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A. Mazumdar, P. Dewangan, H. M. Joäo, A. Peketi, V. R. Khosla, M. Kocherla,
F. K. Badesab, R. K. Joshi, P. Roxanne, P. B. Ramamurty, and S. M. Karisiddaiah

National Institute of Oceanography, Dona Paula, Goa 403004, India (maninda@nio.org)

D. J. Patil and A. M. Dayal
National Geophysical Research Institute, Uppal Road, Hyderabad 500007, India

T. Ramprasad
National Institute of Oceanography, Dona Paula, Goa 403004, India

C. J. Hawkesworth and R. Avanzinelli
Department of Earth Sciences, Faculty of Science, University of Bristol, Wills Memorial Building, Bristol BS8 1RJ, UK

[1] We report evidence of paleo–cold seep associated activities, preserved in methane-derived carbonates
in association with chemosynthetic clams (Calyptogena sp.) from a sediment core in the Krishna-Godavari
basin, Bay of Bengal. Visual observations and calculations based on high-resolution wet bulk density
profile of a core collected on board R/V Marion Dufresne (May 2007) show zones of sharp increase in
carbonate content (10–55 vol %) within 16–20 meters below seafloor (mbsf). The presence of
Calyptogena clam shells, chimneys, shell breccias with high Mg calcite cement, and pyrite within this zone
suggest seepage of methane and sulfide-bearing fluid to the seafloor in the past. Highly depleted carbon
isotopic values (d13C ranges from �41 to �52% VPDB) from these carbonates indicate carbon derived via
anaerobic oxidation of methane. Extrapolated mean calendar age (�58.7 ka B.P.) of the clastic sediments at
a depth of 16 mbsf is close to the upper limit of the U-Th based depositional age (46.2 ± 3.7 and 53.0 ±
1.6 ka) of authigenic carbonates sampled from this level, thereby constraining the younger age limit of the
carbonate deposition/methane expulsion events. The observed carbonate deposition might have resulted
from the flow of methane-enriched fluids through the fracture network formed because of shale diapirism.
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1. Introduction

[2] Marine cold seep associated authigenic carbo-
nates are known from modern and past geological
records [Hovland et al., 1987; Kulm and Suess,
1990; Greinert et al., 2001; Campbell et al., 2002;
Mazzini et al., 2004; Campbell, 2006; Naehr et al.,
2007; Bayon et al., 2007; Pierre and Fouquet,
2007; Kazutaka and Jenkins, 2007; Han et al.,
2008]. Cold seeps are characterized by expulsion
of fluid enriched in methane, hydrogen sulfide, and
bicarbonate from the seafloor that results in the
precipitation of calcium carbonates and pyrite at or
below the sediment-water interface, often associated
with a proliferation of chemosynthetic communities
[Levin, 2005].

[3] Cold seeps may also be associated with methane
hydrate deposits [Sassen et al., 1998; Suess et al.,
2001;Leon et al., 2007; Sahling et al., 2008].Methane
hydrate, a crystalline, ice-like form of methane and
water (molar ratio 1:6) exists within the marine sedi-
ments at suitable temperature-pressure conditions
[Kvenvolden, 1993; Sloan, 1998; Kvenvolden and
Lorenson, 2001;Milkov et al., 2003; Hovland, 2005].

[4] In the Krishna-Godavari (K-G) Basin (Bay of
Bengal), seismic data show the regional presence
of gas hydrates manifested in the form of a bottom
simulating reflector (BSR) [Ramana et al., 2007;
Sain and Gupta, 2008; Collett et al., 2008]. BSRs
represent a phase boundary where low-velocity
gas-charged sediments occur below the hydrate
stability zone [Hyndman and Spence, 1992; Singh
et al., 1993; Holbrook et al., 1996]. Recent drilling
and logging activities on board JOIDES Resolution
in the Indian margin under the aegis of Indian
National Gas Hydrate Program (NGHP) [Sethi and
Ahmad, 2006; Collett et al., 2008; T. S. Collett et
al., Indian Continental margin gas hydrate pros-
pects: Results of the Indian National Gas Hydrate
Program (NGHP), Expedition 01, paper presented
at 6th International Conference on Gas Hydrates,
Chevron Energy Technology Company, Vancouver,
British Columbia, Canada, 2008; M. Kastner et al.,
Gas hydrate in three Indian Ocean regions: A
comparative study of occurrence and subsurface
hydrology, paper presented at 6th International
Conference on Gas Hydrates, Chevron Energy
Technology Company, Vancouver, British Colum-
bia, Canada, 2008] have confirmed the existence of
massive gas hydrate deposits in the K-G Basin.
Possible fossil chemosynthetic communities com-
posed of mollusk shells with some encrusted by
carbonate worm tube (Serpula sp.) were reported by

Collett et al. [2008] from NGHP-01-10 and NGHP-
01-12 coring sites. Concentrations of authigenic
carbonate nodules varying in size from a few milli-
meters to over 5 cm were observed with fossil
assemblages. In this paper we have carried out
comprehensive investigation of the geological and
geochemical records of cold-seep-related processes
revealed in a sediment core located above a mud
mound and a well-defined BSR. Our studied core is
located close to the NGHP-01-10D. We also con-
strain the timing of the formation of methane de-
rived authigenic carbonates and occurrence of a
chemosynthetic community.

