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a b s t r a c t

Due to the complexity of the lithofacies associated with shale oil in saline lacustrine basins, the dif-
ferences of shale oil occurrence state and its controlling factors in different lithofacies are not 
completely clear. This hinders efficient shale oil exploration and development. We investigated the shale 
oil in the Permian Lucaogou Formation in the Jimusar Sag, Junggar Basin, China, based mainly on 
sequential solvent extraction, petrological, organic geochemical, and nuclear magnetic resonance 
techniques. The fluidity of extractable organic matter decreased from the first extract to the fourth 
extract, which was caused by the gradual decrease in the contents of saturated and aromatic hydro-
carbons, and gradual increase in the contents of NSO compounds and asphaltenes. The contents of free 
hydrocarbons (the first and second extracts) and adsorbed hydrocarbons (the third and fourth extracts) 
are very different among the lithofacies. The free hydrocarbon ratios in the siltstones and carbonate 
rocks are >70% and the main pore throats are >1 μm in size, corresponding to the best sweet spots. The 
contents of free hydrocarbons in the laminated silty mudstones and shales with bedding fractures are 
>50%, which are also available. The free hydrocarbons in the siltstones and carbonates are saturated 
with migrated hydrocarbons, with the contents being more affected by the physical properties of rocks. 
In contrast, the free hydrocarbons in the mudstones are mainly self-generated and -stored, and their 
contents are controlled by total organic carbon contents and maturity. For the adsorbed hydrocarbons, 
the contents in all lithofacies are controlled mainly by the total organic carbon contents. The biomarker 
parameters record a slight increase in maturity from the fourth to the first extract. The 

∑ 
C 22– / 

∑ 
C 23+ 

values of n-alkanes in the third extract are the lowest, because carbonate minerals tend to capture long-
chain n-alkanes. The sequential solvent extraction method provides new insights into the occurrence 
state and molecular geochemical characteristics of lacustrine shale oil in different lithofacies. Future 
exploration should focus on siltstones and carbonate rocks with a relatively high proportion of the first 
extract (free hydrocarbons occurring in large pores and fractures), and mudstones with a relatively high 
proportion of the second extract (free to adsorbed hydrocarbons occurring in matrix pores) that are 
suitable for hydraulic fracturing to aid production.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

1. Introduction

Shale oil is a major focus of global oil and gas exploration in the 
21st century. China has undertaken considerable lacustrine shale 
oil exploration, and the amount of technically recoverable re-
sources is 3×10 9 to 6×10 9 t, which is an important proportion of
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the global shale oil resources (Jarvie et al., 2007; Cardott, 2012; 
Uffmann et al., 2012; U. S. EIA, 2013; Tang et al., 2014; Zou et al., 
2015, 2019). Unlike marine shale oil, lacustrine shale oil has a va-
riety of occurrence states due to the complexity of properties of 
the crude oil and lithofacies (Jarvie, 2012; Zhang et al., 2018; Xiao 
et al., 2023; Falegnami et al., 2024a, 2024b). In addition, the 
different occurrence states restrict the shale oil fluidity. Therefore, 
for lacustrine shale oils, it is important to determine the shale oil 
contents and characteristics, and factors that control its enrich-
ment in different occurrence states (Jarvie, 2012; Larter et al., 
2012; Jiang et al., 2016; Li et al., 2016; Hu et al., 2021). Some 
studies have used multi-step Rock–Eval pyrolysis to characterize 
the occurrence states of shale oil (Sanei et al., 2015; Jiang et al., 
2016; Romero-Sarmiento, 2019), and identify favorable produc-
tion intervals (Jiang et al., 2016; Zhang et al., 2020; Hu et al., 2021; 
Wang et al., 2022a). Other studies have used 2D nuclear magnetic 
resonance (NMR) T 1 –T 2 spectra to distinguish fluid components, 
such as light oil, heavy components, kerogen, and bound water in 
shale, which can reveal the degree of oil saturation and distribu-
tion of mobile fluids (Birdwell and Washburn, 2015; Song and 
Kausik, 2019; Li, 2020). Some previous studies have also 
analyzed the factors that affect shale oil fluidity by integrating 
qualitative (e.g., three-dimensional imaging) and quantitative 
(e.g., molecular dynamics simulations) methods, and have shown 
that high total organic carbon (TOC) contents increase the content 
of mobile hydrocarbons, as well as the adsorbed hydrocarbons (Lu 
et al., 2012; Hu et al., 2021; Zhao et al., 2021). An increase in 
thermal maturity leads to a decrease in the adsorption and 
expansion capacity of kerogen (Song et al., 2015; Wang et al., 2015, 
2019), and the coupling of different minerals and organic carbon 
can also affect the adsorbed hydrocarbon contents (Raji et al., 
2015; Li et al., 2016; Su et al., 2018; Ning et al., 2020). In general, 
shale oil is known to include free, adsorbed, swollen, and dissolved 
states, in which the available shale oil is dominated by the free and 
adsorbed states (Larter et al., 2012; Jiang et al., 2016; Li et al., 2016; 
Hu et al., 2021; Wang et al., 2022b). However, due to the complex 
chemical composition of shale oil and mineralogy of mixed fine-
grained lacustrine source rocks, the occurrence state of shale oil 
in relation to different lithofacies remains unclear (Pan and Liu, 
2009; Yang et al., 2015; Qian et al., 2017; Pan et al., 2018; Li 
et al., 2021; Zhang et al., 2023).

The Middle Permian Lucaogou Formation in the Jimusar Sag, 
Junggar Basin, is an important lacustrine shale oil exploration field 
in China. It is a typical saline lacustrine basin deposit and has been 
established as a national demonstration zone of shale oil (Kuang 
et al., 2012; Wang et al., 2023). The lithofacies in the basin are 
complex and heterogeneous (Tomassi et al., 2022, 2024), like most 
lacustrine shale oils (such as Yanchang Formation in Ordos Basin, 
Shahejie Formation in Jiyang Depression in Bohai Bay Basin, Fun-
ing Formation in Subei Basin, etc.), and the organic matter is low-
mature to mature (Kuang et al., 2012; Cao et al., 2016; Wang et al., 
2023; Zhang et al., 2023), and thus it is a typical example for the 
study of occurrence state of lacustrine shale oil. This is because, 
within complex lithofacies, the diversity of mineral components, 
pore types, and pore-throat structures complicates the occurrence 
states of shale oil. Therefore, for mixed siliciclastic-carbonate shale 
systems with such complexity, investigating the occurrence states 
of shale oil is even more critical. Meanwhile, in low-maturity to 
mature shale oil systems, organic matter has thermally decom-
posed to generate some liquid hydrocarbons but has not yet 
reached the stage of producing substantial gaseous hydrocarbons. 
At this stage, shale oil exists in distinct states, such as free and 
adsorbed states, which determine its mobility. Thus, in the 
exploration and development of such low-maturity to mature 
shale oil system, the occurrence state of shale oil directly dictate

the recoverable value of the reservoir. Previous studies have car-
ried out extensive research on the lithofacies, sedimentary depo-
sitional environment, hydrocarbon generation, and reservoir 
formation of the Lucaogou Formation (Kuang et al., 2012; Jiang 
et al., 2015; Qiu et al., 2016; Cao et al., 2016; Hu et al., 2018; Liu 
et al., 2019; Zhang et al., 2019b; Zhao et al., 2020; Wu et al., 
2021; Olariu et al., 2022; Jiao et al., 2023; Jia et al., 2024). How-
ever, few studies have investigated the shale oil occurrence state 
and its controlling factors.

The sequential solvent extraction method can be used to 
determine the contents of hydrocarbons in different occurrence 
states, and also quantify the group composition and molecular 
geochemical characteristics of hydrocarbons in different occur-
rence state (including adsorbed oils that distinguish between 
different mineral surfaces and kerogen) (Pan and Liu, 2009; Pan 
et al., 2018; Li et al., 2021, 2023). Based on petrological obser-
vations, NMR and Rock–Eval pyrolysis data, we selected typical 
samples for the first application of the sequential solvent 
extraction technique to the Lucaogou Formation. We use these 
data to constrain the occurrence state of shale oil in different 
lithofacies in the fine-grained and heterogeneous strata of the 
formation. The molecular geochemical characteristics of the 
shale oil in different occurrence states were compared to deter-
mine how the shale oil formed. It is expected that our results can 
assist in the exploration for sweet spots and evaluations of shale 
oil resource potential in lacustrine basins, and are also relevant 
to hydrocarbon generation processes, primary hydrocarbon 
migration in source rocks, and shale oil exploration and pro-
duction. This study will also have implications for the occurrence 
state and enrichment mechanism of shale oil in other saline 
lacustrine basins with similar mixed sedimentary lithofacies.

