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Abstract 
Geophysical and geochemical surveys were carried out off Goa, central west coast of 
India, to understand the genesis and distribution of shallow gases in marine sediments. 
Shallow gas charged sediments within the water depths of ~15 to 40 m are reported all 
along the west coast and  are characterized by gas masking, high amplitude and reverse 
polarity reflections in high resolution  seismic (sparker) data, attributed to the presence of 
free gas. These high amplitude reflections (gas front) are observed within a Holocene fine 
grained, wedge shaped sediment package overlying the maximum flooding surface.  The 
gas front lies between 1.2 and 5 m below the seabed and demarcates the transition from 
gas in the dissolved phase to bubble phase when the gas concentration exceeds the 
saturation level. The observed and extrapolated sulfate methane transition zone (SMTZ) 
lies between 0.7 and 2.25 m below the seabed and it is related to the depth of the gas 
front. Methane concentration reaches saturation below the SMTZ, and produce a bubble 
phase which lowers the p-wave velocity and produces high amplitude reflection observed 
in the seismic data. Depleted carbon isotope ratios as low as -88.9‰ suggest a microbial 
origin for the methane in the study area. High sulfate reduction rate, high concentrations 
of pore-water methane, phosphate and ammonium in the shallowest site (Sasu123/1 at 
14.7 m water depth) suggest an enhanced availability of reactive organic matter required 
for microbially mediated biodegradation processes. High gas flux in the shallow waters is 
also indicated by the shallowing of the gas front and the widening of the gas masked zone 
towards shore. The present investigations do not testify the origin of Holocene shallow 
gases either from buried channel deposits or the Pleistocene sediments.  
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1. Introduction 

 

Gas charged sediments and gas seepages have been reported from the coastal 

environment all over the world (Fleischer et al., 2001) and methane is the predominant 

gas found in the shallow marine sediments (Floodgate and Judd, 1992). CO2 and H2S are 

other gas phases commonly recorded in the marine sediments. Hovland and Judd (1992) 

estimated global annual flux of  about 145x1012 g CH4 from the shallow gases up to a 

water depth of  250 m. Compilation of global distribution of shallow gases by Fleischer et 

al. (2001) shows that most occurrences are typically shallower than 50 m water depth. 

Apart from the marine environment, numerous occurrences of shallow gases have also 

been reported from estuaries, coastal lagoons and bays (Kindinger et al., 1994; Vogt et 

al., 2000; Hobbs, 2004; Liu et al., 2004; García-García et al., 2005; Diez et al., 2007b; 

Durán et al., 2007; García-García et al., 2007; Iglesias and García-Gil, 2007; Laier and 

Jensen, 2007). Gassy sediments are commonly found in shallow and productive 

environments that receive high fluxes of reactive organic matter. Complex, bacterially 

mediated biogeochemical reactions result in the production of methane in marine 

sediments (Floodgate and Judd, 1992; Megonigal et al., 2003; Canfield et al., 2005; 

Reeburgh, 2007). 

Methane being a potent greenhouse gas (Lashof and Ahuja, 1990; Judd, 2003) and an 

efficient energy source (Nakicenovic, 2002), its genesis and occurrence in shallow 

marine sediments is a topic of wide interest. Moreover, gases in marine sediments are 

also known to alter significantly the geotechnical properties by reducing shear strength of 

seabed (Sills and Wheeler, 1992).  

Methane may exist as free gas in the pore space and/or as dissolved gas in the solution. 

The solubility of methane in porewaters depends on bottom water temperature, 

hydrostatic pressure and salinity (Yamamoto et al., 1976; Duan and Mao, 2006). The size 

and shape of methane gas bubble in sediments depend on the gas concentrations and 

nature of sediment (Wilkens and Richardson, 1998; Boudreau et al., 2005; Robb et al., 

2006). When present as gas bubble, even at low concentrations (~0.1% free gas content), 

methane can dramatically decrease the compressional wave velocity, increase the 

compressional wave attenuation, and increase the sound scattering (Yuan et al., 1992; 
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Wilkens and Richardson, 1998; Missiaen et al., 2002). Therefore, gas rich sediment 

layers attenuate the acoustic energy causing the lack of penetration, which results in 

masking/turbidity and disappearance of underlying depositional features in the seismic 

data (Judd and Hovland, 1992; Taylor, 1992; Judd and Hovland, 2007).   

 

Siddiquie et al. (1981), Karisiddaiah et al. (1993; 2002), and Karisiddaiah and Subba 

Raju (2002) have reported occurrences of shallow gases manifested in the form of 

acoustic masking and turbidity on  seismic data  along the inner shelf of the west coast of 

India. In the present work we have carried out detailed geochemical investigations under 

the constraints of high resolution sparker reflection seismic records of shallow sediments 

off the coast of Goa (west coast of India) and proposed a coherent picture to understand 

the genesis of the gas charged sediments. We have attempted to address the issues related 

to: (i) origin of methane gas in the sediments, (ii) organic matter sources in shallow 

waters and, (iii) sediment accumulation pattern and factors responsible for localization of 

gas in the sediment.  

 

2. Geological Framework 

 

The western continental shelf of India occupies an area of about 0.3x106 km2. The 

continental shelf slopes gently to the west with a gradient of 1:400 to 1:3000 to a water 

depth of 140 m. The inner shelf is marked by an even and gentle topography with a slope 

of 1:700 to 1:3300 (Wagle et al., 1994). The inner shelf is covered by silt and clay up to a 

water depth of 50 m and by calcareous sands beyond this depth up to shelf break (Nair 

and Pylee, 1968; Nair et al, 1978). The width of the clay and silt rich cover ranges from 

175 km off Narmada-Tapti in the north to ~25 km off Cochin in the south (Rao and 

Wagle, 1997). Silty clays and/or laminated olive grey to dark brown mud occur on the 

middle shelf to slope region (Rao and Veerayya, 2000). Karisiddaiah et al. (2002) and 

Ramprasad et al. (2005) recognized several seismic units including buried channels 

within the late-Quaternary deposits on the western Indian shelf, described various system 

tracts and attempted to put them in a chronological framework.  
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3. Methodology  

 

3.1 Geophysical and Geological    

High resolution seismic data was acquired onboard CRV Sagar Sukti (Sasu 75) using 

an Applied Acoustics CSP1000J Sparker System. The sparker system consists of a power 

supply with an output power of 100 to 1000 J/sec which is supplied to a multi tipped 

sparker frame towed at the stern of the ship. The sparker generates a sound pulse 

(dominant frequency of 800 to 1000 Hz) that travels through the water column, seabed 

and subsurface sediments and reflects back to the sea surface. The reflected acoustic 

signal is received by a single channel streamer consisting of an array of hydrophones and 

sent to the Octopus 360 Data Acquisition System. The recorded digital data has been 

processed using ProMAX software. The DGPS – NT300D Receiver was deployed to 

obtain positions along the seismic lines during survey.  

