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Trace element and rare earth element (REE) concentrations in cold seep carbonates from the northern
continental slope of the South China Sea are used in this study to indicate source fluid characteristics and
redox conditions. Carbonate samples from the two study areas (Shenhu and Dongsha) all show low total REE
concentrations (mostly 10-20 ppm). In the Shenhu area, the shale-normalized REE patterns of the chimney
carbonates display slight light REE enrichment, positive Ce anomaly, and a consistently positive Gd anomaly.
These carbonate chimneys show a two-stage formation history, with a slight increase in the positive Ce
anomaly from the rim to core. Trace and rare earth element data suggest that the core may have formed in a
more anoxic condition than the rim. In the Dongsha area, seep carbonate samples show a slight heavy REE
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and Co, also indicate anoxic conditions for this cold seep carbonate precipitation.
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1. Introduction

Methane-derived carbonate precipitation is a well known phe-
nomenon at hydrocarbon seeps on active and passive continental
margins worldwide (Bohrmann et al., 1998; Peckmann et al., 2001;
Campbell et al., 2002; Peckmann and Thiel, 2004). At cold seep sites,
methane serves as an energy source for microbial communities
(LaRock et al., 1994; Hinrichs et al., 1999), and seep carbonates are
products of the microbial oxidation of methane (Peckmann et al.,
1999). The methane oxidation reaction can take place using both
aerobic and anaerobic processes (Canet et al., 2003). In the case of
anaerobic oxidation of methane, a microbial community consisting of
methane-oxidizing archaea and sulfate-reducing bacteria consumes
sulfate and methane in a 1:1 molar ratio (Reeburgh, 1976; Hinrichs
et al., 1999). Anaerobic oxidation produces sulfide and bicarbonate
(HCO3'), which leads to an increase in alkalinity that favors carbonate
precipitation (Ritger et al., 1987; Paull et al., 1992; Peckmann et al.,
2001). On the other hand, aerobic methane oxidation produces CO-,
decreasing pH, and potentially inducing the dissolution of carbonates
(Wallmann et al., 1997). However, aerobic methane oxidation plays a
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minor role compared to anaerobic oxidation, as bottom water oxygen,
with concentrations lower than 200 mmol/L at seep and methane-
rich sites, is often limited to the uppermost few millimeters of the
sediment (Kruger et al., 2005) and therefore is available in much
lower concentrations when compared to sulfate (28.9 mmol/L,
D'Hondt et al., 2002).

Trace and rare earth element (REE) concentrations recorded in
chemical sediments have been used to obtain information on marine
environments and the fluids from which these rocks originate
(Wright et al., 1987; Frimmel, 2009). It is well known that
geochemical properties of REE are powerful tracers of chemical
processes in the marine environment (Haley et al., 2004). The
distribution of these elements is very sensitive to water depth,
salinity and oxygen level (Frimmel, 2009). Anomalies in the contents
of the redox-sensitive elements, such as Ce, provide information on
oceanic oxygenation. No fractionation of Ce occurs under reducing
conditions, resulting in Ce concentrations from normal to enriched in
anoxic environments (Webb and Kamber, 2000; Frimmel, 2009).

The REE characteristics have been extensively discussed, both for
hydrothermal carbonate deposits and modern marine carbonates. Their
concentrations, shale-normalized REE patterns, and Ce and Eu anoma-
lies in carbonates provide information of oceanic redox environments
(Sarkar et al., 2003; Frimmel, 2009). However, geochemical properties
of cold seep carbonates have seen limited attention regarding their REE
patterns, with only a few data reported from settings in the northern
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South China Sea, Gulf of Mexico, and Black Sea (Chen et al,, 2005; Feng
and Chen, 2008; Feng et al., 2009a,b; Feng et al.,2010). Variable contents
of trace elements, total REE, and Ce anomalies in those studied cold seep
carbonates have reflected the variable and complex formation
conditions.

In this paper, we report on the trace element and REE geochemical
characteristics of cold seep carbonates in two locations (i.e., Shenhu
and Dongsha) from the northern continental slope of the South China
Sea. Since REE patterns are just beginning to be used as an archive of
formation conditions of seep carbonates, hence our study, focused on
the REE contents, REE distribution patterns, and Ce and Eu anomalies,
together with selected redox-sensitive trace elements, will improve
our understanding of the applicability of these geochemical tools for
the reconstruction of palaeocean environments.

2. Geologic setting

The South China Sea is located at the junction of three plates, the
Eurasian, Pacific and Indo-Australian plates. It is underlain by oceanic
basement populated with volcanic structures, which presently are
filled with sediments, and several of the volcanic structures have
developed deep-reaching faults forming fluid pathways (Han et al.,
2008). Hence, the northern margin, which has a high sedimentation
rate, contains faulted terraces and basins providing significant sources
of oil and natural gas, and is considered as a favorable place for gas
hydrate formation and accumulation (Shyu et al., 1998; Jin and Wang,
2002; McDonnell et al., 2002; Jiang et al., 2004). Our study area is

located in the northern passive margin of the South China Sea, where
gas hydrates were firstly drilled in the Shenhu area at 153-225 m
below the seafloor in 2007 (Zhang et al., 2007).

