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ABSTRACT: Significant attention has been given to the extensive
development of saline environments in petroliferous basins. Further
exploration and studies have discovered that saline environments,
such as those for the deposition of source rocks in the Paleogene
Anjihaihe (E2‑3a) Formation of the Sikeshu Sag, are ubiquitous in
terrestrial lake basins. Previous studies have suggested that the oil
reservoirs in the Sikeshu Sag and its peripheral regions are
predominantly derived from the black mudstone and coal measures
of the Lower Jurassic Badaowan (J1b) Formation. However, with
deeper exploration of the study area, a growing number of
reservoirs with geochemical characteristics different from the J1b oil
source have been discovered, indicating that there are oil sources
other than the J1b source rocks. In this study, various machine learning algorithms were used (random forest, RF; convolutional
neural networks, CNN; extreme gradient boosting, XGBoost; ElasticNetCV; Bayesian Ridge; and particle swarm optimization-
support vector regression) to select the most suitable algorithm for predicting and comparing the quality of potential source rocks. A
violin plot and Taylor diagram were applied to visually compare the reliability and application effectiveness of the models. The
results demonstrated that XGBoost and RF can become essential tools for predicting the quality of potential source rocks. Moreover,
the measured and predicted values of total organic carbon (TOC), hydrocarbon potential (S1 + S2), and hydrogen index indicate
that there are three main source rocks: the E2‑3a, Lower Jurassic Sangonghe (J1s), and J1b formations. The thermal maturity of the
E2‑3a source rocks is still early mature because of the saline−brackish water nature of these rocks, although large-scale hydrocarbon
generation and expulsion can be achieved in the early mature stage. Based on their geochemical characteristics and stepwise
discriminant analysis, the oils in the Sikeshu Sag and its peripheral regions can be categorized into two types: groups A and B.
Comprehensive organic geochemical evidence suggests that genetically, group A oils are originated from E2‑3a less-mature saline
lacustrine sedimentary rocks, while group B oils indicate similar affinity to the Jurassic source. Fluid inclusion microthermometry and
one-dimensional basin modeling showed that the oil charging periods of group A and B oils were Middle-Late Miocene (13−8 Ma)
and Late Oligocene (23−20 Ma), respectively. Quantitative grain fluorescence (QGF) analysis further propose that the hydrocarbon
supply region of the E2‑3a sources is mainly located east of the Western Chepaizi Uplift and the interior area of the Sikeshu Sag,
which breaks through the previous understanding that the Jurassic coal-derived oil source is the only main contributor in this study
area. The research results can be widely applied to assess the petroleum resources of source rocks in similar areas worldwide.

1. INTRODUCTION
Globally, changes in climate circa 2050 have a moderate impact
on energy consumption of 7−17% depending on the degree of
warming. Almost all continents experience increases in energy
demand, driven by the commercial and industrial sectors.1,2 An
increasing number of saline−alkali lacustrine source rocks have
been discovered worldwide, including the Green River Piceance
Creek Basin, Uinta Basin, Gulf of Mexico Basin in the United
States; the Campos Basin in Brazil; the Red Sea Basin in Europe;
and the Jianghan Basin, Junggar Basin, and Qaidam Basin in

China,3−9 exhibiting great potential for petroleum exploration in

saline lacustrine basins. Therefore, it is important to discuss oil
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and gas development in saline lake environments in the context
of petroleum geology and geochemistry.
Recently, significant attention has been given to insights into

the potential oil source of the Sikeshu Sag, other than the Lower
Jurassic Badaowan (J1b) and Sangonghe (J1s) formations, that is,
Triassic and Cretaceous intervals, and the Paleogene Anjihaihe
(E2‑3a) Formation.10−18 The discovery of several hydrocarbon-
bearing tectonic belts, that is, the Kayindike, Dushanzi, and
Gaoquan anticlines, indicates that the Sikeshu Sag has good oil
and gas exploration potential. In 2019, a major exploration
breakthrough occurred in the Sikeshu Sag, when a high-yield
light oil flow with a daily production of >1200 m3/day and a low
gas-to-oil ratio of 265.2 was discovered in the “bottom
sandstone” of K1q.

19−22 To date, little consensus has been
reached on the potential oil source of saline lacustrine sediments
in E2‑3a in the early-mature stage, and the hydrocarbon
migration pathway and accumulation model of the Sikeshu
Sag remain unclear.23−30

Mainstream thinking suggests that the oil reservoirs in the
Sikeshu Sag and surrounding areas are mainly derived from the
coal measure and blackmudstones of J1b, whichmigrate through
faults and sheet sand bodies.31−33 However, the detailed oil−
source rock correlation demonstrates that a considerable
amount of crude oil exhibits dissimilar genetic affinities with
the coal measure and black mudstones of J1b. Hence, whether
multiple sets of effective source rocks are developed, their
hydrocarbon generation potential and migration of hydro-
carbons based on multiple oil sources are key issues to solve in
the next step of identifying favorable exploration targets in the
Sikeshu Sag. Therefore, in this study, numerous machine
learning (ML) algorithms, including random forest (RF),
convolutional neural network (CNN), support vector regression
(SVR), extreme gradient boosting (XGBoost), ElasticNetCV,
Bayesian Ridge, and particle swarm optimization-SVR (PSO-
SVR), were executed to select the most suitable algorithm for
predicting and comparing the source rock quality of E2‑3a and
J1b.

Figure 1. (a) Geological map outlining the regional tectonic elements of the Sikeshu Sag and (b) NS-trending profile showing its stratigraphic
framework.
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Extensive literature implies that the brackish water to
saltwater transition with appropriate salinity (Cl−) exhibits a
distinct enhancement in the formation of low-maturity oil
during the early thermal stage.34−40 Furthermore, the saline−
alkali environment is conducive to the prosperity of algae, that is,
laminae and dinoflagellates, and the water stratification of salt
lakes provides good preservation conditions for high-quality
source rocks and accelerates the transformation of organic
matter (OM) to hydrocarbons in saline lacustrine sedi-
ments.41−48 A comprehensive investigation of the hydrocarbon
generation potential of Paleogene less-mature saline lacustrine
sediments and the reconstruction of oil charging and migration
history are important for the implementation of favorable oil and
gas exploration targets and for increasing oil production on a
large scale.

2. GEOLOGICAL SETTINGS
2.1. Tectonic Locations. The Sikeshu Sag, which has

undergone extensive geophysical investigation, is an inherited
low-lying region that developed in the Mesozoic in the NW
margin of the Junggar Basin, NW China (Figure 1a). It is bound
by the Yilinhebiergen Mountain in the southwest, the Hongche
Fault Belt to the east, and the Aika Fault Belt to the north,

Figure 2. (a) Stratigraphic chart and (b) geochemical profiles of E2‑3a from the Anjihaihe outcrop showing the stratigraphic characteristics and
paleoenvironment of E2‑3a.

Figure 3. Comprehensive histogram of (a) TOC, (b) chloroform
bitumen “A”, (c) HC values, and (d) PG, exhibiting the differential
hydrocarbon generation potential of various sets of source rocks in the
Sikeshu Sag.
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extending northward to the Chepaizi Uplift and northeast to the

Shawan Sag. The Sikeshu Sag can be subdivided into northern

slope, central depression, and southern piedmont areas.

