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Abstract

The Arabian Sea Oxygen Minimum Zone (OMZ) is one of the most intense of the world ocean
OMZs witnessing denitrification, hence, has implications to global climate. In order to understand
the Holocene variations in the OMZ of this region, we retrieved a sediment core (BP3-GCR3) from a
water depth of 500 m, which is presently swept by nearly anoxic waters of the core of the OMZ. The
sedimentary oxide-bound Mn, a reliable redox proxy, exhibits a gradual decrease from ~14 ppm
during the Early-Holocene to ~8 ppm during the Late-Holocene, suggesting a relatively less intense
OMZ during the former period. The concentration of a suite of other redox-sensitive elements (Fe,
Co and Ce) associated with the dispersed sedimentary oxide particulates also show a gradual and
coherent decrease through the Holocene suggesting reduction of dissolved oxygen (DO) in the core
of the OMZ towards the modern times. This intensification of OMZ seems to be a result of increased
export production coupled with decreasing ventilation of thermocline waters through the Holocene.
A one-time shift is observed at ~5.5 ka BP in the organic carbon content (OC) from ~2 % to ~10 %
in core-top. This shift in OC content is also marked by rapid decrease of CaCOsz by ~20 %,
suggesting enhanced carbonate dissolution due to increased anoxia in the ambient waters caused by
increased export production in the late Holocene.
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1. Introduction

The Arabian Sea has a pronounced Oxygen Minimum Zone (OMZ) between 150 and 1200 m
water depths (Wyrtki 1973), which is sustained due to upwelling-induced high productivity during
the southwest monsoon and a poorly ventilated thermocline (Olson et al., 1993). The ventilation of
the Arabian Sea OMZ is driven by the following water masses, viz., high salinity Persian Gulf Water
(PGW: DO = ~ 152 pu mol kg or 2.5 ml I'Y) at ~300 m depth and the Red Sea Water (RSW:, DO =
~109 p mol kgt or 3.5 ml I'Y) at ~800 m (Wyrtki, 1973; You, 1997). The primary source of highly
oxygenated waters to the Arabian Sea is the intermediate water formed along the northern edge of
the Antarctic Circumpolar Current (ACC) (McCreary et al., 2013). Factors controlling the oxygen
balance in the Arabian Sea OMZ are however not uniform across the basin. The Arabian Sea OMZ is
shifted eastward from the region of highest productivity (Naqgvi et al., 1991; Morrison et al., 1999)
primarily due to the enhanced advection of oxygenated waters and vertical eddy mixing in the
western Arabian Sea (McCreary et al., 2013). Whereas, along the eastern coast of the Arabian Sea,
the southern oxygenated waters advected by the Indian coastal undercurrent during summer and
northern low-oxygen waters during winter balance the biological consumption of oxygen below this
high productive region and are responsible in maintaining the OMZ (Resplandy et al., 2012). The
modern OMZ with DO of <0.1 ml 1 has been delineated utilizing measured DO and dissolved-Mn
in the water column where both exhibit distinctly contrasting depth profiles (Saager et al., 1989)
(Fig. 1).

The sediments deposited under an OMZ-environment differ in their geochemical
characteristics from sediments deposited under an oxic environment, as many elements change their
lower oxidation states (dissolved state) in OMZ (Saager 1994). For example, sedimentary Mn-and
Fe- particulates preserve signatures of DO levels during their redox-transitions, whether precipitated
and deposited or vice-versa. Under suboxic to anoxic conditions, sedimentary Mn-oxide undergoes
reductive dissolution, releasing the Mn to the overlying water column and thus enriching the
dissolved Mn-pool (Martin and Knauer 1984; Lewis and Luther 2000; Schenau et al., 2002). In the
presence of highly oxic bottom waters, Mn migrates to oxygenated regions by advective and
diffusive processes to ultimately precipitate as solid phase Mn (Mn-oxide and —hydroxides or -Mn-
carbonates) (Grill 1982; Dickens and Owen 1994; Calvert and Pedersen 1996). This redox-dynamics
of Mn is the primary cause for globally observed mirror-image type vertical distribution patterns of

DO and dissolved Mn in marine regimes.

