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Abstract

Methane seepage is the signal of the deep hydrocarbon reservoir. The determination of seepage is significant to
the exploration of petroleum, gas and gas hydrate. The seepage habits microbial and macrofaunal life which is
fueled by the hydrocarbons, the metabolic byproducts facilitate the precipitation of authigenic minerals. The
study of methane seepage is also important to understand the oceanographic condition and local ecosystem. The
seepage could be active or quiescent at different times. The geophysical surveys and the geochemical
determinations reveal the existence of seepage. Among these methods, only geochemical determination could
expose message of the dormant seepages. The active seepage demonstrates high porewater methane
concentration with rapid SO,?- depleted, low H,S and dissolved inorganic carbon (DIC), higher rates of sulfate
reduction (SR) and anaerobic oxidation of methane (AOM). The quiescent seepage typically develops authigenic
carbonates with specific biomarkers, with extremely depleted '3C in gas, DIC and carbonates and with enriched
34§ sulfate and depleted 34S pyrite. The origin of methane, minerals precipitation, the scenario of seepage and the
possible method of immigration could be determined by the integration of solutes concentration, mineral
composition and isotopic fractionation of carbon, sulfur. Numerical models with the integrated results provide
useful insight into the nature and intensity of methane seepage occurring in the sediment and paleo-
oceanographic conditions. Unfortunately, the intensive investigation of a specific area with dormant seep is still
limit. Most seepage and modeling studies are site-specific and little attempt has been made to extrapolate the
results to larger scales. Further research is thus needed to foster our understanding of the methane seepage.
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1 Introduction of marine methane seepage

Marine seepage is formed by the release of deep pressurized
pore fluids and considered to be a signal pointing directly to deep
hydrocarbon reservoirs. Seep occurs at nm to 3 000 m depth of
between a few meters and several kilometers. Escaped gaseous
and aqueous hydrocarbons mostly methane supports overlain
microbial communities. The metabolic byproducts of microor-
ganisms facilitate the precipitation of authigenic minerals, the
minerals provide solid substrates for habitation of macrofaunal
organisms (Formolo and Lyons, 2013; Grupe et al., 2015). The
macrofaunal activities enhance solute transport and influence
the redox zonation of sediments through irrigation and geo-
chemical reactions (Hutchens et al., 2010; Meile et al., 2001). The
upwelling flow, the micro- and macro-communities and the sol-
id minerals form a unique ecosystem of methane seepage. This

ecosystem and the biogeochemical relationships drive the cyc-
ling of carbon, sulfur and other elements. The investigation of
seepage is thus an elegant approach to study the local element
cycle, to trace the paleoceanographic conditions and guide off-
shore exploration for hydrocarbon deposits (Judd et al., 2002).
Methane seeps occur where the overpressured fluids rise to
the sediment surface through cracks and fissures accompanied
sometimes by visible evidences. The most obvious evidence is
gas flares. The flares could be identified by observation and
multi-beam sonar system (Hovland et al., 2012; Jensen et al.,
2002; Judd et al., 2002; Martens et al., 1999). Pockmarks and mud
volcanos is another identification (Hovland et al., 2012; Nelson et
al.,, 1979) and could be recognized by the high-resolution multi-
beam systems and echo sounder electro-magnetic methods
(Hovland et al., 2012; Judd et al., 2002; Roemer et al., 2012; Taluk-
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der et al., 2013). Microbial mats, seep-related chemosynthetic
animals and authigenic minerals are also visible signals of seeps
(Barry et al., 1997; Boetius and Suess, 2004; Feng et al., 2015; Hov-
land et al., 2012; Joye et al., 2010; Knittel et al., 2005). Above visu-
al quantifications could be revealed by remotely operated vehicle
(ROV), by seismic and hydroacoustic surveys (Regnier et al.,
2011; Réemer et al., 2012; Talukder et al., 2013).

Worldwide scientists have investigated prospective areas of
methane seeps during the past decades (Foucher et al., 2009;
Han et al., 2013; Paull et al., 2008; Rollet et al., 2006; Yin et al.,
2003). The investigation suggests that methane seeps have been
reported from (1) every see and ocean; (2) a broad range of
oceanographic settings from the coast to the deep ocean; (3) a
wide variety of geological environments (Judd, 2003).

