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Gas hydrate systems contain large quantities of methane that may originate from biogenic, thermogenic, or
mixed sources. Fluid migration pathways, including gas chimneys, faults, inclined permeable strata and
diapirs, are critical for transporting thermogenic gases at depth into gas hydrate systems in shallow
subsurface. However, the role of these pathways in hydrate accumulation, particularly in systems
dominated by biogenic or mixed gases, remains poorly investigated. This study integrates global case
analyses of geochemical indicators of gas origin and geophysical signatures revealing spatial relationships
between hydrate systems and migration conduits. Numerical modeling of hydrate accumulation history in
the Gulf of Mexico Basin and the Qiongdongnan Basin further has been carried out. Results show that
regardless of gas origin, in-situ biogenic gas alone is insufficient to form medium- to high-concentration
gas hydrate. Fluid migration pathways are necessary for providing allochthonous gas. Generally, this study
provides insights into the formation history of gas hydrate system and indicates that fluid migration
pathways play a pivotal role in the formation of favorable gas hydrate systems, irrespective of whether the
gas source is biogenic, thermogenic, or mixed.
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1. Introduction

The study of gas hydrate is blooming over the past
decades due to its potential in energy resources, its feedback
from and on climate change and being an uncertain driver for
submarine geohazards (Shipley TH et al., 1979; Wiese K and
Kvenvolden KA, 1993; Ruppel CD and Kessler JD, 2017).
The formation and accumulation of natural gas hydrate are
governed by a complex interplay of factors, including
temperature and pressure conditions, gas sources, gas
migration pathways, and the reservoir properties, which occur
on most of the global continental margins (Palodkar AV and
Jana AK, 2017). The formation and dissociation of gas
hydrate could be caused by the variations of heat flow, sea
level, sedimentation, and erosion. Their history over
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geological time reflects the dynamic shift of the base of gas
hydrate stability zone (BHSZ), which is often indicated by a
bottom simulating reflection (BSR) on seismic images
(Shipley TH et al., 1979).

Fluid migration in hydrate systems involves two primary
mechanisms: Diffusion and advection (Leythacuser D et al.,
1982; Berndt C, 2005; Gay A and Berndt C, 2007). Diffusion
refers to concentration-driven and relatively slow movement
of dissolved gases through pore spaces, which often
dominates in low-permeability sediments (Krooss BM et al.,
1988; Judd A and Hovland M, 2009). Advection represents
the bulk flow of fluids driven by pressure gradients which is
often found within fractures or permeable layers, efficiently
delivering methane to the hydrate stability zone and affecting
its formation and distribution (Kopf AJ, 2002; Gay A et al.,
2007). Both mechanisms work together to supply methane,
with their relative importance depending on geological
conditions such as sediment porosity, fluid pressure, and
tectonic activity. Previous studies show that enriched gas
hydrate accumulations prefer occurring in advection-
dominated systems (Xu WY and Ruppel C, 1999; Haacke RR
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et al., 2007).

The accumulation of gas hydrate and its underlying free
gas zone (FGZ) are mainly controlled by methane supply and
reserving capacity of sediments (Boswell R et al., 2012;
Hillman JIT et al, 2017). Gas origins have been well
categorized into three types based on geochemical analysis
using hydrate gas C,/(C,+C5) ratios and methane 513C values:
Thermogenic, biogenic gases and those of mixed origins (Li
YY et al., 2022). Thermogenic methane typically exhibits a
C,/(C,+C;) ratio <100 and 6"Cyppg values >—50%o,
reflecting its origin from thermal cracking of organic matter.
Biogenic methane shows a C,/(C,+C5) ratio >1000 and more
depleted 6" Cyppp values (—55%0——60%o), indicative of
microbial methanogenesis. The values that are between these
two endmembers (100 < C,/(C,+C5) ratio <1000 and —55%0 <
SBCyppp < —50%0) suggest mixed-origin methane, resulting
from the combination of both thermogenic and biogenic
processes. Recent studies show increasing contribution of
thermogenic gases to gas hydrate system (Wang XJ et al.,
2014; Zhang ZJ and Wright CS, 2017; Zhang W et al., 2020;
Jin JP et al., 2020), and even biogenic gas may be formed by
the secondary biodegradation of thermogenic gas which
migrated to the shallow sediments where microorganisms
consume heavier hydrocarbons and produce microbial
methane (Hillman JIT et al., 2017; Li YY et al., 2022). But
the proportions of contribution of different gas origins to gas
hydrate system has not been well elaborated yet. In addition,
seismic imaging of the global gas hydrate systems shows that
gas hydrate-containing layers and FGZs often occur at the
places where there are fluid pathways such as faults, gas
chimneys, diapirs and inclined permeable sand layers (Ren JF
et al., 2024; Xia Y et al., 2024). However, the extent to which
vertical migration pathways that bypass sedimentary
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succession contribute to gas hydrate accumulation and affect
hydrate composition remains poorly understood.

In this paper, global examples are examined to review the
gas origins of hydrate systems and study the role of fluid
conduits in the formation of gas hydrate system. Geochemical
analyses, geophysical interpretation and numerical simulation
methods are used to examine the different combinations of
gas sources and evaluate the connection between different gas
origins and fluid migration conduits, and their roles in gas
hydrate accumulation.

2. Data and methods
2.1. Review of global gas hydrate systems

This study includes 32 worldwide cases, among which 13
have drilling data and 19 have been confirmed to find gas
hydrate systems (Fig. 1, Tables 1, 2). The dataset includes 517
well samples from marine gas hydrate systems, including
those in Hydrate Ridge, Blake Ridge, and the Gulf of Mexico.
Key sample parameters include gas composition (methane C,
ethane C,, and propane C; percentages) and isotopic values
(6"3C and 0D). Hydrocarbon gas isotopic compositions and
molar ratios (C,/C, and C,/(C,+C5)) are effective indicators
for determining natural gas genetic types and origins (Bernard
B et al., 1977; Chung HM et al., 1988; Whiticar MJ, 1999;
Milkov AV, 2005, 2011; Milkov AV and Etiope G, 2018; Liu
QY et al., 2019). Milkov AV and Etiope G (2018) developed
a revised genetic diagram correlating C,/(C,+C5) ratios with
o13C, values, based on a global dataset of >20000 samples
(Fig. 2). This diagram has been widely used to classify natural
gas genetic origins, providing a robust framework for
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Fig. 1. Global distribution of representative gas hydrate systems and their gas origin types (after Benson TR et al., 2017). 1-Hydrate Ridge,
Offshore Oregon/Cascadia Margin; 2—Antrim Shale; 3—Blake Ridge region; 4—Gulf of Mexico; 5—Costa Rica; 6—Rio Grande Cone (Brazil);
7-Sea of Marmara; 8—Homorod seep (Romania); 9-Qiongdongnan Basin; 10—Shenhu; 11-Ulleung Basin; 12—Nankai Trough; 13—Joetsu Basin.
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distinguishing biogenic, thermogenic, and mixed-origin gases.
It effectively illustrates the gas origins of the case studies
investigated in this paper.

