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Abstract In this study, we integrate environmental magnetic, sedimentological, and geochemical
records of sediment core of Hole NGHP-01-10D overlying methane hydrate deposits to decipher the
controls on the evolution of fracture-filled gas-hydrate system in the Krishna-Godavari (K-G) basin. Four
distinct sedimentary units have been identified, based on the sediment magnetic signatures. An anomalous
zone of enhanced magnetic susceptibility (Unit Ill: 51.9-160.4 mbsf) coinciding with the gas hydrate bearing
intervals is due to the presence of magnetite-rich detrital minerals brought-in by the river systems as a
result of higher sedimentation events in K-G basin and has no influence over hydrate formation. A strong to
moderate correlation between magnetite concentration and chromium reducible sulfur (CRS) content
indicates significant influence of sulfidization on the magnetic record and could be further exploited as a
proxy to decipher paleo-H,S seepage events. Analysis of high-resolution seismic, bathymetry, and sub-
bottom profiler data reveals the existence of a regional fault system in K-G basin. The opening and closing
dynamics of the faults facilitated the migration and trapping of required gas concentrations resulting in
accumulation of gas hydrates at the studied site. The seismic data provides support to the rock-magnetic
interpretations. The observed variations in magnetic and geochemical properties have resulted from the
episodic flow of methane and sulfide-enriched fluids through the fracture-filled network formed as a result
of shale-tectonism. Our study demonstrated the potential of using an enviro-magnetic approach in
combination with other proxies to constrain the evolution of gas-hydrate system in marine environments.

1. Introduction

Methane hydrate is the most common and natural form of gas hydrates, and is distributed worldwide along
the oceanic and permafrost environments [Kvenvolden, 1993]. In marine settings, the studies on gas-hydrate
system are focussed on addressing a variety of scientific investigations like estimation of energy resource,
impact on climate change, and ocean acidification and assessment of submarine slope stability [Kvenvolden,
1993; Milkov, 2004; Boswell and Collett, 2011]. The genesis and occurrence of methane hydrate are controlled
by many factors such as pressure-temperature conditions, availability of methane or other lighter hydrocar-
bon gases, migration pathways of fluid, sediment provenance, and trapping efficiencies of host sediments
and neo-tectonic activity [Kvenvolden et al., 1993; Xu and Ruppel, 1999; Mazurenko et al., 2003; Hesse, 2003;
Haacke, et al., 2008; Simonetti et al., 2013]. Therefore, a multidisciplinary investigation is required to under-
stand the influence of sediment provenance, shale-tectonism, diagenesis, and authigenesis on the evolution
of the gas-hydrate system.

Reductive diagenesis is a common process in sulfide-rich marine sedimentary environments where anerobic
sulfate reduction and bacterially mediated degradation of organic carbon produce hydrogen sulfide (H,S).
Further, the iron-bearing minerals react with the available H,S to produce magnetic iron sulfides which
have distinct magnetic signatures [Karlin and Levi, 1985; Leslie et al., 1990; Dewangan et al., 2013; Roberts,
2015]. At cold seep-environments large amounts of hydrogen sulfide are produced as a result of anerobic
oxidation of methane. The geochemical processes associated with formation and dissociation of methane
hydrates may cause precipitation of secondary (diagenetic) minerals which can be easily detected using
environmental magnetic methods [Verosub and Roberts, 1995; Housen and Musgrave, 1996; Horng and Rob-
erts, 2006; Fu et al., 2008; Enkin et al., 2007; Esteban et al., 2008]. Therefore, magnetic characterization of
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Figure 1. Map showing the sediment core location of NGHP-01-10D off Krishna-Godavari (K-G) basin, Bay of Bengal.

detrital and diagenetic mineral phases in a gas hydrate environment could provide clues to the geochemi-
cal processes associated with gas hydrate formation, migration, and dissociation.

Drilling and coring activities on board JOIDES Resolution during the national gas hydrate drilling expedition
(NGHP-01) confirmed the occurrence of fracture-filled gas hydrates at several sites in the continental slope
of the K-G basin [Kumar et al., 2014]. Geophysical studies showed high spatial variability in distribution of
gas hydrate concentrations as it is primarily controlled by a large fault system [Dewangan et al., 2011, 2014].
One of the drilled sites NGHP-01-10D showed a ~128 m thick layer of gas hydrates and the overall gas
hydrate saturation estimated was in the order of 25-30% [Lee and Collett, 2009]. The analysis of seismic and
well-log data showed the occurrence of a fracture-filled gas-hydrate system at the studied site [Collett et al.,
2008]. The evidence of paleo-methane seepages is observed in the vicinity of NGHP-01-10D [Mazumdar
et al.,, 2009]. Further, the magnetic studies by Dewangan et al. [2013] reported the diagenetic alteration of
magnetic minerals in a short sediment core (~30 m: MD161/8). In the present study, we attempt to
establish the linkage between gas hydrates and associated magnetic signals in K-G offshore basin by inves-
tigating a 198 m long sediment core (NGHP-01-10D) from a proven gas hydrate/cold seep environment of
K-G basin. The magnetic data are studied in combination with seismic, geochemical, and sedimentological
proxies to understand the evolution of fracture-filled gas-hydrate system in K-G Basin.

2. Geology of Krishna-Godavari Basin

The Krishna-Godavari basin (K-G basin) is a proven petroliferous basin located in the central part of the east-
ern continental margin of India (ECMI) (Figure 1). The basin covers an area of about 28,000 km? onshore
and 145,000 km? offshore (Rao, 2001). The ECMI evolved during the break up of eastern Gondwana land-
mass around 130 Ma ago when India separated from East Antarctica [Ramana et al., 2001]. The basin
receives a huge supply of detrital sediments through Krishna and Godavari river systems. The Holocene-
Pleistocene deposit of the K-G basin is dominated by smectite bearing Godavari clay formations [Rao,
2001]. A sediment thickness of 3-5 km in the onshore and about 8 km in the offshore region has been
reported [Bastia, 2007; Prabhakar and Zutshi, 1993]. The annual sediment transport of the Krishna and Goda-
vari rivers is estimated to be 67.7 and 170 X 10° metric ton, respectively [Biksham and Subramanian, 1988;
Ramesh and Subramanian, 1988].
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The gas hydrate deposit in K-G basin is established from geological and geophysical studies. The seismic
data showed occurrences of Bottom Simulating Reflector (BSR) in K-G basin related to gas hydrate. Further,
the drilling and sediment coring activities onboard DV JOIDES Resolution confirmed the presence of gas
hydrates in K-G basin [Collett et al., 2008; Dewangan et al., 2010; Shankar and Riedel, 2010]. Various geomor-
phic structures such as mounds, shale diapirs, and faults are formed due to ongoing neo-tectonics in the K-
G basin. The bathymetric mounds are mostly associated with fluid/gas migration occurring through the
fault system, and favor the accumulation of gas hydrates in K-G basin [Dewangan et al., 2010].

