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Saline lacustrine shales are significant contributors to global oil resources, yet the mechanisms governing hy-
drocarbon generation, expulsion, and retention in these organic-rich fine-grained sediments remain insufficiently
understood. To clarify these mechanisms among different types of organic matter, hydrous pyrolysis and pre-/
post-extraction pyrolysis were conducted on representative shale samples from the Malang Sag. The experiments
focused on cyanobacteria-rich shale (CRS), green algae-rich shale (GRS), and cyanobacteria and green algae
mixed shale (CGMS), quantifying expelled, absorbed, and residual oil, along with hydrocarbon gases. All three
shale types exhibit strong hydrocarbon generation potential, but differ significantly in expulsion efficiency and
retention capacity. Within the main oil window, CRS retains the highest amount of oil, followed by CGMS and
GRS. These differences are primarily controlled by variations in hydrocarbon generation timing, mineral
composition, and crude oil properties. Accordingly, three conceptual models are proposed: (1) CRS—Ilate oil
generation and expulsion, narrow oil window, strong retention; (2) CGMS—early oil generation, late oil
expulsion, wide oil window, moderate retention; and (3) GRS—early oil generation and expulsion, wide oil
window, weak retention. Additionally, geochemical and production data reveal a maturity trend in the Malang
Sag, increasing from the slope zone to the central zone. This gradient, combined with differences in organic
matter composition, leads to distinct hydrocarbon generation and expulsion efficiencies, ultimately resulting in
significantly higher shale oil production in the slope zone. These findings offer insights into shale oil enrichment
in saline lacustrine settings and support exploration efforts in the Santanghu Basin and comparable basins
globally.

shale oil plays a significant role in filling this gap [6,7]. These de-
velopments underscore the need for improved geochemical under-

1. Introduction

With the continued global growth in energy demand, particularly the
increasing demand for oil and natural gas, shale oil has gradually
become an important component of the global energy structure as a key
unconventional oil resource [1-4]. Currently, the United States has the
highest recoverable shale oil resources, followed by Russia, China,
Argentina, and Libya [5]. The extraction and utilization of shale oil has
provided new avenues for energy supply, especially in the context of the
gradual depletion of conventional oil and gas resources. Undoubtedly,
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standing of shale oil systems, especially in relation to unconventional
source rocks with diverse depositional settings. Saline lake facies shale is
an important environment for shale oil accumulation. Globally, rich
shale oil resources are found in saline lake facies sediments such as the
Green River Formation [8,9] and Bakken Shale [10,11]. In China, sig-
nificant breakthroughs have been made in the exploration of saline lake
facies shale oil, with major discoveries in units such as the Fengcheng
Formation in the Junggar Basin [12,13], the Lucaogou Formation
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[5,14], the Shahejie Formation in the Bohai Bay Basin [15], and the
Qingshankou and Nenjiang Formations in the Songliao Basin [16]. These
areas have revealed abundant shale oil resources, making them focal
points for research and exploration in the region. However, despite the
considerable progress in the study of saline lake facies shale oil, explo-
ration and development are still in the early stages due to the complexity
of the geological characteristics.

It is evident that organic-rich shales in saline lake environments store
considerable oil resources. Therefore, understanding the mechanisms of
oil generation, retention, and expulsion during maturation is crucial for
accurately assessing the exploration potential of both conventional and
unconventional oil in sedimentary basins [17]. However, the quantity
and quality of hydrocarbons generated, retained, and expelled at various
maturation stages of organic matter in shale remain key challenges in
shale oil exploration [18]. Hydrocarbon generation and expulsion sim-
ulations, which mimic the thermal evolution of organic matter under
different temperature and time conditions, are valuable tools for pre-
dicting oil and gas generation, evaluating shale oil resource potential,
and examining the pyrolytic behavior of organic matter [2,19-23].
Currently, three main types of hydrocarbon generation and expulsion
simulation experiments are employed: open-system, closed-system, and
semi-open-system [24-28]. Of these, closed-system hydrous pyrolysis is
the most widely used, as it provides valuable insights into the thermal
evolution of organic matter, hydrocarbon generation kinetics, and hy-
drocarbon migration [22,29-32]. Moreover, hydrous pyrolysis typically
offers more accurate estimates of hydrocarbon generation compared to
anhydrous pyrolysis in closed systems [33,34].

