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a b s t r a c t

Authigenic carbonates from hydrocarbon seeps are unique long-term archives of past fluid flow. The
studied samples were collected from Green Canyon block 140 at a water depth of 260 m in the Gulf of
Mexico. Petrography, X-ray diffraction, stable isotopes and 14C dating were applied to assess the evo-
lution of seep activity and potential driving forces. The carbonates are dominated by high-Mg calcite
(HMC) and aragonite, with a minor amount of low-Mg calcite (LMC) and dolomite. Petrographically,
peloids, clotted microfabric, acicular aragonite and a variable content of bioclasts were observed. Three
types of carbonates are recognized. Structure I carbonates, with 14C ages from 46.5 ka to 25.8 ka BP, are
characterized by d13C values from �23.2& to 5.1&, suggesting multiple carbon sources that include
thermogenic methane, biodegraded crude oil, seawater and residual CO2 frommethanogenesis at greater
depth. In contrast, Structure II carbonates formed between 17.6 ka and 11.7 ka BP and have d13C values
varying from �22.2& to �8.8&, suggesting carbon sources similar to those of Structure I carbonates but
with a negligible influence of residual CO2 from methanogenesis. In addition, the presence of LMC in this
type of carbonate may be associated with brine seepage. Structure III carbonates among the youngest of
the samples analyzed with 14C ages of 1.2 ka BP. These carbonates have the most negative d13C values
ranging from �36.1& to �26.8&, suggesting that thermogenic methane is the primary carbon source.
The majority carbonates of both Structure I and II are slightly 18O-enriched, which is most likely related
to the incorporation of water from dehydration of clay minerals. The considerable range of mineralogical
and isotopic variations of the studied carbonates highlights the local control of the seepage flux. It is
proposed that factors affecting the activity of hydrocarbon seeps are sea level changes and salt move-
ment. The combination of petrography, stable isotopes, and dating approach used here, highlights that
these are valuable tools to assess the variability of past fluid flow at hydrocarbon seeps.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Cold hydrocarbon seepage is a frequently observed phenome-
non in marine settings worldwide (e.g., Campbell, 2006; Judd and
Hovland, 2007 and references therein). The key process at cold
seeps is anaerobic oxidation of methane, conjointly operated by
consortia of anaerobic methane-oxidizing archaea and sulfate-
reducing bacteria (Boetius et al., 2000; Valentine and Reeburgh,
2000). This process leads to an increase of pore water alkalinity
ax: þ86 20 85290130.
, feng@scsio.ac.cn (D. Feng),
n).
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by the production of bicarbonate that favors the precipitation of
authigenic carbonates (Baker and Burns, 1985; Berner, 1980), the
so-called seep carbonates or methanogenic carbonates. Seep car-
bonates, thus, provide excellent long-term archives of past
seepage and associated environmental parameters (Aloisi et al.,
2000; Birgel et al., 2011; Bohrmann et al., 1998; Chen et al.,
2006; Feng et al., 2009a, 2010b; Greinert et al., 2001, 2002;
Greinert and Derkachev, 2004; Mazzini et al., 2004, 2008; Naehr
et al., 2007; Peckmann et al., 1999, 2001a,b, 2002, 2009; Tong
et al., 2013).

Seep carbonates are known to show complex mineralogical as
well as carbon and oxygen isotopic compositions (Campbell, 2006;
Gieskes et al., 2005; Mazzini et al., 2005; Naehr et al., 2007;
Peckmann et al., 1999, 2001a,b; Peckmann and Thiel, 2004;

Delta:1_given name
Delta:1_given name
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:bianyouyan@gig.ac.cn
mailto:feng@scsio.ac.cn
mailto:hrober3@lsu.edu
mailto:cdf@gig.ac.cn
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.marpetgeo.2013.03.010&domain=pdf
www.sciencedirect.com/science/journal/02648172
http://www.elsevier.com/locate/marpetgeo
http://dx.doi.org/10.1016/j.marpetgeo.2013.03.010
http://dx.doi.org/10.1016/j.marpetgeo.2013.03.010
http://dx.doi.org/10.1016/j.marpetgeo.2013.03.010


Y. Bian et al. / Marine and Petroleum Geology 44 (2013) 71e8172
Roberts et al., 2010; Roberts and Aharon, 1994). Carbonate min-
erals in seep carbonates are primarily high-Mg calcite (HMC),
aragonite and dolomite (protodolomite; Greinert et al., 2001;
Naehr et al., 2007; Peckmann et al., 2001b; Roberts et al., 2010;
Roberts and Aharon, 1994). Many factors influence the type of
carbonate minerals that precipitate at hydrocarbon seeps. In
general, high levels of carbonate supersaturation in combination
with a high sulfate concentration seem to favor aragonite pre-
cipitation over HMC and dolomite (Greinert et al., 2001; Moore
et al., 2004; Naehr et al., 2000, 2007; Peckmann et al., 2001b).
The occurrence of low-Mg calcite (LMC) may be attributed to a
brine-rich environment, which is relatively Mg-depleted
compared to normal marine settings that usually produce HMC
and aragonite (cf. Aloisi et al., 2000; Davis, 2000; Feng and
Roberts, 2011; Judd and Hovland, 2007).