3. Methodology

3.1. Magnetic Measurements

A 198.4 m long sediment core NGHP-01-10D was collected onboard DV JOIDES Resolution from K-G basin
(Figure 1). The entire sediment core was subsampled at intervals of 1.5-6 m following IODP standards. All
magnetic measurements were made on dry sediment samples packed in 1-inch cylindrical sample bottles
at the paleomagnetic laboratory of CSIR-National Institute of Oceanography (NIO). Magnetic susceptibility
measurements were performed using the Bartington MS2B dual frequency susceptibility meter. Susceptibili-
ty was measured at two different frequencies y;; = 0.47 kHz and y.; = 4.7 kHz. The frequency dependent
susceptibility was computed as yrq % = (yir—xnf)/¢ X 100. Anhysteric remanent magnetisation (ARM) was
imparted using 100 mT AF field superimposed with a fixed DC bias field of 50 uT and measured using a Mol-
spin Minispin spinner magnetometer. Susceptibility of ARM is calculated as mass normalized ARM divided
by the DC bias field. Isothermal remanent magnetisation (IRM) of 1 T in the forward direction and —20,
—30, —100, and —300 mT in the backward direction were imparted to the sediment samples using MMP10
pulse magnetizer and measured using Molspin Minispin spinner magnetometer. Mass-normalized IRM
acquired with a peak field of 1T is assumed to be the saturation isothermal remanent magnetization (SIRM).
S-ratio is computed as the ratio between the IRM at —300 mT and IRM at 1 T (IRM_3p0m1/IRM17) [Thompson
and Oldfield, 1986].

The specific measurements were carried out at Indian Institute of Geomagnetism, Panvel, India. Tempera-
ture dependence of magnetic susceptibility (y—T) was measured in a field of 300 A/m at 875 Hz by a CS—3
furnace unit coupled to an Agico (KLY—4S) Kappabridge. The high temperature measurements were per-
formed from room temperature to 700°C in argon atmosphere. The hysteresis loop analyses were per-
formed using Princeton measurements of the micromag 2900 series alternating gradient magnetometer
(AGM) in field cycling between £ 1T.

3.2. Physical Properties and Grain Size Analysis

After splitting the sediment cores, the samples were taken from the working half, and the sediment bulk,
grain densities, and porosity were measured using a penta-pycnometer following IODP protocols. This data
are available through NGHP Expedition - 01 initial report. The sediment grain size analyses were carried out
on Malvern Mastersizer 2000 Laser Particle Size Analyzer at CSIR - NIO. Prior to analysis, the sediment samples
were desalinated and subsequently decarbonated using dilute HCI (1°N). Organic carbon was removed by
10% H,0,. Na-hexametaphosphate was added to the final suspension to ensure dispersion throughout the
analysis. The grain size values are reported as volume %.

3.3. Magnetic Mineral Extraction, SEM-EDS, and XRD Analysis

The magnetic minerals were extracted from the bulk sediment following the procedure of Petersen et al.
[1986]. A scanning electron microscope (JEOL JSM-5800 LV) was used to capture images of the magnetic
grains in secondary electron (SE) imaging mode at energy levels between 15 and 20 kV. The elemental anal-
ysis was performed using an energy dispersive X-ray spectroscopy (EDS) probe attached to the microscope.
The identification of magnetic mineralogy of selected samples from different depth intervals of the NGHP-
01-10D core was carried out using a Rigaku X-Ray Diffractometer (Ultima IV). The samples were run from 15°
to 70° 260 at 1°/min scan speed using Cu Ko radiation ( y = 1.5414 A°).

3.4. Geochemical Analysis

The sulfur isotope ratios of Chromium reducible sulfur (3**Scgs), CRS and TOC data for the NGHP-01-10D
core are taken from Peketi et al. [2012]. More details on extraction method of CRS and elemental sulfur can
be found at Peketi et al. [2012].
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Figure 2. Depth variation of selected rock-magnetic (a—d) and geochemical (e-g) data of the sediment core NGHP-01-10D. The depth of bottom simulating reflector (BSR), the position
of sulphate methane transition zone (SMTZ) and gas hydrate stability zone (GHSZ) are marked. Blue and red arrows indicate the enrichment depth of chromium reducible sulfur (CRS)
and Molybdenum (Mo). The sulfur isotope ratios of CRS (5>*Scgs), Chromium (CRS) and total organic carbon (TOC) data for the NGHP-01-10D core was provided by Peketi et al. [2012].

4, Results

4.1. Rock-Magnetic and Geochemical Properties of Hole NGHP-01-10D

Four distinct units (I-IV) are demarcated based on down-core variation in magnetic properties in core
NGHP-01-10D (Figure 2). The unit | (1.4-12.8 mbsf) shows the reduction in magnetic susceptibility. A down-
core decrease in magnetic susceptibility and SIRM (Figures 2a and 2b) values suggests the decrease in con-
centration of magnetic minerals in this unit. A substantial decrease in S-ratio is observed at 8.2 mbsf (Figure
2¢). The increase in yzq (%) values in unit | and unit Il indicates fining in magnetite crystal size (Figure 2d). A
trend of down-core increase in CRS and TOC content is observed (Figures 2e and 2g). The beginning of unit
Il (13.6-45.7 mbsf) is marked by a sharp decrease in magnetic mineral concentration as reflected by y and
SIRM (Figures 2a and 2b). An increase in y¢q (%) followed by low magnetic susceptibility indicates higher
abundance of magnetically weak fine-grained minerals in this unit (Figures 2a and 2d). A pronounced
increase in CRS content is observed throughout in this unit. The TOC content varies from 1.2 to 2.1 wt %
and CRS content varies between 0.16 and 1.74 wt % in this unit (Figures 2e and 2g). The §**Scgs also
increases in this unit, and two peaks of 5**Scgs enrichment as well as enhancement of Mo are observed at
22.5 and 43.7 mbsf suggesting H,S seepage events [Peketi et al., 2012] (Figure 2f).

