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ARTICLE INFO ABSTRACT

Numerous marine hydrocarbon seeps have been discovered in the past three decades, the majority of which are
dominated by methane-rich fluids. However, an increasing number of modern oil seeps and a few ancient oil-
seep deposits have been recognized in recent years. Oil seepage exerts significant control on the composition of
the seep-dwelling fauna and may have impacted the marine carbon cycle through geological time to a greater
extent than previously recognized. Yet, distinguishing oil-seep from methane-seep deposits is difficult in cases
where §'°C,y, values are higher than approximately —30%o due to mixing of different carbon sources. Here, we
present a comparative study of authigenic carbonates from oil-dominated (site GC232) and methane-dominated
(site GC852) seep environments of the northern Gulf of Mexico, aiming to determine the geochemical char-
acteristics of the two types of seep carbonates. We analyzed (1) major and trace element compositions of car-
bonates, (2) total organic carbon (TOC), total nitrogen (TN) and carbon isotope (8'°Croc) of residue after
decalcification, (3) sulfur isotope signatures of chromium reducible sulfur (CRS, 83%Scrs) and residue after CRS
extraction (8**Stog), as well as (4) sulfur contents (TOS) of residue after CRS extraction. Carbonates from the
studied oil seep are dominated by aragonite and exhibit lower 8**Scgs values, suggesting carbonate precipitation
close to the sediment surface. In addition, oil-seep carbonates are characterized by higher TOC and TOS contents
and higher TOC/TN ratios, as well as less negative 8'3Croc values compared to methane-seep carbonates,
probably reflecting a contribution of residual crude oil enclosed in oil-seep carbonates. Very low 8*3GCpoc values
(as low as —68.7%o, VPDB) and low TOC/TN ratios of methane-seep carbonates indicate that the enclosed
organic matter is derived mainly from the biomass of methanotrophic biota. This study presents new geo-
chemical data that will allow the discrimination of oil-seep from methane-seep deposits. Although some of the
geochemical patterns are likely to be affected by late diagenesis, if applied with caution, such patterns can be
used to discern the two end-member types of seepage — oil seeps and methane seeps — in the geological record.
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1. Introduction

Hydrocarbon-rich fluid seepage occurs along the continental mar-
gins worldwide (Ceramicola et al., 2018; Suess, 2018). Modern seeps
are dominated by leakage of methane (Suess, 2018). Besides methane
seeps, oil seeps have been reported to occur along continental margins
and in deeper basins, such as offshore southern California (Valentine
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et al., 2010), the Gulf of Mexico (GoM; e.g., MacDonald et al., 2004),
the Black Sea (Korber et al., 2014), and the Brazilian Margin (Freire
et al., 2017). In addition, numerous Phanerozoic seep deposits have
been shown to be characterized by expulsion of higher hydrocarbons
and crude oil (Peckmann et al., 1999; 2001, 2007, 2013; Agirrezabala,
2009). At oil seeps, crude oil tends to cover the seafloor and to fill the
pore space of sediment. Certain epifaunal chemosymbiotic taxa dwell in
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Fig. 1. Location of sites GC232 and GC852 in the northern Gulf of Mexico. Maps were created using GeoMapApp software.

oil seep environments, but infaunal taxa do not tolerate the viscosity of
oil and the toxicity of many of its components (cf. Smrzka et al., 2016,
2019). Oil and accessory methane escaping from the seabed facilitate
bacterioplankton growth in the bottom water at seeps, which is be-
lieved to have provided the nutrition for seep-dwelling dimerelloid
brachiopods (Kiel and Peckmann, 2019). The dimerelloid brachiopods
of many Paleozoic and Mesozoic seeps with their epifaunal life style
would have been better adapted to oil seeps than many of the pre-
dominantly infaunal modern and Cenozoic seep taxa (Smrzka et al.,
2016). In fact, some of the Paleozoic and Mesozoic seeps typified by
mass occurrences of dimerelloid brachiopods may have represented oil
rather than methane seeps (Peckmann et al., 2001, 2007, 2011, 2013).
Moreover, the occurrence of oil in seep fluids governs chemosynthesis-
based symbiosis between seep-endemic metazoans and their symbionts
(Rubin-Blum et al., 2017).

Oil seepage exerts a strong selective pressure on bacterial commu-
nities in marine sediments (Lamontagne et al., 2004; Orcutt et al.,
2010). This selective pressure could, in turn, control the effects of oil on
other biota in the vicinity of marine hydrocarbon seeps (Lamontagne
et al., 2004). Finally, natural oil seeps not only contribute a significant
source of oil to the ocean, they also typically release large quantities of
methane to the ocean (Valentine et al., 2010). Oil seepage accompanied
by methane will thus increase the methane flux to the ocean and even
the atmospheric with the protection of surface coatings on gas bubbles
(Valentine et al., 2010). Therefore, the unambiguous identification of
oil seeps is imperative to understand the adaption of chemosynthesis-
based life to this environment and to better constrain the impact of oil
seepage on carbon cycling through geological time.