The d13C values of seep carbonates reflect the isotopic signature
of the dissolved inorganic carbon pool at the time of carbonate
precipitation (Mazzini et al., 2004, 2008; Naehr et al., 2007;
Peckmann and Thiel, 2004; Roberts and Aharon, 1994). At seeps,
the possible carbon sources include: 1) biogenic methane
(d13C < �65&; Whiticar, 1999) and thermogenic methane
(d13C ¼ �50& to �30&; Sackett, 1978; Whiticar et al., 1986), 2) oil
fraction (d13C ¼ �35& to �25&; Roberts and Aharon, 1994), 3)
seawater (d13C ¼ 0 � 3&; Anderson and Arthur, 1983), and 4)
residual CO2 from methanogenesis (d13C as high as 26&; Gieskes
et al., 2005; Naehr et al., 2007; Paull et al., 2007). The stable ox-
ygen isotopic compositions of a specific carbonate mineral phase
depend on the formation temperature and isotopic composition of
the source water where the precipitation occurred (Friedman and
O’Neil, 1977; Naehr et al., 2000, 2007). Anomalously positive d18O
values may be derived from decomposition of gas hydrate or
dehydration of clay minerals (e.g., Bohrmann et al., 1998; Davidson
et al., 1983; Hesse, 2003; Matsumoto, 1994). Samples that are
18O-depleted may indicate the influence of the local presence of
meteoric water or residual fluids from gas hydrate formation
Figure 1. Location of the Green Canyon block 140 (27�480N/91�320W) study site, northern G
bottom (a) and the profile view (b), showing that the dome top has an irregular surface a
(Roberts, 2011).
during carbonate precipitation (Dahlmann and de Lange, 2003;
Greinert et al., 2001).

Seafloor observations indicate that the physical, chemical and
biological processes at hydrocarbon seeps can change significantly
with time (Chen et al., 2004; Greinert, 2008; Roberts, 2001; Roberts
and Carney, 1997; Schneider von Deimling et al., 2011; Solomon
et al., 2008; Torres et al., 2002; Tryon, 2004; Tryon and Brown,
2001), and this temporal variability can be expressed by the dif-
ference in geochemical and mineralogical signatures of the asso-
ciated seep carbonates (Bayon et al., 2007, 2011; Campbell et al.,
2010; Díaz-del-Río et al., 2003; Feng et al., 2009a,b, 2010a; Ivanov
et al., 2010; Magalhães et al., 2012; Mazzini et al., 2006, 2008;
Naehr et al., 2007; Peckmann et al., 2001b, 2009; Pierre et al., 2012;
Rongemaille et al., 2011). Here, we investigated authigenic car-
bonate rocks from the subsurface sediment of the hydrocarbon
seeps at Green Canyon block 140 (GC140) of the Gulf of Mexico
(GOM) continental slope. Petrography, mineralogy, stable isotopes
and 14C dating were applied to constrain the conditions under
which the carbonates formed. The obtained data were also used to
constrain the long-term evolution of the seep fluids and the
possible driving forces. This study aims at tracing the evolution of
seep fluids by a multidisciplinary study of authigenic carbonates.

2. Geological setting and sampling

The Gulf of Mexico is a hydrocarbon-bearing basin with various
types of salt structures. Faults resulting from subsurface salt
movement serve as pathways for deep hydrocarbon migration. The
hydrocarbon seepage produces brine pools, gas hydrates and
authigenic carbonates (MacDonald et al., 2010; Milkov and Sassen,
2001; Roberts et al., 2000, 2010; Sassen et al., 1999; Weimer et al.,
1998). The GC140 seep site is located in the northern upper conti-
nental slope of the GOM (Fig. 1). This area is characterized by an
abundance of faults activated by salt diapirism. Geophysical data,
submersible observations, and samples retrieved clearly indicate
ulf of Mexico. The inset 3-D seismic surface amplitude illustrates the extent of the hard
nd that the seafloor reflector is a strong, positive reflector, indicating a hard bottom



Table 1
Mineral composition of the seep carbonates.

