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Abstract: Hydrocarbon potential evaluation is a high priority in oil/gas exploration which is signif-
icantly influenced by evaluation methods and subjective cognition. With the aim of quantitatively
establishing a hydrocarbon generation and expulsion (HGE) model of source rocks, a data-driven
approach is proposed based on abundant and readily available Rock-Eval/total organic carbon con-
tent (TOC)/vitrinite reflectance (VRo) datasets. This approach takes into account the original hydro-
carbon generation potential (GPlo) and the loss of TOC. Hydrocarbon generation simulation was
also adopted in this study. This data-driven method was applied to the Lower Paleogene Shahejie
Formation (Es4), which has three sets of superior source rocks (average thickness > 250 m, TOC >
3%). The GPlIo of the Es4 low-maturity source rock was 600 mg HC/g TOC. The initial maturity
values of hydrocarbon generation and expulsion were 0.36% and 0.46%, respectively. The Gaosheng
sub-member of the Es4 source rock had the largest amount of hydrocarbon generation but a limited
amount of hydrocarbon expulsion, implying a favorable exploration of shale oil resources. By con-
trast, the values of the conventional, unconventional tight, and shale oil resource potentials of the
Niuxintuo sub-member were 3.20 x 107, 7.70 x 107, and 5.93 x 108 t, respectively, indicating good
prospects for tight oil and shale oil exploration. A comparison between the previous method and
the data-driven method showed considerable differences in the restoration of GPlo and TOC, and
both had their own limitations. This data-driven approach provides a quick and valid source rock
evaluation method and can greatly enhance the accuracy of resource assessment.

Keywords: geochemical characteristics; hydrocarbon generation potential method; numerical analysis;
resource evaluation; low-maturity source rock

1. Introduction

With the improvement of existing exploration technology and rapid growth in energy
demands, China has gradually shifted from conventional and shallow oil/gas exploration
to unconventional and deep oil/gas exploration, especially in the petroliferous basins of
eastern China [1]. Moreover, in recent decades, an increasing number of studies on uncon-
ventional shale oil and gas resource evaluation and CO2 sequestration, aiming to enhance
oil recovery, have been carried out outside China so as to supplement the shortage of
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conventional oil and gas resources [2—4]. Therefore, an objective method for evaluating both
conventional and unconventional hydrocarbon resource potentials is indispensable.

In recent decades, previous evaluation methods of conventional and unconventional
hydrocarbon resource potentials have made significant contributions, such as genetic,
analogy, statistical, small-surface-element volume, and estimated ultimate recovery
(EUR) analogy methods, as well as resource spatial distribution mapping [5-9]. However,
given the diversity and subjectivity of these methods, the evaluation of hydrocarbon re-
source potential in the same basin can vary considerably and can be viewed as unreliable.
In addition, none of the abovementioned methods takes into account low-maturity source
rocks, even though low-mature oil is widely distributed and non-negligible. Organic-rich
rocks are a source of hydrocarbons produced from conventional reservoirs and can also
serve as a reservoir for unconventional resources [10,11]. Pang et al. [12] proposed a ma-
terial-balanced model for hydrocarbon generation, expulsion, and retention during the
thermal evolution of source rocks. The model has the advantage of simulating the dy-
namic variation in the hydrocarbon generation potential of source rocks from the imma-
ture to high-mature stages and overcomes the heterogeneity of source rocks by incorpo-
rating data from multiple samples. To date, this method has been verified and incremen-
tally improved by later researchers [13-17]. Considering the aspect of inert carbon conser-
vation, this method was revised to restore the original TOC so as to determine the original
hydrocarbon generation potential index (GPIo) [11,13,16]. Additionally, instead of burial
depth, vitrinite reflectance (VRo) was chosen as the parameter to reduce the effect of tec-
tonic activity [13,14]. Furthermore, hydrocarbon evaporative loss during the process of
collecting samples was considered [15,18].

It is noteworthy that some shortcomings still exist. The determination of GPlo in pre-
vious studies was mainly based on the hand-drawn envelope curve of the Rock-Eval/TOC
dataset, which is vulnerable to problems with data distribution and human subjectivity.
Additionally, the restoration coefficient k proposed by later researchers to recover the
TOC loss increases exponentially with increasing thermal maturity, leading to an overes-
timation of hydrocarbon resource potential [13]. Finally, and most importantly, the hy-
drocarbon generation threshold (HGT) defaulted as VRo = 0.5% was considered to be im-
precise [19], since it does not take into account differences in organic matter (OM) types,
hampering the resource evaluation of low-maturity source rocks. In view of the problems
mentioned above, an optimized method that can be used to accurately evaluate hydrocar-
bon resource potentials is significant. Great progress has been made in the conventional
resource exploration of the Liaohe Western Depression, Bohai Bay Basin (Figure 1) [20].
However, due to the lack of systematic evaluation of the source rocks, the great resource
potential in the study area has been overlooked. The inaccuracy of resource evaluation
results and technology restrictions limit the exploration of unconventional resources.

As described in this paper, a data-driven model was quantitatively established to
characterize hydrocarbon generation and expulsion (HGE) characteristics. This data-
driven approach was realized by the numerical analysis of abundant and readily available
Rock-Eval/TOC/VRo datasets and can reduce the influences of the heterogeneity of source
rocks and human subjectivity. Considering the limited thermal maturity range of source
rocks in the study area, hydrocarbon generation simulation was also adopted to supple-
ment the datasets, which greatly improved the reliability of the model. This study aimed
to: (1) precisely restore the GPlo and original TOC (TOCo) of source rocks; (2) determine
the hydrocarbon generation threshold (HGT) and hydrocarbon expulsion threshold
(HET) of low-maturity source rocks; and (3) evaluate the conventional and unconven-
tional hydrocarbon resource potentials. This study is of great theoretical and practical sig-
nificance for efforts to overcome the disadvantages of previous source rock evaluation
methods and improve the evaluation accuracy of hydrocarbon resources, which can en-
hance the exploration benefits.
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Figure 1. Map of the structural and stratigraphic characteristics of the Niuxintuo area, Liaohe West-
ern Depression. (a) Tectonic units of Liaohe Depression. (b) Structural map of the Niuxintuo area.
(c) Stratigraphic column map.