Several depth profiles of DO and dissolved Mn (dMn) across the OMZ in the Arabian Sea
indicate that the oxidation/reduction boundary for Mn is at ~40 umol of DO (~1 ml/L) (Lewis and
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Luther 2000), i.e, within the suboxic environment. Fe oxidation occurs when DO is >50 pmol/I
(Tamura et al., 1976) suggesting that the redox boundaries of both the elements are close and hence
behave nearly similar under similar redox conditions. Thus, the relative variations in oxide-Mn and
Fe content in sediment swept by intense OMZ waters can be utilized to understand past fluctuations

of the OMZ intensity at its core.

Cerium (Ce) and cobalt (Co) are also redox sensitive elements and are expected to behave in
a same way as Mn and Fe during their removal to sediments. Under suboxic or anoxic conditions
Ce** is reduced to Ce*" and Co®*" to Co?* and become components of the dissolved pool. These two
elements are removed to sediment either as scavenged cations on the surface of particulate Mn-Fe
oxides (German and Elderfield 1990; Pattan et al., 2005) or independently precipitate as oxide phases
similar to Mn and Fe (see Rajani et al., 2005; Banakar et al., 2007). Therefore, both Ce and Co, like
Mn and Fe can be used as proxy indicators for reconstructing changes in past OMZ (Frank et al.,
1999; Pattan et al., 2005).

Past OMZ variations in the Arabian Sea have been shown to have direct links to regional
monsoons and global climate (Reichart et al., 1998; Gupta et al., 2004; Lachkar et al., 2016), calcite
dissolution (Naik et al., 2014) and variations in aragonite compensation depth (Singh 2007; Naidu et
al., 2014). Hence, several previous studies were aimed at reconstructing the past OMZ variations
using redox sensitive elements in sediments (Dickens and Owen, 1994; Schenau et al., 2002;
Agnihotri et al., 2002; Weijden et al., 2006; Naik et al., 2014; Pattan et al., 2017), pteropod
preservation (Singh et al., 2006; Singh, 2007), coccolithophores (Cabarcos et al., 2014), planktic
foraminiferal assemblage and abundance (Singh et al., 2006, 2011, 2018), abundance and diversity of
benthic foraminifera (Singh et al., 2015; Das et al., 2017; Verma et al., 2018) and biogeochemical
modelling (Gaye et al., 2018). The temporal variations of denitrification via 5°N preserved in
sedimentary organic matter have also been used to understand past changes in the intensity of
Arabian Sea OMZ (Altabet et al., 1995; Banakar et al., 2005; Singh et al., 2011; Kessarkar et al.,
2018). The Al-normalized bulk composition of redox- elements has also been used to infer the redox-
status of bottom waters (Agnihotri et al., 2003). Based on Al-normalized contents of redox-sensitive
elements in a sediment core from the Eastern Arabian Sea (EAS) Agnihotri et al. (2003)
demonstrated that the bottom-waters at ~600 m water depth remained mostly reducing throughout
the Holocene. The lower Mn/Al in EAS sediments (~ 48+8) (Agnihotri et al. 2003) compared to
average shale (~106;Turekian and Wedepohl 1961) has been suggested to indicate that the
sedimentary-Mn is mobilized out of sediment reservoir due to reducing environments (Somayajulu et
al., 1994; Agnihotri et al., 2003; Sruthi et al., 2014, Pattan et al., 2017).



Although, the bulk-Mn composition has been used to reconstruct past OMZ variation in the
Arabian Sea, a targeted investigation of redox-specific oxide-bound sedimentary Mn particulates is
lacking. An overwhelming amount of bulk-Mn and Fe in sediment have their source in detrital
silicates as indicated by average crustal composition (see Taylor and McLennan 1985). Therefore, a
small variation in particulate Mn- or Fe content caused by redox-transition due to DO fluctuations in
bottom waters may get subdued by the Mn and Fe associated with detrital silicates. This would
therefore warrant extraction of redox-sensitive elements associated exclusively with dispersed oxide
particulates. In the present study we report time-series of oxide bound Mn and Fe in a sediment core
from the EAS along with other redox-sensitive trace elements (Co and Ce) to discuss the changes in
the intensity of OMZ-core through the Holocene and its effects on organic- and inorganic- carbon

