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Abstract

Sulfate-driven anaerobic oxidation of methane (SDM) plays a critical role in
regulating the global methane budget. Determinatibthe diagnostic triple isotope
exponent®® (=In*w/In®*%) for SD-AOM can help to identify and quantify nidial
sulfate reduction via SD-AOM in the environment.eThistory of Earth’'s surface
redox conditions can also be examined through tlee@sorement of triple sulfur
isotope compositions in sedimentary rocks. Due ificdlties in both culturing
anaerobic methanotrophs and sampling pore-watdéatsuin SD-AOM-dominated
environments, however, tHé values for the processes of SD-AOM have not been
constrained. We propose that a set of modern @#g-associated barite samples with
low A8*®0/A5**S values bear a record of residual pore-water teuffaring SD-AOM,
and therefore the triple sulfur isotope composita@nthese barites can be used to
deduce®® values. We applied a 1-D diagenetic reaction-partsmodel to fitA**sS
andd™®s results from modern cold seep barites colleatent five sites in the Gulf of
Mexico. Based on revealed negative correlatiorfs@R7) betweem**s ands’®‘s
values we calculated an upper—lir?ﬁt) value of 0.5100 to 0.5112 (+0.0005) given a
1000Ir%0. value of -30%o to -10%.. Thi&% value is distinctively lower than that of
organoclastic sulfate reduction (OSR) in marineiremments where the diagnostic
isotope fractionation (10001fv) is typically more negative than that of SD-AOM. |
addition, cold seep barite data display a negati¥?s-5"*'S correlation whereas
pore-water sulfates of all OSR-dominated settirfigmsiysa positive one. Therefore, the

diagnostic triple-sulfur isotope exponent and aisged negative A¥S5°*S
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correlation may allow for the identification of SBOM in sedimentary records.

Keywords. isotope fractionation; reaction-transport model;ldcseeps barite;

anaerobic methane oxidation; Gulf of Mexico; mu#ipulfur isotopes

1. Introduction

Microbial dissimilatory sulfate reduction coupleditiw anaerobic methane
oxidation (AOM) or sulfate-driven AOM (SD-AOM) hd=een identified as the main
process consuming methane in subsurfseafloor environments (e.g., Reeburgh,
2007;Eggers et al., 2018). Sulfate reduction rates itharee-seep sediments can be
several orders of magnitude higher than those medsin non-seep sediments
(Aharon and Fu, 2000; Joye et al., 2004). The #gtioef SD-AOM signifies
chemosynthesis-dependent life (Campbell 2006; Katnal.,, 2014), is relevant to
greenhouse gas budgets in the geologic past (@lsaln, 2016), and is a major part of
the marine carbon cycle (e.g., Peckmann and Ta#}4; Zhou et al., 2016). Today
one of the most distinct geological features of SDM activity is extremely negative
823C value in carbonate rock, typically less than -3092DB), (e.g., Peckmann and
Thiel 2004; Feng et al., 2016). However, #1&C of carbonates is controlled by the
mixing ratio of SD-AOM sourced G and seawater DIC. High seawater [P
and/or low seawater [S@)] that characterizes seawater through much of the
Precambrian may have decreased the fraction of ©BtAsourced CEF, which

would have resulted in highly negati$’C values preserved in marine carbonate



67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

records far less likely to form prior to the eafgleozoic Era (Bristow and Grotzinger
2013).

It has been observed that coup®80 and&*'Svalues of modern pore-water
sulfate at different depths in marine sediment €ovél bear a typical slope of >0.70
where microbial dissimilatory sulfate reductiord@minated by organotrophic sulfate
reduction (OSR) (Aharon and Fu et al., 2000; Argleal., 2014). Recently, studies of
both modern and ancient environments associateld significant SD-AOM have
revealed a distinctively lowed'®0-5**S slope that ranges from 0.27-0.8fhong
cold-seep barite and carbonate samples (in the &roarbonate-associated sulfate;
Feng and Roberts, 2011; Antler et al., 2015; Ferg.e2016). This finding offers a
potential proxy for SD-AOM activity in geological idtory. However, the
interpretation 08'%0-5>'S slopes has important caveats. First,311©-5**S slope is
also dependent on th#°0 value of seawater sulfate and that of seawatéatsu
(Turchyn et al., 2010; Feng et al., 2016; Antlealet2017), which has likely changed
through Earth history (Claypool, 1980). Second,dlupe could be altered if early or
late-stage diagenetic processes altered'fi@ of initially deposited sulfate (Fichtner
et al., 2017).

