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Evidences of anaerobic oxidation of methane and inter-
stitial carbonate precipitation have been recorded in 
sediment cores from Krishna–Godavari basin. High 
magnesian calcite and aragonite, typically associated 
with methane oxidation have been identified from the 
three studied cores. Down core sulphate reduction trend 
and presence of framboidal pyrites are definite evi-
dences of anoxic diagenetic realm. Highly depleted 
carbon isotopic compositions of the handpicked car-
bonate crystals are suggestive of anaerobic oxidation 
of methane (AOM). In this work a biogenic methane 
source has been tentatively concluded. Presence of cer-
tain geophysical features, viz. bottom simulating reflec-
tor, gas charged sediments and pock-marked sea floor 
are suggestive of possible methane gas hydrate as 
methane source. However, an early diagenetic methane 
source is also a possibility in the present scenario. Fur-
ther studies are in progress for comprehensive under-
standing of the processes involved. 
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PRESENCE of methane-derived authigenic carbonates within 
the sediment column and at the sediment surface has been 
described by several workers1–9. Precipitations of various 
carbonate mineral phases10,11, viz. calcite, aragonite, dolo-
mite and siderite are brought about by the enrichment in 
pore water alkalinity. Enrichment in bicarbonate ion con-
centration has been attributed to anaerobic oxidation of 
methane (AOM) and concomitant sulphate reduction 
process12–16 which can be represented by the equation: 
 
 CH4 + SO2–

4  → HCO–
3 + HS– + H2O (1) 

 
AOM is believed to be performed by a consortium of 
CH4-oxidizing archaea and sulphate-reducing bacteria 
(SRB) in marine environments17,18. 

 AOM and precipitation of carbonates have been observed 
at a large number of locations with gas seepages and pore 
fluid ventings7,19. The carbonate precipitates20 generally occur 
as individual slabs, thinly lithified pavements, vertical pillars, 
mushroom-like structures, microbial mats, dispersed crystals 
and as micro-concretions. The bicarbonate pool produced 
as a result of bacterial anoxic methane oxidation is signi-
ficantly enriched in 12C. 
 In the present work we report the occurrence of meth-
ane-derived disseminated authigenic carbonates in sedi-
mentary cores from the Krishna–Godavari (KG) basin 
(eastern continental margin of India) and discuss the origin. 
This report is a part of a multidisciplinary programme 
under the aegis of NGHP on gas hydrate exploration in 
the eastern coast of India. 

Geological setting and sampling 

The K–G basin is a pericratonic rift basin located in the 
middle of the eastern continental margin of Peninsular 
India21. The offshore extent of the KG basin is known to 
extend to a water depth at least 2000 m. Two major rivers, 
the Godavari and Krishna, supply the clastic load to the 
K–G basin. This basin comprises of a vast range of deposi-
tional settings such as coastal plains, deltas, shelf-slope 
aprons and deep-sea fans. Geophysical data indicates exis-
tence of a number of sub-basins and fault-controlled 
ridge-like structure with a NE–SW trend. The basinal facies 
of the K–G basin is comprised of Palakollu shale (Paleo-
cene), Vadaparru shale (Eocene), Narasapur claystone (Oligo-
cene), Rawa Formation (Mio-Pliocene) and Godavari clay 
(Holocene–Pliostocene). Shallow marine and onshore 
succession is dominated by sandy sequences. The K–G basin 
has a sedimentary thickness of 5–7 km. 
 The study area lies within the continental slope region 
of eastern India (Figure 1). The seabed topography is 
characterized by relatively steep gradients. Several prominent 
ridges (200–300 m from the seafloor) were mapped at a 
depth of about 1400–1500 m. Major structural features in 
the region include NE–SW trending faults. Sediment 
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cores selected for the present study are shown in Figure 
1. The surveyed area is characterized by numerous gas-
related features like pock-marks, vents, seepages, gas-
masking and bottom simulating reflectors (BSRs)22. 

