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a b s t r a c t

Natural gas hydrates are crystalline solid complexes with different morphologies found in marine sed-
iments and permafrost zones. The petrophysical properties of gas hydrate-bearing sediments (GHBS) are
crucial for understanding the characteristics of gas hydrate reservoirs, the spatial distribution of natural
gas hydrates, and their exploitation potential. Geophysical exploration remains the primary approach for
investigating the petrophysical properties of GHBS. However, limitations in resolution make it chal-
lenging to accurately characterize complex sediment structures, leading to difficulties in precisely
interpreting petrophysical properties. Laboratory-based petrophysical experiments provide highly ac-
curate results for petrophysical properties. Despite their accuracy, these experiments are costly, and
difficulties in controlling variables may introduce uncertainties into geophysical exploration models.
Advances in imaging and simulation techniques have established digital rock technology as an indis-
pensable tool for enhancing petrophysical experimentation. This technology offers a novel microscopic
perspective for elucidating the three-dimensional (3D) spatial distribution and multi-physical responses
of GHBS. This paper presents an in-depth discussion of digital rock technology as applied to GHBS, with
an emphasis on digital rock reconstruction and simulation of petrophysical properties. First, we sum-
marize two common methods for constructing digital rocks of GHBS: petrophysical experimental
methods and numerical reconstruction methods, followed by analyses of their respective advantages and
limitations. Next, we delve into numerical simulation methods for evaluating GHBS petrophysical
properties, including electrical, elastic, and fluid flow characteristics. Finally, we conduct a compre-
hensive analysis of the current trends in digital rock reconstruction and petrophysical simulation tech-
niques for GHBS, emphasizing the necessity of multi-scale, multi-component, high-resolution 3D digital
rock models to facilitate the precise characterization of complex gas hydrate reservoirs. Future appli-
cations of microscopic digital rock technology should be integrated with macroscopic geophysical
exploration to enable more comprehensive and precise analyses of GHBS petrophysical properties.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Natural gas hydrates are clathrate compounds that crystallize
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under the influence of van der Waals forces betweenwater and gas
molecules at low temperatures and high pressures. In nature, they
are usually distributed in the ocean at depths ranging from 300 to
2100 m and in permafrost at depths of 0e900 m (Su et al., 2022;
Chibura et al., 2022). Although estimates of global natural gas hy-
drate resources remain contentious, they are indisputably more
abundant than those of conventional natural gas and shale gas
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(Chong et al., 2016). Furthermore, each cubic meter of natural gas
hydrate can release 164 m3 of methane (CH4) gas and 0.8 m3 of
water (Kvenvolden, 1995), with little pollution after combustion.
Therefore, natural gas hydrates are distinguished by their high
energy density, superior quality, and efficiency, making them a
promising alternative clean energy source (MacDonald, 1990;
Gajanayake et al., 2023). More than 30 countries and regions have
conducted surveys and research on GHBS, and many countries,
including the United States (the Alaska North Slope, the Gulf of
Mexico), Canada (the Mackenzie Delta), Japan (the Nankai Trough),
India (the Krishna-Godavari Basin, the Mahanadi basin), China (the
Shenhu Area, the Qiongdongnan Basin), and South Korea (the
Ulleung Basin), have developed long-term research and develop-
ment plans aimed at ultimately achieving the commercial exploi-
tation of gas hydrates (Ruppel and Collett, 2013; Collett et al., 2014;
Zhu et al., 2021).

The petrophysical properties of GHBS, including electrical,
elastic, and fluid flow characteristics, are crucial for the exploration
and development of gas hydrates. These properties not only facil-
itate the identification of the most promising exploration areas but
also improve the accuracy of reservoir behavior prediction during
gas hydrate exploitation (Li et al., 2011; Kurihara et al., 2011; Guo
et al., 2021, 2022a, 2022b). Geophysical exploration techniques,
particularly seismic exploration, are widely employed to analyze
the lateral and vertical petrophysical properties of hydrate-bearing
regions, achieving resolutions at both kilometer and meter scales.
The integration of well log analysis enables a more precise evalu-
ation of the macroscopic petrophysical properties of GHBS (Zhang
et al., 2022a; Yuan et al., 2021; Liang et al., 2022). However,
owing to the intricate microstructure of GHBS, considerable varia-
tions may arise in rock porosity, hydrate saturation, permeability,
and other parameters at different depths, despite similar
geophysical exploration responses (Yuan et al., 2022). For instance,
in coarse-grained hydrate-bearing sand layers, sediments with high
clay content and high hydrate saturation can exhibit resistivity log
values similar to those of sediments with low clay content and low
hydrate saturation (Dong et al., 2022a, 2022b). The direct applica-
tion of the traditional Archie's equation by researchers to calculate
hydrate saturationmay result in substantial errors in the evaluation
of GHBS due to the similarity in resistivity values. As shown in Fig.1,
the magnified well log plot clearly shows that the saturation esti-
mated by the digital rock model has a higher degree of correlation
with the sample data (represented by black points) than that ob-
tained using Archie's equation.

As a high-precision, small-scale technique, petrophysical ex-
periments provide essential parameters for the exploration and
exploitation of natural gas hydrates (Yuan et al., 2024; Li et al.,
2012; Waite et al., 2009). Through laboratory measurements, re-
searchers can more accurately predict the characteristics of hy-
drates under different conditions, including their stability under
varying pressures and temperatures, as well as their interactions
with the surrounding environment (Liu et al., 2017b; Li et al., 2023b,
2024; Zhao et al., 2023a). These measurements provide calibration
references for geophysical exploration interpretations, thereby
enhancing the accuracy of GHBS evaluations. In their analyses,
advanced precision instruments and techniques are employed,
including Raman spectroscopy, X-ray diffraction (XRD), X-ray
computed tomography (X-CT), scanning electron microscopy
(SEM), nuclear magnetic resonance (NMR), magnetic resonance
imaging (MRI), and differential scanning calorimetry (DSC) (Zhang
et al., 2017, 2020; Liu et al., 2017a; Kneafsey et al., 2010; Wu et al.,
2018; Yang et al., 2017; Chen et al., 2012; Majid and Koh, 2024;
Denning et al., 2022; Wells et al., 2021). These techniques enable a
comprehensive study of the intrinsic properties of natural gas hy-
drates, as well as the fundamental petrophysical parameters of
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GHBS (Spangenberg and Kulenkampff, 2006; Winters et al., 2007;
Gao et al., 2019). However, conducting experimental research on
natural gas hydrates presents several challenges. In previous
studies, hydrate synthesis experiments were often time-consuming
due to the need for specialized high-pressure, low-temperature
conditions. Notably, the latest advancements in hydrate synthesis
technology have successfully reduced experimental durations to
mere hours or even minutes (Zhang et al., 2022c; Xiao et al., 2023).
Nevertheless, the substantial costs associated with the procure-
ment and maintenance of experimental equipment, along with
operational complexity, limit the widespread and continuous
execution of experiments. Additionally, improper experimental
procedures may result in unexpected hydrate decomposition,
directly affecting the reliability of the results. These factors hinder
the effective measurement and accurate characterization of pet-
rophysical parameters associated with GHBS (Zhao et al., 2023b;
Xing et al., 2022).

Over the past decade, digital rock technology has emerged as a
widely adopted method for evaluating conventional oil and gas
reservoirs, yielding substantial results, particularly in elucidating
petrophysical properties from a microscopic perspective (Blunt
et al., 2013). Digital rock technology encompasses two primary
aspects: digital rock reconstruction and the simulation of petro-
physical properties. The latter is performed using reconstructed
digital rock models. The serial section tomography method (SSTM)
(Tomutsa et al., 2007), laser scanning confocal microscopy (LSCM)
(Shah et al., 2014), and X-ray CT scanning method (Liu et al., 2017a)
are primary experimental techniques for 3D digital rock recon-
struction, directly revealing rock microstructures. However, these
techniques are subject to limitations related to experimental
equipment, sample size, and scanning resolution. Numerical
reconstruction methods can effectively reconstruct 3D digital rocks
at a lower cost; however, their accuracy depends on the quality of
input data and the algorithms employed (Ju et al., 2014; Tahmasebi
et al., 2012; Øren and Bakke, 2002; Liu et al., 2009; Talukdar and
Torsaeter, 2002; Yang et al., 2015). In summary, experimental
methods yield high-resolution, authentic 3D images, making them
ideal for research that requires precise structural details. However,
they demand a substantial quantity of high-quality images to
maintain the accuracy of 3D reconstructions. By contrast, numerical
reconstructionmethods, while potentially less precise, offer greater
flexibility and cost-efficiency, making them well-suited for large-
scale data processing and preliminary analyses. These methods
rely on statistical information from a limited set of images, allowing
for reasonable inferences and reconstructions with fewer images
(Zhu et al., 2019; Chi et al., 2024; Wang et al., 2021). Furthermore, a
variety of established simulation algorithms have been developed
to assess different petrophysical properties of digital rocks (Zhao
et al., 2013; Saenger et al., 2011; Ramstad et al., 2012; Talabi et al.,
2009). Digital rock technology has achieved significant results in
conventional oil and gas reservoir evaluations, enhancing confi-
dence in their effective applications to GHBS. Currently, techniques
such as CT, MRI, and SEM can reveal the microstructural charac-
teristics of GHBS, making them crucial tools for accurate 3D
reconstruction of digital rocks (Hiruta and Matsumoto, 2022; Lei
et al., 2022a; Le et al., 2021). Additionally, numerical re-
constructions have become key methods for studying the micro-
structural characteristics of GHBS due to their flexibility and multi-
scale structure characterization capabilities (Dong et al., 2018a).
With the advancements in numerical simulation techniques such
as the finite element method (FEM), finite difference method
(FDM), pore network modeling (PNM), and lattice Boltzmann
method (LBM), these methods have been widely applied to study
the petrophysical properties of GHBS (Garboczi, 1998; Roberts and
Garboczi, 2002; Gerke et al., 2018; Huang et al., 2015; Qian et al.,



Fig. 1. The importance of digital rock technology in the geophysical exploration of GHBS.
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1992). Consequently, as illustrated in Fig.1, the critical role of digital
rock technology in the geophysical exploration of GHBS lies in its
capacity to optimize evaluation models derived fromwell log data,
thereby reducing the uncertainty associated with reservoir pa-
rameters in well log interpretation. In our research, we summarize
two commonly used methods for constructing hydrate-bearing
digital rocks: petrophysical experimental methods and numerical
reconstruction methods. The advantages and limitations of these
techniques are also discussed. Using digital rock models of gas
hydrates, we analyze methods for simulating the petrophysical
properties of GHBS, including electrical properties, elastic proper-
ties, and fluid flow characteristics. Finally, by comprehensively
reviewing current trends in digital rock construction and petro-
physical property simulation from a microscopic perspective, we
provide insights for accurately evaluating the petrophysical prop-
erties of GHBS across multiple scales.
2. Digital rock reconstruction methods

2.1. Experimental methods

The technique of acquiring two-dimensional (2D) rock images
using advanced experimental equipment, such as X-ray CT, MRI,
and SEM, followed by reconstructing these images into 3D models,
is a widely adopted method for generating digital rock models.
1891
2.1.1. X-ray CT
In the study of GHBS, X-ray CT scanning has become the primary

method for digital rock reconstruction (Chaouachi et al., 2015). This
technique employs X-ray scanners to perform non-destructive to-
mography on rocks, subsequently utilizing advanced computa-
tional processing technologies to reconstruct the acquired 2D
images into 3D digital rock models. A significant advantage of this
technique is its capacity to preserve the structural integrity of the
rock, eliminating the need for sample destruction. Furthermore, the
imaging data acquired through scanning provides comprehensive
insights into the internal structure and delivers results regarding
petrophysical properties.