The second member of Lucaogou Formation (P51%) in the Santanghu
Basin develops a large suite of saline lake facies shales. Previous studies
have primarily focused on their geochemical characteristics [35], pale-
oclimate [36,37], and reservoir pore structure [38], yielding notable
results. Despite this progress, characterizing the entire process of hy-
drocarbon generation and expulsion in saline lake facies shales remains
crucial, as not all hydrocarbons generated from organic matter are
recoverable [24]. Only hydrocarbons that surpass the adsorption
threshold have extraction potential [39]. Thus, understanding the hy-
drocarbon generation and expulsion characteristics of the P51 shale is
key to identifying the controlling factors for sweet spot development.
However, research in this area is still in its early stages. Influenced by
changes in paleoclimate conditions, saline lake basins rich in organic
matter typically exhibit strong heterogeneity, reflected in both the
variation in organic matter enrichment and changes in mineral
composition [40]. Consequently, the ratio of expelled oil to generated
oil cannot be scientifically quantified [41]. Moreover, conducting hy-
drocarbon generation and expulsion simulation experiments on a single
organic-rich shale sample may lack scientific validity, and sample se-
lection needs to be more representative [37,42].

The study by Yu et al. (2024a) [37] on the organic matter enrichment
mechanisms of the P52 confirms that the shale primarily contains cya-
nobacteria and green algae as hydrocarbon-generating organic matter,
with these two types of organic matter exhibiting distinct enrichment
characteristics under the influence of volcanic cyclic activity. Further,
Yu et al. (2024b) [43] clarified the physical properties of the hydro-
carbons generated by these two types of organic matter, emphasizing
that organic matter thermal evolution controls the distribution of crude
oil properties in source-reservoir coupled shale oil systems. Building on
these two studies, this research aims to define the hydrocarbon gener-
ation, expulsion, and retention characteristics of cyanobacteria-rich
shale (CRS), green algae-rich shale (GRS), and cyanobacteria and
green algae mixed shale (CGMS) in the P,l2. The study seeks to identify
the intrinsic link between expelled and retained hydrocarbons for
different organic matter types at various thermal evolution stages,
providing insights for optimizing shale oil exploration and development
strategies.
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2. Materials and methods

The samples selected for this study are consistent with those of Yu
et al. (2024b) [43] and are parallel experiments conducted on the same
set of samples. In that study, CRS, GRS, and CGMS were chosen (sample
details are provided in Table S1), and high-temperature, high-pressure
hydrous pyrolysis was conducted using a GPM-3 pyrolysis instrument.
Detailed descriptions of the experimental procedures, temperature set-
tings, and the collection of gaseous and liquid hydrocarbon products are
available in that study. During the oil washing process of the hydrous
pyrolysis rock residues, we observed the attachment of a significant
amounts of hydrocarbons on the surface of the residues (Fig. 1a). We
believe these hydrocarbons should not be classified as expelled oil or
residual oil but rather as absorbed oil (Fig. 1a-b). However, it was not
possible to effectively collect this portion of hydrocarbons through
soaking alone. Therefore, in this study, the rock residues from the three
sets of thermal simulations were divided into two parts. Part 1 was
directly crushed to a particle size of <200 pm and underwent Soxhlet
extraction to obtain retained oil I. For Part 2, after crushing the rock
residues, part of the samples was used for total organic carbon (TOC)
content and rock pyrolysis (Rock-Eval) analysis, while the remainder
underwent Soxhlet extraction to obtain chloroform asphaltene. Subse-
quently, the extracted rock residues were subjected to TOC and pyrolysis
analysis. The pyrolysis data from Part 2 were used to calculate the yields
of absorbed oil and residual oil (Fig. 2), based on the method proposed
by Jarvie (2012) [2]. Detailed analytical procedures and calculation
formulas are provided in the Appendix. Additionally, more than 30 Ro
data points and test data from multiple wells were collected from the
Tuha Oilfield Company.

3. Results

To ensure the reliability of pyrolysis parameters and accurately
quantify expelled, absorbed, and residual oil yields, pre-/post-extraction
pyrolysis experiments were conducted. These experiments allowed for
evaluation of the residual bitumen effect on Tmax, S1, and S, (Table S2),
and supported a more precise assessment of liquid hydrocarbon distri-
bution at different maturity stages. Details of the experimental proced-
ures and results are provided in the Appendix.