In 2004, a cruise of the research vessel Haiyangsihao trawled
carbonate chimneys in the Shenhu area (Fig. 1), which is adjacent to
several large oil and gas fields with thick sediments rich in organic
matter (TOC=0.44 wt.%-1.75 wt.%) and an unusually high concen-
tration of methane (Lu et al., 2006; Wu et al., 2006). In the same year,
the joint Chinese-German RV Sonne Cruise 177 discovered cold seep
carbonates in the NE part of the Dongsha area (Fig. 1), which is at the
transition between the passive northern margin and the accretionary
eastern margin off SW Taiwan Island (Suess, 2005; Han et al., 2008).

3. Samples and methods

Five samples from Shenhu (SH) and nine samples from Dongsha
(DS) were collected during the two above-mentioned cruises. Shenhu
samples contain a whole chimney and four chimney fragments
(Fig. 2A; Table 1). The biggest chimney is about 11 cm long and 6 cm
in diameter. Obvious conduits occur in the center of the chimney, with
layered structures likely due to multiple stages of seepage. A hash of
different fossils, such as foraminifera, is found on the surface of the
chimney. The chimneys are composed of variable contents of high Mg
calcite (HMC), low Mg calcite (LMC), aragonite, dolomite, clay
minerals and terrigenous quartz and feldspar (Table 2). Carbonates
from three sites (HS4DG-1, HS4DG-2 and HS4DG-3) show a slightly
different mineral composition. HS4DG-1 chimneys mainly consist of
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Fig. 1. Location of the study areas on the northern continental slope of South China Sea. SH: Shenhu area, DS: Dongsha area.
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Fig. 2. Typical morphologies of the Shenhu and Dongsha cold seep carbonates. A is from the Shenhu area while the other samples are from the Dongsha area. (A) Chimney with abundant
bioclasts (foraminifera, bivalves and gastropods); A1 to E1 represent the rims and Ac to Ec represent the cores. The right picture is the cross-transect of the left chimney. (B) Irregular porous
crust from Dongsha-site 1. (C) Thick columnar chimney from Dongsha-site 2. (D) Slender tubular concretion from Dongsha-site 2. (E) Concretion from Dongsha-site 3.

dolomite, while samples from HS4DG-2 contain dolomite and HMC,

and aragonite is the dominant mineral in the HS4DG-3 site sample.
Seep carbonates from the Dongsha (DS) area were sampled at

three sites (Table 1). These samples are scattered on the seafloor or

Table 1
Location and description of cold seep carbonates from the Shenhu and Dongsha areas.
Location Depth Sample code Description
(m)

Shenhu

HS4DG
HS4DG-1 Chimney
HS4DG-2A Chimney fragment
HS4DG-2B Chimney fragment
HS4DG-3A Chimney fragment
HS4DG-3B Chimney fragment

Dongsha-Site 1

TVG1 498 TVG1 Chimney fragment

TVG2 484 TVG2-C2 Crust

TVG3 473 TVG3-C2 Crust

Dongsha-Site 2

TVG13 555 TVG13-B3 Chimney

TVG14 533 TVG14-C2 Tube

Dongsha-Site 3

TVG6 769 TVG6 Concretion

TVGS8 769 TVG8-C1 Concretion
TVG8-C4-2 Concretion

TVG11 769 TVG11-C2 Concretion

protruded from the sediments. Site 1 is the shallowest site, with water
depths between 473 and 498 m. Samples are comprised of tubes,
blocks, cemented burrows, and doughnut/irregular-shaped concre-
tions (Fig. 2B). Carbonate chimneys and chimney fragments are
common at site 2 (Fig. 2C, D). Site 3, named as Jiulong Methane Reef
at ~760 m water depth (Suess, 2005), consists of a chemoherm
buildup about 30 m high and 100 m in diameter above the base.
Samples collected at site 3 are mainly green-gray irregular concre-
tions and crusts (Fig. 2E). Mineralogically, except TVG1 and TVG3-C2,
high Mg calcite (HMC) is the dominant composition of the Dongsha
samples (Table 2). Other carbonate minerals (LMC, aragonite and
dolomite), clay minerals and detrital quartz and feldspar also occur in
the Dongsha carbonates.

Table 2

Mineral compositions of seep carbonates from the Shenhu and Dongsha areas.
Sample code Major Minor Trace
HS4DG-1 Dol HMC, Qz, Clay LMC, Ara, fsp
HS4DG-2B Dol, HMC Qz, Clay LMC, Ara, fsp
HS4DG-3B Ara HMC, Qz, Clay LMC, Dol, fsp
TVG1 LMC HMC, Qz, Clay Dol, fsp
TVG2-C2 HMC Qz, Clay LMC, Dol, fsp
TVG3-C2 Ara Qz, Clay LMC, HMC, fsp
TVG6 HMC Qz, Clay LMC, Ara, Dol, fsp
TVG8-C4-2 HMC Qz, Clay LMC, Ara, Dol, fsp
TVG11-C2 HMC Clay LMC, Ara, Dol, Qz, fsp
TVG14-C2 HMC Qz, Clay LMC, Dol, fsp

Mineral abbreviation: LMC = low-Mg calcite, HMC = high-Mg calcite, Ara = aragonite,
Dol = dolomite, Qz = quartz, fsp = feldspar, Clay = clay minerals.


image of Fig.�2

24 L. Ge et al. / Marine Geology 277 (2010) 21-30

Table 3

REE concentrations (in ppm) for the Shenhu cold seep carbonates.