Based on the source of the samples, CT studies of GHBS can be
categorized into two groups. The first category comprises CT
studies based on natural GHBS samples, while the second category
includes CT studies based on artificial GHBS samples, as shown in
Table 1. In 1992, Orsi et al. (1992) conducted research on marine
GHBS using CT technology. They developed a method for preser-
ving samples for imaging to capture the shape, internal structure,
and orientation of natural gas hydrates within sedimentary envi-
ronments. Subsequently, an increasing number of researchers have
conducted CT scanning studies focusing on natural gas hydrates in
permafrost and marine environments where hydrates are abun-
dant. In the field of onshore permafrost research, Uchida et al.
(2000) collected natural gas hydrate samples from the Mackenzie



Table 1
CT study of gas hydrates in natural GHBS samples and artificial samples.

Hydrate Sample source/Composition Remarks

Natural
GHBS samples

The permafrost zone in the Mackenzie Delta � The Mallik 2L-38 well has six gas hydrate forms, predominantly high-saturation
CH4 pore-space hydrates in sandy sediments (Uchida et al., 2000).

The hydrate ridge in Oregon margin � Hydrate Ridge has two gas hydrate types: shallow sediment-mixed hydrates and
deeper fracture-filling hydrates (Abegg et al., 2007).

The Ulleung Basin in the Sea of Japan (East Sea) � Hydrates in veins, lenses, and nodules alter sediment shear and bulk stiffness (Yun
et al., 2011).

The NGHP‒01 expedition in India and the Mount Elbert
Stratigraphic Well on the North Slope of Alaska.

� Mount Elbert sandstone releases more gas after hydrate decomposition due to
superior mechanical strength and permeability retention than NGHP-01 clay-
rich cores (Kneafsey and Moridis, 2014).

The Krishna‒Godavari Basin, Bay of Bengal � CH4 mass balance and X-ray CT voxel intensity analysis yield similar hydrate
saturation estimates, though CT values tend to be lower due to systematic errors
(Holland and Schultheiss, 2014).

The Green Canyon Block 955 in UT‒GOM2‒1 Expedition. � Hydrate in silty sediments invades pores rather than displacing particles, forming
a network, and altering mechanical properties (Lei et al., 2022a).

The Umitaka Spur in the Sea of Japan � Gas hydrates show varied morphologies, suggesting multi-stage growth and
possible burial. Deformation signals imply lateral stress influence, complicating
understanding in deeper sediments (Hiruta and Matsumoto, 2022).

The Chapopote Asphalt volcano in the Gulf of Mexico � SRXCTM analyzes natural gas hydrate microstructure, revealing crystallite size,
pore networks, and connectivity, vital for modeling their petrophysical
properties (Murshed et al., 2008).

Artificial
GHBS samples

Ottawa sand; CH4 hydrate � Portable X-ray CT accurately tracks CH4 hydrate dissociation dynamics in
sediments, enabling precise measurement of distribution and decomposition
(Freifeld and Kneafsey, 2004).

Sand; CH4 hydrate � Microfocus X-ray CT effectively analyzes CH4 hydrate sediment structure
nondestructively under high pressure, accurately estimating porosity and
hydrate saturation (Jin et al., 2006).

Sand pack; Xe hydrate � Ostwald ripening transitions hydrate from grain-attaching to pore-filling, affecting
saturation heterogeneity and sediment properties (Chen and Espinoza, 2018).

Ottawa sand; CH4 hydrate � CH4 hydrate shifts from grain-attaching to pore-filling in sediments. Water/CH4

gas presence influences pore-filling dynamics, impacting petrophysical properties
(Lei et al., 2019b).

Ottawa sand; Clay; CO2 hydrate � Factors such as clay content, P-T path, and initial sediment packing influence
hydrate distribution. Nucleation and growth occur mainly at the core periphery
due to heat dissipation and cryogenic suction (Lei et al., 2019a).

Pure natural quartz sand; Natural quartz sand with a small
quantity of montmorillonite clay particles; Glass beads; Xe
hydrate

� Synchrotron-based microtomography reveals gas hydrate nucleation and growth
patterns in sediments, emphasizing a vital fluid phase film between hydrates
and quartz grains, crucial for interpreting seismic and transport properties
(Chaouachi et al., 2015).

Fontainebleau sand; CH4 hydrate � The study discovered unique CH4 hydrate morphologies, like hollow filaments,
and observed Haines jumps, indicating rapid water migration in sand pores (Le
et al., 2021).

Leighton Buzzard sand; CH4 hydrate � The study discovered the transition of hydrates from pore-floating to pore-
bridging, culminating in the formation of an interpore hydrate framework
(Sahoo et al., 2018).

Leighton Buzzard sand; CH4 hydrate � The study revealed changes in gas bubble dynamics during CH4 hydrate formation
and decomposition, and how these changes significantly affect the geophysical
properties of sediment (Madhusudhan et al., 2022).
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Delta in northwest Canada, marking the first collection of such
samples from the permafrost zone. With the assistance of CT
scanning technology, researchers are able to visually characterize
the morphology of natural gas hydrates in samples obtained from
drilling sites. Despite the challenges inherent in microscopic-level
research, this approach has effectively elucidated the distribution
patterns of natural gas hydrates and solid grains. Considering the
substantial reserves of natural gas hydrates in marine environ-
ments, researchers have increasingly focused on the study of
samples collected from these locations. Abegg et al. (2007)
collected hydrate samples from offshore Oregon in the western
United States and preserved them in a foam box filled with liquid
nitrogen. The structure of the frozen circular samples was analyzed
using CT, revealing two predominant gas hydrate structures within
the study area. This structural analysis suggests that the formation
of gas hydrates is intricately linked to the host environment. Yun
et al. (2011) recovered seven pressure cores from the Ulleung Ba-
sin. Subsequently, the samples were characterized using 2D and 3D
images to analyze the spatial distribution of hydrates within the
sediments. The pressure-temperature (P-T) stability conditions of
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the hydrates were maintained throughout the experimental pro-
cess, thereby largely preserving the morphological distribution and
petrophysical properties of the natural hydrate samples. Holland
and Schultheiss (2014) evaluated gas hydrate saturation in
offshore Indian pressure core samples using two methods: the
mass balance of CH4 collected after depressurization and the voxel
intensity analysis of CT reconstructions. They found that the gas
hydrate saturation measured by both methods was essentially
equivalent. The CT intensity analysis method demonstrated the
potential to estimate gas-liquid hydrate saturation in experimental
samples, but it was unable to identify pore-filling gas hydrates.
Future studies should consider testing pressurized rock samples
using both quantitative techniques, comparing their accuracy, and
comprehensively exploring possible errors. Lei et al. (2022a)
selected samples from the northern Gulf of Mexico and conduct-
ed microscopic observations of gas hydrate pores under pressure-
maintaining conditions. Throughout the sub-sampling and imag-
ing process, the hydrates were maintained under stable pressure
and temperature conditions. Fig. 2 illustrates a schematic of the
multi-scale internal structure of GHBS. It presents hydrate images
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generated by digital rock technology, including multiple scales
from acquiring large-scale samples to reconstructing small-scale
3D models. The observations indicated that the hydrate phase in
the pores of Gulf of Mexico sediments was pore-filling, with no
cemented hydrates found. At the microscopic level, it is likely that
the hydrates formed in these silty sediments are pore-intrusive
rather than displacing particles. Furthermore, the hydrates may
form continuous 3D networks, providingmechanical support to the
sediment structure without directly cementing the particles.

In addition to conventional CT, synchrotron radiation X-ray
cryo-tomographic microscopy (SRXCTM) offers a novel approach
for scanning hydrates in a stable state. For example, Murshed et al.
(2008) used SRXCTM to analyze samples collected from the Gulf of
Mexico. The analysis focused on the porous network around the
natural gas hydrate area, revealing characteristics by micron-scale
boundary pores and larger pores within the frozen water phase.
With technological advancements, there has been a growing trend
toward high-resolution analyses of small-scale samples. However,
the study of the overall morphology of GHBS remains limited.
Hiruta and Matsumoto (2022) presented a comprehensive discus-
sion on the application of CT technology for examining the overall
morphology of GHBS. Their analysis of samples from the Umitaka
Spur area revealed that the distribution of massive samples was
non-uniform and consisted of a combination of multiple types of
hydrates. Furthermore, the diversity in internal morphology
observed in columnar samples further illuminated the complexity
of their growth processes. Kneafsey and Moridis (2014) analyzed
CH4 hydrate samples from India NGHP-01 and the Mount Elbert
area in Alaska using X-ray CT and experimental tests to investigate
differences between frozen soil and marine hydrates. The study
found that the NGHP-01 sample exhibited signs of hydrate
decomposition during heating and depressurization, but no gas
was released. In contrast, the Mount Elbert sample released gas
successfully under similar conditions, and the numerical
Fig. 2. Gas hydrate images at different scales (ada
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simulations corroborated the experimental data. They concluded
that the gas exploitation potential of hydrate-bearing sand reser-
voirs exceeded that of clay reservoirs. This can be attributed to the
deformation of the latter's structure following hydrate decompo-
sition, which resulted in reduced gas mobility.