Sample
no.

LMC
(Mg%)

HMC
(Mg%)

Arag. P/dolo. Qtz Illite Kaolinite Feldspar

Structure I carbonates
4-a e 53.8(10) 18.3 2.0 6.7 5.4 2.5 11.3
B-9 e 27.8(12) 53.1 2.3 7.5 5.8 2.9 0.6
B-10 9.8(0) 35.1(13) 47.1 e 4.1 3.3 e 0.6
Structure II carbonates
B-11 12.5(0) 27.4(14) 54.2 e 3.4 2.5 e e

B-12 11.0(1) 15.5(14) 70.4 e 3.1 e e e

B-3 11.3(0) 41.9(13) 43.0 e 2.4 1.4 e e

Structure III carbonates
F-2 e 15.0(18) 74.5 e 5.3 3.6 e 1.6

Minerals: Qtz ¼ quartz, LMC ¼ low-Mg calcite, HMC ¼ high-Mg calcite,
Arag. ¼ aragonite, P/dolo. ¼ protodolomite/dolomite, Mg% ¼ mol% MgCO3 in car-
bonate minerals.
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that the crestal areas of the GC140 dome are characterized by linear
patterns of authigenic seepmounds, which aremainly controlled by
faults (Roberts, 2001, 2011). The mound-like buildups, 20e100m in
diameter and up to 20 m in height, are composed of chaotically
oriented blocks and clasts with a high proportion of clasts and
biological detritus in the surrounding sediments (Aharon, 1994;
Roberts et al., 1990, 2000; Roberts and Aharon, 1994).

Bathymetric and high resolution seismic profiles and side-scan
sonographs clearly indicate that the thin sedimentary sequence
over the shallow salt mass of GC140 is broken by numerous faults
and that most mounded carbonates are cut due to salt deformation
(Roberts et al., 2000; Roberts and Carney, 1997). Submarine
observation showed that micro-seepage is currently occurring at
GC140 and further analysis revealed that the seep fluid mainly
consists of thermogenic gas from a deep reservoir with d13C values
w�46& (Roberts et al., 2000; Roberts and Aharon, 1994; Sassen
et al., 2004). The studied authigenic carbonates were recovered
during Johnson-Sea-Link dive 2591 in 1989. All samples were
collected from the shallow subsurface (<50 cm below the seafloor).
The water depth at the site was 260 m, and the bottom water
temperature was 12.87 �C. Scattered living tube worms and
sponges were present at the sampling site.

3. Methods

The samples were washed with fresh water and air dried after
collection. Typical samples were selected tomake thin sections. The
thin sections were observed using a LEICA-DMRX optical micro-
scope. The microstructure of the seep carbonate was examined on
freshly fractured surfaces using a scanning electron microscope
(SEM). The samples were platinum coated (20 s) prior to the SEM
observation. Photographs were taken using a HITACHI S-4800 SEM
operating at 2.0 kV with a 7e13 mm working distance. The
elementary composition was analyzed by a HORIBA EX-250, which
is housed in the Guangzhou Institute of Energy Conversion, Chinese
Academy of Sciences (CAS). The bulk mineralogy and the relative
abundance of carbonate minerals were determined by X-ray
diffraction (XRD) using a Rigaku DXR 3000 computer-automated
diffractometer at Guangzhou Institute of Geochemistry (GIG),
CAS. Samples for XRD analyses were crushed into powder less than
200 mesh using an agate mortar and pestle. The X-ray source was a
Cu anode operated at 40 kV and 40 mA using CuKa radiation
equipped with a diffracted beam graphite monochromator. The
samples were scanned at an interval of 5e65� (2q) with a step size
of 0.02� and a count time of 5 s per step. The diverging, scattering,
and receiving slits were 0.5�, 0.5�, and 0.15 mm, respectively. The
relative proportions of different carbonate minerals were quanti-
fied on the basis of the (104) peak areas of calcite, Mg-calcite, and
dolomite and the (111) peak areas of aragonite using calibration
curves (Greinert et al., 2001). The position of the (104) peak was
used to determine the Mg content of carbonate minerals
(Goldsmith et al., 1961; Lumsden,1979). Calcitewith less than 5mol
% MgCO3 was considered as LMC, and calcite compositions of 5e
20 mol% MgCO3 were referred to HMC (Burton and Walter, 1991).
Carbonate phases with 30e50 mol% MgCO3 were classified as
dolomite (Burton, 1993).

