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ABSTRACT

The Gulf of Mexico is one of the most prolific oil and gas producing basins in the world and is
host to some of the most dynamic seafloor environments next to hydrothermal spreading centers.
Repeated cycles of flooding, first from the Pacific and then from the Atlantic, generated kilometer
thick salt deposits at the seafloor. These buried salt sheets flow and fracture under the weight of
kilometers of sediment overburden to produce a highly variable landscape that includes carbonate
hardgrounds, brine flows, brine lakes, and hydrocarbon seeps. These environments host unique
assemblages of animal and microbial life that influence biogeochemical cycling on a large scale.
This dissertation explores the geochemistry of the anaerobic oxidation of methane, hexadecane,
and naphthalene over a range of Gulf seafloor environments, including oil and gas seeps, brine

pools, mud volcanoes, and large brine lakes.
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CHAPTER I

INTRODUCTION AND BACKGROUND

1.I INTRODUCTION

The metabolic activity of microorganisms influences geochemical cycling in every imaginable
habitat and at nearly every conceivable scale. The first three billion years of life on Earth reflect
the Age of Microorganisms [1]. Today, microbial life is abundant across Earth’s habitats, in pop-
ulation numbers that dwarf other organisms, and with enough metabolic diversity such that no
element of significance is left untouched. Prokaryotes can survive across an extreme range of en-
vironmental conditions. Species have been found living between -15 to 122 °C, at pressures from
approximately 3 kPa to 0.1 GPa, salinities up to NaCl saturation, and from pH conditions between
o and 12 [2-8]. Microbes have colonized numerous environments, including forests, lakes, rivers,
soils, sediments, seawater, caves, hot springs, the atmosphere including clouds, ice, hydrother-
mal vents, brine pools, hydrocarbon reservoirs, deeply buried rocks crust, animal tissue, nuclear
reactors, and even the International Space Station [s, 9-14].

At best approximation, the prokaryotic population of Earth is between 9.0-31.7 X 10* cells,
potentially representing a trillion different species [1s, 16]. Conservatively, the amount of carbon
contained within this population is between 614 — 8277 Pg C, of which 3.6 — 4.9 Pg C resides in
the subseafloor [16]. The matter and energy required by microbial biomass is harvested from the
local environment. The chemical and energetic feedbacks from microbial activity have profound
impacts on the environment, on timescales ranging from minutes to billions of years [17-20]. Un-

derstanding Earth’s biogeochemical cycles, particularly in extreme environments that challenge



the limits of life, offers a blueprint for searching for life on extraterrestrial and extrasolar bodies
[21, 22]. Extreme environments include habitats that are characterized by conditions well out-
side the average range for environmental variables. Microbes are able withstand extremes in pH
(pH <s = acidophiles; pH >9 = alkaliphiles), salinity (salinity > 8.8%=halophiles), temperature
(T <20 °C = psychrophiles; T >45 °C = thermopbhiles), pressure (pressure between 10 — s0 MPa
= piezophile), or water activity («,, < 0.7 = xerophile) can thrive in these habitats [22]. Some mi-
croorganisms are ‘polyextremophiles’, organisms that can tolerate extremes in more than one of
these parameters [23]. Studying the microorganisms found in extreme environments and their
metabolisms has tremendous potential for advancing biotechnology [24].

This thesis focuses on key microbial processes that occur in deep sea extreme environments
in the Gulf of Mexico, including brine basins, brine seeps, and hydrocarbon seeps. The Gulf of
Mexico is a unique ecosystem [2s]. It is an easily accessible sea on a continental margin that sup-
ports remarkable biodiversity and high rates of productivity and one thatis impacted by a number
of industries, from tourism to fisheries to oil exploration [25]. The Gulf of Mexico plays a vital
role in the regional and national economy. The Northern Gulf is underlain by extensive hydro-
carbon reservoirs and thus petroleum exploration, extraction and refinement industries are the
economic backbones of the Gulf: ca. 25% of the oil and 14% of the gas used in the US is produced
in the Gulf and refined in adjacent coastal states. The economic impact of Gulf commercial fish-
eries exceeded $19 billion in 2011 [26], and this industry is still recovering from the 2010 DWH
blowout [27]. The Gulf of Mexico system is influenced by terrigenous inputs from the largest
river in North America, the Mississippi, that vary seasonally and interannually. The Gulf’s biota
therefore experience ephemeral exposure to diverse and variable energy regimes [28, 29]. Thou-
sands of hydrocarbon seeps discharge oil and gas into the Gulf and the system is influenced by
complex large- and small-scale circulation patterns that distribute oil in the system.

Anaerobic microbial processes dominated the biogeochemistry of Archean environments
[30] and these processes thrive today in the northern Gulf today, largely in permanently anoxic

basins and marine sediments. The first chapter of this thesis focuses on microbial processes along



the chemocline of a brine basin, while the two subsequent chapters (Chapters 2, 3) focus on mi-
crobial processes in sediments, with a common focus on understanding how microbial processes
cycle hydrocarbons and on how hydrocarbon oxidation is coupled to terminal metabolic pro-
cesses, such as sulfate reduction.

Marine sediments are a complex mixture of biological materials (e.g., organic matter, shells,
etc.), terrigenous clastics (e.g., sand, clays, etc.), inorganic authigenic precipitates (e.g., pyrite, car-
bonates, etc.), and pelagic mineral assemblages (e.¢., calcareous and siliceous shell material [31,
32]. Once deposited at the seabed, sediments are further altered by exposure to discharging flu-
ids (brines, oil, gas; [28]), through secondary sedimentation of oil-derived materials (Chapter 3),
through bioturbation and bioirrigation of surficial sediments [33], and through repeated pro-
cesses of remobilization and mineralization [34]. Individual components of sediments are altered
at different rates prior to lithification, typically in accordance with age, prevailing geologic con-
ditions, burial rate, and microbial activity. These early diagenetic processes link the relatively fast
acting components of the carbon cycle to the geologically slow CO,-rock cycle [32]. Importantly,
modern atmospheric oxygen and CO, levels are modulated by sedimentary processes, either lo-
cally via a complex balance between oceanic primary productivity, sedimentation rate, oxidation
of organic matter, and burial rates, or on geologic timescales through the formation of kerogen,

petroleum, and the diagenetic alteration of sedimentary pyrite 32, 35].

1.2 HYDROCARBON PRODUCTION

Nearly 191 Tmol of photosynthetically derived organic carbon is delivered to the seafloor annu-
ally as particles (POC) and marine snow [36—38]. Approximately 34% of the POC flux is buried
(=65 Tmol Cy~" [39]), of which approximately 50% is remineralized by a diverse group of sulfate-
reducing bacteria (SRB; [40, 41]). A fraction of this buried POC has been repeatedly exhumed
and reburied probably over thousands of years, an observation supported by depleted POC ra-
diocarbon signatures [42, 43]. Final burial of POC therefore likely occurs following extended

periods of exposure and reworking at or near the sediment surface [42—44].



Early diagenetic transformation and eventual burial of POC results in the formation of kero-
gen [45]. When heated to extreme temperatures, kerogen decomposes into liquid and gaseous hy-
drocarbons compounds such as short- to long-chain alkanes (e.g. methane, ethane, hexadecane,
etc.), and polyaromatic compounds (e.g. naphthalene, phenanthrene, etc. [45-47]). Elevated
geothermal temperature from continued burial transforms kerogen into structurally distinct, lig-
uid pools of hydrocarbons, or crude oil [45]. Often, crude oil is defined according to methods of
analysis and separated into four main pools that vary in reactivity largely based on structure: 1) Sat-
urated compounds, 2) Aromatic compounds, 3) Resins, and 4) Asphaltenes (z.¢., SARA fractions
[45]). Of these, saturated and aromatic compounds dominate sedimentary hydrocarbon reser-
voirs (80% by mass [48]). The saturated fraction includes short chain light hydrocarbons gases
(e.g. methane, ethane, propane and butane), long chain alkanes (e.g. n-hexadecane), branched
alkanes, and cyclic compounds. The aromatic fraction includes benzene, toluene, naphthalene
and phenanthrene. All of these are viable substrate for microbial metabolism. The migration of
these substances into overlying sedimentary deposits drives microbial production, population di-
versity, and ultimately early diagenetic processes that occur over geologically long (107 yr) time
scales [28].

In shallow, sulfate-depleted sediments, inorganic carbon, alcohols, and volatile fatty acids are
converted to methane by a diverse group of methanogenic archaea [49, and references therein].
This biogenic methane constitutes the dominant fraction of methane in some environments (e.g.,
brines, [28, s0]), but in many cases, biogenic methane comingles with thermogenic [s1] or ge-
ogenic [52, s3] methane, making it difficult to track its origin and fate. Methane is the most abun-
dant hydrocarbon in the modern atmosphere, and it is approximately 21 times more effective at
trapping heat than CO, [54]. The concentration of methane in the atmosphere is increasing [ss],
driven largely by increases from agricultural and fossil fuel sectors [56]. Tracking and understand-
ing the fate of methane in the environment is important, given its critical role in regulating Earth’s

climate.



1.3 ANAEROBIC METHANE OXIDATION

More than 90% of methane produced in anoxic seafloor sediments is consumed by ANaerobic
MEthanotrophs (ANME [57]). Anaerobic methanotrophy is a longstanding microbial conun-
drum that has been putatively linked to sulfate reduction [s8-60], denitrification [61-63], and
metal oxide reduction [64]. Current estimates suggest that ANME remove between 45 and 61 T'g
CH4 annually from anoxic seafloor sediments [65]. Globally integrated sulfate removal through
microbial reduction processes in seafloor sediments is estimated at ~11.3 Tmol or 1.1 Pg SO, >~ y ™!
[41]. Under the simplifying assumption that electron acceptors other than sulfate play a negligi-
ble role in the anaerobic oxidation of methane (AOM), approximately 5.3 Tmol SO,*~ y =" (47%
of the total) has been associated with AOM along the sulfate methane transition zone (SMTZ),
the majority of which occurs along continental margins [65].

Potential syntrophic mechanisms for AOM, including reverse methanogenesis, intermediate
electron transfer compounds (zero valent sulfur, denitrification [61, 66, 67]), and direct contact
via nanowires and multi-heme cytochromes ([68]), have captured much attention. However,
the potential for anaerobic methanotrophy in one organism via denitrification (Methylomirabilis
oxyfera, [61, 69]) is well documented. There are numerous unanswered questions surrounding
AOM in the environment, including the microorganisms responsible and the metabolic path-
ways involved [57]. Most research efforts regarding AOM are focused on a putative consortium
of ANME archaea and sulfate reducing bacteria (SRB [59]) that live in clusters or aggregates [60].
In the simplest case, ANME are thought to use methanogenic pathways in reverse, first activating
methane via methyl coenzyme M reductase (e.g. mcrA) [70], then passing the generated reducing
equivalents to SRB, where they are then presumably routed into canonical dissimilatory sulfate
reducing machinery (see Equation 1.1). The energetics of sulfate-coupled methane oxidation are
favorable [s9] but approach the energetic limit of life (AG} between —30 k] mol™"and—40 k] mol™,
depending on 7z situ conditions).

Sulfate-coupled AOM purportedly dominates anaerobic methanotrophy in marine environ-

ments, as evidenced by geochemical and isotopic data [58, 59, 71, 72]. In anoxic sediments, methane



concentrations tend to diminish together with the disappearance of sulfate within the SMTZ.
Methane oxidation and sulfate reduction consistently occur together at depth, but rates of the
two processes rarely match each other [73]. To date however, no definitive connection between
AOM and SR has been established. Further still, no definitive connection between ANME and
methanotrophy has been revealed, leaving open the possibility that SRB are the lone heterotrophs
in the consortium [74, 75]. Recent papers [76] have challenged this assumption, arguing that

multiple, contemporaneous modes of AOM are possible and even likely.

CH, + SO, — HCO3;™ + HS™ + H,0 (r.1)

ANME organisms are notoriously difficult to enrich in pure culture which makes distinguish-
ing metabolic linkages between ANME and SRB difficult [77]. The comprehensive modeling
efforts of Alperin and Hoehler [78] suggests two possibilities: 1) that ANME/SRB consortia are
methanogenic at methane-rich seep sites, and 2) that ANME/SRB aggregates contain groups of
hydrogen-producing, methanotrophic archaea and hydrogenotrophic SRB at non-seep sites. Ad-
ditionally, recent reports provide compelling arguments in favor of AOM coupled to alternate
electron acceptors, most notably nitrate [67, 79], nitrite [61, 66, 80, 81], and the metal oxides of
iron and manganese [64, 82]. The fact that Bowles et al. (2019) [76] document significant decou-
pling of AOM and SR under environmentally realistic methane concentrations provides strong

evidence that AOM is coupled energetically to processes other than SR.

1.4 CoMPLEX HYDROCARBON OXIDATION

Crude oil is a complex mixture of organic compounds generated from geothermal catagenesis
of deeply buried kerogen and bitumen [83, 84]. Crude oils is comprised of many thousands of
different compounds spanning four main structural groups, the so-called SAR A fractions: Sat-
urated hydrocarbons, Aromatics, Resins, and Asphaltenes [83]. The saturated hydrocarbons are
the simplest and most abundant fraction in mature, unweathered crude oil (up to 60% by weight

[83]) and include short linear alkanes (e.¢., methane, ethane, and propane), longer linear alka-
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nes (e.g., hexadecane, n-octadecane, etc.), branched alkanes (e.g,, isobutane), and cyclic alkanes
(e.g., cyclopropane, cyclobutane and cyclohexane). The aromatic fraction (typically 20-45% by
weight [83]) contains the economically valuable BTEX quartet (i.e., benzene, toluene, ethylben-
zene, and xylene) and polycyclic aromatic hydrocarbons (PAHs) like naphthalene, phenanthrene
and anthracene. Oil and gas seeps occur along both passive and active continental margins, in-
cluding those along the passive margins of the eastern US Atlantic seaboard (gas only [85]) and
throughout the Gulf of Mexico (oil and gas; hereafter Gulf [28, 50, 86]), and along active mar-
gins, like the Eel River Margin in the Pacific. The Gulf contains over 1000 known cold seeps of
mixed geochemical providence [28, 50, 86]. The mobilization of oil and gas through marine sedi-
ments establishes unique metabolic niches for microorganisms and impacts local biogeochemical

cycling.

1.5 OBJECTIVES

.51 CHAPTER 2

Chapter 2 explores methane oxidation along the chemocline of Orca Basin, Gulf of Mexico, a
deep-sea hypersaline anoxic basin. Deep-sea hypersaline anoxic basins are localized seafloor envi-
ronments that contain energy- and nutrient- rich brines capable of supporting extensive micro-
bial communities. This chapter reports the first rates of microbial methane oxidation and sulfate
reduction across the chemocline of Orca basin, Gulf of Mexico, one of the world’s largest sub-
marine brine basins. Multiple pathways of methane oxidation occurred across the chemocline of
Orca that creates an effective sink for methane. We hypothesized that (1) anaerobic methanotro-
phy would predominantly control methane flux from the gas-charged brine, (2) sulfate reduc-
tion would co-occur with anaerobic methanotrophy and be a dominant terminal metabolism
across the chemocline, as observed in other deep marine hypersaline systems, and (3) microbial
metabolism would be salinity-inhibited within the core of the brine.

Our results indicate that both aerobic and anaerobic methanotrophy occur along the chemo-

cline, both confirming and refining our first hypothesis. Our hypothesis that sulfate reduction



would be the dominant terminal metabolism was not only disproven, but sulfate reduction was
shown to be either completely absent, or below our ability to detect with conventional radio-
tracer assays. Anaerobic methane oxidation was more important than aerobic methanotrophy,
but rapid uptake of methane tracer along a suboxic, mildly salty horizon indicates a robust com-
munity of aerobic methanotrophic scavengers. To our surprise, not only did we find active AOM
within the brine, but experimental additions of oxidized iron minerals stimulated AOM rates at
tull brine salinity (>250 gkg™). Iron-coupled AOM has been demonstrated in controlled labo-
ratory settings, but this study reports the first occurrence of this in brine fluids and work with
additional electron acceptors such as nitrite suggests a dynamic community of anaerobic hydro-

carbon degraders.

1.5.2 CHAPTER 3

Chapter 3 reports naphthalene and hexadecane oxidation rates in Gulf sediments across nine sites
of different water depth and hydrocarbon loading rates in the context of datasets describing pore-
water and solid phase geochemistry, microbial sulfate reduction and AOM, and extractable hy-
drocarbons. Sediment cores were sectioned and incubated with labile 3S—sulfate and “*C—labeled
methane, hexadecane, and naphthalene to assess the coupling of sulfate reduction with short-
chain alkane, long-chain alkane, and PAH degradation. We hypothesized that (1) sulfate reduc-
tion rates would be a good predictor for presence and magnitude of alkane and PAH degradation,
(2) that the relative magnitude of oil oxidation would follow thermodynamic predictions, ze., 7-
alkanes would be oxidized before PAHs, and (3) exposure to oil would prime the sediment micro-
bial community for hydrocarbon metabolism and further predict the magnitude of hydrocarbon
oxidation rates at a given site.

The hypotheses that rates of hydrocarbon oxidation would correlate - or at least scale to -
rates of sulfate reduction was disproven. Sulfate reduction rates did not broadly correlate to either
hexadecane or naphthalene oxidation across site types, in general, though the site with the highest

rates of sulfate reduction (MCii8) also exhibited the highest rates of oil oxidation. The second hy-



pothesis, that n-alkanes would be degraded faster than PAHs, was also disproven. Though alkane
degradation yields more energy than PAH degradation, the inherent insolubility of n-alkanes like
hexadecane limits their biodegradation substantially. The idea that sites impacted by oil and gas
would express the highest rates of activity was proven correct. While oil loading did correlate with
the potential for oil degradation, this relationship was not robust. Finally, we discovered a sur-
prising connection between sedimented oil and microbial activity at the seabed at sites impacted
by both natural oil and anthropogenic oil sedimentation. The amount and relative reactivity of
sedimented oil determines the relative extent to which the material stimulates anaerobic terminal
metabolism. Finally, some of these data (GC767) provides tantalizing evidence of the importance

of oil fermentation (methanogenesis), even in the presence of sulfate.

1.5.3 CHAPTER 4

Chapter 4 presents the first systematic assessment of microbial activity under quasi in situ condi-
tions in sediments of mixed hydrocarbon and brine impact along the northern continental slope
of the Gulf of Mexico. The northern continental slope of the Gulf of Mexico is host to thou-
sands of cold seeps each with unique sedimentary biogeochemical signatures driven in some part
by variable inputs of oil, gas and brine. Sulfate reduction and anaerobic methanotrophy were used
to assess variability between four different kinds of sites: i) sites containing quiescent abyssal sedi-
ments, ii) sites impacted by oil and gas, ii) sites in proximity to methane hydrates, and iv) sites in-
fluenced by brine seepage. The purpose of this study was to (1) compile one of the most expansive
spatial-temporal datasets of biogeochemistry and microbial activity within Gulf of Mexico cold
seep sediments, (2) to expand the availability of rate data collected under an improved method
that approximates conditions found at the seafloor, and (3) to highlight the variability inherent

in cold seep systems.



1.5.4 CHAPTERS

The broader conclusions of the work presented in this dissertation are summarized in Chapter s,

along with proposed directions for future work.
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CHAPTER 2

DYNAMICS AND DIVERSITY OF METHANOTROPHY ACROSS THE

CHEMOCLINE OF THE DEEP HYPERSALINE ORCA BASIN.'
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2.1 ABSTRACT

Deep-sea hypersaline anoxic basins (DHABs) are localized seafloor environments that contain
energy-and nutrient- rich brines capable of supporting extensive microbial communities. Seafloor
brines are hypersaline, devoid of molecular oxygen, and contain elevated concentrations of re-
duced solutes. Energy-rich compounds, ¢.¢g., hydrogen sulfide, ammonium, and methane, diffuse
across the seawater-brine interface, generating steep geochemical gradients that fuel unique halo-
tolerant microbial communities. Here, we report the first rates of microbial methane oxidation
and sulfate reduction across the chemocline of Orca basin, Gulf of Mexico, one of the world’s
largest submarine brine basins. Methane turnover was fastest via aerobic microbial methanotro-
phy in the sub-oxic zone above the chemocline. The highest rates of methane oxidation, how-
ever, occurred within the anoxic brine. Though aerobic and anaerobic methane oxidation were
documented, dissimilatory sulfate reduction was not, and anaerobic methanotrophy was instead
coupled to iron, and possibly nitrite reduction. In Orca Basin, successive metabolisms moderate

methane oxidation, creating an effective sink for methane in this extreme environment.

2.2 INTRODUCTION

The Orca Basin is a semi-enclosed seafloor depression in the northern Gulf of Mexico (Gulf) that
is filled with more than 10 km? of 8000-year-old anoxic brine. The predominantly halite brine is
over eight times the salinity of the overlying seawater (see Fig 2.1 A; Table A.r and A.2); the two
endmembers are separated by a stable isopycnal horizon that reduces mixing between the end-
member fluids. Numerous shallow brine pools, fluidized muds, and flows have been reported
in the Gulf since the discovery of Orca Basin in the late 1970s, most only a few meters deep [1—
s]. In contrast, the Orca Basin covers approximately 225 km* and is more than 200 meters deep
[6, 7] making it the largest known deep-sea hypersaline anoxic brine basin (DHAB) in the Gulf.
Brine lakes of this size occur in seafloor depressions elsewhere, particularly in the Mediterranean

[8-11] and Red Sea [12—16]. Brines form either through the tectonic uplift and re-dissolution
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of buried evaporites as they interact with seawater (e.g., Mediterranean and Gulf), or through
interactions with hydrothermal fluids in the subsurface (e.¢., Red Sea). In the Mediterranean,
brines of Messinian origin accumulate within depressions along the accretionary wedge complex
at the convergent intersection of the African plate and the Aegean arc [17]. In the Red Sea, active
rifting produces interactions between hydrothermal fluids and Miocene evaporites to produce
warm, metalliferous brines [13]. Gulf brines are formed from the dissolution of Jurassic-aged
evaporites [13] which occurs as buried salt sheets are deformed (i.c., salt tectonics) and interact
with seawater and with fluids generated via clay dewatering through sediment compaction [18].

The chemistry of deep-sea brines is exotic. The relative habitability of brines depends on the
dominant host salt and its concentration. NaCl-saturated brines exhibit lower microbial diversity
than seawater but contain representatives of every domain of life that are capable of mediating al-
most any biogeochemical process [19, 20]. NaCl-saturated brines (sM NaCl) have a water activity
(Ay) of ca. 0.755 (e.g., Orca Basin [20]) which is far above the A,, that limits life, ca. 0.585. How-
ever, this A, is substantially below that of seawater (A, ca. 0.98) making these brines extreme
environments.

While all brine fluids are hypersaline, each brine is unique with a distinct cocktail of major and
minor ions, organic and inorganic nutrients, and dissolved organic matter; sometimes brines even
contain petroleum [21, 22]. Most brines do share one common feature — the fluids are enriched
in methane, a recognized greenhouse gas [4, s, 15, 16, 23, 24]. Methane is approximately 26 times
more effective at trapping heat than carbon dioxide, and the second most abundant greenhouse
gas in the atmosphere [25]. This study was designed to estimate rates and pathways of methane
oxidation across the Orca Basin chemocline to constrain the modes of methane oxidation in this
unique hypersaline extreme environment. The focus on methane assures broad relevance of the
work since methane is one of the most abundant electron donors in reducing environments gen-
erally, and in DHABEs, specifically. These deep-sea extreme environments offer the opportunity
to advance the understanding early conditions and early life on Earth [4] and Mars [26], and may

advance our ability to predict the likelihood of extraterrestrial life [27, 28].
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Vertical stratification of redox zones is an emergent property thatis found in any habitat where
diffusion limits the flux of reductant (7.¢., energy rich substrate) and oxidant (z.¢., electron accep-
tor). The vertical scale of redox zones varies tremendously, from the microscale (wm to mm in
microbial mats [29]), to the macroscale (tens of meters in organic matter poor habitats like sed-
iments in the South Pacific Gyre [30]) depending on the relative influx of organic matter [18].
Difterential supply of electron donor and electron acceptor create unique metabolic niches for
microorganisms along a predictable sequence of respiratory processes. Deep sea brine environ-
ments offer an ideal locale to study the dynamics of microbial populations along redox interfaces,
as they are characterized by dramatic gradients in dissolved oxygen and redox metabolites such as
methane and nitrate. Chemical gradients of reduced species and nutrients derived from the brine
intersect with layers of accumulated particles and electron acceptors derived from the overlying
seawater [7] creating a cascade of niches that are exploited by microbial communities.

The geometry and geology of Orca Basin (see Figure 2.1) creates an optimal situation for for-
mation of a broad and extensive chemocline (see Figure 2.2) that spans over 100 meters. Among
DHABs, Orca Basin is an ideal environment to explore microbial dynamics since the 110 m thick
chemocline offers an opportunity to assess different metabolisms using traditional sampling ap-
proaches (e.g., CTD rosette and Niskin bottles). The interface is cm to m at best in some other
well-studied brines — such as the Bannock Basin [23] and Urania Basin [31] in the Mediterranean,
and the shallow brines in the Gulf of Mexico [4] — which requires specialized equipment to cap-
ture key transformations across the interface [3]. The ability to capture specific niches across a
wide salinity range using standard seagoing equipment makes Orca Basin an opportune place to
advance the understanding of DHAB biogeochemistry.

Many deep-sea brines are nutrient-rich kosmotropic halite brines, energy-rich oases that make
ideal habitat for microorganisms with competent strategies for dealing with salinity stress [20].
Increased salinity selects for specialized microbial populations that can thrive at high salinity [32]
and there is typically an inverse relationship between microbial diversity and salinity [19]. Brine

chemistry creates a series of niches and selects for unique microbes/microbial communities that
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able to exploitlocal conditions; these populations thrive and achieve substantial biomass accumu-
lation at discrete depths of the chemocline [19]. In some extreme cases (e.g., solar salterns), salinity
selects for true halophiles and water activity acts as a selective force [20, 33, 34]. Microbial pop-
ulation numbers in brine fluids can exceed that of typical seawater by 100 or more times despite
salinities an order of magnitude higher than seawater [4, 23]. There are three reasons for this: 1)
the chemocline acts as a trap for nutrient-rich particles and organic matter [7], 2) variable salinity
promotes the separation of distinct niches based on salinity tolerance, thereby reducing inter-
species competition[23], and 3) steep geochemical gradients supply energy and reducing power
for metabolic processes [20, 35].

Rates and patterns of microbial activity in deep sea brines are poorly constrained [19]. Initial
reports speculated that deep sea brines were dominated by heterotrophic processes [31]. Available
data suggests instead that these systems support high rates of chemoautotrophy [35]. Yakomov
et al. (2007 [35]) reported high rates of dark carbon dioxide fixation rates along the chemocline,
perhaps through metal oxidation [38] and sulfide oxidation ([33, 37, 39]. Methanogenesis ([4, 36,
37]) may also be important in brines, but the significance of other chemoautotrophic processes —
e.g. ammonia oxidation — remains unclear [3s, 40].

Previous work on microbial activity in brines has focused on dissimilatory sulfate reduction
[4, 5, 23, 37]. Microbial activity has been inferred from genomics studies but direct measurement
of metabolic rates using sensitive radiotracer approaches [41] is less common. Sulfate-reducing
bacteria and concomitant sulfate reduction activity are common in DHABs [16, 23, 32, 37, 42].
Many other sulfur cycling microbes capable of e.g. thiosulfate and elemental sulfur cycling [43,
44] are also present in DHABs. While methanogenesis has been a focus of previous studies (see
Merlino et al. 2018 for review [19]), information on methane oxidation in DHABs is lacking.
Methane oxidation has been described in brine-impacted sediments [45] and groundwater [46],
but it has not been documented in hypersaline brine fluids so far [4]. The activity of AOM, if
present, was below detection in shallow brines in the Gulf [4] as predicted by thermodynamic

limitations [7s].
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This study presents the first detailed assessment of methane oxidation across the chemocline
in a deep-sea hypersaline brine environment. We hypothesized that both aerobic and anaero-
bic modes of methanotrophy would occur across the brine and that activity would be limited by
methane availability at the upper parts of the chemocline and by abundance of electron acceptors
at the lower parts. Over several research expeditions, we assessed the presence and magnitude of
methane oxidation and sulfate reduction across the Orca Basin chemocline using sensitive radio-
tracer assays. We explored the coupling of anaerobic oxidation of methane to other processes, e.g.,
metal oxide reduction and nitrogen reduction, in manipulative experiments. Consistent results
reveal that microbial methane oxidation in Orca Basin is unique compared to previous results

from other DHAB ecosystems.

2.3 METHODS

2.3.1  SAMPLING

Samples were collected during four separate expeditions: expedition AT18-02 in 2010 and AT26-13
in 2014 aboard the R/V Atlantis, and expeditions EN586 and EN6oo in 2016 and 2017, respec-
tively, aboard the R/V Endeavor (see Figure 2.1). Target depths were selected based on data from
repeated full water column hydrographic casts. The selected suite of depths encompassed the
seawater-brine transition zone, and included at least one depth at normal seawater salinity, one
within the core of the deep, anoxic brine, and a range of depths that captured major transitions
in oxygen, salinity, and particle density (Sea-Bird Electronics, SBE g11+ CTD, SBE 25 Sealogger,
and Wet Labs C-Star 25 cm transmissometer; see Figure 2.2). Unlike normal seawater sampling,
Niskin bottles were fired on the downcast to avoid contaminating overlying seawater samples with
viscous, methane-rich Orca brine. Sub-samples were collected immediately following recovery of
the CTD rosette for assessment of rates and collection of sub-samples for microbial community
composition (nucleic acids), brine chemistry, and alkane concentration quantification.

Orca Basin brine is saturated with low molecular weight alkanes and degases quickly at sur-

face pressure. To minimize gas loss, alkane sub-samples were collected immediately upon opening
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Figure 2.x1: Sampling locations at Orca basin, Gulf of Mexico. Bathymetry dataset courtesy
of the U.S. Bureau of Ocean Energy Management: https://www.boem.gov/Gulf-of-Mexico-
Deepwater-Bathymetry. Isobaths in 100 m increments.

Niskin bottles into combusted 160 mL serum vials containing two NaOH pellets to halt micro-
bial activity. The samples were sealed headspace-free and prepared for analysis within 1 hour of
collection [47, 48]. Bulk water was collected for shipboard radiotracer rates into 2 L glass me-
dia bottles, sealed headspace-free with base-boiled butyl rubber stoppers, and processed within
1 hour of collection. Additional sub-samples were collected for nucleic acids and brine chem-
istry in acid-washed, sample-rinsed, 1 L polyethylene terephthalate glycol bottles (PETGs) sealed
headspace-free, and stored at 4 °C. Nucleic acid sub-samples (1L of fluid) were pumped immedi-
ately through o.2 um Sterivex filters, flash frozen in liquid nitrogen, and stored at —80 °C until
extraction [49]. The molecular data is forthcoming and will be presented at the time of publica-
tion (z.e., after May 2021). The remaining chemistry splits were either sampled directly or passed
through sample-rinsed 0.2 um nylon filters using acid-washed 60 mL syringes, collected in 125 mL

HDPE bottles, and divided further for various chemical analyses.
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2.3.2 CHEMISTRY

A combination of filtered and unfiltered sub-samples were obtained for chemical analysis, and
either analyzed at sea (ammonium) or preserved for shore-based analysis. Unfiltered 2 mL sub-
samples were fixed with soo uL of 20% zinc acetate for colorimetric determination of sulfide (H,S)
using a standard method [47, s0]. Ammonium (NH, ™) concentrations were determined at sea us-
ing an indophenol blue method on filtered, 2 mL aliquots preserved with 200 uL phenol reagent
[s1]. Additional 1 mL sub-samples were collected for dissolved inorganic carbon (DIC) in crimp-
sealed, He-purged, 6 mL serum vials, and then acidified with 100 pL concentrated phosphoric
acid. The acidified samples were shaken vigorously to drive DIC into the headspace, a subsample
of which was analyzed using a gas chromatograph [47].

Filtered 1.5 mL sub-samples were preserved with concentrated, trace metal grade nitric acid
(o uL mL™ HNO,) and analyzed for anions (SO,*~, Cl~), and cations (Na*, K*, Mg**, and
Ca*") by ion chromatography [47]. Approximately 100 mL of the remaining filtrate was frozen
at —20 °C for shore-based nutrient analysis (NO,~, NO, ~, and PO,?" ) using automated colori-
metric methods [47]. A portion of the nutrient splits were quantified for dissolved organic carbon
content on a Shimadzu TOC analyzer following methods described elsewhere [47]. Particles were
collected by passing 1 — 20 L of sample directly from the CTD-rosette through pre-combusted
GEF/F filters (47 mm x 0.7 um) under gentle pump pressure, dried for 24 hours at 60 °C, and
stored at —20 °C. The abundance of carbon stable isotopes was measured by continuous-flow
isotope ratio mass spectrometry [s2, 53]. The results were standardized to the Pee Dee Belemnite
and reported as 9C values (%0) according to equation 2.1, where Rgyprr is the *C:™C ratio of

the sample, and R, pg the BC:"C ratio of the Pee Dee Belemnite standard.

x 1000%o (2.1)

SBC = [ Rsanmrre 1

PDB

Headspace sub-samples were analyzed for short-chain alkanes (C, — C,) by standard gas chro-

matography (SRI 8610C; 3.2mm x 1.8 m packed hayecep—d column, and flame ionization detec-
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tor). Additional gas splits were analyzed for the stable carbon isotopes of methane (*CH,) and
carbon dioxide (*CO,) using a Picarro G2201-7 cavity ringdown spectrometer (CRDS), coupled
to the Picarro Small-Sample Introduction Module (SSIM2). Similar to particle isotope values,
abundances were reported as 0”C (%o) using equation 2.1 above. The CRDS was standardized
using a methane/CO, span gas with known 9"C isotopic composition relative to the Pee Dee
Belemnite. The span gas was measured at the Center for Applied Isotope Studies (University of
Georgia) on a Thermo Gas Bench coupled to a Delta V IRMS.

