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lower boundary between gas hydrate and free gas layers.
In gas hydrate fields, a large amount of methane may be
released into the overlying sediment and water column
and thus affect the shallow carbon cycle (Tomaru et al.,
2007).

DIC is the major inorganic carbon form in most natu-
ral waters and is comprised of three principal species,
i.e., H2CO3, HCO3

– and CO3
2–, their relative abundance

being mainly a function of pH. DIC is related to many
biogeochemical processes, such as biogenic CO2 uptake
(e.g. photosynthesis) and release (e.g. respiration),
methanic fermentation, methane oxidation, exchange with
atmospheric CO2 (degassing or dissolution), carbonate
precipitation or dissolution, and CO2 generated by meta-
morphic reactions or magmatic degassing (Assayag et al.,
2006). In recent years, DIC concentrations and δ13C-DIC
in pore waters of marine sediments have been employed
to study marine gas hydrates. It is suggested that very

Dissolved Inorganic Carbon (DIC) and Its Carbon Iso-
topic Composition in Sediment Pore Waters from the
Shenhu Area, Northern South China Sea

TAO YANG1,2, SHAO-YONG JIANG1,2*, JING-HONG YANG1,2, GE LU1,2, NENG-YOU WU3,
JIAN LIU3 and DAO-HUA CHEN3

1State Key Laboratory for Mineral Deposits Research, Department of Earth Sciences,
  Nanjing University, Nanjing 210093, China
2Center for Marine Geochemistry Research, Nanjing University, Nanjing 210093, China
3Guangzhou Marine Geological Survey, China Geological Survey, Guangzhou 510760, China

(Received 27 April 2007; in revised form 16 September 2007; accepted 20 October 2007)

The Shenhu area is one of the most favorable places for the occurrence of gas hy-
drates in the northern continental slope of the South China Sea. Pore water samples
were collected in two piston cores (SH-A and SH-B) from this area, and the concen-
trations of sulfate and dissolved inorganic carbon (DIC) and its carbon isotopic com-
position were measured. The data revealed large DIC variations and very negative
δδδδδ13C-DIC values. Two reaction zones, 0–3 mbsf and below 3 mbsf, are identified in
the sediment system. At site SH-A, the upper zone (0–3 mbsf) shows relatively con-
stant sulfate and DIC concentrations and δδδδδ13C-DIC values, possibly due to bioturbation
and fluid advection. The lower zone (below 3 mbsf) displays good linear gradients for
sulfate and DIC concentrations, and δδδδδ13C-DIC values. At site SH-B, both zones show
linear gradients, but the decreasing gradients for δδδδδ13C-DIC and SO4

2– in the lower
zone below 3 mbsf are greater than those from the upper zone, 0–3 mbsf. The calcu-
lated sulfate-methane interface (SMI) depths of the two cores are 10.0 m and 11.1 m,
respectively. The depth profiles of both DIC and δδδδδ13C-DIC showed similar character-
istics as those in other gas hydrate locations in the world oceans, such as the Blake
Ridge. Overall, our results indicate an anaerobic methane oxidation (AMO) process
in the sediments with large methane flux from depth in the studied area, which might
be linked to the formation of gas hydrates in this area.

1.  Introduction
Gas hydrate is a potential new energy source and has

shown potential economic and environmental significance
(Milkov and Sassen, 2002; Lu et al., 2007; Tomaru et al.,
2007), and is increasingly attracting worldwide attention.
At the time of writing, gas hydrates have been found or
inferred in more than 60 locations in the world oceans.
An approximate estimate of the resources points to
1015~1018 m3 methane (Miller et al., 1991; Kvenvolden,
1993; Borowski, 2006). Gas hydrates commonly occur
in sandy marine sediments as massive, nodular, dissemi-
nated forms filling sediment pores (Trehu et al., 2004;
Uchida et al., 2004). Gas hydrates are generally identi-
fied by bottom simulating reflectors (BSR), indicating the
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low δ13C-DIC and high DIC concentrations in sediment
pore waters may have an intrinsic link to gas hydrate for-
mation, such as those revealed at ODP cores from many
gas hydrate locations, including the Hydrate Ridge (Suess
et al., 1999; Torres et al., 2002; Gieskes et al., 2005) and
the Blake Ridge (Borowski et al., 1997, 2000). There-
fore, DIC can be used as a geochemical tracer during ex-
ploration for gas hydrate.

