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Bacteria sulfate reduction is a major pathway for organic carbon oxi-
dation in marine sediments. Upward diffusion of methane from gas hy-
drate deep in the sedimentary strata might be another important source of
carbon for sulfate reducing bacteria and subsequently induce higher rates
of sulfate reduction in sediments. Since abundant gas may migrate upward
to the surface as a result of tectonic activity occurring in the accretionary
wedge, this study investigates the effect of methane migration on the sulfate
reduction process in continental margin sediments offshore southwestern
Taiwan. Piston and gravity core samples were taken in order to evaluate
vertical and spatial variations of sulfate and methane. Pore water sulfate,
sulfide, methane, sediment pyrite, and organic carbon were extracted and
analyzed.

Rapid sulfate reduction, high pyrite contents in sediments and higher
concentrations of dissolved sulfide and methane were found in the study
area with relatively low organic carbon concentrations. Up to 300 µmole g -1 of
pyrite, 10 mM dissolved sulfide and 9 mM methane were found in the study
region. Sulfate depletion was as shallow as ~1 m beneath the sediment/wa-
ter interface. At similar water depths, however, low methane and pyrite
were found in some areas with almost no sulfate reduction.
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Sulfate flux in the study region is among the highest reported. Large
spatial variations were a result of high methane flux, probably originating
from gas hydrate deeper in sediments. Co-existence of rapid sulfate reduc-
tion and high methane concentrations in sediments indicated that methane
is controlling sulfate reduction in the region. Downward diffusion of sul-
fate is linearly correlated with upward methane flux in the Good Weather
Ridge region. Methane becomes an important source of carbon for the sul-
fate reducer and subsequently controlling sulfate reduction and pyrite
formation.

(Key words: Sulfate reduction, Gas hydrate, Pyrite, Diffusion, South China Sea)

1. INTRODUCTION

Gas hydrate could be a major source of energy in the future considering the abundant
3600 GT of methane present on earth (Kvenvolden 1993; Collet and Kuuskraa 1998; Milkov et al.
2003). The potential of methane as a major future source of energy and as a mechanism in
altering global climate have been the focus of intense scientific research (e.g., Kvenvolden
1988; MacDonald 1990). A number of geophysical and geochemical data indicates that gas
hydrate may exist in the southwestern Taiwan continental margin sediments (Chi et al. 1998;
Liu et al. 2003; Chao and You 2006; Chiu et al. 2006; Chuang et al. 2006; Horng and Chen 2006;
Huang et al. 2006; Jiang et al. 2006; Liu et al. 2006; Oung et al. 2006; Shyu et al. 2006; Yang et al.
2006). Geophysical studies (Liu et al. 2004a; Chiu et al. 2006; Liu et al. 2006) of the Taiwan
gas hydrate program showed that a strong Bottom Simulating Reflector (BSR) covered a large
area of the southwestern Taiwan continental margin, indicating abundant gas hydrate exists in
the sediments of the active continental margin near Taiwan.

Most gas hydrate appears deep beneath sediments under several hundreds to thousands of
meters of water and sediment thus rendering direct study and sampling of gas hydrate a diffi-
cult task (Suess et al. 1999; Sassen et al. 2001; Milkov 2005). Sulfate reduction, chemosyn-
thetic benthic communities, gas venting, formation of solid gas hydrate near the sea floor have
all been used as important geochemical signals in investigating gas hydrate in marine environ-
ments (Boetius and Suess 2004; Sassen et al. 2004). In areas with gas hydrate, rapid sulfate
reduction in sediments was found associated with high sulfide mineral formation (Arvidson et al.
2004). The close association of sulfate reduction and methane migration renders sulfate reduc-
tion and associated geochemical variations one of the most common approaches to studying
gas hydrate in marine environments (Borowski et al. 1996; Joye et al. 2004). The purpose of
this research is to investigate the effect of methane migration on sulfate reduction in the active
margin sediments off southwestern Taiwan.

