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Abstract: Lacustrine shale, represented by the Middle Permian Lucaogou Formation in the Jimsar
Depression in the eastern Junggar Basin, has become one of the main areas of shale oil exploration
in China. In this study, we used 137 samples of shale from the Lucaogou Formation, drawn from
14 wells in the Jimsar Depression, to investigate their characteristics of pyrolysis, organic carbon
and soluble organic matter content, biomarkers, organic microscopic composition, and vitrinite
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reflectance. Basin simulation and hydrocarbon generation thermal simulation experiments were also
conducted in a closed system. The results of this study indicate that the input of an algae source was
dominant in the source rocks of the Lucaogou Formation, that the water in which the rocks were
deposited had high salinity and strong reducibility, and that the source rocks were oil-prone. The
Lucaogou source rocks generally had good hydrocarbon generation capability, but showed significant
heterogeneity. At the end of the Cretaceous period, the shales in the Lucaogou Formation entered the
oil-generation window as a whole. Currently, the shales of the Lucaogou Formation are generally in
the high-maturity stage in the deep part of the depression, producing a large amount of high-maturity
oil and condensate gas, while those in the shallow part have relatively low maturity and can only
produce a large amount of conventional crude oil. The maximum crude oil generation rate of the
Lucaogou Formation shale obtained from the thermal simulation results was 220.2 mg/g of the total
organic carbon (TOC), and the maximum hydrocarbon expulsion efficiency was estimated to be
59.3-76.4%.
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1. Introduction

Crude oil and gas exploration in the Junggar Basin began in 1909 and has a history of
more than 100 years. As of 2013, the proven crude oil and natural gas reserves in the Junggar
Basin were 23.34 x 10% tand 1972 x 108 m3, respectively [1]. The Junggar Basin is one of the
most important onshore oil and gas production sites in China [1,2]. Although the current
oil and gas exploration in the Junggar Basin is dominated by conventional reservoirs, the
exploration of unconventional shale oil, represented by the Middle Permian Lucaogou
Formation (Pl) in the Jimsar Depression, the Middle Permian Pingdiquan Formation (P,p)
in the Wucaiwan—-Shishugou area, and the Lower Permian Fengcheng Formation (P¢f) in
Fengcheng area of the northwestern margin, has shown promising results [3-5].
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Compared with conventional oil reservoirs, shale oil reservoirs are significantly differ-
ent, and the main differences are as follows: (1) source-reservoir integration and near-source
or intra-source accumulation; (2) extremely low porosity and permeability; (3) the ambigu-
ous boundary conditions of the trap; and (4) Darcy’s law of seepage flow not being met
during the secondary migration of oil and gas [6-8]. At present, this type of integrated
source-reservoir shale oil and gas exploration is still in its infancy in China, and the pre-
dicted resource amount is around 11 x 10° t, of which Junggar Basin alone accounts for
29 x 108 t (26.4% of the total) [6]. Unlike foreign shale oil, which is dominated by marine
deposits, the shale oil in China is dominated by lacustrine deposits. The source rocks in the
lake are typically thick, with a small distribution, and their porosity (<10%) and permeabil-
ity (<0.1 mD) are lower than those in the maritime environment [6,9]. The Pl lacustrine
source rocks in the Jimsar Depression, located in the eastern part of the Junggar Basin, can
be regarded as the world’s largest lacustrine mudstone in terms of its thickness and organic
matter abundance (Figure 1a,b) [10]. At present, this area is one of the main areas of shale
oil exploration in China, with a predicted resource amount of 7.02 x 108 t [1,6].
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Figure 1. Overview of the petroleum geology of the Jimsar Depression. (a) The lithology column
of Lucaogou Formation; (b) The location of Jimsar Depression in the Junggar Basin; (c) Detailed
structural map of the Jimsar Depression.
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The organic matter abundance and hydrocarbon generation capacity of source rocks
are the most important factors used for evaluating the quality of shale oil [8]. Previous
researchers had studied Pl shale oil in the Jimsar Depression, mainly focusing on the
sedimentary facies and lithology of the P,1 shale [11], oil and gas source comparison [12], the
heterogeneity of the source rocks [13], and the hydrocarbon accumulation process [14,15].
These studies have greatly enriched research on unconventional oil and gas, and promoted
the exploration and development of shale oil in the Jimsar Depression. However, current
research on the characteristics of hydrocarbon generation and the evolution of P,1 source
rocks in the study area is still in a relatively early stage. Based on the analysis of the
static hydrocarbon generation capacity of the P»l source rocks, in this study a gold-tube
thermal simulation experiment was conducted in a closed system. Based on this and the
two-dimensional basin simulation, the hydrocarbon generation mechanism, hydrocarbon
expulsion efficiency, and the evolution process were systematically studied, providing
strong support for the evaluation of continental shale oil and gas.

