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Abstract: Oil and natural gas, as fluid minerals, flow within the Earth’s crust under the
influence of various driving forces such as pressure, buoyancy, and gravity. This phenomenon
is known as hydrocarbon migration. Hydrocarbon migration is a crucial component of the
reservoir formation process, and accurately analyzing its direction affects the precision of trap
prediction, well positioning, reservoir size, and morphology evaluation, thereby influencing
the difficulty and cost of hydrocarbon development. However, most of the currently discovered
hydrocarbon reservoirs have undergone multiple transformations or destructions, increasing
the challenges of hydrocarbon development. Through an extensive literature review, this paper
summarizes and categorizes the main current methods of studying hydrocarbon migration,
including sedimentological methods, geochemical tracers, numerical simulation, and
geophysical methods. Furthermore, this paper discusses and explores the frontier trends in
hydrocarbon migration, mainly reflected in artificial intelligence (Al) methods, digital oil
fields, geological big data analysis, and high-resolution seismic imaging technology. Looking
to the future, there are significant opportunities in hydrocarbon migration research in data
integration and intelligent analysis, high-resolution detection technology, digitization and
automation, and the application of green technologies. However, there are also severe
challenges regarding data quality and integration, the complexity and uncertainty of models,
environmental and safety concerns, technology costs, and interdisciplinary collaboration. In
conclusion, this paper clarifies the hydrocarbon migration process by reviewing, summarizing,
and analyzing existing literature to understand hydrocarbon reservoirs’ formation and
distribution patterns. It also delves into the mainstream methods, frontier trends, and prospects
of hydrocarbon migration technology, providing valuable insights for future research.

Keywords: hydrocarbon migration; mainstream methods; frontier trends; future prospects;
opportunities and challenges

1. Introduction

Petroleum and natural gas are minerals that have the ability to flow. They may
migrate within the Earth’s crust under the influence of various driving forces such as
pressure, buoyancy, and gravity. Any movement of hydrocarbons within the crust is
referred to as hydrocarbon migration. It is well known that hydrocarbons form in fine-
grained sediments rich in organic matter, but they are mostly stored in coarse-grained
rocks with higher porosity and permeability. The transition of hydrocarbons from a
dispersed state in the source rock to an accumulated state in reservoir rocks involves
a migration process. Hydrocarbon migration is a critical link between hydrocarbon
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generation and reservoir accumulation and is one of the crucial aspects of petroleum
geology [1]. Hydrocarbon migration is an essential step in the reservoir formation
process, and accurately analyzing the direction of migration impacts the accuracy of
trap prediction, well placement, and the evaluation of reservoir size and morphology,
thereby affecting the difficulty and cost of oilfield exploration and development [2].

Based on migration characteristics, hydrocarbon migration can be divided into
primary and secondary migration [3]. Primary migration refers to the process of
hydrocarbons moving from the source rock to the reservoir or carrier bed (often called
expulsion) and the migration of hydrocarbons within the source rock itself [4].
Secondary migration refers to all subsequent movements of hydrocarbons after they
enter the reservoir or carrier bed, including the migration of hydrocarbons through the
carrier bed to a trap, as well as any secondary migration that occurs when an already-
formed hydrocarbon accumulation is affected by changes in external geological
conditions [5]. This classification enhances the clarity of hydrocarbon exploration.
Research on primary migration can help identify potential source rock regions that are
fundamental to hydrocarbon generation. By analyzing the maturity, type, and content
of organic matter in the source rocks, it is possible to predict which areas might contain
hydrocarbon resources. Research on secondary migration focuses on how
hydrocarbons migrate from the source rock to the reservoir, ultimately forming
hydrocarbon accumulations. This helps to identify key exploration areas, specifically
those with favorable reservoir and trap conditions. Consequently, exploration
strategies can be further optimized, development plans more targeted, and the risks
associated with exploration and development can be assessed more accurately.

The main research content of hydrocarbon migration includes both dynamics and
kinematics. The dynamics aspect primarily explores, within a specific geological unit
and under the framework of the corresponding source rock and fluid conduction
system, the multidisciplinary comprehensive research system that quantitatively
analyzes the entire process of hydrocarbon generation, expulsion, migration, and
accumulation leading to reservoir formation. This is achieved through an extensive
guantitative study of various physical and chemical fields such as temperature,
pressure (potential), and stress, historically reconstructing the entire process against
the background of paleostructural development [6,7]. The kinematics aspect examines
the phase state, pathways, direction, main periods, and quantities of hydrocarbon
migration. Hydrocarbon migration research involves both fundamental theoretical
research and applied research.

In the field of hydrocarbon migration research, a variety of mainstream methods
have been widely used by predecessors and have achieved significant results. For
instance, sedimentological methods reveal the pathways of hydrocarbon migration by
analyzing structural ridges and geochemical indicators. In the integrated study of the
thermodynamics and reservoir dynamics of the Nanpu Depression evolution in the
Jidong Qilfield, a systematic analysis of the controlling effects on oil and gas reservoir
formation was conducted through the study of sedimentary facies and depositional
systems [8]. Geophysical methods, especially seismic exploration techniques, provide
key information on the subsurface structure for hydrocarbon migration. Some scholars
used this data to predict the favorable hydrocarbon migration pathways in the Binbei
area of the Songliao Basin [9]. In the long-term exploration practices in the Tarim,
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Sichuan, and Ordos basins, a series of oil and gas reservoir models suitable for the
specific geological conditions of the study areas have gradually been formed and
established. These models not only guide exploration discoveries but also enrich and
develop the geological theory and target evaluation technology of China’s
characteristic marine deep oil and gas exploration. Geochemical methods track the
source and migration process of oil and gas by analyzing changes in their chemical
composition. Some scholars used pyrrole-type nitrogen compounds for oil and gas
migration analysis, helping to identify the migration pathways and sources of oil and
gas [10]. Some scholars studied the migration and mixing of oil in the Junggar Basin
of northwest China using reservoir fluid inclusion analysis [11]. Numerical simulation
methods also play an increasingly important role in hydrocarbon migration research.
For example, some scholars reconstructed the hydrocarbon migration pathways in the
Nanpu Depression of the Bohai Bay Basin through simulation and tracing techniques.
In addition, some scholars proposed a new method for quantifying the micro-migration
of oil and gas in shale. By establishing a kerogen oil and gas generation evolution
model through IBM-SPSS numerical simulation and correcting the residual oil and
gas volume based on light hydrocarbon calibration, the true potential of oil and gas
generation can be obtained [12]. Regarding secondary migration, some scholars used
numerical simulation technology to describe the changes in hydrocarbon migration
pathways during the scaling-up process [12]. The comprehensive application of these
methods provides us with a more comprehensive perspective to understand the
complex process of hydrocarbon migration, thereby providing more accurate guidance
for oil and gas exploration and development. With the development of technology and
the application of new methods, hydrocarbon migration research could continue to
deepen, providing scientific support for the development of the energy industry.
Based on the background mentioned above, the migration and accumulation of
hydrocarbons in the Earth’s crust is an exceedingly complex dynamic process that
involves the coupling of various geological, geochemical, and geophysical factors.
Describing this process requires quantitative analysis and temporal accuracy, meaning
determining when migration and accumulation occur and how these processes change
over time [13]. Therefore, conventional dynamic analysis methods, such as
spatiotemporal matching and relative sequencing, are no longer sufficient to meet
current research needs. Accurate timing is crucial for precisely quantifying and
coupling various geological factors, which poses a significant challenge in geoscience
research [13]. Additionally, due to the destruction of hydrocarbon reservoirs caused
by spillage, leakage, or structural movements that impair the trapping capability,
leading to remigration [14]. Most of the hydrocarbon reservoirs discovered today have
undergone multiple modifications and disruptions. Therefore, understanding the
process of hydrocarbon migration is crucial for grasping the formation and distribution
patterns of hydrocarbon reservoirs, which in turn is essential for selecting the correct
exploration methods. The main objective of this research is to critically analyze
existing mainstream methods of hydrocarbon migration, to review the frontier
technologies in hydrocarbon migration, and to forecast future opportunities and
challenges. The goal is to improve resource utilization efficiency, reduce
environmental pollution, and promote the energy industry’s sustainable development.
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2. Literature review

The current mainstream methods for studying hydrocarbon migration are
extensive and involve a wide range of approaches. However, these methods are
typically not used in isolation; instead, they are combined, complementing and
validating each other. After a comprehensive review of the relevant literature, this
paper categorizes the existing research methods for hydrocarbon migration into four
main types: Sedimentological methods, geochemical tracers, numerical simulation,
and geophysical exploration. Each of these methods contributes to understanding and
predicting hydrocarbon migration behavior, sources, and reservoir characteristics, and
they provide support in the practical exploration and development of hydrocarbons.

2.1. Sedimentological methods

The principle of using sedimentological methods to study oil and gas migration
primarily involves analyzing the porosity, permeability, depositional facies, and
depositional environment of sedimentary rocks to reveal the sources, migration
pathways, and accumulation conditions of oil and gas. By studying the physical
characteristics of different sedimentary layers and the evolution of depositional
systems, combined with structural features such as faults and folds, it is possible to
infer the generation, migration, and reservoir areas of oil and gas. Sedimentological
methods also help determine the distribution and migration processes of oil and gas
by analyzing the relationship between source rocks, cap rocks, and the evolution of
sedimentary layers. The application of sedimentological methods in hydrocarbon
migration research is multifaceted. From macroscopic sedimentary facies analysis to
microscopic analysis of porosity and permeability, each method provides critical
information for understanding the migration and accumulation of hydrocarbons in
complex subsurface environments.

2.1.1. Sedimentary facies analysis and migration pathways

Sedimentary facies analysis is the process of studying the formation environment
and characteristics of sedimentary rocks. The distribution of sedimentary facies is
often correlated with the distribution of hydrocarbon reservoirs. Hydrocarbons
typically migrate and accumulate in sand bodies with better physical properties, such
as porosity and permeability, while ancient sedimentary environments control the
distribution characteristics of these sand bodies. By identifying and interpreting
sedimentary facies sequences and distributions, possible migration pathways of
hydrocarbons underground can be inferred. For example, some scholars identified that
in the Zhongguai Area of the Junggar Basin, hydrocarbons in the Sangonghe
Formation are mostly distributed near the river channels and the front of the braided
river delta on the delta plain, where physical properties are better [15]. Some scholars
used sequence stratigraphy to study ancient sedimentary environments in the Lunnan
area of Tarim Basin, finding that the Triassic primarily developed braided river delta
facies, meandering river delta facies, and lake facies [16]. Developing coarse-grained
conglomerates and sandstones in the braided river and underwater distributary
channels facilitates hydrocarbon migration, providing a geological foundation for
exploring lithological hydrocarbon reservoirs. Some scholars established delta-lake
sedimentary and lake carbonate sedimentary models for the Jurassic Ziliujing
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Formation in northern Sichuan [17]. They found that high-quality lake mudstones and
various reservoir sands at the delta front interbedded with carbonate platforms,
forming complex sedimentary sequences that may contain multiple hydrocarbon
migration pathways and seal layers.

Additionally, sedimentary structures are key indicators in analyzing sedimentary
rocks’ depositional environment and facies [18]. Features such as bedding, ripple
marks, and erosional surfaces not only record the physical conditions during
sedimentation but may also directly influence hydrocarbon migration mechanisms.
For example, erosional surfaces may form preferential pathways for hydrocarbon
migration. Furthermore, analyzing sedimentary structures can reveal the continuity of
strata and the presence of unconformities, which significantly impact hydrocarbon
migration and accumulation. In the research, lamination, a common sedimentary
structure in fine-grained sedimentary rocks, is strongly correlated with reservoir
capacity and hydrocarbon accumulation [19]. Laminated fine-grained sedimentary
rocks in lacustrine basins exhibited better reservoir properties and a greater ability to
enrich hydrocarbons compared to non-laminated or weakly laminated fine-grained
sedimentary rocks.

Fluvial facies sediments often create complex bedding structures, which may
contain multiple pathways for hydrocarbon migration and barriers that impede its
flow. In contrast, marine facies sediments may form more continuous reservoirs
conducive to lateral hydrocarbon migration. Sedimentary facies analysis also includes
the paleogeographic reconstruction of the depositional environment, which helps
determine the migration direction of hydrocarbons from source rock to reservoir. This
is crucial for improving the success rate of hydrocarbon exploration, optimizing
development strategies, reducing exploration and development risks, protecting the
environment, and achieving the sustainable utilization of hydrocarbon resources.