2. Geological Setting and Study Area

[5] The K-G basin is a pericratonic rift basin
located in the middle of the eastern continental
margin of India [Rao, 2001; Bastia, 2007]. It is one
of the proven petroliferous basins of India [Bastia,
2007]. The eastern continental margin of India
came into existence because of the breakup of
eastern Gondwanaland when India drifted away
from East Antarctica [Powell et al., 1988]. The
location of the K-G basin coincides with the triple
junction of the diverging Indian, Australian and
Antarctic plates [Rao, 1993]. The separation of
Peninsular India from Antarctica and Australia
initiated around 133 Ma ago across the present
NE–SW trend of the eastern continental margin
[Ramana et al., 1994, 2001]. The maximum sedi-
ment thickness in the K-G basin reaches as much as
8000 m [Prabhakar and Zutshi, 1993], and the
Godavari and Krishna rivers supply the bulk of the
detrital sediments to the basin. The smectite-bearing
Godavari Clay Formation constitutes the Holocene-
Pleistocene deposit of the K-G basin [Rao, 2001].

[6] The study area lies within the continental slope
region of the K-G basin (Figure 1). A 29.9 m long
core was collected on board R/V Marian Dufresne
(MD-161: May 2007) using a Giant Calypso piston
corer at a water depth of 1033 m (latitude =
15�51.86240N and longitude = 81�50.06920E). The
core location was selected on the basis of published
multichannel seismic data [Ramana et al., 2007;
Sain and Gupta, 2008; Collett et al., 2008] and
subbottom profiler (SBP) data (this work).

3. Methodology

3.1. Geophysical and Geological Methods

[7] Subbottom profiler data was collected using a
Seafalcon 11 echosounder. This system produces
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high-resolution, zero-offset acoustic sections of the
subsurface as a function of the geographical position
of the ship. One of the main features of this profiler
is the use of a large, dedicated transmission array,
large bandwidth signal, and long size multibeam
reception array to create a high–acoustic level
signal and a very narrow beam width. Whereas
classical profiler’s beam widths are usually 20� to
30�, the Seafalcon 11 echosounder produces a 7.4�
beam width. This feature minimizes the interferen-
ces between different objects located in the illumi-
nated scene and improves the horizontal resolution
of the seismic data. The central frequency used in
this system is 3.75 KHz. The data were exported to
seismic data processing software (ProMAX) for
enhancement of seismic images.

[8] Gamma density (wet bulk density) of the whole
core was measured on board using a GEOTEK
Multisensor Core Logger (MSCL) following stan-
dard GEOTEK calibration and measurement pro-
tocol (http://www.geotek.co.uk/ftp/manual.pdf).
The porosity (f) can be derived from the wet bulk
density (rMSCL) assuming that the sediment is fully
saturated with water and the grain (rs = 2.65 g/cc)
and fluid (rfl = 1.03 g/cc) densities are known,

rMSCL ¼ frfl þ 1� fð Þrs ð1Þ

[9] Mineralogical identification was carried out
using a Philips X-ray diffractometer (PW1840).
All the carbonate samples were run from 25 to
32� 2q at 1�/min scan speed using CuKa radiation
(l = 1.541838 Å). MgCO3 content in the carbonate

samples was measured following Goldsmith et al.
[1961]. A SEM (JEOL JSM-5800LV) was used for
microstructural studies of the carbonates.

[10] Moisture content in the sediment was calcu-
lated from the difference in wet and dry weight of
sediments. Sediments were dried at 105�C.

3.2. Geochemical Methods

[11] A PVC liner with 10 cm inner diameter was
used for core collection. Subsampling for gas and
pore water was carried out at one meter intervals
within one and a half hour of core retrieval. Sub-
sampling for gas was carried out using a 10 ml cut
syringe. Sediment was stored in 28 ml glass vials
with 10 ml of bacteriacide (sodium azide) and
crimped immediately following nitrogen flushing.
Sediment was homogenized using a vortex shaker
and stored at 2�C until concentrations of hydrocar-
bon (CH4, C2H6 and C3H8) gases in the head space
were measured using a Varian Gas chromatograph
(CP 3380). Pore water was extracted from the
sediment using a hydraulic press following stan-
dard ODP protocol [Shipboard Scientific Party,
2000]. Pore waters were collected in 20 ml plastic
syringes with Leur locks. Theywere filtered through
a 0.2 mmWhatman syringe filter and stored in crimp
vials under nitrogen head and preserved at 2�C.
Sulfate concentrations were measured using a Dio-
nex-600 ion chromatograph [Gieskes et al., 1991].
Total alkalinity, pH and chloride concentrations

Figure 1. Study area in the Krishna-Godavari basin, Bay of Bengal. Core location is shown by a star. The solid line
through core location represents the SBP track. Contour interval is 50 m.
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were measured using a Metrohm Autotitrator
(Titrino 799GPT).

[12] Total carbon (TC) content of sediments was
measured by elemental analyzer (Thermo CNS
2500). Total inorganic carbon (TIC) content was
measured by UIC carbon coulometer (CM 5130).
Total organic carbon (TOC) was calculated by
subtracting TIC from TC.

