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Abstract  

The Western Continental Shelf of India experiences water-column anoxia during late summer/early 

autumn, thereby providing conducive conditions for methane (CH4) accumulation. Measurements of 

CH4 along with other ancillary physico-chemical variables were made during the period of anoxia 

(September-October) in 2003, 2005 and 2009. The shelf waters experienced variable oxygen 

deficiency (hypoxic to anoxic) in space and time. Hydrogen sulphide (H2S) was detected at a few 

stations at concentrations reaching up to 26.6 µM (off Kochi), but maximal CH4 accumulation in 

anoxic bottom waters was only ~104 nM (off Goa). Methane showed a reasonable positive 

correlation with H2S. The observed CH4 accumulation over the Indian shelf was lower than 

previously reported from the major Eastern Boundary Upwelling systems, especially off Namibia. It 

is proposed that the low organic loading arising from lower productivity and consequently weak 

sedimentary methanogenesis may largely account for the lower CH4 concentrations in anoxic bottom 

waters over the Indian shelf. Also, while anoxia may limit CH4 oxidation, sedimentary inputs are 

probably a more important source of water column CH4. In spite of the moderate CH4 build up in 

bottom waters, CH4 saturation at sea-surface observed in the present study (89-1041%) was 

relatively lower than observed in 1996-1997 (~110-2521%). The sea to air flux of CH4 ranged from -

0.52 to 26.56 µmol m-2 d-1, marginally higher than previously reported from the upwelling system in 

the western Arabian Sea.  
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Introduction 

Continental shelf areas make a significant contribution to oceanic emissions of methane (CH4) 

(Bange et al., 1994; Borges et al., 2016). Coastal area experiencing upwelling, generally located 

along the eastern boundaries of the oceans, are particularly significant sources of CH4 (Kock et al., 

2008; Naqvi et al., 2010; Rehder et al., 2002). These areas are also distinguished by high 

productivity, which is in part responsible for the development of oxygen deficiency and resultant 

accumulation of CH4 in subsurface waters (Capone and Hutchins 2013). Sources of CH4 in the water 

column in such areas include sedimentary input, in-situ production and continental runoff 

(Jayakumar et al., 2001; Kock et al., 2008; Rehder et al., 2002; Scranton and Farrington, 1977).   

Of the four main eastern boundary upwelling systems (EBUS), two each are located in the Atlantic 

and the Pacific Oceans. In the Indian Ocean, the most intense upwelling occurs along the western 

boundary - off Somali and Arabian coasts - during the summer or Southwest Monsoon (SWM). 

However, during the same season the west coasts of India and Sri Lanka together act as a mini 

EBUS. The EBUS are distinguished by oxygen deficiency in subsurface waters due to a combination 

of high oxygen demand and more sluggish ventilation that constraints oxygen supply. Among other 

things, oxygen deficiency promotes CH4 accumulation in bottom waters over the continental shelves 

to varying extents. The reported CH4 values span from 24 nmol/L along the west coast of India; 28-

78 nmol/L off the Mexican coast in the Eastern Tropical North Pacific (ETNP); ~70 nmol/L along 

the southwest American shelf off central Chile to 0.84-5.2 µmol/L off Namibia (Naqvi et al., 2010, 

and references therein). Although, bottom-water O2-deficiency in these ecosystems plays a secondary 

role in CH4 formation, the highest CH4 concentrations are always associated with anoxic waters. 

Nonetheless, the role of water column anoxia in CH4 dynamics in shallow waters still remains 

unclear.     

The Western Continental Shelf of India (WCSI) harbors the world’s largest seasonal oxygen 

deficient zone (ODZ) that begins to develop with the reversal of surface circulation (from northward 

flow to southward flow) in April and peaks during September-October (Naqvi et al., 2009, 2006). 

The equatorward flow drives weak upwelling that intensifies towards the south where the local winds 

are more favourable. A unique feature of the hydrography of this region is that unlike the other 

EBUS, the WCSI receives large freshwater runoff arising from heavy precipitation during the SWM. 

The fresher-water lens so created results in very strong thermohaline stratification at very shallow 

depths that generally prevents the upwelled water from reaching the surface. The relative stagnation 

of the upwelled water, having low oxygen concentration to begin with, coupled with moderately high 

oxygen demand leads to distinct zonations over the shelf with the bottom waters over the inner shelf 
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often experiencing sulphidic condition, those over the mid-shelf experiencing relatively milder 

anoxia where NOx (nitrate+nitrite) are reduced to N2, and the subsurface water column over the outer 

shelf being hypoxic (Naqvi et al., 2009, 2006, 2000).   

There have been only two previous studies dealing with CH4 cycling in the eastern Arabian Sea that 

were based on observations made during 1995-1997 (Jayakumar et al., 2001; Patra et al., 1998). 