China has an oceanic area of 300 × 104 km2 with a
large number of sedimentary basins (Fig. 1). The north-
ern continental margin of the South China Sea has geo-
logic and tectonic settings, suitable temperature and pres-
sure conditions, and thick, organic-rich sediments, all of
which favor the formation of gas hydrates (McDonnell et
al., 2000; Chen et al., 2001; Wu et al., 2006a; Yang et al.,
2006a). In recent years we have conducted exploration
for gas hydrates in the South China Sea and observed
bottom-simulating reflectors (BSR) on seismic-reflection
profiles in many parts of that region (Fig. 1). In this pa-
per we present sulfate and DIC concentrations and δ13C-
DIC for the sediment pore waters from the Shenhu area
and discuss their implications for carbon cycling and gas
hydrate occurrence.

2.  Geological Setting
The northern continental margin of the South China

Sea has a high sedimentation rate and has deposited thick
sediments of 1000–7000 m with an organic matter con-
tent of 0.46–1.9% (McDonnell et al., 2000; Wang et al.,
2000; Wu et al., 2003). This region has already become a

large source of oil and natural gas. Geological, geophysi-
cal, and geochemical investigations have suggested that
the northern margin of the South China Sea is a favorable
place for the formation of gas hydrates (Shyu et al., 1998;
McDonnell et al., 2000; Chen et al., 2001, 2004; Jin and
Wang, 2002; Jiang et al., 2004, 2006). Our study area is
located in the Shenhu area in the northern margin of the
South China Sea, adjacent to several large oil and gas
fields, such as Zhujiangkou and Beibuwan basins (Fig.
1). A Chinese-German cooperative project on the distri-
bution, formation and effect of methane and gas hydrate
on the environment in the area was conducted in early
2004 and the joint cruise SO-177 of R/V SONNE carried
out in June–July 2004 found cold seep carbonates in this
area (Wu et al., 2006a) with an unusually high concen-
tration of methane below about 3000 m water depth (Wu
et al., 2006b).

3.  Method
The core samples were collected from sites SH-A

and SH-B in the Shenhu area during a cruise of the
onboard R/V “Haiyangsihao” in 2006 using a Gravity
Plunger. The lengths of the cores were 8.52 and 8.75 m,
respectively. Pore water samples were obtained on board
at room temperature by a vacuum apparatus (Fig. 2) from
15-cm long, whole-round subcores collected at intervals
of 70 cm and were directly saved in sealed plastic bottles
at ~4°C. DIC and anion concentrations, as well as carbon
isotopic compositions were determined within two months
after the end of the cruise.

Fig. 1.  Location of the studied area in the South China Sea.



Pore Water DIC Carbon Isotopic Composition from Shenhu, Northern South China Sea 305

DIC concentrations and δ13C-DIC in pore waters
were analyzed using a continuous flow isotope ratio mass
spectrometer (CF-IRMS) in the State Key Laboratory for
Mineral Deposits Research of Nanjing University. We
used a new method to obtain simultaneously the DIC con-
centration and δ13C-DIC in pore waters as reported by
Assayag et al. (2006) and Yang et al. (2006b). The in-
strument we used was a Delta Plus XP continuous flow
isotope ratio mass spectrometer coupled with an on-line
GasBench II device (Fig. 3). In brief, 0.5 ml of water sam-
ple was taken and treated with pure H3PO4 in a glass vial
at 25°C, the CO2 produced was stripped with He, trans-
ferred into the mass spectrometer and δ13C values were
measured. We carried out experiments for different reac-
tion durations, but the results showed no statistically sig-
nificant change in δ13C-DIC after 4 hours of reaction
(Yang et al., 2006b). The analytical precision of δ13C
values for pore water samples is <0.1‰. Four in-house
water standards were prepared for DIC concentration de-
termination with concentrations of NaHCO3 of 0, 1.18,
2.35 and 4.69 mM, respectively (Yang et al., 2006b). The
intensity of produced CO2 gas showed an excellent lin-
ear correlation (R2 = 0.998) with the DIC concentration

(Fig. 4), which allowed us to construct a standard curve
based on this correlation for each day and to calculate
the DIC concentration in the water samples; the analyti-
cal precision of this method was estimated to be <5%.

Sulfate concentrations were measured by ion chro-
matography (Metrohm IC 790). A Metrosep A Supp4-250
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Fig. 2.  Diagram showing vacuum apparatus for extracting pore
water.