Methane diffusion across the halocline was calculated using Fick’s first law (equation2.2)

'; calculated below),

where / is the flux, D is the diffusion coefficient (107 cm*s™ to 107> cm* s~
dc is the difference in methane concentration between brine and overlying seawater (see Table
2.4), and dz the width of the halocline (here, 15 m). The diffusion coefficient was calculated from
temperature using equation 2.3, where Fy, is the geothermal heat flux (30 mW m™; [54]), T is

temperature, 2 is depth, ¢, is heat capacity and p is calculated density. Here, we adopted a diffu-

sion coefficient of 107% cm® s™" across the halocline (see Figure A.1).

J=-D; (j—;) (2.2)
orT \™
Dz = }fgea (a_chﬁ) (2‘3)

The conductivity sensor of the CTD may underestimate salinity when the salt content is
greater than approximately >125 g kg™, as noted previously see Figs. 2.2 and A.2 [7]. To compen-
sate for this, we adopt a similar strategy to Diercks et al. [7] and report the salinity output of the

CTD for values <100 gkg™ but thereafter report values obtained by refractometer.

2.3.3 RADIOTRACER RATE MEASUREMENTS

Sub-samples for methane oxidation (MO) and sulfate reduction (SR) rates were distributed in

triplicate from 2 L media bottles into 28 mL Balch tubes using anoxic techniques. To minimize
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contamination from atmospheric oxygen during transfer, media bottle stoppers were exchanged
for lab-made transfer assemblies, similar to that of a Widdel flask (described in [s5]). Briefly, each
transfer assembly consisted of two 4 mm ID glass tubes, one short (4 cm) and one long (25 cm),
both friction-fit through the holes of a boiled, two-hole, GL45 rubber stopper. The short glass
tube was adjusted to about 1 mm past the bottom of the stopper and plumbed externally to a sup-
ply of UHP argon. The long tube was adjusted to within 1 cm above the bottom of the bottle and
connected to sterile silicone outflow tubing. The media bottles were then sealed and pressurized
to 1.2 bar to begin displacing sample through the apparatus and into Balch tubes. The tubes were
filled from the bottom up, sealed headspace-free with boiled rubber stoppers, crimp-sealed and
stored at 4 °C until tracer injection.

Methane oxidation rates were determined using either *C—-labeled methane during expedi-
tions AT18-02 and AT26-13, or tritiated methane during expeditions EN586 and EN6oo. Sam-
ples for tritium-based rates were injected with 33.3 kBq (900 fmol) C*H,, incubated in the dark at
4 °C for 24—48 hours, and killed with formaldehyde additions to 3.5% final concentration. Triti-
ated samples were purged with air for 45 minutes to strip residual C*H, from solution and thena
7 mL sub-sample was analyzed for H, O with a scintillation counter. Similarly, samples for rates
derived from "*C-labeled methane were injected with 1.6 kBq (6 nmole) *CH,, incubated for
24—48 hours, and killed with 3 mL additions of 2 M NaOH. Samples were acid-distilled and pro-
cessed as described elsewhere [47]. Two controls per cast were collected and killed approximately
s hours before tracer injection by adding either formaldehyde for tritiated samples or NaOH for
#C-labeled samples as described above. Both samples and kill controls were processed immedi-
ately using previously described methods [47, 56].

During expeditions ENs86 and EN6oo, two additional sets of samples for methane oxida-
tion rates were collected for experimental manipulation in parallel with the standard suite. Dur-
ing EN586, one set was amended with 3.6 mmol L-1 ferrihydrite, the other with 12.2 mmol L-
1 goethite, both solid phases of oxidized iron to assess the impact of iron oxide availability on

anaerobic MO. These amendments were first synthesized in the lab (see below), then weighed
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and distributed to tubes prior to sampling [s7]. Parallel MO experiments were also conducted
during expedition EN6oo, this time with 1 mM nitrate and 1 mM nitrite amendments to assess
the impact of oxidized nitrogen species availability on anaerobic MO. No other modifications
were made to the sample processing protocol or rate derivations and were otherwise treated iden-
tically to the incubations described above.

Methane oxidation rates were calculated according to equation 2.4, where [CH, ] is the methane
concentration in nmol L™, # is the incubation time in days, and Ry is the ratio of activities be-
tween either “CO,:"*CH,, or 3H,0:C*H,, depending on which isotope was used. Rates derived
from experimental iron incubations are calculated identically but reported as the relative differ-
ence in rates of methane oxidation (AMox) between samples treated with iron oxides (M0x,) and
samples with no treatment (MOx; MOX), as in equation 2.6 (2.5).

Rmox
mox = [CHy] X

AMOX = MOX; — MOX (2-5)

Sub-samples for sulfate reduction rates were injected with between 33 kBq (147 fmol) and 167
kBq (734 fmol) Na,SO,, incubated between 24—48 hours at 4 °C, and killed with a s mL 20% Zn
acetate solution to halt microbial activity and trap evolved »S-sulfide as particulate Zn*S. Fixed
samples were vacuum-filtered through o.22 um Millipore nitrocellulose filters to capture partic-
ulate Zn*s§, rinsed 3 times with 1o mL of 1% zinc acetate solution (ca. pH 8) to remove residual
$S—sulfate, and then counted in 7 mL scintillation fluid. This procedure quantifies *S associ-
ated with acid volatile sulfide (AVS: H,S, FeS), chromium-reducible sulfide (CRS: S°, FeS, ), and
any reduced S species (e.g. cysteine) incorporated into microbial biomass. To determine the
fraction of counts resulting from dissimilatory sulfate reduction (DSR; AVS + CRS), the scin-
tillation fluid and filters were decanted into round-bottom flasks and distilled using the one-step

hot HCIL:Cr** procedure of Fossing and Jergensen (1989 [58]). Prepared laboratory standards
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containing known activities of Zn*S emulsified in scintillation fluid were treated as process con-
trols to determine recovery efficiency (ca. 95%). Rates of DSR were calculated using equation 2.6
below, where [SO,*™] is the sulfate concentration in mmol L™, « is the fractionation factor for
sulfur (1.06), "t" is incubation time in days, and Ry, is the ratio between the activities between

evolved $S-sulfide and injected 3SO, [s8-60]. SRR reported in units of umol L™ d™".

skR = [S047] % = X Ryr X 1000 (2.6)

2.3.4 MINERAL SYNTHESIS

Two-line ferrihydrite and goethite were synthesized by precipitation using well-described proce-
dures [57, 61]. Briefly, 20 g of Fe(NO;), - 9 H,O was dissolved in 250 mL double-deionized water
(DDI) and gradually brought to pH 7-8 by dropwise titration of 1t M KOH. The resulting slurry
was centrifuged and the supernatant discarded. The pellet was then rinsed in fresh DDI, vortexed
and centrifuged again. This procedure was repeated until the salinity of the supernatant fell below
10 ppm as measured using a benchtop conductivity sensor. The slurry was then centrifuged one
last time, frozen, freeze-dried for approximately 10 hours, ground to uniformity with a mortar
and pestle, and stored in argon-flushed Falcon tubes at —20 °C until use. Goethite was synthe-
sized by aging two-line ferrihydrite for 60 hours at 70 °C in 2 M KOH. The mineral slurry was

frozen, freeze-dried, and stored at —20 °C until use [57].

2.4 REsULTs

2.4.0 OXYGEN AND SALINITY

Four distinct chemical zones across the 1o m chemocline of Orca were defined by down-profile
changes in salinity and oxygen concentrations (see Figure 2.2). These zones corresponded to
changes in major parameters, including particle abundance and concentration of oxygen, light
hydrocarbon gases (see Figures 2.2 and A.3), dissolved carbon (see Figures A.s, A.3, and A.7), ma-

jor ions (see Figures 2.3 and 2.4), nutrients (see Figures A.4 and A.8), and microbial activity (see
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Figure 2.2: Typical hydrographic profiles of A) salinity (dashed black), oxygen
(black), temperature (red), and B) methane (red), sulfate (S*; dashed black),
and sulfide (S*~; solid black) across the chemocline of Orca basin. Horizon ab-
breviations: 1= oxycline, 11 = suboxic, 111 = halocline, and 1v = brine. Data from
Orca S., cruise EN586, 2016.

Figures 2.7). Figure 2.2 is a typical hydrocast across the 110 m seawater-brine transition (chemo-
cline) of Orca basin, illustrating stepwise chemical zonation similar to other brines systems [11, 37,
42, 62], here defined by major shifts in oxygen and salinity. The first two zones (I and II; see Figure
2.2) were notable due to the almost complete depletion of oxygen and a doubling of the salinity.
Zone I contained a steep 70 m oxycline between 2130 m and 2200 m (zone I; see Figure 2.2A),
where oxygen concentrations diminished from 220 umol L™ to <10 pmol L™ O,, and salinity
decreased by 12 gkg™. The second horizon remained sub-oxic below 2200 m (<5 umol L™ O,)
and oxygen concentration diminished to below detection at 2230 m and 67 gkg™ salinity (zone
IT; see Figure 2.2).

Oxygen was below detection past 2230 m to the bottom of the basin, so the remaining two

zones were defined entirely by changes in salinity. Zone III contained a sharp 15 m thick halocline
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Expedition Cast Basin gkg™* CH, SO,>” H,S Cl Na K Mg Ca NO;- NH,” POj~ DIC DOC

AT26-13 so7.E15 S 270 565.4 42.7 0.0 4517.2 5180.4 24.7 482 39.7 0.6 289.7 185 4.7 312.8
so7.E21 S 255 476.5 471 0.0 4982.9 si0.3  24.6  48.6 388 0.3 315.7 17.8 5.4 309.8
so7.E25 N 273 509.5 43.3 0.0 47263 49421 242 47.8 37.9 19 4342 18.7 s.0 298.8
S07.E35 S 270  650.1 44.0 0.0 4448.7 5249.1 24.3 47.7 402 2.2 4122 18.2 4.7  30LO
$07.E36 S 285 487.5 427 0.0 45454 s5080.4 248 483 38.6 03 3309 187 43 300.0
ENs86 sos.Eo1 S - 6665 54.8 5.7  4989.9 4629.6 20.0 44.0 34.0 0.7  489.6 25.1 4.4 307.8
sos.E03 N - 687.6 56.5 3.0 4967.2 4667.7 20.0 SLO  35.0 212 500.4 20.9 43 2783
ENGOO so7.Eo1 S - 922.4 55.0 LS - - - - - 1.8 498.1 57.1 s.0 280.8
so7.e02 N - 936.4 57.0 LS - - - - - 1.6 498.8 58.8 4.8 300.2

Table 2.1: Orca brine chemistry. Methane, sulfide, nitrate, ammonium, phosphate, and

DOC in pmol L™. Sulfate, chloride, sodium, potassium, magnesium, calcium, and DIC

in mmol L™". Salinity values in ¢ kg ' measured by refractometer on diluted samples
between 2230 m and 2245 m where salinity increased nearly four-fold to >250 gkg™ at 2245 m
depth, transitioning into an essentially homogenous brine in zone IV (zone III; see Figure 2.2;

Tables 2.2, 2.3). These trends were stable between the four expeditions presented here and have

been noted since the discovery of Orca in the mid-1970s [38, 41, 63, 64].

2.4.2 MaAJoR IoNS AND NUTRIENTS

The Orca basin is filled with thalassahaline halite brine, which is reflected in the proportions of
chloride, sodium, potassium, calcium, and magnesium (see Figures 2.3, 2.4; Tables 2.2, 2.3). Com-
pared to normal seawater, the concentrations of every major ion, aside from magnesium, was el-
evated in the brine, particularly those of chloride and sodium. Chloride and sodium comprised
between 48% to 50% of the ionic composition of the brine, similar to seawater (48% Cl and 43%
Na; see Table 2.3), but concentrations approached those expected from halite saturation (see Ta-
bles 2.2, 2.3). Chloride concentrations varied between 4.1 to 4.7 M Cl, and sodium concentrations
varied from 3.9 to 4.8 M Na, an increase of between seven and eight times the concentrations ex-
pected in seawater (see Figure 2.2, 2.3 and Table 2.2).

Calcium, potassium, and sulfate were minor components of the brine but concentrations
increased across the chemocline between 1.7 and 3.4 times, yielding average brine concentrations
of 34.8 mM Ca, 21.7 mM K, and 48.s mM SO, >~ respectively (see Tables 2.1, 2.2). In contrast,

magnesium concentrations diminished within the brine (zone III; see Figure 2.4), decreasing from
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Sample [CI] [Na*] [Ca**]  [K']  [Mg*] [SO,*]

OrcaN 4077.8(1936)  3889.3(1993) 3s(2)  17.7(7)  46.0(4)  46.6(12)
Orca$§ 4690.8(427) 4856.9(355) 34.8(s) 21.7(3)  46.5(3) 48.5(7)
Seawater* 549 469 10.4 10.2 52.8 28.2

Table 2.2: Bulk composition of Orca brine and seawater. Concentrations reported as
bootstrapped means (n=10*) in mmol L™, where * values represent a 99% confidence
interval in tenths. Orca data from ENs86. *Seawater composition following [65].

Sample ClI- Na" Ca** K" Mg* SO,*” Salinity

OrcaN 49.69 4858 038 0.22 0.56 0.57 270
Orca S 4836 50.08 036 0.22 0.48 0.50 270
Seawater* 47.87 4325 091  0.91  4.96 2.46 35

Table 2.3: Bulk composition of Orca brine and seawater, in percent. Orca data from
EN586. *Seawater composition following [65].

the typical seawater value of 52 mM Mg to around 46 mM Mg (zone III; see Figure 2.4; Tables
2.2, 2.3). Despite the increase in calcium, potassium and sulfate within the brine, chloride and
sodium dominated the brine composition, reducing the overall proportion of other major ions
relative to seawater (see Tables 2.2, 2.3).

The deepest sample (2300 m) collected during ENs86 in the north basin was significantly less
salty than the brine directly above it. In this sample, nitrate, sulfate, ammonium, DIC, DOC, and
all major ion concentrations reflected those of seawater. However, methane and ethane concen-
trations were not depleted (ca 680 pmol L™ CH, and 1.2 pumol L™ ethane; see Figures 2.2, A.3),
and oxygen concentrations were below detection, consistent with deep brine values found else-
where in the basin (see Figure 2.2). LaRock et al. (1979 [41]) reported a deep-water freshening
of the brine at 2338 m depth some 40 years ago. They observed as a 45% decrease in phosphate
(56 umol L™ to 31 pmol L™, 78% increase in ATP (<3.4 to 15.41ng L™"), a 14,300 dpm per 100 mL
d~"increase in uridine uptake, and a doubling of total direct cell counts (1.4 X 105 cells mL™ to
2.9 X 10° cells mL™ [41]). This suggests that this unusual layer is a recurring feature of Orca brine,

perhaps due to dewatering of slumped blocks of sediment sourced from above the brine [7, 66].
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Figure 2.3: Chloride (A) and sodium (B) profiles for Orca N (black squares) and Orca
S (red circles). Horizon abbreviations: 1 = oxycline, 11 = suboxic, 111 = halocline, and 1v
= brine. Data from cruise EN§86.

The high-stability density interface between seawater and brine [7, 38] reduces the settling
speed of particles and marine snow aggregates to <1% that of seawater (540 to moomd™) and
between 35% to 45% that of the brine below (180 — 400 md™ [7]). As such, it could take parti-
cles 11 — 35 days to traverse the chemocline of Orca Basin. As a result, particulate organic matter
is retained along the halocline (see Figures A.6 and A.7) and undergoes heavy degradation, re-
leasing iodine [67] and nutrients until the particles eventually dewater, increase in density, and
pass into the brine [7]. It is likely that some of the particulate load is produced in situ as a con-
sequence of increased microbial density ([41, 68]). Classic biogeochemical redox zonation results
from this dynamic: Nitrate concentrations mirrored oxygen concentrations and diminished to
below detection across the chemocline, concomitant with increases in ammonium (290 pmol L™
to soo wmol L™") and phosphate (18 pumol L™ to 58 umol L™; see Figure A.4 and 2.1), similar to
profiles found within sediments porewater during early diagenesis [18, 21]. Dissolved inorganic
nitrogen (DIN; NO,~ + NO, ™ + NH, ") increased to a maximum of ca soo umol L™, a con-
centration driven almost entirely by the abundance of ammonium ions in the deep brine. The

concentration of nitrous oxide (N, O; see Figure A.4) was extremely elevated within and above
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Figure 2.4: Calcium (A), potassium (B), and magnesium (C) profiles for Orca N (black
squares) and Orca S (red circles). Horizon abbreviations: 1 = suboxic, 11 = suboxycline,
11 = halocline, and 1v = brine. Data from cruise EN586.

the chemocline (5.3 pmol L™ max). To our knowledge, these are the highest recorded N, O values

in any marine environment.

2.4.3 METHANE AND SULFATE

Major shifts in methane, sulfate, and sulfide corresponded with changes in salinity and oxygen
(see Figures 2.2 and 2.5). For expeditions EN586 and EN6oo, the oxic waters between 2100 m and
2175 m contained between 15 nmol L™ and 528 nmol L™ CH,, values many times higher than
those reported in the surface ocean (ca 2-6 nmol L™ CH,, [69]), but similar to deepwater values
observed near cold-seeps in the Gulf of Mexico (see Figure 2.2). Methane increased first to about
1umol L™ near the base of the oxycline at 2200 m (zone I — II), and again near the middle of
the halocline at 2235 m to between 69 pmol L™ CH,, (EN600) and 77 umol L™ CH,, (EN586) in
the south basin, and between 73 umol L™ CH, (ENs86) and 82 umol L™ CH, (EN6oo) in the
north basin (zone III; see Figure 2.2). Methane increased almost ten-fold through zones III and
IV, to local maxima of between 667 umol L™ CH, (ENs86) and 936 umol L™ CH, (EN6oo),

depending on basin and expedition (see Figure 2.2, Table 2.1).
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Figure 2.5: Methane profiles for expeditions EN586 (A) and EN6oo (B). Orca N pro-
files in black squares, and Orca S in red circles. Horizon abbreviations: 1 = suboxic, 11 =
suboxycline, 111 = halocline, and 1v = brine. Data from cruise EN586.

The relative changes in sulfate concentration were modest compared the observed changes in
methane concentration and salinity. Still, concentrations nearly doubled across the chemocline
from 29 mmol L™ SO,*~ in oxic seawater at 2130 m (zone I), to 57 mmol L™ SO,*~ in the brine
below 2245 m (zone IV; see Figure 2.2; Table ). Consistent with previous observations, sulfide was
below detection nearly everywhere except in a narrow lens near the top of the halocline at 2230
m (5.7 umol L™ H,S max; zone III; see 2.2 and 2.1 [63, 70]). Orca brine contained over 5 orders
of magnitude more methane than background Gulf seawater, but maximum values reported for
expeditions AT26-13 (650 umol L™ CH, maximum) and ENs86 (688 umol L™ CH, maximum)
likely undershoot the true methane concentration by atleast too umol L™ (see 2.2 [63, 71]). Previ-
ous studies reported between 780 and 830 umol L™ CH, in the brine, and values reported from

expedition EN6oo were higher still at 936 umol L™ CH,, (see Table 2.1).

2.4.4 STABLE ISOTOPES

Major shifts in the stable carbon isotopic values for methane, dissolved inorganic carbon (DIC),

and particulate organic carbon (POC) indicate methane remineralization to DIC and incorpo-
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Figure 2.6: Stable isotopes of sulfate, methane, and p1c. Sulfate isotopes modified from

[70]. Methane and p1c data are from ENs86-s. *Indicates depth of sulfide, AsR, and par-

ticle maximum, coincident with major inflection points in salinity and methane. Oxy-

gen, sulfur, and carbon isotope values relative to SMOW, CDT, and PDB, respectively.
rated of methane into POC (see Figures 2.6, A.6). Orca Basin methane was significantly depleted
in BC~carbon (=73 to —76.5%0 6™C) and therefore of likely microbial origin, perhaps produced
within the brine [68], the underlying sediment [40], or both. In general, microbial methane oxi-
dation selects for lighter 12C-methane, leaving the residual methane pool enriched in 13C and the
DIC pool depleted. Consistent with methane oxidation across the 35 m sub-oxic/anoxic horizon
between 2200 m and 2235 m depth, 6Ccp, values were enriched (13.6%0) and 6BCpjc values de-
pleted (20.6%) relative to seawater (zones Il and III; see Fig. 2.4). Isotopically light carbon from
methane and/or DIC was incorporated into the POC pool at 2200 m where methane turnover
time was fastest, and to a lesser extent at 2250 m where methane oxidation rates were highest (see

Figures 2.7 and A.6). Above 2175 m, ®C-roc values ranged from -24.5 to -26.4 %o, similar to

typical background deep water Gulf values of —21.7 % 2.6 %o [s3].
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2.4.5 MICROBIAL ACTIVITY

Both aerobic (Z < 2230 m) and anaerobic (Z > 2230 m) methane oxidation activity was observed
across the chemocline of Orca Basin, but dissimilatory sulfate reduction was not (see Figure 2.7A).
While the magnitude of methane oxidation rates varied from year to year, down-profile trends in
activity were similar across casts (see Figures 2.7, 2.9, A.9). During expedition EN586 in 2016,
MO rates were highest across a 15 m anoxic, particle-rich halocline in the north basin and within
the deep brine in the south basin (zones III and IV; see Figures 2.2, 2.7A). During expedition
EN6oo in 2017, maximum MO rates were observed within the anoxic brine for both basins and
were nearly an order of magnitude higher compared to those from ENs86 (zone IV; see Figures
2.2 and 2.9).

Addition of particulate iron, nitrate, and nitrite to MO samples collected during ENs86 and
ENG6oo altered the magnitude of MO rates, particularly within the anoxic brine. Nitrite addi-
tions nearly doubled the MO rate in the anoxic brine whereas nitrate additions either had no
effect or suppressed MO entirely (see Figure 2.9). Ferrihydrite amendments stimulated anaerobic
methanotrophy within both the north and south basin brine (zone IV; see Figure 2.8), but addi-
tion of goethite had mixed effect, stimulating anaerobic methanotrophy in the north basin and
suppressing it in the south basin (zone IV; see Figure 2.8). Sulfate reduction was below detection
at all times and sites, indicating that sulfate-coupled MO was not an important sink for CH, in

Orca Basin.

2.4.6 METHANE OXIDATION RATES

During expedition ENs86, methane oxidation rates between N and S basins were similar above
2235 m but diverged across the halocline (see Fig. 2.3). In the north basin, MO rates were low
through the majority of the oxycline (5 to 10 pmol L™ d™"). However, MO rates increased nearly
35 times to 350 pmol L™ d™" at 2200 m to where oxygen concentrations are low but not below
detection (<10 pmol L™ O,; zone II; see Figure 2.7). Methane oxidation rates increased again by

an order of magnitude to 3.7 umol L™ d™" through the anoxic halocline but were not detected in
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Figure 2.7: Representative profiles of A) methane oxidation rates at Orca N (black circles) and
Orca S (red squares), B) *H methane tracer turnover rates at Orca N (black circles) and Orca S
(red squares), and C) assimilatory sulfate reduction rates for Orca N (black circles) and Orca S
(red squares), cruise ENs86 (solid lines) and EN6oo (dashed lines).

the brine below 2235 m (see Figure 2.7). Methane oxidation rates in the south basin were similar
to those of the north basin in the oxic/sub-oxic zones but differed across the halocline and into
the brine (see Figure 2.7). Below the sub-oxic zone (zone II; 2235 m), MO rates were detected
in only two places, first at 2245 m (27 umol L™ d™") and again at 2300 m (67 pmol L™ d™; see
Figure 2.7). As with the MO rates of EN586, maximum rates during expedition EN6oo occurred
either at the base of the halocline (zone III; 2245 m) or within the brine. Some variability was
observed between basins. In the south basin, MOx rates reached a maximum of 642 nmol L™ d™*
at 2250, whereas in the north, rates were above 600 nmol L™ d™ in two locations, one at 2245 m
(606 nmol L™ d™) and one at 2260 m (627 nmol L™ d™"), both in the anoxic brine.

General trends in MO rate profiles were similar across all three expeditions, but absolute rates
varied in magnitude (see Figures 2.7, 2.8 and 2.9). The MO rates in the sub-oxic water column
above 2200 m (zone I) spanned over four orders of magnitude, between 3 pmol L™ d™* (EN6oo)
and 2 nmol L™ d™" (AT26-13; see Figures 2.2 and 2.9). Rates of MO within this interval were
highest around the base of the oxycline (112 nmol L™ d™"; AT26-13-S07.E35) at 2200 m where O,

concentrations were <1o umol L O,. These MO rates were higher than those measured in typical
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Figure 2.8: Methane oxidation rates A) for Orca N (black squares) and Orca S. (red squares), B)
the difference between ferrihydrite-amended and standard MO rates (AMO) for Orca N (black
squares) and Orca S (red circles), and C) difference between goethite-amended and standard MO
rates for Orca N (black squares) and Orca S (red circles). Horizon abbreviations: 1 = oxycline, 11
= suboxic, 111 = halocline, and 1v = brine. Data from cruise EN586.

Gulf surface waters (o — 6 pmol L™ d™ [s]), similar to those in the water column around cold
seeps (10’s of pmol L™ d™" to 100 pmol L™ d™" [72]) but lower than those measured within the
brine (see Figures 2.7, 2.8, 2.9, and 2.4). Aerobic methanotrophy is effective and efficient at low
oxygen concentrations (e.g., ca 2 pumol L™ O, [73]); the horizon at the base of the oxycline (2200
m; <10 umol L™ O,; zone II; see Figure 2.2) is an ideal habitat for acrobic methanotrophs with
modest salinity tolerance. Without exception, MO rates increased within the halocline of Orca
Basin and maximal activity was present in highly saline samples (zone III; see Figures 2.7, 2.8 and
2.9).

While methane oxidation rates were generally highest through the halocline or in the deep
brine, turnover constants (k) were significantly higher at the base of the oxycline (2200 m) across
all expeditions (see Figures 2.7, 2.9). As with MO rates, the turnover constant, k was lower for ex-
pedition EN586 than it was for EN6oo by at least a factor of 4, butsstill reached a maximum value
at 2200 m. Additionally, turnover constants were slightly higher in the south basin as compared

to those in the north basin for both ENs86 (0.075 % per day max) and EN6oo (2.4 % per d).
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Figure 2.9: Methane oxidation (MO) rates (A), MO response to nitrate and nitrite
amendments (1tmmol L™ each) (B), and turnover constants (C) for Orca N (black
squares) and Orca S (red circles). AMO calculated as MO,yestmens — MO. Horizon ab-
breviations: 1 = oxycline, 11 = suboxic, 111 = halocline, and 1v = brine. Data from cruise
ENGOO.

Methane oxidation rates were measured across six CTD casts during expedition AT26-13 us-
ing two different techniques, one with #*C-methane and one with *H—methane. The average
MO rates using "*C—methane were lower than those measured with 3H-methane by at least an
order of magnitude for every cast but those of EN586 (see Table 2.4). One explanation for this
discrepancy is that “*C—derived methane oxidation rate techniques reflect only net CO, pro-
duction, rather than direct methane assimilation, the assimilation of *C-DIC into biomass, or
backflux reactions [74]. The tritiated methane technique tracks labeled hydrogen into water —
rather than carbon - and so it captures both methane oxidation and assimilation. Average MO
rates across the chemocline of Orca during expeditions AT26-13 and EN6oo generally agree with
each other 214 and 292 nmol L™ d™, generally in agreement with each other (see Table 2.4). In
contrast, average MO rates for ENs86 were between 1 and 13nmol L™ d™", one to two orders of
magnitude lower than tritium derived MO rates reported for AT26-13 and EN6oo. These rates

were of similar magnitude to the values obtained from *C-derived MO rates during AT26-13 (see

Table 2.4).
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To ground-truth our rates — especially give the variability between cruises - integrated MO
rates from each cruise were compared to calculated methane fluxes (see Table 2.4). Many of the
casts on expedition AT26-13 were partial casts and focused either on the brine or the overlying
seawater. For tritium-derived MO rates from expeditions AT26-13, cast AT26-13—-So07.E35 is the
only one that encompasses both the seawater and brine. For #*C—derived rates from AT26-13, casts
AT26-13-So7.E15 and AT26-13-So7.E21 were full casts. The MO rates for cast AT26-13-So07.E35
(tritium MO) show two maxima, one in the suboxic zone at 2215 m (zone II; 579 nmol L™ d™")
and one at the base of the halocline at 2245 m (zone III; 1019 nmol L™ d7'; see Table 2.4). The two
profiles of *C—-derived MO rates (AT26-13-So7.E15 and AT26-13-So7.E21) have maxima either
at the base of the halocline (2243 m; 57 nmol L™ d™"; AT26-13-So7.E21; see Table 2.4) or within
the brine itself at 2276 m (zone IV; AT26-13-S07.E1s; see Table 2.4).

Figure 2.8 shows the relative change in methane oxidation rates (AMO) between standard as-
says (see Figure 2.7), and those conducted with additions of particulate ferrihydrite and goethite.
To varying degrees, additions of both goethite and ferrihydrite stimulated methanotrophy across
the chemocline in both basins (see Figure 2.8). Ferrihydrite amended methane oxidation rates
increased between 35% to more than 250% within the oxic and sub-oxic horizons of both basins
(2100 m — 2200 m; see Figure 2.8). In the anoxic brine below 2235 m, MO rates increased by up
to 290 nmol L™ d™ (2250 m) in the south basin, and to 74 nmol L™* d™ (2260 m) in the north
(see Fig. 2.5B). In both cases, ferrihydrite stimulated anaerobic methanotrophy was observed in
the brine relative to unamended rates. In contrast, goethite amendment inhibited methanotro-
phy in almost every sample from the south basin, except for an increase of 3 nmol L™ d™ at 2235
m depth (see Figure 2.8C) and through the oxic and sub-oxic horizons of both basins. Samples
from the North basin produced a nearly identical response of methane oxidation to the ferrihy-
drite amendment. Here again, the largest response was 78 nmol L™ d™" at 2260 m (see Fig 2.5C).

However, goethite essentially suppressed methane oxidation in the North Basin.
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2.4.7 DISCUSSION

This work documents the first direct measurements of methane oxidation and sulfate reduction
rates across the chemocline of Orca basin. Both aerobic and anaerobic methane oxidation were
active across a wide range of salinities, and anaerobic methanotrophy was coupled to a variety
of electron acceptors. Aerobic methanotrophy was maximal under hypoxic conditions. While
anaerobic methanotrophy is typically coupled to sulfate reduction in sediments, we found no
evidence of sulfate-coupled MO in Orca Basin. Anaerobic MO was stimulated by addition of
electron acceptors of varying redox capacity: ferrihydrite and goethite, both particulate phases of
oxidized iron, and of nitrite. Nitrate addition suppressed methanotrophy in both basins. The
extreme salinity of Orca Basin does not appear to inhibit methanotrophy, in contrast to the pre-
dictions based on thermodynamic considerations [75]. Methanotrophic communities across the
Orca Basin chemocline oxidize methane using oxygen, nitrite, and iron oxides as electron accep-
tor, allowing these microorganisms to exploit ecological niches despite the challenge of increasing
salinity.

Methane concentrations varied by roughly 30% across samples collected from the deep anoxic
brine. Though this represents substantial variability, such differences could result from spatial or
temporal variability or sampling artifacts (poor seals on the Niskin bottles). Despite the potential
for sampling related artifacts, it is possible, if not likely, that the differences reflect spatial and
temporal variability. Orca basin is very large system (225 sq km at the depth of the chemocline) and
it was sampled at different locations across three different expeditions that spanned the summers
of 2014, 2015, and 2016. Samples were collected from both the middle of the basin as in AT26-13—
So7.E21(see Figure 2.1and Table 2.1) and closer to edge of the brine basin for cast EN60oo-Sos.Eor
(see Figures 2.1, 2.2, Table 2.1) where the influence of sediment geochemistry is more likely. As a
result, average brine methane values were bootstrapped from brine samples collected below 2245
m across all three expeditions (AT26-13, EN586, and EN600), yielding an average brine methane
concentration of 736 + 21 umol L™ (99% CI; = 10%) in the north basin and 691 + 20 wmol L™

(99% CIL; z = 10*). This value is in line with values reported previously [63].