2. Geologic Background

The Junggar Basin is located in the Xinjiang Uygur Autonomous Region in northwest-
ern China, with an area of approximately 1.3 x 10° km?. It can be divided into a total
of six primary structural units, including two major depressions (the Central Depression
and the Wulungu Depression), three major uplifts (the Luliang Uplift, the Western Up-
lift, and the Eastern Uplift), and a thrust-fold belt (the North Tianshan Thrust-Fold Belt)
(Figure 1b) [16,17]. The study area is a secondary structural unit in the Eastern Uplift
in the Jimsar Depression, bounded by the Shaqi Uplift to the north, the Santai Uplift to
the west, the Fukang Fault Zone to the south, and the Guxi Uplift to the east, and has
an area of around 1500 km? (Figure 1c) [1,18]. The depression has undergone multiple
tectonic movements (Hercynian, Indosinian, Yanshanian, and Himalayan movements).
There are huge, thick Paleozoic—Cenozoic sedimentary rocks overlying the Precambrian
crystalline basement and Paleozoic metamorphic basement. At their thickest, the rocks
exceed 5000 m, and the deposits in the depression gradually become thinner from west to
east (Figure 1c) [1,17].

The Middle Permian Lucaogou Formation in the Jimsar Depression was formed in a
saline lacustrine basin environment after the relict sea was closed [1,19], and it is widely
distributed in the depression, with an area of approximately 1278 km?, a thickness of
200-350 m, and a maximum thickness of >500 m (Figure 1a) [20]. The Lucaogou Formation
is a set of lacustrine deposits that has recorded multiple complete cycles of lake water depth
fluctuations from shallow to deep, and can be further divided into the upper sub-member
(P,12) and the lower sub-member (P,1') (Figure 1a). Previous studies have shown that
the Lucaogou Formation contains a set of lacustrine source rocks that are rich in organic
matter [15,18,21]. Their lithology includes gray-black mudstone, dolomitic mudstone,
siltstone, and dolomite [15,21]. The main lithology of the reservoir includes dolomite,
dolomitic siltstone, sandy dolomite, diabase, and a small amount of tuff [11,17]. The
storage space of the reservoir is dominated by nanopores and microfractures, the pore
throat radius is 100-500 nm, the porosity is 2.5-16.27%, and the permeability is less than
0.1 mD [6].

3. Samples and Analytical Methods
3.1. Samples

In this study, a total of 137 samples of the P;l source rocks were collected from 14 wells
in the Jimsar Depression, including 40 samples from the P,1! member and 97 samples
from the P»1> member. The locations of the wells are shown in Figure 1c. Based on these
samples, various analytical measurements were carried out on more than 700 samples,
including the pyrolysis, extraction, and quantification of the organic carbon and soluble
organic matter; the analysis of biomarker compounds; the determination of the whole-rock
organic microscopic composition; and the determination of the vitrinite reflectance (Ro).
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3.2. Analytical Methods
3.2.1. Evaluation of Source Rocks

The source rock samples were cut into thin sections to observe the lithology of the
source rocks and the characteristics of the organic detritus, and determine the Ro. The
“Method for Isolation of Kerogen in Sedimentary Rocks”, published and implemented in
2003, was used to isolate the kerogen, and the component identification, quantification,
and the classification of the kerogen types of the isolated kerogen were carried out based
on the “Methods for Microscopic Composition Identification and Type Classification by
Transmitted Light-Fluorescence” industry standard (SY/T5125-2014).

The pyrolysis of the source rocks was conducted using a Rock-Eval VI standard
pyrolysis instrument (France). The sample was crushed, and 100 mg of the sample was
heated in helium gas. The hydrocarbons released during the pyrolysis were monitored
using a hydrogen flame ionization monitor, and the CO and CO, generated by the heating
and oxidation of the residual organic matter after the pyrolysis were detected using a
thermal conductivity detector. Following the rock pyrolysis analysis standard (GB/T18602-
2012), a constant temperature of 300 °C was set for 3 min to obtain S;; the temperature
was increased from 300 °C to 650 °C at a rate of 25 °C for 1 min to obtain S,. Then the
highest pyrolysis peak temperature (Tmax), Hydrocarbon Index (HCI), Hydrogen Index
(HI), Oxygen Index (OI), Hydrocarbon Generation Potential (S; + S;), and Production Index
(PI) were obtained through equations for calculating the pyrolysis parameters.

3.2.2. Simulation of Two-Dimensional Basin

The simulation of a two-dimensional basin was carried out using the PetroMod
software. The data of heat flows of present and past, and the electrical conductivity of the
source rocks, were obtained from previous studies that had carried out simulations [22,23].
The solution (EasyRo) given by Sweeney and Burnham (1990) [24] was used to convert the
result to source rock maturity, and the applicable maturity interval was 0.3—4.6% Ro.

3.2.3. Thermal Simulation Experiment in a Closed System

The source rock sample was sealed in a gold tube under the protection of an argon
gas atmosphere. The gold tube was placed in an autoclave, and the autoclave was filled
with water using a high-pressure pump. The high-pressure water caused the gold tube
to be flexibly deformed, thereby exerting pressure on the sample. The sample was sealed
under the protection of argon to ensure that there was no air contamination. The gold
tube was sealed via arc welding. The samples were heated at rates of 20 °C/min and
2 °C/min. The temperature difference between each autoclave was less than 1 °C. The
pressure was 50 MP, and the pressure fluctuation was less than 1 MP. The temperature
range was 150456 °C, and the temperature fluctuation was less than 1 °C. After heating,
the gold tube was removed from the autoclave. The detected contents were gas (C;—Cy),
light hydrocarbons (C¢—C14), and heavy hydrocarbons (Ci4.).