The samples for carbon and oxygen isotope analyses were taken
from carbonate rocks with a hand-held dental drill. The powdered
samples were processed with 100% phosphoric acid at 90 �C to
release CO2 for analysis using a GV Isoprime II stable isotopic mass
spectrometer at State Key Laboratory of Isotope Geochemistry, CAS.
All isotope values are expressed using the d-notion relative to the
Vienna-PeeDee Belemnite (V-PDB) standard. The values were re-
ported in permil (&) with a standard deviation of less than 0.1&
(2s) for the d13C values and 0.2& (2s) for the d18O values.
The 14C measurements were performed on shell fragments
cemented in the carbonate matrix. To remove contaminants, the
shell fragments were carefully stripped of adhering sediments with
a micro drill, soaked in water with 0.5 M HCl to remove residual
carbonate cement, washed with distilled water repeatedly until
neutral and then freeze-dried for 24 h under vacuum. The cleaned
samples were reacted with 100% phosphoric acid at room tem-
perature for 48 h. The purified CO2 gas was reduced to obtain
graphite targets by sealed tube zinc reduction method (Xu et al.,
2007). The pretreatment and preparation of graphite targets was
finished at the AMS-14C Lab at GIG, CAS. The graphite targets were
measured at the State Key Laboratory of Nuclear Physics and
Technology (Peking University, AMS facility) with an analytical
precision better than 5&. The 14C ages were calculated as years
before present (BP, years from 1950 AD) using CALIB 5.0. The errors
were expressed as �1s.

4. Results

4.1. Mineralogy and petrography

The carbonate samples show no obvious stratification and pre-
sent as irregular structures. The carbonate mineralogies are sum-
marized in Table 1. The carbonate contents vary between 74 wt%
and 97 wt%. Based on their different morphologies cement types,
the authigenic carbonates were classified into three types: Struc-
ture I, Structure II, and Structure III (Fig. 2).

Structure I carbonates are mainly composed of nodules and
matrix. The dominant mineral present is HMC in the form of nod-
ules. The nodules occur as homogenous micrite while the matrix is
characterized by a co-occurrence of microcrystalline Mg-calcite,
fibrous aragonite and bioclasts (less than 5%; Figs. 3a, b and 4a, b).
Fan-shaped aragonite aggregates developed in the inner wall of the
shells (Fig. 3c). Framboidal pyrites are common and usually
dispersed in the matrix (Figs. 3j and 4c).

Structure II carbonates are semi-consolidated and contain
abundant bioclasts (up to 30% of the volume). The carbonates are
typically composed of HMC and aragonite, followed by LMC. Fora-
minifers and bivalve fragments are the dominant biogenic com-
ponents (Fig. 3d). The matrix is dominated by microcrystalline Mg-
calcite and acicular aragonite (Fig. 3eeg). Well-developed Mg-
calcite and NaCl crystals were frequently observed in the matrix
(Fig. 4d, e).

Structure III carbonates have a dense homogenous microcrys-
talline structure with a small number of bioclasts. Aragonite is the
dominant carbonate mineral phase, followed by HMC. Aragonite is
frequently present as microcrystalline matrix and acicular cement
in pore spaces (Fig. 4f). Clotted microfabric with hazy structure



Figure 2. Morphologies and sampling points for the stable isotope data of seep carbonates. The results of the stable isotope analysis are listed in Table 2. Yellow dots represent
nodules, red dots represent matrix, and blue dots represent pore fillings. Samples 4-a and B-10 of Structure I carbonates are mainly composed of brown dense nodules and gray
matrix. B-9 of Structure I carbonates is composed of multiple scattered nodules. B-3, B-11 and B-12 of Structure II carbonates are composed of high content of bioclasts cemented by
matrix. All scale bars are 3 cm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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cemented by sparitic aragonite is one of the typical carbonates
fabrics in Structure III (Figs. 3h, i).

4.2. Carbon and oxygen isotopic compositions

The carbon and oxygen isotopic compositions of the three
structures vary widely (Table 2; Fig. 5). The d13C values of the
Structure I carbonates vary between �23.2& and 5.1&. The stable
oxygen isotopic compositions of these samples are between 2.2&
and 3.4&. The d13C and d18O values of Structure II carbonates range
from �22.2& to �8.8& and 2.0&e3.5&, respectively. The stable
isotopic values of the Structure III carbonates display relatively
narrow ranges, with d13C values from �36.1& to �26.8& and d18O
values from 1.9& to 2.7&.

