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Abstract

Pore water sulfate consumption in marine sediments is controlled by microbially driven sulfate
reduction via organo-clastic and methane oxidation processes. In this work, we present sediment pore
fluid compositions of 10 long sediment cores and high resolution seismic data from the Krishna-
Godavari (K-G) basin, Bay of Bengal. Our results show occurrence of transient (S and kink types) and
steady state (quasi-linear) sulfate concentration profiles which are attributed partly to the anaerobic
oxidation of methane (8'"°Ccyy4: -84.8 to -100.1 %0VPDB) and organo-clastic sulfate reduction. Influence
of AOM on alkalinity is evident from the presence of authigenic carbonate layers with highly depleted
carbon isotope ratios in core MD161-8. The authigenic carbonates represent the paleo-SMTZs and
suggest marked fluctuation in vertical methane flux. Our geophysical data show the acoustic signatures
of upward fluid migration from shallow subsurface, whereas, coring during NGHP expedition-01
confirms the presence of subsurface gas hydrate deposits in K-G basin which can be linked to deep
methane sources. The geochemical analysis suggests that shallow methane source can be attributed to
high burial flux of labile organic matter due to high sedimentation rate. Sampling sites with high
methane flux from the shallow gas source are characterized by quasi-linear sulfate concentration profile
and a shallow sulfate methane transition zone (SMTZ) and may not be necessarily linked to deeper gas
hydrate deposits. In contrast, the deep methane source results in a transient kink type sulfate profile and
a deeper SMTZ. We have observed a close link between the occurrence of gas hydrate and the S/ kink
type sulfate profile. We interpret the short lived 'kink' in the sulfate profiles as a result of recent
enhancement in vertical methane flux possibly driven by reactivation of fault-fractures systems which
provide the conduits for fluid flow.
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1. Introduction

The composition of the liquid and gaseous phases in the marine sediments are controlled by various
geological (depositional and structural) and biogeochemical processes which are closely interlinked.
Abundance of labile organic matter in the sediments drives the biogeochemical cycles. The burial flux of
metabolizable organic matter fueling the microbially mediated reactions depends on the oxygen
exposure time, which in turn is controlled by sedimentation rate, bioturbation, organic flux and water
column oxygen availability (Hedges and Keil, 1995; Hartnett et al.,1998; Gélinas et al., 2001). Evolution
of sediment pore fluid composition during burial is governed by suboxic/anoxic microbial reactions like
reduction of nitrate, iron, manganese, sulfate, CO, and oxidation of sulfide and methane (Schulz and
Zabel, 2000). Microbial sulfate reduction (Egs.1-2) accounts for the bulk of the organic matter
mineralization in marine sediments through anaerobic pathways (Jergensen, 1977; Jorgensen, 1982;

Canfield, 1989; Kristensen, 2000).
SO4* + 2CH,0 > H,S +2HCO'; (Eq.1)
4H, +SO4* + H" > 4H,0 + HS (Eq.2)

CH,+ SO,* > HCO;5 + HS + H,0 (AG®° =-22 10 -35 kJmol'l; Valentine and Reeburgh, 2000)
(Eq.3)

Free energy yield (AG") during sulfate reduction depends on the electron donors (substrate).
Fermentation products like acetate, lactate, formate and H, are the common substrates in organic rich
sediments. Briichert (2004) compiled a range of AG” values (-45 to -340 kJmol™ SO,*) for a wide range
of substrates. Dissimilatory sulfate (SO4>) reduction (Harrison and Thode, 1958; Canfield, 2001;
Megonigal et al. 2003; Canfield et al., 2005b) is a bacterially-mediated metabolic process which results
in the breakdown of S-O bonds of dissolved sulfate and subsequent production of H,S. During this
transition, the valence state of sulfur changes from +6 to -2, i.e., a net transfer of 8 electrons via
enzymatic pathways (Canfield, 2001). Sulfate reducing bacteria (SRB) are most active close to the
sediment water interface owing to high labile organic load and sulfate flux at the interface (Kasten and
Jorgensen, 2000; Megonigal et al., 2003). Rate of sulfate reduction in marine sediments depends mainly

on the availability of labile organic compounds which serve as substrate for SRBs (Madigan et al.,
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2000), temperature (Westrich and Berner, 1988; Canfield et al., 2006), bacterial species (Canfield, 2001;
Detmers et al., 2001), sedimentation rate (Goldhaber and Kaplan, 1975; Berner, 1978; Canfield 1989;
Claypool, 2004), sulfate concentrations (Canfield, 2005b) and possibly bioturbation.

Other than organo-clastic sulfate reduction, microbially driven anaerobic oxidation of methane (AOM:
Eq. 3) profoundly contributes towards sulfate consumption (Borowski et al., 1996, 1999; Niewohner et
al., 1998). AOM is performed by a syntrophic consortium of methanotrophic archaea and sulfate-
reducing bacteria (Boetius et al., 2000; Reeburgh, 2007; Orphan et al., 2001; Knittel and Boetius, 2009).
Environmental genomic and proteomic studies (Kriiger et al., 2003; Hallam et al., 2004; Scheller et al.,
2010) suggest strong phylogenetic link between the methanogens and methanotrophic archaea (ANME
I and IT). AOM prevents the release of methane into the atmosphere from ocean sediments, which would
otherwise cause a major increase in green house gas concentrations (Lashof and Ahuja, 1990). AOM
consumes >90% of the total methane produced (85-300 Tg CH, year') annually in the oceanic
sediments (Hinrichs and Boetius, 2002; Reeburgh, 2007). The zone within anoxic sediment column
where pore water sulfate and methane concentration profiles intersect and are depleted to non detectable
concentrations is known as the sulfate-methane transition zone (SMTZ). High methane flux in the
sediment may also lead to enhanced methane saturation promoting gas hydrate formation under suitable
temperature-pressure conditions (Kvenvolden, 1993; Sloan, 1998). Methane hydrate is an ice like
crystalline solid in which methane and other lighter hydrocarbon gases are trapped inside a cage like
structure of water molecules (Sloan, 1998). Attempts have been made to use methane flux, nature of
sulfate profile and the depth to the SMTZ as tools for gas hydrate exploration (Borowski et al., 1996;
1999; Bhatnagar et al., 2008).

Methane flux profoundly influences the alkalinity and sulfate concentration profiles in the
sediment column, whereas, the methanogenic pathway (thermogenic/ biogenic) controls the isotopic
composition of dissolved inorganic carbon (DIC). Focussed sulfate consumption and alkalinity
production within SMTZ leads to precipitation of authigenic of carbonates with markedly depleted
carbon isotope ratios (Hovland et al.,1985; Ussler III and Paull, 2008).

In the Krishna-Godavari (K-G) basin, Bay of Bengal, seismic data show regional presence of

bottom simulating reflector (BSR) (Ramana et al., 2007; Collett et al., 2008). Drilling and logging



activities onboard JOIDES Resolution in the Indian continental margins, under the aegis of Indian
national gas hydrate program (NGHP) confirmed the existence of gas hydrate deposits in the K-G basin
at selected locations. BSR is believed to appear due to the acoustic impedance contrast between the
overlying gas hydrate deposit and the underlying free gas layer. BSR may also form due to the presence
of small amount of free gas below the hydrate stability zone with negligible presence of gas hydrate
(Hyndman and Spence, 1992). Integrated analyses of seismic and drilling data show that the gas hydrate
is localized in K-G basin in spite of the regional presence of BSR and is primarily controlled by the
fault/fracture formed by shale tectonism/ neotectonism (Dewangan et al., 2010). In this work, we have
coupled the analyses of sediment pore fluid of long cores (20-30 m) collected in K-G basin within a
water depth of 647 to 2078 m with the geophysical interpretation based on high resolution seismic data.
We have attempted to explain the origin of sulfate profiles, source of methane and the possibility of

using sulfate profile and the depth to SMTZ as tools for gas hydrate exploration.
2. Geological framework of the study area

Krishna-Godavari basin is a pericratonic rift basin located in the Eastern Continental Margin of
India (ECMI), covering an area of 28000 km” onshore and 145,000 km® offshore (Rao, 2001). The
ECMI represents a passive continental margin which evolved through the break-up of eastern Gondwana
landmass ~130 Ma ago when India separated from East Antarctica (Powell et al., 1988; Ramana et al.,
1994; Scotese et al., 1988). The tectonic activity along the ECMI resulted in the formation of several
NE-SW trending horst and graben like structures and the structural fabric is largely controlled by the
direction of Precambrian structural grain (Rao, 2001; Rao and Mani, 1993; Gupta, 2006). A sediment
thickness of 3 to 5 km in the onshore region and around 8 km in the offshore region have been reported
by Bastia (2007) and Prabhakar and Zutshi (1993). Andhra alluvium and Godavari clay comprise the
onshore and offshore deposits of Holocene-Pleistocene epochs. Detrital load to the K-G basin is brought
by the Krishna and Godavari rivers. The Krishna river catchment lies between 13° to 19° 30' N latitude
and 73° 23' to 80° 30' E longitude and extends over an area of 258,948 km”. The mean annual sediment
transport of the Krishna and Godavari Rivers are estimated to be 67.7 and 170 x 10° ton respectively

(Biksham and and Subramanian, 1988; Ramesh and Subramanian, 1988).



