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Abstract

Three legs of cruise SO93 of the German research vessel R/V SONNE provided information on the methane

distribution along different profiles of the Bay of Bengal during the NE monsoon in January 1994. A 650-km-long

profile from the Sri Lankan coast to the Equator revealed maximum methane concentrations clearly associated with

different water masses. Peak concentrations of 105 nl/l occur below 45 m water depth. A 2600-km-long profile from the

Equator to the shelf of Bangladesh showed elevated concentrations in the surface waters (up to 800 nl/l on the shelf

close to the Ganges/Brahmaputra mouth). Waters at 700 and 2100 m off Bangladesh are enriched in methane. Seismic

profiles of the Parasound system point to the existence of a mud diapir at 2100 m, and a seismic wipe out at 700 m points

to gas-charged sediments. Sediment gases are assumed to be the source of the methane in the deep water of this area.

However, no exchange with the surface waters was observed. Methane contents of the surface waters are related to

bacterial processes as shown by isotope data of methane. This newly generated methane only partly contributes to the

atmospheric methane concentrations, especially on the shelf of Bangladesh close to the Ganges/Brahmaputra mouth

with flux rates of 145 kg km�2 year�1. Large sections of the profiles, however, showed near-equilibrium conditions and

even undersaturation of methane with respect to the atmosphere.

r 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

Atmospheric water vapor and carbon dioxide,
as they appear in larger quantities in the atmo-
sphere, are unquestionably the major absorbers of

radiative energy that build up the Earth’s green-
house (Graedel and Crutzen, 1993). Among other
trace gases, like ozone, nitrous oxide, and chloro-
fluorocarbons, that add to the greenhouse-effect,
methane plays a significant role and estimates of
Houghton et al. (1990) suggest a contribution of
1.7 W m�2 from the present atmospheric methane
concentration of 1.73 ppmV (parts per million,
atmospheric mixing ratio).
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Although methane concentrations are small and
the related present-day greenhouse effect seems to
be low, compared the major constituents water
vapor and carbon dioxide, quantifying even these
minor contributions is essential for the under-
standing and modeling of climatic changes.
Particularly since estimates by Houghton et al.
(1990) suggest that methane has a 21-fold higher
potential for global warming than an equal
amount of carbon dioxide.

Methane concentrations have increased signifi-
cantly during the last 200 years, from 0.7 to
1.73 ppmV, especially since 1930 (Rasmussen and
Khalil, 1981; Houghton et al., 1990). However, the
methane increases nearly stopped at the beginning
of this decade for reasons not fully understood.

The increase in concentration relates partly to
anthropogenic source; however, data form ice
cores (Raynaud et al., 1988; Chappellaz, 1990;
Chappellaz et al., 1990, 1993, 1997) show that we
also must consider natural fluctuations as they
have occurred during changes between glacial and
interglacial times. In order to understand the
natural variability of atmospheric methane con-
centrations, it is essential to determine the
variability of the natural methane sources and
sinks. One uncertainty concerning the global
methane budget is the estimate of the global flux
from the different sources, such as terrestrial and
marine ecosystems, and the contribution of
anthropogenic methane production (fossil fuel
combustion, forest burning, cattle breeding, rice
fields). Hein et al. (1997) have given a summary
and demonstrated that methane flux into the
atmosphere from different natural sources is
highly variable. However, Hein et al. (1997) did
not incorporate into their considerations the
oceanic sources and sinks, as the uncertainties
are high. According to Crutzen’s (1991) estimates,
total methane emissions amount to 640 Tg CH4

per year, while Dlugokencky et al. (1998) calcu-
lated 549 Tg CH4 per year on the basis of
atmospheric measurements and Heimann (1997)
reports a slightly higher value of 575 Tg CH4 per
year. Modeling of methane emissions amounts,
depending on the scenario, to values between 562
and 592 Tg CH4 per year, which shows that
uncertainties on global methane emissions are still

high and are in the order of the global atmospheric
increases of more than 33 Tg CH4 per year (Hein
et al., 1997; Heimann, 1997).