2 Geochemical properties of marine methane seepage

Geochemical properties indicate the seepage especially suit-
able for the dormant and ancient seepage. High concentrations
of methane, even higher than saturated concentration have been
determined in many seeping areas (Archer, 2007; Huang et al.,
2008; Lim et al., 2011). The high concentration fuels the geo-
chemical reactions and accompanied by a specific isotopic distri-
bution. The coupled processes of geochemical reactions and mi-
croorganism activities form the metabolic foundation of marine
seeps. The seeps could be revealed by the composition of miner-
als, the distribution of solutes and isotopic fractionations of ele-
ments (Joye et al., 2010; Treude et al., 2007). Dormant or ancient
seepage may only be delineated by geochemical signals, e.g., au-
thigenic mineral, solutes distribution, ionic and stable isotopic
composition (Bayon et al., 2007; Cook et al., 2011; Feng and
Chen, 2015; Han et al., 2008; Malone et al., 2002; van Dongen et
al., 2007).

2.1 Authigenic minerals

The presence of authigenic minerals and mineral aggregates
indicates a high upwelling flux and the active of microorganism.
Among the authigenic minerals, carbonate is the commonest one
and has been well investigated (Bouloubassi et al., 2006; Gieskes
et al., 2005; Greinert et al., 2002; Luff et al., 2005). The carbonates
are mainly aragonite, Mg-calcite and (proto)-dolomite, also Fe-
and Mn-carbonates (Haas et al., 2010; Han et al., 2008). Various
carbonates appear under different geochemical conditions and
the formation of carbonates is mediated by the activities of mi-
croorganism (Han et al., 2014; Liebetrau et al., 2014). Other au-
thigenic minerals, e.g., pyrite (FeS,), gypsum (CaSO,-2H,0), bar-
ite (BaSO,) and greigite (Fe,S,) have also been reported (Grein-
ert et al., 2001; Joye et al., 2010; Lin et al., 20164, ¢ ; Peckmann et
al., 2001; Sassen et al., 2004; van Dongen et al., 2007; Vanneste et
al., 2013). The association of carbonates with gas emissions and
populations of chemosynthetic faunas has been a widely used
criterion to identify the hydrocarbon seeps (Feng and Chen,
2015; Feng et al., 2015; Suess, 2014).

2.2 Distribution of solutes in interstitial water

The distribution of solutes in interstitial water may directly
point the seepage. Methane seepages typically harbor com-
munities of micro- and macro-organism, which mediates the an-
aerobic oxidation of methane (AOM) to produce HCO,~ and HS-.
HCO," is the main part of dissolved inorganic carbon
(DIC=[CO4*]+[HCO; ]+[CO,]+[H,CO,]) which could precipitate
with metallic ion as carbonate. In the active seep site, porewater
CH, and dissolved organic carbon (DOC) concentrations are thus
high with significant NH,*, rapid SO,2- depleted, low H,S and

DIC, higher rates of sulfate reduction (SR) and AOM (Knittel and
Boetius, 2009; Treude et al., 2005). The high rates of methaneo-
genesis are associated with either abundant natural gas or deep
hydrocarbon reservoir. The high methanotrophic rate is accom-
panied by the high DIC and the recrystallization of carbonates
(Boetius et al., 2000; Knittel and Boetius, 2009). The depth of
sulfate-methane reaction zone reveals the intensity of upwelling
flux (Chuang et al., 2013; Lin et al., 2016¢; Luff and Wallmann,
2003). For the inactive or quiescent seepages the distribution of
solutes provide limit signal with the geological time (Haeckel et
al., 2004). Only carbonate and isotopic fractionations of ele-
ments preserve more messages (Ge et al., 2015; Novikova et al.,
2015). Some models have been used to quantitatively describe
the seepage and the model work will be introduced below (Liu et
al., 2016a; Luff et al., 2004; Wallmann et al., 2006).

2.3 Stable isotopic fractionation

The stable isotopes and biomarkers have been the advanced
criteria for recognizing ancient seeps (Bohrmann et al., 1998;
Feng et al., 2015; Formolo and Lyons, 2013; Gieskes et al., 2005;
Hu et al., 2015; Lin et al., 2016¢; Lu et al., 2015; Sivan et al., 2007).
The fractionation of element isotopes during uptake and meta-
bolism of methanogens and methanotrophy is controlled primar-
ily by the source material and kinetic isotope effects (Feng et al.,
2015; Novikova et al., 2015; Whiticar, 1999).