Sulfate reduction is a major pathway for organic carbon oxidation in marine sediments. In
environments with higher concentrations of organic carbon or higher rates of deposition, such as
the upwelling region of Namibia, Peru and northeast of Taiwan (Niewohner et al. 1998; Lin et al.
2002), higher rates of sulfate reduction and shallow sulfate/methane interface appears. In a
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normal marine environment, supply of organic carbon is the prime limiting factor for sulfate
reduction in sediments (Berner 1984). With a limited supply of organic carbon from the water
column, sulfate reduction in the normal marine sediments may take longer to complete (Berner
1980; Westrich and Berner 1984). Consequently, the sulfate/methane interface (SMI) may
appear deeper in sediments. The appearance of gas hydrate and subsequently gaseous methane
in marine sediments could provide additional organic carbon for sulfate reducing bacteria
(Boetius et al. 2000; Orcutt et al. 2004). Borowski et al. (1999) showed that steep sulfate-
methane gradients were found in marine sediments associated with gas hydrate and that meth-
ane could be another important source of organic carbon for sulfate reducing bacteria, result-
ing in a shallow sulfate/methane interface (SMI) and a rapid linear decrease of sulfate concen-
tration in pore water. Aharon and Fu (2000) showed that sulfate reduction rates are anoma-
lously higher in gas seeps sediments (up to a factor of 10) than in normal marine sediments
supported by marine and terrigenous organic carbon at a similar water depth in the Gulf of
Mexico. This close relationship between methane and sulfate concentrations makes sulfate
reduction a useful proxy in understanding the degree of methane migration and the sulfate
reduction process in marine environments (Borowski et al. 1996; Dickens 2001).

In this study, we investigated spatial variations of sulfate and methane concentrations in
pore waters and the magnitude of pyrite formation in sediments in order to understand the
effect and magnitude of methane migration on sulfate depletion in the Southwestern Taiwan
continental margin and also the potential use of the sulfate-methane relationship as an indica-
tor for gas hydrate prospecting in a  marine environment.

2. STUDY AREA AND METHODS

2.1 Study Area

Offshore southwestern Taiwan is characterized by a series of anticline and faults with a
trend switching from NNW-SSE, south of 22°N to NNE-SSW, north of 22°N (Liu et al. 1997).
This deformation zone is located at the frontal edge of the accretionary wedge of the Luzon
Arc and the China passive continental margin subduction-collision system (Liu et al. 2004b).
The existence of a series of normal faults intersected by thrust faults in the accretionary prism
off southwestern Taiwan may provide good conduits for gas and fluid venting upward to the
surface. Mud volcanoes were reported on land by Yang et al. (2004) as well as on the sea floor
(Chiu et al. 2006). The study area also receives a high flux of terrigenous suspended sediment
exported from the adjacent Kaoping, Erjen and Tsengwen rivers with a combined average
river particle load of 120 MT yr -1 (Dadson et al. 2003).

2.2 Sampling

In order to study spatial variations of sulfate reduction rates and methane concentrations
in the study area, a total of 30 piston cores and 78 gravity cores were taken from the Good
Weather Ridge area (Fig. 1) on R/V OR-I (697, 718, 732) and II (1207, 1230). Sediment
samples were immediately sliced every 2 cm into plastic centrifuge tubes for pore water and
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Fig. 1. Sampling sites offshore of southwestern Taiwan (open circles: gravity
cores, black circles: piston cores). Good Weather Ridge A, B and C are
arbitrarily assigned.
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solid phase analyses on board. Part of the sliced sediments samples were centrifuged, filtered
through a 0.45 µm polycarbonate syringe filter and later analyzed using the methylene blue
method (Cline 1969) for dissolved sulfide. Remaining filtered pore water samples were stored
in plastic vials for dissolved sulfate measurement on land. Portions of the sediment samples
were stored in plastic tubes at 4°C for further analysis.

2.3 Analytical Methods

Pore water sulfate concentrations were determined by ion chromatography (O’Dell et al.
1984; Lin et al. 2002) with a Dionex 4500i ion chromatograph equipped with a conductivity
detector and an IonPac AS4A anion exchange column. Pore water samples were usually di-
luted 80-fold prior to analysis. 1.7 mM NaHCO3 and 1.8 mM Na CO2 3  were used as the
eluent and 0.025N H SO2 4  as the regeneration fluid.

