd) were also under reducing conditions but dominated by the increased
terrigenous material And last deglaciation and Heinrich events were under intense reducing
conditions. The highest Corg and Ba/Al ratio occurred during late Holocene (last 6 ka) suggesting
higher productivity but is not associated with high Mo and U content. On the contrary, sediments
deposited during the last deglaciation and Heinrich events have lowest Corg and Ba/Al ratio (low
productivity) but associated with highest Mo and U enrichment. There is no traditional positive
correlation of Corg With U and Mo in both sediment cores, reflecting productivity may not have an
impact on the development of reducing conditions within the OMZ of EAS. The intensification of
reducing conditions during the last deglaciation and Heinrich events could be due to ventilation of

bottom waters resulting from the inflow of oxygen depleted SAMW-AAIW.

. Mo enrichment in both the sediment cores suggest non-euxinic environments in EAS with the

presence of hydrogen sulfide within the sediment pore-waters. GC-01R has more reducing
conditions due to its location within the core of OMZ compared to GC-03. Behaviour of Mo in GC-
This could be due to H2S

content remained below or very close to the threshold for the enrichment of Mo.

03 does not match with other redox-sensitive elements distribution.

«—There is a distinct lanthanide fractionation where Lan)/Ypm) ratio is <1, ~ 1 and >1 during
Holocene, terrigenous dominated sediment and last deglaciation and Heinrich events in the EAS

sediments respectively.,

A
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Table 3. Correlation matrix for the elements analysed including Ce/Ce* for the sediment core ABP-
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Cog  CaCOs Al Fe  Mn U Mo Ce/Ce* Ba
Corg 1.00
CaCOs; -0.14 1.00
Al -0.12 -0.83 1.00
Fe -0.27 -085 096 1.00
Mn -047 -074 089 0.95 1.00
U 0.08 0.89 -0.85 -0.88 -0.80 1.00
Mo -0.21 0.67 -0.74 -0.67 -0.56 0.59 1.00
Ce/Ce* -039 -0.82 0.88 095 094 -087 -0.50 1.00
Ba 0.89 0.09 -0.29 -0.42 -0.58 0.29 0.02 -0.53 1.00

Table 4. Correlation matrix for the elements analysed including Ce/Ce* for the sediment core ABP-
32/GC-03. n=80

Corg  CaCOz Al Fe Mn U Mo Ce/Ce* Ba
Corg 1.00
CaCOs 0.43 1.00
Al -0.60 -0.69 1.00
Fe -059 -0.82 0.79 1.00
Mn -0.73 -075 066 085 1.00
U -0.13 0.53 -0.23 -0.34 -0.39 1.00
Mo 0.29 0.06 -0.38 -0.03 0.01 -0.16 100
Ce/Ce* -069 -089 0.72 081 091 -047 -0.08 1.00
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Caption for the figures

JFig.1. Map showing location of two sediment cores (ABP-32/GC-01R, ABP-32/GC-03) in the EAS.
First sediment core (642m) is within the centre of OMZ and second core (1086m) is at the
base of present day OMZ.

JFig. 2. Scatter Plot of depth (cm) against calendar age (ka) for the sediment core ABP-32/GC-01R
(top) and ABP-32/GC-03 (bottom) from EAS.

JFig.3. Distribution of productivity proxies such as calcium carbonate, Corg, Ba/Al and Al (terrigenous
representing element) for sediment core ABP-32/GC-01R (left side) and ABP-32/GC-03
(right side). LDG- last deglaciationi, H1, H2, H3 are Heinrich Events.

JFig. 4. Distribution of Corg (%), bulk Mn (%), Fe (%), U (ppm) and Mo (ppm) concentration and
Mn/Al, Fe/Al, Ce/Ce*, U/Th and Mo/Al for the sediment core ABP-32/GC-01R (left side)
and ABP-32/GC-03 (right side).

JFig.5. Distribution of Corg :P Molar ratio in both the sediment cores. (Note that Redfield ratio is 106).

JFig. 6. Distribution of Ti/Al ratio for the sediment core ABP-32/GC-01R (top) and ABP-32/GC-03
(bottom).

JFig.7. Scatter plot of Corg (%) against Mo (ppm) for the sediment core ABP-32/GC-01R (top) and
ABP-32/GC-03 (bottom).

JFig. 8.Scatter plot of Corg (%) against U (ppm) for the sediment core ABP-32/GC-01R (top) and
ABP-32/GC-03 (bottom).

JFig. 9. Scatter plot of Calcium carbonate (%) against U (ppm) for the sediment core ABP-32/GC-
01R (top) and ABP-32/GC-03 (bottom).

JFig.10. Distribution of Ce/Ce* and Lag)Yb) for the sediment cores ABP-32/GC-01R (top) and
ABP-32/GC-03 (bottom).
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