4. Results and Discussion
4.1. Depositional Environment of Source Rocks
4.1.1. Normal Alkanes and Isoprenoid Alkanes

Isoprenoid alkane compounds are commonly used as indicators of the sedimentary
environment [25,26]. The pristane/phytane (Pr/Ph) ratios of the P51 source rocks in the
Jimsar Depression were 0.81-2.62, with an average of 1.37. Most of the values were in the
range of 0.75-1.5, but quite a few samples had values of >2 (Table 1). Peters et al. (2005) [25]
pointed out that when the Pr/Ph ratio is 0.8-3.0, there is great uncertainty in using this
ratio to explain the depositional environment of the source rock. Therefore, the ratio of
isoprenoid to normal alkanes [27] was used in this study. As is shown in Figure 2, the
Pr/n-Cyy and Ph/n-Cig values were 0.14-6.40 (average 1.54) and 0.09-4.33 (average 1.43),
respectively, indicating a reducing environment overall, with bacteria and algae as the
main sources of organic matter. The contribution of land-based organic matter was low,
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and the maturity was not high. It should be noted that the distribution characteristics of the
isoprenoid alkanes and n-alkanes are also controlled by their maturity [25,28]. The maturity
of the samples from the study area was relatively low, so the impact of the maturity could
generally be ignored (Table 1, Figure 2).
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Figure 2. Plot of Pr/n-Cy7 vs. Ph/n-C1g showing the depositional environment of the P;1 source rocks
in the Jimsar Depression (modified after Shanmugam, 1985) [27] (terrestrial organic matter/oxidation
environment; maturity; marine organic matter/reducing environment).
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Table 1. Biomarker fingerprints of P,1 shale in the Jimsar Depression.

Caq4-
C19/Cp1- Tricyclic Ter- Tetracyclic C35/(C351-Css) Cypax3- B : } }
Well Depth(m) Strata Lithology Tricyclic pane/Pentacyclic Terpane/Cy-  Homohopane  Hopane/Cyxoxcx, (R Gammacerane  Cs1r/Cso Ts/(Ts + Cor Soterane Cas Soterane Co Soterane
T A o Index Hopane Tm) (%) (%) (%)
erpane Terpane Tricyclic %o + S)-Sterane
Terpane

Dark gray

Jil5 2280.63 Pyl fluorescent 041 0.29 1.12 7.07 6.79 023 0.10 043 2378 2377 52.46
mudstone
Dark gray

Jil74 3218.97 P,l! calcareous 0.12 0.12 1.95 2.72 485 0.28 0.12 0.05 13.80 37.24 48.96
mudstone

Jil74 3227.14 Pyl Dark gray dolomitic 0.13 0.13 1.55 2.66 6.59 031 0.17 0.04 14.81 37.11 48.09
mudstone

Ji24 1691.75 P,l! Gray black 0.08 0.07 0.62 2.87 5.58 0.31 nd. 0.27 18.41 32.77 48.83
mudstone

Jilz 3138.01 P12 Black gray 0.10 0.14 1.06 416 8.20 0.28 0.11 0.09 14.99 35.39 49.62
mudstone

Jil7 3138.01 P12 Black gray 0.10 0.05 0.82 4.01 12.73 0.36 0.16 0.32 34.81 26.13 39.06
mudstone

Ji17 313533 P,12 Gray black 0.13 0.06 1.40 3.79 9.88 0.39 0.22 033 36.51 26.17 37.33
mudstone

Jilz 3135.33 P12 Gray black 0.07 0.04 0.71 4.05 19.28 0.35 0.15 0.29 4215 22.16 35.70
mudstone

Jil74 3135.31 P, Dark gray 0.12 0.15 1.28 2.40 4.62 0.34 0.12 0.07 20.25 34.09 45.66
mudstone

Jil74 3113.3 P, 12 Dark gray 0.10 0.16 1.46 2.57 4.08 0.42 0.22 0.10 18.88 33.39 47.73
mudstone

Jil74 3134.05 P, 12 Black gray 0.08 0.10 1.38 2.70 5.44 0.35 0.20 0.10 22,94 31.56 45.50
mudstone

Jil74 3146.16 P12 Dark gray 0.12 0.18 1.65 2.90 3.39 0.19 nd. 0.12 1853 4145 40.01
mudstone

Jil74 3158.88 P12 Dark gray 0.32 0.04 8.93 2.56 6.01 0.21 0.18 0.23 19.84 39.07 41.10
mudstone

Jil74 3166.74 P, Dark gray 0.11 0.21 242 2.23 3.02 0.27 0.17 0.16 21.47 40.29 38.24
mudstone

Jil74 3177.55 P, 12 Dark gray 0.16 0.09 3.62 2.13 6.44 0.12 0.12 0.25 22.08 37.87 40.05
mudstone
Dark gray

Jil74 3217.51 P,12 calcareous 0.12 0.17 1.30 2.80 4.89 031 0.11 0.06 13.10 35.79 51.11
mudstone

Jil74 3130.76 P, 12 Black gray 0.12 0.12 2.29 2.32 8.37 0.26 0.16 0.14 25.81 30.83 43.36
mudstone

Jil74 3114.73 P, Dark gray 0.11 0.16 1.37 2.39 7.26 0.39 0.20 0.14 31.83 28.72 39.45
mudstone

Jil74 3117.75 P12 Dark gray 0.13 0.15 1.96 245 11.13 0.41 nd. 0.10 20.59 32.54 46.88
mudstone

Jil74 3118.78 P, 12 Dark gray 0.14 0.19 2.15 2.04 7.08 0.38 0.19 0.09 17.65 34.22 4813
mudstone

Jil74 3122.14 P12 Dark gray 0.18 0.09 5.37 3.39 414 0.31 0.19 0.17 15.76 31.31 52.93

mudstone
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Table 1. Cont.