HS4DG- HS4DG- HS4DG- HS4DG- HS4DG- HS4DG- HS4DG- HS4DG- HS4DG- HS4DG- HS4DG- HS4DG- HS4DG- HS4DG- HS4DG- HS4DG-
1-Al 1-A2 1-A3 1-Ac 1-B1 1-Bc 1-C1 1-Cc 1-D1 1-Dc 1-E1 1-Ec 2-A 2-B 3-A 3-B

La 2.46 2.54 2.67 1.95 2.54 2.18 2.59 1.91 2.81 1.96 291 2.01 3.46 3.20 5.51 438
Ce 5.68 5.84 6.57 492 6.13 5.35 6.08 449 6.35 4.87 6.42 3.83 7.03 7.12 4.60 436
Pr 0.60 0.59 0.67 0.48 0.64 0.52 0.65 0.46 0.66 0.48 0.67 0.47 0.76 0.72 1.21 0.94
Nd 2.29 2.27 2.54 1.77 2.49 2.02 251 1.78 2.56 1.80 2.52 1.85 3.12 2.82 4.69 3.60
Sm 0.47 0.48 0.50 0.41 0.51 0.43 0.51 0.37 0.50 0.37 0.52 0.38 0.61 0.61 0.97 0.70
Eu 0.09 0.09 0.09 0.07 0.09 0.08 0.09 0.07 0.10 0.07 0.11 0.08 0.13 0.12 0.19 0.15
Gd 0.51 0.52 0.55 0.42 0.53 0.44 0.53 0.40 0.55 0.41 0.57 0.44 0.76 0.67 1.08 0.82
Tb 0.06 0.06 0.07 0.05 0.06 0.05 0.06 0.05 0.07 0.05 0.07 0.05 0.09 0.08 0.14 0.10
Dy 0.36 0.37 0.39 0.31 0.36 0.34 0.39 0.29 0.40 0.29 0.42 0.33 0.55 0.51 0.89 0.67
Ho 0.07 0.07 0.07 0.06 0.07 0.06 0.07 0.06 0.08 0.06 0.08 0.07 0.12 0.10 0.18 0.13
Er 0.19 0.19 0.20 0.16 0.19 0.18 0.20 0.16 0.22 0.15 0.23 0.18 0.32 0.28 0.51 0.36
Tm 0.03 0.03 0.02 0.02 0.03 0.02 0.02 0.02 0.03 0.02 0.03 0.02 0.04 0.04 0.07 0.05
Yb 0.15 0.16 0.15 0.13 0.15 0.13 0.16 0.13 0.16 0.11 0.18 0.14 0.24 0.21 0.39 0.28
Lu 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.04 0.03 0.06 0.05
>_REE 12.97 13.23 14.50 10.77 13.82 11.83 13.89 10.21 14.51 10.66 14.75 9.86 17.28 16.52 20.50 16.60
Ndsn/Ybsn 1.29 1.23 1.49 1.21 1.40 1.29 1.38 1.19 132 137 1.18 1.14 1.12 1.14 1.02 1.09
Ce/Ce* 1.08 1.09 1.14 1.19 1.11 1.15 1.08 1.10 1.07 1.17 1.06 0.89 0.96 1.06 0.40 0.49
log(Ce/Ce*)  0.03 0.04 0.06 0.08 0.05 0.06 0.03 0.04 0.03 0.07 0.02 -0.05 -0.02 0.03 -0.39 -0.31
Eu/Eu* 0.99 0.99 0.99 0.85 0.97 0.97 0.98 1.02 1.01 1.05 1.06 1.03 1.04 0.99 1.00 1.07
Gd/Gd* 139 137 1.36 137 137 131 133 1.29 133 134 1.30 1.35 1.38 1.34 1.27 131

Samples for REE and trace element analyses are prepared as
follows. About 50 mg of powdered sample is weighed in Teflon
beakers and leached by 1M acetic acid in an ultrasonic bath for
several hours to dissolve the carbonate fraction. After dissolution, the
sample solutions are centrifuged and the supernatant transferred to
clean Teflon beakers. The solutions are evaporated on a hotplate at
70-100 °C until dry. Finally, the samples are dissolved in 3% HNO3
spiked with an internal Rh standard (10 ppb) for analysis. All the
samples were analyzed by high resolution inductively coupled plasma
mass spectrometer (HR-ICP-MS) at the State Key Laboratory for
Mineral Deposits Research of Nanjing University. The analytical
precision is estimated to be <10% according to duplicate analyses of
samples and GSR-12 (GBW-07114, CAGS, a Chinese national rock
standard).

4. Results
4.1. REE compositions

REE results of the Shenhu and Dongsha carbonates in the South
China Sea are listed in Tables 3 and 4, respectively. Overall, the

individual rare earth element concentrations of the Shenhu and
Dongsha cold seep carbonates vary from 0.02 to 7.72 ppm, and 0.02 to
10.06 ppm, respectively, which lie within the range of average marine
carbonates (0.04-14 ppm; Sarkar et al., 2003). The total REE
concentrations of the Shenhu and Dongsha carbonates are mostly
between 10 and 20 ppm, with average Y REE values of 13.87 ppm
and 15.54 ppm, respectively, which are low compared to the typical
marine carbonate value of ~28 ppm reported by Bellanca et al. (1997).

REE concentrations were normalized to the Post-Achaean Australian
Shale (PAAS) composite (McLennan, 1989). Shale-normalized elemental
anomalies can be calculated as a ratio between the measured element
concentration and the calculated concentration of that element derived
from either a linear average or a geometric average of nearest-neighbor
element concentrations. In most cases, the difference in the results
obtained by these two methods is minor (<5%, Frimmel, 2009). In this
study, anomalies are calculated as follows: Ce/Ce* =3Ce/(2La + Nd), Eu/
Eu*=3Eu/(2Sm + Tb), Gd/Gd* = 2Gd/(Eu + Tb).