Eight 1.27 to 1.95 m long gravity cores and 27 grab samples were collected from 

the water depths of 14.5 to 47 m (Figure 1). Gravity core locations were selected based 

on high resolution seismic reflection data, which depicted zones of gas masking of 

shallow subsurface. As far as possible, cores were collected close to the seismic survey 

lines. Acrylic liners (2 m x 5.5 cm) were used for collection of gravity cores. In some of 

the cores the top few cm were lost during core retrieval. Core locations and water depths 

are shown in Table 1. 

Gamma density of the whole core was measured using a GEOTEK Multisensor 

Core Logger (MSCL) following standard GEOTEK calibration protocol (GEOTEK 

MSCL Manual, 2000). The bulk density of the sediment was measured using the gamma 

ray source (Caesium-137) and detector mounted across the core. A narrow beam of 

gamma rays is emitted from a source with energies principally at 0.662 MeV. These 

photons pass through the core and are detected on the other side. At this energy level the 

primary mechanism for the attenuation of gamma rays is by Compton scattering. The 

incident photons are scattered by the electrons in the core with a partial energy loss. The 

attenuation, therefore, is directly related to the bulk density of the sediment. The porosity 

(φ ) can be derived from the bulk density ( MSCLρ ) assuming that the sediment is fully 
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saturated with water and the known grain ( sρ = 2.65 g/cc) and fluid ( flρ = 1.03 g/cc) 

densities using the following relationship:  

sflMSCL ρφφρρ )1( −+=                            Eq.1 

Grain size analyses were carried out by standard gravitational settling method (Tucker, 

1998).  

 

3.2  Geochemical  

The sediment sub-sampling for gas and pore-water extraction was carried out as 5-10 cm 

slices within 20-30 minutes of core retrieval. Measured sediment lengths were extruded 

from the liner using a piston, and cut into slices. Gas sampling was carried out from fresh 

sediment surface using a 10 ml cut syringe, which can be penetrated deep inside the 

sediment to avoid contamination. Such subsamples were stored in 28 ml glass vials with 

10 ml of anti-bacteriacide chemical and crimped immediately following nitrogen 

flushing. All the sediment samples were homogenized using a vortex shaker and stored at 

2°C. Methane concentrations in the head space were then measured using a Varian Gas 

chromatograph (CP 3380).  

Each sub-sampled core slab was kept in a plastic bag, flushed with nitrogen, 

sealed and stored at 2°C. Pore water was extracted from the sediment using a 

cryocentrifuge (Heraus Biofuge maintained at 4°C). The pore water was filtered through 

0.2 micron Whatman syringe filter and stored in crimp vials under nitrogen head, and 

preserved at 2°C for measurement of total alkalinity (TA), pH, sulfate, ammonium and 

phosphate concentrations. Sulfate concentrations were measured using a Dionex-600 ion 

chromatograph. Prior to sample injection, 1 ml of pore water sample was diluted to 50 ml 

or 100 ml and passed through sliver cartridge to remove chloride ion. An IonPac AS9-HC 

column was used for ion separation, and an ASRS UltraII (2 mm) was used as anion self-

regenerating suppressor. The calibration curve was prepared using standard IC sulfate 

solution from Dionex. Total alkalinity (TA) and pH were measured using a Metrohm 

Autotitrator (Titrino 799GPT). A micro glass electrode was used for pH measurement 

and 0.1 N suprapure HCL was used for alkalinity titration. Ammonium and phosphate 

concentrations were measured using a standard colorimetric technique (Gieskes et al., 

1991). 
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Total carbon (TC) and total nitrogen (TN) content of the sediments were 

measured with elemental analyzer (Thermo CNS 2500). Approximately 8-10 mg of 

powdered sediment samples were packed in tin cups and combusted at 1050 ºC and 950 

ºC in oxidation and reduction columns respectively with helium as carrier gas. CO2 and 

N2 were detected by TCD detector. Total inorganic carbon (TIC) was measured using 

UIC carbon coulometer (CM 5130).  Total organic carbon (TOC) was calculated by 

subtracting TIC from TC. 

Carbon stable isotope ratio measurement of the head space gases and organic 

carbon was carried out using a Thermo-Finnigan Delta Plus continuous flow isotope ratio 

mass spectrometer attached with a gas chromatograph. The external precision calculated 

is typically 0.07–0.09 ‰ for δ13C. The carbon isotope ratios are reported in standard 

 δ13C format relative to VPDB standard. 

 

3.2 Computational    

Diffusive flux (J) of sulfate was calculated from the concentration profiles using Fick’s 

First law (Eq-1) and steady state conditions (Berner, 1980; Canfield, 1989, 1991),    

                          J = ϕDs (dC/dX)         Eq-2 

where, J (mmol cm-2 yr-1) is equivalent to the depth-integrated sulfate reduction rate and 

C is the sulfate concentration (mmol cm-3) in the pore water. dC/dX is the sulfate 

concentration gradient in mmol cm-1. ‘X’ is the depth (cm) from sediment surface, Ds 

(cm2 sec-1) is the molecular diffusivity corrected for tortuosity, ϕ is the average porosity. 