2.3.1 Stable isotope of carbon

(1) Methane gas

Except for methane, hydrogen sulfide and carbon dioxide has
been determined in headspace (Himmler et al., 2015; Joye et al.,
2010; Kastner et al., 1998; Malone et al., 2002; Suess, 2005).
However, only a few sites reported isotopic composition of meth-
ane and hydrogen sulfide. The reported gaseous ¢'3C were listed
in Tables 1 and 2 (for sulfide) and marked in Figs 1 and 2 (for
sulfide).

Biogenic methane gas commonly shows an extremely negat-
ive 013C value of -110%o to -50%o and the thermogenic methane
is generally, but not exclusively, enriched in 13C (>-50%o), the
mixture located in the transition region (Joye et al., 2010; Whiti-
car, 1999).

(2) Dissolved inorganic carbon (DIC)

The 63C in DIC has been widely investigated. The values
were listed in Table 1 and shown in Fig. 1. Normal 6'3C . value
of ocean water is around 2%o (Faure, 1986). The anaerobic oxida-
tion of methane with medium of microorganism will obtain low
O013C of around -20%o to -50%o (Hu et al., 2015; Kastner et al.,
1998; Lin et al., 2001; Malone et al., 2002; Martens et al., 1999;
Roalkvam et al., 2011). Generally, §13C values of DIC are higher
than gaseous methane in a certain sites since the lightest fraction
could preferentially escape to gaseous or react.

However, in the inactive seepages, both the distribution of
solutes and the isotopic data provide limit message, further in-
formation have to recur the signature of solid carbonates.

(3) Authigenic carbonate

A direct consequence of methane consumption is the precip-
itation of carbonates with depleted 13C (Grupe et al., 2015;
Magalhaes et al., 2012). The values in remnant bacterial mats
could be -81.6%o (Novikova et al., 2015). Some §!3C of the car-
bonates are listed in Table 1. Most seepage carbonates show a
higher 013C than gaseous methane and similar to that of DIC
(Aloisi et al., 2004; Berndt et al., 2014; Cook et al., 2011; Feng and
Chen, 2015; Formolo and Lyons, 2013; Formolo et al., 2004;
Himmler et al., 2015; Malone et al., 2002; Treude et al., 2005;
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Table 1. Isotopic value of carbon §'3C in gas, liquid and solid phases

Value/%o Mechanism Reference and locality
013C (methane gas) -110--60 Reduction of CO,>CH, Kastner et al. (1998)
Cascadia subduction zone
-110--50 biogenic CH, Whiticar (1999)
-50--20 thermogenic CH, Gulf of Mexico
-88- methanogenesis at deepwater sites Joye et al. (2010)
-54-62 mixed thermogenic and biogenic origin northern Gulf of Mexico
-67.5--64.5 with dissociated gas hydrate
-88.3--54.48 biogenic formation at the deep sites Martens et al. (1999)
Eckernforde Bay
-70.3--66.7 seeps Himmler et al. (2015)
Makran convergent margin
o13C (DIC) -49.0--47.1 derived from AOM by microorganisms Roalkvam et al. (2011)
Nyegga area
-38.1--1.3 organoclast sulfate reduction and AOM Hu et al. (2015)
Northeast of Dongsha, SCS
-35--6 CH, advection into the sulfate reduction zone Kastner et al. (1998)
Cascadia subduction zone
-27--12 CH, oxidized or vented from shelf sediments Malone et al. (2002)
outer New Jersey shelf
-21 sulfate reduction by AOM Lin et al. (2001)
Southwest Africa margin
2 dissolution (+)/precipitation (-) Faure (1986)
-15.5-19.66 AOM active area Martens et al. (1999)
Eckernforde Bay
O13C (solid minerals) -81.6--76.9 remnant bacterial mats Novikova et al. (2015)
-46.5--33 biogenic methane-derived carbonate ancient cold seep, Black Sea
-61 methane-derived authigenic carbonates Grupe et al. (2015)
Southwest African continental margin
-56.2--8.4 methane-derived authigenic carbonates Magalhaes et al. (2012)
Gulf of Cadiz
-55.3--34.3 authigenic carbonate Feng and Chen (2015)
Formosa ridge, South China Sea
-54.6--39.8 seep within oxygen minimum zone Himmler et al. (2015)
-54.3--48.8 seep from non-oxygen minimum zone Makran convergent margin
-48.742.7 Mg-calcite Elvert et al. (2000)
-45.4+3.7 Mg-calcite/aragonite cold seep eastern Aleutian
-41.4--27.1 methane related authigenic carbonate Berndt et al. (2014)
seepage off Svalbard
-47.8--26.8 methane-derived carbonate Luetal. (2015)
Shenhu Area, SCS
-30--20 multiple carbon source carbonate Southwest Taiwan
-37 bulk carbonate Bayon et al. (2007)
0-29 down-core profile Niger Delta, hydrate zone, pockmark area
-41.7 calcite Malone et al. (2002)
-17.67--16.4 siderite Outer New Jersey shelf
-16.4-8.8 dolomite cement
-38.91-0.99 wide range of carbon source Formolo et al. (2004)
cold seep in Gulf of Mexico
-28.9--24.8 carbon crust sediment water interface Aloisi et al. (2004)
eastern Mediterranean Sea
-24.6 carbon crusts Treude et al. (2005)
Chilean Margin
-24.1--22.4 authigenic carbon Cook et al. (2011)
-17--2 N. pachyderma Planktic foraminifer Southeast Bering Sea
-6.8-1 U. peregrine Benthic foraminifer
-19.8--2.1 microbially induced carbonate Formolo and Lyons (2013)

