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At modern cold seeps, the anaerobic oxidation of methane (AOM) is the dominant pathway for methane consumption in marine 
sediments. AOM, which is mediated by a consortium of methane oxidizing archaea and sulfate reducing bacteria, is proposed to 
be responsible for authigenic carbonate formation. A methane-derived carbonate chimney was collected from the Shenhu area, 
northern South China Sea. The membrane lipids and their very low carbon isotopic compositions (115‰ to 104‰) in the 
Shenhu chimney suggest the presence of an AOM process. Three specific archaeal and bacterial biomarkers were detected, in-
cluding Ar, DAGE 1f, and monocyclic MDGD. Their strongly depleted 13C values (115‰ to 104‰), which are lower than 
those of the normal marine lipids in sediments, reveal biogenic methane as their origin. The carbonate deposits exhibiting a chim-
ney structure indicate that a vigorous methane-rich fluid expulsion may have occurred at the seafloor. We propose that the de-
composition of gas hydrates at depth is the likely cause of seepage and cold seep carbonate formation in the Shenhu area. 
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Methane-derived carbonate precipitation is a striking phe-
nomenon at hydrocarbon seeps on active and passive conti-
nental margins worldwide [1–4]. The seepage of methane 
rich fluids on passive margins generally originates from 
hydrate water released during gas hydrate destabilization 
and/or is associated with rapidly accumulating sediments 
[1,5,6]. These methane-rich fluids are generally derived 
from underlying sediments that migrate along deep-reaching 
faults or conduit upwards through the sediment column. 
When rising methane reaches the upper parts of the sedi-
ment, it is oxidized, coupled with sulfate reduction in an 
anaerobic environment at the base of the sulfate reduction 
zone. This is known as the anaerobic oxidation of methane 

(AOM) [7-9]. AOM is mediated by methane oxidizing ar-
chaea (MOA) in conjunction with sulfate reducing bacteria 
(SRB). In the case of an AOM process, sulfate and methane 
are consumed in a 1:1 molar ratio, producing sulfide and 
bicarbonate (HCO3

) (see eq. (1)), leading to an increase in 
alkalinity that favors carbonate precipitation (see eq. (2)) 

[2,10,11].  

 CH4 + SO4
2 → HS + HCO3

 + H2O   (1) 

 Ca2+ + HCO3
 → CaCO3 + H+   (2) 

The molecular fingerprints of the chemosynthesis based 
microbial communities at methane seeps tend to be ex-
tremely well preserved in authigenic carbonates [12]. 

Lipid biomarkers are constituents of the cytoplasmic 
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membrane surrounding each cell, which allow the identifi-
cation of dominant microbes and, if combined with a com-
pound specific stable carbon isotope analysis, their carbon 
fixation pathways [13–15]. The identification of AOM 
communities was achieved using independent molecular 
techniques, i.e. 16S rDNA clone libraries and/or fluores-
cence in situ hybridization, as well as lipid biomarker anal-
yses [15]. In contrast to marine dissolved inorganic carbon, 
which typically has a δ13C value close to 0 [16], δ13C signa-
tures of AOM derived lipids are extremely 13C depleted 
with δ13C values lower than 50‰ [15], even down to 
130‰ [17]. Therefore, typical anaerobic-related lipid bio- 
markers and their compound-specific stable carbon isotopes 
can be used to trace AOM communities in modern and an-
cient environments [12,15]. 

In general, bacterial membranes consist of phospholipids 
built from fatty acids which are ester bonded to a glycerol 
backbone. These fatty acids may contain double bonds, 
methyl branches or ring structures. In contrast, archaeal 
biomarkers contain branched isoprenoidal alcohols and 
glycerol tetraethers [15,18,19]. 