These data revealed considerable spatial and temporal variability, with the highest recorded values 

(~24 nM) coming from the late (SWM) (Jayakumar et al., 2001). However, sulphidic conditions 

were not encountered during previous surveys that suffered from limited temporal and geographical 

coverage. Focusing on the period of anoxia, this study combines area surveys with time series 

observations to gain better insight into the effect of oxygen deficiency on CH4 cycling.  

Materials and Methods 

Water column sampling was carried out along a number of transects across the WCSI on board CRV 

Sagar Sukti (Cruises SaSu 48, 50, 98 and 183; Fig. 1). Water samples from discrete depths were 

collected using 5L Niskin samplers mounted on a hydro-wire or a nylon rope. Vertical profiles of 

temperature and salinity were obtained using a Sea Bird Electronics Conductivity-Temperature-

Depth (CTD) system. Sub-samples for dissolved oxygen (DO), hydrogen sulfide (H2S) and CH4 

were taken carefully, avoiding atmospheric contamination. Analysis for DO was performed on board 

shortly after collection following the titrimetric Winkler procedure. Samples for H2S were also fixed 

immediately and analyzed following Cline (1969). Samples for CH4, collected in 60-mL Wheaton 

bottles, were preserved by adding 0.25 mL saturated mercuric chloride solution and stored at 25°C 

until analysis in the shore laboratory within a month. The CH4 samples were analysed following 

McAulliff’s multiple headspace extraction method (McAulliff, 1971) using a Shimadzu Gas 

Chromatograph-2010, equipped with a flame ionization detector. Briefly, 25 mL of the sample was 

equilibrated for 5 minutes with an equal volume of ultra-high purity helium consecutively three times 

in a 60-mL gas tight syringe, and the equilibrated headspace gas was injected into the gas 

chromatograph via a drierite moisture trap using a 5 mL sample loop and a 6 port valve. Separation 

was achieved with a 1/8” stainless steel column packed with Molecular Sieve 5A (80/100) 

maintained at 60°C. Standard gas mixture (4.33 ppm CH4 in nitrogen procured from M/s Praxair 

India Pvt. Ltd.) and air samples were frequently run to check the instrument response. Samples were 

also collected for nutrients including nitrate (NO3
-) and nitrite (NO2

-). Nitrite was measured on board 

ship following the colorimetric procedure of Bendschneider and Robinson (1952). Samples for other 

nutrients were frozen, for analysis in the shore laboratory a few weeks later following standard 

automated methods (Grasshoff, 1983) using a SKALAR Analyzer. Precision of measurements 
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obtained from replicate analyses was +0.05 mL L-1 for DO, +0.01 µmol/L for NO2
-, +0.05 µmol/L 

for NOx (NO3
-+NO2

-), +0.1 µmol/L for H2S and + 4% for CH4.  

The National Institute of Oceanography (NIO) has also been maintaining a time series station off 

Goa, numbered G5 and called the Candolim Time Series (CaTS), since 1997. In addition to core 

oceanographic and biogeochemical variables, CH4 measurements were also made on a roughly 

monthly interval at this site from 2005 to 2010. These data are included in this study. Also included 

here are the results of higher resolution time series observations carried out at G5 on 28 September 

2005, 8-12 October 2005, and 26 -28 September 2006. Finally, an intensive sampling of the Goa 

transect (G3-G9; including repeat sampling at some stations) during 27 -29 September 2006 are also 

included. 

Equilibrium solubility of CH4 in surface waters at the observed temperature and salinity was 

computed following Wiesenburg and Guinasso (1979) using the annually mole fraction of CH4 in the 

atmosphere from Dlugokencky (2016). The saturation concentration (Csat) was combined with the 

observed concentration (Cobs) to compute the degree of saturation (= Cobsx100/Csat) and the air-sea 

gas flux: 

F = k (Cobs-Csat)      (1) 

where k (cm h-1) is the gas exchange velocity. We used the relationship between k and wind speed 

(U, m s-1) recently updated by Wanninkhof (2014): 

k = 0.251 U2 (Sc/660)0.5     (2) 

The Schmidt number (Sc) for CH4 was also calculated from the relationship given by Wanninkhof 

(2014). The QuikScat daily winds gridded at 0.25oX0.25o (www.remss.com) were used for 

observations up to November 2009; for 2010, similarly gridded ASCAT wind data were utilized 

(Bentamy and Fillon, 2012). 

