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ABSTRACT

Marine sediments host a vast amount of methane, a potent greenhouse gas, in the subsurface.
Transport of this subsurface methane towards the seafloor creates unique biogeochemical
interactions which result in important consequences for the chemical and biological composition
of the oceans at present and over the Earth’s geological history. This dissertation studied the impact
of subsurface methane venting to shallow marine sediment geochemistry with a goal to quantify
the role of methane induced biogeochemical processes in marine carbon cycling and to recognize
geochemical proxies that will enable better reconstruction of these processes from the geological
record. Key results suggest the following: (i) Globally, diffusive methane charged sediments are
significantly contributing to the oceanic dissolved inorganic carbon (DIC) pool (comparable to

~20% global riverine DIC flux to oceans) and sedimentary carbonate accumulation (comparable
to ~15% of carbonate accumulation on continental shelves), primarily due to microbially induced
carbon-sulfur (C-S) coupling. (i1) C-S coupling induced by methane seeps and crude oil seepscan
be distinguished from the sediment records using a combined stable carbon (§'°C) and sulfur (8°*S)
analysis of authigenic carbonate and sulfide mineral phases formed in seep settings. (iii) Molecular
fossil records of methane metabolizing archaea in the sediment column involve unique isomer
patterns of Isoprenoid Glycerol dialkyl glycerol tetraether (GDGT) lipids, which can serve as an
important proxy to study paleo-methane flux records. These results will substantially contribute to
our existing coastal and geological carbon models as well as enhance our existing inventory of

geochemical proxies to characterize the methane venting systems in the geological past.



DEDICATION

This dissertation is dedicated to three beloved people for the support and love they
offered in every step of my life: My parents Mr. Basheer Abdullajintakam and Mrs. Samzad

Beegum and my late grandmother Aminabi KP.

vi



ACKNOWLEDGEMENTS

The support from many people had helped me in this effort. I would start with Dr.
Richard Coffin for being a highly supportive mentor. I am thankful for the backing you offered
during many crucial times, creative freedom you encouraged, and the scientific passion you
shared. You have inspired me as a scientist and an individual. Dr. Hussain Abdulla, thank you
for training and guiding me in my biomarker project. I am indebted to the time, effort, and lab
resources you offered during this project. Dr. Tim Lyons, your mentorship was a vital factor in
developing this dissertation to the current format. Your willingness to support and collaborate at
a critical time significantly helped me to channel the first two projects in this dissertation. Dr.
Thomas Naehr, thank you for introducing me to the fascinating science of methane seeps and
giving an opportunity to join the CMSS and TAMUCC family. I would like to thank Joshua
Avalos (TAMUCC), Dr. David McGee (MIT), Jerry Dickens (Rice University), Steve Bates
(UCR), Dr. Brandi Reese (TAMUCC), and Dr. Pamela Brouillard (Graduate Faculty
Representative for this dissertation) for their support during the different stages of my

dissertation.

I would also like to acknowledge a supportive bunch of people at TAMUCC: Dr. Xinping
Hu, Dr. Dorina Murgulet, and Mrs. Alessandra Garcia from CMSS for their timely
administrative assistance; Dr. Jennifer Smith-Engle, Dr. Val Murgulet, and Dr. Tania Anders
from TAMUCC Geology for their help with teaching assignment allotments for the semesters.
The Graduate Assistantship from CMSS and College of Graduate Studies (CGS) were important

support factors during my Ph.D. Scholarship and support from CGS, AAPG, GSA, GCAGS,

vii



A&WMA, and CCGS is duly acknowledged here. Friends from the CMSS program and
TAMUCC, thank you for the making my stay an enjoyable experience. Dr. Mohd. Rafeeq
(Malabar Christian College, Calicut) is remembered here for introducing me to the world of
Geology. I would like to express my gratitude to my teachers at Department of Geology,
University of Delhi, for nurturing the geologist in me. Dr. Divakar Naidu (National Institute of
Oceanography, Goa) is acknowledged for the support after my masters, which eventually lead
my way to joining the doctoral program at TAMUCC. As a budding scientist, you have inspired

me in my career goals.

I am indebted to my family and friends for the love and support they have offered. My
late grandma, who has been my greatest friend at home is fondly remembered here for the care
and love she offered. My mom and dad, thank you for leading by example a life of integrity,
love, and respect. My wonderful siblings — Shabna and Shahir for holding our family together
while I was chasing my academic goals far away from home. I feel very lucky to be blessed with
some incredible friends; Vaseem, Shamna, Pankaj, Tushar, Tarini, Nihad, Nihsan, Anees, Noyal,
Tanya, Sai, Osman, Farha, Falu, Ismail, Shraddha, Vipin, Hongming, and many more — you all
made my life eventful and merrier while I was chasing the long roads. I want to end this note by
thanking my wife, partner, and soulmate — Nasla. Your presence, love, and, friendship, makes

me complete.

viil



TABLE OF CONTENTS

CONTENTS PAGE
ABSTRACT ...ttt ettt et e sae e s ne e aeesaneeneens v
DEDICATION ..ottt ettt ettt e s e e et enaeesaneen vi
ACKNOWLEDGEMENTS ..ottt s vii
TABLE OF CONTENTS ..ot X
LIST OF FIGURES .....oiiiiiiiiiieee et sttt st s e Xiil
LIST OF TABLES ... ettt sttt XixX

CHAPTER I: IMPORTANCE OF SUBSURFACE METHANE RESERVOIR TO SHALLOW

MARINE SEDIMENT GEOCHEMISTRY .....ooiitiiiiiiieiieieeeeeeeeee st 1
L1 INEEOAUCTION ...ttt ettt et e bt e e ettt e sab e e st e e beesabeenbeesseesaneebeenns 1
1.2 Marine Methane and Climate Dynamics: A Geological OVerview ........c..ccccveveveevieneenneneene. 1
1.3 Marine Methane Reservoirs: Present-Day Setting.........cccceevveeeriieeiiieniiieesiee e eevee e 3
1.3.1 BIo@ENIC MELhANE ......cccuiiiiiiieciieeeiee ettt e e et e e s e e et eeeraeessseeenneeas 4
1.3.2 Thermogenic MEtRanE ...........coccuiieiiiieiiiecie ettt e e e e e e enaeeeneeas 6
1.3.3 ADIOtIC MENANE. ......ouiiiiiiiiiiiiiietectee ettt ettt sttt 7
1.3.4 Aerobic Methane Production ............coeeviiiiriiiienieieiicrieeetee et 8
1.3.5 Continental Margins as Important Marine Methane ReServoir ...........cccccvcevvevvenenienenne. 9
1.4 Methane Transport to Shallow Sediments .............cccveeiiieiiiieriie e 12
1.5 The Fate of Methane Entering the Shallow Sediments...........cccceevvvieeriieiiiiencie e, 14

X



1.5.1 Biochemistry Of AOM .....ccouiiiiiiieiie ettt ettt et s e e sae e esaeesaeeesnseeenns 15

1.5.2 Anaerobic Oxidation of non-methane hydrocarbon............cccoeeveviiiiiiiiniiniiinienieeeeee, 18
1.5.3 Aerobic Methanotrophy (ACM) .......ccueiiiieiieriieeie ettt ettt eneeas 19
1.6 Recognizing the Methane Seepage Records from Sediment Records.........c.ccoceevereennnnne. 21

CHAPTER II: DISSOLVED INORGANIC CARBON PUMP IN METHANE-CHARGED

SHALLOW MARINE SEDIMENTS: STATE OF THE ART AND NEW MODEL

PERSPECTIVES ...ttt ettt st ettt et e st e b e ene e beenaesaeenaeeneans 25
2.1 ADSTIACE ..ttt ettt h e bt e bt e e a bt bt e bt e e bt e bt e et e enbeeeaee 25
2.2 INETOAUCTION ...ttt ettt et e bt e et e bt e s ab e et e e s bt e sabe e bt e eabeenbeesbeeenseennes 26
2.3 Sulfate-Methane Transition Zones and Associated Carbon Cycling.........cccccceevverieeniiennnnnne. 27
2.3.1 DIC Sources at SMTZ.......coouiiiiiiieieee ettt sttt 29
2.4, CalCULATIONS. ...ttt et b et ettt et h e et e bt e ht e et e ae e et enes 33
2.4.1 Estimations of Parameter Values ..........ccoouiiiiiiiiiiiiiiee e 34
2.4.2 DIC production via AOM and OSR.........ccccuiiriiiiiiiiiiiiieeieeeee e e 37
2.4.3 Total DIC through the SMTZ .........cooiiiiiiiiieiieieee ettt 39
2.4.4 Global EStIMALE....cc.eertiiiiriieiieiieiteete sttt ettt sttt sttt et sbe et e e b eneesieens 39
R T 7 111 1 1<) (OSSO RUR PRSI 41
2.5.1 Importance of Methane Derived Authigenic Carbonate Precipitation............c.ccccvveeneennn. 43
2.5.2 Importance of DIC Outflux to the Water Column: Implication to C-S-Fe dynamics ..... 45
2.0 CONCIUSION ...ttt ettt h e et e bt esat e et e e s bt e e st e e bt e saeeenbeesbteenbeebeesaneans 49



2.7 Supplementary DOCUMENLS .........cccuiieiiieeiiieeiieecieeesieeeeiteesteeesteeeaaeesseeessbaeessseeesaeesnseeenssens 50

CHAPTER 3: CARBON-SULFUR COUPLING AND TEMPORAL PATTERNS FOR

CHAPOPOTE ASPHALT SEEPS IN THE SOUTHERN GULF OF MEXICO BASED ON

CARBONATE GEOCHEMISTRY ..ottt sttt 51
3.1 ADSIIACE ...t bbbt et b et st b et e b et b enee 51
3.2 INETOAUCTION ...ttt ettt et b et e bt et ea ettt e s bt ebeeaeenbeeaee 52
R I 11 0 A N (- RS RR 55
3.4 IMIETROMS. ...ttt ettt ettt ettt et et s 58
3.5 RESUILS ..ttt h e ettt e b e bt st e e bt e et enean 61
3.0 DISCUSSION ...ttt ettt ettt et et ettt et e bt et sb e et e satenbeentesbe e beebeenbeennenas 68

3.6.1 C-S Isotope Systematics of the AOM and AONM Settings.........ccceevverveerieenrensveerneennn. 73

3.6.2 Implications for the sedimentary record ............coeoieeriiiieiiieiiieeee e 82
3.8 COMCIUSIONS ...ttt ettt ettt et e b e a e et e esbeeea bt et e e sabeenbeesbeesnteebeesaeeeanean 85
3.9 ACKNOWIEAGMENL .....c.viiiiiiiiiie et et ettt e et e et e e eeseeesnseeenaeeenneees 86
3.10 Supplementary dOCUMENLS ........c.eeieiieeeiieeiieeeieeeeiee et e et e et e et e esaeeeeaeeeesaeeesaseesnsaeesnseees 86

CHAPTER 4: UNIQUE ISOMER PATTERNS OF ARCHAEAL BIOMARKER LIPIDS AT

METHANE FLUX SETTINGS: IMPLICATIONS TO GDGT BASED

PALEOCEANOGRAPHIC PROXIES......c.ocoiiiiiiiiieieesiesteeeeeeeeeete e 87
A1 ADSEIACE ...ttt b et h et h e b e e h e bttt eh e bt et e sae et eatens 87
4.2 TIEEOAUCTION ...ttt ettt a ettt bt et sbt e bt e st e ebeenbesbtenbeenaenaeans 88
4.3 SEUAY STLES ..eoveerieiieieieieste ettt ettt et et et et et et et et e sessesseeseeseeseeseeseesaeseessensensensensasensensenns 92



B IVLETROAS. .o e e e e e e e e e e e et e e e e e e e e e e e e aaeaeeeaeraaanaas 96

4.5 Results and DISCUSSIONS .....ecuteuiriieriieieniieteeiteste ettt ettt ettt ettt ettt e bt et saeenbeeateseeenee e 97
4.6 Identification of different GDGTS ISOMETS: ......cocueviiriiriiniiiirieiceeeeesee e 100
4.7 Detection of GDGT Isomers Unique to ANME: Implications to MI............ccccccoevieeirennenn. 111
4.8 CONCIUSION ..ttt ettt et ettt e b e bt e et e e bt e s sbe e beesbteeabeenbeesaeeans 114
4.9 Supplementary dOCUMENTS ........ccccuiieiiieeiiieciie et eeeeeee e e e e e s e et eeebeeesbeeesaseeenseeennnes 115
CHAPTER 5: SUMMARY AND FUTURE WORKS......c.coiiiiiieeeeeeeceeee e 116
REFERENCES .. .ottt ettt sttt ettt b et et sae et esaeebeeaees 121

Xii



LIST OF FIGURES
FIGURES PAGE

Figure 1.1: Simplified graphical representation of methanogenic processes in marine sediments .5

Figure 1.2: Maturation stages in hydrocarbon generation, from Alexander et al., (2011).
Diagenesis, Catagenesis, and Metagenesis occurs at a temperature range of <50°C, 50-150°C,
and >150°C, respectively. The latter two results in thermogenic methane production and the

former in biogenic methane ProduCtioN ...........cocviiriiiiriiii i e e e eree e 7

Figure 1.3: Biogenic methanogenesis and subsequent transport to shallow system (Dean et al.,

Figure 1.4: Global seep distribution adopted from Torres and Bohrmann (2016)..............c..c....... 13

Figure 1.5: Schematic profile is SMTZ and the most accepted syntrophic model for AOM via

direct interspecies electron transfer between ANME and SRB (Crémicere et al., 2020)............... 18

Figure 1.6: Carbon fluxes associated with marine methane seeps (Boetius and Wenzhofer,

Figure 2.1: A simplified representation of DIC cycling at diffusion-controlled marine settings.

Figure 2.4 provides DIC flux estimates. Refer to section 3 for descriptions of flux parameters. 29

Figure 2.2: Schematic concentration (based on measured and modeled) profiles for CHa, SO4%,
and DIC, at diffusive methane flux setting. Arrows indicate flux direction. SRZ indicates the
sulfate reduction zone with dominant organoclastic sulfate reduction (OSR). The DIC
concentration at the SMTZ is the result of AOM, OSR, deep-DIC input, and authigenic

carbonate precipitation. Modified based on data from Snyder et al., (2007, Japan Sea),
Malinverno and Pohlman (2011, IODP Site U1325, Cascadia Margin), Chatterjee et al., (2011

Xiii



ODP Site 1244, Hydrate Ridge), and Wehrmann et al., (2011, IODP Site 1345, Bering Sea).....32

Figure 2.3: Plots for SO4*: DIC ratio for AOM and OSR. Black slopes indicate AOM (1:1) and
OSR (1:2). The blue slope indicates SO4>": DIC plot calculated from 740 diffusion-controlled

marine methane flux sites globally by Egger et al (2018), with SO4* flux data from 509 sites.

CH concentrations were adjusted using a 1:1.4 flux ratio for CH : SO * and the combined effect
4 4 4

of AOM and OSR results in @ SO47: DIC 1ati0 ~ 1:1.3 o eeeoeeeeeeeeee oot 38

Figure 2.4: Sources and sinks of DIC through the SMTZ in methane-charged shallow sediments.
The numbers in bold indicate flux values in Tmol yr'!. Numbers in the parentheses indicate the
flux values with an extended range of parameters considered in Table 2.1. Size of the arrows

indicates relative DIC fTUX COMTIIDULION. ... ..ceeiiieeeieeee e e e e e e e e e e e eeeeaeeeeeeeeenans 42

Figure 2.5: Global trend of TA/DIC ratio above the seafloor for oxygen-limited coastal setting.
A) Global distribution of TA/DIC at 100-250m bathymetry within 20m above the seabed. B)
Global distribution of TA/DIC at different oxygen concentrations. It can be noticed that the
minimum TA/DIC ratio is about 1, under oxygen-limited condition in the shallow bathymetry

settings. Data Resource: GLODAPv2 (Key et al., 2015; Lauvset et al., 2016; Olsen et al.,

Figure 3.1: Study Area. The orange star represents the primary study site, Chapopote Knolls,
with significant asphalt seeps. Red dots with an arrow indicate the locations (GC 415 and GC
185) for carbonates samples from northern GoM analyzed in this study. The green dots indicate

locations from published literature where we used to compare the C-S isotope results................ 58

Xiv



Figure 3.2: Petrographic observations on Chapopote Seep Carbonates. A) Multiple cement types.
A fracture event postdating cement formation can be seen. B) Acicular aragonite cement forming
radial-fibrous fabric. C) Large clast cemented by microcrystalline aragonite. D) Zoomed view of
the box marked in 2C. Microsparitic filling of spaces between clasts and cement lining the clasts
is incomplete, leaving significant pore space. Aragonite cement fills pore spaces, creating a
peloidal texture in the left half of the picture. E) Peloidal texture indicative of microbial activity
and early diagenetic cementation. F) Abundant pyrite formation is indicative of extensive sulfate
reduction. Clots of residual hydrocarbons (dark brown) can be seen around the pore spaces
adjacent to cemented structures as well as coating on the aragonite cements. All images are in
plane-polarized light, and blue color indicates pore spaces. These observations are indicative of

authigenic carbonate formation in a dynamic hydrocarbon seep setting.........c..ccccveeeveeeeceeennnnns 64

Figure 3.3: Indicators for pervasive autoendolithic activity at Chapopote Seeps (A-E). Arrows
mark sites of potential mineralization induced by autoendolithic activity. Figure F is a schematic
representation for relative locations and microbe-rock interactions of endolithic organisms
adapted from Marlow et al., 2015. Circles represents endoliths and gray shading represents

autoendolithic carbonate PreCipitation.............cccuiecuierieriiieriierie ettt e s eaeeens 71

Figure. 3.4: 8"*Ccarbonate VS. 8**Spyrite from GoM seep carbonates with dominant endmembers
contributing to the C-S coupling and associated DIC and sulfide sourcing. Refer to section 3.5.1

FOT AETALLS e e e e e e e e e e e e e e e e e e e e e e e e e aeaae e e e e e e ———aaaeaaaaraaa 74

Figure 3.5: 8"3Cearbonate VS. 8>*Spyrite Values sorted by carbonate mineralogy. HMC = High

Magnesium Calcite and LMC = Low Magnesium CalCite...........cceuveervieeciieniieeniieeieeeiee e 78

Figure 3.6: A plot of §'3Ccas vs. CAS concentration of seep carbonates from GoM. Chapopote
samples (blue dots) showed distinctly depleted 5'*Ccas and CAS concentration. The Chapopote

XV



samples with §'*Ccas~ +21%o are control samples from a non-seep site adjacent to the seep site.
It is also noteworthy that a bivalve shell (cross marked) with low pyrite content (0.07 wt%) and
high CAS concentration (510 ppm) showed a 5>*Scas value (+19%o) very close to that of modern

SCAWALET . ettt e et e e et e e e et e e e e et e e e e e e e e e et —e e e et ———ee et ——eeeta———aeea———eet————ara——.aaan——_ &0

Figure 4.1: Core structures of the most common isoprenoidal GDGTs with mass-to-charge ratios

Figure 4.2: Study Area. A) Site 1230, ODP Leg 201, Peru Margin. B) Site U1427, IODP Leg

346, Japan Sea taken from cruise reports ODP Leg 204 and IODP Leg 346 ........cccccocvevvvennennee. 95

Figure 4.3: SMTZ depth for Sites 1230 and U1427 taken from cruise reports ODP Leg 204 and

TODP LEE 346 ...ttt et ettt e ettt e et e st e e et e et e e et e e e e e e nnneas 96

Figure 4.4: Bulk GDGT distribution. It can be seen that Peru margin samples (orange bars) gave
relatively high GDGT distributions than Japan Margin (blue bar). GDGT-0 and Cren were the

dominant compounds 1N DOth SIEES.......ccccuiiiiiiiiiiiiciie e e e e saaeeens 9

Figure 4.5: GDGT distribution at SMTZ intervals compared to average GDGT distribution
throughout the sediment core. Relatively higher contribution of GDGTs 1 and 2 has a higher

concentration than overall average GDGT distribution atthe SMTZ.........ccccceevvvviiiiiiiennieennee. 100

Figure 4.6: a) UPLC chromatogram of GDGT-0 b) isotope pattern of GDGT-0 c) depth profile of
GDGT-0 d) CID fragmentation spectrum of m/z 1302 e) Fragmentation structures that for the
major fragments Of GDGT-0........couiiiiiiiiiiiiieee et 105
Figure 4.7: a) UPLC chromatogram of GDGT-1 highlighting the different detected isomers b)

isotope pattern of GDGT-1 c) depth profile of GDGT-1 isomer III d) CID fragmentation

spectrum of m/z 1300 for GDGT-1 isomer III e) fragmentation structures for the major detected

Xvi



fragments Of GDGT-1-T11 1SOMET .........ccccuieriuiieeiiieiie ettt et e e e eree e e e e snaeeeenees 106
Figure 4.8: a) UPLC chromatogram of GDGT-2 highlighting the different detected isomers b)
isotope pattern of GDGT-2 c¢) depth profile of GDGT-2 isomer I1I d) CID fragmentation
spectrum of m/z 1298 for GDGT-2 isomer III ) fragmentation structures for the major detected
fragments Of GDGT-2-T11 1SOMET .........ccccuieriuiieeiieeciie ettt e e e et e e s beeeenseeeeaees 107
Figure 4.9: a) UPLC chromatogram of GDGT-3 highlighting the different detected isomers b)
isotope pattern of GDGT-3 c) depth profile of GDGT-3 isomer III d) CID fragmentation
spectrum of m/z 1296 for GDGT-3 isomer III e) Fragmentation structures for the major detected
fragment Of GDGT-1-IIT 1SOMET ........eeiiiiiieiiieiieiie ettt et ettt eseaeebeesaeeennes 108
Figure 4.10: a) UPLC chromatogram of Crenarchaeol highlighting the different detected isomers
b) isotope pattern of Cren c) depth profile of Cren and iso-Cren isomers d) CID fragmentation
spectrum of m/z 1292 for Cren main isomer ) Fragmentation structures for the major detected
fragment Of Cren Main ISOIMET .......eevuiiiiiieiieeie et eite ettt ete et e sieeebe et eseeeebeesaaeesbeesaesnaeenseennes 109
Figure 4.11: Depth profiles of All GDGTs and their isomers in this study. A) GDGT-1, B)
GDGT-2, C) GDGT-3, D) GDGT-0, Cren and Cren’. Note the distinct peaks for GDGT 1a, 2a,
and 3a at the SMTZ and almost absence of it above and below the SMTZ, indicative of
methanotrophic archagal SOUICING ...........cocuieiiiiriiiiiiiieeie ettt 110
Figure 4.12: A comparison of MI values obtained from the traditional approach and the
improved resolution approach used in this study. A) MI values from the traditional HPLC
method using single-column separation. B) high-resolution method approach in this study using
two silica column HPLC. MI values considered all the GDGT isomers in this case. C) MI values

using only the specific Isomers that showed characteristic variation with regards to SMTZ

(GDGTla, 2a, and 3a). It can be seen that our method enables significant noise reduction by

Xvil



identifying the isomers sourcing from ANME with that of non-Non ANME origin .................. 112

Figure 4.13: A and B) Characteristic GDGT isomers with SMTZ peaks C) MI values using all
the GDGT compounds and only the characteristic isomers with SMTZ peaking. The peak at
depth 20.9 mbsf indicates a paleo SMTZ front. Note the isomer patterns identify the SMTZ zone

from a false-positive peak (grey peak) below the SMTZ .......ccooiiiiiiiiiiniiiiieeeeeee 113

Figure 5.1: Generalized representation of marine methane cycle acting as an intermediate in the

E1ODAL CATDON CYCIE ...t ettt b e et e s aaeenbeeeeas 118

XViil



LIST OF TABLES
TABLES PAGE
Table 2.1: Parameters controlling the DIC fluxes at SMTZ, with their average and extended
range considered in carbon flux calculation.............cccveeviiiiiiiiiiiiice e 37
Table 2.2: Global estimate of diffusive CH4 and SO4* flux based on 1:1.4 ratio, and average
SMTZ depth compiled from 740 sites (Egger et al., 2018) ...cccuevvvuiieeeiiieieeeieeeee e 40
Table 2.3: Average values for parameters in Table 2, for a global CH4 flux of 3.8 Tmol yr-1 and
SO42- flux of 5.3 Tmol yr-1. AOM and OSR consumes 70% and 30% of SO42- entering the
SMTZ respectively, F(DIC-deep)= 50% of CH4 flux, Fcarb =20%, FSOC = 5% and F(DIC-
out)= 75% of the Total(DIC). All flux values are in Tmol yr-1 .........coooiiiiiiiiiiiiee 40
Table 2.4: Range of DIC flux values (in in Tmol yr-1) based on variable ranges of DIC flux
Parameters 1N TADIE 2.1 ...coouiiiiiicieece et e e e e et e e e e e aae e eaaeennbeeenneeas 41
Table 3.1: 83 Cearbonate, 8 *Ocarbonate, 0°*Spyrite, and pyrite content from studied samples. An
extended database, which includes a compilation of published literature data from multiple seep
sites in GoM, is provided in the supplementary datasheet.............ccoceevieriieiiienieniiieiieiecieeee 65

Table 3.2: U-Th data from Chapopote SAMPIES .........cceeeireiiienieiiieiiecie et 67

XiX



CHAPTER I: IMPORTANCE OF SUBSURFACE METHANE RESERVOIR TO

SHALLOW MARINE SEDIMENT GEOCHEMISTRY

1.1 Introduction

Methane (CH4) is an important greenhouse with a significant role in the evolution of Earth’s
carbon cycle and the ongoing climate change. Compared to Carbon dioxide (CO>), It has higher
global warming potential in terms of cumulative forcing by a factor of at least 84 over 20 years
and 28 over a 100-year time frame (Myhre et al., 2013; Etminan et al., 2016). At present,
methane is the second most abundant greenhouse gas after CO; and the most abundant
hydrocarbon present in the atmosphere accounting for 14% of global greenhouse gas emissions
(Stocker et al., 2014). Subsurface marine methane reservoirs constitute a large exchangeable
carbon pool significant for the climate system (Dickens, 2011) and the continental margins are
characterized by numerous sites with methane transport from subsurface towards the seafloor. At
present-day setting, microbially driven anaerobic oxidation consumes >80% of this methane
transport and effectively prevent the direct impact of this large methane pool with climate
system. This chapter provides an overview on the importance of subsurface methane reservoir to
shallow sediment chemistry and their relevance to our understanding of geological evolution of

Earth’s carbon cycle.

