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a b s t r a c t

Mobility is a crucial metric for assessing sweet spots of continental shale oil. However, due to the
complexity of shale oil reservoirs characteristics and the lack of systematic analyses of factors influ-
encing mobility, the difference in shale oil mobility under multiple lithofacies control remains unclear,
causing significant challenges for mobility evaluation and sweet spot prediction. This study examines
continental shales of the Fengcheng Formation in the Mahu Sag, employing scanning electron micro-
scopy (SEM), nitrogen adsorption (NA), nuclear magnetic resonance (NMR), spontaneous imbibition (SI),
and contact angle measurements (CAM) to investigate the pore structure, connectivity, and wettability
properties of different lithofacies shale. Quantitative analyses of shale movable oil content and satu-
ration were conducted using multistep temperature pyrolysis (MTP) and NMR centrifugation tech-
niques. Furthermore, the influence of reservoir characteristics, geochemical characteristics, and
lamination development on shale oil mobility were discussed. Results indicate that larger pore diam-
eter, higher imbibition slopes, and lower fractal dimensions of movable fluid pores (D2) correspond to
higher movable oil saturation. Organic matter exerts a dual effect on shale movable oil content. When
the TOC is below a threshold, the movable oil content gradually increases with TOC. Laminations exhibit
favorable reservoir properties and light oil enrichment, enhancing shale oil mobility. Massive siltstone
(MS) develops interconnected intergranular pores with the best pore structure and connectivity, the
lowest D2 values, and the highest shale oil mobility. Laminated felsic shale (LFS) and laminated
calcareous shale (LCS) exhibit moderate mobility, where the development of microfractures enhances
fluid flow by connecting isolated pores into pore-fracture networks. In contrast, massive felsic shale
(MFS) and bedded felsic shale (BFS) primarily develop intragranular dissolution pores with more
complex structures and poorer connectivity, resulting in weaker mobility. A more accurate approach for
assessing shale oil mobility has been presented, taking into account both total oil content and movable
oil saturation. More importantly, this study establishes a comprehensive conceptual model illustrating
the potential relationships among shale lithofacies, reservoir characteristics, and movable oil flow space
in the study area. This research not only provides a systematic approach for assessing shale oil mobility
but also deepens the understanding of flow mechanisms of continental shale oil, offering theoretical
guidance for optimizing sweet spots in the Fengcheng Formation shale oil reservoirs of the Mahu Sag.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
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1. Introduction

As conventional petroleum resources become depleted, oil
contained within low-porosity and ultra-low-permeability shale
formations is considered a highly promising unconventional
resource (Slatt, 2011; Arthur and Cole, 2014; Zou et al., 2019). Over
the past decade, the shale oil and gas revolution in North America
has profoundly reshaped the world's energy supply framework
(Curiale and Curtis, 2016; McMahon et al., 2024). Against this
backdrop, China has progressively enhanced its exploration of
shale oil resources, achieving significant progress in multiple ba-
sins (Wang et al., 2019a; Fu et al., 2020; Sun et al., 2021). Unlike
North America's marine shale oil, China's shale oil primarily de-
velops within continental strata, which are marked by complex
lithofacies, strong reservoir heterogeneity, higher oil viscosity and
poor mobility (Hu et al., 2020; Jin et al., 2021b). These character-
istics not only result in low recovery rates, but also lead to rapid
production decline of wells, further increasing the difficulty of the
exploration and development of continental shale oil. Notably, the
production value of shale oil depends on the quantity of movable
oil within reservoirs, with mobility directly determining extrac-
tion efficiency and well productivity (Jin et al., 2021a; Zhao et al.,
2021). Therefore, in order to efficiently explore and utilize un-
conventional resources, evaluating shale oil mobility becomes a
crucial scientific issue.
Currently, the evaluation of shale oil mobility primarily focuses