However, such identification of ancient oil seeps is difficult (e.g.,
Squires and Gring, 2016). At oil seeps, the increase of alkalinity re-
sulting from microbial anaerobic oxidation of methane (AOM) and the
oxidation of higher hydrocarbons (propane, butane; Musat, 2015) as
well as other oil components (hexadecane; Mbadinga et al., 2011) leads
to carbonate precipitation (cf. Joye et al., 2004; Smrzka et al., 2016).
Because methane is strongly depleted in '3C, carbon stable isotope
compositions of carbonate (8'3Cypp) and of lipid biomarkers represent
the best tracers of this carbon source (Peckmann and Thiel, 2004;
Campbell, 2006). Oil tends to be less >C depleted than methane, but
like methane also oil components can have different §'>C values due to

variable sources of the original organic matter and different maturities
(Sofer, 1984). Biomarkers may be erased as a function of thermal ma-
turity and variable degrees of mixing of different carbon sources may
prevent unambiguous identification of hydrocarbon-seep carbonates by
813C b values (Peckmann and Thiel, 2004). Furthermore, character-
istic biomarkers of oil-degrading bacteria have yet to be identified, and
oil-seep fluids tend to contain methane (Joye et al., 2004; Valentine
etal., 2010). Smrzka et al. (2016) put forward the concept of combining
rare earth elements and yttrium (XREE + Y) versus Mo/U ratios of seep
carbonates to discern oil-seep from methane-seep deposits. Early di-
agenetic, fibrous cement was shown to feature higher contents of
YREE + Y and lower Mo/U ratios in oil-seep deposits than in methane-
seep deposits, which is likely to mirror the presence of crude oil in the
fluids. Similarly, the enrichment of light rare earth elements (LREEs) in
fibrous cement of oil-seep carbonates has been suggested to be related
to the presence of crude oil, which provided an additional source of
LREEs to the pore water from which the cement precipitated (Smrzka
et al., 2019).

The presence of an additional carbon source at oil seeps is likely to
affect the composition of organic matter in oil-seep carbonates. Unlike
methane, which can at best be preserved in inclusions (but see
Blumenberg et al., 2018), crude oil can be preserved in modern and
ancient carbonates (Smrzka et al., 2016). The total organic carbon
contents, carbon to nitrogen (C/N) and sulfur to carbon ratios (S/C), as
well as 8'3C values of organic matter may, thus, serve as a tool for
discriminating oil and methane seepage. To test whether organic matter
preserved in seep carbonates could serve as an archive of fluid com-
position, a series of carbonates collected from oil- and methane-seep
environments from the northern GoM was selected for a comprehensive
geochemical study.

2. Site characteristics and samples

Numerous hydrocarbon seeps have been discovered since the 1980s
on the northern continental slope of the GoM (Roberts et al., 2010). The
geological history of the GoM is conductive for hydrocarbon seepage
from deeply buried petroleum systems to the seafloor. Salt diapirism
generated fault networks that provide conduits for gas, oil, and other
fluids from deep reservoirs to surficial sediments (Roberts et al., 2010).
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Dive information, geographical coordinates, water depth, and bottom water temperature of sites GC232 and GC852 where carbonates were collected.

Sites Year-dive number Lat. Mean

Lon. Mean Water depth (m) Temperature (°C)

GC232
1991-JSL-3151
1992-JSL-3302
1992-JSL-3304
1992-JSL-4401
1993-JSL-3564
1995-JSL-2636
1995-JSL-2369
2002-JSL-4401
2002-JSL-4403

N27.7417°

GC852
2006-Alvin-4177
2006-Jason-4185
2006-Alvin-4187
2007-Jason-273
2007-Jason-278

N27.1060°

W91.3188° 570 7.5

W91.1662° 1450 4.5

Green Canyon (GC) is located on the upper slope of the GoM char-
acterized by numerous gas and crude oil hydrocarbon seeps. Green
Canyon block 232 (hereafter GC232) is situated at 570 m water depth,
where the average bottom water temperature is ~7.5 °C (Fig. 1;
Table 1). Geophysical data indicate that faults provide conduits for
fluids and gas migration (Hackworth, 2005). The sediment contains
abundant hydrogen sulfide (H,S) and oil is visible infilling fractures in
the sediment. Tubeworms and microbial mats lining fractures were
present on the seafloor. Green Canyon block 852 (hereafter GC852) lies
on the southern part of a steep-sided, N-S trending and elongated
mound rising from a water depth of approximately 1450 m where the
bottom water temperature is around 4.5 °C (Fig. 1; Table 1). More in-
formation on this active seepage site and its chemosynthesis-based
communities is provided elsewhere (Roberts et al., 2010).

The carbonate samples studied herein were collected from the sea-
floor or the subsurface (< 50 cm below the seafloor) during nine
Johnson Sea Link dives between 1992 and 2002, three deep sub-
mergence vehicle (DSV) Alvin dives in 2006, and two remotely oper-
ating vehicle (ROV) Jason dives in 2007 (Table 1). For the purpose of
this study, samples from oil-dominated (site GC232) and methane-
dominated (site GC852) seeps were selected for comparison. No ap-
parent, systematic differences in the rock fabric between the authigenic
carbonates from methane seeps and oil seeps have been recognized
(Fig. 2). The carbonates come in a variety of shapes, including nodules,
slabs, blocks, and irregularly shaped aggregates. Crude oil, which is
apparently biodegraded, was found embedded in the samples from site
GC232.

