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magnetization (soft-IRM) and hard-IRM (HIRM) were carried out on the topmost sediment samples of 73
gravity cores collected in the Krishna—Godavari (KG) offshore basin to understand the distribution of
magnetic parameters and the associated diagenetic signatures related to upward methane flux. The
variation in magnetic parameters in the KG offshore basin fluctuates around the average value
(X =105 x 108 m® kg1, Xarm = 1.22 x 107> m? kg~ !, SIRM = 2040 x 10> Am? kg, soft-IRM = 1807

ﬁgg::ergjdissolution and HIRM = 82) except at the location GC-07 (15.767°N, 81.814°E) where the magnetic parameters X,
SMTZ Xarm and SIRM drop to ~1/6th, ~1/14th and ~1/8th of the average near surface value indicating sub-
Methane flux stantial loss in the concentration of primary magnetic iron oxide minerals. Anomalous low value of X pArm/
AOM X and Xarm/SIRM at GC-07 suggests that the magnetic remanence property is governed by coarser
Sediment transport/sorting mechanism pseudo-single domain (PSD) or multi-domain (MD) grains. To understand the nature of the anomalous

magnetic parameters at GC-07, complete downcore variation of magnetic parameters was also studied.
The magnetic parameters were found to be even more depleted at all depths with susceptibility dropping
(at 5.2 mbsf) to ~1/200th of its average near surface value. Interestingly, this core shows a rapid increase
in the concentration of dissolved methane from ~0 nM at surface to ~153 nM at around 5.2 mbsf where
the sulfate concentration is also reduced to zero. The anaerobic oxidation of methane (AOM) and the
sulfate methane transition zone (SMTZ) occur between ~4.2 and 5.2 mbsf based on the present day
sulfate concentration profile. The close association between the dissolution of magnetic iron oxide
minerals and AOM at GC-07 suggests that the reduced magnetization is primarily due to the release of
HS™ by AOM. The magnetic iron oxide minerals are dissolved not only at SMTZ but also above the current
depth of the SMTZ. It is likely that the methane flux was higher in the past leading to upward shift of the
SMTZ, and the HS™ released by AOM facilitated the dissolution of magnetic iron oxide minerals at
shallower depths. Alternatively, the HS™ diffusing upward from the current depth of SMTZ might have
lead to dissolution at shallower depth. Therefore, additional geological/geochemical investigations are
warranted at GC-07 to establish the dissolution mechanism of magnetic iron oxide minerals.

The variability in different magnetic parameters within the slope basin and channels shows systematic
decrease in the concentration of magnetic minerals and increase in the abundance of stable single
domain (SSD) magnetic grains with water depth. The observed strong correlation between the silt
fraction and the magnetic susceptibility for the slope basin and channels suggests that the variation in
magnetic parameters is predominantly controlled by the sediment sorting/transport process as finer
particles are deposited in deeper water.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Magnetic parameters obtained in a rapid, non destructive
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King, 1995; Geiss and Banerjee, 1997; Tang et al., 2003), paleo
rainfall reconstruction (e.g. Maher et al, 1994; Maher and
Thompson, 1995; Basavaiah and Khadkikar, 2004), pollution
assessment (e.g. Hoffmann et al., 1999; Petrovsky et al., 2000) and
identification of sediment provenance and transport pathways
(Thompson et al., 1975; Oldfield et al., 1985; Oldfield, 1991; Dearing,
2000; Duck et al., 2001; Booth et al., 2005; Rotman et al., 2008). In
the recent past, magnetic properties have also been used as proxy
indicators for the identification of methane venting zones. Mag-
netic anomalies associated with seepage regions are mapped either
through aeromagnetic surveys or by systematic study of soil and
sediment samples (Donovan et al., 1979; Schumacher, 1996; Liu
et al., 2004a; Novosel et al., 2005; Riedel et al., 2006; Zhong
et al,, 2009; Esteban et al., 2010). Often, the hydrocarbon seepage
(mostly methane gas) occurs in the region associated with gas
hydrate and deeper oil/gas fields. Magnetic minerals are either
precipitated or dissolved under the influence of hydrocarbons in a
seep environment (Machel and Burton, 1991; Roberts et al., 2006;
Rowan and Roberts, 2006; Fu et al., 2008). Depending on the
background concentration of magnetic minerals, precipitation of
authigenic magnetic minerals and dissolution of primary magnetic
iron oxide minerals may lead to either enhancement or reduction in
magnetic signatures associated with the seep. Many rock magnetic
and geochemical studies have shown the enhancement of magnetic
susceptibility and other magnetic parameters due to precipitation
of authigenic magnetite/maghemite and metastable greigite in the
methane/hydrocarbon seep environment (Donovan et al., 1979; Liu
et al.,, 2004a, 2006) while others have shown the relationship with
reduction in the concentration of magnetic iron oxide minerals,
authigenic formation of iron sulfides, and occurrence of methane in
marine sediments (Housen and Musgrave, 1996; Riedinger et al.,
2005; Larrasoana et al., 2006; Musgrave et al., 2006; Larrasoana
et al,, 2007; Fu et al., 2008; Marz et al., 2008; Dewangan et al.,
2013). The corresponding geochemical processes are discussed by
Kasten et al. (1998), Neretin et al. (2004), Garming et al. (2005),
Horng and Chen (2006). Due to the close association of methane
flux with magnetic anomalies, rock magnetic techniques are used
as a reliable tool for the identification and mapping of methane
venting zones under different geological environments.