Natural GHBS are frequently challenging to acquire, and the gas
hydrates contained within them are susceptible to decomposition
during extraction and storage processes. As a result, artificial GHBS
samples are more commonly used in studies of the microscopic
characteristics of hydrates. Freifeld and Kneafsey (2004) conducted
a series of experiments using artificial CH4 hydrates in a sand ma-
trix with a portable X-ray CT system, demonstrating the ability of
CT imaging to track hydrate decomposition over space and time.
The portability of the system allows for the field deployment of the
measurement equipment, thereby avoiding challenges related to
the preservation, storage, and transportation of CH4-containing
hydrate samples. Jin et al. (2006) conducted CT imaging of hydrate-
containing sediments at 278 K and high pressure using a custom-
built high-pressure reactor. Following gray-scale fitting, the
spatial distributions of free gas, sand particles, water, and hydrates
in the sediments could be clearly discerned. However, due to lim-
itations in measurement accuracy, the microscopic distribution of
hydrates was not directly observed but was instead determined
through Gaussian fitting. Many researchers have used CT technol-
ogy to study the formation and dissociation of artificial hydrates,
allowing real-time monitoring of hydrate growth and decomposi-
tion (Kneafsey et al., 2007; Seol and Kneafsey, 2009). Chen and
Espinoza (2018) conducted experiments on hydrates formed un-
der three different conditions. They quantitatively assessed the
isothermal growth rate and the Ostwald ripening process of hy-
drates using mCT technology, revealing their effects on the distri-
bution of hydrates and pore-scale characteristics. This investigation
offers a robust experimental foundation for comprehending the
Ostwald ripening phenomenon of natural gas hydrates within
pted with permission from Lei et al. (2022a)).
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porous media. Lei et al. (2019b) utilized micro-CT to visualize the
3D pore behavior and evolution of CH4 hydrate. A continuous sand
filling experiment lasting 13 days was conducted under P-T con-
ditions conducive to hydrate stability, demonstrating that the hy-
drate formation process is dynamic and involves significant
material migration. The 2D sections and 3D visualizations during
hydrate formation in the gas-excess system and the morphology
evolution after brine injection are shown in Fig. 3. It is evident that
hydrate formation progresses preferentially in confined directions
instead of uniformly coating the particle surface. Lei et al. (2019a)
employed CT to investigate the influence of fines content, the P-T
path, and other factors on mass migration during the formation
process of CO2 hydrates. The experiment confirmed that water
flowed to the periphery of the rock, with the hydrate preferentially
crystallizing in a local spotty distribution while sediment particles
moved toward the rock center. The freezing effect can promote
water migration and particle movement, similar to the formation
process of the hydrates. The P-T path and heat transfer rate directly
determine the hydrate distribution in sediment during nucleation
and growth. Chaouachi et al. (2015) reported the use of in situ
synchrotron X-ray computed tomographic microscopy to observe
the nucleation and growth of Xe-containing gas hydrates in various
sedimentary matrices. Achieving a pixel resolution as high as
100 nm, this method offers a higher resolution than traditional CT,
revealing finer microstructural changes. A comprehensive series of
CT images documented the entire process of gas hydrate growth in
the aqueous phase adjacent to quartz particles. Sahoo et al. (2018)
also used synchrotron X-ray CT technology to study the evolution of
CH4 hydrate morphology in sediments and its influence on elastic
wave velocity. They elucidated the transition of hydrates from pore-
floating to pore-bridging, culminating in the establishment of an
interpore hydrate framework. Additionally, they observed the
coexistence of hydrates and gas, alongside the presence of a water
film interposed between the hydrate and the sand. Madhusudhan
et al. (2022) employed high-resolution synchrotron imaging and
a convolutional neural network-based semantic segmentation
technique to investigate the dynamic changes of gas bubbles during
the formation and decomposition of CH4 hydrates. They performed
a detailed analysis of the morphological and dimensional changes
of bubbles preceding and following hydrate formation, discovering
that the distribution of bubble sizes significantly influences the
geophysical properties of sediments. Synchrotron X-ray CT presents
notable advantages in acquiring images of high spatial resolution.
Nevertheless, its low temporal resolution may constrain the
investigation of rapid interface evolution and complicate data
interpretation. Optical microscopy, while providing superior tem-
poral resolution (less than 1 s) for observing dynamic evolution,
may be impeded by the opacity of particles. Le et al. (2021)
attempted to combine these two types of pore-scale
Fig. 3. Evolution of natural gas hydrate growth (adapted with permission from Lei et al. (201
particle, H ¼ CH4 hydrate) and 3D CH4 hydrate structure within the red area; (c)‒(d) 2D CT s
structure within the red area.
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measurements, for the first time, combining high-resolution optical
microscopy and synchrotron X-ray CT to observe the growth pro-
cess of CH4 hydrates in coarse sand sediments. This fusion method
provides accurate images of CH4 hydrate growth at the micron and
subsecond levels, revealing the morphology and growth charac-
teristics of CH4 hydrate.

The utilization of CT technology in hydrate research continues to
face two significant challenges: image resolution and component
identification. The achievable image resolution with CT technology
is constrained by several factors, including the performance char-
acteristics of the CT equipment, scanning parameters, and sample
dimensions. Consequently, when acquiring images of hydrate mi-
crostructures, researchers may encounter challenges related to low
resolution, which hampers accurate identification and quantitative
analysis of microscopic features. To mitigate this issue, certain re-
searchers employ advanced instruments, such as synchrotron ra-
diation X-ray CT, which yields high spatial resolution images with
details below the micron scale (Kerkar et al., 2014; Alshibli and
Jarrar, 2021; Nikitin et al., 2020; Yang et al., 2016). Nevertheless,
the intricate technical principles and high-precision imaging ca-
pabilities necessitate sophisticated hardware and software, along-
side expert operation and maintenance, resulting in elevated costs
that restrict its wider application in research. The challenge of
component identification primarily concerns the gas phase, liquid
phase, and hydrates (solid phase), which may display similar den-
sity distributions and morphological characteristics in CT images,
thereby complicating the identification process. Researchers
commonly adopt two strategies to tackle these challenges. One
involves adding soluble salts such as KI (Lei et al., 2018) and BaCl2
(Chaouachi et al., 2015) to the pore liquid to enhance the contrast of
the water phase. The alternative strategy utilizes Xe (Bian et al.,
2022), CO2 (Lei et al., 2019a), THF (Liu et al., 2019), and other
guest molecules in hydrate experiments. Furthermore, certain re-
searchers have explored the use of synthetic massive hydrates as
markers within low-temperature and high-pressure vessels to
facilitate comparisons with the actual hydrate phase, thus aiding in
the precise localization and identification of hydrate phase
boundaries (Hu et al., 2014). However, there are still limitations
regarding how to ensure the stability of the markers during the
operational transfer processes.
2.1.2. MRI
MRI technology can be used for investigating the formation and

decomposition of natural gas hydrates, owing to its high spatial and
temporal resolution. This technology enables the precise identifi-
cation of the distribution of hydrates and non-hydrate phases, thus
serving as an effective means of monitoring the dynamic processes
of hydrate formation and decomposition (Baldwin et al., 2003).

THF and CO2 hydrates, which are easily controllable in a
9b)). (a)‒(b) 2D CT slice of sample 42e102 h after thermal spike (G ¼ CH4 gas, S ¼ sand
lice of sample 54e114 h after KI solution injection (K ¼ KI solution) and 3D CH4 hydrate
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laboratory environment, are commonly used as substitutes. Mork
et al. (2000) used MRI technology to explore the formation and
decomposition of THF hydrate in sand layers, preliminarily
revealing its behavioral characteristics in the undisturbed state, and
verifying the feasibility of applying MRI technology to hydrate
research under appropriate conditions. The hydrates in this study
were generated under low-pressure conditions through the model
system. The data obtained mainly demonstrated the distribution
characteristics of the hydrates, without exploring the effects of
pressure changes on their behavior. Zhao et al. (2011) utilized in
situ MRI to observe the formation and dissociation of THF hydrate
within quartz glass beads, thereby acquiring information on hy-
drate saturation at various time intervals. The research indicated
that porous media possessing large specific surface areas and
contact regions can promote the nucleation and formation of THF
hydrates. During the growth process, crystals were observed to
initially form on the glass beads, in their adjacent regions, as well as
on the wall of the sample container. It was noted that nucleation
accelerated with decreasing pore size or formation temperature.
Additionally, it was found that the rate of hydrate dissociation
primarily depended on the dissociation temperature rather than
the pore size. Xue et al. (2012) conducted a study using MRI tech-
nology to monitor in real time the formation process of THF hy-
drates in porous media at different concentrations. Fig. 4 presents a
series of cross-sectional images of hydrates changing over time in a
19% THF solution. In these images, the black regions denote glass
beads and hydrates, whereas the white regions correspond to THF
solutions that have not yet formed hydrates. The newly emerged
black regions in the 65-min image signify the formation of THF
hydrates. These images demonstrate that hydrates initially form at
the contact points of particles, subsequently filling the entire pores,
with growth exhibiting a stochastic pattern and reaching comple-
tion within 2 h. The study concluded that at higher concentrations,
THF hydrates predominantly form cemented structures between
media particles, whereas at lower concentrations, the hydrates
tend to disperse freely within the pores. Kvamme et al. (2004) used
MRI to monitor the phase transformation of CO2 hydrate, and
presented the experimental results of CO2 hydrate formation and
dissociation in real porous media. The 2D images indicated that
hydrate growth occurred through nucleation rather than through
Fig. 4. Cross-section images of THF hydrate growth over tim
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the formation of discrete clumps. Similarly, Cheng et al. (2013) used
MRI to closely observe the formation and dissociation processes of
CO2 hydrates in porous media. Their findings revealed that the
growth rate and induction time of hydrates were influenced by the
size of the porous media, the applied pressure, and the degree of
supercooling. Based on these observations, the hydrate growth
stage was categorized into the initial growth phase, the rapid
growth phase, and the stable growth phase. During the growth
stage, CO2 hydrate initially formed on the container walls before
gradually diffusing inward. In addition, it also tended to adhere to
glass beads and occupy the pores. During the decomposition stage,
the hydrate dissociation rate first increased to a maximum value,
and then gradually decreased to zero.

Considering the differences in structure and properties between
THF and CO2 hydrates and natural gas hydrates, several researchers
have attempted to use MRI to monitor the growth behavior of CH4
hydrates in porous media. For example, Moudrakovski et al. (2004)
detected the formation process of CH4 and CO2 hydrates in water
droplets through 1H magnetic resonance micro-imaging technol-
ogy and analyzed the factors influencing the uneven hydrate for-
mation in porous media. Bagherzadeh et al. (2011) studied the
formation process of CH4 hydrates in loose silica sand layers by
using MRI, focusing on different grain size distributions and initial
water saturations of sand grains to generate CH4 hydrates. In these
processes, the formation of hydrates was not uniform, and hydrate
crystal nucleation occurred at different locations and times. They
also observed that hydrates form more rapidly in a bed with lower
water content and smaller grain size, but the underlying mecha-
nisms still require further investigation. Zhang et al. (2019a)
employed MRI to monitor the formation of CH4 hydrates in media
with varying levels of water saturation. They analyzed the charac-
teristics of water and gas migration using both vertical and hori-
zontal multi-slice samples. The results indicated that the vertical
distribution of water molecules was primarily concentrated in the
central region of the sample. As hydrates grew, the number of
molecules in the central region and the surrounding regions
exhibited a decreasing trend. Additionally, significant variations
were observed in the hydrate formation processes across different
horizontal slices. Noting that hydrate reformation and ice forma-
tion could occur during rapid depressurization and low-pressure
e (reprinted with permission from Xue et al. (2012)).
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production, Fan et al. (2017) conducted an MRI visualization anal-
ysis of the CH4 hydrate dissociation process by gradually controlling
the depressurization rate. Their focus centered on the ice formation
under conditions of rapid depressurization and low back pressure,
estimating the saturation of the ice formed within the container.
While MRI can calculate hydrate saturation, phase difference, and
pore size distribution, its limited resolution restricts the accurate
characterization of GHBS structures.
2.1.3. SEM
Scanning electron microscopy (SEM) represents a high-

resolution imaging technique that employs electron beams to
elucidate the surface topography and structural information of
samples. This technology has been widely applied in various fields,
including materials science, biology, and geology (Echlin et al.,
2020; Doshi et al., 2007).