Results  

Variations along cross-shelf transects and fixed sites 

Longitudinal variations of DO, NOx, NO2
- and CH4 with depth along the six transects sampled in the 

present study are shown in figures 2 and 3. In all cases, near-bottom waters were found to contain 

DO at levels (<10 µmol/L) that were close to, often below, the detection limit of the titrimetric 

Winkler procedure. Many of these samples contained high concentrations of NO2
-, which is known 

to interfere with tritrimetric Winkler analysis. As sodium azide was not added to suppress NO2
- 

interference, the true DO levels are expected to be even lower. In fact, as demonstrated by Thamdrup 

http://www.remss.com/
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et al. (2012), NO2
- in low oxygen waters only appears in samples that are functionally anoxic (i.e. 

where DO is below the detection limit (a few nmol/L) of the most advanced (STOX) oxygen sensor).  

However, at very shallow stations vertical mixing can oxygenate bottom waters as observed at the 

near shore stations off Goa in 2003 and 2009. On the other hand, during calm weather anoxic 

conditions could extend further shoreward. For example, water at Sta. G3 (15.526oN, 73.718oE; 

depth 14 m) was observed to be strongly reducing below shallow pycnocline on 19 September 2011 

(Naqvi et al., in review). The depth of the anoxic layer varied from one station to another (Figs. 2 

and 3). In some cases, reducing conditions were limited to a narrow layer close to the bottom; in 

others (e.g. at Sta. G9 in September 2005) the reducing layer was up to 30m thick.  

The shoreward decrease in oxygen in the upwelled waters resulted in distinct redox zonations: The 

stations farthest from the coast had the highest DO and NOx concentrations, and little or no NO2
- in 

bottom waters. The NOx concentration decreased toward the coast as NO2
- accumulated (to a 

maximum of 7.6 µmol/L), clearly pointing to nitrogen loss, most of which seems to occur through 

denitrification (Naqvi et al., in review). If and when NOx were completely exhausted H2S was 

detected, indicating sulphate reduction in the bottom waters over the shelf. In the case of the Kochi 

transect in October 2003, the sulphidic layer extended offshore at mid-depth. The highest H2S 

concentration (26.6 µmol/L) was recorded along this transect. Sulphidic conditions did not develop 

off Mangalore in 2009, although the upwelled water had lost all NOx at the inshore end of the 

transect, and off Goa in 2003 and 2009, but this was probably because of the above-mentioned 

oxygenation of bottom waters through vertical mixing.  

Moderate CH4 accumulation occurred within oxygen-depleted waters: ~22-104 nmol/L off Goa, 14-

70 nmol/L off  Karwar, 10-18 nmol/L off Mangalore and 80-84 nmol/L off Kochi (Figs. 2c, 3a, 3b, 

3c and 4b). These values are generally higher than those observed at the CaTS site off Goa during 

the Northeast Monsoon (~6-14 nmol/L, data not shown). Off Goa, the maximal CH4 enrichment in 

2003 and 2009 occurred in bottom waters of the inner shelf that experienced strong reducing 

conditions but were not sulphidic (Figs. 2a, 2c). Such was also the case off Mangalore in 2009 (Fig. 

3c). Contrastingly, off Kochi (in 2003) highest CH4 concentrations were recorded within the layer 

that was sulphidic (Fig. 3a); surprisingly off Karwar (in 2005), sulphidic bottom were not CH4-

enriched while the highest accumulation occurred in near-bottom waters over the mid-shelf (Fig. 3b).    

Repeat samplings at G5 on 28 September 2005 showed modest enrichment of CH4 (10-13 nmol/L) in 

bottom waters, with concentrations (7.4-13 nmol/L) in sulfidic waters (H2S~0.11-3.6 µmol/L) being 

not very high (Fig. 4a). Ten days later when the site was visited again, subsurface waters were more 

denitrifying than sulphate reducing (NO2
- ~0.8-2.19 µmol/L), but CH4 concentration had risen 
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substantially (with a maxium of ~104 nmol/L observed at 12 m) (Fig. 4b). Intrigued by the large 

variability observed, another time series sampling was done during 26 -29 September 2006 (Fig. 4c 

and d). At G5, CH4 concentration within the oxygenated layer varied from 3.4 to 6.5 nmol/L, and 

except for a relatively high value of 22 nmol/L observed very close to the bottom at the beginning of 

the sampling, surface to bottom variation was quite small (Fig. 4c). Subsequent, extended 

observations both inshore and offshore of this site, covering stations G7 (repeat sampling), G8, G9, 

G6, G5, G4 and G3, showed large patchiness (Fig. 4d). Repeat sampling at G7 yielded maximal H2S 

concentrations varying from 0.02 to ~2.5 µmol/L. Bottom water at station G6 was the most sulphidic 

(H2S ~4 µmol/L). The CH4 concentration in sulphidic waters ranged between 5.5 and 11.3 nmol/L. 