on two aspects: geochemistry and reservoir pore structure.
Commonly employed methods include multi-solvent extraction,
multistep temperature pyrolysis (MTP), oil saturation index (OSI,
100 × S1/TOC), molecular dynamics simulations, nuclear magnetic
resonance (NMR) and centrifugation (Jiang et al., 2016;Wang et al.,
2016; Piedrahita and Aguilera, 2017; Li et al., 2019c; Zhu et al.,
2021; Tian et al., 2024). Among them, multi-solvent extraction
and MTP determine the movable oil content (light hydrocarbons
and medium hydrocarbons) in fresh powdered sample through
polar solvent extraction or graded heating experiments. However,
these processes destroy the original pore structure of shale. The
OSI technique classifies and assesses shale oil resources, asserting
that only enriched shale oil resources exhibit fluidity (Gong et al.,
2021). Here, movable oil refers to hydrocarbons that are expelled
after overcoming the adsorption retention capacity of organic
matter. Generally, higher OSI values indicate better mobility.
However, this method also ignores the physical limitations of the
pore system. Molecular dynamics method models the adsorption
and free movement of hydrocarbons in nanopores, offering in-
sights into the flow mechanisms of shale oil in pores ranging from
a few nanometers to tens of nanometers (Tian et al., 2018; Song
et al., 2024). Nonetheless, the simulated pore sizes are limited,
and the models are overly theoretical, failing to characterize shale
oil mobility in the actual core reservoir space. NMR combinedwith
centrifugation is frequently used to evaluate fluid mobility in
actual shale reservoir spaces (Karimi et al., 2015; Zhu et al., 2021;
Pang et al., 2022; Zhang et al., 2022). That is, the fluid mobility in
different scale pore sizes is quantitatively characterized by the
NMR T2 spectrum before and after centrifugation. Additionally, in
fluid-saturated shale, the NMR T2 cutoff (T2c) value distinguishes
between bound fluids (immobile) and free fluids (movable oil or
water) (Testamanti and Rezaee, 2017; Liu et al., 2018). The NMR
fractal dimension for signals exceeding the T2c value can indicate
the heterogeneity of the pore containing movable fluids (Zhang
and Hu, 2020; Zang et al., 2022). The results obtained from these
methods often differ significantly. To address the limitations of
single approach, the evaluation of shale oil mobility must combine
different methods, considering oil content and pore structure (Bai
et al., 2022, 2023; Chang et al., 2024).

Shale is widely recognized for its complex reservoir charac-
teristics, with the flow of shale oil considerably limited by
numerous nanoscale pores, variable bedding structures, pore
heterogeneity, and intricate flow pathways in the shale reservoir
(Jiang et al., 2020; Pang et al., 2023; Cai et al., 2024; Cao et al.,
2024a; Li et al., 2024a). In addition, due to the strong interfacial
interactions between fluids and pore surfaces, surface wettability
is another critical factor influencing mobility (Li et al., 2024c). It is
essential to first describe key reservoir elements including pore
structure, connectivity, and wettability in order to accurately
assess shale oil mobility. From a geochemical perspective, organic
matter, which governs oil retention and migration, directly im-
pacts shale oil enrichment and, consequently, the movable oil
content. However, the effect of organic matter on shale oil mobility
is complex, the relationship betweenmovable oil content and total
organic carbon (TOC) may be positive (Bai et al., 2023; Zhang et al.,
2023; Hu et al., 2024) or negative (Nie et al., 2024; Xiao et al.,
2024), a phenomenon that remains inadequately elucidated. For-
mation pressure, as a driving force, is also a crucial factor affecting
shale oil mobility. Increased formation pressure enhances dis-
solved gas concentration in shale oil, reduces adsorption capacity
and viscosity, and thereby improves fluid mobility (Wang et al.,
2019b). However, in a specific region or formation, pressure
tends to remain uniform and can often be disregarded. Therefore,
studies on the factors influencing continental shale oil mobility
requires to be considered from both reservoir characteristics and
organic geochemistry.
Lithofacies represent the rocks types and their spatial assem-

blage characteristics formed in specific sedimentary environments
(Oboh-Ikuenobe et al., 2005; Princeton Dim et al., 2016; Shu et al.,
2021). Due to frequent shifts in sedimentary environments, con-
tinental shale formations often exhibit diverse bedding structures
and complex lithofacies combinations (Gao et al., 2018a; Liu et al.,
2021). These variations in lithofacies directly result in prominent
disparities in reservoir pore structure and oil-bearing properties,
thereby influencing shale oil mobility (Cao et al., 2024b). For
instance, in the Paleogene Kongdian Formation of the Cangdong
Sag, laminated felsic shale are regarded as “sweet spot” intervals
with higher mobility (Han et al., 2021). Similarly, in the mixed
sedimentary sequences of the Lucaogou Formation, high-carbon
micritic dolomites exhibit excellent reservoir performance and
fluid mobility, making them favorable “sweet spot” layers (He
et al., 2024). Thus, identifying lithofacies with the highest
mobility is crucial for pinpointing “sweet spots” within complex
shale formations.
Currently, shale oil in the Fengcheng Formation of the Mahu

