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ABSTRACT

On continental margins, high saturation gas hydrate systems (>60% pore volume) are common in canyon and
channel environments within the gas hydrate stability zone, where reservoirs are dominated by coarse-grained,
high porosity sand deposits. Recent studies, including the results presented here, suggest that rapidly deposited,
silt-dominated channel-levee environments can also host high saturation gas hydrate accumulations. Here we
present several sedimentological data sets, including sediment composition, biostratigraphic age from calcareous
nannofossils, grain size, total organic carbon (TOC), C/N elemental ratio, 813C-TOC, CaCOg, total sulfur (TS), and
5°*S-TS from sediments collected with pressure cores from a gas hydrate rich, turbidite channel-levee system in
the Gulf of Mexico during the 2017 UT-GOM2-1 Hydrate Pressure Coring Expedition. Our results indicate the
reservoir is composed of three main lithofacies, which have distinct sediment grain size distributions (type A-silty
clay to clayey silt, type B-clayey silt, and type C-sandy silt to silty sand) that are characteristic of variable
turbidity current energy regimes within a Pleistocene (< 0.91 Ma) channel-levee environment. We document
that the TOC in the sediments of the reservoir is terrestrial in origin and contained within the fine fraction of each
lithofacies, while the CaCOj5 fraction is composed of primarily reworked grains, including Cretaceous calcareous
nannofossils, and part of the detrital load. The lack of biogenic grains within the finest grained sediment intervals
throughout the reservoir suggests interevent hemipelagic sediments are not preserved, resulting in a reservoir
sequence of silt dominated, stacked turbidites. We observe two zones of enhanced TS at the top and bottom of the
reservoir that correspond with enriched bulk sediment §3*S, indicating stalled or slowly advancing paleo-sulfate-
methane transition zone (SMTZ) positions likely driven by relative decreases in sedimentation rate. Despite these
two diagenetic zones, the low abundance of diagenetic precipitates throughout the reservoir allowed the primary
porosity to remain largely intact, thus better preserving primary porosity for subsequent pore-filling gas hydrate.
In canyon, channel, and levee environments, early diagenesis may be regulated via sedimentation rates, where
high rates result in rapid progression through the SMTZ and minimal diagenetic mineralization and low rates
result in the stalling of the SMTZ, enhancing diagenetic mineralization. Here, we observed some enhanced
pyritization to implicate potential sedimentation rate changes, but not enough to consume primary porosity,
resulting in a high saturation gas hydrate reservoir. These results emphasize the important implications of
sedimentary processes, sedimentation rates, and early diagenesis on the distribution of gas hydrate in marine
sediments along continental margins.
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1. Introduction

Marine gas hydrates form and accumulate within the gas hydrate
stability zone (GHSZ) in continental margin sediments throughout the
global oceans. The gas trapped within marine gas hydrate is most
commonly methane (Kvenvolden, 1993; Milkov, 2005) and thus it is
referred to as methane hydrate. Although methane hydrate is nearly
ubiquitous within the marine GHSZ, its concentration is highly variable
(e.g., Trehu et al., 2004). In the marine environment, methane hydrate
forms within both sediment and fracture porosity under conditions of
low salinity, cold bottom water temperatures (~4 °C), water depths
>500 m (Ruppel and Kessler, 2017) and methane concentrations at or
above methane solubility (Xu and Ruppel, 1999). In marine sediments,
the geothermal gradient restricts methane hydrate formation to the
upper few hundred meters of the sediment column (Ruppel and Kessler,
2017), often in unconsolidated/unlithified sediments.

Sediments of large grain size within the GHSZ, such as turbidite
sands and silts, offer high porosity with large pore throats that enhance
permeability and the potential to transport and store large quantities of
free gas and gas hydrate (Boswell and Collett, 2006). Constraining the
amount and distribution of gas hydrate in marine continental margins
requires scientific sampling/coring and geophysical logging through
ocean drilling (e.g., Trehu et al., 2004; Yamamoto, 2015; Collett et al.,
2014, 2019; Flemings et al., 2020). Scientific ocean drilling and sam-
pling have enabled detailed study of the physical, chemical, and
microbiological characteristics and dynamics of gas hydrate systems and
have improved our understanding of gas hydrate systems throughout the
global oceans. Given the large spatial extent of global continental mar-
gins, however, these studies remain limited. Continued study of marine
gas hydrates is valuable as they represent a potentially enormous, yet
ephemeral reservoir of carbon on Earth (Dickens, 2003; Archer et al.,
2009; Ruppel and Kessler, 2017) and they may be an economically
viable, cleaner, transitional hydrocarbon resource in the future
(Boswell, 2009; Boswell and Collett, 2011; Boswell et al., 2020) as so-
ciety moves toward truly renewable energy sources. Coarse-grained gas
hydrate reservoirs may also be a potential target for coupled methane
production and carbon dioxide sequestration (Koh et al., 2016; Boswell
et al., 2017; Darnell et al., 2017).

In addition to the thermodynamic and chemical controls on gas hy-
drate stability, gas hydrate also requires accessible pore space and/or
fracture space in order to accumulate in marine sediments. In the marine
environment, accessible primary porosity and permeability is found in
coarse-grained, sand-rich deepwater deposits (Torres et al., 2008;
Yoneda et al., 2017; Fang et al., 2020). In contrast, clay-dominated
deposits have low sediment permeability, restricting gas hydrate accu-
mulation to secondary fractures (Cook and Goldberg, 2008; Cook et al.,
2014). High primary porosity and permeability in coarse-grained strat-
igraphic intervals is driven by coarse particle size accumulation on the
continental shelf and subsequent transport of sand and silt sized parti-
cles to deepwater environments via turbidity currents and other sedi-
ment gravity flows. Submarine canyon and channel-levee systems on the
continental slope and rise coincide with the GHSZ and coarse-grained
sediments can accumulate here due to variations in sediment routing
down the slope that are often controlled by tectonic or diapiric defor-
mation. Turbidite sand deposits hosting gas hydrate in continental slope
environments off the coasts of India (Collett et al., 2019), Japan
(Yamamoto, 2015; Fujii et al., 2015), and the United States (Riedel et al.,
2010; Torres et al., 2008; Boswell et al., 2012a) have been the focus of
recent gas hydrate investigations. Channel deposits are typically coarser
than levee deposits, owing to a higher depositional energy within the
confined, main channel, and therefore have greater pore space capacity
to store gas hydrate under equivalently favorable gas hydrate stability
conditions. However, silty levee deposits can also have significant gas
hydrate storage capacity, especially if the deposits are stacked into
multi-event stratigraphic intervals (e.g. Meazell et al., 2020; Phillips
et al., 2020; this study) and have high enough intrinsic permeability

Marine Geology 444 (2022) 106718

(Fang et al., 2020).

In this paper we present several sedimentological data sets including
sediment composition, biostratigraphic age, grain size, TOC, C/N, 8'3C-
TOC, CaCO3, TS, and 5°*S-TS content and isotopic signatures that
collectively explain, from a depositional and early diagenetic perspec-
tive, why gas hydrate accumulates within a silt-dominated methane
hydrate-bearing reservoir in the northern Gulf of Mexico basin. Sedi-
ments for our analyses were sampled from pressure cores collected
during the UT-GOM2-1 Hydrate Pressure Coring Expedition in 2017
(Flemings et al., 2018) and recovered from the levee of a Pleistocene-age
submarine channel in the Green Canyon 955 (GC 955) lease block in the
Gulf of Mexico. The data presented here document that (1) this methane
hydrate-bearing reservoir is composed of three distinct, grain size-
defined, lithofacies that are consistent with deposition via turbidity
currents, (2) the predominance of silt throughout the reservoir is driven
by high energy overbank turbidity currents deposited frequently in time,
(3) the detrital fraction in the sediments is dominated by reworked
carbonate lithic fragments and Cretaceous calcareous nannofossils, (4)
TOC is present throughout the reservoir, but sorted in the fine fraction
within each lithofacies, and (5) early diagenetic processes associated
with anaerobic oxidation of methane were dominant in two intervals
within the reservoir, rather than throughout the reservoir, likely due to
the variable sedimentation rates associated with deposition of these
sediments and their relatively fast migration through the SMTZ, which
minimized secondary precipitates (e.g. AOM produced Fe-sulfides and
authigenic carbonates) and maintained primary porosity for later
methane hydrate formation.

