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a b s t r a c t

Due to limited data on the geochemical properties of natural gas, estimations are needed for the effective
gas source rock in evaluating gas potential. However, the pronounced heterogeneity of mudstones in
lacustrine successions complicates the prediction of the presence and geochemical characteristics of gas
source rocks. In this paper, the Liaohe Subbasin of Northeast China is used as an example to construct a
practical methodology for locating effective gas source rocks in typical lacustrine basins. Three types of
gas source rocks, microbial, oil-type, and coal-type, were distinguished according to the different genetic
types of their natural gas. A practical three-dimensional geological model was developed, refined, and
applied to determine the spatial distribution of the mudstones in the Western Depression of the Liaohe
Subbasin and to describe the geochemical characteristics (the abundance, type, and maturation levels of
the organic matter). Application of the model in the subbasin indicates that the sedimentary facies have
led to heterogeneity in the mudstones, particularly with respect to organic matter types. The effective gas
source rock model constructed for the Western Depression shows that the upper sequence (SQ2) of the
Fourth member (Mbr 4) of the Eocene Shahejie Formation (Fm) and the lower and middle sequences
(SQ3 and SQ4) of the Third member (Mbr 3) form the principal gas-generating interval. The total volume
of effective gas source rocks is estimated to be 586 km3. The effective microbial, oil-type, and coal-type
gas source rocks are primarily found in the shallow western slope, the central sags, and the eastern slope
of the Western Depression, respectively. This study provides a practical approach for more accurately
identifying the occurrence and geochemical characteristics of effective natural gas source rocks, enabling
a precise quantitative estimation of natural gas reserves.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Most rift lacustrine basins, such as Bohai Bay Basin in eastern
China, are petroliferous basins with few large-scale gas pools (Qi
and Yang, 2010; Xu et al., 2019; W.Y. Wang et al., 2022). Two
main factors contribute to this: firstly, the dominant source rocks
contain oil-prone kerogens of moderate maturity; secondly, mul-
tiple phases of tectonic activity have significantly weakened the
sealing capacity of the cap layers (Dai et al., 1998; Lai, 2000).
etroleum Resources and Pro-
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However, more and more gas pools with considerable reserves
have been discovered in recent years, such as the Bozhong 19-6 in
the Bozhong Depression, which strongly suggests that the natural
gas resource potential in rift lacustrine basins has been under-
estimated (Hu et al., 2001; Xu et al., 2019; Wang et al., 2021).

In contrast to oil, natural gas can be generated at various ther-
mal maturation stages of organic matter, including microbial and
thermogenic phases. It can also be produced by the cracking of
reservoir oils and, in some cases, even through abiogenic processes.
This diversity in natural gas origins underscores the complexity of
its formation and the varied conditions under which it can occur
(Faramawy et al., 2016; Speight, 2022). Biogenic natural gas can be
subdivided into microbial, coal-type, and oil-type by comparing
their chemical, stable carbon, and hydrogen isotope compositions
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Fig. 1. (a) Location and structural subdivision of the Liaohe Subbasin; (modified after Li X., 2020). (b) Tectonic units of Western Depression, including main profiles A-A0 and
important wells. (c) Cross section (profile A-A0) showing sequence stratigraphy in the study area; SQ2: sequence corresponding to upper Mbr 4 of the Shahejie Fm; SQ3: sequence
corresponding to lower Mbr 3 of the Shahejie Fm; SQ4: sequence corresponding to middle Mbr 3 of the Shahejie Fm; SQ5: sequence corresponding to upper Mbr 3 of the Shahejie
Fm; SB: Sequence Boundary; MFS: Maximum Flood Surface.
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Fig. 2. The generalized stratigraphic column shows the lithology, carrier beds, tectonic history, and sedimentary facies of the Western Depression.
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(Dai, 1992, 1993; Liu et al., 2019). These three types of natural gas
have all been found in the Bohai Bay Basin (Liu et al., 2019; Pei et al.,
2022). The complexity of tectonic movements, the sedimentary
system, and the variety in organic matter input have resulted in a
mixture of kerogen types (humic, sapropelic, andmixed), which co-
exist in the basin (Xu et al., 2022). It is difficult to accurately depict
the geochemical features of the organic matter in lacustrine rift
basins using the limited measured geochemical data. Several
methods have been proposed in previous studies, for example,
incorporating well logging data, seismic attributes, depositional
system analysis, and sequence stratigraphic characteristics into
conventional regular source rock assessment (Passey et al., 2010;
Lai et al., 2020b; Sahoo et al., 2021; Zeng et al., 2021, 2022) How-
ever, the majority of past research has concentrated on the esti-
mation of total organic carbon content, leaving the prediction of
spatial distribution of mudstones and kerogen types relatively
unexplored. This aspect is essential for assessing the effectiveness
of gas source rocks and thus warrants further investigation.