2. Geological Setting
2.1. Tectonic Setting

The Bohai Bay Basin is a Cenozoic rifted basin located on the eastern coast of China
(Figure 1a) [21]. The study area, covering ~400 km? comprises the northernmost part of
the Liaohe Western Depression in the northeast Bohai Bay Basin (Figure 1a,b). The strata
are illustrated in Figure 1c. The study area has experienced four tectonic stages from the
Paleogene to Quaternary [20,22,23]. The first stage was the initial extensional rift period
during the Paleocene, with the deposition of the Fangshenpao Formation (Ef) (65—45.4
Ma). The Niuxintuo area was subjected to tensile forces, forming boundary faults oriented
in the NNE direction. These faults (e.g., the Taian Fault) controlled the formation and evo-
lution of the basin. The second stage was an intense rift period during the Eocene, with
the deposition of the Es4 and Es3 members (45.4-38 Ma). The strata are extensive and thick
[24]. The third stage was the strike-slip rift period during the Oligocene (38-24.6 Ma),
which resulted in the Dongying Formation (Ed). During the Oligocene, the regional stress
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field changed from rifting to strike-slip, creating a series of near-EW-oriented faults. The
strata were uplifted and eroded (the maximum erosion thickness reached 1500 m), result-
ing in the general erosion of the upper Es3, Es2, and Esl members and the Ed Formation.
The fourth stage was the depression period from the Neogene to the Quaternary (24.6-0
Ma), in which the Guantao (Ng), Minghuazhen (Nm), and Quaternary Formations were
formed, without any prominent faulting (Figure 2) [25].
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Figure 2. Profile of the tectonic evolution of the Niuxintuo area.
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2.2. Sedimentary Environment

The sedimentary environment during the Paleogene mainly comprised thick non-
marine clastic deposits, with a small number of volcanic and carbonate rocks [25]. The Es4
member developed alluvial fan, fan delta, and semi-deep—deep lacustrine environments
(Figure 1c), dominated by conglomerates, sandstones, mudstones, and shales, including
the predominant source rocks and reservoir, regarded as self-generation and self-accumu-
lation [24,26]. The Es4 member can be subdivided into the Niuxintuo sub-member (Es4n),
Gaosheng sub-member (Es4g), and Dujiatai sub-member (Es4d) from the bottom to the
top. The Es4n sub-member mainly developed a fan delta and shallow lacustrine environ-
ment, comprising conglomerates, mudstones, and local carbonate rocks (Figure 1c), indi-
cating a moderately shallow-water saline environment. With the deepening of the water
body and decrease in salinity, the carbonate content decreased, resulting in thick lacus-
trine mudstone in the Es4g and Es4n sub-members [27]. The Es4 member marked the be-
ginning of a transgressive cycle that continued to the Es3 member [24]. The whole Es3
member was dominated by a deep freshwater lacustrine environment [21]. Because of vi-
olent subsidence activity, water inflow occurred, forming a broad semi-deep-deep lake
and causing the deposition of thick dark mudstone in the Es3 member (Figure 1c) [25].

3. Material and Methods
3.1. Samples and Laboratory Instruments

In the Niuxintuo area, 129 source rock samples from 22 wells were used to analyze
the geochemical characteristics. The 22 wells were located as evenly as possible across the
study area, and all were drilled into the target formation, as shown in Figure 1c. The core
samples were systematically collected from different depths to ensure that the samples
were representative. The analytical experiments performed in this research included
Rock-Eval pyrolysis (79 samples), TOC analysis (101 determinations), VRo measurements
(54 samples), maceral analysis, group component analysis of crude oil (17 oil samples),
and saturated hydrocarbon GC-MS analysis (18 samples). Furthermore, five low-mature
shale samples deposited in a similar paleo-environment with different kerogen types in
the Liaohe Western Depression were selected as the control group to conduct the hydro-
carbon generation simulation experiment. Additional geochemical data of the Paleogene
Shahejie source rocks of the Liaohe Western Depression were obtained from the Petro-
China Liaohe Oilfield Company, Panjin, China.

The TOC contents were measured using a LECO CSe400 analyzer (St. Joseph, M,
USA). The Rock-Eval pyrolysis experiment was performed using the Rock-Eval VI instru-
ment (Rock Eval 6, VINCI TECHNOLOGIES, Nanterre, France). When the S2 was <0.2
mg/g, it was difficult to identify Tmax, resulting in unreliable Tmax data. Therefore, the
screening standard 420 °C < Tmax < 500 °C was introduced to establish the HGE model
[28,29]. The mean random VRo was tested via oil immersion of the sample and its analysis
at a wavelength of 546 nm using a Leica DM4500P polarizing microscope (Leica, Wetzlar,
Germany) and a reflected-light 50x objective lens equipped with an TIDAS S MSP-200
photometer (J&M, Essingen, Germany) [30]. The determination of maceral components
was performed using a fluorescence maceral identification method (SY/T 6414-1999) [31].
The group component analysis was performed on a silica gel-alumina column using dif-
ferent polar solvents. The Agilent 7980-5975¢ instrument (Agilent Scientific Instruments,
Santa Clara, CA, USA) was used for the GC-MS analysis. During a GC-MS experiment,
the temperature should initially be kept at 50 °C for 1 min and then be heated to 250 °C at
4 °C/min, continuing to 310 °C at 3 °C/min and being kept as constant for 30 min.

The hydrocarbon generation simulation was performed using a high-temperature—
high-pressure thermal simulation instrument (OGE-II) at Lanzhou Institute of Geology,
Chinese Academy of Sciences, Lanzhou, China. The prepared cylindrical samples were
first sealed in the instrument, and each sample weighed approximately 60 to 80 g. After
heating the thermostatic device, the temperature reached the specified temperature at a
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heating rate of 1 °C/min, which was maintained for 48 h. The experimental temperatures
were designed to be 200, 250, 300, 350, 400, 450, and 500 °C, respectively. Moreover, the
computer temperature automatic control system maintained the temperature accuracy at
0.2 °C. In order to simulate the real geological conditions, the strata and lithostatic pres-
sures were considered in this experiment. The experimental pressures were designed to
be 50, 55, 60, 65, 70, 75, and 80 MPa, respectively. After the experiment, the hydrocarbon
products and residual samples were collected. The produced gas was collected and meas-
ured immediately. After repeatedly flushing the instrument pipe, sample collector, and
chamber with dichloromethane (DCM) solvent, a mixture of liquid hydrocarbons and
DCM solvent was obtained. Then, the DCM solvent was removed from the mixed liquid,
and the expelled oil was collected. The retention oil was obtained from residual samples
by extraction of the DCM solvent. TOC analysis, Rock-Eval pyrolysis, Ro measurements,
and Soxhlet extraction were performed on the simulated residual samples.