1.2 Marine Methane and Climate Dynamics: A Geological Overview
Methane emission from geosphere is considered to have an important role in the early history of
life and the evolution of carbon cycling through Earth’s history. The early Archaean Earth is

suggested to have low solar luminosity (faint young Sun), which is hostile for life (Sagan and



Mullen, 1972). An important hypothesis regarding the evolution of a habitable warm climate
during this early Earth is the greenhouse effect of methane entering from the geosphere (Kasting
et al., 1983; Pavlov et al., 2000; Ozaki et al., 2018). Massive volcanism and oceanic crust
formation that followed has been suggested to deplete the Nickel availability for methanogens
(Konhauser et al., 2009), which in turn aided in the drawdown of atmospheric methane, oxygen
buildup, and Paleoproterozoic glaciation around 2.4 billion years ago (Kasting, 2005). The
oxygenation of Earth’s atmosphere via cyanobacterial photosynthesis is also suggested to have
contributed to the Paleoproterozoic glaciation by the inhibitory effect of oxygen on anaerobic
processes including methanogenesis as well as by the breakdown of the atmospheric methane by
the oxygen (Kopp et al., 2005; Guo et al., 2009). There are also hypotheses that the
Neoproterozoic glaciation (Jiang et al., 2003; Ganging et al., 2006), end-Permian mass extinction
(Krull and Retallack, 2000; Heydari and Hassanzadeh, 2003), Jurassic ocean anoxia event
(Hesselbo et al., 2000), Paleocene-Eocene Thermal Maximum (Dickens et al., 1995; Zeebe et al.,
2016) is connected to oceanic methane release to water column and atmosphere. Kennett et al.,
(2003) proposed that oceanic hydrate dissociation (clathrate gun hypothesis) as a plausible cause
for the Late Quaternary atmospheric methane fluctuation since 400 ka. However, this hypothesis
is widely disputed based on foraminiferal (Stott et al., 2002) and ice core studies (Sowers, 2006).
The potential methane sourcing is instead suggested to be from wetlands (Bock et al., 2010). Ice
core records for the past 800kyr shows atmospheric methane concentration varied between 300 to
800 ppb during the late Pleistocene glacial-interglacial cycles, at least until the past 5000 years
(Ruddiman, 2003; Ruddiman and Raymo, 2003; Loulergue et al., 2008). These variations
generally followed the temperature pattern in the late Pleistocene with a higher concentration

during interglacial and a lower concentration during the glacial period and are in tune with the



Milankovitch cycle based on Earth’s orbit (Dean et al., 2018). Anthropogenic land use and
agriculture from 5000 years onwards initiated the increase of atmospheric methane concentration
above the 800 ppb level and the industrial revolution from the 18" century onwards further
spiked it to the modern high atmospheric methane levels (Ruddiman, 2003). 20% of
postindustrial global warming is attributed to methane gas, with around 250% increase in
atmospheric methane concentration since 1750, from ~720 ppb to 1800 ppb (Houghton et al.,

2001; Ferretti et al., 2005; Dlugokencky et al., 2011).

1.3 Marine Methane Reservoirs: Present-Day Setting

Methane sourcing in marine sediments can be classified broadly as biogenic, thermogenic, and
abiotic. Biogenic methane implies formation via microbial processes (methanogenesis) by
methanogenic archaea, while thermogenic methane implies formation via thermal degradation of
organic matter at deep depths with higher temperatures (Rice and Hotel, 1990; Whiticar, 1999).
About 80% of marine methane reservoir is estimated to be sourced from methanogenic archaea
(Kvenvolden and Rogers, 2005; Orcutt et al., 2011). Thermogenic sources are an important
component of methane in natural gas (Dean et al., 2018). Abiotic methane forms via
geochemical reactions that do not require the presence of organic matter (Hunt, 1996; Etiope,
2017) and is considered to make a relatively minor contribution to the global marine methane
pool (Reeburgh, 2003). However, the abiotic methane sources are considered to have played an

important role in the early Earth’s history and evolution of carbon cycle.



1.3.1 Biogenic Methane

An estimated ~55 Gt C yr'! is fixed by the phytoplankton (Watson et al., 1996). A minor portion
of this organic matter, about 2-3 Gt C yr’!, reaches the sediment floor after escaping the
remineralization in the water column (Sarmiento and Gruber, 2006). More than 90% of this
organic matter reaching the sediments undergo remineralization via sedimentary diagenesis.
Here, the organic carbon pool undergoes remineralization (degradation) in the top sediments
using different terminal electron acceptors (TEAs) like Oz, NO3", Mn(IV), Fe(III) and SO4* by
the microbial communities. Microbial methane production (methanogenesis) is the final step in

organic matter degradation (Claypool and Kaplan, 1974).

Methanogens are obligate anaerobes comprising seven Orders of class Euryarchaeota:
Methanococcales, Methanobacteriales, Methanosarcinales, Methanomicrobiales,
Methanopyrales, Methanocellales, and Methanomassiliicoccales (Thauer, 1998; Sakai et al.,
2008; Borrel et al., 2013). The recent discovery of two novel phyla Bathyarchaeota (Evans et al.,
2015) and Verstraetearchaeota (Vanwonterghem et al., 2016) has for the first time suggested
methanogens outside the Euryarchaeota. There are three known methanogenic pathways

1) Hydrogenotrophic methanogenesis

i) Acetotrophic/acetoclastic methanogenesis

iii) Methylotrophic methanogenesis
The hydrogenotrophic pathway is more energetically favorable and can be represented as:

CO; +4 H, — CH4+ 2H20 (1)



This autotrophic pathway is the most abundant and energetically favored pathway in the marine
settings (Liu and Whitman, 2008). The acetoclastic pathway involves disproportionation of an
acetate molecule to CH4 and CO».

CH3COOH — CH4 +CO2 2)
Methylotrophic methanogens use methylated substrates like methanol, methylamines, methyl
sulfides, etc. (e.g., Eq. 3)

4CH30H +Hs — 3CH4+CO,+2H,0  (3)

N

Acetate Methylated compounds (-CH;)
(C,H;0%) — H, + CO,

N

CH,

Figure 1.1: Simplified graphical representation of methanogenic processes in marine sediments



All the three pathways have the same final step where methyl-coenzyme M (CH;-S-CoM) and
coenzyme B (Co B) producing heterodisulphide (CoM-S-S-CoB) catalyzed by Methyl-coenzyme

M reductase (Mcr) (Sikora et al., 2017; Timmers et al., 2017).

Mcr
CH3—S—CoM+H—-S—-CoB — CoM — —S —CoB + CH4(4)

1.3.2 Thermogenic Methane

Roughly 0.13 to 0.3 Gt yr! organic carbon, around 0.6%, of surface productivity, escapes all the
remineralization and undergo sedimentary burial (Burdige, 2007; Wallmann et al., 2012).
Organic matter that escapes the biogenic methanogenesis is mostly devoid of labile components
and instead mainly consists of kerogen (c.f. Mahlstedt, 2018). This residual organic carbon then
enters Catagenesis and Metagenesis phases at further depths (>2.5km) at a higher temperature up
to 250°C. Thermal degradation and cracking of this organic matter that are millions of years old
in deep sediments would result in the production of thermogenic methane (and other

hydrocarbons) (Tissot and Welte, 1984).
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Figure 1.2: Maturation stages in hydrocarbon generation, from Alexander et al., (2011).
Diagenesis, Catagenesis, and Metagenesis occurs at a temperature range of <50°C, 50-150°C,
and >150°C, respectively. The latter two results in thermogenic methane production and the

former in biogenic methane production.

1.3.3 Abiotic Methane
Abiotic Methane can be produced in the subsurface via chemical reactions without the necessity
of organic compounds. Three primary abiotic sources have been identified (Etiope and Sherwood
Lollar, 2013):

(1) Magmatic

(i) Late magmatic

(i)  Gas-water-rock interactions
Fischer-Tropsch Type (FTT) Sabatier reaction is considered as a key process for abiogenic

methane production in Earth and could be contributing to the marine methane pool from depth



(Horita and Berndt, 1999; Foustoukos and Seyfried, 2004). FTT reactions involve CO; and

Hb reaction under the presence of a metal catalyst. On a marine methane perspective, these

reactions are particularly prone in sites of hydrothermally derived serpentinization at mid-ocean

ridges and subduction zones (Schrenk et al., 2013). These reactions can be summarized as:
Olivine + Water + CO2— Serpentine + Magnetite + CH4(5)

The H: is sourced from the hydration of olivine-rich minerals like peridotite (serpentinization).

COz could be sourced from meteoric water, limestone, or mantle. The metals like iron, nickel,

cobalt or chromium could serve as the catalyst in these settings (McCollom and Seewald, 2007;

McCollom, 2013). A wide range of temperature is known to support this reaction (Etiope and

Whiticar, 2019).

1.3.4 Aerobic Methane Production

Methane concentrations in the water column of open oceans are generally quite low, in the range
of few nanomoles. However, the methane concentration profile in the surface water column
generally shows a trend of maximum concentration at the base of mixed layer. This mixed layer
maximum of methane is a phenomenon also known as oceanic methane paradox where surface
waters of world oceans are supersaturated with respect to atmospheric concentration
(Lamontagne et al., 1973; Reeburgh, 2007; Naqvi et al., 2010). Multiple explanations exist for a
plausible reasoning to this phenomenon. For example, Microbial methanogenesis within the
anaerobic micro-niches of suspended particles that that accumulate at the pycnocline with
maximum concentration (Holmes, 2000); methanogenesis under anoxic microenvironments
within the guts of digestive tracts of organisms and immediately after defecation (Karl and

Tilbrook, 1994; Stawiarski et al., 2019); supply from sediment sources, especially hydrocarbon



seeps (c.f. Naqgvi et al., 2010; Lapham et al., 2017); later supply from supply from
marshlands/estuaries in coastal waters (e.g., Bange, 2006) etc. However, recent studies provide
strong support for aerobic methanogenesis as the potential explanation to this methane surplus in

the surface water.

Recently, two aerobic pathways were also shown for microbial methane production in the water
column. First is methylotrophic methanogenesis by bacteria using methyl-rich organic sulfur
compounds such as DMSP (dimethylsulfoniopropionate) and/or dimethylsulfide (DMS) that are
biosynthesized by phytoplankton (Damm et al., 2010; Florez-Leiva et al., 2013). The second
method involves decomposition of methylphosphonate (MPn) under phosphate stressed
conditions (Karl et al., 2008). Mpn was recently found to be an important component dissolved
organic matter in surface water, providing a strong support to of this mechanism (Repeta et al.,
2016). Weber et al., (2019) found positive relationship to phytoplankton growth (which can be
linked to DOM) and a negative relationship to phosphate concentration to explain the observed

surface methane disequilibrium at global scale, further supporting the Mpn degradation pathway.

1.3.5 Continental Margins as Important Marine Methane Reservoir

Continental margins are important zones of methane production due to high rates of organic
carbon loading and low oxygen availability in the sediments. The result is favorable conditions
for methane production at relatively shallow depths via microbial methanogenesis and at greater
depths through the thermal breakdown of organic matter. Due to rapid sedimentation over
millions of years, the organic carbon pool of continental margin sediments is estimated to be
around 200,000 Gt C at depths of 1-4 km below the seafloor (Burdige, 2007; Lipp et al., 2008).

This enormous organic carbon pool feeds subsurface microbial and thermogenic methane



production. Estimates of microbial methanogenesis range from 10-300 Tg CH4 yr'! (Hinrichs
and Boetius, 2002; Wallmann et al., 2012). A range of 60-80 Tg CH4 yr'!' can be taken as an
average (Reeburgh, 1993; Egger et al., 2018). Under favorable pressure-temperature settings, the
methane formed in at depth would form gas hydrate structures (Kvenvolden, 2002; You et al.,

2019).

Due to their large abundance, methane hydrates are of particular interest for their role in carbon
cycling, oceanic slope stability, and as a future energy resource (Kvenvolden, 1988; Milkov,
2004; Boswell and Collett, 2011; Boswell et al., 2014). Methane hydrates are crystalline cage-
like structures where CH4 is surrounded by water molecules. The methane-to-water ratio of these
hydrate structures ranges from 1:5.75 to 1:17 under a narrow range of stability conditions at low
temperatures (<25°C) and high pressures ~5 (Mpa) (Sloan Jr and Koh, 2007). The amount of
methane in gas hydrates probably exceeds the reserves of conventional oil and gas (Kvenvolden,
1988; Collett and Kuuskraa, 1998). The current estimate of the amount of methane hydrates
stored in oceanic sediments ranges from 500 Gt to 55000 Gt C (Kvenvolden, 1988; Milkov,
2004; Klauda and Sandler, 2005; Archer et al., 2009; Boswell and Collett, 2011; Dickens, 2011;
Wallmann et al., 2012; Yamamoto et al., 2014; Kretschmer et al., 2015). Over the last decade,
confidence in the estimates has improved, and those values have moved toward the lower end of
this range due to better sediment characterization through dedicated drilling expeditions. A
recent review by Ruppel and Kessler (2017) adopted an estimate of ~1800 Gt C for global

methane hydrate reservoirs.
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In addition to the hydrate phase, an equally significant amount of methane carbon exists as the
microbial gas (Milkov, 2011). It is important to note that significant gaps exist in quantifying the
total marine methane reservoir. This dissertation, however, emphasize that there is a significant
methane carbon pool in the subsurface regardless and that it can interact with shallow sediments

and the water column to support important methane-powered carbon cycling.
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Figure 1.3: Biogenic methanogenesis and subsequent transport to shallow system (Dean et al.,

2018)
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1.4 Methane Transport to Shallow Sediments

The methane formed in gaseous or dissolved form at depth would migrate toward the seafloor
and can be trapped in reservoirs, form gas hydrate structures under favorable pressure-
temperature settings, oxidize in shallow sediments and the water column, or escape to the
atmosphere (Barnes and Goldberg, 1976; Hovland et al., 1993; Judd et al., 2002). Continental
margins are hydro-geologically active zones (Saffer and Tobin, 2011). Active and passive ocean
margins are characterized by geological processes that facilitate the exchange of fluids
containing bioactive reductants—including sulfide, methane, and hydrogen—from depth (from
tens of meters to several kilometers) to the seafloor by fluid and gas advection (Suess, 2010).
Marine sediments contain pore fluids of an estimated volume equivalent to ~6% of total seawater
(LaRowe et al., 2017). These pore fluids act as an important medium to transport methane from
the subsurface toward the seafloor channeled by tectonic and/or sedimentary processes. Plate
tectonics, dehydration reactions of hydrous minerals, gas generation, groundwater discharge,
salt-tectonics, as well as higher burial pressure and temperature at depth causing dewatering in
hydrous minerals, porosity reduction are common causes resulting in upward flux of solutions
(Torres and Bohrmann, 2016). Globally, fault permeability is suggested as the most important
factor that dictates the distribution and spatiotemporal variability of submarine seep systems
(Talukder, 2012). A recent study by Phrampus et al., (2020) finds equal likelihood of
encountering fluid expulsion between passive and active margins. This study suggests that
globally, lateral compaction on active margins and predominantly vertical compaction on passive

margins are equally important in facilitating focused fluid flow sites like cold seeps.
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Seepage of methane towards the seafloor, in turn, creates a characteristic chemosynthetic
ecosystem based on benthic microbe-mineral interactions and highly interconnected carbon
cycling coupled with other elements such as sulfur, iron, calcium, and trace metals (Suess, 2010).
Cold seeps are characterized by the release of methane and other reduced compounds typically
with associated chemosynthetic ecosystems. They are distinguishable from hydrothermal vents,
which release hot, chemically diverse fluids to the seafloor. Cold seeps, by contrast, produce
almost no temperature anomalies compared with ambient seawater (Levin et al., 2016). Overall,
methane seeps on continental margins are sites of unique geosphere-biosphere coupling that
affects marine ecology, ocean chemistry, and atmospheric composition over wide spatial and
temporal scales and plays a significant role in the chemical and biological composition of the
oceans, as well as the global carbon cycle (Judd and Hovland, 2009; Boetius and Wenzhofer,

2013; Levin et al., 2016; Suess, 2018)
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Figure 1.4: Global seep distribution adopted from Torres and Bohrmann (2016).
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1.5 The Fate of Methane Entering the Shallow Sediments

Transport of methane from deep to shallow sediment zones with active diagenesis supports an
array of biogeochemical processes that effectively convert a large amount of methane carbon to
inorganic and subsequent organic carbon pools. These processes primarily involve Anaerobic
Oxidation of Methane (AOM) in shallow sediment depths (and in anoxic water columns) (Eq. 5)

as well as Aerobic oxidation of Methane (AeM) in oxygenated water columns (Eq. 6).

CH4+ SO42- — HCO3—+ HS—+ H20 (5)

CH4+ 2C0O2- CO2+ 2H20 (6)

It is estimated that roughly 45-300 Tg CH4 yr'! enter the shallow sediments from deep
methanogenic zones, and >90% undergoes AOM (Hinrichs and Boetius, 2002; Orcutt et al.,
2011). The remaining <~10% enters the water column (mainly in advective settings) where the
majority undergoes AeM, leaving behind a small amount of marine methane to enter the
atmosphere where it can have a direct impact on the climate system (Boetius and Wenzhéfer,
2013; Ruppel and Kessler, 2017). The current estimate of the contribution of offshore methane
seepage to the atmosphere is in the range of 5-25 Tg CH4yr! (Bange et al., 1994; Kvenvolden et
al., 2001; Wuebbles and Hayhoe, 2002; Etiope, 2012; Saunois et al., 2016), with the most recent
estimate suggesting a range of 6-12 Tg CH4yr"! (Weber et al., 2019). Microbial methane cycling
in the ocean sediments is thus one of the most important greenhouse gas emission controls on

Earth.
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1.5.1 Biochemistry of AOM
Microbial consortia involved in AOM coupled to sulfate reduction are represented by three
phylogenic clusters of Euryarchaeota: ANME-1 (with subgroups a and b), ANME-2 (with
subgroups: a, b, ¢, and d), and ANME-3, their SRB partners: Desulfosarcina—Desulfococcus
branch (DSS) and Desulfobulbus spp. (DBB) belonging to Deltaproteobacteria class (Niemann
and Elvert, 2008; Knittel and Boetius, 2009; Cui et al., 2015). ANME-1 clade is dominant in
many AOM systems (Rossel et al., 2008). ANME-1 and -2 are usually reported to be associated
with distinct SRB of the DSS clusters (Boetius et al., 2000; Orphan et al., 2002) whereas ANME-
3 is associated with DBB species and are mostly restricted to mud volcanoes (Niemann et al., 2006).
More recently, ANME-3 clades have been reported to occur in coastal sediments with high
methane fluxes and high rates of sediment accumulation (Gautam, 2018). ANME-2 are
phylogenetically affiliated with the order Methanosarcinales, ANME-3 are closely related to the
genera Methanococcoides and Methanolobus. ANME-1 are not directly affiliated with any of the

major orders of methanogens (Rossel et al., 2008).

While most of the reported ANME clades have been suggested to perform SD-AOM, ANME 2d
clusters have not been found in consortia with SRBs. Instead, they are suggested to perform
nitrate driven AOM in consortium with nitrate reducing or anammox bacteria (Haroon et al.,
2013). ANME-1 and -2 are usually reported to be associated with distinct DSS clusters (Boetius
et al., 2000; Orphan et al., 2002) whereas ANME-3 is associated with DBB cluster (Niemann et
al., 2006). ANME 2 and 3 forms stronger and structured consortia with SRB partners (Orphan et
al., 2002; Niemann et al., 2006) whereas ANME 1 is loosely associated with their SRB

symbionts (Knittel et al., 2005) and are also reported to occur sometimes as monospecific
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aggregates or as single cells without a clear bacterial partner (Orphan et al., 2002). The lifestyle
of ANME-1 clades is suggested to be capable to shift from methanotrophic to methanogenic
lifestyle (Treude et al., 2007; Lloyd et al., 2011) potentially linked to varying seepage intensities
(Feng et al., 2014). Rare putative partnerships of ANME 2¢ with certain bacterial species from

Alpha and Beta-proteobacteria has been also suggested (Knittel and Boetius, 2009).

