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Abstract: Gas hydrates comprise one of the largest reservoirs of organic carbon on Earth. Marine gas
hydrate predominantly consists of biogenic (i.e., microbially generated) methane molecules trapped
within lattice-like cages of frozen water molecules. Sedimentary organic matter is the feedstock for
methanogens producing gas in anaerobic sub-seafloor environments. Therefore, an understanding
of the minimum amount of organic material (measured as carbon and hydrogen content) necessary
for methanogenesis to result in appreciable volumes of hydrocarbons is central to understanding
the requirements for gas hydrate formation. Reactive transport modelling by workers over the past
20 years suggests minimum requirements of ~0.3–0.5. wt. % TOC (total organic carbon) for gas
hydrate formation, while earlier workers predicted TOC as low as ~0.1–0.2. wt. % could produce
biogenic gas. However, the hydrogen content (recognized as the limiting reagent in hydrocarbon
generation for over 50 years) needed for biogenic gas generation and gas hydrate formation is poorly
understood. Furthermore, the minimum organic contents needed for gas hydrate formation have
not been investigated via basin-scale computational modeling. Here, we construct a synthetic 3-D
basin and gas hydrate system model to investigate minimum sediment TOC and hydrogen (HI,
hydrogen index) contents needed for gas hydrate formation. Our modelling suggests that, under
geologically favorable conditions, TOC as low as 0.1. wt. % (paired with 100 HI) and HI as low
as 50 (paired with 0.2. wt. % TOC) may produce biogenic gas hydrate saturations above 1%. Our
modelling demonstrates the importance of basin-scale investigation of hydrocarbon systems and
demonstrates how the confluence of favorable structural controls (e.g., faults, folds, anticlines) and
stratigraphic controls (e.g., carrier beds, reservoirs) can result in gas hydrate accumulations, even in
organic-poor settings.

Keywords: methane hydrate; biogenic gas hydrate; basin modelling; organic carbon; petroleum
systems modelling; organic geochemistry; marine sediment; carbon; hydrogen

1. Introduction

Gas hydrate represents a potential global resource base that likely rivals in size all
known organic carbon sources and exceeds the size of all known fossil fuel reserves [1,2].
Gas hydrate, therefore, has significant implications for both the global carbon cycle and
its influence on oceanographic and climatic change, as well as for global energy access
and energy security in an era of rising energy demand, development, and changing cli-
mate. However, the scientific understanding of gas hydrate formation and the engineering
capabilities to successfully produce gas hydrate resources remain notable challenges [2].

Promisingly, recent advances in computational modeling allow these scientific and
engineering challenges to be addressed. Namely, basin and petroleum system modeling
(BPSM) allows for the comprehensive simulation of biogenic gas generation and the com-
plex processes of gas migration and accumulation in the form of gas hydrate at the scale of
potentially structurally complex marine sedimentary basins and fluid systems, through
geologic time (e.g., [3–5]). The ability of BPSM to predict both volumetrics associated with
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gas hydrate as well as in-place gas hydrate saturations represents a significant advancement
in the understanding of and ability to model gas hydrate systems [4].

BPSM relies on a number of inputs governing the stability of gas hydrate when
modeling such systems, namely, basin or model geometries as well as boundary conditions
that influence prevailing pressure and temperature conditions [4]. In addition to gas hydrate
stability (which indicates whether the appropriate pressure and temperature conditions are
present for the hypothetical stability of gas hydrate), BPSM models gas hydrate volumetrics
and saturations associated with zones of predicted gas hydrate stability. That is, BPSM
addresses two questions related to gas hydrate: (1) whether gas hydrate might be stable and,
if so, (2) how much gas hydrate is predicted to be present. While basin model geometries
and boundary conditions are critical to the first of these questions, an understanding of
hydrocarbon (gas) generation, migration, and accumulation in gas hydrate deposits is
critical to the second of these questions. Underlying the issue of gas generation, which is
ultimately critical to the amount of gas hydrate able to accumulate in any given deposit, is
the issue of whether sufficient organic matter has accumulated and has been preserved in
order for methanogenesis and other gas-forming microbial reactions to progress in shallow
marine sediments [6].