2.2. Tectonic Evolution and Stratigraphy. The tectonic
evolution processes of the Sikeshu Sag can be divided into three
stages: (i) the initial subsidence stage (T3-J2): from the Late
Hercynian to the Middle Yanshanian, strong tectonic sub-

Figure 4.Comprehensive histogram of predicted andmeasured TOC and S1 + S2 for the comparison of OM abundance of different source rocks in the
Sikeshu Sag.
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sidence and NS-trending compression led to the formation of
the Kayindike anticline (Figure 1b,c). (ii) Alternate stages of
aborted and continued slow stratum subsidence (J2-E): from the
Late Yanshanian to the Early Himalayan, the stratum subsidence
was aborted; therefore, the Middle Jurassic Toutunhe
Formation and the Upper Jurassic are missing from the Sikeshu
Sag; from the Cretaceous to Paleogene, the Sikeshu Sag
experienced long-term alternating stages of aborted and
continued slow stratum subsidence; meanwhile, a regional
unconformity surface was formed in the top area of the
Mesozoic; (iii) rapid stratum subsidence stage (E-Q):
influenced by the Himalayan Movement, slow and rapid
subsidence alternately led to the formation of the Dushanzi
and Xihu anticlines and the massive sets of Neogene Shawan,
Taxihe, and Dushanzi formations in the Chepaizi Uplift.31

The stratigraphy of the Sikeshu Sag lacks the Permian
deposits. The study area consists of four intervals: the Upper
Jurassic Badaowan (J1b), Sangonghe (J1s), Middle Jurassic
Xishanyao (J2x), and Paleogene Anjihaihe (E2‑3a) formations.
J2x is mainly composed of tuffaceous mudstone, basalt, andesite,

and rhyolite, with minor siliciclastic sedimentary rocks.49−51

The Triassic to Neogene intervals are mainly interlayers or
alternate deposits of alluvial fan-fluvial-lake facies, and the
lithology is dominated by gray-black breccia and gray, gray-
green, brown-red, and gray-brown conglomerate, siltstone, and
mudstone (Figure 2).

3. MATERIALS AND METHODS
3.1. Sample Selection and Preparation. To investigate

the differential hydrocarbon generation potential of E2‑3a and J1b
source rocks and the oil−source discrimination of oil samples
from different tectonic belts, several rock and oil samples were
collected from the Anjihaihe outcrops and wells in different
tectonic belts (Figure 1a). The following analyses were
conducted: total organic carbon (TOC) content, Rock-Eval
pyrolysis, vitrinite reflectance, column chromatography, and gas
chromatography−mass spectrometry (GC−MS); previously
published data were used,52−54 and new data were collected
from Shengli Oil Company, Sinopec.

Figure 5. (a) Violin plot and (b) Taylor diagram for visual comparison of RF, PSO_SVR, XGBoost, ElasticNet, Bayesian Ridge, and CNN.

Table 1. Summary of Some Metrics Were Used to Evaluate the Performance of These Models Used in This Study

metrics measured RF XGBoost CNN BR ElasticNet PSO_SVR

RMSD 0.61 0.61 0.68 0.71 0.74 0.78
R2 0.81 0.45 0.42 0.60 0.44 0.36
Σ 6 1.9 1.5 1.7 2.0 0.9 2.6
max 20 11.5 12.5 9.0 8.0 8.5 6.0
performance good moderate moderate poor poor poor

Figure 6. (a)Cross-plots of Tmax versus HI and (b) scatter plot of the stable carbon isotopes of kerogen for the comparison of kerogen type in different
source rocks from the Sikeshu Sag.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07991
ACS Omega 2023, 8, 10314−10334

10318

https://pubs.acs.org/doi/10.1021/acsomega.2c07991?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07991?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07991?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07991?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07991?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07991?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07991?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07991?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07991?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3.2. Gas Chromatography−Mass Spectrometry and
GC−MS/MS Analyses. First, the source rock samples were
cleaned, crushed, and powdered to 40−80 mesh size. OM was
extracted using a LabTech high-speed solvent extraction
instrument (HPSE Gemini EVS). First, the source rock samples
were ground to less than 0.5 mm (40−80 mesh) and mixed with
a certain amount of diatomite (bake at 200 °C for 4 h) until the
ratio with the sample (dry, not suitable for baking) was
approximately 5:1; then, the sample was placed in the extraction
tank. The remaining space of the extraction tank was filled with
diatomite to 0.5−1.0 cm from the upper edge to complete the
installation of the extraction tank. The partial pressure gauge of
the nitrogen valve was controlled at 0.8 MPa. Leach saturated
hydrocarbons with n-hexane, 2:1 dichloromethane/n-hexane
leached aromatic hydrocarbons, and eluted non-hydrocarbons
with chloroform. Gas chromatography−mass spectrometry
(GC−MS) analysis of the oil-bearing sandstone samples was
performed using an Agilent 7890A GC/5977MSD instrument
equipped with an HP-5MS fused silica capillary column (60 m ×
0.25 mm × 0.25 μm). GC coupled with tandem MS (GC−MS/
MS) measurements were conducted on an Agilent Intuvo 9000
GC system using a triple quadrupole mass detector TSQ 8000
Evo.

3.3. Organic Petrographic Analysis. To measure the
vitrinite reflectance (Ro) and analyze the maceral composition,
organic petrographic examination of 39 samples was conducted
from five wells using a Zeiss Axioplan II microscope following
the laboratory methods described by Taylor (2001). Maceral
analysis was performed using a LABORLUX 12 POL
fluorescence microscope. More than 300 points were counted
for each sample.55

3.4. Quantitative Grain Fluorescence Analysis and
Microthermometry of Fluid Inclusions. The sandstone core
samples were smashed and washed with water to obtain typical

grains as the analysis samples and then processed with
dichloromethanerogen peroxide and hydrochloric acid in
sequence. The samples were oven-dried and weighed using an
electronic balance (JY manufactured in China). The fluo-
rescence intensity was measured using a Varian Fluorospectro
Photometer (Cary Eclipse, USA) with a fluorescence wave-
length of 300−600 nm.51−54,56

Microthermometry of the primary fluid inclusions was
performed using a calibrated Linkam THMS-600G Heating/
freezing Stage. The total homogenization temperature (Th) of
the primary fluid inclusions was obtained by cycling to the liquid
phase. Themeasurements were performed at a heating rate of 10
°C/min.

3.5. Machine Learning Procedure. Previous studies have
proposed many methods for calculating hydrocarbon generating
potential parameters using ML methods. However, for any one
specified ML approach, there coexisted advantages and
disadvantages. These artificial intelligence methods need further
optimization in evaluating the application effect. In this study,
different models use the same well logging curves combination
served as input parameters (LLS, LLD, DEN, GR, and SP). In
this study, numerous ML algorithms, including RF, CNN,
XGBoost, ElasticNetCV, Bayesian Ridge regression, and PSO-
SVR, were executed by Anaconda3 (Python 3.9). The relevant
code, if requested, will be provided.

4. RESULTS AND DISCUSSION
4.1. Hydrocarbon Generation Potential Evaluations

by a Machine Learning Procedure. 4.1.1. Organic Matter
Abundance Evaluation. OM abundance indicators reflecting
hydrocarbon source rocks such as TOC and chloroform
bitumen “A” indicate three sets of potential source rocks
developed in the Sikeshu Sag: the Lower Jurassic Badaowan
(J1b), Sangonghe (J1s), and Paleogene Anjihaihe (E2‑3a)

Figure 7. Comprehensive geochemical profile of Well Ka 6 in the Sikeshu Sag.
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formations. A comprehensive investigation of the organic
geochemistry shows that the J1s source rock is a good source
rock with moderate potential. The E2‑3a and J1b source rocks
were of good quality. This study focuses on the difference in the

hydrocarbon generation potential of the Jurassic and Paleogene
source rocks.
The J1b source rocks in the Sikeshu Sag are developed sets of

black coal seams, gray-black carbonaceous mudstone, and dark

Figure 8. Comprehensive histogram of predicted and measured HI and measured Tmax to compare the kerogen type and thermal maturity of different
source rocks in the Sikeshu Sag.