3.2. Methods

The hydrocarbon generation potential method was proposed, using a large number
of Rock-Eval/TOC datasets to investigate the variation in the hydrocarbon generation po-
tential with the VRo values so as to simulate the thermal evolution of source rocks (Figure 3a)
[11]. According to the mass balance principle, the hydrocarbon potential of source rocks
mainly includes three parts: (1) the kerogen or residual organic matter (OM) that has not
been transformed into hydrocarbons (pyrolysis hydrocarbons: S2); (2) the hydrocarbons
that have been generated but not discharged (free hydrocarbons: Si1); and (3) the dis-
charged hydrocarbons (Q) [11,32]. Considering that S1 and S2 are the actual quantitative
measurements of the hydrocarbon generation capacity obtained through Rock-Eval py-
rolysis [33], the hydrocarbon generation potential index (GPI) can be defined as (51 +
52)/TOC x 100, which reflects the current amount of hydrocarbons generated per unit of
TOC by source rocks. Then, the variation in GPI with thermal maturity can be used to
quantitatively characterize the hydrocarbon generation and expulsion of source rocks.
The original GPI (GPIo) should remain unchanged before hydrocarbon expulsion (Q. = 0).
With increasing thermal maturity, the GPI of the source rock decreases, indicating that the
hydrocarbons have been expelled.

Rock-Eval/TOC datasets have been used extensively for studying kerogen hydrocar-
bon kinetics [16,34,35]. A statistical method was proposed for studying kerogen hydrocar-
bon kinetics according to variations in the hydrogen index (HI) as a function of Tmax [33]:

HI = H|o><£1—exp(—(T m""x)f’l)}ucl M)
A
where HI = (52/TOC) x 100 (mg HC/g TOC); 1 and 61 are the parameters corresponding to
the hydrocarbon generation kinetics, which depend on the shape of the fitting curve; and
c1 is a constant. When the source rock is immature or low-mature, ¢ = 0. Notably, the re-
sulting optimal Hlo is the highest among the average values based on statistical analysis.

Numerical analysis can be used to quantitatively characterize the variations in GPI
and VRo based on the abundant Rock-Eval/TOC datasets, as shown in Equation (2) [16].
For immature source rocks, GPlo is equal to Hlo:

GPI =GPIo>{1—exp(—(\%)‘92)j+c2 )

2

Based on the abovementioned regression relationship, the optimal Hlo and GPlo are
derived to determine the original hydrocarbon generation potential (Figure 3b). In addi-
tion, the transformation ratio (Tr) and expulsion efficiency (f) are introduced to character-
ize the conversion degree of kerogen into hydrocarbons and the degree of expelled hy-
drocarbons to generated hydrocarbons, respectively, which are related to thermal ma-
turity [19,36], as shown below.
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_1200x(Hl, —HI)

3
® T HI_ x (1200 HI) @
g HCIx(@-T,) .
HI-T,
According to Equations (3) and (4), the TOCo of source rocks can be obtained [19]:
TOCo= TOC (5)

1-ax f xT;x(@1-1.2-TOC /100)

where «a is the ratio of the convertible carbon to the total carbon (o = Hlo/1200 = GPIo/1200).

Thus far, the data-driven HGE model of source rocks has been quantitatively estab-
lished. When the source rocks reach the HGT, they begin to generate hydrocarbons, cor-
responding to an increase in the hydrocarbon index (HCI) and a decrease in the HI in the
model (Figure 3b) [19], as shown in Equation (6). With an increase in the burial depth or
thermal maturity, the source rocks begin to discharge hydrocarbons when they reach the
HET, and the GPI begins to decrease. The residual hydrocarbon potential of source rocks
is regarded as the residual GPI (GPIr):

HCI =GPl —HI (6)

where HCI = 51/TOC x 100 represents the measured hydrocarbon index (mg HC/g TOC).
The hydrocarbon expulsion capacity (g¢) is determined by the GPlo and GPIr.

g, =GPlo—-GPlIr (7)

The hydrocarbon generation capacity (gz) is the generated hydrocarbon per unit of
TOC.

g, =GPlo (8)

The HGE intensities and amounts (I, I, Qg, and Q) are obtained using Equations (9)—
(12). The residual hydrocarbon amount (Qy) is the difference between Qg and Q, as shown

in Equation (13):

1, = J'10*3~GPI0- H-p-TOCo-d(VRo) )

Ro
I, = le‘s-qe-H -p-TOCo-d(VRo) (10)

Ro
Q, =/ [107-q,-H - p-TOC-d(VRo)(S) (11)

S Ro
Q, :”10*13-qe-H -p-TOC-d(VRo)d(S) (12)

S Ro
Q =Q,-Q, (13)

where the unit of GPlo, GPIr, gg, and ge is mg HC/g TOC; the unit of I; and I is 10* t/km? the
unit of Qg, Qc, and Qris 108 t; H, S, and p are the thickness, area, and density of the source
rocks, expressed as m, m?, and g/cm?, respectively; and TOC and VRo are expressed as %.
The Qg can be classified into three types according to different accumulation dynam-
ics and occurrence states: (a) After hydrocarbons are generated and expelled, they migrate
to traps with a high porosity (®) and permeability (K) under buoyancy forces, forming
conventional resources [37]. (b) After hydrocarbons are generated and expelled, they mi-
grate to tight reservoirs with a low @ and K under non-buoyancy forces (e.g., capillary
force, overpressure), forming tight hydrocarbon resources. (c) Hydrocarbons are gener-
ated, and they remain in place, forming shale oil resources [38]. The buoyancy-driven
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(S,+5,)/TOC x 100 (S,+S,)/TOC x 100

hydrocarbon accumulation depth (BHAD) is defined as the dynamic boundary between
conventional and unconventional tight hydrocarbon accumulation, which represents the
critical conditions (Ro and depth) for the conversion of the accumulation dynamics from
buoyancy to non-buoyancy forces [39]. The conventional reservoirs are formed above the
BHAD, while the unconventional tight reservoirs are formed below the BHAD (Figure 3c).