Oceans and marine coastal areas are a potential
source of methane and cannot be neglected for
consideration of the global methane balance
(Atkinson and Richards, 1967; Scranton and
Farrington, 1977; Scranton and Brewer, 1977;
Ward et al., 1987; Conrad and Seiler, 1988;
Welhan, 1988; Owens et al., 1991; Bange et al.,
1994; Faber et al., 1994; Faber et al., 1995; Bange
et al., 1998a, b; Suess et al., 1998). Bange et al.
(1998a, b) showed in their compilation (using data
of Ericksson III, 1993 and Liss and Merlivat,
1986) that 10.9–17.8 Tg CH4 are emitted from the
world oceans per year, nearly half the atmospheric
increase of 33.4 Tg CH4 per year (Crutzen, 1991;
Hein et al., 1997).

Besides being a source of methane, especially in
coastal areas, the world oceans also represent a
sink of this atmospheric trace gas (Faber et al.,
1995), which is neglected in global methane
balance considerations and modeling (Heimann,
1997; Hein et al., 1997; Dlugokencky et al., 1998)
that relay largely on atmospheric hydroxyl-reac-
tions and soil uptake as sinks for methane.
Significant uncertainties about the amount of
methane emitted and consumed by the oceans still
exist, due to the high seasonality of methane
emissions and also due to the unknown distribution
and the patchiness of marine sources and sinks.

One of the objectives of cruise SO93 of the
German research vessel R/V SONNE in January
1994 to investigate the potential of the Bay of
Bengal as a source and/or sink for atmospheric
methane. Three legs provided information from
different areas of the Bay of Bengal not only on
the methane concentrations in the water column
and the atmospheric exchange, but also the possible
exchanges between sediment and ocean waters.
The intention of this paper is to give an overview
of the methane inventory of the Bay of Bengal.

2. Oceanographic and regional geological setting

The Bay of Bengal comprises the NE part of the
Indian Ocean (Fig. 1) and extends over a distance
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of more than 2500 km between 221N and the
Equator. The water depth varies between 10 m in
the shelf area of Bangladesh to more than 4500 m
at the Equator. It represents the low-salinity
portion of the northern Indian Ocean contrary to
the high-salinity waters of the Arabian Sea. The
low salinity of the surface waters of the Bay of
Bengal is caused through the high river run-off of
the Ganges/Brahmaputra (Fig. 5, Figs. 13–15) and
also through the evaporation and precipitation
conditions in the northern part of this area. The
temperature distribution of the surface waters is
also influenced through the river run-off (compare
Fig. 4, Figs. 12–14). Oxygen minimum conditions
within the water masses between the thermocline
and 800 m (Fig. 6) are caused by bacterial con-
sumption due to the oxidation of sinking particu-
late and dissolved organic compounds produced in
the photic zone. Satellite images of the Bay of
Bengal (Fig. 3) show that the highest pigment
concentrations of phytoplankton occur at the
shore lines. The surface waters of the open ocean
are comparatively depleted. The average pigment
concentration in the open ocean is on the order of
0.2 mg m�3. The distribution and availability of
organic compounds is coupled to the concentra-
tion of phyto- and zooplankton. In the sea surface
and as well in oxygen-deficient waters of the
deeper water body the formation of methane also
can be related to bacterial activity under anoxic
conditions in the interior of settling organic
particles (phytoplankton, fecal pellets, etc.) or in
the guts of zooplankton organisms (Oremland,
1993; Owens et al., 1991; Karl and Tilbrook,
1994). As the Bay of Bengal is a part of the
northern Indian Ocean, the oceanic circulation is
controlled through the seasonally changing mon-
soon gyre, which in turn toggles the concentration
of nutrients and hence organic matter in the sea
surface. The atmospheric circulation is also
responsible for changing degassing and exchange
rates between surface water and atmosphere with
respect to volatile compounds.