Caq4-
C19/Cp1- Tricyclic Ter- Tetracyclic C35/(C31—Css) Cypax - B ; ; ;
Well Depth(m) Strata Lithology Tricyclic pane/Pentacyclic Terpane/Cy;-  Homohopane Hopane/Cy x x x,(R GaIInn‘;acerane (Ij_ISlR/C‘m Ts_l/,(Ti * Cr (S‘;e)rane Cas g);e)rane Ca ﬁ)}e)rane
Terpane Terpane Tricyclic % + S)-Sterane ndex opane m ° ° °
Terpane
Jil74 3146.19 P, Dark gray 0.12 0.16 1.11 3.66 2.80 0.12 0.20 0.11 19.22 44.60 36.19
mudstone
Jil74 3152.98 P12 Dark gray 0.18 0.21 431 2.94 6.27 0.27 0.18 0.12 14.69 52.95 32.36
mudstone
Jil74 3155.32 P12 Dark gray dolomitic 0.22 0.10 8.54 1.46 591 0.26 0.21 0.15 14.69 57.26 28.05
mudstone
Jil74 3162.02 P,12 Dark gray 0.22 0.03 7.27 234 7.27 0.25 0.18 0.22 18.76 41.56 39.68
mudstone
Jil74 3196.3 P, 12 Dark gray dolomitic 0.09 0.16 1.55 244 747 0.27 0.16 0.18 20.70 37.28 202
mudstone
Ji22 2543.06 P,12 Dark gray 0.10 0.15 1.69 1.75 525 0.35 0.13 0.12 23.97 33.63 42.40
mudstone
Ji22 2554.54 P12 Dark gray dolomitic 0.06 0.13 0.87 2.44 6.56 0.40 0.08 0.08 23.69 30.96 45.35
mudstone
Ji22 2552.67 P, Dark gray dolomitic 0.09 0.09 2.39 151 5.97 0.25 0.08 0.21 35.35 32.11 32.54
mudstone
Ji22 2554.8 P, 12 Dark gray dolomitic 0.08 0.07 1.76 2.35 10.36 0.55 0.22 0.10 33.07 33.13 33.80
mudstone
Ji23 2296.12 P, 12 Gray black calico 0.05 0.07 0.81 2.59 8.57 0.51 0.21 0.21 31.11 30.44 38.46
mudstone
Ji23 2296.04 P,12 Gray black 0.04 0.06 0.61 248 8.32 0.50 0.21 0.22 30.02 3041 39.57
mudstone
Ji5 3535.56 P12 Gray black 143 0.08 nd. nd. 4.73 0.37 0.25 0.52 17.43 32.51 50.06
mudstone
Ji7 2059 P, 12 Gray black 0.16 0.05 1.26 4.76 1.72 0.16 021 0.30 17.42 17.36 65.22
mudstone
Ji7 1949.61 P,12 ﬁiﬁ;ﬁg 0.05 0.08 1.19 6.70 1.26 0.24 0.17 0.24 18.73 3191 4936
Ji7 2069.99 P, 12 Dolomitic 0.29 0.19 nd. nd. 2.10 0.13 0.23 0.09 32.46 31.15 36.39
mudstone
Ji7 2160.2 P, 12 Eﬁ’}é’:ﬁggg 0.13 0.12 3.62 3.62 2.50 0.24 0.25 0.34 24.89 31.31 43.79
Ji7 2287.45 P, 12 E\i{;’;‘;ﬁg 0.09 0.17 1.06 2.75 1.29 0.14 nd. 0.35 22.83 17.69 59.47
Ji7 194961  pz DAk flfg’sf:igm“‘c 0.00 0.08 117 7.19 2.16 025 021 0.26 19.69 33.79 4652
Ji7 2160.2 P12 Dark rifgsf:rllzm‘m 0.24 0.05 10.90 nd. 8.14 0.23 0.13 037 29.38 30.63 39.99
Ji7 2287.45 P,12 Dark Iﬁﬁé’sf;’;‘ém‘tlc 033 0.06 2.80 3.06 921 0.20 nd. 0.10 32.70 26.05 4125
Ji7 2069 P,12 Black mudstone 0.07 0.08 0.86 nd. 151 0.27 nd. 0.21 17.61 28.06 54.33
Ji7 2160 P,12 Black dolomitic 0.15 0.06 1.86 531 414 0.61 n.d. 0.28 16.64 23.63 59.73