Figure 9. (a) Cross-plots of Ro versus burial depth and (b) burial-thermal history of Well Xihu-1 demonstrating the thermal evolution history of
different source rocks in the Sikeshu Sag.
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mudstone. In terms of geochemical characteristics, the TOC
content ranges from 0.37 to 10.64 wt %, with an average of 2.77
wt % (Figure 3a). The measured value of chloroform bitumen
“A” is 0.007−0.32% (average on 0.041%, Figure 3b). The
content of S1 + S2 was in the range of 0.07−5.3 mg/g, with an
average of 2.31 mg/g.
The E2‑3a source rock is composed of massive gray-green and

gray mudstone intercalated with marl, limestone, and thin-
layered sandstone, as well as shell limestone and a small amount
of calcareous sandstone. In terms of geochemical characteristics,
the TOC content ranges from 0.40 to 1.42 wt %, with an average
of 0.97 wt %. The measured value of chloroform bitumen “A” is
0.012−0.3019% (average on 0.07%). The content of S1+S2 is
located in the range of 0.09−3.24 mg/g, with an average of 1.39
mg/g. All these results indicate that these two sets of source
rocks exhibit equivalent OM abundances. The J1s source rock is
relatively poor compared to the two sets of source rocks, with the
TOC content ranging from 0.45 to 4.2 wt %, with an average of
0.99 wt %. The measured value of chloroform bitumen “A” is
0.007−0.039% (average on 0.026%). The content of S1 + S2 is

placed in the range of 0.05−1.29 mg/g, with an average of 0.76
mg/g (Figure 3c,d).
To evaluate the abundance of OM in the vertical direction,

numerous ML algorithms, including RF, CNN, SVR, XGBoost,
ElasticNetCV, Bayesian Ridge regression, and PSO-SVR, were
utilized to obtain a continuous TOC change curve at depth
(Figure 4). A direct comparison of the model results is shown in
Figure 4, where the continuous TOC and S1 + S2 values of E2‑3a
are lower than those of J1s and J1b, further indicating that the
OM of E2‑3a is worse than that of the Jurassic source rocks.
Taylor diagrams and violin plots were used to visually

compare the performance of the models used in this study. A
Taylor diagram is a polar plot that summarizes multiple aspects
of model performance in a single diagram.55 It uses three
statistics to evaluate the degree of correspondence between the
estimated and measured values: correlation coefficient (R2),
root-mean-squared error (RMSE), and standard deviation (σ).
This is based on the following cosine relationship

= + × × ×r rRMSE 2 RMSE cos2 2 2

Table 2. Comprehensive Evaluation of OM Abundance, Type, and Maturity of Source Rocks in Different Strata

OM abundance kerogen types thermal maturity

Fm.
TOC
(wt %)

chloroform
bitumen A (%)

S1 + S2 (mg HC/g
TOC) classification

HI (mg HC/g
rock) classification Ro (%) Tmax (°C) classification

E2‑3a min−
max

0.4−1.42 0.012−0.3019 0.09−3.24 good 8.76−766.80 I−II2 0.48−
1.2

404.47−
448.05

early mature

average 0.97 0.07 1.39 254.4 0.64 431.63
J1b min−

max
0.37−
10.64

0.007−0.32 0.07−5.3 good 0.88−170.89a II1−III 0.52−
1.08

429.41−
464.37

early mature−
mature

average 2.77 0.041 2.31 88.15 0.74 442.57
J1s min−

max
0.45−4.2 0.007−0.039 0.05−1.29 moderate-

good
40.31−326.00 II2−III 0.52−

0.62
431.26−
446.05

early mature

average 0.99 0.026 0.76 141.22 0.53 436.96
aExcept for three outliers.

Figure 10. Ecological habits of the main ostracods in the E2‑3a source rocks of the Sikeshu Sag.
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A violin plot is a boxplot with the addition of rotated kernel
density on each side.56 The violin plot (Figure 5a) clearly
indicates the better accuracy of the RF and XGBoost models in
contrast to the Bayesian Ridge, CNN, SVR, ElasticNetCV, and
PSO-SVR models.
In addition, a Taylor diagram provides a statistical summary of

how well the patterns match and is widely used to compare

outputs from different models. Figure 5b shows a comparison of
the predicted TOC values from different models and the
measured TOC values. First, the correlation coefficients for the
radial line denote the relationship between the measured TOC
values and models, indicating similarities in the depth scales.
Second, the normalized standard deviations (standard deviation
of themodel divided by that of the observations) on the x- and y-

Table 3. Summary of Mineral Contents Showing the Difference of E2‑3a and J1b Source Rocks

Fm. lithology
tremolite

(%)
zeolite
(%)

quartz
(%)

potash
feldspar
(%)

albite
(%)

calcite
(%)

dolomite
(%)

clay
minerals
(%)

chlorite
(%)

I/M
(%)

illite
(%)

kaolinite
(%)

E2‑3a gray-green mudstone 0 12 10 0 4 0 0 74 5 85 10 0
E2‑3a purple-red mudstone 0 20 7 0 4 2 0 67 5 80 15 0
E2‑3a gray-green mudstone 0 11 16 0 12 8 3 50 0 90 10 0
E2‑3a gray-green mudstone 0 9 6 0 3 0 32 50 0 90 10 0
E2‑3a red mudstone 0 0 26 0 9 6 2 57 13 63 15 9
E2‑3a green mudstone 0 0 16 0 6 11 1 66 19 71 10 0
E2‑3a red mudstone 0 0 22 0 6 13 3 56 6 72 10 12
E2‑3a red mudstone 0 0 25 0 7 18 0 50 13 77 10 0
E2‑3a green mudstone 0 0 23 0 9 3 0 65 28 62 10 0
E2‑3a gray-yellow mudstone 0 0 17 0 7 35 0 41 0 77 10 13
E2‑3a gray-yellow mudstone 0 5.2 16.8 0 6.7 9.6 4.1 57.6 8.9 76.7 11 3.4
J1b light green mudstone 0 0 36 0 0 0 0 64 0 29 5 66
J1b gray-green mudstone 0 0 40 0 8 0 0 52 22 47 5 26
J1b yellow-green siltstone 0 0 38 0 7 0 0 55 19 38 10 33
J1b gray-black mudstone 0 0 46 0 9 0 0 45 16 47 10 27
J1b gray-black mudstone 0 0 42 0 3 0 0 55 16 43 5 36
J1b gray-black siltstone 0 0 37 0 5 0 0 58 21 43 10 26
J1b gray-green mudstone 0 0 38 0 6 0 0 56 14 41 10 35
J1b gray-black mudstone 0 0 37 0 9 0 0 54 13 37 10 40
J1b gray-black mudstone 0 0 38.8 0 7.4 0 0 53.8 14.5 42.6 8.5 34.4
J1s dark brown mudstone 0 0 39 0 16 0 0 45 18 18 15 49
J1s green mudstone 0 0 28 0 23 0 0 49 13 32 10 45
J1s gray-green thin-bedded

mudstone
0 0 27 0 12 0 0 61 17 23 15 45

J1s green mudstone 0 0 26 0 12 0 0 62 17 25 15 43
J1s gray mudstone 0 0 23 7 16 0 0 54 28 11 15 46
J1s gray mudstone 0 0 28.6 1.4 15.8 0 0 54.2 18.6 21.8 14 45.6