4.3. 14C ages

Bivalve shell materials cemented in the seep carbonates have 14C
ages between 46.5 ka and 1.2 ka BP (Table 3). The 14C ages of the
Structure I carbonates vary between 46.5 ka and 25.8 ka BP while
the 14C ages of the Structure II carbonates range from 17.6 ka to
11.7 ka BP. The Structure III carbonates have the youngest 14C ages
of approximately 1.2 ka BP. One exception is sample B-10 with 14C
ages from 41.3 ka to 5.0 ka BP. The carbon isotopic values of the



Figure 3. Photomicrographs of GC140 seep carbonates. (a) Structure I carbonates are composed of microcrystalline nodules and matrix with a low content of bioclasts (for,
foraminifer; she, bivalve shell fragments), sample B-10, plane polarized light. (b) The co-occurrence of bivalve shells and foraminifer in the matrix of 4-a of Structure I carbonates,
cross polarized light. (c) Fan-shaped aragonite originated from the shell wall, B-10 of Structure I carbonates, cross polarized light. (d) Structure II carbonates contain a high content of
fragmented bivalve shells (up to 30%), sample B-11, plane polarized light. (e) Circumgranular sparitic aragonite (labeled “Ar”) cement around spheric or elliptical, micritic peloids
(labeled “pel”), B-3 of Structure II carbonates, plane polarized light. (f) A co-occurrence of acicular aragonite crystals (lower right) and micritic matrix (upper left), B-12 of Structure II
carbonates, cross polarized light. (g) Microcrystalline matrix with a high content of quartz in B-3 of Structure II carbonates, plane polarized light. (h) Radial aragonite developed in
F-2 of Structure III carbonates, plane polarized light. (i) The clotted microfabric preserved in carbonates has an irregular shape and unclear margin, cemented by sparitic aragonite,
sample F-2, plane polarized light. (j) Framboidal pyrites approximately 0.5 mm in diameter dispersed in the matrix of B-10 of Structure I carbonates, reflected light.
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studied shells vary from �2.9& to 3.8&, suggesting that the 14C
ages are reliable (cf. Aharon et al., 1997; Paull et al., 1989; Peckmann
et al., 2001b).

5. Discussion

5.1. Formation condition and fluid source

The mineral composition of seep carbonates is an excellent
archive of the geochemical conditions under which they formed
(Greinert et al., 2001; Naehr et al., 2007; Peckmann et al., 2001b;
Pierre et al., 2012). The stable carbon and oxygen isotopic compo-
sition of seep carbonates serves as an indicator of the composition
and source of seep fluids (e.g. Chen et al., 2005, 2007; Feng et al.,
2008; Peckmann et al., 2001b; Peckmann and Thiel, 2004;
Roberts et al., 2010; Roberts and Aharon, 1994). Seep carbonates
from GC140 are mainly composed of aragonite and HMC, with
minor amounts of LMC and dolomite (Table 1). However, distinct
mineralogical constituents exist in different types of carbonates.
The samples exhibit a wide range of carbon and oxygen isotopic



Figure 4. Scanning electron micrographs of seep carbonates. (a) Co-occurrence of acicular aragonite and micritic Mg-calcite, sample 4-a of Structure I carbonates. (b) Mg-calcite
crystals in 4-a of Structure I carbonates. (c) Framboidal pyrites in the matrix of B-10 of Structure I carbonates. (d) The crystals of Mg-calcite in the matrix bioclastic carbonates,
sample B-11 of Structure II carbonates. (e) Well developed crystals of NaCl in B-12 of Structure II carbonates. (f) Fibrous aragonite in F-2 of Structure III carbonates.
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compositions, indicating complex fluid sources and varied forma-
tion conditions.

The carbonate mineralogy of Structure I carbonates is charac-
terized by HMC, aragonite, and dolomite. The most common min-
eral is HMC, suggesting formation in the subsurface with relative
low sulfate content (cf. Greinert et al., 2001). The d13C values of the
carbonates vary between �23.2& and 5.1&, suggesting multiple
carbon sources that include seawater, thermogenic methane, bio-
degraded crude oil and residual CO2 from methanogenesis. More-
over, the positive d13C values (up to 5.1&) are similar to the carbon
isotopic values (14&) of seep carbonates from Alaminos Canyon
601 of the GOM, indicating formation in deeper sediment (Roberts
et al., 2010). This interpretation is also supported by the presence of
dolomite, which usually occurs within the subsurface (cf. Naehr
et al., 2007; Peckmann et al., 1999).

