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Abstract

This study investigated the influences of varying dissolved oxygen (DO) levels in overlying bottom
water, sediment grain size, total sedimentary organic carbon (Corg), and total sedimentary sulfide
concentrations on the distribution and speciation of mercury (Hg) and methylmercury (MeHg) in
coastal sediments from a transect across the oxygen minimum zone (OMZ), in the Arabian Sea, off
the west coast of India. The Corg concentration increased with the increasing finer particulate in the
sediments and decreasing DO level of the overlying bottom water. Increasing concentrations of Corg
(under suboxic overlying water) increased accumulation of Hg in the sediments. However, depleted
DO level of the overlying bottom water did not enhance the concentration of MeHg in the underlying
sediments. The concentration of sedimentary MeHg decreased with the increasing Corg and total Hg
concentrations in the sediments. The nature of the Corg played a key role in controlling the
distribution and speciation of Hg in the sediments. This study suggests that increased concentrations
of inert Corg (With C/N>11) increased Hg-Corg complexation and decreased the net methylation rate of
Hg in the sediments from the study area. Overall, the nature of Corg controlled Hg-methylation in the

surface sediments of the OMZ in the Arabian Sea.
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CAPSULE ABSTRACT: Distribution and speciation of sedimentary Hg across the OMZ in the
Arabian Sea



1. Introduction

Mercury (Hg) is an important contaminant of the environment due to its toxic nature, rapid trans-
boundary movement and high rate of bioaccumulation of its most toxic form, methylmercury
(MeHg) into aquatic organisms (Peralta-Videa et al. 2009; Zhang and Wong 2007; Ullrich, Tanton,
and Abdrashitova 2001; Fitzgerald et al., 2007; Mason et al., 2012). Consumption of fish and
seafood with elevated levels of MeHg is an important human and environmental health concern
(Sunderland and Mason 2007; Clarkson and Magos, 2003). The net global emission of Hg has been
reported to increase in the last few decades (Streets et al. 2011; Driscoll et al 2013; Amos et al 2014;
Amos et al 2015; Gustin et al 2015). Much of the Hg originating from both anthropogenic and
natural sources is, eventually, transported to the marine environment via rivers and atmospheric
deposition. In coastal and estuarine systems, Hg is quickly scavenged by particulate matters from
water column and deposited to bottom sediments (Merritt and Amirbahman 2007; Hung and Chmura
2006; Sunderland and Mason, 2007) and this is an important sink for the global Hg cycle (Amos et
al., 2014). Methylation of Hg occurs in coastal and estuarine sediments but the importance of MeHg
production in coastal sediments as a source to coastal and open ocean fish is still debated (Chen et
al., 2014; Mason et al., 2012; Driscoll et al., 2013). The distribution and speciation of Hg in marine
sediment depends on several factors, such as: (i) texture of sediments; (ii) distribution of different
mineral phases; (iii) quality and quantity of organic matter; and (iv) the redox condition. Total
organic carbon (Corg) (a good representative of sedimentary organic matter) has been reported as one
of the important factors controlling Hg distribution and speciation in marine sediment (Chakraborty
et al 2015a, 2014a, 2014b; Hammerschmidt and Fitzgerald, 2004; Hollweg et al., 2009).
Additionally, the fate of Hg and MeHg in marine sediments depends on chemical complexation that
is impacted by the reduction/oxidation status of sediments, adsorption and desorption processes and
the nature of sedimentary organic carbon (Corg) and the concentration of sulphide and organic thiols
(Ravichandran 2004; Fitzgerald, et al., 2007; Hammerschmidt and Fitzgerald 2004; Chakraborty et
al. 2014a; Chakraborty et al. 2014b; Chakraborty et al., 2015a; Chakraborty et al., 2015b;
Chakraborty et al., 2015¢c; Chakraborty et al., 2015d; Hollweg et al., 2009; 2010; Schartup et al.,
2014; Merritt and Amirbahman, 2008; Vudamala and Chakraborty, 2016).