Amount (10" t) Amount (10" t)
(mg HC/g TOC) N (mg HC/g TOC) | > < N
(a) (b) (c)
| VRo(%)
Hlo=GPlo |
|
HGT e e e e e e mmmn e = = = = = = =
- HET
§ BHAD
g Y
-
B Qe
[l Conventional oil resource
[ Tightoil resource
- Shale oil resource

Figure 3. (a) Conceptual HGE model established by the traditional method proposed by Pang et al.
[12]. (b) The optimized HGE model established by the data-driven approach. (c) The unified evalu-
ation model for different hydrocarbon resources.

4. Results and Discussion
4.1. Thickness of the Es4 Source Rocks

From bottom to top, as the sedimentary water gradually deepened, the distribution
of the source rocks gradually expanded. As shown in Figure 4, the source rock thickness
in the Es4n sub-member reaches 350 m (average = 120 m) and gradually decreases in the
southward direction. Owing to the structural uplift and denudation in the north during
the late Oligocene, the sedimentary centers of the Es4g and Es4d sub-members shifted
from the north to the central part of the Niuxintuo area. The Es4g and Es4d source rocks
are widely distributed, ranging from 50 to 500 m (average = 240 m) and from 20 to 420 m
(average = 257 m), respectively.
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Figure 4. Thickness distribution map of the Es4 source rocks in the study area. (a) The Es4d source
rocks; (b) The Es4g source rocks; (c) The Es4n source rocks.

4.2. OM Abundance

Here, the TOC contents and hydrocarbon generation potential (Pg = S1+ S2) are
adopted to investigate the OM abundance of the Es4 source rocks (Table 1). The TOC con-
tents of the Es4d, Es4g, and Es4n source rocks are mainly between 0.53%-1.55%, 1.54%—
4.44%, and 2.11%-5.18%, with averages of 1.00%, 3.09%, and 3.56%, respectively (Figure
5a). The Pg value of the Es4d source rock ranges from 0.45 to 4.23 mg HC/g rock, with an
average of 1.49 mg HC/g rock. By contrast, the Pg values of the Es4g and Es4n source rocks
are higher than 6 mg HC/g rock, with averages of 16.4 and 18.7 mg HC/g rock, respec-
tively. The relationship between the TOC and Pg illustrates that the source rocks are poor
to fair in the Es4d sub-member and good to excellent in the Es4g and Es4n sub-members (Fig-
ure 5b). Figure 6 shows the TOC distribution maps of the Es4 source rocks. The Es4d
source rocks exhibit a limited area of TOC distribution, while the Es4g and Es4n source
rocks show extensive TOC distribution ranges, whose OM abundance was generally con-
centrated in the central portion of the study area (Figure 6).
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Table 1. Rock-Eval pyrolysis data used in the study area.
S1 S2 S1+S2 HI GPI S1 S2 S1+S2 HI GPI

Well D(ep;h Strata I;(E/)C ];'Ex (mg HC/g (mgHC/g (mg/g (mgHC/g (mgHC/g Well Depth Strata TgC I;ng (mg HC/g (mgHC/g (mgHC/g (mgHC/g (mgHC/g

m o) (O rock) rock) rock) TOCO) TOCO) (m) (o) €O rock) rock) rock) TOCQO) TOCO)
T11 1690.0 Es4d 0.45 427 0.04 0.43 047 95.6 104.4 T1 2012.0 Es4n 556 439 0.66 33.08 33.74 595.0 606.8
T11 1716.0 Es4d 0.6 429 0.03 0.69 0.72 115.0 120.0 T12 1670.0 Es4n 0.72 438 0.06 2.06 2.12 286.1 294.4
T11 1720.0 Es4d 0.9 434 0.06 1.5 1.56 166.7 173.3 T12 1670.0 Es4n 095 437 0.1 2.3 2.40 242.1 252.6
Z1 1354.0 Es4d 1.09 430 0.01 0.44 0.45 40.4 41.3 T12 1690.7 Es4n 0.8 434 0.61 2.01 2.62 250.5 326.5
Z1 1367.0 Es4d 1.7 431 0.1 4.13 4.23 2429 248.8 T14 1543.0 Es4n 796 430 0.88 57.68 58.56 724.6 735.7
Z1 1369.1 Es4d 124 435 0.83 21.54 22.37 173.7 180.4 T14 1546.8 Es4n 137 NA NA NA NA NA NA
T1 1936.0 Es4g 1.56 438 0.07 5.02 5.09 321.8 326.3 T14 1588.5 Esdn 6.37 NA NA NA NA NA NA
T1 1936.0 Es4g 1.46 435 0.13 5.24 5.37 358.9 367.8 T16 2490.0 Es4n 225 431 0.13 11.66 11.79 518.2 524.0
T1 1934.5 Esd4g 3.82 441 0.37 21.28 21.65 557.1 566.8 T16 2490.0 Es4n 2.84 434 0.13 13.66 13.79 481.0 485.6
T11 21909 Esd4g 2.78 434 0.35 12.98 13.33 467.0 479.5 T16 2378.0 Es4n 391 422 0.38 17.13 17.51 438.1 447.8
T11 2215.0 Es4g 4.42 436 0.38 23.48 23.86 531.0 539.8 T16 2378.0 Esd4n 4.65 434 0.22 17.68 17.90 380.2 385.0
T12 1625.0 Es4g 7.18 435 0.25 33.04 33.29 460.2 463.7 T16 2378.0 Es4n 39 435 0.22 18.34 18.56 470.3 475.9
T12 1623.0 Es4g 557 432 0.89 36.2 37.09 649.9 665.9 T16 23772 Es4n 4.68 429 0.22 22.57 22.79 482.3 487.0
T12 1625.0 Es4g 599 434 0.45 39.52 39.97 659.8 667.3 T17 1216.5 Es4n 1.24 427 0.07 2.84 291 229.0 234.7
T12 1626.5 Esd4g 7.14 442 0.59 40.61 41.20 568.8 577.0 T17 1071.5 Es4n 3.06 433 0.39 13.46 13.85 439.9 452.6
T12 1621.3 Es4g 8.03 442 1.14 49.87 51.01 621.1 635.2 T19 2726.0 Esdn 3.05 NA NA NA NA NA NA
T12 1622.5 Es4g 8.73 444 0.52 70.2 70.72 804.1 810.1 T20 2740.5 Es4n 5.14 NA NA NA NA NA NA
T16 2204.5 Es4g 2.06 424 0.16 5.27 5.43 255.8 263.6 T22 1683.0 Esdn 3.53 NA NA NA NA NA NA
T16 2205.0 Es4g 2.3 437 0.13 6.02 6.15 261.7 267.4 T24 1583.7 Esdn 022 NA NA NA NA NA NA
T16 2205.0 Esd4g 2.27 436 0.1 6.19 6.29 272.7 277.1 T25 2494.6 Esdn 279 441 0.03 3.16 3.19 113.3 114.3
T19 24859 Es4g 0.97 438 0.02 1.39 1.41 143.3 145.4 T25 23044 Es4n 19 432 0.24 12.54 12.78 660.0 672.6
T19 2390.0 Es4g 1.04 438 0.09 1.97 2.06 189.4 198.1 T25 2504.8 Es4n 1.05 NA NA NA NA NA NA
T19 2390.0 Es4g 0.73 440 0.13 2.01 2.14 275.3 293.2 T25 2304.0 Es4n 2.02 NA NA NA NA NA NA
T19 2492.0 Es4g 1.88 439 0.11 417 4.28 222.0 227.7 T25 2304.0 Es4n 328 NA NA NA NA NA NA
T19 2492.0 Esd4g 1.88 439 0.12 4.36 4.48 231.9 238.3 T25 2302.6 Esdn 3.68 NA NA NA NA NA NA
T20 2485.0 Es4g 0.76 439 0.11 0.83 0.94 109.2 123.7 T25 2306.1 Es4n 436 NA NA NA NA NA NA
T20 2483.0 Esd4g 0.84 439 0.07 0.93 1.00 110.7 119.1 T25 2304.4 Es4n 531 NA NA NA NA NA NA
T20 2345.0 Es4g 1.58 435 0.11 5.01 5.12 317.1 324.1 T27 2506.1 Es4n 6.12 NA NA NA NA NA NA
T20 2345.0 Es4g 1.36 434 0.16 5.18 5.34 380.9 392.7 T28 1870.5 Es4n 0.13
T28 17852 Esd4g 2.42 424 0.26 10.64 10.90 439.7 450.4 T3 1030.0 Es4n 7.38 435 0.83 56.12 56.95 760.4 771.7
T28 1787.6 Es4g 6.94 434 0.46 48.86 49.32 704.0 710.7 T4 1279.7 Esdn 214 432 0.17 10.66 10.83 498.1 506.1
T3 1000.5 Esd4g 1.49 429 0.18 4.01 4.19 269.1 281.2 T5 1643.0 Es4n 09 431 0.06 0.76 0.82 84.4 91.1
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Z1
Z1
71
71
Z1
71
Z1
71
Z1
Z1
71
Z1
71
Z1
Z1
71
Z1
T1
T1
T1
T1