With the rapid advancement of technology, our investigation
into the microstructure of hydrates has reached unprecedented
depths, making the application of SEM indispensable. As shown in
Fig. 5, initial studies were primarily focused on the crystalline
characteristics of CH4 gas hydrates, examining their submicron-
scale porous structures (Staykova et al., 2003). However, since
2007, researchers have increasingly concentrated on the
submicron-scale pore details of actual hydrate samples, particularly
the transition zones between the sub-micrometer-porous gas hy-
drate (SPGH) and the sediment (SED) dominated areas. In these
transition zones, dense material (DM) appears intermittently,
resulting in pores with diameters of several micrometers. Further
observations reveal that in the transition from SPGH to DM, the
Fig. 5. SEM observation of gas hydrates (CH4 gas hydrate crystals adapted with permissio
permission from Bohrmann et al. (2007). Hydrate decomposition change adapted with p
sedimentary particles adapted with permission from Lei et al. (2022b)).
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single tube pores (T) exist in a hexagonal configuration, offering a
new perspective for understanding the distribution characteristics
of hydrates (Bohrmann et al., 2007). By 2014, researchers had
elucidated the microstructural variations of natural gas hydrates
and ice in samples through a series of sequential SEM images,
providing insights into the morphological characteristics of natural
gas hydrates under different environmental conditions. This finding
was highly significant for distinguishing between these two sub-
stances (Stern and Lorenson, 2014). In 2022, through a comparative
analysis of two distinct actual samples, researchers utilized SEM
images to elucidate the pore structures and particle size charac-
teristics of natural gas hydrate samples across various scales (Lei
et al., 2022b). These findings not only enrich our understanding
of microscopic hydrate structures but are also crucial for compre-
hending the storage characteristics and flowmechanisms of natural
gas hydrates.

In the investigation of pore structural changes resulting from
the formation and dissociation of hydrates, Lei et al. (2022b) con-
ducted a detailed analysis using SEM on five unconsolidated sam-
ples from the hydrate bearing layer (HBL) and the underlying layer
(ULL) in the Shenhu area of the South China Sea. The SEM results
clearly revealed the internal pore structure and sedimentary par-
ticle morphology. Lu et al. (2022) utilized micro-CT and SEM to
obtain digital images of three samples from the Shenhu area of the
South China Sea and captured 2D nanoscale pore structure and
mineral composition images using SEM. Utilizing these images,
they analyzed the pore structure characteristics and mineral
composition of the reservoir samples. To further investigate the
surface characteristics of nanoscale hydrates in recovered samples,
n from Staykova et al. (2003). Submicron porous gas hydrate structure adapted with
ermission from Stern and Lorenson (2014). The morphology of the pore system and
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some researchers integrated cryogenic sample chambers with SEM
to establish cryogenic scanning electron microscopy (cryo-SEM),
significantly enhancing the observation of natural gas hydrate pore
spaces. Staykova et al. (2003) used cryo-SEM to observe submicron
porous clathrates. Utilizing these observations, they constructed a
phenomenological model that describes the kinetics of gas hydrate
formation on ice powders, considering the effect of sample
consolidation. Based on model simulations, multiple in situ kinetic
neutron diffraction experiments were conducted to interpret the
formation of CO2 and CH4 hydrates. Kuhs et al. (2004) integrated
cryo-SEM technology with specific surface area measurements and
discovered that the porosity of gas hydrates was primarily on the
submicron scale and consisted mainly of closed pores. Efforts were
undertaken to quantify the porosity of hydrates and correlate it
with the observed macroscopic properties derived from image
analysis. It was suggested that the submicron-scale porosity of gas
hydrates significantly influences their petrophysical properties,
particularly regarding their elastic characteristics.

Furthermore, several researchers have investigated the
morphological structures and pore characteristics of gas hydrate
samples retrieved from drilling cores at various locations, including
the Oregon Margin, Southeast India Margin, Cascadia Margin, the
Gulf of Mexico, and the Mackenzie River Delta, using cryo-SEM
(Bohrmann et al., 2007; Stern and Kirby, 2008; Stern and
Lorenson, 2014). Fig. 6(a) shows some gas hydrate samples from
the Krishna‒Godavari Basin off the east coast of India. Natural gas
hydrate appears as bright white areas inside the nodule, ice appears
as translucent gray, and marine silt and clay appear dark gray to
black. Fig. 6(b) shows an SEM image of an area in the sample that
has partially decomposed. Fig. 6(c) presents an SEM image of gas
hydrate crystals in the sample, which are arranged on the inner
wall of the pores and exhibit a fine crystal structure. This tech-
nology offers an effective method for evaluating the similarity be-
tween artificial and natural samples. Furthermore, the integration
of X-ray diffraction with other analytical techniques facilitates the
investigation of geological and geochemical influences on hydrate
reservoirs. In order to gain a deeper understanding of the “self-
preservation” phenomenon, Falenty et al. (2014) observed the time
evolution of surface ice morphologies during CH4 hydrate depres-
surization and decomposition using cryo-SEM and discussed how
these morphologies affect the “self-preservation” efficiency. Sun
et al. (2020) conducted a detailed analysis of both artificially
created and naturally occurring natural gas hydrate samples using
cryo-SEM. They discovered that different types of hydrates
exhibited distinct surface morphologies; CH4 hydrate (sI) had a
smooth surface, whereas isobutane hydrate (sII) displayed a layered
surface. The hydrates in the quartz sand were primarily charac-
terized by pore-filling and the cementation of quartz sand. The
natural hydrate-bearing samples were collected from the Shenhu
Fig. 6. Gas hydrate samples from Krishna‒Godavari Basin (adapted with permission from Ste
at the hydrate-ice interface; (c) SEM image of natural gas hydrate crystals.
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area and the eastern Pearl River Mouth Basin in the South China
Sea. The CH4 hydrate occurred in massive and veined in the sedi-
ments. SEM observations revealed that the surface of these hy-
drates exhibits two main characteristics: one is dense and smooth,
and the other is porous, which may be related to the supply rate of
CH4 gas.

However, this method may struggle to differentiate between ice
and hydrates when they are in a frozen state, and it is easily limited
during low-temperature preservation and recovery processes.
Although cryo-SEM provides a means to capture structural details
of GHBS, it is imperative to recognize the technical challenges
associated with this technique. Additionally, SEM has its limita-
tions, particularly in performing thorough and quantitative ana-
lyses of the pore structures of fine-grained sediments. To enhance
the precision of pore structure characterization and behavior
analysis in GHBS, a comprehensive approach that integrates mul-
tiple instruments and examines the subject across various scales
and perspectives is essential.
2.2. Numerical reconstruction methods

The numerical reconstruction methods utilize image processing
technology and numerical algorithms to extract information from
2D images and convert them into 3D models that accurately
represent sediment structures. This approach offers the benefits of
low cost and high efficiency, allowing for the fast generation of
digital models on computers, which saves labor and material re-
sources. Moreover, it provides the flexibility to reconstruct various
types of digital rocks, making it convenient for investigating the
properties of different rocks.
2.2.1. Constructing microscale digital rock models
While various methods exist for digital rock reconstruction,

process-based methods are particularly favored for reconstructing
digital rocks of GHBS. As early as 1985, Roberts and Schwartz pro-
posed a method that simulated diagenetic processes, demon-
strating the capability to depict a broad spectrum of porosities and
grain systems characterized by both ordered and disordered
structures (Roberts and Schwartz, 1985). However, this method
primarily focused on the compaction process. Bakke and Øren
(1997) proposed an innovative approach for creating 3D pore-
scale models of both homogeneous and heterogeneous sand-
stones, known as the process-based method, which builds upon
and enhances previous research. 3D digital rocks are constructed by
simulating sedimentation, compaction, and diagenesis processes.
The sedimentation simulation begins by extracting the grain size
distribution from the sandstone image and randomly selecting
grain sizes to generate sand grains. It then simulates compaction by
adjusting the vertical axis while maintaining the shape of the sand
rn and Lorenson (2014)). (a) Photograph of natural gas hydrate samples; (b) SEM image
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grains. Finally, the effects of diagenesis on rock properties are
simulated through the simulation of quartz cementation and clay
formation. Subsequently, Øren and Bakke (2002) applied this
method to generate the 3D digital rock model of the Fontainebleau
sandstone. A quantitative comparison between the experimental
microstructure and the reconstructed model demonstrated that
this method accurately replicated the geometric and conductivity
properties of actual rocks. Furthermore, this method can construct
3D digital rock models with various hydrate cementation models,
enabling an analysis of how these models affect rock properties
(Dong et al., 2018a; Dong, 2020). In their study of the Mallik gas
hydrate, Mohammadmoradi and Kantzas (2018) considered the
granularity and looseness of the sediments in the area. Using
geological information such as grain distribution and porosity, they
employed the swelling ball algorithm to reconstruct porous media
with spherical grains. The resulting sandy microstructure exhibited
characteristics akin to those of Mallik sediment types, laying the
groundwork for the investigation of reservoir petrophysical prop-
erties. Fig. 7 illustrates digital rockmodels produced by the process-
basedmethodwith varyingmean grain radii. Blue represents pores,
and gray represents the solid matrix. The figure clearly demon-
strates that under the identical porosity conditions, different grain
sizes result in significant variations in sediment pore radii; simi-
larly, under the constant grain size, hydrate-bearing sediments
with varying porosities can be generated.
2.2.2. Hydrate distribution simulations
Understanding the occurrence of GHBS is crucial for elucidating

the formation mechanisms, exploration strategies, and resource
assessment of natural gas hydrates. Numerous theoretical models
have been proposed by researchers to examine the influence of
occurrence patterns on the petrophysical characteristics of gas
hydrates.