The beginning of unit Ill (52.0-160.4 mbsf) is marked by an increase in magnetic mineral concentration (y,
SIRM) (Figures 2a and 2b). The magnetic susceptibility increases by an order of magnitude as compared to
that of unit | and unit Il. The S-ratio is close to unity throughout this unit, but shows a region of lower S-ratio
between 109.1 and 122.3 mbsf indicating the presence of higher coercivity magnetic minerals (Figure 2c).
The lower end of this unit (160.4 mbsf) is marked by a decrease is susceptibility, SIRM, S-ratio and approxi-
mately matches the depth of BSR at this site [Kumar et al., 2014]. Two distinct patterns in the variation of
TOC content are observed. Initially, TOC decreases from 45.7 mbsf to 94.0 mbsf and later increases down-
core from 96.1 mbsf to 151.4 mbsf (Figure 2g). Three peaks of episodic enrichment in 9>*Scgs are observed
at 94.0 mbsf, 113.5 mbsf, and 160.4 mbsf, respectively, (Figure 2f) [Peketi et al., 2012].
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Figure 3. (a) Hysteresis parameters displayed in a Day plot (Day et al., 1977) from Hole NGHP-01-10D (b) Down-core variation in magnetic grain size index parameter (D,.). SD = single
domain, PSD = pseudo-single domain, MD = multidomain.

The unit IV (180.0-198.4 mbsf), below the present BSR depth, is marked by a sudden drop in magnetic min-
eral concentration as indicated by low y and SIRM (Figures 2a and 2b). The low yz4 (%) suggest the domi-
nance of coarse magnetic grains in this unit (Figure 2d).

4.2. Magnetic Hysteresis Curves and Temperature-Dependent Magnetic Susceptibility

The day plot shows that majority of the samples lie in the pseudo-single domain (PSD) [Day et al., 1977]
(Figure 3a). Housen and Musgrave, [1996] defined the magnetic grain size index Dy as the ratio of two axes
in the Day plot, i.e., {J;s/Js}/{H/Hc). The ratios are used to examine the magnetic grain size in gas hydrate
bearing sediments. The D,y values vary between 0.052 and 0.079 (Figure 3b). The highest values of Dy
were observed within the gas hydrate zone (Unit Ill) of Hole-NGHP-01-10D, indicating the dominance of
coarse magnetic grains in this zone. A drop in D,y value in unit Il reflects the dominance of fine grained
magnetic minerals (Figure 3b).

Figures 4a-4d show the representative curves of temperature dependent magnetic susceptibility for sam-
ples from units I, II, I, and IV. In all analyzed samples, a major decrease in susceptibility at high tempera-
tures (above 550°c) indicates that the magnetic mineralogy is dominated by titano-magnetite (Figures 4a—
4d). The small increase in magnetic susceptibility with increasing temperature, i.e, above 400°c, can be
attributed to the presence of pyrite in these units (Figures 4a—4d).

4.3. Grain Size Distributions and Physical Properties of Host Sediments

Silt and clay constitute the bulk sediment grain size fractions at site NGHP-01-10D (Figure 5). The silt and
clay content ranges from 14.56-52.29 vol % and 47.62-83.56 vol %, respectively. The sand content is lower
and varies from 0.016 to 7.37 vol %. Few layers of relatively higher sand concentrations are observed
throughout the core. These fine sand layers are also marked by low susceptibility indicating the presence of
magnetically weak, coarse grains in these intervals (Figure 5).
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indicates heating curve and blue line indicates cooling curve.

The properties of host sediments affect the formation and distribution of gas hydrates. Therefore, the bulk
properties of core NGHP-01-10D are presented along with the magnetic susceptibility (Figure 6). The bulk
density varies from 1.37 to 1.77 with an average of 1.67 g/cm?, and the grain density varies from 2.53 to
2.79 g/cm?® with an average of 2.72 g/cm? (Figures 6a and 6b). The bulk and grain densities show opposite
trend in Unit |, but follow a similar trend of down-core increase in unit Il and unit Ill (Figures 6a and 6b). A
large drop in grain density is observed around 128.0 mbsf (Figure 6b). The porosity profile mirrors the bulk
density profile (Figure 6¢). The higher susceptibilities were found associated with grains possessing higher
bulk and grain density especially in unit Il (Figure 6d).

4.4. Electron Microscopy and Energy Dispersive Spectra Analysis on Magnetic Separates
The electron microscopic images and EDS spectra of mineral extracts from different sedimentary units are
shown in Figures 7 and 8. Several ferri-magnetic iron oxides and sulfide-rich particles of various sizes and
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shapes are identified (Figures 7 and 8). In unit |, the mousy and etching features on titano-magnetite grain
provide evidence of dissolution of magnetic minerals in this unit (Figures 7a and 7b). The EDS results of the
titano-magnetite grains from unit | show the presence of titanium and iron with traces of manganese, vana-
dium, silicon, calcium, potassium, and phosphorus (Figures 7a and 7b). Large aggregates of cubic pyrite
crystals that have overgrown framboids are observed in the zone of low magnetic susceptibility of unit Il
(Figures 2a, 7c, and 7d). The EDS results of magnetic grain from unit Il show the presence of iron and sulfur
with minor amounts of vanadium, silicon, potassium, calcium, and germanium (Figure 7c). In unit Ill, most of
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the extracted magnetic mineral grains appear to be well preserved but mild reductive dissolution is
observed (Figures 8a-8f). The EDS results from unit Il show the presence of iron, titanium, sulfur, and phos-
phorous with traces of manganese, vanadium, silicon, calcium, potassium, and germanium (Figures 8a—-8e).
A skeletal type, most probably titano-hematite grain, with quadrangle plate-like structure is also observed
in this unit at 151.4 mbsf (Figure 8d). In Unit IV, the presence of numerous titano-magnetite grains with
overgrowths of pyrite framboids are noticed (Figures 8g and 8h). The EDS results from unit IV show the
presence of sulfur with trace amount of iron and titanium suggesting the presence of pyrite in this sample
(Figure 89, spectra-2).