Geological modeling leverages the foundational principles of
geological statistical modeling, a discipline initially rooted in the
mining industry that has since been applied to the oil and gas sector
(Cannon, 2018). The integration of geological statistical
2220
methodologies with geological data and stochastic modeling
techniques enables the creation of more precise three-dimensional
geological models. These models provide a richer understanding of
the intricacies and uncertainties of subsurface environments. Sto-
chastic modeling approaches are commonly used to account for the
spatial variability of reservoir properties, such as porosity (Ali et al.,
2022). Renowned methods in this domain include Sequential In-
dicator Simulation (SISIM), Sequential Gaussian Simulation
(SGSIM), Object-based Modeling (OBM), and Multiple-Point Sta-
tistics (MPS) (Alabert and Massonnat, 1990; Al-Mudhafar, 2017).
These techniques each have their strengths and weaknesses, and
the choice between them often depends on the nature of the data
and the specific objectives of the study.

This study aims to propose an approach to identifying and
predicting effective gas source rocks in lacustrine basins, taking the
Western Depression of the Liaohe Subbasin as an illustration. The
gas source rocks in the depression were classified in line with ge-
netic types of natural gas. A practical three-dimensional (3D)model
was constructed using 3D modeling and facies-control modeling
technologies to accurately depict the spatial distribution of effec-
tive gas source rocks and predict the geochemical characteristics of
the organic matter (Damsleth et al., 1992; Zhang et al., 2008; Yang
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and Zou, 2019). Exact descriptions of effective gas source rocks can
provide supporting evidence for gas-source correlation and natural
gas resources estimation, facilitating future natural gas exploration.

2. Geological setting

The Liaohe Subbasin, part of the Bohai Bay Basin, is a wedge-
shaped rift basin in northeastern China, which is conventionally
divided into the Western, the Eastern, and the Damintun De-
pressions (Fig. 1a) (Hu et al., 2005). The study area is located in the
southern part of the Western Depression. A 3D seismic survey has
been carried out in the area, covering c.a. 1424.8 km2 (Fig. 1b). The
Western Depression can be further divided into three structural
units (from northwest to southeast): the gentle slope zone, the
central structure zone, and the steep slope zone (Fig. 1c). The
Paleogene is comprised of three formations (from bottom to top):
the Fangshenpao Formation (Fm), the Shahejie Fm, and the Don-
gying Fm. (Fig. 2). The evolution of the Liaohe Subbasin was initi-
ated by three-phase rifting during the Eocene-Oligocene, which led
Fig. 3. Sequence stratigraphic division of well SG1 in the western Depression and repres
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to the separation of the Western Depression (Fig. 1b and 2) (Li,
1981; Qi and Yang, 2010). The first phase was part of initial rifting
that formed west-dipping extensional faults. The Fourth member
(Mbr 4) of the Shahejie Fm. slowly filled in the depression, forming
fan delta and lacustrine deposits. Rapid subsidence occurred during
the second stage of deep rifting, resulting in southwest-northeast
faults. Mbr 3 of the Shahejie Fm reached maximum depositional
area and thickness during this stage, with deposition dominated by
fan delta-deep lacustrine-turbidite systems. The third stage coin-
cided with the depositional period of the first and second members
of Mbr 1 and Mbr 2 of the Shahejie Fm and the Dongying Fm,
showing continuous rifting attenuation, which formed minor east-
west faults. The lake was shrinking during this period, and fan delta
and shallow lake deposits prograded. (Fig. 2) (Wang et al., 1985; Li,
2020).

This study focuses on Mbr 3 and Mbr 4 of the Shahejie Fm,
which are the primary gas-generating and gas-producing layers (Li
et al., 2013; Wang et al., 2019; Yang et al., 2019). Kerogen in the Mbr
4 of the Shahejie Fm source rocks varies between type I and type II.
entative seismic reflection characteristics of the major unconformities in examples.



Fig. 4. Interpretative line drawing of a seismic section in the central part (crossing wells H18 and ZG7) of the Western Depression. (a) interpretative line drawings illustrating the
basin architecture and the seismic reflection character of sequence boundaries and basin fills. (b) schematic diagram showing the depositional system types and trends; SB:
sequence boundaries; SQ: third-order sequence; Location of the seismic section is marked in Fig. 1, Line AA'.
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The Mbr 3 of the Shahejie Fm contains mainly type II or mixed type
II/III kerogens (Hu et al., 2005). Mbrs 3 and 4 of the Shahejie Fm can
be divided into four three-order sequences, SQ5, SQ4, SQ3, and SQ2,
which correspond to the upper Mbr 3, middle Mbr 3, lower Mbr 3,
2222
and upper Mbr 4 of the Shahejie Fm, respectively (Mu et al., 2010).
The SQ1, corresponding to the lower Mbr 4 of the Shahejie Fm, is
absent in the study area andmainly occurred in the northern part of
the Western Depression (Xie et al., 2010). The gas reservoirs in the



Fig. 5. (a) Depositional model of the Shahejie Formation in the Western Depression. (b)e(e) The lithological, core and logging characteristics of various source rock types in the
representative wells; GR: gamma-ray logging; LLD: deep lateral resistivity logging; AC: acoustic logging.

