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Abstract In the present study, we have investigated the C–S–Fe systematics in a sediment core (MD161-
13) from the Krishna-Godavari (K-G) basin, Bay of Bengal. The core covers the late Holocene period with
high overall sedimentation rate of �573 cm kyr21. Pore fluid chemical analyses indicate that the depth of
the present sulfate methane transition zone (SMTZ) is at �6 mbsf. The (DTA 1 DCa 1 DMg)/DSO22

4 ratios
suggest that both organoclastic degradation and anaerobic oxidation of methane (AOM) drive sulfate
reduction at the study site. The positive correlation between total organic carbon content (TOC) and chro-
mium reducible sulfur (CRS) content indicates marked influence of organoclastic sulfate reduction on sulfid-
ization. Coupled occurrence of 34S-enriched iron sulfide (pyrite) with 12C-enriched authigenic carbonate
zones is the possible records of paleo-sulfate methane transition zones where AOM-driven-focused sulfate
reduction was likely fueled by sustained high methane flux from underlying gas-rich zone. Aluminum nor-
malized poorly reactive iron (FePR/Al) and La/Yb ratios suggest increasing contribution from Deccan basalts
relative to that of Archean-Proterozoic granitic complex in sediment flux of Krishna-Godavari basin during
the last 4 kyr.

1. Introduction

Dissimilatory sulfate reduction [Madigan et al., 2000; Canfield, 2001; Goldhaber, 2003; Megonigal et al., 2003;
Shen and Buick, 2004; Canfield et al., 2005, 2006; Bradley et al., 2011; Eckert et al., 2011; Acosta et al., 2014;
Bowles et al., 2014; Treude et al., 2014] is a bacterially mediated metabolic process where dissolved sulfate is
utilized as an electron acceptor during organic matter remineralization, and in this process sulfate is
reduced to hydrogen sulfide. Sulfate reduction involves change of the valence state of sulfur from 16 to
22, i.e., a net transfer of eight electrons via enzymatic pathways [Canfield, 2001]. Several sulfur compounds
of intermediate valence states like sulfite (SO22

3 ), tetrathionate (S4O22
6 ), thiosulfate (S2O22

3 ), and elemental
sulfur (S0) [Zopfi et al., 2004] are known to exist in the sediment pore waters. During bacterial sulfate reduc-
tion, sulfate reducing bacteria preferentially breaks down the 32SA16O bond than 34SA18O as the energy
required to break 32SA16O bond is lower than that for 34SA18O [Harrison and Thode, 1958; Lloyd, 1968]. This
preferential consumption of lighter isotopes during sulfate reduction results in the enrichment of residual
sulfate in 34S relative to 32S. Sulfate reducing bacteria (SRBs) are strict anaerobes and proliferate only in com-
plete absence of oxygen. SRB are most active close to the sediment surface owing to high organic load and
sulfate flux [Kasten and Jørgensen, 2000; Megonigal et al., 2003; JØrgensen and Kasten, 2006; JØrgensen and
Parkes, 2010; Meister et al., 2013]. Preservation of labile organic matter and its availability to the sulfate
reducers depend on oxygen penetration depth, which in turn is controlled by sedimentation rate oxygen
availability and bioturbation [Hedges and Keil, 1995; Hartnett et al., 1998; Kristensen, 2000; G�elinas et al.,
2001]. The free energy yield (DG) during sulfate reduction depends on the nature of electron donors (sub-
strate). Fermentation products such as acetate, lactate, formate, and hydrogen are the common substrates
in organic rich sediments for which Br€uchert [2004] compiled a range of DG values (245 to 2340 kJ mol21

SO22
4 ). However, recently Treude et al. [2014] observed that the ‘‘the classical redox cascade of electron

acceptor utilization based on Gibbs energy yields does not always hold in diffusion-dominated systems,
and instead biotic processes may be more strongly coupled to mineralogy.’’

The rate of sulfate reduction depends on the availability of labile organic compounds (substrate for sulfate
reducing bacteria), temperature, sedimentation rate, and sulfate concentrations [Goldhaber and Kaplan, 1975;
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Berner, 1978; Westrich and Berner, 1988; Canfield, 1989a; Madigan et al., 2000; Canfield, 2001; Detmers et al.,
2001; Claypool, 2004; Canfield et al., 2005, 2006; Acosta et al., 2014]. Dissimilatory sulfate reduction plays an
extremely important role in marine sediment diagenesis and accounts for half or more of the total organic
carbon mineralization within sediments [JØrgensen, 1982; Canfield, 1989a; Kristensen, 2000; Bowles et al.,
2014]. Advective/diffusive methane flux also plays a profound role in sulfate reduction in the sediments via
anaerobic oxidation of methane (AOM) [Niew€ohner et al., 1998; Borowski et al., 1996, 1999; Hoehler et al.,
2000]. AOM takes place within the sulfate methane transition zone (SMTZ) where both sulfate and methane
concentration profiles intersect each other. AOM is performed by a syntrophic consortium of methane oxidiz-
ing archaea (ANME) and sulfate reducing bacteria [Boetius et al., 2000; Orphan et al., 2001; Reeburgh, 2007;
Knittel and Boetius, 2009; Milucka et al., 2012; Yoshinaga et al., 2014]. Recently, Treude et al. [2014] proposed
possible involvement of unknown phylotypes in AOM processes.

H2S produced during sulfate reduction is trapped in the sediment as iron monosulfide (FeS), pyrite (FeS2),
elemental sulfur (S0), and organic bound sulfur (OBS) out of which pyrite and OBS are quantitatively the
most significant sinks of reduced sulfur in the marine environment [Kump and Garrels, 1986; Werne et al.,
2003; Holmkvist et al., 2014]. A fraction of H2S may diffuse out of the sediment and gets oxidized to sulfate
or trapped in the bacterial mats as S0 [Hansen et al., 1978; Chanton et al., 1987]. Sulfidization of sedimentary
reactive iron has been studied in a wide variety of depositional environments [Skyring, 1987; Roychoudhury
et al., 2003; Mazumdar et al., 2012b] across the geological time scale [Strauss, 1997].

In the present study, an attempt has been made to decipher the role of AOM and organoclastic sulfate
reduction on sulfur isotope ratios of sulfides precipitated in the rapidly deposited marine sediments of the
Krishna-Godavari (K-G) basin, Bay of Bengal. We have also tried to understand the reactive iron source varia-
tions using iron speciation studies.