43



The disparity between the magnitude of methane oxidation rates between cruises is either a
consequence of temporal variability, choice of tracer assay (z.e., *C versus *H tracer), or both (see
Figure A.9). The relatively high average rates of 214 — 229 nmol L™ d™* measured using tritiated
tracer during the better part of the Atlantis expeditions match well with the tracer experiments
during the EN6oo expedition. However, the average tritiated rates from ENs86 just the year
prior, are lower by about one order of magnitude (see Table 2.4), and broadly fall in line with the
average rates obtained using the *C assays of the 2014 Atlantis cruise. We performed a simple
methane flux calculation between 2235 and 2250 m depth and compared this value of methane
oxidation rates integrated over the same horizon. This 15 m zone (zone III) is the location where
rates are highest and the concentration gradient of methane the steepest. Here, the methane flux
across the chemocline must be greater than or equal to the integrated rate of methane oxidation
to sustain our observed rates. Only the integrated MO rates estimated from tritiated tracer dur-
ing EN586 and from "“C methane during expedition AT26-13 are well supported by calculated
diffusive methane fluxes (see Table 2.4). Cumulative MO estimated from tritiated methane dur-
ing AT26-13 and EN6oo are at least 35 times higher than the calculated flux. Additional sources
of methane are clearly required to sustain these elevated rates. Methanogenesis within the Zone
IIT halocline has not been measured but may play a major role in DIC cycling. The chemocline
of Orca acts as a significant particle trap [7, 64] and multiple studies indicate significant particle
degradation at the brine-seawater interface [64, 67]. The depleted ®C signature above the halo-
cline (see Figure 2.6) suggests a possible flux of depleted methane, produced in the halocline, into
the oxic water column above. Methylotrophic methanogenesis is a possibility here [40] and it
should be assessed in the future.

We assumed originally that Orca Basin system was essentially homogenous, but available data
revealed substantial spatial, and possibly temporal, differences in methane dynamics. Seasonal dif-
ferences in the vertical flux of labile organic matter may drive subsequent changes in rates of het-
erotrophic metabolism and methanogenesis. Despite consistent vertical trends across the chemo-

cline year to year (e.g., O, and salinity profiles), the Orca chemocline contains sub-meter scale
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Expedition Cast Basin Flux ACH, Avg’H-MO Avg“C-MO 3} 3H-MO } “C-MO

AT26-13 So7.E15 S 324.8 564 - 18(9) - 327(116)
so7.E21 S 273.6 475 214(119) 20(9)  8659(1341) 413(156)
so7.E2s N 292.6 508 215(109) - 12801(2710) 2(17)*
$07.E35 S 373.6 649 292(144) 8(8) 10386(448) 2(13)"
S07.E36 S 279.9 486 - 6(3) - 121(39)
EN586 sos.Eor S 383.0 665 13(9) - 381(88) -
sos.Eo3 N 395.2 686 0.5(s) - 90(136) -
ENGOO so7.Eor S 530.4 921 239(91) - 5763(1597) -
so7.E02 N 538.5 933 229(109) - 5344(2156) -

Table 2.4: Calculated methane flux (umol m™ d™"), change in methane across the halo-
cline (ACH,; wmol L™), average methane oxidation rate (MO; nmol L™ d™") and inte-
grated methane oxidation rates (wmol m™ d™) across the N and S halocline (6z = 15 m),
for both tritiated methane and "*C—methane. Flux calculated with diffusion coefficient
=102 cm*s . Standard error of the mean in parenthesis. * = incomplete profile.
structure, visible predominantly as thin, heterogenous lenses of accumulated particulates and cm
to tens of cm-long marine snow aggregates distributed vertically according density [7]. Particles
and aggregates have high surface area and the residence time of these materials along layers of
the chemocline is protracted, providing an opportunity microorganisms to colonize unique en-
vironmental niches. Furthermore, variability in the fluxes of solid phase electron acceptors (iron)
through the anoxic layers could stimulate AOM periodically (see below). It is likely that the vari-
ability we see from year to year is a temporal pattern rather than a pure sampling artifact.
Methane dynamics within Orca are also strongly influenced by microbial respiration, partic-
ularly across the seawater-brine interface. Isotopically light methane (—=72%05®CH,) within the
sediments and brine document accumulation of biogenic methane that is produced actively in the
underlying sediments via methylotrophic processes ([40]). The isotopic composition of methane
and DIC within the brine is very close to values reported for Orca basin sediments [40, 68]. This
methane likely diffuses into the overlying brine, accumulates to nearly millimolar levels; deeply-
sourced methane fluxes across the chemocline and is consumed by halotolerant methanotrophs.

A localized increase in *CH, (maximum —60%o) and decrease in §*C—DIC between 2175 m

and 2240 m depth (see figure 2.6) suggests increased methane oxidation through the particle-rich,
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brine-seawater interface, and this pattern is corroborated by radiotracer assays presented here (see
Figures 2.7, 2.8 and 2.9).

Aerobic and anaerobic methanotrophy occur sequentially across the Orca Basin chemocline.
The water column above at least 2200 m, and likely down to 2235 m, contains sufficient oxygen
to support aerobic microbial methanotrophy. Aerobic methanotrophic bacteria are distributed
across 26 genera of Bacteria, primarily within the Alpha and Gamma subunits of the Proteobac-
teria [76], as well as three thermoacidophilic members of Verrucomicrobia [76, 77]. Aerobic
methanotrophs thrive under low oxygen conditions[73]; in fact, rates of acrobic methanotrophy
are often maximal at low oxygen levels (<o.s umol L™ O,). Aerobic methanotrophy along the
Orca Basin chemocline also operates eftectively at low methane concentration (<10 pmol L™ O,),
serving as a cap that consumes methane escaping the anaerobic methane biofilter and reaching
the upper portion of the chemocline, as evidenced by the persistent increase in tracer scavenging
around 2200 m depth (see Figures 2.7, 2.9). Maximal tracer turnover within the microaerophilic
lens at 2200 m indicates that methane oxidation is supported by a highly active, mildly halotol-
erant, aerobic methanotrophic bacterial community. Methane oxidation rates reach a local min-
imum at 2230 m, nearly coincident with the observed particle maximum [7]. Known and poten-
tially novel aerobic methane-oxidizing bacteria possessing alkane monooxygenases occur at the
upper portion of oxygen gradients of other brines, e.g., Atlantis II Deep and Kebrit Deep [78,
79]. These measurements represent the first documentation of aerobic methane oxidation in a
DHAB environment.

Thermodynamic energy yields predict the following series of metabolisms proceed in series
following exhaustion of molecular oxygen: nitrate/nitrite reduction, metal (Fe, Mn) oxide reduc-
tion, sulfate reduction, and finally methanogenesis [18]. In marine sediments because sulfate is the
dominant available electron acceptor, anaerobic methanotrophy is thought to proceed primarily
through the cooperative metabolism of archaeal ANaerobic MEthanotrophs (ANME) and sul-
fate reducing bacteria [80-83]. It is increasingly clear that other metabolic couplings also may

be coupled anaerobic MO [84]. Thus, we began by assuming that dissimilatory sulfate reduc-
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tion was coupled to anaerobic MO in the Orca Basin brine. Other workers have speculated that
DSR at Orca Basin occurs predominantly through the seawater-brine interface based on the sta-
ble isotopic composition of the sulfate pool ("0 and 534S [70, 85]). Sheu, et al. [70] reported
stable isotopes of sulfate through the Orca seawater-brine interface (see fig. 2.6). Elevated sulfate
within the Orca brine results from lateral infiltration of fluids containing dissolved, Jurassic-aged
Louanne evaporites rich in 3#S-depleted sulfate (+16.5 + 1.0%0ca.[86]), sourced predominantly
from breaching diapirs of gypsum and anhydrite at the surrounding slopes [6, 70].

Sulfate is abundant within the brine (ca. so mmol L™, but hydrogen sulfide concentrations in
the deep brine and across the chemocline are low (typically only a few pmol L™ and only present
at 2235 m, as in Figure 2.2. Analysis of the oxygen isotopes in sulfate suggest reoxidation of sulfide
along the 15 m halocline, nearly coincident with a lens of low-level sulfide. Sulfide only accumu-
lates to approximately 5.7 umol L™ within a narrow lens near the base of the seawater-brine transi-
tion at 2235 m depth, despite the abundance of free sulfate throughout (see Figure 2.2, Table 2.1).
Many DHABs contain abundant sulfide including Kebrit Deep in the Red Sea (>10 mmol L™
[16, 87]), and Urania basin in the Mediterranean (16 mmol L™ [31, 37]) and sulfate reduction is
consider a key process in deep sea brines [4, 5, 19, 37].

Dissimilatory sulfate reduction was not detected either through the seawater-brine interface
or within the core of the brine using traditional ex situ »S-sulfate radiotracer assays. We sus-
pect that sulfate reduction is confined to vanishingly narrow spatial window between the suboxic
conditions above 2230 m and high salinity conditions that dominate below 2245 m. The lack of
dissimilatory sulfate reduction in the Orca Basin brine fluids is very surprising, since sulfate re-
duction is known to occur in other brines of comparable salinity [4, 37] as well as in Orca Basin
hypersaline sediments [40, 85]. Potential explanations for low dissimilatory sulfate reduction rates
and low sulfide concentration in Orca Basin generally fall into two categories: 1) SR rates are ex-
ceedingly slow due to salinity stress, or 2) SR proceeds as expected but evolved sulfide precipitates
as particulate iron-sulfide minerals (e.g. mackinawite, pyrite, etc. [8s, 88, 89]). Unusually high

concentrations of particulate and dissolved iron found within the brine [38, 70], and large frac-
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tions of accumulated pyrite found in the underlying sediments within both sub-basins suggests
sustained reaction between free sulfide by the relatively large pool of reduced, unreacted iron [8s].
However, if option (2) was important, we would have recovered produced FeS minerals in our rate
assays and we did not. It is possible that, over time, persistent rates at a level below the detection
limit of the method we used (<1 pmol L™ d™), could, potentially, generate such a sedimentary
signal of sulfate reduction, though in situ DSR/pyrite formation in sediments seem likely. The
apparent lack of sulfate reduction in the Orca Basin system warrants further study focusing on
the depths between 2230 and 2245 m and conducting some long term (7-14 day) incubations to
address the possibility that rates are extremely low.

Given the absence of sulfate reduction supported anaerobic MO in the Orca Basin system, we
explored the potential for nitrogen oxide and iron oxide supported anaerobic MO. Nitrate addi-
tions to Orca Basin brine suppressed anaerobic methane oxidation, which argues against nitrate
coupling to methane oxidation by organisms like ANME-2d (‘Methanoperedens nitroreducens’
ANME-2d [90, 91]). Nitrite, by contrast, stimulated anaerobic MO in anoxic brine from both
basins (see Figure 2.9). Itis possible that nitrate is consumed via classic denitrification while nitrite
tuels anaerobic MO [92]. Even though no nitrite was detected in our profiles, that could reflect
instantaneous consumption rather than reflect its unimportance. It is also possible a nitrite max-
imum was simply missed by our bottle sampling.

Nitrous oxide increases towards the base of the oxycline, coincident with nitrate drawdown.
The presence of substantial N,O - over s umol L™ — above the Orca Brine could reflect deni-
trification or perhaps nitrate reduction [93] coupled to methane oxidation, which in some mi-
croorganisms produces only nitrous oxide. However, nitrate inhibited methane oxidation in our
experiments (see Figure 2.9). Given the abundance of particles, sub-oxic conditions (<5 pmol L™
O,; see Figure 2.2), and the proximity of N, O production to nitrate depletion, we propose that
N, O is produced as a byproduct of incomplete denitrification [94]. The Orca Basin chemocline
is thus characterized by diverse modes of active cycling of nitrogen oxides, resulting in complete

drawdown of the NOx pool by a depth of 2200 m (see Figure A.4).
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The most likely mode of nitrogen coupled methanotrophy in Orca Basin is nitrite-fueled
methanotrophy, as described for Methylomirabilis-like bacteria in the NCro phylum [95-98].
Unlike anaerobic methane oxidizers that oxidize methane using the reverse methanogenesis path-
way to activate methane, the Methylomirabilis-like bacteria have a novel particulate methane
monooxygenase that is very similar to those employed by acrobic methane oxidizing microorgan-
isms. Relatives of NCro bacteria have been documented in oceanic oxygen minimum zones and
are believed to be active participants in methane oxidation there [97]. So far, these microorgan-
isms have not been identified in hypersaline brine ecosystems, but the data presented here suggests
they may play a role in anaerobic methane oxidation in Orca Basin.

The Orca Basin brine is enriched in manganese and iron oxides [38, 99]. Previous reports [38]
showed extremely high concentrations of reduced manganese (Mn(II)) and suggested the oxi-
dation of organic matter was coupled to dissimilatory manganese reduction. The same authors
suggested that the primary sink for Fe-oxides was reaction with hydrogen sulfide [99]; coupling of
organic matter to dissimilatory iron-oxide reduction was considered unimportant. Dissimilatory
sulfate reduction was considered to be an active and important process. Metal oxides have not
been considered potential, or important, electron acceptors to support anaerobic methane oxida-
tion in brine ecosystems in general or in the Orca Basin. The importance of metal oxide reduction
coupling to anaerobic methane oxidation in other systems is well documented [100-102].

When anoxic Orca Basin brine samples from depths below 2235 m were amended with ferri-
hydrite, rates in the Northern basin increased from essentially zero to almost 75 nmol L™ d™ (see
Figure 2.8). Similarly, in the Southern Basin, rates increased significantly — from near zero to up to
nearly 300 nmol L™ d™" in response to increased ferrihydrite addition. Additions of goethite gen-
erated mixed results but by and large rates were not as responsive to goethite addition (see Figure
2.8). The fact that ferrihydrite stimulated anaerobic methane oxidation so strongly shows that a
microbial population capable of coupling ferrihydrite reduction to anaerobic methane oxidation
exists in the Orca Basin brine and that these microorganisms are, at least sometimes, limited by

availability of ferrihydrite.
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Figure 2.10: Evidence for mass wasting at Orca Basin, Gulf of Mexico. Hillshaded
bathymetry dataset courtesy of the U.S. Bureau of Ocean Energy Management:
https://www.boem.gov/Gulf-of-Mexico-Deepwater-Bathymetry.

The fact that iron oxide mediated AOM is clearly metal oxide limited could help explain the
substantial differences in rates of anaerobic methane oxidation in the brine observed across the
data set. Metal oxides could be introduced to the deep Orca Basin laterally by slumping, a phe-
nomenon that is known to occur regularly in the system [66]. Sawyer et al. (2019) present volu-
minous evidence of slumping and landslides disturbing the brine by causing internal waves and
depositing oxidized sediments into the deep brine. Figure 2.10 shows the proposed headscarps
and slump blocks as interpreted from new high-resolution hillshade bathymetry from the Bu-
reau of Ocean Energy Management (BOEM). This mechanism also been suggested by Diercks
et al. (2019 [7]) to explain the rich nepheloid layer atop the brine. Diercks, et al. proposed that

these slumping events delivered fresh particulate matter at the seawater brine interface as a mech-
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anistic explanation for the presence of a particle maximum at 2230 m depth [7]. Other evidence
suggest that metal oxides are introduced to the Gulf of Mexico through Mississippi River dis-
charge of clastic sediments and via the deposition of Saharan dust, which occurs generally at rates
around 28 — 78 mg Fe m ~* per 6 months [103]. Such periodic inputs of oxidized sediments could
lead to pulsed delivery of iron-rich sediments, thereby stimulating iron-oxide coupled anaerobic
methane oxidation in the deep Orca brine.

This is the first time that iron reduction coupled to anaerobic methane oxidation has been
shown in a deep-sea brine. Metal oxide coupled AOM is known to be important in marine sed-
iments [100] and there is no inherent reason why this process would not occur in Orca Basin.
Aromokeye et al. (2020 [102]) showed that sediment slurries enriched with iron minerals lepi-
dochrocite, hematite, and magnetite became enriched in the anaerobic methanotrophs ANME-
1b and ANME-2a/2b, but not ANME-2¢/2d. These slurries oxidized methane anaerobically at
high rates when sulfate reduction was inhibited by molybdate addition. Interestingly, addition
of manganese oxides did not stimulate anaerobic methane oxidation. In some years [103], like
2020, however, transport and deposition of Saharan dust is much higher; so extreme that it gen-
erates “brown rain” and can be seen from space [104]. So, variability in vertical flux of iron rich
particles — through river inputs or Saharan dust flux — may also contribute to variability in iron-
oxide availability in the deep Orca Brine. In the case of Saharan dust, this unexpected biogeo-
chemical teleconnection would constitute remarkable connectivity and reveal an unanticipated

consequence of Saharan dust input to the Gulf of Mexico system.

2.5 CONCLUSIONS

Methane oxidation in the Orca Basin is fueled by aerobic and anaerobic processes. Surprisingly,
sulfate reduction coupled anaerobic oxidation of methane is not important in the Orca Basin.
Instead, nitrite and iron-oxide coupled anaerobic oxidation of methane dominate. We document
for the first time, substantial rates of anaerobic methane oxidation at high salinity. This discovery

suggests that anaerobic methane oxidation may occur in other brine ecosystems, but availability
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of electron acceptors may limit activity. Extensive spatial and temporal variability in anaerobic
methane oxidation are likely driven by differences in the availability of iron oxides as a function of
basin location and over time. Sediment slumping, terrestrial inputs via the Mississippi River, and
possibly iron inputs from Saharan dust could all contribute to variable iron delivery to the deep
Orca Basin. The anaerobic microbial community in Orca Basin is primed and able to respond
instantaneously to iron-oxide inputs. So, pulsed delivery of iron oxides to the deep Orca Basin

likely modulates the fate of methane in the deep anoxic brine.
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3.1 ABSTRACT

The presence of oil derivatives in marine sediments initiates an environmentally relevant chain
of alterations in the local biogeochemical cycles of carbon, sulfur, oxygen, and nitrogen. The
quantity, quality, composition, and distribution of hydrocarbons over sediment depth influences
microbial population dynamics as well as the dominant mode of microbial metabolism. In turn,
metabolic processes related to oil degradation accelerates local sedimentary diagenesis, which ul-
timately influences the linkages between sediment and seawater biogeochemical cycles. We deter-
mined hydrocarbon oxidation rates at nine sites across a spectrum of natural and anthropogenic
oil impact using two compounds — hexadecane and naphthalene — that are representative prox-
ies for the oxidation of two major oil fractions, the saturates (hexadecane) and the aromatics,
specifically, polycyclic aromatic hydrocarbons (PAH) (7.c., naphthalene). We present the first
rates of oxidation for saturates and PAHs in Gulf of Mexico sediments determined using sen-
sitive radiotracer techniques. Integrated naphthalene oxidation rates were highest at two sites: 1)
MCu8 (921 + 75 nmol m™* d™"), a prolific natural hydrocarbon seep, and 2) the Taylor Energy site
(283 = 15 nmol m™* d™), a shallow-water site impacted by anthropogenic discharge of oil. Aver-
age and integrated naphthalene oxidation rates were consistently higher than hexadecane oxida-
tion rates by several orders of magnitude. Hydrocarbon oxidation rates were poorly correlated
with sulfate reduction rates. In fact, some sites exhibited measurable hydrocarbon oxidation in
the absence of sulfate reduction, underscoring the coupling of alternate anaerobic metabolisms,

including fermentation and methanogenesis, for supporting hydrocarbon oxidation.

3.2 INTRODUCTION

Crude oil is a complex mixture of organic compounds generated from geothermal catagenesis
of deeply buried kerogen and bitumen [1, 2]. In special cases, oil-like substances are produced
through rapid hydrothermal cracking of autochthonous organic matter in organic-rich marine

sediments (e.g., Guaymas Basin, Escanaba Trough, etc. [3]). Crude oils contain tens of thousands
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of different compounds but are often described according to the proportion of four main struc-
tural types, the so-called SAR A fractions: saturated hydrocarbons (S), aromatics (A), resins (R),
and asphaltenes (A [1]). The saturated hydrocarbons are the simplest and most abundant frac-
tion in mature, unweathered crude oil (up to 60% by weight [1]) and include short linear alkanes
(e.g, methane, ethane, and propane), longer linear alkanes (¢.g., hexadecane, n-octadecane, etc.),
branched alkanes (e.g., isobutane), and cyclic alkanes e.g., cyclopropane, cyclobutane and cyclo-
hexane. The aromatic fraction (typically 20-45% by weight [1]) contains the economically valuable
BTEX quartet (z.e.,, benzene, toluene, ethylbenzene, and xylene) and polycyclic aromatic hydro-
carbons (PAHs) like naphthalene, phenanthrene and ovalene.

The saturated and aromatic fractions comprise over 80% of most mature crude oils [1]. These
fractions are degraded preferentially over the resins and asphaltenes and are therefore consid-
ered to constitute the most labile components and the ones most prone to biological oxidation.
Heavily degraded oils, therefore, tend to contain greater and more complex fractions of resins,
asphaltenes, and accumulated succinates [4, 5]. The reactivity of the saturates and aromatics is
evidenced by the sequential disappearance of n-alkanes (C¢+) and aromatics (up to C,, [4-6]),
and the appearance of an unresolved complex mixture (UCM) in gas chromatographic analysis.
Significant evidence suggests that biodegradation of oils occurs predominantly through anaero-
bic metabolism in subsurface reservoirs [s—7], and may also proceed through secondary methano-
genesis whereby n-alkanes are converted to methane ([s-8]). The rate of biodegradation, whether
through oxidative processes or secondary methanogenesis, appears to decrease with increasing car-
bon number [6, 9].

The mobilization of oil and gas through surficial marine sediments establishes unique metabolic
niches for microorganisms and impacts local biogeochemical cycling. Many seep systems are clas-
sified according to fluid flow regime: the mobilization of cold seep fluids can either be fast (mud
volcanoes) or slow (oil seeps), and depending on reservoir characteristics, emit any combination
of oil, gas, and brine, each with different biogeochemical consequences [10]. Mud volcanoes are

areas of ephemeral high fluid flow; the fluids contain a mix of seawater, brine, fluidized mud,
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and/or gas, but rarely support complex benthic communities (e.g.,, bivalves, tube worms, etc.)
because of the turbidity imparted by fluidized mud discharge [10-12]. Sites of more moderate
seepage can discharge a combination of oil, gas and/or brine [10].

Oil and gas seeps occur along both passive and active continental margins, including those
along the passive margins of the eastern US Atlantic seaboard (gas only [13]) and throughout the
Gulf of Mexico (oil and gas; hereafter Gulf [10, 11, 14]), and along active margins, like the Eel River
Margin in the Pacific. The Gulf contains over 1000 known cold seeps [10] of mixed geochemical
providence. Some are brine seeps both small (GC600) or localized (NR-1 [15]) while others are
large (7.c., Orca basin [16, 17]). Some are oil-dominated seeps like those of GC60oo0 [18], some are
gas-dominated seeps like those of the Garden Banks area ( mud volcanoes [19]), and some are a
mix of both, like those at MCu8, etc. [20]. Natural gas stocks at gassy seeps often have biogenic
sources [14, 21], but where gas and oil co-occur, low molecular weight alkanes can be of mixed
biogenic / thermogenic origin [19].

Sedimentsin the northern Gulf overlay massive, deeply buried, Jurassic-aged salt sheets, which,
in turn, overlay massive oil and gas reservoirs [22]. Salt becomes plastic and ductile when over-
pressured; it is more buoyant than the overlying sediment. As result, salt forces its way upward
through the sediment, in some places ballooning into salt diapirs (salt domes), and/or fractur-
ing and faults that are ideal conduits for oil, gas, and brine migration ([10]). Marine cold seeps
are surface expressions of hydrocarbon reservoirs sourced from deeper, porous strata. Upward
migration of oil, gas and brine delivers carbon and nutrients into shallow sediments, and along
with it, microbial species from the source reservoir [23]. Movement of deeply buried salt below
the sediment column creates complex and dynamic bathymetry (see Figure 3.1). The resulting
seabed along the northern Gulf'is a network of fractures and faults and basin and range topogra-
phy generated by ’salt tectonics’. Cold seeps of all sorts pepper the seabed in the Gulf, creating a
biogeochemical cornucopia that supports diverse and active microbial communities.

Extensive interest in microbial oxidation of petroleum stems from the role that microbial

degradation has on the economic value of oil reserves (e.g.,, souring of reserves [24]) and from the

66



fundamental role that microbial processes play in recycling oil and natural gas within the global
carbon cycle. Microbial processes modulate the flux of deeply buried, ancient carbon as it moves
into the active carbon cycle. Microbial oxidation of oil products serves as a gatekeeper on this an-
cient carbon, controlling the reentry of ancient carbon into the active carbon cycle. For example,
anaerobic methane oxidation (AOM) converts methane to DIC and alkalinity. The increase in
alkalinity and DIC drives the precipitation of solid carbonate hardgrounds [10]. The AOM pro-
cess essentially converts methane into rock [25]. The process of oil consumption and concomitant
alkalinity degradation also contribute directly to the formation of carbonate hardgrounds. Mi-
crobial oxidation of oil products closes the loop on millions of years of carbon transformations,
from the fixation of carbon dioxide into biomass, to oil and back, a natural cycle that occurs on
timescales of 107 years ([10]).

The upward migration of hydrocarbons from the deep subsurface infuses shallow seafloor
sediments with labile carbon in “reverse” biogeochemical order ([10, 23]). Oil first passes through
the zone of methanogenesis, then sulfate reduction, then metal oxide reduction, nitrate reduction
and may ultimately reach the surface oxic zone where it can be oxidized through coupling to oxy-
gen reduction. Oil can be oxidized in each of these zones, and at different rates, which ultimately
impacts biogeochemical zonation ([10, 23]). However, very little data are available describing pat-
terns of microbial oil metabolism in the environment([26-29]). Most often, oil oxidation rates
are inferred from data on sulfate reduction, or other rates of anaerobic metabolism [29]. While
numerous studies have shown hydrocarbon oxidation potential using radiolabeled substrates in
mesocosm experiments (e.¢g., [29, 30]), no previous studies have assessed hydrocarbon oxidation
rates directly because such measurements are extremely difficult to make.

The anaerobic biodegradation of petroleum hydrocarbons in subsurface marine sediments is
one of the primary processes controlling the formation of heavy oil. Microbial oil metabolism
also impacts the flow of deeply buried carbon through seafloor sediments [4, 6, 31-33]). For the
most part, anaerobic processes govern the degradation of petroleum hydrocarbons in deep sedi-

mentary environments over a wide range of environmental conditions including nitrate-reducing
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Figure 3.: Sampling locations in the Gulf of Mexico. Bathymetry
dataset courtesy of the U.S. Bureau of Ocean Energy Management:
https://www.boem.gov/Gulf-of-Mexico-Deepwater-Bathymetry

([34—36]), sulfate-reducing ([26, 29, 37—41]), metal-reducing ([42—44]), and methanogenic con-
ditions ([4, 6, 8, 39, 45]). In particular, sulfate reduction in marine sediments is coupled to the
oxidation of organic matter, accounting for up to 29% of the global carbon flux to the deep ocean
([46]). Sulfate reducing microorganisms have been linked to the oxidation of methane ([31]),
ethane, propane, and butane ([41, 47]), hexadecane ([29]), and PAHs ([29, 48]). Many sulfate re-
ducing microorganisms have the metabolic machinery necessary to oxidize hydrocarbons across
the structural spectrum, from methane to complex aromatics, including PAHs [49, 50].

Here we report naphthalene and hexadecane oxidation rates in Gulf sediments across nine
sites of different water depth and hydrocarbon loading rates. Each of these sites were character-
ized for porewater and solid phase geochemistry, microbial activity, and extractable hydrocarbons.
Sediment cores were sectioned and incubated with 35S-sulfate and “C labeled methane, hexade-
cane, and naphthalene to assess the coupling of sulfate reduction with short-chain alkane, long-
chain alkane, and PAH degradation. We hypothesized that i) sulfate reduction rates would be
a good predictor for presence and magnitude of alkane and PAH degradation, ii) that n-alkanes
would be oxidized faster than PAHs based on energetics, and iii) that known exposure to oil would
prime the sediment microbial community for hydrocarbon metabolism and further predict the

magnitude of hydrocarbon oxidation rates at a given site.

68



3.3 METHODS

3.3.1 STUDY SITES AND SAMPLE TYPES

Ten sediment cores were collected in the northern Gulf and processed for hydrocarbon oxidation
rates and geochemistry during two expeditions aboard the research vessel R/V Endeavor (Uni-
versity of Rhode Island), expedition ENss9 in 2015 and EN586 in 2016. All cores were collected
using a multiple coring device (polycarbonate liners; hereafter MUC) fitted with polycarbonate
liners. Study sites for experimental determination of naphthalene and hexadecane oxidation (col-
lectively HYOx) rates were chosen based on past observations of hydrocarbon seepage and oil
impact using a combination of geochemical data and visual observations (see Figure 3.1 Table 3.1).
We included two “control” sites (Green Canyon lease block 699, hereafter GC699, and Garden
Banks lease block 480, hereafter GB480) that lacked hydrocarbon seepage, three known vigorous
oil and gas seeps (Green Canyon lease block 600, hereafter GC600; Green Canyon lease block 185,
hereafter GCi8s; and Mississippi Canyon lease block 118, hereafter MCii8), two sites previously
impacted by anthropogenic oil spills (Deepwater Horizon, hereafter OC26, which was impacted
by the 2010 Deepwater Horizon oil well blowout; the Taylor Energy site at Mississippi Canyon
lease block 20, hereafter MC20), a site impacted by a slow but uncontrolled and significant dis-
charge between September 2004 and April 2019 [51]; and two sites of moderate gas seepage (Green
Canyon lease blocks 767 and 574, hereafter GC767 and GCs74).

Utilizing a multiple corer lacking a video guidance system to try and sample areas of active
hydrocarbon seepage is not ideal. Furthermore, the R/V Endeavor is not equipped with dynamic
positioning, so even when targeting areas of known and intense seepage activity, movement of the
ship and multicore during sampling often resulted in cores with only modest seepage signatures.
Furthermore, even at areas known for oil seepage, active seeps are heterogeneously distributed,
often fed by faults and fractures in the subsurface that grow, collapse, and change over time. As a
result, active sites of seepage are ephemeral and difficult to sample directly with unguided multiple

core technology like that utilized in this study.



Cruise Site Depth Lat Long Features

(m) (opM™) (opM)
EN559  GB480 783 25°28.86" —91°%9.78’  Shallow control site; diffuse methane; sulfate-rich; sulfide free; un-

described benthic community

GC767 1570 27°12.56"  —91°0.82” Diffuse methane seepage; sulfate-rich; sulfide-free; undescribed
benthic community

EN586  GCi8s 585 27°47.23'  —91°30.38’ Heterogeneous oil and gas seepage; carbonates; breaching hy-

drates; benthic community includes chemosythetic tubeworms,
mussels, and Beggiatoa mats [s2, 53]

GC699 1372 27°17.53  —90°2.33"  Deep control site; diffuse methane seepage; sulfate-rich; sulfide-
free; undescribed benthic community

GC574 1053  27°21.18"  —91°49.29"  Diffuse methane seepage; sulfate-rich; sulfide-free; undescribed
benthic community

GC6oo 1306 27°22.06" —90°33.80"  Oiland gas seepage; authigenic carbonates; breaching gas hydrates;
benthic community includes chemosythetic tubeworms, mussels,
and microbial mats [14]

GC767 1526 27°12.61 —91°s4”  Diffuse methane seepage; sulfate-rich; sulfide-free; undescribed
benthic community

Mcu8 880  28%1.20" —88°29.50" Oiland gasseepage; authigenic carbonates; breaching gas hydrates;
benthic community includes mussels, bacterial mats, and clams
[20, 545 55]

0c26 1634 28°41.46" —88°22.63" Little to no methane; Site of Deepwater Horizon oil spill; sulfate-
rich; sulfide-free; undescribed benthic community

MC2o0 123 28°%6.63" —88%8.07" Little to no methane; impacted by anthropogenic oil contamina-

tion; sulfate-rich; sulfide-free

Table 3.1: Study site name, water depth, location, and features. Site abbreviations in red.

Sediment recovery in multicores varied by site (see Figure 3.2). Near-shore, shallow sediments
like those found at MC2o0 (see Table 3.1) contained high proportions of sand-sized terrigenous
clastics, which resisted penetration by gravity-driven coring devices. Sediments at sites of effusive
hydrocarbon seepage, such as the active seepage areas of GC60o0, frequently contained authigenic
carbonates, gas hydrates, shell hash, and otherwise difficult to sample components. Only cores of
sufficient length (>25 cm depth) were selected for geochemistry and rate determination. At each
site, three parallel MUC cores were selected following retrieval and transferred to a cold van (ca.
4°C) for visual description and photographs. One core was reserved for hydrocarbon character-
ization and HYOx rate sampling, one for porewater geochemistry and solid-phase analysis, and
one for gaseous hydrocarbons, microbial rate measurements, and metagenomic work. All cores

were processed within 8 hours of retrieval.
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3.3.2 PROCESSING

Sediments were collected in discrete 3 cm or § cm depth intervals in all cores, for all major analyses.
Individual sediment horizons were extruded with a floor standing plunger assembly into a spe-
cially designed, argon-filled, polycarbonate chamber and, depending on the core, sub-sampled for
hydrocarbons, gases, pore water geochemistry, solid phase analysis, rate assays, and metagenomics.
Metagenomics analyses are underway through collaboration with Dr. Brett Baker’s group; that
work is underway and will be included in the publication but are not discussed further in this
chapter. For bulk sediment geochemistry, sub-samples were collected from the center of the core
using an ethanol-rinsed, stainless steel spoon, and immediately transferred into an argon-filled
Delrin (polyoxymethylene) squeezer cup [56]. The samples were pressurized and the pore wa-
ter discharged into acid-washed, Ar-flushed, 25 mL plastic syringes. Depending on the estimated
amount of sulfide (via smell), a volume of pore water (0.5 to 2 mL) was collected immediately for
sulfide analysis (H,S). Sulfide samples were preserved in soo wL of 20 wt% zinc acetate, and later
analyzed via the methylene blue method [s7].