Fig. 6. Plot of kerogen atomic H/C versus O/C showing the kerogen types of mudstone
samples from different sequences of the Shahejie Formation (modified after Peters,
1986).
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Shahejie Fm are the most explored (Huang et al., 2017). The
Huangxiling gas reservoir, which contains predominantly oil-type
gas (Wang et al., 2018), is in the southern gentle slope zone, adja-
cent to the Qingshui and Yuanyanggou Sags (Fig.1). The Xinglongtai
buried hill is a structural belt extending northeast and surrounded
by the Qingshui and the Panshan Sags (Fig. 1). Microbial gas res-
ervoirs are found in shallow strata (<2000 m depth) overlying the
buried hill. The natural gas inside the buried hill is dominated by
thermogenic gas originating from the Mbr 3 of the Shahejie Fm
source rocks in the Qingshui Sag (Pei et al., 2022).

3. Materials and methods

3.1. Materials

Thirty-four mudstone samples from four target sequences (SQ2-
SQ5) in well MT1 were selected for geochemical analysis. For the
analysis of the total organic carbon (TOC) content and the Rock-eval
pyrolysis, all the samples were prepared. Experimental geochem-
ical data provided by the CNPC Liaohe Oilfield Exploration and
Development Research Institute were used for hydrocarbon source
rock evaluation. These data were from 1004 mudstone samples
spread throughout the study area and included TOC contents, hy-
drocarbon generation potential (S1þS2), vitrinite reflectance (Ro),
maximum pyrolytic temperature (Tmax), and element contents (C,
H, and O). The location of the sampled wells is shown in Fig. 1b.
Forty-seven well-logging curves, a 3D seismic survey, and three



Fig. 7. Plots of HI versus Tmax showing the kerogen types of mudstones from different sequences of the Western Depression; (a) SQ2, (b) SQ3, (c) SQ4, (d) SQ5 (modified after
Bordenave et al., 1993).
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vertical seismic profiles (VSPs) were also collected to build 3D
geological models.
3.2. Methods

3.2.1. Laboratory experiments
TOC analysis was carried out on mudstone samples crushed to

80 mesh powder. Dilute hydrochloric acid (1.5 mol/L) was used to
remove carbonates from the samples. The samples were then
cleaned with deionized water to remove any residual contamina-
tion. A LECO CS-230 carbon analyzer was used to measure the TOC
contents of the processed samples (Table S1).

For the rock-eval pyrolysis experiment, mudstone samples were
crushed to 100 mesh and heated in a Rock-Eval II instrument. The
volatile hydrocarbon S1 (mg HC/g Rock) reached its maximum area
2224
at a temperature of 300 �C. The peak area for pyrolytic hydrocarbon
S2 (mg HC/g Rock) was obtained at 300 �Ce500 �C. The maximum
temperature reached during the acquisition of S2 is the peak tem-
perature of pyrolysis (Tmax) (Peters and Cassa, 1994; Behar et al.,
2001). (Table S1)

3.2.2. TOC estimation model
The 3D surface fitting technique proposed by (Zeng et al., 2021)

was employed to predict organic-rich mudstone interbeds in the
study area, using measured TOC data overlaid by resistivity,
porosity logs, and gamma logging curves. TOC estimation was car-
ried out in MATLAB 2016a.

3.2.3. Three-dimensional geological modeling
The 3D source rock model developed in this study derives the



Fig. 8. Histogram showing the Gaussian distribution of HI for each type of mudstone in the Western Depression within the sequence stratigraphic framework; (a) SQ2, (b) SQ3, (c)
SQ4, (d) SQ5.
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three-dimensional distribution characteristics of source rocks from
structural, lithofacies, and petrophysical distribution models
(Zhang et al., 2008; Yang and Zou, 2019; Ali et al., 2022; Anees et al.,
2022). The modeling was conducted in Petrel™ Schlumberger
Modelling software.

The available datawere imported into the software to build a 3D
structural model: Two-way time (TWT) surfaces were constructed
by interpreting the seismic data, including seismic-to-well ties,
faults, and sequence boundaries. An advanced velocity model
converted these surfaces to depth structure surfaces. The structure
model was constructed by fault modeling, pillar gridding, and for-
mation extraction and contained information on the relative posi-
tioning between stratigraphy and faults. This will provide an
effective framework for further modeling (Khattab et al., 2023).

The characteristics of the sandstone and mudstone lithofacies
were updated with the analysis of logging data. Mudstone types
were classified based on their sedimentary systems and regional
depositional context. A sedimentary facies model was established
by geometric modeling following the division of sedimentary facies
set out in previous studies (Gao et al., 2017; Wang et al., 2019; Li,
2225
2020). The lithofacies model used the sequential indicator simu-
lation method (SISM), constrained by the sedimentary facies model
as a specified probability trend.

Three-dimensional property modeling consisted of three
geochemical parameter models: TOC, HI, and Ro. The distribution of
geochemical properties, including HI and TOC, was modeled using
spatial variograms to populate the model. For each type of
mudstone, separate TOC and HI modeling was conducted. This was
achieved by employing Gaussian random function simulations and
incorporating facies-control and Co-kriging methods to account for
trends. The Ro model was obtained by calculating the depth of the
structure model using the fitting formula of Ro-depth in the study
area.