2.1.2. Porosity and permeability analysis

Porosity and permeability are vital parameters determining a rock’s ability to
store and transmit hydrocarbons. They significantly impact the dynamic factors of
hydrocarbon migration and accumulation. The porosity of sedimentary rock
determines its capacity to store hydrocarbons, while permeability dictates the ability
of hydrocarbons to flow through the rock [1].

From a microscopic perspective, studying a rock’s porosity and permeability
reveals that the pore size, type, and uneven connectivity distribution can impact
hydrocarbon migration. Some scholars suggest that factors influencing primary
migration include compaction, thermal effects, and clay dehydration, while the
sedimentary factors affecting secondary migration mainly involve the deposition and
diagenesis of sandstone [20]. The uneven compaction of overlying sediments causes
the rearrangement of clastic particles, with fluids flowing out along the direction of
the pressure gradient. As depth increases, the temperature of the rock rises, causing
organic matter to expand due to heat, expelling gaseous and liquid products that drive
hydrocarbon migration. Additionally, with increased burial depth, clay minerals
release bound water and residual pore water, which can serve as effective carriers for
hydrocarbon migration.
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The uneven distribution of porosity and permeability is macroscopically reflected
in oil reservoirs’ interlayer and planar heterogeneity [21]. Interlayer heterogeneity in
reservoirs is mainly characterized by changes in the heterogeneity of multiple oil
layers in the vertical direction, including differences in rock properties, pore structure,
permeability, and oil saturation between different layers [22]. Since hydrocarbons tend
to migrate through high-permeability strata while encountering resistance in low-
permeability strata, this selective migration may lead to the accumulation of
hydrocarbons in certain layers. In contrast, others have little or no hydrocarbons.
Interlayer heterogeneity reduces the overall efficiency of hydrocarbon migration. In
heterogeneous strata, hydrocarbons may struggle to migrate effectively from source
rocks to reservoirs or may not distribute evenly within the reservoir, affecting the
efficiency of hydrocarbon accumulation and trapping. This heterogeneity impacts
hydrocarbon storage and development, necessitating more precise identification and
assessment of different layers’ hydrocarbon potential and reservoir properties [21].
This often requires more detailed geological and geophysical data and more complex
interpretative techniques, increasing the difficulty of exploration and development
[21]. Planar heterogeneity within an oil reservoir can lead to uneven hydrocarbon
distribution. Even within the same oil field, different regions may exhibit varying
hydrocarbon contents, resulting in differences in development difficulty and
effectiveness [21].

Therefore, sedimentological methods are one of the key approaches for studying
hydrocarbon migration. By analyzing the characteristics of sedimentary rocks and
depositional environments, these methods infer the processes of hydrocarbon
generation, migration, and accumulation. Sedimentology can provide direct evidence
for hydrocarbon migration research by interpreting depositional environments,
conducting facies analysis, and clarifying porosity and permeability based on existing
core data. Through sedimentological studies, it is possible to reconstruct ancient
depositional environments and understand the evolutionary history of sedimentary
basins, which is crucial for comprehending the background and conditions of
hydrocarbon migration. However, sedimentological interpretations often involve
multiple possible explanations and complexities. The same sedimentary feature might
correspond to various depositional environments and processes, potentially leading to
uncertainties in interpreting hydrocarbon migration pathways. Moreover,
sedimentological research typically requires extensive fieldwork and laboratory
analysis, which can be time-consuming and costly. The effectiveness of
sedimentological methods largely depends on the quality and quantity of samples
obtained, as well as the accuracy and reliability of the analytical techniques.
Insufficient data or analytical errors may lead to incorrect conclusions. Additionally,
since hydrocarbon migration is a dynamic process and sedimentological methods
focus more on static sedimentary features, there are certain limitations in using these
methods to interpret dynamic hydrocarbon migration.

2.2. Testing methods

2.2.1. Electron microprobe analysis
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Electron Probe Micro-Analysis is an instrument used for compositional analysis
of micro-regions, combining features of Scanning Electron Microscope and X-ray
Fluorescence Spectroscopy. The electron probe uses a focused, high-energy electron
beam as an X-ray excitation source to perform qualitative and quantitative chemical
analysis on fine particles or micro-regions on the surface of solid materials. This
technique enables micro-area and on-site analysis, allowing for elemental composition
analysis within regions as small as a few cubic micrometers (um®) without the need to
extract the object from the sample; thus, it can directly analyze tiny areas within large
specimens. The electron probe technique also has a broad analytical range, capable of
analyzing elements from atomic number 3 (lithium) to 92 (uranium).

The electron probe technique analyzes petroleum inclusions and original samples
encapsulated in mineral lattice defects or fractures during hydrocarbon migration and
accumulation [22]. Through electron probe analysis, approximate characteristics of
hydrocarbons, migration stages, and contributions to reservoir formation can be
obtained, providing valuable insights into the processes of hydrocarbon migration and
accumulation.

The electron probe technique also applies to microthermometry of inclusions,
which is one of the essential methods for studying hydrocarbon inclusions [22]. By
measuring the homogenization temperature and freezing point of inclusions, it is
possible to reconstruct the conditions during hydrocarbon reservoir formation,
establish diagenetic and mineralization models, and use inclusion studies to locate
blind ore bodies.

The electron probe technique is widely applied in hydrocarbon reservoir studies,
particularly in data testing, information organization, and practical applications [23].
For example, by measuring the homogenization temperature of petroleum inclusions,
this technique can be broadly utilized in hydrocarbon reservoir research to help
identify oil-bearing layers, non-oil-bearing layers, migration pathways, and
relationships between replacement oil and gas layers. This technology provides crucial
scientific support for oil and gas exploration and enhances understanding of reservoir
formation mechanisms.

Through electron probe compositional analysis, some scholars identified various
components within micro-dissolved pores in limestone, such as organic matter, calcite,
and pyrite [24]. This information allows for inferences about hydrocarbon source and
maturity, aiding in determining the type of source rock and its hydrocarbon-generating
potential. The distribution of different components within these micro-dissolved pores
reveals the flow paths of hydrocarbons and water within the reservoir, contributing to
an improved understanding of hydrocarbon migration and accumulation mechanisms.

The advantage of electron probe technology lies in its ability to provide high-
resolution micro-area compositional analysis, allowing researchers to precisely
identify and quantify the elemental composition of samples on a microscopic scale,
including organic matter, minerals, and fluid components. This technique reveals
intricate details of the rock’s microstructure, such as various components within
limestone micro-dissolution pores, aiding in understanding hydrocarbon migration
pathways, reservoir properties, and transformation potential. The high sensitivity and
accuracy of electron probe technology make it an indispensable tool in hydrocarbon
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exploration and development, particularly for assessing the pore structure of reservoir
rocks, the history of fluid infill, and the mineral composition of rocks.

2.2.2. Scanning electron microscope

A Scanning Electron Microscope is an instrument that utilizes a focused electron
beam to scan the surface of a sample, observing and analyzing the sample’s
composition, morphology, and structure by detecting signals generated from electron-
sample interactions. Its fundamental principle involves directing an electron beam
from an electron gun, which, after being focused, performs a raster scan on the sample
surface. Signals such as secondary electrons, backscattered electrons, absorbed
electrons, Auger electrons, cathodoluminescence, and characteristic X-rays are
detected to provide detailed information.

Scanning Electron Microscope/Environmental Scanning Electron Microscope is
widely used to analyze clay minerals. These play a significant role in petroleum
generation, migration, accumulation, and oil and gas exploration and development
research. Scanning Electron Microscope provides direct visual information on the
morphology and distribution of clay minerals, which is crucial for understanding their
distribution within the reservoir and their impact on hydrocarbon migration.

Through the analysis of Scanning Electron Microscope, it is possible to identify
hydrocarbon migration pathways, which are essential for comprehending the
processes of hydrocarbon migration and accumulation within reservoirs. For instance,
in a study of the Binnan Sag within the Zhanhua Depression, researchers determined
various migration representation parameters. They calculated the “migration
parameter change rate” to quantitatively establish the ranges of migration parameters
associated with overpressure, buoyancy-driven, and mixed-driving forces. This
approach effectively characterizes the driving forces, migration mechanisms, and
boundaries involved in hydrocarbon migration processes [3].

Some scholars used the Scanning Electron Microscope to distinguish pore sizes
between dolomite and limestone, providing insights into rock brittleness and fracture
susceptibility [24]. This enables a more accurate assessment of reservoir pore
structure, which is crucial for understanding hydrocarbon flow and distribution within
the reservoir. Variations in pore size between different rock types (such as dolomite
and limestone) can indicate reservoir storage characteristics and help determine which
rocks are more favorable for hydrocarbon storage.

The advantage of the Scanning Electron Microscope lies in its ability to provide
high-resolution images of surface morphology and microstructure, allowing
researchers to visually observe and accurately measure the pore size, shape, and
distribution in rock samples, thereby evaluating reservoir characteristics and rock
brittleness. This technology is precious in the oil and gas industry, as it reveals rock
fracture susceptibility, optimizes reservoir stimulation strategies, predicts
hydrocarbon migration pathways, and enhances hydrocarbon recovery rates while
reducing environmental impact. Scanning Electron Microscope thus serves as a
powerful analytical tool for oil and gas exploration and development.
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2.3. Geochemical tracing

The geochemical method for studying oil and gas migration is primarily based on
analyzing the chemical composition of oil and gas, isotopic characteristics, and the
evolution of organic materials to trace the source, migration process, and accumulation
areas of oil and gas. By chemically analyzing source rocks, oil reservoirs, and fluid
samples, geochemical methods can reveal the maturity, source type, and migration
path of oil and gas. Specific chemical indicators, such as hydrocarbon distribution and
stable carbon isotopes, help identify the evolutionary history of oil and gas. By
comparing the chemical characteristics of different regions, the migration paths and
accumulation areas can be inferred. In addition, gas composition analysis and isotopic
comparison can effectively identify the mixing processes of oil and gas and their
interactions with different rock layers. Organic geochemistry is a leading method in
international geological research. Geochemical techniques allow researchers to track
petroleum movement, which is crucial for reconstructing the history of hydrocarbon
reservoir formation.

2.3.1. Saturated hydrocarbons and aromatic compounds

Saturated hydrocarbons and aromatic hydrocarbons can provide information on
crude oil’s thermal evolution and maturity parameters and could serve as biomarker
tracers for hydrocarbon migration.

Saturated hydrocarbons

In saturated hydrocarbons, n-alkanes and terpene series compounds are often
used as biomarkers for tracing hydrocarbon migration. The n-alkane series constitutes
a major component of crude oil, accounting for approximately 15%-20% of the total
oil volume, provided it has not been biologically degraded [19]. During migration,
hydrocarbons experience a “geological color layer” effect; shorter-chain and lower
molecular weight n-alkanes are more easily transported than longer-chain, higher
molecular weight compounds such as nC28 and nC29, and tend to become relatively
enriched in the migration direction. Some scholars suggested using the light
hydrocarbon isomer ratios iC4/nC4 and iC5/nC5 to analyze the migration direction of
oil and gas [20]. Some scholars found that the ratio (nC21 + nC22)/(nC28 + nC29)
increases in the direction of oil migration [21]. In practical petroleum tracing
applications, when the ratio of nC21/nC22 increases with decreasing depth, it indicates
vertical migration from deeper to shallower layers. Among the numerous parameters
of the terpene series, C29Ts/(C29Ts + 17u0-C29-hopane), Ts/(Ts + Tm), and the ratio
of tricyclic terpenes to [tricyclic terpenes + 17a(H)-hopane] are commonly used to
trace petroleum migration and accumulation processes. In practical applications, these
parameter ratios generally decrease with increasing migration distance [25].
Therefore, by extracting crude oil from reservoirs at different depths and analyzing its
maturity parameters, the trends in these parameters across different layers can indicate
the migration direction of petroleum within the conduits [25].

Aromatic compounds

Because the composition and structure of aromatic hydrocarbons change with
maturity, different ratios of aromatic hydrocarbons can reflect variations in maturity.
Some scholars have suggested that alkylated dibenzothiophene compounds, such as 4-
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methyl dibenzothiophene (4-MDBT), 1-methyl dibenzothiophene (1-MDBT), 1,4-
dimethyl dibenzothiophene (1,4-DMDBT), 2,4-dimethyl dibenzothiophene (2,4-
DMDBT), and 4,6-dimethyl dibenzothiophene (4,6-DMDBT), can serve as molecular
markers for tracing the direction and pathways of petroleum accumulation [26]. These
parameters generally decrease with increasing migration distance [25].