Some of these stations also contained appreciable nitrite (2-4 µmol/L) indicating occurrence of 

denitrification and sulphate reduction in adjoining parcels of water (e.g. at G7). At the station having 

the highest H2S and low NO2
- (0.07 µmol/L), peak CH4 concentration was only 12.4 nmol/L.  

Relationship of methane with oxygen and hydrogen sulphide 

Variations in CH4 and DO at G5 during the period of upwelling for the period 2005-2010 are shown 

in Fig. 5 for four depths (0, 9, 18 and 27 m), while Fig. 6a gives scatter diagram of CH4 vs. DO for 

all data. The lower two depths sampled at G5 were almost always below the pycnocline in the 

oxygen-depleted layer. Occasionally, severely low DO levels occurred even at 9 m. Due to relatively 

shallow depth, strong mixing events can homogenize the entire water column at this site accounting 

for high DO even in the bottom waters. However, the consistently high DO at both 18 and 27 m 

depths in 2006 could not have been due to this phenomenon.  The year 2006 experienced a positive 

Indian Ocean Dipole (IOD) event (when the anoxia along the west coast of India was much weaker 

than usual), and in the following year a positive IOD event coincided with a La Nina event in the 

Pacific (Behera et al., 2008). Positive IOD events have been proposed to suppress development of 

anoxia along the Indian west coast (Parvathi et al., 2017) and our data are consistent with this 

finding. Overall, both Figs. 5 and 6a suggest that ambient DO levels seem to exert considerable 

influence on dissolved CH4 levels over the WCSI. Fig. 6b shows a positive correlation (r=0.79) 

between CH4 and H2S that is significant at p<0.0005. However, there is considerable scatter in data 

and the correlation is to a large extent determined by two values with the highest CH4 and H2S. 

Omission of these values lowered the correlation coefficient to 0.30, barely significant at p=0.10. 

Surface saturation and air-sea flux  

Methane concentrations in surface waters varied over an order of magnitude - from 1.7 to 19.8 

nmol/L (mean±standard deviation = 6.55±3.85 nmol/L). Except for two samples that were slightly 
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under staturated (88.6 and 96.6%) with respect to atmospheric CH4, supersaturation occurred in all 

cases (108.1-1040.6%, mean 365.3±203.5%). Surface CH4 saturation averaged 366.3% off Goa, 

286.5% off Karwar, 392.3% of Mangalore, and 230.4% off Kochi. However, due to the highly 

uneven coverage - 80% of the data came from the Goa transect, mostly from G5 - not much should 

be read in these differences. Except for two samples that showed weak flux of CH4 from the 

atmosphere to the ocean (influx 0.08 and 0.52 µmol m-2 d-1), the ocean served as a source of 

atmospheric CH4 (efflux 0.09-26.56, mean 7.24±6.50 µmol m-2 d-1).  

Discussion 

Moderate methane build up in the water column and low sedimentary supply    

Methane concentrations, super saturations and flux to the atmosphere observed in the present study 

are higher than those reported from the open ocean. However, the values are not high enough for an 

area that experiences some of the most intense reducing conditions observed along an open oceanic 

coast. A previous study in this region by Jayakumar et al. (2001) also reported surface concentrations 

(2.6-20.3 nmol/L) and saturation (140-1091%) comparable to those being reported here for the SWM 

period. However, the near bottom values recorded by these workers were substantially lower than 

those observed by us leading them to suggest that the sedimentary CH4 fluxes were relatively 

unimportant in this region. Moreover, Jayakumar et al. (2001) found the maximal CH4 

concentrations in the upper layer closer to the coast reaching up to 47.6 nmol/L, corresponding to a 

saturation of 2521%, that were attributed to CH4 inputs from the adjoining wetlands.  A single 

similarly high value (48.2 nmol/L) was also recorded in the present study at Sta. G5 on 5 October 

2009. The low salinity of this sample (30.2) indicated terrestrial origin of CH4. This sample was 

excluded from computation of air-sea flux because of missing temperature data. Jayakumar et al. did 

not report air-sea CH4 fluxes, but the flux computed in the present study is quite modest for a coastal 

area. Methane efflux from the continental shelves is considered to be in the vicinity of 30 µmol m-2 

d-1 (Borges et al., 2016). Fluxes computed in this study approached this value only on two occasions 

(26.56 µmol m-2 d-1 at Sta. M2 on 20 September 2009 and 26.11 µmol m-2 d-1 at Sta. G5 on 10  

October 2009), while the mean flux was about a quarter of this value. However, the sea-to-air flux 

over the Indian shelf is marginally higher than the published estimates from coastal upwelling zone 

off Oman (1.4-2.4 µmol m-2 d-1 - Bange et al., 1998; 1.1-8.8 µmol m-2 d-1 - Upstill-Goddard et al., 