mudstone
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4.1.2. Terpanes

Tricyclic terpanes are abundant in the P51 shale of the study area, mainly in the range
of C19—Cpg (Figure 3), indicating that their formation was closely related to the input of an
algae source [29]. The baseline of the GC-MS spectra is nearly horizontal, with no UCM
“hump”, suggesting that there was nearly no influence of biodegradation. The source
rocks are rich in hopanes. The C3paf3-hopane/Cpocxxer,(R + S)-sterane ratios are 1.26-19.28,
with an average of 6.12 (Figure 3, Table 1), suggesting that bacteria reproduced rapidly
in a lake environment and provided a large amount of hopane precursors. The ratios of
some individual samples were relatively low, which may be related to a certain amount
of terrestrial organic matter input. C3;—C35 homohopanes are closely related to prokary-
otic microorganisms, and high abundance of C35 homohopane often indicates a strongly
reducing depositional environment [25,30]. The C35 homohopane index (Css/(C31-Css)
homohopane%) of the Pl shale is relatively high, with a range of 1.46-7.19 and an aver-
age of 3.17, indicating that the sedimentary water body had strong reducibility (Figure 3,
Table 1). The C31R homohopane/Csy hopane ratios are 0.08-0.25, with an average of 0.17,
also exhibiting the characteristics of lacustrine crude oil (Figure 3, Table 1). Gammacerane
can effectively reflect the stratification of sedimentary water bodies, which in turn is related
to the salinity of the water body [31]. The abundance of gammacerane in coal-measure
source rocks formed in a swamp environment is very low, and their gammacerane index
(Gammacerane/(Gammacerane + Czpx3-hopane)) is usually less than 0.05 (or even less
than 0.01). The abundance of gammacerane in lacustrine sedimentary mudstone is rela-
tively high, and the gammacerane index is greater than 0.05 in most cases [31,32]. The
gammacerane index values of P,1 shale source rocks in the study area were 0.12-0.61, with
an average of 0.30 (Figure 3, Table 1), indicating that evaporation was very strong and the
sedimentary water body had a fairly high salinity. In other words, in the Middle Permian,
the Jimsar Depression was a saline lake basin.

Table 2. The definition of the biomarker code.

Code Name Code Name
S1 50(H),14p3 (H)-pregnane T6 C24,13p(H),140u(H)-tricyclic terpane
S2 C22-homopregnane T7 C25,133(H),140(H)-tricyclic terpane
S3 20S-ocxx-sterane T8 C26-tricyclic terpane
54 20R-oc3 Bsterane T9 C26-tricyclic terpane
S5 20S- 3 3-sterane T10 C24-tetracyclic terpane
S6 20R-xocx-sterane T11 C28-tricyclic terpane
S7 20R-24-ethyl-1013317 x-rearranged sterane T12 C28-tricyclic terpane
S8 20S-24-ethyl-10«13173-rearranged sterane T13 18,-22,29,30-trisnorhopane(Ts)
S9 20S-24-methyl-axx-sterane T14 17«,-22,29,30-trisnorhopane(Tm)
S10 20R-24-methyl-o3 3-sterane T15 17,21 3-30-norhopane
S11 20S-24-methyl-«f3 3-sterane T16 17(H),213 (H)-hopane
S12 20R-24-methyl-xox-sterane T17 173 (H),210«(H)-moretane
S13 20S-24-ethyl-ocxx-sterane T18 225-17«(H),21 3 (H)-homohopane
S14 20R-24-ethyl-a3 3-sterane T19 22R-17(H),213 (H)-homohopane
S15 205-24-ethyl-a3 3-sterane T20 Gammacerane
S16 20R-24-ethyl-ocxx-sterane T21 22R-17p3(H),21«(H)-homohopane
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Table 2. Cont.

Code Name Code Name
T1 C19,14p (methyl)-tricyclic terpane T22 225-17x(H),21(H)-double homohopane
T2 C20,133(H),14x(H)-tricyclic terpane T23 22R-17(H),213(H)-double homohopane
T3 C21,13p(H),140(H)-tricyclic terpane T24 225-17«(H),21 3 (H)-trishomohopane
T4 C22,133(H),140(H)-tricyclic terpane T25 22R-17 x(H),213 (H)-trishomohopane
T5 C23,133(H),14x(H)-tricyclic terpane

Jizz (2542.3 m) |p Ji25 (3140.5m)
m/z 191 m/z 191

5. || (PR | |J‘“1(/(/ . L

35 40 45 50 55 60 65 70 75 30 35 40 45 50 55 60 65 70 75

elraw, il iz,

30
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Ji22 (2542.3 m)
G 12 d . Ji25(3140.5m)
L miz217 miz217

36

40

44 48 52 56 60 36 40 44 48 52 56 60
Time (min) Time (min)

Figure 3. Gas chromatography-mass spectroscopy (GC-MS) spectra of the biomarkers of the (a,b) ter-
panes (m/z 191) and (c,d) steranes (m/z 217) in the P51 source rocks in the Jimsar Depression (the
compounds corresponding to all of the labels are shown in Table 2).