Previous studies have shown that Eu interferes with Ba during ICP-MS
measurement (Dulski, 1994), often indicated by a good linear correlation
between Ba/Sm and Eu/Eu* (Jiang et al.,, 2007). Such cases occur in
phosphate nodules (Jiang et al., 2007) and barite (Hein et al., 2007). The

Table 4
REE concentrations (in ppm) for the Dongsha cold seep carbonates.
TVG1 TVG2- TVG3- TVG13- TVG14- TVG14- TVG14- TVG14- TVG14- TVG14- TVG6 TVGS- TVGS- TVG11-
Cc2 c2 B3 2B cC 2D C2E C2F G C1 C4-2 2
La 3.66 4.81 3.21 3.76 2.77 241 2.18 230 2.89 2.63 5.14 3.71 4.81 234
Ce 6.16 5.07 4.84 5.58 5.65 4.75 421 4.25 5.01 4.46 8.75 8.46 10.06 4.99
Pr 0.79 1.00 0.66 0.73 0.62 0.53 0.47 0.50 0.61 0.56 1.05 0.84 1.06 0.49
Nd 3.06 3.78 2.52 2.83 2.25 1.97 1.72 1.83 234 2.11 3.92 2.99 3.80 1.80
Sm 0.63 0.78 0.43 0.56 0.49 0.43 0.36 0.36 0.47 0.43 0.78 0.64 0.82 0.35
Eu 0.13 0.16 0.08 0.12 0.10 0.09 0.08 0.08 0.10 0.09 0.16 0.13 0.18 0.07
Gd 0.96 1.11 0.54 0.85 0.63 0.56 0.52 0.59 0.69 0.64 1.16 0.85 1.16 0.49
Tb 0.12 0.14 0.07 0.11 0.08 0.07 0.07 0.07 0.09 0.08 0.15 0.11 0.15 0.06
Dy 0.71 0.84 0.39 0.65 0.52 0.48 0.44 0.47 0.59 0.54 0.91 0.66 0.95 0.37
Ho 0.14 0.17 0.07 0.13 0.11 0.09 0.09 0.10 0.12 0.12 0.19 0.14 0.19 0.07
Er 0.40 0.48 0.21 0.37 0.31 0.30 0.28 0.29 037 0.32 0.53 0.39 0.54 0.22
Tm 0.06 0.07 0.03 0.05 0.04 0.04 0.04 0.04 0.05 0.05 0.07 0.05 0.07 0.03
Yb 0.32 0.38 0.16 0.30 0.27 0.25 0.23 0.26 0.31 0.28 0.43 0.31 0.42 0.18
Lu 0.05 0.06 0.02 0.05 0.04 0.04 0.04 0.04 0.05 0.04 0.07 0.05 0.06 0.03
>_REE 17.19 18.85 13.21 16.10 13.88 12.00 10.71 11.19 13.71 12.36 23.28 1933 24.27 11.51
Ndsn/Ybsn 0.80 0.86 1.38 0.80 0.71 0.66 0.65 0.61 0.64 0.64 0.78 0.82 0.77 0.85
Ce/Ce* 0.82 0.52 0.75 0.74 1.00 0.96 0.95 0.91 0.85 0.83 0.85 1.12 1.03 1.06
log(Ce/Ce*) -0.09 -0.28 -0.13 -0.13 0.00 -0.02 -0.02 -0.04 -0.07 -0.08 -0.07 0.05 0.01 0.03
Eu/Eu* 0.99 0.97 0.93 0.97 1.03 1.03 1.01 1.04 0.98 1.01 0.93 0.97 1.00 0.96
Gd/Gd* 1.49 1.44 1.47 1.48 1.32 1.33 1.42 1.50 1.41 1.42 1.49 1.38 1.39 143
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lower Ba/Sm ratios and the lack of Ba/Sm and Eu/Eu* correlation in our
samples (Fig. 3) suggest that the Eu anomalies are real and can be used as
redox indicators. Eu/Eu* values of both Shenhu and Dongsha carbonates
approach 1, indicating no obvious Eu anomaly in our studied samples
(Tables 3 and 4).

The shale-normalized REE patterns of the Shenhu carbonates show
the following characteristics: (1) slight light rare earth element (LREE)
enrichment with Ndsn/Ybsy values of 1.02-1.49; (2) positive Ce
anomaly in HS4DG-1 and HS4DG-2 samples (Ce/Ce* up to 1.19) and
negative Ce anomaly in HS4DG-3 samples; and (3) a consistently
positive Gd anomaly of 1.27-1.39 (Table 3; Fig. 4A-C). As a comparison,
the typical features of the Dongsha carbonate REE patterns are: (1) slight
heavy rare earth element (HREE) enrichment with Ndsy/Ybsy values of
0.61-0.86 (except one sample, 1.38); (2) variable Ce anomaly, mostly
Ce/Ce*<1.0; and (3) more positive Gd anomaly (Gd/Gd* =1.32-1.50)
than the Shenhu samples (Gd/Gd*=1.27-1.39).