Figure 11. (a) Schematic diagram of the difference in hydrocarbon generation processes between saltwater and freshwater sediments and (b)
hydrocarbon generation thermal simulation of the Anjihaihe outcrop in the Sikeshu Sag.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07991
ACS Omega 2023, 8, 10314−10334

10322

https://pubs.acs.org/doi/10.1021/acsomega.2c07991?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07991?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07991?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07991?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07991?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


axes indicate whether the variance of the model is larger or
smaller than that in the measured TOC values. The points inside
the dashed curved line indicate that the model simulations have
lower variability than the measured TOC values. In contrast, the
models with normalized standard deviations were higher than
the measured TOC values. By combining the correlation and
standard deviation, the points closer to the reference point on
the x-axis show better agreement, making the ensemble mean of
the RF a realistic model represent the true TOC value line.
Comparing the performance of the ML model using the Taylor
diagram (Figure 5b), the RF model yielded the highest
performance (with low value of RMSE = 4.6%, high R2 > 0.91,
and σ = 1.9) of the six applied ML models (Table 1).
4.1.2. Kerogen Type. In this study, the cross-plots of Tmax

versus hydrogen index (HI) and the scatter plot of the stable
carbon isotope of kerogen were utilized for the comparison of
kerogen types of different source rocks in the Sikeshu Sag. As
illustrated in Figure 6a,b, the kerogen types of J1b aremainly type
II1, though several are type III. In contrast, E2‑3a is mainly type I-
II2, and J1s is mainly II2-III. In addition, the comprehensive
geochemical profile of Well Ka 6 in the Sikeshu Sag reveals that
the source rocks of E2‑3a exhibit relatively higher values of HI
than those of J1b and J1s, and the ratios of C27/C29 regular
steranes (RS) for E2‑3a exhibit higher values than those of J1b
and J1s, implying that the kerogen type of E2‑3a is better than that
of J1b and J1s (Figure 7).
A direct comparison of the model results is shown in Figure 8,

where the predicted and measured HI values of E2‑3a are higher
than those of J1s and J1b, further indicating that the kerogen type
of E2‑3a is better than that of the Jurassic source rocks.
4.1.3. Thermal Maturity. The comprehensive geochemical

profile of Well Ka 6 in the Sikeshu Sag also reveals that the
source rocks of E2‑3a exhibit higher values of Ro than those of
J1b, implying that the kerogen type of E2‑3a is better than that of
J1b and J1s (Figure 8). The corresponding Ro is 0.52−1.08%,

with an average of 0.74%, indicating that most OM from J1b has
entered the mature stage, and a certain amount has entered peak
hydrocarbon generation, which is a mature and good source
rock. Based on the statistical analysis of drilled holes and
outcrops, the hydrocarbon generation threshold depth (Ro =
0.5%) of the J1b source rock is approximately 2800m (Figure 9),
and this set of source rocks has already entered the stage of large-
scale hydrocarbon generation. In contrast, the Ro values of the
E2‑3a and J1s source rocks are still 0.5−0.7%, indicating that most
of the OM from J1b is still in the early mature stage (Table 2).

4.2. Early Mature Hydrocarbon Generation Controlled
by Salt Lake Facies. The ostracod fossils in the E2‑3a interval
are mainly Limnocythere dahangouensis, Ilyocypris cornae,
Cyprinotus (Heterocypris) fortilis, Eucypris bella, and Austrocypris
(Kassinina) sp.; the Charophyte fossils mainly are Maedleri-
sphaera and Stephanochara. From the analysis of paleontological
habits in the outcrop samples, the E2‑3a sedimentary period
exhibited a brackish to saltwater sedimentary environment
(Figure 10). The hydrocarbon-generating parent materials of
source rocks in saline environments are mostly halophilic
bacteria and algae. Water bodies in a saline environment have
layered salinity and strong reducibility, providing favorable
preservation conditions for OM and a high burial efficiency
(23−25.9%). Moreover, OM is enriched in many layers of saline
environments.57 All of these serve as the material basis for
efficient hydrocarbon generation in a saline environment.
Furthermore, higher ratios of Sr/Ba (0.68−1.12, Figure 2) and
G/C30H (Figure 7) and lower ratios of Pr/Ph imply that the
environment of E2‑3a features a water environment with
hypersaline non-marine sediments.
The lithology of E2‑3a is dominated by red and purplish-red

mudstone, which are more oxidizing than the J1b-J1s
sedimentary environment and in oxidizing conditions; the clay
mineral assemblage is dominated by the I/M mixed layer and
illite, reflecting the alkaline and arid sedimentary environment.

Figure 12. Contour of (a) TOC, (b) kerogen type, (c) Ro, (d) effective thickness, and (e) hydrocarbon generation intensity of E2‑3a in the
southwestern Junggar Basin.
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The lithology of J1b-J1s is dominated by light-green and gray-
black mudstones with high kaolinite content, reflecting the
acidic conditions of the sedimentary water bodies and the warm
and humid climate (Table 3).
Utilizing the coexistence model helps researchers avoid

overestimating hydrocarbon generation and expulsion in a
freshwater environment while underestimating hydrocarbon
generation and expulsion in a saltwater environment. Extensive
literature implies that the brackish water to saltwater transition
with appropriate salinity (Cl−) exhibits a distinct enhancement
in the formation of low-maturity oil in the early thermal stage
(Figure 11a).32,36 In this study, thermal evolution simulation of
the blackmudstone from the Anjihaihe outcrop also showed that
the high-quality source rocks formed in the saline lake basin can
generate and expel hydrocarbons on a large scale in the early
maturity stage (Figure 11b).
From the paleothermal evolution,58 the similar geothermal

fields of the Paleogene and Jurassic intervals imply that the
corresponding hydrocarbon generation threshold depth of E2‑3a
should be similar to that of the Jurassic interval. Furthermore,
coupled with an analysis of the burial history of the Sikeshu Sag,
the oil generation threshold is approximately 3000−3500 m.
However, drilling and seismic data inferred that the maximum
burial depth of E2‑3a exceeded 5000−6000 m, far greater than
the hydrocarbon generation threshold. Source rocks also have
the potential for large-scale hydrocarbon generation and

expulsion. Its effective source rock area is approximately 1600
km2, and it is primarily distributed in the deep depression area of
the Sikeshu Sag.
Combining the aforementioned analysis of hydrocarbon

generation history and the study of hydrocarbon generation
kinetics, in this study, the source rock quality (TOC, Ro,
thickness of black shale (H), and intensity of hydrocarbon
generation (Q)) was comprehensively considered.

= × × × × xQ H TOC PR max

where Q is the hydrocarbon generation intensity (t/km2), H is
the thickness of the black shale (m), ρ is the density of the source
rock (2.60 g/cm3), and TOC is the total organic carbon content
(wt %); PRmax is the maximum hydrocarbon production rate
(mg/g TOC); and x is the conversion rate (%).
E2‑3a is in the southeastern area of the Sikeshu Sag, whose

source rocks are characterized by high OM abundance (TOC
>1.0 wt %) and early-mature stage (0.5% < Ro< 0.7%); the
thickness of black shale is more than 150 m, and the
corresponding hydrocarbon generation intensity (Q) is higher
than 2.0 × 104 t/km2, which is the center of the E2‑3a source
kitchen located at the southeastern part of the Sikeshu Sag
(Figure 12).

