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ABSTRACT 

 

 Microbial processes consisting of bacterial sulfate reduction (BSR), bacterial 

disproportionation of sulfur (BDS), and BSR coupled with anaerobic oxidation of methane 

(BSR-AOM) occur in the Gulf of Mexico (GOM) at sites where hydrocarbon oil and gas seep 

through conduits to the seafloor. Thus far, no studies have measured the solid-phase sulfides 

from GOM seeps in-situ that provide a superior analogue to sulfides from the geologic record. 

This study employs in-situ sulfur isotope measurements by secondary ion mass spectrometry 

(SIMS) in authigenic sulfides associated with barites and carbonates, and isotope measurements 

of carbon and oxygen by isotope ratio mass spectrometry (IRMS) in coexisting carbonates from 

5 sites (GC-140, GC-185, GC-272, MC-929, and GB-382) in the GOM.  

Pyrite grains (FeS2) yield variable δ34S values and are considerably more 34S-depleted in 

seeps with dominant carbonate phase (GC-140 & GC-185: range of -50.5 to -9.0‰ CDT) 

compared to seeps with minor to dominant barite phase (GC-272 & MC-929: range -23.9 to 19.5 

‰ CDT; GB-382: range 5.3 to 25.9‰). Measurements of carbonate reveals variably 13C-

depleted and 18O-enriched δ13C and δ18O values in all seeps (GC-140 & GC-185: -36.7 to -3.5‰ 

VPDB and 2.5 to 5.3‰ VPDB, respectively; GC-272 & MC-929: -38.0 to -1.2‰ VPDB and 1.6 

to 2.5‰ VPDB, respectively; GB-382: -31.4 to -1.2‰ VPDB and -0.5 to 4.1‰ VPDB; 

respectively). The isotope data suggest a strong influence of: (i) BSR and BDS processes using 

crude oil and unlimited SO4
2- supply near the sediment-water interface (GC-140 & GC-185); (ii) 

BSR using crude oil/ non-methane sublimated gas hydrate and variable availability of SO4
2- at 
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depth within the sediment column (GC-272 & MC-929; GB-382), or (iii) possible BSR-AOM 

using sublimated methane hydrate and SO4
2- near the sulfate-methane transition zone (GC-272 

and GB-382). Additionally, Fe-oxides reported in association with pyrites at GC-140, GC-185, 

and GC-272, could potentially influence fractionation of sulfur isotopes during microbial 

processes by promoting greater sulfur recycling and thus muting fractionation effects. The results 

of this study offer important insights on the high variability of sedimentary pyrites in cold seeps 

that has implications for the biogeochemical cycling of sulfur and carbon in marine 

environments.  
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BSR-AOM Coupled reaction of bacterial sulfate reduction and anaerobic oxidation of 

methane 

 

BDS  Bacterial disproportionation of sulfur 

SWI  Sediment-water interface 

SMTZ  Sulfate-methane transition zone 

SEM  Scanning Electron Microscopy 

EDS  Energy Dispersive Spectroscopy 

BSE  Back-Scatter Electrons 

IRMS  Isotope Ratio Mass Spectrometry 

SIMS  Secondary Ion Mass Spectrometry 

δ  (‰) = (Rsample/Rstandard -1)*1000 

‰  Permill; parts per thousand 

VPDB  Vienna PeeDee Belemnite Standard 

VSMOW Vienna Standard Mean Ocean Water 

CDT  Canyon Diablo Troilite Standard 

t  Computed value of t-test 



vi 

 

n  Number of samples 

σ  Sigma; standard deviation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 

 

ACKNOWLEDGEMENTS 

 

 I would like to use this space to extend the deepest gratitude to my advisor and mentor, 

Dr. Paul Aharon. Dr. Aharon is a deeply knowledgeable individual with an undying love of 

science and a never-ending list of scientific questions. His passion and dedication in the pursuit 

of scientific endeavors have set high standards in the fields of paleoclimatology and 

geomicrobiology - standards that I hope to strive for the rest of my career. I would also like to 

thank my committee members – Dr. Matthew Wielicki, Dr. Natasha Dimova, and Dr. Julie Olson 

for their support and advice throughout this process. Perhaps under-recognized by nevertheless 

deeply important, are the contributions of Dr. Tom Tobin who was a constant throughout my 

graduate studies. If I ever had questions about isotopes or the like, I could always rely on Dr. 

Tobin to provide me with the answer (and then subsequent answers to my endless follow up 

questions). Additionally, I would like to extend special thanks to Dr. Kim Genereau for allowing 

me to use her Tephra Lab at the University of Alabama and to Dr. Joe Lambert, Dr. Fred Andrus, 

Beth Partlow, and Karen Linville for their support and encouragement.  

 Finally, I would be remiss if I didn’t extend sincere thanks to Dr. Mark Harrison, Dr. 

Ming-Chang Liu, Dr. Kevin McKeegan, and Dr. Beth Ann Bell for their collaboration on 

conducting the SIMS portion of this project at the UCLA-SIMS Laboratory. Without them, none 

of this would have been possible.  

  



viii 

 

CONTENTS 

ABSTRACT………………………………………………………………………………………ii 

DEDICATION……………………………………………………………………………………iv 

LIST OF ABBREVIATIONS AND SYMBOLS…………………………………………………v 

ACKNOWLEDGEMENTS……………………………………………………………………...vii 

LIST OF TABLES………………………………………………………………………………..ix 

LIST OF FIGURES……………………………………………………………………………….x 

1. INTRODUCTION……………………………………………………………………………...1 

2. GEOLOGIC SETTING AND SAMPLE SITE DESCRIPTIONS……………………………..6 

3. ANALYTICAL METHODS………………………………………………………………….13 

4. RESULTS……………………………………………………………………………………..18 

5. DISCUSSION…………………………………………………………………………………38 

6. CONCLUSIONS..…………………………………………………………………………….59 

REFERENCES…………………………………………………………………………………..62 

APPENDIX……………………………………………………………………………………...70 

 

 

 

 

 

 

 



ix 

 

LIST OF TABLES 

 

1.   Gulf of Mexico Sites Surveyed………………………………………………………………11 

2.   Sulfur Isotopic Compositions of Pyrites from Gulf of Mexico Seeps……………………….30 

3.   Carbon and Oxygen Isotopic Compositions of Carbonates Coexisting with Pyrites from  

Gulf of Mexico Seeps………………………………………………………………………........34 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



x 

 

LIST OF FIGURES 

 

1.   Map of the Gulf of Mexico…………………………………………………………………..8 

2.   Garden Banks Lease Block 382.…………………………………………………………....10 

3.   Garden Banks Lease Blocks 140 and 185…………………………………………………..12 

4.    Photomicrographs of GB-382 and MC-929.……………………………………………….19 

5.    Backscatter SEM Images of Mineral Phases in GOM Seep Samples………….…………..21 

6.    Petrographic Photomicrographs of GC-140, GC-185, and GC-272……………………….24 

7.    Histograms Showing Distribution of δ34Spyrite Values……………………………………...28 

8.    Plots of Measured δ34Spyrite  (‰ CDT) Values, Superimposed on Closed and Open- 

System Rayleigh Fractionation Prediction Models…………………...………………………...43 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

1

1. INTRODUCTION 

Cold seeps are a common feature of marine landscapes and are defined by the release of 

hydrocarbon-rich fluids at ambient seafloor temperature through fractures via sediment squeeze 

or from overpressure at depth (Aharon 2000; Francisca et al., 2005; Campbell, 2006; Reilly and 

Flemings, 2010). Seeps sites have been documented along the continental margins in all major 

oceans and seas with notable locations such as the Gulf of Mexico, South China Sea, Cascadia 

Continental Margin, Santa Barbara Channel, North Sea, and Black Sea, among others (Aharon et 

al., 1992; Ferrell and Aharon, 1994; Fu and Aharon, 1998; Hornafius et al., 1999; Collier and 

Lilley, 2005; Lin et al., 2016a; Lin et al., 2016b; Crémière et al., 2016; Egger et al., 2016; Lin et 

al., 2017). Wide variations occur amongst seep sites including (i) differences in precise chemical 

composition of seepage fluids, (ii) type of seepage (free gas, oil, or gas hydrate sublimation), and 

(iii) authigenic mineral deposition (Aharon 1994; Aharon and Fu, 2000; Aharon and Fu, 2003; 

Teichert et al., 2003; Feng and Chen, 2015). Estimates suggest that between 0.4-12.2 teragrams 

(Tg) of CH4 and roughly 600,000 metric tons of natural crude oil per year is released into the 

water column from seeps, making methane gas and crude oil release from seep sites a vital part 

of the global carbon cycle and potentially a driver of climate variability (Judd et al., 2002; Judd, 

2003; Kvenvolden and Cooper, 2003). 

Diverse arrays of macro-fauna including tube worms, mussels, and clams, as well as a 

varied consortium of micro-fauna (both bacteria and archaea) play a vital, and as yet poorly 

understood, role in mediating the release of gas and crude oil at seepage sites. In the Gulf of 
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Mexico, seep sites host rich chemosynthetic micro-organisms such as microbial mats, 

bacterial oxidizers, organiclastic bacterial sulfate reducers (BSR), bacterial sulfur 

disproportionators (BDS), and anaerobic methane oxidizers (AOM) among others (Kennicutt et 

al., 1985; Sassen et al., 1993; Aharon, 1994; Larkin et al., 1994; Roberts and Aharon, 1994; 

Aharon and Fu, 2000, Aharon and Fu, 2003; Arvidson et al., 2004; Bottrell and Newton, 2006; 

Formolo and Lyons, 2013; Antler et al., 2014; Duesner et al., 2014; Sivan et al., 2014).  

Depending on the substrate type (crude oil, gas, etc.) and available electron acceptor, BDS, BSR, 

and AOM undergo metabolic processes at depth within the sediment column in conjunction with 

seepage.  

Typically, bacterial oxidation (1) occurs along the sediment water interface (SWI) at sites 

of crude oil or hydrocarbon seepage and uses O2 as an electron acceptor: 

CH2O + O2 = CO2 + H2O       (1) 

BDS and BSR dominate within the sediment below the SWI at seeps and require a SO4
2- electron 

acceptor. The BDS process can additionally use sulfur intermediates such as elemental sulfur 

(S0), sulfite (SO3
2-), and thiosulfate to produce both H2S and SO4

2- (Thamdrup et al., 1993; 

Habicht et al., 1998; Johnston et al., 2005). Such intermediate steps result in greater recycling of 

sulfur compounds and thus can fractionate sulfur isotopes to greater degrees than typically seen 

with BSR. The BDS pathway can proceed using the elemental sulfur pathway (equation 2) and 

the sulfite pathway (equation 3): 

S0 = (S0
(in) = SO3

2- = APS = SO4
2-) = SO4

2-
(out)    (2)  

SO3
2- = (SO3

2-
(in) = APS = SO4

2-) = SO4
2-

(out)     (3) 



 

 

3

where brackets represent the cell wall and APS is adenosine-phosphosulfate (modeled after 

Johnston et al., 2005). In both instances, the S0
(in) and SO3

2-
(in) steps are additionally 

accompanied by the production of H2S.  

BSR undergoes anaerobic respiration by using seawater SO4
2- and organic matter such as 

crude or biodegraded oil (represented below as CH2O) to produce bicarbonate and H2S according 

to the following reaction (Aharon and Fu, 2000; Bottrell and Raiswell, 2000; Jørgensen and 

Kasten, 2006): 

2(CH2O) + SO4
2- = 2HCO3

- + H2S      (4) 

Processes (2), (3), and (4) all discriminate to varying degrees against the heavier sulfur 

isotope of sulfate, 34SO4, which causes 34S-depletion and subsequent negative values of δ34S 

(relative to starting seawater SO4
2-) in the end H2S product (Aharon and Fu, 2000; Canfield, 

2001). Fractionation magnitudes (ɛ34S) up to 46‰ are typically attributed to fractionation during 

BSR (Goldhaber and Kaplan, 1980; Lin et al., 2017). Previously, ɛ34S greater than 46‰ were 

explained by isotope effects during BDS, however more recently, fractionation magnitudes as 

large as 70‰ resulting from BSR have been reported in both natural and laboratory settings 

(Canfield et al., 2010; Sim et al., 2011; Lin et al., 2017). 

Seepage sites with sublimating methane gas hydrate have been observed to host a 

different microorganisms, most commonly a syntrophic relationship between BSR and AOM that 

tends to yield more positive δ34S values in the product H2S (4; Hinrichs et al., 1999; Boetius et 

al., 2000; Orphan et al., 2001): 

CH4 + SO4
2- = H2S + CO3

2- + H2O      (5) 
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However, similar to BSR or BDS, the coupled reaction of BSR-AOM has also been shown to 

variably fractionate sulfur isotopes between SO4
2- and H2S at ɛ34S ~ 20 to 60‰, thus making it 

difficult to determine the presence of BSR-AOM from δ34SH2S compared with starting values of 

δ34SSO4 (Aharon and Fu, 2003; Jørgensen et al., 2004; Deusner et al., 2014; Weber et al., 2016; 

Lin et al., 2017).  

Of particular interest to this study are the metal sulfide and co-occurring authigenic 

carbonate isotopic signatures of cold-seep communities that utilize sulfur and carbon in their 

metabolic processes. Evidence of biogeochemical processes at seeps is typically found by 

interpreting bulk sulfur, carbon, and oxygen isotopic compositions of pore fluid SO4
2-, H2S, and 

CO3
2- (Canfield, 2001; Aharon and Fu, 2000; Aharon and Fu, 2003; Deusner et al., 2014; Antler, 

2014) or through bacterial culture experiments and genetic studies of microorganisms 

(Thamdrup et al., 1993; Habicht et al., 1998; Detmers et al., 2001; Harrison et al., 2009; Li et al., 

2018). A few studies have integrated both solid and dissolved phase sulfur isotope data with 

measured δ13C and/or δ18O values of co-occurring authigenic carbonate (i.e. Formolo and Lyons, 

2013), however, in all cases, conventional techniques for measuring sulfur isotopes weakens the 

true values of individual solid phase sulfides. Even fewer studies have measured δ34S values of 

cold seep sulfides directly and such studies did not report δ13C or δ18O measurements of co-

occurring authigenic carbonate (Lin et al., 2016b; Lin et al., 2017). With the use of advanced 

analytical methods such as Secondary Ion Mass Spectrometry (SIMS), it is now possible to 

further illuminate the causes of sulfur isotope fractionations via sampling specific in-situ sulfides 

present in seep samples and coupling the results with carbon and oxygen isotopic compositions 

of co-occurring authigenic carbonates.  
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  Measurements of sulfides in hard-substrate as opposed to those in soft sediments provide 

a much better analogue to the geologic record. Additionally, given the interconnectedness of the 

sulfur and carbon cycles, sulfur and carbon isotopic studies of both solid metal sulfides and their 

co-existing carbonates are needed to offer important insights into the coupling and role of 

microbial processes in cycling. Therefore, in a new approach to recognizing the type of 

biogeochemical processes active in hydrocarbon seep settings present on the Gulf of Mexico 

(GOM) continental slope, this study employs in-situ stable isotope measurements by SIMS of 

sulfur in authigenic sulfides associated with barites and carbonates and isotope measurements of 

carbon and oxygen by IRMS in coexisting carbonates. The results of observations using 

petrography and scanning electron microscopy (SEM) of gas and oil seep deposits from locations 

on the GOM continental slope are coupled with isotope data to explain the apparent 

heterogeneity of the seepage sites. In addition to physical measurements and observations, this 

study explores: (i) the variability in mass-dependent sulfur isotope fractionations; (ii) predictions 

based on a first-order Rayleigh sulfur isotope fractionation model; (iii) the source of the carbon 

electron-donor; and (iv) the depth of formation within the sediments.  