Therefore, saturated hydrocarbons and aromatic hydrocarbons can serve as
biomarkers for tracing hydrocarbon migration. Saturated hydrocarbons are
characterized by their high stability and ease of preservation, with minimal
environmental impact. In contrast, aromatic hydrocarbons are more susceptible to
degradation by light, oxidation, and other factors, which can reduce their traceability.
However, aromatic hydrocarbons can also be effective biomarkers under certain
conditions.

2.3.2. Nitrogen-containing compounds

Nitrogen-containing compounds exhibit significant oil and gas migration
fractionation effects. During migration, polar nitrogen-containing compounds interact
with the surrounding rock surfaces, gradually decreasing their concentration.
Consequently, the abundance ratios between different isomers may vary, making them
useful indicators for hydrocarbon tracing. For example, some scholars observed that
with increasing hydrocarbon migration distance, the isomer ratio of benzocarbazole
[al/([a] + [c]) gradually decreases [21]. Some scholars studied the fractionation effects
in crude oil from the Puwei area of the Dongpu depression and found that the carbazole
series becomes relatively enriched with increasing migration distance compared to the
benzocarbazole series [27]. Additionally, shielded isomers become relatively enriched
for carbazole molecules with increasing migration distance. However, in practical
cases, extraction methods can affect carbazole compounds and may be unstable,
sometimes failing to accurately indicate migration directions. In contrast,
benzocarbazole is less affected by extraction methods and is more stable, providing a
more accurate indication of hydrocarbon migration direction [28]. Therefore,
depending on the characteristics of different types of hydrocarbons and geological
conditions, appropriate nitrogen-containing compound indicators need to be selected
for monitoring and analysis to enhance their application value and accuracy in the oil
and gas industry.

2.3.3. Oxygen-containing heterocyclic aromatic compounds

The total amount of dibenzofurans can be used as a migration parameter for
tracing reservoir charging pathways. Because the concentration of dibenzofurans is
significantly higher in marine and terrestrial crude oils compared to nitrogen-
containing compounds like carbazoles, dibenzofurans are generally considered to have
better tracing effectiveness. This is especially true in light oils and condensate
reservoirs with low non-hydrocarbon content, where the tracing effectiveness of
dibenzofurans is superior to that of nitrogen-containing compounds [21].

2.3.4. In-situ minerals of the reservoir

Due to the effects of multi-source and multi-phase mixing and secondary
alterations in some structurally complex basins, conventional organic geochemical
indicators often struggle to pinpoint the organic geochemical records of each phase of

10
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crude oil migration. Since fluid types undergo organic-inorganic interactions with
rocks and water in the formation during migration, accompanied by material exchange,
analyzing the elemental and isotopic composition of diagenetic minerals in the
reservoir can help reverse-engineer the hydrocarbon migration process. This offers a
novel approach and methodology for hydrocarbon migration tracing research. For
example, the carbon isotopic ratio of in-situ calcite formed by the participation of
carbon dioxide in natural gas can indicate the maturity of the natural gas [29]. In
practical applications, some scholars used the relationship between the carbon isotopic
ratio of in-situ calcite and natural gas maturity, along with the corresponding carbon
isotopic values of carbon dioxide in the Ordos Basin, combining the characteristics of
gas generation and migration in this basin, to use the carbon isotopic values of in-situ
calcite as a tracer for hydrocarbon migration [30,31]. The carbon isotopic ratio of
calcite lightens with hydrocarbon migration [31].

2.3.5. Noble gas isotopes

With its simple composition, natural gas presents challenges in studying its
migration process. The common approach is to investigate its migration by examining
its compositional characteristics and carbon isotope features. Although noble gases are
present in deficient concentrations in natural gas, they contain valuable geochemical
information. The concentration of noble gases in natural gas depends on two
processes: Mineral release and fractionation during the gas migration process. During
migration, lighter noble gases move faster than heavier ones, increasing the
light/heavy noble gas ratio (such as “He/*°Ar, 2°Ne/*Ar) with increasing migration
distance, making these ratios useful for tracing natural gas migration [32]. For
example, some scholars used the light/heavy noble gas ratio in natural gas to trace the
migration process of natural gas in the western Sichuan Basin depression [33]. They
found that the “He/*°Ar ratio is only effective for analyzing natural gas migration when
the migration distance is significant, as the difference between “He and “°Ar is not
noticeable over shorter distances [34]. Additionally, they noted that for gas sourced
from the crust, the *He/*He ratio depends on the amount of “He. When minerals release
“He, which migrates with the natural gas, the *He/*He ratio decreases with increasing
migration distance, while §*3C; generally decreases with migration distance [35].

2.3.6. Unconventional isotopes

In recent years, the fields of petroleum geochemistry and petroleum systems have
rapidly developed under the guidance of new technologies, methods, and approaches,
playing a significant role in the exploration and development of deep, unconventional,
and complex oil and gas reservoirs [36]. Among these, unconventional isotope systems
such as metal isotopes (non-traditional stable isotopes), halogen isotopes, and high-
dimensional stable isotopes (cluster isotopes, triatomic isotopes, polysulfur isotopes,
and intramolecular isotopes) have garnered significant attention in academia and have
become one of the fastest-growing areas in geochemistry. Traditional isotope
techniques are continuously updated, with C, H, O, S, and N isotope series analysis
remaining central. Meanwhile, halogen and Si isotope analysis technologies are
advancing rapidly. The dating techniques for reservoir formation have entered a new
phase of precise age determination, and new organic chemical analysis techniques

11
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have made the identification of new compounds possible, providing new clues for the
study of petroleum genesis.

Metal isotopes, such as Mo, Fe, Cu, and Zn, are primarily used in petroleum
geochemistry to trace sedimentary environments and the physicochemical conditions
during petroleum generation. For example, Mo isotopes can indicate the redox
conditions of ancient oceans, which is crucial for understanding organic matter
preservation and petroleum formation.

Halogen isotopes, particularly those of Br and I, can be used to trace the migration
pathways and sources of oil and gas. These elements may undergo isotopic
fractionation during the migration process, so analyzing the halogen isotopic
composition in reservoirs can provide insights into the migration history and sources
of the oil and gas.

High-dimensional stable isotopes, such as clumped and triple oxygen, can
provide direct information on environmental parameters like temperature, pH, and
redox conditions. These isotope systems hold potential value for studying the
physicochemical conditions involved in generating and migrating oil and gas.

2.3.7. Fluid inclusions

Fluid inclusions are fluids trapped within mineral crystals during mineral
formation, preserved in lattice defects or cavities, with no exchange of substances with
the external environment, and the original physical properties of the medium remain
unchanged. This independent, closed system is known as a fluid inclusion [37]. During
the migration, accumulation, and formation of oil and gas, trace amounts of fluid may
be captured to form fluid inclusions. These trapped fluid inclusions contain
information about the temperature, pressure, and composition during oil and gas
migration and filling. Utilizing this information can provide strong evidence for
reconstructing reservoir paleotemperatures and paleopressures, determining the timing
of oil and gas migration and accumulation, and delineating the stages of reservoir
formation [38].

Oil and gas inclusions are primary records of oil and gas migration. In regions
where fluid inclusions develop, studying the distribution direction and periods of
inclusions filled in structural mineral veins or fractures can infer the dynamics and
relative timing during oil and gas accumulation. This helps in the simulation of oil and
gas migration directions and pathway systems. Using fluid inclusions to calculate
paleofluid potentials can address the limitations of traditional methods, potentially
providing insights into the migration, evolution, and accumulation of oil and gas over
long geological periods [39]. Some scholars used fluorescence spectroscopy and
geochronology analyses of primary and secondary oil-bearing inclusions from the
Fuman QOilfield in the Tarim Basin to determine that there were three phases of crude
oil injection and one phase of natural gas injection [40]. This understanding of how oil
and gas migrate from source rocks through various geological structures (such as faults
and fractures) to reservoirs helps reveal the migration pathways and methods of oil
and gas.

2.3.8. Surface geochemistry

Surface geochemistry is the study of the chemical characteristics of the Earth’s
surface and their relationship with subsurface geological activities. In oil and gas
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exploration, it identifies potential hydrocarbon reservoirs by detecting chemical traces,
such as hydrocarbons and trace elements, that migrate from underground reservoirs to
the surface. Common techniques include soil gas analysis, trace element analysis, and
microbiological surveys. Surface geochemistry complements other geophysical and
geological methods, enhancing the accuracy of subsurface resource exploration [41].

Surface geochemical exploration techniques can be used to detect active
hydrocarbon micro-leaks from deep oil and gas reservoirs. The results of such
detections help identify prospective areas in new and mature basins. By analyzing
surface geochemical anomalies, the scope of research areas can be significantly
narrowed, allowing more expensive exploration technologies, such as 3D seismic
surveys, to be focused on the most likely locations for hydrocarbon accumulation and
potential reservoirs within the basin. For example, some scholars applied
microbiological geochemical exploration techniques in the exploration of oil and gas
in the Bayanhushuo fault depression and found a good correspondence between
microbial anomalies and hydrocarbon-bearing structural units [42].

In oil and gas migration studies, surface geochemistry offers significant
advantages. It can provide early detection clues, reduce exploration costs, and
supplement information from other geological methods, thereby enhancing overall
exploration accuracy. Additionally, surface geochemistry has minimal environmental
impact, is suitable for various geological environments, and offers high flexibility. It
can also dynamically monitor chemical changes during the oil and gas migration
process. These advantages make it a powerful supplementary tool in oil and gas
exploration.

As the complexity of oil and gas exploration targets increases, the demand for oil
and gas geochemistry research has become even more pressing. Developing and
applying new technologies is a critical mission for future oil and gas geochemistry and
petroleum system sciences researchers. These advancements drive progress in the field
and provide scientific support for sustainable development and utilization of global
energy resources. Geochemical tracing can offer high-resolution information, enabling
the identification and tracking of oil and gas migration paths at the microscopic scale,
which is highly beneficial for understanding the sources and migration mechanisms of
oil and gas. It provides direct evidence for oil and gas migration, which can be used to
validate and supplement geological and geophysical data, thereby enhancing our
understanding of the migration processes. However, interpreting geochemical data can
be highly complex, as various geochemical changes, such as biodegradation, water
washing, and thermal maturation, may occur during migration, potentially masking or
altering the original chemical markers. In actual petroleum systems, oil and gas may
originate from multiple source rocks and may undergo mixing during migration. This
multi-source mixing can make it challenging for geochemical tracers to distinguish the
contributions of individual source rocks.

2.4. Numerical simulation method

The principle of numerical simulation methods in studying oil and gas migration
mainly involves creating mathematical models to simulate the generation, migration,
and accumulation processes of oil and gas in the subsurface. These models are based
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on principles of rock physics, fluid dynamics, and thermodynamics, and numerical
methods are used to solve the flow behavior of oil and gas under various geological
conditions. Factors such as porosity, permeability, pressure gradients, and temperature
changes are considered as they determine the migration paths and rates of oil and gas.
Numerical simulations track the dynamic migration of oil and gas over time and space,
helping to predict future distribution and migration trends. Moreover, numerical
simulation can integrate geological, geophysical, and geochemical data for a more
comprehensive analysis, providing more accurate predictions of oil and gas migration,
which in turn supports decision-making in exploration and development. Since the
migration of oil and gas within a basin cannot be directly observed, it can only be
indirectly confirmed through various methods or simulated using modeling techniques
[43]. The numerical simulation method utilizes computer science and technology to
incorporate geological structures, the physical properties of underground reservoirs,
fluid dynamics, and chemical reactions into mathematical models [43]. This method
simulates the movement of subsurface fluids, analyzes the impact of various factors
on the migration and accumulation of oil and gas, and provides predictions and
optimizations.