4.1.3. Sterane

The data suggest that the Lucaogou source rocks were rich in Cy; and Cpg steranes,
implying the existence of large quantities of algae organic matter [33]. The contents of
the Cyy, Cpg, and Cyg regular steranes in the P,l shale in the study area were 13.1-42.2%
(average 22.9%), 17.4-57.3% (average 33.0%), and 28.1-57.3% (average 44.1%), respectively
(Table 1, Figures 3 and 4). The total content of the Cy7 and Cyg regular steranes in the
source rock samples exceeded the content of Cypg regular steranes. This indicates that algae
organic matter was dominant; however, it also indicates that there may have been some
contribution from terrestrial organic matter to source rocks in the study area. The relatively
high Cyg sterane content was not just related to the source of the organic matter; it was
also affected by the depositional environment of the source rocks. Generally, lacustrine
source rocks dominated by input of algae sources have higher relative Cy9 sterane content
than marine carbonate/shale [34-36]. Overall, the P,1 shale had relatively high Cy7 and Cpg
sterane content (Figure 4).
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Figure 4. Ternary diagram of the relative percentages of the Cy;, Cpg, and Cpg regular steranes in the
P;1 source rocks in the Jimsar Depression.

4.2. Type and Abundance of Source Rocks
4.2.1. Types of Organic Matter

The elemental analysis revealed that the H/C atomic ratios of the P,1' member
in the study area were 0.79-1.33 (average 1.06); the O/C atomic ratios were 0.04-0.08
(average 0.06); the H/C atomic ratios of the P»1> member were 0.82-1.60 (average 1.23);
the O/C atomic ratios were 0.03-0.30 (average 0.08); and the two sets of source rocks did
not exhibit significant differences, mainly exhibiting the characteristics of type II kerogen
(Figure 5a). Hunt (1996) [37] pointed out that when the H/C atomic ratio is >0.8, organic
matter starts to have the capability to generate oil. According to this standard, the P;1 shale
had a relatively high H/C atomic ratio and was a set of oil-prone source rocks. It should be
noted that large differences in the H/C atomic ratios of the different samples indicated that
this set of source rocks was strongly heterogeneous.

Based on the pyrolysis HI values of >600, 300-600, 200-300, 50-200, and <50 mg
hydrocarbons/g TOC, the organic matter can be divided into five types: type I (extremely oil-
prone type), type 1I (oil-prone type), II /111 type (0il/ gas-prone type), type 111 (gas-prone type),
and type IV (non-source rock) (Figure 5b) [38,39]. The HI values of the P,1' member in the
study area were 12-781 mg hydrocarbons/g TOC (average of 367 mg hydrocarbons/g TOC),
the HI values of the P»1?> member were 72-808 mg hydrocarbons/g TOC (average of 390 mg
hydrocarbons/g TOC), and there was no large difference between the two sets of source
rocks (Figure 5b). The type I, type II, type II/111, type I1I, and type IV samples accounted for
14.5%, 47.1%, 21.0%, 15.2%, and 2.0% of the total samples, respectively, indicating that the
P,1 source rocks were dominated by type II kerogen, and that type I kerogen did not account
for a large proportion. In addition, this set of source rocks was very strongly heterogeneous,
and the types of parent materials involved were very different. This heterogeneity was very
obvious even in samples from the same well. As an example, for Well Ji174, from which a
large number of samples were collected, the HI values of the P,1! and P,1> members were
48-294 and 72-808 mg hydrocarbons/g TOC, respectively.
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Figure 5. Plots of (a) O/C vs. H/C and (b) atomic ratio of HI vs. Tmax showing the organic
matter types of the P,1 source rocks in the Jimsar Depression (H/C, atomic ratio; O/C, atomic ratio;
immature; mature; oil generation window; highly mature; condensate oil-wet gas; over-mature; dry
gas generation).

The analysis of the organic microscopic compositions of whole-rock samples revealed
that the contents of the vitrinite group and exinite group of the P,1 source rocks were
low (<20%), while the contents of the sapropelinite group + exinite group were very high
(62.3-78.7%). In general, the sapropelinite group component mainly generated crude oil,
the vitrinite group component mainly generated natural gas, the exinite group component
generated both, and the inertinite group component had almost no potential for hydro-
carbon generation. Therefore, the P>l source rocks in the study area should mainly be
oil-generating. Figure 6 shows the results of the whole-rock organic microscopic com-
position analysis of a core sample (2321.4 m) of P,1' from Well Ji15. Under reflected
fluorescence, the clay (Cl) substrate exhibited a strong fluorescence, and, among them, the
parallel-distributed microsporinite (MiS), resinite (R), liptodetrinite (Ld), and vitrodetrinite
(Cd) were also widely distributed (Figure 6). Under reflected plane-polarized light (oil
immersion), the clay (Cl) minerals exhibited a granular structure in which Cd and semifusi-
nite (SF) fragments were distributed and the latter’s structure was broken. Pyrite (Py) was
widely distributed, reflecting the strong reducibility of the sedimentary environment and
the good organic matter preservation conditions (Figure 6).