2. Geology

The Krishna-Godavari basin is a pericratonic rift basin located in the eastern continental margin of India
(ECMI), covering an area of 28,000 km2 onshore and 145,000 km2 offshore [Rao, 2001; Bastia, 2007]. Geo-
graphically, it lies between Kakinada in the northeast and Ongole in the southwest of Andhra Pradesh. The
ECMI represents a passive continental margin and evolved through the breakup of the eastern Gondwana
landmass 130 Ma ago when India separated from East Antarctica [Ramana et al., 2001]. The initial rifting
and drifting phase during the Cretaceous resulted in extensive deposition of fluvio-lacustrine sediments
throughout the basin. A south-easterly tilt in late Cretaceous resulted in an extensive marine transgression
which led to the deposition of the Ragavapuram formation [Sastri et al., 1981; Rao and Mani, 1993]. The
Ragavapuram formation (shale) is overlain successively by Razole Formation, Palakollu Shale, Vadaparru
shale, Narsapur Claystone, Ravva Formation, and Godavari clay. The Godavari clay ranges in age from mid-
Pliocene to Holocene. The basin extends southeast into the deep waters of the Bay of Bengal. The basin is
characterized by enechelon type horst and graben-like structures [Rao and Mani, 1993; Rao, 2001; Gupta,
2006]. A sediment thickness of 3–5 km in the onshore region and around 8 km in the offshore region has
been reported by Bastia [2007] and Prabhakar and Zutshi [1993]. The mean annual sediment transportation
of the Krishna and Godavari rivers are estimated to be 67.7 and 170 3 106 metric ton respectively [Biksham
and Subramanian, 1988; Ramesh and Subramanian, 1988]. Tropical semiarid climatic conditions prevail in
most parts of the catchment area. The catchment area is occupied by Archaean-Proterozoic granitic com-
plex, Tertiary Deccan traps (basaltic) and recent sediments [Ramesh and Subramanian, 1988; Biksham and
Subramanian, 1988; Mazumdar et al., 2014a].

The high-resolution sparker (HRS) data [Mazumdar et al., 2012a] in the vicinity of MD161-13 (Figure 1) show
distinct surface echo with several parallel, continuous subbottom reflections that are conformable to sea-
floor topography. Regional and counter growth faults are also common in this region which may be attrib-
uted to shale tectonics [Dewangan et al., 2010]. The acoustic signature of gas movement, such as acoustic
voids is also observed within the layered structures of MD161-13 [Mazumdar et al., 2012a]. The hydrate sta-
bility zone calculation and the absence of a bottom simulating reflector suggest that the study area is
located outside the gas hydrate stability zone in the K-G basin (NIO, Geoscientific investigations of shallow
sediments in Krishna Godavari, East Coast, unpublished NIO Tech. Rep. 12–2003, p. 84, Natl. Gas Hydrate Res.
Program, 2005, Goa, India).
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3. Methodology

3.1. Geochemical Measurements
A 28.65 m long sediment core MD161-13 (Figure 1) was collected on board Marion Dufresne (May 2007) at a
water depth of 647 m (Lat.: 16801.9684 N, Long.: 81842.7909 E) using a giant Calypso piston corer. PVC liners
of 10 cm inner diameter were used for core collection. Subsampling for pore water extraction was carried
out by cutting out 10 cm thick sediment slabs at 1.5 m interval within 1.5 h after core retrieval. Subsampling
for gas was carried out using a 10 mL cut-syringe from the core of the sediment slabs to minimize atmos-
pheric contamination. The aliquot was stored in 28 mL glass vials with 5 mL of 0.5 M sodium azide (bacteria-
cides) and crimped immediately following nitrogen flushing. Sediment was homogenized using a vortex
shaker and stored at 28C till concentrations of hydrocarbon (CH4, C2H6, and C3H8) gases in the head space
were measured using a Varian Gas chromatograph (CP 3380). Stable carbon isotope ratios of head space
methane and carbon dioxide were measured with a Finnigan-Delta Plus Isotope Ratio Mass Spectrometer in
continuous flow mode interfaced to a gas chromatograph.

After subsampling for gas concentration measurements, sediment slabs were immediately transferred into
thick plastic bags, filled with high-purity nitrogen and heat sealed to avoid atmospheric oxygen contamina-
tion which can oxidize hydrogen sulfide/iron monosulfide and stored at 48C. Pore water was extracted from
the sediment using a Manheim-type hydraulic press following standard ODP protocol [Sayles et al., 1973].
Pore waters were collected in 20 mL plastic syringes with Luer locks, filtered through a 0.2 lm Whatman
syringe filter and stored in crimp vials under nitrogen head and preserved at 28C. Total alkalinity was

81˚45'E

81˚45'E

82˚00'E

82˚00'E

82˚15'E

82˚15'E

82˚30'E

82˚30'E

15˚45'N 15˚45'N

16˚00'N 16˚00'N

16˚15'N 16˚15'N

-1800

-1
80

0

-1
60

0

-1
60

0

-1400

-1
40

0

-1
20

0

-1200

-1200

-1
20

0

-1000

-1
00

0

-8
00

-600

0 10

km

KG Offshore (Bay of Bengal)

MD161/13

70˚E 80˚E

10˚N

20˚N

Figure 1. Bathymetry map displaying location of core MD161-13 (star). The inset shows partial map of India along with the study area in the Krishna-Godavari basin.
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measured on board following the Gran titration method using a Metrohm Autotitrator (Titrino 799 GPT). Sul-
fate concentrations were measured using a Dionex-600 ion chromatograph [Gieskes et al., 1991]. Prior to
sample injection, 1 mL of pore water sample was diluted to 50 or 100 mL and passed through a silver car-
tridge to remove chloride ions. An IonPac AS9-HC column was used for ion separation and ASRS Ultra-II
(2 mm) was used as anion self-regenerating suppressor. Calibration curve was prepared using a standard IC
sulfate solution from Dionex. The calibration line was cross checked with Dionex anion mixed standard. A
precision of 0.5–1% is reported here. BaCl2 solution was added to the filtered acidified pore water to precip-
itate the dissolved sulfate as BaSO4. BaSO4 was recovered by filtration and dried for sulfur isotope ratio mea-
surement. Calcium and magnesium concentrations in the pore waters were measured using an ICP-AES
(Model: Thermo Electron IRIS INTREPID II XSP DUO). The precision of 1% is reported for calcium and magne-
sium concentration measurements.

For the solid-phase analyses, the core was subsampled at 20–50 cm interval. S0 was extracted from an ali-
quot of homogenized wet sample by shaking it with dichloromethane on a vortex shaker [Br€uchert and
Pratt, 1996; Br€uchert, 1998] and dichloromethane was removed by centrifugation. Sediment water content
was determined by weight loss upon drying overnight at 658C for correction of the data to dry weight
basis [Cornwell and Morse, 1987]. Acid volatile sulfur (AVS) and chromium reducible sulfur (CRS) were
extracted from the S0-free sediment following a two-step extraction using 6 N HCl and 1 M CrCl2 sequen-
tially in an oxygen-free chamber with continuous nitrogen flow. CRS contents in this work represent the
pyrite-bound sulfur content in the sediment samples. H2S produced by reduction of sulfides was trapped
as ZnS in zinc acetate solution (pH> 11) and subsequently reprecipitated as Ag2S by addition of AgNO3

[Canfield et al., 1986; Strauss et al., 2012]. d34S, d18O of BaSO4, and d34S of Ag2S were measured with a
Thermo Delta-V-plus isotope ratio mass spectrometer in continuous flow mode coupled with an elemental
analyzer (Thermo EA-1112). BaSO4 and Ag2S precipitates were mixed with V2O5 and combusted at 11508C
to produce SO2. Whereas, oxygen isotope ratio measurements of BaSO4 were carried out following pyroly-
sis of BaSO4 to CO. Pyrolysis was carried out in glassy carbon reactor at 14508C. All results are reported in
the standard delta notation as permil deviations from the VCDT (Vienna Canyon Diablo Troilite) and
VSMOW (Vienna Standard Mean Ocean Water) with reproducibility better than 60.3& for S and O isotope
ratios. IAEA standards SO-5 (BaSO4, d34S: 10.5& VCDT and d18O: 112& VSMOW), SO-6 (BaSO4, d34S:
234.1& VCDT and d18O: 211& VSMOW), NBS127 (BaSO4, d34S: 122.3& VCDT and d18O: 19.3&

VSMOW), S–1 (Ag2S, d34S: 20.3& VCDT), and S-2 (Ag2S, d34S: 122.7& VCDT) were used for the prepara-
tion of calibration curves.