Seismic reflection method was used to delineate gas
hydrate systems, allowing the identification of BSRs,
overlying hydrate-bearing layers, and underlying free gas
zones (FGZs). They were also used to interpret fluid
migration conduits, deeper hydrocarbon reservoirs, and
shallow gas accumulations. Spatial relationships among these
units provide insights into the gas origins of hydrate.

Specifically, the seismic data from the Gulf of Mexico Green
Canyon 955 Well (Haines SS et al., 2017) and Qiongdongnan
Basin W08 Well (Lai HF et al., 2021) were analyzed, based
on which geological and numerical models are built to predict
the fluid migration, hydrate and free gas saturations.

2.2. Numerical modeling

PetroMod software was used to simulate the history of gas
hydrate accumulation in this study, and tried to figure out to
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Fig. 2. Genetic types of the hydrate-bound gases reviewed in this study (after Bernard B et al., 1977).

Table 1. Compilation of isotopic and molecular composition data of gases from global gas hydrate systems, with interpreted gas
origins.
Location Well Depth/m S Cyppp/%o 0D/%o C/(Cy+Cy) Conclusions Reference
C, C, C, CH,
Shenhu SC-W01B 135.7 -50 -31 —18.1 —170.3 1338.3 M M T Liang QY et al., 2022
155.48 —47 -30.5 —18.3 —190.7 302.4 M
160.76 —49.2 —28.9 —18.6 —195 119.6 M
SC-W01C 147.35 —48.2 —27 —18 —183.5 7553 M
148.21 —47.4 —26.2 -17.6 —186.3 1792.5 M
163.46 —48.1 —28.7 —18.3 —191.9 75.4 T
SC-W02B 143.54 —46.7 —28.3 —18.2 —185.8 437.3 M
144.52 —46.2 —28.6 —18.1 —191.9 276.2 M
158.84 —47.3 —28.3 —18 —197.9 60.1 T
170.08 —46.9 —27.7 -17.3 —193.5 57.8 T
SC-W03B 136.57 —65.2 —43.3 —24.6 —191.3 316.7 M
Qiongdongnan Basin 4 (HY6) 60 —62.5 284 246 / 23.32 M M Wei JG et al., 2021
7 (HY20) 63.73 —63.7 —28.8 —23.7 / 31.2 M
8(HY9) 63.93 —57.6 —27.9 —243 / 8.9 M
9 64.53 —60 —29 —25.6 / 8 M
12 170.2 —52 —27 —24.4 / 3.1 M
Sea of Marmara DV1-PE02 / —43.3 / / —207.4 206 M M, T,B Riedel M et al., 2022
DV2-PEO1 / —44.6 / / —220.9 19 T
DV3-PEO1 / —52 / / —212.3 31 M
DV3-PEO3 / —41.2 / / —169.7 10 T
DV3-PE04 / —54.6 / / —214 880 M
DV3-PEO6 / -51.9 / / —210.7 31 M
DV3-PE09 / —58 / / —214.2 1560 B
DV4-PE02 / —63.8 / / —208.1 5285 B
DV4-PEO8 / —65.8 / / —240.8 23147 B
DV5-PEO1 / —63.3 / / —252.2 1853 B
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Location Well Depth/m 6" Cyppp/%o 0D/%0  C,/(C,+C;3) Conclusions  Reference
C, C, C CHy
Joetsu Basin MD179-3305G / -36.6 -179 58 —-167 3158 M M, B  Hachikubo A et al., 2015
/ -36 -182 57 —164 3389 M
MD179-3306 4.5[mbsf] -373 -184 6.3 —164 3176 M
/ -357 -181 48 -167 4213 M
/ -546 318 / -195 6446 M
/ -548 319 / —194 5758 B
/ -57.1 314 53 -194 4819 B
/ -554 / / -195 4713 B
MD179-3318C 1.5[mbsf] —44 -213 4 —189 6257 M
/ —44.3 -24.5 / -190 2172 M
/ -439 214 / n.d. 9682 M
Homorod seep (Romania) H10_seep 4f (9/09) / —4596 -33.04 / -110 6.7 T T Etiope G et al., 2011
Praid seep(6/07)d / -29 nd / -193.6 2939 T
Cascadia Margin R694 / —43.4 —25.5 -23.5 —143 7.74 T T Pohlman JW et al., 2005
R695 / -427 257  23.6 —140 2.92 T
4215 / =50 —288 254 -153 2.51 T
4216 / —488 285 258 -179 2.76 T
4220 / -49.5 287 257 -192 2.22 T
Ulleung Basin UBGH2-7 6.5 —63.9 / / -197 1489 B M,B Riedel M et al., 2022
24.7 -679 / / —194 782 M
UBGH2-7 354 —66 / / —-190 636 M
UBGH2-11 53.4 -62.5 / / —201 3127 B
99.5 -63.6 / / —198 3526 B
Antrim Shale 6 / =50.8 / / —238 906 M M, T Martini AM et al., 1998
7 / -457 / / -236 742 M
8 / -549 / / / 810 M
10 / =55 / / / 104 M
22 / -494 / / -217 37 T
39 / -50.8 / / -220 35 M
44 / =521/ / —246 75 M
51 / =502 / / -209 25 M
57 / -526 / / —258 1168 M
73 / -495 / / -255 4679 M
74 / =509 / / / 9435 M
87 / =533 / / / 18 M
91 / —48.4 / / —227 25 T
94 / —49.1 / / —225 18 T
116 / -504 / / -235 1866 M
147 / =509 / / -232 623 M
150 / -50.8 / / -260 21 M
153 / -50.1 / / —237 1332 M
160 / -49.1 / / —227 9159 M
169 / -522 / / -222 13 M
Rio Grande Cone (Brazil) PC76 727.5 —68.1 / / / 3210 B M,B Miller DJ et al., 2015
PC76 892 —69 / / / 2040 B
PC67 508.5 —67 / / / 1352 B
853 -669 / / / 890 M
988 -66.7 / / / 446 M
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Location Well Depth/m o 13CVPDB/%o oD/%o  C/(C,;+#C3)  Conclusions Reference
C, C, C; CHy
Hydrate Ridge, 1244 65 -67.1 432 / / 25663 B M,B  Milkov AV et al., 2005
Offshore Oregon 74.2 —68.3 / —208 50583 B
1245 54.53 —69.1 -453 / -203 60730 B
85 —67.5 —46.7 / —188 45431 B
1247 93.01 =70 =525 / -202 24150 B
1248 0.5 —68.1 369 -25.6 -202 713 M
7.37 —66.2 309 -26.6 / 96 M
87 —67.8 —42.1 / —204 1881 B
1249 1.95 —653 / / / 813 M
6.06 —67 -34.6 -23.1 -200 588 M
19.6 —654 335 -23.1 269 M
2.11 —68 / / / 620 M
0 —68 -33.7 22 / 725 M
16.14 —63.2 / / —198 597 M
1250 1.64 -65.6 -31.1 / —-193 1148 B
81.53 —69.4 -493 / -200 6935 B
100.23 =702 483 / -202 33981 B
Gulf of Mexico 40 —61 / / / 4999 B M,B  Bernard BB et al., 1976
50 —58 / / / 4999 B
30 =513/ / / 710 M
57 =509 / / / 142 M M, B
44 —65.5 / / / 1249 B
55 -44.7 / / / 498 M
81 -459 / / / 4999 M
75 -448 / / / 1999 M
70 —61 / / / 2499 B
Nankai Trough AT1-C-8P(190-198) 279.94 —62 / / / 63758 B B Kida M et al., 2015
AT1-C-10P(33-93) 284.63 —65 / / / 20535 B
AT1-C-10P(177-187) 285.82 —69 / / / 19459 B
AT1-C-14P(26.5-36.5)  296.315 59 / / / 54581 B
AT1-C-18P(153-186) 309.695 59 / / / 19274 B
AT1-C-18P(198.5-231)  310.148  —57 / / / 14693 B
AT1-C-20P(120-136) 315.28 —58 / / / 3863 B
AT1-C-20P(136-145) 315405 65 / / / 4933 B
Blake Ridge region 994 259.9 -674 / / —205 11225 B B Borowski WS, 2004
997 331 —65.8 / / —196 4926 B
Costa Rica GHO1 -433 / / 125 3069 M M Schmidt M et al., 2005
GHO02 —452 / / —135 2150 M
GHO03 —-434 / / —143 3029 M
GHO04 —-44.6 / / —143 2972 M