ANME groups are remarkably related to different methanogenic archaea (orders
Methanosarcinales and Methanomicrobiales) in terms of phylogenetics, lipid structures, cell
shapes, presence of methyl coenzyme M reductase (MCR), the terminal enzyme of
methanogenesis enzyme), and their evolutionary path (Orphan et al., 2002; Niemann and Elvert,
2008; Cui et al., 2015). Analysis of intact polar lipids (IPL), which are derived from living cells,
indicated that ANME-1 clade is dominant in diffusive AOM systems (Rossel et al., 2008). In
general, ANME-1/DSS consortia are often prevalent at lower methane flux setting whereas
ANME-2/DSS and ANME-3/DBB are suggestive of being adapted to diagenetic setting with
higher methane flux and relatively higher sulfate supply (Blumenberg et al., 2004; Elvert et al.,

2005; Nauhaus et al., 2005; Pape et al., 2005; Stadnitskaia et al., 2008; Rossel et al., 2011).

No members of the ANME groups or of their electron donor partner has been cultivated yet, and
the details of the biochemical process are not understood in detail. Multiple mechanisms have
been proposed for the transfer of reducing equivalents from ANMEs to their bacterial partners.
Along with the reverse methanogenesis pathway of interspecies H» transfer from Archaea to
SRB, Sulfate induced AOM is proposed to occur or via electron transfer as interspecies transfer

of other syntrophic intermediate compounds like acetate (Valentine and Reeburgh, 2000;
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Nauhaus et al., 2005) or the compound methanethiol (Moran et al., 2008), with higher
thermodynamic energy yields than from H» transfer. ANME-2 clades are further reported to have
an unusual strategy to perform both AOM and sulfate reduction single-handedly to produce a
zero-sulfur (S°) which is subsequently disproportioned by SRB partners (Milucka et al., 2012).
The leading model of metabolic interaction to date is the recently proposed mechanism via direct
interspecies electron transfer between ANME and SRB (McGlynn et al., 2015; Wegener et al.,
2015, Fig. 1.5). Apart from sulfate, nitrate (Raghoebarsing et al., 2006; Haroon et al., 2013),
nitrite (Ettwig et al., 2010), iron, and manganese (Beal et al., 2009; Wankel et al., 2012;
Riedinger et al., 2014; Ettwig et al., 2016) have been linked to AOM as electron acceptors. Their
impacts on the SMTZ are limited as a function of their low concentrations relative to sulfate’s
but require additional study. Detailed reviews of the biochemistry of AOM and the physiology of
the ANMEs are provided by Timmers et al. (2017) and Evans et al. (2019). AOM produces DIC
sourced from methane with depleted 8'°C values [average range -70%o to -25%0 VPBD

(Whiticar, 1999)].
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Figure 1.5: Schematic profile is SMTZ and the most accepted syntrophic model for AOM via

direct interspecies electron transfer between ANME and SRB (Crémiere et al., 2020)

1.5.2 Anaerobic Oxidation of non-methane hydrocarbon

Methane seeps in hydrocarbon-rich basins like the Gulf of Mexico, the Guyamas Basin, and the
Gulf of California are often characterized by the seepage of co-existing non-methane
hydrocarbons (e.g. n-alkanes, cycloalkanes, and branched-chain alkanes). Natural hydrocarbon
seeps are estimated to account for ~47% of all crude oil entering the marine environment, with
an estimate of 180 million tons of petroleum annually (National Research Council, 2003;
Kvenvolden and Cooper, 2003). A large fraction of the hydrocarbon seep would be consumed
anaerobically by the subsurface microbial consortium (Widdel et al., 2010) which effectively
reduces the petroleum entering the water column to current estimates. Anaerobic hydrocarbon
oxidation coupled with sulfate reduction is a well-known process in the subsurface (Teske,
2018), and, hence can co-consume sulfate along with the ANMEs at seepage system with mixed
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hydrocarbon pools. The magnitude and variability of biogeochemical processes involving
complicated C-S coupling are loosely constrained at many seep sites with methane and non-
methane hydrocarbon seeps. Studies of organic biomarkers in sediments from the Gulf of
Mexico (Pancost et al., 2005), observed disparities between measured rates of sulfate reduction
and methane oxidation (Joye et al., 2004), and carbon isotopic data from authigenic carbonates
(Formolo et al., 2004) suggest that AOM may not be the only process responsible for the DIC
production at many seep sites. Rather, it seems likely that the oxidation of non-methane
hydrocarbons provides a significant source of metabolic energy and DIC pools at these locations

(Naehr et al., 2009; Smrzka et al., 2019).

1.5.3 Aerobic Methanotrophy (AeM)

A large share of the methane entering the shallow sediment (<90%) is sequestered below the
seafloor, primarily via C-S coupling at the SMTZ. However, a relatively minor part of the
contemporaneous methane fluxes from the deep sediments enter the bottom-water, mainly in the
advective setting. Modeling studies have shown that fluid advection rates up to 50 cm year ' is
completely (~99%) consumed within the shallow sediments (Luff and Wallmann, 2003). 0.02 Gt
of C is considered to enter the oceanic water annually from the advective system (Boetius and
Wenzhofer, 2013). Methane entering the water column could reach the atmosphere depending
upon the water depth, especially at very shallow (<100m) water depths (McGinnis et al., 2006).
Otherwise, the methane dissolves into the water column and would undergo aerobic oxidation
and/or transportation and dilution (Valentine et al., 2001). AeM by methanotrophic bacteria,

consumes the water column oxygen and produces CO> (Hanson and Hanson, 1996; Yamamoto et

al., 2014, Eq. 6)
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The CO; produced during AeM can reduce the water column pH and could contribute to ocean
acidification and oxygen depletion (Yamamoto et al., 2014). A modeling study by Boudreau et al
(2015) suggested that the potential dissociation of gas hydrate stability zones in future warming

could enhance the ongoing ocean acidification due to anthropogenic warming.
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Figure 1.6: Carbon fluxes associated with marine methane seeps (Boetius and Wenzhofer, 2013)
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1.6 Recognizing the Methane Seepage Records from Sediment Records

Modern methane seepage can be detected using geochemical, geophysical, and remote sensing
techniques, including pore water analysis, seafloor observations, and methane anomaly detection
(e.g.MacDonald et al., 1993; Borowski et al., 1996; Coffin et al., 2008; Schwalenberg et al.,
2010; Skarke et al., 2014). Methane biogeochemical signatures imprinted onto sedimentary
record by such events are poorly constrained and require appropriate geological proxies that
record methane seepage and quantify the timing of formation. This leaves a significant
uncertainty regarding temporal and spatial variations of past methane seepage (Stott et al., 2002;
Dickens, 2003; Li et al., 2016) and is an important part of the scientific challenge towards our
understanding on the properties and processes governing the flow and storage of carbon in

subseafloor (Bickle et al., 2011).

There have been many proposed proxies for identifying past methane flux events. Conceptual
models (e.g. Dickens et al., 1995) provides an indirect framework for the role of past methane
hydrate dissociation events in paleoclimate events. Authigenic mineral precipitates at seep
setting are widely used proxy to study past seep records. Authigenic carbonates are perhaps the
most widely studied paleo seep proxy in this context due to their distinct petrography, carbon
isotope signatures indicative of methane-induced DIC sourcing, and redox-sensitive trace metal
concentrations at seep setting (Roberts and Aharon, 1994; Naehr et al., 2000; Teichert et al.,
2003; Feng et al., 2010b; Tribovillard et al., 2013; Hu et al., 2014; Crémiere et al., 2016). Seep
carbonates are also excellent archives for biomarker records of microbial consortia involved in
AOM (Birgel et al., 2006b; Hagemann et al., 2013; Guan et al., 2018). Furthermore, the

radioactive techniques, especially U-Th dating on seep carbonates provide unique insights to
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temporal variability and drivers of the seepage (Aharon et al., 1997; Teichert et al., 2003; Feng et
al., 2010b; Wirsig et al., 2012; Bayon et al., 2015; Cremiere, 2015; Sauer et al., 2017; Chen et
al., 2019). However, such carbonates may not precipitate during events of high-intensity seepage
(Karaca et al., 2010), fluid seepage with low dissolved methane concentrations, high

bioturbation, or high sedimentation rates (Bayon et al., 2007).

Similarly, authigenic barite precipitates have been inferred as paleo-seepage indicators (Dickens,
2001). However, records of barite precipitation may be absent due to dissolution by upward
migration of the SMTZ or low Ba flux to the sediment (Peketi et al., 2012). Other authigenic
minerals of interests in methane laden diagenetic setting include Ikaite and glendonite (Schubert
et al., 1997; Morales et al., 2017; Peckmann, 2017), gypsum (Sassen et al., 2004; Kocherla,
2013; Lin et al., 2016a; Zhang et al., 2018), greigite and pyrrhotite (Larrasoafia et al., 2007;
Badesab et al., 2019), and vivianite (Hsu et al., 2014; Egger et al., 2015; Liu et al., 2018; Mérz et
al., 2018) etc. More recently sulfur isotope records of pyrite have gotten much attention to
identifying present and past SMTZ (e.g. Peketi et al., 2012; Borowski et al., 2013; Peketi et al.,
2015; Wang et al., 2015; Li et al., 2016; Lin et al., 2016c¢; Li et al., 2017b; Argentino et al.,
2020). However, solely looking at pyrite geochemistry could be erroneous since the pyrite
precipitated from a short duration of AOM is suggested not to imprint an enriched 3*S signal (Hu
et al., 2017b). Also, the isotope signatures can be influenced by organoclastic sulfate reduction
and the oxidative part of diagenetic sulfur cycle (Bazzaro et al., 2020). High §°°Fe and &**S of
pyrite can indicate enhanced Sulfate depended AOM signals (Lin et al., 2017). Sulfur isotope

composition of barite and carbonate associated sulfate (CAS) provides important insights to the
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porewater sulfate composition and rapid sulfate reduction at seep setting (Feng and Roberts,

2011; Feng et al., 2016; Gong et al., 2018).

Foraminifera have been extensively used to reconstruct methane seepage dynamics (Sen Gupta
and Aharon, 1994; Rathburn et al., 2000; Hill et al., 2003; de Garidel-Thoron et al., 2004; Panieri
et al., 2012; Panieri et al., 2014; Panieri et al., 2016; Schneider et al., 2018) However, their
ubiquity as reliable seep proxy is debated due to diagenetic overprint, lack of defined seep
endemic fauna, and isotopic signal sourcing from regional oceanography (Stott et al., 2002;

Martin et al., 2004; Lobegeier and Sen Gupta, 2008; Burkett et al., 2015; Panieri et al., 2017).

The presence of seep-related biomarker compounds and their compound specific isotopes have
led to the identification of numerous paleo seep sites as well as the flux variations (e.g.,
Peckmann and Thiel, 2004; Pape et al., 2005; Birgel et al., 2006a; Birgel et al., 2008; Birgel and
Peckmann, 2008; Stadnitskaia et al., 2008; Peckmann et al., 2009; Haas et al., 2010; Birgel et al.,
2011; Hagemann et al., 2013; Himmler et al., 2015; Guan et al., 2018). Biomarkers of interest in
a seep setting predominantly include isoprene-based archaeal lipids derived from ANMEs,
acetate-based lipids from SRB, as well as hopanoids and steroids from bacteria other than SRB
including aerobic methanotrophs (Peckmann and Thiel, 2004; Birgel et al., 2008; Niemann and
Elvert, 2008). In methane-rich settings, methanotrophic biomarker compounds will show strong
to extreme depletion in '3C (8!°C values as low as -130%o; Elvert et al., 2000) in contrast to

values normally observed for marine lipids of about -25%e.
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To summarize, a great deal of progress has been made during the past two decades in
interpreting the biogeochemical signals from the seep impacted marine sediments. These efforts
are important steps to resolve the poorly understood temporal variability of methane venting in
the past and their implications for future climate system (Peckmann and Thiel, 2004; Campbell,
2006; Dean, 2020). This dissertation aims to contribute to this scientific effort by characterizing
the methane (and hydrocarbon) impacted sediment records from diverse geological settings to
study the long-term records of carbon cycling associated with the geosphere-biosphere coupling

at seeps.
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CHAPTER II: DISSOLVED INORGANIC CARBON PUMP IN METHANE-CHARGED
SHALLOW MARINE SEDIMENTS: STATE OF THE ART AND NEW MODEL
PERSPECTIVES
Published as Akam, Sajjad A., Richard B. Coffin, Hussain AN Abdulla, and Timothy W. Lyons.
"Dissolved Inorganic Carbon Pump in Methane-Charged Shallow Marine Sediments: State of the

Art and New Model Perspectives." (2020). DOI: https://doi.org/10.3389/fmars.2020.00206

2.1 Abstract

Methane transport from subsurface reservoirs to shallow marine sediment is characterized by
unique biogeochemical interactions significant for ocean chemistry. Sulfate-Methane Transition
Zone (SMTZ) is an important diagenetic front in the sediment column that quantitatively
consumes the diffusive methane fluxes from deep methanogenic sources toward shallow marine
sediments via sulfate-driven anaerobic oxidation of methane (AOM). Recent global compilation
from diffusion-controlled marine settings suggests methane from below and sulfate from above
fluxing into the SMTZ at an estimated rate of 3.8 Tmol yr ! and 5.3 Tmol yr'! respectively, and
wider estimate for methane flux ranges from 1—19 Tmol yr'!. AOM converts the methane
carbon to dissolved inorganic carbon (DIC) at the SMTZ. Organoclastic sulfate reduction (OSR)
and deep-DIC fluxes from methanogenic zones contribute additional DIC to the shallow
sediments. Here, we provide a quantification of 8.7 Tmol yr'! DIC entering the methane-charged
shallow sediments due to AOM, OSR, and the deep-DIC flux (range 6.4—10.2 Tmol yr™!). Of this
total DIC pool, an estimated 6.5 Tmol yr™! flows toward the water column (range: 3.2-9.2 Tmol
yr'!), and 1.7 Tmol yr! enters the authigenic carbonate phases (range: 0.6-3.6 Tmol yr'!). This

summary highlights that carbonate authigenesis in settings dominated by diffusive methane
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fluxes is a significant component of marine carbon burial, comparable to ~15% of carbonate
accumulation on continental shelves and in the abyssal ocean, respectively. Further, the DIC
outflux through the SMTZ is comparable to ~20% of global riverine DIC flux to oceans. This
DIC outflux will contribute alkalinity or CO in different proportions to the water column,
depending on the rates of authigenic carbonate precipitation and sulfide oxidation and will
significantly impact ocean chemistry and potentially atmospheric CO». Settings with substantial
carbonate precipitation and sulfide oxidation at present are contributing CO2 and thus to ocean
acidification. Our synthesis emphasizes the importance of SMTZ as not only a methane sink but
also an important diagenetic front for global DIC cycling. We further underscore the need to
incorporate a DIC pump in methane-charged shallow marine sediments to models for coastal and

geologic carbon cycling.

2.2 Introduction

Methane (CH4) is an important greenhouse gas with a significant role in the geological evolution
of Earth’s carbon cycle and ongoing climate change. Compared to carbon dioxide (CO»),
methane has ~28 times higher warming potential (Stocker et al., 2014), and marine methane
reservoirs constitute a large exchangeable carbon pool in the Earth’s shallow subsurface, which
is significant for carbon cycle dynamics (Kvenvolden, 2002). Continental margins are
characterized by methane flux sites that involve transfer in dissolved and gaseous forms via
diffusion and advection from subsurface reservoirs to the seafloor. Methane transport towards
the seafloor creates a characteristic chemosynthetic ecosystem based on benthic microbial
interactions and highly interconnected carbon cycling coupled with other elements such as

sulfur, iron, calcium, and trace metals (Suess, 2010). They are thus sites of unique geosphere-

26



biosphere coupling that plays a significant role in the chemical and biological composition of the
oceans, as well as the global carbon cycle (Judd and Hovland, 2009; Boetius and Wenzhofer,

2013; Levin et al., 2016; Suess, 2018).

Some abrupt climate change events in paleoclimate records are potentially linked to massive
dissociation of subsurface methane reservoirs into the oceans and atmosphere (e.g., Dickens et
al., 1995; Hesselbo et al., 2000; Jiang et al., 2003). On the contemporaneous Earth, marine
methane fluxes are effectively prevented from entering the atmosphere by microbial interactions
in shallow sediments and water columns (Boetius and Wenzhofer, 2013; Ruppel and Kessler,
2017). These processes convert methane carbon to inorganic and organic carbon pool (Fig. 2.1)
and prevent the direct impact of methane on the climate system (Reeburgh, 2007). However, the
fate of this methane-derived carbon pool is overlooked and could be relevant to oceanic carbon
cycling (Dickens, 2003; Coffin et al., 2014; Aleksandra and Katarzyna, 2018). Here we quantify
methane-derived carbon cycling in shallow marine sediments in settings characterized by
diffusive methane fluxes. We do this by assessing the transformation of methane carbon to
inorganic and organic carbon pools (Fig.2.1) with the goal to assess its contribution to global
oceanic carbon budgets. We emphasize settings dominated by diffusive rather than advective
methane transport because of relatively well-constrained porewater data availability for global

diffusive fluxes of methane and sulfate.

2.3 Sulfate-Methane Transition Zones and Associated Carbon Cycling
Sulfate-Methane Transition Zone (SMTZ) is an important diagenetic front where the upward flux

of methane encounters downward diffusive sulfate flux and undergoes sulfate-driven Anaerobic
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Methane Oxidation (AOM) (Reeburgh, 1976; Borowski et al., 1996; Malinverno and Pohlman,
2011). During AOM, both methane and sulfate are consumed, and hydrogen sulfide (as HS ") and
dissolved inorganic carbon (DIC) present mostly as bicarbonate (HCO3") are produced (Boetius
et al., 2000; Orphan et al., 2001). The net reaction can be expressed as:

CH4+ S042- — HCOs3~+ HS—+ H20 (1)
AOM in shallow sediment effectively consumes the methane diffusion in marine sediments
(Reeburgh, 2007; Knittel and Boetius, 2009). A recent compilation by Egger et al. (2018) from
740 sites of wide oceanographic settings suggests that 2.8—-3.8 Tmol CHs undergoes sulfate-
driven AOM annually. This range was higher than the average ~1 Tmol CHa4yr! proposed by
Wallmann et al. (2012), closer to 3-5.2 Tmol CH4 yr'! estimated by Henrichs and Reeburgh
(1987), and much lower than the estimated 19 Tmol CH4 yr! by Hinrichs and Boetius (2002).
Here we highlight that SMTZ is not only important as a methane sink but also for DIC cycling in
methane-charged shallow sediments. We do this by quantifying the sources and sinks of DIC

cycling associated with the SMTZ at diffusive flux settings (Fig.2.1).
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Figure 2.1: A simplified representation of DIC cycling at diffusion-controlled marine settings.

Figure 2.4 provides DIC flux estimates. Refer to section 3 for descriptions of flux parameters.

2.3.1 DIC Sources at SMTZ

The SMTZ often contains higher DIC concentrations that can be accounted for AOM (Fig. 2.2).
Organoclastic sulfate reduction (OSR, Eq. 2) and deep-DIC flux from methanogenic zones are

the primary sources of this excess DIC (Chatterjee et al., 2011).

2CH20 + S042- — H2S+ 2HCO3~  (2)

The SMTZ depth is largely controlled by the upward flux of methane (Borowski et al., 1996) as
well as the rate of organic matter degradation, which then controls rates of OSR and
methanogenesis (Meister et al., 2013). In diffusive settings, OSR and AOM consume the sulfate

at the SMTZ supported by organic matter buried into the SMTZ as well as DOC that is produced
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below the SMTZ and migrates upward (Berelson et al., 2005; Komada et al., 2016; Jorgensen et
al., 2019a). An estimated 11-80 Tmol yr! of SO % is reduced globally in marine sediments
(Jorgensen and Kasten, 2006; Thullner et al., 2009; Bowles et al., 2014). Egger et al., (2018)
suggested that 5.3 Tmol yr'! of this global marine SO4> reduction occurs at sites where methane

transport occurs through diffusion.

A global estimate for methane and sulfate fluxing to the SMTZ in diffusive settings yielded an
average ratio (CH4:SO4") of 1:1.4 (Egger et al., 2018). A combined effect of AOM and OSR
(Berelson et al., 2005; Kastner et al., 2008; Komada et al., 2016; Jorgensen et al., 2019b), as well
as cryptic C-S cycling within SMTZ (due to concurrent production and consumption of
methane), have been suggested to be causing this higher sulfate flux relative to methane flux

(Borowski et al., 1997; Hong et al., 2013; 2014; Beulig et al., 2019).

In addition to AOM and OSR, deep-DIC fluxing from methanogenic depths provides another
important source for DIC through the SMTZ (Dickens and Snyder, 2009; Solomon et al., 2014).
Methanogenesis in deeper sediment can produce DIC in the form of CO; which can be

summarized as Eq. 3 (Meister et al., 2019b):

2CH20 5'3€0, + 4H2 — COZ+ CHs 3)
This CO, would dissociate to HCOs and H", causing a pH decrease. This step, in turn, would
favor weathering of silicate minerals in marine sediments (Marine Silicate Weathering-MSiW),
resulting in alkalinity production and pH buffering (Aloisi et al., 2004; Wallmann et al., 2008;
Solomon et al., 2014; Kim et al., 2016; Wehrmann et al., 2016, Eq. 4).

Cation-rich silicate + CO2 — Cation-depleted silicates + HCO3~ + Cations 4)
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As a result of MSiW, methanogenic DIC enters the SMTZ as alkalinity instead of CO»
(Wallmann et al., 2008). Additional deep-DIC could enter the methanogenic zone and shallow

sediments due to fluid expulsion from greater depths (e.g., continental crust alteration [(Meister

etal., 2011)]).
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Figure 2.2: Schematic concentration (based on measured and modeled) profiles for CHy4, SO+,
and DIC, at diffusive methane flux setting. Arrows indicate flux direction. SRZ indicates the
sulfate reduction zone with dominant organoclastic sulfate reduction (OSR). The DIC
concentration at the SMTZ is the result of AOM, OSR, deep-DIC input, and authigenic carbonate
precipitation. Modified based on data from Snyder et al., (2007, Japan Sea), Malinverno and
Pohlman (2011, IODP Site U1325, Cascadia Margin), Chatterjee et al., (2011 ODP Site 1244,

Hydrate Ridge), and Wehrmann et al., (2011, IODP Site 1345, Bering Sea).