The remaining pore water sample was filter-sterilized with a soo um Target filter, dispensed
into a high-density polyethylene bottle (HDPE; Nalgene), and further sub-sampled for down-
stream geochemical analysis according to Joye et al. (2004, 2010 [14, 52]). A 2 mL sub-sample
for anions (SO,*~ and Cl ™) and cations (e.g.,, Na*, Mg**, Ca*", K*) were preserved by addition
of nitric acid to o.1 umol L™ final concentration and stored at room temperature until analysis.
An additional 1.§ mL porewater for ammonium quantification (NH, ") was preserved in 100 pL
phenol solution and analyzed shipboard within 24 hours by the phenol hypochlorite method
[58]. The remaining sample was frozen at —20 °C until subsequent nutrient (NO, ~, NO,™, and
PO,37), dissolved organic carbon (DOC), and total dissolved nitrogen (TDN) analysis. The de-
watered sediment was collected in a sterile Whirl-pack bag, and the bag was then flushed with
argon, sealed without headspace, and frozen at —20 °C for solid phase analysis [52].

A second core was selected for hydrocarbon quantification and microbial activity. All “#C-

hydrocarbon oxidation rates were conducted in triplicate at each depth interval, with two killed
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controls per core. Rate samples were collected in 3 mL sediment volumes in custom made, cut-end
Hungate tubes, and sealed headspace-free. Controls were immediately injected with 3 mL of 2 M
NaOH solution and homogenized to halt microbial activity. Live incubations and controls were
left to pre-incubate at 4 degrees C for 24 hrs before tracer addition. At GC767, two cores were
analyzed for hydrocarbon oxidation (see Tables 3.1, 3.2) and data were pooled for calculation of
averages and integrations. For hydrocarbon quantification, approximately 100 g of the remaining
sediment was collected from the center of the core using a stainless steel, ethanol-rinsed spoon,
and immediately transferred into pre-combusted, argon-filled, 250 mL amber-glass jars. The jar
was flushed again briefly with argon, covered in combusted foil, sealed with a Teflon-lined cap,
and frozen at —20 °C until hydrocarbon quantification. Care was taken to avoid sampling along
the perimeter of the core to prevent contamination/adsorption of oil components from/by the
polycarbonate core liner.

A third core was sectioned to determine methane and hydrogen concentrations, metagenomics,
and anaerobic oxidation of methane AOM and dissimilatory sulfate reduction (DSR) rates. A
s mL sub-sample was collected for methane using a cut-end syringe and placed into an argon-
flushed 25 mL borosilicate glass serum vial containing 2 mL 2 M NaOH to stop microbial activ-
ity. The sample was sealed with a blue chlorobutyl rubber stopper, secured with an aluminum
crimp seal, vortexed to slurry, and stored at room temperature until analysis by a gas chromato-
graph equipped with a flame ionization detector (GC-FID [s2]). An additional s mL sub-sample
for hydrogen analysis was transferred to a 25 mL borosilicate serum vial and crimp-sealed. The
headspace was flushed with helium for 1 minute and the sample incubated at 4 degree C for 4 days
before shipboard analysis, following the headspace equilibration technique described by Lin, et
al,, [s9]. Similar to sample handling for HYOx rates, 3 mL of sediment were collected in cut-end
Hungate tubes for AOM and SR rate assays. Sub-samples were collected in triplicate for each
assay at each depth interval, with two controls carried out per core. Controls were prepared by
adding either 3 mL of 2 mL 2 M NaOH for AOM, or 3 mL concentrated zinc acetate solution (20

wt.%) for DSR, to halt microbial activity before tracer injection. Both controls and live samples
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were pre-incubated for 24 hour at 4 °C to allow recovery of the microbial population (from the

sampling disturbance) before radiotracer injection.

3.3.3 HYDROCARBON ANALYSIS

Sediment samples were characterized in 3 cm intervals for oil components by gas chromatogra-
phy [20] with flame ionization detector (SRI 8610C; 3.2mm x 1.8 m packed hayecep—d column,
and flame jonization detector). Sediments for hydrocarbon analysis were first thawed overnight at
4°C, and then extracted in a 9o:10 mix of HPLC-grade toluene to methanol, using a Soxhlet ap-
paratus and soo mL round-bottom flask. Between s to 25 g of thawed sediment was weighed and
placed in a combusted glass thimble using a methanol-rinsed metal scoopula, and then inserted
into a combusted Soxhlet unit. Approximately 300 mL of the toluene/methanol mixture was
poured into the Soxhlet apparatus and allowed to siphon into the round bottom flask. A heating
mantle was used to bring the contents of the round bottom flask to a gentle boil. Sediments were
extracted under hot solvent for 24 hours. Following this 24—-hour period, the remaining solvent
in the Soxhlet was quantitatively transferred to the main extract in the round-bottom flask and
reduced to approximately s mL by rotary evaporation. Excess water was removed by passing the
extracts three times through combusted sodium sulfate columns. Excess sulfides were removed by
passing the samples three times through columns packed with solvent-rinsed, HC-activated cop-
per shot. The cleaned extracts were placed into combusted and pre-weighed, 7 mL amber glass
vials, blown to dryness under a stream of UHP nitrogen gas, weighed to determine the final mass

of extracted hydrocarbons, and reported in units of ug g™ of wet sediment.

3.3.4 GEOCHEMISTRY

Porewater methane samples were vortexed to extract gas from the sample slurry and analyzed by
gas chromatography using a flame ionization detector (GC-FID; SRI 8610C gas chromatograph;
1.8 m x 3.175 mm packed HayaSep—D column [14]). Certified gas mixtures (0.1% CH,, in He) were

used to calibrate the instrument prior to analysis. Porewater hydrogen concentrations were deter-
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mined by headspace equilibration [s9] and then injecting 1 mL of sample headspace into a Peak
Performer 1 Reducing Compound Photometer (Peak Laboratories, USA [60]), calibrated with
certified standards. Sample concentrations were calculated using the salinity and temperature cor-
rected solubility constants of Crozier and Yamamoto [61]. Porewater concentrations of sodium
(Na"), potassium (K™), magnesium (Mg*"), calcium (Ca**), chloride (Cl ™), sulfate (SO,*>~), and
nutrients (nitrate, nitrite, phosphate) were analyzed using previously described methods [14, 20,
s2]. Hydrogen sulfide was determined using standard colorimetric techniques [57]. A subsam-
ple of sediment was analyzed for porosity, dried, analyzed for carbon, nitrogen, and phosphorus

content, and then combusted to determine organic matter content by loss on ignition [14].

3.3.5 MICROBIAL ACTIVITY

Two major crude oil fractions were assessed for rates of microbial degradation using radiolabeled
tracers: [1-14C] hexadecane (2.0 TBq mmol™; American Radiolabeled Chemicals; ARC) was used
as a proxy for long-chain alkanes, and [1-14C] naphthalene (2.0 TBq mmol™; ARC) for polycyclic
aromatic hydrocarbons (PAH). The naphthalene tracer was delivered to the laboratory dissolved
in an ethanol solvent but the hexadecane was dissolved in hexane. To reduce toxicity of the hex-
adecane tracer, the original hexane solvent of the [1-14C] hexadecane tracer was evaporated under
a stream of sterile argon and the tracer was then redissolved in ethanol to match the naphthalene
carrier. Radiotracer experiments were carried out shipboard following sample collection. After
a pre-incubation period of approximately 24 h, samples were injected with 20 uL of either “C-
hexadecane (~2.8 ug per sample) or “*C—naphthalene (~1.4 ug per sample) to achieve a final activ-
ity of approximately 10® dpm *C—hydrocarbon per sample. Rate samples were then incubated
at 4 °C for 2 to 4 days. After incubation, 3 mL of 2 M NaOH solution was injected into each
sample and the sample was homogenized to halt microbial activity and trap CO, as dissolved in-
organic carbon (DIC). Preserved samples were then transferred to so mL Falcon tubes (including
two rinses to assure quantitative transfer of product) for storage until analysis back at the UGA

laboratory.
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Radioactive DIC was recovered from samples using an acid digestion technique modified
from Sibert, et al., 2016, for sediments [62]. Sediments were transferred into a cylindrical 250
mL glass flask and sealed with a flow-through distillation head with a ground glass joint. The
distillation head directs a steady stream of argon down a central glass tube at 5o mL/min and
out through a sintered frit situated just below the sample surface. 3 mL of concentrated HCI
(approx. 12 M) was introduced into the argon line immediately upstream of the distillation head
and allowed to bubble through the glass frit. This lowered the pH of the sample to <1, driving
the “C-DIC off as *CO, into the flask headspace. The headspace was then cleared through a
tygon tube attached to the outlet of the distillation head and bubbled through a 1.5 mL solution
of 3-methoxypropylamine and 3.5 mL scintillation fluid for 45 min to trap the purged “CO,.
The activity of the s mL cocktail was then counted on a liquid scintillation counter (LSC).

Residual naphthalene tracer was removed from samples prior to distillation by the storage
procedure: naphthalene in the sample was quantitatively removed via sorption onto the polycar-
bonate Falcon tubes. However, hexadecane was difficult to remove quantitatively from the sam-
ple matrix; additions of shredded plastic, activated charcoal, and C-18 bonded silica gel all failed
to remove parent hexadecane tracer from the sample. Ultimately, we used custom glassware and
Tygon tubing to extract hexadecane from the gas-phase effluent, downstream of the distillation
vessel but upstream from the DIC trap. *CO,-DIC recovery determined via controlled addi-
tions was better than 95% and scintillation traps contained lower than 100 dpm background tracer
contamination following distillation of amended process controls. Hexadecane and naphthalene
oxidation rates were calculated similarly to AOM procedures in sediments, with modifications
[63]. Environmental naphthalene and hexadecane concentrations could not be measured and are
not known. Even if concentrations were known, the tracer addition represents a substantial sub-
strate addition, so the measured rates reported here reflect potential activity, or apparent rates. So,
concentrations available to microorganisms during the incubations were estimated from tracer
additions and solubility limits. Naphthalene concentrations were calculated using the specific ac-

tivity of [1-14C] naphthalene (2.0 TBq mmol™), the injected activity (x1 X 10° dpm), and sample
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size (3 mL). Hexadecane has a very low solubility in seawater, such that tracer injections routinely
produced hexadecane concentrations soo times the solubility limit (~0.04 ug L™; 177 pmol L™
25°C; 1atm [64]). Accordingly, [1-14C] hexadecane tracer concentrations and activity numbers
(in dpm) were adjusted to reflect saturation conditions. Hexadecane and naphthalene oxidation
rates were otherwise calculated the same way, again modified from Sibert et al., 2016 [62] follow-

ing the equation:

14CO2
YC-nc

2
HYOX = [HC] X @deq X — X
t

(3.1)

where [Hc] is the concentration of either naphthalene or hexadecane (derived as described above),
Psed 1s sediment porosity [52], 21 is the *C isotope fractionation factor (1.008) [65], t is incuba-
tion time in days, *CO, is the recovered DIC activity in dpm, and “*C-Hc is the total injected
hydrocarbon activity in dpm. The rates are porosity corrected to deliver a final rate in terms of
volume of "wet sediment’, which are more meaningful than rates in a volume of porewater.

Rates of DSR and AOM were carried out using 3S-labeled sodium sulfate (Na*SO,; Amer-
ican Radiolabeled Chemicals; ARC; ~1.59 TBq mmol™), and *C-labeled methane (**CH,; ARC;
~1.85 TBq mmol™) as described previously [63, 66]. Radiolabeled sulfate and methane tracers
were both diluted in sterile milli-Q to yield stocks with an activity of ~1 X 10® dpm per 100 pL.
Samples and controls were injected with 100 L tracer, incubated at 4 °C for 1 d atin situ pressure,
and slurried with 3 mL of either 20 wt.% zinc acetate (SR), or 2 mol L™ NaOH (aoM), to halt mi-
crobial activity and preserve labeled oxidation products, and then stored at room temperature
until distillation and analysis.

Fixed DSR samples were processed to quantify radioactively labeled sulfide using a standard
one-step chromium distillation. Briefly, sediments were transferred to a so mL Falcon tube, rinsed
of porewater and excess tracer three times by centrifugation and resuspension with 25 mL tap
water. The rinsate was transferred to a 125 mL flask and brought to 100 mL total volume, of which,
100 uL. was counted by LSC to determine the total activity of unused Na*SO, tracer. The rinsed

sediment sample was then transferred to a round-bottom boiling flask, placed in a heating mantle,
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and distilled with a solution of hot HCl and reduced chromium under a stream of nitrogen gas,
as described by Fossing and Jergensen [66]. Evolved S from the distillation process was trapped
in s mL of 2% zinc acetate solution as Zn*§ and counted on by LSC. DSR rates (nmol cm™ d™)

were calculated as:

TRIS

SRR = [8042_] X Psed X 0%2 X [

where [SO,> ] is the porewater sulfate concentration in mmol L™, ¢ the sediment porosity, 2
the 3§ isotope fractionation factor (1.06) [67], TRIS the activity of the distillation trap (in dpm),
and $SO,*~ the total activity of injected tracer (dpm). The rates are porosity corrected to deliver a
final rate in terms of volume of "wet sediment’, which are more meaningful than rates in a volume
of porewater.

Preserved AOM samples were transferred to a 125 mL Erlenmeyer flask, sealed with a spe-
cially modified, gas-tight stopper, and processed using an acid digestion technique as described
by Sibert, et al [63]. The stopper was designed to hold a CO, trap (here, an uncapped 7 ml glass
scintillation vial containing 1.5 mL 3—methoxypropylamine) a few centimeters above the sample
via a moldable plastic wire. Samples were acidified with s mL 30% H,SO, (final pH <1) and di-
gested for 4 h on a shaker table. Following digestion, the trap was removed from the flask, filled
with 5.5 mL scintillation fluid, and counted by Lsc. Recovery was better than 95% on process

controls. AOM rates (nmol cm™ d) were calculated as:

(3-3)

aom = [CHy] X " X

where [CH,] is the concentration of methane in pmol L™, #; is the #C isotope fractionation
factor (1.008) [65], *CO, is the activity of the oxidation product in dpm, and “#CH, is the total
amount of injected tracer activity in dpm. These rates are not porosity corrected as the concen-

tration of methane is already reported in terms of "wet sediment’.
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Site YCH, Y DOC ¥ Alk TH,S YNH,* TH, YNaphOx YHexOx  YAOM SRR

GB480 0.3(0) 58.0(39) — 0.0(0)"  0.8(1) 36.3(25) 65.0(44) 42.7(29) 0.8(1) 0.0(0)"
Geiss 0.8(1) 74:3(s1) 350.6(239) 0.0(0)* 3.9(3) 49-2(33) 132.9(9) 18.2(12) 0.0(0)* 80.4(ss)
GCs574 3.8(3) 25.7(17) 223.2(152) 0.0(o) 0.2(0) 205.6(140) 76.8(52) 3.2(2) 0.6(0) 52.2(36)
GC6oo 2.3(1) 27.6(15) 625.1(338) 1.2(1) 9.6(s) 89.2(48) 84.7(46) — o.5(0) 237.2(179)
GC699 1.2(2) 51.9(65) 213.0(266) 0.0(0)" 0.8(1) 336.5(561) 133.5(167) 38.2(48) 13(2) 4.8(6)
GC767 1.2(0) 97.0(21) 336.5(133) 0.0(o) 3.3(1) 292.7(62) 173.7(37) 68.3(15) 0.9(0) 0.0(0)
Mcu8 59.0(48) 52.3(43) 880.9(719) 26.9(22) 15.1(12) 168.8(138) 921.1(752) 85.0(69) 565.6(462) 19 115.2(1560)
0c26 0.6(0) 1.7(6o) 398.3(215) 0.0(0)" 34(2)  3078.6(1662) 83.6(45) 1.4(1) 0.0(0)* 17.0(16)
McC20 0.9(1) 79.2(43) 667.4(360) 0.0(0)" 315(17) 379.1(239) 282.5(152) 42.4(23) r.o(1) 883.0(477)

* = below detection

— =no sample

Table 3.2: Integrated methane (in pmol m™), dissolved organic carbon (poc), alkalinity, sulfide, and am-
monium (all in mmol m™?), hydrogen (nmol m™), naphthalene oxidation rates (NAPHOX; nmol m™* d™"),
hexadecane oxidation rates (HEXOX; pmol m™* d™"), anaerobic oxidation of methane (AoM), and sulfate
reduction rates (AoM and SRR; pmol m™d ™). Rates and concentrations integrated over 17 cm for con-
sistency between cores. Values in parenthesis represent standard error in tenths. Abbreviations: Alk =
alkalinity; NaphOx = naphthalene oxidation; HexOx = hexadecane oxidation; AOM = anaerobic oxida-
tion of methane rate; and SRR = sulfate reduction rate.

3.4 RESULTS

Geochemistry data from all nine sites are summarized in Tables 3.2, 3.3. This included sites de-
scribed as "control” sites (GB480 and GC699; see Tables.1). The control sites were character-
ized by low methane, low sulfide, and low rates of AOM and DSR (see Figures 3.3, 3.4; Table
3.2, 3.3). The three cold-seep sites, GC600, GCi18s, and MC8, were characterized by natural
oil and gas discharge, gas hydrate formation, and chemosynthetic biological communities. Two
sites impacted by anthropogenic oil release, one deep (OC26) and one shallow (MC20), were
characterized by a layer of sedimented oil "fluff” at the sediment surface, sulfate-rich porewater,
undetectable sulfide, and low rates of AOM (see Figures 3.3, 3.4; Table 3.2, 3.3). The remaining
sites (GC767 and GCs74) were characterized by diffuse methane seepage and mildly sulfidic pore
fluids (see Figures 3.3, 3.4; Table 3.2, 3.3).

Sulfide accumulated to measurable levels in cores from only two sites: GC600 (262 umol L™
H,S max) and MCi8 (702 umol L™ H,S max; see Figures 3.3, 3.4; Table 3.2, 3.3)). Both GC600

and MCu8 are sites of prolific seepage of oil and gas and abundant gas hydrate mounds. Inte-
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grated naphthalene oxidation rates (between 65 and 921 nmol m™ d™") were consistently higher
than hexadecane oxidation rates (between rand 85 nmol m™ d™") by over five orders of magnitude
across all nine sites (see Figures 3.5, 3.6; Table 3.2, 3.3). The highest HEXOx (85 + 7 pmol m™> d™)
and NAPHOx rates were observed at MC118, a site with active oil seepage, high levels of sulfide,
high rates of AOM and DSR, and the highest fraction of extractable hydrocarbons (1592 ug g™
see Tables 1—4). The second highest NAPHOx rates were found at MCao (Taylor Energy spill
site), a shallow-water site historically impacted by anthropogenic oil discharge (see Figures 3.5,
3.6; Table 3.2, 3.3 [22]). However, the second highest HEXOx rates were found at a different site,
GC767, which was characterized by undetectable sulfide and DSR, high DOC concentrations,
and high levels of extractable hydrocarbons (see Tables 3.3 - 3.6). The highest rates of NAPHOx
and HEXOx corresponded to highest DSR rates (MCu8; see Figures 3.5, 3.6; Table 3.2, 3.3), but
rates of DSR were very poor indicators of HYOx magnitude. Anaerobic methane oxidation rates
were always significantly higher than hexadecane oxidation, perhaps due to the low solubility of
hexadecane relative to methane. Even though the low DIC:DIP ratios for highly active seep sites
(e.g., MC1u8 and GC600) suggest hydrocarbon oxidation, we found no further correlation be-
tween HYOx rates and DSR, AOM, or any other geochemical parameter. Rates of HYOx were

dynamic and variable.

3.4.1 CONTROL SEDIMENTS

The control sites GC699 and GB480o were selected to assess the potential for hydrocarbon oxi-
dation at sites lacking active seepage. The sediments at these sites contained well-oxidized argilla-
ceous sediments, brown to gray in color, with no detectable sulfide and little methane (<11 umol L™
CH,; see Tables 3.1and 3.2). Sediments at both control sites contained abundant sulfate (approx.
28 mM) and no sulfide (see Tables 3.2 and 3.3). The average methane concentration at GB48o
was low (2 umol L™ CH,,) (see Table 3.3), but it was five times at GC699 (11 pmol L™), of similar
magnitude to some values observed at GCs74 and GC6oo0, though those cores clearly missed sites

of highly active seepage.
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Site  Core ID CH, H,S SO~ H, NH,” NO,~ NO,~ PO/j~ DIC DIN DOC

GB480 EN§59-S18-E07 2.1  BDL 273 6.4 20.6 0.8 16.1 7.9 - 37.3  719.2
GCi185  EN§86-S02-EI3 5.0  BDL 27.3 0.7 46.8 0.1 8.9 12.6 2.0 55.9 567.0
GC574 EN586-SIS-E08 15.3 BDL 27.6 5.0 4.2 BDL 12.4 7.2 2.0 7.1 343.6
GC600 EN§86-SI8-EII 15.4  75.0 25.8 0.9 75.8 0.5 7.9 4.9 3.4 841 264.8
GC699 EN586-S07-E07 .3  BDL 27.7 4.0 15.1 BDL 9.6 4.7 2.1 25.1  §74.7
GC767 EN§59-S25-EO3 3.7 BDL 27.4 5.2 44.9 0.9 14.9 8.7 -  60.6 SIL.2

EN§86-S06-E07 3.0 BDL 27.6 L9 10.3 BDL 20.0 6.9 2.7 30.9 450.8
MCI8  EN586-S20-E03  939.§ 240.§ 16.3 1.8 164.5 5-5 15.5 83 14 1737 6372
0C26  EN§86-S12-E07 2.8 BDL 27.8 29.6 30.2 0.4 6.0 8.0 2.0 36.5  732.0
MC20  EN586-SII-EO4 5.1  BDL 27.2 3.5  26LO 0.1 3.0 15.2 41 264.0 726.4

BDL = below detection

— =no sample

Table 3.3: Geochemical parameters averaged over 40 cm. Methane, sulfide, ammonium, nitrate, nitrite,
phosphate, dissolved inorganic nitrogen (DIN), dissolved inorganic phosphorus (p1p), and dissolved or-
ganic carbon (pDoc) concentrations in wmol L™, Sulfate and dissolved inorganic carbon (p1c) concentra-
tions in mmol L™". Hydrogen concentration in nmol L™".

Site Core ID %C %N %P CN %OM

GB480 ENs559-SI8-E07  4.74 0.3 0.06 36.46  12.96
GC185  EN586-S02-EI3  2.62 o7 0.08 15.41 9.95
GC574 EN586-S15-E08  4.02  0.08 0.06 50.25 12.41
GC600 EN§86-S18-EII 3.95 0.06 0.06 65.83 7.81
GC699 EN386-S07-E07 2.43 0.07 0.06  34.71 9.21
GC767 EN559-S25-E03 3.38 0.5 0.07 22.53 11.58
GC767 EN386-S06-EO07 3.72 0.09 0.06 4133 13.04
MCu8  EN586-S20-E03 5.04 0.13 0.05 3876 10.46
0C26  EN386-S12-E07  3.20 0.8 0.06 17.78  12.67
MC20  EN586-SII-E0O4 .95 0.22 0.06 8.86 11.49
Table 3.4: Solid phase organic carbon (wt% C), nitrogen (wt% N), and phosphorus (wt% P), weight-

percent C:N ratio (C:N), and percent organic matter by loss on combustion (wt%OM), averaged over
40 cm.
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Average ammonium concentrations at GB48o were low (21 pumol L™) but nearly identical to
those found at the GC699 control site (15 umol L™"; see Table 3.3). These values are between 1.5
and s times higher than those at GCs74 and GC767, sites previously determined to have mod-
erate seepage. However, integrated ammonium was lowest at the control sites, 0.8 mmol m™
at both GB480 and GC699. The lowest integrated alkalinity of all the sites was observed at
GC699 (213 mmol m™?; see Table 3.2), essentially no different than values at GCs74 and consis-
tent with lower rates of heterotrophic metabolism. Porewater alkalinity values were not available

> at

for GB48o. Integrated DOC values were similar between control site sediments, §8 mmol m™
GB480 and s2 mmol m™ at GC699 (see Table 3.2). These values are similar to those of MCu8,
our most active seep site, nearly double those of GC600 and GCs74, but about half those of
GC767 and OC26.

Sediments of GB48o contained a higher percentage of organic matter (12.96%; see Table 3.4)
than every site but GC767, and similar to those reported in the past for active GC600 seep sed-
iments ([14]). The carbon content of GB480 sediments was 4.74%, second only to the active
MCi8 seep site (see Table 3.4), similar again to previous reports from GC6oo sediments, this
value drove a high C:N ratio (36.75; [14, 52, 68]). The high carbon content combined with low
sulfate reduction and methane oxidation rates suggests the presence of recalcitrant carbon in these
sediments. The carbon and nitrogen content of GC699 sediments (2.43% C and 0.07% N) were
nearly half that of GB480o (4.74% C and 0.07% N; see Table 3.4). The sediment carbon content
of both control sites in this study are higher than those found at other control sites reported in
the Gulf (see Tables 3.2 and 3.4 [52, 68]).

Integrated sulfate reduction rates were undetectable at GB480 and only 4.8 umol m™ d™" at
GC699, much lower than every other site except GC767 (also undetectable; see Table 3.2). Rates
of AOM were similarly low at GB48o (0.8 umolm™ d™) and only a little higher for GC699
(1.3 umol m™* d77; see Table 3.2). Microbial activity at GB480 was extremely low and resembled
that of GC767 most closely, so much so, that GC767 could easily be considered another control

site in the absence of hydrocarbon data (see Table 3.2).
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Site Core ID AOM SRR NAPHOX HEXOX

GB480 EN§59-SI8-EO07  0.004 BDL 0.283 0.267
GCi185  EN586-S02-EI3 0.001 0.327 0.745 0.090
GCs74 EN586-S15-E08  0.002 0.193 0.538 0.012
GC600 EN586-S18-EII 0.005 1.235 0.506 -
GC699 EN§86-S07-E07 0.004 0.017 0.480 0.315
GC767 EN§59-S25-E03  0.003 BDL 0.870 0.267
GC767 EN3586-SO6-E07 BDL BDL 0.558 0.140
McCr8  EN§86-S20-E03  19.851 187.483 4.176 0.477
0C26 EN§86-S12-E07 BDL 0.126 0.394 0.005§
MC20  EN§86-SII-E0O4  0.006 4.669 1.560 0.253

Table 3.5: Average rates of anaerobic methane oxidation (Aom; nmol ecm™ d™), dissimilatory sulfate re-
duction (SRR; nmol cm™ d™"), naphthalene oxidation (NAPHOX; pmol cm™ d™"), and hexadecane oxida-
tion (HEX0X; fmol cm™ d™"). BDL = below detection

Down-core trends in hexadecane and naphthalene oxidation rates were similar between con-
trol sites but differed in magnitude. Naphthalene oxidation was confined to the upper 15 cm of
sediment at both GB480 and GC699 (see Figures 3.7 and 3.8; Table 3.3) and given the sulfate-rich,
sulfide-free porewater of both control cores, may have been linked to aerobic rather than to anaer-
obic metabolism. Maximum NAPHOx rates at GB48o and GC699 were were nearly identical:
1.41pmol cm™ d™" and 1.96 pmol cm™ d7, respectively. There were differences in the cumulative
rate, despite initial similarities. Integrated NAPHOx rates at GC699 (133.5s nmol m™* d™") were
double those of GB480 (65 nmol m™* d™’; see Figures 3.7 and 3.8; Table 3.2).

Depth profiles of HEXOx rates were bimodal at both sites, with a peak of activity concomi-
tant with NAPHOx within the first 10 cm and another deeper peak in the sediment column below
25 cm (0.769 fmol cm™ d™" for GB480o and 0.542 fmol cm™ d™" for GC699). Hexadecane oxida-
tion rates diminished between 15 and 25 cm depth but increased slightly with depth down to 40

cmbsf. Methane concentrations were low at both sites. However, the increase in hexadecane
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oxidation rate below 25 cm depth corresponded to higher concentrations of methane at deeper

depths (see Figures 3.7 and 3.8).

3.4.2 SEDIMENTS OF MODERATE SEEPAGE

The sediments from GCs74 and GC767 were visually similar to control core sediments of GB480o
and GC699. The top 10 cm of each core contained flocculent, well-oxidized brown sediments but
transitioned to gray, argillaceous muds below that. As with the control sediments of GB480 and
GC699, porewaters were sulfate-rich (27-28 mmol L™ SO,*~; see Table 3.3), contained moder-
ate to low methane (3 — 4 umol L™ CH,, at GC767 and 15 umol L™ CH,, at GCs74), and sulfide
was below detection. Sediments of core ENs59-S25-Eo3 at GC767 contained approximately dou-
ble the average ammonium and DIN concentration of GCs74 or any of the control sites (see

2

Table 3.3), and nearly triple the integrated amount of ammonium (3.3 mmol m™?; see Table 3.2).
The sediments of GC767 contain more total DOC (97 mmol m™*) than GCs74 or either of the
control sites (see Table 3.2). However, average DOC values for both GCs74 (244 umol L™) and
GC767 (451 — suumol L™) are lower than those of the control sites (e.g., 719 umol L™ DOC
for GB480). Integrated hydrogen concentrations for both GCs74 (205.6 nmole/m?*) and GC767
(292.7 nmol m™*) were elevated compared to the GB480 control (36.3 nmol m™) but lower than

2

that of the GC699 control core (336.5 nmol m™>; see Table 3.2).

On average, the sediments of GCs74 and GC767 contain high amounts of organic matter,
elevated particulate carbon, and low to moderate levels of nitrogen (see Table 3.4). Sediments at
both sites contain >10% organic matter (12.41% OM for GCs74 and between 11.58% and 13.04% for
GC767), more than either of the known seep sites and similar to the control sites. This is perhaps
indicative of low rates of microbial metabolism. Both sites contained an abundant percentage
of carbon, over 4% for GCs574 and between 3.38 and 3.72% for GC767. This combined with the
relatively low nitrogen content of the sediments, generate C:N ratios of between 43 (GC767)

and 49 (GCs74), second only to the oil seep at GC600 (see Table 3.4). Maximum rates of sulfate

reduction and AOM were low at these sites (see Figures 3.12, 3.10). There was no detectable sulfate
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reduction at GC767 and only pmolcm™ d™" levels of AOM (10 pmol cm™ d™; see Table 3.5).
Maximum sulfate reduction rates at GCs74 were about 1nmol cm™ d™" and maximum AOM
was double that of GC767 (10 pmol cm™ d™). Integrated SR rates are below detection for GC767
but considerably higher for GCs74 at 52 umol m™ d™" (see Table 3.2). Integrated AOM rates were
higher for GC767 (0.9 umol m™ d™" than either GCs74 or the GB480 control site, butlower than
rates reported for many other control and seep sites previously in the Gulf (see Table 3.2 [68]).
In general, sediments from GC767 were more active than those from GCs74 (see Figures 3.12
and 3.10; see Tables 3.3 and 3.2, 3.5). Integrated NAPHOXx rates for GC767 (173.7 nmol m™* d™)
were 2.6 times higher than those of the shallow control site at GB480 and 1.3 times higher than the
GC699 (133 nmol m™ d™") deep control. Integrated NAPHOx rates at GCs74 (76.8 nmol m™* d™)
were similar to those of GB48o (65 nmolm™ d™; see Table 3.2). While the integrated rates at
GC767 were high compared to the controls, it is worth noting that the maximum NAPHOx rate
for GC767 (1.48 pmol cm™ d™) was nearly identical to that of GB48o (1.41 pmolcm™ d™; see
Figures 3.12 and 3.10). Integrated HEXOx rates were low at GCs74 (3.2 pmol m™ d™"), lower even
than the controls, and 21 times lower than integrated HEXOx rates at GC767 (68.3 pmol m™* d™).
Naphthalene oxidation rates for both sites remained relatively low in the first 20 cm but reached a
maximum at 22 cm (see Figures 3.12 and 3.10). Maximum NAPHOXx rates were nearly three times
higher at GC767 (3.89 pmol cm™ d™") than at GCs74 (1.34 pmolcm™ d™). As opposed to the
trends in NAPHOx rates, profiles of HEXOx were generally highest within the uppermost 20 cm
of each core. Here, maximum HEXOx rates were five times higher at GC767 (0.575 fmol cm™ d ™)

than at GCs74 (0.107 fmol cm™ d™'; see Figures 3.12 and 3.10).