Understanding of the sediment organic properties (organic matter content and rich-
ness) of shallow marine sediments is critical to understanding the formation of gas hy-
drate [7–9], yet comprehensive study of the primary sediment organic properties (namely,
total organic carbon—TOC, and hydrogen index—HI) associated with known gas hydrate
localities is lacking and is, therefore, the focus of a separate work, described in [10]. Not
only is this type of comprehensive study or survey lacking, but theoretical modeling
harnessing varying sediment organic properties (including query of minimum threshold
values) to test the formation and accumulation of gas hydrate is also lacking. This need for
a modeling-based test of sediment organic properties associated with and needed for the
occurrence of gas hydrate occurrence represents the focus of this study.

Here, we construct a synthetic 3-D geological model to test how variations in sediment
organic properties (TOC and HI) influence the formation and accumulation of gas hydrate.
We use these simplified models to assess what minimum values of organic content and
richness (TOC and HI) are needed to result in the formation of gas hydrate under favorable
geologic conditions. In a brief companion piece to the present work, we discuss how
previously published BPSM studies have treated sediment organic properties in the context
of modeling gas hydrate systems [11].

2. Synthetic Model Parameters

The PetroModTM v.2019 3-D model described here represents a simple, geologically
plausible synthetic model, constructed to specifically assess the influence of variable sedi-
ment organic properties (TOC and HI) on the generation and accumulation of gas hydrates
under favorable stratigraphic and structural conditions. Due to the high sensitivity of gas
hydrates to pressure and temperature conditions (e.g., [12]), model parameters influencing
these conditions must be controlled (i.e., held constant) in order to isolate the effects of
sediment organic properties on gas hydrate formation. In this regard, the most influential
model parameters are basin geometry, water depth, sediment–water interface temperature,
and heat flow. We therefore utilize a set synthetic basin geometry constructed in layer-cake
fashion, along with constant values for key boundary conditions.

The 3-D model is 14 km wide and is defined by a horizontal resolution of 42 cells,
each 35 m wide. The model contains 15 layers, spanning 800 m of sediment at its greatest
thickness (Figure 1). The basal layers are folded in an anticlinal feature, ~7.5 km in diameter
and with ~300 m of relief (Figure 2). These layers are cut by a fault plane that is treated as
open to the flow of hydrocarbons. The average sedimentation rate was held constant at
400 m per million years. The lithologies of these basal layers are represented by default
lithologies and parameters, as defined by PetroModTM. These basal layers are characterized
by interbedded clean sand and silty-clay lithologies (silty clay used as in [4]), as might be
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found in a turbidite depositional system. We use Athy’s Law of compaction to simulate any
sediment compaction that may have occurred [13]. The sediment overlying the anticline
is assigned a uniform silty-clay lithology, in an effort to simulate general hemipelagic
marine deposition.

Figure 1. Stratigraphy of our 3-D model (interbedded mudstone and clays within the anticlinal dome
feature, draped by a thick layer of clay-rich mudstone). Note 10× vertical exaggeration.

Figure 2. Structural features (anticlinal dome and fault plane) included within our 3-D synthetic
model to create “geologically favorable” factors for the migration and accumulation of gas. Note
10× vertical exaggeration.

The silty-clay lithology is treated as the site (or “source rock”) of potential biogenic
gas generation in this model. Critical source rock organic properties are the values for total
organic carbon (TOC) and hydrogen index (HI), which ultimately dictate the extent of gas
generation in accordance with pre-defined kinetics. Hydrogen index here represents the
amount of hydrogen relative to the amount of organic carbon present. In order to test the
theoretical lower limits for the generation of biogenic gas and the resultant formation of
gas hydrate, we vary values of TOC and HI used in this model, starting with the lowest
test values of 0.1% TOC and 50 HI and varying both TOC and HI for multiple scenarios
(Table 1).
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Table 1. Subset of the TOC/HI scenarios tested via our 3-D synthetic modelling, including indication
of whether or not these scenarios resulted in gas hydrate formation.