Magnetic parameters of surficial sediments can also be used to
identify source and transport mechanism of sediments in the ma-
rine environment. A number of studies have used the magnetic
variability of surface sediments for identifying sediment prove-
nance and transport pathways (Thompson et al., 1975; Oldfield,
1991; Walden et al., 1997; Dearing, 2000; Duck et al., 2001; Booth
et al,, 2005; Rotman et al., 2008). Ellwood et al. (2006) used mag-
netic susceptibility and ARM measurements, and inferred the
sediment source and flow pattern for the Gulf of Mexico sediments.
Magnetic susceptibility of different grain size fractions, and its ef-
fect on sediment transport pathways and provenance have been
further studied by Wang et al. (2009) for Changjiang and Huanghe
estuaries, Liu et al. (2010) for south China Sea and Wang et al.
(2010) for the north-eastern continental shelves of China. There-
fore, it is evident that magnetic properties if used under the con-
straints of other sedimentological attributes can be effective in
delineating subsurface geological environment.

The Krishna—Godavari (KG) offshore basin is a proven petrolif-
erous basin of India, and the geoscientific investigations carried out
onboard R/V AAA Sidorenko (2002—03) provided significant infor-
mation on the nature of the sediments, their physical, chemical and
microbial properties. Several surface and subsurface gas escape
features mostly related to fluid/gas expulsion in the shallow sedi-
ments are mapped in this basin (NIO, 2005; Ramana et al., 2006,
2007; Dewangan et al., 2010). Based on the spatial distribution of
gas escape features, 73 gravity cores of 1-5 m long were collected

in the water depths ranging from 670 to 1745 m (NIO, 2005) in the
study area. The downcore variation of pore water sulfate, methane
flux, and the inferred sulfate—methane transition zone at several
locations are reported (NIO, 2005; Mazumdar et al., 2007, 2012).
Methane-derived authigenic carbonates with highly depleted car-
bon isotopic ratio within the subsurface sediments have been
observed indicating upward migration/seepage of methane in the
study area (Mazumdar et al., 2009, 2012; Dewangan et al., 2013).
Detailed rock magnetic measurements of a ~30 m long core
(MD161-8) in KG offshore basin established the link between the
diagenesis of magnetic iron oxide minerals and paleo-methane
seepage (Dewangan et al., 2013). However, magnetic variability
and its possible linkage to methane venting/gas hydrate have not
been studied on these spatially distributed sediment cores in KG
offshore basin. Therefore, we carried out detailed magnetic mea-
surements of the topmost sediment samples of 73 gravity cores and
attempted to understand the magnetic signatures associated with
upward methane flux and the sediment transport/sorting process
which governs the variability of these magnetic parameters.

2. Geological settings

The Krishna—Godavari (KG) basin, a pericratonic rift basin (Rao,
2001), lies in the middle of the eastern continental margin of India
(ECMI) which evolved after the break up of Gondwanaland around
130 Ma years ago (Powell et al., 1988; Scotese et al., 1988; Ramana
et al, 1994). The basin extends ~28,000 km? onshore and
~145,000 km? offshore. Much of the detrital influx in KG basin is
brought by Krishna and Godavari, the two major river systems. The
sediment thickness ranges from 3 to 5 km in the onshore region to
~8 km in the offshore region (Prabhakar and Zutshi, 1993; Bastia,
2007). The sediment in the study area consists of silty clay with a
negligible amount of sand fraction (NIO, 2005). The dominant clay
fraction is montmorillonite with traces of illite and kaolinite.

In the KG offshore basin, widespread presence of gas hydrate is
inferred from the bottom-simulation reflections (BSRs) on the
seismic data. Drilling/coring in this basin has confirmed the pres-
ence of subsurface gas hydrate deposits (Collett et al., 2008). Several
acoustic features related to fluid/gas migration have been reported
in the shallow subsurface (Ramana et al., 2007, 2009; Dewangan
et al., 2010) supported by geochemical evidence (Mazumdar et al.,
2009) which confirms active migration of methane and presence
of paleo seeps. Further, slumping/sliding of slope sediments, asso-
ciated with fluid/gas migration has led to several mass transport
deposits (Ramprasad et al., 2011). Several bathymetry mounds
formed due to shale tectonics/neo-tectonics are heavily faulted, and
show acoustic signatures of fluid/gas migration through the fault
system (Dewangan et al., 2010). The analysis of available geophysical
datasets such as multi-channel seismic, high resolution seismic, sub-
bottom profiler and multibeam bathymetry has divided the study
area into distinct geological/depositional environments (Fig. 1) such
as a mid-slope mini-basin, two channel like features in the north-
east (NE) and south-west (SW) directions, bathymetry mounds,
toe-thrust sedimentary ridges and deep ocean basin (Ramana et al.,
2007, 2009; Dewangan et al., 2010; Ramprasad et al., 2011).

3. Sampling and methods

In the KG offshore basin, 73 gravity cores, ~5 m long, were
collected under the gas hydrate exploration program (Fig. 1). After
the core retrieval, the top 2 cm of the core were scooped and
transferred into clean plastic vials avoiding any magnetic contam-
ination. Generally, the top few centimeters of sediment is lost
during gravity coring, therefore, these samples may not represent
the surface sediments and will be referred to as the topmost
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Figure 1. Location map of the study area in Krishna—Godavari offshore basin. The inset shows the zoom out of the study area. Circles with numbers represent locations of the GC

cores. Black stars represent locations of the NGHP-Expedition-01.

sediment samples. About 10 g of topmost sediment samples were
oven dried at 40 °C for 24 h for magnetic measurements (Collinson,
1983). Dried samples were crushed gently to disintegrate the
grains. It was weighed and packed in 7 cm® cylindrical plastic
sampling bottles using a clean wrap for magnetic measurements.
The weight of the samples was obtained for normalization of
magnetic measurements after accounting for the weight of the
sampling bottle and clean wrap.