Sag, as a critical continental shale oil resource, has become focal
point for exploration in China (Tang et al., 2021). Recent, wells
MY1, MY1H, and MY2 in Mahu Sag have been drilled to assessed
the exploration potential of Permian continental shale oil in the
Fengcheng Formation. According to 2022 measurements by the
Xinjiang Oilfield Company of PetroChina, well MY1 had a peak
daily crude oil production of 50.6 m3, with cumulative output
exceeding 5000 m3, highlighting significant resource potential.
Concurrently, a growing number of studies have focused on the
Fengcheng Formation shale oil, especially concentrating on sedi-
mentary palaeoenvironment and geochemical characteristics (Yu
et al., 2018, 2019; Zhang et al., 2018b), reservoir property evalua-
tion (Wang et al., 2021; Du et al., 2023) and shale oil enrichment
(Jiang et al., 2023; Liu et al., 2023; Jia et al., 2024). Some recent
works have also preliminarily discussed shale oil mobility of
Fengcheng Formation using geochemical indicators such as S1 or
OSI (Chang et al., 2022; He et al., 2022). However, systematic
studies on the mobility of shale oil and its affecting factors in
Fengcheng Formation remain lacking, particularly regarding
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comprehensive evaluations considering reservoir pore structure,
geochemical characteristics, lamination development, and lith-
ofacies control. Moreover, most of the existing mobility evaluation
methods tend to emphasize a single aspect without quantitatively
coupling oil-bearing parameters with actual physical measure-
ments such as NMR and centrifugation-based evaluation. These
gaps significantly hinder the accurate identification of “sweet
spots” in shale formations and the optimization of extraction
strategies. In response, this study employs various laboratory ex-
periments to evaluate the mobility of continental shale oil in the
Fengcheng Formation, aiming to achieve the following objectives:
(1) define the pore structure, connectivity, surface wettability, and
mobility characteristics of the shale oil reservoir; (2) evaluate
multiple influencing factors of shale oil mobility; (3) propose a
novel method for shale oil mobility evaluation considering total oil
content and movable efficiency; (4) construct a conceptual model
illustrating the mobility differences among various lithofacies in
the Fengcheng Formation.

2. Geological setting

The Junggar Basin is a huge continental overlying oil-bearing
basins in Northwest (NW) China. With a total area of
13.4 × 104 km2, the basin is separated into six second-order
structural units, including the South Tianshan Piedmont Thrust
Belt, the Central Depression, the Wulungu Depression, the Luliang
Uplift, the Western Uplift, and the East Uplift (Fig. 1(a)) (Tao et al.,
2019; Cao et al., 2020; Aman et al., 2023). The Mahu Sag, situated
in the northwestern part of the Central Depression, is a prominent
hydrocarbon-generating sags, covering an area of approximately
5000 km2 (Zhi et al., 2019). Its western is bounded by the Wuxia
and Kebai Fault Zone, while the northern boundary limit adjoins
the Yingxi Sag. From the east to south, the sag is bordered by the
Sangequan, Xiayan, Dabasong, and Zhongguai Uplift, with a pre-
dominant NE-SW orientation (Fig. 1(b)).
The Fengcheng Formation developed within a mixed alkaline

lake depositional sequence, influenced by terrigenous detrital

Fig. 1. (a) The structural map of Junggar Basin and the position of Mahu Sag. (b) Mahu Sag's geological structure and sample well location (modified from Zhi et al. (2021)). (c)
Stratigraphic column of Permian Fengcheng Formation, including lithology and sedimentary cycle (modified from Wang et al. (2021); Huang et al. (2022)).
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influx, volcanic activity, and hydrothermal processes (Tang et al.,
2020; Guo et al., 2021). Owing to variations of lacustrine basin
water conditions and sedimentary cycles, this formation can be
separated into three members: Feng 1 Member (P1f1), Feng 2
Member (P1f2), and Feng 3 Member (P1f3) (Fig. 1(c)) (Zhi et al.,
2021). The P1f1 represents a lake transgressive deposit sequence
characterized by frequent volcanic activity, with tuffaceous and
volcanic rocks at the base transitioning into mudstones and
dolomitic shales at the top (Yu et al., 2019; Wu et al., 2022). The
P1f2 corresponds to a highstand deposit sequence, marked by the
strongest evaporation, highest salinity, and the development of
alkaline minerals. Its lithology is mostly composed of organic-rich
mud shales and dolomitic shales (Xia et al., 2020; Guo et al., 2021;
Du et al., 2023). The P1f3 represents a lake regressive deposit
sequence, with mudstones and calcareous shales in the lower part
transitioning to fine-grained clastic rocks at the top due to
increased terrigenous clastic material (Tang et al., 2021; Huang
et al., 2023).