[13] Carbon and oxygen stable isotope ratio measure-
ments of head space gases and carbonateswere carried
out using a Thermo-Finnigan Delta Plus continuous
flow isotope ratiomass spectrometer attachedwith gas
chromatograph and Gas Bench II. The external preci-
sion calculated is typically 0.07–0.09% VPDB for
d13C and 0.06–0.12% VPDB for d18O.

[14] Sixteen AMS 14C dates were generated at
National Ocean Sciences AMS (NOSAMS) facili-
ty, Woods Hole Oceanographic Institution, USA.
Dates were determined on planktonic foraminifera
species Globigerina ruber and Globigerina saccu-
lifer. Carbon dioxide generated from these forami-
nifera shells is reacted with catalyst to form
graphite which is pressed into targets and analyzed
on the accelerator along with standards and process
blanks. Two primary standards used during 14C
measurements are NBS Oxalic Acid I (NIST-SRM-
4990) and Oxalic Acid II (NIST-SRM-4990C).

[15] Two tube shaped authigenic carbonates collected
from the carbonate-rich horizon (16 mbsf) were
samples for U and Th concentration and isotopic
measurements. The samples were spiked with a
mixed 229Th-236U spike, dissolved in concentrated
HNO3, and then centrifuged in order to separate any
silicate-rich residue from the carbonate solution; the
residue was treated separately with hydrofluoric
acid. Th and U of both the carbonate portions and
the silicate residues were purified by traditional,
anionic chromatographic exchange chemistry meth-
ods [e.g., Ivanovich and Harmon, 1992]. U and Th
isotope ratios were measured with MC-ICPMS
(Thermo-Finnigan Neptune) at University of Bristol
by bracketing U measurements with U112a stan-
dard, and Th measurements with the in-house
‘‘TEDDi’’ Th standard. The accuracy and precision
of the measurements are continually monitored by
the analysis of secular equilibrium standards such as
TML, HU, ThA, andWUN [Hoffmann et al., 2007].

3.3. Computational Methods: Carbonate
Content

[16] The bulk density (rb) of the sampled sediment
can be derived from the moisture content (Wb),

fluid (rfl) and grain densities (rs = 2.65 g/cc)
assuming that the sediment is fully saturated with
water:

Wb ¼
Mpw

Mb

¼
Vpwrfl
Vbrb

¼
frfl
rb

; ð2Þ

rb ¼ frfl þ 1� fð Þrs; ð3Þ

where Mpw and Vpw are the mass and volume of
pore water, respectively, and Mb and Vb are the
mass and volume of bulk sample, respectively. f
represents sediment porosity.

[17] Substituting equation (2) into equation (3) and
further simplifying we obtain the bulk density of
the sample:

rb ¼ Wbrb þ 1�Wbrb
rfl

 !
r ¼ rs

1�Wb þ Wbrs
rfl

: ð4Þ

[18] In the absence of carbonates, the bulk density
calculated from the moisture content should be
equal to the density measured from MSCL. The
presence of carbonates increases the MSCL-de-
rived bulk density (rMSCL), whereas the density
calculated from moisture content is assumed to be
unchanged as it represents a small fraction of the
core presumably free of carbonates. This scenario
can be modeled by considering a two-phase sys-
tem, where the matrix is assumed to be marine
sediment and carbonate is considered to be an
inclusion:

rMSCL ¼ Srcarb þ 1� Sð Þrb: ð5Þ

S represents the carbonate fraction and rcarb is the
density (2.71 g/cc) of carbonate.

4. Results

4.1. Geophysical and Geological Results

[19] The structures and characteristics of reflection
echoes in the high-resolution, subbottom profiler
data (Figure 2) suggest two distinct geological
strata: acoustically transparent layers (DF1 to
DF4) having semiprolonged bottom echo with reg-
ular overlapping hyperbolae characterizing mass
wasting [Pratson and Laine, 1989], and distinct,
parallel, continuous reflectors having a mound like
structure. Four distinct layers (DF 1–4) are seen
onlapping onto the mud-mound feature. The top
layer DF-4 can be traced over the mound and is
parallel to the subsurface depression.
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[20] The wet bulk density data (Figure 3a) of the
whole core show a zone of enhanced density
relative to the background at 16–18 mbsf. Two
additional density hikes are noticed at 18.5 and
19.7 mbsf. Calculated (equation (5)) carbonate
content in the high-density layers range from
�10 to 55 vol % (6 D). The carbonate-enriched
zone apparently coincides with a subsurface de-
pression as observed in the SBP data (Figure 2).
This zone is enriched in hard, authigenic carbo-
nates of variable morphological types.

[21] Light to medium gray authigenic micritic
carbonates and brown-colored chemosynthetic
clam shells (Figures 4a–4j) are present predomi-
nantly within 16 to 18 mbsf. The following car-
bonate morphological types are observed: massive
mudstone concretions (MC), vacuolar mudstone
concretions with gas flow channels (VMC), tubule
and vase-shaped bioturbation casts (BC) with or
without laminations, cemented breccias (BrC),
chimneys (Ch), filling within shells (SF) and nod-
ular (Nd) types. BCs show thick and thin branching
appendages. Chimneys are often filled with carbo-

nates leaving only narrow orifices. Mineralogically
authigenic carbonates are composed of high-mag-
nesium calcites with MgCO3 content ranging from
8 mol % to 20 mol % (±1 mol %) (Table 1),
whereas the clam shells are aragonitic in composi-
tion. Needle shaped aragonite crystals are present

Figure 2. Subbottom profiler (SBP) image. (a) High-resolution subbottom profiler data collected on board R/V
Marian Dufresne. The horizontal distance is plotted with respect to the core location. The inset shows close-up of the
subsurface depression. Depths are below the sea surface; note scale change in the inset. (b) Line drawing of the major
features observed in SBP data. Layered mud diapir structure is overlain by seismically amorphous layers (DF1–DF4).