The surface currents in the northern part of the
Bay of Bengal show a strong north-east compo-
nent during the NE monsoon of the north hemi-
spheric winter months, while in the southern part
the currents are typically in the east–west direction

(Wyrtki, 1973). During the NE monsoon the
current velocities south of Sri Lanka are the
strongest of the whole Indian Ocean and may
exceed 1 knot. According to Wyrtki (1973) a major
branch of the low-salinity water of the Bay of
Bengal is then transported into the eastern
Arabian Sea. Under favorable wind conditions a
weak upwelling may be possible at the eastern
shore of the Andaman Sea.

During the SW monsoon (April–August) the
surface circulation changes significantly. The
currents of the southern Bay of Bengal are directed
from west to east, which are again very strong
south of Sri Lanka. The high-salinity waters of the
Arabian Sea are transported through this current
along the south coast of Sri Lanka. The salinity
maximum formed within the thermocline of the
Arabian Sea is only spread into the southernmost
part of the Bay of Bengal (Fig. 5). But from this
high-salinity layer, water proceeds to greater
depth, and between 300 and 500 m high-salinity
waters are spread with the SW monsoon to the
west of Sumatra and into the Bay of Bengal
(Fig. 5). The low-salinity surface water of the Bay
of Bengal during the SW monsoon flows to the SE
and along the coast of Sumatra. Under favorable
conditions the SW monsoon may cause a weak
upwelling along some parts of the eastern Indian
coast.

The Bay of Bengal is by far the largest deep-sea
fan of the earth. Its sedimentary infill is largely
derived from the Himalayas transported through
the Ganges–Brahmaputra Rivers into the northern
Indian Ocean. The huge amount of erosional
detritus is distributed into the ocean via turbidite
currents. According to the ODP/DSDP drill sites
218 and 717 in the outer fan at a distance of more
than 2000 km from the river mouth, about 75 m of
predominantly mud turbidites were deposited
during the last 465,000 years. Sediment thickness
and consequently rate of accumulation signifi-
cantly increase from the distal to the proximal part
of the fan. High amounts of mainly terrestrial
organic matter is spread and accumulated via these
turbidites over the whole fan area and can be
buried to sediment depths of more than 2000 m in
the proximal part, close to the shelf. The organic
carbon in the sediment is partly consumed and
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converted via bacterial sulfate reduction to carbon
dioxide, which can lead to a total depletion of pore
water sulfate and which in turn enables methano-
genic bacteria to convert carbon dioxide into
methane. The sedimentary methane can be a
source for the sea-water methane, provided
suitable pathways for water and methane dis-
charge are present in the sediments. This should
likely be the case close to the shelf area as the delta
is still subsiding and represents the tectonically
active part of the fan.

3. Samples and methods

3.1. Water sampling and hydrographic

measurements

Using a General Oceanics (USA) rosette water-
sampler provided with 12 bottles, 370 ocean water
samples were collected from various locations
(Figs. 1 and 2) and depths of the Bay of Bengal.
Additionally, oxygen concentrations, salinity, tem-
perature and pressure were measured continuously
in the water column with a SeaBird SBE11 plus
CTD-probe mounted on the rack of the water-
sampler, also equipped with three pairs of deep sea
thermometers which were used for temperature
calibrations. Oxygen concentrations measured
with the CTD-sensor were calibrated by Winkler-
titration during the cruise (Figs. 1–6).

3.2. Methane measurements

After retrieval of the water-sampler bottles, the
dissolved gases (containing oxygen, nitrogen,
carbon dioxide, methane, and other trace gases)
were subsequently extracted from the water
samples by a vacuum/headspace technique (mod-
ified after Schmitt et al., 1991) aboard R/V
‘‘SONNE’’, and expanded via a needle valve into
pre-evacuated glass bottles, sealed with a rubber
septum and a metal crimp for shore-based isotope
analyses. The rubber septum of each vial was again
sealed with silicon rubber to ensure gas tight
conditions. Two 0.5 ml aliquots of the total gas of
each sample were injected into a Shimadzu GC
Mini 3 gaschromatograph and analyzed for their