La Ce Pr NdSmEu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 4. Shale-normalized REE distribution patterns of the Shenhu and Dongsha cold seep carbonates. A-C show samples from the Shenhu area, and D-F present samples from three

sites in Dongsha area.
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4.2. Selected trace element compositions

Results of the selected trace elements, particularly the redox-
sensitive trace elements, from both Shenhu and Dongsha cold seep
carbonates are listed in Tables 5 and 6, respectively. In the Shenhu
samples, Sr and Mn vary from 720 to 3640 and 643 to 1192 ppm,
respectively. Concentrations of Ni, Zn, and Ba are also high and vary in
the range of several tens of ppm. Concentrations of V, Cr, Mo, U, Sc, Ti,
Co, Cu, Ga, Rb, Pb, and Th are in the sub-ppm to several ppm range
(Table 5). We notice that concentrations of Co, Ni and U are higher
than those of average marine carbonates (Turekian and Wedepohl,
1961). Concentrations of trace elements in Dongsha samples are
somewhat higher than that of Shenhu samples, except for Mn and Sr
(Table 6). Some elements show variable concentrations at different
sites, such as Mo and U concentrations, which show an increase with
water depth. The enrichment of Sr, with concentrations higher than
normal marine carbonates (610 ppm), (Turekian and Wedepohl,
1961) is coincident with the presence of aragonite.

5. Discussion
5.1. REE system

Our studied cold seep carbonate samples from the Shenhu and
Dongsha areas show low REE concentrations and low »_ REE values
compared to normal marine carbonates (Sarkar et al., 2003), but are
similar to the reported data of seep carbonates from SW Taiwan
(Chen et al., 2005), the Gulf of Mexico (Feng et al., 2009b), and some
ancient hydrocarbon-seep localities (Feng et al., 2009a). In shallow
water environments on continental margins, fast sedimentation rates
leave sediments exposed at or near the sediment-water interface for
only a short period of time, which results in low concentrations of REE
in biogenic apatite (Wright et al., 1987). Similarly, the REE content of
seep carbonates is likely a function of precipitation rate, which is
related to seepage rates. Slow seepage decreases the precipitation
rate, kinetically favoring incorporation of REE and leading to high total
REE concentrations. Conversely, when seepage is fast, carbonates will
have limited time to incorporate REEs resulting in lower concentra-
tions. The carbonate deposits displaying a chimney structure indicate
that the fluid expulsion was relatively vigorous, or at least
channelized (Saker et al.,, 2003). In this case, fast seepage may have
caused low REE concentrations in our studied samples.

The shale-normalized REE pattern of modern seawater is character-
ized by a negative Ce anomaly, a positive La anomaly, and relative
enrichment of the heavy rare earth elements (HREE) (Shields and

Webb, 2004). Marine chemical sediments, which reflect seawater REE
distribution independent of age, typically display a uniform light rare
earth element (LREE) depletion, enrichment in La, depletion in Ce, as
well as a slight enrichment in Gd in shale-normalized patterns
(Frimmel, 2009). Shale-normalized REE patterns obtained from the
Shenhu samples show slight LREE enrichment and a positive Ce
anomaly (except for the HS4DG-3 samples; Fig. 4A-C), which does
not conform to typical seawater patterns of marine chemical sediments.
With respect to the Dongsha seep carbonates, many samples from sites
1 and 2 display REE patterns somewhat similar to marine chemical
sediments, but samples from site 3 show a positive Ce anomaly (Fig. 4D-
F). Authigenic carbonates are usually very well-preserved in hemi-
pelagic or pelagic sediments (Feng et al., 2009a), and their REE patterns
typically reflect the fluid characteristics from which they precipitated.

Previous studies reveal that 680 values of the Shenhu authigenic
carbonate chimneys vary between +3.75%. and +4.31%. (Lu et al,
2006), while 5'80 of the Dongsha carbonates range from +1.7%.
to +5.3%. (Han et al., 2008). Slightly heavy &'80 values are interpreted
to have precipitated from '80-rich hydrate-related fluids (cf. Bohrmann
et al., 1998; Aloisi et al., 2002). Gas hydrate decomposition liberates
180-rich water which can contribute significantly to '®0-enrichment
of the interstitial solutions (Aloisi et al., 2002). The co-occurrence of
authigenic carbonates in gas-hydrate sites indicates that carbonate
formation may relate to the decomposition of the gas hydrates
(Bohrmann et al., 1998; Aloisi et al., 2002).

We interpret the shale-normalized REE patterns of our samples to
reflect the characteristics of the methane-enriched fluids from which
they formed. Among them, samples from two sites (HS4DG-1 and
HS4DG-2) in Shenhu and site 3 in Dongsha predominantly display the
features of the original seepage fluids, or less importantly, the
influence of other fluids such as surrounding pore water. These
samples have slight LREE enrichment and positive Ce anomalies. One
possibility for the source of methane-enriched fluids in the Shenhu
carbonates likely relates to the decomposition of gas hydrates present
at about 200 m depth below the seafloor (Zhang et al., 2007).
However, samples from HS4DG-3 and sites 1 and 2 from the Dongsha
area show a mixed signature of source fluids. These samples are likely
to have significant influence of seawater (Han et al., 2008), which also
indicates that these carbonates may have formed within sediments
but near the seawater-sediment interface. Furthermore, the sedi-
ments at site 1146 of ODP 184 consist of carbonate-rich, hemipelagic
nannofossil clays (Wang et al., 2000). The REE distribution pattern in
the sediments reveals relative enrichment of LREE and a positive Ce
anomaly (Liu et al.,, 2004). Hence, some contribution of clay
dehydration to the source fluids cannot be excluded.