The relationship among triple sulfur isotope conifiass (2S, *°S, 3*S) of
sulfur-bearing compounds can be a diagnostic paenfe SD-AOM activity that is
potentially more robust that interpretations solefsed or5'®0-5*'S slopes. Pure
cultures of sulfate-reducing microbes with non-rae#h electron donors have

demonstrated a negative correlation between 16008nd > values, i.e. thé®
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increases when the 1008l@ becomes more negative as a cell-specific sulfate
reduction rate decreases (Sim et al., 2011b; Leatital., 2013). Here®p =
In**a/In*a, %o is the diagnostic fractionation factor, defined”&:,s/*Rso,2-, where
R is the ratio of'SP?S, and the superscript ‘3i’ refers to 33 or 34.sThositive
correlation was suggested to reflect a first ordér difference between sulfate uptake
by the cell and sulfate leakage out of the celirdumicrobial dissimilatory sulfate
reduction (Wu and Farquhar, 2013). Since the 100®lwas shown to be much
negative during SD-AOM than during OSR processesanine sediments (Aharon
and Fu, 2003; Deusner et al., 2014), we expect tatiagnostic®% value for
SD-AOM should consequently be smaller than thatypical OSR processes in
marine environments.

This perceived difference in minor sulfur isotopactionation between SD-AOM
and OSR processes is expected to be manifestdueinA>>S-53S trajectories of
their residues or products. Her&>™S values are the deviation &S values from a
reference line defined asA*S=5°%5-0.515%%'S, where §%S=In(1%%S),
83S='RPRer -1, and® Ry is the abundance ratio of tHS and®?S in the sulfur
reference standard. For example, according toeafifit of published 1000ff and
%9 values (cf. Ono et al., 2012) and the known 108a@lmange associated with
SD-AOM processes, i.e., -40%o to -10%. (Aharon and2BQ0; Deusner et al., 2014;
Sivan et al., 2014), thé&% value during SD-AOM could be lower than 0.5125.
Therefore, the corresponding®s$=*S relationship for SD-AOM dominated
pore-water sulfate profiles would exhibit a negatoorrelation. We predict that such

5
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a trajectory could be distinct from the positité®S-53*S correlation reported for
OSR-dominated pore-water sulfate profiles (e.ga&s et al., 2012; Pellerin et al.,
2015; Masterson et al., 2018). If confirmed, t%iéS-5"*S relationship preserved in
the sedimentary record is a potentially useful fooldistinguishing different sulfate
reduction pathways.

More specificity beyond our hypothesis of a differa®3S-5'3S relationships for
pore-water sulfate profiles between SD-AOM- and @®Riinated sediments is not
available at this time. Culture experiments shoat the®d value has a wide range
from 0.5079 to 0.5144 (e.g. Sim et al., 2011b; littaat al., 2013). The activity of
respiratory enzymes, which is both electron-doamd strain-specific, influences the
degree of sulfur isotope fractionation or the 16l value (e.gSim et al., 2011b;
Wing and Halevy 2014; Bradley et al., 2016). Theref our first step, should be to
calibrate theA®S-5"*S relationship for a pore-water sulfate profile antypical
SD-AOM-dominated sedimentary setting in a modernimeaenvironment.

Due to high sulfate reduction rates in SD-AOM sef$, pore-water sulfate
concentrations often rapidly decrease at shallopthde (Aharon and Fu, 2000).
Top-layers of a sediment cores can easily be disturduring coring, causing
pore-water sulfate to be contaminated by seawaiiéats. In addition, low sulfate
concentrations often make it difficult to collectoaigh pore-water sulfate for triple
sulfur isotope analysis. Fortunately, modern c@edpsbarite samples have been found
to preserve the original isotope signals of poréewaulfate associated with SD-AOM

activity, as demonstrated by their low&#fO-5**S slopes (Feng and Roberts, 2011;
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Antler et al., 2015). The other important reasoat ttwe sample natural SD-AOM
systems is the difficulty in culturing anaerobic thrnotrophs (e.g., Girguis et al.,
2003). Therefore, to calibraféd and explore the\**s-5**S relationship associated
with SD-AOM processes, our approach is to measuiget sulfur isotope
compositions of modern seep barite samples and asel-D diagenetic
reaction-transport model to fit a setAfS ands’**S values to deduce a diagnostit
value for SD-AOM dominated settings. UsingA\¥S-5"**S correlation instead of a
§%335"**s correlation we can improve the data resoluticcabeeA®3S values have a

much higher analytical accuracy than any individi#B or§*S measurements.