Dvorkin et al. (2000) proposed three growth models of hydrates
while studying the acoustic velocities of sediments containing hy-
drates: suspended, supporting, and cemented. Dai et al. (2004)
identified six occurrence patterns in their study of elasticity and
gas hydrate saturation: cemented, grain-coating, supporting, pore-
filling, matrix and inclusions, and nodules/fracture-filling. Sup-
porting and pore-filling hydrates are considered variants of the
cemented model, where hydrates act as components of the load-
bearing matrix or pore fillers. In contrast, the matrix and inclu-
sion model treats gas hydrates and particles as the matrix and in-
clusions, respectively. Nevertheless, empirical evidence from actual
rock samples indicates that hydrates predominantly manifest as
nodules/fracture-filling structures in shallow argillaceous sedi-
ments, necessitating the application of the nodules/fracture-filling
model for accurate characterization. Mahabadi et al. (2019)
Fig. 7. Digital rock models generated using the process-based method. In (a) and (b), both m
and (d), both models feature grain radii of 100 mm and porosities of 30% and 40%, respecti
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proposed a patchy occurrence pattern in the experiment studying
the effect of hydrate saturation on the permeability of hydrate-
containing sediments. The patchy occurrence pattern refers to hy-
drates that have undergone Ostwald ripening under pore-filling
conditions. Dai et al. (2012) demonstrated through experimental
data and petrophysical analysis that hydrates in hydrate-bearing
sands exhibit a heterogeneous, patchy distribution, characterized
by zones of 100% hydrate saturation within pore spaces that are
embedded in hydrate-free sand. Considering the patchy distribu-
tion of hydrates allows for more precise estimations of the petro-
physical properties of hydrate-bearing sands, as well as the
investigation of the correlation between hydrate saturation and
these properties. Hu et al. (2014) used CT to investigate the
microscopic distribution and evolution of hydrates within the pore
space of sediments. The results showed that hydrate distribution
patterns at various saturation stages displayed mixed characteris-
tics. Throughout the different stages of hydrate formation, distinct
distribution patterns predominated. Contact or cementation
models dominated in the early synthesis stages; suspensionmodels
were more common in intermediate stages; and suspended ag-
gregation and re-cementationwere prevalent in the late stages. We
have summarized common microscopic occurrence patterns for
GHBS, based on prior research, as shown in Fig. 8.

To enhance our comprehension of the formation mechanisms of
hydrates and their impact on petrophysical properties, we can
utilize digital rock technology to generate rock models containing
hydrates. The first step involves constructing a realistic pore skel-
eton structure, followed by simulating the distribution of hydrates
within the pore space. To enhance authenticity, many studies
employ CT or other imaging technologies to acquire 3D images of
the sample and then apply image processing and segmentation
algorithms to extract the geometry and dimensions of the pore
space, thereby constructing a realistic pore skeleton structure.
Various simulation methods currently exist for modeling the
diverse distribution patterns of hydrates. Liu et al. (2020) used a
random nucleation and growth method to generate three types of
hydrate occurrence with varying saturation levels, including pore-
filling, patchy, and particle-coating, in 2D digital samples. During
the simulation of hydrate nucleation and growth, distance checks
are performed between all pore pixels, updating potential nucle-
ation sites before converting any pore pixel into a hydrate pixel.
Their simulation assumes no interface tension, thus eliminating
limitations on hydrate growth due to heat and mass transfer con-
straints. Fukumoto et al. (2017) developed a numerical model that
integrates classical nucleation theory and the phase-field model to
predict the microscopic distribution of CH4 hydrates in sand sedi-
ments. The model determines the locations of hydrate nucleation
using classical nucleation theory and simulates the growth process
odels have a porosity of 20% with grain radii of 70 mm and 100 mm, respectively. In (c)
vely. Blue represents pores, and gray represents the solid matrix.



Fig. 8. Microscopic occurrence patterns of natural gas hydrates.
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using the phase-field model. By matching the model with experi-
mental data, it successfully determined the hydrate formation rate
constant. Further numerical simulations revealed the formation
and growth of hydrates in pores, providing a microscopic
perspective on the permeability and hydrate distribution of
hydrate-bearing sediments. Chen et al. (2018) simulated the dis-
tribution of hydrates by establishing computational HBS (hydrate-
bearing sand) models. They added hydrate voxels to the original
pore structure of sandstone and constructed a hydrate-bearing
sedimentary rock model with three ideal pore distribution types:
grain-attaching, coarse pore-filling, and dispersed pore-filling.
First, a subset of the original pore structure was clipped, and a
mask was created for the subset. A reinitialization algorithm (level
set method) was used to index which voxels were particles and
which were pores. Grain-attaching hydrates grow by converting
pore voxels in contact with particles into hydrates. Ostwald
ripening is achieved by converting pore voxels near existing hy-
drates into new hydrates. Coarse pore-filling hydrates start with a
few isolated crystals in the pore and continue to grow by converting
pore voxels adjacent to existing hydrates into new hydrate voxels.
Dispersed pore-filling hydrates grow by randomly converting pore
voxels (at least one voxel from the particle) into hydrate voxels. Lin
et al. (2019) discussed the actual distribution of hydrates within
pore spaces and the associated algorithms. By contrasting labora-
tory observations of hydrate distributions with numerical simula-
tion results, they concluded that the mathematical morphology
algorithm could simulate the formation and distribution of hy-
drates effectively. Applying this method to simulate hydrate dis-
tributions, a skeleton-type hydrate digital rock model can be
created when the phase in contact with the rock is considered to be
hydrate, whereas a fluid-type hydrate digital rock model is con-
structed when the phase predominantly occupying the pore space
is treated as hydrate. Consequently, the 3D construction of hydrate
digital rocks can be achieved by incorporating the mathematical
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morphology algorithm to introduce hydrates into the pore space.
Wu et al. (2020) delineated the modeling process of hydrate-
bearing digital rocks into two distinct steps: threshold segmenta-
tion and morphological operations, subsequently validating the
algorithm's accuracy through comparisons with petrophysical
simulations. Li et al. (2021) employed the same method to recon-
struct sixteen 3D models, each with varying hydrate saturation
levels and particle shapes. They subsequently investigated how
these variables, in conjunction with varying hydrate saturations
and particle shapes, influence other petrophysical properties based
on these models.

Wu et al. (2023) proposed a hybrid simulation method that in-
tegrates CT technology, morphological algorithms, and the quartet
structure generation set method (QSGSM) to construct GHBS
models with specific hydrate distribution patterns and precise
control over hydrate saturation, as illustrated in Fig. 9. The entire
process comprises three stages: hydrate core selection, hydrate
core growth, and hydrate formation. Initially, CT technology was
used to create digital samples of HBS, followed by the application of
morphological operations (MO) and QSGSM to simulate hydrates
with tailored morphologies and saturation levels. Notably, QSGSM
can produce objects with predefined dimensions and shapes,
where porous media entities can include minerals, pores, organic
compounds, or other microstructures. Following each iteration, the
hydrate progressively expands from the core or central point into
the surrounding voxels. Ultimately, 3D digital rock models
featuring various hydrate patterns and saturation levels are
generated. Dong et al. (2018b) were the first to employ the
diffusion-limited aggregation (DLA) method to simulate hydrate
growth, constructing models that represent cemented, dispersed,
and adhesive hydrates across various saturation levels. The DLA
method forms clusters by utilizing particles that move randomly
and are generated from a selected point source. As the hydrate
cluster expands, additional point sources are created. Upon



Fig. 9. Three hydrate occurrence patterns with different saturation levels in 2D slices. Gray represents the solid phase, blue represents the pore space, and yellow represents the
hydrate (adapted with permission from Wu et al. (2023)).
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reaching the hydrate cluster, the particles cease their random
movement and remain in their final positions. Once the conditions
for cluster growth reach a predefined threshold, the hydrate
growth process ceases. Furthermore, in examining the effects of
natural gas hydrate cementation models on rock properties, they
employed an algorithm analogous to the process-based method to
create 3D digital rocks exhibiting three distinct hydrate cementa-
tion models (Dong et al., 2018a). Hydrates uniformly coat the sur-
faces of rock grains, precipitate within pores, and accumulate in
pore throats, enhancing the understanding of how hydrate
cementation affects rock conductivity, stiffness, and pore inter-
connectivity. To a certain degree, the aforementioned methods can
assist researchers in understanding the formation mechanisms of
hydrates and their influence on rock properties. Given the intricate,
variable, and unstable nature of hydrate formation in actual set-
tings, these methodologies may require further refinement and
expansion to meet a wider range of research requirements.

3. Rock petrophysical property simulations

3.1. Fluid flow simulation

3.1.1. Traditional CFD methods
Computational fluid dynamics (CFD) is a numerical analysis
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method utilized for simulating and analyzing fluid flow behavior.
Traditional CFD techniques include FEM, FDM, and the finite vol-
ume method (FVM). These numerical methods enable the direct
discretization and meshing of 2D or 3D models, solving the asso-
ciated control equations, and obtaining the corresponding flow
field distributions and permeability values.

Katagiri et al. (2017) developed permeability reduction models
for cubic packs of cylinders and spheres containing grain-coating
and pore-filling hydrates, as well as random sphere packs. These
models were based on previous studies and used the discrete
element method (DEM) to generate particle packs, which were
then verified through pore-scale CFD simulations. The study
revealed that the developedmodels closelymatched the simulation
outcomes and experimental data, providing petrophysical rele-
vance to the proposed model parameters. Kossel et al. (2018)
employed MRI to acquire a time-resolved, 3D map of natural gas
hydrate saturation. These images were subsequently imported into
the commercial finite element analysis software (COMSOL Multi-
physics), where they applied five distinct permeability formulas to
model the flow dynamics. This process elucidated the correlation
between hydrate saturation levels and permeability. Zhang et al.
(2022b) constructed a range of 2D geometric models including
pore-filling and grain-coating types, and their combinations, based
on samples of hydrate-bearing sediments and CT images. The team
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applied the FEM to simulate the flow characteristics at the pore
scale of these models. The simulations indicated that the hydrate
distribution pattern, saturation level, and sediment particle size
significantly influenced the permeability of hydrate-bearing sedi-
ments. Notably, the heterogeneous model developed in this study
represents a pioneering approach for evaluating the permeability of
hydrate-bearing sediments. In order to study the dynamic fluid
flow characteristics of hydrate-bearing sediments, Xu et al. (2023)
used CFD to simulate single-phase flow in a range of 2D idealized
hydrate-bearing sediment models. The results indicated that the
formation and growth of hydrates within the pores led to the
evolution and transformation of the pore space structure. The pri-
mary cause of reduced GHBS permeability was the dominance of
smaller pores and throats as hydrate saturation increased, which
weakened the connectivity of the pore space and increased the
distortion of fluid flow. Additionally, the growth of hydrates with
different habits within the pores led to alterations in flow channels
and their morphology, resulting in varied seepage behavior and
permeability changes within the model. Yu et al. (2017) employed
3D unstructuredmesh of regular cubic unit and CFD to calculate the
dissociation rate of CH4 hydrate in heterogeneous laboratory sedi-
ment samples. However, the study only simulated water flow and
solid CH4 hydrate, excluding the ice phase and gas phase.