Figure 3. (a) Wet bulk density and (b) calculated
porosity profiles.
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as lining within gas chimneys or as cavity fillings
(Figures 4i, 5a, and 5b). Isolated and clusters of
framboidal pyrites (10–20 mm) are present in all
the carbonate types (Figures 5c and 5d). Forami-
nifera tests are often filled with pyrite framboids or
completely replaced by pyrite. Numerous well-
preserved and fragmented shells of chemosynthetic
clam, Calyptogena sp. (Figure 4c) were recorded
between 16 to 18 mbsf. Concretions and small
tubules of authigenic carbonates have also been
recorded above and below this zone in minor
amounts.

4.2. Geochemical Results

[22] The pore water sulfate concentration profile
(Figure 6a) shows four distinct gradients viz.,
I (0.032 mM/cm), II (0.0038 mM/cm), III
(0.034 mM/cm) and IV (0.000429 mM/cm) as
marked on the profile. Total alkalinity (TA)
shows a peak (13.2 mM) within 3–5 mbsf
followed by sharp fall to 7.4 mM at 7.35 mbsf.

This is followed by a steady rise in TA to 25 mM
at 22.5 mbsf and a subsequent drop to 20 mM at
29 mbsf. CH4 concentration shows a sharp rise at
17 mbsf which is followed by low concentrations
possibly owing to methane loss during sampling.
A double arrow (at 13 to 17 mbsf) has been
drawn to show the approximate zone of anaerobic
methane oxidation (AMO). The C1/(C2 + C3)
ratios (Table 1) of hydrocarbon gases drop rapidly
within the AMO zone. Below this zone the ratio
increases to a maximum of 3945 with intermediate
minima of 1100 at 24 mbsf. d13CCH4 drops to a
minimum of �85.2% VPDB at the base of the
AMO zone. d13CCO2 broadly follows the d13CH4

trend (Figure 4c) and drops to a minima of�26.3%
VPDB. The chloride concentration (542 to 564mM)
shows a gentle gradient of 0.28 mM/m down to a
29 m depth (Figure 6b).

[23] Authigenic carbonates have highly depleted
carbon isotope compositions (Figure 7), with d13C
values ranging from �41.3 to �52.4% VPDB

Figure 4. Morphology of authigenic carbonates and shells. (a) Mudstone concretion (VMC) with gas flow conduit
(8/17D). (b) Mudstone concretion (8/17D) with globular vacuules (arrow). (c) Whole shells (Sh) and fragments of
Calyptogena sp. (8/17B) with carbonate filling (arrow). (d) Cemented breccia (BrC) with chaotically oriented
Calyptogena shells, bioturbation casts, and mudstone clasts (8/17 G). (e) Massive mudstone concretion (MC: 8/17C).
(f) Part of a chimney (Ch) showing variable wall thickness. Chimney wall is often pitted (8/18 I). (g) Tubular
bioturbation casts (BC) showing appendage-like structures and filling of ovular carbonate pellets (8/18 A). (h) Tubular
bioturbation cast (BC: 8/18 L) with curved laminations (arrow). (i) Chimney (8/18 M) with inner lining of aragonite
(arrow). (j) White colored chimney with porous surface (8/18 J).
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Table 1. Pore Water, Gas Composition, and Carbon Stable Isotope Ratios of Methane and Carbon Dioxidea

Depth (m)

14C Age
(years B.P.)

Mean Cal Age
(years B.P.)

TA
(mM)

TOC
(wt %)

CH4

(mM) C1/(C2 + C3)
Sulfate
(mM)

Chloride
(mM)

d13C CH4

(%) (VPDB)
d13C CO2

(%) (VPDB)