2. Material and method

Barite samples from 5 different cold seep sitethenGulf of Mexico continental
slope (Fig. 1) were collected using a variety dbreersibles and remotely operated
vehicles. The samples were previously describedded Roberts, 2011). Powdered
aliquots were dissolved in 1 mM HCI solution to mra water leachable and acid
leachable sulfates. Bag@Was extracted from the residues and further matitising a
DDARP method (Bao, 2006). In brief, thesidues after acid treatment were
dissolved by a mixed DTPA (a chelating reagent) Ha@®H solution. The obtained
solution was filtered through a 0.2@n polycarbonate filter and then acidified with
10M HCI droplets to ~pH=2 to induce Ba$Q@recipitation. Droplets of Bagl
solution were added to ensure full precipitationS@i> as BaSQ@ The precipitated

BaSQ was re-dissolved and re-precipitated via anothendoof the DDARP method.
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After bathing in a 3M NaOH solution at 90°C for >A0urs, the wash-cleaned and
dried BaSQ was measured for it8°0 value at Louisiana State University (LSU) via
CO gas generated by a Thermal Conversion Elemémizlyzer (TCEA) at 1430 °C
coupled with an isotope-ratio mass spectrometerTNB3) in continuous-flow mode.
For the analysis of triple sulfur isotope compasis (i.e.,5*'S andA®S), ~10 mg of
the barite precipitates were reduced to sulfidexgiss Thode solution at ~100°C
(Thode et al., 1961). The generatedSHyas was carried by,Ngas stream and
bubbled into a zinc acetate solution that conveHes gas to ZnS solid. ZnS was
then reacted with AgN9to convert to AgS solid. Dried AgS solids were reacted
with F,(g) in a nickel bomb at 25 for >12 hours to generate &fas, which was
purified via gas chromatography and analyzed onAal 853 in dual inlet mode in
the Stable Isotope Laboratory at McGill Universfyee Crockford et al., 2016 for
complete methods). Isotope compositions are reghdrteclassicald notations. The
8'%0 is relative to Vienna Standard Mean Ocean WAtSMOW), with an analytical
precision better than £0.3%.. Triple sulfur isotamenpositions are reported related to
Vienna Canyon Diablo Troilite (VCDT). The analyticarors fors**S andA®s are

+0.3%0 and £0.01%o respectively.

3. Results
Oxygen isotope and triple sulfur isotope composgiof barite samples are listed
in Table 1. Data points can be interpreted as tistingt groups within'%0-5*'S

space, with samples beariaifS values of less than 52.9%. and"20-A5%S slope of
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0.38+0.03 (with 95% confidence interval, n=13) dexdoas “Barite 1” and samples
with 3%'S values greater than 62.6%0 anc'80-A8**S slope of 0.21+0.04 (n=4)
denoted “Barite 2" (Fig. 2). For Barite 1, ti€>S correlates negatively with>*S
values (B=0.75, N=13), however, the 4 data points of Ba?itdo not overlap with

the A%¥S-5"*S trend defined by Barite 1 (Fig. 3).

4. Discussion

To establish az**S-5**S relationship for a pore-water sulfate profileainypical
SD-AOM-dominated modern sedimentary setting, west filemonstrate that the
collected barite samples from the five differemésiin the Gulf of Mexico are a good
model-environment (4.1). Next, we construct a mdddfit observedA**s-5"*'S data
(4.2). A reaction-transport model provides u¥@value under certain assumptions
(4.3). Finally, derived **§ values and A*S$'S relationships for an
SD-AOM-dominated sedimentary profile is then congoarwith those of
OSR-dominated ones (4.4).