3.4.3 ANTHROPOGENIC OIL IMPACTED SITES

Sediments from OC26 [69] and MC2o0 [22] were both impacted by previous anthropogenic re-
leases of oil. The OC26 site received oil sedimentation for about a year [70] while the MC20
site has received semi-continuous oil sedimentation for almost 15 years [22]. The sediment in the

cores were topped with a 2 — 5 cm cap of dark brown weathered oil layer that was called “oil fluff”
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because of its inherent loose-knit, easily disturbed character and the presence of small tar balls
(S. Joye, visual observation). This layer was consistent with sedimented marine oil snow [71]. Be-
low the oil fluff layer, sediments graded from brown and well-oxidized near the surface to gray
clay-rich sediments below 10 cmbst. Sediment porewaters were sulfate-rich (27 - 28 mM SO,*7),
contained similar concentrations of methane as the control cores (3-5 umol L™ CH,, average), and
were sulfide-free (see Tables 3.2 and 3.3). The OC26 sediments contained the highest amount of
both integrated porewater DOC (111.7 mmol m™*) and hydrogen (3078 nmolm™ H,). In con-
trast, the MC2o0 sediments contained moderate amounts of integrated DOC (79.2 mmol m™),
similar to values at GC185 and lower than the GC767 core. Integrated porewater alkalinity was
elevated at MC20 (668.4 mmol m™), similar to values found at the GC600 and MCu8 seep sites
(see Table 3.2).

The average DOC values at MC20 (726 pmol L™) and OC26 (732 umol L™) were the highest
of any site, including the high DOC GB480 control site. The MC20 sediments contained the
highest values for average (261 umol L™") and integrated ammonium values (31.5 mmol m ™) of any
of the sites (see Tables 3.2 and 3.3). Both the MC20 and OC26 sites contained low average nitrate
concentrations. Average dissolved inorganic nitrogen concentrations at MC20 was the highest of
any site assessed (DIN 291 umol L™; see Figure 3.6); this was not surprising since this site is near
shore and receives terrigenous input from the Mississippi River, as well as oil sedimentation from
the Taylor Energy Spill.

Sediments at MC20 and OC26 contained over 11% organic matter (see Table 3.4), more so
than our sites of active seepage. Carbon content for OC26 (3.2% C) was and 1.95% C for MCzo.
Both sites contained the highest fraction of solid phase nitrogen of any of the sites under consid-
eration (0.18% for OC26 and 0.22% for MC20). The MCzo site is in shallow water (see Figure
3.1, Table 3.1) and situated at the mouth of the Mississippi River, so the low carbon content could
indicate a larger fraction of terrigenous clastics. The MC20 cores were the shortest of all the cores
collected, in part due to the higher sand content; the efficiency of the Multiple Corer is signifi-

cantly reduced in sandy sediments. The low percentage of carbon (1.95%) and high percentage of
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nitrogen (0.22%) at MCz2o0 produced the lowest solid phase C:N ratio of all the sites, indicating
that this site was not nitrogen limited.

Integrated AOM rates were either below detection (OC26) or very low (MC20) similar to
those at the control sites (1 pmol m™* d™; see Table 3.2). These rates are at least an order of magni-
tude lower than those observed elsewhere in the Gulf. Integrated rates of SR were higher in OC26
sediments (7.0 umol m™ d™") than in either the GB480 or GC699 control cores but lower than
those found at GCs74 or the seep sites GC185, GC600, and MCu8. At MCzo, however, inte-
grated SR rates were 883 umol m™ d™, second only to integrated SR rates at MCu8, our most
active site (see Table 3.2). Maximum SR rates at MC20 were 6.5 nmolcm™ d™, higher than
maximum rates observed at GC6oo (see Figures 3.15, 3.13). Maximum SR rates at OC26 were
0.6s nmol cm™ d™ (see Figure 3.14), significantly higher than those found in the GB48o (see Fig-
ure 3.8) and GC699 (see Figure 3.7) control sites, but only occurred within a thin lens at 5 cm
depth, along the interface between sedimented Macondo oil and the previous sediment/seawater
interface. Integrated rates of NAPHOx were moderate at OC26 (83.6 nmolm™d™"), similar
to rates observed at GCs74, GB480o, and GC6oo (see Table 3.2). However, integrated rates of
NAPHOx at MC20 were 282.5 nmol m™> d ™, higher than rates from any other site in this study,
but MCus8 (see Table 3.2). Similarly, integrated HEXOx rates were about 40 times higher at
MC20 (42.4 nmol m™> d ™) than at OC26 (1.4 nmol m™* d™"). In the water column above MCzo0,

rates of hexadecane oxidation were higher than naphthalene oxidation [s1].

3.4.4 NATURAL SEEP SEDIMENTS

Generally speaking, the cores from active seep sites contained abundant sulfide, authigenic car-
bonates, bivalve shell hash, and have visible oil staining, though cores from MCiu8, GCi8s, and
GCo6oo varied in physical appearance and geochemistry between sites. The MC118 core was the
most active of any investigated during this study and showed activity levels typical of cores from
active oil and gas seeps in the Gulf collected using visually targeted methods, z.e., an ROV or sub-

mersible, [14, 68]. The sediments at MCri8 were black to gray in color, heavily stained with oil,
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sulfidic (700 umol L™ H,S max), methane-rich (max 2.7 umol L™ CH,) and contained chunks
of smooth carbonate (see Figure 3.2). In contrast, the sediments at both GC600 and GCi8s re-
sembled those of our control sediments: well-oxidized, brown to gray in color, with no visible oil
staining, low sulfide (GCé600 core only), and little methane (see Table 3.2 and Figure 3.11, 3.15). Of
all the sites considered for this study, only GC600 (262 umol L™ max) and MCu8 (702 pmol L™
max) contained appreciable sulfide (see Tables 3.2, 3.3), and the observed values that were low
compared to those reported at these sites in the past (see discussion below).

Porewater DOC, DIC, and alkalinity were variable across the seep sites. Integrated porewater
DOC concentrations at MCui8 (52.3 mmol m™) and GC600 (27.6 millimol/m*) were either com-
parable to or lower than those of the control sites (see Table 3.2). Average DOC concentrations at
MCi8 (637 pmol L™), GC600 (265 umol L™) and GCi18s (567 umol L™) were lower than values
at control sites (see Table 3.3). Compared to MCu8 and GCé6oo, the sediments of GCi85 con-
tained higher integrated porewater DOC concentrations (74.3 mmol m™), but the lowest overall
average DOC of the seep sites (567 umol L™ DOC; see Table 3.3). Given the high methane con-

tent of MCu8 sediments (59.0 umol m™

; 940 umol L™ average CH,; see Tables 3.2, 3.3), it is
unsurprising that porewater alkalinity at MCr8 (880.9 mmol m™) was greater than at any other
site assessed here. Integrated alkalinity at GC600 was also elevated (625.1 mmol m™) compared to
the control sites, but was similar to values at MC2o0 (see Table 3.2). Integrated alkalinity at GCi85

was 350.6 mmol m™>*

, similar to values observed in OC26 sediments but higher than that of the
GC699 control site. Average DIC values of 11.4 mmol L™ at MC18 were the highest observed at
any of the sites, indicative of microbial oxidation of organic carbon. The DIC values at GC600
(3.4 mmol L™ 3.4 mM) are less dramatic than those of MCi8, but still suggest microbial oxida-
tion within the sediments. The DIC values of GC185 (2.0 mmol L™ 2.0 mM) are comparable
to concentrations found at other Green Canyon sites such as GC767, GCs74, and the GC699
control (see Table 3.3).

The sediments of all three seep sites contained elevated concentrations of ammonium and

phosphate and were depleted in nitrate. Among the seep sites, the sediments of MC118 contained
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the highest integrated ammonium (15.1 mmol m™?), the highest average ammonium (165 umol L™),
the highest concentration of nitrate (16 umol L™), and was the only site with significant nitrite

(6 umol L™ see Table 3.3 and Figure 3.4). Sediments at the GCé6oo0 site contained less overall

ammonium (76 pmol L™ average NH,™; 79 umol L™ average DIN) than MCu8 and MCzo,

but more than any of the remaining sites (see Table 3.3). Average ammonium values at GCi8s

(47 umol L™" average NH,*) were double the GB48o control, triple that of the GC699 con-

trol, but similar to those of GC767 (see Table 3.3). Integrated hydrogen concentrations were

168.8 nmol m™ for MCus8, 89.2 nmol m™ for GC60o, and 49.2 nmol m~* for GCi8s (see Ta-

ble 3.2). These values are significantly lower than every other site but the GB48o control, likely

indicating a decreased roll for fermentation at the active seep sites ([60]).

The percentage by weight of carbon and nitrogen in the seep site sediments was variable (see
Table 3.4). The active seep sediments at MCui8 contained the highest proportion of carbon (5.04
wt%C) of all the sites in this study, but similar amounts of nitrogen (0.13 wt%N) as the GB480
control site (see Table 3.4). The sediments at MCu8 contained about 10.5 wt% organic matter,
similar to GC185 (9.95 wt%). Sediments at GC600 contained the lowest fraction of organic matter
of any of the sites (7.81 wt%; see Table 3.4). In general, the amount of organic matter in these seep
site sediments were lower than nearly every other site except for the GC699 control site. The C:N
ratios of these sediments were well above Redfield ratios, 15.51 for GCi18s, 62.47 for GC600 and
38.54 for MCu8, indicating these sediments are probably nitrogen limited (see Table 3.4).

The highest rates of microbial activity by far were observed at MCi8 (see Table 3.2). The pro-
lific MCu18 seep had the highest SR rates (19.12 mmol m™ d™") of the study. The MC118 sediments
had the highest NAPHOx rates (921.1nmol m™* d™"), highest HEXOx rates (85.0 pmol m™ d™),
and was the only site with appreciable AOM rates (556.6 pmol m™* d™; see Table 3.2; Figures 3.4
and 3.5). The cumulative SR rate at MCu8 was at least 21 times that of the next highest rate
(MC20), and AOM rate at MCu8 was over soo times that of any other site (see Table 3.2). Such
high rates of microbial activity at MC1u8 were not unusual and our estimates broadly align with

those of other studies ([20]). In contrast, the AOM rates at GC185 and GC600 were indistin-
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guishable from any other site in this study (see Table 3.2), and in both cases were lower than those
in our control sediments (GB480 and GC699; see Table 3.2).

Sulfate reduction rates at GC600 and GC185 were 237.2 pumol m™ d ' and 80.4 umol m™> d ™7,
respectively, higher than all other sites but MC118 and MC2o0 (see Table 3.2). However, these rates
are much lower than those observed at these locations previously [14, 52]. At GC185, NAPHOx
rates were 132.9 nmol m™* d™ and HEXOx rates were 18.2 pmol m™ d ™" (see Table 3.2). NAPHOx

rates were 84.7 nmol m™* d™" at GC600, similar to those at the low activity OC26 site (see Table

3.2). Hexadecane oxidation rates were not available for GC6oo.

3.4.5 HYDROCARBONS

Table 6 shows the amount of total petroleum hydrocarbons (TPH) extracted from raw sediments
using toluene and methanol (9o:10 mix), pooled across specific depth horizons. Sediments from
the two most active seep sites, GC600 and MCu8, contained the greatest concentrations of ex-
tractable hydrocarbons (see Table 6). Sediments at MC1u8 contained the highest fraction of TPH
(1592 ug g™ wet sediment) and was also the only core to have visible oil staining. There was no
noticeable oil staining on the GC6oo core but sediments still contained about 40% the total hy-
drocarbon concentrations (625 ug g™ wet sediment) of MCu8.

Hydrocarbon concentrations in excess of 1000 g g™" have been reported at oily MCus8 sites
previously ([20]), but gassy sites with no visible oil within the same site contained a much lower
concentration of hydrocarbons (approx 120 ug g™ wet sediment; [20]). The hydrocarbon con-
centration at GCi18s (176 ug g™ wet sediment) was similar to the amount extracted from MCz2o0
(187 ug g~ wet sediment) and the GC699 control sediments (115 ug g~* wet sediment). Sediments
at OC26 contained the least amount of extractable petroleum hydrocarbons (5.9 ug g™ wet sedi-
ment), only about 20% that of the GB480 control core (28.9 ug g™ wet sediment). Surprisingly,
GC767 sediments contained nearly twice the amount of extractable hydrocarbons (340 ugg™)
than that of GCi18s seep sediments (176 ug g™'; see Table 6). The GB480 and GC699 controls had

a hydrocarbon concentration of 29 pg g™ and 117 pg g™', respectively (see Table 6).
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Site Core ID TPH

GB480 EN559-S18-E07 (3—20 cm) 28.9
GC185  ENs86-502-E13(6-20cm)  176.4
GCs574 ENs86-S15-E08 (3—20 cm) SL.2
GC600 EN586-S18-E11 (0—15 cm) 625.6
GC699 ENs86-S07-E07 (0—20cm)  114.§
GC767 EN559-S25-E03 (0—20cm)  340.1
MCn8  EN586-$20-E03 (0—20cm)  1592.3
0C26  ENs86-S12-E07 (0—20 cm) 5.9

MC20  EN586-S1-E04 (0—20cm)  186.9

Table 3.6: Total petroleum hydrocarbons (ugg™) from toluene:methanol sediments extracts (90:10)
pooled along select depth horizons. Sediment depth range (cm) shown in parenthesis.

Relative to GC6oo crude oil, extracts from seep sites show a chromatographic shift in the
low molecular weight n-alkanes with short elution times (t < 15 minutes) toward higher carbon
numbers with longer elution times and higher column temperatures (between s and 10 minutes;
see Figure 3.17). Both GC600 and MCu8 chromatograms display an unresolved complex mix-
ture (UCM) at greater than 25 minutes (see Figure 3.17). The disappearance of n-alkanes and the
appearance of UCMs was indicative of subsurface weathering processes ([4, 6, 39]). As indicated
by the elevated concentration of extractable hydrocarbons shown in Table 3.6 (340 ugg™ wet
sediment), GC767 extracts contained weathered petroleum hydrocarbons, similar to the chro-
matographic signature of GC6oo0 extracts. Sediments were extracted with a mixture of toluene
and methanol - rather than with a mixture containing dichloromethane - for downstream Fourier
Transform Ion Cyclotron Resonance Mass Spectrometry. This extraction is notideal for GC-FID

analysis and is reflected in the relatively flat chromatograms.
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3.5 DIscUsSION

This work aimed to measure rates of sulfate reduction, methane oxidation, and hydrocarbon ox-
idation directly at sites spanning a spectrum of hydrocarbon influence across the Northern Gulf
of Mexico. As noted previously, the Gulf if home to over a thousand natural hydrocarbon seeps
that drive a large natural flux of oil into the Gulf system (2.5-9.4 x 1 X 10* m? of oil yr” [72-74]).
Previous work has shown that in the Gulf of Mexico, sulfate reduction and AOM are loosely cou-
pled, pointing to the role of other low molecular weight alkanes [72] and oil [74] in fueling sulfate

reduction, though the latter study did not quantify rates of oil oxidation directly.

3.5.1 ASSESSING DEGRADATION RATES FOR COMPLEX HYDROCARBONS

Advancing the understanding of the fate of hydrocarbons at cold seeps has been a focus of the sci-
entific community for decades [10]. Sulfate reduction is a dominant electron acceptor in marine
sediments [75] because of its high abundance in seawater [76] and because a diverse array of sul-
fide oxidizing bacteria are able to recycle the sulfide produced by sulfate reduction (Pellerin et al.
2015), promoting and accelerating sulfate reduction in organic rich sediments. Measuring sulfate
reduction rates is straightforward using *S sulfate tracers [75], so many studies have focused on
quantifying sulfate reduction rates and then inferring the cooperative metabolism of hydrocar-
bon oxidizing microorganisms. For example, [31] quantified rates of sulfate reduction and used
these data to estimate rates of anaerobic methane oxidation, assuming r:1 stoichiometry of the
two processes. However, other studies have shown that sulfate reduction is coupled largely to the
oxidation of non-methane hydrocarbons under some circumstances [s2]. There is no straightfor-
ward way to translate sulfate reduction rates to rates of anaerobic methane oxidation or to rates
of non-methane hydrocarbon oxidation [10].

In fact, determining the oxidation rates of oil components is inherently difhicult. Most hydro-
carbons have high octanol-water partition coefficients (Ko ), meaning that they readily partition
into organic phases and have poor solubility in water. Thus, in the natural world, hydrocarbons

partition largely in the organic (oil) phase and only a small fraction is available in aqueous solution.
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Solubility of hydrocarbons may thus play a key role in limiting microbial hydrocarbon oxidation
in the environment [77]; many hydrocarbon degraders thrive at the organic-aqueous interface
where hydrocarbons steadily exchange into the aqueous realm. The poor solubility of hydrocar-
bons — especially the saturated hydrocarbons, like hexadecane — can hinder their biodegradation
and complicate assessment of biodegradation rates. Given these inherent considerations, the most
common approach for assessing hydrocarbon breakdown potential has been to amend sediments
with high hydrocarbon concentrations and then to track the change in bulk concentration over
time to estimate biodegradation rates [29, 78, 79].

There are some fundamental problems with such approaches — most importantly, the con-
centrations of added hydrocarbons are often extreme — g/L levels [29]. In such experiments, an
inert carrier, such as 2,2,4,4,6,8,8-heptamethylnonane (HMN) is sometimes used to constantly
source hydrocarbons to the aqueous phase. Itis unlikely that this is a reasonable representation of
background environmental conditions. In the natural environment, polar compounds like hex-
adecane are partitioned in the organic (oil) phase. As oil moves through sediments, hexadecane
may slowly be exchanged with the surrounding aqueous phase. However, the high concentra-
tions used in enrichment experiments [29] are poor proxies for this natural process and almost
certainly generate higher dose regimes for the microbial populations.

Rates of hexadecane oxidation determined in such experiments - 10’s to 100’s nmol cm™ d™
- likely overestimate in situ environmental rates, given the high loading rates of hydrocarbons in
those experiments (11.32 g L™"; the solubility limit is 177 pmol L™). We took a different approach
that aimed to obtain more realistic rates under environmental conditions. We selected two hydro-
carbons — naphthalene and hexadecane — that are representative of two important hydrocarbon
classes, the aromatics and saturates. We conducted ex situ hydrocarbon oxidation rate assays at
in situ pressure and temperature in parallel with rates of sulfate reduction and AOM, so that we

could evaluate how hydrocarbons contributed to anaerobic metabolism in these sediments.
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3.5.2 SPATIAL VARIABILITY IN BIOGEOCHEMICAL SIGNATURES

Given the widespread nature of hydrocarbon seepage in the Gulf of Mexico, it is extremely diffi-
cult to identify a control site that is not impacted by seepage to some degree. At the same time, itis
likewise difficult to capture seepage signatures when sampling “blind”, 7.¢., with a multiple corer.
As such, most of the sediment cores recovered during the two cruises were not heavily impacted
by hydrocarbons, despite working at several sites, like GC600, that are known for active seepage
and from which sulfidic, gassy, oily, and very active cores have been recovered with visually-guided
sampling via submersible or ROV (see Chapter 4). Nonetheless, this collection of cores offers an
opportunity to assess the potential for naphthalene and hexadecane activity across a wide range
of habitats in the Gulf of Mexico, including so-called controls that lie some distance from known
sites of hydrocarbon seepage.

Sediments from prolific natural oil seeps - GC600 and MCu8 — contained the highestamounts
of total petroleum hydrocarbons (TPH) (see Table 3.6). Sediments from MCri8 contained 1592 pg
TPH g™ wet sediment. Even though the GC600 core had no visible oil staining, it contained
625 ug TPH g™ wet sediment. TPH concentrations in excess of 1000 ug g™ are not unusual for
cores with visible oil staining. Hydrocarbon concentrations at GC185 and MCz2o0 (176 and 187 ug
TPH g™ wet sediment, respectively) were similar, and the “control” site GC699 also contained a
surprising amount of TPH (115 ug TPH/g wet sediment). The lowest amount of TPH was ob-
served at OC26, but is should be noted that this value was for the bulk core and did not reflect
concentrations in the oil fluff layer, which are known to be elevated compared to deeper sedi-
ments. The GB48o control core (28.9 ug TPH g™ wet sediment) contained the second lowest
amount of TPH, underscoring that this site was more of a true control than GC699 (see below).
The biggest surprise in TPH content was GC767, which contained nearly twice the amount of
TPH (340 pgg™') than that the GCi8s natural seep site (176 pg g™'; see Table 3.6). The TPH data
show that all of the sites are impacted by hydrocarbons, albeit to differing degrees. Relative to
GC6oo reservoir oil, oil extracts from these sites show a shifts consistent with microbial weath-

ering, including the disappearance of alkanes and the appearance of unresolved complex mixture
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(UCM; ate.g.,, GC600 and MCui8). Notably, the MCri8 TPH is most similar to unweathered
oil, reflecting a higher flux of hydrocarbons through this site.

Sediments from control sites exhibited all of the characteristics of deepwater marine sedi-
ments: brown to gray color, oxidized appearance and no detectable sulfide, and little to no methane.
Nutrient and alkalinity inventories were low (Table 3.2), reflecting low rates of metabolism. In-

ventories of DOC were between s0-60 mmol m™

, reflecting active fermentation in the sediments.
The sedimentation rates offshore in the Gulf are around 6 cm/1000 years [80]; such a low sed-
imentation rate supports only modest rates of sediment metabolism [s2]. However, during the
Deepwater Horizon oil spill it became clear that some of the discharged oil was returned to the
seafloor as ‘sedimented oil’ [70, 71, 81]. Oil sedimentation also occurs at natural seeps, with some
of the discharged oil returning to the seafloor as oil floc [81].

The occurrence of natural seepage and the importance of naturally sedimented oil is impor-
tant in the context of interpreting the particulate carbon inventories at the control sites. The
content of organic carbon varied substantially between the control sites, while the organic ni-
trogen was the same: GB480 contained 2.4% C and 0.07% N and GC699 contained 4.7% C and
0.07% N (Table 3.2) and it is possible that oil discharged from lease block GC6oo0 later sedimented
naturally to the seabed, contributing excess sediment organic carbon relative to organic nitrogen
at GC699. The GCéoo site is roughly 10 km west of GC699. The GC699 control core pore flu-
ids also contained higher than expected dissolved hydrogen 336.5 nmol m™; see Table 3.2, which
could suggest the presence of more labile organic matter at this site. A hydrocarbon source to
the particulate organic carbon pool could explain both observations, particularly since organic
carbon is elevated but organic nitrogen is not.

The sites GCs74 and GC767 were selected for inclusion in this study based on the presence
of persistent oil slicks (I. MacDonald, pers. com.), suggesting at least intermittent oil seepage at
the sites. However, GCs74 and GC767 sediments looked similar to sediments from control sites
and contained oxidized sediments with no obvious visual marks of seepage (z.e¢.,, there was no

oil staining). Sediment pore fluids from these sites showed no sulfate depletion, contained only
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a few um (15 umol L™ max) methane, and were sulfide free. Sediment nitrogen inventories at
these sites were generally higher than the controls and, in particular, the GC767 sediments more
substantially more DOC (97 mmol m™) than GCs74 or the control sites (see Table 3.2). Inte-
grated pore water hydrogen concentrations at these sites (GCs74 = 205.6 nmol m™ and GC767
= 292.7 nmol m™*) were elevated significantly compared to the GB480 control (36.3 nmol m™).
The elevated levels of organic matter in these sediments (12.41% OM for GCs74 and between up
to 13.04% for GC767) were among the highest documented in the data set and the percentage of
sedimentary organic carbon, over 4% for GCs74 and between up to 3.72% for GC767 coupled
with the low nitrogen content suggest hydrocarbon input (see Table 3.4).

The discovery of marine “oil snow” and oil snow “sedimentation” was one of the most im-
portant scientific advances resulting from the Deepwater Horizon oil spill [70, 71, 81, 82]). Two
of the sites included in this study were impacted by anthropogenic oil sedimentation; there are
important differences between the sites. The OC26 site is about 2 miles from the epicenter of the
Deepwater Horizon oil spill. This area received extensive sedimentation for more than a year as a
direct result of the oil spill [70]. The MC2o0 site is closer to shore, more shallow, and is impacted
by Mississippi River discharge. The Taylor Energy oil spill began in the aftermath of Hurricane
Ivan, which toppled a production platform at the site. Extensive oil discharge occurred between
2004 and 2019 [22].

Sediments at both OC26 and MCzo were marked by visible 2 — 5 cm ‘oil fluff’ layers [71].
Sediments from both MC20 and OC26 were organic rich, containing >11% organic matter (see
3.4),3.2% (OC26) and 1.95% C (MC20) organic carbon, and roughly 0.2% organic nitrogen (0.18%
at OC26, 0.22% at MC20). The proximity of the MCzo0 site to the mouth of the Mississippi River
likely accounts for the slightly lower carbon content, which likely reflects terrigenous clastics. The
high organic nitrogen content (0.22%) resulted in alower C:N ratio and indicated that this site was
nitrogen replete. This was a stark contrast to all of the other sites, which were nitrogen limited.

Without the oil fluff layer, the sediments resembled normal offshore sediments, being brown

and oxidized in color with pore fluids that were sulfate-rich and methane-poor. Clearly these sites
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are not typically impacted by seepage from depth in the sediment column (Tables 3.2, 3.3). How-
ever, oil sedimentation led to extremely high sediment inventories of DOC (111.7 mmol m™) and
hydrogen (3078 nmol m™ H,) at OC26; this signature likely reflected the fermentation of de-
posited Macondo oil (see below). The retrieved MCz20 sediments were different - they contained
only modest amounts of DOC (79.2 mmol m™) but showed higher integrated porewater alka-
linity (668.4 mmol m™) (see Table 3.2). The high alkalinity levels at this sites may reflect rem-
ineralization of sedimented oil. Since MC2o0 is a much shallower site (about 1400 m shallower
than OC26), oxidation of oil components in the water column during sedimentation was less
extensive, meaning that the pool of sedimented oil at this site could be more labile.

Some of the cores recovered from areas known for persistent natural seepage contained hall-
mark signatures of oil discharge, including, abundant sulfide, authigenic carbonates, shell hash,
and visible oil staining, though the intensity of the seep signature varied across sites. The MCr18
site is one of the most consistently active natural seeps in the Gulf of Mexico and may well be the
most active seep field east of the Mississippi. The cores recovered from MCu8 had the strongest
seep signature and were the most active (see below) of all those sampled during this study: MCri8
sediments were black to gray, heavily oil stained, contained carbonates, and were sulfide and
methane rich (see Figure 3.2). The sediments at both GC600 and GCi8s lacked strong seep-
age signatures and instead resembled control cores. Those cores were oxidized, brown, lacked oil
staining as well as highly elevated sulfide and methane (see Table 3.2).

The amount of organic matter and of organic carbon and nitrogen in the solid phase varied
in seep sediments (Table 3.4). The elevated C:N ratios above that expected from the Redfield
ratio indicated nitrogen limitation at the seep sites (Table 3.4). This is not surprising and has been
reported previously [52]. Understanding the source of nutrients fueling microbial activity at seeps
remains an important line of inquiry. Inventories of DOC were low at MCu8 (52.3 mmol m™)
and GC600 (27.6 mmol m™?) (see Table 3.2) and only slightly higher at GCi18s (74.3 mmol m™2).
Average DOC concentrations at all sites, includeing the seep sites of MCr18 and GCéoo were

below 1mmol L™ (see Figure 3.3). Such low DOC inventories were not expected from active
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seeps. Porewater DOC at seep sites is commonly influenced by deeply-sourced, DOC-rich fluids,
especially those in the Gulf, as indicated by previous studies from oil and gas impacted sites such
as GCi8s [s2] and MCui8 [20]. Porewater alkalinity at MC118 (880.9 mmol m™) was greater than
at any other site assessed here and values of integrated alkalinity at GC600 were also elevated
(625.1 mmol m™?); this elevated alkalinity at GC600 could reflect a signature of a previous active
period. Integrated alkalinity at GCi185 (350.6 mmol m™) was similar to values at OC26 and higher
than the GC699. Integrated hydrogen concentrations were lower at the active seep sites compared
to the other sites (Table 3.2), likely indicating a dominance of terminal metabolism instead of
fermentation ([60]).

Biogeochemical signatures at these sites are consistent with intermittent hydrocarbon inputs
at all sites except GB48o. All offshore sites were nitrogen limited; only the nearshore (MC2o0)
site was characterized by nitrogen replete conditions. Most sites had biogeochemical signatures
consistent with low rates of terminal metabolism, but MCi8 and GCé6oo clearly support high
rates of metabolism (though the GCé6oo site was not so active at the time of sampling). The
importance of fermentation at some of the sites (OC26, GC767) suggests consistent aspects of

hydrocarbon degradation that differ from traditional expectations (see below).

3.5.3 MICROBIAL ACTIVITY

Rates of microbial sulfate reduction were undetectable at GB48o and GC767 and activity was
very low (5 umol m™) at GC699 and GCs74. Rates of AOM were similarly low at these sites. In
the absence of hydrocarbon, DOC and hydrogen data, both GC767 and GCs74 could be mis-
taken for a control site (Table 3.2). Sulfate reduction activity was a poor indicator of hydrocarbon
— methane, naphthalene, or hexadecane — oxidation at these sites. Hexadecane and naphthalene
oxidation rates were detectable, but low, at both GC699 and GB480. It is possible that this activ-
ity may have been coupled to aerobic metabolism, rather than anaerobic metabolisms like sulfate
reduction, given the bulk characteristics of the sediments. At GC767, substantial rates of naph-

thalene and hexadecane oxidation occurred in the absence of sulfate reduction.

97



Rates of naphthalene oxidation consistently exceeded rates of hexadecane oxidation. This
pattern is almost certainly driven by differences in solubility, and hence bioavailability. Naphtha-
lene is much more soluble than hexadecane and this increased availability results in its more rapid
consumption. It appears that solubility is the main factor limiting and regulating hydrocarbon
oxidation rates at these sites and the low estimated rates lie in stark contrast to the exceedingly
high rates presented in recent papers (e.g.,, Shin et al. 2019 [29]). Rates of hydrocarbon oxida-
tion determined under such extreme and enriched conditions do not at all represent the patterns
present in nature (see below).

Of these four offshore, low activity sites, the most interesting observation with respect to hy-
drocarbon oxidation was the possibility that hexadecane oxidation is achieved through methano-
genesis [83]. At GC699, there is a deep increase in hexadecane oxidation that correlates with in-
creased methane concentrations. At GC767, integrated hexadecane oxidation rates were high
(68.3 pmolm™d™) and showed a similar loosely positive relationship to methane concentra-
tion at depth. This observation is extremely interesting since this occurred in sulfate-rich sedi-
ments that was documented to lack sulfate reduction activity. As oil seeps upward through sed-
iments from deep reservoirs, it encounters methanogenic sediments first. Crude oil degradation
via methanogenesis is widely recognized in oil reservoirs, leading to the removal of n-alkanes and
the production of dry gas [6]. Similar processes almost certainly in seep-impacted sediments,
though this process is not well studied or well understood in those habitats [83]. Exploring the
role of methanogenic alkane metabolism at natural seeps is an important avenue for future re-
search.

Rates of SR and AOM at the sites impacted by anthropogenic oil, OC26 and MCzo0, were
low compared to the control sites assessed here and to other sites in the Gulf. Though integrated
rates of SR at OC26 (17.0 umol m™ d™") were higher than those at GB480 or GC699 they were
far lower than those present at MCz2o0 (see below). Rates of SR at OC26 are low given the high
carbon content of those sediments, consistent with other activity measurements since 2010, in

the wake of the Deepwater Horizon oil spill (Storo et al. in preparation).
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Maximum SR rates at OC26 — 0.65 nmol cm™ d™ — occurred in a thin layer at 5 cm depth,
along the interface between sedimented Macondo oil and the original sediment/seawater inter-
face (see Figure 3.14). The lack of SR activity in the sedimented oil layer could stem from an
ill-equipped microbial community (Storo et al. in preparation), from inhibition due the chem-
ical dispersant load in this layer, or because the carbon in this layer is recalcitrant. Despite low
rates of SR, the OC26 site had the highest average and integrated DOC and H2 concentrations
of any of the sites explored in this study, suggesting robust rates of fermentation at this site but
inefficient consumption of this DOC via terminal metabolism.

The rates of SR at MC20 (883 umol m™ d™") were second only to integrated SR rates at
MCus8, the most active site (Table 3.2). In fact, maximum SR rates at MC20 were higher than
those observed at GC6oo0 (see Figures 3.16, 3.15). The fact that sediments at MC20 supported
such high SR rates suggests that sedimented oil at that site is inherently bioavailable. This dif-
ference could stem from a lack of chemical dispersant residue in MC20 sediments, because the
MC:2o0 site is much more shallow and more nutrient rich, or it could reflect the substantially
higher hydrocarbon load at MC20 compared to OC26.