0.05 910 ± 35 528 ± 19 4.6 1.3 12.1 7.3 29.1 551 �61.1 �16.6
1.055 1370 ± 40 895 ± 47 6.8 1.3 9.8 48.0 26.7 564
2.055 1750 ± 35 1282 ± 19 10.3 1.6 33.2 247.1 22.2 549 �67.2 �18.6
3.055 2210 ± 45 1738 ± 59 13.2 1.6 43.4 351.9 20.0 545
4.055 3140 ± 35 2824 ± 38 13.2 1.9 61.5 169.7 19.4 544 �67.6 �20.8
5.055 13.2 1.8 40.6 185.2 18.5 542
6.055 4910 ± 50 5184 ± 110 11.3 2.0 86.3 227.2 18.6 547
7.055 7340 ± 50 7762 ± 59 9.7 1.6 1.0 17.5 552
8.055 11900 ± 60 13361 ± 78 8.6 1.7 52.9 16.9 549
9.055 15600 ± 75 18443 ± 119 7.9 1.4 28.6 17.7 551
10.055 19900 ± 95 23261 ± 186 7.4 1.4 31.7 17.4 545 �68.8 �18.9
11.055 26400 ± 140 31232 ± 203 8.7 1.4 85.4 681.7 16.8 552
12.055 40600 ± 400 44900 ± 401 9.4 1.7 108.8 16.0 553
13.055 37200 ± 300 41962 ± 311 10.3 2.0 141.5 830.0 17.6 545 �70.7 �26.3
14.055 10.5 1.7 101.6 1243.5 13.5 545
15.055 12.6 1.8 292.7 1048.0 10.4 543
16.055 36000 ± 350 40901 ± 362 14.1 1.8 484.4 2284.4 6.2 556
17.055 37800 ± 300 42480 ± 313 14.8 1.4 2224.9 3354.2 4.1 561 �85.2 �25.3
18.055 18.3 2.0 516.8 3117.2 3.1 544
19.055 39100 ± 430 43594 ± 412 16.6 1.5 511.4 2786.0 2.9 555
20.055 18.9 1.1 443.9 3392.9 3.2 556
21.055 19.7 1.4 370.5 2499.8 2.2 550 �77.4 �17.7
22.055 21.2 1.5 409.4 1873.5 2.4 562
23.055 22.8 1.4 481.3 3290.5 1.4 550
24.055 23.1 1.9 433.5 1100.3 1.3 555 �75.4 �15.3
25.055 22.4 2.0 744.7 3945.4 2.3 552
26.055 22.5 2.0 815.3 3359.5 2.4 553
27.055 20.9 2.0 827.9 3907.7 3.3 554
28.055 21.2 747.0 3919.6 2.4 560 �75.7 �13.8
29.055 20.0 1.8 644.7 2784.9 2.8 561

a
The errors in calendar age are represented as one sigma standard deviation. TA, total alkalinity; TOC, total organic carbon.

Figure 5. Microstructures of authigenic carbonates. (a) Acicular aragonite crystals as lining along an elongated
cavity (8/18M). (b) Aragonite crystals as seen under SEM (8/18M). (c) Cluster of framboidal pyrite (8/18A). (d)
Rounded and polygonal pyrite framboides (8/18B).
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(Table 2). In contrast, d13C values of bivalve shells
range from �1.0 to �1.1% VPDB. The d18O
values of authigenic carbonates are within 3.2 to
5.2% VPDB. TOC content ranges from 1 to 2%
and does not show any systematic depth wise
variation (Table 1).

[24] Depth versus calendar age is presented in
Figure 8. Radiocarbon ages are converted to mean
calendar ages (Table 1) following the calibration
curve of Fairbanks et al. [2005] and the calibration
software (http://radiocarbon.ldeo.columbia.edu/re-
search/radcarbcal.htm). Figure 8 shows high sedi-
mentation rates (248.3 to 86 cm/ka) for the upper 5
to 6 mbsf of sediment. At 7 mbsf, the sedimentation
rate drops abruptly to 17.5 cm/ka and remains
constant until 13 mbsf, thereafter, systematic
increase of 14C age with depth ceases.

[25] (230Th/238U) activity ratios of the two authi-
genic carbonate samples collected at 16 mbsf
within the carbonate rich layer are 0.631 ± 0.002
and 0.771 ± 0.003; measured (234U/238U) values
were 1.121 ± 0.002 and 1.133 ± 0.002 (parentheses
denote activity ratios, all errors are 2-sigma and
fully propagated [see Hoffmann et al., 2007]).
230Th-234U ages were calculated using IsoPlot
[Ludwig and Titterington, 1994]. Given the high
Th content of the authigenic carbonates (�2.3 ppm
Th in both) a correction for initial detrital 230Th is

necessary. This correction was made adopting the
(230Th/232Th) of the silicate-rich residue after
leaching as representative of the detrital Th isotope
composition [Teichert et al., 2003] assuming detri-
tus in secular equilibrium. This calculation provided
ages estimates of 46.2 ± 3.7 and 53.0 ± 1.6 ka for the
two tubular authigenic carbonates and initial

Figure 6. Composition of pore fluids and carbonate content in the sediment. (a) Sulfate (SO4
2�, mM), alkalinity

(TA, mM), and methane (CH4, mM) concentration profiles. Approximate zone of anerobic methane oxidation is
shown by double arrow. Calendar ages are marked against the corresponding depths (mbsf). Different sulfate
concentration gradients are marked as I–IV. (b) Chloride (Cl�, mM) concentration profile. The solid line through the
profile shows the chloride concentration gradient. (c) Carbon isotopic composition (d13C, % VPDB) of methane and
carbon dioxide gases in the headspace. Note the 13C enrichment in the residual methane above AMO. (d)
Approximate carbonate content (vol %) calculated from MSCL based wet bulk density. The sharp peaks are due to
the presence of authigenic carbonate layers. Carbonate sampling locations are marked by dots. Dashed lines
demarcate the zoned of enriched carbonate layers.