2. Geologic setting

The northern Gulf of Mexico basin is characterized by thick accu-
mulations (~15-20 km) of terrigenous and marine sediments that were
originally deposited over the Jurassic Louann Salt deposits (Watkins
et al., 1978; Peel et al., 1995). Bathymetry in the northern Gulf of
Mexico basin is significantly influenced by migrating salt structures in
the subsurface (Jackson and Talbot, 1986; Peel et al., 1995). Seismic
reflection data have identified salt sills and diapirs that directly influ-
ence prominent bathymetric features throughout the Gulf of Mexico (e.
g. Ewing and Ewing, 1962) including the Sigsbee escarpment, which has
a relief of up to 900 m caused by horizontally migrating salt (Amery,
1969; Worrall and Snelson, 1989). Landward of the Sigsbee escarpment,
the seafloor is pocked with salt-withdrawal basins (e.g., Prather et al.,
1998) created by salt diapirs that breached the seafloor and subse-
quently dissolved. Migrating salt causes deformation (folding and frac-
turing) of adjacent seafloor sediments, which creates migration
pathways and structural traps for hydrocarbons that have been exploited
by the oil and gas industry in the Gulf of Mexico. Seismic reflection
imaging and BSR (bottom simulating reflector) mapping documents salt
tectonics drives deformation throughout the Gulf of Mexico and largely
controls gas migration pathways and subsequent gas hydrate system
development and accumulation (Shedd et al., 2012; Portnov et al.,
2020a; Santra et al., 2020).

Gas hydrate has been widely inferred from seismic reflection profiles
in the northern Gulf of Mexico (Shipley et al., 1979; Kou et al., 2007;
Shedd et al., 2012; Hillman et al., 2017; Madof, 2018; Portnov et al.,
2019; Portnov et al., 2020b) and inferred at multiple locations during
the 2009 Gulf of Mexico Joint Industry Project Leg II (JIP II) logging-
while-drilling (LWD) expedition (Boswell et al., 2012a) and from pe-
troleum industry well logs (Majumdar et al., 2016, 2017). These hydrate
occurrences collectively represent a substantial volume of gas hydrate
on the order of trillions of m® of natural gas (Milkov and Sassen, 2001;
Frye, 2008; Majumdar and Cook, 2018). JIP II confirmed the presence of
high saturation methane hydrate hosted within coarser grained (sand
and silt) reservoirs in several locations throughout the Gulf of Mexico,
including GC 955 (Boswell et al., 2012b). Prior to the UT-GOM2-1
expedition, gas hydrates in the Gulf of Mexico had only been sampled
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from near-seafloor sediments (Ruppel et al., 2005; Winters et al., 2007),
seep environments (Brooks et al., 1984; Davidson et al., 1986; Mac-
Donald et al., 1994; Sassen et al., 1999), or as low-saturation hydrate
from scientific drilling cores (Pflaum et al., 1986; Kastner et al., 2008).
Collectively, all of the results to date document that methane hydrate
saturation in Gulf of Mexico sediments ranges from a few percent to
>90% saturation, with the coarser, sand and silt-rich stratigraphic in-
tervals containing the greatest saturations (e.g., Phillips et al., 2020).
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3. Site characteristics: Green Canyon block 955
3.1. Physical setting

Our study area is located in the GC 955 lease block at a water depth
of ~2000 m along the basinward margin of the Sigsbee escarpment at
the mouth of Green Canyon in the northern Gulf of Mexico (Fig. 1). GC
955 hosts a series of paleo channel-levee complexes intersected by faults
(McConnell, 2000; Hutchinson et al., 2009; Boswell, 2009; Haines et al.,
2017; Santra et al., 2020). The JIP II expedition identified a high-
resistivity, high-velocity, and low-natural gamma radiation interval
using LWD data between 415 and 440 mbsf at GC 955 HOO1 indicating
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Fig. 1. (A) Location of study area in the Green Canyon 955 lease block in the Gulf of Mexico, 265 km south-south-west of Port Fourchon, LA. Existing JIP (Joint
Industry Project), IODP and DSDP boreholes discussed in the text also shown. (B) The UT-GOM2-1 holes HO02 and HOO5 are located at the GC 955 HOO1 site at the
foot of the Sigsbee Escarpment at a water depth of approximately 2000 m. Bathymetry data from the Bureau of Ocean Energy Management Northern Gulf of Mexico
Deepwater Bathymetry Grid (https://www.boem.gov/Gulf-of-Mexico-Deepwater-Bathymetry/); Kramer and Shedd (2017). (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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the presence of a high methane hydrate saturation, coarse-grained
reservoir (Boswell et al., 2012a). Fig. 1 shows the location of holes
drilled in GC 955 during the JIP II expedition. Two of the three holes
drilled in GC 955 during the JIP II expedition encountered methane
hydrate, but full LWD data was only acquired for hole HOO1 due to
drilling complications (Collett et al., 2012). Hole HOO1 was drilled in
Fault Block H and was found to contain interbedded levee deposits with
methane hydrate-bearing intervals occurring within the coarser stra-
tigraphy of the GHSZ (Collett et al., 2012). The UT-GOM2-1 expedition
pressure cores discussed here were recovered in 2017 and their collec-
tion was guided by the seismic and LWD data collected during JIP II.

3.2. GC 955 methane hydrate reservoir

The UT-GOM2-1 expedition in 2017 drilled two holes, H002 and
HO005, each within 30 m of hole HO01 where methane hydrate was
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inferred in 2009 by JIP II (Flemings et al., 2018). The study location
contains heterogeneous fractures filled with methane hydrate from
~186 to ~293 mbsf and a low average methane hydrate saturation
(Boswell et al., 2012a). The primary methane hydrate reservoir, which
has a methane hydrate saturation of up to 93% (Phillips et al., 2020), is
at a depth of ~414 to ~450 mbsf based on data from the JIP II expe-
dition. The gas is dominantly microbial methane (99.99%) with isotopic
ratios that indicate methane was generated from primary CO, reduction
methanogenesis (Moore et al., 2020, 2022). Gas hydrates at GC 955
contain trace levels of thermogenic components C2-C5 that increase
near the base of the reservoir (Moore et al., 2022). Coring of HO02 and
HO005 was designed to capture the entire primary methane hydrate
reservoir and the bounding sedimentary units immediately above and
below (Fig. 3).

Three distinct lithofacies (silty clay, clayey silt, and sandy silt) within
the GC 955 methane hydrate reservoir were identified during the UT-
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Fig. 2. Examples of the three main lithofacies observed during the UT-GOM2-1 expedition from pressure core scanning (A through D) (Flemings et al., 2018),
quantitative degassing (H) (Phillips et al., 2020), and post-dissociation grain size analysis (F and G) (Meazell et al., 2020; Flemings et al., 2020). Methane hydrate is
concentrated in the sandy silt, high P-wave velocity, lower density intervals, while the clayey silt and silty clay have low to zero hydrate saturation, low P-wave
velocity and higher density. The methane hydrate-bearing sandy silt intervals are lighter in color on the X-ray scans and retain a narrower diameter within the core
liner. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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GOM2-1 expedition based on initial pressure core scans of compres-
sional wave (P-wave) velocity, gamma density, 2D X-ray, and 3D X-ray-
computed tomography (CT), as well as post-dissociation grain size
measurements (Flemings et al., 2020; Fig. 2). Initial grain size mea-
surements from the reservoir were made with both laser diffraction and
hydrometer measurements and indicated silty clay is the finest-grained
lithofacies, with a median grain size of 1.4 pm (57% clay, 43% silt) and
negligible methane hydrate saturation (Meazell et al., 2020; Phillips
et al., 2020; Figs. 2 and 3). Sandy silt is the coarsest-grained lithofacies,
with a median grain size ranging from 40 to 56 pm (18-40% sand,
60-77% silt; 2-5% clay) and the greatest methane hydrate saturations
(79 to 93%) (Meazell et al., 2020; Phillips et al., 2020). Within the sandy
silt, millimeter to centimeter scale rippled cross-laminations were
commonly observed with X-ray-CT imaging of the pressure cores
consistent with deposition by turbidity currents in a waning flow regime
(e.g., Flemings et al., 2018; Meazell et al., 2020). The clayey silt lith-
ofacies falls between sandy silt and silty clay, with a median grain size of
2.0 to 4.6 pm (1 to 7% sand, 49-60% silt, 38-49% clay and contains
low/moderate methane hydrate saturation (Meazell et al., 2020; Phillips
et al., 2020; Figs. 2 and 3) Within the main reservoir unit, sandy silt and
clayey silt are interbedded on the scale of centimeters to up to 1 m
(Meazell et al., 2020). Meazell et al. (2020) measured grain size using
the hydrometer method and documents finer results compared to mea-
surements by the laser diffraction method for the same lithofacies,
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Fig. 3. A) Methane hydrate saturations at GC 955 from pressure core degassing
during UT-GOM2-1 (symbols) (Phillips et al., 2020) and derived from LWD
during JIP II (black and purple lines) (Lee and Collett, 2012). Grain size classes
from laser diffraction particle size analysis (Flemings et al., 2020; Meazell et al.,
2020). B) Methane/ethane ratio (C1/C2 from pressure core degassing). C)
Pressure core recovery in Hole H002. D) Pressure core recovery in Hole HOO5.
Multiple lithofacies sections contain multiple lithofacies within an individual
degassing sample. Compromised cores briefly left the hydrate stability field
during recovery or processing and may have experienced some dissociation
prior to quantitative degassing. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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especially with higher clay content. This observation has been noted in
other studies (e.g. Di Stefano et al., 2010) and is attributed to non-
spherical particles in the clay size fraction. Di Stefano et al. (2010)
determined that there is no discernable difference between grain size
measurements using a hydrometer and those made using laser diffrac-
tion systems on coarse, sand dominated grain sizes, but compared to the
hydrometer method, laser particle size analyzers may underestimate the
clay content in a sample.