2. Geological setting

The Jimusar Sag is located in the southwestern region of the 
Eastern Uplift of the Junggar Basin (Fig. 1(a) and (b)), and covers 
an area of ~1500 km 2 (Kuang et al., 2012; Wang et al., 2023). In 
general, the sag has a relatively simple monocline-like structure 
with a gentle topography, and it has a continuous stratigraphy 
and only a few secondary faults. The western part of the sag is a 
low-lying area and the eastern part is a slope zone (Fig. 1(c)). The 
sag has experienced multiple cycles of tectonism and sedimen-
tation (Allen and Natal'in, 1995; Fang et al., 2007; Zhang et al., 
2021). It was formed in the late Carboniferous to Early Permian 
when the Jimusar fault was initially formed. The Bogeda Trough 
on the southern margin of the basin began to close orogenically 
in the late Early Permian, which caused the Jimusar Sag to begin 
to subsidence intensely, forming into a foreland dustpan-shaped 
sag. Until the middle to late Middle Permian, the study area 
further underwent strong subsidence with independent deposi-
tion, forming the main source rock of shale oil in this area (i.e., 
Lucaogou Formation). At the end of the late Triassic, influenced 
by the Indosinian orogeny, the sag began to uplift greatly, and 
part of the Permian and Triassic strata in the eastern slope were 
denuded. During the Cretaceous period, due to the influence of 
Yanshanian orogeny, the tectonic activities of the Jimusar Sag 
were slightly active. The southeast part of the sag gradually 
uplifted and contracted to the northwest, and the independent 
pattern disappeared. Until the Paleogene and Quaternary periods, 
under the influence of Himalayan orogeny, the Bogeda Moun-
tains to the south of the sag were uplifted rapidly and thrust 
towards the center of the basin. The strata in the Jimusar Sag 
gradually thinned from west to east, and the present tectonic 
pattern is formed.
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The Lucaogou Formation was deposited mainly in a deep saline 
lake, with some strata also deposited in shallow to semi-deep lake 
and delta facies. The burial depth of the formation is 2500–4500 m, 
and the Lucaogou Formation has a thickness of 90–350 m (Xiao 
et al., 2008; Kuang et al., 2012; Zhi et al., 2019). The lithofacies in 
the Lucaogou Formation are complex and variable, including 
abundant terrigenous and carbonate rocks, and a small amount of 
pyroclastic rocks. The rock types include carbonate rocks, dolo-
mitic/calcareous mudstone, silty mudstone, tuffaceous mudstone, 
and siltstone. Tuff is distributed sporadically and, in general, there 
are four main rock types: carbonate rocks, dolomitic/calcareous 
mudstone, silty mudstone, and siltstone (Zhang et al., 2023; Zhi 
et al., 2023). Based on oil production results and logging data, 
the two intervals with the best oil output are termed the upper 
sweet spot (mainly P 2 l 22) and lower sweet spot (mainly P 2 l 12), a thick 
mudstone occurs between the two sweet spots (Kuang et al., 2012; 
Jiang et al., 2015). The crude oil produced from the upper and 
lower sweet spots is mainly heavy oil, with a density of 
0.88–0.92 g/cm 3 (Wang et al., 2023).

3. Samples and methods

This study focuses on well J10025, including samples of the 
Lucaogou Formation from different intervals, which have variable 
lithofacies and oil contents. Nine samples were analyzed, 
including one siltstone, two carbonate rocks, three silty mudstones 
(shales), and three dolomitic mudstones. The aim was to apply the 
sequential solvent extraction technique, group component sepa-
ration, and gas chromatography (GC) and GC-mass spectrometry 
(MS) analysis, underpinned by basic petrological observations, 
TOC and Rock–Eval pyrolysis analyses, and NMR T 2 experiments.

3.1. Petrology

Samples were cut perpendicular to bedding and made into 
thin-sections (Amijaya and Littke, 2006). An optical microscope 
was used to observe the thin-sections. The light source for the 
transmitted and reflected light observations was a 100 W halogen
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lamp, and fluorescence was examined using a 100 W Hg lamp, 
which was excited by blue light.

3.2. Organic geochemistry

The TOC contents were measured with an organic chemical 
element analyzer. Before the analyses, the samples were powdered 
to 100 mesh, treated with 10% HCl for 36 h to remove inorganic 
carbonate, centrifuged with deionized water to remove the acid, 
and finally dried at 60 ◦ C.

Rock–Eval pyrolysis was undertaken with a Rock–Eval VI py-
rolysis instrument. Samples were powdered to <100 mesh and 
placed in a He atmosphere and heated at 300 ◦ C for 3 min to obtain 
the free hydrocarbon content (S 1 in mg HC/g rock). The tempera-
ture was then increased to 600 ◦ C at a rate of 25 ◦ C/min to obtain 
the hydrocarbon content generated by kerogen pyrolysis (S 2 in mg 
HC/g rock). The temperature corresponding to the S 2 peak was the 
pyrolysis peak temperature (T max ).

3.3. NMR T 2 spectra experiments

The NMR T 2 spectra were obtained with a nanopore analyzer. 
The experimental parameters were as follows: waiting 
time = 5000 ms; echo number = 2048; echo interval = 0.1 ms; and 
number of scans = 128. The software for the instrument (NMR 
Analysis application software) has converted the spin echo string 
attenuation data into the distribution of transverse relaxation time 
(T 2 ), which in turn is converted to the pore size. The longer the 
transverse relaxation time, the larger the pore size (transverse 
relaxation time >10 ms, corresponds to pore size >1 μm). To 
mitigate the influence of retained oil, this study employed parallel 
sample protocols: the original sample was split into two portions. 
One sub-sample designated for NMR testing underwent prior 
Soxhlet extraction for 72 h to remove retained oil. Prior to the 
analyses, the samples were cut into cylindrical shapes with di-
ameters of 1.5 cm and heights of 1 cm. All the samples were 
analyzed twice, the first time on the original samples and the 
second time after the samples had been saturated with deionized 
water for 12 h under vacuum. The first analyses (i.e., the back-
ground values) were subtracted from the second analyses, which 
yielded the actual pore size distribution curve of the samples. This 
method is to characterize the pore scale of different lithofacies. 
And combined with hydrocarbon contents in different occurrence 
states, the reservoir capacity and the corresponding fluidity of 
shale oil in various lithofacies can be analyzed.

3.4. Sequential solvent extraction

The sequential solvent extraction method was optimized based 
on Pan et al. (2018). The detailed experimental steps were as fol-
lows. Firstly, 50 g of sample was dried at 50 ◦ C and crushed to a 
5–10 mm particle size, and then a mixed solvent of 93:7 
dichloromethane and methanol was used for extraction for 72 h. 
The extractable organic matter (EOM) obtained in this step is 
EOM-A. After freezing and drying the extracted sample residue, 
the sample was gently powdered to 150 mesh and extracted with 
chloroform in a Soxhlet extractor for 72 h to obtain EOM-B. The 
extracted sample residue was frozen and dried, weighed and 
placed in a beaker, slowly mixed with 50% HCl (1:1; v/v), and 
heated in a water bath at 70 ◦ C for 3 h while stirring to ensure the 
carbonate minerals were fully dissolved. After cooling, the solu-
tion/residue was transferred to a plastic centrifuge bottle, centri-
fuged to remove the aqueous solution, mixed with ultra-pure 
water, and rinsed repeatedly until the solution was pH neutral. 
After lyophilizing the sample residue, it was freeze-dried and

extracted with the Soxhlet extractor for 72 h. The soluble organic 
matter obtained in this step is EOM-C. The residual rock sample 
was weighed again and placed in a polyethylene plastic bottle, 
treated repeatedly with a mixture of HF and 50% HCl (1:2; v/v), and 
heated in a water bath at 70 ◦ C for 3 h to dissolve the silicate 
minerals. The sample residue after acid hydrolysis was freeze-
dried and extracted with chloroform in a Soxhlet extractor for 
72 h. The soluble organic matter obtained in this step is EOM-D. 

EOM-A is soluble organic matter occurring in large pores and 
fractures in a free state. EOM-B is mainly soluble organic matter 
occurring in matrix pores with poorer mobility compared to EOM-
A (free hydrocarbons in large fractures/pores), thus EOM-B may 
represent a transitional state between free and adsorbed hydro-
carbons, termed the “free to adsorbed state”. EOM-C is organic 
matter that is tightly bound to, or included within carbonate 
minerals. And EOM-D is organic matter that is tightly bound to, or 
included within clay minerals or kerogens by chemisorption. 
Therefore, the retained soluble organic matter can be defined as 
being in the free state (EOM-A), free to adsorbed state (EOM-B), 
and adsorbed state (EOM-C and -D) according to the different 
occurrence states. The novelty and uniqueness of our method may 
be that it not only changed the crushing degree of samples (EOM-A 
is from the bulk sample; EOM-B is from the powder sample), but 
also selected different pretreatment and extraction solvents ac-
cording to previous studies.