2.3.2 Fate of the DIC entering SMTZ
Fate of the DIC pool entering the SMTZ primarily involves precipitation as authigenic carbonate
minerals, autotrophic microbial consumption, and transport toward the water column. AOM,
OSR, and deep-DIC flux will increase the DIC concentration and carbonate alkalinity of pore
fluids at SMTZ (Chatterjee et al., 2011; Yoshinaga et al., 2014). Higher carbonate alkalinity, in
turn, will stimulate authigenic carbonate precipitation at SMTZ (Aloisi et al., 2002; Orphan et
al., 2004; Naehr et al., 2007; Feng et al., 2010a; Crémicre et al., 2012; Prouty et al., 2016) via the
following reaction (Baker and Burns, 1985):

2HCO3~ + Ca2+*— CaCOs+ CO2+ H:20 (5)
A small portion of total DIC from SMTZ will be assimilated into biomass by autotrophic
microbes and eventually become part of sedimentary organic carbon (SOC) (Sivan et al., 2007,
Ussler IIT and Paull, 2008). The remaining DIC enters overlying sediment and eventually the

water column if it is not involved in diagenesis on the way.
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2.4. Calculations
The flux of DIC to the water column from methane charged sediments F (pic-out), can be
represented by Egs. (6) and (7), respectively.
Totalpicy = Fpic—aom) + Foic—osr) + Fpic—deepy ~ (6)

Fpic—ouny = (Fic—aom) + Fooic—osr) + Fooic—deep)) — (Fearb) + Fsocy) (7)

As discussed below, Totalpic) represents the ratio of DIC from AOM, OSR, and deep flux to
methane entering the SMTZ. F(pic-aom), Fpic-osr), and Fpic-deep) represent the DIC input to
Totalpic) via AOM, OSR, and deep flux, respectively. Fpic-osr) considers the depth-integrated
DIC pool via OSR, which includes the SMTZ and sulfate reduction zone (SRZ) above. F(carm),
Fsoc), and Fpic-ou represent the DIC output from Total(pic) via authigenic carbonate
precipitation, microbial uptake to SOC, and DIC outflux toward the water column, respectively
(Fig. 2.1). Net DIC fluxes from the sediment in methane-charged shallow sediments depend on
the rates of these parameters.

We would also like to mention that DIC cycling in shallow marine sediments, in general, can be
influenced by processes not directly related to methane cycling like carbonate dissolution,
organic matter degradation using electron acceptors other than sulfate, as well as submarine
groundwater discharge (e.g. Berelson et al., 2007; Higgins et al., 2009; Moore, 2010; Hu and
Cai, 2011; Aleksandra and Katarzyna, 2018). However, we focus our attention on diffusive
methane charged settings and hence to the parameters in Egs. (6) and (7) for our DIC

calculations, with an emphasis on their importance in marine DIC budgets.
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2.4.1 Estimations of Parameter Values

Foic-aom) and Fpic-osr): Modeling studies have shown that the methane flux at fluid advection
rates of up to 60 cm year ' is almost completely consumed within shallow sediments (Luff and
Wallmann, 2003; Luff et al., 2004), primarily via AOM. Hence, AOM efficiency would be lower
in advective settings and higher in diffusive settings. As we focus on diffusive settings in this
study, a 100% AOM efficiency is used for our budget calculation. Thus, for a 1:1.4 ratio of
CH4:S04* fluxing toward the SMTZ as a global average in diffusive settings (Egger et al.,2018),
AOM accounts for 1 mol (70%) and OSR accounts for 0.4 mol (30%) of total SO+

consumption.

Fic-deep): Deep-DIC flux to the SMTZ is prevalent in diffusive methane flux settings (e.g.,
Aloisi et al., 2004; Wallmann et al., 2008; Dickens and Snyder, 2009; Chatterjee et al., 2011;
Scholz et al., 2013; Solomon et al., 2014). However, the global trend of this deep-DIC flux is not
well established. If methane from deep below is biogenic, Fpic-deep) should be 100% of the CH4
flux. As a result of MSiW, methanogenic DIC contributes as alkalinity, and silicate-bond cations
are released (Wallmann et al., 2008; Solomon et al., 2014; Pierre et al., 2016), resulting in deep-
DIC sequestration via carbonate precipitation within methanogenic zones (Torres et al., 2020).
Additional deep-DIC sinks coupled to Fe/Mn reduction in the methanogenic zones was proposed
by Solomon et al (2014) and available literature reports also show a lower deep-DIC flux rate
(Dickens and Snyder, 2009; Chatterjee et al., 2011; Wehrmann et al., 2011; Komada et al., 2016;
Hu et al., 2017a; Zhang et al., 2019). Hence, we assume a conservative estimate of 50% of CH4

flux to our budget as the average Fpic-deep).
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Fearb: Reported average DIC uptake by authigenic carbonates from the total DIC pool at the
SMTZ varies from 7-36% (Luff and Wallmann, 2003; Snyder et al., 2007; Wallmann et al.,
2008; Hong et al., 2013; Coffin et al., 2014; Komada et al., 2016; Chuang et al., 2019; Zhang et
al., 2019), with upper estimates ranging up to 50% (Smith and Coffin, 2014). However, it is
important to note that authigenic carbonates may not precipitate at all methane flux settings.
Events of high-intensity fluxes (Karaca et al., 2010; Coffin et al., 2014), fluid flux with low
dissolved methane concentrations, settings with intense bioturbation or high sedimentation rates
(Luff et al., 2004; Bayon et al., 2007) can inhibit carbonate precipitation. Furthermore,
dissolution of authigenic carbonates can occur under multiple conditions, including when aerobic
methanotrophy produces CO-, when sulfide oxidation produces acid, which is corrosive,
(Matsumoto, 1990; Himmler et al., 2011); CO; produced from methanogenesis (Meister et al.,
2011); and due to CO; produced in thermogenic gas seeps (Kinnaman et al., 2010)—among other
drivers of dissolution. Rates of authigenic carbonate dissolution at diffusive methane flux sites
are not well known. In our calculations, we assume a conservative estimate of 20% for Fcar, as
an average, considering the still-limited global perspective. This value is comparable to the
recent estimates of Zhang et al. (2019, 20%) and Komada et al. (2016, 25%), who treated all

three parameters in Eq. 6 as Totalpic).

Fsoc: In exceptional cases, up to 85% incorporation of AOM induced DIC has been reported for
the SOC pool (Coffin et al., 2015). However, in general, the production of new microbial
biomass in anoxic sediments based on AOM is negligible due to low growth yield and accounts
for only 1-3% of the methane consumption (Nauhaus et al., 2007; Treude et al., 2007). Hence the

bulk SOC pool often does not represent the new biomass and the dissolved organic carbon
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(DOC) produced via AOM (Ussler III and Paull, 2008; Coffin et al., 2014). Modeling studies
have shown that AOM is the dominant process at SOC values <5% (Sivan et al., 2007). Hence,
we use an Fsoc= 5% as an average estimate for DIC conversion to organic carbon at the SMTZ

in our calculation.

Foic-outy: With a portion of Totalpic) going to authigenic carbonate and SOC, the remaining DIC
from Totalpic) (averaging 75% based on a Fcan = 20 and Fsoc = 5%) enters the overlying
sediment and eventually the water column if it is not involved in diagenesis on the way. This

DIC flux can, in turn, significantly impact ocean chemistry.

It is also important to mention that methane fluxes are highly variable in time, resulting in
upward and downward movement of the SMTZ (e.g., Malone et al., 2002; Meister et al., 2007;
Contreras et al., 2013; Meister, 2015; Meister et al., 2019a). Such dynamic conditions could lead
to strong variations in the parameters discussed above and the net DIC sinks and sources. Hence,
we consider an extended range of these parameters in Table 1 to address the flux variability. This

approach also considers the still-limited global perspective of these parameters.

36



Table 2.1: Parameters controlling the DIC fluxes at SMTZ, with their average and extended

range considered in carbon flux calculation.

Parameter

Average
Rate

Variable
Range

Examples

AOM:OSR

70:30

100:0 -

(Kastner et al., 2008; Burdige and Komada,

(for consumption 30:70
of total sulfate
entering SMTZ)

2011; Boetius and Wenzhofer, 2013; Meister et
al., 2013; Hu et al., 2015; Komada et al., 2016;
Wu et al., 2016; Hu et al., 2017a; Wurgaft et al.,
2019; Zhang et al., 2019)

Fic-deep) 50% 20-75% (Luff and Wallmann, 2003; Snyder et al., 2007;
Wallmann et al., 2008; Hong et al., 2013;
Coffin et al., 2014; Komada et al., 2016; Hu et
al., 2017a; Chuang et al., 2019; Zhang et al.,

2019)

Fearb 20% 10-35% (Luff and Wallmann, 2003; Wallmann et al.,
2006; Snyder et al., 2007; Karaca et al., 2010;
Hong et al., 2013; Coffin et al., 2014; Komada
et al., 2016; Hu et al., 2017a; Chuang et al.,

2019; Zhang et al., 2019)

Fsom 5% 1-10% (Nauhaus et al., 2007; Sivan et al., 2007;
Treude et al., 2007; Ussler III and Paull, 2008;
Contreras et al., 2013; Coffin et al., 2014;

Jorgensen et al., 2019a)

F(pic-out) 75% 50-90% (Aloisi et al., 2004; Wallmann et al., 2008;
Dickens and Snyder, 2009; Chatterjee et al.,
2011; Wehrmann et al., 2011; Scholz et al.,

2013; Solomon et al., 2014; Zhang et al., 2019).

2.4.2 DIC production via AOM and OSR

We assume global average DIC production at SMTZ as suggested by Egger et al. (2018) along
with their average CH4:SO4?> fluxes to SMTZ of 1:1.4. This approach assumes quantitative
methane consumption at SMTZ. AOM produces 1 mole of DIC for every mole of SO4*
consumed. OSR, on the other hand, would produce 2 moles of DIC for every mole of SO4>
consumed (Eqgs.1 and 2). For a global average CH4:SO/* flux to the SMTZ of 1:1.4, 1.8 moles of

DIC will be produced by sulfate reduction via AOM and OSR—that is, of the total 1.4 moles of
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SO4* entering SMTZ, 1 mole DIC will be produced by 1 mole SO4* reduction via AOM, and the
remaining 0.4 moles of SO+ yields 0.8 moles DIC via OSR. Thus, the SO4*: DIC ratio from a

CHa: SO4* flux ratio of 1:1.4 at the SMTZ will be 1.4:1.8 or 1:1.3 (Fig. 2.3).

25
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Figure 2.3: Plots for SO4": DIC ratio for AOM and OSR. Black slopes indicate AOM (1:1) and

OSR (1:2). The blue slope indicates SO+ DIC plot calculated from 740 diffusion-controlled

marine methane flux sites globally by Egger et al (2018), with SO4 flux data from 509 sites. CHy

concentrations were adjusted using a 1:1.4 flux ratio for CHy: SO4 and the combined effect of

AOM and OSR results in a SO : DIC ratio ~ 1:1.3

38



2.4.3 Total DIC through the SMTZ
Considering an average F(pic-deep) 0of 50% of the CH4 flux, Total(pic) through the SMTZ for a
CH4: SO4> flux ratio of 1:1.4 can be given as:
Total picy = Fpic—aom) + Fpic—osr) + F(pic—deep)
=1+0.8+0.5

= 2.3 moles.

Of this Totalpic), an estimated DIC outflow towards the water column can be calculated using an
average estimate of Fcap = 20, and Fsoc =5 as:
Fic-outy= Totalic) — (FearvtFsoc)
=2.3-(.20*2.3 +.05*2.3)

=1.73 moles.

Thus, on average, for every mole of CH4 entering the SMTZ in diffusive setting, ~0.5 moles of
DIC precipitates as authigenic carbonate and ~1.7 moles of DIC flow upward from the SMTZ

toward the seafloor and water column.

244 Global Estimate

A global estimate of DIC cycling in diffusive methane-charged shallow sediments is derived
using the recent compilation of global diffusive methane and sulfate fluxes into the SMTZ in

marine settings from 740 sites by Egger et al. (2018, Tables 2-4).
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Table 2.2: Global estimate of diffusive CHsand SO4 flux based on 1:1.4 ratio, and average

SMTZ depth compiled from 740 sites (Egger et al., 2018)

SO 7 flux Average
Region (water depth (T1:101 yr CHasflux |SMTZ
(m)) (Tmol yr)depth

Y (mbsf)
Inner shelf (0-10) 1.6 1.2 0.5
Inner shelf (10-50) 1.7 1.2 2
Outer shelf (50-200) 1 0.7 4
Slope (200-2000) 0.8 0.5 12.8
Rise (2000-3500) 0.07 0.05 143.4
>3500 0.1 0.07 168.9
TOTAL 5.3 3.8

Table 2.3: Average values for parameters in Table 2, for a global CH4 flux of 3.8 Tmol yr-1 and
SO42- flux of 5.3 Tmol yr-1. AOM and OSR consumes 70% and 30% of SO42- entering the
SMTZ respectively, F(DIC-deep)= 50% of CH4 flux, Fcarb = 20%, FSOC = 5% and F(DIC-

out)= 75% of the Total(DIC). All flux values are in Tmol yr-1

From Egger
etal., (2018) Calculated
DIC
Region (water 5042- CH; | DIC Via 3:: Dlsef;;m sequestered sequzls(t:ere d DIC
q H H#
depth (m)) flux | flux | AOM osR® | sediments® via via SOC™ Out
Carbonates""
Inner shelf (0-10) 1.6 1.2 1.2 0.8 0.60 0.52 0.13 1.95
Inner shelf (0-50) 1.7 1.2 1.2 1 0.60 0.56 0.14 2.10
Outer shelf (50-200) 1 0.7 0.7 0.6 0.35 0.33 0.08 1.24
Slope (200-2000) 0.8 0.5 0.5 0.6 0.25 0.27 0.07 1.01
Rise (2000-3500) 0.07 0.05 0.05 0.04 0.03 0.02 0.01 0.09
>3500 0.1 0.07 0.07 0.06 0.04 0.03 0.01 0.12
TOTAL 5.3 3.8 3.8 3.0 1.9 1.7 0.4 6.5

DIC via AOM = CHaflux (quantitative methane consumption)
*DIC via OSR = 2 * (SO4f2lux - CHa flux)

*DIC from deep sediments = 0.5*CHa flux

"DIC sequestered via Carbonates (Fcar) = Totalpic*0.2

“*DIC sequestered via SOC (Fsoc) = Totalpic)*0.05

# DIC Outflux (Foic-out) = Totalpic)*0.75
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Table 2.4: Range of DIC flux values (in in Tmol yr-1) based on variable ranges of DIC flux

parameters in Table 2.1

From Egger et al.,

(2018) Calculated
Region (water DIC
S0,2 DIC from DIC
M . .
depth (m)) flux | CHaflux DICVia | DICvia deep seque:e.tered sequestered| DIC Out
AOM OSR . via .
sediments via SOC
Carbonates

Inner shelf (0-10) 16 |0.5—1.6/0.5—1.6| 0—2.24 |0.1—1.2
Inner shelf (10-50) | 1.7 |0.5—1.7/0.5—1.7 | 0—2.38 |0.1—1.3

0.19—1.0|0.02—0.3 | 1.0—2.8
0.2—1.2 {0.02—0.3| 1.0—3.0

Outer shelf (50-200) 0.06—
1 0.3—1| 0.3—1 0—1.4 0.8 0.12—0.7 | 0.01—0.2 | 0.6—1.7
Slope (200-2000) 0.05—
0.8 |0.2—0.8/0.2—0.8 | 0—1.12 0.6 0.1—0.5 | 0.01—0.2| 0.5—1.4
Rise (2000-3500) 0.02— | 0.02— 0.004— 0.001—
0.07 0.07 0.07 0—0.098 0.1 0.01—0.05{ 0.01 0.04—0.12
>3500 0.03— 0.01— 0.001—

0.1 0.1 [0.03—0.1] 0—0.14 0.1 0.01—0.07| 0.02 0.06—0.2

TOTAL

53 |1.6—5.3/1.6—5.3| 0—7.4 |0.3—4.0 06—3.6 | 0.1—1 | 3.2—9.2

2.5. Synthesis
We highlight the major DIC fluxes through the SMTZ in methane-charged shallow marine
sediments under diffusion-controlled settings with the following estimated values (Fig. 2.4):

a. 8.7 Tmol yr'! DIC input (Totalipic)) due to AOM, OSR, and deep-DIC flux (range: 6.4-10.2
Tmol yr'!) enters the shallow sediments.

b. 6.5 Tmol yr'! DIC outflux F(pic-out toward the seafloor and water column (range 3.2-9.2 Tmol
yr).

c. 1.7 Tmol yr'! DIC sink via authigenic carbonate precipitation (Fearb) (range: 0.6-3.6 Tmolyr™)

d. 0.4 Tmol yr'! DIC enters the sedimentary organic carbon pool due to microbial uptake (Fsoc)

(range 0.1-1Tmol yr).
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Figure 2.4: Sources and sinks of DIC through the SMTZ in methane-charged shallow sediments.
The numbers in bold indicate flux values in Tmol yr!. Numbers in the parentheses indicate the
flux values with an extended range of parameters considered in Table 2.1. Size of the arrows

indicates relative DIC flux contribution.

We would like to point out that our model curve is determined from current turnover rates and
methane fluxes would vary strongly over time. While data necessary to constrain the temporal
variability of fluxes is not available, we acknowledge this limitation. Consideration of an
extended range for all the parameters we used in our DIC budget aims to address this dynamic
nature of methane fluxes. Furthermore, it is also important to note that present estimates on
global marine methane fluxes are heavily dependent on data from continental margins. Methane
venting in the deep sea remains to a great part unexplored (e.g., Boetius and Wenzhéfer, 2013).

The uncertainty on global marine methane flux estimates is expected to narrow down in the
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coming decade with rapidly improving mapping efforts and long-term flux monitoring programs.
We also emphasize that we based our DIC flux estimates on the pore fluid data compiled by
Egger et al (2018), due to an extensive geochemical database it considers (740 global sites from
a wide range of oceanographic settings). Calculations based on the other estimates, ~1.2 Tmol
CH4 yr'! by Wallmann et al. (2012) and 19 Tmol CH4 yr'! by Hinrichs and Boetius (2002) would

provide much wider flux range (Supp. Table 3).

2.5.1 Importance of Methane Derived Authigenic Carbonate Precipitation

Methane-derived authigenic carbonate precipitation in diffusive settings averaging 1.7 Tmol yr~!
(range: 0.6-3.6 Tmol yr!) is close to the 1 Tmol yr! estimated by Sun and Turchyn (2014) and
1.5 Tmol yr'! suggested by Wallmann et al. (2008, for a methane flux estimate of 5 Tmol yr!).
Our estimated average corresponds to 11-15% of 11-15 Tmol yr™! carbonate accumulation

estimated for continental shelf sediments and 15% of ~11 Tmol yr! in pelagic oceans (Milliman,
1993; Archer, 1996; Milliman and Droxler, 1996; Iglesias-Rodriguez et al., 2002; Schneider et

al., 2006; Wallmann and Aloisi, 2012).

However, this estimate is an order of magnitude higher than the recently suggested estimate of
0.14 Tmol yr!' by Bradbury and Turchyn (2019). Multiple factors could be responsible for this
mismatch. Previous estimates for global carbonate authigenesis were based primarily on the
Ca?" flux into sediments from the overlying water column and do not account for Ca*" fluxes
toward shallow sediment from deep methanogenic zones due to MSiW (Longman et al., 2019).
Further, a higher authigenic carbonate sink is expected when Mg?" fluxes into shallow marine

sediments are also considered along with the Ca** fluxes (Berg, 2018; Berg et al., 2019).
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Moreover, the CHs and SO+ flux data used in this study from the compilation by Egger et al.
(2018) covers a higher number of diffusive methane flux locations from IODP and non-IODP
expeditions than those used by Sun and Turchyn (2014) and Bradbury and Turchyn (2019),
which were based solely on the ODP/IODP database. Estimates of global methane flux-related
processes based exclusively on the ODP/IODP dataset have important limitations. So far, only a
handful of ODP/IODP expeditions (e.g., 146, 164, 204, X311, and X341S) were dedicated to
methane/gas hydrate research. Further, to the best of our knowledge, ~33 drill sites have shown
SMTZ depths below 10 mbsf. The data compilation used here from Egger et al. (2018) includes
data from 323 non-IODP sediment cores (coring sites) globally with ~290 sites with an SMTZ
depth of <10 mbsf, and the remaining sites have an SMTZ depth of <20 mbsf. Many of the past
ODP/IODP sites do not have pore fluid measurements from the top 1 mbsf whereas the data from
non-IODP sediment cores focused on diffusive methane flux sites shows ~100 global sites with
an SMTZ less than 1 mbsf. Thus, the drilling-based dataset grossly underestimates DIC entering
the SMTZs in coastal settings, which in turn constitutes ~65% of global diffusive methane flux.
Hence, the combination of IODP and non-IODP sediment core data used here, based on Egger et
al (2018), can provide better constraints to the global DIC cycling at diffusive methane flux

settings.

Recently, it was postulated that carbonate cap rocks sealing the majority of hydrocarbon systems
could be formed via AOM (Caesar et al., 2019). Further, carbonate authigenesis is suggested to
be more dominant in slope settings, especially during the periods of widespread anoxia in
geologic history, because of the prevalent anaerobic respiration in comparison to margins

(Higgins et al., 2009; Schrag et al., 2013a). These studies suggest large unexplored authigenic
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carbonate deposits that account for thousands of Gt C sequestration over millions of years.
Authigenic carbonates formed below SMTZ in methanogenic zones (Ca[Fe,Mg,Mn,Ba]CO3)
with distinctly enriched 8'*C (>5%o) are well known (Rodriguez et al., 2000; Meister et al.,2011;
Solomon et al., 2014; Teichert et al., 2014; Pierre et al., 2016; Phillips et al., 2018; Torres et al.,
2020). If we assume 20-50% of the DIC from methanogenic zones is sequestered as authigenic
carbonate below the SMTZ, net methane-induced authigenic carbonate precipitation at the
SMTZ and in the methanogenic depths below would be 2.5-3.6 Tmol yr™!, for a global 3.8 Tmol
yr'! of methane production suggested by Egger et al (2018). This range is consistent, at the lower
end, with the estimate of 3.3-13.3 Tmol yr' by Wallmann et al. (2008) and the higher end of 1-4
Tmol yr! suggested by Torres et al., (2020). These estimates amount to a significant carbon sink

that must be accounted for in global carbonate accumulation budgets.

2.5.2 Importance of DIC Outflux to the Water Column: Implication to C-S-Fe dynamics

In present-day settings, 6.5 Tmol yr! (range 3.2-9.2 Tmol yr'!) of DIC flux toward the seafloor
and water column from the SMTZ. In comparison, this amount is ~20% (range: 10-28%) of the
~33 Tmol yr'! of global riverine DIC fluxing to the oceans (Meybeck, 1993; Amiotte Suchet et
al., 2003; Aufdenkampe et al., 2011; Li et al., 2017a). Most of our estimated DIC outflux (98%)
occurs in continental margin sediments with shallow SMTZ depths of ~13 mbsf (Table 2).
Hence, this DIC flux can enter the water column, if it is not involved in diagenesis on the way,
and impact ocean chemistry. As oceans continue to absorb rapidly rising atmospheric CO2, the
water column is prone to pH reduction with significant changes to ocean chemistry, associated
biogeochemical cycling, and marine ecology (Doney et al., 2009). A pH reduction on the scale of

0.3-0.4 units has been predicted for the end of the 21 century (Feely et al., 2009). Further, under
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advective conditions, methane can enter the water column and undergo aerobic methane
oxidation, which consumes bottom water oxygen and contributes to acidification through the

production of CO2 (Biastoch et al., 2011; Boetius and Wenzhdofer, 2013; Boudreau et al., 2015).