4.1 SD-AOM derived barite

Cold-seep barite collected from the five siteshie Gulf of Mexico captured the
original isotope signals of pore-water sulfate INED-AOM-dominated setting. This
is evident from the isotopic trajectory &F0-5'S trends within barite samples (Fig.
2). Both the oxygen and sulfur isotope compositiohsulfate are affected by kinetic
isotope fractionations associated with individualzygmatic reactions as well as

material transport. Specifically, sulfat&®0 is also influenced by equilibrium
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partitioning between intracellular water and intediate valence state sulfur species
(e.g., Brunner et al., 2005; Wortmann et al., 200Re disparity in the behaviors of
sulfur and oxygen isotope fractionations has magessible to distinguish different
electron donors by examining the slopedti0-5>*S trajectories for residual sulfate
pools (Antler et al., 2014, 2015; Feng et al., 2016 OSR-dominated sediments, the
back flux of intracellular intermediate valence tstaulfur species to sulfate is
apparently larger than in other sulfate reducticocesses, which has been suggested
to be due to the limitation of electron donors (eAntler et al., 2013). Such
conditions would cause the residual sulfatdO value to increase faster than its
correspondings®'S value and therefore lead to an apparent slopeA#0/AS**S
ratio greater than 0.7, as has been confirmed imnmaediments (e.g. Antler et al.,
2014). Conversely, in SD-AOM dominated environmershigher rate of sulfate
reduction allows for a smaller back flux of introkar intermediatevalence state
sulfur species and therefore leads to a lowér’0/As**S ratio (0.24-0.5) in
pore-water sulfate profiles (Brunner et al., 20B5fler et al., 2013). Therefore, the
low §'%0-5**S slopes (0.38 and 0.21) displayed in Fig. 2 amsistent with these
cold-seep barites being precipitated in an SD-AGiithated environment. The
inference that this is indeed an SD-AOM-dominated@nment is also evident from
observeds™*C values (as low as -46.4%.) of the seep carbonaterais associated
within the barite samples from these sites (FerjRwberts, 2011). The four data of
group Barite 2, witls**S > 62.6%. an@'®0 > 22.6%., have a shallower slope (Fig. 2).
This shift can be explained by two non-mutuallylegive processes: 1) the residual

10
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sulfate5'®0 was approaching an apparent oxygen isotope brjuiti value that is set
by the seawate™®O value, while reversibility of the whole microbi&-cycling
processes did not change; and 2) the reversilgfitthe whole microbial S-cycling
processes has changed to a different mode dugvtsulfate concentrations.

4.2 Application of a reaction-transport model

A realistic physical model is critical to correctigduce diagnostie values and
therefore &% value of a triple sulfur isotope system. Due te ihevitable diffusion
and advection mixing effects on sulfate isotopeéosain natural environments, a
reaction-transport model should be applied. A Rghlenodel has previously been
used to explain the observed linear correlations ¥ ands**S values in SD-AOM
dominated environments (Antler et al., 2015). Hosregtudies (e.g., Aharon and Fu,
2003; Druhan and Maher 2017) have demonstrated thieatdiagnostica for the
system would is underestimated when a Rayleigh mizdepplied to fit sulfate
concentrations and isotope compositions in a patemprofiles.

Here, we developed a 1-D diagenetic reaction-trarigpodel to fit the linear
correlation ofA**Svs. %S to calculate the diagnostic Our model has a set of
assumptions: 1) We regard the data from the 5 réifte cold-seep sites as
representative of steady-state pore-water sulfiatiffarent depths of one pore-water
profile; 2) The**o and*u of SD-AOM processes are constant amsagples in
group Barite 1. Wing and Halevy (2014) also sugggshat the 1000ff value is
only weakly sensitive to external sulfate concedidres, and is insensitive to sulfide
concentrations under high cell-specific sulfateuaibn rates (csSRR); 3) The 1000In

11
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%4 values range from -30%o to -10%. more positive te@®SR-dominated sediments
(Deusner et al., 2014; Sivan et al., 2014); 4) Bbttusion and advection play critical
roles in mass transfer; 5) There is no isotopetifraation during sulfate diffusion
within pore waters (Wortmann and Chernyavsky 206))Sulfate reduction rates in
pore-waters is a first-order reaction with resgeciulfate concentration. In an earlier
study (Berner, 1964), sulfate reduction is treated first-order reaction with respect
to the content of “utilizable organic matter”. Thatindeed the case in typical marine
sediments where “utilizable organic matter” is led. In the studied cold seep
environments, however, the concentration of methasebsurface sediments is high,
thus, is not the limiting component during sulfderived methane oxidation. This is
supported by the observed widespread occurrencgasfhydrates in the shallow
subsurface (less than 6m) of the Gulf of Mexicay.(eSassen et al., 1999) and a
measured lowAS*?0/A5*S ratio in sulfate (Antler et al., 2015; Feng et 20D16;
Antler and Pellerin, 2018). Therefore, in our saaticold-seep system, the rate of
sulfate reduction is limited by sulfate concentrati