1999). Despite higher CH4 concentration (Bange et al., 1998, reported a maximal CH4 saturation of 

only 156%), the calmer weather conditions prevailing during the observation periods (winds 3.0-9.8; 

mean 5.38±1.90 m s-1) contributed to the somewhat higher CH4 emission from the eastern Arabian 

Sea than in the western Arabian Sea. 
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Methane super saturation commonly observed in well-oxygenated surface layer of the ocean has 

been a subject of considerable debate. It was initially thought to occur as a result of CH4 production 

from organic matter degradation within microanoxic environments of particles and in the guts of 

metazoans (Reeburgh, 2007, and references therein). It is now recognized that CH4 is also produced 

in oxygenated waters through decomposition of methylated compounds such as methylphosphonate 

(Karl et al., 2008), dimethylsulphoniopropionate (DMSP) (Damm et al., 2010), and dimethyl sulfide 

(DMS) (Florez-Leiva et al., 2013). Very high DMS concentrations (up to 442 nmol/L) observed in 

bottom waters of Sta. G5 during a sulphidic event from 25 to 28 September 2009 (Shenoy et al., 

2012), that was accompanied by 53 nmol/L CH4 makes the latter mechanism plausible. However, in 

coastal areas CH4 supply from sediments is generally the most important source of CH4 to the 

overlying well-mixed water column, especially when the sediments have high organic content 

(Borges et al., 2016, and references therein). Borges et al. (2016) observed very high CH4 emission 

(averaging ~130 µmol m-2 d-1) from the shallow, well-mixed water column having high dissolved 

CH4 (up to 1.13 µmol/L) that was underlain by gassy sediments in the southern region of the North 

Sea. Methane emission was found to be an order of magnitude smaller in deeper water (>15 km from 

the shore), which gets seasonally stratified, due to CH4 oxidation in the bottom water. These authors 

postulated that since the shallow, well-mixed continental shelves account for about one-third of the 

total continental shelf area, CH4 emissions from the coastal ocean could be under-estimated.  

While the near-shore waters off western India during the SWM are not well-mixed due to the 

presence of a very strong near-surface stratification, this alone cannot explain relative low CH4 levels 

and CH4 emissions since the CH4 concentrations are even lower during the non-monsoon periods 

when the water-column is not stratified (Jayakumar et al., 2001; G. Shirodkar, unpublished data). It 

is more likely that the sedimentary supply of CH4 to the water column is limited by low 

methanogenesis in the sediments arising from the scarcity of labile organic matter. This is broadly 

consistent with the conclusions of Jayakumar et al. (2001) that sedimentary inputs of CH4 were not 

very large in spite of previously-reported occurrence of gas-charged sediments in this region. 

Methane production in sediments has since been measured experimentally. Based on incubation of 

near-shore sediments off Goa, Gonsalves et al. (2011) reported sedimentary CH4 production rates 

ranging from 0.2 to 3.1 µg CH4 g
-1 d-1. These rates if applied to a 2 cm-thick sedimentary column 

(where the non-competitive methanogenesis is the most significant - Chronopoulou et al., 2017) 

would yield CH4 production of ~250-3900 µmol CH4 m-2 d-1. The CH4 production rates were 

strongly correlated with the labile organic matter (1.56-2.85 mg/g). Against this, the intact core 

incubations yielded potential benthic CH4 flux of only 4.16 µmol m-2 d-1 off Goa (A. Pratihary, 
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unpublished data), corresponding to a CH4 supply of ~0.4 nmol L-1 d-1 to a 10 m-thick water column. 

This implies that most of the CH4 produced is oxidized within the sediment.  

Another recent study has provided evidence for low rates of anaerobic degradation of organic matter 

over the WCSI. Naik et al. (2017) measured rates of sulphate reduction (SR), the principal 

respiratory pathway in anoxic sediments, in the inner shelf sediments off Goa using the 35S 

radiotracer technique. The SR rates were unexpectedly low, ranging from 0.07 to 0.46 mol m−2 yr−1. 

Concentrations of free sulphide in porewaters were also quite low (0–3 μM) at shallow stations 

(depth <30 m). Sulphide accumulation (100–600 μM) was, however, observed at Sta. G7, 7–11 cm 

below the sediment-water interface, that was attributed to anaerobic oxidation of CH4 by sulphate. 

The lack of sulphide buildup was ascribed to its removal as pyrite. Significantly, porewater sulphate 

concentration did not show much variation with depth, indicating that its reduction linked to 

oxidation of either sedimentary organic matter or CH4 was not very high. The mean rate of organic 

matter degradation using sulphate was estimated to be 0.52 mol m−2 yr−1, an order of magnitude 

smaller than the mean organic carbon accumulation rate (5.6±0.5 mol m−2 yr−1).  