The samples were analyzed for mass dependent magnetic sus-
ceptibility using a Bartington MS2B dual frequency susceptibility
meter. Measurements were done at two different frequencies, low
frequency susceptibility X;r = 0.47 kHz and high frequency sus-
ceptibility Xyr = 4.7 kHz, and the frequency dependent magnetic
susceptibility was calculated using, Xgpp (%) = [(Xir — Xnup)/
X1r] x 100; X will be referred to as magnetic susceptibility (X).
Subsequently, the samples were subjected to anhysteric remanent
magnetization (ARM) measurements. The sample was exposed to a
fixed DC bias field of 50 uT on a peak alternating field of 100 mT
using AF-demagnetizer. The imparted ARM was measured using a
Molspin fluxgate spinner magnetometer and was normalized by
sample weight. The susceptibility of ARM i.e. Xarm Was calculated
using the formula X arm = ARM/DC bias field. Isothermal remanent
magnetism (IRM) was imparted using a pulse magnetizer MMP10
at a forward field of 1T and then backward fields of —20 mT,
—30 mT, —100 mT and —300 mT, and remnant magnetization was
measured using Molspin fluxgate spinner magnetometer. The S-
ratio (Thompson and Oldfield, 1986; Bloemendal et al., 1988) was
calculated as IRM_3gpomt/IRMyT. Soft and hard-IRM (HIRM) were
calculated using the formulas: soft-IRM = (IRMit — (IRM_30mr))/

(sample weight) and HIRM = (IRMjt — (IRM_3gp0mt))/(sSample
weight). IRMjt/(sample weight) is considered as saturation
isothermal remanent magnetization (SIRM). Although freeze dry-
ing is recommended for the magnetic measurements to avoid
thermal effect on the magnetic properties and oxidation of finer
magnetic particles, our laboratory tests suggest that oven drying
may lead to <10% reduction in Xarm with negligible effect on
magnetic susceptibility and other IRM measurements.

The magnetic particles from GC-07 and nearby cores GC-09 and
GC-72 were extracted from the slurry of sediments. The slurry was
made to pass over a gently inclined aluminum C-channel (8” wide
and 28" long) placed above a strong permanent 1T magnet. After
the removal of the strong magnet, the particles attached to the C-
channel were cleaned using distilled water. Images of this extract
were captured using an SEM (JEOL JSM-5800LV) and its elemental
analysis was carried out using an energy dispersive X-ray spec-
troscopy (EDS). Grain size analyses were carried out by standard
gravitational settling method (Tucker, 1988).

4. Results

The variability of magnetic parameters of the topmost sediment
samples is studied in the KG offshore basin (Table 1). Average value
and standard deviation of magnetic parameters is shown in Table 2
for all samples except GC-07. The location GC-07 shows a promi-
nent reduction in susceptibility, X srm and SIRM values as compared
to the average near surface values.

The magnetic susceptibility (Fig. 2A) within the slope basin, NE
and SW channels decreases systematically with depth. Higher
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Table 1

Magnetic and silt variability for surface samples of GC cores from K-G offshore basin.
Core ID Latitude Longitude Water depth Core length X XARM SIRM Soft-IRM  HIRM S-ratio  Silt

(m) (m) (x108m*kg™") (x10°m3kg™!) (x107°> Am? kg™ ') (%)