With these conditions, steady-state mass conservator sulfate can be
described by the equation below (Berner 1964):

2
Da—cz:—a)a—c—kC:O 1)
0z> oz

whereD is the diffusion coefficient of sulfate in the sednt pore-waterC is the
pore water sulfate concentratiaf,is the depthk is the reaction rate constant of
sulfate reduction; velocity of advectiam is a sum of the externally imposed flow

velocity and the upward directed velocity causeccompaction. With the boundary
12



265 conditions ofC=C, for Z=0 andC=0 for Z at infinity, Eq. (1) can be solved as:

266 Cc= COEXP(%* 2) )

267  Similarly, the concentrations of different sulfagetopologues®(S0.*, **sQ,*, and

268 3'SQ) can be calculated by Eq. (2).dhnotation, Eq. (2) can be reorganized as:

-1+ 3ia,32k¢

269 5is-5%5 = ~D)inf 3)
1-1+ kg

270 where®o="k/*%, 3i=33 or 34@ is equal to B/w?, 5°'S, is thes™'S value aZ=0, and
271  fis the ratio of?C/*°C,. Since the isotope fractionation associated witfate

272 diffusion is assumed to be A®S values can be calculated by,

33a_ A 33 32, 0 33,32
APS-A®S, _ |1+ o1+ ¥ k¢ _ 0 515

273 =
J¥#s-o 3480 \/1_'_ 32kqo—\/l+ 340’32k¢7

(4)

274  whereA®s; is theA®S value aZ=0. Equation (4) shows thaf®s values are linearly
275  correlated wits**S values, and the slope is determined.ty; and®.

276 We should note that the linear relationship betwtber\**s ands’*S values is
277  deduced for sulfate from different depths at on#ica pore-water profile. However,
278  our samples presented here are from different Sitesyefore, the linear relationship
279  betweem*S ands’**S values for these samples is not expected ik, 5*'Sy, o,
280  k, and® differ greatly among these sites. For exampleethifitA**S, ands’*'S,

281  values for these sites will result in parallel Brggven the same, k, and®, while

282 differenta, k, and® values will lead to a poor linear correlation beenA*S and

283 'S values given the samé®S, andd®*S,. In contrast, our results (Fig. 3) show that
284  barite samples from these 5 different sites forgoad linear correlation between

285  A®S ands™*s values, and the modern value of seawater syfats along the
13
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extension of the line defining this linear corraatin Fig. 3 within errors. This result
indicates that these different sites share sinifa8-5">*S slopes as well a8, and
8343, values (i.e., the isotope composition of seawstéfate), which validates one of
our initial assumptions.

4.3 39 value for SD-AOM processes

As shown in Eq. (4), tha*s-5%S is determined by, k, D, andw. Therefore,
%3 values can be constrained by the determix€8-5>*S slope ifk, D, andw can be
constrained independently. While it is impossildecbnstraink, D, andw by our
current measurements, we found that a smallesquires a larget to reproduce the
observed\*s-5"**S slope (Table 2). In other words, when0, i.e. without advection,
Equation (4) will give the uppé?@ limit of SD-AOM processes. We also found that
this upper-limit®® value is near the reél value after we tested for values that are
smaller than 60 cml/yr, which is a reasonable adwectate for cold-seep area
(Lapham et al., 2008) (Table 2). Therefore, itdaagonable to assume that0 when
constraining™0. At »=0, the slope 0A**S/5**S will be determined by:

ASSS_A33S) _ /330,_1
5!348_534% \/34(]_1

-0.515 (5)

Therefore, thé® for SD-AOM can be obtained by the observed sldp&®6-5>*S at
a given**a value.

Eq. (5) shows thaf®0 is dependent upof'e. The 1000IA% reported for
microbial dissimilatory sulfate reduction has adast@ange and can be as low as -70%o
(e.g., Sim et al., 2011a). Typically, 1008tn is more negative than -40%. in an