Analytical techniques 

Sub-bottom profiler (ORE) was used for the study of 
shallow sub-surface features. An operational frequency of 
3.5 kHz has provided a penetration of 30–50 m below sea 
bed. Sea water temperature, salinity and depth were 
measured using CTD profiler (SBE911, Sea Bird Elec-
tronics). Gravity cores of approximately 1–6 m were collected 
at specific sites. The sub-samples were collected at every 
50 cm within 15–20 min after opening the core and were 
transferred to on-board laboratory for pore water extrac-
tion using a temperature controlled centrifuge (Heraeus–
Biofuge). Pore waters in 25 ml airtight bottles were stored 
in refrigerators at –18°C for onshore analyses of SO2–

4  con-
centrations using Dionex Ion-chromatograph, DX-600I. 
The degassing system fabricated by M. Schmitt from 
GCA, Germany (modified version23) was used for methane 
extraction from the sediment samples. Methane content 
was determined with a Carlo-Erba model CE-8000 TOP 
gas chromatograph. The total organic carbon (TOC) was 
estimated by chromic acid oxidation method24. Dried 
sediment samples were examined under binocular micro-
scope (Nikon, P-FMD) for the presence of authigenic 
carbonates. The hand-picked carbonate fractions were 
first studied under scanning electron microscope (Jeol-
JSM 5800 LV1) for the morphological classification of 
carbonate crystals. The same fraction was studied for car-
bonate mineralogy by X-ray diffractometry using Philips 
X-ray Diffractometer (PW-1840). Carbon and oxygen 
isotopic analyses were carried out by Europa Geo20-20 
 
 

 
 
Figure 1. Bathymetry map of the part of Krishna–Godavari offshore 
basin. Solid circle indicate the gravity core locations. 

Stable isotope mass spectrometer at the Physical Research 
Laboratory, Ahmedabad. The isotopic compositions are 
expressed in the conventional δ notation relative to the 
Pedee belemnite (PDB).  

Results 

Sub-bottom profiler data show the presence of gas escape 
features, such as gas up-thrusts and pock mark-like features 
(Figure 2) on the basin floor. Bottom water temperature 
at the coring locations was ~ 4.5°C. Locations of cores 
(GC-07, GC-10 and GC-13) are marked on Figure 1. Core 
length varies from 1.8 to 5.2 m. All the cores exhibit drop 
in sulphate concentration with depth. However, only for 
core GC-07 a complete sulphate concentration profile 
could be obtained which is presented here (Figure 3). 
This core shows methane concentration up to 153.5 nM 
and TOC content from 1 to 1.8%. Optical microscopic 
studies exhibit presence of sub-rounded calcareous patches 
of about 1 to 5 mm in the dried sediments of the cores. 
δ13CPDB and δ18OPDB of the carbonate crystals separated 
from these patches range from –51.6‰ to –48.8‰ and 3.6‰ 
to 4.5‰ respectively (Table 1). 
 The prominent carbonate patches were noticed in the 
sediments obtained from the depth interval of 225–
230 cm in GC-07, 245–250 cm in GC-13, and 130–135 cm 
in GC-10. X-ray diffraction studies of these patches indi-
cate high-Mg calcite (HMC) in core GC-7, GC-10 and 
aragonite in core GC-13. HMC commonly occurs as an-
hedral (Figure 4 a) and euhedral (Figure 4 b) crystals. Oc-
casionally the HMC is of flaky nature (Figure 4 c) with 
botryiods disseminated within it. Development of certain 
porous fabric possibly associated with gas diffusion through 
the sediments was noted at few places (Figure 4 d). These 
pores are often filled with carbonates with botryoidal habit 
(Figure 4 e). Aragonite occurs as radial fibrous, acicular 
 
 

 
 