 The specific objectives of this study are to 1) report in-situ measurements of δ34S of metal 

sulfides coupled with δ13C and δ18O measurements of coexisting authigenic carbonate that may 

offer a reliable proxy of microbial processes in seep sediments, 2) explain the nature and cause 

of the observed variability of δ34S in sulfides amongst the GOM sites, and 3) describe the role 

Fe-oxides may play in the isotope fractionations of sulfur species at gas and oil seep sites on the 

GOM continental slope.  
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2. GEOLOGIC SETTING AND SAMPLE SITE DESCRIPTIONS 

 The Gulf of Mexico is a sedimentary basin containing Mesozoic and Cenozoic-age 

sediments overlying a foundation of 3-4km of Jurassic-age Louann Salt (Aharon et al., 1992; 

Roberts and Carney, 1997; Salvador, 1987). Areas of sediments overlying salt in the form of 

domes involve complex networks of faults, conduits, and formation-fluid sources (Aharon et al. 

1992).  Localized salt and sediment mobilization creates pathways for the migration of 

hydrocarbons from a deep-seated source, which typically leads to the deposition of massive 

carbonates and occasionally barites on the continental slope (Aharon et al. 1992; Reilly and 

Flemings, 2010). The samples used in this study were collected by Dr. Aharon in 1989 and 1993 

during deep-water submersible dives in the Johnson Sea-Link and Alvin research submersibles.  

 On the GOM continental slope, gas or oil-rich fluid seepage of salinity similar to 

seawater is often accompanied by authigenic carbonate deposition (Aharon 1994; Roberts and 

Carney, 1997). Exceptional on the GOM continental slope are barite deposits overlying gas 

hydrates at the threshold of stability (Fu et al., 1994; Fu et al., 1996; Fu and Aharon, 1997; 

Aharon, 2003). These sites have high salinity (brines) and fluid rich in heavy rare earth elements 

(HREE) making them unfavorable to the occurrence of many life forms endemic to typical cold 

seep environments (Fu et al., 1996). Despite adverse conditions, a unique consortium of 

organisms including methanotrophic mussels and certain forms of bacteria and archaea thrive in 

locations of anomalous fluid seepage (Fu and Aharon, 1997). 
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GOM seeps are highly heterogeneous in regard to authigenic mineral precipitation, substrate-

type, and microbial communities (Figure 1). Sites overlying gas hydrates are thought to house 

consortia of BSR-AOM that facilitate the precipitation of barite and/or carbonate while sites 

overlying oil seepage are thought to exhibit BDS- or BSR-dominant processes with 

accompanying precipitation of authigenic carbonate (Aharon and Fu, 2000). Variations in the 

microbial communities present should be reflected in sulfur isotopes of microbial waste products 

(sulfides) and the carbon and oxygen isotopes of bulk carbonate deposits of seeps. 

 The Gulf of Mexico continental slope is defined in terms of lease blocks, many of which 

include locations of hydrocarbon, crude oil, and methane seepage. Lease blocks are divisions 

created by the U.S. Department of the Interior for leasing and procurement of lots of land to both 

public and private companies.  
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Figure 1 Map of the Gulf of Mexico. A) Gulf of Mexico and location of sites sampled within a 

number of lease block sites for this study (GB = Garden Banks, GC = Green Canyon, MC = 

Mississippi Canyon). Corresponding field photographs for GB-382, GC-185, GC-140, and MC-

929 are shown below and to the side of the map. B) Mud volcano draped by a barite crust from 

GB-382; note prominent iron-oxide staining surrounding central hole on top of chimney and 

methanotrophic mussels adjacent to lower left-side. C) Bacterial mats at GC-185 associated with 

carbonate crusts. Note abundance of methanotrophic mussels surrounding darker portions of the 

mat.  D) Barite chimney and methanotrophic mussels surrounding the base of chimney at MC-

929. E) Massive carbonate buildups and microbial mat (lower right-hand corner of photo) at GC-

140. F) Orange microbial mats and tubeworms at GC-185. Clouds of fine mud raised by the 

Alvin submersible during sampling at GC-272 made the images unusable. Photographs are 

courtesy of Dr. Paul Aharon (University of Alabama). 

 

 



 

 

9

2.1 Gas Hydrate (Methane) Seep Sites 

 Barite forms in crusts along with authigenic carbonate at Garden Banks Lease Block 382 

(GB-382; 27°38’N, 92°28’W) and Mississippi Canyon Lease Block 929 (MC-929; 28°01’N, 

89°43’W) at a water depth ranging from 510m to 685m and overly gas hydrates (Figure 2; 

Aharon 1994). Barite crust ages range from 32.8 to 64.2 years old based on radiometric dates 

(Table 1; Fu 1998). Bulk δ34S and δ18O values are enriched in 34S and 18O relative to ambient 

seawater indicating that crusts precipitate below the SWI from a residual pool of sulfate 

produced through the activities of microorganisms (Fu and Aharon, 1997). Pore fluids that are 

highly saline (Table 1; 45-139‰ at GB-382; 64-110‰ at MC-929), depleted in SO4
2-, and 

enriched in Ca2+, Sr2+, Ra2+, and Ba2+ also influence the precipitation of barite and carbonate (Fu 

et al. 1996). If the stability of the gas hydrates at GB-382 and MC-929 is altered slightly by 

rising or lowering pressure or temperature, the hydrates sublimate and release methane or C2-C5 

hydrocarbons that fuel the activity of a unique consortium of microbial life.  
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Figure 2 Garden Banks Lease Block 382: A) Bathymetric map of GB-382 and adjacent lease 

block (contours in feet) showing the location of barite deposits (b) at the center expulsion zone of 

a mound. Light to dark gray sediments are stratified mudflow deposits (modified from Aharon, 

1998 & Roberts & Carney, 1997). B) Hand sample of barite crust from GB-382. Sample is 

mostly white and very brittle with some sections of reddish rust, suggesting presence of Fe3+. 

Barite crusts from MC-929 are visually comparable on the hand sample scale. 

 

 Massive authigenic carbonates formed at a site of gas seepage (water depth of 580 - 

915m) in the Green Canyon Lease Block 272 (GC-272; Table 1). GC-272 is characterized by 

gas hydrate sublimation accompanied by extrusion of fluid/mud mixed with hydrocarbons, and 

highly SO4 depleted pore fluids (Kohl and Roberts, 1994; Aharon and Fu, 2000).  
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Table 1 Gulf of Mexico Sites Surveyed. *Data from previous studies: Salinity from Fu et al. 

(1996) and Aharon & Fu (2000). Radiometric ages based on 226Ra dating of barite from Aharon 

et al. (1997) and Fu (1998). Carbonate ages are based on U/Th dating (Aharon et al., 1997). 

Sample 

number Site 

Dive 

number 

Water 

Depth (m) 

 

 Type of  

 Substate Type of 

formation 

Dominant 

mineral (and 

secondary 

mineral) 

Salinity 

(‰)* Age* 

93-8-7/3 GB-382 JSL-3565 510 - 640 

 

 gas hydrate crust barite (calcite) 45 - 139 21.5 

93-8-7/2 GB-382 JSL-3565 510 - 640 

 

 gas hydrate crust barite (calcite) 45 - 139 44.2 

93-7-7/1 GB-382 JSL-3565 510 - 640 

 

 gas hydrate crust barite (calcite) 45 - 139 29.7 

93-1-3/1 MC-929 685 

 

 gas hydrate crust barite (calcite) 64 - 110 12.8 

3121-R1 GC-272 JSL-3121 580 - 915 

 gas hydrate 

&    

hydrocarbons chemoherm calcite (HMC) No data No data 

89-12-1b GC-185 JSL-2593 600 

oil & 

gas hydrate chemoherm aragonite 38 23.8 

89-11-1a GC-140 JSL-2592 260 

oil & 

hydrocarbons chemoherm 

aragonite 

(HMC) No data 38.9 

89-11-2b GC-140 JSL-2592 260 

oil & 

hydrocarbons chemoherm 

aragonite 

(HMC) No data No data 

 

 

2.2 Oil/Gas Seep Sites 

Massive carbonates most commonly form at oil seep sites via the contact between 

upward extrusion of biodegraded fluid-rich oil and downward diffusion of SO4
2- and Ca2+-rich 

seawater (Fu and Aharon 1997).  Carbonates form as massive deposits, called chemoherms 

(Aharon, 1994) at Green Canyon Lease Block 140 (GC-140) and Green Canyon Lease Block 

185 (GC-185; 27°46’N, 91°20’W) at water depths of 260m and 600m, respectively (Figure 3; 

Aharon and Fu, 2000). GC-140 and 185 carbonate ages range from 23.8 to 38.9 years old at time 

of publication based on radiometric dates (Table 1; Fu and Aharon, 1997; Fu and Aharon, 1998). 

GC-140 is characterized by infrequent, small oil seeps where chemoherms have been exhumed 
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by the removal of overburden pressure during diapir movement and through seafloor erosion 

(Aharon et al., 1997). GC-185, also named “Bush Hill,” exhibits vigorous seepage of oil & gas 

accompanied by shallow carbonate pinnacles often overlying mounds of hydrate (Aharon et al., 

1997; Feng et al., 2009). Compared with bottom water at these sites, the pore fluids are highly 

depleted in SO4
2-, down to 0.3 mM/L (Aharon and Fu, 2000). Both sites host chemosynthetic 

fauna including Beggiatoa bacterial mats, tubeworms, and clams.  

 

 

Figure 3 Green Canyon Lease Blocks 140 and 185. A. Cross-section of GC-140 to GC-185 

showing underlying salt domes and localized faulting leading to conduit formation and 

ultimately stimulating the formation of domes at the sediment-water interface (from Aharon et 

al., 1997). B. Hand sample of carbonate rock from GC-185. Note abundance of crude oil staining 

(black) present in pore spaces of sample. Samples from GC-140 are visually comparable on the 

hand sample scale.  
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3. ANALYTICAL METHODS 

 

3.1 Sample Preparation 

 Samples 93-8-7/2, 93-8-7/3, and 93-7-7/1 from lease block GB-382, sample 93-1-3/1 

from MC-929, and sample JSL-3121-R1 from GC-272 were chosen for analysis of gas seep sites. 

Samples 89-11-1a, 89-11-2b from lease block GC-140 and sample 89-12-1b from lease block 

GC-185 were chosen for analysis of oil/gas seep sites. Sample selection was based on the 

frequency and size of the sulfides present within and are considered to be representative of the 

diversity within Gulf of Mexico seep sites. 

 

3.1.1 Sample Preparation for Scanning Electron Microscopy and Secondary Ion Mass 

Spectrometry  

 Multiple one-inch epoxy rounds were prepared using the Buehler EpoThin 2 Epoxy 

Mounting System (20-3440-032 Resin & 20-3442-016 Hardener) in a 2:1 resin to hardener ratio. 

Epoxy-resin mixture was poured into one-inch round molds containing 50-100 mm size pieces of 

sample and were left to cure for 24-hours. Cured mounts were polished on 400 to 600-grit 

silicon-carbide polishing pads for up to 10 minutes to reveal a suitable amount of sample surface. 

The mounts were then sonicated in DI water for 5-10 minutes and dried in an oven. After drying, 

fresh epoxy was applied to the polished sample surface and the samples were left in a vacuum 
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chamber for 30-45 minutes to further impregnate the sample vesicles, then left to cure for an 

additional 24 hours. Finally, the epoxy mounts were polished using a sequence of four Buehler 

silicon-carbide grit pads (400, 600, 800/2000 & 1200/4000) and a final polishing stage of loose 

1-micron diamond polishing solution diluted with DI water.  

 Prior to coating the samples with gold, each mount was cleaned in a sonicator in three 10-

minute stages: 1) soapy water, 2) dilute methanol, and 3) DI water. After the final sonication 

step, the samples were left to dry in an oven at 50º C for 15 minutes. The dried samples were 

gold-coated to a thickness of 5-10 nm for Scanning Electron Microscopy (SEM) and 30-40 nm 

for Secondary Ion Mass Spectrometry (SIMS).  

 

3.1.2 Sample Prep for Isotope Ratio Mass Spectrometry 

 Aliquots of 50-100 µg of powder were acquired from 10 to 25 carbonate samples from 

each seep site for the measurements of carbon and oxygen isotopic ratios. Oil seep and gas seep 

samples from GC-140, GC-185, and GC-272 were acquired using a standard drill press. Gas seep 

barite samples from GB-382 and MC-929 contained much smaller (200-500μm) carbonate grains 

that required better precision and were sampled using a computerized micromill.   

 

3.2 Petrography and Scanning Electron Microscopy  

 Initial observational work was done using a Nikon SMZ800 petrographic scope with 

reflected light attachment. Images in reflected light allowed sulfide identification for later 

targeting in SEM and SIMS studies. 
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 Three different SEMs were used throughout this project including a JEOL-6000, a JEOL-

7000Fe, and a Tescan Vega-3 Variable Pressure SEM. All SEM work was done using a range of 

beam intensities of 15-20 kV and working distances between 10 and 15 mm. Most work was 

done using the backscatter electron (BSE) detector to identify different phases based on relative 

backscatter coefficients (η) and to locate sulfides for SIMS analysis. Additional work was done 

using the energy dispersive spectroscopic (EDS) detector to confirm chemical composition of 

phases present in each sample.  