Figure 7. Crossplot of carbon and oxygen stable
isotopic compositions of authigenic carbonates and
shells. Carbonate morphological types are explained in
Figure 4.
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(234U/238U)o = 1.357 ± 0.031 and 1.206 ± 0.011,
respectively. The latter are higher than values esti-
mated for seawater (1.14–1.15 [Chen et al., 1986;
Delanghe et al., 2002]), requiring alpha recoil
processes [Kigoshi, 1971] and thus suggesting a
major role for pore waters in the formation of the

authigenic carbonates [Teichert et al., 2003]. Addi-
tional U-Th measurements are required to evaluate
whether local sediments share (230Th/232Th) with
the residue (seeWatanabe et al., 2008), and thus the
accuracy of the detrital correction, in order to

Table 2. Authigenic Carbonate Morphological Types, Mineralogy, and Carbon and Oxygen Stable Isotope Ratiosa

Sample
Number Depth (m) Morphology

Mg
(mol %)

d13C (%)
(VPDB)

d18O (%)
(VPDB)

8/11A 10.05 Mudstone concretions 14 �49.4 4.5
8/11B 10.05 Mudstone concretions nm �45.6 5.0
8/12A 11.05 Tubular burrow filling 11 �45.7 4.8
8/12B 11.2 Cavernous mudstone concretion with channels 9 �46.1 5.2
8/12C 11.5 Cavernous mudstone concretion with channels 14 �45.8 4.6
8/13 12.1 Tubular burrow filling 17 �45.5 4.3
8/14A 13.05 Cavernous mudstone concretion with channels 15 �47.4 4.6
8/14B 13.25 Cavernous mudstone concretion with channels 20 �49.3 4.7
8/15 14.05 Tubular burrow filling 12 �52.4 4.6
8/16A 15 Shell arg �1.0 4.6
8/16B 15 Tubular burrow filling 14 �47.8 4.3
8//16 15.15 Cavernous mudstone concretion with channels nm �52.4 4.2
8/16/1541 15.41 Mudstone concretions 15 �48.8 4.4
8/17A 16.05 Mudstone concretions 16 �52.3 4.4
8/17B 16.15 Shell arg �1.1 3.4
8/17C 16.2 Mudstone concretions 17 �44.0 4.2
8/17D 16.2 Cavernous mudstone concretion with channels nm �48.1 4.1
8/17E 16.2 Cavernous mudstone concretion with channels nm �48.1 4.5
8/17F 16.3 Mudstone concretions nm �47.9 4.3
8/17G 16.35 breccia cement 16 �45.6 4.5
8//17H 16.6 Shell filling 12 �47.1 4.3
8//17I 16.65 breccia cement 14 �46.8 3.9
8/17/1650 16.65 Shell arg �1.1 3.9
8/17/B1/1652 16.7 Shell filling 15 �48.9 4.2
8/17/B4/1650 16.7 Shell filling 18 �46.7 4.7
8/18A 17.05 Tubular burrow filling 19 �45.1 4.5
8/18B 17.05 Tubular burrow filling 16 �45.5 4.8
8/18C 17.15 Mudstone concretions 16 �47.1 4.7
8/18D 17.22 Mudstone concretions 9 �45.4 4.2
8/18E 17.35 Cavernous mudstone concretion with channels 13 �47.0 4.9
8/18F 17.4 Tubular burrow filling 11 �46.0 4.9
8/18G 17.42 Mudstone concretions 18 �46.5 4.7
8/18H 17.5 Tubular burrow filling 14 �46.0 4.7
8/18I 17.55 Chimney 15 �48.9 4.7
8/18J 17.6 Chimney nm �48.8 4.6
8/18K 17.65 Vase shaped burrow filling 16 �49.8 4.2
8/18L 17.7 Tubular burrow filling 18 �51.2 4.5
8/18M 17.85 Chimney 18 �51.2 4.3
8/18N 17.9 Mudstone concretions nm �49.1 3.2
8/18O 17.93 breccia cement nm �50.9 4.2
8/18P 17.95 breccia cement 17 �51.4 4.1
8/18Q 17.95 Tubular burrow filling 18 �51.5 4.3
8/18R 17.97 Chimney 18 �48.9 4.0
8/19A 18.05 Tubular burrow filling with pellets nm �50.2 4.2
8/19B 18.05 vase shaped burrow filling 10 �48.0 3.3
8/19C 18.5 Chimney 18 �49.2 3.8
8/20A 19.55 Vase shaped burrow filling nm �52.4 4.5
8/20/A1/1965 19.65 Mudstone concretions 18 �48.3 4.6
8/29 28.05 mudstone concretion 17 �47.3 3.8
8/30 29.05 Nodular 18 �41.4 3.5

a
Abbreviations are as follows: nm, not measured; arg, aragonite.
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eventually put further time constraint on the carbon-
ate formation events.

5. Discussion

5.1. Authigenic Carbonates: Evidence of
Paleoseep

[26] The most important evidence for paleosee-
page of methane and sulfidic fluid at this site
comes from the record of numerous well-pre-
served and fragmented shells of chemosynthetic
clam, Calyptogena sp. (Figure 4c). Definite asso-
ciation of Calyptogena sp. with methane seeps has
been demonstrated from numerous cold seep loca-
tions [Kulm et al., 1986; Hashimoto et al., 1995;
Sibuet and Olu, 1998; Levin, 2005; Sahling et al.,
2002, 2005, 2008]. The chemosynthetic clams rely
on sulfide-oxidizing endosymbionts in the gill
tissues for survival. Abundant pyrite as isolated
crystals and framboid clusters in the carbonate
matrix suggest the existence of hydrogen sulfide.
Enrichment of bicarbonate and hydrogen sulfide

via AMO and carbonate precipitation can be rep-
resented by the equations (6) and (7),

CH4 þ SO2
4 ! HCO�

3 þ HS� þ H2O ð6Þ

Ca2þ þ HCO�
3 ! CaCO3 þ Hþ ð7Þ

Pyritization involves complex reaction pathways
involving Fe2+, HS�, S0 and polysulfides [Schoonen,
2004].