Notes: T-Thermogenic; B—biogenic; M—mixed source.

what degree the migration pathways play a role in this
accumulation. The workflow of PetroMod simulation involves
integration of geological, geochemical, and geophysical data
that are used to constrain the behavior of hydrocarbon
generation and the properties of rocks and fluid units. The
process begins with the setting up of a geological model,
which includes stratigraphic layers, fault systems, and fluid
migration pathways such as gas chimneys, fractures, and

permeable strata. Physical parameters of ambient conditions,
including temperature, pressure, salinity, and geothermal
gradient, are input to determine the depth of the BHSZ. The
consistence of modeled BHSZ with the observation of BSR
may suggest the rationality of the input parameters. The
migration of free gas methane through porous media and
fractures is simulated using the embedded simulation method
of Darcy’s law (Eq. 1):
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Table 2. Characteristics of migration channels related to natural gas hydrate system.

Location BSR Hydrate Correlation channel GHL Location References
depth/(TWT/s) system

Offshore Mauritania 0.88-3.0 BSR, GHL, Fault, Diapir Above the BSR Yang JX et al., 2013
FGz

Qiongdongnan Basin 2-2.5 BSR Mud diapir, Gas chimney / Liang JQ et al., 2019

Active Margins off SW Taiwan 2.0-24 BSR, GHL, Gas chimney, Permeable sand Above the BSR Lin LF et al., 2022
FGZ layer

Lw3 Area: The Northern Slope of 1.9-2.0 BSR, GHL, Fault Above the BSR Yan CZ et al., 2020

the South China Sea FGZ

Krishna-Godavari Basin 2.75-3.13 BSR, GHL, Permeable sand layer Within the GHSZ and high Satyavani N et al.,
FGZ above the BSR 2015

Shenhu drilling area in South China  1.9-2.1 BSR, FGZ Mud diapir, Gas chimney, / FuCetal., 2019;

Sea Permeable sand layer Zhong SL et al., 2021

Porangahau Ridge 3.4-3.6 BSR, GHL, Permeable sand layer Within the GHSZ and high Schwalenberg K et
FGZ above the BSR al., 2010

Offshore Colombia 1.5-2.5 BSR Fault, Permeable sand layer / Rincon-Martinez D et

al., 2022

Eastern South Korea Plateau 1.0-1.4 BSR, GHL, Gas chimney, Permeable sand Above the BSR Horozal S et al., 2017

(ESKP), East Sea (Japan Sea) FGZ layer

Fiordland margin SW 1.2-2.9 BSR, GHL / Above the BSR Crutchley GJ et al.,

2007

Northern deepwater Gulf of Mexico  1.74-2.43 BSR, GHL, Fault, Permeable sand layer Above the BSR Dai JC et al., 2004

FGz
V= _ﬁv P (1) provides the details of the history of gas hydrate accumulation
He processes. The equations used to constrain the lithologies in

where v, is gas velocity, k is permeability, s, is gas viscosity,
and VP is the pressure gradient. This step ensures that the gas
migration pathways are accurately represented, including the
role of faults, diapirs, and inclined strata in transporting
methane to the gas hydrate stability zone (GHSZ).

The core of the simulation involves modeling the dynamic
processes of gas hydrate formation and accumulation.
PetroMod solves coupled equations for fluid flow, heat
transfer, and chemical reactions. The mass balance equation
(Eq. 2) for methane gas is expressed as:

o (¢p,S
2{gesSe) o v (o) -0, @
t
where ¢ is porosity, p, is gas density, S, is gas saturation, v, is

gas velocity, and O, represents the source or sink of methane
gas. This equation ensures that the gas supply and
accumulation are dynamically simulated over time.