The changing redox condition at the sediment-water interface is expected to play an important role in
determining the speciation, mobility and bioavailability of sedimentary Hg. Methylation of
sedimentary Hg and diffusion and advection of MeHg into the overlying water has also been

reported to depend on redox condition at the sediment-water interface (Mason et al., 2006;
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Hammerschmidt and Fitzgerald, 2004). Some fraction of sedimentary Hg is also transported from
sediment to the overlying water column due to sediment resuspension. The exchange of MeHg
across the sediment-water interface can exacerbate the exposure of pelagic living organisms,
although the importance of sediment as a source is not consistent across coastal ecosystems (Balcom
et al., 2008; Sunderland et al., 2010; Chen et al., 2012; Gosnell et al., 2015;). Methylation of Hg in
sediment has been reported to be more favourable in anoxic regions of estuarine and freshwater
environments, especially near the redox interface (Campeau & Bartha, 1984; Olson & Cooper, 1976;
Benoit et al.,, 2003; Hall et al., 2008; Mehrotra and Sedlak, 2005). Methylation is primarily
biologically-mediated, and the methylating genes (hgcA and hgcB) have so far only been found in
anaerobic microbes (Parks et al., 2013; Gilmour et al., 2013). However, in anoxic environments there
is also increased Hg interaction with reduced sulphur in marine sediments. High concentrations of
sulfide and organic thiols in marine sediments have been reported to limit MeHg production,
primarily by influencing the bioavailability of Hg to methylating bacteria (Hollweg et al., 2009;
Schartup et al., 2015). Sulphate reducing bacteria (SRB) play a key role in terms of MeHg
production in anaerobic coastal marine sediments as they are the primary microbes responsible for
carbon remineralization in these sediments. Overall, MeHg production under anaerobic conditions in
marine sediment has been reported to depend on both the quantity and quality of Corg and sulfide
concentrations, which influence both bioavailability of Hg to methylating organisms and microbial

activity.

It is well known that the bottom waters of the western continental slope of India is affected by
oxygen deficiency (O2 < 10 uM) near the water-sediment interface, which is driven both by inputs of
organic matter from the productive surface waters and lack of water column mixing due to high
stratification in the region (Naqvi et al., 2006; Naqvi et al., 2000). The suboxic/hypoxic overlying
water column (oxygen minimum zone (OMZ)) of the western continental slope of India could
therefore be expected to enhance MeHg formation in sediments, as found in estuaries such as Long
Island Sound and the Chesapeake Bay, and potentially increase the dissolved benthic flux of MeHg
to the overlying water (Hollweg et al., 2010; Balcom et al., 2008). On the contrary, however, a study
in the Gulf of Mexico did not find that MeHg in bottom waters correlated with the extent of hypoxia
(Liu et al., 2015). The importance of hypoxia in influencing MeHg formation in underlying

sediments was one focus of this study.

To date, there is no baseline data available on the distribution and speciation of Hg and MeHg across
the OMZ of the west coast of India (Naqvi et al., 2009; Naqvi et al., 2010; Kondo and Moffett,

2013). As a large percentage of the marine fish production is supported by coastal ecosystems



(Botsford et al., 1997; Pauly et al., 2002), it is necessary to understand the importance of the
nearshore OMZ region in enhancing MeHg concentrations as global marine OMZs may become “hot
spots” for MeHg in terms of human exposure (Sunderland et al., 2009; Mason et al., 2012), and are

likely to increase in extent in a changing climate (Doney et al., 2012).

Information of the impact of OMZ on MeHg formation in underlying sediments and its flux to the
water column is limited and contradictory. Liu et al. (2015) concluded that there was no indication of
enhanced MeHg concentration and formation in the sediments of the so-called “dead zone” in the
Gulf of Mexico. Others (Mason et al., 2006; Emili et al., 2011) have shown that total Hg and MeHg
fluxes from sediments are enhanced by low oxygen concentrations in the overlying waters. The aim
of this study was therefore to examine the influence of dissolved oxygen (DO) concentrations in
bottom water, sediment grain size, Corg and total sedimentary sulfide concentrations on the
distribution and speciation of Hg in coastal sediments from the Arabian Sea to further examine these

factors. The study involved transects across the oxygen minimum zone, off the west coast of India.
2.  Materials and methods
2.1. Description of study sites

Sediment samples were collected from the western continental margin of India. The typical
characteristics of the western continental margin of India are associated with the semi-annual
reversal in wind stress associated with the monsoon, water mass intrusions from marginal seas and
the other oceans, and limited mixing due to no opening to the north with no subtropical convergence
or deep water formation. This gives the upper waters of the Arabian Sea a unique thermohaline
structure and circulation (Wyrtki, 1971; Morrison and Olson, 1992; Morrison et al., 1999). It has
been reported that upwelling-favourable conditions exist along the southern shelf, which is less
conspicuous toward the north of the western continental margin (off Gujarat) of India
(Muraleedharan and Kumar 1996). There is always a permanent pycnocline in this region. However,
the top of the pycnocline undergoes a change in depth due to seasonal forcing and giving rise to the
seasonal pycnocline formation in this area (de Boyer et al., 2004; Kumar et al., 2004; Shetye et al.