CT technology can provide detailed microscopic structures of
GHBS, which is beneficial for simulating fluid flow. When exploring
the impact of hydrates on permeability at the pore scale, Pan et al.
(2021) obtained the 3D pore structure of actual GHBS through
micro-CT scanning. They employed the Finite-Difference Method
Stokes Solver (FDMSS) to directly solve the single-phase flow
equation on voxelized 3D pore structures, thereby obtaining the 3D
velocity field and permeability. Their study revealed that the dis-
tribution of hydrates among pores significantly impacts perme-
ability, with an uneven hydrate distribution leading to pronounced
permeability anisotropy. Kou et al. (2021), on the other hand, used
CT to capture the 3D pore structure of real CH4 hydrate-bearing
sediments. Subsequently, they performed CFD simulations using
the commercial software Avizo XLab to visualize the 3D flow field
within hydrate-containing porous media. Their findings indicated
that the formation and growth of natural gas hydrates within pores
altered the initial pore structure, resulting in pores that were no
longer interconnected. Previously connected pores became
blocked, the flow pathways changed, and the number of stream-
lines gradually diminished. The existence of these non-
interconnected pores further complicates the analysis of the pore
structure and the accuracy of permeability predictions. To investi-
gate the evolution of hydrate behavior and its petrophysical impact
in fractured-pore GHBS during phase transformation, Bian et al.
(2022) created a 3D model of hydrate-saturated fractured sand-
stone using micro-CT images and employed CFD simulation to
analyze the velocity, pressure, and permeability within the porous
space. The results indicated that pressure changes triggered
simultaneous hydrate synthesis and decomposition, establishing a
dynamic equilibrium within the sediments. The occurrence of hy-
drates within fractured-porous media can be categorized into three
distinct types: contiguous-sheet, clustered, and isolated hydrates.
Notably, contiguous-sheet hydrates predominantly influenced the
fluid flowcharacteristics of the fractured sediments. Li et al. (2023a)
studied sediments from the Shenhu area in the South China Sea by
employing a combination of particle flow code and CFD to simulate
and study how the shape of mineral particles and the presence of
pore-filling natural gas hydrates affect the anisotropic nature of
permeability.

3.1.2. Pore network modeling
PNM can simplify the internal microstructure of porous media
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into a collection of geometries with specific shapes and sizes. By
adjusting the parameters and arrangement of these geometries, it
becomes possible to simulate the influence of different pore
structures on permeability. This method provides an effective and
convenient numerical simulation approach for studying
permeability.

Liang et al. (2010) proposed the PNM to determine the effective
permeability in hydrate-bearing porous media. They employed this
technique to assess the effects of hydrate particle formation and
growth patterns on permeability, and to examine the changes in
permeability across various levels of hydrate saturation within
porous media. The findings highlighted that the size and distribu-
tion of pores, which lead to displacement at hydrate equilibrium,
are important factors in dictating the permeability of media con-
taining hydrates. Following extensive validation against experi-
mental results, PNM can be effectively used for studying the
processes of hydrate formation and dissociation in porous media.
Dai and Seol (2014) used random 2D pore networks to analyze the
correlation between apparent water permeability and hydrate
saturation, taking into account the hydrate growth at the pore scale
and the heterogeneity at the meso scale. They reassessed existing
capillary tube models and the Tokyo models, and introduced an
enhanced Kozeny model that provided improved accuracy in esti-
mating permeability. Jang and Santamarina (2011) utilized PNM to
identify a minimal set of pore-scale parameters that are crucial for
understanding natural gas recovery and water production, factors
that hinge on initial hydrate saturation, the distribution of pore
sizes, and P-T conditions. The PNM simulation outcomes can guide
the choice of pertinent parameters for capillary pressure functions
and relative permeability relations in finite element analysis.
Mahabadi et al. (2019) investigated the influence of pore habits on
permeability by assessing the impact of hydrate patch size using
PNM. Hydrate saturationwas determined by randomly distributing
hydrates across ten identical pore networks. The simulations
revealed that THF hydrates tend to form small clusters within the
sediment, with an average patch size comprising approximately
four pores. Mahabadi and Jang (2014) developed the PNM to
simulate the dissociation of hydrates and the subsequent gas
expansion within a dispersed hydrate system, with initial hydrate
saturation levels ranging from 10% to 60%. Themodels, composed of
pores interconnected by tubes, facilitated the distribution of hy-
drates. Subsequently, the relative permeability of both gas and
water during the gas expansion process following hydrate disso-
ciation was computed. The simulation outcomes guided the selec-
tion of fitting parameters, leading to the conclusion that the
modified Stone equation can accurately predict the relative
permeability of water and gas in sediments that produce gas from
hydrates. Other researchers have also utilized geological drilling
data for modeling purposes. For instance, Mohammadmoradi and
Kantzas (2018) established a three-phase pore morphology model
directly derived from the particle size distribution of samples from
theMallik site. This model was utilized to simulate the deformation
of hydrates and to predict the fluid content, absolute permeability,
and effective permeability in geological formations containing hy-
drates. It effectively replicated the laboratory findings regarding the
spatial arrangement of fluids, the degree of tortuosity, and the
permeability in sediments with hydrates. In contrast to other
simulation frameworks that use PNM, this model provides a more
straightforward method for examining various aspects of hydrate
morphology, formation, and dissociation in porous media.

To more accurately simulate the permeability behavior of
porous media, researchers widely utilize CT technology to
construct PNM based on real image data. Wang et al. (2015a) were
the first to integrate PNM with CT to accurately capture the actual
structure of porous media containing hydrates. Using CT imaging,
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they obtained data and simulated the flow of CH4 and water, pre-
dicting changes in porosity, saturation, relative permeability, and
capillary pressure. The results validated the feasibility and accuracy
of the method. The team subsequently identified key parameters
affecting the permeability of hydrate-bearing porous media using
the same techniques, including hydrate particle size (Wang et al.,
2016), wettability (Wang et al., 2015b), and interfacial tension
(Wang et al., 2018b). Model calculations clarified the quantitative
relationships between these parameters and permeability.
Mahabadi et al. (2016) also employed this approach to extract
micron-resolution CT images of Mallik site hydrate sediments and
construct 3D pore networks. They implemented hydrates with
varying saturations andmorphologies into the network and further
simulated processes including gas intrusion, hydrate dissociation,
and gas-water permeation. These simulations helped determine
appropriate parameters for characterizing the water retention
curve and relative permeability of hydrate-bearing sediments. Ai
et al. (2017) explored the permeability characteristics of irregular
porous media containing CH4 hydrates using sandstones with
various morphologies, including quartz, dolomite, and feldspar.
They used CT and PNM to conduct an in-depth analysis of the gas
and water flow during the decomposition of hydrates and the
subsequent effects on hydrate production. In a related study
focusing on the influence of natural gas hydrate formation and
decomposition on fluid flowwithin fine-grained quartz sand,Wang
et al. (2018a) captured high-resolution CT images at different stages
of the experiments. These images accurately revealed the internal
pore structure, which was used to construct topologically charac-
terized pore networks. Their analysis revealed that natural gas
hydrates predominantly grew as particle cementation within the
pore space, with hydrates filling or bridging pores during the in-
termediate stages. As hydrate saturation decreased during the
decomposition process, there was an increase in water-phase
permeability, a decrease in bound water saturation, and an in-
crease in the gas-water two-phase flow area. While PNM accurately
represents themacroscopic properties of porous media, simplifying
the complex pore structure for mathematical modeling and
computation can lead to the loss of detailed information regarding
hydrate distribution and morphology.

3.1.3. Lattice Boltzmann method
LBM represents a novel CFD approach. Rooted in the Boltzmann

equation from statistical physics, LBM simulates the distribution
function of particle groups at discrete lattice sites to predict the
behavior of macroscopic fluid properties. This method is especially
adept at modeling complex porous media and microscale flows. In
recent years, LBM has been extensively applied in research con-
cerning fluid flow simulations within GHBS.

Kang et al. (2004) utilized LBM to simulate the crystallization
process of hydrates in supersaturated solutions. This research rep-
resented an initial foray into computational investigations of the
formation and decomposition of natural gas hydrates. Keehm and
Yoon (2008) employed LBM to simulate fluids by generating GHBS
numerical models with varying hydrate pore habits. They calculated
permeability at different saturation levels. In another study, Kang
et al. (2016) used LBM to explore the correlation between hydrate
saturation levels and permeability throughout the hydrate forma-
tion process. They proposed a permeability model for hydrate-
bearing sediments that accounts for capillary effects. This model
separately considered the occurrence of grain-coating and pore-
filling hydrates. The findings revealed that permeability dimin-
ished linearly with rising saturation during the grain-coating hy-
drate nucleation phase. Moreover, the permeability was higher than
that of models that did not consider the capillary effect of hydrate
nucleation. Additionally, a transition zone was observed between
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hydrate saturation levels of 30% and 40%. The decreasing trend of
permeability shifted from the grain-coatingmodel to the pore-filling
model within this zone. The initial sediment density and grain size
distribution had negligible effects on the change in permeability.
Hou et al. (2018) conducted flow simulations in 2D homogeneous
porous media using LBM. Fig. 10 displays the hydrate distribution
and velocity field within the model. This figure illustrates that fac-
tors such as hydrate saturation, hydrate formation habit, and pore-
centered hydrate distribution pattern all significantly influence the
fluid flow characteristics of 2D porous media. Furthermore, a novel
permeability model for hydrate-containing sediments was intro-
duced and validated with experimental results. To understand how
hydrate micromorphology and growth habits affect GHBS perme-
ability, He et al. (2020) employed LBM to simulate microscopic-scale
fluid flow in 2D porous media, accounting for the geometric varia-
tions and differing proportions of grain-coating and pore-filling
hydrates. The results indicated that subtle geometric differences in
hydrates could significantly alter permeability, even when the hy-
drate growth habit and saturation levels were constant. Ji et al.
(2022) likewise applied this method to evaluate the relative
permeability of water and gas within 2D porous media that con-
tained hydrates. The research studied how hydrate saturation levels
and growth habits affected the relative permeability of water and
gas at the pore level. The findings indicated that an increase in hy-
drate saturation led to a reduction in the effective permeability for
both water and gas. For pore-filling hydrates, the relative perme-
ability for water and gas rose with an increase in hydrate saturation,
but for grain-coating hydrates, it declined. The influence of solid
wettability varied between wet-phase and non-wet-phase relative
permeabilities. Additionally, microscale fluid distribution changes
impacted the relative permeability of water and gas. Notably, the
potential Jamin effect during hydrate gas production could signifi-
cantly alter multiphase flow characteristics.

Some researchers have also combined CT technology with LBM
to study the fluid flow characteristics of GHBS. Chen et al. (2018)
established a functional connection between the gas relative
permeability at themicroscopic level and the saturation of hydrates
in real hydrate-bearing sandstones by combiningmicro-CT imaging
and proposed a modified Corey model to better represent the data.
Sun et al. (2021) also combined CT with LBM to study how particle
size distribution and initial brine saturation influence permeability
alterations in sediments during the dissociation of hydrates. LBM
can simulate multiple coupled petrophysical and chemical pro-
cesses under non-isothermal conditions in porous media, and it
accounts for the evolution of the pore structure, making it well-
suited for capturing intricate interactions within porous environ-
ments. Zhang et al. (2019b) developed a pore-scale model based on
the LBM to address the reaction transport and non-isothermal
multi-petrophysical and chemical processes occurring in porous
media. This model provided a more precise depiction of the phase
transition and evolution of pore structures during the dissociation
of CH4 hydrates, considering various hydrate pore habits. Addi-
tionally, they examined the impact of the temperature field, the
inlet temperature, and inlet pressure on the dissociation of hy-
drates. The findings indicated that numerically simulating the
decomposition of CH4 hydrates at the pore-scale helps to deepen
the understanding of the permeability-saturation relationship in
continuous media models.