burial.
2. Material and methods

A 5.3 m long sediment core (BP3-GCR3) from a water-depth corresponding to the core of
modern OMZ (water depth of 500 m) was retrieved from the continental slope off Goa at 15 35' N
latitude and 72" 44' E longitude (Fig. 1) on board 1.B. Boris Petrov Cruise No. 3, 2005. The modern
vertical distribution of DO and dissolved — Mn (hereafter dMn) near the present sediment core
location are shown as inset in Fig. 1. The age model for the top 1.3 m section of this sediment core is
based on three AMS *C dates. Nearly 1000 tests of mixed planktic foraminifera species were
handpicked under microscope from coarse fractions and sent for AMS radiocarbon measurements to
the University of Arizona. The measured radiocarbon ages were corrected for reservoir age of 622 y
for EAS (Southon et al. 2002) and converted to calibrated calendar ages using CALIB 7.1
Radiocarbon Calibration Program (Stuiver and Reimer, 1993) with 1950 AD as the reference year
(Table 1).

Finely ground, oven—dried, accurately weighed aliquots were subjected to extraction of
dispersed authigenic oxide particulates in the sediment by using pH adjusted hydroxylamine
hydrochloride leaching method (Rutberg et al., 2000; Bayon et al., 2002). The dried leachate
(hydrolysate fraction) was dissolved in ultrapure 0.05M HNOgz and analyzed on an in-house
PerkinElmer Optima 7300 DV ICP-OES. Three manganese nodule standards from Japan (JMn-1)
and USGS (Al and P1) were also leached and analysed along with sample solutions to monitor the
elemental recovery during extraction process. The analyzed results of Mn and Fe in reference
standards, show >95% of recovery (Table 2). The 1o standard deviation based on eight

measurements is + 0.9 %.



The inorganic carbon (IC) content was measured using an in-house CM5130 Coulometer. The
precision of the IC measurement is + 0.8 % (n = 15) as obtained for an in-house standard (AAS 9-
11). The IC content was converted to CaCOs % by multiplying with a factor of 8.333. The organic
carbon (OC) content was measured on an in-house Thermo Flash-1112 elemental analyser using
finely ground and dried residue of the sediment after decarbonation using diluted HCI. The

precisions of the OC measurement = 1.5% (1o; n=21) using sucrose as a standard.

3. Results

The oxide-bound Mn and Fe in the present sediment core vary from 6 ppm to 15 ppm, and 154
ppm to 682 ppm respectively with a mean of 11.5 ppm and 420 ppm respectively (Fig. 2a). Variation
in oxide bound-Ce and Co content ranges from 0.3 ppm to 1.3 ppm and 0.3 to 0.9 ppm with a mean
of 0.7 ppm and 0.6 ppm respectively (Fig. 2b). The variation in CaCOs ranges between 27 % and 53
%. Generally high CaCOs (~50 %) is evident during the Early Holocene, followed by a rapid
reduction through Mid Holocene reaching lowest contents of ~30 % in the Late Holocene (Fig. 2d).
The OC content varies from 1.5 % to 10.2 %, with distinctly low values during the Early Holocene
(~1.7 %) with rapid increase to a maximum of 10.2 % in the core-top resulting in a Late Holocene
mean of ~ 6.6 % (Fig. 2d). An increase in rate of sedimentation by a factor of 1.5 is recorded through
the Holocene with around 10.5 cm/ky during the Early Holocene to around 15 cm/ky during Late
Holocene (Fig. 3).

4. Discussion

The oxide-bound Mn and Fe concentrations in sediment reflect the extent of oxygenation at
sediment-water interface resulting from changes in DO of the bottom water. The high content of
particulate-Mn and Fe is characteristic of strongly oxidizing conditions. This is evident from the
widespread occurrences of ferromanganese nodules in deep-sea basins where highly oxygenated
deep and bottom waters prevail (see Banakar, 2010 and references therein).