3.5. Group component separation and GC/GC-MS analysis

The rock extracts obtained in each step from the sequential 
solvent extraction were separated into group components. Firstly, 
an appropriate amount of n-hexane was added and asphaltene was 
precipitated. After repeated filtration, the asphaltene was 
collected with methylene chloride, and the filtrate was used for the 
separation of other group components by column chromatog-
raphy. The chromatographic columns were filled with an appro-
priate amount of pre-extracted absorbent cotton, and 3 g of 
activated silica gel and 1 g of alumina were evenly added to the 
column and compacted. The samples were transferred to the 
chromatographic columns and then eluted with n-hexane, a n-
hexane and dichloromethane mixture (Hex: CH 2 Cl 2 = 7:3, v/v), and 
a dichloromethane and methanol mixture (CH 2 Cl 2 : CH 3 OH = 1:1, 
v/v). The saturated hydrocarbon, aromatic hydrocarbon, and non-
hydrocarbon (colloidal) components were then separated.

GC and GC-MS were used to analyze the saturated hydrocarbon 
components in the extracts of each step from the sequential sol-
vent extraction, using a Neptune Plus multi-collector mass spec-
trometer (Thermo-Fisher; Germany). The GC analysis was 
performed with a HP-6890 gas chromatograph. The chromato-
graphic column was a HP-5 elastic quartz capillary column 
(30 m × 0.32 mm), with a fixed phase film thickness of 0.25 μm 

and N 2 carrier gas. During the analysis, the initial temperature of 
the GC oven was 80 ◦ C (5 min) and it was then increased to 290 ◦ C 
at 4 ◦ C/min. The GC-MS analysis was undertaken with HP6890 and 
Agilent 5973N chromatographs using He as the carrier gas. The 
initial temperature of the GC oven was 60 ◦ C (5 min), and then the 
temperature was increased to 120 ◦ C at 8 ◦ C/min and to 290 ◦ C at 
2 ◦ C/min. The temperature was then held constant for 30 min.

4. Results

4.1. Petrological features

The Lucaogou Formation in the Jimusar Sag contains mainly a 
mixture of terrigenous clastic and fine-grained authigenic car-
bonate sedimentary rocks, which are primarily dolomite and
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mudstone. The classification of the multisource mixed rocks is 
detailed in Zhang et al. (2021), in which the three-level nomen-
clature (10%, 25%, and 50%) was followed, and the rock structures 
were also taken into account when further classifying the rock 
types (e.g., laminae). For the textures and fabrics of carbonate 
rocks, the presence or absence of carbonate mud, which differ-
entiates muddy carbonate from grainstone. In this study, nine 
samples were analyzed, including one dolomitic siltstone 
(Fig. 2(a)) and two carbonate rock samples, which were a dolar-
enite (Fig. 2(b)) and silty marl (Fig. 2(c)) that both contain a large 
amount of organic matter (Fig. 2(b) and (c)). Three samples of silty 
mudstone (shale) were also analyzed, with sample J-174 being a 
mudstone with silty laminae (Fig. 2(d)) and samples J-1 and J-146 
being shales with obvious laminae that contain a large amount of 
organic matter (Fig. 2(e) and (f)). Three samples of dolomitic 
mudstone were also analyzed, which contain idiomorphic dolo-
mite, fine silt, and abundant organic matter (Fig. 2(g)–(i)).

4.2. Micro-fluorescence features

In general, the microscopic occurrence of residual hydrocar-
bons (shale oil) in rocks can be divided into the following main 
types (Xie et al., 2016; Kus et al., 2017; Pickel et al., 2017). (1) 
Hydrocarbons occur in irregular microfractures or large inter-
granular pores and appear yellow or brown in fluorescence; (2) 
Hydrocarbons occur in the mineral matrix, showing yellow

fluorescence in the visual field, and the structure is difficult to 
distinguish; (3) Hydrocarbons are adsorbed on the surface of the 
mineral and fluoresce more brightly than mineral particles that do 
not adsorb hydrocarbons; (4) Hydrocarbons are bound to kerogen 
and emit bright fluorescence, which are not easy to distinguish. 
The nine samples have different micro-fluorescence characteris-
tics (Fig. 3). In general, the siltstones and carbonate rocks have 
better physical properties and more abundant storage space, and 
the hydrocarbons exhibit yellow–green to green fluorescence, are 
mainly in the free state, and occur mostly in dissolution and 
intergranular pores (Fig. 3(a)–(c)). In the laminated shale, the hy-
drocarbons occur in bedding fractures in the free state, and the 
fluorescence is typical of oily asphalt distributed along bedding 
fractures or adsorbed on mineral surfaces, which is difficult to 
observe, but exhibits dark yellow to yellowish brown fluorescence 
(Fig. 3(d)–(f)). The degree of pore development in the mudstone 
with a less-laminated structure is relatively poor, and hydrocar-
bons occur mostly in the matrix, which is difficult to observe 
(Fig. 3(g)–(i)).

4.3. Organic geochemistry

The Rock–Eval pyrolysis and TOC data show that samples with 
different lithologies have a variable hydrocarbon generation po-
tential. TOC contents of the nine samples are >2.0 wt%, except for 
samples J-180, J-174, and J-140; PG values (S 1 + S 2 ) of the

500 μm
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500 μm

500 μm

500 μm 500 μm

500 μm 500 μm

500 μm

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 2. Photomicrographs of the nine samples and main lithologies in the Lucaogou Formation, Jimusar Sag. (a) Sample J-140 from 3559.31 m depth (dolomitic siltstone); (b) 
sample J-138 from 3552.58 m depth (dolarenite); (c) sample J-127 from 3531.33 m depth (silty marl); (d) sample J-174 from 3693.96 m depth (silty mudstone); (e) sample J-1 from 

3510.41 m depth (silty shale); (f) sample J-146 from 3575 m depth (silty shale); (g) sample J-176 from 3698.12 m depth (dolomitic mudstone); (h) sample J-180 from 3709.19 m 

depth (dolomitic mudstone); and (i) sample J-184 from 3729.33 m depth (dolomitic mudstone).
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remaining samples are >20 mg/g (Table 1), indicating the hydro-
carbon generation potential is good, particularly for the mud-
stones. The organic matter is mostly types I and II 1 , and the T max 
values indicate the samples are low-mature and close to or have 
reached the oil generation peak. The silty shale (sample J-146) has 
the best hydrocarbon generation potential. The carbonate rock and 
siltstone have the highest OSI values (S 1 × 100/TOC, mg HC/g TOC) 
and best shale oil potential.

4.4. Reservoir space

The NMR T 2 spectra of the pore size distribution at the nano-
meter–micrometer-scale show that the siltstone and carbonate

rocks mostly have a wide, low-amplitude, unimodal to weakly 
bimodal distribution, with the main peak having a large pore size 
(mostly micrometer-scale; Fig. 4(a)–(c)). However, the main pore 
size peaks of the silty mudstone and dolomitic mudstone are 
narrow with a high amplitude, and are nanometer-scale 
(Fig. 4(d)–(i)). The pore size distribution range of the main peaks 
is 0.001–0.1 μm (Fig. 4(d) and (g)–(i)). If there are complex com-
ponents present in a sample (e.g., mineral laminae), the pore size 
distribution exhibits greater heterogeneity and can be bimodal 
(Fig. 4(d)). The two shale samples have a high-amplitude, unim-
odal pore size distribution, with the pore size mainly being on a 
nanometer-scale but the maximum distribution range is more 
than 0.1 μm (Fig. 4(e) and (f)), which is slightly larger than for the

100 μm

100 μm

100 μm

100 μm 100 μm

100 μm 100 μm 100 μm

100 μm

Oily asphalt

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 3. Fluorescence photographs of the nine samples and main lithologies in the Lucaogou Formation, Jimusar Sag. (a) Sample J-140 from 3559.31 m depth (dolomitic siltstone); 
(b) sample J-138 from 3552.58 m depth (dolarenite); (c) sample J-127 from 3531.33 m depth (silty marl); (d) sample J-174 from 3693.96 m depth (silty mudstone); (e) sample J-1 
from 3510.41 m depth (silty shale); (f) sample J-146 from 3575 m depth (silty shale); (g) sample J-176 from 3698.12 m depth (dolomitic mudstone); (h) sample J-180 from 

3709.19 m depth (dolomitic mudstone); and (i) sample J-184 from 3729.33 m depth (dolomitic mudstone). White arrows indicate hydrocarbons that can be observed.