methane concentrations. The gaschromatograph
was provided with a flame ionization detector
(FID), and a 2-m-long steel column, filled with
Porapack Q. As reference for all measurements,
atmospheric methane concentration of 1.7 ppm
was used (Houghton et al., 1990). Methane
concentrations are given as nl/l. The precision of
the GC measurements at the concentration level of
atmospheric methane is 715%, as determined
from 1200 atmosphere samples. The accuracy of
the methane determination in ocean water using
the Schmitt et al. (1991) method is 75.8 nl/l. Tests
by Schmitt et al. (1991) have shown that the
recovery through the ultrasonic method is about
88% of the total dissolved methane. The methane
concentrations given in our present paper are
derived from a conversion of our data from

Fig. 1. The Bay of Bengal as part of the northern Indian

Ocean. Positions of sample sites are marked by red circles

together with site numbers of cruise SO93.
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ultrasonic treatment into absolute values based on
a calibration study between different laboratories
in Hamburg (Institute for Biogeochemistry and
Marine Chemistry), Kiel (GEOMAR) and Hann-
over (BGR) (cf. Michaelis et al., 1993).

3.3. Methane flux calculations

The flux of gas from the sea surface to the
atmosphere is controlled by wind speed, sea-
surface temperature, and equilibrium conditions
between sea and atmosphere. We calculate the
sea–air flux of methane F from the equation of
Wanninkhof (1992)

F ¼
0:31u2DCffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2039:2 � 120:31TC þ 3:4209T2
C � 0:040437T3

C

660

r
ð1Þ

where u is the wind speed (m/s), TC is the sea-
surface temperature in 1C, and DC is the difference
between measured concentrations and equilibrium
solubility of methane. Wind speed and sea-surface
temperature were monitored routinely during the
cruise. Equilibrium solubilities C (nl/l) that are
related to sea surface temperature and salinity
were computed from the equation of Wiesenburg
and Guinasso (1979)

ln C ¼ ln fG � 412:171 þ 596:8104
100

T

� �

þ 379:2599 ln
T

100

� �
� 62:0757

T

100

� �

Fig. 2. The Ganges–Brahmaputra delta of the northern Bay of Bengal. Positions of shelf sites are marked by red circles together with

the site numbers of cruise SO93.

Fig. 3. Composite satellite image of the phytoplankton pigment

distribution of surface waters of the western Bay of Bengal on

December 29, 1985 (courtesy CRSA, USA).
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Fig. 4. Temperature distribution of waters of the Bay of Bengal. Positions of sites are marked by triangles together with site numbers

of cruise SO93 (Profile 2).

Fig. 5. Salinity distribution of waters of the Bay of Bengal. Positions of sites are marked by triangles together with site numbers of

cruise SO93 (Profile 2).
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þ S �0:059160 þ 0:032174
T

100

� ��

� 0:0048198
T

100

� �2
#
; ð2Þ

where fG is the atmospheric concentration of
methane that we assume to be represented in the
Bengal Bay by an average atmospheric methane
concentration of 1.73 ppmV (Houghton et al., 1990;
Graedel and Crutzen, 1993), T is sea surface tem-
perature in K, and S is salinity in %. All estimates
of methane-flux F were converted into kg km�2 yr�1

to be comparable to values given in the literature.

3.4. Carbon isotopic measurements

Carbon isotope ratios of methane were analyzed
with a gas-chromatograph isotope ratio mass
spectrometer (GC-IR-MS). The system is based
on a Finnigan MAT 252 mass spectrometer that
was combined with a gas chromatograph for
separation of individual gas components and a

combustion oven to convert methane into carbon
dioxide. The gas-separation system was designed
at the laboratory of the BGR. The combustion
CO2 is flushed separately with He via a split system
into the ion source of the mass spectrometer.
Carbon isotope ratios of methane are given as
d13C-values relative to the PDB standard. The
amount of methane required for analysis is below
5 nl. Reproducibility (1s) of d-values (tested by
repeated injection of 2 ml of air) is about 71%.
Further information on the isotope technique is
given in Faber et al. (1994, 1998).