1994).

Samples were collected from the continental margin (off Gujarat state) along transects roughly
perpendicular to the coasts of the study area (Figure. 1). The sediment samples were collected on
board ORV Sindhu Sankalp (SSK71) during 8®-21% November 2014. This study area (western
continental shelf of India) is affected by natural oxygen deficiency (O2 < 10 uM) in the water-
column. The sediment samples were collected in such a way to ensure there were distinct variations

in the dissolved oxygen (DO) concentration of the overlying bottom waters. The sediment samples
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were collected from the outer shelf (SPC # 15, 16), the upper slope (SPC # 17), the middle slope
(SPC # 20) and the deeper region of the slope (SPC # 21).

Dissolved oxygen concentration in the overlying bottom seawater was determined by the Winkler
method. The detailed description of the method has been given in the literature (Broenkow and
Cline, 1969; Bryan et al., 1976). The pH of the water samples was determined with a pH meter
(LablIndia, Mumbai, India). A CTD rosette (Sea-Bird, USA) was used to determine the salinity of the
overlying bottom water. The overlying bottom water was collected ~1-2 m above the sea bed. Thus,
the actual DO level at the sediment-water interface was probably lower than the DO values reported

here.

The sediments were collected from continental shelf to slope areas. Table 1 presents the details of
the sampling location. The surface sediment samples were collected by using spade corer of 30cm
x15c¢m x50 cm, and were stored at -4°C and brought back to the laboratory. The sediments were then

sub sectioned, freeze dried and were stored (packed in air tight zip lock bag) at -° C until analysis.
2.2. Sediment texture

Texture of the sediment (< 63 um fraction) was analysed using a Particle Size Analyzer (LPSA from
Malvern Mastersizer 2000). Ramaswamy and Rao (2006) have described the procedure in detail. The

sand data is presented in weight percentage (wt%) and the silt and clay in vol(%) in this study.
2.3. Elemental and isotopic analysis

Total organic C (Corg) and total N (TN) contents along with the stable C and N isotopic compositions
were measured using a Eurovector EURO3000 elemental analyser connected to a Thermo DELTA V
PLUS isotope-ratio mass spectrometer operated in a continuous-flow mode (Owens and Rees, 1989).
The details of the procedure has been described in the literature (Bardhan et al 2015). e-Amino-n-
Caprioic acid, (CeHisNO2; ACA) was used a laboratory standard reference material for calibration of
elemental data as well as 8'3Corg and 8'°N. The reported values of 8'3Corg and 3'°N in e-Amino-n-

Caprioic acid are —25.3 %o and 4.6 %o respectively.

Carbon and nitrogen isotopic ratios in sediments are expressed as & values (8'°Corg and 3'°N) with

reference to Vienna Pee Dee Belemnite (V-PDB) and atmospheric Nz, respectively.
813C0rg and §"°N = [(Rsample - Rstandard)/ Rstandard) x 1000 (1)
where R =1*C/'2C and '"N/"N.

The analytical precision of replicate analyses of selected samples (n=3) was <2% for Corg and TN and

<0.2%o for 613Corg and 8"°N.



2.4. Determination of Hg in sediments by Direct Mercury Analyzer

A Direct Mercury Analyzer (Tri cell DMA-80) from Milestone, Italy was used for Hg analysis. The
basic principle of DMA-80 is based upon thermal decomposition, catalytic conversion of interfering
substances, preconcentration of Hg by gold amalgamation, and atomic absorption
spectrophotometry. A pre-weighed sample is taken in a quartz tube and introduced into the machine.
Controlled heating stages are applied to dry and then thermally decompose the sample. The
decomposition products are then carried through a catalyst bed with a continuous flow of oxygen
(99.9% pure). The interfering decomposed products are then removed by the catalyst bed. All Hg
species are selectively trapped by gold (forming a Hg-gold amalgamation). The amalgamator is
subsequently heated (at 850 °C) to release the Hg vapour into the single beam, fixed wavelength
atomic absorption spectrophotometer. The absorbance measured at 253.7 nm is proportional to the

Hg content in the sample.