 

3.3 Secondary Ion Mass Spectrometry (SIMS) 

 SIMS work was performed on a CAMECA-1290 at the UCLA SIMS Lab. The SIMS 

uses a cesium ion beam (133Cs+) with an optimized beam size of 10 – 20μm that pre-sputters the 

sample surface for 10-30 seconds before collecting secondary ions for analysis. Sulfur masses 34 

and 32 of the sulfides are reported here in delta notation relative to the Canyon Diablo Troilite 

(CDT) reference standard: 

δ34S (‰ CDT) = [((34S/32S)sample/(
34S/32S)standard) – 1]*1000   (6) 

Measurements of a Balmat pyrite external standard with an accepted δ34S value of 15.1 (‰ 

CDT) and a CAR123 internal standard with an accepted δ34S value of 1.4 (‰ CDT; Papineau et 

al. 2005) were performed routinely prior to the start and end of analyses for each 1” round in 

order to align the mass ratios with the CDT scale and estimate the precision and reproducibility 

of the measurements. The precision of the measurements was between 0.01 and 0.40‰ and the 

reproducibility was better than ±0.01 of the measured 34S/32S ratio based on measurements 

(n=59) of Balmat external standard and CAR123 internal standard (listed in Appendix A). Error 
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propagations also accounted for internal mass fractionation (IMF) per previously established 

ims-1290 SIMS methods (Mojzsis et al., 2003; Papineau et al., 2005).  

 

3.4 Isotope Ratio Mass Spectrometry (IRMS) 

 Groups of 86 exetainers, along with 14 exetainers of standards, were prepared for 

analysis in a Delta V-Plus Mass Spectrometer equipped with a Thermo GasBench II. The 

samples and standards for each group were placed in the GasBench II at 50° C overnight. Each 

exetainer was injected with six drops of 100% orthophosphoric acid (H3PO4) under vacuum and 

placed back into the GasBench II for two hours to complete the acid reaction with the CaCO3 

and evolve the CO2 gas. Following the CO2 gas purification, masses 44, 45, and 46 were 

measured simultaneously on the triple collector of the Delta V Plus.  Needle piercing of the septa 

on the top of the exetainer releases the purified CO2 gas into the continuous flow mass 

spectrometer. The measured CO2 mass ratios of 45/44 and 46/44 are expressed in the delta 

notation of the VPDB scale as follows: 

δ 13C (‰ VPDB) = [((13C/12C)sample/(
13C/12C)standard) – 1]*1000   (7) 

δ18O (‰ VPDB) = [((18O/16O)sample/(
18O/16O)standard) – 1]*1000   (8)  

Two external standards, an NBS-19 with an accepted δ13C value of 1.95 (‰ VPDB) and 

δ18O value of -2.2 (‰ VPDB) and a newer standard, USGS-44, with an accepted δ13C value of -

42.15 (‰ VPDB) were analyzed routinely to calibrate the results (Verkouteren and Klinedinst, 

2004).  USGS-44 does not have as yet an accepted δ18O value and was not used to calibrate δ18O. 

Standards were spread throughout the 100-sample run – approximately one standard for every 

seven samples with an initial run of four standards at the beginning of analysis. One blank 
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exetainer was included in the first slot to ascertain the mass spectrometer was functioning 

properly before running each block of samples. The precision of the measurements was between 

0.02 and 0.07‰ for δ13C and between 0.09 and 0.15‰ for δ18O and the reproducibility was 

better than ±0.2‰ based measurements (n=51) of the NBS-19 and USGS-44 external standards 

(listed in Appendix B).  
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4. RESULTS 

 

4.1 Petrography and Fabric 

4.1.1 Garden Banks & Mississippi Canyon Samples 

 Petrographic and SEM analysis of gas seep barite-carbonate samples from GB-382 and 

MC-929 revealed three main mineral phases: carbonate (low-Mg calcite), barite, and sulfide 

(Figure 4A and 4B, respectively). Barite was generally the dominant phase, making up ~80-

90% of the total phases present and grew in rosette form with accumulations of rosettes 

constituting the overall dendritic macro-structures seen in reflected light microscopy (Figure 

5A). Barite in both GB-382 and MC-929 was typically found adjacent to the carbonate peloids 

(Figure 4A and 4B). The carbonate made up ~10-20% of the total phases present and was tan, 

micritic and, often occured in peloidal forms (Figure 4A and 4B). The peloids were likely either 

the waste products from bivalve clams (Shapiro and Fricke, 2003) or carbonate precipitates on 

the surface of bacterial clumps (Cavagna et al., 1999). 
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Figure 4 Photomicrographs of GB-382 and MC-929. With the exception of (D), all images were 

taken under reflected light. A) GB-382 matrix consisting of barite (white) and carbonate (tan) 

with some carbonate appearing in peloidal form (tan ovals). Accessory sulfides occur in 

framboidal form but are difficult to see in the lower magnification of this image. B) MC-929 

matrix also consisting of carbonate (tan) and barite (white) matrix with some carbonate in 

peloidal form. Similar to GB-382, accessory sulfides are difficult to identify in the 

photomicrograph. C) Close-up image of framboidal sulfides in GB-382. D) Framboidal sulfides 

(black dots) surrounding edges of dendritic barite around a carbonate peloid in MC-929 

(transmitted light).  

 

80 μm

0.5 mm 2 mm

80 μm

A B

C D

barite
carb

peloid

barite

carb

framboid
framboid

barite

peloid



 

 

20

Sulfides constituted a small fraction (~1% of phases) and were commonly present as 

individual framboids (5-30μm diameters; Figure 4C) or framboidal clusters (50-100+ μm 

diameters; Figure 5B). Some framboidal clusters from GB-382 appeared to have anhedral-type 

overgrowths (Figure 5C). Sulfides were yellow-gold under reflected light (Figure 4C) and were 

commonly found around the edges of barite dendrites (Figure 4D) or in clumps within carbonate 

peloids. In a few cases, peloids appeared to have been entirely replaced with clumps of small 

framboidal sulfides. Based on petrographic observations of the three phases, it is likely that the 

barite and carbonate precipitated concurrently and the framboidal sulfides were a later stage 

growth. 
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Figure 5 Backscatter SEM Images of Mineral Phases in GOM Seep Samples. Arrows indicate 

framboids unless otherwise labelled. A) Barite rosettes in GB-382. B) Framboids from MC-929. 

C) Framboids with anhedral overgrowths from GB-382 (see arrows). D) Framboids from GC-

140 (see arrows). E) Framboids from GC-185. F) Framboid from GC-272. G) & H) Framboids 

associated with iron oxide from GC-272.  

 

4.1.2 Green Canyon Samples  

Petrographic analysis of carbonate samples from GC-140, GC-185, and GC-272 revealed 

dominant carbonate phases and minor phases of sulfide (Figure 6A, 6B, and 6C, respectively). 

The carbonate made up ~95-99% of the total phases present while small amounts of sulfide, 

bivalve shells, and/or barite accounted for the remaining ~1-5%.  

 Similar to the GB-382 and MC-929 samples, carbonate in all GC samples was a variably 

tan, finely grained micrite, with no discernable crystal form in SEM. Splays of aragonite were 

also present in cracks and pore spaces (Figure 6D). Three distinct phases of carbonate were 

present and appeared in backscatter as a lighter phase, an intermediate phase (with mottled 

texture), and a darker phase. The lighter phase was Mg-rich carbonate (identified via EDS), 

likely high-magnesium calcite. The darker phase was less Mg-rich (closer to a low-Mg calcite) 

but often included small traces of Si, Al, or K. The intermediate/mottled phase included a variety 

of different elements (Si, P, Ca, K, Mg) and appeared to make up the smallest percentage of total 

carbonate present. While barite was not an abundant phase in any of the GC samples, it did 

appear in rare, ~20μm sized crystals throughout some portions of the carbonate matrix in GC-

272. Additional minor minerals were present throughout GC samples including apatite, quartz, 

zircon, and common silicate minerals. Samples from GC-140 and 185 seeps had spots of black 

asphaltene and crude oil in pore spaces throughout hand samples and thin sections (Figure 5A 

and 5B) while samples from GC-272 gas seeps were devoid of crude oil staining. 
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GC-140 and -185 sulfides were typically framboidal pyrites that were invariably small 

(average diameter of 4.0 ± 3.6μm; 2σ) and rarer than in other GOM seeps (Figure 5D and 5E, 

respectively). Sulfides from GC-272 consisted of abundant framboids and framboidal pyrite 

clusters that varied widely in size from diameters of submicron size up to 20μm (Figure 5F). In 

many instances, both individual framboids and framboidal clusters from GC-272 were 

surrounded by an amorphous iron-rich, sulfur-poor phase, most likely poorly crystalline iron 

oxide (Figure 5G and 5H). A few instances were noted in GC-140 and GC-185 samples as well, 

but not with the same frequency as GC-272. The occurrence of iron oxide in association with 

framboids has not been previously reported from Gulf of Mexico authigenic carbonates.  

Sulfide distribution was typically random throughout the carbonate matrix but framboids 

were occasionally present around the terminal edges and between growth phases of aragonite 

splays. No anhedral overgrowths of sulfides were found in any of the GC samples. It is likely 

that the majority of sulfides developed after the carbonate had already precipitated.  
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Figure 6 Petrographic Photomicrographs of Samples from GC-140, GC-185, and GC-272. A) X-

nichols of a GC-140 carbonate matrix (tan) with aragonite splays (white) in some cracks and 

blebs of crude oil or asphaltene (black) in others. Scale bar is 500 µm. B) X-nichols of a GC-185 

carbonate matrix (tan), abundant pore spaces, and aragonite splays on the edges of the matrix. 

Scale bar is 1 mm. C) Transmitted light of GC-272 with different mineral phases present: 

carbonate (dark brown), silicates & accessory minerals (white), and abundant pore spaces (blue). 

Scale bar is 500 µm. D) X-nichols of aragonite splay in micritic carbonate (GC-140). Scale bar is 

500 µm. 

  

Note: results from Electron Microprobe studies revealed high levels of iron and sulfur associated 

with the framboidal sulfides of all GOM seep samples. Stoichiometric adjustments made to the 

percentages of Fe and S detected matched closely with the formula for pyrite (FeS2).  As a result, 

further results and discussion will refer to metal sulfides in GOM seeps as pyrite.  
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4.3 Stable Isotope Results  

4.3.1 Sulfide δ34S Systematics 

 Unlike traditional methods of measuring stable isotopes of solid-phase sulfides (i.e. acid 

volatile sulfide extraction and chromium reducible sulfide assays) which result in destruction of 

the crystallography, SIMS is a high-resolution method of directly targeting sulfides imbedded in 

surrounding mineral phases that preserves crystal structures and spatial locations of sulfides 

within a sample. Thus, it is theoretically possible to target not only individual sulfide grains but 

also phases of growth and differences in crystallography amongst sulfides. In doing so, it is 

possible to fine-tune the role that different micro-organisms play in the growth of sulfide grains 

through different diagenetic stages. However, accomplishing such a level of resolution can prove 

difficult even through in situ sampling via SIMS, chiefly due to optics within the instrument and 

limitations on Cs133+ beam spot size (~10-20µm).  

 To avoid sampling phases other than sulfide in this study, only sulfide grains larger than 

10µm were sampled via SIMS despite the abundance of sulfides less than 10µm in all GOM 

samples. Of the sulfides sampled, every attempt was made to target the center of the sulfide grain 

to avoid overlapping the surrounding matrix with the Cs133+ beam. This was done to address two 

main issues: (1) the potential presence of sulfur in the surrounding matrix and (2) the potential 

presence of volatile gases in the matrix that match mass 34, both of which could lead to false 

δ34Spyrite values. Despite best efforts to target each sulfide grain’s center, several analyzed spots 

in the reported results did overlap with the surrounding matrix due to difficulties navigating and 

identifying sulfides once the one-inch rounds were in the SIMS (see column “Matrix Overlap” in 

Table 3). Due to this often-unavoidable issue and to address the aforementioned concerns, 

matrix test spots were performed on each sample by placing the Cs133+ beam on matrix material 
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adjacent to known sulfide locations to test for significant sulfur signal. None of the test spots 

revealed any sulfur signals that would indicate an interference of matrix or gas sourced sulfur. As 

such, the following δ34S results consider analyzed spots which overlapped with surrounding 

matrix alongside all other data, but with the recognition that these values are perhaps less reliable 

than sulfide-only spots. 

 A total of 179 spots from 128 sulfide grains on 8 different samples (93-8-7/3b, 93-8-7/2, 

93-7-7/1, 93-1-3/1, 3121-R1-01, 89-12-1b, 89-11-1a, and 89-11-2b) were analyzed via SIMS. On 

grains where multiple spot analyses were performed, spot values tended to be within ±3 (‰ 

CDT) of each other and thus the reported values for such grains (listed in Table 3) represent an 

mean (with standard deviation) of all spots analyzed. 

 Analysis of pyrites grains from GC-140 & GC-185 (n=15) revealed a range of δ34S 

values from -50.5 to -9.0 (‰ CDT; Figure 7A), with an average of -35.3 ± 13.0 (‰ CDT; 1σ). If 

values from grains where the spot size included the surrounding matrix were excluded, then only 

two grain values remained (-44.6 and -46.0‰ CDT). MC-929 pyrite grains (n=6) yield a range of 

δ34Spyrite values from -23.9 to 19.5 (‰ CDT), with an average of 0.3 ± 14.2 (‰ CDT; 1σ). 

Analysis of 33 in-situ pyrite grains from the gas seep at GC-272 exhibited values from -22.0 to 

27.5 (‰ CDT) with an average of -2.9 ± 12.2 (‰ CDT; 1σ). Grouped together based on a similar 

range of values, MC-929 and GC-272 have a range of δ34Spyrite values from -23.9 to 27.5 (‰ 

CDT), with an average of -2.4 ± 12.4 (‰ CDT; 1σ; Figure 7B). If values from grains where the 

spot size overlapped surrounding matrix were excluded, the range for the combined group of 

MC-929 and GC-272 (n=11) was -23.9 to 19.5 (‰ CDT), with an average of -3.8 ± 12.3 (‰ 

CDT; 1σ; Figure 7D). Analysis of 74 in-situ pyrite grains from GB-382 revealed a range of δ34S 
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values between 5.3 and 25.1 (‰ CDT; Figure 7C) with an average of 17.7 ± 4.4 (‰ CDT; 1σ). 

All values are listed in Table 3.  

Thus far, studies of solid phase pyrites from the Gulf of Mexico have only reported δ34S 

values with 34S-depletions (-24.9 to -5.2‰ CDT – Formolo et al., 2004; -21.0 to -7.8‰ CDT – 

Formolo and Lyons, 2013) similar to values reported from pyrites in GC-140, GC-185, GC-272, 

and MC-929. The 34S-enriched pyrites from GB-382, GC-272, and MC-929 are the first report of 

positive δ34S in situ pyrite values in association with authigenic seep deposits in the GOM. 
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Figure 7 Histograms Showing Distribution of δ34Spyrite Values. Values are from individual pyrite 

grains and include values from analysis spots that overlapped matrix surrounding sulfide grain in 

A and B. A) GC-140 & -185 right-skewed histogram of pyrite grains (n=15) with a range of -

50.5 to -9.0 (‰ CDT) and an average of -35.3 ± 13.0‰. If all values overlapping matrix are 

removed, only two values remain (-44.6 and -46.0‰ CDT); B) MC-929 & GC-272 slightly 

right-skewed histogram of pyrite grains (n=39) with a combined range of -23.9 to 27.5 (‰ CDT) 

and an average of -2.4 ± 12.4‰ if all values are included; C) GB-382 left-skewed histogram of 

pyrite grains (n=74) with a range of 5.3 to 25.1 (‰ CDT) and an average of 17.7 ± 4.4‰. D) 

MC-929 & GC-272* histogram shows the approximately normal distribution of only those pyrite 

grain (n=11) values that did not overlap matrix during analysis. These pyrites have a range of -

23.9 to 19.5 (‰ CDT) with an average of -3.8 ± 12.3‰. 