The phase transition from free gas to gas hydrate is
governed by kinetic and thermodynamic constraints. The rate
of hydrate formation is modeled using a kinetic equation (Eq. 3):

s,

o =R (8e=58) G)

where S}, is hydrate saturation, 4, is the kinetic rate constant,
S, is gas saturation, and S, is the equilibrium gas saturation
for hydrate formation. This equation captures the time-
dependent nature of hydrate formation and its dependence on
gas availability and thermodynamic stability. The simulation
outputs include hydrate saturation distribution, FGZ
characteristics, and fluid migration pathways. By integrating
seismic data, well logs, and geochemical analyses, PetroMod

the model are shown in Table 3 (Manger GE, 1963).

Two cases, including the Gulf of Mexico and
Qiongdongnan Basin, are selected and modeled to show the
roles of different configurations of methane origin (biogenic
and mixture), migration pathway and lithology in controlling
the accumulating of gas hydrate. The gas hydrate system in
the Gulf of Mexico mainly has the biogenic gas origin (Frye
M et al., 2008) and the stratigraphy is characterized by
inclined strata due to the well-developed fold belt (Haines SS
et al., 2017). The gas hydrate system in the Qiongdongnan
Basin has the mixed gas origin, where the structures of
basement uplift and accompanied faults occur (Lai HF et al.,
2021; Zuo TN et al., 2022). Modeling of the two cases can
reveal the controls of different gas origins and structural
features on the spatial distribution of hydrates and underlying
free gas, which help predict favorable locations of high
saturation gas hydrate systems. The parameters of physical
properties used in the heterogeneous geological model to
constrain the lithologies are shown in Table 4.

3. Geochemical analysis of gas origins

Hydrate-bound gases originate from three primary origins
including biogenic, thermogenic and mixed (Collett TS et al.,
2019). In marine sediments, biogenic gas forms through
anaerobic degradation of organic matters such as ancient
biological remnants and plant residues (Broctawik O et al.,
2020). It primarily comprises hydrocarbon gases (e.g.,
methane, ethane) with minor hydrogen sulfide, carbon
dioxide, and other constituents (Schoell M et al., 1983).
Thermogenic gas forms through thermal cracking of organic
and/or inorganic matter at deep depth under high temperature
and pressure conditions. These gases, which include
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Table 3. Equations used to constrain the lithologies in the model.

Parameters

Equations

Porosity (¢) of sand-rich sediments

Porosity (¢) of mud-rich sediments
Permeability (k) of sand-rich sediments
Permeability (k) of mud-rich sediments
Capillary pressure (P, ) of sand-rich sediments

Capillary pressure (P, ) of mud-rich sediments

— _ 0.146
¢ =0.435 0.0294a'eff

= (3.9668 — log (o‘eff) )/10.3618
kx — 1011.2()¢718.3(]

k, = 107976212

P.. = ~0.1¢+0.059

Pe, = ~0.5¢+2.975

Notes: o,
hydrate enrichment in MPa.

is vertical effective stress in MPa. k; is the rock permeability without hydrate enrichment in m?. P., is the capillary pressure of rock without

Table 4. Rock physical parameters in heterogeneous geological model.

Silt Mudstone Chimney structure
Lithologic 75% sands, 25% silt 50% shale, 50% silt 50% shale, 50% silt
Critical saturation of gas migration 0% 0% 0%
Gas saturation required to form hydrates 0.2% 5% 100%
Porosity 0.435- 0.02940'2}};‘6 (3.9669 — log(o'eff))/ 10.3618 (3.9669 — log((reff))/ 10.3618
Permeability, m 1011:204-18.30 107-97¢-21.20 107-97¢-19.20
Capillary pressure, MPa —0.1¢ + 0.0590 —0.5¢ +2.975 —0.0253¢ + 0.1502
Organic carbon content 0% 1% 0%
Hydrogen exponent 0 300mgHC/gTOC 0
Capillary pressure of pure hydrate layer, MPa 0.2 0.2 0.2
Permeability of pure hydrate layer, m? 1077 1077 1077

hydrocarbons and rare gases such as carbon monoxide and
helium, are formed through chemical reactions and
geothermal processes occurring within deep geological
structures (Sherwood OA et al., 2013).

Natural gas hydrate often contains mixed-origin gases,
which formed through the combination of diverse origins,
primarily the coexistence of biogenic and thermogenic gases.
The presence of mixed-origin gases indicates the mixture of
multiple gas types within the hydrate systems (Fu SY and Lu
JA, 2010; Wu NY et al., 2011; Liu CL et al., 2015; Dai JX et
al., 2017), indicating the complexity of gas origin processes.
According to the modeling result by Sun LY et al. (2020),
about 80% of the methane-forming hydrate have the
thermogenic origin at sites W19 and W17, indicating the more
contribution of thermogenic gases than biogenic ones there.

Early studies suggested the dominance of biogenic origins
for hydrate-bound gases. Afterwards, increasing number of
thermogenic gases have been found in gas hydrate system (Li
YY et al., 2022). Recent studies show that thermogenic gases
play an increasingly important role in the accumulation of gas
hydrate (Fig. 3; Wang XJ et al., 2014; Zhang ZJ and Wright
CS, 2017; Jin JP et al., 2020; Zhang W et al., 2020). In this
study, gas origin types of gas hydrate are examined based on
13 study areas with confirmed natural gas hydrate occurrences
(Table 1). Mixed-origin gas predominated (55% of total gas
samples), followed by biogenic (32%) and thermogenic (13%)
gases. This indicates that natural gas hydrate gases may derive
from multiple sources rather than one single one. For
example, thermogenic gases may have been transported to
shallow sediments through migration pathways, such as faults
and gas chimneys, where they intermingled with biogenic gas

forming the gas hydrate system. However, geochemical
analysis alone sometimes fail to determine the specific gas
source and migration routes. It is also necessary to carry out
geophysical interpretation of the gas hydrate system and
related fluid migration pathways, as well as numerical
modeling of gas hydrate accumulation. Based on all these
investigations together, the gas hydrate accumulation
processes and their major controlling factors can be better
understood.