Certified reference material (CRM) was used to calibrate the instruments, validate the analytical
methods and check the quality of the measurements. Marine sediment reference materials, MESS-3
and PACS-2 (from National Research Council Canada), were used as the CRM. The certified
reference concentration of Hg in MESS-3 and PACS-2 were 0.091+ 0.009 mg/kg and 3.04 + 0.20
mg/kg respectively. The analysis of certified Hg from MESS-3 and PACS-2 found concentrations of
0.090 £ 0.004 and 3.02 + 0.10 mg/kg, respectively. The analytical precision was expressed as the
average + standard deviation (n=3) for Hg. The DMA-80 achieves a detection limit as low as 0.0.02

ng of Hg.
2.5. Determination of total chromium reducible sulfur in sediment samples

Chromium-reducible sulfur (CRS) in sediment was quantified by the following method. An amount
of ~0.2 g of sediment sample was placed into a 3-neck round-bottom flask. A volume of 10 mL of
dimethylformamide (DMF) was added into the flask. The mixture was thoroughly stirred with a
magnetic stir bar to secure an efficient mechanical breakup of the sample. DMF enhances the
reactivity of reduced sulfur species in the sediment samples. It also allows oxidation to take place at
an enhanced rate. As soon as the sample was mixed with DMF, the reaction flask was connected to
the gas line and flushed with N> for 10 min. Subsequently, 8 mL of 5SM HCI was injected through the
chemical port followed by the addition of 16 mL of 1M CrCl: solution. The sample is bubbled at a
rate of 2 to 5 bubbles per second with N2 for 2 h and the system was stirred continuously. Zinc
acetate solution was used as the sulfide trap. The liberated sulfide was trapped as zinc sulfide in 20
mL of 5% (w/v) ZnAc-solution. The resulting zinc sulfide precipitate was redissolved by adding 2ml

of 50% HCI and the liberated sulfide was measured on a spectrophotometer at 670nm by Cline
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method (Cline, 1969). Given the method of determination, this fraction is equivalent to chromium

reducible sulfur (CRS).
2.6. Methylmercury (MeHg) extraction

The procedure is based on the method of Maggi et al. (2009), and other similar methods in the
literature. Approximately 1.0-2.0 g of dry sediment (freeze dried) was placed in 100 mL screw-
capped polypropylene tube. The sediment sample was then hydrolyzed with 6M HCI (10 mL). The
sample with 6M HCI was vertically stirred for 5 min using a mechanical shaker. The sample was
further, centrifuged at 2400 rpm for 10 min and the supernatant liquid phase was discarded (no
significant MeHg concentration was detected). A definite volume (20 mL) of toluene was added to
the sediment residue and was vigorously mixed for 20 min. The sediment and toluene mixture was
centrifuged (2400 rpm for 20 min). The supernatant, containing organomercury species was collected
in falcon tubes. The whole procedure was repeated. The combined organic extracts were further back
extracted with 6mL of 1% (v/w) L-cysteine aqueous solution to strip MeHg from toluene. Then, an
aliquot of the L-cysteine extract was immediately analysed with the Hg analyser (DMA-80). Overall,
the method relies on the fact that while the MeHg is extracted into the toluene and then back
extracted with the L-cysteine, the same does not occur for inorganic Hg, primarily because of the
differences in speciation in strong HCL solution (inorganic Hg complexes are charged, MeHg is
mostly present as CH3HgCl). Therefore, these extraction steps enable separation of MeHg from
inorganic Hg. Certified reference material of MeHg in sediment (SQC1238-50G) (from Sigma
Aldrich) was used to validate this analytical measurement method. The certified reference
concentration of MeHg in SQC1238 was 10.0 = 0.3 pug/kg. The determined MeHg concentration in
the CRM was 9.5 + 0.3 pg/kg. The Acceptance Limits for the CRM have been reported to be 5.1 -

14.9 pg/kg. The analytical precision was expressed as average + standard deviation (n=5) for MeHg.
3.  Results and discussions
3.1. Basic hydrographic and sedimentological conditions of the study area

The sediment samples were collected in such a way to ensure that there were distinct variations in
the dissolved oxygen (DO) concentration of the overlying bottom waters across the OMZ. Variation
of dissolved oxygen (DO), salinity and temperature of the overlying bottom water (above the
sediments) at the five sampling sites across the OMZ in the west coast of India are presented in
Table 1. The DO levels in the overlying bottom water were found to vary from oxic (80.4 uM) to
hypoxic (49.1 uM) and then close to suboxic (4.5 uM) across the OMZ (from the continental shelf

towards the continental slope). In this study, the overlying bottom water was collected ~1-2 m above



the sea bed, and the actual DO level at the sediment-water interface was potentially lower than the
DO values reported here. The salinity of the bottom water in the study area varied slightly from 35.1
to 36.6 ppt. However, the temperature of the overlying bottom water decreased with the increasing

depth.