2.4.1. Basic steps of the numerical simulation method

The numerical simulation method employs computer-based mathematical
modeling to simulate reservoirs, wellbores, formations, and other geological features,
enabling predictions of their behavior, changes, and productivity under various
conditions to facilitate efficient resource development and management. Typically,
this process begins with constructing an accurate geometric model of the geological
structure, encompassing the reservoir, wellbore, and strata. This model is designed to
capture the detailed physical properties of the subsurface reservoir, such as porosity
and permeability, translating the complexity of the geological structure into
mathematical language to establish a foundation for subsequent numerical
calculations. However, in practical applications, it is often necessary to conduct
comprehensive research on hydrogeology, hydrodynamic environment, fluid
characteristics, and the chemistry of oil and gas migration [43]. Some scholar’s studies
on the dynamics model and numerical simulation of oil and gas migration in
compacted basins used numerical simulation technology to establish a migration
dynamics model for the third member of the Shahejie Formation, providing numerical
methods for simulating paleo hydrodynamics, paleo-fluid potential, migration speed,
and history [44]. This model describes the hydrodynamic sources within unit control
volumes in the carrier layer, which are primarily composed of dewatering from the
compaction of overlying and underlying mudstone layers, with the underlying
mudstone compaction being the main contributor [44]. The stagnant flow zones
formed by the overlying and underlying mudstone layers create ineffective
hydrocarbon expulsion zones, with their thickness influenced by various factors. The
mudstone layers provide hydrodynamic forces and serve as seepage boundaries,
ensuring the unidirectionality and irreversibility of vertical fluid flow.

Next, it is necessary to establish the boundary conditions for the model, including
the inflow and outflow of fluids, as well as variations in pressure and temperature. The
specification of boundary conditions is crucial for the accuracy of the simulation, as
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they define the external constraints of the model. Additionally, selecting appropriate
material constitutive models is essential for accurately describing the flow behavior of
oil and gas within the reservoir. These models include Darcy’s law and non-Darcy
flow models, which characterize the movement of fluids in porous media. Physical
parameters, such as oil and gas density, viscosity, and water content, along with fluid
parameters like compressibility and thermal conductivity, are vital for simulating oil
and gas migration. These parameters must be obtained from experimental data and set
accurately within the model.

Subsequently, model validation and simulation predictions are carried out.
Known subsurface information is input into the mathematical model for calculation,
and the results are compared with actual conditions to confirm the model’s accuracy
and reliability. Model validation is performed either in the laboratory or in the field.
The validated mathematical model is then used to simulate different scenarios, such
as optimizing recovery methods, analyzing source-sink relationships, and
characterizing spatial effects within the reservoir. This process helps to identify the
spatial distribution patterns of sedimentary rock reservoirs and includes data related to
seismic rays. As a result, predictions can be made regarding oil and gas abundance,
production rates, and extraction effectiveness under various conditions, providing
guidance and scientific basis for oil and gas exploration and development.

To ensure the accuracy of the simulation results and computational efficiency, a
grid sensitivity analysis is performed. This analysis determines the most suitable grid
size to balance computational resources and simulation precision. By varying the grid
size and observing its impact on the results, the optimal grid configuration can be
identified.

Finally, model optimization is performed. Based on the simulation results, the
deviations and errors in the study are analyzed and compared, and the mathematical
model is refined accordingly, with continuous optimization. This process encompasses
parameter optimization, mathematical formula optimization, and more. Parameter
optimization is a crucial step in enhancing simulation accuracy. Physical and
mechanical parameters are adjusted through parameter sensitivity analysis and
optimization algorithms to minimize discrepancies between model predictions and
actual data. This may involve an iterative process to identify the best combination of
parameters. Additionally, optimizing mathematical formulas may be necessary to
improve simulation accuracy, which could involve refining existing mathematical
models or developing new ones to better capture the complexities of hydrocarbon
migration. The optimized formulas could provide more accurate predictive results.

The integration of experimental data and numerical simulations is key to
enhancing the accuracy of model predictions. By incorporating experimental results
into the numerical model, calibration and optimization can be achieved, ensuring that
the model accurately reflects actual geological conditions and hydrocarbon migration
behavior. This approach provides more reliable guidance and scientific support for oil
and gas exploration and development.

2.4.2. Application of software tools
COMSOL Multiphysics
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COMSOL means COMputational Modeling and Simulation Language.
COMSOL Multiphysics is a powerful multiphysics simulation software capable of
simulating various physical processes such as fluid dynamics, heat transfer, and
electromagnetism. In hydrocarbon migration simulations, COMSOL can model the
flow of oil and gas within reservoirs, including multiphase flow and reactive transport
processes. Its strengths lie in handling complex geometrical structures and boundary
conditions, providing flexible model setup and post-processing capabilities.

FLAC3D

FLAC3D (Fast Lagrangian Analysis of Continua in 3 Dimensions) is a three-
dimensional geological engineering simulation software widely used in geomechanics
and mining engineering. In the oil and gas sector, FLAC3D can simulate the stress-
strain behavior of oil and gas reservoirs, predicting rock deformation and failure
during extraction processes. Its advantages include the ability to handle complex
geological conditions and nonlinear material behavior, providing dynamic boundary
condition simulations.

PFC

PFC (Particle Flow Code) is a software based on the Discrete Element Method
used to simulate the physical behavior of particulate materials. In hydrocarbon
migration research, PFC can investigate particle flow and changes in pore structure
within reservoirs, which is crucial for understanding the transport mechanisms of oil
and gas in porous media. PFC’s strengths include simulating interactions and dynamic
behavior among particles, offering deep insights into changes in the microstructure of
reservoirs.

CMG IMEX

CMG IMEX (Computer Modelling Group) is a reservoir simulation software
specifically designed to model the development processes of oil and gas reservoirs. It
can handle complex fluid flow within reservoirs, including black oil, compositional,
and thermal recovery models. The advantage of IMEX (Implicit-Explicit) is its ability
to simulate multiphase flow and phase change processes in reservoirs, providing
optimization analysis for development strategies.

These software tools each have their strengths in hydrocarbon migration
simulations, and their combined use can provide a comprehensive understanding of
reservoir behavior, thereby offering strong technical support for oil and gas
exploration and development. Through these tools, researchers can predict the
responses of oil and gas reservoirs, optimize extraction strategies, and assess
development risks.

2.4.3. Advantages and limitations of numerical simulation methods

Numerical simulation methods can model oil and gas reserves, flow patterns, and
other metrics under various conditions in a relatively short time, helping professionals
make quicker decisions and adjustments. The simulation process can efficiently and
rapidly analyze and improve design plans, increasing resource utilization and reducing
development costs. The ongoing advancements in computer technology have
enhanced numerical simulations’ reliability, accuracy, and practical value.
Additionally, numerical simulation methods allow for parameter variation and
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sensitivity analysis of different influencing factors, providing more real-time model
results to support subjective judgment.

At the same time, numerical simulation methods also have some limitations.
These methods are based on mathematical modeling and involve complex theoretical
calculations, requiring extensive physical formulas and computational models [45].
As a result, the quality and accuracy of the data and its sources directly impact the
effectiveness of the simulation results. For more complex sedimentary rock formations
and oil and gas migration processes, simplifications in the model can lead to omitting
many real-world factors. Therefore, other measurements or experimental methods
must be used to ensure the simulation results’ reliability and applicability. Moreover,
the models and computer equipment used in numerical simulations are constantly
evolving, and their precision, simplicity, and applicability have their own limitations.
They often need to be adapted to exploration objectives and conditions, and with
improved data quality, more complex formulas may be required. Thus, it is necessary
to carefully consider which methods are most suitable for specific situations.
Addressing these issues is crucial for further improving and developing numerical
simulation technology.

2.5. Geophysical methods

The principle of geophysical methods in studying oil and gas migration mainly
involves analyzing the porosity, permeability, structural features, and spatiotemporal
characteristics of migration in subsurface layers. Seismic, magnetic, and other
techniques are used to infer the porosity and permeability of the strata, which affect
the storage and migration capabilities of oil and gas. At the same time, geophysical
methods can identify structural features, such as faults and folds, which have a
significant impact on the migration and accumulation of oil and gas. Additionally, by
monitoring the spatiotemporal variations in subsurface physical fields, geophysical
methods can reveal the migration pathways and dynamics of oil and gas, providing
crucial information about the migration process.

Geophysical methods utilize sound waves (such as logging techniques),
electromagnetic waves (such as electromagnetic exploration), gravity, and magnetic
fields (such as gravity and magnetic exploration techniques) to detect changes in the
physical properties within hydrocarbon reservoirs. These methods can obtain key
parameters about underground reservoirs, including density, acoustic velocity,
dielectric constant, and resistivity, which can be used to infer information about oil
and gas reserves, production, and permeability. These integrated detection
technologies provide crucial support for the effective assessment of hydrocarbon
resources.

Logging techniques provide detailed information about formation properties by
directly measuring physical parameters in boreholes, such as resistivity, acoustic
velocity, and radioactivity levels. This data is crucial for understanding the distribution
and flow characteristics of oil and gas within reservoirs, particularly in assessing
reservoir porosity, permeability, and fluid types [46]. Acoustic time delay is a typical
geophysical method that refers to the time required for acoustic waves to travel a unit
distance, usually expressed in microseconds per foot (js/ft) or microseconds per meter
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(ps/m). During the compaction process of sediments, as depth increases and overlying
pressure grows, the sediments’ porosity gradually decreases, and the contact between
particles becomes more compact, increasing the speed of acoustic wave propagation
[47]. This change can be measured by acoustic logging, which records the propagation
time of acoustic waves in the formations around the wellbore. According to the theory
of oil phase migration, when the oil saturation in an overpressured layer within under-
compacted mudrock reaches the critical value for two-phase migration, the oil phase
tends to migrate from the mudrock to the reservoir. Compaction curves can effectively
reveal the characteristics of these under-compacted mudrock zones. Under-compacted
mudrock typically exhibits abnormally low velocities, and according to a large amount
of well data collected, the greater the degree of undercompaction, the higher the
formation pressure and the more favorable it is for oil and gas migration [47].
Therefore, acoustic time delay data can be used to determine the vertical and areal
distribution characteristics of under-compacted mudrock, combined with dynamic
analysis methods, which can be used to study oil and gas migration.

Seismic exploration technology provides high-resolution images of underground
geological structures by analyzing the reflection and refraction responses of seismic
waves. This is particularly useful for identifying the location, size, and shape of oil
and gas reservoirs, especially in areas with complex geological formations. For
example, seismic data and related attributes can be used to study the close relationship
between features such as “gas chimneys”, hydrocarbon leakage paths, shallow gas,
and seabed anomalies [48]. A “gas chimney” refers to a phenomenon where, after the
pressure balance in a source rock or early trap is disrupted, fluid leakage through the
overlying strata creates uneven gas accumulation and carries materials, appearing as a
chimney-like structure in seismic data. Permeable conduits show strong seismic
amplitudes on seismic data. Through comprehensive interpretation of seismic data,
“gas chimneys” serve as migration pathways in the vertical direction, transporting
fluids to overlying reservoir units and creating good gas reservoirs around and at the
top of the gas chimney zone.

Magnetic exploration technology detects subsurface rock magnetic differences
by measuring local variations in the Earth’s magnetic field. This method is particularly
effective for identifying geological structures that may contain oil and gas, especially
in complex terrains such as the Loess Plateau [49]. In the Wu Ba-Dan Ba area of
northern Shaanxi, high magnetic residual anomalies show a certain correlation with
oil well distribution, particularly with high-frequency, low-amplitude anomalies and
high-value annular anomalies surrounding low-value zones, which correlate well with
oil and gas reservoirs. This finding demonstrates the potential of magnetic surveying
methods in identifying and predicting oil and gas reservoirs, providing an economical,
rapid, and effective exploration tool beyond seismic methods. Both aeromagnetic
survey and rock magnetic survey are forms of magnetic exploration that play
significant roles in oil and gas migration research. Aeromagnetic surveys can reveal
information about subsurface magnetic geological bodies. For example, in oil and gas
resource exploration in the southwestern Tarim Basin, high-precision UAV
(Unmanned Aerial Vehicle) aeromagnetic survey data have been used to examine the
basin’s basement structure, the distribution and characteristics of depressions, major
fault structures, and how these features control oil and gas migration and
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accumulation. Such data help identify hydrocarbon migration pathways and potential
reservoirs [50]. Rock magnetic survey, on the other hand, focuses on the magnetic
properties of rocks, which can reveal information about rock composition, structure,
and geological history. For instance, magnetic survey methods are used to identify
reservoirs in oil and gas exploration in northern Shaanxi. Studies have shown that
hydrocarbon seepage can alter the redox conditions above reservoirs, leading to
changes in the magnetic properties of minerals in the overlying strata, thereby
producing magnetic anomalies near the surface. These magnetic anomalies, once
processed, can provide micro-magnetic anomalies highly correlated with hydrocarbon
reservoirs [51]. Therefore, combining data from airborne magnetic exploration and
rock magnetometry allows for more effective oil and gas exploration and resource
assessment, providing a scientific basis for simulating and tracking hydrocarbon
migration pathways.