4.3. Oil Source Discrimination by Biomarkers and a
Stable Carbon Isotope. Figure 13 shows the representative
mass chromatograms (m/z 217 and 191) of steranes and

Figure 13. Representative mass chromatograms of m/z 217 and 191 showing the terpane and sterane characteristics of the J1b and E2‑3a source rocks
and oils from different families (groups A and B) in the Sikeshu Sag.
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terpanes of multiple-source rock extracts and crude oils in the
Sikeshu Sag. The C20, C21, and C23 tricyclic terpane (TT)
distribution of E2‑3a features an ascending pattern, and steranes
C27, C28, and C29 exhibit an “L” shape. The C20, C21, and C23 TT
distributions of the Jurassic (J1b and J1s) exhibit a declining
pattern, and steranes C27, C28, and C29 exhibit an ascending
shape.
Based on the comprehensive geochemical analysis and oil

source discrimination results, the oils in different tectonic
locations were classified into groups A and B, which were
derived from the E2‑3a and J1b sources, respectively. Group A oils
are mainly distributed in the Chunguang oilfield (Wells C2-200,
C22, C27, C32, C33, and C27-1) and the Dushanzi oilfield
(Wells D1, D2, Ds1, and D50), while group B oils are mainly
distributed in the Kayindike anticline (Wells K001, K2, K003,

and K6), the Xihu oil-bearing anticline (Wells X1 and Xc2), the
Aika Fault Belt (Wells S13, S1-2, S3, and S103), and the
Gaoquan anticline (Wells Gt1).

ααα20R C27RS/C29RS and ααα20R C28RS/C29RS are two
source-related parameters (Figure 14a) that indicate a general
increase in the relative content of C27−C28 steranes and a
decrease in C29 steranes in bacteria- and algae-enriched
environments. The abundant C28 RS (higher ratios of ααα20R
C28RS/C29RS in the main range of 0.5−0.9) and C27 RS (higher
ratios of ααα20R C27RS/C29RS in the main range of 0.6−1.4) in
the source rock extracts of E2‑3a from the Sikeshu Sag and crude
oils of group A suggest clay-rich source rocks deposited
phytoplankton input.59,60 Gammacerane is abundant in hyper-
saline non-marine sediments and related oils.61 All samples of

Figure 14. Cross-plot of (a) αααC27/C29 RS versus αααC28/C29 RS, (b) Tricyclics/17α-hopanes versus G/C30H, (c) C29 ββ/(ββ + αα) versus C29
20S/(20S + 20R), and (d) αααC27/C29 RS versus Pr/Ph of crude oils and source rock extracts displaying the correlations of different source rocks and
crude oils in the Sikeshu Sag.

Table 4. Summary of Geochemical Parameters Showing the
Difference of E2‑3a and J1b Source Rocks

parameters E2‑3a J1b-J1s

G/C30H higher (0.11−0.31) lower (0.02−0.22)
C20, C21, C23 TT
distribution

ascending pattern declining pattern

C27, C28, C29 steranes’
distribution

“L” shape “inverse L” shape

C19/C21TT lower (average: 1.41) higher (average: 4.24)
αααC28/C29 RS higher (0.42−0.80) lower (0.17−0.64)
αααC27/C29 RS higher (0.61−1.09) lower (0.12−0.59)
Pr/Ph lower (0.52−1.48) higher (1.94−4.06)
tricyclics/17α-hopanes lower (0.13−1.25) higher (0.02−1.97)
δ13C heavier (−

30.23‰ to 26.47‰)
lighter (−
30.74 to 27.49‰)

C29ββ/(ββ + αα) lower (0.19−0.44) higher (0.37−0.53)
C2920S/(20S + 20R) lower (0.06−0.33) higher (0.17−0.45)

Figure 15. Cross-plot of αααC27/C29 RS versus C19/C21 TT of crude
oils displaying the correlations of different groups of crude oils in the
Sikeshu Sag.
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E2‑3a from the Sikeshu Sag and crude oils of group A contain a
high gammacerane index (G/C30H) in the range of 0.15−0.35,
which also suggests that the crude oils of group A were derived
from the saline−brackish sediments in E2‑3a (Figure 14a,b and
Table 4). The opposite phenomenon appeared in the Jurassic
(J1b and J1s) of the Sikeshu Sag, and crude oils of group B
samples showed a lower content of C27 RS compared with C29
homologues (mainly distributed in the range of 0−0.6) and
lower content of C28 RS compared with C29 homologues
(mainly distributed in the range of 0.5−1.0), both indicating a
higher input of terrigenous freshwater OM. Thus, the crude oils
of group B were mainly derived from the Jurassic strata (J1b, J1s)
of the Sikeshu Sag.
Tricyclics/17α-hopanes are primarily source-related param-

eters that compare a group of bacterial or algal lipids (tricyclics)
with markers that arise from different prokaryotic species

(hopanes), tricyclics/17α-hopanes also increase with increasing
thermal maturity.62 As shown in Figure 14c, the cross-plots of
tricyclics/17α-hopanes versus G/C30H also confirm that the
crude oils of group A are derived from the E2‑3a of the Sikeshu
Sag, and the crude oils of group B were derived from the Jurassic
strata (J1b, J1s) of the Sikeshu Sag.
As shown in Figure 14c, the ratios of C29 ββ/(ββ + αα) and

C29 20S/(20S + 20R) of E2‑3a source rocks are lower than those
of J1b source rocks, and the corresponding ratios of group A and
B oils are located in the zones of E2‑3a and Jurassic (J1b, J1s)
source rocks, which also confirm their genetic affinities.
Compared to the J1b source rocks, the E2‑3a source rocks

feature lower ratios of short-chain C19 TT to their long-chain C21
counterparts (C19/C21TT) and lower ratios of Pr/Ph (Figures
14d and 15).
Tissot and Welte (1984) proposed that kerogens derived

from higher plants are heavy,34 with δ13C ranging from −28.0 to
−23.0‰, while the δ13C of kerogens originating from lower
hydrobionts, algae, and plankton ranges from−32.0 to−28.0‰.
For δ13C, oils that differ by more than 2−3‰ are typically from
different sources,63 and oils of similar maturity differ by no more
than 1‰. In the study area, the distribution of δ13C values of the
oils of group A (−29.90‰ to −25.30‰, average of −27.34‰)
are similar to the δ13C value of the E2‑3a source rocks in the
Sikeshu Sag (−30.23 to −26.47‰, average of −28.72‰),
which revealed that the crude oils of group A were genetically
related to the lower hydrobionts, algae, and plankton that
dominated E2‑3a in the Sikeshu Sag. The δ13C values of the crude
oils of group B range from −28.70 to −25.50‰ (average:
27.00‰, Figure 16, Table 5), which is consistent with the δ13C
value of the Jurassic (J1b, J1s) source rocks in the Sikeshu Sag
(Figure 16, −30.74 to −27.49‰, average of −28.70‰).

Figure 16. Box chart of δ13C showing the correlations of different
source rocks and crude oils in the Sikeshu Sag.