GH4/GC-63  16.175 82.188 671 4.2 98.17 1.23 187237 1667.69 83.88 0.955 21.06
GH4/GC-68  16.120 82.113 782 4.8 105.91 1.28 2048.27 1739.16 65.67 0.968 17.1
GH4/GC-42  16.052 82.017 783 3.7 91.83 1.17 1704.07 1540.62 69.30 0.959  31.89
GH4/GC-49 16.120 82.128 786 4.5 125.66 1.30 2582.29 2243.55 2320 0.991 34.68
GH4/GC-67 16.185 82.238 794 42 88.65 1.17 1627.21 137237 37.51 0.977 2749
GH4/GC-55  16.122 82.145 802 4 107.64 1.20 2171.92 1942.73 39.02 0.982 27.8
GH4/GC-56  16.142 82.175 819 4.2 95.18 1.24 1816.85 1672.39 8599 0.953 26.68
GH4/GC-66 16.180 82.246 819 42 95.85 1.20 1812.42 1611.27 7941 0956 325
GH4/GC-65 16.182 82.264 871 3.9 122.53 1.27 2422.96 2009.28 10852 0.955 25.97
GH4/GC-57  16.123 82.178 879 4.2 113.47 1.29 2278.10 2092.82 10043 0956 249
GH4/GC-43  16.038 82.063 927 3.9 97.71 1.20 1788.76 1562.71 10685 0.940 2381
GH4/GC-33  16.004 81.959 951 44 122.05 1.23 2409.06 2014.83 97.58 0.959  30.76
GH4/GC-44  16.020 82.036 951 4.1 98.48 1.25 1799.29 1653.90 66.33  0.963 26.48
GH4/GC-50 16.078 82.137 961 4.7 115.57 1.16 242248 214388 100.53 0959  28.58
GH4/GC-69  16.002 82.043 980 4.7 91.29 1.12 1711.11 1515.38 8798 0949 21.19
GH4/GC-34  15.976 81.954 996 4 118.56 1.26 2310.16 2024.41 80.79  0.965 26.22
GH4/GC-31  15.940 81.905 1000 43 115.61 1.22 2243.61 1937.70 86.05 0.962 35.04
GH4/GC-16  15.895 81.799 1004 3.9 116.01 1.25 2202.17 1949.22 7140 0.968 24.74
GH4/GC-22  15.897 81.831 1017 35 121.18 1.23 2549.14 2362.74 57.84 0977 26.09
GH4/GC-51  16.052 82.133 1022 3.5 116.61 1.19 2147.88 1899.38  116.63 0.946  30.45
GH4/GC-48 16.034 82.118 1023 4 116.49 1.28 2245.60 1974.84 52.66 0.977 242
GH4/GC-47 16.028 82.112 1033 4.2 109.06 1.34 2067.68 1812.65 7465 0964  37.38
GH4/GC-29 15.919 81.914 1048 4 109.53 1.24 2163.24 1882.95 89.69 0.959  20.08
GH4/GC-17  15.877 81.808 1052 35 91.58 1.23 1778.57 156340 11148 0.937 15.66
GH4/GC-12  15.796 81.892 1053 0.75 112.99 1.22 2206.07 1904.39 59.13 0973 25.41
GH4/GC-21  15.892 81.862 1054 3.5 106.65 1.23 2118.48 1857.75 76.88 0.964 19.6
GH4/GC-18  15.858 81.839 1056 3.5 91.24 1.15 1742.60 1533.50 9341 0946  22.85
GH4/GC-23  15.901 81.887 1057 34 111.52 1.25 2134.10 1836.59 58.76  0.972 21
GH4/GC-30  15.922 81.935 1063 3.5 94.98 1.17 181243 1623.23 6742 0.963 15.68
GH4/GC-70  15.962 81.984 1065 4 114.49 1.20 2221.55 1975.45 88.03 0.960  21.06
GH4/GC-35 15.941 81.959 1070 35 109.90 1.23 2103.55 1885.71 67.87 0.968 215
GH4/GC-41  15.965 82.010 1077 3.8 89.36 1.09 1614.15 1351.28 60.85 0.962 22
GH4/GC-13  15.810 81.822 1085 2.5 93.97 1.23 1817.86 1657.12 97.50 0.946  24.39
GH4/GC-15 15.886 81.784 1103 35 110.31 1.23 2172.09 1979.90 89.98 0959  21.89
GH4/GC-45 15.989 82.072 1107 4 109.16 1.26 2095.42 1840.51 82.05 0.961 19.57
GH4/GC-46  15.998 82.134 1107 4.1 88.55 1.17 1605.58 1450.71 81.73 0949 2299
GH4/GC-62 16.112 82.231 1107 5 136.44 1.21 269491 2239.27 90.04 0.967 22.24
GH4/GC-52  16.012 82.170 1114 4 100.76 1.24 1828.12 1645.89 67.20 0.963 19.14
GH4/GC-20  15.857 81.876 1116 4 109.59 1.26 2132.37 1917.14 10436 0.951 23.84
GH4/GC-54 16.038 82.183 1117 3.7 94.10 1.08 1770.49 1539.76 88.52 0950 31.01
GH4/GC-24 15.870 81.890 1124 33 109.08 1.27 2066.82 1771.78 67.11 0.968 22.24
GH4/GC-40  15.954 82.053 1158 4.5 97.15 1.22 2123.60 1910.28 9447 0.956 15.93
GH4/GC-36  15.903 81.987 1160 4.5 103.64 1.24 1921.59 1722.79 53.69 0972 15.97
GH4/GC-37 15915 82.004 1160 4 101.09 1.23 1936.20 1741.22 9823 0949 2143
GH4/GC-14  15.854 81.803 1181 3.25 97.75 1.19 1909.37 1734.31 6936 0.964 258
GH4/GC-58  16.080 82.233 1197 3.7 103.42 1.19 1983.18 1772.62 98.15 0.951 15.45
GH4/GC-53  16.035 82.203 1202 34 110.39 1.27 211638 1881.64 9248 0.956  26.04
GH4/GC-39  15.904 82.065 1218 5.25 104.58 1.23 1968.97 1776.41 90.11 0.954  24.59
GH4/GC-64  16.128 82.279 1222 3.7 98.25 1.14 2009.06 176291 103.10 0.949 2434
GH4/GC-26  15.837 81.927 1230 5 105.63 1.25 2002.88 1794.41 83.84 0.958 28.45
GH-4/GC-8  15.840 81.773 1231 3.25 100.50 1.23 2048.40 1821.00 9466 0.954  31.22
GH4/GC-59  16.053 82.223 1248 2.7 93.71 1.19 1705.23 1349.28 7133 0958 22.82
GH4/GC-19  15.833 81.890 1252 3.25 113.90 1.24 2132.74 1799.46 63.17 0.970 18.96
GH4/GC-38 15.884 82.020 1254 4.5 99.40 1.20 1938.90 1760.70  185.76  0.904 16.57
GH4/GC-9 15.792 81.828 1266 4 111.18 1.30 2160.76 1980.58 8790 0.959 2345
GH4/GC-10  15.778 81.843 1278 1.8 80.86 1.04 1431.29 1238.70 8437 0.941 27.79
GH4/GC-27  15.838 81.971 1280 4.5 97.75 1.21 1854.33 1677.36 53.05 0971 29.5
GH4/GC-60 16.068 82.250 1280 4 94.89 1.22 1768.90 1540.63 70.66 0.960  26.09
GH4/GC-1 15.813 81.730 1327 4.5 123.62 1.21 2428.06 2229.05 84.70 0.965 24.06
GH4/GC-61  16.088 82.280 1332 3.7 92.66 1.19 1755.90 1541.79 7777 0956 21
GH4/GC-73  15.802 81.785 1435 5.7 92.66 1.16 1798.61 1677.06 80.58 0.955 28
GH4/GC-11  15.762 81.866 1471 43 86.42 1.17 1528.08 1290.29 50.83 0.967 18.97
GH4/GC-7 15.767 81.814 1478 5.25 16.97 0.09 253.23 236.36 55.35 0.781 264
GH4/GC-3 15.774 81.759 1500 3 128.79 1.26 2724.25 248050 136,50 0950  26.75
GH4/GC-4 15.773 81.767 1509 35 112.89 1.24 2178.03 1949.53 92.70  0.957 222
GH4/GC-71  15.775 81.801 1514 5 111.58 1.22 2232.57 2036.93 6438 0.971 23.74
GH4/GC-72  15.752 81.804 1649 33 102.83 117 197243 1815.31 77.84 0.961 28.44
GH4/GC-5 15.726 81.770 1684 3 116.22 1.20 2458.87 2206.32 83.93 0.966 15.9
GH4/GC-6 15.719 81.800 1745 2.5 110.58 1.22 2331.61 219411 11876 0.949 19.53

Values in bold corresponds to location GC-07.
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Table 2

Average surface values and standard deviation for all the available near surface
samples in the K-G offshore basin except GC-07. The magnetic anomaly related to
GC-07 is also shown for comparison.