Gravity exploration technology detects subsurface mass distribution irregularities
by measuring slight variations in the gravitational field. This is significant for
discovering geological structures with substantial density changes, such as salt domes
and oil and gas reservoirs [52]. For instance, in the Ordos Basin’s Sulige gas field,
researchers have used microgravity monitoring technology to describe the distribution
of residual gas during the gas reservoir development process and assess the
recoverable potential of the remaining gas [53].

Geophysical methods have significant advantages in studying oil and gas
migration. Geophysical exploration can cover large underground areas, providing
macroscopic information about underground structures and oil and gas distribution. It
offers detailed images of subsurface structures, aiding in identifying migration paths
and potential oil and gas reservoirs. Additionally, various types of data, such as
seismic, gravity, magnetic, and electrical data, can be provided, and their
comprehensive analysis helps in a more thorough understanding of oil and gas
migration mechanisms. However, interpreting geophysical data often requires
specialized knowledge and experience, as the data may be affected by various factors
such as geological noise and instrument errors and may not perform well under certain
geological conditions like complex fault zones or deep exploration. Furthermore,
geophysical methods require expensive equipment and skilled personnel, making them
relatively costly, especially for large-scale or deep exploration. Additionally, some
geophysical exploration methods, such as seismic exploration, can generate noise
pollution, which is detrimental to sustainable development.

This paper reviews various methods for studying oil and gas migration, including
sedimentological methods, geochemical tracing, numerical simulation, and
geophysical methods, and summarizes their characteristics, advantages, and
disadvantages. These methods are detailed in Figure 1.
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Figure 1. Study methods for exploring oil and gas migration.
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3. Frontier trends and future prospects of oil and gas migration
technologies

This paper reviews the cutting-edge technologies for oil and gas migration,
explores future opportunities and challenges, and aims to improve the accuracy of oil
and gas migration analysis in future exploration efforts. By enhancing resource
utilization efficiency and reducing the environmental impact of oil and gas
exploration, this work seeks to contribute to the sustainable development of the energy
industry.

3.1. Frontier trends
3.1.1. Artificial intelligence methods

Artificial intelligence (Al) methods have powerful knowledge-learning,
association, self-organization, and adaptation capabilities. Their applications in oil and
gas migration research can mainly include the following three aspects:

e  Data processing and analysis: Al methods can handle large volumes of seismic
data, well measurements, and production data, extracting useful information to
understand the patterns of oil and gas migration.

*  Model building and optimization: Al algorithms can be used to develop
predictive models for oil and gas migration, allowing for accurate predictions of
migration states and thereby reducing exploration costs and improving
efficiency.

e Anomaly detection: Al methods can be used to identify unusual patterns in oil
and gas migration, enhancing the efficiency of detecting potential oil and gas
reservoirs.

Artificial neural network (ANN) is a commonly used Al model in oil and gas
migration research. They typically consist of an input, hidden, and output layer [54].
The network performs two main processes: Learning and evaluation/prediction [54].
The learning process includes forward propagation and backward propagation. During
forward propagation, inputs are processed through the network to produce outputs.
Backward propagation, on the other hand, is a correction process where errors are
compared, and weights (connection strengths) are adjusted based on these errors. The
evaluation/prediction process uses the trained network to solve and output values for
given input nodes. For example, ANN models can be applied to simulate oil and gas
migration and accumulation [54]. A three-dimensional gridding method can be
employed to convert heterogeneous oil and gas migration and accumulation media into
a finite number of homogeneous units. The criteria for this gridding are to reflect
lithological and facies changes, as well as local traps in the horizontal direction, and
to represent the structural development process and other geological features in the
vertical direction. Data required for each unit includes initial hydrocarbon quantities,
medium properties and characteristics, and driving forces. Initial hydrocarbon
guantities can be obtained through traditional hydrocarbon depletion dynamics
simulations while driving forces can be determined using classic dynamic methods.
Medium properties and characteristics can be quantitatively obtained through three-
dimensional structural and stratigraphic non-dynamic simulations. The process flow
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of oil and gas migration and accumulation simulation based on ANN models is
illustrated in Figure 2.
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Figure 2. The process flow of oil and gas migration and accumulation simulation based on ANN models [54].

3.1.2. Digital oilfield

With the advancement of modern information technology, the oilfield industry is
at a critical juncture for transformation and development. The rise of digital oilfields
represents a cutting-edge application in oil and gas migration research. It plays a
crucial role in the precise management and efficient utilization of oil and gas resources
by integrating advanced technologies such as the Internet of Things (l1oT), big data
analytics, cloud computing, and Al.

Digital oilfields can use IoT technology to achieve real-time monitoring of
reservoir pressure, temperature, and other parameters, providing real-time data on oil
and gas migration. Under IoT technology, the various functional modules of an oilfield
can develop intelligently based on the internet, enabling real-time interaction and
communication between objects and between people and objects. All objects and
corresponding functional modules within the 10T can act as independent information
terminals, which can be freely combined to form a relatively complete information
network system that meets specific requirements [55]. This improves the efficiency
and accuracy of oil and gas migration research and lays a solid foundation for the
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intelligent and automated management of oilfields. The digital oilfield system makes
remote monitoring and control of the oilfield possible, reducing the need for on-site
operations and lowering labor costs and safety risks. Remote data acquisition systems
are the collection layer in the digital oilfield architecture and represent a core
application scenario of 10T technology in the digital construction of oilfields [55].
Remote monitoring systems can respond in real time to oil and gas migration
anomalies, taking timely measures to prevent accidents. Digital oilfields also achieve
data integration by consolidating various data sources (such as seismic data,
production data, and environmental data), providing a comprehensive understanding
of oil and gas migration conditions.

The digital construction of oilfields is a long-term, systematic project. Relevant
technical personnel should continue optimizing the platform during its usage phase,
constantly improving data processing, enterprise management, and production service
integration capabilities [56]. Digital oilfields, by integrating advanced information
technologies and automation systems, not only help predict the distribution and flow
paths of oil and gas and optimize exploration and development strategies but also
enhance the depth and efficiency of research through intelligent analysis and decision
support. With ongoing technological advancements, the potential of digital oilfields
can be further explored.

The construction of digital oilfields is a complex process involving integrating
multiple technologies, with the core goal of achieving digital and intelligent
management of oilfields. By leveraging big data and Al, new methods and algorithms
for reservoir modeling are developed, leading to intelligent geological modeling
techniques that enhance modeling efficiency and accuracy. Research on intelligent
numerical simulation technology for reservoirs aims to overcome the bottleneck of
automated historical fitting and to develop a new generation of numerical simulators
for wellbore and surface processes, improving the level of automation and intelligence
in reservoir numerical simulations and supporting automated optimization of
development plans. Based on the achievements in oil and gas production information
technology, research is conducted on the construction of integrated ““digital twins” for
reservoirs, wellbores, and surface operations to enhance visual monitoring
capabilities. Additionally, technologies for risk early warning in the oilfield
development and production process are explored, enabling the prediction of risks
associated with indicator changes, production fluctuations, safety and environmental
protection, and reservoir management.

3.1.3. Geological big data analysis

Big data technology has been applied in many fields and has received widespread
attention. It was also initially implemented in the geological and mineral sectors,
providing technical support for geological exploration, mineral resource planning, and
mineral reserve assessment [57]. Geological big data integrates and analyzes vast and
multidimensional geological data, offering strong support for revealing oil and gas
migration patterns in complex underground environments.

On the one hand, big data analysis can identify patterns and trends in oil and gas
migration and predict future migration paths [58]. For example, using resistivity
logging technology in conjunction with big data analysis of formation characteristics
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can help understand changes in formation conductivity and analyze mineral content,
thereby determining oil and gas migration paths [59]. Additionally, geoscience big
data visualization enables a more intuitive, clear, and comprehensive understanding of
the data, facilitating direct analysis and interpretation [60]. This helps reveal spatial
distribution characteristics [61,62], temporal evolution patterns [63,64], and
interrelationships within the data, providing strong evidence for understanding oil and
gas migration phenomena and processes [60].

On the other hand, big data analysis can accurately assess potential risks
encountered during oil and gas exploration and help develop timely response strategies
[58,65]. Information on formation permeability, porosity, and leakage can be obtained
by analyzing the formation’s physical properties combined with big data. This allows
for a detailed and accurate description of leakage conditions in the project report to
avoid accidents [59]. For example, oilfield personnel can use big data technology for
intelligent operation and facility management, performing real-time analysis and
monitoring to prevent facility damage or failures during operations [66]. Additionally,
the results of big data analysis can be used to optimize exploration and development
decisions, improving resource utilization efficiency [66].

In exploring oil and gas migration, the integration and fusion of geoscience big
data face several challenges, including unclear data sharing mechanisms, dispersed
data management, obstacles in data exchange between systems, insufficient updates
and maintenance, and a lack of unified data sharing plans and regulations. These
factors result in difficulties in integrating and merging heterogeneous data sources,
creating “data silos” that severely hinder comprehensive analysis and in-depth
exploration of big data and restrict its application in geoscience research [60]. To
overcome these barriers, it is necessary to establish more open and collaborative data-
sharing mechanisms, strengthen data management and maintenance, and develop
unified data-sharing plans and regulations to promote the effective use of big
geoscience data and advance research on oil and gas migration.

Applying geological big data technology in future oil and gas migration studies
should focus on several aspects. First, big data technology can be utilized to analyze
the geological conditions of exploration areas, such as the development of major and
minor faults in different structural belts and stratigraphic levels. Second, big data
technology can be applied in processing seismic exploration data, where attribute
extraction from seismic data helps improve interpretation capabilities, providing more
accurate geological information for oil and gas migration. Finally, optimal parameters
for characterizing oil and gas migration can be identified through geological big data
analysis, offering theoretical support for understanding the mechanisms of oil and gas
migration [67].

3.1.4. High-precision seismic imaging technology

Supported by high-precision seismic imaging technology, oil and gas migration
research is steadily deepening. High-resolution seismic imaging technology plays a
critical role in enhancing the understanding of oil and gas reservoir structures,
porosity, and permeability. Applying 3D seismic imaging, 4D seismic imaging, and
multi-wave seismic imaging provides more detailed images of subsurface oil and gas
reservoirs’ structures and dynamics [68]. These advancements facilitate the
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identification of migration pathways and reservoir characteristics, monitoring
dynamic changes in oil and gas migration, and optimizing development strategies. For
example, some scholars used high-precision seismic imaging technology to study the
Avatite area in the Kuga Depression [69]. This region is characterized by significant
surface elevation changes and highly complex underground structures, making
accurate imaging difficult with traditional methods [69]. Using techniques such as
near-surface pre-stack depth migration significantly improved the imaging quality of
seismic data, laying a solid foundation for subsequent geological interpretation and oil
and gas exploration. Some scholars focused on key technologies for processing deep-
water seismic data in the South China Sea, including ghost wave suppression, pre-
stack high-fidelity denoising, and full waveform inversion for high-precision velocity
modeling, achieving good results in practical applications [70].

High-precision seismic imaging technology significantly enhances our
understanding of the structure, porosity, and permeability of oil and gas reservoirs,
which is crucial for studying the migration of oil and gas. For instance, the research
team at the Institute of Precision Measurement Science and Technology Innovation of
the Chinese Academy of Sciences has made new progress in high-resolution oil and
gas exploration seismic amplitude preservation imaging. They have utilized
multidisciplinary theories and methods such as artificial intelligence, scattered wave
fields, and point spread functions to propose high-precision artificial intelligence
velocity modeling, inverse scattering amplitude preservation imaging conditions, and
point spread function depth domain inversion technology. These technologies provide
new ideas for solving the challenges of reservoir feature inversion and prediction
under deep and complex geological conditions. Accurate velocity models play a key
role in high-precision seismic imaging, and deep learning methods are used to
approximate nonlinear mapping functions between different data domains, thereby
solving the problem of efficient velocity modeling for raw seismic data [71-75].

In addition, research progress in the characterization technology of
unconventional reservoir pore structures has shown that various methods, such as
nitrogen physical adsorption and mercury intrusion, are used to characterize the pore
size distribution of Fluid Catalytic Cracking catalysts, and these technologies are also
applicable to the characterization of oil and gas reservoir pore structures [76]. The
application of fractal theory in the study of the characteristics of unconventional oil
and gas reservoir pore structures further provides new methods for characterizing pore
structures [77]. The advancement of these technologies enables us to more accurately
identify the microstructure of oil and gas reservoirs, predict permeability, and better
understand the mechanisms and pathways of oil and gas migration.