The particle size distributions of sediments in the study area are presented in Table 1. It was found
that coarser sediment (ranging from ~75 — 90% sand) dominated in the continental shelf areas but

finer particles (silt+clay) dominated (ranging from ~75 - 95%) along the continental slope.
3.2 Distribution and sources of sedimentary organic matter

Sedimentary organic carbon (Corg) and total nitrogen (TN) are presented in weight percentage.
Figures 2a and 2b show that Corg and TN in sediments decreased with increasing DO of the overlying
bottom water (R? = 0.81; p <0.05 for Corg; R? = 0.78; p <0.05 for TN). The highest concentration
(4.4%) of Corg was found in the sediment where the overlying bottom water had the lowest DO
concentration (4.5 uM). This finding suggests that a low-oxygen environment helps to preserve Corg
in the sediments by decreasing the rate of degradation of organic matter (Berger et al., 1988, 1989;
Anderson et al., 2001; Sarmento et al., 1998; Canfield 1994). The concentrations of Corg, TN were
also found to increase (from 1.06 - 4.38% and 0.06-0.46% respectively) with an increasingly higher
fraction of finer particles in the sediment (down the continental slope across the OMZ) (Table 2).
Significant positive correlations were found between the Corg (R? = 0.80; p < 0.05) (Figure 3) and
TN (R?= 0.84; p < 0.05) and the finer particle (silt + clay) content in the bulk sediments. This
indicates a higher sorption and affinity of Hg to the Corg and TN on the finer particles in the studied
sediments, as found in other studies (Hedges and Keil., 1995; Paropkari et al.1987), likely because of
the higher surface area available. Overall, the combination of low DO concentration of the overlying
bottom water and high finer particles content (silt and clay) increased the Corg content in the

underneath sediment from the continental slope areas.

As it has been reported that Corg in sediments derived from different origin (from marine or
terrestrial) have different Hg complexing capacity (Schartup et al, 2015; Hollweg et al., 2010;
Chakraborty et al., 2015a), the type of OC also can control Hg speciation in marine sediment. Thus,
measurement of stable isotopes and C: N ratios were made to understand the nature of Corg in the

studied sediment across the OMZ.

The C:Nmolar ratio and 8'*Corg have been widely used (Peters et al., 1978; Meyers and Ishiwatari,
1993; Meyers, 1997; Zhang et al., 2009) to understand the sources of Corg in sediments. Freshly

deposited marine produced organic matter has a C:Nmolar ratio of 6-9 (Bordovskiy, 1965; Prahl et al.,



1994, 1980; Perdue et al, 2007) and 8'3Corg of -20.5%0 (Gearing, 1988; Jia and Peng, 2003) while
vascular terrestrial C3 plant produced organic matter has a C:Nmolar ratio of 12-14 or more (Hedges et
al., 1986; Prahl et al., 1994, 1980) and 8'3Corg 0f -30 to -23 %o (Smith and Epstein, 1971; Pancost and
Boot, 2004). However the terrestrial C4 plant produced organic matter is richer in 8'3Corg (~ -17 to -
9 %o, (Smith and Epstein, 1971 Pancost and Boot, 2004;). Intermediate values could indicate a

mixture of both marine and terrestrial derived organic matter.

Table 2 shows the changes of C:Nmolar ratio , 8'*Corg and 8'°N1n in the studied sediment across the
study area. The decrease in C:Nmolar ratio down the continental slope across the OMZ suggests that
Corg in the sediments collected from the continental slope was mainly influenced by marine derived
organic matter (from in-situ biological production). Furthermore, the stable isotopic ratio of Corg
(8"3Corg) in the sediments confirms the likely increasing influence of marine organic matter towards
the continental slope across the OMZ. The variation of 8'*Corg from -20.33%o near the continental
shelf to -19.99%o0 on the continental slope supports the notion of the increasing marine influence
towards the slope, but also suggests that the contribution from terrestrial organic matter is small. The
8'°N data support this inference. The differences in the nature of organic matter could influence Hg
distribution and speciation in this area. For example, Schartup et al. (2015) demonstrated the
contrasting effects of marine and terrestrially derived dissolved organic matter on Hg speciation and
bioavailability in seawater and suggested that dissolved organic matter composition is a critical
driver of Hg reactivity and bioavailability in offshore marine waters. The Hg and MeHg bound to
marine OC were more bioavailable than when bound to terrestrial OC. However, as the overall effect
of marine and terrestrially derived organic matter on Hg distribution and MeHg production is not
known across the OMZ, further analysis was performed to understand the distribution and speciation

of Hg in the studied sediments, and the controlling factors.
3.3. Distribution of Hg in sediment across the OMZ