4.5. Identification of Magnetic Minerals Using X-ray Diffraction Analysis

The X-ray diffraction curves of magnetic minerals from different sedimentary units are shown in Figure 9.
The titano-magnetite is the dominant magnetic mineral found in all sedimentary units in varying propor-
tions (Figures 9a-9d). The XRD peaks in the regions (unit Il and unit IV) of reduced magnetic susceptibility
confirm the presence of pyrite (Figures 9b and 9d). A small peak corresponding to pyrite is also observed in
unit Il (Figure 9¢).

4.6. The Relationship Between Magnetic, Sedimentological and Geochemical Parameters

Bivariate data plots are used to examine the relationships between magnetic, sedimentological, and geo-
chemical parameters (Figures 10a-10d and 11a-11f). A positive correlation between magnetic susceptibility
and SIRM is observed in all the samples, but with different slopes indicating the presence of ferri- and para-
magnetic mineral assemblages in the samples (Figure 10a). A clear relationship between magnetic suscepti-
bility (y) and magnetic grain size indicators (xq%) is observed with highest values of susceptibility being
dominated by coarser magnetic grains from the unit lll (Figure 10b). It is interesting to note that a trend of
fining in magnetic grain size is seen in unit |, I, and IV, where finer grains showed higher magnetic suscepti-
bility (Figure 10b). Overall, for most of the samples, S-ratio varies between 0.82 and 1 and show a wide
range in y;y% values indicating the abundance of mixed grain size mineral assemblages in the studied
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Figure 10. (a-d) Bivariate scatter plots of magnetic parameters and chromium reducible sulfur (CRS) data of Hole NGHP-01-10D. Please note that the gray arrows in the scatter plots are
used only to highlight the trends between magnetic and non-magnetic parameters.

samples. The lower S-ratio in samples from unit Ill reflects minor presence of hard coercive minerals in this
zone (Figure 10Q).

A strong correlation is observed between CRS content and magnetic susceptibility for unit | (R*> = 0.797)
and moderate correlation for unit Il (R*=0.3293). Weak or no correlation is observed for unit Il
(R? = 0.064) and unit IV (R* =0.1023) (Figure 10d). A trend of decrease in susceptibility with increasing
CRS content is clearly visible in unit | and unit lll, whereas samples from unit Il and unit IV possessed
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Figure 11. (a-d) Bivariate scatter plots of magnetic susceptibility, grain size, and chromium reducible sulfur (CRS) data of Hole NGHP-01-10D. Please note that the gray arrows in the scat-
ter plots are used only to highlight the trends between magnetic and non-magnetic parameters.

much lower and uniform susceptibilities, but showed a wide range in CRS content (Figure 10d). This cor-
relation provides clues on the marked influence of H,S seepages (sulfidization) on mineral magnetic
record and this relationship needs to be tested further to be used as a proxy to decipher the paleo-H,S
seepage events.

In general, based on the magnetic mineral record of the entire core two major zones can be identified (Fig-
ures 10a-10c). Zone 1 (diagenetically modified): Samples from unit |, Il, and IV possess low susceptibility,
SIRM, S-ratio > 0.82 and show fining in magnetic grain sizes as indicated by wide range in y¢q % values.
Zone 2 (Nondiagenetic): samples from unit lll possess high susceptibility and SIRM, low y;4% suggesting the
presence of detrital, diagnetically unaltered magnetic grains (Figures 10a-10c). Recent study by Dewangan
et al. [2013] showed that the higher y:4 (%) values (>10) suggest the occurrence of super-paramagnetic (SP)
sized ferri-magnetic minerals possibly due to the presence of greigite. In our samples, the presence of sig-
nificant amounts of greigite is unlikely due to low y;qy % together with negative observations in SEM imag-
ery (Figures 2d, 7a-7d, 8a-8h, and 10a-10d).
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The good covariation between magnetic susceptibility and silt content suggests that the highest concentra-
tion of magnetic minerals is within the silt fraction (Figure 11b). A reverse trend of decrease in magnetic
susceptibility with increase in sand and clay content is observed (Figures 11a and 11c). The crossplot
between grain size parameters and CRS content shows that highest enrichment of sulfur occurs within clay
fraction compared to sand and silt content (Figures 11d-11f).

5. Discussion

The rock-magnetic, geochemical, and sedimentological investigations of the sediment core NGHP-01-10D
showed four distinct sedimentary units which may be controlled by the combined interaction of sediment
provenance (detrital), transport pathways, and post-depositional processes (diagenesis, authigenesis). Since
the presence of gas hydrate is established in core NGHP-01-10D, we attempt to relate these sedimentary
units to the occurrence of gas hydrates with an aim to understand the evolution of the gas-hydrate system
in K-G basin.

5.1. Detrital Inputs and Magnetic Susceptibility Variations in K-G Basin

The higher values of magnetic susceptibility, SIRM and lower y¢q (%) in unit lll can be directly attributed
to the coarse-grained detrital Fe-Ti rich grains which were supplied by Krishna and Godavari river system to
the basin as a result of high energy driven sediment transport event [Ramprasad et al., 2011] (Figures 2a,
2b, 2d, 4c, 8a-8f, and 9c). We hypothesize that unit Ill represents the period of intense sediment (detrital)
supply event which might have led to rapid burial and preservation of these detrital material forming a
magnetic-rich layer in deeper sediment strata in the K-G basin. The electron microscopy in combination
with EDS and XRD analysis on the magnetic extracts confirms the presence of unaltered coarse magnetic
grains with well-preserved morphology primarily of detrital origin which supports our hypothesis (Figures
8a-8f and 9¢).

In marine sediments, the sedimentation rate plays an important role in controlling early diagenesis of mag-
netic minerals in addition to other factors including supplies of organic matter, availability of sulfate and
reactive iron [Berner, 1984; Canfield, 1991]. As sedimentation increases, the contact time between reactive
iron and available sulphidic-rich fluids decreases which leads to hindering of early diagenetic processes and
preservation of detrital mineral grains [Reidinger et al., 2005]. Furthermore, we have made an attempt to
examine the influence of higher sedimentation events on the early diagenetic processes in K-G basin. The
decrease in magnetic susceptibility in unit Il and unit IV could be attributed directly to reductive dissolution
and pyritization of magnetic minerals taking place in these units (Figure 2a). These units are characterized
by lower values of susceptibility, SIRM indicating low concentration of magnetic minerals. The XRD and
SEM-EDS analysis of magnetic grains confirms the presence of pyrite in these units (Figures 7c, 7d, 8g, 8h,
9b, and 9d).