4. Results

4.1. Sequence-stratigraphy framework and sedimentology

The detailed sequence stratigraphic-geochemical analysis in this
study was carried out by detailing the sequence-stratigraphic



Fig. 9. Organic matter abundance in the Shahejie Formation, Western Depression, Liaohe Subbasin; (a) SQ2, (b) SQ3, (c) SQ4, (d) SQ5 (From Peters, 1986).
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framework and depositional properties of the source beds. (Lai
et al., 2020a,b). Previous investigations have covered the
sequence-stratigraphic framework, depositional systems, and the
Shahejie Fm in the Western Depression. (Wang et al., 2010; Xie
et al., 2010; Feng et al., 2016; Gao et al., 2017). Six angular un-
conformities (SB2, SB3, SB4, SB5, and SB6, from bottom to top) form
sequence boundaries that divide the Mbrs 3 and 4 of Fm into four
third-order sequences (SQ2, SQ3, SQ4, and SQ5) (Feng et al., 2016;
Mu et al., 2010; Wang et al., 2010; Xie et al., 2010). A stratigraphy
framework was established by tracing onlap or truncation surfaces
on a 3D seismic survey and identifying sudden lithology and grain
size changes in well-log data (Figs. 3e4a). A thorough analysis of
depositional cycles corresponding to parasequence sets confirmed
the third-order sequence division scheme of the Middle Eocene
succession (Fig. 3).

The slope belt of the Western Depression, which has experi-
enced rapid deposition rates, storage, movement, and trans-
formation of organic materials in addition to the deposition of
terrigenous clastic material, is a synergism zone of several sedi-
mentary facies (Anas et al., 2015; Zhu et al., 2022). Four types of
2226
depositional systems were developed in the Western Depression:
fan delta, alluvial fan, lacustrine deposits, and sublacustrine fan (Hu
et al., 2005; Gao et al., 2017; Li, 2020). These depositional systems
were identified based on an analysis of their lithologies, and the
depositional environment revealed the stratigraphic sequence
framework (Figs. 4e5a).

During the SQ2, fan delta sediments were deposited in a shallow
water environment from the initial rifting stage. The lake began to
expand during SQ3, and sublacustrine fans were deposited in front
of the fan delta deposits from the SQ2 period. The basin experi-
enced its most extensive transgression during the SQ4 when sub-
lacustrine fans and semi-deep lacustrine were widely deposited
(Fig. 4).

4.2. Classification of mudstone types

The accumulation of organic matter (OM) is fundamentally
governed by the sedimentary environment, along with the pres-
ervation and productivity conditions it offers. In the study area, we
distinguished five distinct types of mudstones, classified according



Fig. 10. Plot of TOC versus S1þS2 showing the organic richness and hydrocarbon
generative potential of different types of source rocks within the Shahejie formations.

Fig. 11. Histogram showing the Gaussian distribution of TOC contents for each type of muds
(d) SQ5.

S.-B. Yang, M.-J. Li, H. Xiao et al. Petroleum Science 21 (2024) 2218e2239

2227
to the sedimentary characteristics of the Shahejie Fm.

(1) Sublacustrine fan mudstones (SFM) were derived from
muddy deposits between turbidite channels and a thin layer
of lacustrine deep-water mudstones between the two sets of
turbidites. The alternating layers of thin sands and mud-
stones generated a succession of kicks or spikes on the
gamma-ray log (GR) curves (Fig. 5b).

(2) Fan delta mudstones (FDM) developed locally on thewestern
gentle slope (FDM-W) and the eastern steep slope (FDM-E).
The lithology is repeatedly stacked with sandstone and sand
conglomerate longitudinally, with medium-low amplitude
dentate bell or box-shaped bell GR curves (Fig. 5c).

(3) Semi-deep lake mudstones (SDLM) were deposited in the
center sags in a deep lacustrine water environment. The
lithofacies are composed of sandy mudstones with thin-
graded sandstone strata and black mudstones that lack
structure or are laminated. Their GR curves are linear forms
with low amplitude (Fig. 5d).

(4) Shallow lake mudstones (SLM), including fine-grained sedi-
ments, accumulated between the former delta and the
shallow lake. Gray mudstones, thinly laminated siltstones
interbedded, and fine-grained sandstones comprise the
lithofacies (Fig. 5e).

(5) Nearshore subaqueous fanmudstones (NSFM) formed locally
on the northeast side of the Western Depression. The deep-
tone in the Western Depression within the sequence of layers; (a) SQ2, (b) SQ3, (c) SQ4,



Fig. 12. (a)e(c) The biharmonic interpolation surface created using TOC, GR, and DlogR data from Wells MS1/MT1, SG1, and S202, respectively. (d)e(f) Comparison of predicted TOC
and measured TOC of each model; (g) Predicted TOC content results and geochemical profile of Well SG1.