In fact, integrated rates of NAPHOx — 282.5nmol m™ d™" were extremely high at MCzo.
The only site with higher activity was MCi8 (Table 3.2, see below). Likewise, integrated HEXOx
rates were 40 times higher at MC20 (42.4 nmol m™* d™) than OC26 (1.4 nmol m™ d™"). Clearly
the microbial community at MC2o0, fueled by a substantial hydrocarbon load that exhibits clear
signs of biological weathering, is well equipped to oxidize hydrocarbons. The poor quality and
recalcitrant nature of hydrocarbons at OC26 compared to MCz2.0 appear to be unable to stimulate
aresponse in the anaerobic microbial community with respect to SR and hydrocarbon oxidation.

Unsurprisingly, sediments with prior and sustained oil exposure display higher rates of hydro-
carbon oxidation. In this respect, the observations of Shin et al. (2019 [29]) warrants more discus-
sion. Shin et al. estimated hydrocarbon oxidation rates from sulfide accumulation in enrichment
slurries that were amended with phenanthrene (8.91g L™) or hexadecane (11.32 g L™). They ob-

served nearly identical rates of hexadecane and phenanthrene oxidation (ca. so nmolcm™ d™) in
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sediment slurries constructed from Gulf of Mexico sediments. In their experiments, both sub-
strates were provided to sediment microbial communities in excess using an inert carrier, HMN.
Furthermore, slurries were incubated at 30 °C. Their samples were collected from the 56 m deep
site about 9o miles NW of the Deepwater Horizon wellhead (there was no evidence for oil sed-
imentation at this site when the sediments were collected in 2013). Field temperatures for the
site were not provided but [84] report bottom water temperatures of 20 °C at 6o m along the
Louisiana shelf, substantially lower than those used in the incubations of Shin et al (2019 [29]).
Using the HMN delivery system, the microbial population is constantly supplied with hy-
drocarbon substrates. Under in situ conditions, hydrocarbon bioavailability is almost certainly
limited. The high incubation temperatures (in Celsius) used by Shin et al. (2019) [29] are about
7.5 times higher than in situ temperatures at our deepwater sites and about double the bottom
water temperature of our most shallow site. The high temperatures used in the Shin et al. ex-
periments almost certainly elevated their hydrocarbon oxidation rates. If we compare the rates of
Shin et al. (50 nmol cm™ d™") to the rates at our most similar site (MC20, pmol cm™ d™" or less),
itis clear that while the excessive concentrations used in their experiments allowed them to enrich
organisms responsible for hydrocarbon metabolism, the reported rates may be unrealistic.
Sulfate reduction rates at MCu8 were the highest of any site (19.12 mmol m™* d™"; see Table
3.2). The MC8 site also had the highest rates of AOM (565.6 pmol m™ d™"), naphthalene oxida-
tion (921.1 nmol m™* d™*), and hexadecane oxidaiton (85 pmol m™* d™; see Table 3.2). The level of
activity observed at MCu8 is consistent with previous studies ([20]). Activity at the other natu-
ral seep sites was lower than anticipated (Table 3.2). Even though the integrated sulfate reduction
rates at GC600 (237.2 pmol m™d™") and GCi8s (80.4 umol m™* d™) were higher than the con-
trol and offshore sites (except MCr18 and MCz20) (Table 3.2), rates were far below the extremely
high levels of activity published previously ([14, 52]). Both the GC60oo0 ([14]) and GCi8s ([s2])
sites host highly active oil and gas seeps, but seepage is known to be extremely patchy. Past studies
show that rates of AOM and SR at these sites [14, 20] are comparable to, or higher than, the rates

observed at MCu8 in this study. Unfortunately, the sediments recovered from GC600 and GCi18s
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in this study were well-oxidized, methane-poor, only mildly sulfidic, and contained no visible oil.
These observations combined with the comparatively low rates of AOM and hydrocarbon oxida-
tion (see Table 3.2) at both sites points to the fact that we missed locations of active seepage with

the multiple core.

3.5.4 CONCLUSIONS

We report the first apparent degredation rates of microbial naphthalene and hexadecane oxidation
in Gulf of Mexico sediments in the context of biogeochemical signatures and of rates of sulfate
reduction and anaerobic oxidation rates of methane. Our initial hypotheses that rates of hydro-
carbon oxidation would correlate - or at least scale to - rates of sulfate reduction was not supported
(see Figures 3.18 and 3.19). Sulfate reduction rates did not broadly correlate to either HEXOx or
NAPHOx across site types, but observed the highest rates of sulfate reduction concomitantly to
the highest rates of NAPHOx and HEXOx at the extremely active, oil- and gas-charged MCr18
site. This suggests involvement from sulfate reducing communities at a site already primed for hy-
drocarbon oxidation due to the presence of oil. Our secondary hypothesis, that n-alkanes would
be degraded faster than PAHs, was also disproven. Though alkane degradation yields more en-
ergy than PAH degradation, the inherent insolubility of n-alkanes like hexadecane limits their
biodegradation substantially. The idea that sites impacted by oil and gas would express the high-
est rates of activity was supported by our observations. We discovered a surprising connection
between sedimented oil and microbial activity at the seabed at sites impacted by both natural
oil and anthropogenic oil sedimentation. The amount and relative reactivity of sedimented oil
determines the relative extent to which the material stimulates anerobic terminal metabolism. Fi-
nally, some of these data (GC767) provides tantalizing evidence of the importance of fermentative
(methanogenic) metabolism of oil in the presence of sulfate. Further assessment of the potential

for methanogenic metabolism of oil in Gulf of Mexico sediments is warranted.
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Figure 3.2: Core photographs at A) GB48s5 (ENss9), B) Gci8s (ENs86), C)
GCs74 (ENs86), D) cc699 (ENs86), E) cc6oo (ENs86), F) Mc20 (ENss9), G)
GC767 (ENss9), H) 0c26 (EN586), and I) Mcu8 (EN586).
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Figure 3.3: Average methane (gray) and sulfide (blue) concentrations, by site. Error bars
represent one standard deviation
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Figure 3.4: Average sulfate reduction (gray) and anaerobic oxidation of methane rates
(blue), by site. Error bars represent one standard deviation.
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Figure 3.5: Average hexadecane (gray) and naphthalene (blue) oxidation rates, by site.
Error bars represent one standard deviation.
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Figure 3.6: Average dissolved inorganic (gray) and organic (blue) nitrogen, by site. Error
bars represent one standard deviation.
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Figure 3.7: Sediment depth profiles of A) HexOx (black), NaphOx (red), B) SRR
(black), AOM (red), C) sulfide (dashed black), methane (solid black), and sulfate (red),

Gulf of Mexico, lease block GC699. Error bars represent standard error about the mean.
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Figure 3.8: Sediment depth profiles of A) HexOx (black), NaphOx (red), B) SRR
(black), AOM (red), C) sulfide (dashed black), methane (solid black), and sulfate (red),

Gulf of Mexico, lease block GB48o. Error bars represent standard error about the mean.
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Figure 3.9: Sediment depth profiles of A) HexOx (black), NaphOx (red), B) SRR
(black), AOM (red), C) sulfide (dashed black), methane (solid black), and sulfate (red),

Gulf of Mexico, lease block GC767. Error bars represent standard error about the mean.
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Figure 3.10: Sediment depth profiles of A) HexOx (black), NaphOx (red), B) SRR
(black), AOM (red), C) sulfide (dashed black), methane (solid black), and sulfate (red),
Gulf of Mexico, lease block GCs74. Error bars represent standard error about the mean.
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Figure 3.a1: Sediment depth profiles of A) HexOx (black), NaphOx (red), B) SRR
(black), AOM (red), C) sulfide (dashed black), methane (solid black), and sulfate (red),

Gulf of Mexico, lease block GCi85. Error bars represent standard error about the mean.
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Figure 3.02: Sediment depth profiles of A) HexOx (black), NaphOx (red), B) SRR
(black), AOM (red), C) sulfide (dashed black), methane (solid black), and sulfate (red),

Gulf of Mexico, lease block GC767. Error bars represent standard error about the mean.
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Gulf of Mexico, Taylor Energy site. Error bars represent standard error about the mean.
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Figure 3.14: Sediment depth profiles of A) HexOx (black), NaphOx (red), B) SRR
(black), AOM (red), C) sulfide (dashed black), methane (solid black), and sulfate (red),

Gulf of Mexico, OC26. Error bars represent standard error about the mean.
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Figure 3.15: Sediment depth profiles of A) HexOx (black), NaphOx (red), B) SRR
(black), AOM (red), C) sulfide (dashed black), methane (solid black), and sulfate (red),

Gulf of Mexico, lease block GC600. Error bars represent standard error about the mean.
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Figure 3.16: Sediment depth profiles of A) HexOx (black), NaphOx (red), B) SRR
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Gulf of Mexico, lease block MC18. Error bars represent standard error about the mean.
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CHAPTER 4

A SURVEY OF ANAEROBIC OXIDATION OF METHANE AND

SULFATE REDUCTION IN THE GULF OF MEXICO.

4.1 INTRODUCTION

The Gulf of Mexico (hereafter, Gulf) is the most prolific hydrocarbon basin in the world. The
Gulf basin accounts for about 20% of US oil production, 11% of the world’s proven oil reserves,
roughly 200 billion barrels of oil equivalent [1, 2], and provides 5% of US gas production. The
Gulf of Mexico is a true ocean basin in that it formed through sea-floor spreading between 160
and 140 million years ago [3]. Repeated cycles of flooding, first from the Pacific and then from
the Atlantic, and subsequent evaporation generated thick salt deposits — at least 1.5 km and up to
4 km — across the basin that are at least upper Jurassic in age, and no older than upper Permian
[1, 2]. The majority of salt in the Gulf of Mexico is Louann salt (halite), with some underlying
Werner salt (anhydrite) dispersed throughout [4].

The Laramide Orogeny and uplift of the Rocky Mountains generated tremendous sediment
loading into the Gulf of Mexico, between about 75 and 45 million years ago [4]. Flooding of
the salt basement with up to 10 km of sediment generated substantial overpressure in the system,
initiating salt tectonics and creating an ideal dynamic for petroleum formation and storage. The
distribution of oil fractions reflects multiple sources fueling petroleum formation, variations in
maturation of that petroleum, and post-generational modification of oil in local reservoirs [s].

The Gulf of Mexico is home to >1,000 known active hydrocarbon and brine seeps, often re-

ferred to collectively as cold seeps [6]. A cold seep is an area where oil, methane and other alkanes,
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and / or brine are discharged from the seabed. The fluids are typically cold, or slightly elevated
(approx. 10-30 °C) in temperature for the case of mud volcanoes, in contrast to the superheated
fluids (>300 degrees C>300 °C) discharged at deep sea hydrothermal vents [7]. The Gulf is the
only place on place on Earth where all major classes of cold seepage — brine, gas, oil and gas, oil,
gas, and brine, and asphalt — occur [7-12]. The Gulf system is large, with a surface area of ca.
1605792 km?. The Northern Gulf captures the entire spectrum of seepage regimes in an area -
141 000 km* - that has been mapped, characterized by towed video surveys, and sampled during
a number of previous projects, including the Minerals Management Service funded Chemosyn-
thetic Ecosystems Studies programs (1999-2008 [13-16]), the Florida Escarpment Study (1980-1983
[10]), the Life Extreme Environments study [11, 12, 17], the Mississippi Canyon 118 Gas Hydrate
Observatory (2003-2010 |9, 18, 19], the Brine Ecosystems Microbial Observatory (2010-2015; [20]
this work), and the Ecosystem Impacts of Oil and Gas Inputs to the Gulf program (ECOGIG;
2012-2018; this work).

Cold seepage occurs through fissures and faults in the sediment column caused by salt tecton-
ics or through clay dewatering of deep subsurface sediments [7]. Concentrated brine along with
fluidized mud, oil and/or gas or just oil and gas move through deeply sourced faults and emerge
at different points from the seafloor. At natural seeps, the seafloor is peppered with numerous
individual discharge points, releasing fluids at different rates, over an area as small as a few meters
wide and at some sites, as large as several hundred meters across [7]. In the case of brine seepage,
pools of brine can form along the seafloor, where high density brine (up to 5 times the salinity of
seawater) accumulates in topographic lows along the seabed due to the high density of the fluid
and the slow mixing of the brine with overlying seawater [7]. Rates of fluid discharge at seeps is
poorly constrained ([6, 21, 22]), but discharge is known to be patchy and variable ([23, 24]).

The Gulf of Mexico is also known for the presence of abundant seafloor breaching gas hydrate
mounds, also known as "methane ice”. Methane hydrates are ice-like crystalline structures com-
prised of water and methane that form naturally under the high pressures and saturated methane

concentrations in the zone of hydrate stability in the Gulf, as well as in other deep-sea locations.
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Methane hydrate systems are dynamic way stations for light hydrocarbons as they migrate through
the upper few hundred meters of continental margin sediments [25, 26]. Hydrates are abundant
in the Gulf [27] and their stability excerpts a strong influence on seabed oil and methane fluxes,
thereby affecting biological processes in adjacent sediments and in the overlying water column
[7].

Seepage of hypersaline fluids (brines) occurs along the seafloor at sites across the globe. Move-
ment of salt bodies (diapirs) and the resulting salt-tectonics, creates fault networks that serve as
conduits for the rapid transfer of oil, gas and brines from deep reservoirs through the sediments
to the seafloor [28-31]). Brine expulsion generates brine pools, brine-filled basins, and mud volca-
noes and two of these types of brine environments were assessed in this study. Brine pools, where
brine fills surface depressions creating “lake-like” features on the seafloor [29, 30]. And, mud vol-
canoes, where brine, oil, gas and fluidized mud are actively expelled, inducing large temperature
fluctuations and seabed alterations. Finally, we assessed a site where brines formed in response
to gas hydrate formation, which generates hypersaline residual fluids. Hydrate-derived brines re-
flect the exclusion of seawater salts from the hydrate ice matrix, similar to the cryoconcentration
of seawater ice [32]. These brines can have distinct chemistry from halite or anhydrite derived
brines.

Much previous work in the Gulf has focused on the ecology and macro-ecology of chemosyn-
thetic communities (e.g., Fisher et al. 2007 [16, 33], and many more). The purpose of this work
was three-fold. First, we aimed to assemble the most extensive spatial and temporal comparative
biogeochemical and microbial activity data set of Gulf of Mexico cold seeps. We carried out an
exhaustive characterization of pore fluid and solid phase geochemistry and quantified rates of sul-
fate reduction and anaerobic oxidation of methane (see methods). Previous efforts have focused
on approximately 18 cores from 10 sites examined during one research expedition ([14, 15]). Here,
we examined 13 sites over 6 research expeditions between 2010 and 2016 and evaluated a total of
48 sediment cores from the Gulf of Mexico. Some individual sites (n=6) were further sampled

across detailed spatial resolution and multiple expeditions. With this data set, we confirm previ-
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ous observations and report new findings that advance the field. A notable difference between this
work and previous efforts (e.g., Joye et al. 2004, Orcutt et al. 2004, 2005, Bowles et al. 2011, 2019
[11, 12, 17-19]) stems from the focus on ALVIN expeditions, where brine-influenced sites were
targeted. The ALVIN expeditions did not focus on oil-gas seep sampling, though some samples
were collected from GC6oo in the second brine expedition (see below). The cores from oil and
gas seeps presented here were collected mostly using a multiple-corer, an unguided device that
cannot accurately target active oil and gas seepage.

Second, this is the first data set where microbial activity was examined at a wide range of
sites using an improved approach that reproduces quasi-in-situ conditions. Bowles et al. (2011
[18]) reported weak coupling between anaerobic methane oxidation and sulfate reduction when
methane concentrations were low (i.e., 2-4 mM). In the Gulf of Mexico, co-migration of oil and
gas provide sulfate reducing bacteria a wide array of possible substrate choices and this appears
to effectively decouple anaerobic methane oxidation and sulfate reduction. Subsequent work by
Bowles et al. ([18, 19]) pointed out a major flaw in previous assessments of deep sea microbial
activity. Previously, it was assumed that sulfate reduction and anaerobic oxidation of methane
exhibit 1:1 metabolic stoichiometry [34, 35] such that sulfate reduction rates could be used as a
proxy for rates of anaerobic oxidation of methane.

Pore fluid methane saturation at only soo m water depth could be as high as so mM [36].
Methane concentrations documented at seafloor cold seeps — from 15 mM up to 8o mM [31, 37]
— are certain to impact rates of microbial processes that cycle methane. Bowles et al. (2011 [18])
presented a new method that involved recreating in situ conditions by amending samples with
pure methane gas (ca. 1 mL) to generate methane concentrations of about 20 mM during incu-
bations. Bowles et al. discovered — unsurprisingly — that rates of anaerobic methane oxidation
were profoundly underestimated using the traditional approach of conducting rates assays at 1
atmosphere using sediment that had degassed during recovery, and as such, had low (<1 mM)
methane concentration. Bowles et al. (2019 [19]) went further, suggesting that multiple modes

of AOM co-exist such that the reduction of sulfate and non-sulfate electron acceptors coupled to
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AOM occur contemporaneously, promoting much higher rates of AOM that would occur than
through coupling to sulfate reduction alone.

The present work presents the first broad survey of AOM and SR using the improved method
of Bowles et al. (2011 [18]) to quantify rates. In doing so, we discovered that deep sea brines
support considerable rates of AOM when methane concentrations are more realistic of in situ
conditions. Sulfate reduction independent of AOM was still observed at many sites, but rates
of AOM are, in general, much higher under these more realistic conditions. We did not see the
extreme rates of AOM presented by Bowles et al. (2019) but none of the samples included in this
analyses were as oily as those considered in that study.

Third, the nature of the data set allowed us to assess spatial and temporal variability at hydro-
carbon seeps. In particular, the Green Canyon 6oo which was sampled during ALVIN cruises
and extensively by multiple coring, and the GC233 and GC246 brine seeps. The GCé6oo site ex-
hibits striking variability in geochemistry and microbial activity within the site and over time. It
is well known that seepage regimes are variable, but this variability is rarely documented so explic-
itly. Sediments at GC60o0 contained variable mixtures of oil, gas, brine, and hydrate, each with
unique geochemical consequences on microbial activity, particularly with respect to the avail-
ability of nitrogen and DOC. The presence of brine generally increased the availability of DON,

DOC, ammonium, and resulted in elevated rates of microbial activity.

4.2 METHODS

4.2.1 STUDY SITES AND SAMPLING SCHEME

The Gulf of Mexico (hereafter, Gulf) is a prolific, but leaky hydrocarbon basin. The study sites
were chosen to encompass a range of sedimentary environments along the Northern Gulf, includ-
ing quiescent abyssal sites (type I), sites of known oil and gas seepage (type II), gas hydrate-bearing
sites (type III), and sites impacted by brine flows (type IV; see Figure 4.1 and Tables 4.1, 4.2). Sites
for this study were chosen from among four general oil and gas lease provinces, including the: 1)

Alaminos Canyon, 2) Garden Banks, 3) Green Canyon, and 4) Mississippi Canyon areas along
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Figure 4.: Map of sampling locations, Gulf of Mexico. Bathymetry
dataset courtesy of the U.S. Bureau of Ocean Energy Management:
https://www.boem.gov/Gulf-of-Mexico-Deepwater-Bathymetry.

the Northern continental shelf. The Alaminos Canyon cuts into the Sigsbee Escarpment at the
base of the continental slope in the western Gulf (see Figure 4.1).

Sampling sites within lease block 6or (hereafter AC6o1) were located approximately in the
middle of the canyon on top of a breached E-W trending anticline. The AC6or is characterized
by fractures and faults that provide migration pathways for fluids and gases, between a deep anti-
clinal hydrocarbon reservoir and the seafloor. The AC6or site contains a brine lake, a mounded
fluid and gas expulsion feature, with evidence of mudflow radiating from the crest of the mound
[38]. The lake has a diameter of about rrom and a variable depth of up to 20 m. The lake is char-
acterized by two transitional zones, a barite “swash” zone at the edge of the lake and the brine-
seawater “fog” zone above the lake. The shoreline of lake is characterized by flock aggregations
of various sizes floating at the interface. Next to the swash zone, moving away from the lake, was
a zone characterized by heart urchins and microbial mats, Siboglinid polycheates, and clumps
of mussels. On the NW edge, there is a relatively steep drop oft. Along the N-NE edge, an old
(higher) shoreline was visible. On the S edge, pelagic sea cucumbers were abundant.

Garden Banks lease block 425 (GB425) lies on the western edge of the Auger basin, an intras-
lope basin that contains economically significant hydrocarbons in the Auger, Cardamom, and

Macaroni fields and is bordered to the west by tabular salt bodies. The GB425 mud volcano is
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situated at a small, active diatreme on the southern margin of a flat-topped mound located mid-
way along the fault. The site is characterized by frequent and vigorous mud flows, and the flu-
idized brine accumulates in a centralized basin. Similar to other areas that experience frequent
mud flows, chemosynthetic communities are poorly developed at this site. A tension-leg plat-
form installed at Auger Field is producing from an estimated 100 million barrels of extractable
oil, but large quantities of pressurized fluid have evidently escaped through anticline faults along
the flanks of the salt diapir at the basin margin. Fluids migrating up these faults disturb surface
sediments due to the formation of carbonate nodules, oil and gas pockets, and biogenic debris.
Sediment cores from the area contain high-molecular weight hydrocarbons, brine, and, some-
times, thermogenic gas hydrate.

Active venting of brine, free and dissolved gases, and high molecular weight hydrocarbons
sustains an expulsion crater from which gas and fluidized mud streams are frequently visible. The
sediments adjacent to the south of the diatreme support chemosynthetic mussel communities and
mats of free-living giant sulfur bacteria, however, the distribution of mussels and microbial mats
is more patchy at GB425 compared to GC233, for example. The GB425 brine pool is physically
larger than the GC233 brine pool and it supports a high rate of gas discharge and flows of fluidized
muds and oil. The GB425 brine consisted of fine clay suspended in brine with a salinity of about
133 PSU. The suspended sediment load is at least 65% by volume. The mud volcano brine pH was
about 7.4.

The Green Canyon 185/186 site is situated west of the Mississippi Fan in adjacent lease blocks.
The first recovery of gas hydrate in the Gulf of Mexico occurred at GCi18s. The GCi8s site is
known as Bush Hill because of extensive fields of tube worm bushes all along the site. GCi18s is a
prominent mound aligned along a N-S antithetic fault. The mound is surrounded on all sides by a
faultsystem, and below it there is an acoustic wipeout associated with gas-charged sediments. The
faults on either side of the gas hydrate mound help move hydrocarbons from deep reservoirs to
the seafloor. Sediment failure and slumping is evident along the edges of the mound. The central

mound is home to a 4 m diameter and 1 m high exposed gas hydrate mound, that is covered with
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a thin veneer of sediment and orange Beggiatoa mats. Vigorous discharges of oil and gas from the
vicinity of the gas hydrate mound is known to create persistent oil slicks at the sea surface.

The Green Canyon (GC233) site is a small brine pool (190 sq. m) situated at a depth of 650 m.
The GC233 brine pool is situated on a mound, which is elevated 6 to 8 m above the surrounding
seafloor and has a basal diameter of approximately 100 m. The fluid filling the pool had a salinity
of 130 PSU and was supersaturated with methane. Added density due to the excess salt maintained
the brine as a distinct fluid in the pool but the brine mixes with seawater by molecular and eddy
diffusion. Subbottom records revealed considerable complexity at the site. On the flanks of the
mound, indurate layers underlie layers with a weak seismic reflection, suggested surface flows of
loosely consolidated material over hardened ground. A narrow dike, raised about 25 cm, formed
a rim that surrounds three sides of the pool outside of the mussel bed. The mussels appeared as
a layer distinct from the brine, which formed a level reflector. Below the brine, sediments were
homogeneous and contained a large, irregular reflector near the bottom of the record. The most
regular subbottom features were a sequence of layers buried under the present-day mound. Dis-
tances between these layers were greatest in the center of the mound and least around the edges.
The deepest layer formed a funnel shaped base to the outline of the mound. Continuous dis-
charge of gas through the brine leads to saturation with dissolved methane in the brine and in
the surrounding sediments, which serves as a source of energy for mussels with methanotrophic
symbionts that are found along the edges of the pool. Patchy mats of giant sulfur bacteria, such
as Beggiatoa, Thioploca, and Thiomargarita, covered the sediments adjacent to the mussel beds.

Green Canyon lease block 246 (GC246) is located approximately 200 km SW of the Mis-
sissippi Delta on the flank of the upper-middle continental slope in the Gulf of Mexico. The
GC246 block consists of featureless mud plains rising to a pockmarked bathymetric mound ap-
proximately 830 m below the surface of the Gulf. The GC246 mound is complex terrain of slopes,
depressions, and plateaus, punctuated by active brine seeps and flows, brine pools, mud-flows,
and massive mud volcanoes. Mottled grey sediments cover much of GC246 area, interrupted oc-

casionally by carbonate outcrops, coral communities, black to milky colored brine flows, ocher
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mud-flows, white to orange Beggiatoa meadows, fields of spent mussel and crab carcasses, and
communities of live mussels (Bathymodiolus) and snails. With the exception of these few com-
munities of mussels, crabs, bacterial mats, and corals, GC246 is largely devoid of benthic macro-
faunal life. In the central portion of the GC246 area is Dead Crab Lake (DCL), a brine lake
approximately 15 to 25 cm deep. DCL is an active brine seep, ringed with orange mineral crusts,
dead mussels, and dead crabs. The seascape at GC246 is peppered with small ocher-colored min-
eral chimneys surrounded by sulfide-oxidizing bacterial mats. Both white and orange Beggiatoa
meadows are common in GC246. Small communities of soft corals (Callagorgia) and brittle stars
(Ophiuroidea) inhabit the occasional carbonate hardground outcrop in GC246. Bathmodiolus
mussels, snails, crabs, sea cucumbers (Benthodytes), and isopods (Bathynomus giganteous) have
all been identified in varying degrees of abundance at GC 246, usually in close proximity to active
seep sites.

The Green Canyon 415 (GC415) is an area of very active oil and gas seepage ([39]) as evidenced
by the widespread occurrence of Beggiatoa mats, shell hash, and carbonate pavements. Though
some disseminated gas hydrate have been recovered in cores, no large outcropping gas hydrate
mounds, like those at Bush Hill, are present at this site. Sediments were gassy and oil-stained.
The abundance of bacterial mats was highest around areas of gas flares. Bacterial mats were of-
ten associated with highly reducing sediments, suggesting subseafloor brine or gas hydrate; deep
brines likely affect this site as evidenced by some elevated pore fluid salinities ([39]. In contrast to
past observations at GC18s, no tube worms have been documented at GC41s.

Green Canyon Block 600 (GC600) is located at a depth of 1200 m approximately 260 km SW
of the Mississippi Delta, on the upper-middle continental slope of the Gulf. GCé600 is one of the
largest natural oil seeps in the GoM, ejecting enough oil and gas into the water column to produce
numerous persistent oil slicks at the surface. Active fluid-gas expulsion of hydrocarbons at GC600
supports numerous chemosynthetic communities at the seafloor. A NW-SW trending bathymet-
ric ridge is the dominant feature at GC6oo. This ridge bifurcates the site into two intraslope

basins. Observational data obtained through drift camera work with the DSV Alvin confirms
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a heterogeneous patchwork of fractured carbonate hardground outcrops and blocs, oil-laden
anoxic sediments, brine pools and flows, gas hydrate mounds, barite deposits, fluid-gas discharge,
and chemosynthetic communities dominating the local geology. Previous work by Roberts et
al. (2010; [40]) shows that carbonate species are predominantly composed of authigenic high-
magnesium calcite and aragonite. The highly fractured carbonate pavements of GC600 act as
conduits for oil and gas expulsion. The flux of oil and gas through these fissures provide ideal
habitat for a number of benthic chemosynthetic fauna, including tube-worms, mussels, and bac-
terial mats. Lamellibrachia occupy GCé60o0 as single individuals or as small communities growing
out of active fissures. Colonial cnidarians (i.e., Gorgonian), mollusks (predominantly Bathymodi-
olus brooksi and Calyptogena ponderosa), and bacterial mats (Thiomargarita and Beggiatoa) are
also commonly observed near active seepage of oil and gas.

Mississippi Canyon Block 118 (MCi18) is located approximately 8o km SE of the Mississippi
Delta on the upper continental slope of Louisiana. At 880 m depth, the MCi8 range supports
abundant chemosynthetic fauna in a complex terrain of hydrocarbon seeps, authigenic carbonate
pavements, brine flows, mud volcanoes, and exposed methane hydrate outcrops. MCu8 site sits
above a salt diapir, the movement of which results in a complex fault architecture thatact as a con-
duits for oil and gas export to benthic sediments. Benthic oil and gas expulsion at MCi8 gives rise
to gas and oil laden sediments, providing ample substrate for chemosynthetic mussels and bacte-
rial colonies. Seep sites and breaching hydrates at MCii8 are host to fields of white Beggiatoa mats,
Siboglinidae tube worms, and Hesiocaeca methanicola worms. Moderate methane flux and the
persistence of bacterial Beggiatoa mats and other subsurface microbial communities have resulted
in carbonate pavements and poorly cemented carbonate hardgrounds, ideal habitat for clams (Ca-
lyptogena ponderosa), corals (Gorgonacea, Chrysogaorgia sp, and Madrepora), and brittle stars
(Astroschema ophiuroid). Golden crabs, hagfish, and sea cucumbers (Holothuroidae) have all
been identified at MCri8.

The Garden Banks 697 (GB697) is characterized by active salt tectonics and gas and oil seep-

age along the flanks of salt diapirs. The seafloor is characterized by numerous topographic highs,

136



overlying shallow salt. The site is home to a small, highly active, mud volcano that discharges
copious gas and fluidized mud. The fluid salinity was approximately 210%o and the temperature
was elevated substantially above the bottom water. This active brine flow is believed to be ge-
ologically young; it lies atop a strong positive amplitude anomaly. There are multiple gas and
brine chimneys emanating from flank of salt along the edge of the mound and basin below. The
site is characterized more by hydrocarbon flow than mud flow, though some active mud flows
are present in the area. Microbial mats, animals, and active and turbulent brine flows features
characterized this site.

The three other sites have never been sampled using a ROV or human occupied vehicle, and
were selected based on remote sensing data, which showed the presence (GC767) or absence
(GB480, GC699) of persistent surface oil slicks, a good indicator of seafloor seepage potential
(Ian MacDonald, personal communication). The Green Canyon (GC767) area is suprasalt mini-
basin. The site is surrounded by salt diapirs and underlain by extensive hydrocarbon reservoirs.
The periodic presence of sea surface oil slicks suggests at least intermittent oil discharge from the
site. The Green Canyon 699 (GC699) and Garden Banks 480 (GB480) lie within the greater
Green Canyon and Garden Banks lease blocks, respectively. Neither area is characterized by oil
slicks and each of the sites is several km from known areas of seepage (e.g., GC600 or GB42s).

Thus, these two areas are considered non-seafloor-seepage-impacted control sites.

4.2.2  SAMPLING

Over 175 sediment cores were collected in the Gulf of Mexico across six expeditions between 2010
and 2016. Two research vessels were used 1) the R/V Atlantis (Woods Hole Oceanographic Insti-
tution) for expeditions AT18-02 in 2010 and AT26-13 during 2014, and 2) the R/V Endeavor (Uni-
versity of Rhode Island) for expeditions ENs27 (2013), EN528 (2013), ENss9 (2015) and EN586
(2016); see Figure 4.1;Tables 4.1, 4.2 and 4.3). Sediment cores were collected using push-cores from
the deep-sea submersible, the HOV ALVIN, during the Atlantis expeditions and using a multi-

core device (hereafter, MUC) on the Endeavor expeditions.
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On Atlantis expeditions, push-cores were targeted visually by researchers inside ALVIN and
then collected using the ALVIN’s robotic manipulators. The MUC was targeted to known areas
of seepage, based on available mapping data, but the MUC was dropped ‘blind” — without the aid
of alive video feed — and the Endeavor lacked a Dynamic Positioning system, so MUC sampling
did not explicitly capture sites of seepage the majority of the time. As such, though all of the study
sites have recognized signatures of oil and gas seepage, some of the cores retrieved lacked such
signatures. Both MUC and push-cores were constructed from machined polycarbonate liners
but the MUC cores were longer (so cm length) than the push cores (35 cm length). We refer to
cores collected from areas of known seep signatures but that lacked geochemical signatures of
seepage as ‘inactive’.

Most of the inactive cores were recovered from our non-seafloor-seepage-impacted sites GC699
and GB480, though some were recovered from known seep sites (see Figure 4.1;Tables 4.1, 4.2
and 4.3). The control sites were characterized by low methane (<15 umol L™ CH,), high sulfate
concentrations (approx. 28 mM), undetectable sulfide, and very low rates of microbial activity.
Sites of oil and gas seepage were chosen based on descriptions from previous expeditions that em-
ployed towed camera systems and autonomous vehicle surveys to identify areas of potential oil,
gas or brine seepage, e.g., authigenic carbonates ([38]) and built on results from previous projects
([14, 15, 17,18]). Sites of oil and gas seepage included locations within Mississippi Canyon (MC8)
and Green Canyon (GCi8s, GC415, GC600, GC767) (see Figure 4.1;Tables 4.1, 4.2 and 4.3). In
general, the sediments at seep sites were characterized by high methane, low sulfate, high sulfide,
moderate concentrations of ammonium, and moderate to high rates of microbial activity (see
Figure 4.1;Tables 4.1, 4.2 and 4.3).