3.1.4. Molecular dynamics
Molecular dynamics (MD) is a computational simulation

method that solves classical mechanics equations to simulate the
interactions andmovements of atoms andmolecules over a specific
period. This method has been proven to be an effective tool for
studying themicroscopic mechanisms of hydrates and provides not



Fig. 10. Velocity field obtained from LBM calculations (adapted with permission from Hou et al. (2018)). The black represents mineral particles, the gray represents hydrates, and the
colored fluid represents the velocity field derived from LBM.
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only insights into the thermophysical properties of gas hydrate
systems but also important information about hydrate equilibrium,
thermodynamics, and structural properties (Li et al., 2023c; English
and Tse, 2010; Veesam et al., 2019; English et al., 2009; Chen et al.,
2022; Miyoshi et al., 2007). MD simulations possess a broad spec-
trum of applications, particularly in modeling the formation and
dissociation of hydrates at the molecular scale (Das et al., 2022;
Zhang et al., 2022d).

Yasuoka and Murakoshi (2000) used MD simulations to study
the dissociation process of CH4 hydrates. They constructed a
simulation system with water and CH4 molecules and simulated
the decomposition of the hydrate structure andmolecular behavior,
revealing the structural changes occurring during the dissociation
process. Moon et al. (2003) used MD simulations to study the
mechanisms of CH4 hydrate formation. The results revealed that
under moderate subcooling conditions, water molecules rapidly
formed ordered structures characteristic of hydrates, comparable in
size to the predicted critical nucleus, providing significant insights
into the formation of hydrates. Fang et al. (2019) focused on the
dissociation dynamics of natural gas hydrates in sandstone reser-
voirs. By simulating the dissociation of hydrates under different
initial temperature conditions, their study elucidated the relation-
ship between temperature, hydrate structure, and the migration of
CH4 molecules. As depicted in Fig. 11, it demonstrates the temporal
variation of the hydrate structure using MD simulations and how
CH4 molecules are liberated from the hydrate structure and accu-
mulate to form nanobubbles on the silica surface. Phan et al. (2023)
used non-equilibrium MD simulations to study the microscopic
mechanism of CH4 hydrate growth in a three-phase system. They
specifically concentrated on the effects of additives, such as poly-
vinyl caprolactam oligomer and sodium dodecyl sulfate (SDS), on
the growth rate of hydrates and elucidated how these additives
Fig. 11. Dissociation process of hydrate cluster in the nanopore (reprinted with permission fr
with silicon (Si) represented in yellow, oxygen (O) in red, hydrogen (H) in white, and carbo
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modulate the growth kinetics of hydrates by altering the solubility
of CH4 in the aqueous phase. In their research on CO2 hydrates,
Sarupria and Debenedetti (2011) employed MD to investigate the
dissociation behavior of CO2 hydrates under varying occupancy
rates and temperature conditions. By simulating systems in which
hydrates were in contact with liquid water, the researchers quan-
tified both the rate at which CO2 was released from the hydrate
structure into liquid water and the velocity of the hydrate-water
interface movement. They concluded that the rate of hydrate
dissociation was influenced not only by the overall occupancy but
also closely correlated with the cage-specific occupancy. Using MD
simulations, Zhang et al. (2019c) examined the formation process of
CO2 hydrates by constructing models with varied initial conditions
to observe the dynamics of water and CO2 molecules. This research
delved into the mechanistic basis of hydrate formation and
comprehensively evaluated the effects of variables such as tem-
perature and CO2 concentration on hydrate formation. The results
demonstrated that system temperature and CO2 molecule con-
centration significantly influence the structures and diffusion dy-
namics of water molecules. Lower temperatures and higher CO2
concentrations were found to favor the formation of hydrates.

The integration of experimental data with MD simulation re-
sults can significantly enhance our understanding of the growth
and dissolution processes of hydrates while validating the accuracy
of the simulations. Choudhary et al. (2017) combined MD simula-
tions and experimental research to investigate the effects of
methanol and sodium chloride, two additives, on the growth of CH4
hydrates. Their findings indicated that these additives function as
promoters of hydrate growth at low concentrations. Cai et al. (2023)
also combined MD simulations with experimental verification to
study the effects of THF and SDS on the growth of CO2 hydrates
under different temperature and concentration conditions. The
om Fang et al. (2019)). The image uses different colors to distinguish different elements,
n (C) in cyan.
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study revealed that the synergistic effect of THF and SDS signifi-
cantly promoted hydrate growth at lower temperatures; however,
at elevated temperatures, SDS molecules aggregated due to the
presence of THF, leading to reduced THF and CO2 concentrations at
the hydrate-liquid interface, thereby adversely affecting hydrate
growth. The experimental results also strongly supported these
simulation findings.

It is noteworthy that MD simulations have reached a relatively
mature stage in studying the nucleation, growth, and dissolution
processes of gas hydrates, with significant progress achieved. Many
scholars have provided detailed reviews on this topic (English and
MacElroy, 2015; Kondori et al., 2017; Das et al., 2022; Zhang et al.,
2022d). MD simulations are expected to make further break-
throughs in multi-scale modeling and enhance simulation accu-
racy, which will provide more powerful tools for a deeper
understanding of the micro-mechanisms of gas hydrates (English
and MacElroy, 2015).

3.2. Electrical property simulation

The electrical properties of hydrates, such as resistivity and
dielectric constant, are considered reliable indicators for assessing
the properties of hydrate matrices. The saturation and distribution
of natural gas hydrates in sediments greatly influence the electrical
properties. Investigating the electrical properties of GHBS facilitates
the identification of hydrate reservoirs and the assessment of nat-
ural gas reserves. With the rapid advancement of digital rock
technology, significant progress has been made in the simulation
and study of electrical properties in GHBS. This technology in-
tegrates high-precision imaging and numerical simulation
methods, enhancing our capability to comprehensively understand
and predict the electrical behavior of GHBS. Fig. 12 illustrates a
flowchart of the electrical simulation process, clearly presenting
the complete procedure from geological sample acquisition to
simulation result analysis. In the course of electrical simulations,
the integration of 3D visualization and precise parameter compu-
tation facilitates accurate analyses of the electrical properties of
GHBS. Researchers have developed various techniques to investi-
gate the electrical characteristics of rocks, including lattice gas
automaton methods, FEM, and FDM. Among these, FEM is the
predominant method employed for investigating the electrical
properties of natural gas hydrates.

Dong et al. (2018b) created a porous digital rockmodel, including
hydrates, based on CT images from hydrate reservoir rock samples in
China's western frozen soil belt and investigated how hydrate dis-
tribution, saturation, and salinity impact electrical properties using
FEM. The study found that for the three types of hydrate digital rocks
at equal saturation, resistivity decreased as formation salinity
increased. Among these, the resistivity was highest for adhesive
hydrate digital rocks, lower for cemented hydrate digital rocks, and
the lowest for scattered hydrate digital rocks. Differences in re-
sistivity among the various hydrate digital rock types increased as
saturation levels increased, becoming significant when the satura-
tion level surpassed 55%. Additionally, they generated 3D digital
rocks with varying hydrate cementation models using process-
based methods and growth algorithms. They then studied the
impact of these models on rock electrical properties via FEM. With
increasing hydrate saturation, they found that electrical parameters
increased across all cementation models. Additionally, under iden-
tical hydrate saturation conditions, the resistivity of hydrates in pore
throats was greater than that of hydrates precipitating within the
pores (Dong et al., 2018a). Based on prior work, Dong (2020)
developed two types of digital rock models featuring hydrates:
pore-type and fracture-typemodels. Using this foundation, FEMwas
used to explore how different hydrate distributions and cementation
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patterns affect rock electrical properties, analyze the changes in
resistivity with hydrate saturation, and establish a model for ideal
hydrate saturation calculations. Xing et al. (2021) aimed to clarify the
intricate conductive properties of porous media containing natural
gas hydrates and establish the relationship between hydrate satu-
ration and complex conductivity attributes. They used COMSOL
Multiphysics finite element software to simulate complex conduc-
tivity responses under different conditions. The results indicated
that variations in natural gas hydrate content significantly impacted
sediment resistivity within a defined frequency range, and a power-
law relationship was established that correlated resistivity param-
eters with hydrate saturation in log-log space. Furthermore, the
relationship between hydrate saturation and composite conductiv-
ity was influenced by the salinity of pore water. Notably, when the
pore water conductivity exceeded 1.0 S/m, a stable power-law cor-
relation between hydrate saturation and orthogonal conductivity
emerged, offering a novel theoretical foundation for assessing hy-
drate saturation. The study further investigated the influence of
hydrate micro-distribution patterns on resistivity characteristics,
yielding significant insights into understanding the resistivity fea-
tures of natural gas hydrate sediments. To explore the electrical
characteristics of fractured hydrate-bearing reservoirs, Yang et al.
(2021) used CT technology to capture the microstructure of rock
samples and constructed a corresponding digital rock model. They
applied the diffusion-limited aggregation (DLA) model to represent
hydrate distribution. Utilizing finite element analysis, they thor-
oughly examined how fractures and hydrates influence rock elec-
trical properties, focusing on the relationship between resistivity
index and water saturation. The findings indicated that the electrical
properties of rocks could not be accurately described by the tradi-
tional Archie's equation. Specifically, the resistivity index of frac-
tured gas hydrate reservoirs showed a nonlinear relationship with
water saturation, and this relationship had different characteristics
for different types of gas hydrate pores. Wu et al. (2023) created 75
digital rock models with specified hydrate saturation levels using a
novel method that incorporated three occurrence patterns: pore-
floating, cementation, and bridging. Using FEM, they investigated
how hydrate distribution and saturation impact conductivity and
validated the models' reliability and accuracy against laboratory
measurements. Lan et al. (2023) quantitatively analyzed the rela-
tionship between hydrate morphology and resistivity by examining
different hydrate skeleton particle arrangements, occurrence pat-
terns, and distribution morphologies in a 2D geometric model. They
applied FEM to solve the electric field equation for porous media,
assuming a constant flow field, and derived the resistivity value for
media containing hydrates. This study identified three stages in the
change in resistivity with hydrate saturation: minimal impact,
gradual change, and sharp increase. At low hydrate saturations, the
resistivity of the pressure model remained relatively high compared
to that of the particle cementation and pore-filling models.
Furthermore, they discovered that the throat size was the primary
factor influencing resistivity.