Through these technologies, researchers can construct more precise geological
models, predict the direction and efficiency of oil and gas migration, optimize
exploration and development strategies, and thereby improve the efficiency and yield
of oil and gas resource development.

3.2. Future prospects
3.2.1. Opportunities
Data fusion and intelligent analysis
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With advancements in high-resolution seismic imaging, digital oilfields, and 10T-
enabled monitoring, the integration of data from geological, geochemical,
geophysical, and numerical simulations has become increasingly feasible. This trend
addresses inherent limitations in current methodologies, such as the reliance on single-
dataset interpretations, which may fail to capture the full complexity of hydrocarbon
migration processes. Traditional methods often depend on isolated data sources that
limit the spatial and temporal resolution of predictions, resulting in uncertainties and
less adaptable models.

Data fusion, combined with Al-driven analysis, represents a future-oriented
solution by enabling sophisticated pattern recognition across diverse datasets,
revealing interrelationships previously undetectable by conventional approaches. Al
algorithms can manage and interpret complex, high-dimensional data, quantify
uncertainties, and filter out noise, which significantly improves the precision and
reliability of predictions. By developing integrated data processing platforms, the
industry can consolidate multiple data types into a cohesive model, improving its
comprehensive analytical capabilities. This approach not only enhances the accuracy
of hydrocarbon migration predictions but also allows researchers to adapt models in
near real-time, fostering a more dynamic understanding of subsurface conditions.

Overall, data fusion and Al-powered analysis are emerging as frontier trends
because they address the need for high-resolution, adaptive, and multi-scale insights
into hydrocarbon migration, which are critical for efficient exploration and production
in increasingly challenging geological environments.

High-resolution detection technology

High-resolution detection technology is shaping up to be a critical trend in
hydrocarbon migration research, addressing fundamental limitations of existing
methods. Traditional exploration approaches, while useful, often suffer from limited
spatial and temporal resolution, restricting our ability to capture the nuanced variations
in subsurface properties essential for accurate hydrocarbon migration modeling.
Conventional seismic methods may lack the precision to discern smaller-scale
geological structures, and they often provide limited information on dynamic changes
in reservoirs over time, which are crucial for predicting migration pathways and
reservoir behavior.

Emerging high-resolution detection technologies—such as advanced seismic
imaging, full-waveform inversion, and 4D seismic monitoring—allow researchers to
achieve far greater detail in subsurface imaging. These methods enhance spatial
resolution, revealing fine-scale heterogeneities within reservoirs and migration paths
that were previously undetectable. They also improve temporal resolution, enabling
dynamic tracking of fluid movement. These advances are essential as they offer a more
precise understanding of reservoir structure, pore connectivity, and permeability
variations, which are key to modeling complex migration mechanisms.

High-resolution imaging combined with real-time monitoring capabilities allows
for adaptive exploration and production strategies, reducing uncertainties and
optimizing recovery rates in increasingly challenging environments. By pushing the
boundaries of spatial and temporal resolution, these technologies provide a much
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deeper and more reliable foundation for hydrocarbon migration research, ultimately
contributing to more sustainable and efficient resource management [78].

Digitization and automation

Digitization and automation represent transformative trends in hydrocarbon
migration research, poised to address critical limitations in traditional approaches.
Conventional methods often rely on manual data collection and interpretation, which
can be time-consuming, resource-intensive, and susceptible to human error, especially
when handling the massive datasets produced by modern exploration and production
activities. Additionally, static or infrequent data collection limits our ability to
understand the dynamic nature of hydrocarbon migration, resulting in delayed
decision-making and potential inaccuracies in predictions.

By contrast, digital and automated systems enable continuous, real-time data
acquisition, advanced analytics, and adaptive response mechanisms. Real-time
monitoring through IoT sensors, for example, provides instant access to critical
subsurface and operational data, allowing for more responsive and accurate tracking
of hydrocarbon movement. Automation, including machine-driven interpretation and
remote operation capabilities, enhances precision, reduces manual workload, and
minimizes operational risks, especially in challenging or hazardous environments.

Furthermore, the integration of digital twins—virtual models of physical
systems—into oilfield operations facilitates more predictive modeling and scenario
analysis, offering a proactive approach to resource management. Combining these
digital models with Al-driven analytics enhances the ability to simulate complex
migration processes, optimize exploration strategies, and anticipate potential issues
before they escalate.

Ultimately, digitization and automation not only streamline processes but also
bring a new level of intelligence to oil and gas research and operations. As the industry
increasingly faces complex geological environments and stringent environmental and
economic pressures, adopting these technologies is essential for improving accuracy,
sustainability, and cost-efficiency in hydrocarbon migration research and resource
development.

Application of green technology

Applying green technologies in oil and gas extraction and processing helps
reduce environmental impact and carbon emissions [79]. Technological innovation
can make the oil and gas industry more environmentally friendly and sustainable
[79,80]. It is recommended that low-carbon technologies and ecologically friendly
materials be developed to enhance energy efficiency and environmental performance
during oil and gas production [81].

Incorporating green technology in oil and gas exploration, extraction, and
processing is rapidly becoming essential, driven by stricter environmental regulations,
global carbon reduction targets, and growing societal expectations for sustainable
practices. Conventional methods often produce significant greenhouse gas emissions,
hazardous waste, and ecosystem disruption, making green innovation critical not only
to lessen environmental harm but also to ensure the sector’s long-term viability in a
low-carbon economy.
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Green technologies introduce transformative practices by emphasizing energy
efficiency, emission reduction, and ecological protection. For instance, carbon
capture, utilization, and storage (CCUS) directly addressed carbon emissions by
capturing CO: at the source and either repurposing or storing it underground. These
methods allow oil and gas operations to meet regulatory standards and reduce their
climate impact. Similarly, the development and use of biodegradable drilling fluids
and non-toxic fracking additives minimize groundwater contamination and soil
degradation, creating safer extraction processes that align with ecological priorities.

Green technology enables the oil and gas industry to meet modern environmental
standards, improve community relations, and contribute positively to climate goals.
By rethinking extraction processes and prioritizing eco-friendly solutions, the industry
can make meaningful strides toward sustainability, combining immediate
environmental improvements with long-term resilience in a rapidly evolving energy
landscape.

3.2.2. Challenges
Data quality and integration

The accuracy of oil and gas migration models fundamentally depends on the
quality and consistency of multi-source data, as these models use geological and fluid
dynamics principles to simulate subsurface conditions and predict migration
pathways. When data from various sources are integrated, inconsistencies, noise, and
uncertainties often arise, stemming from differences in data acquisition methods,
temporal resolution, or scale. To address these challenges, it is essential to apply high-
precision data collection techniques that align with the model’s assumptions and
physical parameters—such as pore pressure, permeability, and rock porosity—
ensuring data reliability and compatibility. Furthermore, standardized data collection
methods help minimize disparities across datasets, providing a more unified data
foundation. By incorporating statistical analysis and machine learning techniques,
researchers can further refine data integration, leveraging these methods to quantify
uncertainties, filter out noise, and enhance model reliability and predictive accuracy.

Complexity and uncertainty of models

The inherent complexity of oil and gas migration models stems from the diverse
geological, geochemical, and fluid dynamics principles that govern subsurface
processes. These models often involve nonlinear interactions between parameters such
as rock permeability, fluid viscosity, and pressure gradients, each contributing to
potential uncertainties in prediction outcomes. For instance, even minor variations in
assumptions about reservoir characteristics or input parameters, such as temperature
or pressure conditions, can lead to significant deviations in model outputs. Addressing
these uncertainties requires integrating multi-source data—such as seismic, magnetic,
and well-log data—each offering unique insights into subsurface conditions. By
adopting advanced modeling techniques, like stochastic simulations and machine
learning algorithms, researchers can account for the probabilistic nature of these
variables, refine predictions, and achieve a more robust understanding of subsurface
migration pathways [82].

Environment and safety
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Environmental pollution and safety risks in oil and gas exploration stem from
fundamental extraction and processing mechanisms, such as drilling, hydraulic
fracturing, and chemical treatments. Each of these processes can introduce
pollutants—Ilike volatile organic compounds, hydrocarbons, and heavy metals—into
surrounding ecosystems, affecting soil, water, and air quality. Safety risks, such as
blowouts or pipeline ruptures, arise due to pressure control issues and equipment
failure, underscoring the importance of robust risk management frameworks.
Mitigating these issues requires employing green technologies that operate on
principles of waste minimization, carbon capture, and closed-loop systems. For
example, vapor recovery units can capture emissions at processing sites, while using
biodegradable drilling fluids reduces soil contamination. Implementing predictive
maintenance using 1oT and Al to monitor equipment health helps prevent accidents
and manage safety risks effectively. Integrating such environmentally sustainable
practices into operational protocols will enhance ecological preservation while
minimizing safety hazards [83,84].

Technology costs

Applying advanced technologies like high-resolution seismic imaging and digital
oilfields introduces significant costs, largely driven by the need for specialized
equipment, data processing, and skilled personnel. High-resolution seismic imaging,
for example, requires precise sensor arrays and powerful computing resources to
analyze subsurface structures, which increases both initial capital expenditure and
ongoing operational costs. Additionally, maintaining a digital oilfield entails
substantial investments in IoT infrastructure, real-time data analytics systems, and
cybersecurity measures to protect sensitive operational data. In economically
constrained environments, these costs are particularly impactful, often necessitating a
careful cost-benefit analysis. Reducing expenses in these areas relies on innovations
such as modular technology, which allows for scalable expansion, and machine
learning algorithms that optimize data processing. Automation in routine monitoring
and predictive maintenance systems can also mitigate long-term operational costs by
minimizing equipment downtime and extending asset life. By strategically
implementing such innovations, companies can lower the overall cost of technology
deployment, ultimately enhancing the economic sustainability and resilience of oil and
gas development.

4. Conclusion

Oil and gas migration studies encompass multiple disciplines, such as geology,
geophysics, and geochemistry. With the aid of numerical simulation methods,
significant progress and achievements have been made in understanding the migration
patterns of oil and gas under various geological conditions, leading to the development
of a comprehensive theoretical framework. However, certain regions still require
further in-depth research due to the complexity and diversity of geological conditions
in oil and gas reservoirs. Through an extensive literature review, this paper introduces
and categorizes the main methods currently used in oil and gas migration research,
including sedimentological methods, geochemical tracing, numerical simulation, and
geophysical techniques, providing detailed discussions of each approach.
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Furthermore, with the support of modern science and technology, research on oil and
gas migration is rapidly advancing. This paper further discusses and explores the
cutting-edge trends in this field, focusing on areas such as Al methods, digital oil
fields, geological big data analysis, and high-precision seismic imaging technology.

The opportunities in oil and gas migration research lie in advancing our
understanding of the essential physical and chemical processes involved in
hydrocarbon migration, enhancing their spatiotemporal resolution. This can be
achieved through the integration of reliable fundamental data with intelligent analysis,
high-resolution detection technologies, the application of green technologies,
digitalization, and automation, as well as multidisciplinary approaches. These
opportunities have emerged thanks to the rapid development of information
technology and new detection methods. Data integration and intelligent analysis can
combine multi-source data to provide more accurate oil and gas migration models.
High-resolution detection technologies, such as 3D seismic exploration and
microseismic monitoring, allow for clearer imaging of underground structures.
Applying green technologies enables more sustainable and environmentally friendly
oil and gas development, while digitalization and automation technologies enhance
the efficiency of oilfield management and operations. However, oil and gas migration
research also faces numerous challenges. Data quality and integration are primary
concerns. With the increasing diversity and volume of data sources, effectively
managing and utilizing this data has become a significant challenge. The complexity
and uncertainty of models also pose substantial difficulties in predicting oil and gas
migration, as migration patterns may vary significantly under different geological
conditions, complicating model construction and validation. Additionally,
environmental and safety issues cannot be overlooked. Minimizing environmental
impact and ensuring production safety during oil and gas development are critical
challenges that need to be addressed. The high cost of technology further limits the
widespread adoption of new methods, especially in early-stage research and small
oilfields. Moreover, the complexity of interdisciplinary collaboration increases the
overall difficulty of research efforts.