1477.0
1576.3
1475.2
1576.5
1725.5
1765.5
1767.0
1767.5
1786.2
1792.4
1809.6
1766.0
1815.3
1815.3
1813.9
1792.9
1802.0
1967 .4
2020.3
1968.0
2012.0

Esdg
Es4g
Esdg
Es4g
Esdg
Es4g
Es4g
Esdg
Es4g
Es4g
Es4g
Es4g
Esdg
Es4g
Es4g
Es4g
Es4g
Es4n
Es4n
Es4n
Es4n

0.64
1.75
1.76
5.37
1.88
2.55
2.6
2.45
2.76
3.35
4.5
5.6
4.42
4.36
6.83
7.18
9.4
3.37

5.72
6.34

436
433
443
423
435
434
440
437
434
439
437
442
445
445
438
444
437
438
437
440
441

0.01
0.04
0.25
0.04
0.09
0.21
0.82
0.17
0.29
0.28
0.41
0.57
0.68
0.85
0.62
0.51
2.33
0.59
0.49
0.57
0.21

0.53
2.04
3.71
4.11
5.33
9.74
9.69
11.91
15.28
22.66
28.34
29.73
31.57
3241
36.88
40.84
52.6
19.4
29.25
29.72
30.54

0.54
2.08
3.96
4.15
5.42
9.95
10.51
12.08
15.58
22.94
28.77
30.30
32.25
33.26
37.50
41.35
54.93
19.99
29.74
30.29
30.75

82.8
116.6
211.0

76.5
283.5
382.0
372.3
486.1
553.6
676.4
629.8
530.9
714.9
743.9
540.0
568.8
559.8
575.3
487.5
519.6
481.7

82.8
118.9
225.3

77.3
288.3
390.2
403.8
493.1
564.5
684.8
639.3
541.1
730.3
763.4
549.1
575.9
584.6
592.8
495.7
529.6
485.0

T5
T5
Z1
71
Z1
71
Z1
Z1
Z1
Z1
71
Z1
Z1
Z1
Z1
71
NA
NA
NA
NA
NA

1639.0
1639.0
1862.0
1834.7
1832.0
1858.2
1904.4
1841.0
1837.0
1842.5
1840.0
1839.0
1847.0
1843.0
1842.0
1831.2
NA
NA
NA
NA
NA

Es4n
Es4n
Es4n
Es4n
Es4n
Es4n
Es4n
Es4n
Es4n
Es4n
Es4n
Es4n
Es4n
Es4n
Es4n
Es4n
NA
NA
NA
NA
NA

3.51
3.42
0.92
2.25
2.66
3.66
8.95
0.71
2.34
3.64
3.87
4.92
5.38
6.51
6.73
2.39
NA
NA
NA
NA
NA

439
441
438
433
438
436
441
NA
NA
NA
NA
NA
NA
NA
NA
443
NA
NA
NA
NA
NA

0.19
0.23
0.05
0.19
0.15
0.45
1.55
NA
NA
NA
NA
NA
NA
NA
NA
0.39
NA
NA
NA
NA
NA

22.62
25.46
2.88
8.39
12.73
20.46
56.34
NA
NA
NA
NA
NA
NA
NA
NA
10.64
NA
NA
NA
NA
NA

22.81
25.69
2.93
8.58
12.88
20.92
57.89
NA
NA
NA
NA
NA
NA
NA
NA
11.03
NA
NA
NA
NA
NA

644.4
744.4
313.0
372.9
478.6
559.0
629.6
NA
NA
NA
NA
NA
NA
NA
NA
444.4
NA
NA
NA
NA
NA

649.9
751.2
318.5
381.3
484.2
571.6
646.9
NA
NA
NA
NA
NA
NA
NA
NA
460.7
NA
NA
NA
NA
NA

NA: Not available.
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4.3. OM Type

The maceral analysis of the Es4 source rocks shows that the OM is mainly composed
of liptinite. Telalginite appears as translucent strips or clumps with a strong yellow-green
fluorescence (Figure 7a). Lamalginite is generated from algae, always being oriented par-
allel to bedding planes, and presents with a mat-like shape (Figure 7b). Bituminite is the
decomposition product of aquatic organisms and algae and shows a green-yellow fluo-
rescence (Figure 7c). In addition, a dark brown irregular mineral-bituminite matrix can
be observed (Figure 7a,c,d).