Methane concentrations, methane fluxes and
carbon isotope ratios of methane of water samples
are given in Tables 1–3.

4. Results and discussion

4.1. Region 1: Sri Lanka South

During the first leg of cruise SO93 the hydro-
graphic programme concentrated on a profile

Fig. 6. Oxygen distribution of waters of the Bay of Bengal. Positions of sample sites are marked by triangles together with site numbers

of cruise SO93 (Profile 2).
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between the southern tip of Sri Lanka and the
Equator along 801300E (compare Figs. 1 and 7)
consisting of 15 stations (03MS to 18MS from N
to S; Profile 1). Methane measurements were made
to a maximum of 120-m water depth, whereas
normal hydrographic investigations were carried
out down to 1100 m.

The atmospheric circulation during the cruise as
well as the distribution of temperature and salinity
were typical for the NE monsoon. Low-salinity
waters originating from the Bay of Bengal were
found near the southern coast of Sri Lanka and
high-salinity waters of western origin farther
south. The two water masses were separated at
about 300 km off the Sri Lankan coast (Fig. 7).

Maxima of methane concentrations are clearly
associated with the different water masses observed
off Sri Lanka. Peak concentrations of 105 nl/l
occur below 45 m water depth. The likely source of
methane in the oxygen-rich surface waters south
off Sri Lanka are methanogenic bacteria which
might either be associated with organic detritus or
live in the guts of the zooplankton.

However, concentrations of surface waters
(10 m) are largely below equilibrium with values

below 45 nl/l. Only within the northern 100 km of
the profile surface waters show methane concen-
trations slightly above the atmospheric equili-
brium. Flux calculations (Eqs. (1) and (2))
employing measured wind speeds, temperatures
and salinities result in low flux rates, with a
maximum of 1:3 kg km�2 yr�1 for the northern
part of the profile (Fig. 7). The low flux transports
insignificant amounts of methane into the air as
the rates are very close to equilibrium conditions
whereas the majority of the surface waters
represent a sink for atmospheric methane. Overall,
this area south off Sri Lanka must be regarded as a
sink for atmospheric methane, at least during the
time of our measurements.

4.2. Region 2: equator to Bangladesh shelf

During the second leg of cruise SO93, a 2600-
km-long S–N-profile (compare Fig. 1 and 8;
Profile 2) from the Equator to the shelf area of
Bangladesh was investigated. Although the
atmospheric circulation was typical for the
NE monsoon, the surface currents were highly
variable throughout this leg and did not show a

Fig. 7. Methane concentrations south of Sri Lanka are low and close to or below atmospheric equilibrium. Insignificant transport into

the atmosphere is only observed in the northern part of the profile (Profile 1).
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well-defined pattern, indicating that transient eddy
motion dominated the flow field.

The distribution of temperature and salinity
shows strong horizontal gradients in the upper
layer due to the influx of freshwater into the
northern Bay of Bengal (Figs. 4 and 5). The
thermocline varies around 100 m. The shallow
(100 m) salinity maximum of the Subtropical
Water penetrates only to about 71N (33MS). The
intermediate and deep layers are ventilated from
the south with Central Water and Antarctic
Bottom Water. An oxygen minimum (Fig. 6)
extends from the shelf to about 41N (25MS). The
thickness of the oxygen minimum layer decreases
from the shelf (80–900 m) towards the open Bay of
Bengal (150–800 m).

Generally, deep waters show low concentrations
of methane (Fig. 8) with the exception of the
southern intermediate waters (20MS, 23MS,
25MS). Highest values are usually observed above
the oxygen minimum zone between 125 and 2 m

(compare Figs. 6, 8 and 12). Exceptions are found
in the northern part of the profile (125MS, 127MS,
129MS) where high methane concentrations are
associated with the oxygen minimum. The surface
waters contained elevated methane concentrations,
and maximum values of up to 220 nl/l were observed
at the shelf edge of Bangladesh (Figs. 8 and 12).