Studies by Ramprasad et al. [2011] provided evidences of the occurrence of MTD’s and high sedimentation
rate events in K-G basin. The MTD’s are inferred based on seismic signatures from high resolution sparker
data, multibeam bathymetry, '*C age-depth curve and physical properties data. They further proposed that
the presence of steep topographic gradients, high sedimentation rates and a regional fault system might
have facilitated the sediment slumping/sliding in the K-G basin. The higher values of magnetic susceptibility
in unit Ill suggest good preservation of magnetic minerals which may be attributed to such high sedimenta-
tion rate events. High sedimentation rate leads to rapid burial of detrital magnetic minerals and thus less
affected by early diagenesis. One plausible hypothesis that explains the sudden drop in magnetic suscepti-
bility at 159.5 mbsf is the lower sedimentation rate in unit IV. It is highly possible that lower sedimentation
rate could have enhanced the pyritization in unit IV prior to the commencement of unit lll. The occurrence
of pyrite and partially altered titano-magnetite grains in unit IV support the hypothesis (Figures 8g, 8h,
and 9d).

5.2. Influence of Sediment Composition on Development of Gas-Hydrate System in K-G Basin

In addition to well-established controls including temperature, pressure and salinity, the sediment composi-
tion profoundly influences the formation, distribution, and morphology of gas hydrates. Previous studies
showed that the gas hydrate growth is enhanced in sand and coarse grained sediments which provides
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conducive environment for hydrate nucleation [Soloviev and Ginsburg, 1997; Clennell et al., 1999; Ginsburg
et al.,, 2000; Torres et al., 2008; Kars and Kodama, 2015]

The sediment grain size measurements were made on the representative samples from hydrate bearing
as well as nonhydrate bearing intervals of the core NGHP-01-10D to examine the influence of sediment
porosity on hydrate formation processes. At the studied site, unit lll represents a zone where highest gas
hydrate concentrations were found. The higher silt and clay concentrations and relatively low sand content
in this unit suggests that the sediment grain size is not a vital factor controlling the hydrate formation (Fig-
ures 5 and 6¢). Recent studies have reported the occurrence of pore-filling hydrates in fine grained matrix
from the volcanic ash of the Andaman Sea in the Bay of Bengal [Winters, 2011] and in coarse grained sedi-
ments at Blake Ridge [Lorenson, 2000]. These findings suggest that the hydrate nucleation can even take
place in mixed-grained (fine and coarse) sediments if significantly higher methane concentrations and
favorable P-T are available.

The sediment bulk and grain density are important factors controlling the permeability of the host sedi-
ments which play a major role in local trapping of gas and providing the fluid flow to the hydrate reservoirs.
In Unit lll, we observed a minor increase in bulk and grain densities (Figures 5a and 5b). Teichert et al. [2014]
identified several layers of non-evenly distributed hard authigenic carbonates which were preferentially
buried as a result of higher sedimentation and remain constrained as specific horizons throughout the core.
In unit Ill, the observed increase in bulk and grain densities and relatively low sediment porosity could be
directly attributed to the occurrence of authigenic carbonates (Figures 6a—6c¢). Therefore, the increase in
bulk and grain densities may not have significant influence on the formation of gas hydrate in this unit.

At site NGHP-01-10D, the gas hydrate stability zone coincides well with the anomalous zone of higher mag-
netic susceptibility in unit lll. Next question to be answered was whether there is any linkage between
higher magnetic susceptibilities exhibited by these Fe-Ti rich mineral layers and hydrate occurrences (Fig-
ures 2a, 8a-8f, and 9c¢). Larrasoana et al. [2007] observed higher magnetic susceptibility in gas hydrate bear-
ing zones at Southern Hydrate ridge, Cascadia Margin. They identified authigenic greigite and pyrrhotite
minerals which were formed as a by-product of microbially mediated diagenetic reactions in these zones.
The good correlation between magnetic susceptibility and silt content suggest that highest magnetite con-
centrations occurs within the silt-size fraction which in-turn offered relatively lower porosity compared to
sand (Figure 11b). This suggests that the abrupt increase in magnetic susceptibility in this unit is only due
to the occurrence of silt-sized magnetite rich (PSD) particles which were brought in by the Krishna and
Godavari river system as a result of past higher sedimentation events and were deposited in the basin (Fig-
ures 8a-8f and 3a). Therefore, we conclude that there is no linkage between the association of higher mag-
netic mineral concentrations and the formation of hydrates.

The bulk sediment mineralogy is another factor which may influence the hydrate nucleation and has been
successfully used to characterize and exploit gas hydrate reservoirs [Egawa et al., 2015]. Overall, the sedi-
ment bulk magnetic mineralogy of the studied core is dominated by primary ferri-magnetic Fe-Ti rich mag-
netic grains with a few diagnetically precipitated pyrite occurrences in unit Il and unit IV (Figures 2a-2c, 4a-
4d, 7a-7d, 8a-8h, and 9a-9d). A recent mineralogical study on sediments from a gas hydrate reservoir at
the East Nankai highlighted the significance of using the bulk sediment mineralogy to gain more insights
into the geo-mechanical behavior and permeability of the gas hydrate reservoir [Egawa et al., 2015]. In our
studied core, although we observe variations in sand, silt and clay content, the bulk sediment mineralogy
remains uniform as confirmed from magnetic, mineralogical and electron microscopic data (Figures 2a-2c,
4a-4d, 5, 7a-7d, 8a-8h, and 9a-9d). The above observations suggest that the sediment mineralogy has no
significant influence over hydrate formation in K-G basin. Further, we try to investigate the possible source
of magnetic minerals in the K-G basin. Previous studies demonstrated that Krishna and Godavari rivers are
the main drainage systems passing through the source rocks of the Krishna-Godavari basin sediments
which are derived from the Late Cretaceous Deccan basalt sources and late Archaean-early Proterozoic pen-
insular gneissic complexes [Ramesh and Subramanian, 1988; Sangode et al., 2007]. In our studied samples,
the rock-magnetic mineralogy diagnostic parameter (S-ratio), temperature dependent magnetic suscepti-
bility curves and XRD, SEM-EDS analyses on magnetic grains indicated that the sediments are mostly
dominated by relatively higher concentration of ferri-magnetic Fe-Ti rich grains mainly sourced from
proximal Deccan basalts with minor amounts of titano-hematite/goethite (Figures 2¢, 4a-4d, 7a-7d, 8a-
8h, and 9a-9d).
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5.3. Linkages Between Neo-Tectonic Events and Gas Hydrate Dynamics in K-G Basin