[27] Carbon and oxygen stable isotopic composi-
tions of authigenic carbonates (Figure 7) further
help constrain their genesis. The sample locations
of authigenic carbonates are marked on Figure 4d.
Carbonates show highly depleted carbon isotope
composition (d13C ranges from �41.3 to �52.4%
VPDB) typical of biogenic methane derived car-
bonate precipitation. In contrast, d13C of bivalve
shells range from �1.0 to �1.1% VPDB suggest-
ing seawater bicarbonate as the carbon source.
d18O values are constrained within 3.2 to 5.2%
VPDB similar to the range recorded in methane
derived carbonates from several other locations
[Kulm and Suess, 1990;Mazzini et al., 2006; Canet
et al., 2006; Pierre and Fouquet, 2007; Chen et al.,
2007].

[28] Calculated carbonate contents of 10 to 55 vol.
% in the carbonate enriched layers cannot result
from carbonate precipitation at the present AMO
zone. Studies on MSCL based wet bulk density in
nearby cores show no density anomaly and only
minor abundance of authigenic carbonate in the
AMO zone (A. Mazumdar et al., manuscript in
preparation, 2009). We attribute the bulk of the
authigenic carbonate reported in the present study
to paleoseepage close to the sediment-water inter-
face. Cold seep related carbonates are known to
form carbonate pavements and mounds at the
seafloor [Hovland et al., 1987; Roberts and
Aharon, 1994; Kulm and Suess, 1990; Greinert et
al., 2001; Judd and Hovland, 2007; H. H. Roberts
et al., Seafloor expression of fluid and gas expul-
sion from deep petroleum systems, continental
slope of northern Gulf of Mexico, paper presented
at Gulf Coast Section SEPM Foundation 21st
Annual Research Conference, Society for Sedimen-
tary Geology, Houston, Texas, 2001]. Recorded
carbonate morphological types (Figure 4) in par-
ticular the chimneys [Kulm and Suess, 1990; Dı́az-
del-Rı́o et al., 2003; Roberts et al., presented paper,
2001], bioturbation casts and gas flow channels
with complex plumbing system indicate AMO
related carbonate precipitation close to the sedi-

Figure 8. Sedimentation rate variations at the studied
site. Dotted boxes demarcate the carbonate enriched
layers. Dashed lines show extrapolation of calendar
ages. U-Th dates are marked against the sampling depth
(mbsf). The errors in calendar age are represented as one
sigma standard deviation. The point highlighted by an
exclamation mark is a possible outlier.
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ment-water interface. Carbonate-cemented breccias
indicate eruption/collapse events due to gas pres-
sure build up under impervious carbonate layers
[Hovland et al., 1987; Greinert et al., 2001] or
catastrophic methane flux induced by hydrate
thawing [Wood et al., 2002; Hovland et al.,
2005], whereas carbonate cementation indicate
periods of quiescence. The presence of acicular
aragonite as isopachous lining along the walls of
gas channels and the globular/elongated cavities
(Figures 4i, 5a, and 5b) has been observed in some
VMCs and chimneys suggesting possible existence
of methane hydrate within the globular cavities
[Greinert et al., 2001; Canet et al., 2006; Mazzini
et al., 2006; Pierre and Fouquet, 2007; G. Bohr-
mann et al., Gas hydrate carbonates from Hydrate
Ridge, Cascadia convergent margin: Indicators of
near-seafloor clathrate deposits, paper presented at
Fourth International Conference on Gas Hydrates,
Japan National Oil Corporation, Yokohama, Japan,
2002].

5.2. Sediment Fluid Chemistry: Present
Zone of AMO

[29] Profiles of sulfate concentrations, total alka-
linity (TA) and methane concentrations (Figure 6a)
show a transient and nonsteady state character. The
sulfate concentration profile is attributed to the
combined effect of rapid sedimentation (gradient
I) and anaerobic methane oxidation (gradient III)
resulting in nonsteady state character [Hensen et
al., 2003]. The nonzero sulfate concentration in
gradient IV may be attributed to pyrite oxidation
[Bottrel et al., 2000] or incomplete sulfate reduc-
tion owing transient state and relatively recent
upward migration of methane [Ussler and Paull,
2008]. Sedimentation rates range from 86 to
248.3 cm/ka for the first 5–6 m of the sedimentary
package (Figure 8). Under oxic bottom water
conditions, sedimentation rate plays an important
role in determining the preservation and the path-
way of organic matter decomposition and its avail-
ability to sulfate reducers [Reeburgh, 1976; Berner,
1978; Stein, 1990; Canfield, 1991, 1994; Tyson,
1995]. High sedimentation rate reduces the oxygen
exposure time (OET) which is an important factor
affecting preservation of labile components re-
quired for sulfate reduction [Hedges and Keil,
1995; Gélinas et al., 2001]. A change in the
gradient (II) in sulfate concentration profile may
be correlated with the drop in the sedimentation
rate to 17.5 cm/ka (Figure 6a). A rapid drop in
sulfate concentration (gradient III) from 13 mbsf is
due to the anaerobic methane oxidation (AMO).