Total Hg concentrations in the sediments (expressed on a dry weight basis) were low, ranging from
8.8 - 70.2 pg.kg! (Table 2). The concentrations were similar or lower to the Hg concentrations
reported in pristine coastal sediments from the different parts of the world. The concentration of total
Hg ([Hg]r) was found to increase with the depth of the continental slope and a strong significant
positive correlation coefficient was also found with the finer particle content (R?> = 0.87; p <0.05)

(Figure 4).

The total Hg content in the sediment was high in the continental slope area (sediments dominated
with finer particles) compared to the shelf area (coarser particle dominated sediments). The total

concentrations of Hg in the sediments gradually increased with the increasing Corg but the
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relationship was not significant (R> = 0.54; p>0.05,). As noted above, the fine-grained sediment
content and Corg were strongly correlated. It has been suggested that Corg is effective in binding Hg,
and is an important factor in controlling Hg concentration in sediment (Hollweg et al., 2010;
Hammerschmidt and Fitzgerald 2004; Liu et al., 2015). Hollweg et al. (2010) also found higher
concentrations of total Hg in deeper sediments (600-900 m depth) on the slope of the mid-Atlantic
Bight, and found a relatively constant ratio of Hg:Corg with distance offshore. Overall, the Corg-
normalized Hg concentrations found here (8-20 ug kg™! %Corg! or 16-40 pmol g! %LOI'!) are in the
same range as those found off the coast of North America (Hollweg et al., 2010; Hammerschmidt

and Fitzgerald, 2006) even though at these locations bottom water DO was always >100 pM.

However, not all studies have found a strong correlation between Hg and Corg. For example, Mason
and Lawrence (1999) found a non-linear relationship in Baltimore Harbour sediments, and Schartup
et al. (2014) suggested that total sediment sulfur was a better proxy for Hg binding capacity in
sediments. As Hg binds strongly to both inorganic and organic reduced sulfur ligands, it is expected
that the binding strength and the degree of complexation of Hg would increase in the presence of
higher, slowly oxidizing Corg under low oxygen conditions, especially as these would promote
sulphate reduction and the formation of reduced sulphide in the sediment. Overall, the total Hg
content in the sediments did gradually increase with the decreasing DO concentrations of the
overlying water column and increasing finer particles and Corg content of the sediments. However,
there did not appear to be any relationship between CRS, overlying DO and sediment Corg. Indeed,
some of the sites with the highest CRS had low Corg and high overlying water DO (Table 2). These
differences likely reflect the degree to which water column mixing is replenishing DO, which would
occur more frequently for the shallower sites. To further examine the influence of environmental
conditions, we examined the MeHg concentration in the sediments under varying DO concentration

of the overlying bottom water.
3.4. Distribution of MeHg in sediment across the OMZ

The concentrations of MeHg found in the studied sediments across the OMZ are shown in Table 2.
The concentration of MeHg was found to be high with respect to the total Hg concentration in the
sediments (ranging from ~0.9 to 9% of the total Hg content in the sediment). The relative percentage
of MeHg in the sediments was high compared to those measured by others in estuarine and other
coastal waters (mostly <2%) (see summary in Liu et al., 2015). While this could be considered as a
potential artefact in the analytical method, the high recovery and accuracy of the measurement of the
MeHg in the sediment SRM suggests that this is not the case. The sites with the higher %MeHg had
very low total Hg concentrations (8.8 and 10. 9 pg kg') and were sites with low Corg. The

10



measurements presented here represent the surface sediments and it is probable that deeper
sediments had lower MeHg and %MeHg, as found for some sites within the Chesapeake Bay
(Hollweg et al., 2009).