Building upon the initial UT-GOM2-1 expedition results, we
completed detailed sediment core descriptions (Johnson and Divins,
2020) and core sampling and analyses that result in a rich data set of
grain size (n = 46) (Johnson et al., 2020; MacLeod, 2020) and solid
phase sediment geochemical measurements (n = 49) that we have
synthesized and present in this paper.

4. Methods
4.1. Sample collection

All sediment samples used in this study were collected from pressure
cores recovered during the 2017 UT-GOM2-1 expedition aboard the
deepwater well intervention vessel Helix D/V Q4000. During the
expedition a total of 21 pressure cores, each 3.05 m in length, were
attempted between 2 holes drilled through a methane hydrate reservoir
(Fig. 3). In hole H002, 1 of the 8 pressure cores attempted was recovered
under pressure and there was a sediment recovery rate of 34% (Thomas
et al., 2020). In hole HO05, 12 of the 13 pressure cores attempted were
recovered under pressure and there was a sediment recovery rate of 85%
(Thomas et al., 2020). The majority of sediment samples analyzed in this
study are from pressure cores that failed to retain pressure during re-
covery. These cores are stored at Ohio State University and were
sampled during sediment core description in 2018 (Johnson and Divins,
2020). All samples labeled as “bagged” are from core sections with
limited recovery that were removed from their core liners and stored in
sealed plastic bags prior to sampling for various sediment analyses.
Additional sediments were derived from pressure cores that were
quantitatively degassed after recovery.

4.2. Sediment composition

Visual core descriptions (VCDs) are based on macroscopic and
microscopic sediment type, sedimentary structures, and drilling distur-
bance. Visual core descriptions were completed on the subset of cores
stored at Ohio State University and are summarized and available in
Johnson and Divins (2020). Sediment composition data were deter-
mined from smear slide microscopic descriptions and are included in the
above core descriptions and previously in the UT-GOM2-1 Expedition
Report (Flemings et al., 2018) and discussed in Meazell et al. (2020). In
this paper we present a brief summary of these results to provide context
for our other measurements and importantly to document the carbonate
components of the bulk sediment composition.

4.3. Sediment grain size

To characterize the sediment grain size in holes HO02 and HO05 at
GC 955, we used a Malvern Mastersizer 2000 Laser Particle Size
Analyzer with a Hydro 2000G wet dispersion unit at the University of
New Hampshire (UNH). The Malvern Mastersizer 2000 measures par-
ticles ranging in diameter from 0.2 pm to 2000 pm. Malvern Mastersizer
2000 software (version 5.60) was used for all analyses. Optimal software
settings (see Johnson et al., 2020) were determined empirically and are
consistent with Sperazza et al. (2004). In total, we measured 51 sedi-
ment samples and the complete data set, initially presented and dis-
cussed in MacLeod (2020), is available as a data report (Johnson et al.,
2020). Bulk sediments sampled for grain size (1 cm®) were contained
within 1 cm thick stratigraphic intervals, avoiding major lithologic or
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grain size bed boundaries. This is one important advantage of laser
diffraction compared with measurement of grain size by hydrometer,
which in the Gulf of Mexico required a much larger sample size (35-70
g; Meazell et al., 2020). Our sampling strategy focused on characterizing
the range of particle size distributions in these cores, within the context
of the three lithofacies identified during X-ray CT and P-wave velocity
scanning (e.g. Meazell et al., 2020) and split core description (Johnson
and Divins, 2020).

Bulk sediment and total organic carbon-digested (TOC-free) sedi-
ment fractions were measured for most of the grain size samples (n =
46), while the remaining samples (n = 5) only had sufficient material to
make TOC-free measurements (MacLeod, 2020; Johnson et al., 2020).
Replicate samples (n = 23) of bulk and TOC-free sediments were also
measured and show good agreement (MacLeod, 2020; Johnson et al.,
2020). In addition, we measured a natural beach sand (Wallis Beach, NH
Sand), and a synthetic Malvern 15-150 pm glass bead standard as check
standards (MacLeod, 2020; Johnson et al., 2020) at the beginning and
end of each day to ensure consistent instrument performance. The ma-
jority of the sediment samples analyzed for grain size in this study (n =
34) are from pressure cores that failed to retain pressure during recovery
(see Thomas et al., 2020). These cores are stored at Ohio State University
and were split and sampled during sediment core description in 2018.
An additional 17 sediment samples from successful pressure cores were
shipped to the UNH Sedimentology Lab for grain size analysis after being
quantitatively degassed during shipboard and dockside operations or at
the University of Texas at Austin Pressure Core Center (Phillips et al.,
2020).

For the majority (46 of 51) of the grain size samples analyzed at the
University of New Hampshire we measured both the bulk grain size and
the TOC-free grain size distributions to determine the relative amount of
particulate organic carbon in the samples and in what grain size fraction
it resides. For bulk sample preparation, about 2 cm® of sediment was
added to 50 mL centrifuge tubes with a solution of sodium hexameta-
phosphate (5 g/L of (NaPOs3)g) up to the 25 mL line. The sodium hex-
ametaphosphate solution helps to prevent fine-grained sediment
particles from aggregating together during analysis. The tubes were
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capped and agitated for 60 s on a vortex mixer then left overnight. The
following day, samples were mixed again for 60 s on the vortex mixer
immediately before being added to the dispersion unit on the UNH
Malvern Mastersizer 2000 laser diffractometer. For TOC-free sample
measurements, the organic carbon was removed from the samples via a
multi-step hydrogen peroxide treatment, prior to the sodium hexame-
taphosphate addition. Small volumes of 30% hydrogen peroxide were
added to each sample and flushed with DI water, centrifuged, and dec-
anted between additions until a total of 30 mL of hydrogen peroxide had
been added to each sample to ensure all organic carbon was digested.

We used three equations developed by Folk and Ward (1957) to
quantify statistical parameters of the measured grain size distributions.
These equations are based on grain size units of phi (@) as calculated by
a logarithmic transformation @ = —log» (d) where d represents the grain
size diameter in mm. The phi grain size scale is commonly used in
sedimentology and larger values indicate smaller grain diameter. Fig. 4
shows the three equations used during data analysis and an explanation
of the range of output parameters. The subscript on equation terms in-
dicates the grain size percentile. For example, @g4 represents roughly the
middle of the finest third of the sample and &;¢4 represents roughly the
middle of the coarsest third of the grain size distribution.

4.4. Biostratigraphy

Calcareous nannofossil biostratigraphy was determined from 34
samples examined from the UT-GOM2-1 pressure cores — 22 samples
from Hole H002, and 12 samples from HO05. The biozonation applied to
the age estimation is the Calcareous Nannofossil Plio-Pleistocene (CNPL)
Zonation of Backman et al. (2012), which assigns Plio-Pleistocene bio-
chronology to calcareous nannofossil assemblages from low to middle
latitudes. This biozonation is further calibrated to the 2016 Geologic
Time Scale of Ogg et al. (2016). Semi-quantitative evaluations were
conducted on all samples to identify age-diagnostic species/assemblages
and estimate geologic age. All samples contain significant amounts of
Cretaceous nannofossils that suggest reworking of sediments. These
specimens are not considered part of the microfossil assemblage when

Sorting (o) Skewness (Sk) Kurtosis (K)
o= Sk = K=
Pgy — P15 Pos — Ps P16 + Pgy — 2P Pgs — Ps
4 6.6 2(®gs — Drg) 2.44(Dy5 — Dys)
Ps + Pgs — 2Ps
2(Pg5 — P5)

Very well sorted <0.35 | Very positive skewed 0.3 to 1.0 | Very platykurtic <0.67
Well sorted 0.35-0.50 | Positive skewed 0.1 to 0.3 | Platykurtic 0.67-0.9
Moderately well sorted 0.50-0.70 | Symmetrical 0.1 to -0.1 | Mesokurtic 0.90-1.11
Moderately sorted 0.70-1.00 | Coarse skewed -0.1t0-0.3 | Leptokurtic 1.11-1.50
Poorly sorted 1.00-2.00 | Very coarse skewed -0.3 to -1.0 | Very leptokurtic 1.50-3.00
Very poorly sorted 2.00-4.00 Extremely leptokurtic >3.00
Extremely poorly sorted >4.00

Fig. 4. Sorting, skewness, and kurtosis equations used in this analysis were developed by Folk and Ward (1957) to summarize grain size distribution data. Sorting is a
measure of the spread of the grain size distribution about the average, skewness is a measure of the asymmetry of the grain size distribution, and kurtosis is a measure

of peakedness of the grain size distribution.
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making biostratigraphic age estimations; instead, they are considered
part of the detrital sediment. The full biostratigraphy data set is avail-
able as data report (Purkey Phillips, 2020). In this paper we present the
sediment age model and discuss the implications of the reworked
Cretaceous nannofossils.