The dithionite leachable iron (FeD) in the sediment including ferrihydrite (FeOOH•0.4H2O), lepidocrocite
(c-FeOOH), goethite (FeOOH), and hematite (Fe2O3) was extracted with buffered sodium dithionite solu-
tion following Mehra and Jackson [1960] and Canfield [1989b]. Iron concentrations (Fe31 1 Fe21) were
measured by ferrozine complexometry following reduction of Fe31 to Fe12 by addition of hydroxyla-
mine hydrochloride in the leachate. A Chemito spectrophotometer (Spectroscan UV 2700) was used to
measure absorbance at 515 nm. Another aliquot of sediment was subjected to dithionite leaching and
the FeD-free residual sediment was leached for 6 h with 0.2 M ammonium oxalate solution at 3.2 pH to
extract the magnetite bound iron (FeOx) [McKeague and Day, 1966; Poulton and Canfield, 2005; Chen
et al., 2013]. Iron concentrations in the leachate were measured with an Atomic Absorption Spectropho-
tometry (Varian: Varian AA240FS). Standard reproducibility for Fe is 0.3%. Calibration line was prepared
with Merck iron standard. The highly reactive iron (FeHR) is the sum of FeOx, FeD, and pyrite-bound iron
(FeCRS). Total iron and aluminum contents in freeze-dried bulk sediment samples (desalinated) were
determined by X-ray Fluorescence (PAN analytical Axios) technique using fused pellets. A standard
reproducibility of 63% is reported in this work.

Total inorganic carbon (TIC) contents were determined by a carbon coulometer (UIC-CM5130). Total carbon
(TC) content was measured by elemental analyzer (Thermo EA1112). Total organic carbon (TOC) was calcu-
lated by subtracting TIC from TC. Ultrapure CaCO3 (Sigma-Aldrich) was used as standard for TIC measure-
ment. Precision for TC and TIC measurements are 1 and 1.4%, respectively. Stable carbon and oxygen
isotope ratios of carbonate in bulk sediments were determined with a Thermo Delta V continuous flow iso-
tope ratio mass spectrometer coupled to a GASBENCH-II and PAL auto sampler at the National Geophysical
Research Institute (Hyderabad, India). The isotope ratios are reported in standard delta notation as permil
deviations from VPDB standard. A sample reproducibility of 0.1& for both carbon is reported here.
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Rare earth element concentrations were
measured following Li-metaborate/tetra-
borate fusion method at Actlabs, Canada.
Fused samples were dissolved in nitric
acid and concentrations were measured
using an ICP-MS. The accuracy of the
data was better than 66%.

AMS 14C dates were generated at the
National Ocean Sciences AMS (NOSAMS)
facility, Woods Hole Oceanographic Insti-
tution, USA. Dates were determined on
planktonic foraminifera of the species
Globigerinoides ruber and Globigerinoides
sacculifer. Carbon dioxide generated from
these foraminifera shells was reacted
with catalyst to form graphite which was
pressed into targets and analyzed on the
accelerator along with standards and pro-
cess blanks. Two primary standards used
during 14C measurements are NBS Oxalic
Acid I (NIST-SRM-4990) and Oxalic Acid II
(NIST-SRM-4990C).

3.2. Flux Calculation
The diffusive sulfate flux (JSO4) is calculated from concentration profiles using Fick’s first law (equation (1))
assuming steady state conditions [Berner, 1980; Canfield, 1989a, 1991]

JSO4 5 uDsðdC=dXÞ (1)

where JSO4, C, and u represent the depth-integrated sulfate reduction rate (mmol m22 yr21), sulfate concen-
tration (mM) in the pore water, and average sediment porosity, respectively. dC/dX is the sulfate concentra-
tion gradient and Ds (cm2 s21) is the molecular diffusivity corrected for tortuosity. Ds is calculated by the
formula:

Ds 5 Do= 11n ð12uÞ½ � (2)

where n 5 3 for clays and silt [Iversen and JØrgensen, 1993]. Do 5 sulfate diffusivity in the absence of par-
ticles. Since Do varies with temperature (water depth), we have calculated Do at different temperatures
using an empirical relation based on data set from Li and Gregory [1974].

3.3. Magnetic Measurement
Magnetic susceptibility measurement was performed using a Bartington MS2B dual frequency susceptibility
meter. Susceptibility measurements (vLF) were done at a frequency of 0.47 kHz.

4. Results

4.1. Age Model
The age-depth relationship of the core MD161-13 is given in Figure 2. Radiocarbon ages are converted to
mean calendar ages using a radio carbon calibration program [Fairbanks et al., 2005]. The sedimentation
rates range from 288 to 1024 cm kyr21. The overall sedimentation rate based on the slope of the regression
line passing through all the data points is 573 cm kyr21. Below 23.0 mbsf, the age reversals indicate possible
turbidite layers or slumping. Results of solid-phase analysis are thus restricted to 22.65 mbsf only.

4.2. Pore Fluid Concentrations and Isotope Ratio Profiles
The composition and isotope ratios of head space gases and sediment pore waters of the core MD161-13
are presented in Table 1. The concentration profiles of sulfate-methane-alkalinity are plotted in Figure 3a.
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The sulfate concentration profile is quasi-linear, whereas the methane concentration profile is concave-up
in nature. Total alkalinity (TA) profile shows an approximate parabolic shape that is symmetrical across the
SMTZ. TA reaches a maximum of 25.8 mM at the SMTZ. The sulfate concentration gradient is 0.041 mM/cm
and JSO4 is 28.6 mmol m22 yr21. The depth of the SMTZ is �6 mbsf. The methane concentrations increase
sharply below the SMTZ. Head space methane concentration (Figure 3a; Table 1) is close to the detection
limit (4–6 lM) within top 7.55 mbsf and increases steadily to 4941 lM below the SMTZ. Below the SMTZ, C1/
(C2 1 C3) ratio increases to the maximum of 2910. C1, C2, and C3 represent methane, ethane, and propane
concentrations, respectively. d13CCH4 varies from 298.2 to 265.8& VPDB below the SMTZ (Figure 3b).
Whereas, above SMTZ, d13CCH4 fluctuates between 240.4 and 227.3&. d13CCO2 ranges from 219.8 to
213.7&. d34SSO4 increases systematically down core (0.05–4.55 mbsf) from 127.7 to 192.4& and the cor-
responding d18OSO4 values increases from 112.9 to 125.2& (Figure 3c). The Ca concentration decreases
steadily with depth from 10.5 mM at the core top to 5.3 mM at a depth of 9.05 mbsf. Below 9.05 mbsf, the
Ca concentration fluctuates between 4.5 and 6.2 mM (Table1). The Mg concentration drops from 55 mM at
the core top to 46 mM at 9.05 mbsf. Below 9.05 mbsf, Mg concentration fluctuates between 44.7 and
49.2 mM. The (DTA 1 DCa 1 DMg)/DSO22

4 ratio drops with depth from 2.5 to 1 from core top to the SMTZ,
respectively (Figure 4).