4. Geophysical evidence of gas hydrate systems and gas
migration pathways

4.1. Gas hydrate systems

The presence of gas hydrate significantly influences the
propagation velocity of seismic waves (Ojha M and Sain K,
2009). BSR is a reliable seismic indicator of gas hydrate
presence and a response to the theoretical base boundary of
the GHSZ (Rodrigo C et al., 2009). It is typically parallel to
the seafloor or intersecting sediment reflections near the
seafloor, and often featured by high reflection amplitude and
negative polarity which indicate a marked decrease in
acoustic impedance, marking the transition from hydrate-
bearing sediments to underlying free gas (Shipley TH et al.,
1979; Schwalenberg K et al., 2010). Seismic reflection
imaging and full-waveform inversion are essential for
acquiring high-resolution stratigraphic images, significantly
improving the precision of locating hydrate reservoir (Priest
JA et al., 2009).

The integration of well-logging data and seismic
prediction techniques is very useful in estimating the
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parameters of gas hydrate layers and underlying free gases,
including extent, thickness, and saturation. Well-logging data,
particularly  resistivity and acoustic logs, provide
measurements of hydrate saturation and thickness, while
seismic attributes, such as amplitude versus offset (AVO)
analysis, enhance the spatial mapping of these parameters
(Lee MW and Collett TS, 2009; Collett TS et al., 2019).
Studies have shown that gas hydrate saturation typically
ranges from 10% to 40% within the GHSZ, and higher-
saturation ones are often near the BHSZ (Boswell R et al.,
2012). The underlying free gas layer, characterized by low
seismic velocities and high attenuation, usually exhibits

=75

—65

9,
(TR
LR

513C, /%o
5

saturations below 10% and is confined to a thin zone
immediately below the BSR (Hornbach MJ et al., 2004). For
example, the water depth of the W17 Well in the Shenhu area
of the South China Sea is approximately 1252 m, and the
drilling depth is about 300 m below the seabed (Fig. 4a). The
thickness of the hydrate layer is ca. 43.1 m, with an average
saturation of ca. 19.4%. There is free gas under the natural gas
hydrate layer. The thickness of the free gas layer is ca. 12.0
m, with an average saturation of ca. 30.1%. The water depth
of W18 Well is ca. 1282 m, with a drilling depth of ca. 250 m
below the seabed (Fig. 4b). The thickness of the natural gas
hydrate layer is ca. 11.6 m, while the thickness of the free gas
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Fig. 3. 6C,, 6"3C,, and §'3C; values of the hydrate-bound gas samples (after Dai JX et al., 2008). I-Humic type gas; II-sapropel type gas;
I1I-gas mixture with the reversal of carbon isotope; [V-humic type gas and sapropel type gas; V— biogenic gas.
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layer is ca. 28.9 m. The average saturation of the hydrate layer
is ca. 30.5% (Ren JF et al., 2023). Generally, the gas hydrate
layer predominantly resides within a specific region above the
BSR, with its distribution and saturation influenced by local
geological and thermal conditions (Sain K and Gupta H,
2012). This integrated approach not only refines reservoir
characterization but also aids in assessing the resource
potential and stability of gas hydrate systems.

4.2. Gas migration pathways

Methane required for gas hydrate formation could migrate
through thin or thick sedimentary succession (Fig. 5; Milkov
AV, 2005; Pohlman JW et al., 2009; Riedel M et al., 2010;
Collett TS et al., 2010). Extensive laboratory and field studies
have identified multiple gas migration pathways associated
with diverse geological features which provide methane
source for gas hydrate systems, such as gas chimneys
(Hutchinson DR et al., 2009; Wang X et al., 2011; Sun QL et
al., 2012, 2017; Chen DX et al., 2013; Choi JY et al., 2013;
Su M et al., 2014, 2016, 2017), fault systems (Inks TL et al.,
2009), fluid diapirs (Xie XN et al., 1999; Wang ZF et al.,
2004; Lei C et al., 2011), mud diapirs (Behrens EW, 1984;
Van Rensbergen P et al., 1999; Wang FZ and Huang JB,
2008; Hsu HH et al., 2017), magma diapirs and igneous
bodies (Cartwright J et al., 2007; Schofield N and Jolley DW,
2013; Sun QL et al., 2014), salt diapirs (Trusheim F, 1960;
Haines SS et al., 2017), and inclined/dipping permeable sand
layers with comparatively high porosity and permeability,
which enable lateral and updip transport of gas-charged fluids
under buoyancy and pressure gradients (Boswell R et al.,
2012; Davies RJ et al., 2024).

Hydrofracturing within the impermeable sediments may
cause the formation of gas chimneys, and result in their higher
permeability and porosity than surrounding sediments
(Cartwright J et al., 2007; Han WC et al.,, 2021). Gas
chimneys can transport fluids upwards and sustain the
formation of gas hydrate through complex networks of small
fractures (Yang R et al., 2015; Su M et al., 2016, 2017). On
seismic profiles, they are often identified by low amplitude,
low frequency and low coherence, appearing as chaotic or
diffuse features probably due to the upward fluid migration
along gas chimney structures (Coren F et al., 2001; Yang R,
2015). The high reflectivity zone observed at gas chimney
apices is interpreted to be caused by free gas accumulation
(Chen DX, 2013; Wang XJ et al., 2014; Yang R et al., 2015;
Qian J et al., 2018). In some cases, the uppermost ends of gas
chimneys may reach the seafloor, forming seafloor
expressions such as pockmarks. These seafloor expressions
are commonly interpreted as indicators of fluid seepage and
represent significant geomorphological markers of subsurface
fluid migration processes. For example, many gas chimneys
occur above the chaotic mass transport deposit (MTD) in the
Ulleung Basin (Bahk JJ et al., 2009; Horozal S et al., 2009;
Haacke RR et al., 2009), which originate below the BSR and
terminate at various stratigraphic depths (Fig. 6). Some can

reach widths of up to 2 km and extend to the seafloor
(Horozal S et al., 2009; Kim JH et al., 2011, 2013). Based on
seismic data and gas chemistry analysis of piston core
samples (depth <8 m), Kim JH et al. (2012) documented
upward migration of deep biogas through chimneys in the
basin, leading to significant gas hydrate formation in shallow
sediments.