4.5. Elemental C, TOC, C/N, CaCO3 and & 13CTOC analysis

Elemental measurements and stable carbon isotopes were measured
at the stable isotope lab at the University of New Hampshire in Durham,
NH, USA, using an Elementar Americas Pyrocube elemental analyzer
coupled to a GeoVision isotope ratio mass spectrometer.

Bulk sediment total C (TC), total N (TN), and carbonate free total
organic carbon (TOC) were measured. Prior to TOC analysis, inorganic
carbon (IC) was dissolved using 6% sulfurous acid applied to weighed
samples in amounts and steps optimized for carbonate-rich sediments
(Phillips et al., 2011). For the GC 955 samples, a total of 780 uL of
sulfurous acid was added to each 20 mg powdered, dry, sediment sample
used for TOC analysis. CaCO3 weight percents were calculated by
multiplying the IC weight percents (IC = TC-TOC) by 8.33 to account for
the non-carbon mass fraction. The calculated bulk CaCOj3 fraction rep-
resents biogenic, authigenic, and any detrital carbonate phases. In
addition to instrument standards and blanks, Elemental Microanalysis soil
standards B2180 and B2182 (www.microanalysis.co.uk) were analyzed
as unknowns and used to assess analytical precision and accuracy.
Average values of C agree within the uncertainty of the certified values.
Repeatability error was established by analyzing replicate samples and
calculating the standard deviation (see Supplementary Table S1).

For the stable isotope measurements, the ratio of sample analyses to
in-house standards analyzed was less than 3:1 and the measurement
uncertainty of the instrument as determined by repeated analyses of in-
house QA/QC standards was +0.20%o (+10c) for 5!3C. The measured *3C
abundance values are reported relative to VPDB (Vienna Pee Dee
Belemnite) based on a 4-point normalization using contemporaneously
analyzed in-house standards and 3 additional in-house standards were
analyzed as unknowns for QA/QC. Stable carbon isotopic values of in-
house standards were quantified relative to VPDB on a scale normal-
ized such that the 5!3C values of NBS 19 calcium carbonate and LSVEC
lithium carbonate are +1.95%. and — 46.6%o, respectively, using a
multi-point normalization (7 points) and the following international
reference materials and isotopic values: IAEA-CH-7 (5'3C-VPDB =
—32.151%0), NBS22 (3'3C-VPDB = —30.03%0), USGS40 (5'3C-VPDB =
—26.39%o), USGS42 (5'°C-VPDB = —21.28%0), USGS43 (5'°C-VPDB =
—21.09%o), IAEA-CH-6 (8'3C-VPDB = —10.449%0), and USGS41 (5'3C-
VPDB = +37.63%o).

4.6. Elemental S and 5°*S analysis

Total sulfur (TS) and §34S-TS measurements were determined at the
Center for Stable Isotope Biogeochemistry at the University of California
at Berkeley, USA. Dry and ground samples were analyzed for sulfur
content (% dry weight) and sulfur stable isotope ratio (534S value) via
elemental analyzer/continuous flow isotope ratio mass spectrometry
using a Flash IRMS elemental analyzer (EA Isolink CN with ramped GC
oven for triple NCS analysis) coupled with a Delta V Plus mass spec-
trometer (Thermo Fisher Scientific, Waltham, MA, USA). Stable isotope
abundances are reported in %o notation relative to the VCDT (Vienna-
Canyon Diablo Troilite) standard. The full analytical procedure is pre-
sented in Mambelli et al. (2016). The standard deviation for replicate
measurements are shown in the Supplemental Table S1.

5. Results
5.1. Sediment composition

Core description and smear slide sediment compositions from
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sediments recovered in the pressure cores in holes H002 and H005
(Johnson and Divins, 2020) reveal the reservoir is composed of inter-
bedded, sandy silt to silty clay turbidite facies (Flemings et al., 2018;
Meazell et al., 2020). Smear slide mineralogy in the turbidites is domi-
nated by quartz, multiple feldspars (microcline, plagioclase, and
orthoclase), and lithic fragments, primarily detrital carbonates (Fig. 5),
which is consistent with measurements of bulk sediment mineralogy
from X-ray diffraction (XRD) (Meazell et al., 2020; Heber et al., 2020).
This mineral assemblage as plotted on the QFL diagram (Fig. 5A) falls
along a similar compositional trend as DSDP Leg 96 cores on the Mis-
sissippi Fan, and the average mineralogy from samples collected in the
Mississippi and Rio Grande Rivers (Fig. 5A), which supply most of the
lithogenic sediment flux to the Gulf of Mexico. It is notable, however,
that the GC 955 H002 and HOO5 samples are more mineralogically
immature (containing a larger fraction of lithics) than the Mississippi
and Rio Grande River deposits, and most of the Mississippi Fan sedi-
ments. In addition, the lithic fraction of the GC 955 samples is domi-
nated by carbonate lithics (Fig. 5B), which are mineralogically and
texturally immature. These observations are consistent with rapid
deposition during turbidity current deposition and/or an offshore source
area for the lithics observed in the H002 and HOO5 cores.

5.2. Sediment age control and reworking

Calcareous nannofossil biostratigraphy was determined from 33
samples across the UT-GOM2-1 GC 955 reservoir, and one from the
overlying hemipelagic sediments — 22 samples from Hole H002, and 12
samples from HO05 (Purkey Phillips, 2020) and provides an age esti-
mation for the reservoir section (Fig. 6). All samples examined from UT-
GOM2-1 holes HO02 and HOO5 are estimated to be between 0.43 Ma and
0.91 Ma based on biohorizons from both Backman et al. (2012) and
Waterman et al. (2017). This estimated age range straddles the Cala-
brian and Ionian stage boundary of the late Middle Pleistocene (Back-
man et al., 2012; Ogg et al.,, 2016; Waterman et al., 2017). More
specifically, all samples are estimated to be within the Calcareous
Nannofossil Pleistocene (CNPL) Zone 10 as defined by the Biozonation
of Miocene-Pleistocene calcareous nannofossils from low- to mid-
latitudes (Backman et al., 2012). The CNPL Zone 10 is concurrent
with the more widely known Calcareous Nannofossil Zone NN19
(Martini, 1971). Despite turbiditic influences on these samples, the mi-
crofossils are still reliable, age-diagnostic tools. Of the 34 samples
examined for biostratigraphy, 14 contained age-diagnostic assemblages
(Purkey Phillips, 2020). Of those 14 samples, 11 were silt dominated in
texture, yet contained age-diagnostic assemblages that were relatively
reliable based on good preservation and moderate abundance. Three
samples were exceptional with grain sizes (silty clay) more conducive to
primary microfossil preservation, particularly sample HO05-1FB-3_163-
184 cm at 284.18 mbsf - the uppermost sample of the interval — which
was taken from the hemipelagic overburden above the hydrate reservoir
and is described as a silty clay lithofacies. HO05-1FB was initially the
only core between both holes with this lithologic description (Flemings
et al., 2020; Meazell et al., 2020). The other two samples with higher
quality microfossil assemblages are H002-5CS-1_75-76 cm, 422.29 mbsf
and H002-8CS-4_5-6 cm, 433.08 mbsf, both depths within the middle of
the reservoir.

The overall biostratigraphic interpretation is strengthened by inte-
grating the data from both holes (only 12 m apart); and integration is
supported by the correlation of hydrate-bearing layers between holes
H002 and HOO5 (Thomas et al. (2020), as well as hole HOO1 that was
drilled in 2009 (Purkey Phillips, 2020). Core recovery was significantly
more successful in hole HO05 (85%) than in HO02 (34%) (Thomas et al.,
2020). Cored material included both hydrate-bearing pressure cores and
conventionalized pressure cores. Biostratigraphy samples were collected
from both types of cored material, including failed pressure cores. In situ
microfossil assemblages were more robust in hole H002, but more age-
diagnostic species were identified in hole HOO05, further supporting the
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value of data integration between holes.