The tectonic history of the region is another significant factor influencing the formation of methane
hydrates. The development of fault system induced by tectonic activities has been shown in K-G basin
[Dewangan et al., 2010; Shankar and Riedel, 2010; Mazumdar et al., 2009; Choudhori et al., 2011]. The down-
ward movement of sediment mass over highly pressurized shale strata drives the shale tectonics [Damuth,
1994; Wu and Bally, 2000]. This movement of over pressured strata creates faults, folds and upthrusting of
the over burden strata resulting in the development of bathymetric mounds and ridges [Dewangan et al.,
2010]. Such structures act as conduits for migration pathways for gas through the sediment strata and accu-
mulation of gas over longer periods resulting in accumulation of methane hydrates if suitable P-T condi-
tions are present.

The depth migrated seismic section in the vicinity of NGHP-01-10D is shown in Figure 12a and the inter-
preted depth section is shown in Figure 12b. The details of seismic data processing and velocity model
building are discussed by Dewangan et al. [2011] and Jaiswal et al. [2012a, 2012b]. The occurrence of
subsurface gas hydrate is manifested in the seismic data by the presence of well-demarcated BSR. Some
of the major horizons like the gas bearing layer and Layers L1-L4 are interpreted in the seismic section.
Five major fault systems (F1-F5) have been reported in the vicinity of the studied core [Dewangan et al.,
2011] out of which three major faults F1, F3, and F4 are highlighted in the section Figure 12b. A pro-
nounced discontinuity is observed in all the interpreted horizons in the vicinity of faults F1 and F3. Fur-
ther, the movement along the fault systems has resulted in the formation of a seafloor mound. In order
to access the timing of the activation of the fault, the throw of the fault across the interpreted horizons
is calculated and shown in Figure 12c. Interestingly, the throws of the fault across F1 (~50 m) and F3
(~35) are almost constant for all the horizons. The negative sign of the throw indicates that the depth of
the horizon decreases with increasing CDP number and vice versa. The constant throw of the fault indi-
cates sudden movement of all the horizons along the fault rather than a creep which involves a steady,
gradual movement along the faults. The faults appear to be later than the deposition of layer L4 as the
earlier layers (L1-L3) are affected by the faults. The coastal side of the mound is filled by recent mass
transport deposits (MTDs) which onlap onto the layer L4 as well as the fault F1. We interpret that the
major fault systems (F1-F5) got activated at the base of unit ll. Recent studies by Riedel et al. [2010] and
Mandal et al. [2014] showed that the area surrounding the site NGHP-01-10D is dominated by a series of
MTD'’s or debris flows. High resolution seismic data suggests that the occurrence depth of recent MTD is
around 16 mbsf. Previous studies identified the presence of buried paleo-chemosynthetic community
and concretions of authigenic carbonates at this depth [Mazumdar et al., 2009; Collett et al., 2008; Tei-
chert et al, 2014; Kocherla et al., 2015]. We hypothesize that the seepage of methane gas from the
exposed faults led to the proliferation of chemosynthetic communities, formation of thick authigenic
carbonates with high magnesium content [Mazumdar et al., 2009; Teichert et al., 2014; Kocherla et al.,
2015] and led to the dissolution of detrital magnetic minerals due to H,S released as a result of anerobic
oxidation of methane [Dewangan et al., 2013]. At the same time, gas hydrates might have been accumu-
lated in the hydrate stability zone (unit Ill). The formation of gas hydrate along the fault system eventual-
ly leads to the closure of the faults as gas hydrates act as impermeable deposits. We believe that the
deactivation of the fault system occurs at the top of unit Il. The present day deposits (unit I) do not show
any signatures of methane seepage, or the formation of near-surface authigenic carbonates. Therefore,
we hypothesize that the major fault systems (F1-F5) must have been activated at the base of unit Il and
got closed at the top of unit Il (Figure 13).

5.4. Sediment Diagenesis, Migration of Paleo-Sulfate Methane Transition Zone

and Precipitation of Authigenic and Biogenic Minerals

Sediment diagenesis is one of the important post-depositional factors influencing the magnetic record of the sed-
iment core. During diagenesis, the detrital iron minerals react with available H,S generated as a result of bacterial
activity via-/through sulfate reduction processes occurring during the decomposition of organic matter and
anerobic oxidation of methane (AOM) [Berner, 1970; Verosub, 1977 and Snowball, 1993]. At site NGHP-01-10D, the
sulfate -methane transition zone lies between 15 and 16 mbsf [Kumar et al, 2014] (Figure 2). The decrease in
magnetic susceptibility in unit | followed by a sharp drop in susceptibility in unit Il provides evidence for dissolu-
tion of iron oxides and precipitation of ferri-magnetic iron sulfides in this unit (Figures 2a, 7¢, 7d, and 9b). The low-
er magnetic susceptibility in unit Il indicates that intense pyritization took place in this zone [Dewangan et al,
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Early Diagenesis and Authigenesis:

2013]. The SEM-EDS, tempera-
ture-dependent  susceptibility
and mineralogical data pro-
vide evidences of the occur-
rences of pyrite and titano-
magnetite in this unit (Figures
4a-4d, 7¢, 7d, and 9b).