The OM type in the Liaohe Western Depression is considered as type I-1I1 [40,41].
Figure 8 shows that the HI value of the Es4 source rocks ranges from 77 to 804 mg/g, and
the Tmax ranges from 420 °C to 450 °C. The hydrocarbon group components of the Es4
source rocks mainly comprise asphaltene and non-hydrocarbons (40%-62%) and satu-
rated hydrocarbons (24%-45%), indicating the presence of type II kerogen (Figure 8b).
Overall, the kerogen of the Es4 source rocks is mainly type II (accounting for 73%), with
some parts being type I (accounting for 22%).

«— Mineral-bituminite
matrix

i

Telalginite
A/ /

f Lamalginite

Mineral-bituminite
matrix

Bituminite

/

Mineral-bituminite *matrix

Sporinite

Figure 7. Photomicrographs showing maceral groups of the Es4 source rocks in the Niuxintuo area.
(a) Brightly fluorescent telalginite and mineral-bituminite matrix, 1450 m, mudstone, x500. (b) Brightly
fluorescent lamalginite and mineral-bituminite matrix, 1430 m, mudstone, x500. (c) Bituminite, 1200
m, mudstone, x500. (d) Sporinite and mineral-bituminite matrix, 1200 m, mudstone, x500.
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Figure 8. Classification plots of the Es4d, Es4g, and Es4n source rock types in the Niuxintuo area.
(a) Cross plots of Tmax versus HI. (b) Triangle diagram of the hydrocarbon group components.

4.4. Thermal Maturity

In this study, VRo, Tmax, and biomarker parameters were adopted to assess the ther-
mal maturity of source rocks. Figure 9a shows that the VRo values of the Es4 sub-member
range from 0.26% to 0.63% (with corresponding depths of < 2500 m). However, a higher
VRo value (0.88%) was found for the shallow-buried Mesozoic mudstone sample, mainly
due to the regional tectonic uplift in the late Oligocene. The average Tmax values of the
Es4d, Es4g, and Es4n source rocks are 431, 437 and 435 °C, respectively (Figure 9b). Ster-
anes C20205/(20S + 20R) and Czoa3p3/(apf + atax) are often used to assess thermal maturity
[42,43]. The C20205/(20S + 20R) of the Es4 source rocks is 0.24-0.37 (with an average of
0.12), and the Coafp/(afp + aaa) is 0.24-0.37 (with an average of 0.29), suggesting that
the source rocks are in an early mature stage (Figure 9¢,d). Overall, the Es4n and Es4g
source rocks are in the low-mature to mature stage, while the Es4d source rocks are in the
immature to low-mature stage.

Tmax(°C)
440 460
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0.2 ();3 0.4
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Figure 9. Thermal maturity of source rocks in the Niuxintuo area. (a) Ro. (b) Tmax. (c) C20205/(20S +
20R). (d) CoapBp/(afp + aaa).

4.5. Hydrocarbon Generation Simulation of Low-Maturity Source Rocks

Five low-maturity source rock samples were collected from the Liaohe Western De-
pression to conduct the thermal simulation experiment. Table 2 illustrates the maceral
groups and kerogen types of the five low-maturity samples, which have similar deposi-
tion environments to the Es4 source rocks in the Niuxintuo area. Variations in the geo-
chemical parameters of the five simulated samples are shown in Figure 10. The measured VRo
values have an exponential fitting relationship with the experiment temperature (Figure 10a).
With the increase in thermal maturity, the TOC contents of the type I and Il samples decrease
significantly from 6.43% to 2.42% and from 3.84% to 2.01%, respectively (Figure 10b). The TOC
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contents of the type II> and IIl samples decrease from 2.0%, 3.3%, and 1.9% to 1.6%, 2.6%,
and 1.5%, respectively. In the thermal simulation, the initial Tmax values of the type I-III
samples are 421-429 °C and then increase to 456-512 °C (Figure 10c). Before VRo < 0.78%,
the Pg and HI decrease slowly (Figure 10d,e). As the thermal maturity increases (VRo >
0.78%), the Pg and HI decrease rapidly, especially for the type I and type Il kerogens. The
HClI values of the type I-1Il samples decrease before VRo =0.5% and then increase rapidly,
showing that a large number of hydrocarbons are generated (Figure 10f). When VRo is >
0.78%, the HI values decrease rapidly because of the hydrocarbons’ expulsion. Moreover,
the slight variations in the geochemical parameters of the type Il and III samples with
increasing thermal maturity lead to a lower hydrocarbon generation potential than that of
the type I and II1 samples.

The rates of hydrocarbon generation, expulsion, and retention and their variations
during the thermal simulation are illustrated in Figure 11. When VRo = 0.3%, retention oil
is present in the low-maturity simulated samples. With the increase in VRo to 0.5%, the
hydrocarbon generation (total hydrocarbon) rate and retention rate exhibit a slight de-
creasing trend, while the oil expulsion rate of the type I-III source rocks increases from 0
to 1.5, 11.86, 3.58, 2.74, 1.01, and 0.09, respectively, suggesting that the shale samples dis-
charge a small amount of oil. As the thermal maturity continually increases, the hydro-
carbon generation, expulsion, and retention rates increase rapidly. When VRo = 0.78%, the
hydrocarbon retention rates of the type I and II samples show a peak value, while the
hydrocarbon retention rate of the type III shale peaks at VRo = 0.95%. The inflection point
of the hydrocarbon retention rate corresponds to the onset of the rapid increase in the
hydrocarbon expulsion rate, which means that large amounts of hydrocarbons are ex-
pelled. When VRo is > 1.1%, the oil expulsion rates of the type I-II samples display a de-
creasing trend after reaching the peak value, and their hydrocarbon retention rates con-
tinue to decrease. The gas expulsion rates of the type I-1Il samples continue to increase,
mainly because of the cracking of the kerogen and oil. For the type I and II samples, the
variation trend of the hydrocarbon generation rate is consistent with the oil expulsion rate,
while for the type III samples, the hydrocarbon generation rate is consistent with the gas
expulsion rate, indicating that the type III shale has good gas generation potential.