Total carbon and organic carbon were analyzed with a LECO C/S analyzer (SC-444)
equipped with a high temperature resistance furnace and an IR detector. Approximately 0.3 g
of dry sediment was combusted at 1400°C with high purity oxygen to determine the total
carbon content. Sediment was pre-acidified (~50 ml 2N HCl, 4hr) and rinsed with de-ionized
water several times to remove acid. Organic carbon was determined after drying the acidified
samples. Calcium carbonate content (wt%) was calculated from the difference between total
carbon and organic carbon assuming that calcite was the only carbonate phase.

Pyrite-sulfur was determined by the Cr(II) + 6N HCl extraction method, and acid volatile
sulfide (AVS) was measured by the cold 6N HCl extraction technique (Canfield et al. 1986;
Cornwell and Morse 1987; Lin et al. 2002).

Methane concentration in pore water was collected on board by the headspace method
and analyzed with gas chromatography (GC-SRI 8610C) (Chuang et al. 2006). After approxi-
mately 350 cm3 of wet sediment was filled into a 930 cm3 tin container, the tin can was filled
with deionized water (~18 Ω) until 30 cm3 of headspace remained. HgCl2  was added to poison
bacteria activity. The tin can was caped, sealed with silicone to prevent leaking, and stored at
4°C until measurement. The headspace gas was collected by a syringe and later injected into a
gas chromatograph for gas composition measurement.

3. RESULTS

3.1 Organic Carbon Concentrations in Sediment

Organic carbon concentrations (Fig. 2) in sediments are relatively low in the study region,
within the range of 0.1 to 1.0 wt%, with an average concentration of 0.46 ± 0.20 % (n = 118).
In general, organic carbon concentrations increased from shelf to slope in the study region.
For shelf sediments in the northern part of the study region, organic carbon concentrations are
lowest, less than 0.2%. In shelf areas near coastal Taiwan, concentrations are slightly higher,
but not more than 0.5%. In the slope region, organic carbon concentrations are relatively high,
within 0.4 to 1.0%, with the highest appearing in a region west of the Kaoping Canyon at water
depth between 200 to 800 m.
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Three types of vertical variations in organic carbon concentration were observed in the
studied stations (Fig. 3). Some showed almost no variations with depth (e.g., stations G24, N6,
G6, N4, N13, G3, G1) and some showed slight decrease with increasing depth (G22, N8, N11,
D, C, A, G5A) while a few stations showed slight fluctuations near the top of the core (G21,
G22, N11, G14, N4, N13, N9, N2).

3.2 Sulfate and Dissolved Sulfide Concentrations in Pore Water

Sulfate concentrations in the pore water collected in the study area showed clear vertical
variations with depth (Fig. 4). Rapid sulfate reduction were observed at some stations with the
complete depletion of sulfate within 1 m beneath the sediment/water interface while almost no
sulfate reduction was observed in pore water collected from some stations. At stations with
rapid sulfate reduction, higher methane concentrations were also found. At the sediment/water
interface in the study area, typical seawater sulfate concentration of about 29 mM was observed.
At depth, large variations in sulfate concentrations were found. Three types of sulfate deple-
tion were observed as depth increased: rapid exponential sulfate depletion (e.g., stations G21,
G22, G23, N8, G19, N6, G14, G5a, G9b, N1, G3); linear sulfate depletion (e.g., stations G24,

Fig. 2. Spatial variations of organic carbon concentrations (%) in the study re-
gion surface sediments.
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Fig. 3. Vertical organic carbon concentrations (%) variations in the study region
piston core samples.
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N11, C, G15, N4, N2); and no sulfate depletion (e.g., stations D, A, G6, N9, G1). The ob-
served shallow sulfate/methane interface at a depth of ~1 m indicated that methane is readily
available for the sulfate reducing bacteria in our study environment and also play an important
role in determining the degree of sulfate reduction. This is unlike the rapid sulfate depletion
commonly observed in shallow water environments (e.g., Jorgensen 1982; Lin and Morse
1991; Lin et al. 2002) where organic carbon in sediments is the primary source of energy for
the sulfate reducer.