CRS, GRS, and CGMS show differences in their expelled oil produc-
tion stages (Fig. 3a). In the main oil window, CRS exhibits a relatively
low expelled oil yield, with a production rate of about 44.66 mg/g TOC
at a Ro of 0.97 %. GRS shows the highest expelled oil yield, reaching
approximately 179.8 mg/g TOC at a Ro of 0.95 %. Meanwhile, CGMS
experiences a slower increase in expelled oil yield, reaching about
100.95 mg/g TOC at a Ro of 0.91 %. After entering the Late oil window,
CRS sees a rapid increase in expelled oil yield, peaking at 378.04 mg/g
TOC at a Ro of 1.06 %. GRS and CGMS reach their peak expelled oil
yields at Ro values of 1.06 % and 1.01 %, respectively, with yields of
188.56 mg/g TOC and 212.84 mg/g TOC, after which the yield gradu-
ally declines (Fig. 3a; Table S3).

Using formula (1) provided in the Appendix, the absorbed oil yields
for the three samples were calculated. In the main oil window, the yield
increases slowly for all three samples (Fig. 3b). After entering the Late
oil window, the absorbed oil yield for GRS and CGMS slightly increases,
reaching peak yields of 39.62 mg/g TOC and 41.60 mg/g TOC at Ro
values of 1.06 % and 1.15 %, respectively, before gradually decreasing.
In contrast, CRS experiences a more significant increase in absorbed oil
yield during the Late oil window, peaking at 57.27 mg/g TOC at a Ro of
1.06 %, before gradually declining (Fig. 3b).

Residual oil yields for the three samples were calculated using for-
mula (2) provided in the Appendix. Except for the early stages of the
main oil window, where GRS exhibits a higher residual oil yield, at
higher thermal evolution stages, the residual oil yield follows the pattern
of CRS > CGMS > GRS (Fig. 3c). CRS, CGMS, and GRS reach their peak
residual oil yields at Ro values of 0.97 %, 1.01 %, and 0.95 %,
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Fig. 1. Collected liquid hydrocarbons during hydrous pyrolysis showing (a) hydrocarbons adsorbed on rock residue surfaces and (b) expelled and absorbed oil
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Fig. 2. Workflow diagram for the quantification of absorbed oil, residual oil, and retained oil. DCM: Dichloromethane.

respectively, with yields of 333.93 mg/g TOC, 175.97 mg/g TOC, and
138.8 mg/g TOC (Fig. 3c; Table S3).

The retained oil yields and evolutionary trends obtained using both
formula (3) (Appendix) and DCM extraction methods are generally
consistent (Fig. 4a—c). Therefore, the average values obtained from the
two methods are used to quantify the yields (Table S3). CRS experiences
a rapid increase in retained oil yield during the mid of main oil window,
reaching its peak of 378.25 mg/g TOC at a Ro of 0.97 % (Fig. 4a). The
retained oil yield for CGMS increases and decreases more gradually,
peaking at 211.32 mg/g TOC at a Ro of 1.01 % (Fig. 4b). GRS produces
retained oil primarily within the main oil window, with lower yields,
peaking at 179.5 mg/g TOC at a Ro of 0.95 % (Fig. 4c). In the late oil
window, GRS shows a rapid decline in retained oil yield, which is
notably different from the other two samples.

The liquid hydrocarbon yield is obtained by adding the corrected
retained oil and expelled oil (Table S3). The differences in liquid hy-
drocarbon yields among the three sample groups primarily reflect var-
iations in the width of the oil window, the Ro at the peak of oil

generation, and the amount of oil generated at the peak (Fig. 5a;
Table S3). Overall, GRS and CGMS generate a significant quantity of
liquid hydrocarbons at lower organic matter maturities, peaking at Ro
values of 0.95 % and 1.01 %, respectively, with peak liquid hydrocarbon
yields of 359.3 mg/g TOC and 424.16 mg/g TOC. The yield curves for
these two samples change relatively smoothly, with substantial liquid
hydrocarbon generation throughout the entire oil generation phase
(Fig. 5a). In contrast, CRS experiences a relatively late peak in hydro-
carbon generation. After the late main oil window, the liquid hydro-
carbon yield increases rapidly, reaching its peak of about 586.67 mg/g
TOC at a Ro of 1.06 % (Fig. 5a).