Alkalinity contribution from the sediments to the water column has important implications for
ongoing climate change as they can reduce the ocean acidification effect and even enhance the
CO2 absorption capacity of surface water (Chen and Wang, 1999; Chen, 2002; Thomas et al.,
2008; Hu and Cai, 2011; Krumins et al., 2013; Brenner et al., 2016). Hence, evaluating the
contribution of DIC outflux to the water column in terms of Total Alkalinity (TA) to DIC ratio is
of great importance. Most (86%) of the DIC outflux at diffusive methane flux settings is
occurring within SMTZ depths of <4 mbsf and bathymetry below 200 m (Tables 2-4). Minimum
TA/DIC ratios in the water column 20 m above the seabed under oxygen-limited conditions on
continental shelves (100-250m bathymetry) is generally <1 (Fig. 2.5). This relationship implies
that if the DIC outflux has a TA/DIC ratio of >1, it is contributed as alkalinity to the water

column.
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Figure 2.5. Global trend of TA/DIC ratio above the seafloor for oxygen-limited coastal setting.
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A) Global distribution of TA/DIC at 100-250m bathymetry within 20m above the seabed. B)
Global distribution of TA/DIC at different oxygen concentrations. It can be noticed that the
minimum TA/DIC ratio is about 1, under oxygen-limited condition in the shallow bathymetry

settings. Data Resource: GLODAPv2 (Key et al., 2015, Lauvset et al., 2016, Olsen et al., 2016)

TA/DIC for the net DIC entering the SMTZ and above in diffusive settings—considering inputs

from AOM (TA/DIC ratio=2), OSR (TA/DIC ratio=1), the deep-DIC flux (TA/DIC ratio=1), and

the average rates of DIC input parameters in Table 2.1—will produce a value ~1.4

TA/DIC(tota—pic) = 2 * (Yic—aom)) + 1 * (Ymic—osr)) + 1 * (Y (pic—deep)) (8)
=[(2*.44) + (1*.34) + (1*.22)]

=1.44

However, the TA/DIC flux ratio from this pool would be determined by the authigenic carbonate
precipitation and the balance between sulfide burial and oxidation. As discussed below, sulfide
burial relates to the extent of sulfide oxidation and related acid production. Otherwise, assuming
the stoichiometry from Wallmann et al. (2008) (H2S + 2/5Fe2O3 — 2/5FeS>+ 1/5 FeS + 1/5
FeO+ H20), formation of sulfide minerals at the SMTZ would have no net impact on the
TA/DIC ratio of DIC outflux. Carbonate precipitation would consume bicarbonate and reduce
the total alkalinity by a factor of two. Thus, while methane derived authigenic carbonate
precipitation sequesters a portion of total DIC entering the SMTZ, it will also contribute CO> to
the water column from shallow sediments by reducing the alkalinity of the DIC outflux. Net
TA/DIC of DIC outflux for our average DIC budget (Fig. 2.4) under hypothetical complete

sulfide burial can be given by:
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TA/DICpic—oury = 2 * (Yoic—aom) + 1 * (Yoic—osr)) + 1 * (%ic—deep)) — 2 * Fearp
)

=[(2*.44) + (1*.34) + (1*.22)] — (2*.22)

=1.04
This relationship suggests that even with a hypothetical complete sulfide burial, Fcars >20% can
cause DIC outflux to contribute CO2 to the water column. Maximum and Minimum TA/DIC
estimates for DIC outflux based on varying parameter ranges used in this model are provided in

supplementary table 2.2.

Alkalinity flux would be different when sulfide oxidation occurs. AOM and OSR produce ~5.3
Tmol yr'! sulfide at SMTZ (equivalent to total SO+ consumption). Complete or at least
significant sulfide burial (e.g., Hensen et al., 2003; Dickens, 2011) could result in a substantial
alkalinity contribution from sediments. Oxidation of this entire sulfide pool can, in contrast,
produce acid and effectively neutralize the alkalinity flux. It has been suggested that globally 5 to
20% of the sulfide produced in sediments is buried as iron minerals (e.g., FeS, FeS») or with
organic matter and the remaining is reoxidized to sulfate (Berner, 1982; Jorgensen, 1982;

Jorgensen and Nelson, 2004; Zopfi et al., 2004; Wasmund et al., 2017).

Since marine methane flux settings have diagenetic systems different than sites without methane
fluxes (e.g., Formolo and Lyons, 2013), the sulfide burial rate at diffusive methane flux settings
could differ from the global average (Dickens, 2011). For example, nearly quantitative
precipitation of all reduced sulfur by AOM was reported for an iron-rich, non-steady-state setting

(Hensen et al., 2003) and more recently, two thirds of sulfide produced via AOM and OSR at the
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SMTZ was inferred to undergo burial (Wurgaft et al., 2019). Availability of reactive iron (for
sulfide burial) as well as the ratio of burial versus oxidation of the sulfide produced at the SMTZ
is thus an important parameter in determining the impact of methane induced carbon cycling at
diffusive methane flux settings. In general, a combination of higher sulfide burial with lower
carbonate precipitation rates can result in a DIC outflux that contributes alkalinity from
sediments, and the opposite can result in DIC contribution as CO>. We assume the latter to be
dominant in the present-day setting—that is, inefficient sulfide burial and high carbonate
precipitation—which implies that out fluxing DIC would be a contributor to ongoing ocean
acidification. We also emphasize the importance of integrated C-S-Fe approach to understand
how these subsurface processes affect water column chemistry. Future studies should quantify
the rates of sulfide oxidation and carbonate authigenesis in diverse and globally distributed

settings characterized by subsurface methane fluxes to improve on these first-order estimates.

2.6 Conclusion

We estimated DIC cycling in methane charged shallow sediments with global values for
diffusive methane and sulfate fluxes into the SMTZ. Our synthesis highlights major diffusive
methane-powered carbon fluxes with 8.7 Tmol yr! DIC (range 6.4-10.2 Tmol yr'!) entering the
shallow sediments due to AOM, OSR, and the deep-DIC flux. An estimated 6.5 Tmol yr™! (range
3.2-9.2 Tmol yr!) of this DIC pool flows toward the water column. This DIC outflux will
contribute alkalinity or CO2 in different proportions to the water column, depending on the rates
of authigenic carbonate precipitation and sulfide oxidation. At present, settings with pervasive
authigenic carbonate precipitation and sulfide oxidation are contributing COz and thus to ocean

acidification. Our estimates also suggest that globally distributed precipitation of authigenic
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carbonate minerals at SMTZ characterized by diffusive methane transport sequesters an average
of 1.7 Tmol yr'! (range: 0.6-3.6 Tmol yr'!). This estimate is equivalent to ~15% of carbonate
accumulation in neritic and in pelagic sediments, respectively. Our study also suggests the need
for detailed pore fluid chemical analysis in future expeditions at diffusive settings, which would
include quantification of Fpic-deep), Fearb, and sulfide oxidation rates. Overall, we emphasize that
settings characterized by diffusive methane fluxes may play an even larger role in oceanic carbon
cycling via conversion of methane carbon to inorganic carbon, which contributes significantly to
oceanic DIC pool and carbonate accumulation. These pathways must be included in coastal and

geologic carbon models.

2.7 Supplementary Documents
A spreadsheet file with supplementary data can be obtained at

https://drive.google.com/file/d/1 Hxtcn-URe YNHS5dtSIHOLSwEhexj190n-/view?usp=sharing.

50



CHAPTER 3: CARBON-SULFUR COUPLING AND TEMPORAL PATTERNS FOR
CHAPOPOTE ASPHALT SEEPS IN THE SOUTHERN GULF OF MEXICO BASED ON

CARBONATE GEOCHEMISTRY

For submission to Chemical Geology as Akam, S.A., Coffin, R.B., Bates, S.B., Lyons, T.W., D
McGee, Reese, B.K., and C Clarkson; Carbon-Sulfur coupling and temporal patterns for

Chapopote asphalt seeps in the southern Gulf of Mexico based on carbonate geochemistry

3.1 Abstract

Offshore hydrocarbon accumulations in the Gulf of Mexico (GoM) are often accompanied by
natural seepage of oil and gas from subsurface reservoirs to shallow sediment and water column.
This study investigated the carbon-sulfur (C-S) coupling associated with authigenic carbonates
recovered from a crude oil seepage site in southern GoM (Chapopote asphalt volcano, Bay of
Campeche) using stable C, O, and S isotopes and compared the results with multiple seep sites in
the northern GoM where methane seepage is dominant (along with non-methane hydrocarbons).
813C and 8'*0 from authigenic carbonates at Chapopote indicated a mixed contribution of
methane and non-methane hydrocarbon to the dissolved inorganic carbon (DIC) pool for
carbonate precipitation, consistent with previous results. A comparison of & *Cearbonate V8. 8>*Spyrite
from the carbonate samples showed noticeable differences at the Chapopote seep site (average
813 Carbonate -25%0 VDPB, §3*Spyrite -28%0 VCDT) relative to the methane seep-dominated samples
from the northern GoM (average 8'>Ccarbonate < -40%0 VDPB, §**Scrs >0%0 VCDT). Our results
point towards distinguishable variation in sulfate reduction coupled with oxidation of methane
and non-methane hydrocarbon (crude oil), which produces the DIC pool. These results provide

an important proxy for these distinctions in sedimentary records. U-Th age dating of Chapopote
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seep carbonate samples yielded ages of 13.5 ka — 4.5 ka before present (BP), suggesting that
Chapopote Asphalt seepage has been ongoing for thousands of years. The results are also
consistent with previous studies from the northern GoM, supportive to the case that seeps along

GoM slopes were very active during the last deglaciation.

3.2 Introduction

The tectonic and depositional conditions in the Gulf of Mexico (GoM) provide an ideal setting
for the formation of oil and gas as well as its upward migration from subsurface reservoirs to the
seafloor and water column (Sassen et al., 1998). Natural hydrocarbon seeps are suggested to
account for ~47% of all crude oil entering the marine environment (Kvenvolden and Cooper,
2003), with an estimated 160 to 690 thousand barrels of oil entering the Gulf of Mexico annually
(Kvenvolden and Harbaugh, 1983; Mitchell et al., 1999; National Research Council, 2003;
MacDonald et al., 2015). These seepage sites have a significant impact on geology and biology
of the seabed facilitated through complex microbially mediated biogeochemical processes (Judd

and Hovland, 2009; Hovland et al., 2012; Coffin et al., 2015).

GoM seeps are characterized by large quantities of precipitates of authigenic minerals formed by
chemosymbiotic microbial communities; resulting from biogeochemical turnover and the
interaction between downward-diffusing seawater and upward advection of hydrocarbon-rich
pore fluids (Roberts and Aharon, 1994; Sassen et al., 2004; Roberts and Feng, 2013; Suess,
2018). Furthermore, chemosymbiotic benthic fauna are supported by the microbially driven
anaerobic oxidation of methane (AOM), which involves a microbial consortium of anaerobic

methanotrophic archaea (ANME) and sulfate-reducing bacteria (SRB) that anaerobically
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oxidizes methane while reducing sulfate at the sulfate-methane transition zone (SMTZ) with the

following net reaction (Boetius et al., 2000):

CH +SO%* — HCO +HS +HO. (1)
4 4 3 2

Authigenic carbonates are a common diagenetic mineral formed at methane (and other
hydrocarbon) seepage sites (Aloisi et al., 2002). They are formed primarily through bicarbonate
production via AOM, which results in supersaturation of carbonate ions in porewater at the

SMTZ and induces carbonate precipitation (Baker and Burns, 1985):

2HCO;™ + Ca** — CaCO3 + CO2 + H20. (2)

Carbonate authigenesis at seep sites is a substantial carbon sequestration process and provides an
excellent geologic recorder of carbon-sulfur (C-S) coupling at such sites. At present-day settings,
for example, authigenic carbonate precipitation is considered to be a significant component of
oceanic carbon sink (Wallmann et al., 2008; Torres et al., 2020), accounting for 10-15%
carbonate accumulation in pelagic and neritic sediments, respectively (Sun and Turchyn, 2014;
Akam et al., 2020). Studies of organic biomarkers in sediments from the GoM (Pancost et al.,
2005) revealed disparities between measured rates of sulfate reduction versus methane oxidation
that suggest other carbon sources in addition to methane (Joye et al., 2004; Bowles et al., 2011).
Further, carbon isotope data from authigenic carbonates (Formolo et al., 2004) also suggest that
AOM may not be the only process responsible for an increase in carbonate alkalinity at many
seep sites. Rather, it seems likely that the oxidation of non-methane hydrocarbons coupled with
sulfate reduction (AONM) (e.g., hexadecane, Eq. 3, propane, Eq. 4, Widdel and Rabus, 2001;

Kniemeyer et al., 2007) provides a significant source of metabolic energy and bicarbonate
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production at these locations (Formolo et al., 2004; Naehr et al., 2009; Mansour and Sassen,

2011; Smrzka et al., 2019; Sun et al., 2020).

Ci6H34+12.25804 — 16HCO3 +12.25HS +3.75H"+H,0. (3)

4C3Hg+ 5S04 — 6HCO:; + 5HS™ +4 HO+H". 4)
Even though seeps dominated by heavy hydrocarbons (like crude oil) are less commonly than
seeps dominated by light hydrocarbons (like methane), their occurrences are well documented
globally (e.g., Hornafius et al., 1999; Noble et al., 2009; Valentine et al., 2010; Jones et al., 2014;
Korber et al., 2014; Jiang et al., 2018) and are suggested to have an important effect on microbial
diversity and associated biogeochemical cycling (Joye et al., 2004; Orcutt et al., 2010). Oil seeps
are likely to persist over geologic time (Wilson et al., 1974). Characterizing and comparing the
impacts of crude oil and methane seeps in present-day settings will enable better identification of
these processes in the sediment record and their biogeochemical implications over geologic time
(Peckmann and Thiel, 2004; Campbell, 2006; Bristow and Grotzinger, 2013). Furthermore, the
hydrocarbon seeps are highly variable in response to changes in oceanographic and tectonic
conditions (e.g., Aharon et al., 1997; Bayon et al., 2009; Berndt et al., 2014), and our current
understanding of their temporal variations is weak. Such uncertainty also leaves a critical gap in

our ability to assess the potential response of these seep systems during future climate change.

In this study, we examined authigenic carbonates using sulfur isotopes (5**S) of pyrite and the
Carbonate-Associated Sulfate (CAS) to unravel the details of sulfate reduction coupled with
AOM and AONM and their relationships with the DIC pool. We focused our attention on the
authigenic carbonates recovered from asphalt seep sites in Chapopote Knolls of Campeche Bay,

which were suggested to be dominantly derived from crude oil oxidation. The study site is
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characterized by extensive and repetitive asphalt flows, oil and gas seeps, and seafloor gas
hydrate deposits, along with seep-associated chemosynthetic communities and authigenic
carbonate deposits (MacDonald et al., 2004). These discoveries added a new dimension to the
inventory of seafloor hydrocarbon seep processes (Bohrmann, 2013; Marcon et al., 2018). Given
this importance, we compared the results from Chapopote seep carbonates with multiple seep
sites from the northern Gulf of Mexico. As part of this study, we produced U-Th dates on the

Chapopote seep carbonate to identify the timing and mechanisms of formation.

3.3 Study Area

The GoM basin is characterized by a large hydrocarbon reservoir overlying salt deposits, which
are sealed by continental margin sediments. Differential sedimentary loading and density
contrast with the overburden induce salt diapirism and consequent fault generation, paving way
for hydrocarbon leakages toward seafloor (Brooks et al., 1990; Sassen et al., 1993; Roberts,
2001; Fisher et al., 2007; Kennicutt, 2017). The southern Gulf Coast region of Mexico is a
relatively unexplored area with numerous hydrocarbon seeps. The southern GoM is characterized
by two distinct active salt provinces: the Campeche and Sigbee Knolls, separated from the
Mississippi-Texas-Louisiana salt province in the northern GoM by the Sigsbee Abyssal Plain
(Bryant et al., 1991). These knolls consist of a series of domes and ridges formed by movement
of the Jurassic salt deposits underlying the ~5-7 km thick continental margin sediments
(Salvador, 1991; Ding et al., 2008). Extensive hydrocarbon transport from sediments to the sea-
surface in the region is observable via satellite images as sea surface oil slicks (MacDonald et al.,
2004; MacDonald et al., 2015; Suresh, 2015; Romer et al., 2019). This study employs carbonate

samples collected at a water depth of 2902 m from Chapopote Knoll (21°54'N/93°26"W) located
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on the northern slope of the Campeche Knolls province during the R/V Sonne SO174/2 (2003)
and R/V M67/2 (2006). Campeche knolls province consists of a cluster of elongated knolls and
ridges formed via salt tectonics (Garrison and Martin, 1973). The knolls have relief ranging from

450 to 800 m above the seafloor with 3000-3500 m water column depth (Ding et al., 2008).

Extensive and repetitive lava-like asphalt flows in Chapopote emanate from a central crater-like
depression, generating extensive surface deposits of solidified asphalt with distinct surface
textures—Ileading to the term ‘asphalt volcano’ (MacDonald et al., 2004). Seismic studies
revealed that asphalt seeps derive from a large reservoir buried at shallow depths linked to a deep
heavy petroleum source (Ding et al., 2008; Ding et al., 2010). Asphalt flow is accompanied by
oil and gas seeps (Bohrmann, 2008) and seafloor gas hydrate deposits (Klapp et al., 2010), along
with seep-associated chemosymbiotic communities and authigenic carbonate deposits
(Bohrmann and Schenck, 2004; MacDonald et al., 2004; Naehr et al., 2009; Briining et al., 2010;
Sahling et al., 2016). Seepage systems support prolific microbial activity involving crude oil
degradation and sulfate reduction (Schubotz et al., 2011a; Schubotz et al., 2011b) in otherwise
deep pelagic sediments with low organic carbon input from surface waters. Surface sediments
from Chapopote showed local high in total organic carbon content (0.9%) and a very high
carbon-nitrogen atomic ratio (C/N,) than the surrounding abyssal sediments (50 vs. 7),
suggestive of highly localized hydrocarbon input (Escobar-Briones and Garcia-Villalobos,
2009). These features of Chapopote added to the list of seafloor hydrocarbon seep processes
(Bohrmann, 2013; Marcon et al., 2018). Authigenic carbonates collected from Campeche seeps
allow us to investigate the role of crude oil oxidation during carbonate authigenesis (Naehr et al.,

2009; Smrzka et al., 2016).
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For comparison, we studied samples from relatively well-studied sites of northern continental
slope of GoM Green Canyon Block 415 (GC 415, 27°33.48N/90°58.86W, water depths 950m;
27°32.61N/90°59.54W, water depth 1045m) and Bush Hill (GC 185, 27°46.97N/91°30.47W,
water depths 547m). These sites were also among the expedition targets of R/V Sonne cruise
174. Similar to Campeche Knolls, these sites host widespread hydrocarbon seeps due to fractures
in sedimentary strata induced by salt tectonics (Roberts and Aharon, 1994; Sassen et al., 2004;
Feng et al., 2009). Preliminary analysis revealed a relatively higher contribution of methane to
the DIC pool in many northern GoM seep carbonates compared to Chapopote seep carbonates
(Akam et al., 2019). Further, we used published literature reports of C-S isotope values for seep
carbonates collected from multiple sites in the northern GoM (Atwater Valley - AT340, Green
Canyon — GC 180, GC 232, GC 234, GC 852 Garden Banks — GB 260, GB 382, GB 427, GB
647, and Mississippi Canyon MC 118, Fig. 3.1) (Formolo and Lyons, 2013; Feng et al., 2016;

Sun et al., 2020).
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Figure 3.1: Study Area. The orange star represents the primary study site, Chapopote Knolls,
with significant asphalt seeps. Red dots with an arrow indicate the locations (GC 415 and GC
185) for carbonates samples from northern GoM analyzed in this study. The green dots indicate

locations from published literature where we used to compare the C-S isotope results.

3.4 Methods
Fifteen carbonate crusts were analyzed. These materials were split into multiple subsamples
based on observations from hand specimens. The samples were collected via Video Guided Grab

Sampling. Carbonate contents of the samples were determined by acid-leach weight-loss
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procedure and are reported as weight percent CaCOs3. Bulk mineralogy was determined by X-ray
diffraction (XRD) according to Naehr et al. (2000) at TAMUCC. One gram of crushed sample
was mixed with 0.25 gm internal corundum standard (a-Al203) to prepare randomly oriented
powdered slides. Scans were run from 20°- 60° using a Rigaku Ultima III X-ray diffractometerat
TAMUCC at a scan speed of 0.01° 20/s. Relative proportion of magnesium content in carbonate
was determined using the shift d spacing of the reflection (104) (Greinert et al., 2001). Calcite
with MgCO3 <4% is referred to as low-magnesium calcite (LMC), and 4-30% were considered
high magnesium calcite (HMC) (Fliigel, 2004). Polished thin sections of 50 x 75 mm size
partially stained with Alizarin Red and Potassium Ferrocyanide were used for textural and
compositional analysis using standard optical microscopy. Stable isotopes of carbon and oxygen
from authigenic carbonates were determined using a Thermo Scientific Gasbench Device
coupled to a Delta V Advantage Isotope Ratio Mass Spectrometer (IRMS) via a ConFlo IV inlet
at the University of California, Riverside. Sample powders were microdrilled from polished slab
surfaces. Carbon dioxide for §'*Cearb and 8'3Ocarw analysis was produced by reaction of samples
with 103% orthophosphoric acid. Precision of §'*Ccar, and 8'*Ocars measurements is 0.2%o. The

8'3Cearb and 8'8Ocarb are reported with reference to Vienna Pee Dee Belemnite (VPDB)standard.

Chromium reducible sulfur (CRS) was extracted using a modified method of Canfield et al
(1986). Homogenized 5 g samples were reacted with 10 ml ethanol, 25 ml of 6M HCI, and 25 ml
of a chromium chloride (1 M CrCl3.6H>0 in 0.5 M HCI) solution. CRS was converted to H»S gas
and carried via a N carrier to an AgNO3-NH4OH trap where it was quantitatively converted to
silver sulfide (Ag>S). AgsS precipitates were recovered on polycarbonate membrane filters using

vacuum filtration before being dried and weighed to determine the CRS weight percent.
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Carbonate Associated Sulfate (CAS) was extracted using a technique modified from Lyons et al
(2004). Briefly, 1-2 g of micro-drilled sample were treated with a 10% NaCl rinse to remove any
soluble sulfate minerals. Next, metastable sulfides and organically bound sulfur (e.g., ester
bound sulfates) were removed with a 5% sodium hypochlorite rinse. Samples were then rinsed
two times with DI H,O before being dissolved with 4 N HCI with 5% (by weight) SnCl; (to
inhibit pyrite oxidation). Resulting samples were then vacuum filtered to remove insoluble
residues. Twenty five mL of 250g/L BaCls solution (250 g/L) were then added to each sampleto
yield insoluble BaSO4. BaSO4 precipitates were filtered and dried prior to analysis for §**S
values. Sample CAS concentrations were quantified by analysis of S yields during §3*S
measurement. 5>*Scrs and §**Scas values were measured using a Thermo Scientific Delta V Plus
IRMS connected to a Costech 4010 ECS via a ConFlo III interface at the University of

California, Riverside. Standard deviation for 6**S analysis was + 0.23%o (VCDT).