Ramana et al. (2007) and Dewangan et al. (2010) have reported various structures in the study
area (Fig. 1) formed due to shale tectonism/ neotectonism such as bathymetric mounds, deep-seated
shale diapirs and toe thrust faults from the K-G offshore basin. These bathymetric mounds are
commonly associated with fluid/gas migration features and show numerous fault/fracture systems which
facilitate the accumulation of gas hydrate (Dewangan et al., 2010). The regional geothermal gradient in
K-G basin increases with water depth (Tréhu, 2007: 30°C/km at 900 mbsl to 51°C/km at 1500 mbs)).
However, local deviation from the general trend may occur due to fluid advection along the fault system

(Dewangan et al., 2011).
3. Methodology
3.1 Geophysical and Geological

Sub-Bottom Profiler (SBP) data was collected using a Seafalcon 11 echosounder onboard Marion
Dufresne. This system produces high-resolution, zero-offset acoustic sections of the sub-surface as a
function of the geographical position of the ship. The central frequency used in this system was 3.75
KHz. The high resolution single channel seismic (HRS) data was acquired using GeoSpark 10 kJ
system onboard Sagar Nidhi (SN21) in K-G basin for gas hydrate studies. The HRS and SBP data were
processed using seismic processing software ‘“ProMAX” to generate enhanced seismic images.
Processed multichannel seismic (MCS) reflection data acquired by Oil and Natural Gas Commission

Ltd. (ONGC) have been used in the present study for the identification of BSR in K-G basin.

Porosity of the sediment was calculated from the difference in wet and dry weight of sediments. Dry

weight of the sediments was measured after drying it at 105°C.
3.2 Geochemical

A giant Calypso piston corer was used on board Marion Dufresne (MD-161) for the retrieval of
sediment cores off K-G basin over water depth ranging from 647 to 2078 m. Sampling locations are
shown in figure-1. PVC liners of 10 cm inner diameter were used for core collection. Sub-sampling was
carried out by cutting out 10 cm thick sediment slabs along with the liner at 1 or 1.5 meter intervals
within one and a half hour of core retrieval. Sub-sampling for gas was carried out using a 10 ml cut-

syringe from the core of the sediment slabs to minimize atmospheric contamination. Sediment was
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stored in 28 ml glass vials with 10 ml of bacteriacide (sodium azide) and crimped immediately following
nitrogen flushing. Sediment was homogenized using a vortex shaker and stored at 2°C until
concentrations of hydrocarbon (CH4, C;Hg and Cs;Hg) gases in the head space were measured using a
Varian Gas chromatograph (CP 3380). After sub-sampling for gas, sediment slabs were immediately
transferred into thick plastic bags, filled with high purity nitrogen and heat sealed to avoid atmospheric
oxygen contamination which can oxidize hydrogen sulfide or iron monosulfide. Pore water was
extracted from the sediment using a Manhein type hydraulic press following standard ODP protocol.
Pore waters were collected in 20 ml plastic syringes with Leur locks. They were filtered through a 0.2
micron Whatman syringe filter and stored in crimp vials under nitrogen head and preserved at 2°C. Total
alkalinity was measured on-board using Gran titration method using a Metrohm Autotitrator (Titrino 799
GPT). Sulfate 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 ml or 100 ml and passed
through a sliver cartridge to remove chloride ion. 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 standard IC sulfate solution from Dionex. Hydrogen sulfide concentrations were
determined spectrophotometrically using H>S-NN dimethyle-p-phenylenediaminesulfate complexation

method following Cline (1969).

Chloride concentrations in the pore water were determined by potentiometric titration using an auto
titrator (Metrohm 799 GPT Titrino) attached with a 685 Dosimat. 0.5ml of pore water was diluted to
10ml with distilled water and titrated against 0.1M AgNOs. An indicator electrode (silver electrode)
coupled with a reference electrode was used to monitor the change in electromotive force (EMF). The
end point was determined by the jump in EMF. Sample reproducibility by the tritration method is +4.8
mM. Ammonia in pore waters was measured spectrophotometrically using the indophenols blue

complex with Nitroprusside catalyst (Koroleff, 1976).

Carbon stable isotope ratios of head space gases were measured using a Thermo Delta V continuous
flow isotope ratio mass spectrometer attached with gas chromatograph (Thermo trace GC). The external
precision calculated is typically 0.07-0.09 %o VPDB for 8"*C. Carbon isotope ratios of carbonate in bulk
sediments were determined with a Thermo Delta V continuous flow isotope ratio mass spectrometer

attached with a GASBENCH II equipped with a PAL autosampler. The carbon isotope ratios are
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reported in standard 8"°C format relative to VPDB standard. A sample reproducibility of 0.1%o for both

carbon and oxygen is reported here.

Total carbon (TC) content of sediments was measured by elemental analyzer (Thermo CNS 2500). Total
inorganic carbon (TIC) content was measured by UIC carbon coulometer (CM 5130). Total organic

carbon (TOC) was calculated by subtracting TIC from TC.

AMS 'C dates were generated at National Ocean Sciences AMS (NOSAMS) facility, Woods Hole
Oceanographic Institution, USA. Dates were determined on planktonic foraminifera species Globigerina
ruber and Globigerina 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 process blanks. Two primary standards used during '“C measurements are NBS Oxalic

Acid I (NIST-SRM-4990) and Oxalic Acid IT (NIST-SRM-4990C).
3.3 Computational

Diffusive sulfate/ methane flux (Jso4) were calculated from concentration profiles using Fick’s first law

(Eq-4) assuming steady state conditions (Berner, 1980; Canfield, 1989, 1991),
Jso4 = eD( dC/dX) Eq-4

Where J, C and ¢ represent the depth-integrated sulfate reduction/ methane oxidation rate (mmol m™ yr’
1, sulfate/ methane concentration (mM) in the pore water and average sediment porosity respectively.
dC/dX is the sulfate/ methane concentration gradient and D (cm” sec) is the molecular diffusivity

corrected for tortuosity. Dy is calculated by the formula
D, = Do/[1+n (1-¢)] Eg-5

where n = 3 for clays and silt (Iversen and Jergensen, 1993). D,= sulfate/ methane diffusivity in the
absence of particles. Since D, varies with temperature (water depth), we have calculated D, at different
temperatures using an empirical relation based on data set from Li and Gregory (1974). In this study,

advective pore water transport (eg. Bioirrigation) or reoxidation of sulfide within the sediment have



been neglected. Assessing the error in calculation due to this limitation is beyond the scope of the

present work.
4. Results
4.1 Geological and Geophysical

The regional time migrated multi-channel seismic profile in K-G basin (Fig. 1) in the vicinity of
the Marion Dufresne cores (MD161/7-8, 10-13) is shown in figure-2f. The BSR is identified on the
seismic section based on its distinctive characteristics such as mimicking the seafloor topography,
showing opposite polarity compared to that of the seafloor and cross-cutting the existing geological
strata. The BSR is observed below the Marion Dufresne cores MD161-8, 10, 11 and is absent below
cores MD161-7, 12 and 13. Core MD161-13 is located at a water depth of 647 m which is beyond the
gas hydrate stability zone for the ambient pressure-temperature conditions in K-G basin (NIO Technical

report, 2005). The presence of large scale faults is observed in the seismic profile.