The trends in hydrocarbon gas yield for the three samples are rela-
tively consistent (Fig. 5b; Table S3). During the main oil window, the
yields are relatively low, but in the late oil window, the hydrocarbon gas
yield rises rapidly. At the highest maturity level in this simulation, GRS,
CRS, and CGMS have yields of 342.39 mg/g TOC, 350.9 mg/g TOC, and
339.37 mg/g TOC, respectively (Fig. 5b).

Hydrocarbon expulsion efficiency (HEE), referring to the efficiency
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Fig. 3. Yields of expelled oil (a), absorbed oil (b), and residual oil (¢) during pyrolysis of CRS, CGMS, and GRS samples; CRS: cyanobacteria-rich shale; CGMS:
cyanobacteria and green algae mixed shale; GRS: green algae-rich shale. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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Fig. 4. Retained oil yield during the pyrolysis process of CRS (a), CGMS (b), and GRS (c); CRS: cyanobacteria-rich shale; CGMS: cyanobacteria and green algae mixed
shale; GRS: green algae-rich shale. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

of primary hydrocarbon migration, is one of the key components in shale
oil resource evaluation [24,44], with researchers defining and calcu-
lating it differently based on their methods. The specific calculation
method used in this study is provided in the Appendix. The HEE of GRS
gradually increases with higher maturity, with a slightly slower growth
rate in the main oil window, which is related to the higher rate of
retained oil growth during this stage (Fig. 6a). This trend is similar with
the experimental results of Ma et al. (2020) [45]. However, the HEE of
CRS is significantly suppressed in the main oil window, with a value of
only 23.15 % at a Ro of 0.97 % (Fig. 6b; Table S3), as a considerable
quantity of hydrocarbons are retained and unable to be expelled. In
addition, compared to GRS, the HEE growth of CGMS is also noticeably
slower (Fig. 6¢), with more than half of the hydrocarbons retained

(Table S3), and the HEE is consequently somewhat suppressed.
4. Discussion
4.1. Factors influencing hydrocarbon expulsion efficiency

The factors influencing HEE are complex, with different researchers
focusing on different aspects [24,39,46,47]. Generally, the amount of
hydrocarbon generation directly determines the scale of oil and gas
production, influencing both the accumulation of oil and gas in the
source rock and the expulsion process, with higher hydrocarbon gen-
eration typically leading to higher HEE [48]. The rate of hydrocarbon
generation is directly related to the speed at which organic matter
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Fig. 6. Changes in HEE during pyrolysis of GRS (a), CRS (b), and CGMS (c); GRS: green algae-rich shale; CRS: cyanobacteria-rich shale; CGMS: cyanobacteria and
green algae mixed shale. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

undergoes pyrolysis to produce oil and gas, which in turn determines the
volume and pressure accumulation of oil and gas in the source rock [39].
During the rapid hydrocarbon generation phase, the expanding volume
of generated oil and gas creates higher pore pressure, and the accumu-
lation of this pressure helps drive the migration of oil and gas, thus
enhancing the expulsion capacity [49,50].

In the main oil window, the differences in hydrocarbon gas yield
among the three samples are minimal, generally less than 70 mg/g TOC.
Therefore, HEE is primarily influenced by liquid hydrocarbon yield
(Fig. 6; Table S3). The liquid hydrocarbon yields of the three samples
increase rapidly in the main oil window, but the generation rate follows
the pattern of GRS > CGMS > CRS (Fig. 5a; Table S3). However,
compared to the other two samples, CRS produces a significant amount

of retained oil during this phase (Fig. 4a), and although the expelled oil
yield slightly increases, the increase is minimal, directly leading to a
severe suppression of HEE for CRS during this stage.