Studies by Clennell et al.
[1999] reported that diagen-
esis occurs when the sedi-
ments are frozen into solid
hydrate cement. In our core,
most of the gas hydrates are
concentrated in unit Il (51.9-
160.4 mbsf). Although the
bulk mineralogy of the sedi-
ments within this unit is
dominated by ferri-magnetic
titano-magnetite grains, we
observed sharp drops in
magnetic susceptibility at dif-
ferent intervals (61.02, 79.5,
93.97, 103.5, 109.1, 121.22,
130.53 mbsf) (Figure 5). The
signature of diagenesis at
these depths is observed in
optical microscopy which
shows a thin layer of orange-
reddish colored pyrite coat-
ings on many of the magnet-
ic grains (data not shown).
The enrichment of CRS is also
observed at some of these
depths (94.0, 113.5, and 160.4
mbsf) suggesting that the
enhancement of pyritization
leads to reduced susceptibili-
ty in both Unit Il and Il It is
likely that the decrease in
sedimentation during these
periods might have increased
the contact time between
iron minerals and available
reactive  sulfide-rich  fluids
enhancing the pyritization
process [Canfield and Berner,
19871 or the intensification of
AOM. A broad zone of lower
S-ratio is observed between
110.3 and 122.3 mbsf which
corresponds to lower suscep-
tibility. The drop in S-ratio is
due to the preservation of
higher coercivity minerals
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at these intervals which was further confirmed by electron microscopy data (Figures 2a, 2¢c, and 8d). The sur-
vival and preservation of these minerals from diagenetic processes could be best explained by the fact that
the titano-hematite offers more resistance to the early and late diagenetically induced geochemical attack
and they are less prone to reductive dissolution [Channell and Hawthorne, 1990; Yamazaki et al., 2003; Cornell
and Schwertmann., 2003; Liu et al., 2004; Poulton et al., 2004; Nowaczyk, 2011].

In an anoxic sedimentary environment, the location of sulphate methane transition (SMT) boundary is con-
trolled by AOM and the depth of SMT boundary depends on the methane fluxes, i.e., higher methane fluxes
result in shallow SMT depths and vice versa [Borowski et al., 1996; Knittel and Boetius, 2009]. The production
of CRS in marine sediments is controlled by available reactive iron (diagenetic product) and the concentra-
tion of hydrogen sulfide [Neumann et al., 2005]. Studies by Peketi et al. [2012] demonstrated that the sulfate
reduction processes fuelled by AOM at SMT boundary is imprinted in the isotopes of CRS (534SCR5) and,
therefore, can be used along with enhanced Molybdenum (Mo) concentrations to decipher the present and
paleo-SMT boundaries. In the studied core of NGHP-01-10D, Peketi et al. [2012] identified five zones of
enriched 9**Scgs throughout the core (22.5, 43.7, 94.0, 113.5, 160.4 mbsf) that are suggestive of paleo HS
seepages due to episodic methane expulsions in K-G basin (Figure 2f). The crossplot between CRS and sus-
ceptibility in Unit Ill suggests that the increase in CRS leads to decrease in susceptibility (Figure 10d) con-
firming that the drop in susceptibility is due to enhanced pyritization. The occurrence of several bands of
AGC through the core at site NGHP-01-10D indicates that the episodic intensification of AOM at different
times (depth/age) led to the precipitation of such carbonates layers [Teichert et al, 2014]. The highly-
depleted carbon isotopic composition of these carbonates is indicative of a methane-derived source [Tei-
chert et al., 2014]. Recent studies have also shown that the paleo-depth of SMT controls the reductive disso-
lution of Fe-oxides and precipitation of Fe-sulfides leading to marked decrease in magnetic susceptibility
and such transformation of magnetic minerals due to enhanced AOM activity have been well documented
[Kasten et al., 1998; Jargensen et al., 2004; Riedinger et al., 2005; Novosel et al., 2005; Horng and Chen, 2006].
The AOM process causes enhanced enrichment of hydrogen sulfide and bicarbonates which triggers precip-
itation of iron sulfides at SMT leading to distinct magnetic signatures [Jorgensen et al., 2004; Ussler and Paull,
2008].

Biogenic magnetic minerals produced by magnetotactic bacteria are ubiquitously found in sedimentary
environments and have important implications in paleomagnetic and environmental magnetic studies
[Kirschvink and Chang, 1984; Petersen et al., 1986; Stolz et al., 1986; Hounslow and Maher, 1996; Dekkers, 1997;
Evans and Heller, 2003; Roberts et al., 2012; Heslop et al., 2013]. These fine-grained magnetites can be easily
detected using specific rock-magnetic and electron microscopic (SEM, TEM) techniques [Petersen et al.,
1986; Vali et al., 1987; Chang et al., 2012]. The SEM-EDS observations and magnetic hysteresis measurement
made on magnetic extracts from different sediment depth intervals suggest that the magnetic particles are
dominated by titano-magnetites (PSD) with few occurrences of pyrite (Figures 3a, 7a-7d, and 8a-8h). We
were unable to detect any signature of biogenic magnetic minerals in the studied samples.

5.5. Can Magnetic Record be Used as a Potential Tracer to Identify the Fossil Gas Hydrate Zone in the
K-G Basin?

In marine settings, the dissociation of gas hydrates takes place whenever P-T condition changes as a result
of tectonic related activities or climate change. The development of fault system induced by shale tectonic
activity or submarine landslides could alter the pressure and temperature conditions [Sloan, 1998]. One can
speculate that, whenever the suitable P-T conditions prevail, hydrate nucleation takes place leaving the for-
mer boundary of gas hydrate stability zone (GHSZ) as a fossil gas hydrate horizon. In K-G basin, the present
base of GHSZ calculated using hydrate stability equation is ~ 150 mbsf [Dewangan et al., 2010; Shankar and
Riedel, 2010]. Studies by Joshi et al. [2014] reported the methane release events caused by gas hydrate
destabilization at the studied site based on the carbon stable isotopic analysis of planktic and benthic fora-
minifera. The geological and geochemical processes associated with gas hydrate formation and dissociation
has a measurable magnetic signature. At Hydrate Ridge on Cascadia margin, Musgrave et al. [2006] reported
that the microbial activity in the presence of gas hydrates leads to the formation of iron sulfides. They
observed that the base of GHSZ is marked by an abrupt reduction in magnetic grain size indicative parame-
ter (D)) which is defined as the ratio of J,5J; and H/H. in the Day plot. Similarly, Housen and Musgrave
[1996] noticed a sharp decrease in (D)) below the GHSZ at sites 889 and 890 off Vancouver Island and site
892 off Oregon coast and suggested that once the hydrate dissociates the SD greigite, which was earlier
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formed in the gas hydrate zone got transformed into pyrite in the free gas zone, i.e., below BSR and there-
fore these zones can be marked as fossil gas hydrate intervals.