The detailed depositional environment of K-G offshore basin is described by Dewangan et al.
(2010) based on the analysis of SBP, HRS, bathymetry and seismic data. The HRS data in the vicinity of
cores MD161/12,13 show distinct surface echo with several parallel, continuous subbottom reflections
that are conformable to seafloor topography and regional/counter-regional growth faults are common
(Fig. 2 C). The SBP and HRS data in the vicinity of the cores MD161/7, 10, 11 (Figs. 2 E, D, A) show
parallel continuous sub-bottom reflections in the upper 5-10 mbsf which are underlain by thick acoustic
transparent mass having few internal reflectors (10-35 mbsf). The transition between the continuous sub-
bottom reflectors and acoustic transparent masses is diffusive owing to upward movement of fluid
across the thick acoustic transparent layer (zoom outs of Fig. 2 A). The acoustic signature of gas
movement such as acoustic voids (Hovland and Curzi, 1989) is also observed within the layered
structures of MD161-12 and MD161-13 (Fig. 3 B). Acoustic transparent masses of varying thickness (5-
10 m) are observed in the vicinity of these sites at a depth of 25-30 mbsf (Fig. 3 A). The core MD161-8
is located on the top of a mound (Fig. 1) where fault/fractures are associated with gas migration features
such as acoustic chimneys, acoustic voids and acoustic turbid layer (Mazumdar, et al., 2009; Dewangan,
et al., 2010; Dewangan, et al., 2011). The SBP data in the vicinity of MD161-02 suggests poorly
resolved layered sediment within the top (5-10 m) which is underlain by acoustic transparent masses
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(Fig. 3 C). The SBP data close to MD161-01 suggests the presence of layered sediment with some
faulting (Fig. 3 D). The vertical and horizontal resolutions of SBP data decreases with increasing water
depth due to progressive loss in higher frequency by seismic attenuation. In addition, SBP data is poor
in imaging dipping reflector at greater depth which results in poor signal quality of the SBP data in the
vicinity of MD161-03 and -09 and no meaningful subsurface information can be interpreted. The
thickness of the late Holocene sediment cover (Fig. 4) prominently observed in the HRS data is about 23
m at a water depth of 600 m and decreases to less than 5 m beyond 1100 m water depth resulting in a

wedge shaped drape.
4.2 Geochemical
4.2.1 Sulfate-methane-alkalinity, chloride concentration profiles

Sulfate-methane-alkalinity profiles for eight sites are plotted in figure- 6A-H and sulfate-
alkalinity profile for other two sites (MD161-2 and 9) are presented in figure 6I-J. The sulfate
concentration profiles are grouped as kink-type (MD 161-1, 3 and 9), S-type (MD161-8) and quasi-
straight type (MD161-2, 7, 10, 11, 12 and 13). In the kink type profiles, the sulfate concentration
gradients differ significantly above and below the kink (Figs. 6A, B, and I). The depths at which the
gradient changes, vary from 7.2 to 14.05 mbsf. Jsos4 above the kink ranges from 3.8 to 7.2 mmolm®y™,
whereas, below the kink, Jsos ranges from 19.1 to 30.6 mmol m*y™". In case of S-type profile
(MD161-8), three distinct sulfate gradients (Fig. 6 D) are observed within the top 15 mbsf. Jso4 is 19.5
mmol m*y" for the top 3 mbsf and drops to 2.3 mmol m*y"' within the depth zone 3 to 12 mbsf. In S-
type, the kink in sulfate gradient is observed at a depth of 13 mbsf. The Jsos below the kink is 21.1 mmol
m*y™'.. The sulfate gradients for the quasi-straight type profiles vary from 0.033 to 0.049 mM/cm (Figs.
6C, E, F, G, H and J). The Jso4 for MD161-2, 7, 10-13 are 30.9, 31.1, 25.2, 25.6, 25.8 and 28.6 mmol m*
v respectively. The depth to SMTZ for the kink and S-type sulfate profiles range from 12.5 to 19.1
mbsf. Whereas for the quasi-straight type, depth to SMTZ ranges from 5 to 10 mbsf. In the absence of
methane concentration data, the depth to SMTZ for MD161-1, 2 and 9 is assumed as the depth to non-
detectable sulfate concentrations. Methane concentrations increase sharply below the SMTZ and show
highly variable gradients. Jcps values range widely from 2.5 to 15.2 mmol m”*y™. Total alkalinity (TA)

profiles of MD161-1,3,9 and 8 show marked increase in gradient at a depth where sulfate concentration



gradient changes. TA profiles for MD161-2, 7,10,11,12 and 13 show an approximate parabolic shape
that is symmetrical across the SMTZ. However, below this zone complex alkalinity profiles are

recorded in MD161-2, 7, 10 and 11. Hydrogen sulfide was not detected in any of the cores.

Chloride (CI') concentrations in the cores show fluctuations within a range of 533-563 mM
except in MD161-2 where the concentration drops to 522 and 527 mM at depths 23 and 33 mbsf
respectively (Fig. 7). The average Cl” concentration for all the cores is 545 + 7.7 mM. The mean

sea water Cl” concentration (550 mM) is demarcated in the figure.
4.2.2 Methane and CO; carbon stable isotope profiles

Carbon stable isotope ratios of CH4 and CO; gases in the headspaces are plotted in figure
-8. Close to the SMTZ, 813CCH4 reaches minima which range from -84.8 to -100.1 %o VPDB. The
8"Ccuy increases gently down depth below SMTZ and shows a parallel trend with 8"Ccop.
Carbon isotope ratios of CO, show enrichment with depth below SMTZ. Low 813Cc02 values (-
21.3 to -27.6 %0 VPDB) are recorded close to the SMTZ. Adcoz-cus (€) below SMTZ ranges from
59.8 to 80.4 and show low variability at individual sites. Except at MD161-8, 8'°Ccyy increases
sharply above SMTZ and approaches 8'°Cco, values. The sharp increase in 8" Cepy is also
shown in figure- 9 which shows the variations in 8 Cepa with C1/C2+C3 ratios. 813Cc02 shows

much less variation across the SMTZ.
4.2.3 Ammonium profile and Total Organic Carbon content

At all the sites, ammonium concentrations (Fig. 10) in the pore waters increases with
depth below the sediment water interface except at MD161-8 where a marked depletion is noted

in the NH4" concentrations within 10 to 20 mbsf.

Total organic carbon (TOC) content is well constrained between 1 to 2 wt% (Fig. 11). TOC
content decreases to 1-1.2% towards the core tops (supplementary table-1). The average porosity

varies from 59 to 69%.
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4.2.4 8°Cof TIC

Carbon isotope ratios of TIC in MD161-8 (Fig. 12) varies from -43.02 to -1.06 %o VPDB. Most
pronounced carbon isotope depletion is recorded within 8.32-11.05 mbsf and 17.05-30 mbsf. The
8% 0ric varies from -4.6 to +3.9%0 VPDB. Enriched oxygen isotope ratios (>0%o) were recorded

corresponding to the highly depleted carbon isotopes.
4.2.5 Radiocarbon ages

Age depth curves for the five sites at K-G basin are presented in figure 5. Radiocarbon ages are
converted to mean calendar ages following the calibration curve of Fairbanks et al. (2005) and

the calibration software (http://radiocarbon.ldeo.columbia.edu/research/radcarbcal.htm). The

Holocene sedimentation rates (SR) in the K-G basin are very high and vary significantly. Pre-
Holocene sedimentation rates could be measured only at MD161-1 and 8. SR at MDI161-1
increases steeply from 27.6 to 307 cm/ky in the top 12 mbsf during the Holocene period, whereas
the pre-Holocene SR varies from 5.7 to 19.9 c/ky (Avg: 13.6 +£7.2cm/ky) up to 41 ky BP. At
MD161-8, high SR (38.8 to 248.3 cm/ky) is recorded for the upper 7 mbsf. Below 7 mbsf, the
sedimentation rate drops to 17.5 cm/ ky and remains constant up to an age of 45 ky BP
(Mazumdar, et al., 2009). At MD161-13, average SR is 573 cm/ky down to a depth of 22 m
below which the age does not increase with depth. At MD161-7, SR is 377 cm/ky for the top 6
mbsf. Below 6 m, the age remains constant at ~ 1.5 ky. At MD161-11, SR varies from 137 to
336 cm/ky in the top 13 mbsf. The transition from layered structure to acoustically transparent
masses as observed at MD161-7, 11 and 13 in the SBP profiles (Fig. 2) roughly corresponds to
the abrupt breaks (Fig. 5) in SR at the depths of 6, 12 and 22 mbsf respectively.

5. Discussion
5.1 Depositional environment and fault system

The SBP data in K-G basin shows the occurrence of Holocene and pre-Holocene mass transport
deposits (MTD). The MTDs are mostly confined within the mid-slope minibasin and its offshore
extension is restricted by the bathymetry highs like mounds/sedimentary ridges formed due to

shale tectonism/neotectnoism as inferred from the onlapping truncation of MTDs on the mounds
11



(Fig. 2B; Dewangan, et al., 2011). No evidence of gravity sliding where rigid sediment blocks
slip downslope atop a decollement layer is observed in the SBP data. In the mid-slope
minibasin, the MTDs are overlain by finely-layered Holocene sediment drape which pinches out
with water depth (Fig. 4). The sedimentation rates of the Holocene drape covering the MTDs is
very high and vary significantly from one site to another. We have not observed any evidence of
exposed modern MTDs. The '*C age dating of the MTDs shows constant age with no variation
with depth. The MTDs may be an important source of shallow gas as the rapid deposition of
muddy/silty sediments would preserve the labile organic matter efficiently, which will
subsequently undergo bacterial metabolization and produce gases like CO, and CH4. However,
seismic signatures of fluid movement within the MTDs are difficult to discern due to its inherent
acoustic transparency but are distinct within the layered sediments in the form of acoustic voids
(Judd and Hovland, 2007) . The geochemical analysis suggests that the gases are primarily
composed of methane and carbon dioxide. Based on the analysis of bathymetry and high
resolution seismic data, Ramprasad et al. (2011) attributed the genesis of the MTDs to the
presence of high topographic gradient, high sedimentation rates in the shelf, regional fault

system, shale diapirism and neotectonic activity.