Figure 6. Analysis of the organic microscopic composition of the whole-rock P,1' sample (2321.4 m)
from Well Jil5 (left image: reflected fluorescence; right image: reflected plane-polarized light). Cl is
clay; MiS is microsporinite; R is resinite (R); Ld is liptodetrinite; Cd is vitrodetrinite; SF is semifusinite;
MB is mineral bitumen; Py is pyrite.
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4.2.2. Abundance of Organic Matter

Huang et al. (1982) [40] summarized the abundance of organic matter in the source
rocks of the main petroliferous basins in China, and proposed corresponding evaluation
criteria for lacustrine source rocks deposited in freshwater and brackish water environ-
ments (Figure 7). The TOC values of the P,1' and P,1? source rocks were 0.38-7.55%
(average 3.30%) and 0.34-12.45% (average 3.80%), respectively. From the perspective of
organic carbon, the proportions of good and extremely good source rocks in the P,1! source
rocks were 15.0% and 70.0%, respectively, while the proportions of good and extremely
good source rocks in the P,1% source rocks were 14.3% and 75.5%, respectively. The source
rock S; + S, values of the P,1! and P,1> members were 0.26-39.44 mg hydrocarbons/g
rock (average of 15.21 mg hydrocarbons/g rock) and 0.47-78.96 mg hydrocarbons/g rock
(average of 17.60 mg hydrocarbons/g rock), respectively (Figure 7). In terms of S; + Sy, the
proportions of the good and extremely good source rocks in the P,1' member were 40%
and 30%, respectively, while the proportions of the good and extremely good source rocks
in the P,12 source rocks were 37.8% and 34.7%, respectively (Figure 7).
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0 .|
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Figure 7. TOC vs. S; + S, diagram showing the abundance of organic matter in the P,1 source rocks
in the Jimsar Depression (extremely good source rock; good source rock; medium-grade source rock;
poor-non-source rock).

From the perspective of the TOC and S; + Sy, the P;1 source rocks were generally good
to extremely good source rocks, but they also exhibited a strong heterogeneity (Figure 7). It
should be noted that when the TOC was used as the evaluation standard, the quality of
the source rocks was considerably better than the results obtained using the hydrocarbon
generation potential as the standard. For example, when TOC was used as the evaluation
criterion, the proportion of extremely good source rocks out of the total number of samples
was twice as high as the results obtained based on S; + Sy. This is mainly due to the
difference in the hydrogen content of the source rocks. In thermochemical reactions, carbon
must be combined with hydrogen to generate hydrocarbons. If the hydrogen content is low,
even if the organic carbon content is high, the result is often ineffective. The heterogeneity
of the hydrogen content of the source rocks, which is reflected in the analysis of organic
elements and the pyrolysis hydrogen index, also confirms this view (Figure 5). When
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evaluating the P,l source rocks, the results obtained using the pyrolysis hydrocarbon
generation potential as the standard may be more reliable.

4.3. Thermal Evolution of the Source Rocks
4.3.1. Maturity of the Source Rocks

The vitrinite reflectance values of the P,1 source rocks in the study area were 0.52-1.24%,
with an average of 0.71%, meaning they were within the main oil generation window. It is
generally believed that when S, is less than 0.2 mg hydrocarbons/g rock, Tmax is unreli-
able [41]. Except for the two samples from Well Ji5, the S, values of the samples from the
study area were greater than 0.2 mg hydrocarbons/g rock. The Tax values obtained based
on these values were generally reliable, ranging from 428 °C to 454 °C, with an average
of 445 °C. The samples were essentially in a mature stage, which is consistent with the
situation reflected by the vitrinite reflectance.

The gas chromatographic analysis of the extracted source-rock bitumen revealed that
the carbon preference index (CPI) values of the P51 source rocks in the Jimsar Depression
were 1.18-2.0 (average 1.41), and the odd-to-even preference (OEP) was 1.14-1.71 (aver-
age 1.30), exhibiting a significant odd—even predominance, which indicates that the maturity
of the source rocks was not high. The C»920S/(S + R)-sterane and Cyg3 /(¢ + xxexor)-
sterane ratios of the source rock extracts were 0.09-0.46 and 0.11-0.45, respectively, making
them lower than the equilibrium values (0.67-0.71 and 0.52-0.55), though they were still
within the oil generative window (Figure 8, Table 1) [25].
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Figure 8. Use of sterane isomer maturity parameters to determine the organic matter maturity of the
P,1 source rocks in the Jimsar Depression.
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4.3.2. Thermal Evolution of the Source Rocks

Based on a two-dimensional seismic profile crossing the Jimsar Depression in the east—
west direction, we restored the hydrocarbon generation and expulsion history and burial
history of the P>l source rocks (Figure 9; the location of the profile is shown in Figure 1c).
At the end of the Triassic, the maturity of the P,1 shale was low, EasyRo < 0.5%, and it
had not yet reached the oil generation threshold (Figure 9a). The maturity of the P,l shale
increased significantly at the end of the Cretaceous, with an EasyRo > 0.7%, and it entered
the main oil generation window, producing a large amount of normal crude oil. The highly
mature stage (1.0-1.3% EasyRo) was reached in the deep part of the Depression, and certain
amounts of highly mature crude oil and condensate gas were generated (Figure 9b). After
the Cretaceous deposition, the formation was uplifted and denuded, and the hydrocarbon
generation process in the Pyl source rocks stalled (Figure 9¢). In the Paleogene, Pl continued
to settle (Figure 9d). Currently, the deep part of the depression has generally reached the
high-maturity stage, producing a large amount of highly mature oil and condensate gas
(1.0-1.3% Ro). The shallow part had relatively low maturity and could only generate a
large amount of normal crude oil (0.7-1.0% EasyRo) (Figure 9e).