Table 5. Summary of Stable Carbon Isotope Values of Crude Oil and Source Rock Extracts

oil/source δ13C oil/source δ13C oil/source δ13C oil/source δ13C
J1s −28.70 E2‑3a −28.78 D1 −28.80 P8-c3 −26.60
J1s −27.92 E2‑3a −28.92 D1 −25.30 C2-p41 −26.70
J1s −29.04 E2‑3a −29.24 D1 −26.30 C27 −27.30
J1b −28.85 E2‑3a −29.35 D2 −26.20 C32 −27.80
J1b −28.85 E2‑3a −29.84 D2 −27.80 K001 −25.50
J1b −27.49 E2‑3a −30.23 D2 −27.10 K001 −26.40
J1b −30.74 E2‑3a −29.11 D2 −27.20 K002 −25.90
J1b −28.60 E2‑3a −29.04 D2 −27.14 K6 −27.72
J1b −28.08 E2‑3a −29.40 D50 −27.82 K6 −28.70
J1b −28.76 E2‑3a −28.70 D50 −27.60 K6 −26.20
J1b −23.38 E2‑3a −28.96 X4 −27.48 K6 −26.80
E2‑3a −25.69 E2‑3a −28.00 X4 −26.50 K003 −26.26
E2‑3a −26.47 E2‑3a −28.52 X4 −26.30 X5 −26.00
E2‑3a −27.17 E2‑3a −27.94 Xc2 −26.40 S13 −26.20
E2‑3a −27.91 E2‑3a −27.71 Xc2 −26.30 S3 −26.60
E2‑3a −28.20 E2‑3a −28.57 Gq1 −27.60 S3 −27.70
E2‑3a −28.81 D1 −27.64 Gq1 −27.39 S3 −26.64
E2‑3a −29.87 D1 −26.84 Gq1 −27.36 P2-93 −27.40
E2‑3a −29.95 D1 −27.53 C27 −27.40 C2-p1 −28.70
E2‑3a −29.53 D1 −27.65 P2-18 −26.80 C2-p2 −28.32
E2‑3a −29.24 D1 −27.88 P2-40 −26.80 P70 −27.40
E2‑3a −29.27 D1 −27.62 P2-86 −27.80 P70 −27.80
E2‑3a −29.11 D1 −27.56 P2-p87 −28.10 C26 −27.00
E2‑3a −28.47 D1 −27.55 P2-88 −27.60 Gt1 −26.80
E2‑3a −27.92 D1 −29.90 P206 −26.80
E2‑3a −27.51 D1 −29.70 P8-p1 −27.10
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Table 6. Selected Biomarkers of Oils and Source Rock Extracts in Different Strata in the Sikeshu Sag for Oil Source
Discrimination

samples C27/C29RS C28/C29RS TT/H Pr/Ph G/C30H C29ββ/(ββ + αα) C2920S/(20S + 20R)
original
group

predicted
group P(D > d |G = g)

discriminant
function

J1s 0.35 0.18 0.02 4.06 0.02 0.42 0.19 B B 0.999 −2.663
J1s 0.42 0.17 0.04 2.87 0.03 0.41 0.24 B B 0.996 −2.248
J1s 0.47 0.64 1.41 2.12 0.12 0.48 0.26 B B 0.915 −1.242
J1b 0.12 0.37 1.97 2.09 0.02 0.39 0.17 B B 1.000 −3.686
J1b 0.21 0.36 0.57 2.10 0.04 0.42 0.31 B B 1.000 −3.139
J1b 0.25act 0.31 1.38 1.94 0.03 0.39 0.32 B B 1.000 −3.007
J1b 0.15 0.50 0.04 0.37 0.35 B B 1.000 −3.403
J1b 0.41 0.46 0.12 0.48 0.36 B B 0.971 −1.593
J1b 0.59 0.37 0.18 0.51 0.38 B Aa 0.712 −0.230
J1b 0.39 0.61 0.22 0.44 0.30 B B 0.741 −0.833
J1b 0.52 0.53 0.07 0.53 0.45 B B 0.958 −1.469
E2‑3a 0.61 0.63 1.24 0.96 0.11 0.20 0.06 A Ba 0.627 −0.668
E2‑3a 0.63 0.60 1.25 1.02 0.11 0.19 0.06 A Ba 0.544 −0.563
E2‑3a 0.64 0.56 0.56 1.48 0.15 0.20 0.08 A A 0.737 −0.191
E2‑3a 0.71 0.46 0.76 0.93 0.16 0.21 0.08 A A 0.895 0.151
E2‑3a 0.80 0.42 0.75 0.98 0.13 0.23 0.09 A A 0.930 0.290
E2‑3a 0.81 0.50 0.68 1.02 0.16 0.27 0.07 A A 0.975 0.622
E2‑3a 0.77 0.56 0.60 0.99 0.14 0.24 0.09 A A 0.930 0.289
E2‑3a 0.81 0.56 0.57 0.85 0.17 0.21 0.13 A A 0.978 0.658
E2‑3a 0.80 0.58 0.57 0.83 0.17 0.26 0.12 A A 0.979 0.679
E2‑3a 0.79 0.61 0.53 0.83 0.19 0.26 0.13 A A 0.983 0.734
E2‑3a 0.74 0.62 0.50 0.87 0.17 0.29 0.14 A A 0.950 0.401
E2‑3a 0.73 0.67 0.29 0.52 0.22 0.24 0.19 A A 0.984 0.764
E2‑3a 0.73 0.69 0.13 0.69 0.23 0.29 0.22 A A 0.987 0.819
E2‑3a 0.74 0.77 0.39 0.76 0.22 0.38 0.16 A A 0.985 0.790
E2‑3a 0.74 0.76 0.76 0.75 0.21 0.34 0.24 A A 0.983 0.735
E2‑3a 0.80 0.76 0.17 1.33 0.25 0.31 0.24 A A 0.997 1.303
E2‑3a 0.91 0.75 0.26 0.31 0.28 A A 1.000 1.881
E2‑3a 1.09 0.80 0.28 0.41 0.29 A A 1.000 2.896
E2‑3a 1.02 0.51 0.29 0.40 0.31 A A 1.000 2.638
E2‑3a 0.96 0.49 0.29 0.44 0.31 A A 1.000 2.353
E2‑3a 0.87 0.69 0.25 0.43 0.32 A A 0.999 1.624
E2‑3a 0.72 0.64 0.31 0.41 0.33 A A 0.998 1.425
D1 0.80 0.48 0.32 1.26 0.23 0.25 0.17 A A 0.995 1.112
D1 0.79 0.73 0.16 0.61 0.29 0.27 0.17 A A 0.999 1.562
D1 0.90 0.70 0.13 1.36 0.27 0.30 0.16 A A 1.000 1.916
D1 0.97 0.69 0.15 1.56 0.26 0.31 0.19 A A 1.000 2.148
D1 1.08 0.70 0.17 1.64 0.24 0.30 0.20 A A 1.000 2.559
D1 1.10 0.69 0.32 0.86 0.31 0.30 0.22 A A 1.000 3.140
D1 1.01 0.58 2.42 0.29 0.34 0.26 A A 1.000 2.536
D1 0.97 0.59 1.92 0.28 0.37 0.29 A A 1.000 2.354
D2 0.40 0.36 0.16 2.00 0.28 0.45 0.37 A A 0.621 −0.356
D2 0.90 0.65 0.67 0.68 0.21 0.44 0.40 A A 0.998 1.404
D2 0.84 0.54 0.10 1.08 0.33 0.45 0.36 A A 0.997 1.403
Ds1 1.02 0.69 0.04 0.29 0.45 0.41 A A 1.000 2.589
Ds1 0.93 0.73 0.21 0.19 0.40 0.41 A A 0.998 1.472
Ds1 0.98 0.65 0.04 0.31 0.40 0.42 A A 1.000 2.576
D50 1.16 0.59 0.29 0.48 0.43 A A 1.000 3.309
Gq1 0.96 0.47 1.99 0.21 0.50 0.43 A A 0.999 1.765
Gq1 0.89 0.51 3.16 0.18 0.50 0.46 A A 0.995 1.126
X4 1.13 0.72 0.16 0.85 0.33 0.50 0.48 A A 1.000 3.486
Xc2 0.94 0.64 0.05 0.31 0.51 0.47 A A 1.000 2.412
Xc2 1.15 0.93 0.06 0.20 0.58 0.47 A A 1.000 2.473
Xc2 1.36 0.86 0.14 0.29 0.47 0.36 A A 1.000 4.241
Xc2 1.04 0.76 0.16 0.23 0.43 0.39 A A 1.000 2.213
Xc2 0.77 0.69 0.04 0.25 0.47 0.37 A A 0.995 1.111
Xc2 1.20 0.67 0.03 0.29 0.46 0.36 A A 1.000 3.462
Xc2 0.88 0.86 0.36 0.11 0.41 0.32 A A 0.973 0.597
Gq1 1.15 1.90 0.28 0.44 0.40 A A 1.000 3.486
Gq1 0.96 0.47 1.99 0.21 0.45 0.41 A A 1.000 2.433
Gq1 0.89 0.51 3.16 0.18 0.40 0.41 A A 1.000 2.483
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4.4. Oil Source Discrimination by Stepwise Discrim-
inant Analysis. Stepwise discriminant analysis (SDA) uses
samples pre-classified into known groups (or classes) as learning
samples to establish functions that best discriminate among
classes. The resulting functions are then implemented to classify
unknown samples. In oil−source correlation, known or learning
samples represent those whose sources are pre-identified, and
investigating samples represent those whose sources need to be
identified.64,65 For a more comprehensive identification of