The methane hydrate in K-G basin occurs within a depth of 30 to 160 mbsf (Collett, et al., 2008)
suggesting the presence of deep methane source. The hydrate is primarily confined to the major
and micro-fracture zones (Cook et al., 2008). The fracture/fault network enhances the porosity
and permeability of the sediments thus providing the conduit for gas flow from deeper

sediments. The large scale growth and toe-thrust faults in the K-G basin are the manifestation of

shale tectonism (Rao and Mani, 1993; Bastia, 2007).
5.2 Methanogenesis and Methanotrophy

Methane is the end product of the degradation of organic matter under anoxic condition
when other electron acceptors like NO32', Mn4+, Fe’" or SO42' ions are depleted (Martens and
Berner, 1974; Canfield et al., 2005a). Methanogens can produce methane only in anoxic
sediments owing to the instability of their F420-hydrogenase enzyme complex in the presence of

O,, nitrate or nitrite (Sconheit et al., 1981). Hydrogenotrophy and acetotrophy are the two major
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pathways of methanogenesis as represented by Eqs. 6 and 7 (Alperin et al., 1992; Whiticar, 1999;
Conrad, 2005).

CO,+8H +8¢ > CH4+2H,0  (AG°= -136 kJmol ' CH, ; Garcia et al., 2000) Eq. 6
CH3COOH - CH4 + CO, (AG°= -31 kJmol"' CH4 ; Garcia et al., 2000) Eq.7

Sulfate reduction being energetically a more favorable pathway of anaerobic metabolisms,
sulfate reducers out compete methanogens for carbon substrates (eg. acetate) and H, in sulfate
rich porewaters. Below the zone of sulfate reduction, hydrogenotrophy (CO, reduction) is the
dominant methanogenic pathway since other methanogenic substrate, like acetate, is depleted
due to organo-clastic sulfate reduction (Whiticar and Faber, 1986; Whiticar, 1999; Galimov,
2006; Conrad, 2005). Methane concentrations increase sharply below the SMTZ (Fig. 6) and
show a concave upward pattern. However, down depth, the profiles show significant fluctuations
due to heterogeneous distribution of gas pockets. Fluctuations in the methane concentration
profiles have earlier been reported from K-G basin by Collett et al. (2008). The methane
concentrations and fluxes reported in the present work are possibly much less than the in situ
concentrations owing to degassing during core recovery and onboard sub-sampling (Dickens et
al., 1997; Paull and Ussler III, 2001). Highly depleted carbon isotopic compositions of methane
below the SMTZ (-84.8 to -100.1%0VPDB), high C,/(C,+C3) ratios (1000-6000) and Adco2-ch4
ranging from 59.8 to 80.4%o indicate the microbial origin of methane in K-G basin via CO,
reduction pathway (Whiticar and Faber, 1986; Whiticar, 1999; Galimov, 2006). Other factors
which may influence 8"°Cepa include methanogenic precursor, fractionation factor, temperature
etc. (Alperin et al., 1992; Whiticar, 1999). The possible contribution of acetate fermentation in
methanogenesis is difficult to assess in the absence of dDcpa, 813Cacetate and acetate concentration
measurements (Conrad, 2005). The down depth enrichment in the carbon isotope ratio of
methane may be attributed to the continued preferential removal of the isotopically lighter
molecules from the carbon pool (CO,) during methanogenesis resulting in a progressive shift in
the residual substrate towards enriched carbon isotope ratios following Rayleigh fractionation.
The concave upward nature of methane concentration profile close to SMTZ is a result of

methane consumption via AOM typically represented by Eq. 3. The upward decrease in
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C1/(C2+C3) ratios (Table-1) of hydrocarbon gases suggests preferential consumption of methane
at and above the SMTZ resulting in carbon isotopic enrichment of the residual methane due to
preferential breakdown of >C-H bond (Whiticar, 1999; Alperin et al.,1988; Whiticar, 1999).
Carbon isotope separation (Adcoz-cua) between residual methane and CO; decreases upwards in
the cores owing to decrease in CO, contribution from methane oxidation and increasing
contribution of organo-clastics derived CO, which approaches 51 Crtoc. The 813CT0C of K-G
basin range from -14 to -22 %, VPDB (Mazumdar et al., 2011a). Towards the core top most
enriched carbon isotope ratios are commonly recorded for CO, due to contribution from sea
water. In case of MD161-8, persistence of significantly depleted carbon isotope ratios of residual
methane (-70 to -61%o0 VPDB) above SMTZ suggest greater upward flux of methane across
SMTZ than what could be consumed via AOM. The headspace 813Cc02 shows a shift towards
depleted ratios close to SMTZ suggesting contribution from methane oxidation. The most
depleted carbon isotope ratio (-27.6%0 VPDB) is recorded at MD161-10. Ussler III and Paull
(2008) also recorded depleted carbon isotope ratios of headspace CO; close to SMTZ from the

northern Gulf of Mexico.
5.3 Total alkalinity and Ammonium trends

The parabolic alkalinity profiles associated with the quasi-linear sulfate concentration
trends observed in MD161-2, 7, 10-13 are similar to the TA profiles reported by Kastner et al.
(2008), Ussler III and Paull (2008), Schmidt et al. (2005) and believed to be typical of AOM.
Vertical diffusion of bicarbonate ions produced via focused sulfate reduction at the SMTZ is
apparently responsible for the parabolic TA profile (Ussler III and Paull, 2008). The role of
AOM towards TA in our studied sites MD161-8 is evident from the 813CTIC data (Fig. 12).
Highly depleted carbon isotope ratios indicate AOM as the bicarbonate source (Greinert et al.,
2001; Chen et al., 2007). The zones of isotopically depleted TIC indicate occurrences of paleo-
SMTZs (Rodriguez et al., 2000; UsslerIIl and Paull, 2008). The record of paleo SMTZs in the
cores suggest significant fluctuations in vertical methane flux controlling the AOM process and
alkalinity production. On the other hand, based on (ACa+AAlk)/ASO,* ratios in the porewaters
from several NGHP sites, Solomon et al. (2008) showed significant contribution of organo-

clastic sulfate reduction towards the alkalinity. The distribution of (ACa+AAIK)/ASO4* values
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between 1:1 and 2:1 ratios suggest a combined contribution of bicarbonate in porewaters via
AOM and organo-clastic degradation pathways (Eq.1 and 3). Additional factors like silicate
weathering (Wallmann et al., 2008) and/or degassing of CO, from the sediments during core
recovery and sub-sampling (Paull and Ussler III, 2001) may also lead to complicated alkalinity
profiles observed in MD 161-2, 10 and 11. Alkalinity trends associated with kink type sulfate
profiles show enhanced alkalinity gradient at the kink and may form a bell shaped pattern at the
SMTZ as observed in MD161-9.

Ammonium is produced via anaerobic bacterial decomposition of nitrogen bearing
organic compounds (Heinrich and Reeburgh, 1987). NH," production via sulfate reduction is

represented by equations 8-10 (Berner et al., 1970; Heinrich and Reeburgh, 1987).
(CH,0)106(NH3)16(H3POy) + 53S0,> > 106HCO;™ + 53HS™ + 16NH; + HsPO4 +53H" (Eq. 8)
NH; + CO, +H,0 = NH4" + HCO5 (Eq. 9)

NH; + HCOs” D NH," +CO5™ (Eq.10)

NH," concentration profile is a good indicator of availability of labile organic carbon in the
sediment. High concentrations and gradient of pore water NH4" in MD161-7, 10-13 relative to
MD161-1, 3 and 8 suggest greater burial flux of labile organic matter (Cranston, 1991) at the
former coring locations. Porewater ammonium undergoes reoxidation (Dalsgaard and Thamdrup,
2002), adsorption-desorption reaction with solid phases like clay, organic particulates and Fe-
oxyhydroxides (Boatman and Murray, 1982; Mackin and Aller, 1984). The marked depletion in
NH, " concentrations recorded across the NH," -SO42' transition in MD161-8 may be attributed
to NH;" oxidation via lithotrophic (Eq. 11) and/or organotrophic (Eq.12) sulfate reducing-
ammonium oxidation pathways as reported by Schrum et al. (2009) from K-G basin site NGHP-
01-14A. The site specific AG calculated based on equation-11 is -14.6+0.2 kJ mol”’ SO,