Table 1
TOC and Rock–Eval pyrolysis data for nine samples of different lithologies from the Lucaogou Formation in the Jimusar Sag.

Lithology Sample No. Depth, m TOC, % T max , ◦ C S 1 , mg/g S 2 , mg/g S 3 , mg/g HI, mg/g PG, mg/g OSI, mg/g

Dolomitic siltstone J-140 3559.31 4.51 426 11.22 7.17 0.65 158.94 18.39 248.72
Dolarenite J-138 3552.58 7.21 426 19.52 13.17 1.11 182.56 32.69 270.58
Silty marl J-127 3531.33 14.70 432 10.57 10.58 0.80 71.97 21.15 71.90
Silty mudstone J-174 3693.96 3.61 436 1.63 16.93 0.30 469.10 18.56 45.16
Silty shale J-1 3510.41 9.73 447 4.45 47.76 0.37 490.75 52.21 45.72
Silty shale J-146 3575.00 27.08 456 1.92 158.28 0.70 499.53 137.20 7.08
Dolomitic mudstone J-176 3698.12 13.09 440 2.65 91.10 1.04 695.79 93.75 20.23
Dolomitic mudstone J-180 3709.19 2.01 437 0.78 6.92 0.88 343.59 7.70 38.72
Dolomitic mudstone J-184 3729.33 6.68 450 1.14 39.67 0.54 593.50 40.81 17.05
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mudstone. The development of bedding fractures improves the 
physical properties of the reservoirs. In summary, the carbonate 
rocks and siltstones contain mostly micrometer-sized pores, with 
a wide distribution of pore size and good physical properties. The 
pore size distributions of the mudstones are heterogeneous and 
these rocks contain nanometer-scale pores.

4.5. Sequential solvent extraction

The sequential solvent extraction results are shown in Table 2 
and Fig. 5. The EOM-A contents in siltstone sample J-140 and 
carbonate samples J-138 and J-127 are the highest, being 46.20, 
45.08, and 37.16 mg/g, respectively. The EOM-C and -D contents 
are low. In contrast, the mudstones have the opposite features. 
Their EOM-A contents are low and EOM-C and -D contents are high 
(Table 2; Fig. 5). For example, the EOM-C contents in the silty shale

sample J-146 and dolomitic mudstone sample J-180 are 1.91 and 
1.52 mg/g, and the EOM-D contents are 4.78 and 3.92 mg/g, 
respectively. Although the TOC content of the silty shale is the 
highest of the nine samples (27.08 wt%), its EOM-A content is 
much lower than those of the siltstones and carbonate rocks. In 
addition, the EOM-A contents of the shale samples J-146 and J-1 
(13.36 and 3.68 mg/g; Table 2) are higher than those of the other 
mudstones, indicative of higher free oil contents in large pores.

5. Discussion

5.1. Differences in shale oil occurrence state among the analyzed 
lithologies

The shale oil in the different lithologies can be generally 
divided into two types: the free and adsorbed states (the swollen
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Fig. 4. NMR T 2 spectra of nine samples of different lithologies from the Lucaogou Formation, Jimusar Sag. (a) Sample J-140 from 3559.31 m depth (dolomitic siltstone); (b) sample 
J-138 from 3552.58 m depth (dolarenite); (c) sample J-127 from 3531.33 m depth (silty marl); (d) sample J-174 from 3693.96 m depth (silty mudstone); (e) sample J-1 from 

3510.41 m depth (silty shale); (f) sample J-146 from 3575 m depth (silty shale); (g) sample J-176 from 3698.12 m depth (dolomitic mudstone); (h) sample J-180 from 3709.19 m 

depth (dolomitic mudstone); and (i) sample J-184 from 3729.33 m depth (dolomitic mudstone). The logarithmic scales are used for the X-axes.

Table 2
Sequential solvent extraction data for nine samples of different lithologies from the Lucaogou Formation in the Jimusar Sag.

Lithology Sample No. Depth, m TOC, % EOM-A, mg/g EOM-B, mg/g EOM-C, mg/g EOM-D, mg/g

Dolomitic siltstone J-140 3559.31 4.51 46.32 0.55 0.68 0.24
Dolarenite J-138 3552.58 7.21 45.08 4.31 0.88 4.09
Silty marl J-127 3531.33 14.70 37.16 2.60 0.65 7.55
Silty mudstone J-174 3693.96 3.61 2.69 0.95 0.64 0.28
Silty shale J-1 3510.41 9.73 3.68 0.71 0.46 0.75
Silty shale J-146 3575.00 27.08 13.36 4.69 1.91 4.78
Dolomitic mudstone J-176 3698.12 13.09 4.44 3.15 1.52 3.92
Dolomitic mudstone J-180 3709.19 2.01 2.46 1.97 1.09 1.47
Dolomitic mudstone J-184 3729.33 6.68 3.84 2.84 1.23 2.82
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and dissolved states were not readily identifiable by petrological 
observations). The hydrocarbons mostly exhibited bright yellow to 
yellowish brown micro-fluorescence (Fig. 3), indicating the oils are 
heavy with little difference in maturity (Khorasani, 1987; Zhang 
et al., 2019a).

The results of the sequential solvent extraction from the 
different lithofacies are significantly different (Fig. 5). The absolute 
EOM-A content in the siltstone is the highest (Table 3; Fig. 5(a)), 
accounting for 96.91% of the total extract (Figs. 5(b) and 6(a)). The 
average proportion of EOM-A in the carbonate rocks is 80.2% 
(Fig. 6(b)), which highlights that these two lithofacies are high-
quality reservoir rocks in the Lucaogou Formation, and contain 
high free oil contents in large pores and fractures.

The proportion of free oil in the silty mudstone and silty shale is 
also relatively high (Fig. 6(c) and (d)), which may be related to the 
development of the silty laminae and bedding fractures. The EOM-
A and -B contents of the silty shale are significantly higher than 
those of all the other mudstones (Table 2; Fig. 5(a)), which may be 
related to the development of bedding fractures that improve the 
reservoir physical properties (Fig. 2(e) and (f)) and a higher free 
hydrocarbon content. For the dolomitic mudstones, the pro-
portions of EOM-A and -B are the lowest of all the lithologies 
(Fig. 6(e)), and the absolute contents are also low (Table 2;

Fig. 5(a)), indicating that adsorbed oil dominates in this lith-
ofacies (Fig. 6(e)). It is worth noting that the proportion of EOM-B 
in this lithology is up to 26.3%, which is the highest of all the li-
thologies (Fig. 6(e)). Considering that some isolated pores in rocks 
are opened to solvents by crushing, the extraction rate is increased, 
similar to hydraulic fracturing during shale oil production (Tamimi 
and Uysal, 1990; Wei et al., 2014). Therefore, EOM-B can represent 
the oil production capacity after hydraulic fracturing, and thus the 
dolomitic mudstone can have a greatly improved shale oil output 
after fracturing.

In summary, the free hydrocarbon contents of the siltstones, 
carbonate rocks, and silty shales are high, and especially the silt-
stones and carbonate rocks occur in the high-quality target sweet 
spots. The silty and dolomitic mudstones have high adsorbed hy-
drocarbon contents, but can also form sweet spots. Hydraulic 
fracturing could greatly increase the free oil productivity of the 
dolomitic mudstones.

5.2. Controls on the shale oil occurrence state

The occurrence state of shale oil is controlled by numerous 
factors, especially the abundance of organic matter, hydrocarbon 
generation capacity, and reservoir properties. In this study, the
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Fig. 5. Hydrocarbon contents in different lithologies from the Lucaogou Formation in the Jimusar Sag (J-140: Dolomitic siltstone; J-138: Dolarenite; J-127: Silty marl; J-174: Silty 
mudstone; J-1: Silty shale; J-146: Silty shale; J-176: Dolomitic mudstone; J-180: Dolomitic mudstone; J-184: Dolomitic mudstone). (a) Absolute contents of the four extracts from 

the nine samples. (b) Relative contents of the four extracts from the nine samples.

Table 3
Chromatographic parameters of the saturated hydrocarbons in the four extracts from the four lithologies in the Lucaogou Formation, Jimusar Sag.