Structure II carbonates are dominated by HMC and aragonite
with a minor amount of LMC. The precipitation of LMC may be
associated with brine seepage. It is suggested that the GOM brine
has a low Mg/Ca ratio (<1) and with low concentrations of sulfide
and little to no sulfate (cf. Feng and Roberts, 2011; Joye et al., 2005).
This interpretation is also supported by the occurrence of NaCl with
well-developed crystals. There is no structure indicating recrystal-
lization based on the thin section observation. It is suggested that
the LMC is primary instead of resulting from recrystallization of
HMC or aragonite. Slightly negative carbon isotopic ratios (�22.2&
to �8.8&) suggest that thermogenic gas from a deep hydrocarbon
reservoir appears to be the primary carbon source.
The aragonite dominated Structure III carbonates represent
precipitation at a place very close to or directly at the seafloor,
where HCO3

�-rich fluids generated by anaerobic methane oxidation
mixed with sulfate-rich bottom seawater. Luff and Wallmann
(2003) suggested that the occurrence of aragonite reflects a high
methane flux and efficient methane oxidation, resulting in low
d13C carbonate values. The d13C values of the carbonates vary
from �36.1& to �26.8&, suggesting that the carbon is almost
entirely from thermogenic methane.

The oxygen isotopic composition provides information on the
temperature and fluid source from which the seep carbonate
precipitated (Anderson and Arthur, 1983; Stakes et al., 1999). The
d18O values of the Structure I carbonates and Structure II carbonates
are slightly above the values precipitated in equilibrium with the
present bottomwater temperature (Fig. 5), suggesting the addition
of a certain amount of 18O-enriched fluid into the pore fluid apart
from seawater. The decomposition of gas hydrate as the cause of the
18O-enriched fluid is precluded because the pressure and temper-
ature conditions were not favorable to the formation of gas hydrate
at GC140. Thus, we propose that the 18O-enriched fluid was
released by conversion of smectite to illite at greater depths (Hesse,
2003). The 18O-enriched fluid was transported to the seabed
through the cold seep plumping system, and this signal was finally
preserved in the associated authigenic carbonate. Additionally,
small amounts of dolomite in the Structure I carbonates may have
contributed to the elevated oxygen isotopic composition. The d18O
value of dolomite is about 3& more positive than that of the



Table 2
Stable carbon and oxygen isotopic compositions of the seep carbonates.

Sample no. Sub-sample ID d13C/& d18O/& Note

Structure I carbonates
4-a 1 �12.3 3.0 Nodule

2 �3.9 3.4 Nodule
3 �17.7 2.8 Nodule
4 �16.0 3.0 Matrix
5 �20.1 3.1 Matrix
6 1.4 3.1 Matrix
7 �23.2 2.9 Matrix
8 �2.5 3.2 Matrix
9 �19.8 2.8 Matrix

B-10 1 �18.7 2.2 Nodule
2 �13.0 2.8 Nodule
3 �9.8 2.8 Nodule
4 �11.1 2.9 Nodule
5 3.3 2.6 Matrix
6 �2.8 2.5 Matrix
7 0.8 2.4 Matrix
8 �0.9 2.9 Matrix

B-9 1 5.1 3.0 Nodule
2 �1.8 3.3 Nodule
3 1.3 3.2 Nodule
4 �10.5 2.5 Nodule
5 �13.2 3.2 Matrix

Structure II carbonates
B-11 1 �11.4 2.5 Matrix

2 �8.8 2.6 Matrix
3 �15.1 2.0 Matrix
4 �22.2 2.7 Matrix

B-12 1 �11.5 2.9 Matrix
2 �14.7 3.1 Matrix
3 �14.0 2.8 Matrix

B-3 1 �16.3 3.5 Nodule
2 �16.7 2.8 Nodule
3 �16.8 2.9 Matrix
4 �15.3 2.7 Matrix
5 �10.9 3.3 Matrix
6 �16.6 3.1 Matrix

Structure III carbonates
F-2 1 �33.1 2.2 Matrix

2 �31.0 2.4 Matrix
3 �29.9 2.4 Matrix
4 �26.8 2.1 Matrix
5 �31.9 2.7 Matrix
6 �36.1 1.9 Matrix
7 �35.6 2.5 Aragonite in pore
8 �34.8 2.6 Aragonite in pore

Structure I carbonates
Structure II carbonates
Structure III carbonates

δ
18

O V-PDB

δ
1

3

C
 
 
V

-
P

D
B

Figure 5. Stable carbon and oxygen isotopic compositions of seep carbonates. The
dashed lines indicate the theoretical d18O values for HMC (2.16&; red), aragonite
(2.32&; black) and dolomite (4.46&; blue) precipitating in equilibrium with bottom
water at the present temperature (t ¼ 12.87 �C, d18O ¼ 0.7& SMOW). The calculations
were made based on the equations of Friedman and O’Neil (1977), Hudson and
Anderson (1989) and Fritz and Smith (1970) for Mg-calcite, aragonite and dolomite,
respectively. The mol% MgCO3 content of Mg-calcite is assumed to be 13.5% (Table 1).