Overall, while the MeHg concentration was relatively consistent across sites (overall variability
about a factor of 2), it did not correlate with the total Hg concentration in the sediments and the
%MeHg was highly variable. Methylation of Hg in estuarine sediment has been reported to be more
favourable under anaerobic conditions (Compeau & Bartha, 1984; Olson and Cooper, 1974), which
provides a favourable environment for the methylating bacteria (anaerobes) (Gilmour et al., 2013).
Continuous input of fresh labile carbon under suboxic condition stimulates SRB activity, which
would enhance methylation of Hg in marine sediments; otherwise microbial activity may be limited
even though conditions suitable for methylation persist. Alternatively, higher levels of organic matter
could limit availability of Hg for methylation. In this study, MeHg concentration was inversely
correlated with Corg, as found by other investigators (Hammerschmidt and Fitzgerald, 2004). There
was no correlation of MeHg with CRS, in contrast to the results of Schartup et al. (2014), but similar
to the results of Liu et al. (2015). Here, as with the Gulf of Mexico sediments, the reduced sulfur
content was low and this likely resulted in the lack of correlation, as the correlation found by

Schartup et al. (2014) was for sediments with relatively high reduced sulfur content.

We predicted that the MeHg content in the sediment should negatively correlate with the
concentration of DO of the overlying bottom water if anoxia in the water column enhanced
methylation in sediments. However, a strong positive correlation was observed between the MeHg
concentration in the sediments and DO level (Figure. Sa). The concentration of MeHg in the
sediments gradually decreased with the decreasing DO level of the overlying bottom water. Our
results appear to support those of Liu et al. (2015) who did not find a correlation between sediment

methylation and overlying water DO in the Gulf of Mexico.
3.5. Factors affecting the distribution, speciation of Hg in the sediments across the OMZ

In many studies, the quality of Corg has been reported to influence Hg- methylation rate in coastal
sediments (e.g. Hollweg et al, 2010; Schartup et al., 2015). Organic matter derived from marine
produced organic matter has been reported to have less Hg complexing capacity than terrestrial
organic matter in marine sediment, and this likely reflects the lower Corg to organic sulphur (OS)
ratio in such sediments (Hollweg et al, 2010). A very similar observation has been reported by others
(Schartup et al, 2015; Lamborg et al., 2004). These authors have reported that Corg can limit Hg-
methylation in an estuarine ecosystem and as a result Corg is often described as the primary control

over MeHg production. Input of autochthonous carbon has been reported to influence the
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concentration of MeHg in coastal sediments (Lambertsson and Nilsson, 2006). It was discussed in
the previous section that Corg in the sediments collected from the continental slope was mainly
influenced by marine organic matter, whereas the Corg from the shelf area had more terrestrial
influence, and this likely results in the observed differences found in this study. Overall, the number
of sites is too small to completely tease out the contrasting influence of Corg source on bioavailability
compared to the influence Corg and reduced sulphur content on partitioning and bioavailability. We
therefore further examined the influences of varying DO levels (of the overlying bottom water) and

nature of Corg on Hg distribution and its speciation in the sediments across the OMZ.

The increasing Hg and Corg concentrations in the sediment with decreasing DO concentration of the
overlying bottom water was probably due to strong complexation of Hg with different binding sites
of Corg in the sediments. This complexation reaction may inhibit MeHg production in the sediments.
One usually should expect a strong positive correlation of MeHg content with Corg in the sediments
(Covelli et al, 2000; Hollweg et al, 2010). However, a negative correlation was found between the
MeHg concentration and the Corg content in the studied sediment, which was consistent with the
results of Hammerschmidt and Fitzgerald (2004). As discussed in Schartup et al. (2014) differing
trends in the relationship between Hg and Corg have been found across ecosystems and this likely
reflects the differences in OS: Corg ratio for the different locations. For example, the shelf and slope
stations in Hollweg et al. (2009) had a ratio that was 5-10 times lower than that of the Chesapeake
Bay. The results in this study may be attributed to strong complexation reaction of Hg with Corg

under suboxic conditions which probably prevented MeHg production.

Lability of sedimentary organic matter is known to affect methylation of Hg in sediments (Kim et al.,
2011). ‘Labile' is the term used to describe organic matter with low C: N ratios (C/N=4-10), whereas
'non-labile' describes organic matter with high C: N ratios (C:N >11). Kim et al (2011) suggested
that surface sediments, which contained a large fractions of fresh algal organic material (C:N =5.8-
7.8), showed higher Hg(Il) methylation rates than deeper sediments (C:N >10). They also suggested
that the C:N ratio can be used as a proxy for the lability of organic matter that influences Hg(II)
methylation rate in marine sediments. The C:N ratios in the studied sediments were in the range
between ~11 and 21 throughout the study period (Table 2) and therefore were less labile in nature.
Thus, the concentration of total Hg in the sediment along the continental slope area was found to be
higher but with less MeHg. Furthermore, a sequential extraction study (the protocol has been
described in detail by Chakraborty et al., 2014c; Chakraborty and Babu 2015b, Chakraborty et al.,
2016) was performed on the sediment samples and it was found that a major fraction of the total Hg