Magnetic parameter Average value Std dev GC-07 anomaly
(mean)

X1 x 1078 m? kg ™! 105 11 17
Xep% 4 0.7 14
Xarm x 1072 m> kg ! 1 0.05 0.09
SIRM x 107> Am? kg~ 2040 279 253
Soft-IRM x 10~> Am? kg~ 1807 256 236
Hard-IRM x 107> Am? kg™’ 82 24 55
S-ratio 0.96 0.01 0.78
X arm/X 12 1 5.5
SIRM/X x 103 19 0.85 15

values are observed at shallower depths, and lower values at
deeper depths. Susceptibility distribution in the deep ocean basin
and on the mounds is rather uniform and shows relatively lower
values. The yarm variation (Fig. 2B) within the slope basin, the NE
channel, sedimentary ridges, mounds and the deep ocean basin do
not show any pattern with depth. The Xary variation for the SW
channel shows consistent values thereby suggesting a uniform
magnetic granulometry (uniform magnetic grain size).

The SIRM (Fig. 3A) variation within the slope basin and the
deep ocean basin shows a decreasing trend with increasing water
depth, while low values are observed within the deep ocean basin.
The SIRM values for the SW channel are independent of water
depth, whereas in the NE channel the values decrease with
increasing water depth. The SIRM for mounds shows very low and
uniform values. Soft-IRM (Fig. 3B) for the slope basin shows a
decreasing trend with increasing water depth. Soft-IRM for the SW
channel does not show any pattern, whereas the NE channel
sediments show a pattern similar to that of the slope basin. The
deep ocean basin and mounds are associated with low soft-IRM
values.

Hard-IRM (HIRM) values (Fig. 4A) for topmost sediment samples
do not show any pattern with respect to geomorphology. S-ratio
(Fig. 4B) for the slope basin shows uniform values close to unity,
suggesting relative dominance of soft magnetic minerals. The dis-
tribution of S-ratio with respect to the NE and SW channels,
mounds, sedimentary ridges and deep ocean basin do not reveal
any pattern. The lack of HIRM and S-ratio correlation with depth or
geomorphology occurs in sharp contrast to the correlation of sus-
ceptibility and soft-IRM with depths. The crossplot between HIRM
and S-ratio shows that they are highly correlated. We infer that the
hard magnetic minerals are not much influenced by the transport
processes from the continent.

The Xarm/X (Fig. 5A), a relative magnetic grain size indicator
(Banerjee et al., 1981; King et al., 1982), show an increasing trend
with respect to the water depth within the slope basin thereby
indicating the decrease in magnetic grain size with depth. The
NE channel shows a similar pattern of increase in Xarm/X with
depth; whereas the SW channel shows no significant pattern.
The bathymetry mounds, ocean basin and sedimentary ridges
show higher values of Xarm/X suggesting the dominance of fine
grain magnetic particles. Magnetic variability of SIRM/X (Fig. 5B)
within the slope basin shows uniform values independent of
water depth. The mounds and deep ocean basin also shows
uniform low SIRM/X values. No pattern is observed for the
sedimentary ridges and the two channels. The magnetic vari-
ability within the sedimentary ridge does not show any trend or
pattern.

The variability of silt (Fig. 6) for all GC cores is published in the
National Institute of Oceanography (NIO) technical report (NIO,
2005, Table 1). Silt percentage varies from 15 to 40 with the

mean value of 24 and a standard deviation of 5. In general, the silt
fraction of the topmost sediment samples decreases with depth
within the slope basin. However, silt variation does not show any
pattern in the NE and SW channels. Silt variation for the mounds
and deep ocean basin is slightly lower than the average silt fraction
within the study region.

To understand the nature of the anomalous magnetic parame-
ters at GC-07, complete downcore variation of magnetic parameters
were studied at a sampling interval of 50 cm (Table 3; Fig. 7A—G).
Even more depleted values of susceptibility, X arm, SIRM, soft-IRM
and HIRM values were observed downcore. The susceptibility
drops to ~1/200th of the average value of the topmost sediment
samples. The magnetic extract at GC-07 is small (0.052 wt% of the
sediments) as compared to that of nearby topmost sediment
samples GC-09 (0.344 wt%) and GC-72 (0.204 wt%). The SEM-EDS
analysis of the magnetic extracts confirms the presence of titano-
magnetite grains with Ti/Fe ratio varying from 0.3 to 0.65 and
titanohematite grains with Ti/Fe ratio varying from 0.8 to unity. The
SEM images of magnetic extracts clearly show the dissolution sig-
natures such as itch and pits of a larger titanomagnetite (TM) grains
(Fig. 8A,B). A large titanohematite grain also shows a complex
dissolution pattern (Fig. 8C). Framboidal pyrite crystals (Fig. 8D) are
observed in the magnetic extracts.

5. Discussion

5.1. Magnetic signature at site GC-07 associated with neo-methane

flux

One of the interesting observations in the present study is the
reduced magnetic susceptibility, X srm, SIRM, soft-IRM, and HIRM at
GC-07 as compared to the corresponding average near surface
values of the remaining GC cores. The X, Xagm and SIRM at GC-07
drops to ~1/6th, ~1/4th, and ~1/8th, respectively indicating sub-
stantial reduction in the concentration of primary magnetic iron
oxide minerals. The Xarm/X, a relative magnetic grain size indica-
tor, is sensitive to stable single domain (SSD) magnetic grains as
shown by Banerjee et al. (1981) and King et al. (1982). The anom-
alously low values of X agm/X and X arm/SIRM at GC-07 suggest the
absence of SSD magnetic grains and the dominance of pseudo-
single domain (PSD)/multi-domain (MD) and/or super-
paramagnetic (SP) grains. However, the significantly low value of
Xpp (%) (~1.4) at GC-07 indicates the absence of SP grains. Thus,
magnetic properties are primarily governed by PSD/MD grains. The
anomalously low S-ratio (0.78), an indicator of magnetic miner-
alogy (Thompson and Oldfield, 1986; Bloemendal et al., 1988),
suggests the presence of high coercive magnetic mineral such as
titanohematite. The amount of magnetic extract at GC-07 is
anomalously low, approximately 1/4th to 1/6th of the magnetic
extract from nearby locations GC-09 and GC-72, further supporting
substantial reduction in the concentration of magnetic minerals.
The SEM-EDS analysis confirms the presence of titanomagnetite
grains (Fig. 8A,B), titatnohematite grains (Fig. 8C) and framboidal
pyrite crystals (Fig. 8D), and dissolution signatures are clearly
observed on the titanomagnetite and titanohematite grains.