Gulf of Mexico

to be continued
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Continued from Table 1

Value/%o Mechanism Reference and locality
-3.0--0.5 benthic foraminifera with hydrate Wang et al. (2013)
dissociation Baiyun Sag
o13C (biomark) -140.8--105.7 Pentamethylicosane (PMI) Ge et al. (2015)

Northern South China Sea

-139--123 Pentamethylicosane (PMI) Guan et al. (2013)
Northern South China Sea

-130.3--93.5 C,, and C,; isoprenoid Elvert et al. (2000)

-74.4--60.5 squalene and diploptene cold seep eastern Aleutian
subduction zone

-127-85 crocetane and PMI Himmler et al. (2015)
Makran convergent margin

-101--79 general unidentified hydrocarbons Peckmann and Thiel (2004)

-28-32 n-alkanes from iron sulfide nodules van Dongen et al. (2007)
Pliocene Valle Ricca

-79--72 archaeol Cook et al. (2011)

-60--42 di-anteiso C,,-glyceroldiether (DAGE-C,,) Southeast Bering Sea

-35--30 n-alcohols

-25--22 isololiolide & ioliolide

-22 biphytane

-58--26 monocyclic & acyclic biphytane

-20 bicyclic & tricyclic biphytane & cren

(different at different layer and depth)

Wang et al., 2013). This scheme may be due to the fractionation
during evaporation and metabolism. Cold-seep carbonates are
characterized by a negative 63C value, most are between 0%o to
-40%o or even lower (Tong et al., 2013), and the lowest one was
-61%o in the Southwest African continental margin (Grupe et al.,
2015). This value clearly indicates the methane derived carbon-
ates. A high value of 0%0-29%o0 was determined in a down core
profile in a pockmark area of Niger Delta (Bayon et al., 2007)
which could be a geothermal or non-methane driven source.

(4) Biomarkers

Abundant fossilized microbes are preserved in seep carbon-
ates (Cook et al., 2011; Elvert et al., 2000; Guan et al., 2016; Han et
al., 2008; Peckmann and Thiel, 2004). Fossilized biomarkers
could be extracted with distinctive carbonate fabrics and stable
isotope signatures. The extractants could reveal the biogeochem-
ical route and environmental conditions of ancient seep sites.
The oldest biomarker recorded in the 300-million-year-old lime-
stone (Birgel et al., 2008; Suess, 2014). The characteristic bio-
markers in ancient seep environments are '3C-depleted archaeal
isoprenoids, linear and methyl-branched carbon skeletons and
hopanoids of bacterial origin (Peckmann and Thiel, 2004). Bey-
ond above species, a wide range of biomarkers, including fatty
acids, isoprenoidal and non-isoprenoidal ether lipids and ho-
panoids have also been determined in cold seeps (Pancost et al.,
2001; Schouten et al., 1998; Stadnitskaia et al., 2003, 2005; van
Dongen et al., 2007). Above biomarkers are greatly depleted 13C
(-40%o to -140%o), the lightest could be lower than -140.8%o in a
cold seep from the northern South China Sea (Ge et al., 2015). A
high value of 32%o. for n-alkanes from iron sulfide nodules (satur-
ated hydrocarbon) could be due to the non-methane source.
However, extreme variability over narrow spatial and temporal
scales within short distances (m) is common for active and
dormant seeps (Formolo and Lyons, 2013; Li et al., 2007).