Ds is calculated from the formula  

Ds = Do/1+n (1-ϕ)                                                        Eq-3 

 where Do= sulfate diffusivity in the absence of particles. Variation in Do with 

temperature is calculated using an empirical relation based on data set from Li and 

Gregory (1974). For the sea bed temperature of 28°C, Do is 11.0595x10-6
 cm2 s-1 using n 

= 3 for clays and silt (Iversen and Jørgensen, 1993). In this study, advective pore water 

transport (eg. bioirrigation) or reoxidation of sulfide within the sediment have been 

neglected, since the error in calculation due to this limitation is beyond the scope of the 

present work.  
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The relative content of terrestrially derived organic carbon flux is calculated using the 

mass balance equation: 

                                     δTOC = FTδT + (1-FT) δM                                                Eq-4 

where  δTOC, δT and δM are the carbon isotopic compositions of total, terrestrially derived 

organic and marine phytoplankton organic contents respectively. FT and (1-FT) are the 

flux of terrestrial and marine phytoplankton derived organic carbon respectively. The 

values of δT  = -26‰ and δM = -20‰ have been assumed following the studies of  

Fontugne and Duplessy (1986). 

 

4. Results 

 

4.1 Geophysical and Geological  

High resolution shallow seismic profiles (Figures 2A and B) show a wedge shaped 

sediment package characterized by low amplitude continuous parallel reflectors 

extending seaward up to a water depth of 50 m. However, the seafloor bathymetry on the 

wedge is moderately affected due to the crookedness in the seismic Line-5 between the 

arrow marked locations (fix numbers 138-142). The sediment wedge thickens towards 

shore and pinches out around 50 m water depth (~24.5 km off the Goa coast). The weak 

reflectors within the wedge downlap against a planar surface (referred to here as 

maximum flooding surface, MFS). Overlying the numerous buried channels, a gently 

inclined wavy surface (referred to here as transgressive surface, TS) can be recognized. A 

strongly reflecting sediment package (referred to here as transgressive system tract, TST) 

is sandwiched between the MFS and TS. The channel fill is acoustically transparent and 

possibly comprised of homogenous fine grained sediments.  Figures 2 A and B show 

acoustic maskings of variable widths on the seismic sections. This masking is caused by 

the presence of free gas in the sediment. It is characterized by high amplitude, reverse 

polarity reflection (bright spot) and the masking of the underlying seismic record. The 

enhanced reflection demarcates the free gas front and lies 1.2 to 5 m below the seabed 

and is confined to the fine grained sediment wedge. Width of the masking increases with 

shallowing water depth. Depth to the gas front  decreases with decrease in water depth 
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(Fig. 2A).  Acoustic masking beyond 40 m water depth is rarely seen on the seismic 

sections. The acoustic masking zones show multiple reflections of the gas front.  

 

Average sediment porosities measured using MSCL are 80% for all the sites except at  

one location Sasu123/7, where it is about 86%. There is no appreciable vertical variation 

in porosity. The grain size analyses of surface sediments (Fig. 3A) depict dominance of 

clay (70-91%) and minor sand (0.2-1.6%) content. The vertical distribution at Site Sasu 

106/5 and Sasu106/8 show dominance of clay and silt sized fractions compared to sand 

(Fig. 3B). A sand peak at Site Sasu106/8 is due to ~10 cm thick shell bed.  

 

4.2 Geochemical  

 

The concentrations of various anions (SO4
2-, PO4

3-, NH4
+ and TA), CH4, TOC and carbon 

stable isotope ratios of CH4, CO2 and TOC are presented in Table 2. The SO4
2- 

concentration profiles at Sasu123/1 to Sasu123/11 show linear trends with gradients 

ranging from 0.042 mMcm-1 to 0.288 mMcm-1 (Fig. 4). Occasional deviation has been 

observed in the top sediments. Similar deviation has been reported by Goldhaber and 

Kaplan (1980) elsewhere   who attributed this deviation to sulfide oxidation in situ or 

during sample handling. Depth integrated sulfate reduction rates (J) range from 0.0018 to 

0.0126 mmolcm2y-1 (Fig. 5). Only at Sasu123/1 the SO4
2--CH4 transition zone (SMTZ) 

has been demarcated due to a sharp rise in the headspace methane concentration (from 

22.9 to 530 ppm). The head space methane concentrations vary from 2 to 20 ppm and 

gently increase with depth at other sites. The SMTZ at Sasu123/1 occurs around 0.7 m 

below the seabed. Extrapolated SMTZ at sites Sasu123/3, 4, 7 and 11 occur at 1.88, 2.0,  

2.25 and 1.70 m respectively below the seabed.  

The total alkalinity (TA) increases from 7.4 to 33.6 mM with depth whereas it varies 

between 2.6 and 23.8 mM at sites Sasu123/3, 4, 7 and 11. In contrast to this observation, 

the TA gradient is gentle and increases with depth to a maximum of 9.7 mM at location 

Sasu123/10.  

Increase in PO4
3- and NH4

+ concentrations with depth have been noted at all sites with 

variable gradients and fluctuations (Fig. 6). The site Sasu123/1 shows maximum down 
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core enrichment of both PO4
3- and NH4

+ concentrations, 124.5 and 2542 μM respectively 

compared to other sites. In contrast, the maximum PO4
3- and NH4

+ concentrations 

recorded at sites Sasu123/3, 4, 7, 11 and 10 vary between 7.5 and 44.2 μM, and 897 and 

1686 μM respectively.  

The carbon isotopic compositions of TOC, headspace CH4 and CO2  are shown in figure- 

7. The δ13CTOC varies between -22 and -23‰ (avg: -22.3±0.39). The calculated terrestrial 

organic carbon flux (Ft %) at sites Sasu123/1, 3, 4 and 10 varies from 31-46%, 26-51%, 

31.7-50% and 30-38.3% respectively. The δ13CCH4 data show highly depleted carbon 

isotopic ratios (as low as -88.9‰) typical of biogenic methane.  A Carbon isotopic 

enrichment of residual methane is observed at all sites. Both δ13CCO2 and δ13CCH4 show 

nearly parallel trends at sites Sasu123/3, 7 and 11.  The δ13CCO2 values tend to approach 

δ13CTOC values towards the top of the cores. 

The total organic contents (TOC %) vary from 1 to 3.2% (avg: 2.4±0.3%) and the ratio of 

TOC/ TN from 6.9 to 20.3 (avg: 13.1±2.1). Both TOC% and TOC/TN ratios show 

significant vertical fluctuations (Fig-8).  TOC% and TOC/TN ratios in the surface grab 

samples varies from 2 to3.1% and 8.6 to 12.1 respectively (Fig. 9). 