Dissolved sulfide concentrations in the pore water also showed large spatial and vertical
variations in this study region (Fig. 4). Dissolved sulfide subsurface maximum appeared at
depths where sulfate were reduced to a lower concentration. However, in pore water from
some stations, both dissolved sulfate and sulfide co-existed and that dissolved sulfide ap-
peared even at depths where sulfate concentrations remained relatively high (e.g., stations
G23, G6, C, G14, G15, G6, N4, N1). Furthermore, in pore water from some stations, dissolved
sulfide was detected at depths where there was very low sulfate depletion (e.g., station G6).
Dissolved sulfide subsurface maximum, as high as 10 mM, appeared at a depth of 1 to 3 meters
below the sediment/water interface. Although dissolved sulfide concentrations gradually de-
crease to below the detection limit (e.g., stations G23, N6), a large number of stations exhib-
ited sulfide concentrations that continuously increased with depth (Station G21, G23, N8, C,
G14, G15, G6, N4, N1).

3.3 Methane Concentrations in Pore Water

High concentrations of methane in pore waters were observed in the study region (Fig. 4).
The highest concentrations reached 9.2 mM at Station G23 at a depth of ~150 cm beneath the
sediment/water interface. However, large differences existed both vertically and spatially.
Methane concentrations were low in general, mostly below detection limit beneath the sedi-
ment/water interface until a subsurface maximum was found at depth, which varied, from as
shallow as 1 m beneath the sediment/water interface at Station N8 to greater than 6 meters, the
maximum length of our core. High concentrations of methane beneath a zone of rapid sulfate
depletion indicate that sulfate reduction is an important mechanism in oxidizing methane. In
addition, high concentrations of methane were observed at depth above the total sulfate deple-
tion zone at some stations (G23, C, G14, G15, G6, N4, N1). Detailed methane variations were
described in Chuang et al. (2006) and Yang et al. (2006).

3.4 Pyrite-S Concentrations in Sediments

Large vertical and spatial pyrite-S concentration variations were observed in the study
area (Fig. 5). For stations with little sulfate reduction, low concentrations of pyrite-S were
found in the surface sediments as well as the deeper sections of each core (stations N11, N9).
Pyrite-S concentrations increased with increasing depth as a result of sulfate reduction (stations
G21, G24, N8, N6, D, C, G14, G15, A, G9b, G4, N4, N13, G1). Unusually high pyrite-S
concentrations were found in stations G22, G23, and G6 where rapid sulfate reduction and
high concentrations of methane were found.



Terr. Atmos. Ocean. Sci., Vol. 17, No. 4, December 2006892

Fig. 5. Vertical pyrite-S concentration variations in piston cores samples in the
Good Weather Ridge region (unit in µmol g-1).
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4. DISCUSSION

Organic carbon is the source of energy for sulfate reducing bacteria. Major sources of
organic carbon include organic carbon deposition from the upper water column and methane
diffusion upward. In normal marine sediments, the primary source of organic carbon for sul-
fate reducing bacteria originates from the upper column. The amount of organic carbon reach-
ing the seafloor is a function of water depth and productivity (Suess 1980). With the exception
of anoxic basin where organic carbon is better preserved, organic carbon is usually the pri-
mary limiting factor for sulfate reduction in most continental margin sediments (Berner 1982).
In environments where gas hydrate exists, the supply of methane from gas hydrate deep in the
sediment may provide an additional source of carbon for the sulfate reducer (Reeburgh 1980;
Hoehler et al. 1994). Sulfate reduction could use both organic carbon and methane as the
carbon source.

2(CH O) +  SO   2HCO  +  H S2 4
 2-

3
 1-

2→    ,   (1)

CH  +  SO   HCO  +  HS  +  H O4 4
 2-

3
 1- 1-

2→    .   (2)

Sulfate was used during oxidation of carbon with the production of dissolved sulfide and
bicarbonate. Dissolved sulfide reacts with iron with pyrite being the end product (Berner 1984).
Consequently, abundant pyrite may occur in sediments associate with methane from gas hy-
drate dissociation and migrate upward to the sulfate reduction zone (Arvidson et al. 2004).