Since the early 1990s, gas hydrate exploration has been 
carried out in northern South China Sea, and gas hydrate 
samples were first extracted from the Shenhu area in 2007 
[20]. Recent studies in the South China Sea have mainly 
been focused on geophysical surveys and pore water and 
gas geochemistry studies [21–26], but little is known about 
the AOM processes and their lipid biomarkers. The 
13C-depleted AOM biomarkers are abundant in sediments and 
cold seep carbonates from the Dongsha islands, northern 
South China Sea, which implies the operation of AOM pro-
cesses in this region [17,27]. In 2004, the research vessel 
Haiyangsihao trawled carbonate chimneys in the Shenhu area. 
In this paper, we report on the lipid biomarkers and their car-
bon isotopic composition in these Shenhu carbonate chim-
neys. We examined the relationship between these lipids and 
the methane oxidizing archaea and SRB, which revealed their 
carbon source and genetic link with gas hydrates. 

1  Geologic setting and samples 

The South China Sea is one of the largest marginal seas in 
the west Pacific under the influence of the Eurasian, Pacific 
and India-Australian plates. The oceanic basement is dotted 
with buried volcanic structures and several have developed 
deep-reaching faults that act as methane-rich fluid pathways 
[6,28,29]. Methane-derived carbonates have been found in 
all three gas hydrates prospecting the target areas in the 
northern continental slope of the South China Sea, e.g. Xi-
sha trough, Shenhu area, and Dongsha islands [2936]. 
Their depleted δ13C values are consistent with that of the 
cold seep carbonates in the Gulf of Mexico, where gas hy-
drates are abundant, indicating that these carbonates are 
formed in cold seep systems. Consequently, the northern 

continental slope of the South China Sea, which contains 
faulted terraces and basins that provide significant sources 
of oil and natural gas, is considered to be a favorable loca-
tion for gas hydrate formation and conservation. 

Our study area, Shenhu, is located between the Xisha 
trough and the Dongsha islands, adjacent to several large oil 
and gas fields, with a water depth between 300 and 3500 m 
[29] (Figure 1). Thick sediments are abundant in organic 
matter (0.44%–1.75%) and contain an unusually high con-
centration of methane [29,37]. This organic matter is con-
sidered to be the source of early microbial-generated me-
thane, found throughout the sediment sequences [38]. Gas 
hydrate containing sediment samples were firstly drilled out 
in this area at 153–225 m below the seafloor in 2007 [20]. 

The chimney studied in this paper is about 11 cm long 
and 6 cm in diameter (Figure 2). Obvious conduits occur in 
the center of the chimney, with layered structures likely due 
to multiple stages of seepage. A range of different fossils 
were found on the surface of the chimney. The chimneys 
are composed of variable levels of Fe rich dolomite, arago-
nite, high Mg calcite, low Mg calcite, clay minerals and 
terrigenous quartz and feldspar, and exhibited a highly de-
pleted δ13C value and a heavy δ18O value [29]. 

2  Methods 

2.1  Chemical treatment 

Chemical treatment of the sample involves preparation, de-
calcification, saponification and extraction of the lipid bi-
omarkers [39]. The carbonate chimney was crushed into 
small pieces and cleaned by repeated washing with 10% 
HCl and acetone. To avoid transesterification reactions at 
low pH, doubly distilled water was added to the sample and 
10% HCl was slowly poured on the sample to dissolve the 
carbonate until ~80% of the sample had been dissolved. 
Any remaining sample fragments were removed and the 
residue was centrifuged. After washing with water, the 
samples were saponified in 6% KOH in methanol [40]. The 
supernatants were decanted and the residues were extracted 
repeatedly by ultrasonication in dichloromethane/methanol 
(3:1 v/v) until the solvent became colorless. The combined 
supernatants were partitioned in dichloromethane and water 
treated with 10% HCl to pH 2. The organic extracts were 
separated into four fractions using Supelco LC-NH2 glass 
cartridges with a sequence of solvents of increasing polarity: 
(1) hydrocarbons, 4 mL n-hexane; (2) ketones/esters, 6 mL 
n-hexane/DCM 3:1; (3) alcohols, 7 mL DCM/acetone 9:1; 
and (4) fatty acids, 8 mL 2% formic acid in DCM. The alco-
hols were analyzed as their trimethylsilylesters (TMS-deriv- 
atives) and the fatty acids were analyzed as methylesters.  