was strongly associated with the organic/reduced sulphide phases in the sediments. Sulphide
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concentration in sediment has also been recognized as important factor to control bioavailability of
Hg to methylating bacteria (Lambertsson and Nilsson, 2006; Hammerschmidt and Fitzgerald, 2004&
2006; Hollweg et al., 2009; Schartup et al., 2014). There was no significant relationship found
between the concentrations of MeHg in the studied sediment with the CRS concentrations in the
sediments. The CRS concentration in the sediment was in the low range (~1.5-15pg.kg™!) (Table 2)
of what can be found in coastal sediments (Liu et al., 2015; Hollweg et al., 2009; Schartup et al.,
2014). The sequential extraction analysis results also showed that more complexation of Hg with

Corg with higher C/N ratio in the sediments decreased MeHg formation in the study area.

Overall, it is concluded that the concentrations of MeHg decreased with the increasing concentration
of non-labile Corg (in the sediments) in this study area. Decreasing DO concentrations in the
overlying water column increased the concentrations of non-labile Corg which probably helped Hg to
undergo stronger complexation reactions and remained preserved in Corg. This strong complexation

of Hg with Corg probably inhibited MeHg production in the sediments (Figure 5b).
4. Conclusions

This is the first study that has dealt with the impact of varying oxygen levels in the overlying bottom
water on Hg distribution and speciation in the underlying sediment across the oxygen minimum zone
of the Arabian Sea. It was found that Corg concentration increased with the increasing finer
particulates in the sediments and decreasing DO level of the overlying bottom water. Increasing
concentrations of Corg (under suboxic overlying water) increased accumulation of Hg in the
sediments. However, depleted DO level of the overlying bottom water did not enhance the
concentration of MeHg in the underlying sediments. It was found that the nature (labile/inert) of Corg
played a more important role than water column DO in controlling the distribution and speciation of

Hg in these areas.
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Figure 1: Study area from the continental margin (off Gujarat state) across the OMZ
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Figure 2: (a) Corg and (b) total nitrogen (TN) in the sediments decreased with increasing
concentration of dissolved oxygen of the overlying bottom water. Error bars in the figures are
standard deviation of the mean.
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Figure 3: The concentrations of (a) Corg and (b) total nitrogen with increasingly higher finer particles
content in the sediments
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Figure 4: variation of total sedimentary Hg as a function of (a) depth and (b) finer particles
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Figure S: Variation of MeHg production as function of (a) dissolved oxygen of the overlying bottom
water and (b) Corg in the sediments.
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Table 1: Geographical locations of sampling sites, Dissolved oxygen (DO), redox state, salinity, temperature
of the overlying bottom water and depth from where the sediment samples were collected

Sediment LAT LONG  Depth DO Redox  Salinit Temperature Particle size
°N) (°E) (m)  (uM)  state y ,

Core (°C) Sand Silt+

(ppt) (%) clay

(%)
SPC15 202044 694454 80 81.1 Oxic 36.4 23.6 77 23
SPC16 202056 6931.71 98 67.5 Oxic 36.4 229 92 8
SPC17 202098 692448 195 32.0 Hypoxic  35.9 19.9 58 42
SPC20 2020.56 69 15.06 791 5.1  Hypoxic  35.6 10.4 24 76
SPC21  2020.64 6902.052 1544 473 Hypoxic  35.1 5.3 4 96

Table 2:The concentrations of TOC (%), TN (%), Molar C/N ratio, d'3 C org , d'> N and sulphide
(ngkg!) in the studied (coastal and estuarine) sediments are presented along with the total Hg,

MeHg content in the studied sediments.

Station TOC N (%)  Molar dB C o d°N Sulfide Hgr CH3Hg CH;Hg
N
%) - CEE) ke (ekeh)  GhofHen
1 1.08  0.064 19.67 -20.33 7.83 15.19 10.9+0.2 0.89+0.02 8.1
2 1.06  0.060 20.77 -20.82 6.83 2.46 8.8+0.2 0.81+0.02 9.2
3 2.54  0.246 12.05 -20.86 7.99 1.46 33.3+0.7 0.57+0.01 1.7
4 438 0.462 11.06 -20.37 8.29 7.47 35.9+0.7 0.54+0.01 1.5
5 344  0.373 10.76 -19.99 8.25 4.58 70.2+1.4 0.68+0.01 0.9
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