Brine influenced sites were identified visually and confirmed by documented increases in pore-
water chloride concentration (> 600 mM; see Table 2). Numerous sites contained brines, includ-
ing sites at AC6o1, GB425, GB697, and sites within Green Canyon across GC233, GC246, and
GCo6oo (see Figure 4.;;Tables 4.1, 4.2 and 4.3). In addition to elevated chloride (and typically

sodium), briny sediments were characterized by moderate to high methane concentrations, low
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sulfate, extremely variable amounts of sulfide, high ammonium, high dissolved organic carbon
(DOC) and nitrogen (DON), and variable rates of microbial metabolism (see Figure 4.1;Tables
4.1, 4.2 and 4.3). Only one push-core at GC600 contained noticeable hydrate (type III) but had
similar geochemical features as the oil and seep sites described above. All cores were collected im-
mediately upon retrieval from the seafloor and stored at 4 °C until further processing. All cores

were processed within 8 hours following retrieval.

4.2.3 PROCESSING

Two parallel cores of equal length and appearance were selected (i.e., > 25 cm for MUCs and
> 15 cm for push-cores), one for porewater geochemistry and one for hydrocarbon gas and rate
determinations. Sediment samples were collected in 3 cm intervals (reported as average depth
below seafloor, in centimeters) for geochemical and rate analysis, using aseptic techniques at
in situ temperature (4 degrees C). The cores were extruded into a polycarbonate chamber un-
der argon atmosphere using a floor standing plunger assembly. The geochemistry core was sub-
sampled for porewater and solid phase geochemistry, the rate core for hydrocarbon gases, rate as-
says, and metagenomics. Sub-samples were first collected for bulk porewater geochemistry using
an ethanol-rinsed, stainless steel spoon, with care taken to avoid sampling near the polycarbonate
liners.

Whole sediment was transferred into argon-filled polyoxymethylene squeezer cups ([41]), and
the porewater extracted under mechanical pressure into acid-washed, Ar-flushed, plastic syringes
using a custom argon-purged squeezer as described by Joye et al., 2004 ([17]). After discarding
the first 1 mL of fluid, the porewater sample was collected into a 25 mL plastic syringe. At the end
of squeezing, o.5 — 2 mL of unfiltered porewater was transferred immediately into a 15 mL poly-
carbonate Falcon tube, preserved in 20 wt.% zinc acetate and later analyzed to quantify hydrogen
sulfide (H,S) via the methylene blue method ([42]). The amount of fixative used to preserve sul-
fide varied based on anticipated sulfide content (via smell): 100 uL zinc acetate solution was used

in cores with no perceptible sulfide, and soo L zinc acetate in noticeably sulfidic cores.
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Salinities were measured visually on a soo uLL porewater subsample using a hand-held refrac-
tometer (Cole-Parmer RSA-BR60). Porewater pH was measured on board using a ROSS pH
electrode that had been calibrated with salinity corrected bufters (pH 4, 7, and 10) chilled to in situ
temperature ([18]). The remaining pore water sample was filter-sterilized with a 0.2 pm Target fil-
ter, dispensed into high-density polyethylene bottle (HDPE; Nalgene), and further sub-sampled
for downstream geochemical analysis (described below). The dewatered sediment was collected
in a sterile whirl-pack bag, the bag flushed with argon, sealed without headspace, and frozen at
—20 °C for solid phase analysis ([17]).

Rate cores were processed under anoxic conditions using similar procedures as the geochem-
istry core above. First, a s mL sub-sample was collected for short-chain alkane analysis using a cut-
end syringe and transferred to an argon-flushed, 25 mL borosilicate glass serum vial containing 2
mL of 2 M NaOH to stop microbial activity. The sample was sealed with a blue chlorobutyl rub-
ber stopper, crimp sealed, homogenized, and stored at room temperature until analysis. Gaseous
hydrocarbons were analyzed later by a gas chromatograph equipped with a flame ionization detec-
tor (GC-FID; [17]). Samples for rates of microbial activity were collected in triplicate into custom
cut-end Hungate tubes and sealed headspace free with double base-boiled and twice milliQ rinsed
butyl rubber stoppers. Two controls were collected for each core, immediately injected with 3 mL
of 2 M NaOH solution and homogenized to halt microbial activity. Both live incubations and
controls were left to pre-incubate at 4 °C for 24 hrs before tracer addition to allow the microbial
community to recover from sampling and processing activities. Incubation details are described

below.

4.2.4 GEOCHEMISTRY

Subsamples for dissolved inorganic carbon (DIC; 2 mL) were collected into evacuated 10 ml serum
vials and preserved with 1 mL saturated CuSO4 and 1 mL of 56 mM NaMoO, in 10% v/v H,PO,.
The headspace DIC was converted to methane using a methanizer and analyzed by GC-FID [17].

A 2 mL subsample of filtered porewater was collected for ammonium determination, preserved
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in 100 uL phenol solution, and analyzed on board the ship using the phenolhypochlorite method
of Soloranzo (1969 [43]). An additional ammonium subsample was analyzed back in the labora-
tory in parallel with TDN analysis, again using the method outlined by Soloranzo (1969 [43]). A
s ml subsample for major ions (sodium, magnesium, potassium, calcium, sulfate, and chloride)
was preserved with concentrated nitric acid (o.r umol L™ final concentration) and stored at room
temperature until analysis by ion chromatography [17]. The remaining nutrient subsample was
frozen at —20 °C until shore-based laboratory analysis. Total dissolved nitrogen (TDN) was an-
alyzed via the oxidative combustion-chemiluminescence technique of Salgado and Miller (1998
[44]) using a Shimadzu TOC sooo coupled to an Antek model 7020 NO analyzer [17].

Nitrate and nitrite were analyzed on a Lachat FIA 8ooo Autoanalyzer using method 31-107-
04-1-A, phosphate via the molybdate blue colorometric method, total dissolved phosphate (TDP)
by high-temperature combustion and hydrolysis [45], dissolved organic carbon (DOC) by ox-
idative combustion-infrared analysis, methane by GC-FID, and stable #C isotopes of DIC by
headspace analysis using a Picarro G2201-i isotope analyzer [15, 17]. Porewater methane samples
were analyzed by gas chromatography using a flame ionization detector (GC-FID; SRI 8610C gas
chromatograph; (1.8 m x 3.175 mm packed HayaSep-D column; [14]). Certified gas mixtures (0.1%
CH, in He) were used to calibrate the instrument prior to analysis. Porewater hydrogen concen-
trations were determined by headspace equilibration ([46]) using the salinity— and temperature—
corrected H, solubility constants of Crozier and Yamamoto [47]. Headspace hydrogen concen-
trations were obtained by injecting 1 mL of sample headspace into a Peak Performer 1 Reducing
Compound Photometer (Peak Laboratories, USA; [48]), calibrated with certified standards. A
subsample of sediment was analyzed for porosity, dried, analyzed for carbon, nitrogen, and phos-

phorus content, and then combusted to determine organic matter content by loss on ignition

[14].

141



4.2.5 MICROBIAL ACTIVITY

Rates of dissimilatory sulfate reduction (DSR) and the anaerobic oxidation of methane (AOM)
were carried out using ¥S-labeled sodium sulfate (Na*SO,; American Radiolabeled Chemicals;
.59 TBg/mmol), and “#C-labeled methane (“*CH,; American Radiolabeled Chemicals; approx.
1.85 TBg/mmol) as described elsewhere [49, s0]. Radiolabeled sulfate and methane tracers were
both diluted in sterile milli-Q to yield stocks with an activity of 10® dpm per 100 uL. Samples
and controls were injected with 100 kL tracer, incubated at 4 °C for 1 day at in situ pressure and
temperature, and slurried with 3 mL of either 20 wt% zinc acetate (DSR), or 2 M NaOH (AOM),
to halt microbial activity and preserve labeled oxidation products. The fixed samples were then
stored at room temperature until distillation and analysis. Methane can be lost from samples due
to degassing during core recovery. This loss of methane can lead to inaccurate estimates of rates
of microbial processes that are dependent on methane availability ([18]). Beginning in 2010, all
samples for AOM and SR were amended with 20 mM methane for rate assays to generate for
more robust estimates of in situ activity ([18, s0]).

Fixed DSR samples were processed to quantify radioactively labeled sulfide using a standard
one-step chromium distillation. Briefly, sediments were transferred to a so mL Falcon tube, rinsed
of porewater and excess tracer three times by centrifugation and resuspension with 25 mL tap
water. The rinsate was transferred to a 125 mL flask and brought to 100 mL total volume, of
which, 100 uL was counted by liquid scintillation counting (LSC) to determine the total activity
of unused tracer. The rinsed sediment sample was then transferred to a round-bottom boiling
flask, placed in a heating mantle, and distilled with a solution of hot HCl and reduced chromium
under a stream of nitrogen gas, as described by Fossing and Jergensen ([s1]). Evolved 35S from the
distillation process was trapped in s mL of 2% zinc acetate solution as Zn*S$ and counted by LSC.
DSR rates nmol cm™ d™" were calculated as:

_ 12%) TRIS
SRR = [5042 ] X Psed X T X [W X 1000 (4.1)
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where [SO,*>™] is the porewater sulfate concentration in mmol L™, ¢ the sediment porosity, 2,
the %S isotope fractionation factor (1.06) [s1], TRIS the activity of the distillation trap (in dpm),
and »SO,>~ the total activity of injected tracer (dpm).

Samples for AOM were processed using an acid digestion technique ([s0]). First, the samples
were transferred from Hungate tubes to so mL Falcon tubes and purged with air for 45 min-
utes to remove unused methane tracer. The preserved samples were then transferred to a 125 mL
Erlenmeyer flask, sealed with a specially modified, gas-tight stopper. The stopper was designed
to hold a carbon dioxide trap (here, an uncapped 7 mL glass scintillation vial containing 1.5 mL
3—methoxypropylamine) a few centimeters above the sample via a plastic wire. Samples were acid-
ified with s mL 30% H,SO, (final pH <1) to convert radiolabeled DIC to CO, and digested for 4
hours on a shaker table. Following digestion, the trap was removed from the flask, filled with 5.5
mL scintillation fluid, and counted by LSC. Recovery was better than 95% on process controls.
AOM rates nmol cm™ d™" were calculated as:

(4.2)

14CO
Aom = [CHy] x% x[ 2]

14
CH;4

where [CH,] is the concentration of methane in umol L™, #; is the *C isotope fractionation

factor (1.008) [52], “CO, is the activity of the oxidation product in dpm, and *CH, is the total

amount of injected tracer activity in dpm.

4.3 RESULTS AND DiscuUssiOoN

This is the first large-scale assessment of microbial activity conducted under quasi-in-situ condi-
tions across the Northern Gulf of Mexico. Recovered sediment cores were classified and subdi-
vided into four groups according to geochemical regime: cores were labeled as controls, i.e., qui-
escent abyssal sites (type I), cores from oil and gas seeps (type II), cores from gas hydrate-bearing
sites (type III), or cores from brine seeps, pools, and flows (type IV; see Figure 4.1 and Tables 4.1,
4.2). Average geochemistry and integrated rate data were parsed according to expedition and habi-

tat and are presented in Tables 4.2 and 4.3. In total, the data encompass three control cores (type
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Site Core Type ClI- CH, MaxCH, DOC SO,*” MinSO>" H,S NH,” Y>AOM }SRR

AC601  ATI8.02-4640.16 IV 1482.9 102.2 172.1 L4 LI 0.0 2206.4 2340.5 0.0 4.6
ATI18.02-4641.04 IV 712.4  §72.1 727.0 0.9 16.2 10.9 0.0  497.6 o.I 7.3
AT18.02—-4641.07 1V 583.0 12.5 18.5 1.3 27.9 26.5 26.0 235.8 0.0 9.1
ATI18.02-4641.19 IV 666.7 29.1 72.6 0.9 21.6 6.5 10225.0 - 0.0 3.0

GB425 ATI8.02—-4645.04 IV 623.0  29LI 425.1 1.6 29.5 24.2 4813  220.0 2.9 82.1
ATI18.02-4645.13 IV 587.0  347.1 463.9 1.0 10.0 3.2 10674.3 183.2 0.1 22.7

GB480 EN586-503.E07 1 $53.8 3.4 6.5 0.3 27.1 26.7 0.0 7.3 BDL BDL

GB697 ATI8.02—4646.02 IV 2883.0 347.4 632.7 L3 15.4 L2 209.0 8263 0.0 0.1
AT18.02—-4646.04 1V 634.9 318.8 408.8 1.3 4.4 0.9 10556.7 82.3 1.3 10.5

GC185  EN528-529.E06 1I 544.4 6.3 7.5 0.6 28.2 27.1 0.0 312 BDL 0.7
EN559—S05.EO0S 11 568.7 4.3 5.8 0.6 28.3 27.8 3L4 130.1 0.0 2.0
EN586-S02.E13 11 555-8 5.0 7.6 0.6 28.2 27.8 0.0 46.8 BDL 0.1

GCI86  EN$59—S06.EO5 11 566.4 L7 2.3 0.7 28.0 27.6 0.0 7.6 BDL 0.0

GC233 ATI8.02-4653.03 IV 990.9 9.5 13.6 0.7 17.5 9.4 7982.0 298.6 0.1 165.9
ATI18.02—-4653.17 IV 755.2  466.3 687.8 0.5 7.5 1.0 14834.0 582.5 2.1 213

Table 4.1: Summary of average geochemistry (mmol L™ for chloride, poc, and sulfate; umol L™ for
methane, sulfide and ammonium; and mmol m™ d™ for integrated rates of Aom and sRR), for control
(type 1), gas-seep (11), hydrate (111), and brine (1v) cores. Rates integrated over 20 cm to provide consis-
tency between cores. Data from expeditions ATI18—02, EN528, ENss9 and EN586. Abbreviations: max =
maximum concentration; min = minimum concentration; BDL = below detection limit. Values of 0.0 are
smaller than the chosen order of magnitude.

I), seventeen cores broadly classified as oil and gas seeps (type II), one core associated with gas

hydrate (and perhaps brine; type III), and twenty-seven cores from sites of obvious brine seepage

(type IV).

4.3.1 NON-SEEPAGE IMPACTED SITES

There were considerable differences in sediment geochemistry between our control sites (type I),
oil/gas sites (type II), hydrate site (III), and brine sites (IV; see Figures 4.2 and 4.3). The average
geochemistry and microbial activity at the type I control sites were significantly different - i.c.,
generally lower - than every other habitat type (see Figures 4.2 and 4.3). On average, the control
site sediments (GC699 and GB480) were methane poor (approx. 6.3 umol L™ CH,), sulfide free,
contained abundantsulfate, and were notinfluenced by brines (see Figures 4.3, 4.5, and 4.4; Tables
4.2 and 4.3). The control cores contained moderate amounts of DON (29.0 umol L™ DON),
ammonium (8.4 pmol L™ NH, ), and DOC (374.7 umol L™ DOC), as well as low levels of nitrite

(0.2 umol L™ see Figures 4.2 and 4.3). Average nitrate and phosphate concentrations at control
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sites (15.1 umol L™ NO,; and 5.4 pmol L™ PO,>7) were similar to those of the more active oil
and gas seeps, although they were considerably less variable, as inferred from the smaller error
associated with control averages (see Figures 4.2 and 4.3).

The quiescent abyssal type I sites at GC699 and GB480o were geochemically unremarkable
and had very low rates of microbial activity, rates of anaerobic oxidation of methane were below
detection and rates of sulfate reduction were approximately 1s pmol cm™ d™ (see Figures 4.2 and
4.3). Average chloride concentrations varied little between control cores (553 — 568 mmol L™; see
Figures 4.5, 4.4). The only geochemical parameter that displayed significant differences between
average and median concentrations for control cores was nitrate (see Figure 4.3). Both average and
integrated rates of SR were approximately 10 pmol cm™ d™" and AOM rates were below detection
in every core (see Tables 4.1and 4.2). While most of the geochemistry was unremarkable, especially
compared with the more active sites, down-core profiles show muted redox zonation with depth
(see Figure 4.5, and 4.4). These data from non-seepage-influenced sites is consistent with previous
data describing control sediments [14], namely the sites show little sulfate depletion and very low
rates of sulfate reduction and anaerobic oxidation. The vast majority of sediments in the Gulf are
likely similar to this.

Similar trends were observed in the control core ens86—so7.co7 at GC699 (see Figure 4.5).
The first 20 cm of this core was nearly sulfide free but then accumulated to nearly 1o pmol L™ at
30 cmbsf. Methane concentrations were higher here than in the GB48o core, increasing steadily
with depth to a maximum concentration of nearly 15 15 umol L™ CH,. Similar to the GB480 core,
ammonium accumulated in the porewater below 20 cmbsf to 35.9 pumol L™ - nearly double that
of the GB480 core — with a smooth decrease in nitrate concentrations from around 30 pmol L™
at the seawater sediment interface to nearly below detection at 30 cm depth. Both the GC699 and
GB480 control sites are probably diffusion controlled and apparently have significant oxygen pen-
etration in the first 10 cm. These data further underscore the low rates of metabolism supported
by the background sediment flux to the seabed in the Gulf [17]. The differences between aver-

age and median concentrations of geochemical species between two control cores at GC699 and
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Site  Core Type CI= CH, MaxCH, DOC SO, MinSO,*~ H,S NH," YAOM YSRR

GC246  AT18.02—4651.07 v 17913 145.3 211.8 0.9 8.8 0.5 1600.0 555.0 0.7 L3
ATI8.02—4651.19 v 2914.7  608.6 845.8 0.9 3.0 0.2 1748.0 1644.5 LI L.9
AT18.02-4656.03 IV 3019.5  245.9 338.6 0.6 2.1 0.2 708.3  2250.7 0.3 55.0
ATI8.02—4656.18 v 2796.6  472.2 712.8 0.7 10.6 Lo 0.0 1947.6 0.0 3.3
AT26.13-S06.EOIA IV — 1457.0 2327.2 1.9 3.9 0.7 o.0 2888.7 0.7 9.5
AT26.13-S06.EOIB IV - - - L4 6.1 0.3 538.3  2418.4 - -
AT26.13-S08.E03A IV - 10185 16211 0.8 4.4 0.6 138.0 18819 - -
AT26.13-S08.E03B IV - 12263 1581.6 0.8 4.7 0.7 0.0 3476.6 -

GC415  EN528-S27.E07 11 595.5 1697.5 2226.3 2.4 9.7 0.9 33.3 288.0 4.4 333.5
EN§28-527.EI§ 11 583.4 10.0 15.5 0.8 26.7 22.8 0.0 76.0 BDL 1.6

GC600  AT26.13-S05.EOL 111 596.7 323.2 1234.5 1.4 22.8 13.9 950.0 224.1 0.3 25.9
AT26.13-S05.E03 v 1438.2 1580.2 3228.1 6.9 12.4 3.7  640.0 2347 0.2 0.2
AT26.13-S05.E12.1 IV 620.6  1396.1 2188.6 L7 9.3 13 58200  259.6 3.5 25.5
AT26.13-S05.E12.2 IV 617.8  747.4 1922.5 3.3 6.4 0.7 46833 2626 0.9 13.9
AT26.13-S05.E12.3 IV 617.4  923.6 1688.8 1.6 16.7 5.4 - 112 0.8 LS
AT26.13-505.E14 v 615.5  2052.1 4650.7 L4 7.7 0.8 84857 913 6.1 26.6
AT26.13-S05.E24 IV 9610 1014.6 2019.8 3.1 10.4 1.3 22857  1819.2 - 2.2
AT26.13-505.E25 v 588.2 27.2 50.5 0.9 28.2 26.4 0.0 30.2 BDL 0.0
AT26.13-505.E33 v S74.4  214.7 1388.8 1.0 15.8 0.7  5216.7  247.8 0.0 0.7
AT26.13-S05.E34 v $55.7  304.7 913.6 0.9 .7 1.6 8700.0 93.0 LI 21.8
EN527-SOLEOS )84 562.2  695.4 2155.1 2.3 15.6 0.7 28.6 52.0 0. 2.5
EN527-SOLEO7 11 553.2  609.1 22417 LS 21.0 10.3 44.4 36.3 0.0 2.9
EN§59—S02.E06 bid 566.9 §9.1 124.9 0.8 26.0 23.7 157.1 139.0 0.0 0.6
EN§59—S02.E17 11 560.2  384.6 1732.9 L2 19.8 2.7 385.7 211§ LS 14.7
EN§86—S04.E1I bid 560.8  384.7 915.1 1.2 15.3 7.0  428.6 92.0 0.4 26.6
EN§86—SI18.E1I 11 565.6 17.5 32.0 0.3 27.5 23.9 85.7 75.8 BDL 0.3

GC699 EN$§86-507.E07 1 5617 ILI 14.9 0.6 27.7 27.4 L4 15.4 BDL 0.0
EN§86—-519.E06 1 560.6 4.1 5.9 0.2 27.8 27.0 0.0 1.6 BDL

GC767 EN§59-525.E03 11 568.4 3.8 5.4 [eX1 28.4 28.0 0.0 44.9 BDL BDL
EN§59—S25.E17 11 566.5 3.5 4.8 0.5 28.5 28.0 - 52.1 BDL BDL
EN§86—S06.E09 bid 562.3 2.9 3.9 0.5 28.2 27.8 0.0 10.3 BDL 0.0
EN$86-S6.E06 I 560.2 3.9 8.2 0.2 28.1 27.7 0.0 18.1 BDL BDL

McCu8  EN586-S20.E02 bid $55.7  939.5 2690.0 0.6 16.3 2.6 2757  164.6 9.3 76.2

Table 4.2: Summary of average geochemistry (mmol L™ for chloride, poc, and sulfate; pmol L™ for
methane, sulfide and ammonium; and mmol m™ d™ for integrated rates of AoM and sRR), for control
(type 1), gas-seep (11), hydrate (111), and brine (1v) cores. Rates integrated over 20 cm to provide consis-
tency between cores. Data from expeditions AT26-13, EN527, EN528, ENs59 and ENs86. Abbreviations:
max = maximum concentration; min = minimum concentration; BDL = below detection limit. Values of
0.0 are smaller than the chosen order of magnitude.



GB480 were negligible. Figure 4.4 shows a suite of down-core profiles for a GB48o core. Here,
sulfide accumulated to <2 uM <2 umol L™ at 12 cmbsf but diminished quickly thereafter. Av-
erage methane concentrations were generally low, but the profile shows a slight accumulation to
approximately 6.5 uM 6.5 umol L™ between 15 and 30 cmbst, just below the sulfide maximum.
Ammonijum reaches a maximum within this horizon as well (18 umol L™) concomitant with a
doubling of DOC concentrations below 20 cmbsf and a 20 umol L™ decrease in nitrate (see Fig-
ure 4.4), perhaps indicative of dissimilatory nitrate reduction to ammonium (DNRA), nitrate

reduction coupled to sulfide oxidation, or denitrification in these cores.

4.3.2 SEEPAGE IMPACTED SITES

Hotspots of activity were documented frequently in seepage-influenced sediments. The type II
oil/gas sites of GC600, GC415, GC767, GCi18s, GC186, MCi18 exhibited variable geochemical
signatures, but contained moderate amounts of methane and sulfide, were microbially active, had
elevated concentrations of DON, ammonium, nitrite, DOC, and moderate amounts of phos-
phate (see Figures 2 and 3). The single type III hydrate core was recovered from GC6oo0 (core;
at26.13-505.01; see Table 3) and was methane-rich, moderately sulfidic, contained elevated ammo-
nium, nitrite, nitrate and DOC, and had moderate rates of microbial activity. This was a shallow
core but the underlying sediments were likely impacted by hydrate brines. The type IV brine sites
were geochemically distinct, containing the highest average amounts of methane, sulfide, DON,
ammonium, and phosphate of all the sites. Elevated DOC was a consistent feature of the type IV
sites, but maximum concentrations were found among the type II seeps.

More than 19 cores spanning eight sites of confirmed oil/gas seepage (type II cores) were com-
pared for bulk sediment geochemistry and rates (GCi8s, GC186, GC415, GC600, GC767, and
MCu8; see Tables 4.1 and 4.2). These sites were characterized by elevated average methane con-
centrations (257.6 umol L™ CH,; see Figure 4.2), elevated sulfide (0.7 mM; see Figure 2B), mod-
erate to high rates of AOM (2.7 nmol/cc/d; see Figure 4.2), high average sulfate reduction rates

(125 nmol L™ see Figure 4.2), moderate concentrations of ammonium and DON (92 pmol L™
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Lease Block Chloride Methane Sulfate Sulfidle DOC NH,* Nitrate Nitritt DON AOM SRR

AcC6o1 968.2 131.9 14.2 3.8 LI6  1463.3 0.0 0.0 0.0 0.5 59.7
GB425 607.5 315.6 21.2 5.2 132 203.9 - - - 7.8 240.2
GB480 553.8 3.4 27.1 0.0 030 7.3 12.3 0.2 317 0.0 0.0
GBG697 1983.8 337.3 1.0 4.1 133 563.7 - - - 4.6 42.1
GCi8s 556.8 5.1 28.3 0.0 0.57 69.1 7.8 0.3 47.1 0.0 3.3
GC186 566.4 L7 28.0 0.0 0.68 117.6 19.7 0.8 43.5 0.0 0.0
GC233 883.8 217.1 12.9 1.4 0.65  427.6 - - - 6.0 568.2
GC246 2649.1 713.2 5.4 0.6 0.95  22I2.I 8.1 3.0 2444.2 5.2 200.4
GC4I5 589.8 659.0 17.7 0.0 1.61 188.2 29.8 6.4  466.7 10.9 859.8
GCc6oo 609.3 615.8 17.3 2.2 L73  254.2 4.5 1.8 165.6 6.2 689
GC699 561.2 7.9 27.7 0.0 0.41 9.0 16.7 0.2 27.5 0.0 0.0
GC767 564.6 3.5 28.3 0.0 0.43 32.7 14.7 0.5 26.7 0.0 0.0
McCI8 555.7 939.5 16.3 03 0.64 164.6 15.9 5.6 42.2 19.9  212.0

Table 4.3: Average geochemistry in mmol L™ for chloride, poc, and sulfate, in umol L™ for methane,
sulfide, ammonium, nitrate, nitrite, and DON, and in nmol cm™ d™" for rates of AoM and srRR). Abbre-
viations: max = maximum concentration; min = minimum concentration; BDL = below detection limit.
Values of 0.0 are smaller than the chosen order of magnitude.

and 103 umol L™, respectively; see Figure 4.3), elevated concentrations of nitrite (1.5 umol L™; see
Figure 3C), nitrate (13.6 pmol L™), DOC (878 umol L™), and phosphate (9 pmol L™; see Figure
4.3; Tables 24.1and 4.2). Average SR rates at these sites (125.1 nmol cm™ d™%; see Figure 4.2) were
of similar magnitude as both those of the hydrate core (171.9 nmol cm™ d™) and the brine cores
(155.7 nmol cm™ d™), but AOM rates were lower (2.7 nmol cm™ d™) than either the hydrate or
brine site (3.5 nmolcm™ d™" and 7.2 nmol cm™ d7’, respectively; see Figure 4.2). Average seep
sulfide concentrations were lower than those found in the hydrate core (1.0 mM), and only 20%
those observed in the brine cores (see Figure 2B). Average methane concentrations for the oil/gas
seeps (257.6 wmol L™") were about 20% lower than the hydrate site at GC600 (323 pmol L™; core
at26.13—s0s.¢01; see Table 4.1). Average type II sulfide concentrations were the lowest of all non-
control cores (0.7 mM H,S; see Figure 4.2).

The geochemistry of the one gas hydrate core (core at26.13-s05.e01) was distinct from the
type I controls and type II seeps (see Tables 4.1 and 4.2). Average concentrations of methane
(323 umol L™") and sulfide (1.0 mM) were both slightly higher than those found at type II seeps,
but lower than those of the type IV brines (see Figures 4.2 and 4.3). The hydrate core contained

more DON, nitrite, and nitrate, but less phosphate than either the type I control or type II seep
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cores. Average phosphate concentrations were 4 pmol L™ (versus 9 umol L™ in the seep cores),
DON concentrations were 156 pmol L™ (versus 1oo umol L™ in the gas/oil cores), and ammo-
nium concentrations were 224 umol L™ (see Figure 4.3). Nitrate concentrations were higher
(8.8 umol L™) than those found in any of the other seep habitats (see Figure 4.3). The hydrate
core contained roughly similar amounts of DOC (1421 pmol L™) as observed in sites impacted by
brines (see Figure 4.3).

Core AT2613-Sos.Eor was short - only about 17 cm long - due to the presence of hydrate in
the sediment that prevented the core liner from penetrating further into the sediment (see Fig-
ure 4.6). This core was collected using a MUC but the effectiveness of the MUC diminishes
quickly in sandy sediments, sediments with carbonate crust or hardgrounds, and particularly in
gas-hydrate bearing sediments. The down-core profile suggests that most of the activity at this
site occurs below 10 cm and likely increases dramatically below 20 cmbsf (see Figure 4.6). Within
the 7 cm horizon between 10 cm and 17 cm depth, sulfide increases by over 3 mM, methane con-
centrations increase to 1.2 mM, SR rates increase to 428 nmol cm™ d™ and AOM rates increase
to 16 nmol cm™ d™* (see Figure 4.6). Ammonium values were high (224 umol L™; 295 umol L™
max) and DOC (2.2 mM max) also becomes abundant within the first 10 cm. The average DOC
concentration (1472 pmol L™) in the hydrate core was quite high, and indistinguishable from that
of the type IV brine sites. The hydrate site where this core was collected was laden with oil and it
is likely that the high DOC at this site resulted from this.

The type IV brine cores contained highly reduced pore fluids with the highest average sul-
fide (3. mM), ammonium (1068 umol L™"), phosphate (16 umol L™"), DON (600 pmol L™), and
methane concentrations (513 umol L™") of any other habitat (see Figures 4.2 and 4.3). Average SR
rates for the type IV cores (155.7 nmol cm™ d™") were comparable to those found at type IT oil and
gas seeps (125.2 nmol cm™ d™"), and most similar to that of the hydrate core (171.9 nmol cm™ d™").
The highest rates of anaerobic methanotrophy were recorded at brine sites (7.8 nmolem™ d™
155.6 nmol cm™ d™" maximum; see Figure 4.3). However, most AOM occurred along subsurface

porewater salinity gradients similar to brine pools in the area ([31]), suggesting an optimal salin-
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ity/nutrient regime for AOM in brine systems and underscoring the role of elevated methane con-
centration in driving high activity rates in brine sediments. Even though more reduced forms of
N are abundant at the brine sites, nitrate concentrations were approximately half (7.2 umol L™
nitrate) those observed at the other sites (13.3 pmol L™ to 18.9 pmol L™ nitrate; see Figure 4.3),
suggesting nitrogen reduction processes are active or that ammonium oxidation activity is lim-
ited by the high salinity.

Rates of sulfate reduction and AOM in the briny cores were much higher than previously
reported for brine sites in the Gulf [14]. None of the briny sites sampled by Joye et al. (2010 [14])
were sampled in this study. Most of the briny sites in this data set were characterized by much more
active brine flows and fluid discharges than those included in the previous study from Joye et al.
Joyeetal. (2010) reported findings from the Chemosynthetic Ecosystems III (CHEMO III) study,
which focused on habitats with large populations of chemosynthetic animals [14]. Active brine
flows and intense brine discharges, such as that observed at the GB425, GC246 or GC697 mud
volcanoes, are not conducive to development of animal communities [53]. In particular, the high
particle flux resulting from episodic discharges of fluidized mud inhibits chemosynthetic animals
by interfering with their ability to obtain oxygen (plumes of tube worms or gills of mussels would
be fouled by particles). However, the more rigorous discharge regimes at the sites included in this
study likely provide more rich substrates regimes to the local microbial populations, stimulating
their growth and metabolism.

Previous data was available from some of these sites, offering an opportunity to assess changes
over time and/or spatial variability. The AC6or brine seep was described previously by [54] us-
ing cores collected from along the edge of the brine lake during a 2006 ALVIN expedition. The
brine lake at AC6or is surrounded by a swash zone that is peppered with barite. The cores col-
lection described by Crespo-Medina et al. (2016) documented striking variability in microbial
activity in sediments from near the brine lake versus those collected some 40 m away from the
lake edge [s4]. Microbial activity near the brine lake was limited by sulfate availability, but in

the barite swash zone where sulfate, methane and DOC were more abundant, sulfate reduction
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rates were high (35 to 70 mmol m™ d™); rates of anaerobic oxidation of methane were low (0.1
to 0.6 mmol m™ d™ [s4]). Cores from AC6or1 assessed during this study (Table 4.1) targeted the
high activity swash zone and documented average rates of sulfate reduction (60 nmolcm™ d™)
and anaerobic oxidation of methane (0.5 nmol cm™ d™). The highest rates of sulfate reduction
(300 nmol cm™ d™') and anaerobic oxidation of methane (2.5 nmol cm™ d™") documented in this
study were lower than (sulfate reduction of 2000 nmol cm™ d™) or comparable to (anaerobic ox-
idation of methane of 15 nmol cm™ d™") those reported by Crespo-Medina et al. The ACé6or site
exhibited fairly consistent patterns of activity between 2006 and 2010. The highest average sulfide
values for some of the brine seep sites AC6o1 (3.8 mM) and GB425 (10.7 mM) were quite high,
with the high average at AC6or resulting from the extremely sulfidic AC6or areas driven by high
sulfate availability via barite dissolution [s4] (see Table 4.1).