Fig. 3.  Diagram showing continuous flow analysis of carbon
isotopic composition of dissolved inorganic carbon (DIC).
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SH-A 0.13 –13.8 8.8 22.9
0.88 –14.6 8.2 21.7
1.63 –15.4 14.4 20.9
2.38 –14.5 9.8 21.2
3.13 –13.6 6.8 23.3
3.88 –15.1 11.7 20.9
4.63 –17.9 13.1 16.7
5.38 –16.3 11.9 18.6
6.13 –17.1 16.6 14.5
6.88 –18.7 22.1 10.6
7.63 –20.0 24.9 7.5
8.75 –19.7 28.9 5.5

SH-B 0.10 –9.1 4.4 28.4
0.80 –14.5 5.4 23.9
1.50 –16.7 7.7 22.1
2.67 –19.9 10.4 18.5
3.37 –15.6 12.5 20.1
4.07 –15.7 15.2 18.5
4.77 –16.6 16.5 16.7
5.47 –17.1 26.9 15.5
6.17 –17.7 23.8 12.2
6.87 –17.4 21.5 11.9
7.57 –17.7 25.3 9.6
8.52 –19.7 29.4 6.4

Fig. 4.  Correlation of 44CO2 intensity and DIC-concentration
of DIC water standards.

Table 1.  Analytical results of pore waters from the SH-A and
SH-B cores.
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type chromatographic column and 1.8 mmol/L Na2CO3 +
1.7 mmol/L NaHCO3 mixed solution in the anion system
were used during the analyses with an analytical preci-
sion estimated to be <1% (Ge et al., 2006).

4.  Results
Analytical results are listed in Table 1. The pore water

samples show a DIC concentration from 4.4 to 29.4 mM,
and a δ13C-DIC variation from –9.1 to –20.0‰. The
sulfate (SO4

2–) concentrations also show large variations
from 5.5 to 28.4 mM.

The depth profiles of pore water DIC, SO4
2–, and

δ13C-DIC in cores SH-A and SH-B are illustrated in Fig.
5. At core SH-A, the downward patterns display two dis-
tinctly different zones of 0–3 mbsf and from 3 mbsf to
the bottom of the core. From 0 to 3 mbsf the concentra-
tions of DIC and SO4

2– and the δ13C-DIC values are rela-
tively constant. In contrast, below 3 mbsf these param-
eters show good linear gradients with decreases in δ13C-
DIC and SO4

2– and an increase in DIC, respectively (Fig.
5(a)). The sulfate gradient and sulfate-methane interface
(SMI) calculated by least-squares linear regression using
the data below 3 mbsf are 3.12 mM·m–1 and 10.0 m, re-

spectively.
At core SH-B, the two zones in the depth profile can

also be distinguished, although they are less clear com-
pared to core SH-A. It appears that both zones at core
SH-B show linear gradients, but the gradients for δ13C-
DIC and SO4

2– in the lower zone of >3 mbsf are greater
than those from the upper zone of 0–3 mbsf (Fig. 5(b)).
However, no significant difference in DIC concentrations
occurs between the zones, although two DIC data at 5–6
mbsf show a slight offset from the main linear trends (Fig.
5(b)). The sulfate gradient and sulfate-methane interface
(SMI) at core SH-B calculated by least-square linear re-
gression using the data below 3 mbsf are 2.38 mM·m–1

and 11.1 m, respectively.

5.  Discussion

5.1  SOM vs. AMO process
In organic-rich marine sediments, sulfate reduction

is generally the most important remineralization process,
with the net reaction adding DIC and H2S to pore waters
(Reeburgh, 1983). It is well-known that sulfate depletion
in marine sediments is usually controlled by the amount
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Fig. 5.  Depth profiles of DIC, SO4
2–, and δ13C-DIC in core SH-A (a) and core SH-B (b).
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and quality of organic matter deposited within sediments;
thus, the oxidation of sedimentary organic matter (SOM)
through sulfate reduction (Eq. (1)) is considered to be
one of the prime sulfate reduction pathways (Westrich
and Berner, 1984; Canfield, 1991):

2(CH2O) + SO4
2– → 2HCO3

– + H2S. (1)

A secondary mechanism of sulfate depletion in sedi-
ment pore waters is through anaerobic methane oxida-
tion (AMO) (Eq. (2)) near the base of the sulfate reduc-
tion zone, or the so-called sulfate-methane interface (SMI)
(Reeburgh, 1976):

CH4 + SO4
2– → HCO3

– + HS– + H2O. (2)

In general, SOM (Eq. (1)) is the dominant reaction
that controls interstitial sulfate concentrations and gradi-
ents in marine sediments. AMO (Eq. (2)) becomes an
important process that affects interstitial sulfate concen-
tration gradients in methane-charged sediments, like those
overlying gas hydrate deposits in the world oceans, such
as the Blake Ridge and Hydrate Ridge (Borowski et al.,
2000; Borowski, 2006).