In most of gas hydrate provinces, faults act as the
predominant fluid migration pathways, and can be readily
identified by aligned reflection offsets on seismic profiles
(Xie HY et al., 2016). Faults can connect deep strata to the
shallow gas hydrate system, and the high-amplitude
anomalies (HAAs) indicating hydrate or free gas presence
often exist at fault tops. This strong spatial relationship
suggests that faults play a crucial role in providing gas for the
formation of both gas hydrate and underlying free gas zone.
Specifically, an assessment of the isotopic and hydrocarbon
composition of hydrate-bound gas and those collected from
the emission sites of Buckley Canyon at the Cascadia margin
revealed that the hydrate methane has 6'>Cyppp value ranging
from —50%o to —42%o and 0Dvppp value ranging from —143%o
to —138%o (Pohlman JW et al., 2005). This isotopic signature
indicates thermogenic origin of gas for the hydrate in this
area. Considering the spatial relationship between the faults
and high-amplitude gas hydrate systems (Riedel M et al.,
2022), the authors propose that faults play a key role in
transporting thermogenic gas from deep to shallow gas
hydrate systems (Fig. 7).

Diapirs typically develop under compressional tectonic
stress (Lei C et al., 2011). They are caused by the upward
movement of mud, salt or igneous intrusions, which create
domal structures that disrupt the overlying sediments and thus
cause the formation of radial fault systems and fracture
networks (Stewart SA, 2006; Sarhan MA, 2023). Differential
compaction around the flanks of diapirs generates localized
stress fields that promote fracture and fault development in
overlying and adjacent strata (Maillard A et al., 2003). The
diapir-associated fault and its surrounding fracture networks
act as preferential fluid migration pathways, allowing for
focused fluid flow (e.g., thermogenic gas) toward the shallow
GHSZ (Sarhan MA, 2023). Diapiric structures are typically
identified by the domal units of acoustic turbidity or chaotic
reflections on lowermost part of seismic profiles (Chen SC et
al., 2014). Moreover, the tops of diapir structures often co-
exist with associated faults and gas chimneys, together
facilitating the upward migration of deep thermogenic gas.
When fluids reach the GHSZ, they contribute to the formation
of gas hydrate system (Table 2).

Generally, seismic interpretation can
distribution of the gas hydrate systems and fluid migration
pathways, as well as their spatial relationship. To better
understand the history of gas hydrate accumulation, numerical
simulations are essential for precisely delineating fluid
migration pathways and reconstructing the dynamic
accumulation history.

reveal the
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5. Numerical modeling of gas hydrate accumulation

Numerical simulation methods are essential for studying
natural gas hydrate accumulation, which enable quantitative

approach reveals how gas origin conditions and migration
pathways influence the accumulation of hydrates and
underlying free gas. In this paper, two 2-D models were built
based on representative seismic profiles and reservoir

heterogeneity in Gulf of Mexico’s Green Canyon and South
China Sea’s Qiongdongnan Basin, to describe the controls of
lithologies and fluid migration conduits on biogenic and

calculations of formation temperatures, hydrocarbon
generation capacity, gas hydrate stability zone thickness, fluid
migration modes/directions and hydrate saturation. This
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a—Seismic profile of the Cascadia Basin showing the distribution of the BSR (after Riedel M et al., 2002); b—interpretation profile

showing the BSR within the accretionary wedge (after Westbrook GK et al., 1994).

thermogenic  methane  generation,  migration, and
accumulation as gas hydrate system over time.

5.1. Gas hydrate accumulation in inclined reservoirs in the
Gulf of Mexico Basin

5.1.1. Geological model

The seismic profile at GC955 in the Gulf of Mexico
shows high-amplitude anomalies which are interpreted as gas
hydrate layers over gas or water (Fig. 8; Haines SS et al.,
2017). Although no obvious focused fluid migration conduits
have been observed, the up-bending low-amplitude and
chaotic seismic reflections suggest there may develop folding
and fracturing due to the location above the crest of a gas
chimney (Rowan MG et al., 2020). The diapir-accompanied
gas chimney may have contributed to the formation of high-
amplitude gas hydrate layers above.

Based on the seismic and drilling data from the Gulf of
Mexico data, the authors constructed a 2-D model which is ca.
10 km long and ca. 3500 m thick, with a 200 m x 5 m grid
resolution (Fig. 9). The geological parameters are assigned

according to previous studies (Haines SS et al., 2017), water
depths ranging from 1650 m to 2200 m, a seafloor
temperature of 4°C, a heat flux of 50 mW/m?, the oldest
sediments of 0.65 Ma and maximum dip angle of ca. 10°.
Considering the GC955 drilling data, the authors constructed
the stratigraphic model using variable lithological parameters
such as sand-rich sediments (75% sandstone, 25% siltstone)
and mud-rich sediments (50% mudstone, 50% siltstone)
(Table 4).

In the Gulf of Mexico Basin, gas hydrate system is
primarily characterized by biogenic gas sources (Frye M et
al., 2008), thus only the biogenic hydrocarbon generation
kinetic model was considered. The hydrocarbon generation
kinetic model utilizes the Middelburg biogenic hydrocarbon
generation model, where the hydrocarbon generation rate is
related to the burial rate and burial age of the sediments. In
mud-rich sediments, the total organic carbon (TOC) is 1%,
and the hydrogen index (HI) is 300 mg HC/g TOC (Burton
ZFM, 2022). In contrast, sand-rich sediments are not
conducive to the preservation of organic matter, hence no
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TOC parameters are assigned. Additionally, in the fluid
migration model, the Hybrid model is typically employed,
which can be divided into various methods such as the Darcy
migration mode (for low permeability formations), the
Flowpath mode (for high permeability formations), and the
fault migration mode. Three models have been built for the
folded successions in the study area of Gulf of Mexico,
homogeneous mud-rich sedimentary layers (Fig. 10a),
interbedded mud-sand/silt layers without fluid migration
conduits (Fig. 10d), and interbedded mud-sand/silt layers with
gas chimney located at the crest of the folding (Fig. 10g).

5.1.2. Modeling results

For the homogeneous mud-rich model, Fig.10a illustrates
the simulated migration of biogenic gas, which predominantly
occurred within the shallow layers (< 200 m). Figs. 10b, c
show the simulated hydrate saturation and free gas saturation,
respectively, both of which showing limited distribution and
low saturation. The simulated hydrate saturation is less than
15%, and there is almost no free gas existence below the BSR.

For the interbedded mud-sand/silt model without fluid
migration conduits, the generated methane migrates from the
mud layers into adjacent sand/silt layers, where buoyancy
forces facilitate the up-dip migration of methane along the
inclined successions (Fig. 10d). Compared with the
homogeneous mud-rich model, lateral gas migration occurs
both at shallow and comparatively deeper layers. Fig.10e
shows that gas hydrate mainly forms above the BHSZ, with
the maximum saturation reaching 50%. Within the GHSZ, the

gas hydrate saturation is comparatively lower, but the
maximum hydrate saturation above the structural high (the
crest of the salt diapir, ca. 50%) is significantly higher than
that on the flanks (ca. 20%). Fig.10f shows that multiple high-
saturation free gas layers can form below the base of GHSZ,
primarily distributed in the structural highs. Generally, both
hydrate layers and free gas layers are predominantly located
in sand-rich formations, particularly surrounding the structural
high locations.