 

5. Discussion 

 

5.1 Sedimentation and gas accumulation 

 

The three sequence boundaries  proposed by Haq (1991) and Meyers and Milton (1996) 

[i.e., erosional surface (ES), transgressive surface (TS) and maximum flooding surface 

(MFS)] are recognized in the high-resolution seismic data acquired off Goa. The 

undulating erosional surface cutting through late Pleistocene sediments represents an 

incised fluvial valley (Fig. 2A and Fig. 2B) and may be attributed to emergence of the 

shelf during the last glacial maxima. The TS marks the post glacial rise of the sea level 

and represents the initial flooding surface. The transgressive system tract (TST) overlying 

TS shows strong reflections suggesting a possible sandy nature of the sediment package. 

TST is overlain by the MFS which marks the time of maximum flooding or transgression 
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of the shelf and it separates the transgressive and high stand system tracts (Posamantier 

and Allen, 1999; Catuneanu, 2006).  

During the last glacial maxima (~18000yr), sea level fell by ~120 m (Fairbanks, 

1989) which resulted in the formation of the ES. The sea level rose from 100 m to 80 m 

below present level during 14500-12500 years BP at a rate of ~10 m/ ky (Hashimi et al., 

1995). Following a still stand of 2500 years, the sea level further rose to the present level 

at a rate of 20 m/ ky during 10000-7000 years BP.  From 7000 year BP to present, minor 

sea level fluctuations have been recorded (Hashimi et al., 1995). The maximum flooding 

surface (MFS) might have developed around 7000 years BP. Apparently undisturbed, 

progradational stacking pattern of weak but continuous reflectors over the MFS resulted 

in the formation of the fine grained sediment wedge. This fine grained sediment wedge 

can be traced all along the west coast in water depths between 10 and 50 m (Siddiquie et 

al., 1981; Karisiddaiah et al., 1993; Karisiddaiah and Veeraya, 1996; Ramprasad et al. 

2005).  

 

The acoustic blankings observed in high resolution seismic data suggest that the late 

Holocene sediment wedge is amenable for accumulation of gas. The observed acoustic 

masking is attributed to the presence of gas bubbles (predominantly free methane gas) in 

the sediments. Gas charged sediment attenuates the acoustic energy and limits the sub-

bottom penetration thereby masking all underlying stratigraphic features (Hovland and 

Judd, 1988, Judd and Hovland, 1992; Judd and Hovland, 2007). The high amplitude, 

reverse polarity seismic reflection results from the impedence contrast produced by the 

gas bubbles. The enhanced reflections (gas front) lie approximately 1.2 to 5 m below the 

seabed. Siddiquie et al. (1981) observed 2 to 3 mm size gas bubbles, predominantly 

methane, at a depth of  3.5 to 4 m below the seabed in sediment cores off Bombay, and 

estimated gas saturation of ~10% of the volume of the sediment.  

We attribute the variation in the depth of the gas front to change in hydrostatic pressure 

which results in fluctuations of methane solubility (Wever and Fiedler, 1995; Kim et al., 

2004; Lee et al., 2005; Wever et al., 2006; Diez et al., 2007b). Above the free gas front, 

methane resides in a soluble phase in the pore waters due to undersaturation at the 

ambient temperature and hydrostatic pressure. The maximum extent of the gas front is 
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observed at the shallowest site (Sasu123/1) (Fig 2A and B) and the width decreases with 

the increase in water depth in the study area. Hart and Hamilton (1993) and Emeis et al. 

(2004) observed patchy gas charged zone and widening of acoustic masking landwards as 

the sediment thickness increases. The grain size distribution data (Fig. 3A) does not show 

much variation with water depth, and does not support facies control on lateral 

distribution of gas as reported by Diez et al (2007a) elsewhere. Lower hydrostatic 

pressure in the shallow waters reduces methane solubility causing increase in volume of 

free gas in sediment which causes gas bubbles to escape from the sediment (Lee et al., 

2005). Although seepage of gas has not been observed within the study area, possibility 

of its presence in the shallower depths needs further investigation by deploying a high 

frequency echosounder and divers.  

 

The paleo channels (Fig. 2A and B) are acoustically transparent and possibly filled with 

homogenous fine grained sediment. These types of incised valley fills (Kindinger et al., 

1994; Durán et al., 2007) and buried paleo estuaries (Marlow et al., 1996), lakes and bogs 

(Gontz et al., 2002; Rogers et al., 2006) and lagoonal sediments are normally rich in 

organic matter and have been considered as potential shallow methane sources. The 

scattered distributions of gas saturated zones have also been linked to spatial distribution 

of such buried gas sources (Weschenfelder et al., 2006). However, from the seismic 

records, no obvious relation could be discerned with the observed buried channels and 

gas masking. The gas masking which often look like gas chimneys is apparently 

controlled by gas built up within the sediment wedge and subsequent masking of 

underlying features. Analyses of more seismic lines are required for further confirmation.  

 5.2 Sediment Geochemistry   

 

Geochemical profiles of sediment pore fluids in the cores from the study area show 

variation with water depth. Concentration profiles of sulfate, methane, alkalinity, 

ammonium and phosphate at sites Sasu123/3, 4, 7 and 11 are transitional between the two 

sites, Sasu123/1 and 10. Depth integrated sulfate reduction rates (J) decrease with 

increasing water depth and decreasing sediment wedge thickness (Fig. 5). The biological 

sulfate reduction (Harrison and Thode, 1958; Canfield, 2001; Megonigal et al. 2003; 
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Canfield et al., 2005) is a bacterially-mediated metabolic process which results in the 

breakdown of S-O bonds of dissolved sulfate, and subsequent production of H2S gas. 