Some researchers have also used other numerical methods, such
as the FVM and the Kirchhoff node method, to study the electrical
properties of hydrates. Wu et al. (2020) created 14models featuring
varying hydrate saturation levels and occurrence states, such as
cementing and pore-filling. By combining PNM with the FVM, they
studied how particle shape and hydrate saturation affect the con-
ductivity of hydrate-bearing sediments, obtaining numerical re-
sults that closely matched published data. Tian et al. (2023) utilized
commercial Avizo software for numerical simulation to study the
relationship between the normalized permeability and the re-
sistivity index in GHBS. Avizo software calculates electrical prop-
erties using a volume averaging method based on Ohm's law,
determining the macroscopic equivalent resistivity by weighting
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the electrical properties of different phases in the multiphase me-
dium. The results indicate a negative power-law relationship be-
tween the resistivity index and normalized permeability, with the
power-law index influenced by the fractal dimension of tortuos-
ity. The accuracy of the model was validated through comparisons
with laboratory and well log data, providing a novel theoretical
foundation and computational method for the electrical prediction
of natural gas hydrate reservoirs. Zhao et al. (2021) used a pore
network to represent the pore space in natural gas hydrate reser-
voirs and applied the Kirchhoff node method to calculate current
parameters within the model. Numerical simulations were con-
ducted to examine how natural gas hydrate saturation affects the
resistivity of digital rocks under varying porosities, formationwater
salinities, and clay mineral contents. The study revealed that re-
sistivity increased exponentially as hydrate saturation increased,
and the resistivity of the natural gas hydrate digital rock model
decreased linearly with increasing formation water conductivity.
An increase in clay mineral content resulted in a negative expo-
nential trend in rock resistivity. The findings imply that at low
porosities and clay mineral contents, natural gas hydrate saturation
significantly affects the resistivity of digital rocks.
3.3. Elastic property simulation

Digital rock technology plays an important role in analyzing the
elastic characteristics of hydrates. This technology uses computer
simulation and numerical methods to simulate the microstructure
and properties of hydrates by establishing mathematical models of
rocks and conducts quantitative research on the influence of
reservoir parameters on the elastic characteristics of GHBS.

In the analysis of the elastic properties of hydrates through
digital rock technology, FEM is routinely employed for numerical
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calculations. The principle of FEM for calculating elasticity is based
on dividing the continuous media into discrete small units, known
as finite elements. Within each finite element, an appropriate
mathematical model is established, and mechanical principles and
boundary conditions are then applied to determine the stress,
strain, and displacement parameters of the system (Garboczi,
1998). Lin et al. (2019) developed two different hydrate digital
rock models based on hydrate petrophysical models. Using FEM,
they calculated the elastic properties of the rock models and
confirmed their consistencywith the petrophysical models through
a combination of numerical simulations and theoretical analysis.
Additionally, they observed that the distribution of hydrates in the
area resembled the skeletal model pattern. Dong et al. (2018a) used
FEM to determine stress distribution and effective elastic parame-
ters of 3D digital rocks. With increasing hydrate saturation, elastic
parameters also increased. Under equivalent hydrate saturation
conditions, the pore-throat type exhibited larger elastic parameters
compared to the pore-precipitation type. This difference is attrib-
uted to the increased contact area between rock particles caused by
hydrates in the pore throats, which facilitates enhanced compres-
sion. Li et al. (2022) used high-resolution 3D images obtained from
synchrotron X-ray CT to construct a series of sediment models with
varying gas hydrate saturations. Using FEM, they quantitatively
simulated the elastic responses of these models under different gas
hydrate morphologies, tracking changes in the elastic modulus and
wave velocity. The study found that at low gas hydrate saturations,
hydrates predominantly form around the gas phase, leading to a
significant increase in bulk modulus and compressional wave ve-
locity. In contrast, the shear modulus and shear wave velocity are
relatively less affected due to the water films that insulate the gas
hydrates from the solid particles. As gas hydrate saturation in-
creases, the changing morphology of the gas hydrates significantly
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enhances the elastic characteristics of the sediment. Wu et al.
(2023) utilized finite element analysis to study how the distribu-
tion pattern and saturation level of hydrates influence the elastic
modulus. The study revealed that the presence of bridging hydrates
leads to themost rapid increase in both the bulkmodulus and shear
modulus of sediments. Tian et al. (2024) conducted a study in
which two types of digital rock models were obtained using the
process-based method and CT. Based on these models, three
common hydrate morphologies were simulated using the random
simulation method. The corresponding elastic modulus was then
numerically simulated with the assistance of finite element soft-
ware Elas3D. The findings illustrated that the efficacy of the
uncemented sand model is contingent upon the sample's original
porosity, whereas the predictive capability of the cemented sand
model regarding shear modulus is limited. To investigate the effects
of different hydrate distribution patterns on petrophysical proper-
ties of fractured reservoirs, Liu et al. (2024) constructed digital rock
models with regular fractures and simulated fractured hydrate-
bearing digital rocks with multiple hydrate distributions by
inserting different forms of hydrates. They utilized FEM to calculate
anisotropic elastic characteristics. The findings showed that higher
levels of hydrate saturation correspond to greater anisotropy in
elastic wave velocity in fractured reservoirs, particularly demon-
strating a significant impact from bridging hydrate distribution on
wave velocity. This suggests that bridging hydrates act as a struc-
tural matrix in fractures, significantly improving elastic stiffness in
the vertical direction. This discovery is crucial for further under-
standing how hydrate distribution impacts seismic wave propa-
gation behavior in fractured reservoirs and provides a new
theoretical basis for applying seismic exploration technology to
evaluate hydrate resources.

4. Conclusions and future prospects

Digital rock technology is a key tool for quantitatively revealing
themicroscopic characteristics of rock pore structure and exploring
the petrophysical properties of GHBS. We summarize the main
methods used to construct digital rock models of gas hydrates and
extensively discuss the advantages and disadvantages of these
methods. Additionally, we analyze the methods for simulating
petrophysical properties such as electrical, elastic, and fluid flow
characteristics based on digital rocks. In this section, we provide a
summary of the applications of digital rock technology in studying
the petrophysical properties of GHBS, along with current chal-
lenges and prospects.

(1) The X-ray CT scanning method is the primary digital rock
reconstruction method used to study GHBS. It provides the
pore structure and hydrate distribution of GHBS through
non-destructive tomography and computer processing.
Although the application of CT technology in the research of
natural gas hydrates has advanced significantly, it continues
to face challenges related to image resolution and compo-
nent identification. Improving resolution requires the use of
high-precision instruments, but the high cost and technical
complexity restrict its widespread application. To address
the issue of component identification, researchers enhance
contrast by adding soluble salts or using hydrates with
different guest molecules. With advancements in artificial
intelligence, utilizing deep learning to identify different
component types and improve image resolution may be an
important development approach.

(2) MRI serves as an important visualization tool for monitoring
the formation and decomposition of gas hydrates, providing
information on hydrate saturation, component
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identification, and pore distribution. However, its limited
resolution cannot fully reveal the microstructure of gas hy-
drates. SEM offers extremely high resolution and can obtain
structural features at the nanoscale; nevertheless, due to the
limited observation area, it is difficult to study the overall
structure of hydrate samples. Despite these challenges, the
application of these technologies in gas hydrate research
demonstrates considerable potential, serving as critical tools
for the comprehension of the internal structure and prop-
erties of gas hydrates. Future research directions will prom-
inently involve the utilization of deep learning methods to
integrate information derived from images of diverse sources
and scales, thereby facilitating the construction of 3D digital
rock models.

(3) The process-based method is the main numerical recon-
struction approach utilized in studying GHBS. Widely
favored for its cost-effectiveness and flexibility, this method
simulates the sediment formation process. However, it is
applicable to GHBS research with relatively simple sediment
particles. Given the complexity and instability inherent in
the actual formation process, existing simulation methods
still necessitate further refinement and expansion.

(4) For the simulation of the petrophysical properties of GHBS,
the study of fluid flow characteristics is important for both
reservoir evaluation and development, thus attracting
considerable research attention. Traditional simulation
methods offer high theoretical accuracy but face challenges
such as high computational costs and complex mesh pre-
processing. The PNM method demonstrates strong adapt-
ability and practicality in porous media fluid flow
characterization, but it requires careful selection of appro-
priate parameters and reasonable simplification of themodel
to balance accuracy and computational efficiency. In
contrast, LBM has unique advantages in handling complex
interactions in porous media, featuring simple programming
and high accuracy. However, there is a gap between the ideal
porous media model and the actual situation, and the phase
changes of hydrates during the flow process also need to be
considered in future research. MD simulations offer distinc-
tive advantages in elucidating the growth and dissociation
mechanisms of natural gas hydrates at the microscopic level,
and future developments aim to achieve more profound
understanding and accurate predictions through multi-scale
modeling and enhanced simulation accuracy. Although there
is relatively little research on electrical and elastic simula-
tions, understanding their importance for the accuracy of
GHBS geophysical exploration interpretation is also crucial.
Specifically, the analysis of the electrical and elastic proper-
ties of GHBS and the development of geophysical exploration
interpretation models are key objectives for analyzing the
petrophysical properties from a microscopic perspective. It is
evident that imaging techniques can capture the relative
positional relationships between hydrates and mineral par-
ticles, but they are insufficient in providing information on
the coupling strength between them,which is a critical factor
in determining the stiffness and velocity of GHBS. It is
essential to conduct in-depth research on defining the elastic
parameters of hydrates under varying occurrence patterns
and saturation levels, incorporating them as dynamic vari-
ables in simulating the elastic properties of GHBS. Further-
more, it is essential to recognize that different models of
hydrate occurrence affect various physical properties of the
reservoir, such as its elastic, electrical, and permeability
characteristics. Therefore, the choice of simulation methods
for petrophysical properties may vary accordingly.
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Nevertheless, existing comparative studies concerning nu-
merical simulation methods for different hydrate occurrence
patterns are still scarce, highlighting a need for further
exploration in this field.

(5) With the continuous advancement of high-precision in-
struments, the construction of digital rock models is no
longer limited to a single technical approach. It can be inte-
grated with a variety of instruments to thoroughly investi-
gate the complex properties and formation mechanisms of
hydrates at the nanoscale to the macroscale, taking into ac-
count the characteristics of natural gas hydrates in different
regions. Simultaneously, the 3D digital rock models with
multi-scale, multi-component, and high-resolution can be
established based on awider range of core analysis data, such
as well log-based lithology andmineral composition analysis
data, mercury injection capillary pressure data, and T1‒T2 2D
NMR analysis data, in order to more accurately depict the
intricate reservoirs containing natural gas hydrates.

(6) In future research on hydrates, the focus should be on inte-
grating multiple technologies to achieve comprehensive and
accurate detection of the petrophysical properties of GHBS.
This involves combining geophysical exploration technology
with digital rock technology to conduct more thorough
petrophysical property analyses. Geophysical exploration
techniques such as well logging, seismic, electrical, and
electromagnetic methods can provide extensive information
about the macroscopic distribution of hydrates, while digital
rock technology can offer detailed insights into the internal
structure of sediments. This interdisciplinary research
approach will provide a new perspective for understanding
the relationship between microstructure and macroscopic
behavior in natural gas hydrate systems. By incorporating
advanced imaging techniques, computational simulations,
and data analysis tools, researchers can comprehensively
capture the complexity of GHBS, thereby optimizing resource
assessment and improving exploitation efficiency.
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