3. Analytical methods

The carbonate samples were washed with fresh water after

collection and subsequently air-dried. Bulk samples were selected to be
ground into powder and then were separated for the subsequent ana-
lyses. Subsamples for carbonate carbon and oxygen stable isotopes were
selected to reflect all stages of carbonate formation. For example, the
microcrystalline matrix usually represents initial seepage-related pre-
cipitation, whereas cavity-filling cement typically reflects a later stage
(Feng et al., 2010).

3.1. Carbonates carbon and oxygen stable isotopes

The powdered samples for 8'°C and §'®0 determination were ob-
tained from rocks with a microdrill. Then samples were processed with
100% phosphoric acid at 90 °C to release CO, for analysis using a
Thermo Finnigan Delta V Advantage mass spectrometer at Louisiana
State University (LSU). The isotope values are reported using 6 notation
in per mil (%o) relative to the Vienna Pee Dee Belemnite (VPDB) stan-
dard. The analytical precision was on the order of 0.1%o for both §'3C
and 880 values.

3.2. Major and trace elements

An aliquot of powdered samples was prepared for major and trace
element analyses. Detailed measurement procedures followed the
methods of Hu et al. (2014). The powdered samples were dissolved by a
mixture of 1 ml HF (48%, v/v) and 1 ml HNO3 (68%, v/v) in Teflon
beakers. After dissolution in an electric oven at 185 °C for 36 h, the
solution was then evaporated to dryness on a hot plate. After cooling, a
mixture of 2 ml HNO; (68%, v/v) and 3 ml deionized water was added.
The beakers were placed again in an electric oven at 135 °C for 5 h to
dissolve the residue. Major and trace elements were analyzed using a
Varian Vista Pro ICP-AES and a PerkinElmer Sciex ELAN 6000 ICP-MS

Fig. 2. Rock fabric of selected carbonate lithologies from sites GC232 (oil-seep) and GC852 (methane-seep). (A) Slab of carbonate collected from site GC232 with oil
impregnations (arrows). (B) Carbonate sample from site GC852 revealing a porous fabric with carbonate clasts cemented by a micritic matrix.
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at the Institute of Geochemistry, Chinese Academy of Sciences (CAS).
Certified reference materials (GSR-1, OU-6, 1633-a, GXR-2, GXR-5)
were used for quality control. Precision and accuracy were better than
5% for major elements and 10% for trace elements.

3.3. TOS, 6%*Stos, and 8°*Scgs

About 2-5 g of the power sample was dissolved using 6 N HCI at
50 °C for 6 h to release acid volatile sulfur under a continuous flow of
Ny (g). Then the residue was analyzed for chromium reducible sulfur
(CRS) by a modified version of the chromium reduction method (Li
et al.,, 2016). The H,S evolved was delivered into an AgNO3 solution
using continuous N, (g) and converted into Ag»S for isotopic analyses
(8%4Scrs). After CRS extraction, the residue was washed with deionized
water (3 times) and then dried for total organic sulfur (TOS) and stable
isotope analyses (8%*S1os; cf. Canfield et al., 1998; Werne et al., 2003).
The recovered Ag,S and residue after chromium extraction were placed
in tin boats with V,05 and converted to SO, at 980 °C with an Elemental
Analyzer. The analyses were conducted on an Isoprimel00-EA with a
peripheral elemental analyzer for on-line sample combustion at LSU.
Precision and accuracy of the TOS were better than 5%. The standard
deviation for 83*S analysis was + 0.3%o, and the results were expressed
using 8 notation relative to the Vienna Canyon Diablo Troilite (VCDT)
standard.

3.4. TOC, TN, and 8§"Croc

Sub-samples of the samples above were digested with 0.5 N HCI for
24 h to eliminate carbonate. The residue was encapsulated with tin
capsules and then measured for carbon isotope compositions (8'>Croc),
as well as carbon and nitrogen contents (TOC, TN) following the
method reported by Kunimitsu et al. (2009). TOC, TN contents, and
8'3Croc measurements were performed in continuous-flow mode via an
Elemental Analyzer interfaced to an Isoprimel00 at LSU. The precision
and accuracy of TOC and TN measurements were better than 5%. The
8'3Croc values are reported relative to VPDB. The precision for 8'Croc
is = 0.2%o.

4. Results
4.1. 8"3C.qp and 0cqn

The 8'3C values of carbonates from both sites show a large variation
(Fig. 3; Table 2), from —54.6%0 to —41.1%0 (mean = —49.5%o,
n = 12) for samples from site GC852 (methane seepage) and from
—27.2%0 to —11.8%0 (mean = —20.0%o, n = 12) for samples from
site GC232 (oil seepage). In contrast, 880 carp values of all samples from
both sites are very similar, ranging from 3.8%o to 5.2%o for site GC852
and from 3.6%o to 5.2%o for site GC232.