 

 Paired t-tests revealed that the MC-929 and GC-272 groups of δ34Spyrites values were not 

statistically distinct from one another, either when all data were included and when values that 

included the overlapping surrounding matrix were excluded. Similar value ranges from both sites 

suggested they can be combined. GB-382 values were statistically distinct from the combined 

group of MC-929 and GC-272 values (t-value = 11.279, t-probability = <0.0001). Likewise, the 

MC-929 and GC-272 group was statistically distinct from the GC-140 and -185 group (t-value = 

8.3072, t-probability = <0.0001), which was also statistically distinct from the GB-382 group (t-

value = 32.3801, t-probability = <0.0001).   
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Table 2 Sulfur Isotopic Compositions of Pyrites from Gulf of Mexico Seeps. n(grain) = the 

number of grains analyzed; n(spots) = the number of spots of each grain analyzed; F = 

framboidal; AG = anhedral overgrowth; A= anhedral; F(C) = fused framboidal cluster; F(NC) = 

non-fused framboidal cluster. Sample@Spot#s with an asterisk denote an average of all spots 

from a single grain. 

Sample@Spot#  

d34S 

value 

Balmat 

Std 

Error n(grain) n(spots) Crystallography 

Grain 

Size (µm) 

Matrix 

Overlap 

93-8-7-3b@1 5.3 0.0 1 1 F w/ AG ~15 no 

93-8-7-3b@2 18.9 0.1 1 1 F w/ AG ~15 no 

93-8-7-3b@3 11.4 0.1 1 1 F w/ AG ~15 no 

93-8-7-3b@4 20.6 0.1 1 1 F w/ AG ~15 no 

93-8-7-3b@5 15.7 0.1 1 1 F w/ AG ~15 no 

93-8-7-3b@6 12.1 0.1 1 1 F w/ AG ~15 no 

93-8-7-3b@7 18.8 0.1 1 1 F w/ AG ~15 no 

93-8-7-3b@9 11.3 0.2 1 1 F w/ AG ~15 no 

93-8-7-3b@8 9.2 0.0 1 1 F w/ AG ~15 no 

93-8-7-3b@10 17.6 0.3 1 1 F w/ AG ~15 no 

93-8-7-3b@11 11.5 0.1 1 1 F w/ AG ~15 no 

93-8-7-3b@12 20.5 0.1 1 1 F w/ AG ~15 no 

93-8-7-3b@13 10.2 0.1 1 1 F w/ AG ~15 no 

93-8-7-3b@14 19.5 0.1 1 1 F w/ AG ~15 no 

93-8-7-3b@15 14.8 0.1 1 1 F w/ AG ~15 no 

93-8-7-3b@16 8.1 0.1 1 1 F w/ AG ~15 no 

93-8-7-3b@17-36* 24.5 0.1 1 20 A ~100 no 

93-8-7-3b@37-50* 24.2 0.1 1 14 A ~50 no 

93-8-7-3b@53-56* 23.0 0.1 1 4 A ~25 no 

93-8-7-3b@57 24.3 0.1 1 1 A ~15 no 

93-8-7-3b@58 21.3 0.1 1 1 A ~15 no 

                

93-8-7-2_1@1 15.0 0.1 1 1 F ~10-20 no 

93-8-7-2_1@2 11.9 0.3 1 1 F ~10-20 no 

93-8-7-2_1@3 15.4 0.1 1 1 F ~10-20 no 

93-8-7-2_1@4 18.2 0.1 1 1 F ~10-20 no 

93-8-7-2_1@5 16.9 0.4 1 1 F ~10-20 no 

93-8-7-2_1@6 17.5 0.1 1 1 F ~10-20 no 

93-8-7-2_1@7 21.3 0.1 1 1 F ~10-20 no 

93-8-7-2_1@8 14.6 0.1 1 1 F ~10-20 no 

93-8-7-2_1@9 13.5 0.2 1 1 F ~10-20 no 

93-8-7-2_1@10 14.9 0.2 1 1 F ~10-20 no 

93-8-7-2_2@1 19.0 0.1 1 1 F ~10-20 no 

93-8-7-2_2@2 18.8 0.0 1 1 F ~10-20 no 

93-8-7-2_2@3 21.7 0.1 1 1 F ~10-20 no 

93-8-7-2_2@4 22.0 0.1 1 1 F ~10-20 no 

93-8-7-2_3@1 13.6 0.1 1 1 F ~10-20 no 

93-8-7-2_3@2 20.5 0.1 1 1 F ~10-20 no 

93-8-7-2_3@3 13.6 0.1 1 1 F ~10-20 no 

93-8-7-2_4@1 10.9 0.1 1 1 F ~10-20 no 

93-8-7-2_4@2 18.5 0.1 1 1 F ~10-20 no 
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93-8-7-2_4@3 18.8 0.1 1 1 F ~10-20 no 

93-8-7-2_4@4 25.1 0.2 1 1 F ~10-20 no 

93-8-7-2_4@5 14.3 0.1 1 1 F ~10-20 no 

93-8-7-2_4@6 21.6 0.1 1 1 F ~10-20 no 

93-8-7-2_19@1-2* 21.9 0.1 1 2 F(C) ~50 no 

93-8-7-2_20@1-3* 22.9 0.1 1 3 F(C) ~100 no 

93-8-7-2_20@4 14.3 0.1 1 1 F ~20 no 

93-8-7-2_21@1-3* 14.6 0.1 1 3 F(C) ~20 no 

93-8-7-2_21@4 20.5 0.1 1 1 F ~15 no 

93-8-7-2_22@1-2* 19.7 0.1 1 2 F(C) ~20 no 

93-8-7-2_23@1 21.0 0.1 1 1 F(NC) ~15-20 no 

93-8-7-2_23@2 21.4 0.1 1 1 F(NC) ~15-20 no 

93-8-7-2_23@3 20.4 0.1 1 1 F(NC) ~15-20 no 

93-8-7-2_23@4 15.5 0.1 1 1 F(NC) ~15-20 no 

93-8-7-2_23@5 18.5 0.1 1 1 F(NC) ~15-20 no 

93-8-7-2_23@6 16.8 0.1 1 1 F(NC) ~15-20 no 

93-8-7-2_24@1 17.8 0.1 1 1 F(C) ~25 no 

93-8-7-2_25@1-3* 21.6 0.1 1 3 F(C) ~25 no 

93-8-7-2_26@1-3* 8.7 0.2 1 3 F(C) ~25 no 

                

93-7-7-1_12@1 20.0 0.1 1 1 F ~10 no 

93-7-7-1_12@2 16.4 0.2 1 1 F ~10 no 

93-7-7-1_12@3 19.5 0.2 1 1 F ~10 no 

93-7-7-1_12@4 19.8 0.2 1 1 F ~10 no 

93-7-7-1_12@5 17.1 0.0 1 1 F ~10 no 

93-7-7-1_12@6 22.4 0.1 1 1 F ~10 no 

93-7-7-1_13@1 20.9 0.2 1 1 F ~10 no 

93-7-7-1_13@2 18.2 0.1 1 1 F ~10 no 

93-7-7-1_13@3 19.7 0.1 1 1 F ~10 no 

93-7-7-1_14@1-2* 20.3 0.2 1 2 F ~15 no 

93-7-7-1_15@1-2* 22.7 0.2 1 2 F w/ AG ~20 no 

93-7-7-1_16@1 17.2 0.1 1 1 F w/ AG ~15-20 no 

93-7-7-1_16@2 17.5 0.1 1 1 F w/ AG ~15-20 no 

93-7-7-1_16@3 21.0 0.1 1 1 F w/ AG ~15-20 no 

93-7-7-1_17@1 24.6 0.2 1 1 F(C) w/ AG ~50 no 

                

93-1-3-1_6@1-3* -3.6 0.2 1 3 F ~25 no 

93-1-3-1_9@1-2-

1* -23.9 0.2 1 2 F ~25 no 

93-1-3-1_10@1-1-

2* 19.5 0.4 1 2 F ~15 no 

93-1-3-1_11@1 1.5 0.1 1 1 F ~30 no 

93-1-3-1_11@2 2.4 0.1 1 1 F ~10 no 

93-1-3-1_11@3 6.2 0.2 1 1 F ~10 no 

                

3121-R1-01@1 0.6 0.0 1 1 F ~15 yes 

3121-R1-01@10 -7.3 0.0 1 1 F ~15 yes 

3121-R1-01@11 15.8 0.0 1 1 F ~10 yes 

3121-R1-01@12 8.8 0.0 1 1 F ~10 yes 

3121-R1-01@13 9.8 0.0 1 1 F ~10 yes 
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3121-R1-01@14 13.7 0.0 1 1 F ~50 yes 

3121-R1-01@15 0.1 0.0 1 1 F ~25 yes 

3121-R1-01@16 19.2 0.0 1 1 F ~25 yes 

3121-R1-01@17 -0.6 0.0 1 1 F ~25 no 

3121-R1-01@18 -1.3 0.0 1 1 F ~10 yes 

3121-R1-01@2 27.5 0.0 1 1 F ~25 yes 

3121-R1-01@3 -13.4 0.0 1 1 F ~20 yes 

3121-R1-01@4 -13.1 0.0 1 1 F ~15 yes 

3121-R1-01@5 -9.0 0.0 1 1 F ~10 yes 

3121-R1-01@6 -7.3 0.0 1 1 F ~25 no 

3121-R1-01@7 -3.0 0.0 1 1 F ~20 yes 

3121-R1-01@8 -9.2 0.0 1 1 F ~10 yes 

3121-R1-02@1 -3.4 0.0 1 1 F ~15 no 

3121-R1-02@10 -15.0 0.1 1 1 F ~15 yes 

3121-R1-02@11 8.3 0.0 1 1 F ~10 yes 

3121-R1-02@12 -15.0 0.0 1 1 F ~20 yes 

3121-R1-02@13 9.6 0.0 1 1 F ~10 yes 

3121-R1-02@14 -12.3 0.0 1 1 F ~15 yes 

3121-R1-02@15 -14.4 0.0 1 1 F ~10 yes 

3121-R1-02@16 -12.5 0.0 1 1 F ~10 yes 

3121-R1-02@2 -10.8 0.1 1 1 F ~25 no 

3121-R1-02@3 -22.0 0.0 1 1 F ~20 no 

3121-R1-02@4 9.0 0.0 1 1 F ~15 yes 

3121-R1-02@5 -21.7 0.0 1 1 F ~10 yes 

3121-R1-02@6 -7.2 0.0 1 1 F ~20 yes 

3121-R1-02@7 -0.6 0.0 1 1 F ~30 no 

3121-R1-02@8 -2.0 0.0 1 1 F ~15 yes 

3121-R1-02@9 -18.4 0.0 1 1 F ~10 yes 

                

89-12-1b_18@1 -44.6 0.1 1 1 F ~10 no 

89-12-1b_18@2-1 -46.0 0.1 1 1 F ~10 no 

                

89-11-1a@1 -14.8 0.0 1 1 F ~10 yes 

89-11-1a@10 -35.2 0.0 1 1 F ~10 yes 

89-11-1a@2 -9.0 0.0 1 1 F ~10 yes 

89-11-1a@3 -23.2 0.0 1 1 F ~10 yes 

89-11-1a@5 -24.1 0.0 1 1 F ~10 yes 

89-11-1a@6 -30.6 0.1 1 1 F ~10 yes 

89-11-1a@7 -50.5 0.0 1 1 F ~30 yes 

89-11-1a@8 -27.1 0.0 1 1 F ~20 yes 

89-11-1a@9 -48.2 0.0 1 1 F ~10 yes 

                

89-11-2b-01@1 -45.9 0.0 1 1 F ~25 yes 

89-11-2b-01@2 -42.9 0.0 1 1 F ~25 yes 

89-11-2b-01@3 -44.1 0.0 1 1 F ~10 yes 

89-11-2b-01@4 -42.8 0.0 1 1 F ~25 yes 
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4.3.2 δ13C and δ18O Compositions of the Carbonates 

GC-140 and GC-185 samples (n=58) had a range of δ13C values from -36.7 to -3.5‰ 

VPDB (average of -23.0 ± 10.3‰; 1σ) and a range of δ18O values from 2.5 to 5.3‰ VPDB 

(average of 3.8 ± 0.7‰; 1σ).  

MC-929 samples (n=16) had a δ13C range from -38.0 to -1.2‰ VPDB (average of -27.3 ± 

8.8‰; 1σ) and a range of δ18O values from 1.6 to 2.5‰ VPDB (average of 2.1 ± 0.3‰; 1σ). GC-

272 samples (n=17) yielded δ13C values from -37.8 to -34.2‰ VPDB (average of -36.5 ± 1.0‰; 

1σ) and a range of δ18O values from 2.3 to 3.0‰ VPDB (average of 2.8 ± 0.2‰; 1σ).  

 GB-382 samples (n=31) yielded a δ13C range from -31.4 to -1.2‰ VPDB (average of -

19.9 ± 7.0‰; 1σ) and a δ18O range from -0.5 to 4.1‰ VPDB (average of 3.1 ± 0.8‰; 1σ). 

Measurements could not be made for sample 93-7-7/1 (GB-382), because the carbonates were 

too small to sample with the standard drill press or the micromill. All values of δ13C and δ18O for 

carbonates at GOM seep sites are listed in Table 4. 