Lithology Sample No. Hydrocarbon of 
different occurrence 
states

Main peak 
of carbon

Peak pattern ΣC 22-/ΣC 23+ Pr/Ph CPI OEP

Dolomitic siltstone J-140 (J10025, 
3559.31 m)

EOM-A C 21 unimodal 1.74 1.06 1.21 1.16
EOM-B C 23 unimodal 1.07 1.09 1.29 1.16
EOM-C C 21 unimodal 1.50 2.36 1.26 1.06
EOM-D C 23 unimodal 1.50 0.91 1.24 1.13

Dolarenite J-138 (J10025, 
3552.58 m)

EOM-A C 23 unimodal 0.92 1.06 1.29 1.17
EOM-B C 23 unimodal 0.79 1.22 1.10 1.20
EOM-C C 21 unimodal 1.33 2.34 1.25 1.11
EOM-D C 23 unimodal 1.73 1.02 1.32 1.16

Silty shale J-146 (J10025, 
3575 m)

EOM-A C 21 unimodal 3.59 1.72 0.83 1.14
EOM-B C 21 unimodal 1.16 1.45 1.03 1.16
EOM-C C 25 unimodal 0.99 0.64 1.35 1.18
EOM-D C 21 unimodal 1.72 0.63 1.48 1.20

Dolomitic mudstone J-180 (J10025, 
3709.19 m)

EOM-A C 23 bimodal 1.34 1.32 1.07 1.14
EOM-B C 31 bimodal 1.03 1.18 1.10 1.15
EOM-C C 17 bimodal 0.70 1.05 1.13 1.17
EOM-D C 17 bimodal 1.41 1.02 1.29 1.20

Note: CPI = 1=2 × 
[ ∑ 

(C 25 –C 33 ) = 
∑ 

(C 24 –C 32 ) + 
∑ 

(C 25 –C 33 ) = 
∑ 

(C 26 –C 34 ) 
] 
; OEP = (C 21 + 6C 23 + C 25 ) =(4 × C 22 + 4 × C 24 )
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absolute content of free soluble organic matter (the sum of EOM-A 
and -B) of the siltstones and carbonate rocks is high, but has no 
obvious relationship with TOC contents (Fig. 7(a)), indicating there 
may be migrated free oil in these reservoir rocks, and the content 
of free oil in reservoir rocks is not controlled by TOC. The absolute 
content of adsorbed oil (the sum of EOM-C and D) was positively 
correlated with TOC value. In addition, the content of adsorbed oil 
in the silty shales and dolomitic mudstones is significantly posi-
tively correlated with TOC content (Fig. 7(a)), indicating the 
adsorbed oil content in all lithofacies is controlled by the TOC 
content. It is worth noting that the free hydrocarbon content of the 
silty shales and dolomitic mudstones is also significantly positively 
correlated with TOC content (Fig. 7(a)). Because the pores in the 
mudstones are mainly mesopores smaller than 10 nm

(Fig. 4(d)–(i)), the capillary resistance inside the mesopores re-
stricts the fluid flow (Wang et al., 2015; Zhang et al., 2014; Huang 
et al., 2020), resulting in a large amount of residual oil in the 
mudstones. For the self-generating and -storing mudstone reser-
voirs, when the thermal evolution degree is in a certain stage, both 
the free and adsorbed oil contents are controlled by the TOC 
contents. In contrast, the siltstones and carbonate rocks have 
lower TOC contents and better physical properties (Fig. 4(a)–(c)), 
and the free oil content is mainly affected by migrated hydrocar-
bons and controlled by the physical properties of the reservoir. 

By comparing the relative proportions of free and adsorbed 
hydrocarbons in the different lithofacies, it is evident that TOC 
content is negatively correlated with the proportion of free oil and 
positively correlated with the proportion of adsorbed oil

0.51%
1.43%
1.15%

96.91%

(a) Siltstone

1.49%6.67%
80.2%

(b) Carbonate rock

EOM-A EOM-B EOM-C EOM-D

7.94%15.82%

59.89%

(d) Silty shale (e) Dolomitic mudstone(c) Silty mudstone 

11.64% 16.36%

12.92%
26.3%

35.01%

25.77%13.99%
20.9%

58.95% 6.15%

Fig. 6. Average proportions of soluble organic matter with different occurrence states in different lithologies. The average proportions of EOM with different occurrence states are 
shown for (a) siltstone, (b) carbonate rocks, (c) silty mudstone, (d) silty shale, and (e) dolomitic mudstone.

0

10

20

30

40

50

EOM-A + EOM-B,
mg/g
EOM-C + EOM-D,
mg/g
TOC, %

(a)

EO
M

 c
on

te
nt

, m
g/

g

0

5

10

15

20

25

30

TO
C

, %

J-140 J-138 J-127 J-174 J-1 J-146 J-176 J-180 J-184

0

2

4

6

8
y = 0.6531x - 1.0515
R 2 = 0.8952, p > 0.05

y = 0.2609x - 0.5789
R 2 = 0.9565, p > 0.05

y = 0.2573x + 2.1453
R 2 = 0.9882, p > 0.05

5 10 15 20 25 300

EO
M

-C
 +

 E
O

M
-D

, m
g/

g

TOC, %

J-140J-174

J-138

J-127

J-1

J-146

J-176

J-180

J-184

(c)

EOM-A + EOM-B,
%
EOM-C + EOM-D,
%
TOC, %

0

20

40

60

80

100

(b)

Pr
op

or
tio

n 
of

 E
O

M
 c

on
te

nt
, %

0

5

10

15

20

25

30

TO
C

, %

J-140 J-138 J-127 J-174 J-1 J-146 J-176 J-180 J-184

5 10 15 20 25 300

TOC, %

(d)

0

EO
M

-C
 +

 E
O

M
-D

, %

10

20

30

40 J-180 J-184
J-176

J-140

J-138

J-127

J-174
J-1

J-146

y = 0.4697x + 35.277
R 2 = 0.9454, p > 0.05

y = 0.2976x + 18.9
R 2 = 0.9967, p < 0.05

y = 1.3962x - 2.9008
R 2 = 0.9451, p > 0.05

Fig. 7. Average proportions of soluble organic matter in the different lithofacies (J-140: Dolomitic siltstone; J-138: Dolarenite; J-127: Silty marl; J-174: Silty mudstone; J-1: Silty 
shale; J-146: Silty shale; J-176: Dolomitic mudstone; J-180: Dolomitic mudstone; J-184: Dolomitic mudstone). (a) Free and adsorbed hydrocarbon contents as compared with TOC 
contents. (b) Relative proportions of free and adsorbed hydrocarbon contents as compared with TOC contents. (c) Correlation analyses of TOC and adsorbed oil contents. (d) 
Correlation analyses of TOC contents and relative proportions of adsorbed hydrocarbon contents.

C.-J. Zhang, J. Cao, B.-L. Xiang et al. Petroleum Science 22 (2025) 4856–4874

4864



(Fig. 7(b)). This further indicates that the adsorbed oil contents are 
mainly controlled by the TOC contents. In summary, the lithology 
and physical properties control the free oil contents in low-mature 
shale oil systems, such as the Lucaogou Formation. More specif-
ically, The free oil contents of reservoir rocks such as carbonate 
rocks and siltstones are more affected by physical properties, and 
the free oil contents of mudstones are controlled by TOC contents. 
The adsorbed oil contents of all lithologies are mainly controlled 
by TOC contents.

The free hydrocarbon contents in lacustrine shale reservoirs are 
not only affected by the lithology (i.e., physical properties), but 
also the thermal maturity (Lu et al., 2012; Jiang et al., 2016, 2020; 
Pan et al., 2018; Hu et al., 2021). A comparative analysis of the 
sequential solvent extraction results for the three silty mudstone 
(shale) samples and three dolomitic mudstone samples in the low-
mature to mature stage with different T max values shows that, for a 
given lithology, the proportion of EOM-A increases with increasing 
T max (i.e., thermal maturity; Fig. 8). This may be related to the 
compositional characteristics of low-mature crude oil in the early 
stages of oil generation, such as low contents of saturated hydro-
carbons, low saturation/aromatic ratios, and high contents of non-
hydrocarbons (Spiro, 1984; Pan et al., 2018). When the maturity is 
low, the crude oil viscosity is higher and its migration ability is 
weak. However, with increasing thermal evolution, many mobile 
small molecules are formed, which enhances the hydrocarbon 
migration ability, and thus the proportion of mobile free hydro-
carbons also increases.

The group compositional characteristics of free hydrocarbons 
extracted from the three silty shales and three dolomitic mud-
stones (i.e., EOM-A and -B) were further analyzed (Fig. 9). For 
samples with higher T max values (i.e., maturity), the saturated 
hydrocarbon percentage of EOM-A and -B is higher, indicating that 
more small-molecular hydrocarbon compounds are formed during 
thermal evolution, which increases the hydrocarbon migration 
ability and proportion of mobile free hydrocarbons (Dickey, 1975; 
Pan et al., 2018). As such, the relative contents of free hydrocarbons 
are affected by the thermal maturity.