Organoclastic degradation (Froelich et al., 1979) and anaerobic methane oxidation 

(AMO) are the two pathways of sulfate reduction represented by equations 5 and 6:  

(CH2O)106(NH3)16(H3PO4) + 53 SO4
2-  106 HCO3

-  + 53 HS- + 16 NH3 + H3PO4 +53 H-             

                                                                                                                                                            Eq-5 

CH4 + SO4
2  HCO3

- + HS- + H2O                                                                      Eq-6 

AM    AMO is attributed to consortium of CH4-oxidizing archaea and sulfate-reducing bacteria 

(Hinrichs et al., 1999; Boetius et al., 2000; Orphan et al., 2001). Methane and sulfate 

consumptions by AMO give rise to the sulfate methane transition zone (SMTZ). AMO is 

also responsible for high alkalinity due to production of bicarbonate (HCO3
-) and 

hydrogen sulfide (HS-). The inferred shallower SMTZ (~0.7 m below seabed) and high 

alkalinity at Sasu123/1 is attributed to high methane flux and AMO. The extrapolated 

depth to SMTZ at sites Sasu123/3, 4, 7 and 11 varies between 1.7 and 2.25 m below the 

seabed. The high methane flux at Sasu123/1 may be linked to higher flux of reactive 

organic matter (Canfield, 1994; Martens et al., 1998). This resulted in rapid depletion of 

dissolved pore water sulfate in the vicinity of the sediment-water interface and increase in 

methane concentration due to availability of suitable substrates.  In the marine sediments, 

bacterial carbonate reduction is the dominant methanogenic pathway since other 

methanogenic substrate like acetate is depleted due to organoclastic sulfate reduction 

(Whiticar and Faber, 1986, Whiticar, 1999; Whiticar, 2002). Equations 7 and 8 represent 

the carbonate reduction and acetate fermentation pathways respectively.   

CO2 + 8H+ + 8e-  CH4 + 2H2O                      Eq-7 

CH3COOH  CH4 + CO2                               Eq-8 

Highly depleted carbon isotopic ratios of methane in all the cores (Fig. 7) strongly 

advocate the microbial origin of methane through carbonate reduction pathways as 

suggested by Whiticar and Faber (1986) and Whiticar (1999). A Δδ CO2-CH4 of 59-63‰ at 

Sasu123/1 also indicates carbonate reduction pathway (Gallimov, 2006). However, the 

contribution of acetate fermentation in methanogenesis is rather difficult to assess in the 

absence of δDCH4, δ13Cacetate’ and acetate concentration measurements as indicated by 

Conrad (2005). Carbon isotopic enrichment in the residual methane towards the top of the 
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cores (Fig. 7) is attributed to kinetic isotope effect which involves preferential 

consumption of 12C-CH4 via anaerobic oxidation of methane (Alperin et al., 1988; 

Whiticar, 1999). The carbon isotope separation (ΔδCO2-CH4) between residual methane 

and CO2  decreases towards the top of the cores. This is attributed to decrease in CO2 

contribution from methane oxidation and increasing contribution of organiclastic derived 

CO2 which approaches δ13CTOC.    
  

The pore-water ammonium and phosphate concentrations at Sasu123/1 are comparatively 

much higher than at other sites, which suggest greater abundance of reactive (labile) 

organic matter at Sasu123/1. Minimum ammonium concentrations were encountered at 

location Sasu123/10. Ammonium and phosphate are produced via bacterial 

decomposition of organic compounds (eq. 5). The oscillations/variations in the phosphate 

and ammonium concentration profiles may be due to the reoxidation (ANAMOX: 

Dalsgaard and Thamdrup, 2002) and adsorption-desorption reactions with solid phases 

viz., clay, organic particulates and Fe-oxyhydroxides (Krom and Burner, 1980; Boatman 

and Murray, 1982; Sundby et al., 1992; Morse and Morin, 2005).  

 

Although fluid chemistry i.e., sulfate reduction, methanogenesis, ammonium and 

phosphate concentrations unequivocally suggest greater availability of reactive organic 

compounds at Sasu123/1 location, no significant variation in TOC content from 

shallowest to deepest cores is observed. Higher availability of reactive organic 

component for bacterially mediated reactions requires preservation of these compounds 

from oxidative decomposition during sedimentation (Hedges and Keil, 1995; Hartnett et 

al., 1998; Hedges et al., 1999; Suthhof et al. 2000; Gélinas et al., 2001). Apparently 

enhanced preservation of labile organic compounds in the shallow water is attributed to 

limited transportation of organic load and higher sedimentation rate (Canfield, 1991; 

Iversen and Jørgensen, 1993; Canfield, 1994).  

6. Conclusions 

In this work we report occurrences of shallow gas off the coast of Goa, west coast of 

India. Seismic studies show that the gas pockets are located within a fine grained 

sediment wedge which pinches out offshore at a water depth of ~50 m. In the gas charged 
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sediments, the gas front (characterized by enhanced reflections) lies 1.2 to 5 m below the 

seabed. Acoustic masking zones are widest near shore (<15 m), and  rarely seen beyond 

the water depth >40 m. We also have observed a shallowing of the gas front towards the 

shore.  The observed and extrapolated SMTZ lies between 0.7 and 2.25 m below the 

seabed in the gas charged sites. Microbial methane is the most dominant gas below 

SMTZ, and creates a bubble phase at concentrations higher than saturation at the ambient 

P-T conditions. The bubble phase is indicated by enhanced reflection on the seismic 

records. Higher concentrations of pore-water methane, phosphate and ammonium in the 

shallowest core site (Sasu123/1) compared to all other sites suggests preferential 

availability of reactive organic compounds for microbially mediated biodegradation 

processes. We attribute the higher availability of labile organic compounds in shallow 

near shore sediments to relatively low oxidative decomposition owing to relatively high 

sedimentation rate and less horizontal transportation. We could not find conclusive 

evidence of methane contribution from the buried channels or deeper late Pleistocene 

sediments. However, such a possibility can not be ruled out. Perhaps long cores 

penetrating through the buried channels would throw more light on this problem. Since 

shallow gases occur all along the west coast of India within a restricted depth zone, more 

work is required on their distribution and genesis to assess its environmental/ engineering 

impact and influence on biological community.  The present work has demonstrated that 

the biogeochemical processes in Holocene organic rich sediments are responsible for the 

accumulation of gases which results in seismic blanking of underlying stratigraphy as 

observed in many gas charged sediments globally. In view of this, patchy distribution of 

gas blanking/ curtains and its link with deep seated gas sources need to be revisited. 
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Figure and Table captions 

1.  Map showing coring stations and seismic survey lines and distribution of surface 

samples collected   off Goa, west coast, and India.  Isobaths are in meter. 