The generally 13C-depleted and 18O-enriched carbon and oxygen isotope results were 

comparable to previously reported values from GOM authigenic carbonates such as those from 

Roberts and Aharon (1994): δ13C: -55 to -18 (‰ VPDB); Formolo et al. (2004): δ13C: -38.91 to 

0.99 (‰ VPDB) and δ18O: 21.51 to 35.33 (‰ VSMOW); and Feng et al., (2009): δ13C: -29.4 to -

1.4 (‰ VPDB) and δ18O: -0.6 to 5.0 (‰ VPDB). 
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Table 3 Carbon and Oxygen Isotopic Compositions of Carbonates Coexisting with Pyrites from  

Gulf of Mexico Seeps  

Sample Name δ13C (‰ VPDB) δ18O (‰ VPDB) 

93-8-7/3 1 -26.4 1.9 

93-8-7/3 2 -19.2 3 

93-8-7/3 3 -9.7 -0.5 

93-8-7/3 4 -16.4 3.7 

93-8-7/3 5 -17.5 3.6 

93-8-7/3 6 -16.8 3.6 

93-8-7/3 7 -1.2 2.4 

93-8-7/3 8 -24.6 3.1 

93-8-7/3 11 -16.5 3.6 

93-8-7/3 12 -15.5 4 

93-8-7/3 13 -9.7 2.4 

93-8-7/3 14 -13.9 3.2 

93-8-7/2b 1 -24.7 2.9 

93-8-7/2b 2 -25.9 2.9 

93-8-7/2b 3 -24.3 3.1 

93-8-7/2b 4 -26.9 2.9 

93-8-7/2b 5 -25.7 2.7 

93-8-7/2b 7 -27.3 2.7 

93-8-7/2b 8 -22 3.1 

93-8-7/2b 9 -25.2 2.8 

93-8-7/2b 10 -23 3.2 

93-8-7/2b 11 -15.3 3.9 

93-8-7/2b 12 -13.1 4.1 

93-8-7/2b 13 -14.3 4.1 

93-8-7/2b 14 -20 2.8 

93-8-7/2b 15 -21.1 3.4 

93-8-7/2b 16 -30.5 2.8 

93-8-7/2b 17 -31.4 2.9 

93-8-7/2b 18 -30.1 3.1 
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93-8-7/2b 19 -16.6 3.6 

93-8-7/2b 20 -13.1 3.9 

93-1-3/1 1 -26.9 2.1 

93-1-3/1 2 -29.8 1.6 

93-1-3/1 3 -27.8 2.2 

93-1-3/1 4 -25 2.3 

93-1-3/1 5 -24.4 1.9 

93-1-3/1 6 -37.9 1.9 

93-1-3/1 7 -27.7 1.9 

93-1-3/1 8 -1.2 2.2 

93-1-3/1 9 -15.6 2.5 

93-1-3/1 10 -28.7 1.6 

93-1-3/1 11 -32.3 2.1 

93-1-3/1 12 -38 2.4 

93-1-3/1 13 -29.5 2.2 

93-1-3/1 14 -26.4 2.2 

93-1-3/1 15 -30.6 2.2 

93-1-3/1 16 -34.3 1.9 

3121-R1 1 -36.1 2.7 

3121-R1 2 -36.8 2.7 

3121-R1 3 -36.8 2.9 

3121-R1 4 -37.3 2.8 

3121-R1 5 -37.5 2.5 

3121-R1 6 -36.4 3 

3121-R1 7 -35.5 2.6 

3121-R1 8 -35.6 2.6 

3121-R1 9 -37.8 2.7 

3121-R1 10 -34.2 2.9 

3121-R1 11 -36.2 2.8 

3121-R1 12 -37.4 2.9 

3121-R1 13 -35.5 3 
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3121-R1 14 -36.2 2.7 

3121-R1 15 -37.7 2.3 

3121-R1 16 -36.5 2.9 

3121-R1 17 -37.6 2.8 

89-12-1b 1 -25 3.4 

89-12-1b 2 -27.9 3.2 

89-12-1b 3 -25 3 

89-12-1b 4 -23.6 3.5 

89-12-1b 5 -24 3.6 

89-12-1b 6 -17.7 3.4 

89-12-1b 7 -14.5 3.2 

89-12-1b 8 -27.2 2.9 

89-12-1b 9 -15.4 3.2 

89-12-1b 10 -24 3.4 

89-12-1b 11 -21.5 3.3 

89-12-1b 12 -19.9 3.7 

89-12-1b 13 -22.8 3.7 

89-12-1b 14 -20 3.4 

89-12-1b 15 -21.5 3.5 

89-12-1b 16 -20.9 3.3 

89-11-1a 1 -16.2 4.4 

89-11-1a 2 -6.8 5 

89-11-1a 3 -6 4.4 

89-11-1a 4 -6.9 4.7 

89-11-1a 5 -32.2 3 

89-11-1a 6 -16.9 3 

89-11-1a 7 -14.8 4.5 

89-11-1a 8 -26.7 3.7 

89-11-1a 9 -27 4 

89-11-1a 10 -8 4.9 

89-11-1a 11 -4.8 4.8 
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89-11-1a 12 -8.5 4.7 

89-11-1a 13 -5.4 5.1 

89-11-1a 14 -6.9 5 

89-11-1a 15 -30.2 3.7 

89-11-1a 16 -30.3 3.5 

89-11-1a 17 -8.6 5 

89-11-1a 18 -3.6 4.9 

89-11-1a 19 -3.5 5.3 

89-11-1a 20 -6.4 5.1 

89-11-2b 1 -34.7 3.5 

89-11-2b 2 -31.4 3.8 

89-11-2b 3 -33.4 3.6 

89-11-2b 4 -36.7 3.2 

89-11-2b 5 -35.2 3.9 

89-11-2b 6 -32.4 3.8 

89-11-2b 7 -31.5 3.4 

89-11-2b 8 -30.9 3.7 

89-11-2b 9 -30.1 3.8 

89-11-2b 10 -29.6 3.5 

89-11-2b 11 -30.4 3.6 

89-11-2b 12 -29.7 3.6 

89-11-2b 13 -30.5 3.5 

89-11-2b 14 -27.9 3.6 

89-11-2b 15 -29 3.5 

89-11-2b 16 -29.8 3.8 

89-11-2b 17 -29.9 3.6 

89-11-2b 18 -35.4 3.2 

89-11-2b 19 -35.5 3.5 

89-11-2b 20 -35.3 3.1 

89-11-2b 21 -36.3 2.5 

89-11-2b 22 -36.5 3.7 
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5. DISCUSSION 

 Two distinct pathways lead to deposition of sedimentary pyrites: (i) abiotic, and (ii) biotic 

(Wilkin and Barnes, 1997; Raiswell and Canfield, 1998; Neretin et al., 2004; Seal, 2006; Gong et 

al., 2018). The abiotic pathway of pyrite formation can be ruled out from the onset because of 

ample evidence of microbial processes in the anoxic seep sediments (Kennicutt et al., 1985; 

Sassen et al., 1993; Aharon, 1994; Larkin et al., 1994; Roberts and Aharon, 1994; Aharon and 

Fu, 2000, Aharon and Fu, 2003; Arvidson et al., 2004; Bottrell and Newton, 2006; Formolo and 

Lyons, 2013; Antler et al., 2014; Duesner et al., 2014; Sivan et al., 2014; Lin et al., 2016a; Lin et 

al., 2016b; Lin et al., 2017). The discussion below will first review biogeochemical processes 

and their isotope fractionation effects relevant to the deposition of pyrite and cogenetic 

carbonate. Thereafter, the isotope measurements acquired in this study will be interpreted 

considering specific processes occurring in seep sediments from the Gulf of Mexico and 

implications regarding the association of pyrite and carbonate in anoxic sediment.  

 

5.1 Biogeochemical Processes in Hydrocarbon Seeps and Their Effect on Isotope 

Fractionations of Sulfide-Sulfur, Carbonate-Carbon, and Carbonate-Oxygen 

 The δ34S variability in pyrites reported in this study can be attributed to several isotope 

fractionation processes discussed below: 

i. Changes in sulfate concentrations and environment within the sediment column 
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Generally, seawater SO4
2- accumulates in high concentrations at the SWI and infiltrates 

the sediment column through networks of pores down to a zone where it is met with upward-

diffusing CH4, i.e. the SMTZ. As SO4
2- diffuses down to the SMTZ, it decreases in concentration 

and thus becomes less available for use by sulfur-utilizing micro-organisms (Jørgensen and 

Nelson, 2004; Harrison et al., 2009; Lin et al., 2016a). Conversely, CH4 produced via 

methanogenesis below the SMTZ decreases in concentration as it diffuses upwards towards the 

SMTZ. CH4 and other short chain alkanes can also be released via the sublimation of gas 

hydrates at certain seep sites (Formolo et al., 2004; Sassen et al., 2004). The availability of SO4
2-, 

CH4, Fe3+, and substrates such as crude oil and hydrocarbons determines, to some degree, which 

microbial communities reside at seep sites. 

 During early sediment diagenesis in the suboxic and sulfate reduction zones just below 

the SWI, the processes of BDS (equations 2 and 3) and BSR (equation 4) dominate, utilizing the 

high concentration of seawater SO4
2- to reduce organic matter (crude oil or hydrocarbons) and 

yielding H2S (Canfield, 2001; Jørgensen and Nelson, 2004; Lin et al., 2016b). The diffusing 

seawater SO4
2-, CH4 and other available compounds present between the SWI and the SMTZ 

(and perhaps extending beyond), create an environment favorable to microbial communities of 

BSR and BSR-AOM that require such compounds to complete vital metabolic processes (Fu and 

Aharon, 1998; Campbell et al., 2002; Formolo et al, 2004; Lin et al., 2016a). At the SMTZ, the 

upward diffusing CH4 and downward diffusing seawater SO4 are consumed by a consortium of 

BSR-AOM (equation 5) to near zero concentrations, while resulting waste H2S(aqueous) 

accumulates to a maximum level within the sediment (Boetius et al., 2000; Jørgensen et al., 
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2004; Lin et al., 2016b). Metal sulfides, typically pyrite, can form via the reaction 

between the H2S and available iron, either from BSR or BDS reactions in the suboxic and sulfate 

reduction zones or at the SMTZ from the BSR-AOM reaction pathway (Jørgensen et al., 2004; 

Lin et al., 2016a; Lin et al., 2016b; Lin et al., 2017): 

Fe2+ + 2H2S = FeS2 + 4H+       (9) 

BSR, BDS and BSR-AOM also constitute the main drivers of authigenic mineral 

precipitation at seep sites, leading to the precipitation of significant amounts of authigenic 

carbonate, barite, sulfides, Fe-oxides, and other minerals (Aharon, 2000; Jørgensen and Nelson, 

2004; Li et al., 2008). Carbonate or bicarbonate produced from the BSR and BSR-AOM reaction 

pathways reacts with available Ca2+ to form authigenic carbonates at most seepage sites: 

Ca2+ + CO3
2- = CaCO3     or     

Ca2+ + 2HCO3
2- = CaCO3 + CO2 + H2O     (10) 

Depending on the availability of CH2O, CH4, or short chain alkane substrates, along with 

availability of SO4
2-, the BSR and BSR-AOM reaction pathways tend to lead to a supersaturation 

with respect to the CO3
2- or HCO3

2- product and H2S, and thus lead to the cogenetic formation of 

pyrite and carbonate.  

 First-order Rayleigh models can approximate the degree of sulfur fractionation expected 

at seep sites at which SO4
2- is the dominant electron acceptor used in biogeochemical processes 

based on the Rayleigh fractionation equation (Aharon and Fu, 2000; Aharon and Fu, 2003): 

Δδ = δt – δo = 103 (α – 1)*lnƒ       (11) 
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where δt is the δ34S value of the residual fraction of ƒ(SO4
2-), δo is the δ34S value of seawater 

sulfate (δ34S = 20.3‰ CDT), α is the fractionation factor, and 103 is the enrichment factor in ‰.  

 In previous work by Aharon and Fu (2003), fractionation factors were estimated from 

pairs of δ34SSO4 and δ34SH2S values from several Gulf of Mexico seep sites according to closed 

system dynamics (α = 1.015; 15‰ CDT) and open system dynamics (α = 1.023; 23‰ CDT). 

Based on these α values and previous work on Rayleigh fractionation during biogeochemical 

processes by Jørgensen (1979), the amount of sulfate consumed and resulting values of δ34Spyrite 

were predicted for GOM sites sampled in this study. Modeled values for both system predictions 

were adjusted for a maximum expected S-isotope fractionation between H2S and FeS2 (4‰ at 2 - 

4° C; Seal, 2006). The closed-system Rayleigh model produced a range of δ34Spyrite values 

between approximately -44 and 24 (‰ CDT) from ƒ(0.01) to ƒ(1.00). The open-system Rayleigh 

model produced a range of δ34Spyrite values between approximately -78 and 24 (‰ CDT) from 

ƒ(0.01) to ƒ(1.00). More positive values of δ34Spyrite in excess of 24‰ CDT cannot be attained in 

the simplistic Rayleigh models but can be achieved in real marine environments through a 

greater role of sulfide mineralization coupled with quantitative depletion of seawater sulfate 

(Borowski et al., 2013). 

The δ34Spyrite values (range of -50.5 and -9.0‰ CDT) for the sites with oil/gas substrate 

(GC-140 and GC-185) fit well within both open-system and closed-system models (Figure 8A). 

According to the open-system Rayleigh model the measured values of δ34Spyrite suggest that 

between 4 and 24% of the total sulfate pool was consumed. The closed-system model suggests 

between 0.5 and 11% of the sulfate pool was consumed. 

 δ34Spyrite values from gas seep sites GC-272 and MC-929 range from -26.2 to 27.5 (‰ 

CDT) and mostly fit within both open and closed system Rayleigh models (Figure 8B). The 
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wide range of δ34Spyrite values suggest that between 12 and 99% of the total sulfate pool was 

consumed in an open system and between 4 and 99% was consumed in a closed system. 

However, the pyrite with a δ34S value of 27.5‰ is the lone framboid to express a value more 

positive that 20.5‰. Without this outlier, the majority of δ34Spyrite values cluster between -26.2 

and 2.4‰ indicating that between 12 and 39% and 4 and 24% of total sulfate was consumed in 

an open system and closed system, respectively. 