Figure 2. A typical gas up-thrust (gas escape features)-like structure 
near one of the core locations. 
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Figure 3. Scanning electron photomicrographs. a, Anhedral crystals high magnesian calcite (GC-07); b, Euhedral crystals of high magnesian cal-
cite (GC-07); c, Flaky high magnesian calcite with disseminated botryiods (GC-10); d, Porous fabric owing to gas effusion (GC-13); e, Botryiodal 
aragonite precipitation within the pore spaces formed by gas effusion in figure 3 d (GC-13); f, Dense fabric of acicular aragonite crystals (GC-13); 
g, Botryoidal aragonite (GC-13); h, Growth of tender aragonite crystals on the botryoides; i, Remnant of biofilm-like feature with tiny rhomb 
shaped carbonate crystals (GC-13); j, framboidal pyrite within carbonates and clay matrix from anaerobic sediments (GC-10). 
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needle-like crystals (Figure 4 f ), and pore filling botryiods 
(Figure 4 g). The aragonite appears as individual or clusters 
of needle-shaped crystals or occasionally as a dense fabric 
on the surfaces of foraminiferal test. Nucleations of needle-
shaped aragonite crystals (Figure 4 h) from 10-micron 
size botryoidal aragonite substrate were noted. Nearly 
2 micron-sized rhomb-shaped crystals were associated 
with an apparent biofilm remnant (Figure 4 i). About 5–20 
micron size pyrite framboids are observed in isolation or 
in clusters (Figure 4 j). 

Discussion 

Geophysical observations22, evaluation of pore-fluid chemis-
try, mineralogical and isotopic studies of sediment cores 
from the K–G basin on the east coast of India collectively 
 
 

 
 
Figure 4. Down core variations of sulphate in pore water, and meth-
ane and TOC in sediments (Location GC-07). 

 
 
Table 1. Carbonate mineralogy, carbon and oxygen isotope composi-
tions (isotopic compositions are in permil relative to PDB). Sulphate, 
 methane TOC and concentrations through core GC-7 

Sample Carbonate sampling  Carbonate δ13C δ18O 
no.  depth (cm) mineral (‰) (‰) 
 

GC-07 227.5 High-Mg calcite –51.6 3.6 
GC-10 132.5 High-Mg calcite –48.8 4.2 
GC-13 247.5 Aragonite –50.0 4.5 

suggest supply of methane to the shallow sediments, and 
subsequent bacterially mediated methane oxidation, sulphate 
reduction and carbonate precipitation. Presence of BSR-
like structures at 200–300 m depth, gas up-thrust and 
pock-mark structures around the surveyed locations (Fig-
ure 1) suggest the possibility of deeper source of methane 
gas, presumably from the hydrate zone. However, the role 
of early diagenetic methane cannot be underestimated in the 
present scenario. Observed depletion in sulphate concen-
tration with depth with an appreciable methane enrichment 
can best be explained by the coupled sulphate reduction-
anaerobic methane oxidation mechanism12,25–29. Presence 
of pyrite framboids along with the carbonate precipitates 
corroborates a sulphate reducing pore water30. The zone 
of overlap of these two components is also known as sul-
phate methane interface25,31. This rapid sulphate depletion, 
together with the appreciable concentrations of interstitial 
methane, and relatively high levels of total organic carbon 
(TOC) suggest anaerobic oxidation condition. Methane 
oxidation in this zone generally results in very high bicar-
bonate enrichment (10–100 times the sea water alkalin-
ity2), which causes precipitation of different carbonate 
minerals depending on saturation state and presence/ 
absence of interfering anions32. We have recorded high 
magnesian calcite from cores GC-07 and GC-10 whereas 
aragonite has been recorded from GC-13, which suggest 
contrasting pore fluid chemistry. High magnesian calcite 
precipitation is thought to be favoured by low sulphate 
and high phosphate concentrations, whereas high sulphate 
and low phosphate concentrations favour aragonite domi-
nance6,33