4.2. Major and trace elements

Selected major and trace elements contents for bulk carbonates are
listed in Table 3. The Sr/Ca and Mg/Ca ratios of carbonates display a
large variation between the two sites. Samples from site GC852 tend to
have relatively higher Mg/Ca ratios, while carbonates from site GC232
reveal higher Sr/Ca ratios, pointing to predominant high-magnesium
calcite (HMC) and aragonite composition, respectively (Fig. 4).

4.3. 8°*Scrs, 6**St0s, and TOS/TOC

Carbonates from site GC232 yielded more negative 834Scrs and
8%%S1os values than rocks from site GC852 (Fig. 5). The 8>*Sog values
of samples are higher than the corresponding 8**Scgg values of samples
from both sites. Moreover, the 8>*Scgg values co-vary with the §3*Syog
values of samples from both sites, except three samples (GC852-5,

Marine and Petroleum Geology 114 (2020) 104230

618()carb (%0)

0 3 4 5 6
0 'ﬁ/ T T T 1
#GC232
AGC852
-10 +
®
®
o o
-20 ®
oo ¢
o ¢ o0
R
S ®
5-30 t
S
Pe)
-40 | WA
A A
-50 A A
TN
-60 -

Fig. 3. Plot of 8"3C and 8'0 values of carbonates.

GC852-7, GC852-11; Fig. 5). Compared to rocks from site GC852, rocks
from site GC232 reveal the higher TOS/TOC molar ratios and a wider
variation of TOS/TOC ratios, ranging from 0.0054 to 0.0163 (Fig. 6). In
addition, samples from site GC232 exhibit a positive correlation
(R%2 = 0.7, n = 12) between the TOS/TOC ratio and TOC. Such cor-
relation is not observed for samples from site GC852 (Fig. 6).

4.4. TOC, TN, and 8°Croc

TOC contents in samples from site GC232 are higher than those
from site GC852, ranging from 0.17% to 1.09% (mean = 0.61%,
n = 12), and from 0.17% to 0.32% (mean = 0.23%, n = 12), re-
spectively. Carbonates from site GC232 yield higher TOC/TN weight
ratios than carbonates from site GC852 (Table 2; Fig. 7). TOC/TN ratios
range from 8.0 to 18.6 (mean = 12.3, n = 12) and 6.9 to 13.1
(mean = 12, n = 12) for samples from site GC232 and site GC852,
respectively. The 8'3Croc values of carbonates from site GC852 fall
between —68.7 and —29.5%0 (mean = —45.4%o0, n = 12), while
8'3Croc values of carbonates from site GC232 are less negative, ranging
from —45.4 to —27.1%0 (mean = —35.7%o, n = 12). Samples from
both sites exhibit a positive correlation between the TOC/TN ratios and
8'3Croc values (R2 = 0.9, n = 12 at site GC852, and R*> = 0.6,
n = 12 at site GC232; Fig. 7).

5. Discussion
5.1. Constraints on the environment of carbonate formation

The 8'3C.ay, and 83*Scgs values as well as the mineralogy of seep
carbonates are instrumental in deciphering the compositions of seepage
fluids and carbonate formation environments (e.g., Peckmann and
Thiel, 2004; Han et al., 2008, 2013; Feng et al., 2009). As expected for
an oil-seep deposit, carbonates from site GC232 exhibit only moderately
negative 8'3C values (—27.2%o to —11.8%o). Such values, similar to
values of oil from the Green Canyon reservoir (~—27%o; Kennicutt
et al.,, 1988), suggest that the main carbon source for carbonate
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Table 2
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Carbon and oxygen stable isotopic compositions of carbonate, bulk geochemical parameters of residue after HCI dissolution and after chromium reduction, sulfur
isotopic compositions of chromium reducible sulfur in carbonates. TOC = total organic carbon; TN = total nitrogen; TOS = total organic sulfur; CRS = chromium

reducible sulfur.

Sites Sample ID  carbonate residue after HCl dissolution residue after Cr>* reduction cr** reducible sulfur TOC/TN wt/wt TOS/TOC mol/mol
8%Ceary  8'%0cay,  TOC TN 8'3Croc TOS 8%S1os 8%*Scrs
%o, VPDB %o, VPDB  wt% wt% %o, VPDB ug/g %o, VCDT %o, VCDT