2. (a) Seismic profile showing sequence boundaries and gas masking along the 

survey line-05 and (b) line-03. MFS = maximum flooding surface, ES = erosional 

surface, TS = transgressive surface, TST= transgressive system tract. 

3. (a) Grain size distribution pattern (wt %)  in the surface sediments with water 

depth. (b) Vertical variation in grain size distribution in gravity cores Sasu106/5 

and Sasu106/8 located at 16.3 and 29 m water depths respectively.  

4. Vertical profiles of pore water total alkalinity, sulfate and methane concentrations 

in the sediment cores. Dash-dot line indicates the location of the sulfate methane 

interface (SMTZ). 

5. Variation in depth integrated sulfate reduction rates (J) with water depth. 

6. Vertical profiles of pore water phosphate and ammonium in the sediment cores.  

7. Vertical profiles of  δ13CTOC, δ13CCH4 and δ13CCO2 in the sediment cores. Carbon 

isotope ratios are in permil (‰) relative to VPDB. 

8. Vertical profiles of TOC and TOC/TN in the sediment cores. 

9.  Variations in TOC% and TOC/TN ratios in surface sediments. 

 
Table Captions 
 

1. Locations and water depths of Sasu 123 and Sasu 106 cores. 

2.   Pore fluid compositions, total organic carbon contents, TOC/ TN ratios and 

carbon stable isotopic compositions of gases and TOC in the sediment cores. Carbon 

isotope ratios are in permil (‰) relative to VPDB.  
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Table-1

Core Number Latitude Longitude Water Depth (m)
Sasu 123/1 15° 7.19' N 73° 54.14' E 14.7
Sasu123/3 15° 4.29' N 73° 52.31' E 20.5
Ssu123/4 15° 3.46' N 73° 50.26' E 26
Sasu123/7 15° 2.27' N 73° 50.85' E 26.5

Sasu123/11 15° 5.01 N 73°  47.08 E 32
Sasu123/10 15° 0.88' N 73° 43.19' E 47
Sasu106/5 15° 5.63' N 73° 53.84' E 16.3
Sasu106/8 15° 4.02' N 73° 49.2'  E 29



                                                                    Table-2
Sasu123/1

Depth (cm) SO42- (mM) CH4(PPM) TA (mM) NH4
- (μM) PO4

3-����� TOC(wt%) TOC/TN ��13CH4 ��13CO2 ��13TOC 

8 7.4 1102.1 2.7 9.6 -22
16 17.4 873.0 57.3 2.5 10.2 -22.1
24 14.4 1140.0 60.5 2.4 11.0 -22.2
32 12.0 1405.7 71.1 2.6 11.1 -22.1
40 23.9 1439.7 2.4 12.5 -22.3
48 6.2 20.9 1902.1 57.3 2.5 11.4 -22

57.5 5.4 4.0 20.7 1995.7 56.1 2.5 11.6 -44.9 -24.5 -22.8
62.5 3.9 4.7 22.4 2032.6 63.9 2.5 13.8 -45.5 -24.5 -22.7
67.5 nd 8.0 28.0 2092.2 93.0 2.5 13.4 -46.7 -25.2 -22.1
72.5 7.9 30.6 2214.2 91.4 2.5 11.2 -48.0 -24.1 -22
77.5 nd 11.8 25.4 2350.4 74.5 2.3 12.0 -50.9 -25.1 -22.2
82.5 nd 12.3 30.6 2293.6 99.2 2.4 11.8 -55.4 -23.7 -22.1
87.5 nd 22.9 32.2 2404.3 116.4 2.3 11.7 -61.3 -24.7 -21.9
92.5 nd 217.9 31.5 2088.7 116.7 2.2 11.7 -82.9 -23.3 -22.3
97.5 151.6 28.2 2329.8 84.5 2.5 12.1 -81.4 -24.1

102.5 nd 47.8 34.0 2294.3 107.7 2.4 15.5 -81.6 -24.1 -22.7
107.5 nd 329.9 31.0 2400.7 87.0 2.3 11.8 -83.5 -22.3 -22.3
112.5 277.4 30.1 2478.7 79.8 2.0 -83.6 -21.3
117.5 530.9 28.8 2542.6 66.4 2.3 12.0 -83.6 -20.0 -22.3
122.5 nd 33.9 2351.1 124.8 2.4 14.5 -22.1
127.5 33.6 2450.4 90.5 2.6 11.8 -22.1

Sasu 123/3

Depth (cm) SO42- (mM) CH4(PPM) TA (mM) NH4
- (μM) PO4

3-����� TOC(wt%) TOC/TN ��13CH4 ��13CO2 ��13TOC 
2.5 28.9 2.5 4.8 468.2 0.4 3.1 10.5 -42.2 -21.7 -21.6
7.5 29.1 2.6 6.4 371.6 1.0 2.6 10.2 -60.4 -21.9
12.5 26.9 6.0 246.2 1.3 2.7 10.1 -58.9 -21.7
17.5 31.1 2.6 5.5 432.9 1.1 2.4 10.7 -57.4 -21.5 -21.5
22.5 30.4 2.7 5.3 483.5 1.4 2.4 10.7 -63.9 -21.0 -21.5
27.5 33.0 5.4 664.9 1.2 2.8 17.6 -22.0
32.5 31.9 5.9 633.1 2.1 2.2 12.6 -52.8 -21.9 -21.6
37.5 3.4 7.4 489.4 2.6 2.1 12.1 -57.3 -22.6 -21.7
42.5 29.0 7.0 548.3 1.3 2.0 11.7 -56.6 -22.5 -22.2
47.5 27.0 7.8 542.4 1.7 2.4 16.1 -22.5
52.5 25.1 4.5 8.9 613.1 2.2 2.3 11.4 -56.8 -24.0 -22.5
57.5 3.9 9.6 615.4 2.8 3.0 11.0 -56.2 -24.1 -22.4
62.5 25.3 10.2 790.9 2.7 2.1 13.5 -55.1 -23.9 -22.5
67.5 22.2 4.0 11.8 765.0 3.9 2.4 10.2 -59.0 -23.8 -22.4
72.5 23.0 10.7 765.0 1.9 1.9 15.3 -54.5 -24.0 -22.0
77.5 11.0 885.2 2.7 2.1 12.8 -22.3
82.5 18.6 6.6 13.9 938.2 3.4 2.2 13.3 -59.6 -24.2 -22.7
87.5 18.5 14.8 986.5 3.6 2.4 13.2 -23.1
92.5 7.0 15.6 946.4 4.8 2.5 14.5 -58.1 -24.7 -22.7
97.5 15.2 15.3 1053.6 2.5 2.2 14.0 -22.7