 The GB-382 δ34S range for pyrites (5.3 to 25.9‰ CDT) generally fits within both open 

and closed system Rayleigh models. The open-system predicts that between 44% and 99% of the 

total sulfate pool was consumed and the closed-system predicts between 29% and 99% of the 

sulfate pool was consumed (Figure 8C). The majority (~80%) of δ34Spyrite values cluster between 

65% and 99% of total sulfate consumed in an open-system and between 52% and 99% in a 

closed-system. 
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Figure 8 Plots of Measured δ34Spyrite  (‰ CDT) Values, Superimposed on Closed and Open-

System Rayleigh Fractionation Prediction Models. Rayleigh models (black lines) show the 

relationship between predicted δ34Spyrite values and the fraction of residual SO4
2- in the pore 

fluids of seep sediments. The open and closed system models are based on α = 1.015 (15‰ 

CDT) and α = 1.023 (23‰ CDT), respectively. Alpha values (α) were estimated by Aharon and 

Fu (2003) from pairs of δ34SSO4 and δ34SH2S values from several Gulf of Mexico seep sites. GC-

140 & GC-185 oil seep pyrite grain values are represented by the circles with all values 

clustering below f=0.3 for both the open and closed systems. The combined δ34S values from 

GC-272 and MC-929 pyrite grains are represented by the hexagons (the data set includes values 

overlapping matrix when sampled). Values exhibit a wide distribution between f=0.1 and f=0.8 

with most values clustered between f=0.1 and f=0.4. GB-382 pyrite grain values are represented 

by the diamonds with all values clustering above f=0.4 in both the open and closed system 

models. 
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ii. Reduction rate changes over the course of the sulfate reduction cycle 

It has been documented that an inverse relationship exists between SO4
2- and H2S within 

pore fluids at hydrocarbon and gas seep sites in the Gulf of Mexico such that concentrations of 

SO4
2- decrease with depth within the sediment column and concentrations of H2S increase with 

depth towards the SMTZ (Aharon and Fu, 2000; Aharon and Fu, 2003). An inverse relationship 

between sulfate reduction rates (SRRs) and sulfur isotope fractionation also exists at seep sites 

(Aharon and Fu, 2000; Aharon and Fu, 2003). Aharon and Fu (2000) estimated SRRs at gas 

seeps, oil seeps, and a reference non-seep to find that gas seep sites had the highest SRRs (0.27 

to 2.51 µm SO4
2- cm-3 day -1), oil seeps had lower SRRs (0.01 to 0.22 µm SO4

2- cm-3 day -1), and 

the reference non-seep had the lowest SRR (0.0043 µm SO4
2- cm-3 day -1). Higher rates are 

associated with less isotope fractionation and consequently values of δ34S in H2S (and ultimately 

FeS2) are closer to the value of the starting seawater SO4
2-, whereas lower rates of sulfate 

reduction are associated with higher isotope fractionation and thus more negative values of δ34S 

in resulting sulfides. 

 

iii. Sources of electron acceptors and donors in seeps 

Seawater SO4
2- is the primary source of electron acceptors used in microbial pathways 

that involve sulfur disproportionation and sulfate reduction (i.e. BDS and BSR) and evidence of 

microbial fractionation can be found by interpreting the δ34S values of end-product sulfides. 

Extremely negative values of δ34S of pore fluid H2S or metal sulfide (roughly -40 to -50‰; Lin 

et al., 2016b; Lin et al., 2017) at seep sites have been interpreted to represent early diagenetic 

stages influenced by BSR or BDS; however, it is difficult to distinguish between the two 
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processes on the basis of δ34S values alone (Jørgensen, 1979; Aharon and Fu, 2000; Canfield, 

2001; Aharon and Fu, 2003; Bottrell and Newton, 2006; Canfield et al., 2010; Sim et al., 2011; 

Formolo and Lyons, 2013; Leavitt et al., 2013; Lin et al., 2017).  

Moderate to extremely positive values (in excess of +114‰ CDT; Lin et al., 2016b) of 

δ34SH2S or δ34Spyrite have been measured directly from in situ sulfides (via SIMS) from seep sites 

in the South China Sea and Black Sea (Weber et al., 2016; Lin et al., 2016a; Lin et al., 2016b; 

Lin et al., 2017; Gong et al., 2018). The positive signatures are interpreted to be the result of 

either: 1) fractionation by a consortia of BSR-AOM (near the sulfate-methane transition zone; 

SMTZ) within a semi-closed to closed Rayleigh-type fractionation system where the resulting 

H2S becomes increasingly enriched as the pool of available SO4 becomes enriched (Goldhaber 

and Kaplan, 1980; Lin et al., 2016a; Lin et al., 2016b; Lin et al., 2017; Peng et al., 2017), or 2) 

fractionation from bacterial or archaeal communities within an “open diffusional system,” where 

CH4-driven sulfate reduction, a deep H2S sink, and an upward flux of 34S-enriched SO4 result in 

a “sulfidization” front where isotopically heavy sulfides are trapped through reactions with 

available iron (Jørgensen et al., 2004; Neretin et al., 2004; Egger et al., 2017). 

The presence of sulfides suggests Fe3+ is often abundant at seep sites and may also 

function as an electron acceptor in certain circumstances. In the case of BSR-AOM, sulfate 

reduction utilizing seawater SO4
2- has been widely documented and accepted as the dominant 

reduction process coupled to AOM in seep sediments (Aharon and Fu, 2000; Boetius et al., 2000; 

Bottrell and Newton, 2000; Aharon and Fu, 2003; Joye et al., 2004; Antler et al., 2014; Deusner 

et al., 2014; Lin et al., 2016b; Lin et al., 2017; Weber et al., 2016;), however in 1980, Zehnder 

and Brock discussed the possibility of an AOM pathway that depends on iron and manganese 

(Zehnder and Brock, 1980). In recent years, several studies have concluded that the reduction of 
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soluble and insoluble Fe3+ or Mn4+ species is often an important factor in promoting the AOM 

pathway (Riedinger et al., 2014; Sivan et al., 2014; Egger et al., 2015; Sun et al., 2015; He et al., 

2017; Oni and Friedrich, 2017; Peng et al., 2017; Li et al., 2018; Yan et al., 2018). Though the 

microbiological processes governing such reactions remain elusive, it is widely thought that 

Fe3+- or Mn4+-dependent AOM occurs below the SMTZ or in similar locations that host an 

abundance of available CH4 and Fe3+ or Mn4+ as well as a significant depletion in SO4
2- (Sivan et 

al. 2011; Egger et al., 2015; Li et al., 2018).  

Some studies have also suggested that Fe3+-AOM may occur alongside SO4-AOM in 

methane-rich sediments (Sivan et al., 2014; Rooze et al., 2016; Egger et al., 2017). Sivan et al. 

(2014) found that naturally present forms of oxidized iron in incubation experiments were 

involved in sulfate reduction and could stimulate sulfur recycling to some degree. During Fe3+-

stimulated SO4-AOM, sulfur recycling increases the rates of reaction, which then results in a 

decrease in the magnitude of sulfur isotope fractionation (Sivan et al., 2014). It follows that the 

presence of iron oxides (evidence of an available Fe3+ electron acceptor source) associated with 

sulfides exhibiting δ34Spyrite values closer to the starting value of δ34SSO4 of seawater could be 

possible indicator of Fe3+-stimulated SO4-AOM. 

Although δ34S values of sulfides are a good proxy for identifying the use of SO4
2- (and 

potentially Fe3+) by bacteria and/or archaea that fractionate sulfur isotopes, such results cannot 

distinguish between the BSR and BSR-AOM pathways because they do not reflect the source of 

the carbon electron donor. Carbon isotopes in cogenetic carbonate could in principle, distinguish 

between the two pathways because authigenic carbonate typically inherits the isotopic signature 

of the carbon used in its formation without significant additional fractionation, thus making such 

isotopic compositions useful in determining the potential carbon source at marine seeps (Sassen 
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et al., 1993; Roberts and Aharon, 1994). Thermogenic and biogenic processes lead to 

considerable carbon isotope fractionations and as a result, methane produced through 

thermogenic and biogenic pathways should impart strongly negative δ13C values on the resulting 

carbonate (-35 to -72‰; Kennicutt et al., 1992; Aharon, 2000). Microbially degraded crude oil 

imparts a tighter range of negative values (-26 to -31‰; Aharon, 2000). The carbon isotopes in 

non-methane hydrocarbon gases are not as heavily fractionated and thus should impart δ13C 

values closer to zero (Mansour & Sassen, 2011).  

Despite the apparent usefulness of the authigenic carbonate δ13C proxy, complications 

can occur because of (i) mixing of pore fluids hosting 13C-depleted carbon (-44‰ and -78‰; 

crude oil and methane respectively; Aharon, 2000) with 13C-enriched seawater derived carbon (-

4.5 to 0.9‰ from GOM water column; Aharon et al., 1992), (ii) sublimation of hydrates made of 

short-chain alkanes (C2 to C5) whose δ13C values (-20 to -30‰; Sassen et al., 2004) are more 

13C-enriched than methane (C1: -42 to -54‰; Sassen et al., 2004), and (iii) carbon donors derived 

from biodegraded oils and asphaltenes (-26 to -33‰; Wilkes et al., 2000) that exhibit 13C-

enrichment relative to methane.   

 

5.2 δ34S, δ13C, and δ18O Data: Evidence of Microbial Sulfate Reduction 

On the basis of observed substrate type, δ13Ccarbonate and δ34Spyrite value averages, overall 

similarity in petrography, and seep location, samples used in this study can be divided into three 

groups: (i) Group I Seeps: GC-140 and GC-185 authigenic carbonates influenced by oil and 

mixed oil and gas seepage, (ii) Group II Seeps: GC-272 and MC-929 authigenic carbonate and 

authigenic barite influenced by gas seepage, and (iii) Group III Seeps: GB-382 authigenic barites 
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influenced by gas seepage. A table outlining the brief differences in between Groups can be 

found in Appendix C. 

 

i. Group I Seeps 

 Compared with Group II and III, the average δ34Spyrite value of Group I (-35.3 ± 13.0‰ 

CDT; 1σ; GC-140 and GC-185) was considerably more negative and the average of all 

δ18Ocarbonate values was more positive (3.8 ± 0.7‰ VPDB; 1σ). Even with values from spots that 

overlapped the surrounding matrix excluded, the two remaining values, -44.6 and -44.0‰ are 

much more negative than any values from Group II or Group III. The average of all δ13Ccarbonate 

values for Group I (-23.0 ± 10.3‰ VPDB; 1σ) is within 1σ of the average of Group II but not 

Group III.  

Considering sulfur first, the moderately to extremely negative values of δ34Spyrite from 

Group I suggests lower SRRs resulting in higher fractionation during BDS or BSR. Such 

processes likely happened during early diagenesis in shallower sediments with access to a 

constantly replenished source of seawater SO4
2- where crude oil and non-methane hydrocarbons 

play a large role in sulfate reduction (Goldhaber and Kaplan, 1980; Jørgensen et al., 2004; 

Borowski et al., 2013; Li et al., 2018). The relatively small amount of SO4
2- consumption shown 

in both Rayleigh models (11% closed system, 24% open system) and the strong 34S-depletions 

corroborates the continuous availability of SO4
2- during microbiological processing, which 

would thus allow more significant fractionation. Since BSR and BDS processes are known to 

dominate in the upper centimeters of the sediment column and produce significant 34S-depletions 

in pyrites, Group I sulfides most likely formed in a semi-open to open system close to the SWI.  
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Evidence of BSR and/or BDS using crude oil or non-methane hydrocarbons is also found 

in 13C-enriched δ13Ccarbonate values of Group I (-23.0 ± 10.3‰; 1σ), which records: (i) long-term 

CO2 production from microbial hydrocarbon degradation (Sassen et al., 1993) and (ii) non-

methane hydrocarbons (likely crude oil with typical δ13C values between -26 and -31‰ VPDB; 

Aharon, 2000; Kennicutt et al., 1992) incorporated during authigenic carbonate precipitation 

(Feng et al., 2009). In fact, Formolo et al. (2004), suggested that as much as 90% of the carbon 

source for carbon oxidation at GC-185 is from the oxidation of non-methane hydrocarbons 

(Formolo et al., 2004). This contention is supported by the presence of crude oil (Aharon et al., 

1997; Feng et al. 2009), the possible presence of non-methane sublimated gas hydrates (C2 – C5), 

and 18O-enriched values of δ18Ocarbonate resulting from BSR or BDS in GC-140 and GC-185.  

Although GC-185 from Group I overlies mounds of gas hydrate, the corresponding 

δ34Spyrite values alone show little evidence for the existence of methane oxidizers. Thus, gas 

hydrate sublimation at GC-185 likely contributes C2 – C5 hydrocarbons rather than CH4 as 

evidenced by the relative enrichment of 18O of the authigenic carbonate. The 18O-enriched 

oxygen later incorporated into authigenic carbonate was likely sourced from either (i) the 

localized destabilization of gas hydrate (specifically at the GC-185 site; Feng et al., 2009; 

Formolo and Lyons, 2013), or (ii) 18O-enriched pore water resulting from hydrocarbon-rich 

brines mixing with downward diffusing GOM bottom waters (Aharon et al., 1992; Mansour and 

Sassen, 2011).  
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ii. Group II Seeps 

 Group II (GC-272 and MC-929) contains gas seep samples with varied mineralogy. GC-

272 exhibits dominant carbonate with minor amounts of barite while MC-929 exhibits dominant 

barite with minor amounts of carbonate, however both sites yield similar δ34Spyrite averages (-2.9 

± 12.2‰ for GC-272 and -3.0 ± 15.8‰ CDT for MC-929; 1σ) when all data are considered. 

When values where spots overlapped matrix are removed, both samples still exhibit a high 

degree of variability not seen in Group I or Group III seeps (-8.8 ± 8.3‰ for GC-272 and 0.3 ± 

14.2‰ CDT for MC-929; 1σ). Since neither treatment of the data suggest that either site is 

statistically distinct from the other, GC-272 and MC-929 are largely considered together. 

The heterogeneity of both mineral assemblages and pyrite δ34S values suggest the 

formation mechanisms of Group II deposits are highly variable and may occur between the 

suboxic zone to the SMTZ. Values of δ34Spyrite that near and even exceed, the starting value of 

seawater sulfate could result from BSR-AOM in later stage diagenesis (Lin et al., 2016a; Lin et 

al., 2016b; Lin et al., 2017) occurring within a partially-closed system (i.e. the SMTZ) or a 

system where fluxes of CH4 and H2S cause a sulfidization front that mimics closed system 

conditions (Jørgensen et al., 2004).  

According to the Rayleigh models, between ~25 and 36% (closed and open systems, 

respectively) of Group II δ34Spyrite values are above 0‰ (CDT), pointing to higher sulfate 

reduction rates causing lower sulfur isotope fractionation. It is possible that some amount of this 

fractionation can be explained by BSR-AOM (Aharon and Fu, 2000; Aharon and Fu, 2003); 

however, the values below 0‰ (CDT) seem to indicate that at least some period of diagenesis 

must have taken place within the suboxic to sulfate reduction zones under the influence of BSR 

or BDS. Negative values of δ34Spyrite are a typical feature of BSR or BDS during early diagenesis 
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near the SWI and suggest some degree of open system behavior that allows a semi-constant 

seawater SO4
2- flux into the sediment. Implied differences in formation location from pyrite 

morphologies (discussed in section 5.3) and δ34Spyrite values in Group II samples could be 

explained by a fluctuation in the location of the SMTZ due to variations in methane or gas 

hydrate flux (Borowski et al., 2013), perhaps caused by periodic gas hydrate sublimation.  