4.3. Solid-Phase S–C–Fe Concentrations and Isotope Ratios
CRS contents in core MD161-13 vary between 0.005 to 0.26 wt % (Table 2) and increase with depth below the
sediment surface (Figure 5a). The CRS and the TOC profiles show marked coherence (Figure 5a). The TOC con-
tents range from 0.7 to 2.4 wt % and show a positive correlation (r2 5 0.7) with CRS contents (Figure 5b). S0

and AVS contents in all the samples are below detection limit. d34SCRS values show wide variation ranging
from 228.7 to 133.1& VCDT. The lowest d34SCRS is recorded at a depth of 0.85 mbsf, whereas the highest
d34SCRS is observed at the depth of 9.15 mbsf. Within the top 9.15 mbsf, d34SCRS gradually increases down
core with large positive shifts to 13& at a depth of 8.7 mbsf which is followed by a zone (9.15–10.15 mbsf) of
34S-enriched (126.6 to 33.1&) values. This zone is followed by a downward decrease in d34SCRS in the 10–
16 m depth interval (Figure 6a). Below 16 m, d34SCRS again increases down core with a sharp positive d34S
peak at 18.15 mbsf.

The d13CTIC values vary from 27.6 to 23.3& VPDB. The d13CTIC profile shows two broad zones of depletions
(Figure 6b) and an overall inverse relationship with d34SCRS.

Dithionite extractable (FeD) and oxalate extractable iron (FeOx) range from 0.73 to 1.31 and 0.36 to 0.64
wt %, respectively. Whereas, FeCRS content varies from 0.005 to 0.233 wt %. Highly reactive iron contents

Table 1. Concentrations and Isotope Ratios of Various Dissolved Components in the Pore Waters and Head Space Gasesa

Depth
(mbsf)

SO4

(mM)
TA

(mM)
CH4

(lM) C1/(C2 1 C3)
d13C CH4

(& VPDB)
d13C CO2

(& VPDB)
Ca

(mM)
Mg

(mM)
d34SSO4

Pw (& VCDT)
d18OSO4

Pw (& VSMOW)

0.05 26.5 7.4 4.3 10.8 237.3 217.7 10.5 55.0 27.7 12.9
1.55 16.1 18.6 3.6 40.9 240.4 219.8 8.9 53.5 53.8 24.3
3.055 10.7 21.8 14.1 7.5 51.6 71.4
4.55 6.9 25.2 1.8 16.4 227.3 218.9 7.6 49.6 92.4 25.2
6.055 0.2 25.8 7.1 51.6
7.55 nd 22.0 6.0 43.0 265.8 213.7
9.055 nd 10.3 44.8 328.6 290.9 217.1 5.3 46.6
10.55 nd 7.4 90.1 313.3 5.7 48.3
12.055 nd 6.6 5.3 46.2
13.55 nd 8.0 283.2 608.6 298.2 217.7 6.1 48.4
15.055 nd 8.6 5.2 49.2
16.55 nd 10.5 839.5 775.3 6.2 51.1
18.055 nd 7.8
19.55 nd 7.3 1930.0 1666.8 295.2 215.2 5.4 48.1
21.055 nd 6.9 5.1 48.4
22.55 nd 5.9 2440.7 1527.9 292.9 215.4
24.055 nd 6.2 4.8 46.2
25.55 nd 5.8 4941.0 2910.8 292.5 215.9 4.5 44.7
27.055 nd 6.4 4.9 47.1
28.55 nd 5.4 5.0 46.3

and 5 not detected.
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vary from 1.33 to 1.85 wt % (Table 2). The FeHR is defined here as the fraction of sediment iron which has rel-
atively low sulfidization half-lives compared to the silicate bound iron (Canfield et al., 1992; Raiswell, 1997;
Poulton et al., 2004]. Dithionite extractable iron (FeD) is the major component of FeHR. The degree of pyritiza-

tion (FeCRS/FeHR %) ranges from 1.33 to 17.55% and increases
with depth (Figure 7a and Table 2). Total iron content (FeT) varies
from 6.5 to 8.1 wt % with an average of 7.5 6 0.4 wt % (Table 2).
FeHR shows an overall positive relationship with the FeT content
(Figure 8). The FeHR/FeT ratio varies from 0.184 to 0.244 (Avg.
0.22 6 0.01). The poorly reactive iron content (FePR 5 FeT2 FeHR)
ranges from 5.12 to 6.52 wt %. The poorly reactive iron include
the sheet silicates and unreactive Fe bearing phases like illmen-
ite, garnet, augite, and amphiboles [Canfield et al., 1992; Poulton
and Raiswell, 2002]. The aluminum content ranges from 7.2 to 8.9
wt %. The FePR/Al ratio varies from 0.61 to 0.83 (Avg. 0.73 6 0.05).

The magnetic susceptibility ranges from 0.6 to 1.4 3 1026 m3

kg21. The magnetic susceptibility decreases down core except a
broad zone of enhancement within 15.32–18.65 mbsf high-
lighted in Figure 7b.

Lanthanum (La) and Yb concentrations range from 23.3 to 37.3
and 2.1 to 2.6 ppm, respectively. The La/Yb ratio ranges from
10.6 to 16 (Figure 9 and Table 3).

5. Discussion

5.1. Methanogenesis
Highly depleted carbon isotopic compositions (Figure 3b; Table 1)
of methane (298.2 to 265.8&) and high C1/(C2 1 C3) ratios
(2910) below the SMTZ indicate a microbial origin of methane at
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Table 2. Concentrations and Isotope Ratios of Various Components in the Bulk Sediment

Age
(kyr BP)

Depth
(mbsf)

CRS
(wt %)

d34SCRS

(& VCDT)
FeCRS

(wt%)
FeD

(wt %)
FeOx

(wt %) FeHR

FeT

(wt %) FeHR/FeT

DOP
(%)

FePR

(wt %)
Al

(wt %)