A gradual decrease in both the oxide-bound elements from beginning of the Holocene
towards present day (Fig. 2a) suggests an intensifying core of the OMZ through the Holocene. Prior
to ~5.5 ka, the oxide-Mn and -Fe were generally higher than the average of 11.5 ppm and 420 ppm
respectively, whereas, they were lower than their respective averages after 5.5 ka. When compared to
the observed Mn oxidation/reduction boundary in the Arabian Sea OMZ (~40 uM DO) (Lewis and
Luther 2000), the <5 uM DO in the modern OMZ core indicates that the Arabian Sea OMZ has been
intensifying consistently through the Holocene. If we assume that the core-top (149 = 118 y B.P;
Table 1) oxide-Mn of 6 ppm represents DO within the modern core of the Arabian Sea OMZ, then
higher oxide-Mn (> 6 ppm) throughout the preceding period suggests that the DO in the core of
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OMZ has remained always higher than the present, which has led to decreased removal of
sedimentary oxide-Mn to the surrounding water. This explanation is also applicable to the oxide-Fe
as its variation is similar to oxide-Mn (Fig. 2a) and, in phase diagrams the redox boundary of Mn and
Fe is at a similar Eh of ~0.2 V (at pH = 8 and bottom water temperatures of ~2 °C) (Glasby et al.
2010). The average content of Co and Ce are 0.6 ppm and 0.7 ppm respectively (Fig. 2b). These two
elements are normally removed to (from) the sediment by precipitation (dissolution) of Mn-Fe oxide
particulates as they are either readily scavenged by colloidal Fe-Mn oxide particulates or
independently oxidize in the marine environment (Rajani et al., 2005; Banakar et al. 2007). The
time-series of these two minor elements also are nearly similar to the Mn and Fe time-series, where
they show similar gradual decrease from above average to below average at ~5.5 ka BP which

suggest a shift of OMZ towards a more intense state (Fig. 2b).

The Arabian Sea is characterized by monsoon-induced high biological productivity (Banse,
1968; Qasim, 1977). Our study region lies under a low-salinity plume resulting from the Sahyadri
(Western Ghats) runoff during the summer monsoon (Singh et al., 2006; Naik et al., 2015) and
consequent stratified surface waters (Joseph and Freeland, 2005). This region experiences weak
upwelling during summer whereas during winter, the cool and dry monsoon winds lead to
evaporation, surface cooling and convection (Madhupratap et al., 1996; Kumar et al., 2000). Thus
primary production is enhanced during both the seasons, but is comparatively higher during the
summer monsoon (Bhattathiri et al., 1996). As the entire Holocene has witnessed mostly
denitrifying and Mn-reducing conditions in the core of the OMZ, the sedimentary organic carbon
(OC) deposited at depth swept by water of the OMZ-core should be a faithful indicator of export
production at the present study location. Thus, the OC content in the present sediment core could be
an indicator of monsoon driven productivity changes in the EAS, assuming absence of its dilution by
terrigenous silicate matter. This assumption appears to be valid as the sedimentation rate changes by
a factor of only 1.5 vis-a-vis a change in OC content by a factor of 7 (Fig. 3). The rapid increase of
OC from ~2 % to 10 % (Fig. 2d) also occurs across ~5.5 ka in line with the decrease of Mn, Fe, Co
and Ce from above the Holocene mean to below the mean at ~5.5 ka BP. These observations together
indicate significantly enhanced productivity in the Arabian Sea, mid-Holocene onwards, probably as
a result of intensified monsoon. The mid-Holocene reorganisation of monsoon speculated here is also
evident in several previous reconstructions based on north Indian lake records (Prasad et al. 2014;
Raj et al. 2015) and Indus discharge record (Staubwasser et al. 2003). This mid-Holocene monsoon
reorganisation has been suggested important for understanding the rise and fall of Harappan
urbanisation that was at its peak around 5 ka BP (Raikes 1964; Lawler 2008).