Table 2. Maceral groups of simulated samples.

Maceral Analysis

Sample ID Lithology Vitrinite Inertinite Exinite __ Llptmlt.e __ Kerogen Type
Alginite Bituminite
D16 Shale 7 <2 0 7 84 I
D22 Calcareous shale 9 <1 1.5 5.5 83 I
G25 Shale 8 <1 2 2 87 I
5499 Shale 14 <1 6 / 79 I
5101 Mudstone 4 <2 36 / 58 111
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Figure 10. The evolution of geochemical parameters with increasing thermal maturity in the hydro-
carbon generation simulation experiment. (a) Thermal simulation temperature vs. thermal maturity.
(b—f) Geochemical parameters vs. thermal maturity.

Rate (mg/g TOC) Rate (mg/g TOC) Rate (mg/g TOC)
0 200 400 600 800 200 400 600 800 0 50 100 150 200 250 30
0 0 0
(a) —8—0il expulsion (b) ~—8— il expulsion (©) —8—0il expulsion
bt —&— Hydrocarbon reteation —&— Hydrocarbon retention) —&— Hydrocarbon reteation
© —@— Gus cxpulsion —@— Gas expulsion O @ Gus cxpulsion
0.5 0.5 0.5
ol ] @ Total hydrocarbon 2 @ Total hydrocarbon & @~ Total hydrocarbon
1.0 1.0 (K}
g g g
S S S
3 = &
15 1.5 L5
2.0 2.0 2.0 \
®
Typel Typell, Typell
25 2.5 2.5
Rate (mg/g TOC) Rate (mg/g TOC) Rate (mg/g TOC)
0 50 100 150 200 250 300 0 20 40 60 80 100 120 0 10 20 30 40 50 60
0 0 0
@ —&— 0il expulsion (e) @0l expulsion N ~®—0il expulsion
—&— Hydrocarbon retention| =@ Hydrocarhon retention =@ Hydrocarbon reication
5 3 ®— Gas cxpulsion @ Gas expulsion @~ Gas expulsion
0.5
D =@ Total hydrocarbon —8— Total hydrocarbon =®=Total bydrocarbon
1.0
< c
3 5
1.5
2.0
®
Typell, Type I Type 111
25 25 25

Figure 11. Variations in the hydrocarbon production rate with an increase in thermal maturity of
the Es4 source rocks. (a) D16; (b) D22; (c) G25; (d) S499; (e) S101; (f) S101 (Parallel experiment).
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4.6. Optimal Regression Relationship Based on Rock-Eval/TOC Datasets

Considering the low maturity of the Es4 source rocks in the study area, the Rock-Eval
pyrolysis and VRo data of mature source rocks and the five simulated shales in the Liache
Western Depression were also adopted to ensure that the datasets were distributed in a
complete thermal maturity sequence. Using numerical analysis, the optimal fitting curves
and 95% confidence bands of GPI, HI, and VRo were quantitatively characterized (Figure 12).
For the type II source rocks (containing a certain amount of type I kerogen) in the study
area, the optimal fitted GPI and HI curves exhibit positive relationships with the meas-
ured GPI and HI values, and the correlation coefficient (R?) reaches 0.7. In the regression
model, the GPlo and HIo of the Es4 source rocks are 600 mg HC/g TOC (Figure 12a,c). The
1 and B2 of the Es4 source rocks are 0.55%VRo and 0.62%VRo, respectively, which corre-
spond to the thermal maturity observed when large amounts of hydrocarbons are gener-
ated and discharged from source rocks. The residual histograms of GPI and HI show a
normal distribution, indicating the reliability of the regression relationship (Figure 12b,d).
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Figure 12. The fitted model of Rock-Eval data and VRo using the data-driven approach. (a) GPI vs.
Ro. (b) Residual histogram of GPI-Ro. (c) HI vs. Ro. (d) Residual histogram of HI-Ro.

5. Discussion
5.1. Optimized HGE Model

The HGE models established using the traditional method and the data-driven
method proposed in this study were observed and compared visually (Figure 13) [12]. As
shown in Figure 13a, the GPlo is 820 mg HC/g TOC, which was determined by the hand-
drawn maximum envelope of the dataset. The HET corresponds to the thermal maturity
of 0.43% when the GPI begins to decrease. However, the HGT could not be adopted as
0.5% VRo, which would lead us to the fallacy that hydrocarbons are expelled before they
are generated. The residual GPI (GPIr) exhibits a rapid decrease with increasing thermal
maturity, which is excessively reduced by 75% when the VRo is 0.6%—0.7%. Based on the
regression relationships of GPI, HI, and VRo, the optimized model was quantitatively es-
tablished using numerical analysis to investigate the HGE characteristics of the Es4 source
rocks (Figure 13b). The GPlo and HIo of the Es4 source rocks are 600 mg HC/g TOC. When
VRo = 0.36%, the HI begins to decrease, and HCI starts to appear, which means that hy-
drocarbon generation commences. The HGT and HET of the Es4 source rocks are
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determined to be 0.36%VRo and 0.46%VRo, respectively. The organic material (bacteria
andalgae) in the saline sedimentary environment provides a favorable material basis for
the HGE from source rocks of a lower maturity [44].
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Figure 13. Comparison between the traditional HGE model (a) and the quantitative optimized
model (b) of the Es4 source rocks in the Niuxintuo area.

5.2. Application in the Low-Mature to Mature Source Rocks

The onset of hydrocarbon generation has been discussed for decades, and it can be
concluded that the oil generation stage of low-maturity source rocks approximately cor-
responds to VRo = 0.2%-0.7% or 0.3%-0.6% [45—47]. The hydrogen-rich organic maceral
and reductive hypersaline paleoenvironment is considered to provide the indispensable
conditions for the hydrocarbon generation of low-maturity source rocks [48-50]. The re-
lationship between the Pr/n-Ci7 and Ph/n-Cis of the Es4 source rocks and crude oil indi-
cates a reducing sedimentary environment and a gradual decrease in the thermal maturity
of the source rocks (Figure 14).
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Figure 14. Plot of Pr/n-Ci7 vs. Ph/n-Cis showing the sedimentary environment and thermal maturity.