However the low AG of this reaction may be difficult to sustain microbial growth.
8NH4" +380,>> 4N, +3HS™ + 12H,0 + 5H (Eq. 11)

4NH4" + 4S0,% +5CH,0 > 5C0, +2N, +11H,0 +4HS" (Eq. 12)
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5.4 Genesis of the sulfate profiles

The sulfate concentration profiles depend on the availability of labile organic matter
amenable to sulfate reducers, diffusive/ advective methane flux and depositional conditions
(Niewohner et al., 1998; Zabel and Schulz, 2001; Hensen et al., 2003; Schmidt et al., 2005;
Tréude et al., 2005; Kastner et al., 2008). Combination of these factors give rise to S, kink,
concave-up, concave-down and linear type sulfate concentration trends in marine sediments.
Labile organic matter availability influences the sulfate reduction rates primarily near the
sediment water interface, whereas, focused sulfate consumption at the SMTZ is primarily
controlled by AOM. The two maxima in the sulfate reduction rates have been reported by Iversen
and Jorgensen (1985) and Tréude et al. (2005). The relative contribution of AOM on the overall
sulfate concentration profile as well as the depth integrated sulfate reduction rates depend on the
methane flux at the SMTZ. Sulfate flux measurements off Namibia by Niewohner et al., (1998)
showed 100% sulfate consumption at SMTZ by AOM which resulted in a linear sulfate
concentration trend. Linear sulfate profiles, high concentration gradient (shallow SMTZ) and
high sulfate reduction rates are expected to be coupled with high methane flux (Borowski et al.,
1996; Borowski et al., 1999). The spatial variation in the linearity of sulfate profiles and depths
to the SMTZ have been linked to methane hydrate occurrences (Borowski, et al., 1996;
Bhatnagar, et al., 2008; Hiruta, et al., 2009). Apparently, the quasi-linear sulfate concentration
profiles and high alkalinity at the SMTZ (Fig. 6) recorded from the K-G basin can be linked to
high methane flux and AOM. However, significant contribution of organo-clastic sulfate
reduction was shown to be associated with such quasi-linear profiles and shallow SMTZs by
Solomon et al. (2008) from several NGHP sampling sites in K-G basin. Compared to the steady
state linear sulfate profile, the kink type profiles suggest transient or non-steady state pore water
chemistry (Hensen et al., 2003; Henkel et al., 2011). The presence of kink and overall concave
up character of sulfate profiles recorded from the continental margin off Uruguay and lower
Zaire (Congo) deep sea fan have been attributed to overthrusting of sediment (decollement) by
cohesive slide block that carry their initial pore water characteristics on to an older strata. The
kink apparently appears at the junction (surface of unconformity) of the two sulfate
concentration profiles (Zabel and Schulz, 2001; Hensen et al, 2003). However, kink-type profile

has also been shown to be caused by recent increase in methane flux (Borowski et al., 1999;
16



Halbach et al., 2004; Coffin et al., 2007; Ussler III and Paull, 2008; Mazumdar et al., 2009) with
no evidence of overthrusting of slide block. Model calculations show that the kink- type transient

state transforms into steady state quasi-linear form in less than 1000 years (Zabel and Schulz,

2001; Hensen et al., 2003; Halbach, 2004; Henkel et al.,2011).

Our coring sites MD161-3, MD161-8 are close to the NGHP expedition-01
drilling/coring sites NGHP-01-20 and NGHP-01-10 respectively (Collett et al., 2008). Chloride
concentration measurement in cores NGHP-01-20A and NGHP-01-10D show marked freshening
of pore waters suggesting thawing of methane hydrate which releases fresh water into the
sediment pores thereby lowering the chloride concentrations. The zones of pore water freshening
varies from 40 to 120 mbsf and 30 to 150 mbsf in NGHP-01-20A and NGHP-01-10D
respectively. The Infrared (IR) anomaly of the sediment cores at these sites show cold spots
attributed to thawing of hydrates. Geophysical logging data and x-ray imaging of pressure cores
in site NGHP-01-10 further support the occurrence of gas hydrates. It is interesting to note that
NGHP-01-10 and 20 also show kink pattern with relatively deeper SMTZ similar to that
observed at sites MD161- 3 and 8. The close association of S or kink type sulfate concentration
profiles with the occurrence of gas hydrate in K-G basin is further supported from pore fluid data
and logging/physical characteristic of hydrate bearing sediments of cores NGHP-01-14A and
NGHP-01-5C (Collett et al., 2008; Schrum et al., 2009). Both the sites show kink type sulfate
profiles with depth to SMTZ ranges from 22-24 mbsf and the kink lies between 18-20 mbsf. The
gentle sulfate gradients above the kink represent the steady state diffusion zone where organo-
clastic sulfate reduction possibly plays the dominant role. The ammonium concentration profiles
suggest relatively low burial flux of labile organic matter owing to lower sedimentation rates in
contrast to the sites with shallower SMTZ. The linearly extrapolated depth to zero sulfate
concentrations for the sulfate gradients above the kink would be 48, 35, 54 and 24 mbsf for
MDI161-1, 3, 8 and 9 respectively. The abrupt increase in sulfate and alkalinity gradients and
sulfate reduction rates (J2) observed below the kink suggest AOM process driven by a likely
deeper methane source. This contention is supported by the presence of major gas hydrate

deposits underneath sites MD161-3 and 8.
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The transient nature of the kink type sulfate profile indicates recent enhancement in methane
advection. The advection of methane from deeper sedimentary layers may be facilitated by the
reactivation of deep seated fault/fracture system as reported by Dewangan et al. (2011) and
Riedel et al. (2010) in K-G basin. Halbach et al. (2004) suggested reactivation of faults caused
by recent earthquakes as the driver for high methane flux in Marmara Basin giving rise to kink
shaped sulfate trend. Focused flow of warm fluid coming from the deeper layers through fault
zone may destabilize the hydrate zone and disrupt the BSR as well (Suess et al., 1999; Tomaru
et al.,2007). Mazumdar et al. (2009) reported extensive methane seepage phenomenon in the K-
G basin ~60-70 ky BP (Joshi, et al., communicated) which supported proliferation of
chemosynthetic life (Mazumdar et al., 2011b). Punctuated destabilization of methane hydrate
and waxing and waning of vertical flux of methane is amply evident from the record of

isotopically depleted authigenic carbonate layers at MD161-8 (Fig. 12).

The sites with quasi linear sulfate profiles are characterized by significantly higher ammonium
concentrations and sedimentation rates suggesting high labile organic burial flux. Higher
sedimentation rate transfers the labile organic matter rapidly through the sulfate reduction zone
into the methanogenic zone causing methane production at shallow burial depths. Acetotrophy
may play an important role in methanogenesis where sedimentation rate is high. The vertical
methane flux depends on the rate of production of methane, permeability and solubility
depending on local P-T conditions. Sub-bottom profiler data in the vicinity of the coring sites
(MD161-11, 12 and 13) show the presence of acoustic voids within the Holocene drape sediment
suggesting upward movement of fluid through the shallow sediment layers. The acoustic voids
are attributed to the presence of dissolved gas or micro-bubbles (Hovland and Curzi, 1989). Very
high methane flux may lead to crystallization of hydrate within much younger sediment layers in
contrast to sites with kink profiles. We have observed anomalous chloride depletion only in
MD161-2 (23 and 33 mbsf) suggesting possible thawing of methane hydrate. No other sites show
similar anomalous drop in chloride concentration, thus ruling out the presence of hydrate at
shallow depths at any of our studied locations. However, presence of hydrate below the

penetration depth cannot be ruled out.
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Conclusions

Sediment cores collected from the K-G basin over a water depth of 647 to 2078 mbsl reveal
variable pore water sulfate, alkalinity and methane concentration profiles. C1/C2+C3 ratios and
8" Ccns of headspaces gases suggest microbial origin of methane in the K-G basin. We attribute
the complex nature of alkalinity profiles to organo-clastic degradation, variation in methane flux,
transition of SMTZ and alkalinity consumption via precipitation of carbonates and possibly
silicate weathering. The S and kink type sulfate profiles represent transient states compared to
the steady state quasi-linear profiles. Our findings show both shallow and deep biogenic
methane sources in the K-G basin. The quasi-linear sulfate concentration profile and a shallow
SMTZ suggest high methane flux likely originating from the young and rapidly deposited
sediments. The genesis of high methane flux is attributed to high burial flux of labile organic
matter. Except at MD161-2 we don’t have unequivocal evidence of methane hydrate at shallow
depths. However presence of hydrate below penetration depth cannot be ruled out. On the other
hand, deep methane source leads to a transient kink type sulfate profile and a deeper SMTZ. In
K-G basin, we observe a close association of short lived S or kink type sulfate concentration
profiles with the occurrence of gas hydrate deposits. The transient nature of sulfate profiles
suggests recent enhancement of methane flux possibly from the neotectonic activities in K-G
basin which results in opening of fault/fracture conduits allowing migration of methane. We
propose that the kink type sulfate profile in areas without evidence of slide block movement may

indicate the occurrence of deep methane source possibly associated with gas hydrate deposits.
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Figure and Table captions

Figure 1. Bathymetry map displaying core locations and fault lines. Stars represent the location
of the cores collected onboard JOIDES Resolution (labelled as J) and white circles indicate the
location of the cores collected onboard Marion Dufresne (labelled as M). The thick blue line
represents the multi channel seismic line.