13CTIC

(& VPDB)
TOC

(wt %) FePR/Al

0.25 0.15 0.0054 227.6 0.005
0.26 0.25 0.0367 224.7 0.032 1.30 0.40 1.74 7.8 0.22 1.84 6.05 8.09 23.4 0.748
0.30 0.55 0.0270 214.3 0.024 1.31 0.43 1.76 7.7 0.23 1.33 5.90 7.29 25.1 0.70 0.809
0.34 0.85 0.0401 228.7 0.035 1.23 0.43 1.70 8.0 0.21 2.06 6.27 8.42 23.6 0.99 0.744
0.40 1.3 0.0682 227.8 0.059 1.29 0.38 1.73 7.9 0.22 3.44 6.13 7.58 23.3 1.09 0.809
0.50 2.05 0.0734 223.2 0.064 1.16 0.39 1.61 7.7 0.21 3.97 6.10 8.08 24.3 1.19 0.755
0.54 2.35 0.1961 225.6 0.171 1.26 0.40 1.83 7.9 0.23 9.33 6.10 7.84 23.7 1.20 0.778
0.58 2.65 0.0604 222.4 0.053 1.16 0.46 1.67 7.7 0.22 3.15 6.02 8.17 23.8 1.01 0.737
0.62 2.95 0.0786 218.5 0.068 1.07 0.41 1.56 7.7 0.20 4.40 6.17 7.68 24.3 1.07 0.804
0.66 3.25 0.1309 223.2 0.114 1.14 0.37 1.63 7.9 0.21 7.00 6.25 7.79 23.9 1.18 0.802
0.68 3.4 0.0871 220.0 0.076 0.40 7.8 24.0 1.02
0.77 4 0.0679 222.8 0.059 1.18 0.48 1.72 7.9 0.22 3.44 6.18 8.13 24.0 1.22 0.760
0.85 4.65 0.0332 215.4 0.029 1.00
0.87 4.75 0.0472 222.6 0.041 1.18 0.39 1.61 7.8 0.21 2.56 6.19 8.51 24.1 0.96 0.728
0.93 5.2 0.0935 216.7 0.081 1.16 0.57 1.80 7.8 0.23 4.51 5.99 7.83 24.0 0.764
0.95 5.35 0.0636 28.6 0.055 1.10 0.46 1.61 7.7 0.21 3.45 6.06 7.24 24.3 0.837
1.03 5.95 0.0679 23.0 0.059 1.10 0.55 1.71 7.7 0.22 3.46 5.98 8.09 24.0 0.98 0.739
1.06 6.23 0.0913 211.2 0.080 1.15 0.39 1.61 7.7 0.21 4.93 6.10 8.06 24.1 1.00 0.756
1.10 6.5 0.0930 26.7 0.081 1.13 0.45 1.66 7.9 0.21 4.89 6.22 8.06 23.9 1.23 0.772
1.18 7.1 0.1113 26.3 0.097 1.06 0.49 1.65 7.8 0.21 5.86 6.14 8.11 24.1 1.34 0.758
1.22 7.4 0.1167 2.8 0.102 1.04 0.64 1.78 7.9 0.22 5.71 6.14 8.11 24.3 0.757
1.25 7.65 0.1364 1.6 0.119 1.11 0.49 1.72 7.8 0.22 6.91 6.09 8.36 24.1 1.34 0.729
1.33 8.25 0.1309 22.2 0.114 1.14 0.43 1.68 7.9 0.21 6.77 6.21 8.30 24.2 1.15 0.748
1.39 8.7 0.1240 3.0 0.108 1.16 0.46 1.73 7.6 0.23 6.26 5.90 8.17 24.6 1.38 0.723
1.42 9 0.1651 27.3 0.144 1.29 0.42 1.85 7.9 0.23 7.78 6.02 7.79 24.8 1.36 0.773
1.46 9.15 0.0781 33.1 0.068 1.34
1.52 9.4 0.1152 10.2 0.100 1.28 0.41 1.80 8.1 0.22 5.58 6.34 8.40 24.9 1.35 0.755
1.60 9.7 0.1191 24.0 0.104 0.41 7.6 8.04 26.1 1.01
1.71 10.15 0.0752 26.6 0.065 1.26 0.36 1.68 7.9 0.21 3.89 6.24 8.30 25.8 1.38 0.752
1.79 10.35 0.0888 1.6 0.077 1.26 0.40 1.74 7.8 0.22 4.45 6.10 8.85 25.8 1.39 0.689
1.82 10.65 0.1154 0.3 0.100 1.14 0.44 1.68 7.9 0.21 5.97 6.19 8.42 25.0 1.61 0.735
1.85 10.95 0.1387 11.2 0.121 0.99 0.41 1.52 8.0 0.19 7.94 6.52 8.51 25.3 1.51 0.766
1.89 11.4 0.1478 22.2 0.129 1.13 0.41 1.67 7.8 0.21 7.71 6.11 8.49 25.0 1.72 0.720
1.93 11.85 0.1350 1.8 0.118 1.16 0.39 1.67 7.7 0.22 7.05 6.03 8.60 24.8 1.69 0.702
2.00 12.55 0.1331 4.2 0.116 1.14 0.39 1.65 7.7 0.21 7.03 6.06 8.22 25.6 1.25 0.738
2.02 12.7 0.0870 22.5 0.076 1.19 0.39 1.66 7.9 0.21 4.56 6.24 8.40 24.9 1.44 0.743
2.06 13.15 0.1451 211.8 0.126 1.21 0.39 1.73 7.6 0.23 7.30 5.84 8.09 25.2 1.57 0.723
2.07 13.3 0.1464 213.7 0.127 1.01 0.43 1.56 7.8 0.20 8.16 6.21 8.11 24.8 1.71 0.765
2.15 13.65 0.2052 22.5 0.179 1.03 0.43 1.64 7.7 0.21 10.91 6.07 7.84 25.4 1.69 0.774
2.20 13.8 0.2568 27.5 0.224 1.18 0.43 1.84 7.7 0.24 12.15 5.85 7.90 24.7 1.72 0.741
2.30 14.1 0.2061 29.4 0.180 1.08 0.44 1.70 7.6 0.22 10.58 5.93 8.63 24.4 1.73 0.688
2.51 14.7 0.1790 216.3 0.156 1.17 0.44 1.77 7.4 0.24 8.80 5.64 8.25 25.0 1.64 0.683
2.62 15.25 0.1681 210.5 0.146 0.95 0.54 1.64 7.3 0.22 8.93 5.69 8.52 24.6 1.64 0.668
2.65 15.4 0.1832 218.9 0.160 0.97 0.42 1.54 7.6 0.20 10.33 6.03 8.94 23.5 1.70 0.675
2.74 15.85 0.1941 215.2 0.169 1.10 0.41 1.68 7.2 0.23 10.05 5.52 23.4 1.58
2.77 16 0.2271 220.9 0.198 1.05 0.40 1.65 7.53 0.22 12.00 5.88 23.5 1.76
2.80 16.15 0.2233 213.7 0.194 1.15 0.41 1.75 7.6 0.23 11.10 5.85 8.40 24.1 1.74 0.696
2.86 16.45 0.1852 216.4 0.161 1.07 0.40 1.63 7.7 0.21 9.90 6.03 8.10 24.3 1.59 0.744
2.93 16.8 0.1543 28.4 0.134 0.99 0.46 1.59 7.3 0.22 8.46 5.71 7.26 25.4 1.28 0.787
2.99 17.1 0.1395 25.5 0.122 0.96 0.56 1.65 7.2 0.23 7.38 5.60 7.29 24.6 1.49 0.768
3.05 17.4 0.2266 216.2 0.197 0.97 0.41 1.57 7.2 0.22 12.56 5.65 8.60 23.5 1.90 0.657
3.08 17.55 0.2575 210.0 0.224 0.96 0.56 1.74 7.1 0.24 12.87 5.39 8.39 23.7 2.36 0.643
3.11 17.7 0.2243 212.5 0.195 0.87 0.40 1.47 7.1 0.21 13.28 5.59 7.68 24.9 1.76 0.727
3.20 18.15 0.2431 19.9 0.212 7.4
3.22 18.23 0.2076 28.3 0.181 0.94 0.44 1.56 7.7 0.20 11.61 6.10 7.72 24.3 1.74 0.790
3.25 18.4 0.1222 214.5 0.106 0.89 0.40 1.40 7.6 0.18 7.61 6.20 7.90 25.3 0.785
3.31 18.7 0.1698 25.3 0.148 0.92 0.44 1.51 7.0 0.21 9.81 5.51 7.40 25.1 1.73 0.745
3.40 19.15 0.1866 24.4 0.162 0.98 0.38 1.52 7.1 0.22 10.66 5.54 8.91 26.9 0.622
3.48 19.5 0.2427 0.9 0.211 0.83 0.36 1.40 6.5 0.21 15.09 5.12 7.92 26.2 1.59 0.647
3.51 19.65 0.2195 3.7 0.191 0.87 0.49 1.56 7.1 0.22 12.28 5.54 26.8 1.74
3.60 20.1 0.2160 27.2 0.188 0.90 0.37 1.47 6.9 0.21 12.83 5.44 8.02 26.0 1.72 0.679
3.69 20.55 0.2680 0.9 0.233 0.73 0.36 1.33 6.5 0.21 17.55 5.16 8.11 25.9 1.73 0.636
3.78 21 0.2534 22.8 0.221 0.82 0.38 1.43 6.9 0.21 15.48 5.47 8.83 25.9 1.76 0.619
3.81 21.15 0.1211 211.8 0.105
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the studied site via the CO2 reduction pathway [Whiticar, 1999]. Microbially produced hydrocarbon gases
have C1/(C2 1 C3) greater than 1000 due to the dominance of methane relative to ethane and propane, while
the ratio in thermogenic gases is below 100 due to considerable proportions of ethane and propane [Ber-
nard, 1978]. Acetate, formate, methanol, methylated amines (mono, di, and trimethylamines) and certain