In addition to the Pleistocene microfossil assemblage, a relatively
abundant and diverse reworked Cretaceous nannofossil assemblage was
observed in every sample, especially from within the reservoir lith-
ofacies (Fig. 7). This reworked assemblage is preserved throughout the
reservoir in the channel-levee lithology and represents part of the
detrital sediment flux that was eroded and transported from the North
American craton. High abundances of reworked calcareous nannofossils
were observed in sediments of the Mississippi Fan and the Orca Basin
recovered during Deep Sea Drilling Project Leg 96 (Constans and Parker,
1986). Further work from a core in the Orca Basin by Marchitto and Wei
(1995) suggests that increases in reworked nannofossils in the Gulf of
Mexico correspond to erosion driven by low stands and glacial melt-
water pulses.

5.3. Sediment grain size

Grain size analysis of bulk sediment samples shows three distinct
patterns of grain size distribution; A, B, and C, which are in order of
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increasing median grain size (Fig. 8). A total of 46 bulk sediment sam-
ples were analyzed including 13 A-type samples, 4 B-type samples, and
29C-type samples. Average median grain size, skewness, kurtosis, and
sorting for each of the three distribution types are shown in Table 1. The
textural name for each sample is classified from the percent sand, silt,
and clay of each sample and plotted on the ternary textural classification
diagram (Fig. 9). Individual grain size distribution plots for each sample
and the data tables are archived in Johnson et al. (2020).

A-type grain size samples are poorly to very poorly sorted with grain
size distributions that are approximately evenly split between clay and
silt with very minimal sand (Fig. 8). The skewness of the A-type grain
size distributions is approximately symmetrical, ranging from slightly
positive to slightly negative. The kurtosis of the A-type grain size dis-
tributions is platykurtic, due to the broad grain size distribution and
poor sorting. Several A-type samples display a secondary modal peak in
their coarse fraction. In terms of their textural classification, A-type
sediments range from clayey silt to silty clay (Fig. 9). B-type grain size
samples are very poorly sorted and have distinctly bimodal grain size
distributions (Fig. 8). The skewness of the B-type grain size distributions
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Fig. 7. Percent Cretaceous calcareous nannofossils relative to the total assemblage within the Early Pleistocene UT-GOM2-1 reservoir stratigraphy.
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Table 1
Average median grain size, skewness, kurtosis, and sorting of bulk grain size
measurements, shown to the 95% confidence interval.

Bulk Median (pm) Skewness Kurtosis Sorting (o) n=
sample

Type A 4.55 + 0.63 -0.04+0.03 0.86+0.02 1.91+0.08 13
Type B 17.15+5.16  0.33 + 0.10 0.76 £0.03 2.23+0.05 4
Type C 48.21 +£3.27  0.43 + 0.03 1.68+0.11 1.51+0.13 29

is skewed very positive due to a secondary modal peak residing in the
finer grain size fraction. The kurtosis of the B-type grain size distribu-
tions is platykurtic and is significantly influenced by the distinctly
bimodal distribution. In terms of their textural classification, B-type
sediments are all clayey silt (Fig. 9). C-type samples are poorly sorted
and have grain size distributions with a strong unimodal peak at
approximately the silt/sand grain size boundary, and fine-grained tails
of varying significance (Fig. 8). The skewness of the C-type grain size
distributions is very positively skewed due to the fine-grained tails. The
kurtosis of the C-type grain size distributions is very leptokurtic despite
the presence of significant fine-grained tails. In terms of their textural
classification, C-type sediments are predominantly sandy silt, with some
silty sand (Fig. 9).

Variation in the grain size distributions with depth in the reservoir is
shown in the 3-D plot of Fig. 10. The presentation of grain size distri-
butions and textural names in Figs. 8, 9, and 10 reveals the silt domi-
nance of the reservoir and the persistent fine grain fractions (clay to fine
silt) that are present within each distribution type (Fig. 8). Interbedded
silt- and clay-dominated intervals within the reservoir reflect the high
energy regime during turbidity current deposition and the lower energy
regime characterized by waning turbidity current energy and/or hemi-
pelagic settling between turbidity current events.
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5.4. Sorting

Comparison between the sorting and median grain size of the sedi-
ment samples further supports the presence of three distinct grain size
distribution types (Fig. 11). C-type samples have the largest range of
sorting values due to the variable thickness of their fine-grained tails (e.
g., Fig. 8). A-type samples are much less sorted compared to most C-type
samples and are uniformly finer-grained. B-type samples appear to fall
between A and C-type samples, likely representing a transitional dis-
tribution type, consistent with their distinct bimodal nature (Fig. 8).

Fig. 10. Stacked bulk sediment grain size distributions (n = 46) throughout the
UT-GOM2-1 GC 955 reservoir. Notice the strong silt/sand peak juxtaposed
against the smaller but significant fine-grained particles present in all three
lithofacies. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 9. Ternary textural classification for the UT-GOM2-1 GC 955 bulk sediment samples (n = 46) measured in this study. A, B, and C-type distributions as noted in
the text and in Fig. 8. Sand, silt, and clay percentages were calculated using the Wentworth Grain Size scale (Wentworth, 1922), where sand is > 62.5 um, clay is <
3.9 um, and silt is between 62.5 and 3.9 um. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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Fig. 11. Sorting and median grain size of bulk sediment A, B, and C-type grain
size distributions. The Wallis Beach sand (New Hampshire, USA) is shown for
reference as a well sorted, coarse-grained sample we use as a check standard.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

5.5. Organic carbon-free vs bulk grain size

Comparison between bulk and TOC-free measurements for each
sample reveals numerous instances (28 out of 46) where grain size
distributions shifted toward the coarser fraction after hydrogen peroxide
treatment was used to remove organic carbon. In samples where grain
size distributions have shifted after hydrogen peroxide treatment, the
organic carbon predominantly resided within the fine grain size fraction
as demonstrated by a relative loss in the finest material in all three
distribution types (A, B, and C) (Fig. 12). The preferential volumetric
loss of organic carbon in the fine fraction resulted in a relative increase
of the coarser faction. Three examples of samples showing a loss of
organic carbon in the fine fraction are shown in Fig. 12, one for each
grain size distribution type (A, B, and C). A loss of organic carbon in the
fine fraction is not exclusive to any of the three identified grain size
distributions (A, B, or C-type). Figures showing the comparisons of all
bulk and TOC-free measurements are shown in MacLeod (2020) and
archived in Johnson et al. (2020). The remaining 18 samples, for which
both bulk and TOC-free grain size distributions were measured, showed
little-to-no change in their grain size distributions, irrespective of the
three grain size distributions (A, B, and C-type) (MacLeod, 2020;
Johnson et al., 2020). As suggested by MacLeod (2020), this could
indicate either low TOC within many of these samples, extremely fine
organic carbon trapped in nanopores on the face of sediment grains (e.g.,
Mayer, 1994) or organic matter distributed within the carbonate lithic
fragments that is inaccessible to removal with hydrogen peroxide and/or
too small for the laser particle size analyzer to measure.

5.6. Replicate grain size measurements

A total of 23 samples were randomly chosen for replicate grain size
analysis including 15 TOC-free and 8 bulk samples. Additionally, the
standard operating procedure we used on the Malvern Mastersizer laser
particle size analyzer includes triplicate measurement of each sample
aliquot to ensure consistent instrument performance. Replicate grain
size measurements for Type A, B, and C distributions are nearly indis-
tinguishable (MacLeod, 2020). In general, TOC-free replicate measure-
ments performed slightly better than bulk replicate measurements,
demonstrating the consistency of the hydrogen peroxide procedure used
to remove organic carbon. These replicate measurements are shown in
Johnson et al. (2020).

5.7. Bulk geochemistry

A total of 49 samples were analyzed separately for TC, TOC, TC, TN,
TS, C/N, 8'3C-TOC, 8'3C-TC, and 8*S-TS from both holes H002 and
HO005. The composite results from both holes H002 and HO05 are shown
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in Figs. 13-16 and are discussed below. The data are presented in
Supplementary Data Table S1.