Table 5
Selected trace element concentrations (in ppm) for the Shenhu cold seep carbonates.

HS4DG- HS4DG- HS4DG- HS4DG- HS4DG- HS4DG- HS4DG- HS4DG- HS4DG- HS4DG- HS4DG-  HS4DG- HS4DG- HS4DG- HS4DG- HS4DG-

1-A1 1-A2 1-A3 1-Ac 1-B1 1-Bc 1-C1 1-Cc 1-D1 1-Dc 1-E1 1-Ec 2-A 2-B 3-A 3-B
Sc 1.86 1.81 1.93 2.34 1.47 2.27 1.65 1.82 1.84 1.99 2.01 1.63 1.64 1.73 2.47 2.39
Ti 1.54 1.49 1.83 2.20 1.75 4,68 1.77 1.72 1.68 2.06 1.65 1.55 135 135 2.37 1.71
\% 1.32 1.07 1.54 2.26 1.52 2.89 1.79 1.75 1.50 1.98 134 1.01 0.43 0.79 0.40 0.30
Cr 4.80 434 5.88 5.01 422 6.16 5.89 4.62 13.03 5.51 7.89 3.53 6.68 4.97 6.98 6.44
Mn 812 811 817 643 683 722 866 735 953 741 1111 697 1210 964 1992 1422
Co 1.42 1.16 1.92 237 1.37 3.24 1.80 1.75 2.38 2.92 2.89 1.06 2.01 1.87 2.08 1.63
Ni 25.33 23.00 26.14 32.72 22.93 30.60 25.19 29.73 30.08 27.59 30.35 31.98 22.08 2231 55.64 37.94
Cu 1.14 0.92 1.53 1.59 1.30 1.46 135 1.27 1.54 1.21 1.44 1.32 0.82 0.85 2.52 1.57
Zn 6.88 6.13 7.93 6.93 6.11 8.99 7.53 6.43  284.08 7.45 13.06 9.55 17.85 16.83 17.21 15.68
Ga 0.76 0.74 0.76 0.63 0.62 0.68 0.74 0.64 0.86 0.72 1.01 0.64 1.08 0.92 1.55 113
Rb 2.96 2.36 3.73 294 2.27 4.50 3.87 2.87 4.58 3.60 7.59 2.15 6.05 4.06 4.73 5.36
Sr 1685 1447 1741 1370 1655 1290 1674 1665 1729 1554 1404 1645 720 827 3503 3640
Mo 0.09 0.07 0.11 0.18 0.11 0.20 0.11 0.20 0.31 0.19 0.11 0.12 0.08 0.07 0.15 0.35
Ba 9.59 8.09 13.27 9.77 9.41 15.57 13.18 10.17 14.95 13.00 17.95 7.16 15.72  11.81 15.98 20.72
Pb 0.58 0.56 0.71 0.61 0.76 1.21 0.63 0.35 0.64 0.84 1.44 0.38 1.14 1.36 0.37 2.02
Th 0.09 0.11 0.16 0.17 0.08 0.30 0.16 0.14 0.19 0.20 0.14 0.12 0.09 0.08 0.51 0.46
U 434 3.04 5.99 5.06 6.64 5.63 6.29 5.00 6.95 4.89 471 2.87 3.00 333 5.58 4.50
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Table 6
Selected trace element concentrations (in ppm) for the Dongsha cold seep carbonates.

TVG1 TVG2-C2 TVG3-C2 TVG13-B3 TVG14-C2B TVG14-C2C TVG14-C2D TVG14-C2E TVG14-C2F TVG14-C2G TVG6 TVG8-C1 TVG8-C4-2 TVG11-C2

Sc 241 3.10 2.65 2.88 3.23 3.42 3.41 3.80 3.70 4.69 339 3.38 3.22 3.19
Ti 1.96 2.08 2.82 2.09 3.58 4.53 4.25 4.16 4.82 6.26 2.62 4.29 2.38 4.09
\ 1.29 0.40 0.73 0.99 7.41 5.65 7.25 8.78 7.63 9.18 249 1299 8.38 10.44
Cr 5.08 5Y/9 3.70 14.11 7.43 7.44 6.87 {255 7.45 9.48 6.38 7.54 6.97 5198
Mn 1051 1180 308 1338 351 342 326 261 376 416 534 230 204 131

Co 2.11 2.40 6.80 6.11 3.36 3.30 2.90 3.44 3.80 5.05 9.01 3.54 2.46 2.59
Ni 27.12 40.71 31.02 38.61 33.08 36.76 36.63 38.78 38.70 44.55 3356 28.02 26.99 31.55
Cu 1.80 4.16 13 1.90 243 2.53 281V 2.40 2.14 2.73 2.62 0.77 0.82 0.62
Zn 18.05 28.78 9.64 197.57 22.61 18.93 18.52 19.94 19.09 2538 1639 2036 26.35 85.05
Ga 1.37 1.59 0.86 1.69 0.66 0.71 0.63 0.65 0.78 0.94 1.31 0.95 1.07 0.62
Rb 3.88 5.10 2.14 6.02 6.45 7.03 5.24 5198 5.58 7.50 297 528 6.23 5.80
Sr 430 1383 4629 620 929 1093 1100 1111 1041 1013 1173 701 561 3184