multiple oil sources of crude oils in the Sikeshu Sag, the data of
the candidate geochemical parameters were tested for the
normality of distribution using the Kolmogorov−Smirnov (K−
S) test at a confidence level (α) of 5%. Most of the parameters,
where α > 0.05, were demonstrated to be log−normal
distribution variables for each source rock class. Prior to SDA,
the geochemical parameter candidate data were normalized for
87 source rocks and 52 oil samples using the average and
standard deviation values of the source rock samples. TheWilks’

Table 6. continued

samples C27/C29RS C28/C29RS TT/H Pr/Ph G/C30H C29ββ/(ββ + αα) C2920S/(20S + 20R)
original
group

predicted
group P(D > d |G = g)

discriminant
function

C2-200 1.23 0.00 0.97 0.68 0.31 0.20 A A 1.000 6.693
P2-86 0.92 0.59 0.08 1.76 0.32 0.52 0.37 A A 1.000 2.411
C22 0.80 0.61 0.06 1.68 0.32 0.42 0.36 A A 1.000 1.849
C27 0.91 0.61 0.06 1.79 0.31 0.45 0.35 A A 1.000 2.282
C32 0.91 0.61 0.06 1.81 0.31 0.58 0.47 A A 1.000 2.226
C33 0.90 0.61 0.06 1.80 0.30 0.45 0.35 A A 1.000 2.187
P19-1 1.24 0.33 0.21 0.12 0.34 0.35 A A 1.000 2.281
P8 0.94 0.61 0.01 1.75 0.28 0.33 0.33 A A 1.000 2.205
P28 0.66 0.46 0.34 2.02 0.20 0.33 0.31 A A 0.919 0.238
C2-5 1.71 0.36 0.46 0.09 0.33 0.32 A A 1.000 4.261
C16-1 1.46 1.26 1.45 0.23 0.32 0.31 A A 1.000 4.228
P2-18 0.89 0.77 0.03 1.91 0.34 0.49 0.43 A A 1.000 2.381
P2-40 0.77 0.64 0.03 2.20 0.33 0.42 0.37 A A 0.999 1.784
P2-86 0.68 0.74 0.06 2.00 0.28 0.46 0.43 A A 0.992 0.972
P2-p87 0.69 0.62 0.06 1.70 0.31 0.46 0.43 A A 0.997 1.251
P2-88 0.80 0.22 0.17 2.95 0.08 0.30 0.68 A A 0.823 −0.036
P206 0.62 0.62 0.03 1.92 0.22 0.44 0.45 A A 0.913 0.216
P8-p1 0.70 0.65 0.03 2.09 0.23 0.44 0.41 A A 0.976 0.627
P8-c3 0.72 0.64 0.03 2.09 0.30 0.38 0.40 A A 0.998 1.339
C2-p41 0.74 0.67 0.04 2.36 0.21 0.35 0.39 A A 0.980 0.689
C27 0.73 0.68 0.05 2.20 0.22 0.53 0.52 A A 0.984 0.770
C32 0.72 0.68 0.05 2.58 0.25 0.44 0.41 A A 0.990 0.910
C27-1 0.74 0.69 0.06 2.33 0.24 0.44 0.43 A A 0.991 0.941
K001 0.92 0.45 0.45 0.61 0.08 0.43 0.42 B Aa 0.961 0.482
K001 0.76 0.58 0.44 0.82 0.11 0.49 0.40 B B 0.999 −3.549
K6 0.51 0.52 1.93 0.08 0.45 0.41 B B 0.947 −1.395
K6 0.38 0.29 0.25 1.60 0.30 0.54 0.47 B B 1.000 −3.135
K6 0.44 0.50 0.25 2.58 0.09 0.55 0.48 B B 1.000 −3.141
K003 0.55 0.57 1.16 0.64 0.10 0.34 0.34 B B 0.869 −1.093
S13 0.07 0.23 0.00 4.48 0.07 0.35 0.36 B B 1.000 −3.549
S1-2 0.29 0.36 0.02 0.06 0.35 0.35 B B 0.999 −2.603
S1-2 0.14 0.15 0.01 3.16 0.08 0.40 0.32 B B 1.000 −3.126
S3 0.15 0.18 0.01 3.27 0.07 0.49 0.46 B B 1.000 −3.151
S3 0.16 0.26 0.01 3.00 0.04 0.50 0.46 B B 1.000 −3.354
S3 0.22 0.33 0.01 0.08 0.50 0.50 B B 0.999 −2.788
C50 0.44 0.38 0.02 2.33 0.10 0.49 0.49 B B 0.972 −1.597
P400-1 0.46 0.37 0.10 2.48 0.10 0.52 0.46 B B 0.953 −1.435
P400-3 0.50 0.40 0.07 2.31 0.11 0.51 0.47 B B 0.907 −1.210
P2-300 0.52 0.40 0.24 2.40 0.18 0.50 0.43 B B 0.569 −0.594
C8 0.38 0.37 0.26 2.44 0.18 0.49 0.41 B B 0.915 −1.241
C110E 0.37 0.39 0.23 2.49 0.15 0.48 0.40 B B 0.962 −1.506
C114E 0.32 0.40 0.21 2.58 0.15 0.45 0.43 B B 0.983 −1.755
P2-93 0.07 0.02 0.16 2.04 0.11 0.46 0.43 B B 1.000 −3.227
C2-p1 0.20 0.21 0.23 1.23 0.11 0.48 0.43 B B 0.999 −2.599
C2-p2 0.10 0.13 0.18 0.76 0.12 0.48 0.45 B B 1.000 −2.973
P70 0.25 0.12 0.15 3.03 0.07 0.53 0.49 B B 0.999 −2.656
P70 1.71 0.03 0.14 0.08 0.51 0.55 B Aa 1.000 4.221
C26 0.39 0.37 0.07 2.40 0.08 0.52 0.54 B B 0.992 −2.004
C29 0.45 2.54 0.11 B B 0.999 −2.588
Gt1 0.38 2.40 0.12 B B 1.000 −2.967
aRepresents wrongly predicted cases; TT/H: tricyclics/17α-hopanes).
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lambda significance level decreased to 0.014, which was
significantly less than 0.05, and the correct rate of the original
validation reached 95.5% (Table 6).
The results of SDA (Figure 17 and Table 6) indicate that the

crude oils of group A were derived from E2‑3a of the Sikeshu Sag,
whereas those of group B were derived mainly from the Jurassic
(J1b, J1s) of the Sikeshu Sag.