In a marine depositional environment, dissolution of magnetic
iron oxides occurs due to the decomposition of organic matter.
Organic matter oxidation proceeds via multiple pathways involving
different organisms and successive use of electron receptors typi-
cally in the order O,, NO3 (under oxic conditions), MnO,, Fe,;03,
FeOOH (under suboxic conditions), SO~ and CO, (under anoxic
conditions) (Froelich et al., 1979). In suboxic conditions dissolution
of magnetic iron oxide occurs due to iron reduction and in anoxic
conditions dissolution occurs as a result of sulfidization and pyri-
tization reactions (Canfield and Berner, 1987; Karlin and Levi, 1983,
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Figure 2. A) Magnetic susceptibility (X) and B) Susceptibility of ARM (X arm) Variability with respect to different geomorphologic features. Anomalously low values of susceptibility
and Xagrm are observed at GC-07. The insets show the histograms of magnetic susceptibility (A) and X arm(B).
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1985). In addition, anaerobic oxidation of methane (AOM) can
rapidly increase the sulphide concentration within the AOM zone
(Hensen et al., 2003) leading to enhanced pyritization and
increased dissolution of magnetic iron oxide minerals. Thus, the
reduced magnetic parameters at GC-07 indicate substantial loss in
the concentration of iron oxide mineral phases owing to dissolution
driven by iron reduction, organoclastic sulfate reduction and/or
AOM.

The core GC-07 is anomalous not only in magnetic properties
but also in geological and geochemical properties. The sigmoidal
sulfate concentration profile at GC-07 (Fig. 7H, modified after
Ramana et al,, 2006) shows prominent kinks at 0.9 m below
seafloor (mbsf) and 4.2 mbsf suggesting transient or non-steady
state pore water chemistry (Hensen et al.,, 2003; Henkel et al,,
2011). In general, the sulfate concentration profiles in the KG
offshore basin show linear, concave-up, concave-down, kink-type
and quasi-straight type patterns (Mazumdar et al., 2007, 2012).

One of the sulfate concentration profiles (MD161-8) shows a
sigmoidal profile similar to that observed at GC-07, and is attrib-
uted to the combined influence of sedimentation rate/reactive
organic matter burial and enhanced methane flux (Mazumdar
et al., 2009, 2012). At MD161-8, the kink observed in the lower
part of the sigmoidal profile is interpreted to be due to the upward
methane flux. Therefore, we presume that the lower kink
(4.2 mbsf) at GC-07 is related to the present day methane flux. The
geochemical investigations confirm an abrupt increase in the
concentration of dissolved methane (from 3 nM to 153 nM) below
4.2 m of the core (Ramana et al., 2006). Interestingly, none of the
other cores depict such prominent increase in the concentration of
dissolved methane (NIO, 2005). Further, the sulfate concentration
also drops significantly to negligible level at this depth indicating
total sulfate reduction primarily due to AOM. AOM is performed by
a syntrophic consortium of methanotrophic archaea and sulfate-
reducing bacteria (Boetius et al.,, 2000; Orphan et al, 2001

Table 3

Downcore variation of magnetic parameters at GC-07.
Sample Depth Wtgms X Xur Xrp (%) X ARM SIRM Soft-IRM Hard IRM S-ratio
name cm (x10°8m*kg™") (x10¥m3 kg ") (x107°m?>kg™!) (x10° Am? kg™ ') (x10° Am’kg ') (x10° Am? kg ')
25-30 30 44914  2.059491 2.058378 0.054054 0.107434 321.4928 260.8174 67.38631 0.790395602
75—80 80 4.83345 1.551687 1.550238 0.093333 0.058711 221.6276 121.5164 64.04105 0.711042057
125-130 130 2204 1.134301 1.13294 0.12 0.049072 191.0663 82.3329 56.77229 0.702866053
175—180 180 2.1601 0.300912 0.298366 0.846154 0.010424 38.45455 15.55274 9.805935 0.744999379
225-230 230 3.0131 1.145 1.14417 0.072464 0.033436 144.2945 63.15182 38.95517 0.730030205
275-280 280 3.0432 0.755783 0.754798 0.130435 0.023906 104.2763 48.55855 33.41995 0.679505681
325-330 330 2.093 3.081701 3.07979 0.062016 0.055639 244.6501 100.9565 63.18966 0.741714113
425—-430 430 49588  0.544487 0.544184 0.055556 0.015966 72.45519 40.75201 18.09455 0.75026569
475—480 480 27316 1.244692 1.24396 0.058824 0.030194 144.1819 84.1853 29.28002 0.796923107
525-530 530 3.8522 0.558123 0.556695 0.255814 0.02011 85.88737 55.08469 17.21083 0.799611661
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Figure 8. SEM—EDS analysis of magnetic extracts from GC-07. A,B) Dissolution signatures of a larger titanomagnetite (TM) grain; C) complex dissolution pattern of a titanohematite
grain (TH); D) a framboidal pyrite crystal.
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Reeburgh, 2007; Knittel and Boetius, 2009). The process can be
represented as,

CH4 + SOz~ —HCO3 + HS™ + H,0. (1)