Scenario TOC HI Gas Hydrate Formed?

1 0.1 wt. % 50 No
2 0.1 wt. % 100 Yes
3 0.2 wt. % 50 Yes
4 0.2 wt. % 100 Yes
5 0.3 wt. % 50 Yes
6 0.3 wt. % 100 Yes

Within the shallow sediments modeled here, generation of microbial methane within
the organic-rich shale lithologies is simulated using Middelburg kinetics [14,15], which
calculates the organic matter degradation rate as a function of TOC at each time step since
initial sediment deposition. This degradation of organic matter at low temperature provides
the means for microbial generation of methane that may contribute to the formation of
gas hydrate.

Migration of biogenic gas is simulated using a combination of Darcy and flowpath
migration (referred to as the Hybrid method in PetroModTM) to characterize gas migration
in both higher and lower permeability units [16,17]. PetroModTM also calls for assignment
of critical gas saturation values or the saturation at which the gas phase becomes mobile.
Here, a relatively low critical saturation of 1 vol. % is assigned for gas, so as to encourage
gas migration potential and to allow small gas bubble sizes to migrate (as in [18]).

The modeling effort described here also harnesses default gas hydrate phase prop-
erties (i.e., pressure, volume, and temperature conditions), as defined in PetroModTM, in
accordance with properties established in the gas hydrate literature [19]. These include
a gas hydrate density of 940 kg/m3, thermal conductivity of 0.49 W/m/K, heat capac-
ity of 0.50 kcal/kg/K, and dissociation energy of 54.5 kcal/mol. Properties of pressure
and temperature are used in conjunction with salinity of the pore water (set at 35‰ in
accordance with average seawater salinity, e.g., [20]) by PetroModTM in order to calcu-
late gas hydrate stability and solubility. These calculations use equations established by
Tishchenko et al. [21], who also provided the theoretical framework whereby the formation
and disassociation of gas hydrate is modeled in PetroModTM. Accordingly, formation of
gas hydrate occurs when the concentration of dissolved methane exceeds solubility within
the gas hydrate stability zone and disassociation occurs whenever the solubility of methane
falls below saturation [21]. We assign a minimum gas saturation needed for gas hydrate
formation of 1%, in accordance with the PetroModTM default value.

As mentioned above, model boundary conditions are held constant through time. The
seafloor is held constant at a water depth of 1900 m, in accordance with the median water
depth at global drilling sites where gas hydrate has been recovered (or where its presence
has been strongly inferred) [10]. The sediment–water interface temperature, or temperature
at the seafloor, is held constant at 4 ◦C. Heat flow throughout the model is held constant at
50 mW/m2, in accordance with heat flows consistent with the convergent margin settings
that commonly host gas hydrate [22].

Ultimately, the BPSM process utilized by PetroModTM is here employed to assess both
gas flux into the gas hydrate stability zone as well as in situ gas generation within the gas hy-
drate stability zone—as a consequence of variations in sediment organic properties—in order
to assess gas hydrate formation under favorable stratigraphic and structural conditions.

3. Results and Discussion

Model results demonstrate that gas hydrate saturations in excess of 1% form for both
0.1 wt. % TOC, 100 HI and 0.2 wt. % TOC, 50 HI scenarios (Figures 3 and 4). Under the
0.1 wt. %, 100 HI scenario, for example, modeled gas hydrate occurs at saturations in excess
of 50% (Figures 3 and 4). Gas hydrate saturations do not form under the 0.1 wt. % TOC,
50 HI scenario. Thus, our models present a simple demonstration of the minimum sediment
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organic contents needed for the generation of biogenic gas and for the accumulation of this
gas in the form of gas hydrate. We discuss these minimum required values in the context
of previously published studies at greater length below.