4.5. Determination of Oil Charging History Combined
with Fluid Inclusion Microthermometry and One-
Dimensional Basin Modeling. The homogenization temper-
atures (Th) of coeval aqueous inclusions in Well K6 (group B,
J1b source) ranged from 40.0 to 100.0 °C (Figure 18a), with a
low main peak at 70−90 °C, while those in Well X5 (group A,
E2‑3a source) ranged from 100.0 to 150.0 °C (Figure 18b), with a
high main peak at 110−130 °C. Combined with the one-
dimensional (1-D) basin modeling, the oil charging periods of
group A and B oils are theMiddle-LateMiocene (13−8Ma) and
Late Oligocene (23−20 Ma).

4.6. Hydrocarbon Migration Pathways by Quantita-
tive Grain Fluorescence Analysis and Its Implications for
Petroleum Exploration. Quantitative grain fluorescence
(QGF) can be utilized to identify hydrocarbon migration
pathways, that is, the fluorescent intensity from the adsorbed
and captured hydrocarbons in the inclusion. The hydrocarbon
migration pathways can be determined using the 0−4 QGF
indices.66−71

As observed in Figure 19, the values of the QGF index and
QGF-E in the upper section are higher than those of the lower
section of Well D1, demonstrating that�J3q3 − J3q2 is a paleo-
reservoir.72,73

In addition, the planar distribution of the QGF index shows
that from the southeast region (Well Ds1) to the northwest
region (Wells S13 and S103), the corresponding QGF index
gradually increases, indicating that the hydrocarbon-bearing
paleo-fluid flows from the southeast to the northwest (Figure 20
and Table 7)..

5. CONCLUSIONS

(1) The Sikeshu Sag exists as two sets of main source rocks:
the Paleogene Anjihaihe (E2‑3a) and J1b formations. The
thermal maturity of J1b has entered the “oil generation
window”, while the E2‑3a source rocks are still in the early
maturity stage; owing to its sedimentary background in a
saline−brackish water environment, large-scale hydro-
carbon generation and expulsion can be realized in the
early maturity stage.

(2) The E2‑3a source rock exhibits the characteristic “L” shape
of C27, C28, and C29 sterane distribution, ascending
pattern of the C20, C21, and C23 TT distribution, and
higher ratios of gammacerane index, αααC27/C29 RS, and
αααC28/C29 RS, and low ratios of C19/C21TT. The
Jurassic strata (J1b, J1s) feature a declining pattern of C20,
C21, and C23 TT distribution, an “inverse L” shape of C27,
C28, and C29 steranes, a low gammacerane index, αααC27/
C29 RS, αααC28/C29 RS, and high ratios of C19/C21TT.

(3) The comprehensive analysis of fluid inclusion micro-
thermometry and 1-D basinmodeling revealed that the oil

Figure 17. Histogram of the discriminant function of the oils from
different families (groups A and B) derived from different oil sources in
the Sikeshu Sag.

Figure 18.Histograms of homogenization temperature (Th) for coexisting aqueous inclusions of oil inclusions and thermal history of (a) J2t formation
in Well K6 and (b) N1s formation in Well X5 in the Sikeshu Sag.
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charging periods of the group A and B oils are in the
Middle-Late Miocene (13−8 Ma) and the late Oligocene
(23−20 Ma), respectively.

(4) This study proposes a new understanding that N1s oils in
Western Chepaizi are derived from E2‑3a low-mature
saline lacustrine sediments and clarifies that the hydro-
carbon generation potential and supply range of the E2‑3a
high-quality source rocks are located east of the Western
Chepaizi Uplift and the interior area of the Sikeshu Sag.
The oil−source correlation results also show that the oil
reservoirs in the Sikeshu Sag and its peripheral region

developed two sets of distinct source rocks, particularly
the E2‑3a source rocks, both of which have large-scale
hydrocarbon generation and expulsion.

(5) To improve the optimization ability of the parameters,
several optimization algorithms, such as adaptive particle
swarm optimization, multi-population genetic algorithm,
gray wolf optimization, ant colony algorithm, simulated
annealing algorithm, and whale optimization algorithm,
can be used to determine the optimal value of the
parameters of the discriminant model and to realize the

Figure 19. Vertical variations of the (a) QGF index, (b) QGF-E, and (c) QGF spectrum of Well D1 in the Sikeshu Sag demonstrating the vertical
hydrocarbon migration direction.
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automatic optimization of model parameters, which can
help enhance the prediction ability of the ML model.
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Figure 20. (a)Histogram of theQGF index and (b) schematic diagram showing the charging range of two different oil sources (E2‑3a and J1b-J1s) of the
southwestern Junggar Basin.

Table 7. Summary Table of the QGF Index for Different Well
Samples

well
QGF
index well

QGF
index well

QGF
index well

QGF
index

Ds1 1.54 K001 2.89 P7 3.68 S6 4.67
Ds1 1.80 P20 2.9 P206 3.69 P9 4.77
Ds1 1.86 K7 2.93 K003 3.77 P9 4.78
Ds1 1.87 S1-2 3.01 P9 3.83 P16 4.82
Ds1 1.89 S9 3.02 P16 3.84 P8 5.08
Ds1 1.90 K001 3.08 P206 3.85 P9 5.13
Ds1 1.92 K001 3.1 P16 3.87 P103 5.25
Ds1 2.02 K001 3.16 P9 3.88 P103 5.32
Ds1 2.03 P16 3.24 S6 4.15 P4 5.46
Ds1 2.07 P16 3.29 K003 4.23 P8 5.65
P202 2.11 P61 3.3 P206 4.3 P8 5.86
Ds1 2.16 P20 3.35 P7 4.35 S7 5.92
K7 2.19 P206 3.49 P20 4.38 S8 6.35
K6 2.25 K003 3.52 P20 4.38 S7 6.71
Ds1 2.26 S8 3.53 S13 4.40 S13 7.53
K7 2.35 P19 3.6 P204 4.45 S11 10.1
K003 2.42 P7 3.6 P204 4.52 S6 13.33
K001 2.53 S6 3.63 S6 4.58 S103 105.83
K6 2.55 K003 2.84 K003 2.8 K003 2.73
K6 2.65
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■ NOMENCLATURE
RF random forest
CNN convolutional neural networks
XGBoost extreme gradient boosting
ElasticNet BRR Bayesian Ridge Regression
PSO-SVR particle swarm optimization-support vector

regression
TOC total organic carbon
S1 + S2 hydrocarbon potential
HI hydrogen index
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