An interesting phenomenon is that the relative contents of 
saturated hydrocarbons in the four extracts from the nine samples 
(Fig. 10) show that the siltstones and carbonate rocks have a 
relatively high proportion of free hydrocarbons (EOM-A and -B) 
(Figs. 5(b) and 6(a)–(b), and 7(b)) and also the highest proportion

of saturated hydrocarbons in free oil. This demonstrates that the 
shale oil in these rocks has the highest fluidity, followed by that in 
the shales and then the silty mudstones. This further shows that 
the free oil content is controlled by the rock physical properties 
and that the hydrocarbon occurrence space and pore connectivity 
of the different lithologies are variable, which affect the porosity 
and permeability. During migration, oil and gas always preferen-
tially occupy large pores in the free state or by physical adsorption. 
After these favorable spaces are occupied, organic matter will 
gradually enter mesopores and micropores (or matrix pores) (Yang 
et al., 2015; Li et al., 2022). Therefore, with little change in matu-
rity, the lithology controls the reservoir physical properties, which 
in turn affect the distribution of mobile free hydrocarbons in 
lacustrine shale oil systems.

5.3. Significance of molecular biomarkers in shale oil with different 
occurrence states

Fig. 11 shows the molecular compositional characteristics of the 
saturated hydrocarbons in the four extracts from four lithologies. 
The four lithologies have some common characteristics, such as 
the saturated hydrocarbons in EOM-A and -B (Fig. 11(a)–(b), (e)–(f), 
(h)–(j), and (m)–(n)), and thus the occurrence state of EOM-A and 
-B are indeed similar, mainly the free states. The adsorbed hy-
drocarbons (i.e., EOM-C and -D) in each lithology are significantly 
different in terms of the biomarker characteristics of EOM-A and 
-B (Fig. 11(c)–(d), (g)–(h), (k)–(l), and (o)–(p)), particularly for the 
dolomitic siltstone (Fig. 11(c) and (d)) and dolarenite (Fig. 11(g) and 
(h)). This further indicates that the physical properties of these 
two lithologies are better than those of the mudstones (Fig. 4), and 
they are reservoirs in the Lucaogou Formation that accommodate 
near-source hydrocarbon migration and accumulation of EOM-A 
and -B (Qiu et al., 2016; Zhang et al., 2023). Therefore, studies of 
the variations of molecular characteristics of hydrocarbons with 
different occurrence states in the same lithologies should focus on 
the mudstones. In general, the distribution of saturated hydro-
carbons in the four extracts from the two types of mudstone 
samples (J-146 and J-180) are similar, respectively. However, 
sample J-180 has an unresolved complex mixture (UCM) peak 
(Fig. 11(m)–(p)), which may be due to biodegradation to a certain 
extent (Peters, 1986).
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5.3.1. N-alkanes and isoprenoids
Taking the silty shale sample J-146 as an example (Fig. 11(i)–(l)), 

the molecular characteristics of hydrocarbons in different occur-
rence states were analyzed. In general, an odd–even predominance

(OEP) of the n-alkanes is not obvious, which is typical of mature 
source rocks. From EOM-A to -D, the carbon numbers increase 
slightly and the carbon number range of EOM-A is C 12 –C 33 , 
whereas that of EOM-D is C 14 –C 33 , indicating that the heavy 
components of adsorbed hydrocarbons were slightly dominant. 
The main carbon peak of the saturated hydrocarbons in EOM-A, -B, 
and -D is C 21 , and the main peak in EOM-C is C 23 , with the latter 
having the lowest 

∑ 
C 22– / 

∑ 
C 23+ value (0.99; Fig. 12(c); Table 3). 

The dolomitic mudstone sample J-180 also has a low 
∑ 
C 22– / 

∑ 
C 23+ 

value, with that for EOM-C being the lowest (0.7; Fig. 12(d)), 
indicating that carbonate minerals in the source rocks tend to 
contain early formed, long-chain n-alkanes (Yang et al., 2015). The
∑ 
C 22– / 

∑ 
C 23+ values of saturated hydrocarbons in EOM-A and -D 

from the two mudstone samples are higher than those of saturated 
hydrocarbons in EOM-B and -C (Fig. 12(c) and (d); Table 3). This is 
because EOM-A is mainly free soluble organic matter, while the 
saturated hydrocarbon components are mainly weakly polar or 
non-polar compounds. They occur in EOM-A in a free state or weak 
physical adsorption state. EOM-D is the soluble organic matter 
closely bound to silicate minerals or kerogen, and the soluble 
organic matter adsorbed between clay minerals, especially smec-
tite layers, is mainly saturated hydrocarbons with relatively low 

carbon numbers (Guan et al., 1998). In addition, EOM-D has a high
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content of gum and asphaltene, which can adsorb some weakly 
polar or non-polar molecules (Yang et al., 2015; Pan et al., 2018). 
Therefore, EOM-D contains a high proportion of low-carbon 
number, saturated hydrocarbons.

Based on the changes in the normal alkane parameters of the 
four extracts from the mudstone samples J-146 and J-180 (Table 3; 
Fig. 12(c) and (d)), the carbon preference index (CPI) and OEP 
values of EOM-D to -A decrease gradually, indicating that EOM-A 
has the highest maturity and EOM-D the lowest maturity. This is 
because hydrocarbons included in minerals have a lagged evolu-
tion, which hinders the degree of cracking of long-chain into short-
chain hydrocarbons. As a result, they have a lower maturity and 
usually preserve the geochemical characteristics of earlier formed 
oil and gas in the source rock (Spiro, 1984; Guan et al., 1998; Pan 
et al., 2018), whereas EOM-A and -B are continuously discharged 
during hydrocarbon generation and have relatively higher matu-
rity. In addition, the Pr/Ph ratio varies in the four extracts from the 
two types of mudstone, with a slight decrease in the Pr/Ph ratio 
from EOM-A to -D (Table 3; Fig. 12(c) and (d)). Given the sedi-
mentary depositional environment of a given rock must be largely 
constant, the change in the Pr/Ph ratio of the shale oil with 
different occurrence states is likely controlled by the maturity, 
because the Pr/Ph ratio of organic matter increases with increasing 
maturity (Mei and Liu, 1980; Koopmans et al., 1999). As such, the 
Pr/Ph ratios further show the increase in maturity from EOM-D to 
-A, which is consistent with the CPI and OEP proxies.

The maturity parameters of siltstone sample J-140 and car-
bonate sample J-138 do not exhibit above trends, showing that the 
maturity of EOM-D is slightly less than that of EOM-C, but there is 
no gradual trend between between it and EOM-A and -B (Table 3; 
Fig. 12(a) and (b)), which further indicates that the free hydro-
carbons in the siltstones and carbonate rocks are mainly migrated 
hydrocarbons. The mudstones are dominated by retained 
hydrocarbons.

5.3.2. Steranes and terpanes
The characteristics of the terpanes and steranes indicate that 

the m/z = 191 and m/z = 217 spectra of the four lithologies are not 
significantly different, and only the peak heights are slightly 
different. Taking samples J-146 and J-180 of the two types of 
mudstone as examples (Table 4; Fig. 13), the contents of tricyclic 
terpanes increase slightly from EOM-A to -D, and the ratios of 
tricyclic terpanes to pentacyclic triterpanes of sample J-146 are 
0.14, 0.16, 0.10, and 0.04, respectively. The ratios of tricyclic ter-
panes to pentacyclic triterpanes for sample J-180 are 0.15, 0.15, 
0.16, and 0.10, respectively (Table 4). Although the ratios of tricyclic 
terpanes to pentacyclic triterpanes are not very different, the 
maturity of EOM-D to -A increases slightly. The T s /T m values also 
exhibit similar characteristics, which are generally consistent with 
the maturity features recorded by the ratios of tricyclic terpanes to 
pentacyclic triterpanes, and CPI and OEP values. However, the T s / 
T m values of the four extracts from the dolomitic mudstone sample
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J-180 are significantly lower than those of the other three rock 
types, which may be related to the higher content of carbonate 
minerals or other factors. Because the T s /T m ratio is sensitive to 
clay-catalyzed reactions, the T s /T m ratio of oil derived from car-
bonate source rocks is low as compared with that derived from

shale (Peters et al., 2004). In addition, the maturity parameter 
values of sterane in EOM-A to -D from the different lithologies do 
not change significantly (Table 4). However, the C 29 20S(20S + 20R) 
and C 29 αββ/(αββ + ααα) values of silty shale sample J-146 and 
dolomitic mudstone sample J-180 increase slightly from EOM-D to
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Table 4
Biomarker parameters of the terpanes and steranes in the four extracts from the four lithologies in the Lucaogou Formation, Jimusar Sag.