2.2  GC-MS biomarkers compounds analyses 

All fractions were examined by gas chromatography-mass  
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Figure 1  Location of the Shenhu study area in the northern part of the South China Sea BSR area is the target region of gas hydrate exploration. 

 

 

Figure 2  Typical morphologies of the Shenhu carbonate chimney. 

 

spectrometry using a Thermo Electron Trace GC-MS 
equipped with a 30 m RTX-5M5 fused silica capillary col-
umn (0.32 mm i.d., 0.25 μm film thickness), with He as the 
carrier gas. The GC temperature program used for all frac-
tions was as follows: 60°C, 1 min isothermal; from 60 to 
150°C at 10°C /min; from 150 to 320 C at 4°C /min, 22 min 
isothermal. For analyzing fractions (3) and (4), an extended 
temperature program was applied: 60°C, 1 min isothermal; 
from 60 to 150°C at 15°C /min; from 150 to 330°C at 4°C/ 
min, 60 min isothermal. The identification of the individual 
compounds was based on GC retention times and mass 
spectra upon comparison with published reference data 

[15,17]. 

2.3  Carbon isotope analyses 

The compound specific carbon isotopic composition was 
analyzed by a Hewlett Packard 5890 GC via a Thermo 
Electron Trace GC combustion unit interfaced to a Finnigan 
MAT 252 mass spectrometer. The GC conditions were in 
accordance with those described above. Carbon isotopes are 
given as δ13C in ‰ abundance relative to the V-PDB stand-
ard. The standard deviation of the analytical error is lower 
than 0.4‰. All measurements were carried out at MARUM, 
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Bremen University. 

3  Results and discussion 

3.1  Identification of AOM lipid biomarkers 

Niemann and Elvert reported the diagnostic lipid biomarker 
and stable carbon isotope signatures of microbial communi-
ties mediating the AOM with sulfate [15]. AOM lipid bi-
omarkers consist of archaeal biomarkers and bacterial bi-
omarkers. Archaeal biomarkers include (1) the C20 and C25, 
irregular tail-to-tail linked, isoprenoidal hydrocarbons, e.g. 
2,6,11,15-tetramethylhexadecane (crocetane) and 2,6,10,15, 
19-pentamethyleicosane (PMI) and their unsaturated homo-
logues; and (2) the isoprenoidal glycerol ethers, such as 
archaeol (Ar) and sn2-/sn3-/di-hydroxyarchaeol [15]. In 
AOM environments, bacterial biomarkers co-occurring with 
13C-depleted archaeal lipids are evident by their highly de-
pleted carbon isotope composition compared with the 
source carbon. Therefore, the significant 13C depletion indi-
cates the methane carbon incorporation into microbial bio-
mass [41–44]. Typical bacterial biomarkers are fatty acids 
and alkyl glycerol esters. Alkyl glycerol esters derived from 
SRB involved in AOM include the non-isoprenoidal mono-
alkyl glycerol ethers and non-isoprenoidal mono and dialkyl 
glycerol ethers (DAGEs) [15]. The presence of these lipid 
biomarkers is regarded as good evidence for AOM. 

Due to the low content of organic matter in the Shenhu 
carbonate chimney, no obvious hydrocarbons or fatty acids 
were found in these samples. Three lipids belonging to al-
cohols associated with AOM are recognized in the samples 
(Figure 3): Ar, DAGE 1f, and monocyclic macrocyclic 
diphytanyl glycerol diether (monocyclic MDGD). These 
lipids bear their own characteristics and significance. 