Figure 2. SBP data across different coring locations showing nature of layering and acoustic
voids. A. Acoustic voids in upper layered sediments underlain by acoustic transparent masses
with few internal reflectors. B. Onlap of MTDs against a mud mound. C. Finely layered
sediments with growth faults. D. Layered sediments and underlying acoustically transparent
mass. E. Acoustically transparent mass with fault. F. Multi channel seismic data displaying BSR
and regional fault system.

Figure 3. A and B. zoom-outs of SBP data across MD161-12 and 13 showing growth fault,
acoustic voids and mass transport deposits (MTD). C and D. SBP data across MD161-1 and 2
displaying MTD and faults.

Figure 4. Variation in thickness of the Holocene drape sediment with water depth derived from
the regional SBP profile.

Figure 5. Age-depth models for MD161-1, 7, 8, 11 and 13. The dotted lines show the abrupt
change in sedimentation rates. The age data of MD161-8 is from Mazumdar et al., (2009).
Figure 6 A-J. Sulfate, alkalinity and methane concentration profiles. Sulfate and alkalinity
concentrations are in milimolar (mM) and methane concentrations are in micromolar (uM).
Figure 7. Chloride concentration (milimolar) profiles.

Figure 8. Carbon isotope ratios of headspace CO, and CH,4 gases.

Figure 9. Cross plot of C1/C2+C3 and carbon isotope ratios of headspace gases.

Figure 10. Ammonium concentration variation with depth below seafloor.

Figure 11. TOC concentration variation with depth below seafloor.

Figure 12. 613CTIC and 818OTIC profiles of MD161-8.

Table-1: Concentrations and isotope ratios of various dissolved components in the porewaters
and head space gases. nd= not detectable.

Supplementary Table-1: Total organic carbon concentrations.
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Table-1

MD161-1

Depth SO,
(mbsf)  (mM) TA(mM) NH,(uM) Alk (mM) CH,uM) C1/(C2+C3) &"CCH, §cco, CI(mM)
(%0 VPDB) (%0 VPDB)

0.05 29.5 34 34 536.0
0.15 29.7 4.1 4.1 29 -15.8 539.3
1.03 28.8 5.0 4.9 5.0 2.6 -13.7 -20.7 534.8
2.03 28.8 6.0 6.0 3.1 -18.0 -19.8 539.2
3.03 27.9 5.6 29.4 5.6 540.7
5.03 26.1 6.8 37.9 6.8 537.9
6.03 25.6 6.8 90.6 6.8 532.5
7.03 26.1 8.0 83.2 8.0 537.4
8.03 24.3 8.1 111.4 8.1 541.6
9.03 24.7 8.8 131.0 8.8 0.3 538.0
10.03 23.6 8.0 153.0 8.0 538.4
11.03 22.7 8.1 242.4 8.1 1.7 537.7
12.03 21.2 10.6 459.0 10.6 5394
13.03 18.6 10.6 10.6 1.1 539.8
14.03 17.7 14.5 488.4 14.5 2.1 =221 546.7
15.03 12.8 14.8 649.9 14.8 543.0
16.03 10.3 16.7 807.8 16.7 2.3 -22.4 542.2
17.03 7.5 18.5 896.0 18.5 550.6
18.03 4.3 20.2 20.2 545.4
19.03 1.4 21.9 1072.2 21.9 543.1
MD161-2
Depth SO,

(mbsf)  (mM) TA(mM) NH,(uM) Alk (mM) CH,(uM) C1/(C2+C3) &'°C CH, 8'*c co, CI(mMm)
(%o VPDB) (%0 VPDB)

0.05 20.5 8.4 8.4 556.0
1.055 15.1 11.8 11.8 540.5
2.055 10.3 13.5 13.5 532.9
3.055 6.5 15.5 15.5 568.7
4.055 nd 16.9 16.9 545.4
5.055 nd 11.5 11.5 548.3
6.055 nd 9.1 9.1 540.8
7.055 nd 7.0 7.0 548.0
8.055 nd 6.6 6.6 536.5
9.055 nd 8.9 8.9 543.3
10.055 nd 14.4 14.4 541.6
12.055 nd 11.4 11.4 546.3
13.055 nd 16.0 16.0 538.9
14.055 nd 18.6 18.6 534.5
15.055 nd 17.4 17.4 533.5
17.055 nd 16.9 16.9 534.6
18.055 nd 15.3 15.3 537.4
19.055 nd 16.3 16.3 535.5
20.055 nd 15.6 15.6 543.6
21.055 nd 15.5 15.5 540.6
22.055 nd 16.7 16.7 536.1
23.055 nd 16.7 16.7 522.5

24.055 nd 15.5 15.5 528.5



25.055 nd 14.6 14.6 528.5
26.055 nd 15.6 15.6 539.5
27.055 nd 16.1 16.1 532.6
28.055 nd 17.5 17.5 539.7
29.055 nd 16.7 16.7 534.6
30.055 nd 16.0 16.0 533.3
31.055 nd 18.7 18.7 535.1
32.055 nd 14.5 14.5 533.5
33.055 nd 16.5 16.5 527.2
MD161-3
Depth SO,
(mbsf)  (mM) TA(mM) NH,(uM) Alk (mM) CH,(uM) C1/(C2+C3) &'°C CH, 8"®c co, CI(mm)
(%0 VPDB) (%0 VPDB)
0.05 31.2 3.0 3.0 9.5 -10.9 552.2
1.055 30.3 3.2 3.2 0.9 3.5 542.7
2.055 30.3 3.7 3.7 4.8 1.8 541.0
3.055 27.8 6.5 18.9 6.5 3.9 2.7 -16.1 -19.6 541.7
4.055 28.3 6.7 11.6 6.7 2.5 555.3
5.055 27.2 9.6 67.9 9.6 2.4 4.0 540.6
6.055 25.9 8.3 70.3 8.3 1.3 3.4 =171 535.6
7.055 241 9.4 46.5 9.4 0.1 6.0 541.4
8.055 244 8.1 33.0 8.1 0.2 548.7
9.055 23.5 7.3 39.2 7.3 0.3 -17.5 540.9
10.055 23.4 7.3 441 7.3 551.2
11.055 22.2 7.3 75.9 7.3 0.2 549.6
12.055 20.5 8.1 86.9 8.1 9.5 -23.8 542.9
13.055 19.1 8.8 8.8 0.2 563.5
14.055 17.1 8.9 132.2 8.9 551.5
15.055 17.3 9.5 150.6 9.5 0.5 3.1 -31.2 553.0
16.055 11.5 11.2 150.6 11.2 -90.9 549.8
17.055 7.8 12.7 237.5 12.7 8.3 1034 -92.5 -15.9 550.0
18.055 2.1 15.8 213.0 15.8 58.1 -110.2 -22.7 550.1
19.055 0.1 17.7 17.7 828.9 1184.2 -92.5 -17.8
MD161-7
Depth SO,
(mbsf)  (mM) TA(mM) NH,(uM) Alk (mM) CH,uM) C1/(C2+C3) &"CcCH, 3§cco, CI(mM)
(%0 VPDB) (%0 VPDB)
0.05 27.5 4.0 42.2 4.0 2.2 4.1 541.7
1.55 20.7 11.3 213.0 11.3 3.5 8.7 -16.2 538.6
3.055 12.5 16.4 381.9 16.4 3.6 4.3 550.9
4.55 5.3 18.0 539.8 18.0 5.3 8.2 -59.9 -14.6 542.5
6.055 0.1 13.7 741.7 13.7 1038.5 543.0
7.55 nd 6.7 984.1 6.7 2662.1 3393.3 -14.4 547.4
9.055 nd 5.1 1263.2 5.1 4390.9 1367.1 540.8
10.55 nd 4.2 1531.2 4.2 2817.3 3417.0 -84.8 -234 543.7
12.055 nd 3.8 1534.9 3.8 2807.8 8813.8 540.6
13.55 nd 3.7 1571.6 3.7 1897.6 1676.9 -82.9 -14.0 542.1
15.055 nd 3.9 1608.3 3.9 1614.1 1502.2 540.3
16.55 nd 4.9 1619.3 4.9 1295.0 2457.2 -81.0 -13.6 539.4
18.055 nd 7.7 1689.1 7.7 1002.2 920.8 -80.8 -12.9 542.6
19.55 nd 10.0 1817.6 10.0 1148.9 1133.2 533.9
21.055 nd 11.2 1975.5 11.2 1048.1 791.8 -78.7 -14.5 543.3