2.3.2 Stable isotope of sulfur
Isotopic fractionation of sulfur suggests the existence and

evolution of seepage because both the degradation of organic
carbon and AOM are accompanied by microbial sulfate reduc-
tion (Boudreau, 1996; Lin et al., 2016a, b ; Luff et al., 2000). Mi-
croorganisms have long been known to fractionate isotopes dur-
ing their sulfur metabolism. Both 34S and 180 which will be intro-
duced next have been used as indicators of the origin and geo-
chemical routine of seep site (Aharon and Fu, 2000, 2003; Faure,
1986; Feng et al., 2015; Formolo and Lyons, 2013; Kastner et al.,
1998).

Some of the published 434S values were listed in Table 2 and
Fig. 2. A few values reported gaseous sulfur and hydrogen sulfide
and substantial liquid phase, and sulfate in porewater. The ex-
treme high or low value of isotopic fraction appears in the react-
ive area which indicates the seepage. The range of gaseous hy-
drogen sulfide was -20%o to 25%o0 depending on the local forma-
tion, sulfur source and metabolic processes. Most dissolved
sulfate in pore water have ¢%4S value similar to seawater which is
about 20%o. and the maximum could be 70.8%o in the intensive
sulfate reduction area in the Gulf of Mexico (Aharon and Fu,
2003). Pyrite, typically occurring as a framboidal crystal aggreg-
ate is the most common non-carbonate mineral in methane seep
(Lin et al., 2016b; Peckmann and Thiel, 2004) another one is
gypsum (Lin et al., 2016a). Figure 2 and Table 2 show clearly that
034814110 COVET a broad range of 47%o to ~45%o (Lin et al., 2016a;
Peckmann and Thiel, 2004) which indicated the complex source
and synthesis of pyrite. Most solid phase including pyrite, total
reduced inorganic sulfur and acid volatile sulfur. Elemental sul-
fur obtained light sulfur mainly around 0%o to -20%.. However,
the different among various solid phases is only the extraction
method. The mechanism of the formation and fractionation is
still unclear, further research is needed.

2.3.3 Stable isotope of oxygen

The §'80 values were reported for carbonate, gypsum, sulfate
and interstitial water samples. The determination of 180 in seep-
age is limit and scattered, the data are listed in Table 3 (Aharon
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Makran convergent margin-seep within OMZ
Formosa ridga SCS-authigenic carbonate
Gulf of Cadiz-authigenic carbonates
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Black Sea-biogenic methane derived carbon
Black Sea-remnant bacterial mats
DIC
Eckemforde Bay-from AOM active area
General DIC
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Cascadia subduction zone-with advective methane
Northeast of Dongsha, SCS-OSR and AOM
Nyegga area-derived from AOM

methane gas
Markran convergent margin-biogenic methane
Eckemforde Bay-biogenic methane
GOM-methane with dissociated gas hydrate
GOM-methane with mixed origin
GOM-methanogenesis methane
GOM-thermogenic methane
GOM-biogenic methane