GC232 GC232-1 -11.8 5.2 0.17 0.01 —-27.1 34 2.9 -0.1 12.3 0.0076
GC232-2 —-16.2 4.2 0.61 0.05 —34.7 214 4.4 -8.7 12.0 0.0132
GC232-3 -16.1 4.7 0.54 0.06 -39.5 189 6.2 —-8.0 9.2 0.0131
GC232-4  —-20.0 4.3 0.75 0.06 -35.5 231 0.2 -9.1 13.6 0.0116
GC232-5 -21.9 4.4 0.37 0.04 —-38.0 53 2.9 -30.0 10.2 0.0054
GC232-6  —24.2 4.0 0.40 0.05 —45.4 102 -0.4 -31.6 8.0 0.0096
GC232-7 —27.2 3.8 0.79 0.07 -7.9 253 -39 —26.0 12.1 0.0120
GC232-8 —-21.7 3.7 1.09 0.06 -31.7 475 -3.1 —-21.8 18.6 0.0163
GC232-9 -13.9 4.9 0.58 0.03 —28.2 162 6.2 -13.8 17.2 0.0105
GC232-10 -22.0 3.9 0.45 0.05 —40.4 96 0.7 —24.7 8.9 0.0080
GC232-11 -239 3.6 0.86 0.06 —34.0 285 0.9 —23.6 13.7 0.0124
GC232—-12 -21.7 3.7 0.66 0.06 —-35.4 179 -0.1 —-11.5 11.5 0.0102

GC852 GC852-1 -41.8 4.1 0.19 0.01 -30.8 26 5.5 n.d. 13.1 0.0051
GC852—-2  —52.1 4.9 0.17 0.01 —29.5 22 3.8 -23 12.9 0.0049
GC852-3 —-52.2 4.9 0.27 0.03 —-32.3 34 7.9 10.3 10.5 0.0048
GC852—-4  —54.6 5.0 0.27 0.02 —39.0 42 5.8 7.4 11.3 0.0059
GC852—-5  —50.1 3.8 0.32 0.04 —58.3 37 10.4 13.6 7.4 0.0044
GC852—-6  —47.2 3.9 0.27 0.04 —60.6 30 11.4 11.4 7.3 0.0041
GC852—-7  —52.2 4.3 0.26 0.02 —41.0 31 9.7 25.3 10.8 0.0044
GC852—-8  —52.4 5.2 0.22 0.03 —65.0 40 11.7 16.8 7.3 0.0069
GC852—-9  —47.2 4.7 0.17 0.02 —44.2 n.d. n.d. n.d. 10.4 n.d.
GC852—-10 —50.5 4.6 0.21 0.03 —68.7 23 9.7 -3.8 6.9 0.0042
GC852—-11 -53.3 4.4 0.28 0.02 —42.1 40 9.5 16.9 11.3 0.0053
GC852—-12 —41.1 4.2 0.18 0.02 —-334 n.d. n.d. n.d. 111 n.d.

n.d. = not determined.

precipitation is biodegradation of heavy hydrocarbons and other oil-
derived compounds (cf. Joye et al., 2004; Naehr et al., 2009). This in-
terpretation is in line with the occurrence of oil-staining and unresolved
complex mixtures of hydrocarbon compounds in carbonates from the
same site (Woolsey et al., 2004, Fig. 2). Moreover, seep carbonates
predominantly consisting of oil-derived carbon in other regions gen-
erally exhibit 8'3C values higher than —30%o (Feng et al., 2008, 2009;

Naehr et al., 2009; Roberts et al., 2010; Mansour and Sassen, 2011;
Mansour, 2014; Smrzka et al., 2019). Moreover, moderately negative
carbon isotope values may also reflect thermogenic gas in addition to
petroleum degradation, representing an alternative dissolved inorganic
carbon source (e.g., Matturro et al., 2017; Oppo et al., 2017).

The extremely negative §'3C values of carbonates from site GC852
(as low as —68.7%o; Fig. 3), on the other hand, point to biogenic

Table 3
Calculated carbonate contents and selected major element compositions in the studied carbonates.
Sites Sample ID CaO MgO “CaCO3 Sr Ba Al Mg/Ca Sr/Ca
wt% wt% wt% ug/g ug/g wt% 8/8 8/8
GC232 GC232-1 37.4 7.6 82.7 942 299 1.39 0.122 0.003
GC232-2 42.2 3.9 83.4 5120 335 1.02 0.055 0.013
GC232-3 43.2 3.0 83.3 6530 367 0.92 0.041 0.017
GC232—-4 41.1 4.8 83.5 4620 93 0.97 0.071 0.012
GC232—-5 39.2 5.9 82.4 2010 103 1.35 0.090 0.006
GC232-6 44.2 2.3 83.9 5920 68 0.85 0.032 0.015
GC232-7 43.1 2.0 81.1 8280 78 1.12 0.028 0.016
GC232-8 42.8 2.4 81.4 6790 65 0.98 0.033 0.018
GC232-9 317 11.3 80.4 6180 68 1.74 0.213 0.022
GC232—-11 45.5 0.8 83.0 7310 134 0.95 0.011 0.018
GC232—-12 42.8 2.8 82.2 5810 68 1.01 0.039 0.015
GC852 GC852—1 38.7 5.2 80.0 811 315 1.65 0.080 0.003
GC852—-2 37.0 7.2 81.1 685 107 1.45 0.117 0.003
GC852-3 331 8.9 77.8 769 239 1.95 0.161 0.003
GC852—4 34.3 7.8 77.6 756 142 1.82 0.136 0.003
GC852—-5 43.2 1.3 79.9 6900 85 1.15 0.018 0.018
GC852—-6 42.8 2.2 81.0 7210 85 1.12 0.031 0.019
GC852—-7 35.9 7.6 80.1 1330 122 1.60 0.128 0.005
GC852—-8 39.1 6.4 83.3 3530 97 1.21 0.099 0.010
GC852—-9 40.7 1.9 76.8 6240 115 1.57 0.029 0.017
GC852—-10 42.8 3.2 83.1 7430 68 0.91 0.045 0.020
GC852—-11 34.6 7.2 76.8 1010 249 1.75 0.124 0.004
GC852—-12 38.6 5.2 79.9 780 304 1.66 0.081 0.003