OSR-dominated marine pore-water profile (e.g., Gten et al.,, 2004), and more
14
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positive than -40%. in an SD-AOM-dominated one (Almaand Fu, 2000; Deusner et
al., 2014; Sivan et al., 2014). Numerous studie® ltlemonstrated that the expressed
sulfur isotope fractionation associated with micablaissimilatory sulfate reduction
decrease with an increasing csSRR and eventualyl@0Ii‘e will reach a high,
constant, value at -10%o0 to -30%0 (e.g., Leavitt et 2013;Deusner et al., 2014).
Therefore, a value ranging from -40%o to -10%. shooédreasonable for 10068fn
associated with SD-AOM where sulfate reductiongatee relatively high, e.g. 600
times higher than in methane-limited sediments (Ahaand Fu, 2000). However, if
we consider 1000Ito values at -40%o to -30%., Equation (5) would givérpaf >%
and 1000If% values that are outside of tf#8-1000I*u field obtained from culture
experiments (Fig. 4) and outside of the predicgiven by a kinetic model (Wing and
Halevy, 2014). Therefore, the range of 108%incan be further constrained to be
between -30%. to -10%. for our Barite 1 samples. e¢se®a ranges, the® is
calculated to range from 0.5100 to 0.5112 (+0.008%hg group Barite 1 data (Fig.
4).

The terminal electron acceptor (sulfate) conceiamatalso plays a role in
determining the magnitude of sulfur isotope frattition associated with SD-AOM
(e.g., Habicht et al., 2005; Deusner et al., 20THjs raises the question as to whether
sulfate concentrations influent® values during SD-AOM. Wing and Halevy (2014)
suggested that moderate to high csSRR would leaal lEss negative 1000f#y,
which is only weakly sensitive to external sulfatencentrations. The sulfate
reduction rate is generally high in methane-richvimmments. Therefore, both

15
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1000Ir**a and®% values should be insensitive to sulfate conceptrathanges during
the formation of group Barite 1, which is supportgdineara®s-5**S ands'®0-5**S
correlations (Figs. 2 and 3). In contrast to resuitom Barite 1, during the
precipitation of group Barite 25{’'S > 62.7%c), the corresponding sulfate
concentration must have been very low. In the atesefk andw values, we could
not speculate on the sulfate concentration dutiregprecipitation of group Barite 2.
Here if  is assumed to be 0, ang &nd&*'S; is assumed to be 28 mM and 21%o
respectively, the corresponding sulfate conceitnatvould be at 1.8 mM to 6,8
for a given 1000If%: values of -30%. to -10%. (calculated with Eq. 3).dégn such
low sulfate concentrations, high internal sulfidencentrations would increase the
reversibility in the APS reduction step (Wing analély 2014). Consequently,
diagnostic®® and 1000Ifa of SD-AOM would have changed, which can explam th
deviation in the data plot of group Barite 2 fradmattof group Barite 1 (Fig. 3). A high
degree of reversibility in the APS reduction stepuld leads'®0values to reach an
apparent equilibrium between sulfate and pore-watend a shallower slope along a
8'80-5%*S trajectory as observed in Fig. 2. At low sulfetmcentrations, the isotope
fractionations of SD-AOM are poorly constrained aor model due to a limited
availability of data. Overall, the diagnosti® values (0.5100-0.5112) with 1008ta
values between -30% and -10%. reflect high csSRR the studied
SD-AOM-dominated setting where sulfate concentretiare likely to be much
higher than 1.8 mM.

The observed apparent differences betwédh values or *39-1000I
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373

trajectories between SD-AOM and OSR processes H iikely a manifestation of
the difference in reversibility of a set of enzymrenon-enzyme-catalyzed reactions.
Biochemical reversibility plays a critical role sulfate reduction (Wing and Halevy,
2014) and the reversibility is determined by thectbn transfer efficiency from
electron donor to sulfate reduction pathway. Thecglly high sulfate reduction rate
associated with AOM indicates a high electron transgfficiency from methane to
sulfate, which limits the reversibility of sulfateduction reactions and results in less
negative 1000fffa and smallef® values. If organic molecules (e.g. ethanol, lagtat
glycerol) used in culture experiments (Sim et2011b; Leavitt et al., 2013), can also
transfer their electrons to the sulfate reducti@athway efficiently, similarly less
negative 1000f#fo and smalle® values would be achieved. This is a possible
reason why our obtain€d-1000Ir“a range associated with SD-AOM overlaps with
the**-1000Ir"a range reported in culture experiments (Fig. 4)wkleer, the organic
matter in typical marine sediments is quite retedat and difficult to be utilized by
sulfate-reducing bacteria (Berner, 1964), whichtBnthe electron transfer efficiency.
This is a possible reason as to why more negaf0€It**a values were observed for
sulfate reduction in typical marine sediments. Nibk&t a high net sulfate reduction
rate does not necessarily correspond to a highretedransfer efficiency, e.g., as
reported in organic rich sediments (Masterson.eRall8).