Thirty samples were initially screened for 2*8U/?**Th ratios to determine whether they could be
dated by U/Th methods. One milligram of sample was dissolved in 1.5 mL 0.5 M nitric acid, and
U, Th, and Ca were measured by quadrupole ICP-MS at the MIT Center for Environmental
Health Sciences to determine U concentrations and U/Th ratios. A gravimetric U/Th/Ca solution
with similar abundances to the samples was used to calibrate the instrument, and a standard was
run after every 15-20 samples to monitor instrument drift. Samples with 2*U/?*>Th mass ratios
greater than 2 were selected for U/Th dating analysis. Radioactive U/Th isotope dating of the
carbonate crusts was performed Nu Plasma II-ES MC-ICP-MS at the MIT Department of Earth,
Atmospheric and Planetary Sciences. Micro drilled carbonate powder samples ranging in weight

from 10 to 70 mg were used. Samples were dissolved in 8 N HNO3 and spiked with
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a 2 Th/?*3U/?*%U tracer. Uranium and Th were separated following procedures by Edwards et al
(1987) and Bayon et al., (2009). Raw data were corrected with an initial 2°Th/>*?Th atomic ratio
of 4.4 +2.2 x 10" assuming a typical upper continental crust value for 2*8U/**?Th, and the errors
were arbitrarily assumed to be 50%. This initial **Th/?**Th ratio is consistent with values used in
some prior studies of seep carbonates from the GoM and other areas (Feng et al., 2010; Chen et
al., 2019), but we note that Aharon et al. (1997) used initial 2*°Th/?**Th ratios ranging from 8-22
x 10°%. Use of a higher initial 2*°Th/?*2Th ratio would reduce in younger corrected ages; we note
the need for future work to better constrain this ratio at our site. §***Uinitis Was calculated based

on 23°Th age (T), that is, 8***Uinitial = 8°**Umecasured X €2**T, and T is the corrected age. Decay
constants for *°Th and 2**U are from Cheng et al. (2013); the decay constant for *3U is 1.55125

x 101%yr! (Jaffey et al., 1971).

3.5 Results

Petrographic observations of carbonate macro- and microfacies from Chapopote seep carbonates
were previously reported by Canet et al., (2006) and Naehr et al (2009). The average carbonate
content of Chapopote samples were 86% (Table 1). Aragonite was the primary composition for
Chapopote seep carbonates. The siliciclastic components consisted of detrital quartz, feldspar,
and clay minerals. Petrographic observations of the samples showed wide-ranging textural
variations (Figure 2). Aragonite cement types included acicular, botryoidal, peloidal, and micritic
cement. Microsparitic aragonite was the volumetrically dominant phase, commonly occurring as
peloidal and clotted textures. Microcrystalline aragonites were yellow and gray in appearance,
whereas acicular and fibrous aragonite cements were pink to clear. Aragonite crystals were often

coated with crude oil residues. Coarse fractions consisted of intraclasts and bioclasts.
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Macroscopically, the samples consisted of irregularly shaped large intraclasts and bioclasts that
were held together by a microsparitic to sparitic aragonite cement. Intraclasts were primarily
composed of mud- and siltstones. Bivalve and foraminiferal shells were the dominant bioclasts.
Widespread primary pore spaces were present resulting from incomplete filling of voids between
clast and microsparitic or fibrous cements (Fig. 3.2B). Secondary pores, potentially caused by
carbonate dissolution and in-situ brecciation, were also observed (Fig. 3.2A). Framboidal pyrite

was pervasive (Fig. 3.2F).
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Figure 3.2: Petrographic observations on Chapopote Seep Carbonates. A) Multiple cement
types. A fracture event postdating cement formation can be seen. B) Acicular aragonite cement
forming radial-fibrous fabric. C) Large clast cemented by microcrystalline aragonite. D)
Zoomed view of the box marked in 2C. Microsparitic filling of spaces between clasts and cement
lining the clasts is incomplete, leaving significant pore space. Aragonite cement fills pore
spaces, creating a peloidal texture in the left half of the picture. E) Peloidal texture indicative of
microbial activity and early diagenetic cementation. F) Abundant pyrite formation is indicative
of extensive sulfate reduction. Clots of residual hydrocarbons (dark brown) can be seen around
the pore spaces adjacent to cemented structures as well as coating on the aragonite cements. All
images are in plane-polarized light, and blue color indicates pore spaces. These observations

are indicative of authigenic carbonate formation in a dynamic hydrocarbon seep setting.

Observed values of §'3Cearbonate, &' *Ocarbonate, and 8**Spyrite from studied samples are shown in table
3.1. 8"3Ccarbonate and 8"®Ocarbonate from Chapopote samples averaged -25%o and +4.5%o,
respectively. Samples from the northern GoM, GC 185 and GC 415, gave average &'>Ccarbonate
values -19.8%o and 4.4%o and &'®Ocarbonate -34.6%o and +4.8%o, respectively (Table 3.1). §>*Spyrite
values from Chapopote carbonates were noticeably depleted, ranging from -14%o to -38.7%o,
with an average value -27.4%o. Samples from GC 415 and GC 185 averaged -4.8%o and +18.9%o,
respectively. CAS yield was limited in the samples, exacerbated by the low sample sizes used.
534Scas values from Chapopote averaged -6.1%o. 5>*Scas for background (non-seep site) samples
averaged 19.7%o (close to the global seawater value) The average for northern GoM samples was

+30%o (Supp. Data file).

64



Table 3.1: 6" Cearbonate, ' °Ocarbonate, 8>*Spyrire, and pyrite content from studied samples. An

extended database, which includes a compilation of published literature data from multiple seep

sites in GoM, is provided in the supplementary datasheet.

Location flzgi;r Sample | 3" Cearponac 8" Ocarbonae 8%Scrs Pyrite S:tl;bo
o | (VDPB) (VDPB) (VCDT) | Wt% | s,
22A 25.0 42 20.1 0.014% | 96%
22B 248 3.8 262 0.047% | 90%
22C 245 46 19 0.060% | 97%
22D 24 4.4 8.8 0.002% | 91%
BA 276 57 28 0.124% | 84%
23B 262 3.8 237 0.175% | 88%
23C 269 37 220 0.000% | 70%
24B 25.0 5.9 273 0356% | 87%
24C 263 4.4 285 0.172% | 85%
24D- 70%
SHELL | -4.1 3.3 275 0.003%
25A 242 41 27.6 0214% | 87%
25B 257 5.1 244 0.530% | 70%
Chapopote 26A 265 43 217 0.081% | 99%
2?21514 o0, | 2902 [26B -25.0 53 21.6 0.256% | 81%
A 26C 256 43 285 0.159% | 83%
27A 2260 4.0 34.8 0.078% | 87%
27B 285 45 334 0378% | 5%
27C 233 43 33.4 0.138% | 87%
28A 263 4.0 313 0.055% | 64%
28B 258 47 38.4 0.023% | 89%
28C 252 4.4 265 0.023% | 71%
28D- 96%
SHELL | -23.0 43 33.1 0.069%
298 25 16 274 0209% | 96%
29C 274 49 387 0.480% | 99%
20F 269 3.9 349 0.007% | 91%
BX32 | 268 5.6 27.6 0.472% | 88%
BX33 | 294 5.1 4.1 1.041% | 85%
NI0AT | 20.9 52 185 0232% | 80%
GC 185 NI0A2 | 214 16 18,5 0.634% | 84%
521703‘(‘)2977)’ 47 IN10BI | -163 42 242 |0.104% | 71%
NIOB2 | 20.5 3.8 145 0.441% | 54%
Ni-1 320 5.8 74 0.174% | 69%
NI1-2 274 5.0 47 0.444% | 83%
GC 415 N2-1 313 5.6 113 0.484% | 74%
27°32.6, | 1045
(900 50.54) N2-2 139.3 49 2109 0.736% | 74%
N3-1 243 47 23 0.070% | 68%
N3-2 213 5.0 3.4 0.096% | 62%
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T-1 -35.14 5.09 N/A N/A 90%
T-2 -34.30 5.05 N/A N/A 85%
T-3 -37.78 5.40 N/A N/A 91%
T-4 -36.73 3.70 N/A N/A 89%
T-5 -32.97 4.38 N/A N/A 92%
GC 415 T-6 -34.12 4.28 N/A N/A 96%
(27°33.48, | 951 T-7 -34.29 3.90 N/A N/A 91%
90°58.86) T-8 -37.60 3.94 N/A N/A 88%
T-9 -42.3 4.9 N/A N/A 91%
T-10 -42.8 5.0 N/A N/A 92%
T-11 -40.6 4.9 N/A N/A 86%
T-12 -41.0 4.9 N/A N/A 86%
T-13 -33.1 4.9 N/A N/A 86%

Of the 30 samples screened for U-Th dating, nine Chapopote samples had 2**U/?*’Th greater than
2. These samples were analyzed for U/Th isotopic composition and dates (Table 2). The 2**U
concentrations for these selected samples ranged from 5230 to 13200 ppb, and **2Th
concentrations ranged from 482 to 1220 ppb. 6***U initial averaged 143%o; when corrected for
detrital U (based on an initial 2°Th/?*>Th atomic ratio of 4.4 £ 2.2 x 10" and assuming that
20Th/238U and 2**U/**8U activity ratios in detrital matter are 1 £ 0.1), the initial $***U of the
carbonate fraction of the Chapopote samples is 147 + 1%o, consistent with the average seawater
composition of 146.8 + 0.1%o (Andersen et al., 2010). U-Th dates ranged from 4.5 + 1.0 Kyr to
13.5+ 2.1 Kyr (BP). 2°Th/**2Th atomic ratios were between 11.4 x 10®and 19.0 x 10, making
corrections for initial >*°Th large, which means that the uncertainties in the corrected ages are

dominated by the uncertainty in the initial 2*°Th correction.
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Sample ID**U + (26) **Th=(26) “"Th/*Th £ (26)|6™*U=(26)| *"Th/>*U+ (26) |""Th Age(ka BP) £ (26)|""Th Age(ka BP) + (26)|6**Uinitial +(20)
(ppb) (ppb) | (atomic x107%) | (measured) |  (activity) (uncorrected) (corrected) (corrected)
TVG 6-21a13150+260[1183 £ 24| 19.0+0.3 | 143+2 [ 0.1074£0.0017 | 10788 £0.19 832+ 12 146 £2
TVG 6-23a[6673 + 1331060 + 21| 13.4+0.3 |138+0.3] 0.1340:0.0029 | 13750 £0.32 9.40+22 141 +3
TVG 6-25[7253 + 1451104 22| 11.6+0.3 |138+0.3] 0.1109:0.0028 | 11260 +0.31 710+2.1 140 +2
TVG 6-26a[7799 + 156(1163 + 23| 18.0+0.3 |139+0.3] 0.1691:0.0028 | 17670 £0.33 13.50 £ 2.1 143 +£2
TVG 6-26¢[5231 £ 1051018 £20 13.7+0.3 [137+0.3] 0.1673£0.0036 | 17460 +0.41 12.10£2.8 141 +3
TVG 6-27a[7736 + 1551074 £ 22| 14.1+0.3 |142+0.3] 0.1235£0.0026 | 12630 +£0.29 879+ 1.9 144 £2
TVG 6-27c|6824 + 482482 + 10| 14.8+0.3 |143 +0.3] 0.0659+0.0014 6507 £0.15 4.55+0.96 144 £2
TVG 6-28a[5990 + 120[993 £ 20| 15.4+0.3 |[140+0.3] 0.1612£0.0031 | 16700 £0.35 12.10£2.3 144 £2
TVG 6-294|10160+200[1221 +24] 11.4+0.3 | 142 + 0.3 0.0864:0.0022 8630 +0.23 532+ 1.67 144 £2
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3.6 Discussion

Petrographic observations indicate carbonate authigenesis in a dynamic seep setting with
episodic fluid flow, microbial activity, and associated C-S-Fe interactions (Figs. 2 and 3).
Peloidal micrite exhibiting a clotted fabric (Fig. 3.2E) has widely been reported from seep
carbonates and is indicative of early-stage cementation resulting from microbial interactions
(Peckmann et al., 2002; Fliigel, 2004). Microbially oxidized crude oil coating aragonite crystals
and pore spaces indicates a close association between carbonate authigenesis and hydrocarbon
seepage from the subsurface. Abundant authigenic pyrite in the carbonate matrix (Fig. 3.2F)
indicates sulfate reduction coupled to anaerobic hydrocarbon oxidation, which increases
carbonate alkalinity while generating sulfide, the latter forming pyrite through reaction with

reactive Fe phases (Peckmann et al., 2001; Peckmann and Thiel, 2004).

Indications for multiple seepage episodes include distinctly younger carbonate cementation
around pore spaces and fractures through intraclasts (Fig. 3.3). We propose that the fracture
filling carbonate cementation could be indicative of multiple seepage events as well as
autoendolithic activity. It has been shown that authigenic carbonates serve as a unique microbial
habitat for endolithic activities capable of continued anerobic hydrocarbon oxidation and
carbonate aggregation even after their formation (Marlow et al., 2014; Marlow et al., 2015;
Yanagawa et al., 2019). Pervasive fractures potentially caused by in situ brecciation, and
subsequently filled by aragonitic seams, were commonly observed together with hydrocarbon
inclusions, and may indicate episodic seepage and subsequent carbonate precipitation events via
anaerobic hydrocarbon oxidation (Fig 3A-E). These signatures could thus be indicative of

autoendolithic structures reflecting self-entombment of hydrocarbon-oxidizing microbes
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(Marlow et al., 2015, Fig. 3F). In addition, Campeche seep carbonates were shown to entrap
methane and other hydrocarbons (Cz up to Ce) in the crystal spaces of carbonate minerals
(Blumenberg et al., 2018). The presence of trapped gases may trigger anaerobic hydrocarbon
oxidation coupled with sulfate reduction (considering the aragonite crusts are formed near the
sediment-water interface with high porosity, allowing sulfate percolation), resulting in carbonate

authigenesis and potentially autoendolithic activity.
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Figure 3.3: Indicators for pervasive autoendolithic activity at Chapopote Seeps (A-E). Arrows
mark sites of potential mineralization induced by autoendolithic activity. Figure F is a schematic
representation for relative locations and microbe-rock interactions of endolithic organisms
adapted from Marlow et al., 2015. Circles represents endoliths and gray shading represents

autoendolithic carbonate precipitation.

Based on the average value of -25%o of 8'*Ccarbonate, @ predominantly (up to 90%) crude oil
source for carbon was suggested for Chapopote seep carbonates when we consider methane
(8"3C = -55%o), crude oil (§'°C = -27%o), organic matter (5'°C = -20%o), and DIC from seawater
(8'3C =+1%o) as end-members (Naehr et al., 2009). Measured &'Ocarbonate values ranged from

3.3 t0 5.9 %o, averaging 4.5%o. This was higher than the calculated 8'3Ocarbonate value (3.02%o)
based on the measured bottom water temperature (4.02°C) and porefluid 6'*0 values (0.09%o) of
background samples, according to Kim et al. (2007) (Supp. data file). Porewater §'30 enrichment
sourced from shallow gas hydrate dissociation could explain this difference (Davidson et al.,
1983; Naehr et al., 2009). These observations agree with Formolo et al. (2004), which suggested
that at oil seep setting such as our study site, §!*C of DIC (and CaCO3) maybe swamped by
AONM signals despite the presence of shallow pockets of gas hydrates, while the §'%0 signals of
adjacent porewater (CaCOs3) are isotopically sensitive to §'0 enrichment from shallow hydrate

dissociation.

Multiple lines of evidence point to crude oil oxidation coupled with sulfate reduction as the
dominant DIC source for carbonate precipitation of Chapopote:

(1)  the 8"3Ccarbonate Values averaging -25%o are closer to crude oil signature;
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3)

@

©)

©)

)

the presence of abundant biodegraded crude oil within the carbonate samples and in
petrographic observations (Fig. 3.2);

widespread crude oil degradation signals from organic geochemistry studies on asphalts,
oily sediments, and seeping crude oil (Schubotz et al., 2011b);

an abundant unresolved complex organic mixture (UCM) in the carbonate pore filling
crude oil (Naehr et al., 2009) with an elevated baseline for the C15 to C30 range, indicative
of degradation involving loss of labile n-alkanes and isoprenoids from crude oil (Mansour
and Sassen, 2011; Schubotz et al., 2011b);

recently reported evidence for a symbiotic consortium formed by short-chain alkanes
degraders with the help of sulfate-reducing bacteria from the Chapopote seep sediments
(Laso-Pérez et al., 2019);

distinctive phase-specific enrichment of rare earth elements and U in Chapopote carbonates
compared to methane-derived carbonates (Smrzka et al., 2016); and

geochemical batch modeling suggestive of sulfate-driven crude oil oxidation contributing

to carbonate precipitation at Campeche Knolls (Smrzka et al., 2019).

These multiple lines of evidence developed over the past 16 years of seep studies at Campeche

knolls along, along with our petrographic observations and 8'*Ccarbonate data, elevate the value of

the Chapopote seep carbonates as a template for recognizing authigenic carbonates sourced via

AONM in other regions.
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3.6.1 C-S Isotope Systematics of the AOM and AONM settings

We analyzed the §'*Ccarbonate versus 8°*Spyrite relationships of Chapopote samples with those from
GC 415 and GC 185 as well as from published data available from multiple seep settings in the
northern GoM (Formolo and Lyons, 2013; Feng et al., 2016; Sun et al., 2020). This extensive
database allowed us to compare and contrast the C-S isotope systematics of sulfide and DIC
produced via sulfate driven AOM and AONM as recorded in GoM seep carbonates (Table 3.1
and Supp. data file). We could narrow down two dominant endmembers based on &'*Cearbonate

versus 8**Spyrite plots (Fig. 3.3):

(1)  AOM-dominant seepage sites with strongly depleted 6'3*Ccarbonate (< -40%o) and relatively

enriched 8>*Spyrite (>0%o) values, indicative of predominant AOM sourcing forDIC.

(2  Crude oil oxidation dominated sites with dominant AONM characterized by moderate
813 Cearbonate depletion (~-25%o) and &°*Spyrite values with relatively strong depletion (<-
10%o), indicative of DIC sourcing via AONM. These samples include virtually all (99%)of
the Chapopote seep carbonates in this study and from northern GoM site GC 232, which

was recently noted for crude oil seep carbonates by Sun et al. (2020).

The data points in between the two end-members indicate mixing from multiple sources (DIC
and sulfide pools from AOM, crude oil oxidation, organic matter degradation, as well as DIC
sourced from methanogenesis and water column. (e.g., Raiswell, 1987; Naehr et al., 2000;
Crémicre et al., 2012). Overall, as explained below, our results point towards distinguishable
variation in sulfate reduction coupled with methane and non-methane hydrocarbon oxidation,

which produces the DIC and sulfide pools. This observation also agrees with previously
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observed disparities between measured rates of sulfate reduction and methane oxidation (Joye et
al., 2004; Bowles et al., 2011). Those data suggest that sulfate reduction is not driven primarily

by AOM—thus highlighting the complex C-S relationship due to sulfate reduction being coupled

with both AOM and AONM at GoM seeps.

813Ccarbonate VS- 8%*S,, it Of GOM Seep Carbonates
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Figure. 3.4: 8" Ccarbonate VS. 8**Spyrite from GoM seep carbonates with dominant endmembers

contributing to the C-S coupling and associated DIC and sulfide sourcing. Refer to section 5.1

for details.
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Aharon and Fu (2000) reported that sulfate reduction rates at crude oil seeps and methane seeps
in the GoM were higher than those at a non-seep reference site by up to 50 times and 600 times,
respectively. This difference indicates that sulfate reduction coupled to AOM and AONM is
distinctly different and that the isotopic composition of DIC and sulfide phases, produced via
AOM and AONM, can be used to characterize these differences. The §'*Cpic signatures for
methane and crude oil oxidation varies primarily because the §'*C of methane and crude oil are

different (Roberts and Aharon, 1994).

53*Sufide can also record the signatures of C-S coupling: A**Ssuifate-sulfide (8°*Ssecawater sulfate —
53*Sporewater sulfide) depends on the rate at which seawater sulfate exchanges with subsurface
diagenetic horizons and the isotopic fractionation by sulfate-reducing microbes (Kump, 2012). In
a normal marine setting without any significant methane seepage, organoclastic sulfate reduction
(OSR) would predominate. In such setting, slow sulfate reduction rates causing high
fractionation, along with non-limiting sulfate conditions (open-system) would result in depleted
534Ssufide values (Chambers et al., 1975; Canfield, 2001, Fig. 3.4). Sites with subsurface methane
flux often show high sulfate reduction rates due to AOM and exhaustion of sulfate in the local
sulfate pool within the sediment column (closed-system), resulting in increased sulfide mineral
precipitation at the SMTZ with enriched 5°*Ssufide values (Jorgensen et al., 2004; Wang et al.,
2008; Lim et al., 2011; Peketi et al., 2012; Fan et al., 2018). Provided sufficient Fe availability to
form iron sulfide minerals, §**Spyrite Would be a good recorder for the porewater sulfide since
isotopic fractionation associated with the pyrite formation from dissolved sulfide is only about
1%o (Price and Shieh, 1979). Formolo and Lyons (2013), based on their observations from

northern GoM site GC 234, suggested that Fe is limiting in these seep settings. Our results
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suggest that small instantaneous fractionations associated with rapid sulfate consumption and/or
a reservoir effect causing sulfate pool exhaustion via AOM results in initial sulfide to be
isotopically heavy and be captured by available Fe early in the process (Fike et al., 2015 and
references there in). In fact, multiple occurrences of sulfide minerals with distinctly enriched
534S values in sediment records is suggested to be a proxy for fossil SMTZs (Peketi et al., 2012;
Borowski et al., 2013; Peketi et al., 2015; Li et al., 2016; Lin et al., 2016b; Li et al., 2017b; Wu

et al., 2019; Argentino et al., 2020).

Seepage setting with anaerobic crude oil oxidation could result in sulfate reduction rates higher
than OSR, but lower than AOM (Aharon and Fu, 2000; 2003). This could result in larger
fractionation at lower sulfate reduction rates (in comparison to AOM) and less efficient removal
of sulfate relative to replenishment, resulting in a relatively depleted 5>*Squiside signals when
compared to AOM induced setting. Further, very high sulfide concentration [up to 13mM, Naehr
et al., (2009)] and dominant anoxic conditions at the shallow sediment-seafloor of Chapopote
would limit the overprinting of 8°*Spyrite signals by sulfide oxidation and disproportionation
processes. While some of the variability within the depleted §>*Spyrite values (-10 t0-39%o) could
be attributed to the diversity of hydrocarbon compounds involved, species and metabolic
diversity, as well as secondary sulfide cycling (Kemp and Thode, 1968; Canfield and Teske,
1996; Detmers et al., 2001; Lyons and Gill, 2010; Sim et al., 2011; Gallagher et al., 2012;
Colangelo-Lillis et al., 2019), when taken as overall, depleted 83#Spyrite values (<-10%o) indicates
a sulfide sourcing distinctly different for AONM, in comparison to AOM. Chapopote samples
with aragonite precipitation is likely to record these AOM versus AONM distinction since it is

thought to form relatively close to the sediment-water column interface (e.g., Feng et al., 2016)
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with sufficient Fe supply compared to the deeper sediments. It is also noteworthy that §'*Cearbonate
and 8**Spyrite values for Chapopote and GC 232, two sites with reported occurrence of authigenic

aragonite precipitation via crude oil oxidation, shows similar §'°C and §*S signals (Fig. 3.4).

Hence, we interpret the enriched §**Ssuiige and depleted §'*Cpic values in our compilation to be
sourced predominantly via AOM and relatively depleted 5°*Ssuide with moderate depletion of

8'3Cpic to be sourced primarily from crude oil oxidation (Fig. 3.4).