In the future, it could be essential to improve the precision and reliability of
numerical simulation methods through more refined data testing and experimentation,
leveraging advances in computer technology [85]. Integrating Al into these processes
and applying it to practical engineering development can drive technological progress
and sustainable development in oil and gas exploration and production. For example,
the introduction of Al and big data analytics holds the potential to significantly
enhance the efficiency and accuracy of oil and gas migration research. Meanwhile,
high-resolution seismic imaging technologies can provide more precise geological
structure information, offering a more reliable foundation for studying oil and gas
migration. Implementing digital oilfields and automated management systems can
significantly improve oilfield development’s efficiency and safety, reducing human
factors’ impact on production to enhance project workflow reliability [86,87]. Looking
ahead at both opportunities and challenges, future oil and gas migration research
should focus on several key areas: First, data integration and intelligent analysis—
incorporating advanced data processing technologies and Al algorithms can improve
data utilization efficiency and model prediction accuracy. Second, developing high-
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resolution detection technologies, such as high-precision seismic imaging and
microseismic monitoring, provide clearer underground structural images for research.
Third, applying green technologies promotes the environmental friendliness and
sustainability of oil and gas development. Fourth, the widespread adoption of
digitalization and automation technologies enhances oilfield management and
operations modernization. Lastly, interdisciplinary collaboration across fields like
geology, physics, and chemistry is crucial for advancing oil and gas migration
research.

In summary, this paper has elucidated the importance and complexity of the oil
and gas migration process, delving into the mainstream methods, cutting-edge trends,
and future prospects of oil and gas migration technologies. Future research should
emphasize interdisciplinary integration, enhance the accuracy of data processing and
model prediction, and foster further development in oil and gas migration studies. This
provides a solid theoretical foundation and technical support for oil and gas
exploration and development. Through these efforts, oil and gas migration research is
increasingly significant in improving resource utilization efficiency, reducing
environmental impact, and promoting sustainable development across multiple
dimensions, including the environment, region, society, and energy [88-90].

Acknowledgments: The authors acknowledge Jiajun Xu (Institute for Advanced
Studies, Universiti Malaya) for greatly supporting and contributing to this paper.

Data availability statement: All the data for this study is available upon request to
the author.

Conflict of interest: The authors declare no conflict of interest.

References

1. Jiang Y, Cha M. Petroleum and Natural Gas Geology and Exploration, 2nd ed. Petroleum Industry Press; 2016.

2. Wu N, Liu X, Xu T. Study on the trace of hydrocarbon migration path. Special Oil Gas Reservoirs. 2007; 14(3): 28-31.

3. LiuH,lJing C, Liu Y, et al. Optimization of hydrocarbon migration parameters and identification of migration pattern.
Petroleum Geology Experiment. 2018; 39(3): 424-430.

4. HaoF, Cai D, Zou H, et al. Overpressure-Tectonic Activity Controlled Fluid Flow and Rapid Petroleum Accumulation in
Bozhong Depression, Bohai Bay Basin. Earth Science. 2004; 29(5): 518-524.

5. Wu C, Wang X, He G, et al. Petroleum System and Petroleum System Dynamics. Earth Science. 2000; 25(6): 604-611.

6. Luo X, Zhang L, Zhang L, et al. Heterogeneity of clastic carrier bed and hydrocarbon migration and accumulation. Acta
Petrolei Sinica. 2020; 41(3): 253-272. doi: 10.7623/syxb202003001

7. Gong Z, Yang J. Migration Models and Pool-Forming Dynamics. China Offshore Oil and Gas (Geology). 1999; 13(4): 3-7.

8. Zhou H, Dong Y, Wang H, et al. Comprehensive study on thermodynamics and reservoir-forming dynamics of Nanpu Sag
evolution in Jidong Oilfield. Available online:
https://kns.cnki.net/KCMS/detail/detail.aspx?dbname=SNADfilename=SNADO000000002467 (accessed on 14 November
2024).

9. Jin Z, Zhang F. Status and major advancements in study of hydrocarbon migration. Oil Gas Geology. 2005; 3: 263-270.

10. Jiang Y, Liu J, Li X, Xu Y. Actual Hydrocarbon Migration Paths Based on Ridge-Like Structures Analysis and Geochemical
Indicators Tracking: A Case Study of Puwei Area of Dongpu Depression. Earth Science (Journal of China University of
Geosciences). 2011; 36(3): 521-529. doi: 10.3799/dgkx.2011.053

11. Zhu G, Yang H, Zhang B, et al. Ultra-long distance migration of hydrocarbon. Acta Petrologica Sinica. 2013; 29(9): 3192—

3212.

31


https://doi.org/10.7623/syxb202003001
https://kns.cnki.net/KCMS/detail/detail.aspx?dbname=SNADfilename=SNAD000000002467

Advances in Analytic Science 2024, 5(2), 2955.

12.

13.
14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Hu T, Liu Y, Jiang F, et al. A novel method for quantifying hydrocarbon micromigration in heterogeneous shale and the
controlling mechanism. Energy. 2024; 288: 129712. doi: 10.1016/j.energy.2023.129712

Li M. An Overview of hydrocarbon migration research. Petroleum Exploration and Development. 2000; 27(4): 3-10.

Lin J, Li X, Zhang J. Discussion on the Hydrocarbon Migration and Accumulation. Petroleum Geology Oilfield
Development in Daging. 2017; 36(5): 20-25.

Li X. Fault Opening and Sealing Properites of Faulting and Its Effects to Oil Accumulation in Zhongguai Area of Junggar
Basin [Master’s Thesis]. China University of Petroleum (East China); 2016.

Gao D, Yi Z, Wang Z, et al. Distribution and evolution laws of sedimentary facies in Triassic sequence framework of
Lunnan area in Tarim Basin. Petroleum Geology Oilfield Development in Daging. 2024; 1-12.

Hu M, Du J, Deng Q. Sedimentary phases and geological significance of the Jurassic Ziliujing Formation in the northern
Sichuan Basin. Journal of Yangtze University (Natural Science Edition). 2024; 1-13.

Zhu X. Sedimentary Petrology, 4th ed. Petroleum Industry Press; 2008.

Wu K, Sun'Y, Yan B, et al. Progress on the Features of Physical Property and Hydrocarbon Accumulation of Lacustrine
Fine-Grained Sedimentary Rock Laminae. Acta Sedimentologica Sinica. 2023; 1-19. doi: 10.14027/j.issn.1000-
0550.2023.072

Qiu D. Principles of Hydrocarbon Sedimentology and Their Applications in Exploration and Development of Hydrocarbons.
Xinjiang Petroleum Geology. 1992; 13(1): 1-22.

Yu E. Research on the Impact of Reservoir Heterogeneity on Oilfield Development. Petrochemical Industry Technology.
2024; 31(7): 264-266.

Sun Y. An Overview on Petroleum Inclusion Research and Application. Bulletin of Mineralogy, Petrology and
Geochemistry. 2006; 1: 29-32.

Long H, Zeng J, Liu Y, et al. Application of visual 3D physical simulation experiment technology in oil and gas
accumulation research: a case study of well S53-2 in Shunbei area of Tarim Basin. Petroleum Geology Experiment. 2024;
46(5): 1110-1122. doi: 10.11781/sysydz2024051110

Wu Z, Liu X, Du Y, Wu Y. Comparison and Application of Carbonate Rock Microscopic Test Technologies: A Case of
Buried Hill in Le’an Oilfield at Jiyang Depression. Journal of Jilin University (Earth Science Edition). 2024; 54(5): 1519—
1529.

Xu'Y, Wang G, Xue T, Fang L. Study on the heterogeneity of Chang 6 reservoir in Laoshan District, Ordos Basin. China
Petroleum and Chemical Standard and Quality. 2013; 33(24): 146.

Li G, Wu X. The Petroleum Geological Significance of Somerization Rates ¢iC4/¢nC4 and ¢iC5/¢onC5. Geophysical and
Geochemical Exploration. 2002; 26(2): 135-139.

Lv X, Yang H, Wang X, et al. Application of geochemical parameters in hydrocarbon migration studies: taking Tazhong area
of the Tarim Basin as an example. Oil Gas Geology. 2010; 31(6): 838-846.

Guo J, Niu B. Progresses in Organic Geochemical Studies on Tracing Oil Migration. Journal of Jilin Institute of Chemical
Technology. 2016; 33(5): 1-4.

Wang T, He F, Li M, et al. Alkyldibenzothiophenes: molecular markers for tracing reservoir filling pathways. Chinese
Science Bulletin. 2005; 50(2): 176-182.

Yang P, Ren Z, Zhou R, et al. Tectonic evolution and controls on natural gas generation and accumulation in the Ordovician
system of the Ordos Basin, North China. Earth Science (Journal of China University of Geosciences). 2021; 36(3): 521-529.
doi: 10.1016/j.egypro.2021.09.002

Zhu N, Wang A, Guo K, et al. Effectiveness of nitrogen compound indices of oil-bearing sandstone extracts. Petroleum
Geology Experiment. 2024; 46(2): 393-401. doi: 10.11781/sysydz202402393

Carothers WW, Kharaka YK. Stable carbon isotopes of HCO3—in oil-field waters—implications for the origin of CO2.
Geochimica Et Cosmochimica Acta. 1980; 44(2): 323-332. doi: 10.1016/0016-7037(80)90140-4

Zhu 'Y, Zheng X, Liu X, Zhang W. Stable Carbon Isotope of Authigenetic Calcite Used in Reservoirs to Tracing the
Hydrocarbon Migration. Natural Gas Industry. 2007; 27(9): 24-27.

Ji H, Chen X. An Overview of Recent Progress in Geochemical Tracing of Hydrocarbon Migration. Journal of Guangdong
University of Petrochemical Technology. 2020; 30(6): 19-23.

Wang P, Shen Z, Liu S, et al. Geochemical characteristics of noble gases in natural gas and their application in tracing
natural gas migration in the middle part of the western Sichuan Depression, China. Petroleum Science. 2013;10(3): 327-335.

32


http://doi.org/https:/doi.org/10.1016/j.energy.2023.129712
https://doi.org/10.14027/j.issn.1000-0550.2023.072
https://doi.org/10.14027/j.issn.1000-0550.2023.072
http://dx.doi.org/10.11781/sysydz202402393
https://www.x-mol.com/paperRedirect/1402877387458723840

Advances in Analytic Science 2024, 5(2), 2955.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.
53.

54.

55.

56.

57.

Zhu G, Ai Y, Li T, et al. Application of unconventional isotopes in petroleum geology and new progress in petroleum
geochemistry. Acta Petrolei Sinica. 2024; 45(4): 718-754. doi: 10.7623/syxb202404009

Cheng K, Cui J, Meng Z, et al. Characteristics of fluid inclusions and analysis of hydrocarbon accumulation stages of Yan’an
Formation in Wugi area, Ordos Basin. Geology in China. 2023; 50(3): 692—703. doi: 10.12029/gc20220102001

Wang T, Li Y. Application of fluid inclusions in oil and gas geology. Technology Innovation and Application. 2016; 13:
101.

Shang C, Zhang M, Qiu L, et al. Research methods and applications of fluid inclusions in oil and gas geology. In:
Proceedings of the 2014 China Earth Science Joint Academic Annual Conference; 20 October 2014; Beijing, China. pp.55-
57.

Huang Y, Wang R, Wen Z, et al. Hydrocarbon accumulation process of the deep to ultra deep reservoirs in Fuman oilfield,
Tarim Basin. Acta Petrolei Sinica. 2024; 45(6): 947-960. doi: 10.7623/syxb202406005

Kang H, Li L, Zhang M. Research on the application of geochemical exploration in future oil and gas exploration. Chemical
Intermediates. 2015; 11(11): 113-114.

Wang J, Wang X, Zhao C, et al. Application of microbial-geochemical detection technology in oil and gas exploration in
Bayanhushuu fault depression. Marine Origin Petroleum Geology. 2024; 29(2): 215-224.

Qu, S. Simulation technology and methods of ancient oil reservoir adjustment process. Scientific and Technological
Innovation. 2019; 31: 39-40.

Zha, M. The Dynamic Models and Numerical Simulation of Secondary Petroleum Migration in Compactional Flow
Basins—An Example from the Dong Ying Depression. Acta Sedimentologica Sinica. 1997; 15(4): 86-90.

Zhang H, Wang L, Xu J. Using the equal sentiment enhancement with distribution (ESED) algorithm in text sentiment
analysis: predicting customers purchasing intention (CPI) for IT services on freelance platforms. In: Proceedings of the Third
International Conference on Electronic Information Engineering and Data Processing (EIEDP 2024); 5 July 2024; Kuala
Lumpur, Malaysia. pp. 131841G. doi: 10.1117/12.3032901

Li W, Zhu H. Borehole Oil and Gas Geochemical Exploration Technique and Its Application. Marine Geology Quaternary
Geology. 2012; 32(1): 159-166. doi: 10.3724/SP.J.1140.2012.01159

Li Z, Yang Y. An attempt to research into hydrocarbon-bearing system by analysing geophysical data. Oil Geophysical
Prospecting. 1996; 31(4): 563-568.