102.5 13.3 8.2 16.5 1119.6 3.9 -59.7 -24.6
107.5 14.7 14.6 1101.9 4.1 -22.6
112.5 10.5 17.8 1183.2 4.1 2.0 15.3 -60.9 -25.0 -22.6
117.5 12.1 15.3 1177.3 3.5 2.1 14.2 -22.6
122.5 11.5 18.0 1231.4 4.6 2.2 14.1 -60.8 -25.1 -22.0
127.5 18.5 1262.1 1.3 13.3 -22.3
132.5 8.8 9.8 21.1 1288.0 4.8 2.2 14.6 -60.0 -24.9 -22.2
137.5 20.6 1311.5 5.3 2.6 16.3 -22.3
142.5 7.6 12.2 23.0 1324.5 5.9 2.2 13.6 -60.5 -24.6 -22.4
147.5 6.4 12.9 22.5 1311.5 5.8 2.2 14.8 -60.0 -25.2 -22.9
152.5 5.7 13.0 22.2 6.6 2.4 14.5 -61.3 -25.3
157.5 22.1 1348.1 5.3 2.3 15.0 -22.3
167.5 5.4 17.6 23.8 1359.8 7.5 2.4 13.4 -61.4 -25.5 -22.4



  Sasu 123/4                             

Depth (cm) SO42- (mM) CH4(PPM) TA (mM) NH4
- (μM) PO4

3-����� TOC(wt%) TOC/TN ��13CH4 ��13CO2 ��13TOC 
7.5 26.6 2.6 209.2 1.8 2.6 10.3 -21.9
12.5 25.8 3.1 115.6 5.2 2.6 10.7 -22.1
17.5 25.5 2.8 199.3
22.5 25.3 3.4 175.2 9.8 2.4 11.6 -22.3
27.5 25.0 2.8 3.6 246.1 13.5 2.0 11.0 -65.6 -19.7 -22.1
32.5 24.2 4.4 315.6 13.5 2.6 11.6 -21.9
37.5 23.7 5.0 372.3 17.8 2.3 11.8 -22.0
42.5 5.5 458.9 18.7 1.9 12.6 -22.2
47.5 22.0 5.1 6.1 529.8 20.9 2.4 11.9 -65.3 -22.4 -22.0
52.5 21.0 6.4 552.5 24.4 2.1 10.2
57.5 18.4 4.4 7.4 644.7 2.1 7.5 -67.3 -22.6 -22.1
62.5 20.0 7.9 697.2 2.0 12.3
67.5 16.0 7.0 7.9 738.3 24.7 2.2 12.3 -67.8 -24.6 -22.2
72.5 18.5 8.8 850.4 24.7 1.8 14.3 -22.0
77.5 17.0 9.8 898.6 31.2 2.6 15.1 -22.4
82.5 16.3 10.2 982.3 33.8 2.7 14.2 -22.6
87.5 15.9 7.5 10.2 1057.4 31.2 2.5 11.5 -68.1 -24.6 -23.0
92.5 14.0 10.5 1112.8 28.1 2.8 13.9 -22.6
97.5 14.6 6.8 12.4 968.8 28.7 2.4 13.9 -68.0 -24.9 -22.6

102.5 14.2 11.5 1011.3 32.9 2.4 14.6 -22.4
107.5 12.7 6.4 13.2 1014.2 28.9 -70.9 -25.0 -22.5
112.5 15.5 1306.4 30.9 2.4 10.8 -22.7
117.5 9.5 4.8 11.6 1102.1 35.8 2.4 12.8 -70.5 -24.8 -22.2
122.5 11.2 4.8 13.4 1102.1 30.7 2.6 13.6 -70.4 -25.6 -22.2
127.5 10.7 4.7 13.2 1204.3 33.8 2.5 13.4 -22.6
132.5 9.7 4.3 14.9 1258.2 29.2 2.5 13.6 -71.8 -25.5 -22.6
137.5 10.2 7.0 15.0 1309.2 28.9 2.5 13.3 -71.3 -25.3 -22.4
142.5 9.7 5.5 14.1 1289.4 30.4 2.2 8.3 -71.7 -24.7 -22.4
147.5 7.7 -72.8 -25.0 -22.5
152.5 7.1 6.2 15.8 1590.1 34.4 2.5 16.2 -67.7 -24.9 -22.9
157.5 5.1 18.0 1496.5 32.9 2.4 13.7 -68.6 -25.0 -22.8
162.5 4.7 18.2 1507.8 36.9 2.5 14.1
167.5 3.8 19.9 1567.4 29.8 2.4 13.9 -22.9
172.5 -22.6
177.5 2.3 19.6 1609.9 30.9 2.4 13.9 -23.0
187.5 3.3 19.1 1689.4 32.9 2.5 14.5 -22.9
192.5 2.3 20.2 1686.5 32.4 2.4 14.2 -22.9

  Sasu 123/7
Depth (cm) SO42- (mM) CH4(PPM) TA (mM) NH4

- (μM) PO4
3-����� TOC(wt%) TOC/TN ��13CH4 ��13CO2

17.5 29.8 4.8 318.9 8.8 2.6 11.2
22.5 29.2 4.0 345.4 8.5 2.7 10.8
27.5 29.9 5.4 421.2 10.8 2.4 10.6
32.5 28.2 2.5 6.1 542.7 8.2 2.5 12.4 -59.7 -21.4
37.5 28.5 6.0 607.7 9.5 2.2 13.8
42.5 27.4 6.6 671.5 13.6 3.0 18.0
47.5 3.2 -70.1 -23.1
52.5 28.5 8.4 779.8 16.2 3.0 17.9
57.5 24.5 3.8 8.2 871.2 10.1 2.3 12.8 -72.1 -24.0
62.5 23.0 9.5 962.7 13.0 3.2 17.4
67.5 21.0 4.6 10.7 1059.0 22.6 2.5 13.7 -76.8 -24.6
72.5 21.0 10.3 962.7 19.7 2.5 14.1
77.5 21.5 4.4 10.5 1085.4 19.7 2.4 -76.6 -24.1
82.5 20.1 10.5 1085.4 16.2 2.4 17.1
87.5 20.3 3.9 10.2 1167.3 15.3 2.5 11.5 -73.0 -24.3
92.5 19.0 12.1 1275.6 15.9 2.4 15.3
97.5 19.0 10.6 1460.9 16.9 3.3 17.5 -76.9 -25.0