2 CaCO; = CaCO3+MgCOs.
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methane as main carbon source. This interpretation is supported by the
carbon isotopic composition of GC852 methane (—75%o; Joye et al.,
2010) and the presence of extremely '3C-depleted archaeal lipids (Guan
et al., 2019). It should, however, be stressed that the substantial offset
in 8'3C values between carbonates from oil and methane seeps found in
this study is not necessarily typifying the different modes of seepage.
Samples from both sites display similar 8'80c.y, values (Fig. 3). As-
suming the carbonate precipitated from present bottom water at current
seawater temperature (Table 1) and a 8'80geaater Value of 0.7%o0 SMOW
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Fig. 7. Relationship between the §'°C values of total organic carbon and total
organic carbon/nitrogen (TOC/TN) weight ratios of bulk carbonate samples.

(Feng et al., 2008), the equilibrium 8'0.y, values of aragonite and
HMC can be calculated (Kim and O'Neil, 1997; Kim et al., 2007). The
calculated 8'®0 values are +2.9%o for aragonite for site GC232
and + 2.8%o for HMC from site GC852. The majority of the measured
880 values are higher than these calculated values, which points to the
involvement of ®0-enriched fluids during carbonate formation. Thus,
the values probably reflect destabilization of gas hydrate, which is
particularly abundant at the two study sites (Orcutt et al., 2005).

Based on the concept of Bayon et al. (2007), Sr/Ca vs. Mg/Ca ratios
suggest that samples from GC232 are dominated by aragonite, while
high-magnesium calcite (HMC) is the main carbonate mineral of rocks
from site GC852 (Fig. 4). It has been suggested that the presence of
dissolved sulfate inhibits both calcite and aragonite precipitation, but
inhibition is more pronounced for calcite (Mucci et al., 1989). Alter-
natively, high sulfide concentrations, resulting from AOM at seeps, may
catalyze calcite formation (Lu et al., 2018). Irrespective of the dominant
mechanism, aragonite will be favored in high sulfate/low sulfide en-
vironments close to the seafloor, whereas formation of HMC will pre-
ferentially occur at greater depth in low sulfate/high sulfide environ-
ments (Burton, 1993; Savard et al., 1996; Haas et al.,, 2010).
Accordingly, the formation of GC852 calcite probably took place deeper
within the sediment, while the formation of GC232 aragonite occurred
closer to the seafloor. Interestingly, the dominance of aragonite in oil-
seep deposits has been observed before (Peckmann et al., 2007; Feng
et al., 2009; Naehr et al., 2009; Mansour and Sassen, 2011; Mansour,
2014; Smrzka et al., 2019). Because it is refractory, crude oil tends to
migrate to shallower depth, as supported by massive oil deposits ob-
served on the seafloor (MacDonald et al., 2004; Naehr et al., 2009).
Moreover, the anaerobic oxidation of crude oil components comes
along with low rates of microbial sulfate reduction (Aharon and Fu,
2000). The slow consumption of sulfate renders the more enriched re-
sidual sulfate in pore water (Mansour, 2014). Hence, oil degradation at
shallow depth and relatively low sulfate reduction rates favor fast re-
plenishment of the pool of dissolved sulfate at oil seeps and aragonite
formation. At methane seeps, mineralogy of authigenic carbonates is
chiefly controlled by seepage intensity (Luff and Wallmann, 2003;
Peckmann et al., 2009).

The envisioned formation conditions of carbonates from the two
study sites also agree with sulfur isotope signatures of CRS (Gong et al.,
2018; Tong et al.,, 2019). The markedly negative §3*Scrg values of
GC232 samples point to carbonate precipitation close to the seafloor. In
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contrast, >*S-enriched CRS from carbonates of site GC852 indicates
formation at greater depth. Two main mechanisms controlling 84S
values of the released hydrogen sulfide during microbial sulfate re-
duction are (1) the sulfur isotopic fractionation of sulfate reduction and
(2) the sulfur isotopic composition of sulfate in the pore water pool
(Gong et al., 2018). Pronounced >*S-depletion in CRS at site GC232 is
attributed to fast replenishment of dissolved sulfate and a potential
effect of sulfur re-oxidative cycling. Another factor that contributes to
the sulfur isotope pattern is sulfate reduction rate. CRS formed in oil-
seep environments has low 8*S values since crude oil is more re-
fractory than the smaller methane molecule, which leads to lower sul-
fate reduction rates and larger sulfur isotope fractionation associated
with sulfate reduction at oil seeps than at methane seeps (Aharon and
Fu, 2000). Sulfide minerals with high %S values, on the other hand,
reflect formation at greater depth, where the environment is more re-
stricted for sulfate, resulting in a**S-enriched pool of residual sulfate
(Peketi et al., 2015; Li et al., 2016; Gong et al., 2018; Tong et al., 2019).
The 8%*Scgs values are consequently consistent with the conclusions
derived from the predominant mineralogies of the samples from the two
study sites.