Role of anoxia 

In conformity with previous observations elsewhere in the ocean, reviewed by Naqvi et al. (2010), 

results of this study, in general, also show accumulation of CH4 in the deeper, anoxic layer over the 

WCSI. Such accumulation was not noticed by Jayakumar et al. (2001), probably because their 

observations were made before anoxic conditions had reached their peak. Moreover, 1997 was an 

anomalous year with very strong IOD and El-Nino occurring together; accordingly sulphidic 

conditions did not develop that year. Several coastal areas experiencing seasonal hypoxia/anoxia in 

bottom waters are known sites of high CH4 production and emission to the atmosphere. For example,  

CH4 accumulation up to ~40 µmol/L  has been reported recently from the anoxic bottom waters of 

the Chesapeake Bay in summer (Gelesh et al., 2016), and the increase is attributed to the shoaling of 

biogeochemical zonation in the sediments in response to development of anoxic conditions in the 

bottom water. Relatively moderate buildup of CH4 (~0.4 µmol/L)  was also observed when hypoxic 

conditions prevailed in bottom waters at the Boknis Eck Time Series Station, Eckernförde Bay, 

Southwestern Baltic Sea (Bange et al., 2010). This CH4 largely comes from the sediment through 

ebullition. Elsewhere, the shift in the redox state of the waters from oxic to anoxic (reducing) has 

been found to have a variable effect on CH4 accumulation (Naqvi et al., 2010, and references 

therein). Our data provide further evidence for such variability (Figs. 2-4), indicating that the role of 

anoxia in CH4 accumulation is not straightforward. This is exemplified by the relationship between 

CH4 and H2S (Fig. 6b), where a statistically significant correlation was observed between the two 
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reduced gases, but only when two samples with the highest concentrations were included. Also, the 

DO-CH4 diagram (Fig. 6a) shows considerable scatter.  

Jayakumar et al. (2001) proposed that apart from the supply from adjoining wetlands, the bulk of 

dissolved CH4 is produced in the water column. However, results of the present study are best 

explained by a combination of (a) a dominant but variable sedimentary source, where CH4 

production and supply to the overlying water could be promoted by low DO in bottom waters, and 

(b) suppressed CH4 oxidation at low ambient DO concentrations. Several studies have reported high 

CH4 concentrations in coastal, well-mixed and oxygenated water columns, arising from CH4 

emanating from organic-rich sediments (Naqvi et al., 2010, and references therein; Borges et al., 

2016). Apparently, the sedimentary source in the WCSI is much weaker. Nevertheless, moderately 

high biological production is expected to supply fresh and labile organic matter to the sediments 

during the upwelling (SWM) period that would promote non competitive methanogenesis close to 

the sediment-water interface as the bottom water turns anoxic at the same time. Evidence for CH4 

production via benthic methanogenesis has been provided from the eastern tropical North Pacific 

(ETNP) where the oxygen minimum zone (OMZ) impinges upon the seafloor (Chronopoulou et al., 

2017). The CH4 so introduced would be relatively preserved in the anoxic bottom water since the 

rate of aerobic CH4 oxidation is expected to be low. While there is some evidence for anaerobic CH4 

oxidation in the marine OMZs, it cannot be very intense given the persistence of high concentrations 

of CH4 within the OMZ of the ETNP hundreds of kilometers away from the continental margin 

(Chronopoulou et al., 2017). Recent studies suggest the nitrite-dependent anaerobic methane 

oxidation (n-damo) could be an important pathway of CH4 loss in aquatic systems (Ettwig et al., 

2010; Hu et al., 2014). The bacteria known to mediate this process – Candidatus Methylomirabilis 

oxyfera and its relatives in the phylum NC10 - have been detected within the OMZ of the ETNP, 

although the activity of these organisms could not be demonstrated by labeling experiments 

(Chronopoulou et al., 2017; Padilla et al., 2016). Given the high NO2
- concentrations observed over 

the WCSI (co-accumulation of nitrite and CH4 was recorded on several occasions in the present 

study), n-damo could be a potentially important sink of CH4 over the WCSI. In order to evaluate the 

importance of this process water samples collected from anoxic waters were incubated with 15N-

labelled NO2
- in the absence and presence of CH4 at several coastal stations in September 2011. The 

results did not show enhancement of labelled N2 (
14N15N or 15N15N) production in incubations with 

CH4, that was expected if NO2
- were to oxidize CH4 in a process similar to n-damo (Naqvi et al., in 

review).  Moreover, n-damo is known to bypass N2O and the accumulation of this gas in very high 
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concentrations over the WCSI (Naqvi et al., 2009, 2006), also implies that this process cannot be 

very significant.    