3. Samples and experimental methods

3.1. Samples

This investigation selected 16 core samples from the wells MY1,
FN14, and MH28, with coring depths between 4075.60 and
4933.50 m. Samples MY-1 to MY-4 were taken fromwell FN14, MY-
5 to MY-14 fromwell MY1, and MY-15 and MY-16 fromwell MH28.
Each sample was collected along the bedding plane, comprising
shale and siltstone from interbeds. The fresh samples were divided
into four parts for experimental analysis, as illustrated in Fig. 2. First,
cylindrical plugs (length:diameter = 5 cm:2.5 cm) were extracted
for porosity, permeability and NMR experiments. The second part
was ground into powdered samples for X-ray diffraction (XRD), TOC,
MTP, and nitrogen adsorption (NA) experiments. The third part was

cut into cubic samples of 1 cm3 for spontaneous imbibition (SI) tests
with oil and water, as well as contact angle measurements (CAM).
The remaining portions were used to prepare thin sections (TS) and
conduct field emission scanning electron microscopy (FE-SEM)
observations.

3.2. Experimental methods

3.2.1. TOC, XRD, NA and MTP analysis
After pulverizing and sieving the all samples to 200 mesh,

mineral composition and TOC analyses were conducted using a
Rigaku Miniflex II X-ray diffractometer and a LECO CS230HC
carbon-sulfur analyzer, respectively. The XRD measurement pro-
cess adhered strictly to the Chinese Oil and Gas Industry Standard
SY/T5163-2010. In the TOC treatment procedure, the shales were
first immersed in hydrochloric acid solution at a concentration of
12.5% for two days to remove inorganic carbon. Subsequently, after
12 h of drying in the 80 ◦C incubator, TOC content was determined
using infrared detector.
Prior to the NA tests, all shales were oil-washed and pulverized

to 80 mesh. The processed samples were then analyzed using the
Micromeritics ASAP 2460 instrument. The experiment employed
high-purity nitrogen gas as the adsorbate and was conducted at
cryogenic temperatures (− 196 ◦C) under a pressure range of 97.3
to 27.0 kPa.
Shale samples were crushed to 100 mesh and analyzed using

Rock Eval 7 pyrolysis apparatus for MTP experiments. The detailed
experimental procedure is referred to Chang et al. (2024). Upon
completion, hydrocarbons generated at different temperature
stages were analyzed using pyrolysis chromatography: S1-1 shows
light hydrocarbons fractions, S1-2 corresponds to light andmedium
hydrocarbons released during heating, S2-1 indicates heavy hy-
drocarbons, resins, and asphaltenes, and S2-2 reflects hydrocarbons
derived from kerogen pyrolysis (Jiang et al., 2016). In this analysis,

Fig. 2. Flowchart of experimental sample processing in Fengcheng Formation.
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S1-1+S1-2 signifies the maximum movable oil content, S2-1+S2-2
corresponds to the adsorbed oil content, and S1-1+S1-2+S2-1+S2-2
denotes the total oil content.

3.2.2. Porosity and permeability experiments
After oil washing and drying the cylindrical plugs samples, an

AP-608 automated overburden porosity and permeability testing
systemwas employed according to GB/T 34533-2023. A helium gas
injection pressure of 6.895 MPa was applied to measure the
porosity and permeability of all samples. The tests were conducted
under standard humidity (21–24 ◦C) and temperature conditions
(10%–20%).

3.2.3. TS and FE-SEM observation
The bedding structures and mineral optical properties of rocks

were identified through thin section observation. Samples were
repeatedly ground until reaching a thickness of 0.02–0.06 mm,
followed by examination using an OLYMPUS BX3M-LEDR optical
microscope at varying magnifications. Each sample were captured
under polarized light of two different directions. The focus travel
range was 25 mm, with each fine adjustment increment
measuring 100 μm.
Before FE-SEM observation, each sample was prepared into a

cubic shapewithdimensionsof approximately1 cm×1cm×0.2 cm.
The samples underwent polishing through argon ion cross-
sectioning process, followed by the application of carbon film to
enhance conductivity. Observationswere conducted byZEISSMerlin
SEM operating at a beam current of 15 kV.