AMO is attributed to a consortium of CH4-oxidizing
archaea and sulfate-reducing bacteria [Hinrichs et
al., 1999; Boetius et al., 2000; Orphan et al.,
2001]. The upward decrease in C1/(C2 + C3) ratios
(Table 1) of hydrocarbon gases suggests preferen-
tial consumption of methane at and above the
AMO accompanied by carbon isotopic enrichment
of the residual methane [Whiticar, 1999]. On the
basis of the C1/(C2 + C3) ratios and d13C values, a
biogenic origin of methane is envisaged [Whiticar,
1999]. The recent methane is possibly advected
from greater depth. Presence of methane hydrate
within a depth zone of 30–160 mbsf has been
reported from this region byCollett et al. [2008, also
presented paper, 2008]. The gentle chloride concen-
tration gradient observed at this site (Figure 4b) may
be attributed to Cl� exclusion owing to hydrate
crystallization (roof effect [Hesse, 2003]).

5.3. Methane Expulsion Events: Possible
Timing and Driving Force

[30] The presence of methane seep carbonates in
association with chemosynthetic clam in the pres-
ent study suggest that the AMO at this location was
close to the sediment–water interface in geological
past, in contrast to its present depth. A shallower
AMO zone suggests significantly higher methane
fluxes in past. In the following paragraphs we
attempt to establish the approximate timing of the
seep activities and the possible driving forces.

[31] U-Th based dates of carbonate tubules at
16 mbsf range from �46.2 ± 3.7 to 53 ± 1.6 ka.
Extrapolated (dotted line in Figure 8) mean calen-
dar age of the host sediment at 16 mbsf is �58.7 ka
B.P. which is close to the upper limit of the U-Th
based dates. This puts additional constraint on the
younger age limit of the carbonate precipitation/
methane expulsion events. Constraining the car-
bonate precipitational and clastic sediment deposi-
tional ages at 18–20 mbsf is beyond the scope of
the present study owing to uncertainty in age
determination. Relatively unsystematic ages
recorded between 18 and 20 mbsf could be attrib-
uted to (1) enhanced sediment mixing owing to
bioturbation/sliding associated with rapid sedimen-
tation and (2) uncertainty in age estimation owing
to diagenetic alteration of old shells or very low
14C content in foraminifera shells. Additional U-Th
age dating is required to bracket the carbonate
depositional/methane expulsion events.

[32] The high paleomethane flux in this region was
possibly governed by fault/fracture systems as
observed in the seismic profile close to the core
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location [Sain and Gupta, 2008; Collett et al.,
2008]. Regional seismic lines reported from the
K-G basin suggest the prevalence of shale tectonics
[Bastia, 2006; N. Sinha et al., Spatiotemporal
variations and kinematics of shale mobility in
Krishna-Godavari basin, India, paper presented at
Hedberg Conference, American Association of
Petroleum Geologists, Port of Spain, Trinidad and
Tobago, 2006]. Numerous shale diapirs, have been
inferred from SBP and multibeam bathymetry in
the K-G basin offshore [Ramana et al., 2007]. The
mound seen in the SBP could have resulted from
gravity tectonism driven shale diapirism. Upward
movement of the diapir under fluid pressure will
result in numerous fault and fractures [Schmuck
and Paull, 1993] in the overburden. The main
carbonate-rich zone coincides with a possible sub-
surface depression as observed in the SBP data.
The observed carbonate brecciation in association
with the subsurface depression indicates possible
pockmark formation events at the top of the mud
mound. We also recorded minor amounts of meth-
ane-derived authigenic carbonates with typical
seep signatures above and below the main carbon-
ate horizon suggesting that the major depositional
phase was preceded and followed by minor depo-
sitional phases, indicating activation and deactiva-
tion of the fracture conduits or change in methane
pressure at the source.

6. Conclusions

[33] A sediment core from the Krishna-Godavari
basin identifies the location of a paleo–cold seep
as evidenced by authigenic carbonate morphology,
the presence of chemosynthetic clam and highly
depleted carbon isotopic composition of carbo-
nates. This implies that the AMO was close to
the sediment–water interface in past contrast to its
present depth. Extrapolation of the calendar age to
a depth of 16 mbsf suggest a sediment depositional
timing �58.7 ka B.P. Whereas U-Th based depo-
sitional ages of the authigenic carbonates from this
level range from 46.2 ± 3.7 and 53.0 ± 1.6 ka
which is close to the sediment depositional age.
The present age data helps in constraining the
younger age limit of the carbonate deposition/
methane expulsion event.

[34] We attribute the high paleomethane flux to
fault and fracture controlled conduits. Shale tec-
tonics driven diapirism possibly resulted in the
formation of such fracture/fault zones. This study
has unequivocally established occurrence of

paleo–cold seepage in the Krishna-Godavari basin,
and the possibility of modern seep location in K-G
basin needs to be studied in future.
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