MD161-8

Depth SO,
(mbsf)  (mM) TA(mM) NH,(uM) Alk (mM) CH,uM) C1/(C2+C3) &"CCH, 3§cco, CI(mM)
(%0 VPDB) (%0 VPDB)
0.05 29.1 4.6 33.7 4.6 12.1 7.6 -61.1 -16.6 550.9
1.055 26.7 6.8 83.2 6.8 9.8 47.4 564.0
2.055 22.2 10.3 239.9 10.3 33.2 2274 -67.2 -18.6 549.3
3.055 20.0 13.2 226.4 13.2 43.4 366.0 545.3
4.055 194 13.2 286.4 13.2 61.5 167.1 -67.6 -20.8 543.9
5.055 18.5 13.2 356.2 13.2 40.6 192.7 5421
6.055 18.6 11.3 347.6 11.3 86.3 224.0 546.9
7.055 17.5 9.7 389.2 9.7 1.0 551.9
8.055 16.9 8.6 335.4 8.6 52.9 549.1
9.055 17.7 7.9 193.4 7.9 28.6 550.6
10.055 17.4 7.4 219.1 7.4 31.7 -68.8 -18.9 545.1
11.055 16.8 8.7 186.0 8.7 854 709.2 552.0
12.055 16.0 94 37.3 94 108.8 549.0
13.055 17.6 10.3 28.2 10.3 141.5 863.4 -70.7 -26.3 555.1
14.055 13.5 10.5 29.4 10.5 101.6 1293.5 556.2
15.055 104 12.6 84.5 12.6 292.7 1090.1 554.0
16.055 6.2 14.1 57.5 14.1 484.4 2376.3 556.0
17.055 4.1 14.8 224.0 14.8 2224.9 3489.1 -85.2 -25.3 561.3
18.055 3.1 18.3 11.0 18.3 516.8 3242.5 544 1
19.055 29 16.6 99.1 16.6 511.4 2898.1 554.9
20.055 3.2 18.9 49.0 18.9 443.9 3529.4 555.9
21.055 2.2 19.7 296.2 19.7 370.5 2600.4 -77.4 -17.7 550.1
22.055 24 21.2 430.8 21.2 409.4 1948.9 562.0
23.055 1.4 22.8 571.6 22.8 481.3 3422.8 549.8
24.055 1.3 23.1 592.4 23.1 433.5 1144.6 -75.4 -15.3 554.5
25.055 2.3 22.4 619.3 22.4 744.7 4104.0 552.3
26.055 2.4 22.5 619.3 22.5 815.3 3494.6 553.2
27.055 3.3 20.9 658.5 20.9 827.9 4064.9 554.4
28.055 2.4 21.2 709.9 21.2 747.0 4077.2 -75.7 -13.8 560.0
29.055 2.8 20.0 695.2 20.0 644.7 2896.9 560.9
MD161-9
Depth SO,
(mbsf)  (mM) TA(mM) NH,(uM) Alk (mM) CH,uM) C1/(C2+C3) &"CCH, §cco, CI(mM)
(%0 VPDB) (%0 VPDB)
0.05 30.7 2.65 2.7 550.4
1.55 294 4.2 4.2 547.3
3.055 27.5 5.4 54 543.8
4.55 25.5 7.8 7.8 547.5
6.055 22.7 8.9 8.9 536.3
7.55 21.5 10.0 10.0 542.5
9.055 16.5 14.0 14.0 545.1
10.55 9.6 17.6 17.6 546.1
12.055 nd 21.5 21.5 549.0
13.55 nd 15.5 15.5 558.1
15.055 nd 13.8 13.8 546.2
16.55 nd 15.1 15.1 548.9
18.055 nd 12.7 12.7 544.0
19.55 nd 13.7 13.7 544.2
nd 13.3 13.3 552.6

21.055




MD161-10

Depth SO,
(mbsf)  (mM) TA(mM) NH,(uM) Alk (mM) CH,uM) C1/(C2+C3) &"CcCH, 3&"cco, CI(mMm)
(%0 VPDB) (%o VPDB)
0.05 28.0 5.5 266.8 5.5 2.2 5.4 549.7
1.55 24.5 9.5 269.3 9.5 548.6
3.055 19.7 11.6 374.5 11.6 7.6 1.5 -24.5 540.3
4.55 14.9 15.0 701.3 15.0 540.2
6.055 6.6 16.7 1072.2 16.7 5.8 6.6 -27.6 543.1
7.55 21 14.3 1696.5 14.3 547.1
9.055 0.1 15.2 1993.9 15.2 2899.1 1783.7 -96.1 -21.5 557.9
10.55 nd 15.1 1938.8 15.1 548.1
12.055 nd 10.9 1450.4 10.9 3034.1 5664.2 -90.7 -18.8 551.0
15.055 nd 12.7 1175.0 12.7 24194 5228.6 -88.6 -17.0 552.0
16.55 nd 9.9 1468.8 9.9 544.7
18.055 nd 13.1 1938.8 13.1 2209.0 2800.9 -88.8 -17.8 541.9
19.55 nd 12.3 2107.7 12.3 541.9
21.055 nd 14.2 2250.9 14.2 2775.9 2206.6 -92.4 -18.0 541.8
22.553 nd 15.9 2159.1 15.9 539.4
MD161-11
Depth SO,
(mbsf)  (mM) TA(mM) NH,(uM) Alk (mM) CH,uM) c1/(Cc2+C3) &ccH, 3&"cco, CI(mMm)
(%0 VPDB) (%0 VPDB)
0.05 25.8 5.6 88.1 5.6 1.2 10.1 540.5
1.55 171 11.9 352.5 11.9 0.7 -21.8 -14.9 533.5
3.055 10.9 14.4 462.7 14.4 0.6 -62.4 -15.1 531.2
4.55 4.9 15.0 760.1 15.0 -74.6 -25.1 537.9
6.055 0.5 13.8 1002.4 13.8 497.5 4837.2 -100.1 -20.6 533.9
7.55 0.6 121 1299.9 121 1552.8 4685.8 -97.7 -18.9 544.5
9.055 0.1 18.2 1274.2 18.2 1879.4 3351.0 -94.3 -16.4 552.3
10.55 nd 18.9 1428.4 18.9 541.9
12.055 nd 22.2 1604.7 22.2 1630.5 1707.3 542.6
13.55 nd 23.0 1700.1 23.0 1454.8 3082.6 -85.2 -13.3 538.5
15.055 nd 19.8 1832.3 19.8 7011 2001.3 539.6
16.55 nd 20.9 1795.6 20.9 642.4 1546.7 -82.2 -11.5 536.1
18.055 nd 20.4 1872.7 20.4 535.6
19.55 nd 20.3 1931.5 20.3 538.6
21.055 nd 211 1894.7 211 515.9 -81.4 -11.3 536.5
22.553 nd 21.3 2052.6 21.3 538.6
24.055 nd 221 1880.7 221 503.0 595.0 536.4
25.55 nd 20.3 1829.3 20.3 809.8 698.0 542.4
27.055 nd 22.3 1795.0 22.3 512.6 767.1 -81.5 -11.3 540.1
MD161-12
Depth SO,
(mbsf)  (mM) TA(mM) NH,(uM) Alk (mM) CH,(uM) C1/(C2+C3) &'°C CH, 8"*c co, CI(mM)
(%0 VPDB) (%o VPDB)
0.05 27.0 3.3 26.9 3.3 4.0 18.1 -16.9 553.2
1.55 19.4 15.8 358.6 15.8 2.2 3.5 -51.8 -20.8
3.055 12.0 21.5 505.5 21.5 547.6
4.55 4.9 24.9 537.3 24.9 2.6 22.6 -34.4 -20.0 550.6
6.055 0.1 27.2 638.9 27.2 4.2 5.2 -41.7 -23.9 554.1
7.55 nd 25.0 788.2 25.0 16.0 67.6 -70.8 -22.2 557.6
9.055 nd 16.2 679.3 16.2 554.8