3.2.4. SI and CAM
SI experiments refers to the process by which fluids are driven

into pores under the influence of capillary forces (Geistlinger and
Mohammadian, 2015; Gao et al., 2018b). The shales were chopped
into 1 cm3 cubes for SI experiments. To prevent fluid evaporation,
epoxy resin was applied to four sides of each sample, leaving only
two surfaces (top and bottom) exposed. Before the experiment, the
samples were dried in the 60 ◦C incubator for 48 h. SI experiments
were conducted using two fluids: DI water and oil (n-decane). The
imbibition mass was measured using a Shimadzu AUW220D bal-
ance with a resolution of 0.00001 g. During the experiment, the
sample's bottom surface was immersed approximately 1 mm into
the imbibition fluid. To maintain constant humidity, four small
beakers filled with DI water were placed in the test box, following
the approach outlined by Gao and Hu (2016). All SI tests were
conducted parallel to the bedding planes.
The CAMwas measured using JY-82 video optical contact angle

meter. Shale samples were first sectioned into 1 cm3 cubes. To
minimize the influence of surface roughness on the experiment,
the testing surface was polished using 2000-mesh sandpaper.
Subsequently, the samples were dried in a 60 ◦C incubator for 24 h.
Deionized water and n-decane, with a droplet size of 2 μm, were
used as probe liquids. The wettability contact angles of the air-
water-rock and air-oil-rock surfaces were measured. Each con-
tact angle was obtained from a single measurement, and the
spreading process of a droplet was recorded using the computer-
controlled camera to ensure accuracy.

3.2.5. NMR and centrifugation
TheNMRtechnology is todetect the resonance frequencyof theH

nucleus in a porousmedium by applying a radiofrequencymagnetic
field. NMR measurement of saturated shale can obtain fluid signals
and pore distribution within reservoir space. Both diffuse and bulk
relaxation may be disregarded under a homogenous magnetic field

(Mitchell et al., 2010; Daigle and Johnson, 2016). Thus, the transverse
relaxation time T2 may be expressed as:

1
T2

= ρ2
S
V
= ρ2

Fs
d

(1)

where T2 denotes the transverse relaxation time, ms; ρ2 is the
surface relaxivity, μm/ms; S represents the total pore surface area,
cm2; V is the volume of pores, cm3; Fs represents the pore shape
factor, for spherical pores, Fs is 3, while for cylindrical pores, Fs is 2;
d is the pore diameter (PD), nm.
Assuming C = ρ2Fs, Eq. (1) can be reformulated as:

d = ρ2FsT2 = CT2 (2)

According to Eq. (2), a linear relationship exists between the T2
and PD, allowing pore size to be calculated from the T2 spectrum.
However, due to the absence of detailed information regarding
spin-electron interactions on the rock surface, the ρ2 cannot be
directly obtained and must instead be estimated using indirect
methods (Saidian and Prasad, 2015; Washburn et al., 2017; Zheng
et al., 2019). In this research, the ρ2 was obtained by fitting the pore
size distribution (PSD) of nitrogen adsorption data and the fre-
quency distribution of NMR signals, and then convert the T2
spectrum into PSD curves. The details can be referred to Li et al.
(2019a).
By incorporating the adsorption ratio equation, the NMR dis-

tribution characteristics of adsorbed and free oil can be quantita-
tively characterized (Li et al., 2018a; Li et al., 2019b). Free oil
consists of movable oil and capillary-bound oil (Zang et al., 2022).
The adsorption ratio Eq. (3) is expressed as follows:

ra =
1

1+
ρf
ρa

(
d

FsH
− 1

)
(3)

where ra represents the proportion of adsorbed oil, ρa and ρf are the
densities of adsorbed oil and free oil, respectively, H denotes the
adsorption thickness.
Furthermore, based on the NMR T2 spectrum and the afore-

mentioned equation, the adsorption ratio corresponding to each T2
value in the T2 spectrum can be obtained:

rai =
1

1+
ρf
ρa

(
T2iρ2

H
− 1

)
(4)