For the interbedded mud-sand/silt model with a gas
chimney located at the crest of the folding, the simulated fluid
migration is mainly featured by lateral up-dip migration of
methane along the inclined sand/silt layers, and upward fluid
migration has also been observed within the gas chimney
structure (Fig. 10g). The simulated hydrate saturation result
(Fig. 10h) shows that the distribution characteristics of low
hydrate saturation (Fig. 101) within the GHSZ are similar to
the second model, but with higher-saturation hydrate layers
above the structural high (the crest of the salt diapir). The
saturation of free gas is much lower at the locations of gas
chimney due to the presence of gas chimney, where the
hydrate layers above the BHSZ increase markedly.

5.2. Gas hydrate accumulation in horizontal reservoirs in
Qiongdongnan Basin

5.2.1. Geological model

Previous studies have established a detailed sequence
stratigraphic framework of the sedimentary succession in
Qiongdongnan Basin, with seven key reflections identified,
T80 (33.9 Ma), T70 (28.4 Ma), T60 (23 Ma), T50 (16 Ma),
T40 (11.6 Ma), T30 (5.5 Ma) and T20 (1.8 Ma) (Qiu N et al.,
2013; Song GZ et al., 2014). Gas hydrate accumulations have
been found in the Quaternary Ledong Formation (Fang XY et
al., 2022). The seismic profile intersecting W08 Well in the
Qiongdongnan Basin shows high-amplitude anomalies which
are interpreted as gas hydrate system and mainly occur in
successions shallower than T20 reflection which has been
interpreted as the Quaternary Ledong Formation (Fig. 11;
Fang XY et al., 2022). The gas hydrate system is spatially
consistent with the basement uplift, and they are
interconnected by vertical faults which may act as fluid
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migration conduits (Wang XJ et al., 2014). Other features
such as central valley, polygonal faults and channel systems
have been observed within the sedimentary successions (Xie
X etal., 2003).

Based on the seismic and drilling data, the authors
constructed a 2-D model which has a depth of ca. 1700 m
below sea level, a width of ca. 35 km and a burial depth of ca.
2.5 km (Fig. 12). The authors have simplified the model by
assuming horizontal strata to investigate the influence of
stratum dip angles on fluid migration. Shallow Quaternary
strata exhibit multi-stage channel and mass transport deposits,
where sand-rich sediments could exist (Lai HF et al., 2021;
He YL et al., 2022; Zuo TN et al., 2022). The shallow
sedimentary successions (< 2000 m below the sea level) are
predominantly horizontal. The Qiongdongnan Basin is
influenced by Cenozoic lithospheric extension and
Neotectonic movements, leading to crustal thinning in the
continental slope and generally higher geothermal gradients,
higher present-day temperatures, and higher heat flow values
in the deep-water areas of the basin (Ye JL et al., 2019).
Previous studies indicate that the average heat flow value in
the northern shallow-water area is 70 mW/m?, while the

average heat flow value in the continental slope deep-water
area is 85 mW/m? (Zhang YZ et al., 2019). In the initial heat
flow model, only a constant heat flow value of 63 mW/m? at
the time of basement formation (33.9 Ma) was considered.
Drilling data from gas hydrate exploration reveal that the
seafloor temperature is ca. 3.5°C, and both the initial and
present-day seafloor temperatures are set at 3.5°C (Sun LY et
al., 2023). The heat flow above basement uplift structures is
relatively high, reaching up to 130 mW/m?, while the heat
flow in the flanking strata is around 70 mW/m? (Sun LY et
al., 2023).

The gas origin of gas hydrate in the Qiongdongnan Basin
is primarily thermogenic, but it may also include contributions
from biogenic gas, exhibiting overall mixed genetic
characteristics (Figs. 2, 3). Therefore, both biogenic and
thermogenic hydrocarbon kinetics models have been
considered in the modeling. The biogenic hydrocarbon
kinetics model is similar to that of the Gulf of Mexico Basin,
but with a total organic carbon (TOC) content of 0.5% and a
hydrogen index (HI) value of 100 mg/g TOC (Burton ZFM,
2022). The thermogenic hydrocarbon kinetics model has been
used for strata deeper than 1500 m below sea level, and it
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indicating the presence of gas hydrate system (after Sun LY et al., 2023).
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Fig. 12. Simplified sand-mud interbedded geological model based on the seismic profile in Fig. 11 in the Qiongdongnan Basin.

8 Muddy sediments

(biogenic)
B Muddy sediments
0 500m (thermogenic)
— 1 Sand-rich sediments

adopts the Burnham AK (1989) Type III model with a TOC 5.2.2. Modeling results
value of 1% and an HI value of 200 mg/g TOC. For the interbedded mud-sand model without fluid
Two models are built to simulate the gas hydrate migration  conduits,

accumulation history in th

mud-sand interbedded lithology model, but only one develops
fault structures above the basement uplift (Fig. 13). Using the
same method as in the Gulf of Mexico Basin, the fluid
migration pathways, hydrate and free gas saturations are
simulated for the two geological models. Other lithology and

physical parameters are the
Mexico Basin (Table 4).

e Qiongdongnan Basin. Both are

same as those used in the Gulf of

above

Fig. 13a illustrates the
migration of both biogenic and thermogenic gas. It shows that
biogenic gas migration mainly occurs in shallow subsurface
probably because gas can migrate only when the driving force
(buoyancy and residual pressure) surpasses the sum of the
capillary resistance and the frictional resistance (Wang ZX,
2000). Thermogenic gas migration mainly occurs at depth
deeper than 3500 m below sea level as there is limited
generation of thermogenic gas

this

481

Two-dimensional seismic profile of the Qiongdongnan Basin showing the structures and the shallow high-amplitude reflection

simulated

depth as

demonstrated by the modeling. The deeper thermogenic gas
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has not been transported to the shallow GHSZ due to the
absence of fluid migration conduits. Figs. 13b, ¢ depict the
simulated the saturations of hydrate and free gas, respectively,
showing almost no distribution of gas hydrate or underneath
free gas. Therefore, the authors propose that without deeper
thermogenic gas origin (>1500 m), the in-situ biogenic gas is
insufficient to form gas hydrate system in Qiongdongnan
Basin.