Table 2. (continued)

Age
(kyr BP)

Depth
(mbsf)

CRS
(wt %)

d34SCRS

(& VCDT)
FeCRS

(wt%)
FeD

(wt %)
FeOx

(wt %) FeHR

FeT

(wt %) FeHR/FeT

DOP
(%)

FePR

(wt %)
Al

(wt %)

13CTIC

(& VPDB)
TOC

(wt %) FePR/Al

3.86 21.4 0.2310 23.4 0.201 0.81 0.50 1.51 6.7 0.22 13.36 5.24 7.80 26.6 1.67 0.671
3.89 21.55 0.1910 27.3 0.166 0.99 0.37 1.52 7.0 0.22 10.94 5.52 8.01 26.2 1.72 0.689
3.92 21.7 0.1400 26.7 0.122 0.97 0.36 1.46 6.8 0.21 8.38 5.38 8.10 26.0 1.67 0.664
4.01 22.15 0.1902 26.8 0.166 0.98 0.49 1.64 6.9 0.24 10.09 5.21 8.12 27.6 1.76 0.642
4.107 22.65 0.160 22.7 0.139 0.95 0.37 1.46 6.9 0.21 9.55 5.43 8.19 26.5 0.663
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Figure 5. (a) Vertical profile of CRS and TOC (wt %) and (b) cross plot of CRS and TOC (wt %).
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organic sulfur compounds act as substrates for methanogenesis. The observed 13C depletion of methane
may be attributed to the recycling of AOM-derived 13C-depleted DIC by methanogens [Borowski et al., 1997;
Hoehler et al., 2000; Pohlman et al., 2008; Holler et al., 2011] and microbially mediated carbon isotope equili-
bration between methane and carbon dioxide [Yoshinaga et al., 2014]. Other factors which may influence
d13CCH4 values include methanogenic precursors, fractionation factor, and temperature [Alperin et al., 1992;
Whiticar, 1999]. The possible contribution of acetate fermentation in methanogenesis is difficult to assess in
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the absence of dDCH4, d13Cacetate, and acetate concentra-
tion measurements [Conrad, 2005]. Approximately 6&

down core enrichment in carbon isotope ratio of meth-
ane observed below SMTZ may be attributed to the con-
tinued preferential removal of the isotopically lighter
molecules from the carbon pool (CO2) during methano-
genesis resulting in a progressive shift in the residual sub-
strate toward enriched stable carbon isotope ratios
following Rayleigh fractionation [Whiticar, 1999]. Mazum-
dar et al. [2012a, 2014b] reported down core (below
SMTZ) increase in residual d13CCH4 values ranging from 3
to 19& from K-G and Mahanadi basin cores. Much
greater enrichment is expected at greater depths [Paull
et al., 2000].

5.2. Sulfate Reduction and Evidence of AOM
The shape of the pore water sulfate concentration profile
by bacterial sulfate reduction is controlled by the avail-
ability of labile organic matter, diffusive/advective meth-
ane flux, and depositional conditions [Niew€Ohner et al.,
1998; Zabel and Schulz, 2001; Hensen et al., 2003; Schmidt
et al., 2005; Treude et al., 2005; Kastner et al., 2008]. A lin-
ear sulfate profile is commonly attributed to AOM caused
by high methane flux [Borowski et al., 1996] from the gas-
rich zone underlying our study area [Mazumdar et al.,
2012a]. The parabolic TA profile (Figure 3a) across the
SMTZ associated with the quasi-linear sulfate concentra-
tion trend is typical of AOM [Schmidt et al., 2005; Kastner
et al., 2008; Ussler and Paull, 2008]. Vertical diffusion of
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bicarbonate ions produced via focused sulfate
reduction at the SMTZ is apparently responsible for
the parabolic TA profiles [Ussler and Paull, 2008].
The relative contribution of AOM and organoclastic
degradation toward alkalinity may be assessed
through the (DTA 1 DCa 1 DMg)/DSO22

4 ratio of
pore waters [Kastner et al., 2008; Solomon et al.,
2008; Chen et al., 2010; Burdige and Komada, 2011;
Malinverno and Pohlman, 2011; Mazumdar et al.,
2014b]. Sulfate reduction solely via organoclastic
degradation produces 2 mol of HCO2

3 per mol of
SO22

4 reduced (equation 3), while AOM produces
1 mol of HCO2

3 per mol of sulfate reduced (equa-
tion 4). In the present study, (DCa 1 DTA 1 DMg)/
DSO22

4 ratios decrease with depth from 2.5 to 1
suggesting increasing influence of AOM on sulfate
reduction closer to SMTZ (Figure 4). The interme-
diate values (1.4–1.5) suggest mixed influence of
organoclastic reduction and AOM on pore water
sulfate concentration profiles [Kastner et al., 2008].

5.3. Pyritization: Influence of Organoclastic and
AOM-Induced Sulfate Reduction
Pyrite concentrations (CRS wt %) and d34SCRS of
marine sediments depend primarily on (a) reactiv-
ity of iron amenable for sulfidization, (b) availability
of HS2 in the pore waters, (c) sulfur isotope ratio of
HS2, and (d) extent of late diagenetic overprint on
early diagenetic pyrite [Mazumdar et al., 2012b].
The second and third factors, in turn depend on
sulfate reduction rates either by organoclastic or
AOM pathways. The sulfur isotope ratios of pyrite
grains depend on the isotope ratio of pore water