where T2i represents the ith T2 value in the NMR T2 spectrum; rai
denotes the adsorption ratio fraction corresponding to T2i.
A MicroMR series nuclear magnetic resonance core analyzer,

operating at a magnetic field intensity of 0.5 ± 0.03 T and a reso-
nance frequency of 12 MHz, was employed for this experiment.
During testing, the magnetic field temperature was maintained at
32 ± 0.1 ◦C, with a waiting time of 3000 ms, an echo number of
17500, and an echo interval of 0.1 ms.
The centrifugation experiment can evaluate the capacity of

shale oil to overcome pore capillary forces and flow out of the pore
space under centrifugal force. Fluids retained after centrifugation
are referred to as bound fluids, while those that can freely flow out
are termed movable fluids. The experiment was conducted using
an HC-3018R low-temperature high-speed centrifuge. The low
temperature minimizes experimental errors caused by oil vola-
tilization, and higher centrifuge speeds correspond to greater
centrifugal forces. The magnitude of the centrifugal force can be
calculated based on the centrifuge speed, the outer rotational
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radius, and the density difference between the two-phase fluids
(Karimi et al., 2015).
The following is the specific experimental protocol: (1) Place

the standard core plug sample in the oil washing solvent
(dichloromethane:methanol = 93:7) for a week to eliminate
remaining oil (Ram et al., 2022; Wang et al., 2024). Then dry it in a
105 ◦C oven for 24 h to eliminate any remaining water. Measure
the T2 spectrum of the dried sample using an NMR analyzer and
record the sample's weight and volume. (2) Subject all sample to
vacuum treatment at − 0.1 MPa for 2 h, and then saturate it with
anhydrous paraffin at 25 MPa for 48 h. Record the T2 spectrum
after saturation and the corresponding weight. (3) Place the
sample in the high-speed centrifuge set to a temperature of 10 ◦C.
Centrifuge at 11,000 rpm for 8 h, which corresponds to a centrif-
ugal force of 2.75MPa. After centrifugation, record the T2 spectrum
andweight of the sample. The selected speed (11000 rpm) not only
balances maximizing fluid extraction and sample integrity, but is
also a widely used centrifugation condition for evaluating fluid
mobility in shale and tight reservoirs, as many previous studies
have done (Zheng et al., 2023; Li et al., 2024b; Wang et al., 2024).
The signal area under the NMR T2 spectrum corresponds to the

fluid volume within the pores, with larger areas indicating higher
oil volumes. By integrating the signals from the T2 spectra of the
saturated and centrifuged states and subtracting them, the signal
area corresponding to movable oil can be obtained. The movable
oil signal area is then divided by the T2 signal area from the
saturated state (excluding the dried state T2 spectrum signal area)
to calculate the movable oil saturation during centrifugation. By
integrating the NMR signal areas across different pore size ranges
before and after centrifugation, the movable oil saturation in
various pore scales can be determined. The specific calculation
formula is as follows:

Sm = 1 − Sb =
So − Sc
So − Sd

=

∫ T2 max
T2 min

TFodT2 −
∫ T2 max
T2 min

TcdT2
∫ T2 max
T2 min

TFodT2 −
∫ T2 max
T2 min

TddT2
(5)

where Sm and Sb are the movable and bound oil saturation, %; So, Sc
and Sd are the areas of T2 spectra for the saturated, centrifuged, and
dried states, respectively; T2max and T2min are the maximum and
minimum transverse relaxation times, ms; TFo, Tc and Td are the T2
response amplitudes recorded in the fully saturated, centrifuged,
and dried states, respectively.

3.2.6. NMR PSD and fractal theory
NMR can provide a more accurate representation of the mul-

tiscale PSD characteristics of shale (Li et al., 2018b). To accurately
reflect the fluid distribution within the shale's actual pore spaces
and avoid overestimating the proportion of small pores, it is
necessary to subtract the NMR signal of the dry state shale from
the fully oil-saturated state shale (Zhao et al., 2022). Utilizing the
pore classification method commonly used in shale oil reservoirs,
pores were categorized as micropores (<100 nm), mesopores
(100–1000 nm), and macropores (>1000 nm) (Zhang et al., 2018a,
2025).
The fractal dimension (D) is a quantitative indicator for evalu-