Waters at the continental slope off Bangladesh
at around 700 m and also at 2100 m were enriched
in methane. Seismic profiles of the Parasound
system (University of Bremen, Germany) show at
2100 m water depth the occurrence of a mud diapir
(Fig. 9). It seems likely that at 700 and 2100 m
gases are seeping from these sediments and they
have contributed to the anomalous methane
concentrations at these water depths. However,
the gases do not reach the surface waters and
hence do not contribute to the atmospheric
methane concentrations.

The general increase of methane concentrations
from sea floor to sea surface (Fig. 8) suggests that

Fig. 8. Methane concentrations and exchange with the atmosphere in the Bay of Bengal (Profile 2).
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methane flux from the sediments into the water
column is of no importance (with the two
described exceptions), and that in situ production
within the water column must be responsible for

the observed concentrations. The most likely
process responsible for the methane anomalies in
oxygen-rich waters is bacterial methanogenesis
associated either with the decay of settling organic
debris (from phyto- and zooplankton) or with gut
bacteria within zooplankton.

Carbon isotope ratios of methane in the sea
surface show a range from �62 to �38%. The
light isotope values support the assumption that
methane has been produced from bacterial metha-
nogenic processes (Whiticar et al., 1986) within the
oxygen-rich surface waters (Fig. 10), whereas the
more positive values might be related to bacterial
oxidation (Whiticar and Faber, 1986) where
initially isotopic light methane is consumed and
the residual methane is enriched in 13C. The
resulting carbon isotope ratio of the residual
methane depends on the ratio of new production
and the subsequent bacterial oxidation, and likely
is toggled through ecological conditions in the
waters.

The methane samples from the Bay of Bengal
show a clear dependency on the degree of bacterial

Fig. 9. A mud diapir is observed at 2100 m water depth where

elevated methane concentrations are measured in the water

column.

Fig. 10. Carbon isotope ratios of methane point to bacterial generation in surface waters of the Bay of Bengal (Profile 2).
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Fig. 11. Methane concentrations decrease and carbon isotope ratios of methane are shifted towards more positive values due to

bacterial oxidation. Fields of super- and undersaturation with respect to atmospheric equilibrium are used to classify samples.

Fig. 12. Methane and oxygen concentrations, water temperatures, salinity and calculated methane flux in surface waters of the Bay of

Bengal. Surface waters act as both a source and sink for atmospheric methane (Profile 2).
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oxidation they underwent. With decreasing
methane concentrations as a result of decreasing
production/oxidation ratios, the heavy carbon
isotope is enriched in the residual methane fraction
(Fig. 11). If we consider oxidation as the dominant
process, then the isotopic shift (Fig. 11) with
decreasing concentrations can best be described
through a Rayleigh function with a fractionation
factor of a ¼ 1:008; which is compatible with the
findings of Faber et al. (1998) for oxidation
processes in the surface waters of the Red Sea.
The calculated oxidation trend assuming a ¼ 1:008
would be the same for lower initial concentrations.
The isotopic variability of methane reaches 20%
within this trend and likely represents the isotopic
variability of the substrate on which methanogenic
bacteria live.

However, the four samples from the intermedi-
ate waters at the two southern-most stations
(MS20 and MS23) do not plot within the proposed
oxidation trend but are shifted to more positive

values (Fig. 11). This shift can be explained either
by oxidative fractionation with a fractionation
factor of a ¼ 1:008 and a high initial methane
concentration of about 800 nl/l or alternatively by
assuming a higher fractionation factor of a ¼
1:020 for the bacterial oxidation process, implying
an initial methane concentration at around
250 nl/l.

Despite the fact that methane is at least partly
consumed in the surface waters, our investigations
show that the ocean waters of the Bay of Bengal
can be regarded as a minor source, rather than a
sink of atmospheric methane (Fig. 12), as most
values of methane concentrations at 10 m exceed
those for equilibrium between ocean water and
atmosphere. Methane concentrations and asso-
ciated flux rates are highest close to the Bangla-
desh shelf area. They reach up to 28 kg km�2 yr�1.
Flux rates tend to decrease with increasing
distance from the shelf, and approach near-
equilibrium values close to the Equator.