According to Eqs. (1) and (2), the ratios (α) of DIC
production to sulfate consumption are 2:1 and 1:1, by
SOM and AMO processes, respectively. Therefore, a sim-
ple stoichiometry can be estimated for sulfate and DIC
using the following equation:

α = (DC∗dCC)/(DS∗dCS) (3)

where D is free-solution diffusion coefficient (D is 6.1 ×
10–6 cm2s–1 and 5.8 × 10–6 cm2s–1 for the bicarbonate radi-
cal and sulfate, respectively, at temperature of ~4°C in
near-surface marine sediments (Li and Gregory, 1974), α
is the atomic ratio of C:S, and C is concentration of sulfate
and DIC.

We did not consider the effect of carbonate mineral
formation from the pore water system in the above stoi-
chiometry because we did not observe evidence for the
formation of authigenic carbonates from the pore waters
we studied. If this process occurred, it would have caused
a significant decrease of DIC concentrations, and large
losses of DIC from pore waters may cause the data to
deviate from linear gradients in plots of sulfate versus
DIC concentrations. This was not the case for our data,
however (Fig. 6).

From the empirical equation derived from Fig. 6, we
obtain α = 1.98 and α = 1.18 for the upper and lower
zones at site SH-A. At site SH-B, the upper zone has α =
0.62 and the lower zone has α = 1.21. Except for the up-
per zone of site SH-A, where α is close to 2, but with a
weak linear relationship (R2 = 0.39), the data are close to

α = 1, suggesting that AMO is the dominant process for
sulfate reduction in the Shenhu area.

5.2  Significance of sulfate gradient and flux
A number of studies have demonstrated that steep

sulfate gradients and shallow SMI (sulfate-methane in-
terface) depths are a consequence of the increased influ-
ence of AMO within organic-rich marine sediments
(Borowski et al., 1999). Thus, steep, linear sulfate gradi-
ents may be an excellent geochemical indicator of meth-
ane-charged sediments, and may also be an indicator of
the existence of gas hydrates in marine sediments, as long
as P-T conditions are suitable for gas hydrate formation.
The SMI values at sites SH-A and SH-B are 10.0 m and
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11.1 m, respectively, which are quite similar to the SMI
depths in gas hydrate locations such as the Blake Ridge
(9.8–14.4 m, Claypool and Threlkeld, 1983; Borowski et
al., 2000).

Using Fick’s First Law, we can calculate the flux of
sulfate into the sediment from overlying seawater by the
linear sulfate gradients:

J D
C

xo= ∂
∂

( )φ3 4.

Here J is the flux, Do is free-solution diffusion coef-
ficient, φ is porosity, and ∂C/∂x is the concentration gra-
dient (Borowski et al., 2000). Assuming that the mean
sediment porosity is approximately 75% for the near-sur-
face sediments of the northern South China Sea (Wang et
al., 2000), we can estimate sulfate fluxes of 18 × 10–4

and 24 × 10–4 mmol cm–2yr–1 from SH-A and SH-B in the
Shenhu area, respectively. These fluxes are quite similar
to or even greater than those reported by Borowski et al.
(2000) for Blake Ridge, which has a sulfate flux of 8.2 ×
10–4 to 18 × 10–4 mmol cm–2yr–1. Since the underlying
methane concentrations regulate the upward methane flux
and thus control the rate of AMO, the sulfate flux is in-
versely proportional to the methane flux and the underly-
ing methane concentrations. As a result, the high sulfate
flux predicted in the Shenhu area may indicate a high
methane flux and high methane concentration underly-
ing the Shenhu area.