Cascadia subduction zone-reduction of CO,

Fig. 1. The distribution of 6'3C in various phases.
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Value/%o Mechanism Reference and locality
6%4S-H,S (gas) -20.8--20.0 intermediate reactive site Formolo and Lyons (2013)
-19.7 highly reactive site hydrate and hydrocarbon rich
seep, Gulf of Mexico
12.445.4 in a core from a tube worm Aharon and Fu (2003)
setting coexisting H,S northern Gulf of Mexico
22 sulfide Kastner et al. (1998)
27.4 while gas hydrate dissociated Cascadia subduction zone
2.3-25.8 sulfide in pore fluids Aharon and Fu (2003)
Gulf of Mexico
0%48-S0, (liquid) 20-20.3 sea water Kastner et al. (1998), Faure (1986)
60 in intense sulfate reduction zone Kastner et al. (1998)
Baltic Sea
20.7-23.4 sulfate in pore fluids Aharon and Fu (2000)
increase with depth Gulf of Mexico
-23.6 sulfate in the pore fluids from
seep sediments
29.8 sulfate in a core from a tube Aharon and Fu (2003)
worm setting Gulf of Mexico
20.7-70.8 sulfate in pore fluids
32.2-50.9 sulfate in pore fluids
19.8-20.1 background site Formolo and Lyons (2013)
19.9-20.2 non-reactive site hydrate and hydrocarbon rich
23.4-26.3 intermediate reactive site seep, Gulf of Mexico
-54.1 highly reactive site
6%4S (solid) 0188 it ~45.4--10.8 sulfate-methane transition Lin et al. (2016c¢)
zone hydrate-bearing region, SCS
"8 ie ~41-47 seep associated pyrite to Peckmann and Thiel (2004)

metabolism of SRB

0'8Sp it ~37.6-37.9 seep site
O8S, 1 cum ~24.5-0.9
0188y e ~41.6-114.8 seep site

08841 ~35.0

0188 s ~24.9--5.2

oxygenated ocean with less
pyrite burial

bacterial SO,? reduction
intermediate reactive site

Lin et al. (2016a)

Shenhu Area, SCS

Lin et al. (2016b)

Sahoo et al. (2012)
Doushantuo Formation
Formolo et al. (2004)

cold seep in Gulf of Mexico

618SPyrite -19.2--11.9

6lssacid volatile sulfur -25.7--20.6
(Slgselemental sulfur -23.6--6.8
188 SPyrile -21.3--7.8

5msacid volatile sulfur -10.4-11.9
o1%S -3.3-183

elemental sulfur

highly reactive site

Formolo and Lyons (2013)
hydrate and hydrocarbon rich
seep, Gulf of Mexico

and Fu, 2000; Aharon et al., 1992; Davidson et al., 1978; Faure,
1986; Feng and Chen, 2015; Himmler et al., 2015; Kastner et al.,
1998; Malone et al., 2002; Matsumoto, 2000; Novikova et al., 2015;
Tong et al., 2013). Most carbonate §'80 lies between 0%o-10%o,
only the cold seep area in the Gulf of Mexico shows a high value
of 35.33%o (Formolo et al., 2004). One reported 680 in gypsum
was 5.3%0-12.3%o. in the Shenhu Area, SCS (Lin et al., 2016¢). The
mineralogy of the authigenic minerals and the source of fluid is
probably the main influence on the §'80 (Cook et al., 2011). Two
interstitial water samples were around zero, and the samples in
active area showed a higher level. The high level could be more
than 20%o which may due to the lighter portion preferentially
enter the gaseous phase (Aharon and Fu, 2000).

3 Episodes of methane seepage
The methane seepage in one site may spurt several times over
geologic time. Several layers of methane-derived carbonates are

direct evidence of the episode (Magalhaes et al., 2012). The epis-
ode could be determined by the age of carbonates and paleo-en-
vironmental condition. The seep carbonates with a series of con-
secutive U/Th dating has been reported in the northern South
China Sea which established the periods of seep events (Feng
and Chen, 2015; Han et al., 2014). Different lithologic groups
evidenced the extensive episodes (Magalhaes et al., 2012) and the
fluctuation of depleted §'3C record several leaching events dur-
ing glacial intervals (Hyun et al., 2014). If the sulfate methane
transition zone is deep in the seafloor, the authigenic carbonates
formed much older than the episode of methane flux (Cook et al.,
2011; Novikova et al., 2015). Periodic, catastrophic release of
stored methane in gas hydrates implicated also climate change
scenarios (Dickens et al., 1995; Hyun et al., 2014; Ménot and
Bard, 2010). However, the seep activity is also affected by tidal,
sea level, climate change and orbital. Detailed investigation is
needed to identify the episode and causes of seepage.
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Fig. 2. The distribution of §3S in various phases.