Figure 3. Two-dimensional cross-section view of modeled gas migration (red arrows) and gas hydrate
formation (colored cells) under the 0.1 wt. % TOC, 100 HI scenario. Note 10× vertical exaggeration.

Figure 4. Three-dimensional view of model cells with greater than 1% gas hydrate saturation (blue,
green, and red cells) and of the fault plane (grey cells). Scenario shown is for 0.1 wt. % TOC, 100 HI.
Note 10× vertical exaggeration.

As expected, gas migration within the anticlinal folds of the model is directed toward
the apex of the anticline (Figure 3). Somewhat counterintuitively, migration as well as
accumulation of gas hydrate saturations is concentrated within the silty-clay (rather than
clean sand) lithologies. We interpret this to be due to the higher relative porosities within the
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silty-clay lithologies, because the silty-clay lithologies have not yet fully compacted during
burial. At greater burial depths, the silty-clay lithologies would compact further than the
sand, and the clean sand lithologies would maintain higher porosities and therefore form
more favorable reservoirs for hydrocarbon accumulation (e.g., as in traditional petroleum
systems [23]).

Alongside this demonstration of gas migration along porous silty-clay layers and
toward the apex of the anticlinal structure, our simple models demonstrate along-fault
fluid focusing and migration of biogenic gas (Figure 4). Adjacent to the fault plane modeled
here, gas saturations in excess of 50% occur and cells populated with gas hydrate seem
to visually cluster around the top of the fault (Figure 4). This finding is consistent with
previous work on the influence of folding and faulting on gas migration and gas hydrate
formation and accumulation (e.g., [24,25]).

Contextualization of our synthetic model results within previous work on establishing
the minimum organic contents for both biogenic gas generation and gas hydrate forma-
tion is important. Previous workers have suggested minimum TOC contents needed for
gas hydrate formation range from ~0.3 wt. % TOC (reaction-transport modeling by Bur-
wicz et al. [26]) and 0.4 wt. % (mass-transfer modeling by Klauda and Sandler [27]) to
0.5 wt. % (numerical calculations by Waseda [7]). The study by Burwicz et al. [26] suggests
gas hydrate formation is controlled by a combination of sediment TOC and sedimentation
rate and that this means the minimum TOC needed for gas hydrate formation ranges from
~0.3 to >1.0 wt. %. Our work predicts gas hydrate formation at TOC contents as low as
0.1 wt. %, which is lower than TOC contents estimated to be necessary for gas hydrate
formation by these previous workers. We suggest that our study differentiates itself in
that it takes a basin-scale approach to modeling gas hydrate formation and, therefore,
demonstrates that factors such as favorable structural configurations (e.g., a fault allowing
for the focused migration of gas; an anticlinal feature allowing for focused migration of gas)
and favorable stratigraphic conditions can allow for the formation of gas hydrate under
scenarios of organic matter contents that are more organic poor than previously predicted.
This finding seems intuitive and is, at a coarse level, compatible with work by Clayton [28],
who found that free gas can be generated under a TOC as low as 0.12 wt. % (i.e., a TOC
compatible with our modelled minimum sediment organic content scenarios of 0.1 wt. %
TOC, 100 HI and 0.2 wt. % TOC, 50 HI) in normally pressured sediments.

4. Concluding Remarks

We present simple hypothetical demonstrations of basin-scale biogenic gas generation
and migration and accumulation of this gas in the form of gas hydrate. We demonstrate
that, under geologically favorable scenarios (i.e., favorable structural and stratigraphic
controls), appreciable gas hydrate saturations can form in otherwise organic-content-poor
environments. Two such organic-content-poor scenarios (0.1 wt. % TOC, 100 HI and 0.2 wt.
% TOC, 50 HI) are here shown to result in saturations of gas hydrate exceeding 50%. We
wish to note that the above demonstrations are simple theoretical illustrations and must be
matched with empirical observations from gas hydrate localities. Nonetheless, our work
serves to demonstrate the importance of basin-scale investigation of complex geologic and
fluid systems, such as gas hydrate.
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