4.4 Dynamics of 4%Svs. 6**Sin different marine settings

Currently, triple-sulfur isotope data associatedhwmicrobial dissimilatory
sulfate reduction in modern marine sediments amitdl. Our observed®s-5**S
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395

correlation among the cold-seep barite samples egative. However, reported
A*s5"*'s correlations have typically been positive foreporater sulfate profiles in
OSR-dominated environments (Fig. 5) (e.g., Stratusd., 2012; Pellerin et al., 2015;
Masterson et al., 2018). The reason for theseipesibrrelations in OSR-dominated
environments is further explored here. First, tBeQlr**u is more negative antf
value is higher in OSR-dominated settings. Thecsipil000IR*e value associated
with OSR is usually more negative than -40%. in marsediments (e.g., Claypool et
al., 2004) and thé&% value ranges from 0.5125 to 0.5148 (e.g., Leatitl., 2013;
Tostevin et al., 2014). Such ranges*®f and 1000I#%a values can only be defined
through a positiveA**35**S correlation according to our reaction-transpoodei.
Secondly, the reoxidative sulfur cycle coupled wiibproportionation reactions can
lead to higher\*3*S5**S slope in pore-water sulfate profiles. When selfickidation
occurs following disproportionation, th&**s-5**S trajectory depends on the net
sulfate removal rate instead of just the OSR Bteh the®s and the degree of sulfur
isotope fractionation of net sulfate removal insesawith an increasing amount of
sulfide reoxidation (Pellerin et al., 2015). Fors$k reasons, we now have two
contrasting A*S$*S correlations for residual sulfate between SD-AOhd
OSR-dominated settings. Therefore, we can poténtiade triple sulfur isotope
relationships £>°S-5"**S) preserved in residual sulfate preserved in seatiany rocks
to distinguish these two sulfate reduction envirents. This fossil residual sulfate
can either be barite or carbonate-associated suyifatserved in carbonates.
Disseminated pyrite grains are more commonly puesethan pore-water sulfate
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396 within sedimentary records. If barite samples captvarious stages of the sulfate
397 reservoir in pore-waters from SD-AOM settings arigplhy a distinctly negative
398  A¥S5°S correlation, the corresponding product” 8 H,S could also display a
399  similar negativeA**S-3"**S correlation. A condition for this to occur is kave
400  sufficient Fe (Il) in the system to react with tregluced S as FeS and eventually as
401 FeS. In an OSR-dominated sediment, a positi¥és-5">*S correlation for pore-water
402  sulfate profiles may not be preserved among dissatiexd pyrite grains because pyrite
403  grains tend to represent integrated signaturesddsdf a set of snap-shots of product
404 HS or H:S in an SD-AOM-dominated profile. Further work dmettriple sulfur
405  isotope composition of pyrite and$ in modern SD-AOM-dominated environments

406  is needed before we can apply these new findingfsetsedimentary record.

407
408 5. Conclusion
409 Barite samples collected in five cold-seep siteth@Gulf of Mexico represent

410  various snapshots of residual sulfate in pore-wateevident from a low*%0-5%'S
411  slope (0.38) among these samples. These cold-segpsfurther exhibit a linear
412 negative correlation in®s-5"**S space. Applying a reaction-transport model, we
413 obtained a diagnostie value with the upper limit ranging from 0.51000t&112
414  (+0.0005) assuming a 1006fa (sulfide-sulfate) value from -30%o to -10%o for
415  SD-AOM in these SD-AOM-dominated environments. THisvalue is lower than
416  that of typical OSR processes in marine environsaititere 1000f#a is typically
417  more negative than that of SD-AOM processes. Furibee, barite samples from
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SD-AOM-dominated environments display a negativis-5"**S correlation, which is
in direct contrast to the positive correlations coomly observed for pore-water
sulfate profiles from OSR-dominated settings. Tlagydostically low*s parameter
and the negativa*s-5**S correlation can be preserved in barite, carbonate
associated sulfates, and perhaps among dissemipgaigzigrains in the sedimentary
record, providing potential for an independent reafior SD-AOM throughout the

past 2.4 billion years of Earth history.
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Table captions

Table 1. Oxygen isotope and triple sulfur isotope composgiof cold seep barite
samples collected from sites of GC415, GC237, GB&H697 and MC709 in the
Gulf of Mexico.