The sulfate—methane transition zone (SMTZ) is defined as the
zone within the anoxic sediment column where pore water sulfate
and methane concentration profiles intersect. SMTZ occurs be-
tween ~4.2 and 5.2 mbsf at GC-07 (Fig. 7H). Likewise, the SMTZ
occurs between 15 and 17 mbsf at MD161-8 probably due to lower
methane flux (Mazumdar et al., 2009). At GC-07, traces of high-
magnesium carbonate with highly depleted carbon isotopic ratios
313C(%0) = —51.6 and 5'80(%0) = +3.6 are also observed strongly
suggesting that the authigenic carbonates are formed as a result of
AOM (Kocherla et al., 2006). Thus, geological and geochemical an-
alyses indicate that site GC-07 is characterized by overall highest
upward methane fluxes in the study area. The close association
between the upward methane flux and reduced magnetic values at
GC-07 suggests that AOM is primarily responsible for the reductive
dissolution of magnetic iron oxide minerals as has been demon-
strated previously by Riedinger et al. (2005), Novosel et al. (2005)
and Marz et al. (2008). The HS™ released at SMTZ during AOM
(eq.(1))is expected to react with the iron oxides to form stable iron
sulfides such as pyrite (Canfield and Berner, 1987) and can be
represented as,

Fes0, (c) T6H* (aq) 4 2HS™ (aq) — 2Fe2* (aq) 1 4H,0
+FeS, (c) . (2)

It is unlikely that the other processes of iron oxide reduction
namely the organoclastic iron reduction and/or the reaction with
hydrogen sulfide produced during organoclastic sulfate reduction
are responsible for the observed low values of magnetic parameters
at GC-07, as these processes are ubiquitous and might have lead to
widespread occurrence of low magnetic values which are not
observed in the present study.

The downcore variation of magnetic parameters at GC-07
further indicates the dissolution of magnetic iron oxide minerals
due to AOM. The magnetic susceptibility at SMTZ drops to ~1/200th
of the average near surface value indicating almost complete
dissolution of magnetic iron oxide minerals. A similar drop in
magnetic susceptibility is also observed at 1.8 mbsf in the vicinity of
the kink in the sulfate concentration profile. Anomously low values
of Xarm/X, Xrp (%), XarMm/SIRM and SIRM/X throughout the core
suggest the dominance of coarser PSD/MD grains at GC-07 further
supporting the dissolution hypothesis as finer particles dissolve
faster than the coarser particles (Karlin and Levi, 1985). The relative
increase in the abundance of a high coercive magnetic mineral such
as the titanohematite suggests that the low-coercive magnetic
mineral (titanomagnetite) dissolves faster than the titanohematite.
The continental shelf sediments from the Korea Strait exhibit
similar behavior (Liu et al., 2004b). Absence of SP grains as evident
from low Xgp (%) values rules out the possibility of SP domain
greigite as observed and explained by Dewangan et al. (2013).
Highly depleted X arm/X and low susceptibility values also rule out
the possibility of the presence of SSD greigite. Thus, magnetic
susceptibility at GC-07 appears to be controlled either by para-
magnetic pyrite, stable end product of the reaction between iron
oxide and HS™ (equation (2)), or by coarser PSD/MD grains of
titanomagnetite or titanohematite. Novosel et al. (2005), Riedinger
et al. (2005), Marz et al. (2008) and Dewangan et al. (2013) also
reported similar reduction in magnetic susceptibility and other
magnetic parameters due to HS™ produced by AOM in sediments of
the Cascadia accretionary margin, the continental margin off

Argentina and Uruguay, the Zambezi deep-sea fan, and the KG
offshore basin, respectively.

The present day sulfate reduction profile at GC-07 leads to
dissolution of magnetic iron oxide minerals in the vicinity of SMTZ.
The observed dissolution of magnetic iron oxide minerals above the
current depth of the SMTZ suggests that either the upward
methane flux at site GC-07 was higher in the past or the HS™ is
diffusing upward from the current depth of AOM. It is known that
the methane flux is variable in the KG basin probably due to the
opening and closing of the fault system formed due to neo/shale
tectonism (Dewangan et al., 2010; Mazumdar et al., 2012) and may
lead to episodic intensification of AOM as demonstrated by Peketi
et al. (2012). Therefore, it is likely that the methane flux was
enhanced in the past. However, it is difficult to establish the exact
mechanism in the absence of HS™ data. Further geological/
geochemical investigations are warranted at GC-07 to establish the
mechanism of magnetic dissolution due to upward methane flux.

5.2. The variability of magnetic parameters of near surface
sediment samples from KG offshore basin

In addition to the magnetic signature associated with methane
flux, we made an attempt to understand the distribution of mag-
netic parameters for various depositional environments in the KG
offshore basin. The depositional environments such as slope basin,
channels, mounds, sedimentary ridges and deep ocean basin (Fig. 1)
are inferred from the analysis of multibeam bathymetry, sub-
bottom profiler, high resolution sparker and conventional multi-
channel seismic data (Ramana et al, 2006; Dewangan et al.,
2010). Any variation/pattern of magnetic parameters within these
depositional environments is interpreted in terms of sediment
sorting/transport mechanism. Some variability in the magnetic
parameters may arise due to differences in the depth of the topmost
sediment samples since the magnetic properties are depth
dependent owing to reductive dissolution (Canfield and Berner,
1987; Karlin and Levi, 1983, 1985). We assume that such vari-
ability is essentially random and may not show any correlation with
depth or any other sediment properties.