4 Numerical simulation of the seepage

Simulation tools have greatly improved our quantitative un-
derstanding of seepage and help us to reconstruct the environ-
mental conditions in marine sediments. The processes from
methaneogenesis to methantrophy have been extensively
modeled (Aloisi et al., 2004; Arning et al., 2011; Meysman et al.,
2003; Reed et al., 2011; Scholz et al., 2011). The benthic fluxes of
dissolved inorganic carbon (DIC) and alkalinity (TA) and carbon-
ate deposition has been estimated from coastal sediments
(Boudreau, 1996; Krumins et al., 2013; Luff et al., 2000, 2005).
Currently simulations could define the path of geochemical reac-
tions and mineralization and evaluate the kinetic reaction rate
(Liu et al., 2016b). However, the knowledge about the episode
and the cycle of seepage is still limit and further research is ne-
cessary.

5 Conclusions

For the exploration of hydrocarbon reservoir, the investiga-
tion of seepage is an elegant method. The study of seepage con-
tributes also to the reconstruction of paleoceanographic and en-
vironmental conditions. During the past decades, we got some
knowledge about methane source, methane reaction, consump-

tion and the episodes of seep. Generally, the survey of seepage
starts from the geophysical reconnaissance to the geochemical
determination. The geochemical determination, e.g., methane
gas, DIC, carbonates and biomarkers could be used to evaluate
the geological background, the geochemical reactions and the
mechanism of compound immigration. The seepage could be
active or dormant and the geochemical prospection is a suitable
approach especially for the dormant seepage. Unfortunately, it is
impossible to determine the source neither the transport mech-
anism with one element isotopic ratio or one phase distribution.
The combination of carbon, sulfur and oxygen isotope behaviors
with other geochemical determination is always necessary. With
the integrated field and geochemical determination, model could
quantitatively describe the kinetic reactions, the formation of
minerals and the flux of seepage. Eventually we may better un-
derstand the system, predicate the leaching events and access
the climate effect of methane seepage. However, the intensive in-
vestigation of a specific area for methane seepage, especially for
dormant seep is still limit. Most seepage investigation tends nev-
ertheless to be site-specific since the geological formations are
highly variable even between two adjacent cores separated by
less than a meter, and little attempt has been made to extrapol-
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Table 3. Isotopic value of oxygen §'80 in liquid and carbonates

19

Value/%o Mechanism Reference and locality
0180 (liquid) -1.5--0.5 interstitial water Malone et al. (2002)
New Jersey shelf
-0.5-0.3 interstitial water, hydrate zone Matsumoto (2000)
Black Ridge
-0.15-1 bottom sea water (7-18°C) Aharon et al. (1992)
Gulf of Mexico

9.7 modern seawater
10.5-12.1 sulfate in pore fluids
increase with depth
17.3 sulfate in a core from a tube worm setting
11.1-23.6 sulfate in the pore fluids from seep sediments
0180 (carbonate and gypsum) -0.1-4 with hydrate dissociation
0.2-1.3 methane-derived carbonate
1-9 bulk carbonate
5 authigenic carbonate
with hydrate dissociation
1.3-6.5 authigenic carbonate
1.4-5.1 authigenic carbonate
with hydrate dissociation
1.3-2.1 seep within oxygen minimum zone
2.2-4.2 seep non-oxygen minimum zone
0.1-3.2 highly reactive site, hydrate and
hydrocarbon rich seep
3 secondary CaCO,
3.4-6.5 authigenic carbonate
3.6-4.8 authigenic carbonate
5.6 foraminifer
0.8-6.8 methane-derived authigenic
carbonates
21.51-35.33 180 enrichment carbonates
5.3-12.3 authigenic gypsum

1.002 7-1.003 1
2.9

ice and water
H,0 dissociated gas hydrate

Davidson et al. (1978)
Kastner et al. (1998)
Cascadia margin
Faure (1986)

Aharon and Fu (2000)
Gulf of Mexico

Wang et al. (2013)

Baiyun Sag

Novikova et al. (2015)
ancient cold seep, Black Sea
Bayon et al. (2007)

Niger Delta

Malone et al. (2002)

outer New Jersy shelf

Tong et al. (2013)

northern South China Sea
Himmler et al. (2015)
Makran convergent margin
Formolo and Lyons (2013)
Gulf of Mexico

Cooket al. (2011)

Feng and Chen (2015)

Formosa ridge, South China Sea
Southeast Bering Sea
Magalhaes et al. (2012)

Gulf of Cadiz

Formolo et al. (2004)

cold seep in Gulf of Mexico

Lin et al. (2016a)

Shenhu Area, SCS

ate the results to larger scales. Further research is thus needed to
foster our understanding of the methane seepage.
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