4.1 Unusual Sulfate Reductions

In the Good Weather Ridge system, organic carbon concentrations in the study region
surface sediments showed a good linear negative relationship with respect to water depth (Fig. 6a).
Organic carbon concentrations decreased from shelf to slope as water depth increased. In
addition, organic carbon concentrations were relatively low, within 0.25 to 0.75%. Given the
limited supply of organic carbon, pyrite formation would be limited and less pyrite would be
expected. However, for sediments in water depth between 500 to 1500 m, unusually high con-
centrations of pyrite were observed as compared to lower concentrations of pyrite in deep water
and shallower water sediments (Fig. 6b). Pyrite concentrations were as high as ~300 µmol g-1as
compared to ~20 µmol g-1 in stations with limited sulfate reduction. High concentrations of
pyrite, dissolved sulfide as well as methane were found in stations with very rapid sulfate
depletion (Fig. 5). In addition to high pyrite concentrations found in areas with high methane
content, the sulfate/methane interface was as low as 1 m beneath the sediment/water interface.
However, rapid sulfate reduction in some stations did not correlate with organic carbon con-
centration typically observed in normal marine environments (Lin and Morse 1991; Lin et al.
2002). In fact, the unusually high pyrite concentrations and extremely high dissolved sulfide
in sediments at water depths between 500 to 1500 m indicated that an extra source of carbon
existed in the study area to support the observed rapid sulfate reduction and subsequent pyrite
formation.
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Fig. 6a. Relationship between surface sediments organic carbon concentration
and water depth. Solid circles are sampling sites at Good Weather Ridge,
open circles are on the shelf. Linear correlation coefficient (r2) is 0.736.

Fig. 6b. Variations of sediment pyrite-S concentrations with respect to the over-
lying water depth. Dashed line showing unusually high pyrite concentra-
tions for water depths within 800 to 1200 m. Solid circles are sampling
sites at Good Weather Ridge, open circles are on the shelf.
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Unusually high rates of sulfate reduction were also found in other studies with a high
methane concentration. Aharon and Fu (2000) showed anomalously high sulfate reduction
rates in sediments at gas-seep areas in the Gulf of Mexico as compared to normal marine
sediments. Borowski et al. (1999) also showed that steep sulfate-methane gradients were found
in marine sediments associated with gas hydrate. Additionally, they also showed that methane
could be another important source of organic carbon for sulfate reducing bacteria, resulting in
shallow sulfate/methane interface (SMI) and a rapid linear decrease of sulfate in pore water.
The appearance of unusually high rates of sulfate reduction at an area without higher concen-
trations of organic carbon coupled with the close association with high methane contents clearly
demonstrates that high methane contents found in the Good Weather Ridge sediments are
another source of carbon for the observed higher sulfate reduction rate.

4.2 Sulfate and Methane Flux

Fossing et al. (2000) and Dickens (2001) showed that fluxes of sulfate reduction and
methane are closely associated in environments where gas hydrate exists. In order to better
describe the relationship between sulfate reduction and methane flux in the Good Weather
Ridge system, fluxes of downward sulfate and upward methane are calculated using Fick’s
diffusion equation:

F D
C

zi
i =  −φ ∂

∂
    .   (3)

Diffusion coefficients in sediments are calculated based on Li and Gregory (1974) and
using Iverson and Jorgensen (1993) equation:

D
Do

n
 =  

 +   -  1 1( )φ    ,   (4)

where Fi  is flux of sulfate or methane across a horizon at depth z; φ  is porosity; D is the
diffusion coefficient of sulfate or methane in sediment; Ci  is the concentration of sulfate or
methane at a particular horizon of depth z; Do is 0.87 × 10-5 cm2 sec-1 and 0.56 × 10-5 cm2 sec-1

for methane and sulfate; and n = 3 for muddy sediments (Iversen and Jorgensen 1993).
Methane and sulfate flux in the study region are in the ranges of 0.01 - 87 and 1.08 - 219

mmole m-2 yr-1, respectively (Table 1). Sulfate and methane flux are among the highest re-
ported and much higher than those in the Blake Ridge (Dickens 2001; Borowski et al. 1999) or
Argentine basin (Hensen et al. 2003) but slightly lower than those in the eastern North Pacific
(Brelson et al. 2005). Berelson et al. (2005) showed that high sulfate flux at the California
Borderland, eastern North Pacific was attributed to a high organic carbon oxidation rate and
high methane flux diffused into the sulfate reduction zone.

Fluxes of methane and sulfate are also plotted in Figs. 7a and b. Diffusion flux of sulfate
and methane show large variations in the study area. Both sulfate and methane flux showed
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higher fluxes at some stations at depths ranging from 750 to 1500 m. High sulfate and methane
fluxes occurring at the same stations indicate that downward diffusion sulfate fluxes are sup-
ported by the upward diffusion of methane fluxes. In fact, downward sulfate flux is positively
correlated with the upward methane flux (Fig. 8). With more methane diffusing upward, more
sulfate was consumed in sediments. Consequently, more dissolved sulfide and pyrite were
produced.

The slope of sulfate flux versus methane flux is about 2 (Fig. 8), which indicates that the
sulfate flux is 2 times higher than methane flux based on equation 2. If methane is the only
source of carbon, the amount of methane consumed should equal that provided by sulfate.
Although the observed 1 : 2 ratio could indicate an excess consumption of sulfate in the study
area, a more plausible explanation is the underestimation of the methane flux as a result of our
gas sampling procedure. Methane could dissipate during coring operations without using a
pressure core. Although extra precautions were taken in gas sampling, a major portion of
methane could have escaped before retrieving core samples on board and prior to sampling
into sampling containers. As a result, methane flux could potentially be significantly
underestimated.

At stations with lower methane flux, sulfate deviate slightly from the trend, probably a result
of high organic carbon deposition at these stations with low methane flux. Berelson et al. (2005)
also showed that both high organic carbon oxidation and rapid methane oxidation contributed to
higher sulfate flux in the North Pacific region. Under low methane flux conditions, organic carbon
deposition becomes the prime factor and thus slight deviations from the observed trend.

Table 1. Methane and sulfate flux in different environments.
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Fig. 7a. Sediment methane flux variation with respect to overlying water depth.
Dashed line showing unusually high methane flux for those in water depths
ranging from 800 to 1200 m. Solid circles are sampling sites at Good
Weather Ridge, open circles are on the shelf.

Fig. 7b. Sediment sulfate flux variation with respect to overlying water depth.
Dashed line showing unusually high methane flux for those in water depths
ranging from 800 to 1200 m. Solid circles are sampling sites at Good
Weather Ridge, open circles are on the shelf.
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5. CONCLUSION

Good Weather Ridge in the Southwestern Taiwan continental margin is characterized by
rapid sulfate reduction and high methane contents in sediments. Methane diffusing upward
becomes an important source of carbon for observed rapid sulfate reduction in the region.

Sulfate reduction varied vertically and spatially in the study region with some sites show-
ing complete sulfate depletion within a meter beneath the sediment/water interface whereas
some areas showed very little depletion. High concentrations of methane were also found at a
number of stations where rapid sulfate depletion was found. In areas with almost no sulfate
reduction, methane concentrations were also low. In areas with rapid sulfate reduction, unusu-
ally high pyrite concentrations, up to 300 µmol g-1

 of pyrite, and high dissolved sulfide, up to
10 mM, were observed.

A large degree of variation in sulfate reduction depends on the upward diffusion of methane.
A good linear correlation between downward sulfate flux and upward methane flux was found
in the study region. Methane diffusing into the sulfate reducing zones provides additional
carbon for the  sulfate reducer and consequently induces fast sulfate reduction and unusual
pyrite formation.

Fig. 8. Relationship between sulfate flux and methane flux; correlation coeffi-
cient (r2) is 0.778.
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