For the interbedded mud-sand model with faults occurring
above the basement uplift, Fig. 13d illustrates a two-stage gas
migration mechanism. Primary gas migration occurs along the
vertical faults which rooted in the uplift structure, channeling
deeper thermogenic gas into the shallow sediments.
Subsequently at the tops of the faults, gas can continue
migrating upwards to the GHSZ along the shallow migration
pattern which is similar to the first model. The simulated
hydrate saturation result shows a gas hydrate saturation of ca.
40% above the BSR in the basement uplift region (Fig. 13e),
and almost no free gas or very low saturation of free gas
forms under the BSR (Fig. 13f). A low saturation of free gas
(1%—3%) may cause a strong decrease of P-wave velocity and
therefore forming high amplitude on seismic profiles (Berndt
Cetal., 2004).

6. Discussion

In this study, the authors highlight the importance of
advective fluid migration in the formation and accumulation
of either biogenic or mixed origin gas hydrate. Numerical
modeling results in the Gulf of Mexico show that although the
mud-rich lithology is favorable for the generation of biogenic
gas, the lack of permeable sand layers and fluid migration
conduits hinder the accumulations of gas hydrate and
underlying free gas zone (Figs. 10a—c). By contract, the
presence of inclined permeable sand layers (Figs. 10d—i) and
gas chimney (Figs. 10g—i) facilitate the upward migration of
deep fluids to the shallow GHSZ, forming the gas hydrate
system. Based on 1-D numerical modeling, You KH et al.
(2021) proposed that free gas flow plays a key role in
transporting recycled methane and biogenic methane
generated below the BHSZ. That is consistent with the
proposal in this study that in the Gulf of Mexico, the in-situ
biogenic gas is insufficient to form gas hydrate which needs
allochthonous gas source, either biogenic or thermogenic
origin (>1500 m). Similarly, the modeling results in
Qiongdongnan Basin show that without deeper thermogenic
gas origin, the in-situ biogenic gas is insufficient to form gas
hydrate system, and external gas sources, either biogenic or
thermogenic, are necessary to form favorable gas hydrate
system which depend on the presence of fluid migration
conduits (Fig. 13).

Additionally, 19 gas hydrate case studies are analyzed in
this study to examine the spatial relationship between fluid
migration pathways and natural gas hydrate systems (Table 2).
It shows that most gas hydrate systems are spatially related
with focused fluid migration conduits (mainly faults and gas
chimneys), which enable upward migration of both
thermogenic and biogenic gases from deeper or distant

regions to the GHSZ (Fig. 14). Among these 19 regions, only
two show no obvious fluid migration conduits: The Fiordland-
Pusegur Margin of New Zealand (Crutchley GJ et al., 2007)
and the Mid-Norwegian margin (Mienert J et al., 2022). The
Fiordland-Pusegur Margin has remained underexplored owing
to its geographical isolation, extreme climatic conditions, and
limited potential for conventional hydrocarbon resources, and
future availability of high-resolution seismic data may help
better understand the gas hydrate system and related fluid
migration pathways. Generally fluid migration conduits play a
key role in gas hydrate accumulation by providing
allochthonous biogenic or thermogenic gas to the GHSZ. The
2-D numerical modeling results in both Gulf of Mexico Basin
and Qiongdongnan Basin have shown the significance of
focused fluid migration conduits in forming high saturations
of gas hydrate and underlying free gas, which strongly
corroborated the findings of You KH et al. (2021) from
different prospects.

Another key factor affecting the formation of gas hydrate
system is the stratigraphy, and dipping strata composed of
alternating mud and sand sediments are favorable for up-dip
gas migration along layers of permeable coarser sand
sediments. For example, in the Gulf of Mexico, the modeling
results show formation of gas hydrate and free gas in the
second and third geological models, both featured by folded
interbedded mud-sand/silt layers. The inclined sand layers are
potential fluid migration conduits which enable gas migration
from deeper strata to the GHSZ. For the first model, the
homogeneous mud-rich sedimentary layers inhibit gas
migration due to the limited permeability. Additionally, the
authors simplified the model in Qiongdongnan Basin by
creating horizontal strata, and the modeling results show that
there is no lateral gas migration along the horizontal sand
layers. Some lateral gas migration occurs around the basement
uplift region where the strata are inclined. Therefore,
lithology and stratal dip are both important in affecting fluid
migration, determining the formation of gas hydrate systems.

7. Conclusions

A comprehensive review of gas sources for global gas
hydrate systems has been conducted in this study, including
geochemical analysis of gas origins in 13 areas, geophysical
investigation of the spatial relationship between the fluid
migration pathways and natural gas hydrate systems in 19
case studies. Numerical simulations of the gas hydrate
accumulation have also been carried out in Gulf of Mexico
and Qingdongnan Basin which reveal the controlling factors
of gas hydrate formation and wunderlying free gas
accumulation. The key findings are as follows.

(1) Review of the genetic types of the hydrate-bound gas
samples shows that mixed-origin gas accounts for
approximately 55% of hydrate samples over the globe,
biogenic origin accounts for 32%, and thermogenic origin
accounts for 13%. For the gas hydrate of mixed origin,
thermogenic gas may contribute more (e.g., Shenhu area), and
biogenic gas may be reproduced by the secondary
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Fig. 14. Schematic diagram of the migration pathways of the gas hydrate system reviewed in this study. BSR—Bottom simulating reflector.

biodegradation of deeply-sourced thermogenic gas.

(i) Seismic interpretation and numerical simulation in
both Gulf of Mexico Basin and Qiongdongnan Basin show
the significance of focused fluid migration conduits. It is
proposed that the in-situ biogenic gas is insufficient to form
potential gas hydrate systems, and fluid migration conduits
are necessary to transport allochthonous biogenic or
thermogenic gas to the GHSZ and form both gas hydrate and
underlying free gas.

(ii1) Comparison of the two numerical simulations shows
that stratigraphy is another key parameter which affects the
formation of gas hydrate systems. Alternating mud and sand
layers are preferred for hydrate formation than homogeneous
mud-rich sedimentary layers, and the inclination of sediment
layers is conducive to lateral long-distance migration of

methane. Therefore, lithology and stratal dip are both
important in affecting fluid migration, playing key roles in the
formation of gas hydrate systems.
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