The CaCOs3 content from our study also exhibits a dramatic shift at ~5.5 ka from higher (~55
%) to lower (~35%) values (Fig. 2d) in contrast to the corresponding OC shift. The accumulation of
CaCOz in sediments is mainly governed by surface productivity, rate of dissolution, and dilution by
terrigenous material. Studies from the EAS show a Holocene CaCOs decrease as a result of
carbonate dissolution (Bhushan et al. 2001; Naik et al. 2014; Nagoji and Tiwari 2017) or dilution by
terrigenous silicates (Narayana et al. 2009). The increased sedimentation rate in the late Holocene by
a factor of 1.5 seems to be insufficient to cause CaCOzs reduction by a factor of 2. The drastic
reduction of CaCOg after ~5.5 ka BP might therefore have been caused by dissolution resulting from
a large increase in the OC supply to the seafloor (Naik et al. 2014). Increasing productivity causing
increasing CaCOs dissolution can be seen in their mutually strong inverse relationship (r = — 0.8)
only when the OC content is > 2 %. This relationship reverses to a strong positive trend (r = 0.9)
when the OC content is < 2 % (Fig. 4). Thus, for the Arabian Sea sediments, the OC content of 2%

appears to be critical for carbonate preservation.

The variation in OMZ intensity observed from Core BP3-GCR3 is in line with that of Core
SK-17 (15°15'N; 72°58'E; water depth: 840 m) located in proximity (Fig. 1). Records of high-O>
benthic assemblage from SK-17 show a gradual change from relatively oligotrophic, oxygen-rich
bottom environment in the early Holocene to more eutrophic, oxygen-poor environment in the
middle-late Holocene (Fig. 2c; Singh et al., 2015) which has been attributed to strengthening of the
OMZ. Our observations are also supported by other studies in the vicinity, which show a gradual
intensification of OMZ through the Holocene (Godad et al. 2017; Kessarkar et al. 2018). The oxygen
depleted waters result from high rate of oxygen consumption in the water column due to high rates of
organic matter generated from monsoon-driven productivity, combined with slow renewal of
thermocline waters. The OC variations in core SK-17 which Singh et al., (2006) attribute to
productivity changes show a trend similar to our results. Recent studies have shown that the
Holocene productivity was lower in comparison to the last glacial maximum (LGM) and that the
productivity increased during the late Holocene (Singh et al., 2011, Cabarcos et al., 2014, Singh et
al.,, 2018). We carried out a comparison of our OC record to the Globigerina bulloides/
Globigerinoides ruber ratios from SK-17 which was used as a productivity indicator (Fig. 2e; Singh
et al., 2011). The low productivity during early to mid-Holocene has been suggested to be due an
increase in the stratification of the upper ocean water column (Cabarcos et al., 2014) while the
increase of productivity during the late Holocene was probably due to a moderate increase in winter
monsoon wind-induced vertical mixing and/or sporadic upwelling (Cabarcos et al., 2014, Singh et



al., 2018). Our OC record increases from ~ 5.5 ka BP onwards and shows a sharp increase from ~2.5

ka BP, which compares well with the ratios from SK-17 indicating enhanced productivity.

We further compared the CaCOs content from BP3-GCR3 to the aragonite content from Core
SK-17 (Fig. 2e). The aragonite content in sediments can be an indicator of the ventilation state of
intermediate waters, since aged waters with higher CO> are corrosive to aragonite/calcite. It was
proposed that the ventilation from southern source was cutoff leading to a continuous build-up of
oxygen deficient waters in the Arabian Sea (Pichevin et al., 2007). This happened as a result of
sluggish circulation of the Red Sea and Persian Gulf waters since the early Holocene, which
increased progressively with rising sea level until it reached its present state at around 6 ka BP
(Pichevin et al., 2007). The aragonite content from Core SK-17 shows a continuous decrease through
the Holocene (Fig. 2e) along with an increase in thermocline foraminifera species Globorotalia
menardii, which suggests decreasing thermocline ventilation through the Holocene (Singh et al.,
2018). Decreasing thermocline ventilation led to build-up of corrosive waters, leading to lowered pH
and a consequent decrease in the aragonite content through time. This aragonite trend is broadly
consistent with the decreasing CaCOz content from Core BP3-GCR3. Therefore our CaCO3 and OC
values in conjunction with data from SK-17 suggests that progressively decreasing ventilation
combined with increasing productivity must have led to an increase in corrosiveness of bottom