 Carbon and oxygen isotopic signatures from Group II have averages of -32.0 ± 7.7‰ 

VPDB (1σ) and 2.4 ± 0.4‰ VPDB (1σ), respectively. MC-929 carbonates were heavier on 

average (-27.3 ± 8.8‰ VPDB; 1σ) than GC-272 carbonates (-36.5 ± 1.0‰ VPDB; 1σ). GC-272 

is a peculiar site at which authigenic carbonate dominates and is influenced by gas hydrate 

sublimation, but with no visible evidence of crude oil.  When combined with the highly variable 

δ34Spyrite values, the significantly 13C-depleted signatures of δ13Ccarbonate tend to corroborate the 

idea that authigenic mineral deposits could possibly be influenced by some amount of BSR-

AOM activity and a greater input from biogenic or thermogenic methane carbon (which typically 

imparts signatures in excess of -35‰ VPDB; Aharon, 2000) than in Group I. The average δ13C 

value of GC-272 carbonates was comparable to that measured at a similar site (GC-233; -38.9‰ 

VPDB; Formolo et al., 2004), where the relative contribution of methane carbon to carbonate 

formation was determined to be 56%. Although the heavier δ18Ocarbonate values from Group II 

carbonates were similar to the values seen in Group I carbonates, it is more likely that 18O-

enriched oxygen was incorporated from the localized destabilization of gas hydrate at Group II 

sites. Gas hydrate was visible at both GC-272 and MC-929 sites at the time of sample collection 

and at least some of the δ34Spyrite values point towards a methane-induced microbial reaction. At 

MC-929, where authigenic barite dominates and is influenced by gas hydrate, the heavier 
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δ13Ccarbonate values suggest that C2-C5 hydrocarbons had a larger influence on authigenic 

carbonate formation than methane.  

 

iii. Group III Seeps 

 Group III includes gas seep sites with a predominance of authigenic barite and secondary 

authigenic carbonate at GB-382. The average of the Group III δ34Spyrite values (19.7 ± 4.8‰ 

CDT; 1σ) is much more positive than the averages of Group I and II Seeps and is within 1‰ of 

the starting value of seawater sulfate. A considerable number of the individual values (~10-15%) 

were heavier than accounted for in the full sulfate pool consumption in both open and closed 

system Rayleigh models. The Group III pyrites were influenced by higher SRRs (compared with 

other seep and non-seep sites) possibly due to the microbial consortia of BSR-AOM (Aharon and 

Fu, 2000; Aharon and Fu, 2003). The moderate to highly 34S-enriched values of δ34Spyrite and 

presence of pyrites in both framboidal and anhedral-overgrowth forms at Group III sites suggests 

that sulfur isotope fractionation occurred in either: A) a nearly closed system of BSR-AOM 

operating at or near the SMTZ with later stage diagenetic effects (Borowski et al., 2013) or B) a 

system with diffusive fluxes of sulfate & methane creating a sulfidization front that mimics a 

closed system (Jørgensen et al., 2004). Anhedral overgrowths and visible growth rings of pyrite 

framboids additionally suggest that pyrites from Group III reflect multiple diagenetic stages and 

subsequent further isotopic evolution (Lin et al., 2016a; Lin et al., 2016b; Lin et al., 2017). 

 Carbon and oxygen isotopic signatures from Group III had an average of -19.9 ± 7.0‰ 

VPDB (1σ) and 3.1 ± 0.8‰ VPDB (1σ), respectively. The 18O-enrichment was expected due to 

the sublimating gas hydrate at GB-382; however, the more 13C-enriched carbonates do not lend 
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immediate clarity as to the source (e.g. methane or other C2-C5 carbon) of the gas hydrate, since 

microbial carbon oxidation of CH4 typically imparts more negative signatures on authigenic 

carbonate (-35 to -72‰ VPDB; Aharon, 2000). However, CH4 cannot be ruled out completely 

because δ13C values as light as -16‰ have been reported with origins from varying amounts of 

biogenic and thermogenic methane (Sassen et al., 1993). A site sampled in the Formolo et al. 

(2004) study (GC-234) had a similar average δ13C value of -26.0‰ and was influenced by at 

least 15% methane carbon (Formolo et al., 2004). Given the positive values of δ34Spyrite and 

potential for some amount of methane influence, BSR-AOM is still a plausible microbial 

mechanism for Group III. 

Another explanation can come from interpreting the 13C-enriched values as evidence of 

C2-C5 hydrocarbons from gas hydrate which tend to result in slight 13C-enrichments in authigenic 

carbonates. If the gas hydrates from Group III do not include a significant amount of sublimating 

methane, then it is less likely that BSR-AOM is the dominant microbial mechanism (although 

AOM could still receive methane from methanogenesis occurring below the SMTZ). Instead, 

high SRRs from BSR functioning in an effectively closed system, perhaps caused by a 

sulfidization front (similar to that suggested in Jørgensen et al., 2004) of diffusive fluxes of SO4
2- 

and non-methane sublimated gas hydrate, could be the cause of both 13C-enriched/18O-enriched 

authigenic carbonates and 34S-enriched pyrites. Alternatively, the observed 34S-enrichment could 

be attributed to SO4
2- depletion by the massive authigenic barite deposition, causing BSR to 

dominate in the SO4
2- depleted pore fluids. 
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5.3 Heterogeneity of Pyrite Morphology, Size, and δ34S Values: Evidence of Diagenesis 

 Extremely high variability amongst values of δ34Spyrite (-50.5 to 27.5‰ CDT) and low 

variability of crystal form and size of pyrite (typically framboidal and roughly 6μm diameter) 

from most oil and gas seeps surveyed in this study point to differences in the locations of 

formation and influence of microbial sulfate reduction on sulfur isotope fractionation. 

Framboidal pyrite growth is typical in marine seep sediments and is influenced by the location of 

formation (sediment or water column) and the chemistry of the seeping fluids and overlying 

water column (Wilkin et al., 1996; Wilkin and Barnes, 1997; Raiswell and Canfield, 1998). 

Pyrites forming under overlying euxinic water columns with low levels of O2 and raised levels of 

H2S are generally smaller and less variable in size than those forming under oxic or dysoxic 

water columns (Wilkin et al., 1996). The occurrence of euxinic conditions requires the absence 

of O2 and the presence of SO4
2- ions, organic matter (CH2O), and BSR (Wilkin et al., 1996). If 

the euxinic water column has an abundant source of reactive iron, pyrite formation can occur at 

higher rates than in oxic sediments due to the higher concentrations of H2S produced by BSR 

(Wilkin et al., 1996).  

Some of the oil and gas seeps sites on the Gulf of Mexico continental slope feature BSR 

and possible BSR-AOM communities that partially utilize CH2O, function in anoxic conditions, 

and produce an excess of H2S (Fu and Aharon, 1997; Aharon and Fu, 2000; Aharon and Fu, 

2003). Pyrites from all GOM seeps have an average diameter of 5.9 ± 2.4μm (2σ). While Group I 

pyrites (4.0 ± 3.6μm; 2σ) were, on average, smaller than the Group II and Group III pyrites (6.4 

± 8.2μm and 6.1 ± 6.2μm; 2σ, respectively), pyrites from all seeps exhibited a narrow range of 

framboid sizes, fitting the description of pyrites growing within sediment underneath a euxinic 
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water column (Wilkin et al., 1996). The small sizes and relative euxinia at the bottom waters of 

GOM seeps suggest that BSR existed to some degree at most seeps. 

 Framboidal pyrites were evenly distributed throughout most carbonate and barite phases 

of Group I and Group II with a slight preference for growth along the edges of larger (10-100+ 

μm diameter) pore spaces or within micro-porosities (<10 μm) in some samples. Growth 

throughout the matrix cement and within micro-porosities suggested that at least some stages of 

pyrite growth occured synchronously with authigenic carbonate and/or barite and resulted from 

waste H2S produced by the bacterial sulfate reducers. Other framboids and groups of framboids 

cluster amongst Fe-oxides that may have provided an initial source of reactive iron.  

In Group III, framboidal pyrites were sometimes accompanied by anhedral overgrowths 

that suggested a later stage of growth not seen in Group I or Group II pyrites. It was difficult to 

target individual framboidal versus anhedral pyrites in the SIMS, but most pyrites sampled from 

Group III exhibited some degree of anhedral overgrowth or additional framboidal growth rings 

and had consistently positive values of δ34Spyrite (5.3 to 25.1‰ CDT). In several novel studies of  

hydrocarbon and methane seeps in the South China Sea, researchers noted a correlation between 

anhedral and later diagenetic framboidal pyrites and heavier values of δ34Spyrite as well as a 

correlation between early diagenetic framboids and lighter, more variable values of δ34Spyrite (Lin 

et al., 2016a; Lin et al., 2016b; Lin et al., 2017). Findings from the South China Sea corroborate 

evidence from GOM sites that the heavier and more diagenetically altered pyrites from Group III 

could possibly be influenced by BSR-AOM within, and around, the SMTZ that more completely 

consume available SO4
2- (Lin et al., 2016a; Lin et al., 2016b; Lin et al., 2017). Conversely, less 

diagenetically altered framboids with more variable δ34Spyrite values (Group II) reflect incomplete 

utilization of SO4
2- occurring somewhere between the SWI and SMTZ and depend greatly on the 
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flux of methane (Lin et al., 2016a). Smaller, less variable pyrites from Group I had negative 

values of δ34Spyrite and exhibited far less diagenetic alteration, thereby supporting the assertion 

that such pyrites were formed early and within a shallower sediment zone influenced by BSR or 

BDS.  

 The number and distribution of pyrites amongst all samples, regardless of substrate 

source, was also highly variable. All pyrite growth in Groups I, II, and III was likely influenced 

by periodic expulsions of seep fluids (whether crude oil, biodegraded oil, or sublimated gas 

hydrate) that allowed BSR to greatly increase SRRs and subsequent H2S production. Such 

periodic expulsions likely happened in short bursts and in varying locations throughout the 

lifetime of a seep site, which would account for the variability in size and frequency of pyrites 

detected in hand samples and SEM analysis. Within a given seep sample on the order of 10’s of 

cms, pyrites were found in abundance in certain sections, but were completely devoid in others. 

Small-scale variation in pyrite growth suggests that the periodicity of fluid expulsion at seep sites 

also occured on a very small scale and greatly influenced the microbial life present and number 

of mineral byproducts produced.  

 

5.3 Iron-Oxide Influence on Sulfur Isotope Fractionation 

 Iron oxides occurred along the edges of larger pores and within microporosities in Group 

I and in GC-272 from Group II. Previously, iron oxides were noted as possible sources of iron 

for the formation of pyrite (FeS2; Raiswell and Canfield, 1998; Egger et al., 2017; Peng et al., 

2017). Sivan et al. (2014) suggested that the presence of iron oxides in association with areas of 

methane flux can mute the fractionation effects and decrease the net sulfur isotope fractionation 
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(Sivan et al., 2014). Such Fe-oxide stimulation of SO4-AOM has been shown to enhance the 

recycling of sulfide to SO4
2-, while dissolved sulfide is simultaneously oxidized to elemental 

sulfur, thus stimulating a disproportionation reaction that can ultimately provide additional 

porewater SO4
2- to fuel SO4

2--driven AOM (Sivan et al., 2014; Egger et al., 2017). If such a 

process occurred at GOM sites, values of δ34Spyrite at sites of methane flux and potential BSR-

AMO should be close to the value of the starting sulfate source (δ34SSO4 = 20.3‰ CDT, GOM) if 

Fe-oxides were also present. However, it has also been noted that if methanogenesis was a 

prominent process underlying sulfate reduction in seep sediments, then highly reactive, poorly 

crystalline Fe-oxides can divert electron flow from CH4 production to Fe reduction (Sivan et al., 

2014; Egger et al., 2017). Decreased production of methane resulting from inhibition of 

methanogenesis would impede the presence of AOM that oxidized methane for use in BSR-

AOM. The resulting δ34Spyrite would be 32S-depleted and therefore nearly indistinguishable from 

values produced during BSR or BDS. 

 No iron oxides were present in Group III or MC-929 from Group II where BSR-AOM 

was a possible dominant microbial mechanism of authigenic mineral formation. However, one 

gas seep (GC-272) from Group II had abundant iron oxides and was possibly influenced by 

BSR-AOM. When viewed as a whole, the δ34Spyrite values from GC-272 were extremely 

heterogeneous, with a wide range between -22.0 and 27.5‰ CDT. When the group of pyrites 

was narrowed to only include those that were associated with some amount of iron oxide and 

measured via SIMS, the range of δ34Spyrite was still quite heterogeneous (-22.0 to 13.7‰ CDT) 

and did not provide evidence for Fe-oxide stimulation of SO4-AOM at GC-272. However, Sivan 

et al. (2014) also proposed that the presence of and competition between Fe-AOM and SO4-

AOM would likely cause a decrease in sulfate reduction rate and subsequent larger sulfur isotope 
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fractionation, which could explain the variability in δ34Spyrite (Sivan et al., 2014). It is also 

possible that the presence of the highly reactive iron oxides could have inhibited 

methanogenesis, such that values of δ34Spyrite would ultimately be more 34S-depleted. Lower 

SRRs from the competition of the two AOM processes and/or the inhibition of methanogenesis 

could partially explain the high variability and more negative values of δ34Spyrite at GC-272 

alongside the presence of iron oxides. 

 The iron oxides in Group I present an even more curious case because GC-140 and 185 

were likely influenced by BSR or BDS rather than BSR-AOM (as evidenced by the lower SRRs 

and very negative δ34Spyrite range of -50.5 to -9.0‰ CDT). It is possible that iron oxides found in 

Group I reflect a product of pyrite re-oxidation rather than a catalyst of sulfide reduction as 

proposed by Sivan et al. (2014). In this scenario, the pyrites could simultaneously form in near 

surface sediments from H2S produced via BSR and be re-oxidized by sulfide scavenging during 

bacterial disproportionation (BDS) to produce iron oxides (Jørgensen and Nelson, 2004). A 

greater total amount of sulfur fractionation occurs from the recycling of sulfur compounds during 

BDS, which is reflected in the negative values of δ34Spyrite.  
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6. CONCLUSIONS 

1) δ34S values of in situ sulfides measured via SIMS, coupled with δ13C and δ18O values of co-

occurring authigenic carbonates, offer new insights into biogeochemical interactions that govern 

isotope fractionations and cycling of sulfur and carbon isotopes and species at seep sites in the 

Gulf of Mexico.  

2) Seeps from Green Canyon sites 140 and 185 host framboidal pyrites with significant 34S-

depletions (δ34S = -50.5 to -9.0‰ CDT) and authigenic carbonates with 13C-depletions (δ13C = -

36.7 to -3.5‰ VPDB), and moderate 18O-enrichments (δ18O = 2.5 to 5.3‰ VPDB). The solid 

phase isotopic signatures tend to suggest that mineral growth at GC-140 and GC-185 was 

influenced by communities of BSR and BDS using a readily replenished supply of seawater 

SO4
2- close to the SWI. Additionally, BSR and BDS likely utilized some combination of crude or 

biodegraded oil, asphaltenes, and non-methane hydrates made of short-chain alkanes as a 

substrate source.  