Comparison with other Eastern Boundary Upwelling Systems 

Highly productive coastal upwelling areas are believed to be significant sources of CH4 to the 

atmosphere (Kock et al., 2008). Of all the EBUS, the one off Northwest Africa (Morocco-

Mauritania) in the Canary Current System is the only one where anoxic conditions have not been 

known to develop because of the high initial oxygen content of waters upwelling over the shelf. 

Consequently, only modest CH4 enrichment (200% saturation) has been reported from this region 

(Kock et al., 2008). In sharp contrast to this, intense anoxia - among the most severe found anywhere 

along an open coast - develops in the waters upwelling of Southwest Africa (off Namibia) in the 

Benguela Current system (Lavik et al., 2009, and references therein). This region is distinguished by 

very high CH4 accumulation (up to 5.2 µmol/L, Table 1) in near-bottom waters (Brüchert, et al., 

2009; Naqvi et al., 2010; Scranton and Farrington, 1977). Occasional massive outbreaks of gases – 

mostly H2S and CH4 - from the seafloor have long been known to occur in this region (Emeis et al., 

2004; Weeks et al., 2002). These conditions are driven, to a large extent by high biological 

production (1.8 g C m−2 day−1, Table 1), that ensures copious supply of organic matter to the 

sediment fuelling high benthic respiration (Brüchert et al., 2009, 2006). High biological production 

(1-10 g C m−2 day−1, Table 1) also occurs in the Humboldt Current system off Peru and Chile that 

also leads to acute oxygen deficiency including sulphidic conditions, especially off Peru (Dugdale et 

al., 1977; Schunck et al., 2013), where sedimentary organic carbon content is also very high (20-

40%: Table 1, Fossing, 1990). However, to our knowledge CH4 data are not available from the near-

shore waters in this region. Further south in the Humboldt Current, off the Chilean coast the 

conditions are less severe as sulphidic conditions in the water column are rarely seen although 

nitrogen loss commonly occurs in anoxic waters (Farias et al., 2009; Galan et al., 2014 and 

references therein). However, the published information on CH4 cycling along the Chilean coast is 

from a deeper shelf site (COPAS Time Series Station, depth 92 m) (Farias et al., 2009; Florez-Leiva 

et al., 2013), where the maximum CH4 concentration recorded is ~80 nmol/L (Table 1, Farias et al., 

2009). Finally in the eastern North Pacific, where the OMZ impinges the seafloor, elevated CH4 

concentrations (102-254 nmol/L) have been recorded over the continental margin (depths 368-506 

m). Pelagic sulphate reduction has never been reported from this region.         

The only EBUS where anoxic conditions of comparable intensity (as judged by the prevalence of 

sulphate reduction) to those prevailing over the WCSI are encountered, and from where CH4 data are 

available, is the Namibian shelf. The large difference in the extent to which CH4 is accumulated in 
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the bottom waters of the Indian and Namibian shelves provides useful insights into differences in 

physical and biogeochemical processes that create and maintain anoxic conditions and related CH4 

cycling in coastal waters. As seen in table 1, bottom water methane accumulation and surface sea- air 

flux along the WCSI is lower as compared to that off Namibia. 

The two important differences between the physical characteristics of the upwelling system off 

western India on one hand and the four major EBUS are (1) upwelling off India is much weaker, and 

(2) unlike the EBUS the Indian shelf receives large freshwater runoff during the upwelling period. 

Weak upwelling results in far smaller carbon loading than in the major EBUS, thereby accounting 

for the modest organic carbon content of the sediments over the mid- and inner shelf off India (Table 

1). Consequently, sedimentary respiration rates are much lower over the Indian shelf than in any 

EBUS. That highly intense anoxia still develops in bottom waters in the region is due to a 

combination of three factors: (a) the freshwater runoff creates a low salinity lens that does not 

normally allow the upwelled water to surface, leading to very strong thermohaline stratification very 

close to the surface, (b) residence time of subsurface water over the shelf is long because of weak 

upwelling, and (c) the upwelled water is oxygen-depleted to begin with. It may be pointed out that 

the upwelled waters may be oxygen-depleted off Namibia as well, but the local high primary 

production also plays a key role in the sustenance of anoxic conditions in the water column 

(Monteiro et al., 2006). The very high sedimentary respiration rates over the Namibian shelf fuel 

high rates of sulphate reduction and methanogenesis such that large quantities of free gases (H2S and 

CH4) may occur just a few tens of centimeters below the sediment–water interface (Emeis et al., 

2004). Spectacular eruptions of these gases from the seafloor, discernible from the satellite and 

occasionally resulting in formation of ephimeral mud islands, are well documented (e.g. Emeis et al., 