In our studied sediment core NGHP-01-10D, the interval of unit-1V, i.e., below BSR (160.4-198.5 mbsf) shows
a sharp decrease in magnetic susceptibility, an abundance of pyrite grains and the relative increase in CRS
concentration at 160.4 mbsf (Figures 2a, 2f, 8g, and 8h). It is interesting to note that the top of unit IV coin-
cides with the base of the gas hydrate stability zone (GHSZ) suggesting that the magnetic values in unit IV
is likely to be governed by deep diagenetic processes rather than early diagenetic or depositional processes.
Similar occurrence of lower magnetic values below the GHSZ is also observed for the Site NGHP-01-05 sug-
gesting the possibility of deep pyritization processes in K-G basin [Kumar et al., 2014]. The seismic data sug-
gests the presence of deeper gas bearing horizon below the BSR [Dewangan et al., 2011]. The velocity
model also suggests the presence of free gas below the BSR [Jaiswal et al., 2012a, 2012b]; however, the
presence of only methane gas in unit IV cannot explain the observed dissolution/depletion of Fe-oxides.
The presence of both methane and sulphate/H,S is required for deep pyritization processes. The next ques-
tion is what could be the possible sources of the sulphate/H,S availability at this depth. The findings by
Housen and Musgrave [1996] suggest that the H,S which is required to complete the pyritization process
sometimes gets trapped and remains preserved within the hydrate itself. It is highly possible that the migra-
tion of warm fluids [Dewangan et al.,, 2011; Mandal et al., 2014] during the opening of the fault may have
altered the P-T conditions of unit IV, and hence the gas hydrates in this unit may have started dissociating
leading to upward migration of methane through the fault system. Simultaneously, residual H,S might have
been released by dissociating hydrates causing subsequent transformation of iron oxides and precipitation
of iron sulfides (pyrite) in this unit similar to that observed by Housen and Musgrave [1996] in Cascadia mar-
gin. The observed depletion in magnetic susceptibility and occurrence of pyrite grains in unit IV support our
interpretations (Figures 2a, 8g, 8h, and 9d). The other source of H,S could be through active fluid advection
from the deeper sediment strata [Housen and Musgrave, 1996]. Another possibility is the intrusion of seawa-
ter through the fault system which may lead to AOM, and subsequent release of H,S might have resulted in
pyritization and dissolution of iron oxides. During late diagenesis, authigenic ferri-magnetic iron sulfides
(greigite and pyrrhotite) might have been formed and trapped in gas hydrate. As hydrates dissociates, the
iron sulfides are exposed and are no longer stable, and subsequently get transformed into stable pyrite
[Kars and Kodama, 2015]. Therefore unit IV may be considered as a fossil gas hydrate interval at site NGHP-
01-10D. Similar occurrence of reduction of magnetic susceptibility below the BSR is also observed in NGHP-
01-05 location which is also located on top of the mound with numerous fault systems [Kumar et al., 2014].
Therefore, we believe that the fault system has an active role to play in the processes responsible for the
dissolution of magnetic mineral. Due to limited magnetic, geochemical and sedimentological data from this
unit, the genesis of low magnetic values cannot be ascertained. More detailed pore water geochemical/sed-
imentological data are required in the vicinity of the base of GHSZ to understand the processes related to
deep pyritization.

Based on rock-magnetic, geochemical, sedimentological signatures and seismic data analysis, a conceptual
model explaining the different controls on the development of gas-hydrate system in the K-G basin is pro-
posed (Figure 13). As sedimentation continued in the K-G basin, huge amount of organic matter got decom-
posed resulting in production of methane gas and formed a gas reservoir in unit IV. When the P-T
conditions were favorable, hydrates started forming in this zone. Later, during onset of high sedimentation
event, huge amount of sediment was supplied to the basin. Hence due to high sedimentation the detrital
minerals survived the early diagenesis and got buried, forming the magnetite rich zones in unit lll. As sedi-
mentation continued, the major fault system of the K-G basin got activated, probably at the start of unit Il
(which is base of unit Il). The opening of the faults altered the P-T conditions, and consequently hydrates in
unit IV might have started to dissociate and methane gas started migrating upward and entered unit lIl,
thereby creating a fossil gas hydrate interval in unit IV. Simultaneously, residual H,S supplied by dissociating
hydrates, caused subsequent transformation of iron oxides and precipitation of pyrite in this unit [Housen
and Musgrave, 1996; Lowe et al., 2005]. The supply of methane gas through the fault system might have led
to the formation of the hydrate in unit Il (present day hydrate reservoir). Later, the closure of the fault sys-
tem might have taken place possibly at the top of unit Il. The unit | highlights the scenario of the present
day sedimentation and geochemical conditions leading to diagenesis of detrital minerals causing dissolu-
tion of detrital Fe-Ti bearing minerals in the K-G basin.
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6. Conclusion

We have demonstrated the potential of using a magnetic approach along with other sedimentological and
geochemical proxies to decipher the controls on the development of the gas-hydrate system in the K-G
basin. This sample-based multi-proxy study was aimed at deepening fundamental understanding of geolog-
ical control on evolution of gas-hydrate systems which is also a prerequisite for future high-resolution
mapping and modeling. The rock-magnetic methods were used to characterize magnetic mineral concen-
tration, mineralogy and grain sizes in a sediment core NGHP-01-10D from K-G basin. Four distinct sedimen-
tary units, consisting of ferri-magnetic iron oxides and sulfides are identified. The magnetic mineralogy of
different units has been confirmed by rock-magnetic, SEM-EDS, and XRD data. A marked decrease in mag-
netic susceptibility, an abundance of pyrite grains and the relative increase in CRS concentration provide
evidence of deep pyritization processes in unit IV. Based on the variation in magnetic, geochemical, and
sedimentological parameters, we provided four plausible hypotheses to explain the deep pyritization pro-
cesses in this unit. Our findings are summarized in a conceptual model (Figure 13) which can probably be
generalized to other depositional environments.
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