5.2.1. Slope basin

The slope basin in the study area is characterized by mud flows
and sediment buildups associated with mass transport deposits
(MTDs) (Ramana et al., 2009; Ramprasad et al., 2011; Dewangan
et al., 2010). These MTDs are overlain by a 5—23 m thick, wedge
shaped, late Holocene sediment cover (Mazumdar et al., 2012).
Therefore, the inferred age of the topmost sediment samples is late
Holocene. The titanomagnetite with Ti/Fe ratio of 0.3—0.65 is the
dominant detrital magnetic mineral in the study region. Magnetic
susceptibility variability within the slope basin decreases system-
atically with water depth (Fig. 9A). A similar decreasing trend is also
observed for SIRM and soft-IRM. In contrast, the Xarm/X values
show an increasing trend suggesting the decrease in the abundance
of SSD grains. A strong correlation is also observed between SIRM
and magnetic susceptibility (Fig. 9B) with a linear regression co-
efficient of > = 0.909 indicating the dominance of detrital ferri-
magnetic minerals, as paramagnetic and diamagnetic minerals do
not contribute to SIRM (Thompson and Oldfield, 1986). Interest-
ingly, grain size of the topmost sediment samples shows a
decreasing trend in silt fraction with increasing water depths. The
cross plot between magnetic susceptibility and silt fraction (Fig. 9C)
shows good correlation with a linear regression coefficient of
12 = 0.61. These correlations suggest that the magnetic parameters
within the slope basin are governed by size and abundance of
detrital magnetic minerals (titanomagnetite/titanohematite)
which are controlled by the sediment sorting/transport
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Figure 9. A) Cross plot between X and water depth, B) cross plot between SIRM and X, C) cross plot between X and silt for samples within slope basin.

mechanism. The fine grain particles characterized by low suscep-
tibility and high X arm/X ratio, settle in deep water while the coarse
grains settle in shallow water. Similar correlation between grain
size and magnetic susceptibility has been observed in the Loch
Lomond drainage basin (Thompson and Morton, 1979), continental
shelf sediments of Vancouver Island (Currie and Bornhold, 1983),
Changjiang and Huanghe estuaries (Wang et al., 2009), South China
sea (Liu et al., 2010) and North Eastern continental shelves of China
(Wang et al., 2010).

5.2.2. NE and SW channels

The study area is characterized by two distinct channels, one in
the north-east (NE) and the other in south-west (SW) direction
(Fig. 1). The SW channel is a linear turbidity channel, bounded by
steep scars suggesting high energy depositional environment (cf.
Ramana et al., 2009) whereas the NE channel is sinuous with gentle
boundaries. Magnetic susceptibility decreases systematically with
increasing water depth for both the channels. A decreasing trend is
observed in SIRM and soft-IRM values for the NE channel. On the
contrary, Xarm/X ratio increases with water depth indicating a
systematic decrease in the abundance of SSD grains. These mag-
netic trends are similar to those observed for the slope basin; hence
they represent the sediment sorting/transport process of detrital
magnetic minerals. No such pattern is observed for the SW channel
suggesting the lack of sorting in this channel which may be related
to a high energy environment. Detailed magnetic measurements
along with sedimentological data are required to understand the
flow process and associated sorting in these channels.

5.2.3. Mounds, deep ocean and sedimentary ridges

The mounds (topographically elevated regions as compared to
the surrounding seafloor) show acoustic signatures of fluid/gas
migration through the fault/fracture system (Dewangan et al.,
2010). These mounds show lower susceptibility, SIRM and soft-
IRM values as compared to those of the surrounding region indi-
cating appreciable decrease in the concentration of detrital tita-
nomagnetite grains. Higher values of Xarm/X over the mounds
indicate fine grain magnetic particles. The above observations
suggest that the topographically elevated regions probably receive
lower concentration and fine grain detrital sediments. Likewise, the
ocean basin represents a deep offshore region which is expected to
be dominated by fine grain sediments. The magnetic signatures
associated with the deep ocean are similar to those of mounds, and
reflect lower concentration and fine grain detrital magnetic min-
erals. No confirmed evidence of dissolution is observed in the near
surface sediments over the mound despite the presence of sub-
surface gas hydrate.

Sedimentary ridges show mixed values in magnetic suscepti-
bility, X arm, SIRM, and soft-IRM representing high variability in the

concentration and grain size of the magnetic minerals. Further-
more, no pattern is observed in the distribution of the silt fraction.
High values of Xarm/X over these ridges suggest the dominance of
fine particles as expected in deeper depths. These ridges are
affected by frequent slumping/sliding and toe-thrust faulting
(Ramana et al., 2007, 2009; Dewangan et al., 2010; Riedel et al.,
2010; Ramprasad et al., 2011). Therefore, the high variability in
the magnetic parameters may be linked to mixed depositional
environment.

6. Conclusion

Magnetic parameters of topmost sediment samples of GC cores
from the KG offshore basin have been studied using rock magnetic
techniques to identify the magnetic signatures associated with
elevated methane flux and to understand the distribution of
detrital magnetic minerals vis-a-vis depositional environment. One
of the locations, GC-07 shows anomalously low values of X, Xarm
and SIRM indicating substantial loss in the concentration of pri-
mary magnetic iron oxide minerals. The downcore magnetic profile
shows even more depleted values of magnetic parameters. The
drop in sulfate concentration and downcore increase in the
methane concentration beyond 4.2 mbsf suggest the presence of
AOM at GC-07. Therefore, the dissolution of magnetic iron oxide
minerals may be attributed to HS™ released due to AOM. The
dissolution has preferentially dissolved finer magnetic minerals as
indicated by the decrease in the values of Xarm/X and X arm/SIRM.
The relative abundance of a high coercive mineral such as titano-
hematite also increases as it is more resistant to dissolution. The
observed dissolution of magnetic iron oxide minerals above the
current depth of SMTZ suggests enhanced methane flux in the past,
and the release of HS™ within paleo-SMTZ might have lead to the
dissolution. Detailed studies are warranted to further characterize
this seep location.

In addition, the variability of magnetic parameters is interpreted
in terms of sediment sorting/transport mechanism in the KG
offshore basin. The analysis of magnetic parameters within the
slope basin and channels shows systematic decrease in magnetic
mineral concentration and increase in the abundance of SSD
magnetic grains with depth. The strong correlation between the silt
fraction and the magnetic susceptibility suggests that the size and
concentration of detrital magnetic minerals is predominantly
controlled by the sediment sorting/transport mechanism.
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