2004; Weeks et al., 2002). By contrast, the low rates of sulphate reduction, and by inference the 

competitive methagenesis in sediments, are far lower over the Indian shelf, and so the CH4 input 

from the seafloor into the water column is also correspondingly meager. The latter are probably to a 

large part due to CH4 production in the near surface sediments through noncompetitive 

methanogenesis. Bottom water anoxia favours buildup of CH4, to varying degrees, both off Namibia 

(Monteiro et al., 2006) as well as off India (present study). We propose that apart from suppressing 

methanotrophy, anoxia in the bottom water differentially controls CH4 inputs from the sediments to 

the bottom waters over the Indian and Namibian shelves (and perhaps other more productive 

systems). That is, in organic-rich sediments characterized by vigorous sedimentary respiration, 

development of anoxic conditions in overlying waters may cause shoaling of the zone where CH4 is 

produced through anaerobic decay of organic matter  as has been for the Chesapeake Bay (Gelesh et 
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al., 2006). By contrast, bottom water anoxia over the Indian shelf presumably plays a more modest 

role in promoting benthic CH4 production through non-competitive pathways, accounting for lower 

CH4 concentrations.  

Summary and Conclusions 

A comprehensive data set on dissolved CH4 from WCSI during the upwelling season (Southwest 

Monsoon) based on measurements from 2005 to 2010 revealed moderate accumulation of CH4 

(maximal 104 nmol/L) in anoxic bottom waters. This is substantially higher than the bottom water 

CH4 concentrations observed in 1996-1997; however, the CH4 levels in surface waters in the two 

studies were comparable. Despite intensely reducing (sulphidic) conditions in the bottom waters, the 

observed much lower CH4 accumulation in bottom waters over the WCSI as compared to the 

Namibian shelf, is attributed to limited organic loading arising from moderate primary productivity 

associated with weak upwelling. It is proposed that the sediments are the dominant source of CH4 to 

the overlying waters. Anoxic conditions in the bottom waters enhance this source by (a) making the 

level at which CH4 is produced vigorously through anaerobic degradation of organic matter in highly 

productive systems, and (b) promoting modest CH4 production near the sediment-water interface by 

non-competitive pathways in areas of lower sedimentary respiration like the WCSI. 
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Figures 

 

 

Fig. 1. Sampling locations along the cross shelf transects over the Western Continental Shelf of 

India. The stations are designated in the ascending order away from the coast: Off Kochi - CO1, 

CO2, CO3, and CO4 in October 2003; Off Mangalore - M1, M2, M3, M4, M5, M6, and M7 in 

September 2009; off Karwar - K1, K2, K3, and K5 in September 2005; and Off Goa - G2, G3, G4, 

G5 (CaTS), G6, G7, G8, and G9 in September 2003, 2005 and 2009.  
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Fig. 2. Cross-shelf sections of chemical properties off Goa (G2-G9) during the late SWM 

(September) in (a) 2003; (b) 2005, and (c) 2009. 
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Fig. 3 Cross-shelf sections of chemical properties during the late SWM (a) off Kochi (CO1-CO4) in 

October 2003; (b) off Karwar (K1-K5) in September 2005 and (c) off Mangalore  (M1-M7) in 

September  2009.  
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Fig. 4. Variations of chemical parameters during a time series study (a) 28 September 2005 (G5), (b) 

8-12 October 2005 (G5), (c) 26-28 September 2006 (G5), and (d) 27-29  September 2006 off Goa 

(G7-G3: sampling was carried out in the following order- G7 (repeat sampling), G8, G9, G6, G5, G4 

and G3. 
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Fig. 5. Inter annual variations of dissolved oxygen and CH4 at the CaTS site (station G5) during the 

upwelling periods of 2005, 2006, 2008, 2009 and 2010 at (a) 0m and 9m, (b) 18m and 27m. 

 

 

 

 

 

Fig. 6. Plots of (a) DO versus CH4, and (b) H2S versus CH4  
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EBUs Org. Carbon 

content in 

sediments  

(%) 

PP rates (g C m−2 

day−1) 

Max. bottom  

CH4 nmol/L 

Air sea flux CH4 

(µmol m-2d-1) 

(Off 

Namibia) 

10 (1,3) 1.8 (1,2,3) 5160 (18m)  (5,6)  3–752 (5) 

(Off Chile) 20-40 (1,3) 1-10 (1,2,3) 79.9 (92 m)  (4) 0.05–59.5 (4) 

WCSI <4 (12, 13) 1–2 (10) 5.3-70.5 (9-

80m)(14) 

-0.52- 26.56 (14) 

 

Table 1. Biogeochemical characteristic of sediments and water along the EBUs off Namibia, off 

Chile and west coast off India. 
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