4.4. Thermal Simulation Experiment on Source Rocks in a Closed System

In this study, a P,1 calcareous and siliceous black shale sample (core, 2321.4 m; sam-
pling location is shown in Figure 1c) from Well Ji15 in the eastern margin of the Jimsar
Depression was selected. Its kerogen was extracted, and a gold-tube thermal simulation ex-
periment was carried out in a closed system. The total organic carbon content of this sample
was 2.46%, the hydrocarbon generation potential (51 + S;) was 13.36 mg hydrocarbons/g
rock, and the HI was 491 mg/g TOC. Generally speaking, the abundance index was in the
middle of the range of the Pl shales in the Jimsar Depression, and was representative. In
addition, the maturity of the sample was relatively low, the measured vitrinite reflectance
was 0.54%, and the sample was determined to be an ideal thermal simulation sample.

When the gas leaves the gold tube under the internal pressure of 1 x 10 Pa and enters
the vacuum equipment for gaseous compound analysis, large quantities of C4 and Cy;
compounds evaporate and are lost. Therefore, when the total amount of liquid hydrocarbon
compounds produced was determined, only the amount of Cg, compounds was measured
(Figure 10). At2 °C/h and 20 °C/h, the maximum amounts of oil generated by the Pl
shale in the experiment were 209.2 mg/g (0.96EASY%Ro) and 172.3 mg/g (1.08EASY%Ro),
respectively (Figure 10). There was no large difference in the maximum amount of oil
generated by the sample at the heating rates of 2 °C/h and 20 °C/h. When EASY%Ro > 1.0,
the maximum amount of oil generated at a heating rate of 2 °C/h was slightly higher than
that generated at a heating rate of 20 °C/h (Figure 10). The experimental results show
that the heating rate was not the key factor controlling the crude oil yield in this study.
During the thermal simulation process, when the kerogen was cracked to produce crude
oil for the first time, part of the crude oil was cracked to generate natural gas at the same
time. Therefore, we could assume that the measured maximum amount of oil generated
represented a conversion rate of 95% for the kerogen sample [42]. Based on this assumption,
the maximum amount of oil generated by the sample in this study was 220.2 mg/g TOC
(209.2 mg/g TOC/0.95).
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Figure 9. Two-dimensional simulation profile of the thermal evolution and burial history of the
P51 source rocks in the Jimsar Depression (Late Triassic (a); Late Cretaceous (b); after Cretaceous
deposition, uplift and denudation of formations (c); Late Paleogene (d); present day(e)). The location
of this section can be found in Figure 1c.
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Figure 10. Simulation results of the oil production rate under different heating rates of the P,1 source
rocks in the Jimsar Depression.

The organic adsorption model proposed by Pepper (1992) and Sandvik et al. (1992) [43,44]
can be used to estimate the amount of oil expelled from the source rocks. We defined R as
the amount of residual oil in g/g TOC, and we defined M and W as the final amount of
oil generated and the final amount of oil expelled per gram of initial organic carbon in the
source rocks, respectively [42]. Assuming that the carbon content of the expelled crude oil
was 80% after the oil expulsion was completed, the amount of residual organic carbon and
residual oil per gram of original organic carbon in the source rocks were (1 — 0. 8 x W) and
R x (1 — 0.8 x W), respectively; thus, the following equations could be established [42]:

M=W+R x (1—08 x W), 1)

W=(M —R)/(1 — 0.8 xR), @)

where the units of M and W are g/g TOC. As previously mentioned, according to the py-
rolysis experiment conducted in the closed system, the maximum amount of oil generated
(M) by the sample was 220.2 mg/g TOC. The content (R) of bitumen extracted from the
P;1 source rocks in the Jimsar Depression was mainly in the range of 60-100 mg/g, the
maximum amount of expelled crude oil (W) was 130.7-168.2 mg/g TOC, and the maximum
hydrocarbon expulsion efficiency was 59.3-76.4% [42,43,45].

5. Conclusions

Based on data from the hydrocarbon pyrolysis, the contents of organic carbon and
soluble organic matter, the biomarkers, the organic microscopic composition, the vitrinite
reflectance, the basin simulation and hydrocarbon generation experiments, the sedimentary
environment, hydrocarbon generation capacity, quality, and maturity of the Lucaogou
Formation were discussed. Four main conclusions could be drawn.

(1) The majority of the organic matter in the Lucaogou Formation came from algae, and
the sedimentary water environment had high reducibility and salinity.

(2) The organic microscopic components of the Lucaogou source rocks were dominated
by the sapropelinite group and exinite group, and they were a set of oil-prone source
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rocks. Most of them were rated as good and extremely good, but their heterogeneity
was strong.

(3) At the end of the Cretaceous period, the Lucaogou Formation source rocks entered the
main oil generation window and began to generate a large amount of normal crude
oil. Currently, the deep part of the depression has generally reached the high-maturity
stage and is generating a large amount of highly mature oil and condensate gas. The
maturity of the shallow part is relatively low, and only a large amount of conventional
crude oil can be generated.

(4) The thermal simulation experiment conducted in a closed system suggests that the
Lucaogou source rocks have great hydrocarbon generation capacity and expulsion
efficiency, and the heating rate did not have a significant impact on the maximum
amount of oil generated.
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