Fig. 13. Fitting study between Ro data and the corresponding depths in the Western
Depression, with well S202 representing the northern side, wells SS3 and SG1 rep-
resenting the central section, and well MS1 representing the southern side of the study
area.
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lacustrine mudstone intervals are thick, dark gray, and
interbedded with coarse-grained fan deposits. A sequence of
kicks or spikes, like SFMs, were created on the GR curves as a
result of the alternating of thin sands and mudstones.
(Fig. 5f).
4.3. Geochemical properties

4.3.1. Organic matter types
The nature and intensity of organic matter hydrocarbon
Fig. 14. 3D structural model of the Shahejie Formation in the Western Depression. (a)
SQ2, (b) SQ3, (c) SQ4, (d) SQ5, SB: Sequence boundary.



Fig. 15. 3D facies models of the Shahejie Formation in the Western Depression; (a) SQ2, (b) SQ3, (c) SQ4, (d) SQ5. SFM: Sublacustrine fan mudstones; FDM-W: Fan delta mudstones,
developed locally on the northwestern gentle slope; FDM-E: Fan delta mudstones developed locally on the northeastern steep slope; SDLM: Semi-deep lake mudstones; SLM:
Shallow lake mudstones; NSFM: Nearshore subaqueous fan mudstones.
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generation are directly related to the quality of the kerogen. H/C
versus O/C and HI versus Tmax have been commonly used plots for
classifying organic matter types (Hunt, 1981; Bordenave et al.,
1993). Figs. 6 and 7 show that SDLMs, SFMs/SLMs, and NSFMs are
dominated by types II1, II2, and III, respectively. FDMs occur in the
western gentle and eastern steep slopes, which have predomi-
nantly type II2 and III, respectively (Figs. 6 and 7a-c). The distri-
bution of organic matter types shows a remarkable correlationwith
the tectonic position in which the sedimentary facies are located.
The mudstones on the western gentle slope contain mainly type II2
organic matter, the center of the depression contains mainly type
II1 organic matter, and the steep slope zone contains mainly type III
organic matter. The histogram of the geochemical data must be in
Gaussian form (normal distribution) so that geostatistical methods
can be applied to predict the distribution of geochemical parame-
ters (Azevedo and Soares, 2017). Unlike mudstone samples from
each sequence, the HI of each type of mudstone shows a Gaussian
distribution (Fig. 8). The deterministic components of organic
matter typesdsedimentary systemsdhave been eliminated.
2229
4.3.2. Organic matter abundance
TOCdthe total amount of organic matter present in the sed-

imentdis an indicator of the hydrocarbon-generating potential of
the sediment (Dembicki, 2009). A box-plot is a statistical graph
describing the discrete degree of a data group and reflects the
stability of optimization effects. Fig. 9 shows that almost all samples
in the Western Depression represent good source rocks (TOC con-
tents greater than 1.0%). SDLMs in SQ2 and SFMs in SQ3, in
particular, are very good source rocks, with median TOC content of
3.3% and 2.2%, respectively (Fig. 9a and b). The TOC content of
SDLMs in SQ4 and SQ5 generated large outliers of 2.9 % and 3.1%,
respectively, which indicates that the TOC contents of SDLMs easily
fall into the local extremum (Fig. 9c and d). The SLMs in SQ2 have
the lowest median TOC contents, at 0.9% (Fig. 9a). When examining
the relationship between S1þS2 (mg HC/g rock) and TOC, the data
points representing SDLMs are situated in the region that denotes
very good to excellent source rocks. In contrast, the data points
pertaining to othermudstone types fall within the good to excellent
source rock domain (Fig. 10). As shown in Fig. 10, compared to other



Fig. 16. The 3D TOC model of the Shahejie Formation in Western Depression.
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source rocks, SDLMs consistently display a relatively higher con-
centration of organic matter. The TOC content distribution of each
type of mudstone conforms to the normal distribution, which
confirms the feasibility of facies-controlled modeling for TOC con-
tents (Fig. 11).

The 3D surface fitting technique proposed by (Zeng et al., 2021)
was applied to calculate TOC contents in this study, as it is partic-
ularly suitable for frequent sand mud interbedding. This method
excels in reducing inaccuracies induced by continuous lithological
shifts, thereby facilitating precise TOC estimations for mudstone
interlayers. Crucially, the 3D surface fitting technique effectively
differentiates between source and non-source rocks, which bears
substantial significance for source rock evaluation and the selection
of optimal source-reservoir-cap assemblages (Zeng et al., 2021).
Fig. 12aec displays the prediction models for the northern, central,
and southern sections of the study area. These models are estab-
lished based on three biharmonic interpolation surfaces formulated
using data from wells MT1/MS, SG1, and S202, respectively. From
Fig. 12def, it is apparent that the 3D surface fitting technique yields
2230
predictive results for both pure mudstone samples and interlayer
mudstone samples. TOC curves were extrapolated for 35 wells
within this region to provide sufficient data for the following 3D
source bed modeling. This comprehensive analysis helps clarify the
patterns of organic matter distribution in the study area.
4.3.3. Organic matter maturity
Vitrinite reflectance (Ro) is also widely accepted as a reliable

reference, partly due to its widespread use. As shown in Fig. 13, Ro
data varies differently with burial depth between mudstone sam-
ples from the southern, central, and northern parts of the Western
Depression as a consequence of the different heat flow histories of
the different tectonic locations (Hu et al., 2005). Three separate Ro-
depth equations were constructed in building a thermal maturity
model for this study. The current burial depths for the onset of oil
generation on the southern side, in the central section, and on the
northern side are estimated as 3053 m, 3252 m, and 3153 m,
respectively. The bottoms of the oil windows occur at 4611 m,
4500 m, and 4420 m, respectively (Fig. 13).