Mo 0.16 0.10 0.08 0.38 0.08 0.12 0.11 0.24 0.14 0.16 0.10 3.00 1.61 3.23
Ba 17.42 18.88 10.67 20.00 23.99 26.22 23.41 24.46 22.50 28.40 10.86 21.43 45.56 16.22
Pb 0.55 0.70 A9 1.33 27%) 133 1.08 117 137 E95) 2,51 2.26 2.57 0.80
Th 0.11 0.41 0.42 0.14 0.48 0.30 0.26 0.25 0.34 0.36 0.61 0.74 0.77 0.57
U 2.47 3.06 2.36 2.38 0.98 0.91 0.97 1.11 2.02 2.59 922 1593 11.65 11.07

Positive Gd anomalies have been described from both seawater
and river waters (Lawrence et al., 2006). Consequently, the positive
Gd anomalies in all the samples are not considered particularly
diagnostic of a specific depositional environment (see Frimmel, 2009).
Although samples from both Shenhu and Dongsha display no obvious
Eu anomalies, it at least suggests that no strongly oxic conditions
occurred during their precipitation (Jiang et al., 2007).

5.2. Ce anomaly

Variations in Ce are likely controlled by redox reactions, because Ce
has two possible oxidation states, Ce** and Ce**. The removal of Ce
from seawater takes place due to oxidation of soluble Ce> to insoluble
Ce*™ (Wright et al, 1987; Sarkar et al, 2003). Marine limestones
precipitating from such oxygenated seawater reflect this pattern,
showing a negative Ce anomaly. However, under anoxic conditions, Ce
remains soluble, and the precipitating calcites are characterized by a
normal or sometimes elevated concentration of Ce, and consequently,
they may display positive Ce anomalies (Sarkar et al., 2003). Thus, Ceisa
sensitive indicator of redox precipitation conditions. Because diffusion
or advection influences the distribution of redox sensitive species, it is
likely that a gradient in redox conditions can exist (Wright et al., 1987).
The reference point where no Ce anomaly is present, i.e. the Ce anomaly
division between oxic and anoxic conditions, is set at -0.10, as suggested
by Elderfield and Pagett (1986) and Wright et al. (1987).

In the diagram of Ce anomaly vs. Nd concentrations (Fig. 5), most of
our studied samples plot near or above the anoxic-oxic boundary,
indicating that these carbonates may have formed in anoxic conditions.
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Fig. 5. Plot of Ce/Ce* anomaly vs. Nd concentration of the Shenhu and Dongsha cold seep
carbonates. Ce/Ce* anomaly = log (Ce/Ce™).

The carbonate chimneys were sampled at the seafloor above/near
the sediment surface, but since they incorporate many terrigenous
components, these chimneys should have initially formed within the
unconsolidated sediments, and later became exposed by erosion (similar
to the cases reported by Stakes et al., 1999 and Peckmann et al., 1999).
The HS4DG-1 chimney in the Shenhu area shows a gradient rare earth
element variation from rim to core, with Ce anomaly values (Ce/Ce*) of
the rim being slightly lower than that of the core (except sample E, see
Table 3). We consider that this may record a two-stage seepage during the
formation of the chimney, which is consistent with C isotope evidence
(Lu et al., 2006). During an early stage, the rim of the chimney firstly
formed in an anoxic environment in the sediments, with a positive Ce
anomaly. During the subsequent seepage, carbonates precipitated in core
channels of the chimney, which was likely a semi-isolated environment,
resulting in an even more anoxic condition, and therefore showing
a higher positive Ce anomaly. However, there is one exception for samples
at site HS4DG-3, which show negative Ce anomalies (0.40 and 0.49),
suggesting that this chimney may have formed in a more oxygen-rich
depositional setting. The differences of two stages for the formation of
these chimneys may be a result of changing seepage conditions, e.g., the
fluid sources, speed of seepage, and characteristics of fluids.

In the Dongsha area, Ce anomaly values of seep carbonates show an
increase with water depth (Fig. 6). Seep carbonates from sites 1 and 2
possess a brownish Fe-Mn coating, indicating that they may have been
exposed to bottom water for some time (Han et al.,, 2008). Weathering of
carbonates may have changed the primary Ce signature. This is one
possibility, but according to the REE system, carbonates at these two sites
reveal a mixed fluid source. That is, the original seepage was influenced by
seawater. Oxygen concentrations in the water column from the Dongsha
area slightly decreased with water depth and the oxygen minimum zone
there is between 700 and 900 m (Suess, 2005). It is more likely that
seawater also brought some oxygen into the original anoxic seepage
resulting in Ce anomaly values (log Ce/Ce*) varying between -0.29 and
0.00. Although Ce anomalies show oxic signatures, we stress that
carbonates formed in predominantly anoxic conditions may locally
include a small amount of oxygen. Site 3 has negligible influence of
other fluids, and it is characterized by an anoxic Ce anomaly (Fig. 6). The
site 3 cold seep system may still be active, as indicated by slightly elevated
methane concentrations in the bottom water (Suess, 2005) and the
presence of bacterial linings (Han et al., 2008). This is coincident with the
environment becoming more anoxic with increasing water depths.

5.3. Trace elements

Previous studies have indicated that some trace elements, such as Mo,
U, Ni, V, Cr, Co, and Zn, are redox sensitive metals in marine sediments
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Fig. 6. Profiles of Ce/Ce* anomaly of the Dongsha seep carbonates varying with water
depths.