Table 3
14C dating results of bivalve shells cemented by seep carbonates.
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coprecipitated calcite (Land, 1980). The d18O values of the
aragonite-based Structure III carbonates are close to the theoretical
values, representing precipitation in equilibrium with the bottom
water at the present temperature (Fig. 5).
Sample no. d13C/& 14C age (a BPa) 14C age (corrected, a BP)

Structure I carbonates
4-a-1 2.8 33,610 � 170 34,068 � 170
4-a-2 3.4 46,010 � 580 46,479 � 580
4-a-3 3.2 31,470 � 150 31,936 � 150
4-a-4 �2.9 25,790 � 110 26,153 � 110
B-10-1 2.7 4500 � 30 4957 � 30
B-10-2 2.2 40,900 � 480 41,348 � 480
B-10-3 2.7 35,620 � 220 36,078 � 220
B-9 3.8 25,330 � 100 25,807 � 100
Structure II carbonates
B-11 3.2 11,210 � 60 11,675 � 60
B-12-1 0.6 14,315 � 50 14,736 � 50
B-12-2 1.8 17,140 � 80 17,583 � 80
B-12-3 1.0 13,960 � 60 14,388 � 60
B-3 3.7 17,070 � 60 17,545 � 60
Structure III carbonates
F-2-1 2.2 800 � 25 1249 � 25
F-2-2 2.3 750 � 25 1201 � 25

a BP ¼ before present, years from 1950 AD.
5.2. 14C ages and episodical activity of the cold seep

Recently, chronology combined with mineralogy, petrology,
stable isotopes, and trace element geochemistry have been applied
to shed light on the evolution of seep activity (Aharon et al., 1997;
Bayon et al., 2009a,b; Feng et al., 2010b; Kutterolf et al., 2008;
Liebetrau et al., 2010; Teichert et al., 2003; Watanabe et al., 2008).
For example, U/Th ages of seep carbonates from Hydrate Ridge
show that the occurrence of seep carbonate appears to have been
correlated with the sea level lowstand during Pleistocene glaciale
interglacial cycles (Teichert et al., 2003). Seeps have been particu-
larly active during the last glaciation in the GOM and Sea of Japan
(Feng et al., 2010b; Kutterolf et al., 2008; Watanabe et al., 2008).

Aharon et al. (1997) reported that the hydrocarbon seeps in the
GOM have been active since the late Pleistocene. In addition,
Roberts et al. (1990) and Feng et al. (2010b) showed that the GOM
hydrocarbon seeps are not continually active. The latter authors
proposed that the current phase of vigorous seepage at the lower
continental slope began at approximately 12.4 ka BP, possibly
reflecting a time of increased sedimentary loading and associated
salt diapirism that activated fault conduits to the seafloor at the end
of the last deglaciation.

The 14C dating of the shells suggests that GC140 seep carbonates
formed during three different time intervals, revealing that fluid
seepage at this site occurred episodically. The 14C ages of the three
structures are 46.5 ka to 25.8 ka BP, 17.6 ka to 11.7 ka BP, and 1.2 ka
BP, respectively (Table 3 and Fig. 6). In particular, 14C ages of sample
B-10 from Structure I show a wide range with 14C ages of between
41.3 ka and 5.0 ka BP, whichmay be due tomultiple stages (Fig. 6). It
is suggested that the enhanced fluid flow during these time in-
tervals was closely related to not only the sea level variations
associated with glacial/interglacial cycles but also the salt tectonics.
Interestingly, the different orientations of the geopetal structures in
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Figure 6. The AMS 14C ages for samples of bivalve shell materials cemented in GC140 seep carbonates. The sea level curve derived from oxygen isotope data is a proxy for the
eustatic sea level change over the past 130 ka (Rohling et al., 2009).
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an authigenic carbonate rock from GC140 indicate multiple
reworking, most likely resulting from salt tectonics in this area
(Roberts, 2001).