ating pore heterogeneity and structural complexity (Pfeifer and
Avnir, 1984; Chandra et al., 2022). Typically ranging from 2 to 3,
the value nearer to 3 signifies greater surface roughness, more
intricate pore structures, and heightened heterogeneity. In recent
years, NMR fractal models have been extensively used to charac-
terize the intricacy of shale pore structures (Zhou and Kang, 2016;
Yuan and Rezaee, 2019). The fractal dimension of shale is calcu-
lated using the below equation:

lg(V) = (3 − D)lg(T2) + (D − 3)lg(T2max) (6)

where V represents the proportion of cumulative PV with trans-
verse relaxation time less than T2.
A linear correlation between Lg(V) and Lg(T2) confirms that

shale pores have self-similarity and fractal characteristics. The
regression analysis's slope may then be used to determine the D.
By applying the T2c value, the pore spaces of movable and

bound fluids may be distinguished, segmenting the curve into two
regions. Subsequently, two fractal trend lines are obtained by
fitting the two curves, which correspond to the fractal dimension
D1 of bound fluid pore space and the fractal dimension D2 of
movable fluid pore space in shale. The method of obtaining the T2c
value is shown in Fig. 3. First, the NMR signals of the oil-saturated
and centrifuged states are converted into cumulative curves. A
horizontal line is then drawn at themaximum cumulative signal of
bound-fluid, and its intersection with the cumulative signal of the
saturated state is identified. From this intersection, a vertical line is
extended to the T2 axis, defining the T2c value.

4. Result

4.1. TOC, mineral composition and lithofacies characteristics

As shown in Table 1, the TOC content of shale in the study area
varies from 0.106% to 1.819%, with a mean of 0.709%. The inorganic
mineral content of shale mostly comprises felsic minerals (quartz
and feldspar) and carbonate minerals (dolomite and calcite). The
mean proportion of felsic minerals is 53.1% (range from 32.4% to
81.8%). Specifically, the mean proportion of quartz is 28.7% (range
from 12.8% to 72.3%), and the mean proportion of feldspar is 24.4%
(range from 9.5% to 44.8%). The mean proportion of carbonate
mineral proportion is 34.1% (range from 12.1% to 60.4%) with a
mean of 24.8% for dolomite and 9.9% for calcite. In contrast, the
clay mineral content in the study area is minimal, not exceeding
8.8%. Additionally, a certain amount of pyrite is developed within
the shales, with a mean proportion of 7.6% (ranging from 2.3% to
15%).
Interbedded sandstone and shale deposits are commonly

observed in continental shale formations, and the Fengcheng
Formation is no exception, featuring extensive siltstone interbeds
(Gong et al., 2023;Wang et al., 2023). In this research, siltstone and
shale were distinguished according to grain size, with siltstone
defined by mineral grains exceeding 62.5 μm. Observations from
cores and TS reveal that horizontal bedding is prominently

Fig. 3. Calculation of T2c value in NMR and centrifugation experiments.
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developed in the Fengcheng Formation shale (Fig. 4(a)–(c)). Based
on bedding thickness, three structures were identified: laminated
structures (<1 mm), bedded structures (>1 mm), and massive
structures (Gao et al., 2018a). In laminated and bedded structures,
mineral particles are arranged in banded distributions with pro-
nounced orientation (Fig. 4(b), (c), (e) and (f)), whereas in massive
structures, minerals are evenly distributed without directional
alignment (Fig. 4(h) and (i)). In contrast, the siltstone samples
exhibit larger mineral grains size and more obvious pore space
(Fig. 4(j)–(l)). The mineral ternary diagram shows that shale
samples primarily fall into siliceous (felsic minerals >50%) and
calcareous (calcareous minerals >50%) lithofacies groups (Fig. 5).
Accordingly, the Fengcheng Formation rock samples were

classified into five lithofacies types based on grain size, bedding
structure and mineral composition: massive siltstone (MS), lami-
nated felsic shale (LFS), laminated calcareous shale (LCS), bedded
felsic shale (BFS), and massive felsic shale (MFS).

4.2. Microscopic pore structure characteristics

4.2.1. Pore type
Based on FE-SEM observations, various pore types have been

identified in the Fengcheng Formation shale, including residual
intergranular pores, dissolution pores, intercrystalline pores and
microfractures (Fig. 6). Distinctions in pore types are evident
among different lithofacies, attributed to variations in bedding

Table 1
TOC, inorganic mineral content, porosity and permeability parameters of samples (Partial data from Chang et al. (2024)).