5.7.1. TOC and §™°C isotopes, C/N, and CaCO3

The mean TOC throughout the sampled interval is 0.63 wt% (16 =
0.23 wt%) and ranged from 0.19 to 1.02 wt%. The variation in the TOC
content throughout reservoir (Fig. 13) is driven largely by the variation
in the host sediment lithofacies of the levee depositional environment,
but all lithofacies samples contain some measurable TOC. For samples
with both TOC and grain size measurements, we note a strong rela-
tionship between grain size and TOC, where finer grained sediments
contain greater TOC than coarser grained sediments (Fig. 14).

The origin of the TOC is determined by its TOC/TN and &!3C-TOC
isotopic signature. The mean atomic TOC/TN ratio is 20.7 and ranges
from 9.1 to 34.8. The mean 8'3C-TOC is —25.43 per mil (16 = 0.55) and
ranges from —24.09 per mil to —26.65 per mil. The §!3C-TOC is
remarkably consistent throughout the reservoir (Fig. 14) and together
with the TOC/TN documents a mixed origin for the TOC that is domi-
nated by terrestrial C3 plant organic carbon and soil organic carbon
(Fig. 15). The composition of TOC at GC 955 is similar to that deter-
mined from cores in the Mississippi Canyon and Orca Basin (DSDP Leg
96) and Mars Ridge-Ursa Basin (IODP Exp. 308) (Fig. 15). The influence
of marine-derived organic carbon appears to be low, consistent with the
low abundance of in situ microfossils in the reservoir sediments.

The CaCOj3 content throughout the reservoir is significant, with a
mean of 14.29 wt% (1o = 3.06) and a range of 7.32 to 21.22 wt%. These
amounts and presence are consistent with the detrital carbonate lithic
fragments (Fig. 5) and the reworked Cretaceous calcareous nannofossils
(Fig. 7) observed in smear slides. The range in CaCOs wt% is also
consistent with the XRD observation of calcite (5.9 to 11.7 wt%),
dolomite (8.4 to 10.7 wt%), and siderite (0.2 to 0.9 wt%) in H005
samples (15.8 to 20.9 total carbonate wt%) (Meazell et al., 2020). The
predominance of the consistent, enriched signature of the 8'3C-TC in the
total carbon measurements (TC = TOC + CaCO3) reflects the significant
fraction of CaCO3 throughout the reservoir sediments (Fig. 13).

5.7.2. TS and §%*S isotopes

In order to track the abundance of solid phase diagenetic sulfide
minerals throughout the reservoir, bulk sediment total sulfur and sulfur
isotopic measurements were completed (Fig. 16A and B). In marine
sediments, both organoclastic sulfate reduction (OSR) and anaerobic
oxidation of methane (AOM) produce hydrogen sulfide, which in the
presence of reactive iron, can precipitate pyrite, greigite, and iron
monosulfide minerals (Riedinger et al., 2005; Larrasoana et al., 2007;
Johnson et al., 2021). Near the SMTZ, elemental sulfur and organic
sulfur can also be precipitated (Riedinger et al., 2017).

As observed in modern seafloor methane-seep environments and at
SMTZs (e.g., Kaneko et al., 2010; Sato et al., 2012), measurements of TS
are elevated relative to that expected to be produced by OSR (Berner and
Raiswell, 1983). This excess TS is driven by methane transported toward
the SMTZ, where it is consumed during AOM. In the GC 955 reservoir we
observed excess TS relative to TOC that is consistent with the occurrence
of early, AOM related, diagenesis in the reservoir sediments (Fig. 16C).
Throughout the GC 955 reservoir, we observe two intervals of enhanced
TS: between 410 and 424 mbsf and 437-446.5 mbsf, near the top and
bottom of the reservoir (Fig. 16). These intervals of elevated TS (up to 2
wt%) relative to the background level (~0.2 wt%) throughout the
reservoir, correspond to enriched (positive) bulk sediment 5%4S-TS
measurements, which are a good proxy for chromium reducible sulfur in
methane seep environments (Turner, 2018) and are diagnostic of sul-
fides produced via AOM (e.g. Peketi et al., 2012; Borowski et al., 2013).
These two intervals indicate that AOM was a dominant process within
the reservoir sediments and resulted in isotopically enriched sulfide
mineral precipitation. This AOM diagenetic overprint occurred in the
presence of pore water sulfate and methane and thus occurred during
early diagenesis, prior to compaction/dewatering.
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Fig. 12. Example bulk sediment and organic carbon-free sediment replicate measurements for each grain size distribution type. Portions of the plots where the
organic carbon-free fraction is less than the bulk indicate the size fraction where organic carbon resides in each sample. A relative coarsening of the sample is
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6. Discussion
6.1. Depositional history and sediment provenance

Turbidity currents and other submarine sediment gravity flows
transport coarse sediments from the continental shelf out to the abyssal
plain, where hemipelagic sedimentation is typically dominated by clay
and silt-sized lithogenic (mineral and rock fragments) and biogenic
(fecal pellets and microfossils) particles settling out of the water column.
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In this paper, the samples analyzed were collected from a Pleistocene-
age channel-levee system near the mouth of Green Canyon in the Gulf
of Mexico (Flemings et al., 2020; Santra et al., 2020). Age control was
determined by identification of marker species of in situ calcareous
nannofossils in the finest stratigraphic intervals (Fig. 6).

The methane hydrate-bearing reservoir at the core sites is bounded
above and below by homogeneous clay-dominated sediments lacking
notable flow structures (Meazell et al., 2020). Above the reservoir, the
lithofacies were similar to those observed within the reservoir-
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interbedded sandy silt and clayey silt, however with notably less coarse
fraction (Flemings et al.,, 2020). In contrast, the methane hydrate-
bearing reservoir interval contains sandy silt and silty sand (C-type
lithofacies) that display ripple-scale, cross laminations (Meazell et al.,
2020), and are consistent with lateral sediment transport via turbidity
currents that have overspilled an adjacent channel and been deposited in
a levee environment. These coarser-grained sediments contain high
saturations (>80%) of methane hydrate (Phillips et al., 2020). Intervals
of silty clay and clayey silt (A and B-type lithofacies) are interbedded
with the coarser grained reservoir lithofacies (Johnson and Divins,
2020) and many of the clay rich intervals contain thin beds and lami-
nations of coarser grained material (e.g. Phillips et al., 2020). The levee
depositional system is imaged in detail in seismic reflection data across
the UT-GOM2-1 GC 955 holes and constrained by well logs, revealing
extensional faults related to gravitational collapse of the levee through
time (Santra et al., 2020). This levee collapse was likely due to a distinct
period of high sedimentation during sustained turbidity current activity
that overspilled channel confinement.

Examination of the silt and sand size sediment composition
throughout the reservoir interval via smear slide petrography reveals
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both textural and compositional immaturity documented by an abun-
dance of subangular to angular grains (Flemings et al., 2018; Meazell
et al., 2020) and the presence of multiple feldspars and lithic fragments
(Fig. 5A), including chemically and physically weak detrital carbonate
and igneous grains (Fig. 5B). Sediments with a relatively immature bulk
composition are also observed across the Gulf of Mexico slope and
within its source rivers, the Mississippi and Rio Grande (Fig. 5A). The
samples we observed from GC 955 are among the most lithic- and
feldspar-rich sediment samples collected by scientific ocean drilling in
the Gulf of Mexico. The immature nature of the coarse fraction (>silt) is
consistent with rapid deposition of river-fed, shelf-sourced turbidity
currents that dominated the slope/rise depositional environment
recorded in the GC 955 cores.

The stratigraphy of the GC 995 methane hydrate reservoir alternates
between finer (A-type grain size distributions) and a coarser lithofacies
(C-type grain size distributions), which suggests episodic, coarse sedi-
mentation interrupted by finer background hemipelagic sedimentation
and/or stacked turbidite deposits that lack hemipelagic interbeds, which
is consistent with sediment cores collected from other turbidite channel-
levee systems (e.g., Riedel et al., 2010; Collett et al., 2014). The abun-
dance of silt throughout the GC 955 reservoir implies a relatively high
sedimentation rate, where the channel spilling turbidity currents had
either enough velocity during transport to erode away inter-event
hemipelagic sediments or were frequent enough to inhibit inter-event
hemipelagic sedimentation. The lack of any obvious erosional contacts
within the cores suggests high frequency events inhibited inter-event
hemipelagic sedimentation and the clay-rich intervals preserved
within the reservoir are likely genetically associated with turbidity
currents. The B-type grain size distributions represent a hybrid between
A and C-type, that most likely reflects waning turbidity current energy,
just prior to the start of a hemipelagic regime. The limited presence of
Pleistocene calcareous nannofossils throughout the reservoir (Figs. 6
and 7) and their restricted abundance to the fine-grained sediments at-
tests to the lack of well-preserved hemipelagic intervals. In addition, the
predominance of reworked Cretaceous calcareous nannofossils (Fig. 7)
and detrital carbonate lithic grains (Fig. 5B) reflects primarily turbidity
current deposition and reworking of the reservoir sediments. The result
is a stacked turbidite levee sequence that although contains a clay
fraction within each event deposit (e.g. Fig. 8), is dominated by the
coarser turbidite beds, a conclusion consistent with the conceptual
depositional model of Meazell et al. (2020).