3) MC-929 and GC-272 represent mineralogically and isotopically heterogeneous seeps with 

δ34S values of framboidal pyrites ranging from -23.9 to 27.5‰ CDT (or a range of -23.9 to 19.5 

‰ CDT when excluding matrix-overlapping spots). MC-929, where authigenic barite and gas 

hydrate dominated, additionally hosted minor phases of 13C-depleted and slightly 18O-enriched 

authigenic carbonates (-38.0 to -1.2‰ VPDB and 1.6 to 2.5‰ VPDB, respectively). At GC-272, 

where authigenic carbonate and gas hydrate dominated, carbonates were generally more 13C-

depleted and 18O-enriched (-37.8 to -34.2‰ VPDB and 2.3 to 3.0‰ VPDB, respectively). Both 
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MC-929 and GC-272 exhibited evidence for variable and incomplete SO4
2- utilization within the 

sediment column and possible movement of the SMTZ during methane or gas hydrate flux 

events. BSR-AOM communities were more likely to be present at GC-272 sites, where a greater 

contribution of methane substrate was evidenced by more negative δ13C values. At MC-929, 

evidence suggested C2-C5 hydrocarbons were the main carbon source for metabolism during 

microbial reactions. In both cases, it is equally possible that BSR played the largest role in sulfur 

isotope fractionation. 

4) Seeps from GB-382 hosted abundant framboidal pyrites, many with anhedral overgrowths, 

with 34S-enrichments (δ34S = 5.3 to 25.9‰ CDT) housed within co-occuring massive barite 

deposits with minor amounts of authigenic carbonate. Carbonate from these sites tended to be 

13C-depleted and 18O-enriched (-31.4 to -1.2‰ VPDB and -0.5 to 4.1‰ VPDB, respectively). 

GB-382 deposits could have formed via three scenarios: (i) BSR-AOM utilizing sublimating 

methane hydrate in a functionally closed system near the SMTZ, (ii) BSR with high-SRRs in a 

functionally closed system caused by diffusive fluxes of SO4
2- and non-methane gas hydrate (i.e. 

a sulfidization front), or (iii) SO4
2- depletion through massive authigenic barite formation causing 

BSR to dominate in the resulting SO4
2- depleted pore fluids.   

5) Framboids roughly 6μm in diameter and forming in the early stages of diagenesis, 

concurrently with authigenic carbonate and barite, were the most common pyrite form in Groups 

I and II. Group III from GB-382 hosted framboidal pyrites with anhedral-type overgrowths, 

likely resulting from later stages of diagenesis and reflected in positive values of δ34Spyrite that 

indicated a more restricted source of seawater SO4
2-. Pyrite formation and sulfate reduction was 

likely influenced by periodic and localized expulsions of gas or oil substrate within small areas 

of a given site/ sample, leading to small scale variations in δ34S values at each surveyed site.  
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6) Fe-oxides that co-occured with framboidal pyrites in areas of microbial activity at GC-140, 

GC-185, and GC-272 were a novel discovery in the GOM but have been documented in a variety 

of marine seep ecosystems and in brackish and freshwater sites. At the GOM sites, Fe-oxides 

most likely inhibited the process of methanogenesis by slightly lowering the rate of sulfate 

reduction or promoting greater sulfur species recycling & sulfide re-oxidation during BDS. This 

would make the existence of BSR-AOM less likely, which is reflected in the negative and highly 

variable values of δ34Spyrite at sites hosting Fe-oxides. Further SIMS work focusing on growth 

zoning, including Fe-oxide zones, within pyrites could help shed light on the true role of Fe-

oxides in mineral precipitation at seep sites. 
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APPENDIX 

Appendix A SIMS Standards 34S/32S Ratios, Accuracy, and Reproducibility 

SIMS 

Session 

Corresponding 

Sample Analysis # 

Standard 

Name 

Measured 

34S/32S Mean SD (1σ) 

1 93-8-7/3b (GB-382) CAR123@1 CAR pyrite 0.044262523     

1 93-8-7/3b (GB-382) CAR123@2 CAR pyrite 0.044242235     

1 93-8-7/3b (GB-382) CAR123@3 CAR pyrite 0.044260255     

1 93-8-7/3b (GB-382) CAR123@4 CAR pyrite 0.044245173 0.0442525 0.000010 

              

1 93-8-7/3b (GB-382) Balmat@1 Balmat pyrite 0.044907151     

1 93-8-7/3b (GB-382) Balmat@2 Balmat pyrite 0.044905671     

1 93-8-7/3b (GB-382) Balmat@3 Balmat pyrite 0.044901172     

1 93-8-7/3b (GB-382) Balmat@4 Balmat pyrite 0.044904907 0.0449047 0.000003 

              

              

              

2 93-8-7/2 (GB-382) CAR123@1 CAR pyrite 0.04430021     

2 93-8-7/2 (GB-382) CAR123@2 CAR pyrite 0.04431487     

2 93-8-7/2 (GB-382) CAR123@3 CAR pyrite 0.04430233     

2 93-1-3/1 (MC-929) CAR123@4 CAR pyrite 0.04427552     

2 93-1-3/1 (MC-929) CAR123@5 CAR pyrite 0.0442759 0.0442938 0.000017 

              

2 93-8-7/2 (GB-382) Balmat@1 Balmat pyrite 0.04492718     

2 93-8-7/2 (GB-382) Balmat@2 Balmat pyrite 0.04492718     

2 93-8-7/2 (GB-382) Balmat@3 Balmat pyrite 0.04492718     

2 93-8-7/2 (GB-382) Balmat@4 Balmat pyrite 0.04492718     

2 93-8-7/2 (GB-382) Balmat@5 Balmat pyrite 0.04488666     

2 93-8-7/2 (GB-382) Balmat@6 Balmat pyrite 0.04492114     

2 93-8-7/2 (GB-382) Balmat@7 Balmat pyrite 0.04492795     

2 93-1-3/1 (MC-929) Balmat@10 Balmat pyrite 0.04492349     

2 93-1-3/1 (MC-929) Balmat@11 Balmat pyrite 0.04492904     

2 93-1-3/1 (MC-929) Balmat@12 Balmat pyrite 0.04498717     

2 93-1-3/1 (MC-929) Balmat@13 Balmat pyrite 0.04502743     

2 93-1-3/1 (MC-929) Balmat@14 Balmat pyrite 0.04493349     

2 93-1-3/1 (MC-929) Balmat@15 Balmat pyrite 0.04499832     

2 93-1-3/1 (MC-929) Balmat@16 Balmat pyrite 0.04494736     

2 93-1-3/1 (MC-929) Balmat@17 Balmat pyrite 0.04504706     

2 93-7-7/1 (GB-382) Balmat@18 Balmat pyrite 0.04501464     

2 93-7-7/1 (GB-382) Balmat@19 Balmat pyrite 0.04498443     

2 93-7-7/1 (GB-382) Balmat@20 Balmat pyrite 0.04505019     
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2 93-7-7/1 (GB-382) Balmat@21 Balmat pyrite 0.04502154     

2 93-7-7/1 (GB-382) Balmat@22 Balmat pyrite 0.04505649     

2 89-12-1b (GC-185) Balmat@23 Balmat pyrite 0.04501489     

2 89-12-1b (GC-185) Balmat@24 Balmat pyrite 0.04507361     

2 89-12-1b (GC-185) Balmat@25 Balmat pyrite 0.04504995     

2 93-8-7/2 (GB-382) Balmat@26 Balmat pyrite 0.0448592     

2 93-8-7/2 (GB-382) Balmat@27 Balmat pyrite 0.04480751     

2 93-8-7/2 (GB-382) Balmat@28 Balmat pyrite 0.04484369     

2 93-8-7/2 (GB-382) Balmat@29 Balmat pyrite 0.04484374 0.0449577 0.000073 

              

              

              

3 3121-R1 (GC-272) car_new3@1 CAR pyrite 0.04422368     

3 3121-R1 (GC-272) car_new3@2 CAR pyrite 0.04418653     

3 3121-R1 (GC-272) car_new3@3 CAR pyrite 0.04418819     

3 3121-R1 (GC-272) car_new3@4 CAR pyrite 0.04424711     

3 3121-R1 (GC-272) car_new3@5 CAR pyrite 0.04419736     

3 89-11-1a (GC-140) car_new3@6 CAR pyrite 0.04426882     

3 89-11-1a (GC-140) car_new3@7 CAR pyrite 0.04425678     

3 3121-R1 (GC-272) car_new3@8 CAR pyrite 0.04421815     

3 3121-R1 (GC-272) car_new3@9 CAR pyrite 0.04422952     

3 89-11-2b (GC-140) car_new3@10 CAR Pyrite 0.04420304     

3 89-11-2b (GC-140) car_new3@11 CAR Pyrite 0.04426974 0.0442263 0.000031 

              

3 3121-R1 (GC-272) balmat_new3@5 Balmat pyrite 0.04489762     

3 3121-R1 (GC-272) balmat_new3@6 Balmat pyrite 0.04480619     

3 3121-R1 (GC-272) balmat_new3@7 Balmat pyrite 0.0448085     

3 3121-R1 (GC-272) balmat_new3@8 Balmat pyrite 0.04485526     

3 3121-R1 (GC-272) balmat_new3@9 Balmat pyrite 0.04486559     

3 89-11-1a (GC-140) balmat_new3@10 Balmat pyrite 0.04486163     

3 3121-R1 (GC-272) balmat_new3@11 Balmat pyrite 0.04476371     

3 3121-R1 (GC-272) balmat_new3@12 Balmat pyrite 0.04476228 0.0448276 0.000050 
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Appendix B IRMS Standards δ13C and δ18O Measurements, Accuracy, and Reproducibility 

IRMS 

Session Samples Analysis # 

Peak 

Number 

d13C  

(‰VPDB) Mean 

SD 

(1σ) 

d18O 

(‰VPDB) Mean SD (1σ) 

1 89-12-1b NBS-19-1 12155 -3.4     2.7     

1 3121-R1 NBS-19-2 13654 -3.3     2.7     

1 89-11-2b NBS-19-3 8480 -3.5     2.7     

1   NBS-19-4 9967 -3.5     2.7     

1   NBS-19-5 13210 -3.5     2.7     

1   NBS-19-6 7919 -3.8     2.7     

1   NBS-19-7 10885 -3.7     2.7     

1   NBS-19-8 9829 -3.5     2.7     

1   NBS-19-9 12479 -3.5 -3.5 0.2 2.7 2.7 0.0 

1   USGS 44-1 16570 -42.19           

1   USGS 44-2 11759 -42.16           

1   USGS 44-3 8024 -42.12           

1   USGS 44-4 8076 -42.14           

1   USGS 44-5 9687 -42.18           

1   USGS 44-6 11888 -42.12           

1   USGS 44-7 16996 -42.27           

1   USGS 44-8 8066 -42.02           

1   USGS 44-9 10182 -42.13 -42.1 0.1       

                    

2 89-11-1a NBS-19-9 5377 -3.7     2.6     

2   NBS-19-7 5584 -3.7     2.7     

2   NBS-19-10 7139 -3.6     2.7     

2   NBS-19-6 3525 -3.9     2.7     

2   NBS-19-5 9931 -3.5     2.7     

2   NBS-19-4 10965 -3.4     2.7     

2   NBS-19-2 9580 -3.4     2.7     

2   NBS-19-3 15090 -3.3     2.7     

2   NBS-19-1 12276 -3.3 -3.5 0.2 2.7 2.7 0.0 

2   USGS-44-7 11214 -40.9           

2   USGS-44-3 10675 -40.9           

2   USGS-44-6 9381 -40.8           

2   USGS-44-1 8380 -40.8           

2   USGS-44-2 9433 -40.8           

2   USGS-44-4 5444 -40.6           

2   USGS-44-9 5048 -40.6           

2   USGS-44-5 5919 -40.5           

2   

USGS-44-

10 4364 -40.4           

2   USGS-44-8 2915 -40.2 -40.6 0.2       
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3 93-1-3/1 NBS-19-1 15535 -3.3     2.8     

3 93-8-7/2 NBS-19-2 17815 -3.3     2.7     

3 93-8-7/3 NBS-19-3 16964 -3.3     2.7     

3   NBS-19-4 13103 -3.2     2.7     

3   NBS-19-5 17533 -3.2     2.7     

3   NBS-19-7 17613 -3.1 -3.2 0.1 2.7 2.7 0.0 

3   USGS-44-1 14012 -41.0           

3   USGS-44-2 9183 -40.9           

3   USGS-44-3 11670 -41.0           

3   USGS-44-4 10376 -41.0           

3   USGS-44-5 16345 -40.9           

3   USGS-44-6 14102 -40.9           

3   USGS-44-7 17027 -41.0           

3   USGS-44-8 16978 -40.9 -41.0 0.0       
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Appendix C Comparison Table of Seep Groups 

  

Group I  

(GC-140 & GC-185) 

Group II  

(GC-272 & MC-929) 

Group III  

(GB-382) 

Sample 

Numbers 

89-11-1a; 89-11-2b;  

89-12-1b 3121-R1; 93-1-3/1 

93-8-7/3; 93-8-7/2; 

93-7-7/1 

Substrate 

crude oil/ C2 - C5 gas 

hydrates C1 - C5 gas hydrates C1 - C5 gas hydrates 

Primary 

Mineralogy Mg-rich carbonate 

Carbonate (GC) & 

Barite (MC) Barite 

Secondary 

Mineralogy Low-Mg carbonate 

Carbonate (MC) & 

Barite (GC) Carbonate peloids 

Average 

Sulfide Size 4.0 ± 1.8μm; 1σ 6.4 ± 4.1μm; 1σ 6.1 ± 3.1μm; 1σ 

Sulfide 

Mineralogy Framboids Framboids 

Framboids; some 

anhedral OG 

Fe-oxides? Yes, a few Yes (GC-272) No 

Mean & SD 

pyrite δ34S  -35.3 ± 13.0‰ CDT -2.4 ± 12.4‰ CDT 17.7 ± 4.4‰ CDT  

Mean & SD 

carb δ13C  -23.0 ± 10.3‰ VPDB -32.0 ± 7.7‰ VPDB -19.9 ± 7.0‰ VPDB 

Mean & SD 

carb δ18O  3.8 ± 0.7‰ VPDB 2.4 ± 0.4‰ VPDB  3.1 ± 0.8‰ VPDB 

SO4 

Consumption        

Open System 4 to 24% 12 to 99% 44 to 99% 

Closed 

System 0.5 to 11% 4 to 99% 29 to 99% 

Most Likely 

Microbes BSR or BDS BSR or BSR-AOM BSR or BSR-AOM 

Location  Just below the SWI 

Between the SWI and 

SMTZ Near the SMTZ 

Diagenesis Early Stage Early to Later Stage Later Stage 

 