Ar is bis-O-phytanyl glycerol ether has a molecular 
weight is 652 (Figure 4). It is analyzed as its TMS-deriva- 
tives which has a molecular weight of 724. The fragment 
ions are m/z=M-CnH2n+1OH, m/z=M-CnH2n+1OCH3, and m/z 
= CnH2n+1O+Si(CH3)3-H [45]. Ar is one of the most com-

mon core ether lipids in archaea and is especially prominent 
in thermophiles, halophiles, and methanogens [46]. Ar is 
universally present in anaerobic sediments at cold seeps 
associated with gas hydrates, modern methane seep systems, 
and methane-rich mud volcanoes [8,46–48]. In AOM envi-
ronments, the incorporation of methane derived from carbon 
into these lipids is indicated by their very low δ13C values. 
Significant amounts of 13C depleted Ar were reported from 
all methane oxidizing archaea habitat studies, with δ13C 
values varying between 120‰ and 61‰ [15]. Strongly 
13C depleted Ar is found in the Shenhu carbonate chimney, 
indicating AOM processes in this region. Microbial com-
munities utilize the carbon from methane, leading to ar-
chaeal biomarkers having very low δ13C values. 

GC-MS analyses of DAGE 1f revealed mass spectral 
fragment ions consistent with a non-isoprenoidal dialkyl 
glycerol diether structure, with an anteiso C15 alkyl chain at 
both the sn-1 and sn-2 positions (Figure 4) [49]. The molec-
ular weight is 584. DAGE 1f is characterized by the m/z 130 
radical ion in its mass spectra. In addition, the spectra con-
sists of the signals m/z 133, 342, and 356. It is still unclear 
whether DAGE 1f is directly produced by the syntrophic 
SRB or by yet unidentified source organisms. It seems like-
ly that DAGE 1f derives from bacteria, especially SRB ra-
ther than archaea [15,49,50]. DAGEs have, to date, only 
been observed in deeply branching thermophilic sulfate- 
reducing bacterium, such as Thermodesulfobacterium 
commune and Thermodesulfobacterium hveragerdense [51, 
52]. These thermophilic SRB contain diethers with C16–C18 
anteiso, iso and n-alkyl chains. The most abundant diether 
comprised two C17 anteiso alkyl chains, analogous to those 
in DAGE 1f [49]. DAGE 1f was found in cold seep car-
bonate crusts from a mud volcano in the Mediterranean, 
with δ13C values from 99.6‰ to 71.2‰, which is lower 
than that of the normal marine biomarkers [53]. This sug-
gests that the source organisms utilize carbon, at least par-
tially, derived from 13C-depleted methane. However, DAGE 
1f is strongly enriched in 13C compared to Ar derived from 
methane-oxidizing archaea, suggesting, the source organisms  

 

 

Figure 3  TIC gas chromatogram of alcohols from the Shenhu carbonate chimney. 
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Figure 4  Structures of archaeol, DAGE 1f, and monocyclic MDGD. 

did not directly assimilate methane [49]. One possibility is 
that heterotrophs utilize sulfate or some other oxidant 
available in the crust precipitation environment. An alterna-
tive explanation is that the bacteria utilize dissolved inor-
ganic carbon (DIC), and a large portion of DIC derives from 
oxidized methane. In the process of carbonate precipitation, 
DIC concentrations are inferred to be significantly higher 
than in ambient seawater and this should serve as a viable 
carbon source [49]. DAGEs are detected in the Shenhu car-
bonate chimney, but because of the low concentrations, only 
DAGE 1f is identified. 