10.55 nd 7.5 646.3 7.5 231.2 216.5 -95.3 -21.3

12.055 nd 7.0 697.7 7.0 552.8
13.55 nd 7.4 752.8 7.4 684.5 907.1
15.055 nd 8.0 848.2 8.0 1166.8 1431.0 -955 -22.7 546.8
16.55 nd 8.1 940.0 8.1 1675.2 1781.3
18.055 nd 7.4 940.0 7.4 2273.0 1312.9
19.55 nd 54 54 1700.7 1478.2
21.055 nd 6.5 1064.9 6.5 1796.1 1288.1 -90.0 -17.4
22.55 nd 6.0 1127.3 6.0 2084.8 1492.0 540.2
24.055 nd 54 1156.7 54 1686.5 422.7 556.0
25.55 nd 71 1208.1 71 2866.1 1759.7 -87.7 -18.6 549.2
27.055 nd 7.8 1329.3 7.8 2741.8 3199.3 546.8
28.55 nd 6.6 1483.5 6.6 2581.9 1240.3 573.8
30.055 nd 71 1527.5 71 4193.1 -88.9 -18.8 550.1
MD161-13
Depth SO,

(mbsf)  (mM) TA(mM) NH,(uM) Alk (mM) CH,uM) C1/(C2+C3) &'°C CH, 8"*c co, CI(mMm)
(%0 VPDB) (%0 VPDB)

0.05 26.5 74 40.4 7.4 4.3 10.8 -37.3 -17.7 544 .1

1.55 16.1 18.6 374.5 18.6 3.6 40.9 -40.4 -19.8 556.4
3.055 10.7 21.8 455.3 21.8 141 548.6
4.55 6.9 25.2 543.5 25.2 1.8 16.4 -27.3 -18.9 547.7
6.055 0.2 25.8 605.9 25.8 539.6
7.55 nd 22.0 697.7 22.0 6.0 43.0 -65.8 -13.7 544.8
9.055 nd 10.3 804.2 10.3 44.8 328.6 -90.9 -17.1 550.4
10.55 nd 74 896.0 7.4 90.1 313.3 554.7
12.055 nd 6.6 947.4 6.6 556.3
13.55 nd 8.0 976.7 8.0 283.2 608.6 -98.2 -17.7 559.0
15.055 nd 8.6 1042.8 8.6 557.8
16.55 nd 10.5 1046.5 10.5 839.5 775.3 552.3
18.055 nd 7.8 7.8 556.7
19.55 nd 7.3 1134.6 7.3 1930.0 1666.8 -95.2 -156.2 5562.3
21.055 nd 6.9 1208.1 6.9 557.1
22.55 nd 5.9 1237.5 5.9 2440.7 1527.9 -92.9 -15.4 551.3
24.055 nd 6.2 1274.2 6.2 556.6
25.55 nd 5.8 1266.8 5.8 4941.0 2910.8 -92.5 -15.9 554.3
27.055 nd 6.4 6.4 544.2
28.55 nd 54 1296.2 54 544.6

nd = not detectable



Supplemenatary Table-1

TOC (wt%) TOC (wt%) TOC (wt%) TOC (wt%) TOC (wt%) TOC (wt%) TOC (wt%)
Depth MD161-1 Depth MD161-3  Depth MD161-7 Depth MD161-8 Depth  MD161-10 Depth MD161-11 Depth MD161-13
(mbsf) (mbsf) (mbsf) (mbsf) (mbsf) (mbsf) (mbsf)
0.1 1.3 0.36 1.0 0.05 11 0.05 1.2 0.71 1.3 0.71 13 0.05 1.0
0.3 14 1.71 14 0.25 1.0 1.05 1.2 1.21 13 1.21 1.4 0.68 1.1
1.4 1.5 221 1.3 0.51 1.0 2.05 15 2.21 1.3 2.21 13 0.83 1.0
1.7 1.4 3.96 1.7 1.01 1.0 3.05 1.6 3.71 14 2.71 1.4 1.555 13
2.1 15 4.96 1.8 1.55 1.1 4.05 1.7 4.21 1.4 3.71 1.4 1.73 1.0
2.6 1.6 5.96 1.9 3.05 1.2 5.05 1.9 5.21 1.8 4.21 1.5 2.18 1.3
2.8 1.7 6.36 2.1 3.25 1.3 6.05 1.9 6.71 1.9 5.21 1.5 3.055 1.3
3.2 1.7 7.36 1.7 3.51 14 7.05 1.6 7.21 1.9 5.71 1.6 3.38 11
34 2.0 8.46 1.3 3.75 1.2 8.05 1.7 8.61 2.0 6.71 1.6 4.535 1.2
3.9 1.8 8.96 1.3 4.01 1.5 9.05 1.2 9.61 1.7 7.21 1.7 6.23 1.3
4.2 1.9 9.36 1.1 4.25 1.2 10.05 1.4 10.11 1.7 8.11 1.7 7.535 1.7
4.5 1.8 9.86 1.9 4.55 1.4 11.05 1.4 11.21 1.7 8.61 2.0 9.055 1.6
4.7 2.1 10.36 1.4 4.75 14 12.05 1.6 12.61 1.8 11.51 2.0 12.055 1.8
5 1.8 11.46 1.6 5.01 1.3 13.05 1.8 13.11 1.8 11.71 2.0 13.535 1.9
5.15 2.1 11.96 1.8 5.25 1.3 14.05 1.6 14.71 1.5 12.71 1.6 15.055 1.7
53 2.0 12.86 1.4 5.51 1.3 15.05 1.7 15.61 1.6 13.21 1.5 16.535 1.9
5.45 2.0 13.36 1.8 5.75 1.3 16.05 1.7 16.11 1.3 14.11 1.4 18.055 2.1
6 1.8 13.86 1.4 6.05 1.6 17.05 13 17.11 1.8 14.61 2.2 19.555 11
6.16 2.0 14.46 1.5 6.25 1.5 18.05 1.5 18.71 1.9 15.86 2.0 24.055 1.9
6.31 2.1 15.46 1.4 7.55 14 19.05 14 19.21 2.0 16.21 2.1 27.055 1.9
6.46 2.2 15.46 1.4 8.25 1.5 21.05 1.4 20.11 1.9 17.11 2.0
6.61 2.1 15.96 1.4 8.51 1.5 21.42 1.5 21.71 2.0 17.61 2.0
6.8 1.7 16.46 1.5 8.75 1.7 22.05 1.4 22.21 2.0 18.71 2.0
7 1.8 16.96 1.5 9.05 1.6 23.05 1.4 234 1.9 19.21 2.0
7.15 1.9 17.46 1.2 9.25 1.5 24.05 1.8 20.11 21
7.3 1.8 17.96 1.1 9.75 1.8 24.42 1.8 20.61 2.1
7.31 1.7 18.36 1.9 10.25 1.7 25.05 1.8 21.71 2.0
7.45 1.5 10.55 1.7 25.32 2.0 2221 2.0
7.6 1.6 10.75 1.7 26.05 1.9 23.71 1.6
7.61 21 11.01 1.7 27.05 1.8 24.71 1.9
7.65 21 11.51 1.7 29.05 1.7 25.21 2.0
7.75 1.7 11.75 1.7 29.45 1.9 26.21 2.0
7.76 1.6 12.05 1.8 30 1.8 26.51 2.0
7.85 1.4 12.25 1.8 27.45 2.0



TOC (Wt%) TOC (Wt%)

Depth (mbsf) MD161-1 Depth (mbs MD161-7
7.86 1.5 12.51 1.7
8 14 12.75 1.7
8.15 16 13.25 1.7
8.3 1.7 13.55 1.7
8.3 1.7 15.05 1.8
8.45 1.5 16.55 1.8
8.6 1.9 18.05 2.0
8.75 2.0 19.55 2.1
9 1.8 21.05 2.0
9.15 2.0
9.45 1.4
9.6 13
9.75 2.0
9.85 2.2
9.85 2.2
10.14 1.7
10.19 1.7
10.3 2.0
10.45 2.0
10.6 2.0
10.75 1.7
10.85 1.7
11.25 1.8
113 1.3
11.45 1.9
11.6 2.5
11.75 2.3
11.85 1.9
12 2.2
12.15 2.4
123 2.2
12.45 2.0
12.6 2.1
12.75 2.1
12.85 1.8

13 23



Depth (mbsf) MD161-1

13.05 2.2
13.15 2.0
13.45 1.9
13.6 23
13.75 2.0
13.9 2.0
14 2.0
14.16 2.1
1431 2.0
14.46 1.9
14.61 1.8
14.75 1.9
15 1.9
15.16 2.0
15.31 1.5
15.46 1.8
15.61 1.8
15.76 24
15.91 2.0
16 1.7
16.16 1.8
16.31 1.4
16.46 2.1
16.61 1.9
16.76 1.9
16.91 2.1
17 1.9
17.15 1.8
17.16 1.9
17.46 2.0
18 1.8
18.16 2.0
18.31 1.9
18.61 2.5
18.76 2.5
18.91 1.6

20 2.1