Generally, as organic matter maturity increases, large molecules in
hydrocarbons gradually crack into smaller molecules, with the light
components in crude oil increasing and the expulsion rate of expelled oil
typically exceeding that of retained oil, leading to a gradual increase in
shale HEE [51,52]. However, in shale formations with poorer reservoir
properties, the density and viscosity of crude oil directly control fluid
mobility, which in turn affects shale HEE [53]. Light crude oil typically
has a higher saturated hydrocarbon content, lower viscosity, and better
flowability, facilitating the migration of oil and gas from the source rock.
In contrast, heavy crude oil, rich in asphaltenes and resins, has a high
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viscosity and strong adsorption properties, making it less mobile and
more likely to be retained in organic matter pores, thus reducing HEE
[54]. Additionally, the increase in polar components in crude oil en-
hances the rock’s affinity for oil, causing the crude oil to be more easily
retained on the rock surface, which reduces HEE [24,39]. Therefore, the
continuous decrease in HEE for CRS in the main oil window may be
related to changes in the composition of the crude oil.

The analytical experimental results of these three samples by Yu
et al. (2024b) [43] show that, as organic matter maturity increases,
liquid hydrocarbons first become heavier and then lighter. Specifically,
the heavy component content (aromatic hydrocarbons + resins +
asphaltenes) in the liquid hydrocarbon composition first increases and
then decreases. At the peak of oil generation, the physical properties of
the liquid hydrocarbons are at their worst. This characteristic has been
confirmed by studies from Ruble et al. (2003) [9], Gao et al. (2023) [55],
Yu et al. (2023) [56], and Liu et al. (2024) [57]. For CRS, the main
suppression range is between Ro values of 0.76 % and 1.06 %, as its
thermal evolution during this stage is close to the oil generation peak.
Therefore, the poor physical properties of crude oil are an important
factor contributing to the generally low HEE during this stage. Addi-
tionally, the heavy component content in CRS is generally higher than in
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the other two samples [43], resulting in the most significant suppres-
sion. For shale oil, the amount of retained hydrocarbons determines the
exploration value of the shale [52]. However, a higher content of
retained hydrocarbons does not necessarily indicate greater shale oil
exploration potential. A large amount of high-molecular-weight liquid
hydrocarbons trapped in shale is also difficult to produce [18]. Only
hydrocarbons with a high content of small molecules in free form have
production potential [58]. Therefore, although CRS has a higher content
of retained hydrocarbons in the main oil window, its production po-
tential is limited due to the poor properties of its hydrocarbons. As a
result, in shale oil exploration, factors such as the density, viscosity, and
other properties of the hydrocarbons, in addition to their quantity,
should also be considered [59].

Moreover, it should be noted that the mineral composition of rocks
indirectly affects HEE by influencing the rock’s physical properties and
the migration path of oil and gas [60,61]. Yu et al. (2024a) [37] suggest
that green algae are often associated with carbonate minerals, with the
dominant lithology being tuffaceous dolomite, while cyanobacteria are
associated with feldspar-rich minerals, with the predominant lithology
being tuff and dolomitic tuff. In contrast, the lithology of green algae and
cyanobacteria mixed development is primarily transitional, consisting of
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dolomitic tuff and tuffaceous dolomite. Carbonate minerals like dolo-
mite have high solubility, allowing them to form secondary pores
through dissolution, which are often larger and, to some extent, enhance
the rock permeability, providing more pathways for fluid flow [62-67].
In comparison, the pores in feldspar-rich shale are typically smaller,
relying mainly on microfractures for hydrocarbon expulsion, and the
permeability is generally poorer [38,68]. Therefore, the severe sup-
pression of HEE in CRS within the main oil window may be related to the
poor pore structure of feldspar-rich shale, while the higher proportion of
dolomite in GRS and CGMS allows for stronger dissolution during
organic matter hydrocarbon generation, leading to a weaker suppression
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of HEE.

4.2. Hydrocarbon expulsion mechanism and HGE models

Using expelled oil, absorbed oil, residual oil, liquid hydrocarbon
yield, and hydrocarbon gas yield, the CRS—late oil generation and
expulsion, narrow oil window, strong retention model (Fig. 7a),
GRS—early oil generation and expulsion, wide oil window, weak
retention model (Fig. 7b), and CGMS—early oil generation, late oil
expulsion, wide oil window, moderate retention model (Fig. 7c) were
established. These three distinct models reflect their respective
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referred to the web version of this article.)