In addition to the two well-known archaeal and bacterial 
lipids discussed above, a novel group of archaeal isopre-
noids was also observed in the Shenhu carbonate chimney. 
These were MDGDs bearing a pentacyclic ring (monocyclic 
MDGD) (Figure 4). The mass spectra show intense frag-
ment ions at m/z 145, which arise from the loss of the entire 
biphytantl moiety and a hydroxyl group, C3H4O2Si(CH3)3. 
Other characterized fragment ions were m/z 43,57,90,103, 
130,131, and 132 [54]. Archaeal core membrane lipids con-
tain a cyclopentane ring and a cyclohexane ring [18,55]. 
The presence and location of the cyclopentane ring in the 
biphytanyl chains is revealed by the fragment ion at m/z 165 
(Figure 4). Because archaeal anaerobic methanotrophy re-
sults in highly 13C-depleted lipids, monocyclic MDGD is 
derived from methanotrophic archaea [54]. This type of 
archaea biosynthesize structurally related GDGTs contain-
ing biphytane chains with one or two cyclopentane rings 
[48,56,57]. The thermophilic methanogen Methanococcus 
jannaschii is the only archaeon known to contain the mac-
rocyclic diether as its core membrane lipid [58]. However, 
cyclopentane containing GDGTs are well known in ther-
mophilic crenarchaeota, thermophilic euryarchaeota, as well 
as marine mesophilic crenarchaeota and mesophilic eu-
ryarchaeota capable of AOM [54]. Until now, this compo-

nent has only been reported in a methane-derived carbonate 
crust from the Sorokin trough, northeastern Black Sea and 
the Miocene Marmorito limestone in northern Italy [12,54]. 
They all have significantly depleted carbon isotopic compo-
sitions (104‰ and 105‰), suggesting they are derived 
from methanotrophic archaea acting within AOM consortia, 
which subsequently induce authigenic carbonate formation 
[54]. The presence of monocyclic MDGD shows that it is 
most likely related to an AOM process. It is, however, still 
unknown whether methanotrophic archaea or other un-
known seep endemic archaea synthesize this group of com-
pounds, or if they represent diagenetic products putatively 
derived from GDGTs [12]. 

3.2  Carbon source of glycerol ethers biomarkers 

The sources of carbon for cold seep carbonates include (1) 
methane from biogenic methane (δ13C < 65‰) to thermo-
genic sources (δ13C: 30‰ to 50‰), (2) sedimentary or-
ganic carbon (δ13C= 20‰), and (3) marine carbonate (0) 
[59]. The significantly depleted 13C isotopic compositions 
(40.18‰ to 38.69‰) of the Shenhu carbonate chimney 
suggest that the carbon source is from methane [29]. Since 
the methane vertical flux is low in the Shenhu area, the me-
thane which forms the gas hydrates is most likely to be bio-
genic in origin [38].  

AOM lipid biomarkers in the Shenhu carbonate chimney 
show strongly depleted δ13C values (115‰ to 104‰, 
Figure 3), which are significantly lower than that of normal 
lipids in marine sediments (δ13C = 25‰). The carbon iso-
topic compositions are similar to those from typical cold 
seeps worldwide [15], suggesting that microbial communi-
ties utilize the carbon from methane and that cold seepage is 
active in the Shenhu area. The δ13C value of Ar is 115‰, 
which is within the range of methane-derived carbonates 
worldwide [15] (116‰ to 88‰), implicating methane- 
oxidizing archaea as their origin. The δ13C value of DAGE 
1f is 104‰, considerably lower than the values for cold 
seep carbonates in mud volcanoes in the Mediterranean 
(99.6‰ to 71.2‰). This low value is consistent with Ar, 
suggesting that these components have the same carbon 
source. We propose that DAGE 1f in the Shenhu carbonate 
chimney is produced by SRB. Because methane is dominant 
in Shenhu marine sediments [38] (96.10%–99.82%), the 
carbon isotopic compositions of these AOM biomarkers 
confirm the carbon source to be biogenic methane, which is 
in agreement with inference report by Wu et al. [38]. 