Lithology Sample No. Hydrocarbon of different 
occurrence states

C 24 TeT/C 30 H Ga/αβC 30 H TT/Pt T s /T m C 29 ββ/(ββ+αα) C 29 20S/(20S + 20R)

Dolomitic siltstone J-140 (J10025, 
3559.31 m)

EOM-A 0.05 0.16 0.19 0.12 0.36 0.44
EOM-B 0.10 0.19 0.27 0.19 0.32 0.41
EOM-C 0.12 0.20 0.20 0.23 0.37 0.47
EOM-D 0.07 0.16 0.20 0.18 0.31 0.45

Dolarenite J-138 (J10025, 
3552.58 m)

EOM-A 0.06 0.16 0.17 0.12 0.32 0.41
EOM-B 0.07 0.17 0.18 0.15 0.28 0.35
EOM-C 0.07 0.19 0.21 0.22 0.34 0.45
EOM-D 0.07 0.19 0.16 0.16 0.27 0.44

Silty shale J-146 (J10025, 
3575 m)

EOM-A 0.14 0.13 0.14 0.31 0.15 0.39
EOM-B 0.06 0.18 0.16 0.27 0.16 0.38
EOM-C 0.10 0.16 0.10 0.36 0.15 0.37
EOM-D 0.06 0.10 0.04 0.23 0.12 0.33

Dolomitic mudstone J-180 (J10025, 
3709.19 m)

EOM-A 0.05 0.19 0.15 0.07 0.36 0.49
EOM-B 0.03 0.19 0.15 0.06 0.35 0.41
EOM-C 0.06 0.26 0.16 0.05 0.37 0.48
EOM-D 0.07 0.29 0.10 0.04 0.35 0.46

Note: TT: Tricyclic terpane; Tet: Tetracyclic terpenes; H: Hopance; Ga: Gammacerane; Pt: Pentacyclic triterpane (Error margins of calculated biomarker parameters: 
±0.005).
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-A (Table 4), indicative of a gradual increase in maturity. The two 
sterane maturity parameters for dolomitic siltstone sample J-140 
and dolarenite sample J-138 vary slightly from EOM-D to -A 
(Table 4), again indicating that EOM-A and -B are migrated 
hydrocarbons.

5.4. Shale oil potential and significance for resource evaluation

5.4.1. Occurrence state and shale oil potential
Fig. 14 shows the distribution of group components in the four 

extracts from the nine samples of different lithologies. From EOM-
A to -D, the proportion of saturated and aromatic hydrocarbons 
decreases, the total proportion of colloids and asphaltene in-
creases, and the fluidity decreases gradually. For EOM-A and -B, 
almost all samples of EOM-B are richer in aromatics, colloids, and 
asphaltene than EOM-A (Figs. 9 and 14). Due to the relatively poor 
fluidity of colloidal and asphaltene components, and stronger 
adsorption onto mineral surfaces, they occur mainly in the matrix, 
and the mobility of EOM-B is weaker than that of EOM-A. There-
fore, the lithologies with a higher proportion of EOM-A contain 
more available shale oil, which has some indicative significance for 
shale oil potential.

Pan et al. (2018) studied the occurrence state of retained hy-
drocarbons in shale source rocks in well Fan Ye 1 in the Dongying 
Sag, Bohai Bay Basin, and found that the saturated hydrocarbon 
contents of EOM-A were ~60%, while the asphaltene contents were 
<3%. In the Lucaogou Formation in the Jimusar Sag, samples of 
different lithologies all have high asphaltene contents (Fig. 14), 
with an average proportion of 40%. The group components in shale 
oil are all mixtures, precluding conversion into mole percentages; 
only the relative proportions of their absolute contents can be 
analyzed. It is necessary to be clarified that the Lucaogou Forma-
tion has an unusually high asphaltene component. The organic

matter is in the stage of low-mature to mature so that the organic 
matter is not fully decomposed into light hydrocarbons, resulting 
in the products dominated by heavy components (colloids and 
asphaltenes). Also, it is related to the salt-tolerant algae such as 
Dunaliella, the special hydrocarbon parent material developed in 
this area (Wang et al., 2023). Due to its early hydrocarbon gener-
ation process, the content of heteroatoms in kerogen is high, which 
greatly reduces the average activation energy required for pyrol-
ysis, resulting in the formation of crude oil at a low maturity stage 
and its quality is heavy. It contains more colloidal and asphaltene 
components than ordinary crude oil, and similar extraction results 
also exist in the Fengcheng Formation of Mahu Sag, Junggar Basin, 
in which the similar special hydrocarbon parent material also 
developed (Li et al., 2023; Xia et al., 2021). The Lucaogou Forma-
tion contains heavy oil, and thus a quantitative characterization of 
its occurrence state is important for shale oil exploration and 
development. With increasing extraction, the proportion of 
asphaltene increases (Fig. 14), and the average proportion of 
asphaltene in EOM-D is 54.11%. The saturated and aromatic hy-
drocarbon contents decrease gradually with increasing extraction 
(Fig. 14). In EOM-A, the average proportion of saturated hydro-
carbons is 31.11%, the average proportion of aromatic hydrocar-
bons in EOM-B is 21.56%, and the average proportion of saturated 
hydrocarbon in EOM-D is reduced to 5.11% and the aromatic hy-
drocarbon is reduced to 2.78%. These results are related to the 
changes in the molecular composition of compounds in EOM-A to 
-D, and the overall increase in NSO compounds in the extracts.

In general, even if the lithologies are different, the same ex-
tracts have similar group compositions (Fig. 14), which indicate the 
chemical composition of soluble organic matter is closely related 
to its occurrence state. As such, the differences in the group 
compositions of the EOM types with different occurrence states 
reflect the controls of different lithologies, rock textures/
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structures, and mineral types on organic matter enrichment 
(Wang and Cheng, 2000; Cai et al., 2007; Pan et al., 2018). 
Asphaltene and colloidal components have a strong polarity and 
high molecular weight, and readily bind with clay minerals or 
kerogen, and thus these two components form a large proportion 
of EOM-D (Mortland, 1970; Mayer, 1994; Cai et al., 2007). Yang 
et al. (2015) showed that carbonate minerals can readily adsorb 
colloidal components, while silicate minerals trap heavy compo-
nents such as colloids and asphaltene. The macromolecular com-
pounds in colloidal and asphaltene components often contain 
many polar groups, which are more easily combined with inor-
ganic minerals or kerogen by ionic or hydrogen bonding than 
saturated and aromatic hydrocarbons. The saturated and aromatic 
hydrocarbons are mainly weakly polar or non-polar compounds, 
and occur mainly in the free or a weak physical adsorption state in 
EOM-A and -B. In summary, the main reasons for the decrease in 
fluidity of EOM-A, -B, -C, and -D are the gradual decrease in the 
saturated and aromatic hydrocarbon contents, and gradual in-
crease in the contents of NSO compounds and asphaltenes.

The relative proportions of EOM-A and the proportions of total 
free components are positively correlated with OSI values, and the 
EOM-A contents and OSI values are higher in the siltstones and 
carbonate rocks (Fig. 15). This is because the contents of non-polar 
and weakly polar compounds in EOM-A are higher than those of

hydrocarbons in the other occurrence states, and the fluidity is 
better, making the siltstones and carbonate rocks have better shale 
oil potential than the mudstones. As such, the occurrence state 
affects the microscopic shale oil flow and has some effect on the 
shale oil potential.