Similarly, the GC233 brine site was the focus of a 2005 paper by Orcutt et al [12]. The GC233
site — known also as the NR1 brine pool — has been a focus of study for decades; it was first de-
scribed by MacDonald et al. (1990 [28]) and the first biogeochemical assessment was done by
Orcuttetal. (2005 [12]). In the 1990s, the site was studied extensively by Fisher et al. [s3, 55, 56] to
learn how chemosynthetic animals endured the harsh conditions of the brine pool. Orcutt et al.
(2005) reported extremely high rates of sulfate reduction at this site (up to 3500 nmolcm™ d™)
and low rates of anaerobic oxidation of methane (1 nmol cm™ d™) [12]. Rates of sulfate reduction
(soonmol cm™ d™") were generally much lower than those documented by Orcutt et al. while
anaerobic oxidation of methane (up to so nmol cm™ d™") were considerably higher. The visual
presentation of the central brine pool changed considerably over time. Considerable rates of sul-
fate reduction were documented in the central brine pool during a 2002 expedition [30]. During
the 2010 expedition, the brine fluid was discolored (dark instead of brown) and it was laden with
particles, apparently iron sulfides. The fluid smelled of sulfide, suggesting it was much more stag-
nant than during previous samplings. Brine infused sediments may have received considerable
sulfide loading via brine seepage, but overall, the site appeared less active in terms of fluid flow in

the 2010 sampling, compared to sampling eight years earlier.
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4.3.3 INTRA-SITE VARIABILITY AT OIL AND GAS SEEPS

Unlike the relatively consistent geochemistry observed in control cores, seep sediments exhibited
highly variable geochemistry and rate profiles, not only between sites (e.g., GC767 vs MCu8)
but also from sediments located within the same site (e.g. GC415, GC600; see Tables 2 and 3).
Methane concentrations averaged by site, like MC18 (940 pmol L™ CH, ), GC600 (616 pmol L™
CH,), GC246 (713 umol L™ CH,), and GC4is (660 umol L™ CH,,) were significantly higher
than those at GCi8s (s umol L™ CH,), GCi186 (1.7 umol L™ CH,), and GC767 (3.5 pumol L™
CH,; see Table 4.3), even though some of these lower activity sites were collected near locations
of prolific seepage (i.c., GC18s [57]). Contrary to the implications of a predicted r:1 stoichiometry
of sulfate-coupled AOM - namely, one mole of sulfide produced per mole of methane oxidized -
average sulfide concentrations did not correlate with methane (see Figure 4.14).

The geochemistry of some sampling locations (e.g., GC185, GC699, GC246, etc.) was con-
sistent between cores, while others contained a mix (e.g., GC600, GC4s, etc.). Three of the four
cores from the brine site AC601 contained elevated porefluid salinity (>600 mM porewater Cl),
but one did not (at18.02—4641.07 see Table 4.1), even though it was collected proximal to the
main brine lake. Representative samples collected at GC6oo fell into three of the four categories
(i.e., types IL, IIL, and IV). Figures 4.2and 4.3 show the average (gray bars) and median (blue bars)
values for methane, sulfide, microbial activity, DOC, ammonium, nitrate, nitrite, dissolved or-
ganic nitrogen, and chloride, by site type. Table 4.3 present average values for methane, sulfide,
DOC, ammonium, nitrite, nitrate, DON, chloride, and rates of AOM and SR by site name rather
than by site type (discussed below).

The inherent variability present at some of the more active seep sites is reflected in differences
between median and mean values for key parameters, like sulfide. The documented variability is
real and it is important: extensive spatial variability within a site is a characteristic of cold seeps.
The patchy and stochastic nature of seepage generates a diverse and biogeochemical mosaic that
turns microbial populations on and off in response to variations in electron donor and accepter

availability. The concept of biogeochemical ‘hot spots and hot moments’ [s8] to characterize ter-
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restrial regimes where biogeochemical reactions were accelerated applies quite well to cold seeps,
as exemplified by this data set.

However, Bernhardt et al. (2017) went further and introduced the idea of “ecosystem con-
trol points” [s9]. At cold seeps and in other systems, localized inputs of energy through fluid
seepage exert a disproportional influence on the biogeochemical signature of an area, i.e., fluid
seepage promoting the formation of Beggiatoa mats or extensive beds of chemosynthetic mus-
sels. Bernhardt et al. (2017) underscore the fact that hot spots in the terrestrial realm are regulated
by transport phenomena; the same is true for the deep sea. They considered areas of dispropor-
tional influence to be ‘ecosystem control points’. In the deep sea, seepage acts as an ecosystem
control point that dictates the biogeochemical signature of the system and helps modulate the
composition and activity of microbial communities [60].

The geochemical variability within the GCé6oo site illustrates the heterogeneous nature of
the seafloor surrounding prolific oil and gas seeps. Average methane values between cores ranged
from 17.5 umol L™ CH,, to >2 mM CH,. Chloride concentrations — used as a proxy for brine
input — varied from seawater values of approximately 550 mM to 1.4 M Cl (core at26.13-505.€03;
see Table 4.2). Some cores contained little sulfide (e.g., at26.13-s05.¢25), while others were putrid
(8.7 mM average; core at26.13-505.€34; see Table 4.2). Sediment geochemical signature and mi-
crobial activity was not necessarily predictable from the location of core collection. For example,
some samples were collected from areas with microbial mats [17]. Microbial mats have long been
considered a robust way to target areas of seepage. Some of the mat cores collected in this study
had modest or low rates of activity.

As noted previously, seepage at a given location is highly variable in space and time. Cores
with the highest rates of activity reflect the most recent and intense seepage impact, as suggested
by Bowles etal. (2019 [19]). As oil and gas (or brine) move through the sediments, the local micro-
bial population responds to that input by increasing their activity and processing the introduced
material. Prolonged seepage input can lead to increased biomass and/or ingrowth of specialist

organisms. For example, sulfide accumulation in the pore fluid creates ideal conditions for the
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proliferation of microbial mats, e.g. by Beggiatoa [9] or Thiomargarita [61], along the sediment
water interface. When seepage abates, the accumulated sulfide is slowly oxidized and the micro-
bial mat may persist, but the underlying sediments may not be as active, as one would expect from
the presence of a mat. Hence, there can be a disconnect between the presence of a microbial mat
— which can serves as a “bulls-eye” target high activity areas — and the rates of sulfate reduction at
the site.

One of the GB425 cores (at18.02—4645.13; see Table 4.1) also had highest maximum values
(18.s mM) of all the type II seep sites. Average rates of SR varied over an order of magnitude,
from below detection at GC767 and GCi86, to 26 mmol m™* d™" at GC600, 76 mmol m™>d ™" at
MCi8, and up to 333 mmol m™* d™" at GC415 (core ens28—s27.¢07; see Tables 4.2 and 4.3). This
is the highest cumulative SR rates in this study, yet the companion core (ens28-s27.c15) from the
same MUC deployment contained only 0.5% as much methane, 33% the DOC, over double the
sulfate, 26% the dissolved ammonium average, undetectable AOM rates, and cumulative SR rates
of .6 mmol m™* d™*, or only 0.5% that of the sister core (see Table 4.2). The extremely active core
at GC4is is not unusual for a seep site in the Gulf; the highest SR rates reported to date in the
Gulf were observed at MCui8 (1429 mmol m™> d™; [18]).

Despite the high sulfate reduction rates observed at many seeps, a lot of the AOM rates at
seep sites were below detection, including those at GC767 (all four cores), GC415 (one of two),
and GCi8s (all three cores). The highest rates of AOM at seep sites were observed at MCu8
(9.3 mmol m™d™), GC60o0 (6.1 mmol m™> d7’; core at26.13—s0s.€14), GC415 (4.4 mmol m™>d™).
Inter-site variability was observed at nearly every site (see Figures 2 — 6) with just as many cores
showing high activity, as low. Surprisingly, methane concentrations and rates of anaerobic oxi-
dation of methane were, on average, highest at brine seeps. Previous results [30] had that rates
of anaerobic oxidation of methane were expected to be low, if not below detection, in brine-
influenced samples because of the thermodynamic challenges of living at high salinity. Cores
from brine seeps exhibited substantial variability vertically in the cores and in between cores from

a given site (see Figures 4.8, 4.6; Supplemental Figures A.15 — A.20; Table 4.2). Though the high-
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est AOM rates were observed at gas and oil seeps (GC415, MCu18 >10 nmol cm™ d™"), measur-
able rates of approx. s nmol cm™ d™" were consistently observed in brine-influenced sites, even

in extremely challenging environments such as the sediments collected in brine flows at GC246

(chloride approx 2.6 M) and GB697 (chloride ca. 1.9M).

4.3.4 DRIVING FACTORS

Examining the relationship of major parameters versus chloride help identify the factors driv-
ing differences between sites. Previous studies documented strong relationships between chlo-
ride content and other geochemical variables, including ammonium, dissolved organic carbon,
phosphate and silica [14, 15]. A plot of dissolved organic carbon versus chloride builds on previ-
ous observations (see Figure 4.15). Distinct relationships between dissolved organic carbon versus
chloride across brine sites (e.g. AC601, GB697, GB246) likely reflect source salt and brine history
[14]. The deeply sourced brine from AC6or has a higher DOC load than the shallow sourced
brines from GB697 and GC246 [14]. Sites impacted by oil and gas seepage show no relation-
ship between chloride and dissolved organic carbon because the dissolved organic carbon is likely
derived from oil.

The relationship between dissolved ammonium versus chloride was more compelling and in-
formative (see Figure 4.16). The AC6o1 brine contains a higher ammonium per salt load than
brines from GB697 and the chemistry of the GC246 brine exhibits a remarkable trend between
ammonium and chloride. The GC246 samples were the most brine-influenced we obtained —
some cores contained 4M chloride, which is roughly 7.2 times seawater. Halite saturation occurs
atabout 10 times seawater salinity. The GC246 brine is highly concentrated and remarkable, con-
taining 3 mM ammonium. Unlike GB697 brine fluids, which contained much less ammonium
per salt load (see Figure 4.16) or AC6or, which showed a consistent stoichiometry between am-
monium and salt, the GC246 fluids showed continuing and profound ammonium enrichment
with increasing salt content. Ammonium in particular is a good indicator of depth to salt, with

higher ammonium concentrations reflecting more deeply sourced salt [14]. Some pore fluid con-
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stituents like dissolved organic nitrogen were markedly higher at gas and oil seeps than at brine
seeps (see Figure 4.17). Itis unclear why oil and gas seeps — especially GC 415 — have such high con-
centrations of dissolved organic nitrogen (1000 umol L™) in pore fluids but two sites with gas and
oil impact, GC600 and GC41s, and which supported extremely high rates of microbial activity,
also had high rates of dissolved organic nitrogen. The GC4s site has <soo umol L™ ammonium
while at GC600, dissolved organic nitrogen concentrations were comparable to ammonium con-
centrations. Typically, cold seeps are considered nitrogen limited [17] but these two sites sported
very high nitrogen levels, among the highest reported for Gulf cold seeps. Itis possible that nitro-
gen fixation is active at these sites, accounting for the high N levels measured [62].

Overall, rates of anaerobic oxidation of methane were much lower than sulfate reduction rates
(see Figure 4.18), consistent with previous reports from the Gulf [14, 15, 17]. We report some
of the highest rates of anaerobic oxidation of methane measured at Gulf seeps and brine seeps
exhibited the highest average rates of activity (see Figure 4.8, Table 4.3). Brines are generally replete
in dissolved organic and inorganic nitrogen compared with oil and gas impacted sites. Each site
had slightly different ammonium, DON and DOC signatures. The disconnect between rates
of anaerobic oxidation of methane and sulfate reduction plus the increase in dissolved organic
carbon and ammonium suggest that sulfate reduction is the terminal metabolism for dissolved
organic carbon in brines.

We did not document rates of anaerobic oxidation of methane comparable to the extraor-
dinary rates - pmol cm™ d™" levels - reported by Bowles et al. (2019), but this is not surprising
[19]. The seeps samples from MCu8 reported by Bowles et al. were collected from an active oil
seep adjacent to a massive gas hydrate mound. The area was impacted by active seepage and the
microbial community was clearly well-poised to support high rates of activity. While the sulfate
reduction rates measured in this study aligned well with those of Bowles et al., the rates of anaer-
obic oxidation of methane were about ten times lower for the same methane concentration. This
suggests that distinct populations of anaerobic methanotrophs with locally-poised kinetics exist

across the seep spectrum in the Gulf, and underscores that observations of high activity rates from

156



one prolific oily, gassy seepage regime cannot — and should not — be extrapolated to other sites in

the system. Each seep system appears to be quite unique.

4.3.5 VARIABILITY

The distribution of geochemistry and rate data for the entire dataset show significant right skew
(see Supplementary Figures A.21 - A.31), and in the case of sulfate and ammonium, are bimodal
(see Supplementary Figures A.30 and A.21). Many studies routinely report average concentration
and rate data for large datasets ([14, 15, 18, 63]), which is broadly applicable as a measure of cen-
tral tendency for symmetrically distributed data. However, our dataset is skewed in nearly every
parameter; a feature driven by the extremely variable nature of oil and gas-impacted and brine-
impacted seeps. Because median values are insensitive to outliers, they are the preferred measure
of central tendency with highly skewed data. Different trends emerge depending on which mea-
sure is used (see Figures 4.2, 4.3). We suggest here that median values are perhaps more meaningful
than arithmetic averages for these kinds of data.

The GCi8s site is known as a prolific oil and gas seep where high rates of AOM and SR have
been observed ([63]). However, the geochemistry of cores obtained from GCi8s and adjacent
GCi86 site in this study were consistently unremarkable, even over 3 separate expeditions (see
Table 4.2). Rates of AOM were below detection in all but one core (ENss9—sos.eos; average
of 13 pmol cm™ d™). This core had moderate cumulative SR rates 2 mmol m™ d™, modest sul-
fide accumulation (31 pmol L™), and elevated ammonium (130 pmol L™ NH,,). The GCi18s area
was long considered one of the most active seepage areas in the Gulf of Mexico, as evidenced by
the long term occurrence of fields of large hydrate mounds and extensive accumulations of tube
worms, hence the common name of the site, “Bush Hill” [64]. In 2016, submersible examine of
the site revealed that the central area — which had always been filled with numerous, large gas hy-
drate mounds since the early 1990s - was free of hydrate and many of the tube worms, many more
than usual, were dead. Tube worm bushes were covered with sediment (S. Joye, pers. com.).

Bottom water temperature in 2016 was almost 12 °C, which would have resulted in gas hydrate
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dissociation. Higher bottom water temperatures does not explain why gas and oil seepages rates
would decrease, but if there was a massive discharge, carbonate precipitation may have reduced
flow through the subsurface, and ultimately reduced the seep signature of the site and muted
microbial activity subsequently.

At brine sites, sulfate reduction reached high levels but overall sulfate reduction appeared to
be limited by sulfate availability. Most of the brine-impacted samples in this study were halite
derived, meaning that brine seepage reduced pore fluid sulfate concentrations. At the same time,
brine seepage increases methane concentrations. Rates of anaerobic oxidation of methane de-
clined with increasing salinity, but we documented anaerobic oxidation of methane at salinities
up to 4M salt (19.6 nmol cm™ d™* GC246; core at18.02-4651.19), which we believe is the highest
salinity at which active anaerobic oxidation of methane has been documented. Recently, Schutte
et al. (2019 [65]) provide tantalizing evidence for anaerobic oxidation of methane in the deep
anoxic brine from Lake Fryxell, Antarctica, which has a salinity about 10 times that of seawa-
ter but Saxton et al. (2021 [66]) were not able to document anaerobic oxidation of methane in
standard radiotracer assays (though they may have missed the thin layer where the process was
happening). Those data, along with the data presented herein, suggest that brines support active,

potentially novel, microbial communities capable of anaerobic oxidation of methane.

4.4 CONCLUSIONS

The highest cumulative rates of AOM were found predominantly at the type II seep sites, namely
at GC415, GC600, and especially MCri8 (see Figure 24.2 and Tables 4.2 and 4.3). However, high
cumulative rates of AOM were also documented at the GC233 and GB425 brine sites, suggesting
alarger role for anaerobic methanotrophy in high salinity environments. Two of the three highest
rates of SR were documented at the GC233 (4840 nmol cm™ d™") and GC246 (1815 nmol cm ™ d™
max) brine sites, yet both the highest maximum and cumulative rates of SR were recorded at the
GCyrs seep site (6193 nmol cm™ d™" max; 333 mmolm™ d™"; see Tables 4.2, 4.3). Some of our

sampling efforts at sites of known oil and gas seepage — especially GC185 and GC186 - either
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missed locations of active seepage (MUC:s are difficult to target samples with) or the location has

become dormant.

159



10

1.6

1.4

© < o
(,_Tloww) spyins
o © © o
~ o o o
(,_Tioww) "Ho

a)elpAH Il
deag seo
jou0D ()
auug
o o o o o o o o o o
o o o o o o o o o
(o)) © N~ © w0 < ™ N ~—
ATU e o [owu) ¥YS
ajelpAHy J
doeag seo
|osu0D C
auug
w0 o Te) o w o w o
) ™ N N -~ ~—

(,_p_wojowu) NOV

ajelpAH
doag seo
jonuo)

suug

a)elpAH
deag seo
jouo)

auug

Figure 4.2: Habitat comparisons; median (blue) versus mean (gray) across nu-

merous sites. Error bars indicate one standard deviation.
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Figure 4.5: Geochemistry and rates for 699, core ENs86—-507.E07. (A) methane (solid black),
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CHAPTER §

CONCLUSIONS

S.I DYNAMICS AND DIVERSITY OF METHANOTROPHY ACROSS THE CHEMOCLINE OF THE

DEEP HYPERSALINE ORCA BASIN.

This chapter reported the first rates of microbial methane oxidation and sulfate reduction across
the chemocline of Orca basin, Gulf of Mexico, one of the world’s largest submarine brine basins.
Three potential modes of methane oxidation were documented, each taking advantage of a dif-
ferent redox niche and creating an effective sink for methane in this environment. We hypoth-
esized that (1) anaerobic methanotrophy would predominantly control methane flux from the
gas-charged brine (2) sulfate reduction would co-occur with anaerobic methanotrophy and be a
dominant terminal metabolism across the chemocline as in other deep marine hypersaline sys-
tems, and (3) microbial metabolism would be salinity-inhibited within the core of the brine.
Our resultsindicated that both aerobic and anaerobic methanotrophy occur along the chemo-
cline, and sulfate reduction was either completely absent, or below our ability to detect with
conventional radiotracer assays. Anaerobic methane oxidation was likely more important than
aerobic methanotrophy but rapid uptake of methane tracer along a suboxic, mildly salty horizon
indicates a robust community of aerobic methanotrophic scavengers. Not only was AOM active
within the brine, but experimental additions of oxidized iron minerals stimulated AOM rates at
tull brine salinity (>250 gkg™). Iron-coupled AOM has been demonstrated in sediments, but
this study reports the first occurrence of this in brine fluids and work with additional electron

acceptors such as nitrite suggests a dynamic community of anaerobic hydrocarbon degraders.
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I recommend that future work at this basin expand upon the iron and nitrogen experiments
and include other potential electron acceptors such as birnessite (a Mn oxide) or artificial humic
substances. The possibility that the methanotrophy in a deep-sea basin is influenced by atmo-
spheric deposition of iron-rich dust is intriguing and would expand our view on potential drivers
of local biogeochemistry. Additionally, an adequate description of the sulfur cycle at Orca basin

remains elusive. Sulfide oxidation may play a larger role here than previously thought.

5.2 MICROBIAL HYDROCARBON OXIDATION IN SEDIMENTS FROM ACROSS THE NORTH-

ERN GULF OF MEXICO

Chapter 3 reports naphthalene and hexadecane oxidation rates in Gulf sediments across nine sites
of different water depth and hydrocarbon loading rates in the context of datasets describing pore-
water and solid phase geochemistry, microbial sulfate reduction and AOM, and extractable hydro-
carbons. We hypothesized that (1) sulfate reduction rates would be a good predictor for presence
and magnitude of alkane and PAH degradation, (2) that the relative magnitude of oil oxidation
would follow thermodynamic predictions, ze., z-alkanes would be oxidized before PAHs, and
(3) exposure to oil would prime the sediment microbial community for hydrocarbon metabolism
and further predict the magnitude of hydrocarbon oxidation rates at a given site.

The hypotheses that rates of hydrocarbon oxidation would correlate to rates of sulfate re-
duction was disproven. Sulfate reduction rates did not broadly correlate to either hexadecane or
naphthalene oxidation across site types, in general, though the site with the highest rates of sulfate
reduction (MC8) also exhibited the highest rates of oil oxidation. The second hypothesis, that
n-alkanes would be degraded faster than PAHs, was also disproven. Though alkane degradation
yields more energy than PAH degradation, the inherent insolubility of n-alkanes like hexadecane
limits their biodegradation substantially. The idea that sites impacted by oil and gas would express
the highest rates of activity was proven correct. While oil loading did correlate with the poten-
tial for oil degradation (see Figure 3.5 and Table 3.6), this relationship was not robust. Finally, we

discovered a surprising connection between sedimented oil and microbial activity at the seabed at
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sites impacted by both natural oil and anthropogenic oil sedimentation. The amount and relative
reactivity of sedimented oil determines the relative extent to which the material stimulates anaer-
obic terminal metabolism. Finally, some of these data (GC767) provides tantalizing evidence of
the importance of fermentative (methanogenic) metabolism of oil, even in the presence of sulfate.

I recommend that future work be focused on the role of methanogenesis from hexadecane
and naphthalene. It is not at all clear what percentage of the labile alkane fraction of crude oil
is oxidized directly to carbon dioxide and what fraction is converted to methane. New tracer
methods will have to be developed or modified to explore the possibility that linear alkanes are
used by deep-sea microbes as methanogenic substrate. This work would have broad appeal to

both industry and the scientific community.

5.3 ASURVEY OF ANAEROBIC OXIDATION OF METHANE AND SULFATE REDUCTION IN THE

GULF OF MEXICO.

In chapter 4 I presented the first systematic assessment of microbial activity under quasi in situ
conditions in sediments of mixed hydrocarbon and brine impact along the northern continen-
tal slope of the Gulf of Mexico. The northern continental slope of the Gulf of Mexico is host
to thousands of cold seeps each with unique sedimentary biogeochemical signatures driven in
some part by variable inputs of oil, gas and brine. Sulfate reduction and anaerobic methanotro-
phy (AOM) were used to assess variability between four different kinds of sites: i) sites containing
quiescent abyssal sediments, ii) sites impacted by oil and gas, iii) sites in proximity to methane hy-
drates, and iv) sites influenced by brine seepage. The purpose of this study was to (1) compile one
of the most expansive spatial-temporal datasets of biogeochemistry and microbial activity within
Gulf of Mexico cold seep sediments, (2) to expand the availability of rate data collected under an
improved method that approximates conditions found at the sea floor, and (3) to highlight the
variability inherent in cold seep systems.

This study reveals that the highest cumulative rates of AOM were found predominantly at

oil and gas seeps. However, high cumulative rates of AOM were also documented at the GC233

181



and GB425 brine sites, suggesting a larger role for anaerobic methanotrophy in high salinity envi-
ronments. Two of the three highest rates of SR were documented at the GC233 and GC246 brine
sites, yet both the highest maximum and cumulative rates of SR were recorded at the GC415 seep
sites. This dataset is large and offers numerous lines of research moving forward. Two of the most
enticing are: 1) sulfur availability at brine sites may drive the microbial ecology of these sites, which
influences the benthic community around them, 2) anaerobic methanotrophy may be more im-
portant at brine sites than previously thought, and 3) the limited availability of sulfur at brine

sites may promote new and interesting modes of methanotrophy.
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Figure A.r: Diffusion coefficients D across the chemocline of Orca Basin, N (black
squares) and S (red circles), calculated from ENs86 CTD profiles. Horizon abbrevia-
tions: I = oxycline, 11 = suboxic, 111 = halocline, and 1v = brine. Data from cruise EN6oo.
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Figure A.4: Profiles of dissolved organic and inorganic nitrogen (DON and DIN, respectively)
(A), nitrate (B), and nitrous oxide (C) for both Orca N and S basins. Horizon abbreviations: 1 =
oxycline, 11 = suboxic, 111 = halocline, and 1v = brine. Data from cruise EN60o0.
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Figure A.s: Profiles of dissolved inorganic carbon (p1c) across the chemocline of Orca N and
S. Horizon abbreviations: 1 = oxycline, 11 = suboxic, 111 = halocline, and 1v = brine. Data from
cruises EN586 (A) and ENGoo (B).
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Figure A.7: DOC mixing diagram. Black circles for Orca N, red circles for Orca S. Data from
AT26-13, EN586, and ENGoo.
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seawater (z < 2200 m) and brine (z > 2200 m). Horizon abbreviations: 1 = oxycline, 11 = suboxic,
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Figure A.9: Average methane oxidation rates over time.
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Figure A.i: DIC mixing diagram. Black circles for Orca N, red circles for Orca S. Data from

AT26-13, EN586, and ENGoo.
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AT26-13, EN586, and ENGoo.
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Figure A.14: Structure and label position of 7-[1-14C]Hexadecane and [1-14C]Naphthalene.
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Year Basin Host Waters  Salinity Temp

gkg™  °C
1948 Albatross Red Sea n.a. n.a
1958 Vema Red Sea - -
1964* Atlantis IT Red Sea 261 56
196534 Discovery Red Sea 271 44
1967 Shagara Red Sea - -
19675 Chain Red Sea 74.2 34
1967° Oceanographer  Red Sea - 24.9
19697 Wando Red Sea - 29.3
1970%7 Nereus Red Sea - 30.2
19727 Valdivia Red Sea - 29.5
19727 Gypsum Red Sea - -
19727 Kebrit Red Sea - 23.3
197257 Saukin Red Sea - 23.7
19727 Port Sudan Red Sea - 36.2
19727 Erba Red Sea - 27.9
19727 Thetis Red Sea - 22.6
197759 Orca Gulf of Mexico 260 5
1983'>"  Tyro Mediterranean n.a. 14
1983 Kretheus Mediterranean n.a. n.a.
1984™ Jean Charcot Red Sea 310 24.8
1985™" Bannock Mediterranean 325 15
198694  Conrad Red Sea n.a. 23
1990" NR1 Gulf of Mexico 121 8.7
1995'° Urania Mediterranean - 16.7
19957 L’Atalante Mediterranean 365  14.06
1995%1° Discovery Mediterranean - 45
2003 GC2o0s Gulf of Mexico - -
20079?°  AC6or Gulf of Mexico 90 4

Table A.r: A timeline of DHAB discoveries. Abbreviations: n.a., no data.
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Figure A.1s5: Geochemistry and rates for GC600, core AT26.13-505.E24. (A) methane (solid black),
sulfate (red), sulfide (dashed black), (B) aoM, SRR, (C) ammonium, poc, and (D) nitrate (solid
black), nitrite (dashed black), and chloride.
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Figure A.16: Geochemistry and rates for GC600, core AT26.13-505.E25. (A) methane (solid black),
sulfate (red), sulfide (dashed black), (B) AoM, SRR, (C) ammonium, poc, and (D) nitrate (solid
black), nitrite (dashed black), and chloride.
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Figure A.17: Geochemistry and rates for GC600, core AT26.13-505.E33. (A) methane (solid black),
sulfate (red), sulfide (dashed black), (B) aoM, SRR, (C) ammonium, poc, and (D) nitrate (solid
black), nitrite (dashed black), and chloride.
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Figure A.x8: Geochemistry and rates for GC600, core EN527-501.E05. (A) methane (solid black),
sulfate (red), sulfide (dashed black), (B) AoM, SRR, (C) ammonium, poc, and (D) nitrate (solid
black), nitrite (dashed black), and chloride.
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Figure A.19: Geochemistry and rates for GC600, core ENs27-s01.E07. (A) methane (solid black),
sulfate (red), sulfide (dashed black), (B) aoM, SRR, (C) ammonium, poc, and (D) nitrate (solid
black), nitrite (dashed black), and chloride.
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Figure A.20: Geochemistry and rates for GC600, core ENss9-502.E06. (A) methane (solid black),
sulfate (red), sulfide (dashed black), (B) AoM, SRR, (C) ammonium, poc, and (D) nitrate (solid
black), nitrite (dashed black), and chloride.
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Figure A.2x: Distribution of Chapter 4 ammonium dataset.
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Figure A.22: Distribution of Chapter 4 anaerobic oxidation of methane dataset.
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Figure A.24: Distribution of Chapter 4 DOC dataset.
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Figure A.26: Distribution of Chapter 4 nitrite dataset.
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Figure A.27: Distribution of Chapter 4 nitrate dataset.
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Figure A.28: Distribution of Chapter 4 phosphate dataset.
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Figure A.29: Distribution of Chapter 4 sulfate reduction rate dataset.
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Figure A.30: Distribution of Chapter 4 sulfate dataset.
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Figure A.3x: Distribution of Chapter 4 sulfide dataset.

201

40



I0.

BiBLIOGRAPHY

Miller, A. R. High salinity in sea water. Nature 203, 590-591 (1964).

Miller, A. R. ez al. Hot brines and recent iron deposits in deeps of the Red Sea. Geochimica

et Cosmochimica Acta 30, 341-359 (1966).

Swallow, J. C. & Crease, J. Hot salty water at the bottom of the Red Sea. Nature 205, 165-
166 (1965).

Brewer, P., Riley, J. & Culkin, F. The chemical composition of the hot salty water from the
bottom of the Red Sea in Deep Sea Research and Oceanographic Abstracts 12 (1965), 497-503.
Ross, D. & Hunt, J. Third brine pool in the red sea. Nature 213, 687-688 (1967).
Schmidt, M., Al-Farawati, R. & Botz, R. in The Red Sea (eds Rasul, N. M. & Stewart, 1. C.)
219-233 (Springer, Berlin, Heidelberg, 2015).

Backer, H. & Schoell, M. New deeps with brines and metalliferous sediments in the Red

Sea. Nature Physical Science 240, 153-158 (1972).

Shokes, R. F., Trabant, P. K., Presley, B. J. & Reid, D. F. Anoxic, hypersaline basin in the

northern Gulf of Mexico. Science 196, 1443-1446 (1977).

LaRock, P. A, Lauer, R. D., Schwarz, J. R., Watanabe, K. K. & Wiesenburg, D. A. Mi-
crobial biomass and activity distribution in an anoxic, hypersaline basin. Appl. Environ.

Microbiol. 37, 466—470 (1979).

Jongsma, D. ¢t al. Discovery of an anoxic basin within the Strabo Trench, eastern Mediter-

ranean. Nature 305,795 (1983).

202



1II.

I2.

13.

4.

Is.

16.

17.

18.

19.

20.

Bregant, D., Catalano, G., Civitarese, G. & Luchetta, A. Some chemical characteristics of
the brines in Bannock and Tyro Basins: salinity, sulphur compounds, Caz2+, F-, pH, At,

POs3- 4, SiO2, NH3. Marine chemistry 31, 35-62 (1990).

Pautot, G., Guennoc, P., Coutelle, A. & Lyberis, N. Discovery of a large brine deep in the

northern Red Sea. Nature 310, 133-136 (1984).

Cita, M. B. ¢z al. Gypsum precipitation from cold brines in an anoxic basin in the eastern

Mediterranean. Nature 314, 152 (1985).

Cochran, J. R., Martinez, F., Steckler, M. S. & Hobart, M. A. Conrad Deep: a new north-
ern Red Sea deep. Origin and implications for continental rifting. Earth and Planetary

Science Letters 78, 18—32 (1986).

MacDonald, I. R. ez al. Chemosynthetic mussels at a brine-filled pockmark in the northern

Gulf of Mexico. Science 248, 1096-1099 (1990).

Consortium, M. Three brine lakes discovered in the seafloor of the eastern Mediterranean.

Eos, Transactions American Geophysical Union 76, 313—318 (1995).

Yakimov, M. M. ¢t al. Primary producing prokaryotic communities of brine, interface and
seawater above the halocline of deep anoxic lake L’Atalante, Eastern Mediterranean Sea.

The ISME journal 1,743—755 (2007).

Lloyd, K. G., Lapham, L. & Teske, A. An Anaerobic Methane-Oxidizing Community of
ANME-1b Archaea in Hypersaline Gulf of Mexico Sediments. Applied and Environmental
Microbiology 72, 7218—7230 (2006).

Roberts, H. ez al. Alvin explores the deep northern Gulf of Mexico Slope. Eos, Transactions

American Geophysical Union 88, 341-342 (2007).

Wankel, S. et al. New constraints on methane fluxes and rates of anaerobic methane oxida-
tion in a Gulf of Mexico brine pool via in situ mass spectrometry. Deep Sea Research Part

1I: Topical Studies in Oceanography §7,2022~2029 (2010).

203