The aragonitic composition of Chapopote carbonates is indicative of a shallow origin in the
presence of sulfate, low phosphate concentrations, and high Mg/Ca ratios (Burton and Walter,
1990; Burton, 1993). Aloisi et al., (2002) suggested that porewater sulfate concentration can
have an important role in determining seep carbonate mineralogy since sulfate abundance
inhibits Mg calcite precipitation and favors aragonite formation. Mansour (2014), in a
compilation based on seep carbonates from multiple GoM sites, suggested that the aragonite is
the dominant mineralogy at crude oil oxidation sites in comparison to methane gas seep settings,
attributed to relatively lower sulfate reduction rates during crude oil oxidation. This was also
recently reported to be the case at crude oil oxidation setting from GC 232 by Sun et al., (2020).
Our results with aragonitic composition for Chapopote samples add additional evidence to these
findings (Fig. 3.5). AOM-induced samples, on the other hand, showed a diverse mix of carbonate
compositions spanning across aragonite, HMC, and LMC. We also highlight that sufficient Fe
availability for iron sulfide mineral precipitation is necessary for considering 83*Spyrite as a
faithful recorder of sulfate reduction processes, which is not always the case in many GoM seep
settings, especially below the surface-most sediment layers (Formolo and Lyons, 2013). Hence

aragonite samples, preferably formed closer to seafloor setting with high sulfide concentration
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serve as an ideal target to analyze §>*Spyritc signals of AONM. Inclusion of CAS analysis along

with CRS could be an effective way to overcome the limitation of the §'*Cearbonate versus 8>*Spyrite

approach in an Fe-limited setting (Formolo and Lyons, 2013).
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Figure 3.5: 8" Ccarbonate Vs. 8>*Spyrite Values sorted by carbonate mineralogy. HMC = High

Magnesium Calcite and LMC = Low Magnesium Calcite.

Our CAS analysis showed unusually depleted 5>*Scas as low as -23%o and CAS concentrations

as low as 31 ppm for Chapopote samples (Fig. 3.5 and supp. data). In contrast, CAS

concentration from northern GoM samples from this study and Feng et al. (2016) averaged >200

ppm with §**Scas > +30%o (Fig. 3.5). Background sediment samples from non-seep sites adjacent

to Chapopote yielded 6**Scas average +20%o, the modern seawater value, and CAS concentration

averaging 109 ppm (Supp. data). Further, a bivalve shell with low pyrite content (0.07 wt%) and
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high CAS concentration (510 ppm) yielded a §'*Ccas value of +19%o (Fig. 3.5). Another suite of
seep carbonate samples from Cascadia Margin that were analyzed simultaneously along with the
Chapopote samples using the same methods yielded an average CAS concentration of 300 ppm
and 8°*Scas ranging from +34 to +45.8%o (Supp. data). Based on these observations, we suggest
that the unusually depleted signals of §**Scas from Chapopote samples are likely a result of
pyrite oxidation during CAS extraction, despite our efforts to minimize this effect, and are
unlikely due to sulfide oxidation at the time of deposition. The high pyrite contents and low CAS
concentrations of our samples elevated the risks during extraction. Thus, our results from
Chapopote sites point to potential complications associated with CAS extractions of seep
carbonates from crude oil-dominated seep setting. Further studies involving high-resolution
5'"%0cas and §**Scas (e.g., Aharon and Fu, 2000; 2003; Antler et al., 2015; Feng et al., 2016)
should be performed. We expect these results to provide a broader picture of diagenetic sulfur
cycling, including the oxidative part of the cycle (Aharon and Fu, 2003). Further, our future
work exploring the organic S pool that would also capture sulfide generated — particularly as Fe

runs out, is expected to shed more light into S cycling in these settings.
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Figure 3.6. A plot of '3Ccas vs. CAS concentration of seep carbonates from GoM. Chapopote

samples (blue dots) showed distinctly depleted §'°Ccas and CAS concentration. The Chapopote

samples with §'*Ccas~ +21%o are control samples from a non-seep site adjacent to the seep site.

It is also noteworthy that a bivalve shell (cross marked) with low pyrite content (0.07 wt%) and

high CAS concentration (510 ppm) showed a °*Scas value (+19%o) very close to that of modern

seawater.
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3.6.2 Implications for the sedimentary record

Carbonate systems constitute Earth’s largest carbon reservoir, accounting for >60 million Gt C
(Falkowski et al., 2000). Carbonate burial in marine sediments is an important part of carbon
cycling through geological history, accounting for ~80% of the total carbon removal from
Earth’s surface (Derry, 2014; Sun and Turchyn, 2014; Berg, 2018). §'*Cecarbonate signals from the
geologic records are an important sedimentary proxy for our understanding of the evolution of
the carbon cycle and the chemical composition of the ocean-atmosphere system over geological
history (Hayes et al., 1999; Berner, 2003; Katz et al., 2005). Variations in organic carbon burial
through geologic time are recorded in the §'*Ccarbonate records. For example, a period of high
organic carbon burial would cause enrichment in '*C in DIC (and CaCO3), since organic carbon
has depleted §'°C values compared to the remaining DIC in sea water (Berner, 2003; Canfield
and Kump, 2013; Lyons et al., 2014). This approach can be used to reconstruct organic carbon
burial and the oxygen content of the atmosphere (Shackleton, 1985; Kump and Arthur, 1999;
Berner, 2004). Recently, authigenic carbonate precipitation was invoked as the third major
carbon sink with major impact on 8'*Ccarbonate fluctuations in the geological record (Schrag et al.,
2013b). Further, authigenic carbonate precipitation is suggested to account for significant carbon
sequestration, accounting for an average 1.7 Tmol annually in shallow marine sediments at
present (Akam et al., 2020). Hence, better characterization of the sedimentary proxies for
authigenic carbonates is an important goal (e.g., Bjerrum and Canfield, 2011; Bristow and
Grotzinger, 2013; Zhao et al., 2016; Cui et al., 2017; Davis Barnes et al., 2019; Jiang et al.,

2019).
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Our results emphasize an important additional possibility for C-S coupling and resulting
authigenic carbonate formation—crude oil oxidation (Formolo et al., 2004; Naehr et al., 2009;
Mansour and Sassen, 2011; Formolo and Lyons, 2013; Smrzka et al., 2019), to the well-known
processes of AOM and OSR (Bradbury and Turchyn, 2019; Akam et al., 2020). Further, we
provide a sedimentary proxy using 8'>Ccarbonate Versus 8>*Spyrite to identify these processes in
geologic records, which can be confirmed with additional evidence, such as petrography and
mineralogy (Mansour, 2014), biomarker analysis (particularly UCM indicative of petroleum
degradation; Sassen et al., 2001; Naehr et al., 2009; Mansour and Sassen, 2011), trace metal
concentration (Smrzka et al., 2016), and total organic carbon and total organic sulfur contents
(Sun et al., 2020). Our 8"*Ccarbonate versus 8>*Spyrite compilation from GoM could serve as a
template for data from additional sites and regions. Authigenic carbonate records have been used
to estimate past methane fluxes (e.g., the Neoproterozoic caprocks; Kennedy et al., 2001; Jiang
et al., 2003). An ability to better distinguish methane-driven carbonate authigenesis and that
derived from oxidation of other hydrocarbons could allow us to better constraint on the temporal

variations in methane fluxes over geologic history.

3.7 Temporal Variability of GoM Seeps

Since authigenic carbonates serve as a reliable geological archive for seepage events,
constraining their precipitation ages should give us a glimpse of the temporal patterns, causes,
controls, and consequences of seep systems. U-Th dating of seep carbonates is a proven tool for
constraining past seep activity at diverse seep settings globally (Aharon et al., 1997; Teichert et

al., 2003; Watanabe et al., 2008; Bayon et al., 2009; Mazumdar et al., 2009; Liebetrau et al.,
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2010; Wirsig et al., 2012; Berndt et al., 2014; Crémicere et al., 2016; Prouty et al., 2016; Mazzini

et al., 2017; Sauer et al., 2017; Chen et al., 2019; Himmler et al., 2019; Judd et al., 2019).

To the best of our knowledge, our U-Th dates are the first for authigenic carbonates from the
southern GoM. Only a few studies (Aharon et al., 1997; Feng et al., 2010b) have reported U-Th
dates for seep carbonates in the GoM. Further, Bian et al., (2013) constrained the long-term
seepage variability using “C dates on bivalve shell materials cemented in the seep carbonates.
These studies were carried out in the northern GoM, and so the timing of seepage in the southern
GoM has remained poorly understood. Sediment supply, sea-level changes, and salt deformation
are suggested as the major factors that controlled recent hydrocarbon seeps in the GoM (Roberts
and Carney, 1997). Previous results from northern GoM seeps along the lower continental
margin and from upper bathyal depths to the abyssal plains showed concrete evidence of
discontinuous fluid flux in these basins during the late Quaternary (Aharon et al., 1997; Feng et
al., 2010b). Interestingly, it has been previously noticed that the ages of many carbonate samples
clustered around 12 ka, suggestive of the role of changes in sediment loading and salt tectonics:
A lower sea level would induce high sediment loading on slopes. Deglaciation will change this
sediment loading and cause salt tectonic adjustment and the development of fault conduits for
hydrocarbon seepage (Aharon et al., 1997; Feng et al., 2010b; Roberts and Feng, 2013). Our
results also fall within that last deglaciation time frame, with the oldest being 13.5 ka and the

youngest being 4.5 ka (BP).

While the northern GoM is dominated by sediment loading from Mississippi, southern GoM

receives strong discharge from the Grijalva-Usumacinta River, the second largest river in the
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GoM after the Mississippi (Salas-de-Ledn et al., 2008). The salt activity of southern GoM is also
suggested to be analogous to Texas-Louisiana Slope owing to its shared geological history
(Garrison and Martin, 1973). Shallow sediment and salt structures, associated with regional salt
tectonics are shown to have dominant control on seep distribution along Campeche knolls (Ding
et al., 2008; Ding et al., 2010). These factors could hint towards possible fault activations for
hydrocarbon seepage linked to changes in deglacial sediment loading in the Campeche Bay,
similar to that of northern GoM (Feng et al., 2010b; Roberts and Feng, 2013). A case for
sediment loading driven salt tectonics causing seep initiation in southern GoM, however, need
support from more dataset and modelling. While the driving mechanisms is uncertain, our U-Th
age data from the southern GoM combined with existing northern GoM data shows strong

evidence that seeps along GoM slopes were very active during the last deglaciation.

Further, asphalt volcanoes are suggested to be a significant source of methane emission from the
subsurface towards the water column and atmosphere (Valentine et al., 2010). Co-occurrence of
gas and oil can indeed enhance methane emission via bubble coating (MacDonald et al., 2002;
Solomon et al., 2009). Our age dating suggests that Chapopote asphalt volcanoes could be a
source of greenhouse gas emissions to the water column and potentially the atmosphere at least
since 13.5 ka. It is also noteworthy that GoM hydrocarbon seeps have been linked to carbon
cycling at shallow sediments (Coffin et al., 2015) via benthic productivity (Hovland et al., 2012)

as well as in the overlying water column (D’souza et al., 2016).
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3.8 Conclusions

We examined the C-S coupling and temporal patterns for Chapopote asphalt seeps in the
southern Gulf of Mexico based on carbonate geochemistry and compared with the data available
from multiple northern GoM Seep sites. Carbonate petrography of Chapopote samples showed
peloidal textures and autoendolithic features, indicative of a dynamic microbially driven
biogeochemical process resulting in carbonate authigenesis. Our results indicated distinguishable
variation in sulfate reduction coupled with methane and non-methane hydrocarbon oxidation,
recorded in the sulfide and DIC pool. Authigenic carbonates samples from asphalt seeps at
Chapopote knolls showed noticeable distinction in 8'*Ccarbonate and 8>*Spyrite values characterized
by moderate 8> Ccarbonate depletion (~-25%o) and §°*Spyrite values with relatively strong depletion
(<-10%o), indicative of DIC sourcing via AONM. AOM dominant seepage sites, in comparison,
shows strongly depleted &'*Ccarbonate (< -40%o) and relatively enriched §>*Spyrite (>0%o) values,
indicative of predominant AOM sourcing for DIC. The spread of data in between the two
indicate mixing from multiple sources (DIC and sulfide pools from AOM, crude oil oxidation,

organic matter degradation, as well as DIC sourced from methanogenesis and water column).

Our 8" Cearbonate versus 8>*Spyrite compilation from GoM could serve as a template for data from
additional sites and regions. Unusually depleted °*S values (as low as to -23%o) for carbonate
associated sulfate (CAS) combined with low CAS concentration and high pyrite wt% suggest
pyrite oxidation during lab preparation, suggestive of necessary precautions in using CAS proxy
for carbonates produced via crude oil oxidation. We presented the first U-Th based age report for
seep carbonates from southern GoM. U-Th ages on Chapopote seep carbonates ranged from 13.5
ka to 4.5 ka (BP), suggesting that Chapopote asphalt seepage has been ongoing for thousands of

years. These results warrants further investigation to the possibility that the GoM slopes might
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have experienced vigorous seep activation during the last deglaciation owing to changes in
sedimentary loading and associated salt-tectonic adjustment which provides fault conduits for

hydrocarbon seeps.
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CHAPTER 4: UNIQUE ISOMER PATTERNS OF ARCHAEAL BIOMARKER LIPIDS AT
METHANE FLUX SETTINGS: IMPLICATIONS TO GDGT BASED

PALEOCEANOGRAPHIC PROXIES

For submission to Geochimica et Cosmochimica Acta as : Akam, S.A., Coffin, R.B., Abdulla,
H.AN,, and Y Zhang. Unique Isomer Patterns of Glycerol Dialkyl Glycerol Tetraethers at

Methane Flux Settings — Implications to Paleoclimate Proxies

4.1 Abstract

Methane transport from the subsurface reservoir towards the seafloor is a wide-spread
phenomenon on continental margins with important biogeochemical implications to ocean
chemistry. Understanding the methane induced biogeochemical signatures recorded on
sedimentary environments is an important task to develop geochemical proxies to reconstruct the
magnitude and temporal framework of methane fluxes in geologic records. Isoprenoid Glycerol
dialkyl glycerol tetraethers (GDGTs) derived from core lipid membranes of methane
metabolizing archaea are often well preserved in sediment records, providing significant insights
to the role methane induced biogeochemistry in sediment diagenesis. Methane Index (MI) is an
organic geochemical proxy for methane seepage intensity which weighs in the relative
proportion of GDGTs (GDGT-1,-2, and -3) preferentially synthesized by methanotrophic archaea
with that of non-methane-related biomarker contribution from planktonic and benthic sources
(Crenarchaeol and Cren_isomer). In this study, we analyzed the GDGT composition of
sedimentary core lipids from IODP Site 1230 (Peru Margin) and Site U1426 (Japan Sea) by
UPLC approach using two silica columns and high-resolution and accurate mass Orbitrap Fusion

Mass Spectrometer. Our results report novel GDGT isomers with concentration peaking at the
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SMTZ and nearly absent above and below the SMTZ. Our observations suggest that these
characteristic isomers of GDGT compounds are sourced from methanotrophic archaea.
Identification of these novel isomers has important implications in refining the MI as well as

other GDGT based paleoceanographic proxies like TEXS86.

4.2 Introduction

Methane (CH4) is an important greenhouse with a significant role in the evolution of Earth’s
carbon cycle and the ongoing climate change. Compared to Carbon dioxide (COz), CHs has a
higher global warming potential in terms of cumulative forcing by a factor of at least 84 over 20
years and 28 over a 100-year time frame (Myhre et al., 2013; Etminan et al., 2016). At present,
CHa4 is the second most abundant greenhouse gas after CO; and the most abundant hydrocarbon
present in the atmosphere accounting for 14% of global greenhouse gas emissions (Stocker et al.,
2014). Continental margins that cover ~28% of ocean surface are important zones of methane
production due to high rates of organic carbon loading and low oxygen availability in the
sediments. The result is favorable conditions for methane production at relatively shallow depths
via microbial activity and at greater depths through the thermal breakdown of organic matter.
The methane formed in the gaseous or dissolved form at depth would migrate toward the
seafloor and can be trapped in reservoirs, form gas hydrate structures under favorable pressure-
temperature settings, oxidize in shallow sediments and the water column, or escape to the
atmosphere (Barnes and Goldberg, 1976; Hovland et al., 1993; Judd et al., 2002). Our current
estimate of methane reservoir in marine sediments range from 1000 Gt to 5000 Gt C (Milkov,
2011; Wallmann et al., 2012; Ruppel and Kessler, 2017). Areas along the world’s continental

margins are characterized by methane seepage from subsurface reservoirs to the seafloor. These
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seepage sites have a significant impact on geology and biology of the seabed facilitated through

complex, microbially mediated biogeochemical processes (Judd and Hovland, 2009).

Modern methane seepage can be detected using geochemical, geophysical, and remote sensing
techniques, including pore water analysis, seafloor observations, and methane anomaly detection
(e.g., MacDonald et al., 1993; Borowski et al., 1996; Coffin et al., 2008; Schwalenberg et al.,
2010; Skarke et al., 2014). However, the biogeochemical signatures imprinted onto the
sedimentary record by such events are still poorly constrained due to the uncertainty in selecting
appropriate geological proxies that record methane seepage and the difficulty in quantifying the
timing of such proxy formation, which leaves a significant uncertainty regarding the temporal

variations of past methane seepage(Stott et al., 2002; Dickens, 2003; Li et al., 2016)

Methane seepage to the seafloor from deeper in the sediment column results in the formation of
characteristic microbial consortia and associated biogeochemical reactions due to the interaction
between downward-diffusing seawater and advection of hydrocarbon-rich pore fluids (Paull et
al., 1995; Naehr et al., 2007). Anaerobic methane oxidation (AOM) that occurs within the
sediment column, is a dominant methane-oxidizing processes consuming >80% of subsurface
methane fluxes (Fig 1) (Boetius and Wenzhofer, 2013). AOM involves a microbial consortium
of anaerobic methanotrophic archaea (ANME) and sulfate-reducing bacteria (SRB) that
anaerobically oxidizes methane while reducing sulfate in the so-called sulfate-methane transition

zone (SMTZ) (Reeburgh, 1976; Boetius et al., 2000).

CH4+ SO+ — HCOs +HS +H,0 (1)
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ANMEs employ a metabolism depended on the transfer of reducing equivalents produced from
methane oxidation to their SRB partners via multiple mechanisms (Knittel and Boetius, 2009;
Knittel et al., 2019). SMTZ is an important diagenetic front as a methane sink as well as for
dynamic dissolved inorganic pump in methane charged shallow sediments (Akam et al., 2020).
The SMTZ depth is largely controlled by the upward flux of methane (Borowski et al., 1996) as
well as the rate of organic matter degradation, which then controls rates of organoclastic sulfate

reduction (OSR) and methanogenesis (Meister et al., 2013).

Biomarkers of interest in a seep setting predominantly include isoprene-based archaeal lipids
derived from ANMEs, acetate-based lipids from SRB, as well as hopanoids and steroids from
bacteria other than SRB including aerobic methanotrophs (Peckmann and Thiel, 2004; Birgel et
al., 2008; Niemann and Elvert, 2008). In methane-rich settings, methanotrophic biomarker
compounds will show strong to extreme depletion in *C (5'3C values as low as -130%o; Elvert et
al., 2000) in contrast to values normally observed for marine lipids of about -25%o (Haas et al.,
2010). The presence of seep-related biomarker compounds and their compound-specific isotopes
have led to the identification of numerous paleo seep records, crucial to our understanding of
ancient seep-influenced environments (Peckmann et al., 2002; Hinrichs et al., 2003; Peckmann

and Thiel, 2004; Birgel et al., 2006b; Miyajima et al., 2020).

Glycerol dialkyl glycerol tetraethers (GDGTs) are organic compounds occurring in the core
membrane lipids of archaea and bacteria with excellent preservation potential in the sediment
record, serving as an important geological proxy for paleoclimate reconstructions (Schouten et

al., 2002; Hopmans et al., 2004; Weijers et al., 2007; Schouten et al., 2013; Tierney, 2014;
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Pearson et al., 2016). In methane-induced diagenetic settings, methane metabolizing archaea are
shown to dominantly contribute to the net GDGT pool (Pancost et al., 2001; Blumenberg et al.,
2004; Elvert et al., 2005; Rossel et al., 2008; Liu et al., 2011; Rossel et al., 2011; Weijers et al.,

2011; Zhang et al., 2011).

Methane Index (MI) is a biomarker-based proxy proposed by Zhang et al (2011) to analyze the

strength of AOM on archaeal GDGTs given as:

MI = [GDGT—1] + [GDGT—2] + [GDGT—3] )
[GDGT—1] + [GDGT—2] + [GDGT—3] + [Cren] + [Cren’] (2)

Where GDGT-1, -2, and -3 are the lipid biomarkers preferentially synthesized by methanotrophic
archaea while Cren (crenarchaeol) and Cren’ (crenarchaeol regioisomer) indicate the non-
methane-related biomarker contribution from planktonic and perhaps benthic sources (Fig. 4.1).
The MI value ranges from 0 to 1, where a value >0.3 indicates an increased impact of AOM.
This index serves as a tool to examine the past methane flux records as well as to screen GDGT
based paleoceanographic reconstruction from methane induced diagenetic alterations. Effective
application of MI to sediment cores can provide critical information about the temporal

variability of methane flux in the study.
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In this study, we examined the GDGT composition of sedimentary core lipids from IODP Site 1230
(Peru Margin) and Site U1427 (Japan Sea) using a high-resolution Orbitrap Fusion Mass
Spectrometer. Our study sites had very different oceanographic settings but a similar diagenetic setting
of a diffusive methane flux with a shallow sulfate-methane transition zone (SMTZ) at 8 mbsf for Site
1230 and ~4.5 mbsf for U1427. Most of the GDGT based studies have reported elution of GDGTs 1-3
with leading shoulders, indicative of potential isomers (Tierney, 2014), however, their influence on
GDGT based proxies at different environmental settings are poorly constrained (Becker et al., 2013). This
study aimed at identifying these isomer patterns in a methane laden sedimentary setting to analyze their

influence on MI.

4.3 Study Sites
ODP Site 1230 (9°6.7525°S, 80°35.010°W) is drilled at a water depth of 5086 meters below sea

level (mbsl) on the lower slope of the Peru trench at the transition between accreted sediments
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and the continental shelf during Leg 201 (Fig. 4.2). It is an active margin with fluid seepage from
below and high phytodetritus sedimentation from the water column (Suess et al., 1990; D'Hondt
et al., 2003). The presence of gas hydrates at the study site has been well documented by ODP
legs 112 and 201. IODP Site U1427 (35°57.92'N, 134°26.06'E) was the shallowest site of the

depth

transect of IODP Leg 346, at a water depth of 330 mbsl (Shipboard Scientific Party, 1990; Tada,
2015a) (Fig. 4.2). This is a site under the influence of Tsushima Warm Current (TWC) with an
average sedimentation rate of ~300 meters per million years (m/m.y.), providing an excellent
target for high-resolution paleoceanographic reconstruction (Tada, 2015b). In this study, we
chose this site as the second core for the project since it showed porewater profiles very similar
to that of Site 1230. No gas hydrates were observed in this site or the adjacent though noticeable
microbial methane supply from the bottom sediment to the water column and a local methane
plume with §!°C values in the range -60%o was recently reported from the eastern Yamato basin

by Gamo et al. (2012), indicative of microbial methane flux occurring in the area.