M. Yu et al.

hydrocarbon generation, expulsion, and retention mechanisms, pri-
marily manifested in the following stages:

In the Early oil window, hydrocarbons formed by kerogen trans-
formation in CRS primarily exist as retained oil (Fig. 8a), as the over-
pressure generated during the transformation is insufficient to create
expulsion pathways, while adsorption and nanopore constraints hinder
hydrocarbon migration [39,69,70]. However, GRS and CGMS contain
more expelled oil (Fig. 8b and c), which is related to their ability to
generate a larger amount of light oil at lower maturities [43].

In the main oil window, residual oil gradually transforms into
absorbed oil and expelled oil, with fluid pressure and pore volume
steadily increasing, which leads to the formation of interconnected pores
and microfractures, thereby causing the expelled oil yield to gradually
increase [71-75]. However, there are differences in the rate of increase
in expelled oil among the three samples. In the early stage of the main oil
window, GRS and CGMS begin to expel a considerable quantity of hy-
drocarbons (Fig. 8b1 and c1), while CRS has a lower expelled oil yield
(Fig. 8al). By the late stage of the main oil window, although the heavy
component content in the generated hydrocarbons of GRS and CGMS
continues to increase, the expelled oil yield continues to rise (Fig. 8b2
and c2), which is associated with their relatively weak suppression of
HEE. In contrast, the expelled oil yield of CRS shows little change
(Fig. 8a2), as the hydrocarbons generated in CRS during this stage are
primarily in the form of residual oil, reaching the peak yield of residual
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oil, reflecting the stronger suppression of HEE during this stage.

In the late oil window, GRS contains almost no residual oil (Fig. 8b3
and b4), and hydrocarbons continue to expel, accompanied by the
conversion of liquid hydrocarbons to gaseous hydrocarbons, causing the
expelled oil yield to gradually decrease. However, CRS exhibits a unique
evolution during this stage, characterized by a significant increase in
expelled oil yield in the early stage of the late oil window, while the
residual oil yield does not decrease significantly (Fig. 8a3). During this
phase, both the retained oil and expelled oil in CRS have a very high
heavy component content. This contrasts with previous understanding,
which generally suggests that, during oil expulsion, heavier components
are retained in the source rock rather than lighter components
[24,46,76]. This phenomenon suggests that when the hydrocarbons
generated by kerogen exceed the critical oil saturation or absorption
threshold of the rock [24,25,41], heavier hydrocarbons may also be
expelled. In other words, the timing of shale hydrocarbon expulsion is
primarily related to the ratio of generated hydrocarbons to kerogen,
where a low ratio results in asphaltenes remaining dissolved in kerogen
as retained oil, while a high hydrocarbon content and kerogen satura-
tion lead to a gradual increase in expelled oil yield [77,78]. By the late
stage of the late oil window, the residual oil yield of CRS gradually
decreases (Fig. 8a4), accompanied by the generation of hydrocarbon
gases, while the expelled oil yield continues to decline, though the heavy
component content remains high. In contrast, CGMS shows a slight
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increase in expelled oil yield during the late oil window, followed by
gradual cracking (Fig. 8c3 and c4), with a gradual decrease in residual
oil, and the properties of the generated hydrocarbons lie between those
of the two end-member samples.

4.3. Implications

Previous studies suggest that different lithologies in the Malang Sag
are distributed in a banded pattern [79]. The southern thrust belt pri-
marily develops massive calcareous sandstones, the central zone consists
mainly of pure tuff, the central-northern zone features transitional li-
thologies dominated by tuffaceous dolomite and dolomitic tuff, while
the slope zone is primarily composed of tuffaceous dolomite and dolo-
mite [79-81]. Based on the relationship between organic matter and
lithology [37], the central zone mainly develops CRS, the central-
northern zone primarily develops CGMS, and the slope zone mainly
develops GRS (Fig. 9).