waters through the Holocene.
5. Conclusions

The Mn and Fe liberated from the reduction of oxide particulates in sediments underlying
intense OMZ of the EAS provide reliable proxy for paleo-redox conditions. The time-series of a set
of redox-sensitive elements extracted from the dispersed oxide particulates in the sediment of the
Eastern Arabian Sea indicate consistently intensified core of the OMZ through the Holocene. The
intensification of OMZ seems to be a result of increased export production coupled with decreased
ventilation of thermocline waters through the Holocene as supported by other studies in this region.
A rapid increase in the organic carbon content and concomitant rapid decrease in CaCOs3 content at
around 5.5 ka BP suggests carbonate dissolution due to increased intensity of the core of the OMZ

due to intense suboxia to anoxia.
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Figure Legends

Figure 1. Location of sediment core BP3GCR3 shown on bathymetric map of the Arabian Sea
shown with a filled diamond. Core SK-17 (Singh et al., 2006) in proximity to our core and used for
comparison, is marked with a filled black circle. The depth profiles of dissolved oxygen (umol) and
dissolved Mn (nmol) in the water column at 19°N; 67 E (station 6, Saager et al., 1989) are shown as
inset. These profiles are assumed to be valid for the BP3GCR3 location. (Source of bathymetric map:
GEBCO compliation group 2020)

Figure 2. Time-series of a) oxide -Mn and —Fe from BP3GCR3, b) oxide -Co and -Ce contents in
BP3GCR3, c)High O taxa from SK-17 (Singh et al., 2015), d) organic carbon (OC) and CaCOz3 in
BP3GCR3 and e) Aragonite % and G. bulloides/G. ruber ratio (Singh et al., 2011), for the last 10.5
kyr. Vertical dotted line at 5.5 ky BP marks a distinct change in distribution of oxide-Mn and —Fe
contents from above their respective Holocene-mean to below mean values (broken horizontal lines
with corresponding colour codes). A rapid downward shift from ~10 % to ~2 % in OC and
contrasting upward shift from ~30 % to ~55 % are distinctly expressed. Downward arrows on
horizontal axis are the radiocarbon ages.

Figure 3. Depth-age curve for BP3GCR3 showing sedimentation rates (cm/Ky) between two
adjacent radiocarbon dated sections.

Figure 4. X-Y scatter plots of organic carbon (OC) versus CaCO3 exhibiting two contrasting mutual
relationships for > 2 % and < 2 % of OC.

Table Legends
Table 1 Radiocarbon ages of BP3GCR3 sediment core.

Table 2 Recovery efficiency of leaching method assessed by analysing leachates of three
international reference manganese nodules which are genetically similar to sedimentary dispersed
oxide Mn particulates.
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Table 1.

Depth uc  Age |Eror |RC Age (yr|Cal Age
(cm) (yrBP) | zyrs |BP)* (y BP)**
2 696 35 74 149+118
65.5 4304 37 3682 431155
129 9673 44 9051 10356+19

*Reservoir age corrected *C dates considering a reservoir age of 622 y for the Eastern Arabian Sea region (Southon

et al. 2002) **Calendar ages calibrated using CALIB7.1 radiocarbon age calibration with 1950 AD as reference year
(Stuiver and Reimer 1993); http://www.calib.org.

Table 2
Reference Standard™ BP3GCRS3 (elements in ppm)
JMn-1 USGS-A1l USGS-P1
Element Certified | Analyzed | Certified | Analyzed | Certified | Analyzed | Min Max Average
Fe (%) 10.1 9.7 10.9 10.1 5.8 5.4 155 683 422
Mn (%) 25.6 25.3 18.5 19.8 29.1 29.0 6.2 14.4 11.6

* - JMn1 = Japanese manganese nodule; USGS Al - Atlantic manganese nodule; USGS P1 -
Pacific manganese nodule.
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