Salt tectonics involving the evolution of various salt body ge-
ometries including salt diapirs are common to the northern Gulf of
Mexico (Cook and D’Onfro, 1991; Seni, 1992; Sassen et al., 1999).
Submersible observations and high resolution acoustic datasets
show that faults are widespread in sediments as a result of tectonic
activity (Roberts et al., 1990, 1993, 2000), suggesting that the
movement of salt has been active. Therefore, the possible factors
governing the episodical intensification of the seep activity in the
studied area are sea level change, sedimentary loading, and salt
movement.

5.3. The evolution of seep fluids at GC140

In the GOM, the dynamic fluid flow along deformed salt bodies
and faults causes the rapid expulsion of fluid and gas and provides
conditions suitable for the formation of authigenic carbonates close
to the seafloor (Roberts, 2001, 2011). The carbonate outcropping at
the seafloor consequently provides an accessible overview to
monitor the long-term dynamics of fluid and gas expulsions. By
integrating mineralogical and geochemical data and 14C ages, a
Thermogenic methane
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Figure 7. Schematic model illustrating the evolution of seep fluids. (a) Stage I (from 46.5 ka
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began to be active and brought some brine for the precipitation of LMC, Structure II carbona
was aggravated and broke upper sediment, which formed aragonite-based carbonates of St
schematic model of the evolution of seep fluids at GC140 is pro-
posed (Fig. 7).

In Stage I (from 46.5 ka to 25.8 ka BP), low fluxof fluid seepage at
the studied location led to the formation of Structure I carbonates.
The presence of HMC and dolomite mineral phases in the samples
suggests that the precipitation of Structure I carbonates occurred
in relatively deeper sediments. This assumption is supported by
positive d13C values (up to 5.1&) of Structure I carbonates, which
represent precipitation resulting from methanogenesis deeper
within the deep sediment. The presence of small amounts of LMC in
one sample of Structure I (sample B-10) suggests the influence of
locally active brine seepage (cf. Feng and Roberts, 2011).

In Stage II (from 17.6 ka to 11.7 ka BP), intermediate fluid seepage
promoted the formation of Structure II carbonates. The presence of
fragments of shells of chemosynthetic bivalves in the carbonates
suggests that the carbonate precipitation during this stage occurred
close to the seafloor. The presence of LMC in the carbonates sug-
gests the influence of brines during its formation (cf. Feng and
Roberts, 2011).

In Stage III (fromw1.2 ka BP to present), the enhanced fluid flow
induced the formation of Structure III carbonates. The aragonitic
mineralogy of the carbonates is indicative of precipitation in a
sulfate-rich environment. Moreover, the d18O values close to the
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calculated equilibrium values agree with precipitation from pore
waters with a composition close to that of the seawater. Addi-
tionally, the high methane flux results in relatively negative d13C
values of the carbonates (cf. Luff andWallmann, 2003). Overall, our
results suggest that the evolution of fluids at cold seeps is a dy-
namic process. This variability most likely reflects changes in the
seepage flux that are linked to multiple factors such as sea level
changes, sedimentation, and salt deformation. The combination of
petrographic and geochemical constraints as well as the detailed
chronology used here is promising to better assess the variability
and the diversity of past fluid and gas expulsions at seeps.

6. Conclusion

The authigenic carbonate rocks collected from Green Canyon
block 140, northern Gulf of Mexico, provided information on the
site specific evolution of seep fluids and the possible driving forces.
Three structures of carbonate cements were recognized based on
different cement types. They consist of a variety of carbonate
mineral phases including high-Mg calcite, aragonite, low-Mg
calcite, and dolomite. The occurrence of different types of carbon-
ates and the large variation in d13C values appear to be closely
related to the intensity of the seepage and the involvement of
brines from salt dissolution. Structure I carbonates with 14C ages
between 46.5 ka and 25.8 ka BP are suggested to have formed in
deeper sediment, agreeing with the apparent positive d13C values
as high as 5.1& and the presence of the dolomite mineral phase.
The fluid flux during this time interval was low. Structure II car-
bonates formed from 17.6 ka to 11.7 ka BP. The precipitation
occurred close to the seafloor in the shallow subsurface due to the
moderate fluid flow as revealed by abundant bivalve shell frag-
ments in the carbonates. The involvement of brines is suggested by
the presence of low-Mg calcite. Aragonitic Structure III carbonates
formed at higher methane concentrations correspond to enhanced
fluid flow as indicated by negative d13C values as low as �36.1&.
The findings also emphasize that the factors influencing seep ac-
tivity are not only sea level changes and sedimentation, but also salt
tectonics. This study reveals that authigenic carbonates have the
potential to archive the long-term evolution of fluid flow at hy-
drocarbon seeps.
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