5.2. Signatures of organic matter in authigenic carbonates from oil and
methane seeps

The determination of TOC, TN, and TOS contents, coupled with
8'3Croc values can be used to constrain sources of organic matter
(Meyers, 1997; Lepot et al., 2019), which will be different for oil and
methane seeps. The TOS/TOC ratios of rocks are controlled mainly by
organic matter sulfurization and organic matter sources (cf. Werne
et al., 2008). In this study, organic matter from carbonates of the me-
thane-seep site GC852 shows lower TOS/TOC ratios than carbonates of
the oil-seep site GC232 (Fig. 6). The covariation of the 8%4Scps and
8348105 values of samples from both sites (Fig. 5) likely indicates or-
ganic sulfur chiefly derived from diagenetic organic matter sulfuriza-
tion (cf. Werne et al., 2008). A deeper formation depth of carbonates is
in favor of the accumulation of dissolved sulfide in pore water (cf. Tong
et al.,, 2019) and organic matter sulfurization (e.g., Quijada et al.,
2016). Samples from site GC852 apparently precipitated at a greater
depth based on 3*S-enriched CRS and the dominance of HMC. There-
fore, it is reasonable to attribute the higher TOS/TOC ratios of samples
from site GC232 to the input of organic matter with a high TOS/TOC
ratio, instead of enhanced organic matter sulfurization. Oil impregna-
tion of GC232 rocks agrees with crude oil as the main cause for the high
TOS/TOC ratios. Crude oil is characterized by a high organic sulfur
content (Hughes et al., 1995; Hood et al., 2002; Smrzka et al., 2019).
Kelemen et al. (2010) have shown that natural solid bitumen exhibits
high levels of organic sulfur (S/C atomic ratios ~0.03 to 0.17). The
linear correlation (R2 = 0.7) between TOS/TOC ratios and TOC of
samples from site GC232 also suggests local input of organic matter
characterized by high TOS/TOC ratios (Fig. 6). The presence of crude
oil at site GC232 is reflected in TOS and TOC enriched samples.
Therefore, the leakage of crude oil at site GC232 is likely the main cause
for the high TOS/TOC ratios and the covariation between TOS/TOC
ratios and TOC of samples.

The 8'3Croc values along with TOC/TN ratios of organic matter
provide information on carbon sources (Paull et al., 1992). The 8'3Croc
values obtained for GC232 and GC852 samples are lower than average
background values of organic matter in the GoM (—21.7%o to
—19.7%o0; Goni et al., 1998). Thus, a local origin related to hydrocarbon
seepage is apparent. Positive correlation between §'3Croc and TOC/TN
ratios (R2 = 0.9 for site GC852 and R? = 0.6 for site GC232) in the
samples may suggest binary mixing of two sources of organic matter
(Fig. 7). For the samples from site GC852, one end-member shows very
low 8'%Croc values and low TOC/TN ratios, the other one is char-
acterized by higher 8"3Croc values and TOC/TN ratios. The §'3Croc
value is as low as —68.7%o, close to the 812C value of methane from site
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GC852 (—75%o; Joye et al., 2010), which is consistent with the local
presence of >C-depleted lipids of methanotrophic archaea (Guan et al.,
2019). Such *3C-depletion of sedimentary organic matter is caused the
assimilation of methane (e.g., Paull et al., 1992; Williscroft et al., 2017),
probably reflecting to a large extent the buried biomass of AOM con-
sortia in case of site GC852 (Guan et al., 2019). This interpretation is
supported by low TOC/TN ratios (as low as to 6.9; Fig. 7) of samples
showing markedly negative 8'Croc values, since microbial residue
usually exhibits low C/N ratios ranging from 4 to 6 (Meyers, 1997).
Similarly, Paull et al. (1992) have suggested that seep synthesized or-
ganic matter is the reason for low C/N ratios (< 7.5) of organic matter
in seep sediments. Contrary to this, organic matter from GoM back-
ground sediments displays C/N ratios of ~11 (Goiii et al., 1998).