Fig. 13. Methane and oxygen concentrations, water temperatures and salinity of the eastern shelf of Bangladesh (E–W profile) and

calculated methane flux rates (Profile 3).
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4.3. Region 3: Bangladesh shelf and ‘‘Swatch of No

Ground

Three short sections were occupied on the
continental shelf of Bangladesh, one of which
included five stations the northern part of the
‘‘Swatch of no Ground’’ down to a water depth of
600 m (Fig. 2, and Figs. 13–15; Profile 3 to Profile
5). As observed at two sections of the eastern shelf,
surface currents were weak and variable in
direction, apparently tidally dominated. The dis-
tributions of temperature, salinity and oxygen
along the eastern shelf sections show the strong
stratification on Profile 3 and 4 due to river run-off
(Figs. 13 and 14). The waters were muddy and
carried high amounts of suspended sediments. The
oxygen is consumed fairly rapidly and oxygen
minimum is reached at 60 m water depth (Figs. 13
and 14), most likely due to high inputs of

degradable organic matter that serves as substrate
for oxidizing bacteria.

Methane anomalies (up to 280 nl/l) of the N–S
profile (Profile 4) are associated with the salinity
and temperature jump at 20 m depth in oxygen-
rich waters (Fig. 14). A second maximum occurs
between 50 and 75 m below the temperature
anomaly (20–50 m) in more oxygen-deficient waters.

The likely source of the methane in the surface
water is methanogenic bacteria associated with the
decay of organic debris or living as symbionts in
the guts of zooplankton. The stratification could
have lead to an accumulation effect at 20 m for
settling organic particles due to the density
changes and associated reduced settling velocities,
thus explaining the methane anomaly at this water
depth. The elevated methane concentrations below
50 m could be associated with in situ bacterial
activity.

Fig. 14. Methane and oxygen concentrations, water temperatures and salinity of the eastern shelf of Bangladesh (N–S profile) and

calculated methane flux rates (Profile 4).
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Calculated methane fluxes of the Bengal Shelf
are higher than in open-ocean areas, reaching
values of up to 145 kg km�2 yr�1 (Fig. 13; Profile
3). The ‘‘Swatch of no Ground’’ (Profile 5) was
filled with water masses from offshore and did not
show any evidence for sinking freshwater from the
Ganges and Brahmaputra Rivers. However,
methane concentrations in the surface waters
reached anomalous values of up to 880 nl/l
(Fig. 15, Profile 5).

Flux rates of methane are higher than those
offshore and reach up to 90 kg km�2 yr�1 on the
shelf. However, at the two southernmost stations
near-equilibrium conditions between water surface
and atmosphere are reached.

5. Conclusions

* During the NE monsoon in January 1994
methane concentrations were clearly associated
with the different water masses observed south
of Sri Lanka. A 650-km-long profile from the
Sri Lankan coast to the Equator revealed peak

concentrations of 105 nl/l below 45 m water
depth.

* Surface waters of the Bay of Bengal contained
up to 800 nl/l of methane on the shelf close to
the Ganges/Brahmaputra mouth. Methane con-
centrations of the surface waters are related to
bacterial methanogenesis and bacterial oxida-
tion as indicated by carbon isotope ratios of
methane. This methane only partly contributes
to the atmospheric methane concentrations,
especially on the shelf of Bangladesh close to
the Ganges/Brahmaputra mouth with flux rates
of 145 kg km�2 year�1. Large sections of the
profiles, however, showed near-equilibrium
conditions and even undersaturation of methane
with respect to the atmosphere. Undersaturated
areas presumably act as a methane sinks.

* Methane anomalies at 700 and 2100 m water
depth on the continental slope off Bangladesh
are related to gases likely emanating from the
sediments, as indicated by seismic data. How-
ever, the deep methane anomalies do not
exchange with the surface waters, and are not
a source for atmospheric methane.

Fig. 15. Methane concentrations and water temperatures of the ‘‘Swatch of no Ground’’ (shelf of Bangladesh) and calculated methane

flux rates (Profile 5).
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