Both the Sites U1427 and 1230 are highly productive margins with a high sedimentation rate
(~100m/m.y for Pleistocene-Holocene sequence) with high organic carbon and carbonate
content. Porewater profile showed a shallow SMTZ at ~8mbsf and 4 mbsf for Sites 1230 and
U1427 respectively. We focused the top 22 mbsf with a 50cm depth interval for the study.
Higher depth resolution was adopted for depths of interest, especially around the SMTZ depth.
Distinctly convex upward alkalinity inflection, constant NH4" gradient, and high concentration of

dissolved HS were indicative of AOM derived SMTZ (Fig. 4.3). The total organic carbon (TOC)
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contents for sediment samples for the top 22 mbsf for Site U1427 range from 1 to 2.2 wt% with
an average 1.4 wt% (Tada et al., 2015a) and Site 1230 range from 2.07% to 3.22 wt%, with an
average 2.5 wt% (Meister et al., 2005). Even though detailed pore water analyses and
microbiological studies have provided a picture of present-day diagenetic conditions (Murray et
al., 1992; Biddle et al., 2006; Inagaki et al., 2006; Miller and Dickens, 2017), little is known
about the variation of these processes over geological time as well as the details of carbon
cycling at these shallow SMTZs. A recent study at ODP Site 1229 by Contreras et al. (2013),
with a deeper SMTZ (~30mbsf) without any significant upward methane flux, has found multiple
and distinct layers of diagenetic barite and dolomite co-occurring with peaks of '*C-depleted
archaeol, which are biomarkers for ANME, at shallower depths than the modern SMTZ. These
are indicative of variations in the SMTZ in the past with a unique insight into the non-steady-
state nature of the deep-sea biosphere interacting with surface water productivity on glacial-

interglacial cycles.
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Figure 4.3: SMTZ depth for Sites 1230 and U1427 taken from cruise reports ODP Leg 204 and

1ODP Leg 346.

4.4 Methods

A modified Bligh/Dyer procedure was followed for total lipid extraction (e.g., Zhang et al.,
2006; Zhang et al., 2011). A mixture of MeOH, Chloroform, Phosphate buffer (pH=7.4) in a
1:1:0.8 ratio was added to 5 g of freeze-dried sediment sample and kept in the sonic ice bath for
~12 hours. 2.5 ml of chloroform and 2.5 ml of MeOH were then added to this solution and the
samples were centrifugated three times and the organic phase was extracted via pipette. The
organic extracts were reduced under pure N2 gas. 2ml of MeOH and HCI were added in a 95:5
ratio. The lipids were then transesterified by adding 2ml of MeOH and HCl in a 95:5 ratio and
further heating at 70°C for 2 hours. Solid-phase extraction of the resulting lipid extracts was
performed using a Varian Blond Elut C-18 column using 2ml of the following solvents to
produce four fractions respectively: (i) Acetonitrile + Ethyl Acetate with a ratio of 3:1 (F1), (ii)
Acetonitrile + Ethyl Acetate with a ratio of 1:1 (F2), (iii) Ethyl Acetate + Hexane with a ratio of
1:3 (F3), and (iv) Ethyl Acetate + Hexane with a ratio of 1:10 (F4). F3 fraction was used for
GDGT analysis via Ultrapreformance liquid chromatography (UPLC) coupled with high-
resolution Orbitrap Fusion Mass Spectrometer. Chromatographic methane based on two UHPLC
silica columns in series (Hopmans et al., 2016) was adopted for GDGT separations with good

resolution.

In brief, 5 uL of F3 fraction was analyzed on Vanquish UPLC - Orbitrap Fusion Tribrid Mass

Spectrometer (UPLC-OT-FTMS). The analysis was performed on two UPLC silica column (1.7
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um BEH HILIC column 2.1 x 150 mm) in series and maintained at 30°C via atmospheric
pressure chemical ionization (APCI). Eluent A was Hexane and eluent B was
hexane:isopropanol (9:1, v/v). The following gradient was used: hold at 18% B for 25 min; ramp
to 35% B for 25 min; ramp to 100% B for 30 min and hold for 10 min. A 20 min column re-
equilibration with the starting ratio of eluents was carried out between sample analyses. The flow
rate was 0.2 ml-min’'. The APCI setting was SuA corona current, 35 Sheath gas, 10 Aux gas,
325°C ion transfer tube temp, and 200°C vaporizer temp. The Orbitrap full scan was run at
500,000 (FWHM at m/z 200) resolutions with a scan range of 600-1500 m/z and RF Lens at
60%. For MS?, the isolation window was set at 0.7 m/z with preforming both collision-induced
dissociation (CID) and higher-energy collisional dissociation (HCD) using ion trap mass

spectrometer as the detector. The AGC was set at 1.0e4 and intensity threshold at 5.0e3.

Compound Discoverer software 3.01(Thermo Fisher) was used to identify the DOM compounds.
The retention times (RT) of all chromatography spectra were aligned using the adaptive curve

with a maximum shift of 0.8 min and 2 ppm mass tolerance.

4.5 Results and Discussions

Our high-resolution UHPLC approach using two silica columns and Orbitrap Fusion Mass
Spectrometer provided excellent GDGT separation, showing a very diverse GDGT pool
including GDGTs with different numbers of cyclopentane moieties (GDGT 0-4), Crenarchaeol
and its regioisomer, branched GDGTS, Isoprenoidal H-shaped GDGT (H-GDGTs or GMGTs),
hydroxy GDGTs (OH-GDGTs), glycerol dialkanol diethers (GDDs). In total, there were 2102

and 719 individual compounds identified by the mass spectrometry for sites 1230 and U1427
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respectively. In this study, we focussed our attention on GDGTs 0-3, Crenarcheol, and its
regioisomer. GDGT-0 and Cren were the dominant compounds in the study sites (Fig. 4.4).

Distinct peaks of GDGT-1-3 were observable around the present-day SMTZ (Fig. 4.5).
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Figure 4.4: Bulk GDGT distribution. It can be seen that Peru margin samples (orange bars)
gave relatively high GDGT distributions than Japan Margin (blue bar). GDGT-0 and Cren were

the dominant compounds in both sites.
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B U1427A Average mU1427ASMTZ mU1427ASMTZ-2 m 1230E Average M 1230ESMTZ m 1230E SMTZ-2

Figure 4.5: GDGT distribution at SMTZ intervals compared to average GDGT distribution
throughout the sediment core. Relatively higher contribution of GDGTs I and 2 has a higher

concentration than overall average GDGT distribution at the SMTZ.

4.6 Identification of different GDGTSs Isomers:

Site 1230E showed a larger overall GDGT distribution through the sediment depth as well as
higher intensities of different GDGTs isomers (Fig. 4.5). This can be explained from the Total
Organic Carbon (TOC) for both sites; Site: average TOC reported for the top ~22 mbsf for Site

1230 averaged 2.5 wt% (Meister et al., 2005) whereas the average TOC for Site 1247 for the
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depth range was 1.7 wt% . Hence we used the study site 1230E from Peru for the compound

characterization.

GDGT-0 showed one isomer at retention time (RT) 16.53 (Fig. 4.6A). Preforming HCD and CID
fragmentation techniques on m/z 1302, we have identified the following major m/z fragments
615.64, 651.66, 669.676, 689.68, 707.69, 725.70, 743.71, 1210.28, 1228.29,1246.30, 1269.29,
and 1284.31. These fragments confirmed the structure of the GDGT-0 (Fig 4.6D-E). GDGT-0
could be sourced from multiple archaeal groups including methanogens (Koga et al., 1998;
Pitcher et al., 2011). Depth profile plot of GDGT-0 did not show any noticeable variation down
the sediment core, with regards to SMTZ (Fig. 4.11), which indicate that GDGT-0 sourcing from
methane-metabolizing archaea is considerably low and potential sourcing from Thaumarchaeota,
including ammonia-oxidizing archaea is dominant (Damsté et al., 2002; Jung et al., 2011; Pitcher
et al., 2011). Multiple archaeal sources in different depth intervals are a likely scenario in this
case, similar to the observation by Wakeham et al., (2003). GDGTO0/crenarchaeol ratio was less
than 2 throughout the sediment column, a proxy suggested to indicate relatively insignifcant
GDGT-0 contributions from methanogens (Blaga et al., 2009). We can also discard the
possibilities of halophilic archaeal sourcing for GDGT-0 (Turich and Freeman, 2011; Birgel et
al., 2014; Natalicchio et al., 2017) in this setting, as we find no evidence for hypersaline
conditions. It is also important that our study sites and the sediment depth of interest are well

established to be ideal mesophilic setting.

Using the two silica columns UPLC-OT-FTMS method identified five distinct isomers of

GDGT-1 at RT 18.064 min (named GDGT-1), 19.741, 18.974, and 17.404 min (named GDGT-
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la-c respectively, Fig 4.7). Plotting the GDGT-1 isomers at RT 18.064 and 19.741 min (named
as GDGT-1 and GDGT-1a) showed unique peaking at the SMTZ depth (Fig. 4.11A). To verify
the structures of the GDGT-1 at RT 18.064 min we performed CID fragmentation on mz/ 1300
for these specific isomers. We identified a list of m/z fragmentation signatures at 703.660,
739.681, 741.697, 1204.229, 1260.255, and 1278.266 m/z that verify the proposed structure of
GDGT-1 (Fig 4.7D-E). Identifying a distinct peaking of one of the GDGT-1 isomers at the
SMTZ agrees with the previous studies that reported predominant sourcing from methanotrophic
archaea in methane laden settings (Pancost et al., 2001; Wakeham et al., 2003; Zhang et al.,

2011).

For GDGT-2, we identified four distinct isomers at RT 20.051 min (named as GDGT-2), 19.786,
19.202, and, 17.986 min (named as GDGT-2a-c respectively). Plotting the depth profile of the
four isomers shows the isomer at RT 19.786 (named as GDGT-2a) is the only isomer that has a
distinct peak at the SMTZ region (Fig. 4.11B). CID fragmentation of m/z 1298 confirm the
propose structure of GDGT-2 by detecting the following m/z fragments 553.555, 613.660,
667.697, 703.660, 705.676, 739.681, 741.697, 1206.245, 1224.255, 1262.271, and 1280. 281
(Fig 4.8D-E). Significant GDGT-2 presence at the SMTZ was previously reported from the
Aarhus Bay by Weijers et al., (2011). Our results provide additional evidence for this inference

and further, provide the characteristic GDGT-2 isomer specific to methanotrophic origin.

Using our modified UPLC-OT-FTMS we identified six distinct GDGT-3 isomers at RT 21.842
min (named as GDGT-3), 19.709, 21.118, 21.97, 21.214, and 22.245 min (named as GDGT-3a-¢

respectively) (Fig 4.9). Out of these isomers, only the isomer at RT 19.786 min (named as
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GDGT-3a) showed a distinct peak at the SMTZ region ((Fig. 4.11C). The CID fragmentation of
1296 m/z shows these major m/z fragments 703.660, 705.676, 739.681, 741.697, 1205.229,
1260.255, and 1278.226 m/z, which all are distinct fragments of GDGT-3 propose structure.
While a mixed sourcing of Thaumarchaeota and Euryarchaeota can be considered for the GDGT-
3 sourcing (Schouten et al., 2008; Pitcher et al., 2011; Zhang et al., 2011; Schouten et al., 2013),
our detection of isomers with distinctive depth would enable recognition of the ANME sourcing

in the system.

Crenarcheol showed eight distinct isomer compounds (Fig. 4.10). However, none of these
isomers showed any significant depth trend or correlation with SMTZ (Fig. 4.11D). This pattern
is expected as the sources Crenarcheol is considered to be dominantly sourced from autotrophic
ammonia-oxidizing Thaumarchaeota (Pitcher et al., 2010; Schouten et al., 2013). Hence, we
expect these variations would reflect a dynamic mix of processes that include nitrification,
carbon fixation in the water column, and perhaps some benthic sourcing, largely independent of
the methane flux dynamics. Hence, with regards to our goal of refining the methane index (MI),
we have focused on the two most prominent Crenarcheol isomers at RT (24.069 and 25.904).
CID fragmentation of Crenarcheol show the distinct m/z fragmentations at 553.555, 555.571,
701.645, 719.655, 721.671, 737.665, 739.681, 1200.198, 1256.224, and 1274.234, which all

confirm the structure of crenarcheol (Fig. 4.10D-E).

Overall, the abundance of GDGT 1-3, particularly at the SMTZ is highly indicative of an
ANME-1 thriving environment, which is typical for diffusive settings with low-methane

concentrations (Blumenberg et al., 2004; Elvert et al., 2005; Knittel et al., 2005; Pape et al.,
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2005; Aquilina et al., 2010). A high methane flux setting, closer to the sediment seafloor with
high sulfate concentration would be dominated by ANME-2 clades, characterized by the minimal
presence of GDGTs (Niemann and Elvert, 2008; Rossel et al., 2011; Timmers et al., 2015). The
most significant output of these results is the identification of isomer patterns potentially
sourcing from ANME and thereby significantly reducing the uncertainty about their biological
precursors, a fundamentally significant step towards the applicability of lipid biomarkers to

paleoceanographic and paleodiagenetic studies.
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4.7 Detection of GDGT Isomers Unique to ANME: Implications to MI

Calculating the methane index (MI) using the modified method, based on using two silica UPLC
column coupled to high resolution and mass accuracy Fusion Orbitrap mass spectrometer show
MI ranged from 0 to 0.89 and 0.15 to 0.7 in Site U1427 and 1230E respectively, with the highest
values at the SMTZ intervals in both sites. Site U1427 showed an additional peak at depth 20.9
mbsf, potentially indicative of a paleo SMTZ (Fig. 4.15 C). MI values here show as an additional
confirmation of the SMTZ depth in the sediment column, which when combined with porewater
methane and sulfate profiles. Considering the measurement of methane concentration in
porewater is prone to error due to degassing (Egger et al., 2018) and that additional cryptic sulfur
cycling is pervasive in a diffusive setting (Beulig et al., 2019; Jorgensen et al., 2019a), MI can

serve as an independent verification for porewater based SMTZ detection.

Application of the high-resolution approach in this study and the resulting capability of isomer
separation enabled a great improvement in the MI values. We demonstrate that the inclusion of
GDGT shoulders due to co-elution with previously uncharacterized isomers can cause significant
changes to MI values and other GDGT based indices. Figure 4.14A shows the MI values
obtained from the traditional HPLC method using a single-column separation for Site 1230. This
MI index is significantly improved through the double-column separation (Fig. 4.14B). Further,
the double-column separation allows the calculation of MI by including the GDGT isomers that

are specific for ANME. This step brought MI values to go almost zero above and below the
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SMTZ and a dominant peak at the SMTZ for Site 1230E (Fig. 14C). A similar refinement of MI
values was observed for Site U1427 as well (Fig 15). The relative isomer peaks unique to SMTZ
were limited for U1427, in comparison to Site 1230E. However, MI values showed significant

improvement when the MI was calculated using the isomers with SMTZ peaking, in comparison

to MI calculated using all the GDGT compounds (Fig 15C).
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Figure 4.12: A comparison of MI values obtained from the traditional approach and the
improved resolution approach used in this study. A) MI values from the traditional HPLC
method using single-column separation. B) high-resolution method approach in this study using
two silica column HPLC. MI values considered all the GDGT isomers in this case. C) MI values
using only the specific Isomers that showed characteristic variation with regards to SMTZ
(GDGTla, 2a, and 3a). It can be seen that our method enables significant noise reduction by

identifying the isomers sourcing from ANME with that of non-Non ANME origin.
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Figure 4.13: A and B) Characteristic GDGT isomers with SMTZ peaks C) MI values using all
the GDGT compounds and only the characteristic isomers with SMTZ peaking. The peak at
depth 20.9 mbsf indicates a paleo SMTZ front. Note the isomer patterns identify the SMTZ zone

from a false-positive peak (grey peak) below the SMTZ.

An important applications of the MI proxy has been to screen methanotrophic GDGT sourcing
from archaea other than marine Thaumarchaeota, as the latter sourcing is a key requirement for
the fidelity of TEX3gs based SST reconstructions (Schouten et al., 2013; Tierney, 2014; Hollis et
al., 2019). This study suggest a significant impact of methane metabolizing archaecal GDGTs to
the net GDGT pool in diffusive methane flux setting. This is in agreement with a previous study

from Aarhus Bay where significant methanotrophic GDGT-2 was reported at SMTZ (Weijers et
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al., 2011). Our observations suggest that methanotrophs contribute GDGT 1-3 to the overall
GDGT pools with GDGT 2 being the most abundant methanotrophic contribution followed by

GDGT 1 and 2 respectively.

Perhaps the most important highlight of this result is the enhancement of our existing GDGT
based biomarker inventory by identifying isomer patterns that are unique for potential
methanotrophic sourcing. These novel isomer patterns would considerably aid diagenetic
imprints of methane fluxes from subsurface towards seafloor with an important global
biogeochemistry/climate perspective. Further, these isomer patterns indicate to significant
refinement in future for other GDGT based paleoceanography proxies like GDGTO0/Cren (Blaga
et al., 2009), TEX86 (Schouten et al., 2002), Ring Index (RI), RItex, and |ARI| (Zhang et al.,
2016), GDGT-2/GDGT-3 (Dong et al., 2019), etc. Considering there is a significant uncertainty
existing regarding the temporal variations of methane fluxes as well as the carbon cycling
associated with subsurface methane transport in ancient environments (Bristow and Grotzinger,
2013; Hancock, 2018), the high-resolution approach and the recognition of these novel isomer
patterns reported here will considerably contribute to our existing geochemical proxy tools for

investigations in this direction.

4.8 Conclusion

We analyzed GDGT core lipids from sediment cores of two diffusive methane flux sites off Peru
(Site 1230E) and Japan margin (Site U1427A). Our high-resolution HPLC approach using two
silica columns and Orbitrap Fusion Mass Spectrometer provided excellent GDGT separation,

showing a very diverse GDGT pool. Our observations suggest a significant impact of methane
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metabolizing archaeal GDGTs to the net GDGT pool in the study sites. MI values showed a
strong peak at the SMTZ interval. Site U1427A showed an MI peak below the SMTZ, indicative
of paleo SMTZ. Additionally, we report novel GDGT isomers with concentration peaking at the
SMTZ and almost absent above and below the SMTZ. Our observations suggest that these
characteristic isomers of GDGT compounds are sourced from methanotrophic archaea.
Identification of these novel isomers and our high-resolution approach has important
implications in refining the MI as well as other GDGT based paleoceanographic proxies like

TEX86.

4.9 Supplementary documents
A spreadsheet file with supplementary data can be obtained at the following weblinks for the
Peru and Japan margin sites, respectively:

https://drive.google.com/file/d/1f50y VTOf 1d1Zx8xnxQuz307QDLCF21B/view?usp=sharing

https://drive.google.com/file/d/1 VIORFAplrbp3muOsqzdiEXOB531QNh1k/view?usp=sharing
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CHAPTER 5: SUMMARY AND FUTURE WORKS

Methane is an important greenhouse gas with a significant role in the evolution of Earth’s
carbon cycle and the ongoing climate change. Subsurface marine methane reservoirs constitute a
large exchangeable carbon pool significant for the climate system. Ocean margins are often
characterized by the transport of subsurface methane towards the seafloor. Some of the abrupt
climate change events in paleoclimate records are potentially linked to massive dissociation of
subsurface methane reservoirs into the oceans and atmosphere. Furthermore, recent studies have

shown that methane seepage sites can significantly impact regional organic carbon cycling.

Modern methane fluxes in the ocean floor can be detected using geochemical,
geophysical, and remote sensing techniques. Methane induced biogeochemical signatures
imprinted onto sedimentary records by such events are poorly constrained and require
appropriate geological proxies that record methane seepage and quantify the timing of formation.
This uncertainty hinders our ability to reconstruct the temporal and spatial variations of past
methane seepage and is an important scientific challenge towards our understanding of the
properties and processes governing the flow and storage of carbon in subseafloor. This
dissertation studied the impact of subsurface methane transport towards the shallow sedimentary
environments at the present-day setting intending to improve our ability to evaluate methane

induced biogeochemistry in ancient environments from sediment records.

The first chapter introduced methane induced biogeochemistry in shallow sediment

settings. This chapter highlighted a significant methane carbon pool in the subsurface that can
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interact with shallow sediments and the water column-atmosphere system to support a methane-

powered carbon cycling, relevant to ocean chemistry and climate system.

The second chapter provided a quantification of methane induced carbon cycling in
diffusive methane flux settings in a global context. In diffusion controlled-settings, methane
entering from the subsurface is almost completely consumed within the shallow sediments at a
sediment interval known as the sulfate-methane transition zone (SMTZ), where microbially
driven anaerobic oxidation of methane (AOM) process converts the methane carbon to dissolved
inorganic carbon (DIC). This chapter quantified DIC cycling in methane charged shallow
sediments and reported a significant carbon flux contribution from the SMTZ towards the water
column and to sediment carbon burial. The study highlighted the importance of SMTZ as not

only a methane sink but also an important diagenetic front for global DIC cycling.

The first two chapters emphasized that marine methane reservoirs and their interaction to

shallow sediment-water column-atmosphere system acts as an important intermediate in the

global carbon cycle (Fig. 5.1)
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Figure 5.1 Generalized representation of marine methane cycle acting as an intermediate in the

global carbon cycle.

The third chapter studied authigenic carbonates, an important geological archive for past
methane seepage events, to reconstruct the carbon-sulfur geochemical coupling associated with a
seep system from the southern Gulf of Mexico (GoM). Authigenic carbonates in seep settings are
formed due to the alkalinity production resulting from the sulfate reduction coupled to
hydrocarbon oxidation. This study reported distinguishable variation in sulfate reduction coupled
with methane and non-methane hydrocarbon oxidation, recorded in the sulfide and DIC pool,
that can be recognized from sedimentary records using stable isotope records of carbonate

carbon (8'3Cearbonate) and pyrite sulfur (§**Spyrite). This study also provided additional evidence to

the existing hypothesis that vigorous seep activation could have occurred in the GoM slopes
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during the last deglaciation, based on the evidence from radioactive U-Th dates of seep

carbonates.

The fourth chapter studied the organic molecular fossil records imprinted on sediment
records from the Japan Sea and Peru Margin. This study focused on the Isoprenoid Glycerol
dialkyl glycerol tetracthers (GDGTs), which are core lipid membranes produced by Archaea,
often well preserved in sediment records. Using a high-resolution HPLC approach involving two
silica columns and Orbitrap Fusion Mass Spectrometer, this study reports novel GDGT isomers
with concentration peaking at the SMTZ and almost absent above and below the SMTZ. The
observations suggested that these characteristic isomers of GDGT compounds in the study sites
are sourced from methanotrophic archaea and their identification serves an important
paleoceanographic tool to study the temporal variations of methane fluxes in the past from

sediment records.

Key areas of future works to expand on the results obtained from this dissertation include
(1) inclusion of advective settings to the global DIC budget prepared for diffusive methane
charged settings (ii) quantification on the rates of sulfide oxidation and carbonate authigenesis in
diverse and globally distributed settings characterized by subsurface methane fluxes to improve
existing understanding on the impact of DIC outflux to ocean chemistry (iii) additional S isotope
studies involving §'%0 and §°*S of CAS as well as §**S of organic S pool to provide a broader
picture of diagenetic sulfur cycling at seeps (iv) additional biomarker works from methane flux
settings incorporating hopanoids of BSR to provide additional insight into the sulfate reduction

processes (v) expansion of methane index to incorporate ANME 2 compounds and thereby an
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opportunity for semi quantitative reconstruction of methane flux intensities from sediment

records.
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