Compared with the Dongsha area of the South China Sea 
(Figure 5), AOM biomarkers in cold seep carbonates from 
the Shenhu area have unique characteristics. Despite only 
alcohols being detected in Shenhu chimney, the lipids con-
tained both archaeal biomarkers and bacterial biomarkers. 
Hydrocarbons (crocetane, PMI and squalane) and isopre-
noidal glycerol ethers (Ar and hydroxyarchaeol) found in 
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Figure 5  Carbon isotope composition of AOM biomarkers in cold seep 
carbonates from the Shenhu and Dongsha areas (data for Dongsha samples 
are from [17,27]). 1, Crocetane; 2, PMI; 3, squalane; 4, DAGE; 5, archaeol;  
6, hydroxyarchaeol; 7, biphytanic diacids. 

Dongsha carbonates are typical archaeal biomarkers [17,27]. 
In addition, 13C-depleted biphytanic diacids are considered 
to be derived from euryarchaeota metabolizing methane 
[27]. AOM processes were detected in both the Shenhu and 
Dongsha areas, but the microbial communities involved in 
each AOM are different. Methane oxidizing archaea and 
SRB were active in the Shenhu seep sites and only SRB 
were found in the Dongsha area. However, the δ13C values 
in the Dongsha biomarkers range widely from 137‰ to 
74.2‰. This suggests that these lipids are not exclusively 
derived from anaerobic methanotrophs, and may originate 
from other archaea, probably methanogens [27]. The δ13C 
values of the Shenhu AOM biomarkers are all similar and 
lower than 100‰, suggesting that these biomarkers are 
derived from anaerobic methanotrophs and SRB. 

3.3  Sources of methane-rich fluids 

The 13C-depleted AOM biomarkers are abundant in cold 
seep carbonates from the Dongsha area of the northern 
South China Sea, implying that the carbonates are formed in 
AOM reactions and that vigorous methane-rich fluid expul-
sions have occurred at the seafloor [17,27]. In this study, 
AOM biomarkers (Ar, DAGE 1f, and monocyclic MDGD) 
and their carbon isotopic compositions (115‰ to 104‰) 
have confirmed the presence of AOM processes in the 
Shenhu carbonate chimney.  

The seepage of methane-rich fluids on passive margins is 
generally driven by the compaction of rapidly accumulating 
sediments and/or gas hydrate dissolution [1,6]. The abun-
dant organic matter in the Shenhu sediments is therefore 
beneficial for methane formation. Moreover, the thick sed-
iments in this area are easily dehydrated by any compaction, 
leading to the expulsion of fluids [29]. The source of me-
thane from which the gas hydrates in the Shenhu area are 
formed is biogenic methane [38]. The carbonate deposits 
present in the chimney structure indicate that the fluid ex-
pulsion was somewhat vigorous, or at least highly channel-

ized [59]. The carbonate chimneys are at the sediment sur-
face, but because they incorporate terrigenous components, 
it is proposed that they were initially formed within the un-
consolidated sediments and later became exposed by ero-
sion [60]. The presence of AOM biomarkers and their car-
bon isotopic composition implicate a biogenic methane 
source, consistent with the gas hydrates. In this case, we 
propose that the decomposition of gas hydrates is the major 
reason for seepage in the Shenhu area. When rising methane 
from gas hydrate dissolution is anaerobically oxidized by 
methane oxidizing archaea and SRB, it gives rise to the pre-
cipitation of carbonate chimneys. 

4  Conclusions 

Three specific AOM biomarkers were found in the cold 
seep carbonate chimney from the Shenhu area: Ar, DAGE 
1f, and monocyclic MDGD. This suggests the occurrence of 
archaeal and bacterial biomarkers, and the existence of an 
AOM process. Their strongly depleted δ13C values (115‰ 
to 104‰) reveal biogenic methane to be the source. The 
carbonate deposits displaying a chimney structure indicate 
that a vigorous methane-rich fluid expulsion has occurred at 
the seafloor and the decomposition of gas hydrates is likely 
to be the major reason of seepage in the Shenhu area. 
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