The 13‘212 interval rocks are dense, with minimal micro-migration
both between and within the layers, making the central zone, central-
northern zone, and slope zone all source-reservoir integrated shale oil
reservoirs [80,82,83]. The organic matter maturity in the central zone
ranges from 0.79 % to 0.91 % (avg. 0.84 %), while in the central-
northern and slope zones, it is lower, ranging from 0.70 % to 0.75 %
(avg. 0.73 %) and 0.68 % to 0.74 % (avg. 0.71 %), respectively. Despite
this, the M7 well area in the slope zone still exhibits high production,
with the nearby M708 well producing 19.26 t of oil per day, and the
cumulative oil production from the M1 well in the slope zone reaching
ten thousand tons (Fig. 9). In contrast, the daily oil production from the
LY1 and L1 wells in the central-northern zone is 0.21 t and 1.96 t,
respectively, while the M11 well in the Central zone only produces 1.48 t
of oil per day (Fig. 9). Additionally, the better crude oil properties in the
slope zone compared to the central and central-northern zones indicate
that oil production in different structural positions is closely related to
the organic matter composition and thermal evolution [81]. Although
the organic matter thermal evolution degree in the central and central-
northern zones is higher than in the slope zone, the predominance of
CRS in these zones leads to later hydrocarbon generation and poorer oil
properties. In contrast, despite the lower organic matter maturity in the
slope zone, GRS can generate better-quality oil at an earlier stage,
resulting in a higher shale oil enrichment level, which makes it the main
production area for the P212 interval shale oil at present [81].

In-situ conversion, which primarily involves heating to pyrolyze the
originally immature organic matter and release more crude oil, is one of
the key methods to improve shale oil mobility, especially given the
generally low organic matter maturity in the P,1? [3,84-87]. However,
studies on different organic matter hydrocarbon generation and expul-
sion mechanisms show that in-situ conversion of CRS and CGMS from
the central and central-northern zones generates more heavy residual oil
(Fig. 8a2, a3, c2, and c3), making it difficult to release more movable oil
in a short period. In contrast, as the organic matter maturity increases in
GRS from the slope zone, a significant amount of light oil is quickly
released (Fig. 8bl, b2, and b3), demonstrating greater potential for in-
situ conversion. Therefore, the Slope zone is the preferred target for
future engineering modifications.

Taking the Permian strata in northwest China as an example, mul-
tiple saline lake basins have developed, making them important targets
for current oil and gas exploration [88,89]. Examples include the
Fengcheng Formation in the Mahu Depression, the Lucaogou Formation
in the Jimusaer Depression, the Pingdiquan Formation in the Shishugou
Depression, and the Lucaogou Formation in the Jinan Depression, where
recent breakthroughs have been made [12,13,90,91]. The organic
matter in these shales has largely been confirmed to be dominated by
Dunaliella (green algae), cyanobacteria, or Tasmanites [14,42], with
these algae showing differential enrichment characteristics in response
to changes in paleoclimate conditions [92-96]. This characteristic is
highly similar with that of the Py12 in the Santanghu Basin, providing a
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basis for comparison. Therefore, the findings from this study on hy-
drocarbon generation and expulsion mechanisms are also of reference
value for the exploration and development of shale oil in similar saline
lake basins.

5. Conclusions

This study systematically investigates the hydrocarbon generation,
expulsion, and retention characteristics of CRS, GRS, and CGMS within
the P51 member of the Malang Sag. By identifying the HEE and its
controlling factors for each shale type, three conceptual models are
proposed: (1) CRS—late oil generation and expulsion, narrow oil win-
dow, strong retention; (2) CGMS—early oil generation, late oil expul-
sion, wide oil window, moderate retention; and (3) GRS—early oil
generation and expulsion, wide oil window, weak retention. These dis-
tinctions significantly influence shale oil enrichment across structural
zones. In particular, the slope zone—dominated by GRS and capable of
generating light hydrocarbons at an early stage—shows greater resource
potential and represents a promising target for future in-situ conversion
strategies.

Compared with previous pyrolysis studies, this work integrates hy-
drous pyrolysis with pre-/post-extraction pyrolysis to precisely quantify
expelled, absorbed, and residual oil. Building on insights into differen-
tial organic matter enrichment, it enhances understanding of liquid
hydrocarbon occurrence across different stages of thermal evolution.
Given the global distribution of saline lacustrine shale systems, the
findings offer practical insights into hydrocarbon generation and
expulsion mechanisms applicable to a wide range of analogous deposi-
tional environments. However, lithological variability and heterogene-
ity in organic matter enrichment should be carefully considered when
applying these conceptual models elsewhere.
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