Fig. 17. Isogram showing the average TOC content of mudstones in different sequences of the Shahejie Formation in the Western Depression.
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4.4. Three-dimensional geological model

4.4.1. Structural model
A structure model is a foundation and skeleton for predicting

lithofacies and properties parameters. The Western Depression
developed a two-stage fault system during the initial and deep
rifting phase (Li, 2020). So, two fault zones were defined in the
geological model: westward-dipping normal faults, including faults
F1 (boundary fault), F2 and F3; and eastward-dipping normal
faults, including F4, F5, F6, F7, and F8 (Fig. 14). Fault planes were
generated in the 3D grid model (a framework in which the size of
each grid was 100 m � 100 m � 20 m) by synthesizing and editing
“Key Pillars.” A 3D structure model was established by loading the
stratigraphic horizons (SB1-SB6) into the grid (Fig. 14). Fig. 14
shows the maximum depth values for the Yuanyanggou and
Qingshui Sag. The Huanxiling area is located in the south of the
western gentle slope, and the Xinglongtai buried hill is adjacent to
the north of the Qingshui Sag.

4.4.2. Facies model
The 3D facies model of the Western Depression was established
2231
by upscaling the lithofacies log of key wellsdwhich contains
sandstones (FDMs-W, FDM-E, SFMs, SLMs, SDLMs, and NSFMs)d
using Sequential Indicator Simulation (SIS) method (Figs. 12 and
15). FDMs are deposited on the western gentle slope of every
sequence, with the most significant volume percentages (24.27%)
being found in SQ2. SFMs mainly occurred on the step fault zone
and central sags of SQ3 and SQ5, with volume percentages of
20.06% and 7.18%, respectively. The volume of SDLMs increased
between SQ2 (2.98%) and SQ4 (17.92%) periods. SLMs mostly
formed in SQ2 (33.18%) during the initial rift stage. The occurrence
of NSPMs is limited to the eastern steep slope with similar volume
percentages ranging from 11.12% to 12.48%.

4.4.3. Geochemical properties model
The 3D property modeling incorporated models of several

geochemical parameters (TOC, HI, and Ro) (Figs. 16, 18 and 19). The
3D TOCmodel shows an increasing trend from the slope toward the
center of the lake (Fig. 16). The contour maps of average TOC values
of mudstones for the four sequences are displayed in Fig. 17aed.
The average TOC contents of mudstones in SQ3 ranges from 0.5% to
2.5%, higher than the other sequences (Fig. 17d). The areal



Fig. 18. HI model of the Shahejie Formation in the Western Depression; (a) SQ2, (b) SQ3, (c) SQ4, (d) SQ5.
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distributions of average TOC contents in SQ2, SQ4, and SQ5 are
similar, within the range of 0.5%e2.0% (Fig. 17aed). The 3D HI
model suggests that mainly mudstones containing type III organic
matter were deposited on the eastern steep slope, as represented
by the value HI < 150mg/g. Mudstones containing type I-II2 organic
matter were mostly deposited on the western gentle slope (Fig. 18).
The 3D Ro model was constructed from the three linear fitting
equations representing the relationships between the Ro data and
their corresponding depths for the northern, central, and southern
parts of the study area (Fig. 19). It is concluded that the mudstones
in the Qingshui and Yuanyanggou Sags have reached the late-
mature stage, while mudstones in the western gentle slope are
still in the mature stage (Fig. 19).

5. Discussion

5.1. Identification of effective gas source rocks

In the present work, we regard gas source rocks as rocks that
2232
have generated or are capable of producing natural gas. Previous
studies have generally followed two main definitions of source
rocks: rocks that have produced or are capable of producing oil; or
rocks that have produced and expelled enough crude oil to form
industrial accumulations (Hunt, 1981). The definition of gas source
rocks in this study is referenced to Tissot's view because it does
require that sets of gas source rocks be correlated to specific gas
pools.

It is proposed that the effectiveness of gas source rocks can be
determined by using a classification scheme that incorporates the
nature of natural gas and the organic matter type of its related
source rocks. The carbon isotopes of ethane and propane (d13C2 and
d13C3) for thermogenic gas samples are commonly used to distin-
guish genetic types (Liu et al., 2019). The carbon isotope composi-
tions of kerogens in gas source rocks are often ambiguous due to
the heterogeneity of organic matter types within the same set of
source rocks and limited data, which may lead to considerable er-
rors in the conclusion of gas-source correlation (Dai, 1992; Liu et al.,
2019).



Fig. 19. Ro model of the Shahejie Formation in the Western Depression; (a) SQ2, (b) SQ3, (c) SQ4, (d) SQ5.

Table 1
Effective gas source rock identification criteria for the Western Depression.