The textural classification of the type B lithofacies is clayey-silt
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(Fig. 9), consistent with the clayey silt of Meazell et al. (2020). This
lithofacies was not easily identified during initial core description and
smear slide analysis, instead it was revealed in our grain size data due to
its distinct bimodal grain size distribution and a median grain size be-
tween that of the Type A and C lithofacies. We interpret the Type B
lithofacies to represent sediment deposition at the distal margin of
waning turbidity currents, where turbidity and/or flow velocity ceases
and the remaining suspended sediment begins to settle out of the water
column. As turbidity current energy wanes and then finally ceases, the
remaining suspended grains are deposited together. Sediment deposi-
tion in the waning stages of turbidity current energy is therefore the least
sorted turbidite-related lithofacies, consistent with our measured sorting
(Fig. 11). The Type B lithofacies is differentiated from the Type C lith-
ofacies because it represents the final stages of turbidity-current depo-
sition, where silt and clay are deposited together due to a rapid
reduction in depositional energy. The deposition of Type B and C lith-
ofacies throughout the reservoir is likely controlled by differences in the
depostional energy and/or proximity of individual turbidity-current
events to the levee.

Coarsest 1% of sediments vs. median grain size plots (CM plots) were
first introduced by Passega (1957) and later modified by Passega (1964),
Passega and Byramjee (1969), and Ludwikowska-Kedzia (2000). The CM
plot (Fig. 17) was initially created by observing modes of sediment
transport in rivers, and later used to analyze turbidites (e.g., Passega,
1957, 1964). The value of the CM plot is in its ability to illustrate the
processes of sediment transport and deposition. Holes HO02 and HO05
are located on a levee above a Pleistocene-age sediment channel so
sedimentation at this location is driven by suspended sediments
escaping the main sediment channel during turbidity current events and
any interevent sedimentation. Fine sediments are more easily suspended
than coarse, so the fields outlining transport by suspension on Fig. 17
have lower median grain sizes and their coarsest sediment grains are
also smaller. Sediment grains small enough to be transported, but larger
than can be continually suspended are transported by bedload processes.
As expected, beach deposits are dominated by bedload transport and
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fluvial deposits reflect both bedload and suspension transport (Fig. 17).
Coarse grain turbidity currents lie parallel and near to the 1:1 between
the coarsest 1% and median grain sizes (Passega, 1964; Fig. 17).

The silt dominated turbidite levee deposits at GC 955 define a new
regime on the CM plot, dominated by suspension and extending across a
wide distribution of grain sizes (Fig. 17). The distribution of GC 955
sediments (Fig. 17, shaded in grey) reflects the deposition of silt domi-
nated turbidity currents that grade in grain size during the wanning
stages of turbidity current energy in this overbank, levee depositional
environment. The pelagic suspension depositional regime defined by
Passega (1964) overlaps with the GC 955 data, suggesting the wanning
energy regime of turbidity currents is difficult to decipher from sedi-
mentation driven by pelagic settling. We note however, the low abun-
dance of microscopic phytoplankton and zooplankton microfossils in the
GC 955 sediments, as well as the limited preservations of in situ (Pleis-
tocene) calcareous nannofossils, suggests true pelagic or hemipelagic
interevent sedimentation was not preserved, leaving the reservoir a
sequence of stacked, silt-dominated, levee turbidites (e.g. Van Daele
et al., 2017). We suggest that true hemipelagic or pelagic suspension
cannot be solely defined based on the GC 955 grain size distribution, but
instead, the presence/absence, identification, and size fraction of the
biogenic fraction must be considered. To account for this, we add an
arrow to Fig. 17 identifying the likely effect of “Increasing Biogenic
Fraction” above the pelagic suspension regime of Passega (1964). In the
GC 955 data set, we expect that true hemipelagic or pelagic sediments
would have plotted above the silt dominated turbidity current regime
defined here by the GC 955 samples (light grey triangle) to account for
the presence of phyto- and zooplankton remains (foraminifers, diatoms,
radiolarians), which are often much larger than the fine silt to clay sized
sediments that they are deposited with (e.g. Rowe, 2017). In the GC 955
sediments, the lack of this larger biogenic fraction, amidst their presence
in the Pleistocene Gulf of Mexico water column, suggests interevent
sedimentation was not preserved between turbidity currents. Future
particle size measurements of fine-grained marine sediments containing
a biogenic fraction could test our assertion.
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6.2. Sorting out the carbon: grainsize distributions, TOC and detrital
CaCO3

Comparison of our measurements of grain size on the bulk sediment
and organic carbon-free fraction from the same sample reveals organic
carbon was observed in all three lithofacies (A, B, and C, Fig. 13) and
predominantly in their finest fractions (Fig. 12). A notable shift in grain
size distribution toward the coarser fraction, following TOC removal,
was observed in 28 of 46 samples. The remaining 18 samples showed no,
or only a very minor change in their grain size distribution following
TOC removal. Samples showing no change in grain size distribution
following organic carbon removal are not unique to any of the three
identified lithofacies (A, B, or C). Based on the grain size difference plots,
these 18 samples appear to contain very low organic carbon. In marine
deepwater depositional settings, the organic carbon content of fine-
grained sediments is typically greater than that of coarse-grained sedi-
ments, in part because organic carbon is adsorbed onto fine-grained
mineral surfaces, that can sink out, protecting it from microbial regen-
eration in the water column (Mayer, 1994). This results in greater
preservation of organic carbon in fine-grained marine sediments.
Coarse-grained sediments can contain organic carbon, but it is typically
particulate organic carbon of terrestrial origin that was transported and
eventually deposited as larger particles with the rest of the coarse
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sediment load during high energy transport (Burdige, 2007). Similarly,
at GC 955, TOC is higher in sediments with higher clay content (Fig. 14).
It is apparent in our GC 955 data set that organic carbon, when present,
is predominantly fine-grained and it is sorted and deposited with the fine
fraction of the turbidite levee deposits.

In addition to inferring the presence of organic carbon based on the
change in grain size after dissolution of the organic carbon by hydrogen
peroxide treatments, we also measured the TOC directly (Fig. 13). The
presence of a significant amount of detrital carbonate grains makes
measurements of TOC in marine sediments difficult, but reliable and
reproducible measurements can be achieved (Phillips et al., 2011).
Comparison of the measured TOC and the grain size on 35 companion
samples documents the higher TOC in the finer grained samples
(Fig. 14), consistent with our bulk and organic carbon free grain size
results (Fig. 12) and discussed in Section 6.5.

6.3. AOM and OSR diagenesis and sedimentation rates

In the bulk sediments throughout the reservoir we observe two in-
tervals with increased TS, elevated TS:TOC, and enriched §3*S-TS
(Fig. 16) that correspond to enhanced zones of AOM-driven pyritization
(e.g. Kaneko et al., 2010; Johnson et al., 2021) and prolonged paleo-
positions of the SMTZ. These enhanced diagenetic zones are
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juxtaposed against a background level of low TS, low TS/TOC, and
depleted 53*S, which is characteristic of pyritization driven by OSR
(Fig. 16). Our data document paleo-preservation of early diagenetic
effects in the reservoir that require labile organic carbon and sulfate
(OSR) and/or methane and sulfate (AOM) availability during and
shortly after (pre-compaction and dewatering) deposition of the
sediments.

The products of these diagenetic reactions include iron sulfide min-
erals, dominated by pyrite, and authigenic carbonates. Although
authigenic carbonates are not observed in the cores, beyond trace
amounts in smear slide, some pyrite and/or possibly other iron sulfides
are clearly present in the sediment. In other methane hydrate-bearing or
methane seep continental margin environments, these diagenetic pre-
cipitates can overwhelm the sediment records, eliminating primary
porosity (e.g. Greinert et al., 2001), while in others they can help pre-
serve primary porosity (e.g. Rose et al., 2014). In the GC 955 record,
these early diagenetic precipitates appear to be limited to iron sulfide
precipitation that was enhanced in two zones within the reservoir
(Fig. 16), but was not sufficient to inhibit the primary porosity that was
later filled with the high methane hydrate saturations currently
observed throughout the reservoir (Phillips et al., 2020). The mobility of
methane in the sediments, which can be generated in situ or supplied
from deeper sediments, relative to TOC, along with relative decrease in
sedimentation rate to stall the SMTZ may have helped enhance early
AOM-driven pyritization.