HS2 (d34S2
HS) at the time of crystallization. Since pyritization involves insignificant sulfur isotope fractiona-

tion, pyrite isotope ratios represent the sulfur isotope ratio of pore water HS2 [Price and Shieh, 1979]. Vari-
ous iron bearing minerals which are amenable to pyritization in sediments have a wide range of
sulfidization half-lives [Canfield et al., 1992; Raiswell and Canfield, 1998, Poulton et al., 2004]. Sulfidization
half-lives for various iron minerals have been estimated based on field [Canfield et al., 1992] and laboratory
[Poulton et al., 2004] studies. Sulfidization half-lives for Iron(III) oxide-hydroxide (ferrihydrite, lepidocrocite,
and goethite) range from 2.8 h to 63 days. Whereas, contrasting sulfidization half-lives have been estimated
for iron-oxides like hematite (31–182 days) and magnetite (72 days to 105 years). Sheet silicates, illmenites,
garnet, augite, and amphibole have sulfidization half-lives of �84,000 years. A high proportion of highly
reactive (low half-lives) iron minerals in the sediment leads to enhanced pyritization close to the sediment-
water interface. Early diagenetic pyrite forming close to the sediment-water interface is markedly depleted
in 34S. 34S depletion in pyrite recorded at the core top is attributed to early diagenetic pyritization close to
the sediment-water interface where the rate of sulfate diffusion into the sediment pore volume exceeds the
rate of sulfate consumption [Jørgensen, 1979; Calvert et al., 1996; Schenau et al., 2002]. Subsequent burial
(late diagenesis) of sediment leads to sulfidization of residual reactive iron and possibly part of reactive iron
with higher half-lives by 34S-enriched HS2 in pore water. The late diagenetic enrichment of 34S in pore
water HS2 is attributed to sulfate limitation during progressive bacterial sulfate reduction in the pore waters
[Kaplan and Rittenberg, 1964; Jørgensen, 1979; Calvert et al., 1996; Wehrmann et al., 2011]. The bulk sediment
CRS concentrations as well the S isotope ratios depend on the relative proportions of pyrite crystallization
at the sediment-water interface and during late diagenesis [Mazumdar et al., 2012b]. Sulfate reduction via
organoclastic and AOM pathways may be represented by the equations (3) and (4), respectively.

Table 3. La and Yb Concentrations

Depth (mbsf) La (ppm) Yb (ppm) La/Yb

0.25 23.3 2.2 10.6
0.55 25.2 2.31 10.9
2.35 26.1 2.27 11.5
2.95 25.8 2.42 10.7
3.25 26.1 2.11 12.4
4 26.7 2.21 12.1
5.2 24.5 2.21 11.1
5.35 29.3 2.48 11.8
5.95 25.6 2.14 12.0
6.23 24.5 2.19 11.2
6.5 23.7 2.23 10.6
7.1 26.8 2.18 12.3
7.4 25.7 2.38 10.8
7.65 26.3 2.21 11.9
8.25 29.8 2.36 12.6
8.7 28.4 2.38 11.9
9 25 2.34 10.7
9.4 27.6 2.35 11.7
9.7 30 2.58 11.6
10.15 25 2.29 10.9
10.65 27.8 2.2 12.6
10.95 27.1 2.42 11.2
11.4 30.4 2.19 13.9
12.55 29.2 2.25 13.0
13.15 31.8 2.28 13.9
13.65 30.9 2.5 12.4
14.1 30.7 2.18 14.1
15.25 32 2.28 14.0
15.85 29.5 2.25 13.1
16 29.6 2.1 14.1
16.45 27.9 2.28 12.2
17.1 30.6 2.22 13.8
18.23 29.9 2.16 13.8
19.5 37.3 2.47 15.1
20.55 36.4 2.28 16.0
21.4 34.1 2.29 14.9
22.15 33.7 2.16 15.6
23.1 37.2 2.41 15.4
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SO22
4 1 2CH2O! H2S 1 2HCO2

3 (3)

CH4 1 SO22
4 ! HCO2

3 1 HS2 1 H2O (4)

Subsequent pyritization via polysulfide [Rickard, 1975], iron loss [Wilkin and Barnes, 1997], and H2S pathways
[Drobner et al., 1990; Rickard, 1997; Butler et al., 2004] may be represented by equations (5), (6), and (7),
respectively,

Fe211 HS21 S22
x ! FeS2 1 S22

x21 1 H1 (5)

2FeS 1 2H11 1=2O2 ! FeS2 1 Fe21 1 H2O (6)

FeS 1 H2S! FeS2 1 H2 (7)

Figures 5a and 5b show significant positive correlation between the TOC and CRS contents. The positive corre-
lation indicates influence of organoclastic sulfate reduction on sulfidization. The contribution of organoclastic
sulfate reduction is also supported by the (DCa 1 DTA 1 DMg)/DSO22

4 ratios of pore waters (Figure 4). High
sedimentation rates during the late Holocene in K-G basin (Figure 2) is the most likely reason for enhanced
preservation of labile organic matter amenable to sulfate reducers [Mazumdar et al., 2009, 2012a; Solomon
et al., 2014]. Under oxic bottom water conditions, sedimentation rate plays an important role in determining
the preservation and pathway of organic matter decomposition [Canfield, 1991]. Hedges and Keil [1995], Hart-
nett et al. [1998], Hedges et al. [1999], and G�elinas et al. [2001] suggested ‘‘oxygen exposure time (OET)’’ of
organic matter as an important factor affecting preservation of labile components. Rapid sedimentation would
cut off the oxygen supply below sediment-water interface resulting in amenability of highly labile organic
molecules like amino acids and acetates to sulfate reducers.

Highly depleted sulfur isotope ratios of CRS (224.7 to 228.7&) in the top 0.85 mbsf (Figure 6a) suggest
a S isotopic fractionation of 46–50& relative to the average sea water sulfate sulfur isotope ratio of
�21& [Rees et al., 1978]. The reported fractionation is more than the range of sulfur isotopic fractiona-
tion (5–46&) measured for natural environment and laboratory cultures [Canfield and Teske, 1996; Habicht
and Canfield, 1996]. The high fractionation observed in our study may be attributed to the disproportio-
nation of sulfur intermediates like S0, SO22

3 , and S2O22
3 produced during oxidative part of sulfur cycle

[Canfield and Thamdrup, 1994]. Disproportionation may play an important role in early diagenetic sulfid-
ization close to the sediment-water interface due to high burrowing activities leading to the oxidation of
HS2 [Canfield and Farquhar, 2009]. However, field observations [Wortmann et al., 2001], experimental [Sim
et al., 2011], and modeling studies [Brunner and Bernasconi, 2005] suggest significant depletion in 34S and
fractionation up to 70& may directly be caused by dissimilatory sulfate reduction without disproportio-
nation of sulfur intermediates. The pyrite sulfur isotope profile shows stepwise increase in d34S down to a
depth of 10.15 mbsf (Figure 6). The increase in d34S values from 222.6 to 23& within 4.75–6 mbsf (Fig-
ure 6) is associated with the present sulfate methane transition zone suggesting possible influence of the
AOM on sulfate reduction. A high sulfate reduction rate via AOM pathway [JØrgensen et al., 2004;
JØrgensen and Parkes, 2010] may result in rapid sulfate limitation and 34S enrichment of pore water HS2.
The rise in 34SCRS is attributed to the buildup of isotopically enriched HS2 pool (equation (4)) due to verti-
cal methane flux [Borowski et al., 1996]. A sharp rise in d34SSO4 to 192& corroborates the rapid sulfate
limitation pathway (Figure 3c). Very high d34SCRS values (126.6 to 133&; Figure 6b) recorded within the
depth zone 9.15–10.15 mbsf possibly suggest remenance of paleo-AOM-induced sulfidization fueled by
high methane flux at a paleo-sulfate methane transition zone [Borowski et al., 1996; Wehrmann et al.,
2011; Peketi et al., 2012]. However, a low CRS content within this zone suggests low pyritization possibly
due to low reactivity of the iron pool or low residual HS2 concentrations (Figure 6a). Wang et al. [2008]
attributed isotopically extremely enriched pyrite particles (d34SPY 5�53&) to the formation of pyrite
from isotopically highly enriched sulfate under very low sulfate concentrations. Borowski et al. [1996]
attributed enriched sulfide (d34S: �130&) to focused consumption of sea water sulfate at the base of
the sulfate reduction zone. Paleo-intensification of AOM is also supported by the occurrences of 13C-
depleted authigenic carbonates within the 34S-enriched zones (Figure 6b). AOM results in the depth-
focused sulfate consumption and bicarbonate production at the SMTZ leading to precipitation of Ca–Mg
carbonates (equation 8) with depleted carbon isotopic ratios [Ussler and Paul, 2008; Mazumdar et al.,
2009; Lim et al., 2011].
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Ca1212HCO2
3 < �� > CaCO3 # 1 H2CO3 (8)