Type of gas source rock Limitation of effectiveness

Microbial source rock Depth <2000 m, TOC > 1.25 %
Goal-type gas source rock Type III kerogens, TOC >0.5 %
Oil-type gas source rock Type I and II kerogens, TOC > 0.48%, Ro > 1.3%
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Three types of natural gas have been distinguished in previous
studiesdcoal-type, oil-type, and microbialdwhich are derived
from humic organic matter in Mbr 3 of the Shahejie Fm, sapropelic
organic matter inMbrs 3 and 4 of the Shahejie Fm, and biodegraded
crude oil, respectively (Huang et al., 2017; Wang et al., 2018; Pei
et al., 2022). This study combines kerogen types, Ro values, and
TOC contents to distinguish three types of effective gas source rocks
corresponding to the three gas genesis types in the Western
Depression (Table 1).

(1) Effective microbial gas source rocks produce natural gas
through microbial activity, so the primary constraints are
2233
microbial survival conditions, including burial temperature
(T < 75 �C) and nutrient supply (TOC > 1.25%) (Gao et al.,
2011; Liu et al., 2019; X.N. Wang et al., 2022). Linear fitting
between measured burial temperatures and depths in the
Western Depression indicates a maximum burial depth for
microbial source rocks of approximately 2000 m (Fig. 20).

(2) Effective coal-type gas source rocks produce natural gas from
the threshold of hydrocarbon generation to the over-
maturity stage (Welte and Tissot, 1984; Kotarba and Lewan,
2004; Wang et al., 2020). The lower cutoff of TOC content
for the effectiveness of these source rocks is 0.5% (Peters,
1986).

(3) Effective oil-type gas source rocks contain type I-II kerogens
and produce significant amounts of natural gas in the high to
over maturity range (Ro >1.3 %) (Welte and Tissot, 1984). The
lower cutoff of TOC content is 0.48%, following (Hou et al.,
2021) for effective gas source rocks with lacustrine type II
kerogen.



Fig. 20. Identification of the limit of effective gas source rocks.
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5.2. Spatial distributions of effective gas source rocks

This study predicted the location of effective gas source rocks by
constructing an effective gas source rocks model, filtered by
combining the lithofacies model, geochemical parameters models,
and criteria for effective gas source rocks. Microbial source rocks
are widely dispersed on the western gentle slope, with the upper
sequences having a broader distribution range than the lower due
to their relatively shallower burial depths (Fig. 21). Oil-type gas
source rocks containing sapropelic organic matter (type I and II
kerogens), are mainly found in SQ2 and SQ3 in the central sags
(Fig. 21a and b). Compared to other types, coal-type gas source
rocks containing type III kerogens mostly occur in a restricted area
(SQ3 and SQ4 of the northeastern steep slope zone), limited by
narrow nearshore subaqueous fans (Fig. 21b and c). Overall, it can
be concluded that oil-type, coal-type, and microbial effective gas
source rocks are SLMs/SDLMs, NSFMs/FDMs-E, and FDMs-W,
respectively.

Eight profiles were selected to display the spatial distributions
of effective gas source rocks. The locations of these profiles are
displayed in Fig. 22a. Lithofacies variation in the vertical source
direction (southwest-northeast) is shown in profiles 1e4. Profile 1
lies in the shallowwestern slope zone, where microbial source rock
formation development is primarily concentrated (Fig. 22b). Profile
2 is within the slope fracture belt, where only the lower sequences
(SQ2 and SQ3) have developed effective gas source rocks because of
2234
the shallow burial depths (Fig. 22c). Profiles 3 and 4 lie in the center
and eastern parts of depression and represent the main areas of
effective gas source rock deposition (Fig. 22d and e). Profiles 5 to 8
show the major provenance direction (northwest-southeast), the
oil-type gas source rocks mainly occur in the southwest part of the
study area (Fig. 22f). In contrast, coal-type gas source rocks pri-
marily occur in the northeast part (Fig. 22i). In summary, a strong
correlation is found between sedimentary facies and effective
source rock types, which the scale of fan deltas may constrain and
the transport distance of the terrestrial organic matter (Figs. 13 and
22).

5.3. Effective gas source rock volume

This work quantitatively calculated each category of effective
gas source rocks in every sequence by counting the number of grids
in the effective gas source rockmodel (Table 2). The bar chart shows
a survey of effective gas source rock volumes in four sequences in
the Western Depression (Fig. 23). The bar chart compares the vol-
umes of the three types of effective source rocks in each sequence,
which shows that the largest volume of effective gas source rocks is
to be found in SQ4, and the least in SQ5 (Fig. 23). The pie charts
show the volume of mudstones in each sequence, with the data
divided into four areas (cap rocks; effective microbial gas source
rocks, oil-type gas source rocks, and coal-type gas source rocks)
(Fig. 24). The percentage for cap rocks made around half the total in
SQ2-SQ4 (45.01%, 53.89%, and 44.11%, respectively) but over half of
the total in SQ5 (70.76%). The volumes of effective coal- and oil-type
gas source rocks are comparable in SQ2 and SQ4, over 20%, but
effective microbial gas source rocks are almost half this value,
around 10%. The percentage of effective coal-type gas source rocks
is largest in SQ3 (25.22%) and smallest in SQ5 (5.87%) (Fig. 24). In
general, SQ2-SQ5 are all potential gas source formations, with the
largest effective gas source rock volume being found ins SQ4, fol-
lowed by SQ3.