Xu C, Bian H, Ma P, Gao F. Geophysical response characteristics of gas chimney and significance of oil-gas exploration.
Progress in Geophysics. 2014; 29(4): 1831-1836. doi: 10.6038/pg20140446

Zhang C, Wang F, Bai Y, Guo Q. Studies of magnetic method for hydrocarbon reservoir and its application in northern
Shaanxi, China. Progress in Geophysics. 2012; 27(4): 1655-1664. doi: 10.6038/j.issn.1004-2903.2012.04.044

Cui Z, Xu Z, Li F. The application of high-precision aeromagnetic survey to the investigation of oil-gas geological structure
in Southwest Tarim Basin. Geophysical and Geochemical Exploration. 2021; 45(4): 846-858. doi:
10.11720/wtyht.2021.1455

Gadirov VG, Maden N, Gadirov KV. Local gravity and magnetic anomalies associated with the oil and gas reservoirs in the
cretaceous carbonate deposits of Yevlakh-Agjabedi depression, Azerbaijan. Carbonates Evaporites. 2023; 38: 62. doi:
10.1007/s13146-023-00886-6

Li M. Basic Principles of Migration and Hydrocarbon Exploration. Earth Science. 2004; 4: 379-383.

Feng Q, Wei Q, Jiang L, et al. The application of microgravity monitoring technology in gas reservoir development. Natural
Gas Geoscience. 2021; 32(10): 1571-1580. doi: 10.11764/j.issn.1672-1926.2021.07.012

Wu C, Mao X, Liu H. Oil and gas migration and accumulation simulation method based on artificial intelligence. In Paper
Volume for 2009° Mathematical Geosciences Geoinformatics Conference of China; 28 June 2009; Guangzhou, China. pp.
459-470.

Cao Z. Digital Construction of Oil Field Based on Internet of Things Technology. Automation Application. 2024; 65(S1):
467-469.

Zhang B, He J, Wang M, et al. Analysis on the effect and application prospect of digital oilfield construction. China
Petroleum and Chemical Standard and Quality. 2023; 43(6): 63-65.

Li K, Lin L. Research on the application of big data in geology and mineral resources. Xinjiang Youse Jinshu. 2024; 47(5):
34-37.

33


https://doi.org/10.7623/syxb202404009
https://doi.org/10.12029/gc20220102001
https://doi.org/10.7623/syxb202406005
https://doi.org/10.3724/SP.J.1140.2012.01159
https://doi.org/10.6038/pg20140446
https://doi.org/10.6038/j.issn.1004-2903.2012.04.044
https://doi.org/10.11720/wtyht.2021.1455

Advances in Analytic Science 2024, 5(2), 2955.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Wang S, Huang X, Liu P, et al. (2024). Mapping the landscape and roadmap of geospatial artificial intelligence (GeoAl) in
guantitative human geography: An extensive systematic review. International Journal of Applied Earth Observation and
Geoinformation, 128, 103734.

Hou X, Su P, Fan S, et al. Discussion on the development direction of digital exploration system in the era of big data.
Natural Resources Informatization. 2024; 1-7.

Dong S, Qi H, Hu H. Earth Science Big Data and Its Development. Science Technology and Engineering. 2019; 19(20): 1—
11.

Xu J, Wang H, Liao W, Fong CS. From Closure to Gradual Release of EGS Industry: Empirical Evidence from the Spatial
Evolution and Causal Mechanism in the Main Town Area of Wuhan, China. 3C Empresa. 2023; 12(2): 15-37. doi:
10.17993/3cemp.2023.120252.15-37

Liao W, Wang H, Xu J. The Spatial Structure Characteristic and Road Traffic Accessibility Evaluation of A-Level Tourist
Attractions within Wuhan Urban Agglomeration in China. 3C Tecnolog k. 2023; 12(2): 388-409. doi:
10.17993/3ctecno.2023.v12n3e45.388-409

Wang H, Xu J, Lim NHH, et al. The impact of climate change on China’s central region grain production: evidence from
spatiotemporal pattern evolution. AIMS Geosciences. 2024; 10(3): 460-483. doi: 10.3934/geosci.2024024

Xu J, Liao W, Fong CS. Identification and Simulation of Traffic Crime Risk Posture within the Central City of Wuhan in
China. In: Proceedings of the Second International Conference on Geographic Information and Remote Sensing Technology
(GIRST 2023); 30 August 2023; Qingdao, China. pp.1279712. doi: 10.1117/12.3007821

Zhang H, Xu J. Text-based Sentiment Analysis for Evaluating the Service Provider Professionalism (SPP) of Macro Work
on Online Labor Platforms (OLPs). In: Proceedings of the 4th International Conference on Computer Network Security and
Software Engineering (CNSSE 2024); 23-25 February 2024; Sanya, China. pp. 1317500. doi: 10.1117/12.3031905

Huang H. Application of big data and Internet of Things technology in the construction of smart oil fields. Cybersecurity
Informatization. 2024; 4: 73-75.

Ping Y, Shen F, Zhou N, et al. Analysis on the application of big data technology in oil and gas geological exploration.
Science Technology Information. 2019; 17(2): 59-60.

He C, Liu M, Zhang Y, et al. Space-Time-Workforce Visualization and Conditional Capacity Synthesis in Uncertainty.
Journal of Management in Engineering. 2023; 39(2): 4022071.

Luo H, Pei J, Yuan L, et al. High precision seismic imaging technology and application in Tuziawat area of Kuga
Depression. Computing Techniques for Geophysical and Geochemical Exploration. 2023; 1-7.

Yang X. Research and Application of Deepwater Marine High Precision Seismic Imaging Technology [Master’s Thesis].
Jilin University; 2016.

Du M, Cheng S, Mao W. Deep-Learning-Based Seismic Variable-Size Velocity Model Building. IEEE Geoscience and
Remote Sensing Letters. 2022; 19: 1-5. doi: 10.1109/LGRS.2022.3204747

Sun S, Mao W, Ouyang W, et al. Amplitude-Preserving Imaging Condition for Scattering-Based RTM in Acoustic VTI
Media. IEEE Geoscience and Remote Sensing Letters. 2022; 19: 1-5. doi: 10.1109/LGRS.2022.3220774

Mao W, Duan W, Sun C, Shi X. Elastic Least-Squares Gaussian Beam Imaging With Point Spread Functions. IEEE
Geoscience and Remote Sensing Letters. 2022; 19: 1-5. doi: 10.1109/LGRS.2022.3173303

Ouyang W, Liang Q, Mao W, Cheng S. Multi-Parameter True-Amplitude Generalized Radon Transform Inversion for
Acoustic Transversely Isotropic Media with a Vertical Symmetry Axis. IEEE Transactions on Geoscience and Remote
Sensing. 2021; 60: 1-14. doi: 10.1109/TGRS.2021.3102253

Liang Q, Ouyang W, Mao W, et al. Born Scattering Integral, Scattering Radiation Pattern, and Generalized Radon Transform
Inversion in Acoustic Tilted Transversely Isotropic Media. IEEE Transactions on Geoscience and Remote Sensing. 2022; 60:
1-16. doi: 10.1109/TGRS.2022.3170626

Wang H, Shi Y, Xu D, et al. Unconventional reservoir pore structure characterization techniques and progress. Petroleum
Geology and Recovery Efficiency. 2019; 26(5): 21-30.

Zhang C, Guan P, Zhang J, et al. A Review of the Progress on Fractal Theory to Characterize the Pore Structure of
Unconventional Oil and Gas Reservoirs. Acta Scientiarum Naturalium Universitatis Pekinensis. 2023; 59(5): 897-908.

He C, Liu M, Zhang Y, et al. Exploit Social Distancing in Construction Scheduling: Visualize and Optimize Space-Time—
Workforce Tradeoff. Journal of Management in Engineering. 2022; 38(4): 4022027. doi: 10.1061/(ASCE)ME.1943-
5479.0001037

34


http://dx.doi.org/10.17993/3cemp.2023.120252.15-37
http://dx.doi.org/10.17993/3ctecno.2023.v12n3e45.388-409
https://doi.org/10.3934/geosci.2024024
https://doi.org/10.1109/LGRS.2022.3204747
https://doi.org/10.1109/LGRS.2022.3220774
https://doi.org/10.1109/LGRS.2022.3173303
https://doi.org/10.1109/TGRS.2021.3102253
https://doi.org/10.1109/TGRS.2022.3170626
http://dx.doi.org/10.1061/(ASCE)ME.1943-5479.0001037
http://dx.doi.org/10.1061/(ASCE)ME.1943-5479.0001037

Advances in Analytic Science 2024, 5(2), 2955.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Khan R, Haram Z, Ahmad W, et al. Removal of hydrocarbon pollutants from refinery wastewater using N-hexadecylchitosan
as an efficient adsorptive platform. Scientific Reports. 2024; 14(1): 17236. doi: 10.1038/s41598-024-66429-8

llyas M, Liao Y, Xu J, et al. Removal of anthracene from vehicle-wash wastewater through adsorption using eucalyptus
wood waste-derived biochar. Desalination and Water Treatment. 2024; 317: 100115. doi: 10.1016/j.dwt.2024.100115

Xu J, Wu D, Wang H, Fong CS. Introducing Sustainable Intervention Strategies of Operation Planning and Environment
Design to Activate VVoid Areas on the Urban Fringe. E3S Web of Conferences. 2023; 437: 03002. doi:
10.1051/e3sconf/202343703002

Zhang H. An enhancement methodology for predicting transaction amounts for freelancers on freelance platforms: Based on
sentiment analysis. In: Proceedings of the 3rd International Conference on Computing Innovation and Applied Physics; 27
January 2024; Abu Dhabi, UAE.

Xu J, Liao W, Lim NHH, et al. Operational and Environmental Assessment for Night Markets under the Informal Economy
Impacts: Insights from the Case Study of Selangor, Malaysia. 2024; 3C TIC, 13(1), 189-219. doi:
10.17993/3ctic.2024.131.189-219

Zhang C, Li J, Liao W, Xu J. Sustainable micro renewal and renovation of arts town in China: Intermingling design of
contemporary art and Chinese classical garden. Eco Cities. 2024; 5(2): 2884. doi: 10.54517/ec2884

Wang L, Zhu X, Zhang H, et al. Construction of the tourist sentiment dictionary for hotels to mining tourist demands: Based
on Macao’s hotel reviews from Agoda. Smart Tourism. 2024; 5(2): 2700. doi: 10.54517/st.v5i2.2700

Taskaya S, Wu D, Kurt M, et al. Exploring the Application of Building Information Modeling (BIM) in Town Planning: Key
Roles in the Relationship Between Buildings and Parcels. International Journal of Computational and Experimental Science
and Engineering. 2024; 10(4): 701-717. doi: 10.22399/ijcesen.459

Javanmardi A, He C, Hsiang SM, et al. Enhancing Construction Project Workflow Reliability through Observe—Plan—-Do—
Check—React Cycle: A Bridge Project Case Study. Buildings. 2023; 13: 2379. doi: 10.3390/buildings13092379

Ren YS, Seilkhan A, Akbota B, et al. Treatment of Dyes Contaminated Water using Biochar Derived from Eucalyptus Wood
Waste. ES Materials & Manufacturing. 2024; 25: 1236. doi: 10.30919/esmm1236

Liao W, Wu D, Guo Z, et al. Variation analysis in historical demographic distribution within urban agglomeration:
Experimental evidence from the Wuhan “1+8” City Circle. Sustainable Social Development. 2024; 2(4): 2778. doi:
10.54517/ssd.v2i4.2778

Zhong M, Wang C, Xu J, et al. Composite xNiFe204/(1-x)SrFe12019 oxygen carriers for chemical looping reforming of
bioethanol coupled with water splitting to coproduce syngas and hydrogen. Journal of the Energy Institute. 2024; 117:
101780. doi: 10.1016/j.joei.2024.101780

35


http://dx.doi.org/10.1051/e3sconf/202343703002
http://dx.doi.org/10.22399/ijcesen.459
https://www.mdpi.com/2075-5309/13/9/2379
http://dx.doi.org/10.30919/esmm1236