Minerals 2023, 13, 390

19 of 25

The hydrocarbon generation of source rocks leads to a decrease in TOC [19,36]. The
hydrocarbon resource potentials calculated using the measured TOC and the restored
TOCo show considerable differences [16]. Compared with the TOC distribution, the TOCo
contents increase significantly with increasing thermal maturity (Figure 15). Based on the
TOCo, GPlIo, effective thickness, and density of the Es4 source rocks, the I; and I were
obtained (Figure 16). The maximum I; values of the Es4d, Es4g, and Es4n source rocks
could reach 1.00 x 107, 4.00 x 107, and 3.20 x 107 t/km?, respectively, indicating their pro-
spective hydrocarbon generation potential. The I; value of the Es4n source rock was dis-
tributed throughout almost all of the study area, except for the southernmost area. The
maximum [ values of the Es4d, Es4g, and Es4n source rocks could reach 3.00 x 107, 2.60 x
106, and 5.00 x 10¢ t/km?, respectively. By contrast, the distribution range of I. was more
limited than that of I;. Similarly, the Qg of the Es4 source rocks in the study area was con-
siderable, while the Q. was limited. The Qg values of the Es4d, Es4g, and Es4n source rocks
were 3.99 x 108, 11.42 x 108, and 7.02 x 108t, respectively. In the Es4d and Es4g sub-mem-
bers, the limited hydrocarbon expulsion ranges led to a small Q. (2.50 x 10° and 2.10 x 107
t). By contrast, the expulsion amount reached 1.09 x 108 t in the case of the Es4n source
rocks.

(a) Es4d (b) Esdg
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2km 0 1 2km
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0 1 2km N
L A

Research  Contour
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Figure 15. Distribution of the restored TOCo of the Es4 source rocks in the Niuxintuo area. (a) The
ES4d source rocks; (b) The ES4g source rocks; (c) The ES4n source rocks.
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Pang et al. [51] proposed the dynamic field division of conventional and unconven-
tional hydrocarbon enrichments based on statistical analysis, reservoir anatomy, and
physical simulation experiments. The BHAD was considered as the boundary of conven-
tional and unconventional tight hydrocarbon reservoirs, corresponding to a porosity of
10% and permeability of 1 mD [39,51-53]. Figure 17 shows the variations in porosity with
the burial depth and oil-water distribution in a profile of the study area. The burial depth
and VRo value corresponding to the BHAD were determined to be 2180 m and 0.56%,
respectively.

For the Es4n source rock, the conventional oil potential between the HET and BHAD
is 3.20 x 107t (Figure 18). Below the BHAD, the tight oil potential is 7.70 x 107t. The residual
hydrocarbon calculated using Equation (13) is the shale oil potential, which could reach
5.93 x 108t. Considering the processes of hydrocarbon migration, accumulation, preserva-
tion, or destruction, it is necessary to use the appropriate accumulation coefficient. The
adjacent source-reservoir conditions in the study area lead to a greater accumulation co-
efficient. In this study, 30%, 45%, and 54% were adopted as the accumulation coefficients
of three kinds of resources, respectively [51]. In the Es4n sub-member, the conventional,
unconventional tight, and shale oil resources are 1.00 x 107, 3.50 x 107, and 3.20 x 108t,
respectively. In the Es4g sub-member, the shale oil resource is 6.05 x 108t. In general, the
conventional oil resources in the Niuxintuo area are relatively limited. The exploration of
unconventional tight oil resources should focus on the Es4n sub-member, while the ex-
ploration of shale oil should focus on the Es4g and Es4n sub-members.

Depth Porosity (%)
A (m) 5.0 10.0 15.0 20.0 250 30.0 35.0
500 1 = - 1 1 1 1
L) ..‘ ® ,'
(b) o o
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®
F 1500 © @
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Figure 17. Determination of the BHAD in the Niuxintuo area. (a) Hydrocarbon reservoir profile. (b)
Variation in porosity with burial depth.
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Figure 18. Conventional, unconventional tight, and shale oil resource potentials of the Es4n source
rocks in the Niuxintuo area.

5.3. Limitations

In this study, due to the limited geochemical data on mature to high-mature source
rocks, the R? of the regression model was only 0.7, and differences in the HGE character-
istics of different types of source rocks were not studied in more detail. In a further study,
we will conduct more intensive sampling and geochemical analyses of the Es4 source
rocks to supplement the datasets and improve the R? of the regression model. We suggest
that researchers utilize this data-driven method to quantitatively establish HGE models
of source rocks with different kerogen types based on more considerable Rock-
Eval/TOC/VRo datasets. This will help to strengthen research on the differential effects of
kerogen types on the HGE characteristics of source rocks and greatly improve the accu-
racy of resource evaluation.

6. Conclusions

In this study, a data-driven approach was proposed to quantitatively establish an
optimized hydrocarbon generation potential model of low-mature to mature source rocks
based on abundant Rock-Eval/TOC/VRo datasets, enabling quick and effective source
rock evaluation.

This method was applied to the Es4 member of the Niuxintuo area, where thick
source rocks (average > 250 m) with high TOC content and low maturity (VRo = 0.26%—
0.63%) have developed. Hydrocarbon generation simulation experiments were performed
on low-maturity source rocks with different kerogen types to supplement the geochemical
characteristics of the source rocks in the mature to high-mature stage. Through numerical
analysis of the geochemical datasets, the optimal regression relationships between the
GPI, HI, and Ro were fitted. This optimized model determined that the GPIo of the Es4
source rocks is 600 mg HC/g TOC. The HGT and HET are 0.36%VRo and 0.46%VRo, re-
spectively. The hydrocarbon generation intensities of the Es4 member are widely distrib-
uted throughout the study area, while the hydrocarbon expulsion intensities are limited
to the central part of the Niuxintuo area. The Es4n sub-member has the most considerable
conventional and unconventional tight oil and shale oil resources, which are 3.20 x 107t,
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7.70 x 107 t, and 5.93 x 108t, respectively. The evaluation results of hydrocarbon resources
indicate that exploration should focus on tight oil and shale oil in the Niuxintuo area.

This data-driven approach quantifies the HGE capacity of source rocks from the per-
spective of numerical analysis, reduces the influences of source rock heterogeneity and
human subjectivity, and takes into account the loss of TOC. Nevertheless, considerable
amounts of geochemical data on source rocks are still needed to further improve the reli-
ability of the model. We will continue to investigate the source rock characteristics of the
study area by collecting additional samples and continuously optimizing the HGE model
of source rocks. In addition, it is suggested that more detailed research should focus on
the differential effects of kerogen types on the HGE characteristics of source rocks based
on this data-driven approach.
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