5.4.2. Occurrence state modes of shale oil and implications for 
resource evaluation

We established a model linking the lithology, rock density, and 
shale oil fluidity of the Lucaogou Formation, based on the evalu-
ation results, the pore size distribution, and hydrocarbon genera-
tion and shale oil potential of the different lithofacies (Fig. 16). The 
NMR T 2 spectra show that the main pore throat size is >1 μm 

(Figs. 4 and 16) and, when the proportion of free oil is >70%, this 
corresponds to the high-quality sweet spots in siltstones and 
carbonate rocks that are similar to conventional reservoirs with 
coarse particles. The shale oil in these rocks is mainly in the free 
state and mobile, and flows according to Darcy's law (Pang et al., 
2022; Jia et al., 2024). The proportion of free oil in the shale 
samples with bedding fractures and some shale samples with 
laminations that can effectively improve the filtration capacity can 
also be >50% (Figs. 5(b) and 6(c)–(d)). In these rocks, the pore 
throats are mainly about 10 nm to 1 μm in size (Figs. 4 and 16). In 
general, tight reservoirs are self-sealing and shale oil occurs in
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both the free and adsorbed states, and undergoes both localized 
Darcy and multi-point slippage flow (Schowalter, 1979; Pang et al., 
2022; Jia et al., 2024). For mudstones with a low content of brittle 
minerals and poor physical properties, the pore throats are mainly 
nanoscale (Figs. 4 and 16). In this case, adsorbed oil dominates 
(Figs. 5(b) and 6(e)) and the organic matter content is high. The 
large amount of adsorbed oil means the reservoir has a poor 
fluidity and the shale oil can only migrate slowly by diffusion to 
near-source rocks with good permeability (Song et al., 2021; Pang 
et al., 2022; Jia et al., 2024).

For shale oil resource evaluation, the amount of conventional 
EOM extracted by the Soxhlet technique and the rock pyrolysis S 1

value are commonly used as basic parameters for resource calcu-
lations. However, the sequential solvent extraction technique can 
determine the contents of different types of free and adsorbed 
hydrocarbons, and can directly characterize the chemical compo-
sitions of organic matter in different occurrence states at the 
molecular level. Solvent extraction cannot completely separate 
soluble organic matter with different occurrence states, and the 
occurrence state of soluble organic matter in rocks also has a 
certain dynamic transformation process, and changes in the sol-
vent and extraction methodology can also affect the results. But 
the general geological laws are right. In summary, EOM-A obtained 
by sequential solvent extraction has the highest fluidity. Given that
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isolated pores in a sample are opened to solvents during crushing, 
this process is similar to hydraulic fracturing during shale oil pro-
duction (Tamimi and Uysal, 1990), and thus EOM-B can represent 
the oil production capacity after hydraulic fracturing, and also has 
some mobility. Dolomitic mudstone with high EOM-B content may 
demonstrates significant potential for enhancing shale oil produc-
tivity after fracturing. For instance, in the Permian Basin of the U.S., 
certain dolomitic mudstone intervals achieved over 40% increase in 
initial production by adopting “close-spaced fracturing” techniques 
(combining high-density perforation clusters with short interval 
spacing) to elevate fracture density. High dolomite content may 
enhance rock brittleness, facilitating primary fracture propagation, 
yet the presence of clay minerals (e.g., illite) risks compromising 
fracture conductivity over time. This necessitates optimizing 
chemical property of fracturing fluid, such as incorporating clay 
stabilizers (Curtis, 2002; Ko et al., 2017; Wang et al., 2019). In 
general, while dolomitic mudstone exhibits moderate porosity and 
permeability even with high EOM-B content, fracturing strategies 
must be customized to its mineralogy and mechanical properties, 
balancing upfront costs against long-term gains. Advancements in 
stimulation technology may position such reservoirs as a critical 
supplement to unconventional resource development. Although 
EOM-C and -D are theoretically immobile hydrocarbons during 
normal production and hydraulic fracturing, their mobility and 
productivity could be improved with future advances in production 
technology. Compared to global shale systems, U.S. marine shales 
generally feature organic pores and microfractures as dominant 
storage spaces, with superior pore connectivity and permeability 
(e.g., Matrix permeability in Eagle Ford reaches 1100 mD). Their 
high carbonate mineral content (e.g., 40% in Eagle Ford) enhances 
fracture conductivity (Curtis, 2002; Ko et al., 2017). In contrast, 
Chinese lacustrine shales, like the Lucaogou Formation, primarily 
rely on inorganic pores (intercrystalline and cracks between clay 
layers) with poorly developed organic pores, complex pore size 
distributions, poor connectivity, and permeability typically below 

100 mD, necessitating artificial stimulation via hydraulic fracturing. 
The Eagle Ford shale achieves high production through a source-
reservoir integration model (organic-rich shale interbedded with 
carbonate interlayers), where high carbonate content (>40%) and 
low clay minerals (8%) provide ideal fracturing conditions (Ko et al., 
2017; Wang et al., 2019). For lacustrine shales in China, it should be 
focused on targeting sweet spots such as carbonate, siltstone in-
terbeds, and dolomitic mudstone, while developing geological en-
gineering integration technologies. This includes optimizing 
horizontal well trajectories (prioritizing thin sandstone layers or 
fracture zones) and formulating nano-modified fracturing fluids to 
enhance proppant transport.

In the exploration and development of lacustrine shale oil, 
different lithologies (e.g., dolomitic mudstones vs. siltstones) may 
require specific hydraulic fracturing techniques tailored to their 
characteristics. For instance, dolomitic mudstones typically exhibit 
high plasticity and low strength, and their fracture propagation 
may be influenced by strata plasticity, necessitating fracturing 
techniques capable of overcoming this plasticity. This might 
involve employing higher fracturing fluid injection rates or opti-
mized fluid formulations to create effective fracture networks (Ko 
et al., 2017). Siltstones, characterized by higher strength and better 
brittleness, may allow for more straightforward and controllable 
fracture propagation. And more flexible and efficient fracturing 
methods such as multi-stage fracturing or water fracturing could 
be applied. It should be noted that field operations must integrate 
parameters including in-situ stress, brittleness, and the degree of 
natural fracture development, with experimental and simulation-
based optimization of technical combinations to achieve cost-
effective reservoir stimulation.

6. Conclusions

We investigated the occurrence states and contents of lacus-
trine shale oil in the Lucaogou Formation. The free oil forms the 
basis of shale oil production and the adsorbed oil represents po-
tential future shale oil production capacity. The Lucaogou Forma-
tion contains low-mature to mature shale with a good heavy oil 
content, and the occurrence state of the shale oil affects its fluidity, 
which is an important control on the shale oil enrichment and 
productivity.

In the Lucaogou Formation, siltstones and carbonate rocks form 

the high-quality sweet spots with the best shale oil fluidity. Shales 
with well-developed bedding fractures or laminated mineral 
layers also contain available shale oil in the free state. After frac-
turing, the shale oil productivity of the dolomitic mudstone can be 
increased. The free oil contents in reservoirs such as carbonate 
rocks and siltstones are more affected by physical properties, but 
the free oil contents in mudstones are also controlled by the TOC 
contents and maturity. The adsorbed oil contents in all the li-
thologies are mainly affected by TOC contents. The biomarkers in 
the extracts revealed that the siltstones and carbonate rocks 
contain migrated hydrocarbons, and the maturity of the adsorbed 
hydrocarbons in all the rocks is lower than that of the free hy-
drocarbons. EOM-A and -D are more likely to adsorb some weakly 
polar or non-polar molecules. Saturated hydrocarbons have higher
∑ 
C 22– / 

∑ 
C 23+ values, and the 

∑ 
C 22– / 

∑ 
C 23+ values of saturated 

hydrocarbons in EOM-C are the lowest because carbonate minerals 
tend to include early formed, long-chain n-alkanes. In summary, 
for shale oil in mixed sedimentary strata in saline lacustrine basin, 
variable lithofacies makes the occurrence state of soluble organic 
matter obviously different. The occurrence state affects the shale 
oil fluidity from a microscopic perspective. Future exploration and 
production should also consider the shale oil occurrence state 
combined with favorable lithologies, which might provide a more 
robust guide for the identification of potential sweet spots. This 
study will also have implications for the occurrence state and 
enrichment mechanism of shale oil in other saline lacustrine ba-
sins with similar mixed sedimentary lithofacies.

It is worth mentioning that the sequential extraction method 
can gerally characterize the contents of soluble organic matter 
with different maturities or occurrence states in variable lithol-
ogies, and can directly characterize the chemical compositions of 
organic matter in different occurrence states at the molecular 
level. But the procedure is complex and time-consuming, and thus 
it is only applicable to a small number of samples. And oil in mi-
cropores, adsorbed on kerogen surfaces, or within swollen/dis-
solved states exhibits stronger polarity, lower accessibility, or 
negligible abundance, rendering Soxhlet extraction ineffective for 
these fractions. In addition, there may be a single well sampling 
bias (J10025) in this study, and multi-well analyses can be per-
formed in future work. Also, future studies may further optimize 
solvent combinations and extraction sequences to better reflect 
the complexity of actual subsurface oil compositions. More solvent 
combinations can be used to simulate real reservoir conditions, 
and in combination with supercritical fluid extraction technology 
to improve extraction efficiency. It can also be combined with 
molecular dynamics simulation technology, which is expected to 
reveal the dynamic processes of oil-rock interactions at the 
microscopic scale.
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