Table 2. The*0mogeieavalue is predicted with a given 1008 andw value to best fit
the data of group Barite 1. TR&*S-5"**S slope (i.eAA*3S-A8"%S) is reproduced by a
given set of 1000ffo, *% andw values. Distinctly higihA**S/A8"S values
reproduced witlw >0.6m/yr are observed. The sensitivity test idamn the
assumptions thatgands**S, are 28 mM and 21%o, respectively; D is 0.Gm
(Berner, 1978); and the reaction rate constanis assumed to be 1mofftyr

(Aharon 1991). The modelé&0O,* concentration profile (sulfate consumed within
0.5 meter below the seafloor) is reasonable fat-sekep settings in the Gulf of

Mexico (Aharon and Fu, 2000).

Figure captions

Fig. 1. Sampling locations in the Gulf of Mexico.

Fig. 2. The'®0-5**S values of seep barite from modern sedimentsassites in the
Gulf of Mexico. Analytical error is smaller tharetisizes of the plotted symbols.

Fig. 3. TheA®S$**S values of seep barites from modern sedimentseasites in
the Gulf of Mexico. Analytical errors fd@r**S values are smaller than the size of
the individual symbols. The black line indicates timear fit for samples of group
Barite 1, which yields a**s-5"**S slope value of 0.00314+0.00052. The area
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611 within the dotted line corresponds to the 95% atetice interval of this fit.

612 Fig. 4. Comparison of the 1000tw-*% relationships for published data from

613 non-methane based pure culture experiments (ciahes squares, Sim et al.,
614 2011b; Leavitt et al., 2013) with that calculated $D-AOM represented by our
615 barite data from five cold-seep sites in the GulfMexico (solid line). The
616 calculation was done using the measured bafifs§ andA®S data via Eq. (5).
617 The error (3) of the calculated® value is 0.0005 for each given 100Uty
618 constrained by the Monte Carlo method consideringre for the obtained
619 A*S-3*S slope (Fig. 3). The dash lines show that theutatied®® value ranges
620 from 0.5100 to 0.5112 when the corresponding 1G8@alue ranges from -30%o
621 to -10%o.

622 Fig. 5. Comparison of A¥S$%S trajectories from various OSR-dominated

623 pore-water sulfate profiles (data collected froma@ss et al., 2012; Pellerin et al.,
624 2015; Masterson 2016; Lin et al., 2017; Mastersbrale 2018) with that of
625 cold-seep barites from the Gulf of Mexico.
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Sites Samples 80 833 §s A®s
ID VSMOW  VCDT VCDT VCDT

B1 25.0 75.7 73.0 -0.063

B2 25.1 73.6 71.0 -0.010

GCAL5 B3 19.1 52.9 51.6 -0.052
B4 16.9 45.0 44.0 -0.052

B5 9.6 28.3 27.9 0.019

B6 8.4 24.2 23.9 0.047

ce23r B7 13.9 38.5 37.8 -0.014
B8 11.8 32.6 32.1 -0.006

B9 13.7 35.7 35.1 0.003

B10 17.8 45.9 44.9 -0.009

GB338 B11 14.4 37.9 37.2 -0.022
B12 10.7 29.4 29.0 0.001

B13 8.2 22.6 22.3 0.031

B14 9.2 21.3 21.1 0.060

GB697 B15 16.7 40.3 39,5 0.013
B16 23.2 67.9 65.7 -0.001

MC709 B17 22.6 62.7 60.8 -0.030




1000Ir*a= -10%o 1000Ii%a= -20%o 1000Ii%a= -30%o

o miyr . AA®SIAGS, AABSIAGS, AAPSIAGS,

Omodeled modeled with Omogeled  Modeled with 3D modeled modeled with

$39=0.51123 339=0.51060 $39=0.50996
0 0.5112 -0.00314 0.5106 -0.00314 0.5100 -0.00314
6*10° 0.5112 -0.00314 0.5106 -0.00314 0.100 -0.00314
610 0.5112 -0.00314 0.5106 -0.00314 0.5100 -0.00314
6*10° 0.5112 -0.00314 0.5106 -0.00314 0.5100 -0.00314
6*10 0.5112 -0.00309 0.5105 -0.00303 0.5098 -0.00298
6*10* 0.5107 -0.00258 0.5095 -0.00200 0.5082 -0.00143

6 0.5106 -0.00252 0.5093 -0.00188 0.5081 -0.00124