102.5 17.9 5.1 13.7 1410.3 24.6 2.5 13.1 -76.2 -25.4
107.5 18.3 4.8 11.4 1487.4 17.2 2.3 16.7 -76.2 -25.4
112.5 15.7 5.8 14.8 1176.1 34.8 2.4 12.4 -74.3 -25.3
117.5 15.8 5.5 15.5 1207.3 36.4 3.2 17.3 -75.9 -25.7
122.5 15.0 7.0 14.4 1240.5 29.1 2.4 13.2
127.5 14.5 6.8 16.0 1300.8 26.5 2.4 13.2 -76.3 -25.5
132.5 14.0 15.7 1300.8 27.5 3.1 17.2 -76.8 -25.7
137.5 12.9 14.0 1504.4 35.2 2.4 20.3 -77.6 -25.3
142.5 12.6 17.9 42.5 2.4 17.0 -88.9 -25.4
147.5 3.1 17.3



  Sasu 123/11                            

Depth (cm) SO42- (mM) CH4(PPM) TA (mM) NH4
- (μM) PO4

3-����� TOC(wt%) TOC/TN ��13CH4 ��13CO2

2.5 28.5 2.6 91.4 3.7 2.7 10.7
7.5 29.6 2.9 39.5 10.1 2.4 10.9
12.5 28.8 4.2 220.3 12.4 -62.8 -21.5
17.5 29.1 5.7 435.3 15.3 2.4 10.5
22.5 27.6 3.8 6.4 361.6 10.4 2.4 12.4 -67.3 -25.1
27.5 26.7 4.5 7.6 492.5 18.5 -65.9 -27.1
32.5 23.9 6.6 8.1 583.9 20.4 2.5 11.8
37.5 22.4 9.2 637.9 22.6 2.5 11.8
42.5 9.5 706.5 17.2 2.4 11.7
47.5 21.3 10.9 837.4 24.9 2.5 12.8
52.5 20.2
57.5 15.9 7.1 11.9 816.6 24.6 2.5 12.2 -69.7 -28.2
62.5 17.5 11.2 864.4 21.0 2.7 14.3
67.5 16.5 11.9 920.5 23.9 2.3 12.4
72.5 16.3 12.0 716.9 18.5 2.3 12.4
78 15.7 12.6 1207.3 18.5

82.5 13.8 2.7 14.3 1009.9 26.8 2.4 13.2 -64.1 -28.5
87.5 14.6 10.7 13.2 1078.4 22.3 -65.9 -29.9
92.5 14.1 12.7 -66.8 -29.1
97.5 12.6 2.9 14.3 1016.1 22.0 2.4 15.0 -65.2 -29.4

102.5 10.8 11.6 17.2 1059.7 27.5 2.5 13.0 -66.0 -30.0
107.5 9.9 13.1 16.2 1088.8 18.5 2.6 13.2 -67.1 -29.7
112.5 9.0 17.9 1357.9 35.2 2.6 13.0 -67.0 -30.4
117.5 8.5 16.9 18.7 1221.8 34.5 2.5 12.9 -67.4 -31.0
122.5 8.7 12.7 17.3 1242.6 26.2 2.5 14.2 -68.7 -30.4
129 6.9 18.5 1126.2 33.2
134 6.4 18.7 1440.0 28.4

137.5 5.3 13.3 18.6 1354.8 35.5 2.5 12.6 -68.9 -30.8
142.5 5.8 19.4 18.3 1359.0 37.1 2.4 14.3 -69.5 -30.2
147.5 4.8 13.3 19.8 1315.3 36.4 -69.7 -32.0
152.5 5.1 21.2 1369.4 44.2

  Sasu 123/10

Depth (cm) SO42- (mM) CH4(PPM) TA (mM) NH4
- (μM) PO4

3-����� TOC(wt%) TOC/TN ��13CH4 ��13CO2 ��13TOC

17.5 30.4 2.9 184.9 4.5 2.4 11.1 -21.8
82.5 23.5 7.7 802.1 9.5 2.5 12.0 -21.9
87.5 23.4 7.8 716.9 8.0 2.6 14.7 -21.9
92.5 23.7 7.9 827.0 6.7 2.6 13.0 -22.0
97.5 20.6 3.0 8.5 675.3 14.2 2.6 13.6 -65.5 -21.8

102.5 23.7 8.0 841.6 8.6 2.5 13.7 -64.9 -22.1 -22.0
107.5 22.4 2.9 8.4 928.8 10.2 2.5 13.2 -21.9
112.5 24.0 8.2 895.6 7.3 2.5 12.0 -74.6 -22.5 -21.8
117.5 22.0 2.6 8.5 839.5 10.5 2.5 12.0 -22.0
122.5 7.2 712.7 8.0 2.5 13.0 -22.1
127.5 23.6 3.9 8.7 906.0 9.2 2.3 12.2 -68.4 -24.0 -22.0
132.5 23.5 8.7 849.9 9.0 2.3 12.7 -21.8
137.5 24.1 3.5 9.0 804.2 2.2 13.7 -57.3 -23.6 -21.9
142.5 8.4 2.2 11.9 -22.0
147.5 22.1 3.2 8.3 783.4 2.0 12.1 -87.3 -22.2 -22.1
152.5 21.8 9.5 854.0 8.9 1.9 14.5 -22.0
157.5 3.8 13.6 -69.3 -23.6
162.5 8.8 897.7 7.3 1.6 12.0 -22.0
167.5 20.8 2.6 8.5 854.0 10.8 2.8 -56.9 -23.6
172.5 23.0 9.2 768.8 7.3 2.2 14.5 -75.0 -24.4 -22.3
177.5 20.1 2.7 9.7 6.1 1.0 6.9 -22.3