. Carbon and oxygen isotopic compositions of the 
authigenic carbonate phases reported here falls well within 
the composition range (δ13C = –51.6 to –48.8‰ and 
δ18O = 3.6 to 4.5‰) of methane-derived carbonate8,9,34. 
Both biogenic (–50 to –110‰) and thermogenic methane 
(–50 to –20‰) are characterized by highly depleted carbon 
isotopic compositions. The dissimilarity in isotopic com-
positions of bacterial and thermogenic CH4 accumulations 
is related to several factors including precursor organic 
compounds, the difference in type and magnitude of kinetic 
isotope effects involved, and to the generally higher tem-
peratures for the thermogenic generation of hydrocar-
bons35. In the present study, presence of pyrite, organic-
rich sediment and definite evidence of sulphate reduction 
suggest anaerobic oxidation of methane. Bacterial an-
aerobic oxidation of methane results in 12C enriched HCO–

3 
pool. Authigenic carbonate precipitates preserve this bi-
carbonate carbon isotope signature. In contrast to the 
methane production zone, δ13C of residual methane in the 
AOM-sulphate reduction zone shows relative enrichment 
in 13C and narrowing of ∆δCO2–CH4. Figure 5 shows the 
probable range of the carbon isotopic composition of pre-
cursor methane as –55 to –78‰ (εc = ~5 to 30‰) for car-
bonates. The inferred δ13CCH4 might lower owing to 
incorporation of seawater bicarbonate (δ13C ~ 0–2‰) in 
the dispersed carbonate phases. The carbon isotopic range 

Sulfate Profile: GC-07 
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for the precursor methane typically suggests a biogenic 
origin35. The oxygen isotope composition of authigenic 
carbonates is a function of seawater/pore water tempera-
ture and mineralogy, which affect oxygen isotope frac-
tionation. Assuming the pore water temperature at 1–2 m 
sediment depth, same as that of the sea water (4.5°C at 
1400–1500 m), the calculated δ18O of aragonite36 shows 
0.8‰ depletion relative to the measured value (at seawater 
δ18O = 0‰ SMOW). Similarly, for calcite37 the calcula-
ted δ18O is 0.6 to 1.2‰ depleted relative to the measured 
value. Variable 18O enrichment in methane-derived car-
bonates has been reported by several workers6,33 and can 
be attributed to 18O enrichment in the formational water it-
self, assuming carbonate crystallization in equilibrium 
with the formational water. Decomposition of gas hydrate 
and advection of 18O enriched pore water33 is one of the 
other possibilities, although direct evidence for such a proc-
ess is wanting. Further work is in progress to achieve a 
comprehensive understanding of the process. 

Conclusions 

Presence of dispersed authigenic carbonate precipitates 
has been reported from three sediment cores from the K–G 
basin. The cores are located at water depth of 1400 to 
1500 m. Studies on the fluid chemistry show down-core 
depletion in sulphate and enrichment in methane concen-
trations. This variation can be attributed to bacterially-
mediated sulphate reduction and methane oxidation. 
Presence of pyrite framboids conforms to the anaerobic 
pore fluid condition. Enrichment of pore water alkalinity 
brought about by anaerobic oxidation of methane (AOM) 
resulted in the precipitation of carbonate mineral phases, 
which is characteristic of the anaerobic methane oxidation 
zone. Aragonite and high magnesian calcite crystals isolated 
from these cores supports this contention. The carbonate 
minerals show a range of morphological characters, viz. 

euhedral, acicular and botryoidal crystals, and calcified 
biofilms, etc. Variation in pore water fluid chemistry, like 
sulphate and phosphate concentrations and saturation states 
may be primary controlling factors for aragonite and high 
magnesian calcite precipitation. Highly depleted carbonate 
carbon isotopic composition supports methane-derived 
carbonates. Biogenic origin for the precursor methane in the 
sediment has been tentatively suggested. Although geo-
physical investigations in this region point towards the 
presence of methane gas hydrates at depth, it remains in-
conclusive if this is the source of methane at shallow 
depths which is responsible for the observed geochemical 
processes. Early diagenic methane production/consump-
tion cannot be ruled out. 
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