(Jacobs et al., 1985; Dean et al., 1997; Morford and Emerson, 1999; Sarkar
et al., 2003), whereby enrichment of these elements is the result of
preferential concentration in anoxic conditions. Mo concentration has
been found to be considerably higher in settings where free H,S is
present. When MoO3™ changes to MoS3™ as HS™ increases, Mo is removed
from anoxic seawater (Sarkar et al., 2003). Similarly, under oxygen-
deficient/reducing condition, U®" is reduced to its immobile U** state
(Klinkhammer and Palmer, 1991). Apart from Mo and U, V can also act as
a palaeo-redox indicator (Sarkar et al.,, 2003). Anoxic sediment is a sink
for marine V, making it a potential tool to determine redox conditions
(Breit and Wanty, 1991). In the absence of oxygen, H,VOy is reduced to V
(IV)0?*, and binds even more strongly to chelating surface groups than
the larger anionic H,VO; (Morford and Emerson, 1999). Enrichment of
other trace metals like Ni, Co, and Zn are found at elevated concentrations
in laminated anoxic conditions (Jacobs et al., 1985; Dean et al., 1997).

In this study, the concentrations of U, Ni and Co in both the Shenhu
and Dongsha samples are higher than average marine carbonate
values (U=2.2 ppm; Ni=20ppm; Co=0.1 ppm; Turekian and
Wedepohl, 1961). The high concentrations of these trace elements
are thought to reflect reducing conditions during carbonate precip-
itation. The chimney from the Shenhu area shows an increase in
Mo, V, and Ni from the rim to core, while the concentrations of U and
Mn decrease from the rim to core (Fig. 7). The increase in the redox
sensitive elements likely records the changing precipitation condi-
tions during chimney growth, and indicates more anoxic conditions,
which is consistent with the reported changes in Ce anomaly. The
chimneys show two stages of seepage, with a more anoxic fluid
during core formation. In this case, the redox sensitive metal
concentrations of the core are higher than the rim. Because anoxic
and reducing conditions produce soluble Mn?™, the decrease of Mn
content from the rim to core may indicate progressively more
reducing precipitation conditions (Jiang et al., 2007). In the Dongsha
area, V, Mo and U concentrations also show an increase with water
depths (Fig. 8), concording with the recorded variation in Ce
anomaly, all these data indicating that site 3 is more anoxic than
sites 1 and 2 at Dongsha.
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Fig. 7. Redox-sensitive element variation of HS4DG-1 chimney from the rim to core. The
position of A-E is marked in Fig. 2A. Solid symbols represent the core and open symbols
represent the rim.

5.4. Environment of cold seep carbonate precipitation

It is widely accepted that seep carbonates are products of anaerobic
oxidation of methane (Hinrichs et al., 1999). However, there is growing
evidence for aerobic methanotrophy at seep sites (Feng et al., 2009a).
Carbonates from the Shenhu area are mainly composed of dolomite
(Table 2). Dolomite precipitation is favored when dissolved sulfate is
absent or present at very low concentrations (Aloisi et al., 2000). The
Shenhu chimneys may have deposited around sulfate/methane inter-
face in the sediments, where sulfate was depleted. This anoxic condition
resulted in positive Ce anomalies and the enrichment of redox sensitive
trace elements in the carbonates. Two stages of seepage are recognized
during the formation of chimneys, which have different speed and
fluxes of seepage.

Carbonates from the Dongsha area are predominantly aragonite
and high magnesium calcite (Table 2). The formation of these
minerals are favored at high SO%  concentrations and Mg?*/Ca?™
ratios (Aloisi et al., 2000). Conditions similar to these should be met at
the uppermost part of the sediments. When methane-enriched fluids
migrate upward to this zone, the small downward flux of oxic
seawater entering the anoxic sediments is insufficient to entirely
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Fig. 8. Profiles of concentrations of redox-sensitive elements Mo, V and U of the
Dongsha seep carbonates varying with water depths.
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change the depositional conditions from anoxic to oxic in the shallow
sediments (e.g. Feng et al., 2009a). The REE patterns of carbonate
precipitates in this zone should show some seawater influence, with
slight HREE enrichment and no or negative Ce anomalies. Seawater
may locally include a small amount of oxygen into the fluids.
Carbonates formed in this condition will show some negative Ce
anomalies. Lipid biomarkers of seep carbonates from the Dongsha
area document the existence of an anaerobic oxidation of methane
(Yu et al., 2008).

6. Conclusions

1) Cold seep carbonates were sampled from two areas (Shenhu
and Dongsha) on the northern continental slope of the South China
Sea. Their geochemical characteristics, with low REE concentrations,
atypical seawater-like shale-normalized REE patterns, consistently
positive Gd anomalies, enrichment in redox sensitive trace elements,
and varied Ce anomalies, reflect the characteristics of source fluids
and chemical conditions during precipitation.

2) Positive Ce anomalies and concentrations of redox sensitive
trace elements, such as Mo, U, Ni, V, and Mn in the Shenhu cold seep
carbonate chimneys increase from the rim to core. This may be the
result of variable seepage conditions, with more anoxic conditions
during the core formation stage. Carbonates from the HS4DG-3 site,
with negative Ce anomalies, may precipitate from fluids which are
impacted by surrounding sediments.

3) The typical features of the REE patterns and redox sensitive
trace elements in the Dongsha samples reveal less/more anoxic
conditions for the formation of these cold seep carbonates. Further-
more, concentrations of some trace elements show an increase with
water depth, which is coincident with the observed change in Ce
anomaly values. The source fluids of the Dongsha carbonates, with
slight enrichment of HREE and redox sensitive trace elements, a more
positive Gd anomaly and negative Ce anomalies, have likely been
influenced by seawater.
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