A high-resolution seismic reflection profile in the
deep sediment within the Shenhu area has revealed a large
BSR (Fig. 1), which is a widely recognized geophysical
indication of gas hydrate occurrence (Kvenvolden, 1993).
Hence, we suggest that the high methane concentrations
and high methane flux in this area may have a genetic
link to gas hydrates at depth in the sediment columns. In
May–June 2007, deep drilling conducted by China Geo-
logical Survey has obtained genuine gas hydrate samples
in 10–25 m intervals at 183–225 mbsf depth in this area
(http://www.chinadaily.com.cn/china/2007-06/06/
content_887844.htm).

5.3  Implications of carbon isotopic composition of DIC
The carbon isotopic composition of DIC is a key

parameter in assessing the relative significance of sulfate
depletion mechanism in marine sediments. It is suggested
that very negative δ13C-DIC values may indicate a sig-
nificant contribution of carbon from methane through the
AMO process (Reeburgh, 1982; Borowski et al., 1999).
At site 995 of the Blake Ridge, δ13C-DIC values as nega-
tive as –37.7‰ have been reported at the sulfate-meth-
ane interface (Borowski et al., 2000), which reflect a
dominant contribution of light carbon from methane.

The concentration and isotopic composition of DIC

in pore waters have been used to characterize the DIC
source at depth in the sediment column (Borowski et al.,
1999, 2000; Thomas et al., 2002). In Fig. 7, we used
δ13C∗DIC vs. DIC plots to determine the δ13C of the car-
bon added to pore water DIC pool in the sediments
(Martin et al., 2000; Thomas et al., 2002). The slope of a
line fitted to the plot gives the isotopic composition of
the DIC added to pore water (Martin et al., 2000). At site
SH-A, the δ13Cadd in the upper zone is –17.0‰, whereas
this value is –22.2‰ in the lower zone (Fig. 7(a)). At site
SH-B, the δ13Cadd in the upper zone is –26.9‰, whereas
this value is –21.2‰ in the lower zone (Fig. 7(b)). The
different δ13Cadd in the upper zone of the two sites may
suggest that they have different carbon sources, and the
more depleted δ13Cadd data in site SH-B reflect a major
methane source for the added fluid. In site SH-A,
bioturbation and fluid advection may have occurred in
the upper zone, causing homogeneity of the sulfate and
DIC data. Because sulfate reduction also occurs in the
bioturbation zone, oxidation of sedimentary organic mat-

Fig. 7.  DIC concentration vs. δ13C∗DIC diagram of the
porewater samples in core SH-A (a) and core SH-B (b).
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ter is quite likely and SOM may have different and gen-
erally less depleted carbon isotopic compositions than
methane from deeper sediments. In contrast to the differ-
ences in δ13Cadd in the upper zones, the δ13Cadd data in
the lower zones of both sites are quite similar (–22.2 and
–21.2‰), suggesting a uniform deep carbon source at both
sites. These results are higher than the –37.7‰ reported
at site 995 at Blake Ridge, but are similar to those of many
methane-charged marine sediment locations (Orphan et
al., 2005). We suggest that both methane and CO2 may
have diffused upward from the methanogenesis zone to
shallow depths and contributed to the carbon isotopic
compositions of DIC. Previous studies have found large
carbon isotope fractionations accompanying the biologi-
cal production of methane in the methanogenesis zone,
where the preferential removal of 12C from CO2 to CH4
leaves the residual CO2 increasingly enriched in 13C
(Boehme et al., 1996; Thomas et al., 2002). Hence, both
the methane with light carbon and the CO2 with relatively
heavier carbon that diffused upward contributed to the
overall isotopic composition of DIC added to pore water.

In Fig. 7, the steep isotope gradients of DIC highly
depleted in 13C are consistent with the production of DIC
by the AMO process. The steep sulfate gradients, high
DIC concentrations and light δ13C-DIC indicate that flu-
ids with abundant methane diffused upward and may de-
fine the processes that account for gas hydrate formation
at this location.

6.  Conclusions
The pore waters from cores SH-A and SH-B in the

Shenhu area show large variations in DIC concentrations
and δ13C-DIC values. The very negative δ13C-DIC and
steep sulfate gradients may indicate derivation of DIC
from abundant methane upwelling and oxidation in the
sulfate reduction zone by the AMO process. The high DIC
concentration and sulfate flux also suggest that deep flu-
ids below the SMI include abundant methane, probably
produced by the dissolution of gas hydrates in the deep
sediment layers of the Shenhu area.
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