The d13CTIC reported here is partially influenced by the presence of foraminifera with the calcareous test hav-
ing d13C value ranging from 21 to 11& [Joshi et al., 2014] and pure authigenic carbonates resulting from
AOM could have been even more 13C depleted. The d34SCRS profile shows significant depletion in 34S within
the depth zone of 13–16 mbsf. However, high CRS content in this zone suggests dominant pyritization at or
close to sediment-water interface. Further down (18–22 mbsf), the 34S enrichment in CRS including a positive
d34S spike (19.9& VCDT) at 18.15 mbsf is associated with drop in d13CTIC values suggest influence of AOM-
induced sulfidization and carbonate precipitation. These also indicate record of paleo-SMTZs.

The degree of pyritization (DOP) increases down core with enhanced pyritization pulses (Figure 7b). The oppo-
site relationship between DOP and FeD 1 Feox profiles (Figures 7b and 7c) along with down core decrease in
magnetic susceptibility suggests dissolution/sulfidization of magnetic minerals [Karlin and Levi, 1983; Canfield
and Berner, 1987; Channell and Hawthorne, 1990; Nowaczyk, 2011]. The enhanced magnetic susceptibility
within the depth zone (15.32–18.65 mbsf) may be attributed to change in magnetic mineral assemblage
(A. Usapkar, et al., manuscript in preparation, 2015). The enhanced DOP pulse is observed within the depth
zone of 18–22 mbsf. This is also the zone of highly 13C-depleted TIC and 34S-enriched CRS. The observation
may be attributed to availability of HS2 driven by AOM process. The results also suggest that for paleoclimatic
application of magnetic susceptibility, DOP analyses should also be taken into consideration.

5.4. Possible Iron Sources
The sediments of the K-G basin are derived from the Archean-Proterozoic peninsular gneissic complexes
(APGC) and Deccan basalts [Mazumdar et al., 2014a]. Ferruginous soil covers [Rengasamy et al., 1978; Bhatta-
charyya et al., 1993; Goulart et al., 1998; Kisakurek et al., 2004; Ollier and Sheth, 2008; Bhattacharyya et al., 2013]
developed over these provenances are the sources of reactive iron (FeHR) to the depositional basin. The overall
positive relation between FeT and FeHR (Figure 8) suggests the association of FeHR with detrital particulates
supplied primarily as fluvial input. FeHR in riverine particulates are mostly present as adsorbed nanoparticles of
Fe-oxyhydroxides on clay/organic matter [Raiswell, 2011] and detrital Ti-magnetite. Dewangan et al. [2013]
reported Ti bearing magnetite grains in sediment cores from K-G basin. Ti/Fe ratios range from 0.2 to 0.4 in
<2 lm grains, whereas, larger grains (>10 lm) show Ti/Fi ratio ranging from 0.8 to unity. The larger grains are
significantly corroded due to dissolution. The FeHR/FeT ratios are apparently controlled by the runoff and
weathering intensity [Canfield, 1997] whereby intense runoff results in relatively greater proportion of
hydrated iron oxide phases compared the crystalline iron-oxides [Canfield, 1997; Poulton and Raiswell, 2002].
Very high sedimentation rate possibly indicate high runoff in our study area. The narrow range of FeHR/FeT

ratios (Avg. 0.21 6 0.01) obtained in our study suggest relatively steady flux of reactive iron at the depositional
site. The relatively lower FeHR/FeT ratios compared to the global continental margin/deep sea average
(0.28 6 0.06/0.25 6 0.1) in our core are attributed to higher FeT relative to the global average of (3.69 6 0.91/
4.29 6 0.98). However, aeolian particulates may also contribute toward reactive iron content [Maher et al.,
2010; Raiswell and Canfield, 2012]. The FePR/Al ratios (Figure 9a) can be a reliable proxy for iron source differen-
tiation [Lamy et al., 2000, 2001; Dezileau et al., 2007]. The upcore increasing FePR/Al ratios suggest relative
increase in basalt in sediment flux in K-G basin during the last 4 kyr. Deccan basalts have significantly higher
Fe/Al ratios (1.2–1.6) [Pattanayak and Shrivastava, 1999] compared to that of APGC (0.2–0.48) [Naqvi and Rog-
ers, 1987). Increase in contribution from basalt to the sediment load is further supported by an upcore
decrease in La/Yb ratios (Figure 9b) [Dezileau et al., 2004]. The average La/Yb ratio of Deccan basalt is 5.9 6 1.7
and it varies from 2.6 to 9.4 [Chandrasekharam et al., 1999; Sano et al., 2001; Melluso et al., 2004; Sheth et al.,
2004; Bondre et al., 2006] and that of APGC is 47.6 6 27.3 (7.3–109.7) [Moyen et al., 2003]. Based on magnetic
studies of Godavari river sediments, Sangode et al. [2007] suggested Deccan provenance as the most signifi-
cant source of ferrimagnetic iron minerals. Increasing Deccan contribution toward the core top possibly
resulted in relatively higher flux ferrimagnetic iron minerals.

6. Conclusions

1. The pore water analyses at the site MD161-13 of K-G basin show very shallow SMTZ (�6 mbsf). The
(DTA 1 DCa 1 DMg)/DSO4 ratios suggest that sulfate consumption is a net result of both organoclastic
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degradation and AOM. High sedimentation rate during the late Holocene in the K-G basin likely resulted
in the preservation of reactive organic matter amenable for sulfate reducers.

2. The CRS concentration profile shows significant correlation with TOC content suggesting influence of
organoclastic degradation on pyritization. The net 34S ratio of the pyrite depends on relative contribution
of early and late diagenetic pyritization. Pyrite crystallization through sulfidization of reactive iron at the
sediment-water interface results in 34S depleted isotope ratios owing to disproportionation of sulfur
intermediates. On the other hand, d34SCRS and d13CTIC indicate the contribution of AOM-induced sulfate
reduction and carbonate precipitation in the sediments. The combined study of d34SCRS and d13CTIC

helped in understanding the paleo-SMTZs.
3. FePR represents primarily the siliciclastic found iron fraction in the sediment. The upcore trend of FePR/Al

suggests increasing contribution of Deccan basalt in the K-G basin sediments during the last 4 kyr. This
interpretation is further supported by the La/Yb ratios.
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