Organic matter extracted from sediment affected by oil is typified by
high C/N ratios (Joye et al., 2004; Lamontagne et al., 2004; Hackworth,
2005; Rumolo et al., 2011; Bowles et al., 2016). For instance, Wang
et al. (2001) reported high C/N ratios (17-28) of organic matter from
sediment containing petroleum hydrocarbons from the northern GoM.
Previous studies have shown that 8'3Croc values of oil-seep carbonates
and sediments match well with §'3C values of the corresponding re-
servoir oils (e.g., Kennicutt et al., 1988; Wang et al., 2001). The offset
between 8'3C values of oil from the Green Canyon reservoir (~ —27%o,
Kennicutt et al., 1988) and the 8'3Croc values of samples from site
GC232 consequently suggests a contribution from another source
characterized low TOC/TN ratios and 'C-depletion. Such additional
source could be represented by the biomass of AOM consortia, as oil
seeps generally contain some methane (Valentine et al., 2010) sup-
porting AOM activity (Naehr et al., 2009). Moreover, the 8'3Conethane
value reported for this site (—43%o; Woolsey et al., 2004) is close to the
most negative 8'3Croc value (—45.4%o) observed in this study. On the
other hand, microbial oil degradation can also result in '3C-depleted
carbon in organic residue fractions, with 8'3C values of —36.7%o re-
ported for GoM oil seeps (Anderson et al., 1983). Overall, our data
confirm that C/N ratios along with §'3C values of organic matter can
provide robust information on the sources of organic matter enclosed in
seep carbonates.

5.3. Identifying oil and methane seeps in the geological record

The ability to discern oil seeps from methane seeps is a precondition
for understanding the adaptation of chemosynthesis-based life to oil
seeps and carbon cycling at seeps through geological time (Smrzka
et al., 2016, 2019; Kiel and Peckmann, 2019). Approaches have been
developed to identify past oil seepage using carbon isotope composi-
tions and trace element patterns (REEs, Mo and U) of seep carbonates
(Peckmann et al., 2007; Smrzka et al., 2016, 2019). Carbon stable
isotope compositions of seep carbonates are not sufficient to confirm
oil-driven carbonate formation due to the unknown degree of mixing
between different carbon sources (Peckmann and Thiel, 2004). Oil seep
environments provide suitable conditions for aragonite precipitation as
revealed in this study. On the other hand, we need to caution that
aragonite also forms at methane seeps when flux is high (e.g., Luff and
Wallmann, 2003). However, fibrous aragonite cement of oil-seep de-
posits has been shown to be enriched in REEs and to exhibit system-
atically lower Mo/U ratios than its counterpart from methane-seep
deposits (Smrzka et al., 2016, 2019). Moreover, the presence of crude
oil tends to cause an enrichment of LREEs in aragonite at modern seeps
(Smrzka et al., 2019). The new data on GC232 and GC852 presented
here reveal that TOS/TOC ratios and 8'3Cyoc — TOC/TN patterns also
allow identification of carbonates forming at oil seeps. This new ap-
proach complements the trace element (Mo and U) and REE proxy in
identifying oil-seep deposits in the geological record. The new approach
is particularly promising for seep limestones dominated by a micro-
crystalline carbonate matrix and lacking abundant fibrous cement. It
will, however, be compromised in cases of substantial diagenetic al-
teration and high thermal maturity. At hydrocarbon seeps, high
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amounts of hydrogen sulfide produced by microbial sulfate reduction
can result in pronounced organic matter sulfurization (Quijada et al.,
2016). It has been shown that sulfurization can enhance preservation of
organic matter (e.g., Werne et al., 2008). In addition, high rates of
carbonate precipitation can result in efficient preservation of organic
matter in seep deposits (Peckmann and Thiel, 2004). For example, or-
ganic matter with extreme '3C-depletion (—65.2%0) preserved in
Neoarchean rocks is likely to reflect organic matter sulfurization (Lepot
et al., 2019). Therefore, well-preserved organic matter enclosed in au-
thigenic carbonate may serve as an archive of the different types of
hydrocarbon seepage (i.e., methane seeps and oil seeps). However, it
should be stressed that possible transitions between oil and methane
dominance at a seep site may also affect the analyzed geochemical
parameters. Oil seeps can be constrained with the aid of the higher
TOS/TOC and TOC/TN ratios. However, the presence of methane see-
page may be overlooked, since oil seeps always contain some methane
(Valentine et al., 2010). Our study provides new means to identify
hydrocarbon sources of ancient chemosynthesis-based ecosystems, fa-
cilitating the discrimination of former oil seeps from methane seeps.

6. Conclusions

This comparative study of authigenic carbonates from Gulf of
Mexico (GoM) oil and methane seeps, using mineral compositions as
well as sulfur stables isotopes of chromium reducible sulfur (CRS) and
organic sulfur, indicates that microbial degradation of crude oil results
in carbonate precipitation close to the seafloor at an oil-seep site. A
strong linear covariation of TOS/TOC ratios and TOC of carbonates
from an oil seep suggests the contribution of crude oil to the pool of
organic matter preserved in oil-seep carbonates. The oil-seep deposit
reveals higher TOC/TN ratios and 8'°Croc values than the methane-
seep deposit. Similarly, TOS/TOC and 8'Cyoc — TOC/TN patterns of
organic matter enclosed in seep carbonates can help identifying the
carbon sources during carbonate authigenesis. These results suggest
that organic matter contained in seep limestones may provide in-
formation of fluid composition. Provided that such organic matter is
well preserved, not having been altered in the course of diagenesis, the
new approach has potential to constrain the composition of hydro-
carbon components of ancient seepage systems.
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