In contrast, OSR-driven pyritization may have been limited by the
type and fixed amount of in situ TOC in the sediments. In effect, the
enhanced zones of increased TS provide us with a possible indicator of
relative changes in sedimentation rate within the silt-rich GC 955
reservoir, that are otherwise not apparent in our grain size, core de-
scriptions, or biostratigraphic data. Slower sedimentation rates allow for
more time for HyS to be produced via AOM and to react with iron,
resulting in higher abundances of pyrite and higher TS. In this case the
sedimentation rate would have been slower during the early deposition
of the channel-levee, increasing through the middle stage, and followed
by a decrease in the final stages of levee sedimentation. These changes in
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sedimentation rate were likely driven by less frequent and/or less en-
ergetic turbidity current activity in the adjacent channel, which had a
notable effect on the sediment deposition and early diagenesis at our GC
955 sites. Although we see some evidence that the SMTZ persisted in
time and enhanced AOM induced pyritization, more generally, the
stacked turbidites deposited in the levee environment represent a high
sedimentation rate environment. In this scenario, these rapid sedimen-
tation events may actually inhibit diagenetic porosity losses due to OSR
and AOM diagenetic precipitates, by allowing the sediments to rapidly
pass through the SMTZ, thus keeping the coarse reservoir open for later
methane hydrate formation.

6.4. TOC distribution and methanogenesis

Methane stored in the methane hydrate reservoir at GC 955 is pro-
duced by the microbial degradation of organic carbon (Moore et al.,
2020, 2022; Phillips et al., 2020). In the marine environment, meth-
anogenesis occurs under anoxic porewater conditions beneath the sea-
floor, in stratigraphy containing sufficient buried organic carbon to
deplete pore water sulfate. Methane hydrate saturation in marine res-
ervoirs ranges from a few percent to nearly 100% saturation of available
pore space, with the coarser, sand-rich stratigraphy containing the
greatest saturations (e.g., Torres et al., 2008; Ito et al., 2015; Collett
et al., 2019; Phillips et al., 2020). In marine deepwater depositional
settings, the organic carbon content of fine-grained sediments is typi-
cally greater than that of coarse-grained sediments, resulting in greater
preservation of organic carbon in fine-grained marine sediments.
Coarse-grained sediments generally contain lower organic carbon and
typically particulate organic carbon of terrestrial origin that was trans-
ported during high energy conditions.

If methane hydrate saturations are higher in coarse-grained strati-
graphic intervals, methane formed in finer-grained stratigraphic in-
tervals likely migrated via diffusion and/or advection into the coarse-
grained reservoirs (Wei et al., 2019). Short-range methane migration
(<10’s of meters) occurs when methane is produced in one stratigraphic
section and migrates to an adjacent stratigraphic section, by means of
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diffusion or advection, where it can subsequently form methane hydrate
(Malinverno, 2010; Cook et al., 2014). In this case, dissolved methane
produced in fine stratigraphic intervals, where pore spaces are very
small, can migrate into nearby coarse intervals, which offers larger pore
spaces, and subsequently form methane hydrate when methane solubi-
lity is exceeded (Malinverno, 2010; Liu and Flemings, 2011).
Long-range methane migration occurs when methane is produced in
one place and migrates, by means of diffusion or advection, a long dis-
tance (>10’s of meters) before forming methane hydrate. Methane can
migrate great distances given sufficient permeable pathways, such as
along coarse turbidite beds that have been tilted or through faults and
fractures. The core sites at GC 955 are underlain by a salt diapir that has
deformed and fractured the overlying stratigraphy (McConnell, 2000;
Heggland, 2004; Portnov et al., 2019), including the methane hydrate
reservoir discussed in this paper. Seismic imaging of strata overlying the
salt diapir at GC 955 identify the methane hydrate reservoir encountered
while drilling holes HO02 and HOO5, as well as deeper seismic anomalies
that could be relict reservoirs and/or sources of methane gas (Portnov
et al., 2019). Several faults extend vertically through the gas-hydrate
reservoir and could act as highly permeability conduits for long-range
methane migration of deeper gas to the main methane hydrate reser-
voir. The presence of the methane hydrate reservoir relative to several
deeper seismic anomalies connected with faults, suggests that long-
range methane migration from deeper stratigraphy may be the main
charge mechanism for the UT-GOM2-1 methane hydrate reservoir.
Methanogenesis supplying methane to the methane hydrate reser-
voir at GC 955 may be occurring within fine-grained stratigraphy nearby
the reservoir (short-range migration), in stratigraphy far from the
methane hydrate reservoir (long-range migration), or in situ. Short-range
methane migration is likely contributing to methane transport and
accumulation in the methane hydrate reservoir given the presence of
elevated organic carbon content measured in the fine-grained stratig-
raphy of the reservoir (Figs. 13 and 14). Short-range migration models
suggests that methanogenesis in fine-grained sediments with organic
carbon content as low as 0.2 wt% can supply enough methane for high
saturations of methane hydrate in relatively thin (~3 m or less) coarse-
grained beds, but not within thick sand sequences (You and Flemings,
2018; You et al., 2019; Wei et al., 2019). Numerical simulations by Wei
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et al. (2021) specifically focused on the dimensions and properties of the
GC 955 reservoir suggest that although some methane may be produced
locally, free gas flow is necessary to attain the extreme hydrate satura-
tions (up to 93%) observed in this reservoir (Phillips et al., 2020). These
models further support the geological framework for long-range
methane migration at GC 955.

6.5. Implications of grainsize and TOC on gas charge

Using the binned GC 955 grain size and TOC cross plot we can infer
much about the expected history and behavior of this and other methane
hydrate reservoirs in the marine environment (Fig. 18). The GC 955 data
clearly show the highest TOC bearing sediments are in the finer grained
sediments of the reservoir, which accordingly offer the highest methane
production potential. Though the coarsest sediments of the reservoir
contain the least amount of TOC, they offer primary porosity that drives
high reservoir quality. Reservoir sediments that plot toward the upper
left corner of Fig. 18 are most likely to offer high porosity and perme-
ability (Fang et al., 2020, 2022), but their low TOC content makes them
less prone to in situ methanogenesis, instead requiring advective delivery
of methane from elsewhere to provide methane for free gas or methane
hydrate formation. Conversely, reservoirs characterized by sediments
that plot in the lower right corner of Fig. 17, are more likely to be sources
for methanogenesis that could charge a reservoir in situ or via short
range migration. As the GC 955 reservoir extends across entire Fig. 18
plot, including a measurable component of high sand + silt % with high
TOC in the upper right quadrant (lithofacies C), some in situ methano-
genesis and short-range migration of methane is possible, however, long
range migration of gas most likely explains the high methane hydrate
saturations currently observed in the reservoir.

7. Conclusions

In this study we use sedimentology and sediment geochemistry to
characterize a silt dominated methane hydrate reservoir in the Gulf of
Mexico. We present several data sets: sediment composition, biostrati-
graphic age, grain size, TOC, C/N, 8'3C-TOC, CaCOs, TS, and 5>*S-TS
from sediments collected with pressure cores from a methane hydrate
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rich, turbidite channel-levee system during the 2017 UT-GOM2-1 Hy-
drate Pressure Coring Expedition. Collectively, these measurements
characterize the depositional and diagenetic processes that influenced
the accumulation of significant methane hydrate throughout the reser-
voir. Our results indicate the reservoir is composed of three distinct
lithofacies that are characteristic of variable turbidity current energy
regimes within the Pleistocene channel-levee environment. We also
document that the TOC in the sediments of the reservoir is sorted in the
fine fraction of each lithofacies, while the CaCO3 (biogenic) fraction is
reworked and part of the detrital load. The rapid progression of these
sediments through the SMTZ restricted OSR and AOM related mineral-
ization to iron sulfides, which occurred in greatest abundance in two
zones within the reservoir. The two zones of iron sulfide diagenesis were
both likely produced during stalled SMTZ positions driven by relative
decreases in sedimentation rate. The low level of diagenetic precipitates
throughout the reservoir allowed the primary porosity to remain largely
intact and subsequently filled with high saturation pore-filling methane
hydrate. TOC within the reservoir is likely to have resulted in some
methanogenesis, however the high methane hydrate saturations
observed here most likely required advection of gas from deeper sedi-
ments, transported along faults that traverse the GHSZ. The results
presented in this research, coupled with recovered methane hydrate in
the pressure cores, suggest that rapidly deposited, silt-dominated
channel-levee environments may inhibit significant early diagenetic
mineralization, thus preserving primary porosity for subsequent accu-
mulation of methane hydrate through time and have important impli-
cations for the distribution of methane hydrate in marine sediments
along continental margins.
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