5.4. Implication for gas exploration

The locations of the natural gas reservoir types in the Western
Depression correlate well with the predicted sites of the different
kinds of effective gas source rocks. Previous studies have shown
that the natural gas in the Xinglongtai block is mainly coal-type gas
and that the distribution of gas pools is consistent with the loca-
tions of coal-type effective source rocks in the steep slope. The
Huangxiling gas reservoir hostsmainly oil-type gas, consistent with
the area of oil-type gas source rocks in the central sags (Huang
et al., 2017; Wang et al., 2018; Pei et al., 2022). Few proven gas
reserves in the central sags and southern part of the steep slope are
also explored, but a certain volume of effective coal-type and oil-
type gas source rocks was identified in this area, which might
therefore have potential as an exploration field. However, the gas-
source correlation needs to be further verified and more precise
calculations made to quantify the hydrocarbon source rocks
accurately.

Previous studies indicate that key to evaluating natural gas
resource potential and pinpointing optimal exploration areas is
accurately identifying the genetic types and sources of natural gas.
(Liu et al., 2019). However, it is necessary to accurately locate
effective gas source rocks for discovering deep or in-source natural
gas reservoirs. This paper makes a case for using 3D geological
modeling techniques to accomplish this objective by quantitatively
assessing the effective gas source rocks using a combination of
geochemical parameters, seismic, well logging, and other geolog-
ical data, particularly in areas and formations where is a lack of
wells and samples. The classification of the gas source rock and the



Fig. 21. Effective gas source rock model of the Shahejie Formation in Western Depression; (a) SQ2, (b) SQ3, (c) SQ4, (d) SQ5.
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spatial distribution forecast method employed in this work pro-
vides a sound geological basis for gas-source correlation. The pro-
posed method hinges on subdividing mudstone types according to
sedimentary facies, and harnesses the evolution and distribution of
these facies to constrain the three-dimensional modeling of mud-
stones and their organic geochemical characteristics. This approach
ensures a more accurate and granular distribution of source rocks,
aligning with the heterogeneous distribution requirements of gas
source rocks. Furthermore, extending three-dimensional geological
modeling to hydrocarbon source layers constitutes a significant
advancement in this field. Consequently, this method offers theo-
retical support for further natural gas resource estimations and the
identification of promising exploration areas, providing a univer-
sally applicable and practical methodology for investigating gas
source rocks in lacustrine basins.
6. Conclusion

Identifying and quantifying effective source rocks is pivotal in
2235
establishing oil and gas exploration targets and optimizing well
placement. Natural gas can originate from various sources, each
corresponding to distinct stages of gas generation. This diversity
can render the identification and classification of effective source
rocks challenging due to the absence of unified criteria. In our
study, we introduce a method for categorizing source rocks into
three classes: microbial, coal, and oil-type source rocks. For each
source rock category, we determine the minimum effectiveness
threshold based on organic geochemical characteristics such as the
abundance, type, and maturity of organic matter.

A precise characterization of the three types of effective source
rocks requires detailed understanding of the traits and distribution
of mudstones, along with their geochemical properties. Our
geochemical analysis reveals that within each sequence strati-
graphic unit, both the TOC content and HI of source rocks normally
distribute across various sedimentary facies. This suggests a robust
correlation between sedimentary facies and geochemical proper-
ties. We introduce a three-dimensional modeling method to pre-
dict effective source rocks, incorporating facies-controlled



Fig. 22. Eight cross-sections were extracted from the 3D effective gas source rock model; (a) location of the eight profiles; (b)e(e) four profiles of the major provenance direction;
(f)e(i) four profiles of the vertical provenance direction.
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Table 2
Efficient gas source rock volume.

3rd sequence Volume, km3

Bulk Mudstones Effective gas source rock Effective microbial gas source rock Effective coal-type gas source rock Effective Oil-type gas source rock

SQ2 298.5 180.9 99.5 21.2 41.2 37.1
SQ3 370.2 351.4 162.0 18.3 88.6 55.1
SQ4 855.3 442.5 247.3 43.1 94.7 109.5
SQ5 372.6 265.2 77.6 30.8 15.6 31.2
Total 1896.6 1240 586.4 113.4 240.1 232.9

Fig. 23. Volume of different effective gas source rocks in each sequence.

Fig. 24. Relative contribution of effective gas source rocks
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modeling to guide the estimation of lithology and geochemical
parameters.

A 3D effective gas source rocks model was established for the
Shahejie Fm in theWestern Depression of the Liaohe Subbasin. This
model calculated that the total volume of effective gas source rocks
is 586.3 km3, comprised of effective microbial, oil-type, and coal-
type gas source rocks (113.4 km3, 232.9 km3, and 240.1 km3,
respectively). SQ2 to SQ4 in the Shahejie Fm are the major gas-
generating intervals, and the central sag might prove to be a
favorable area for gas exploration. This approach represents a
practical and novel method for investigating gas source rock that
can be effectively utilized to direct exploration.
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