Sample Depth, m Lithofacies Mineral composition, wt% TOC, % Porosity, % Permeability, 10− 6 μm2

Q F Ca D P Cl O

MY-1 4075.60 BFS 60.6 13.2 0.7 13.8 4.3 7.4 N/A 1.212 1.98 2.283
MY-2 4105.80 LCS 17.5 15.6 2.8 56.1 2.3 4.4 1.3 0.464 0.18 0.818
MY-3 4166.05 LCS 12.8 18.8 20.6 39.8 5.7 N/A 2.3 1.819 2.11 0.579
MY-4 4167.90 BFS 15.9 31.6 3.7 35.7 7.2 3.6 2.3 0.843 0.78 1.124
MY-5 4582.60 MFS 28.8 25.0 25.6 4.7 9.6 6.3 N/A 0.106 2.21 0.128
MY-6 4592.92 LFS 59.3 8.6 4.2 17.2 10.7 N/A N/A 0.876 2.31 2.515
MY-7 4594.36 LCS 19.6 14.9 N/A 50.9 7.0 1.9 5.7 0.378 1.61 4.388
MY-8 4749.45 LCS 17.2 15.2 29.3 28.1 8.9 N/A 1.3 0.656 1.41 0.742
MY-9 4759.47 LFS 13.8 44.0 2.2 29.8 10.2 N/A N/A 0.819 1.79 1.804
MY-10 4787.65 LFS 72.3 9.5 5.6 6.5 4.9 N/A 1.2 0.821 1.61 1.983
MY-11 4820.55 BFS 20.9 29.9 N/A 41.0 7.1 1.1 N/A 0.415 1.89 0.096
MY-12 4829.15 MFS 35.4 25.8 N/A 27.2 6.2 3.9 1.5 0.581 0.45 0.428
MY-13 4848.60 MS 14.2 35.4 10.0 22.8 15.0 N/A 2.6 0.725 10.62 21.731
MY-14 4858.41 LFS 36.2 19.2 21.3 9.8 8.4 5.1 N/A 0.672 3.42 17.968
MY-15 4931.15 MS 14.4 44.8 14.7 3.3 5.8 5.2 11.8 0.480 4.33 15.503
MY-16 4933.50 BFS 20.1 38.4 8.0 9.8 8.7 8.8 6.2 0.484 0.45 0.821

Note: Q—quartz; F—feldspar; Ca—calcite; D—dolomite; P—pyrite; Cl—clay; O—others; N/A—not available.
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Fig. 4. Primary sedimentary structures types developed in the shale strata of the Fengcheng Formation. (a–c) Laminated shale, MY-10. (d–f) Bedded shale, MY-11. (g–i) Massive
shale, MY-5. (j–l) Massive siltstone, MY-13.
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structures andmineral compositions. MSmainly develops residual
intergranular pores, quartz intercrystalline pores, intergranular
and intragranular dissolution pores formed by the dissolution of
felsic minerals (Fig. 6(a)–(c)). These pores demonstrate favorable
connectivity, with abundant oil droplets and oil films observed
within them (Fig. 6(d)). LFS and BFS mainly develop intergranular
pores, feldspar intragranular pores, and clay intercrystalline pores
(Fig. 6(e)–(g)). During burial, residual intergranular pores and
fractures are preserved under the support of felsic particles.
Intragranular dissolution pores are primarily formed through acid-
base reactions involving organic acids and rocks. Meanwhile,
bedding-parallel microfractures develop within laminations
(Fig. 6(h)), connecting intergranular pores distributed along these
planes. LCS exhibits a mixed composition of felsic particles and
calcareous debris, with reservoir spaces mainly comprising intra-
granular dissolution pores in carbonate minerals, residual inter-
granular pores, andmicrofractures (Fig. 6(i)–(l)). Notably, dolomite
grains commonly feature abundant intragranular dissolution
pores internally, whereas the external ferroan dolomite bands
exhibit fewer dissolution pores (Fig. 6(i)). MFS demonstrates
relatively poor pore development, featuring residual intergranular
pores and feldspar intragranular dissolution pores, which are
mostly small in size and exhibit minimal microfracture develop-
ment (Fig. 6(m)–(p)).

4.2.2. Nitrogen pore morphology characteristics
The hysteresis loops observed in Fengcheng Formation samples

correspond to H2, H3, and H4 types based on the IUPAC standard
(Fig. 7) (Thommes et al., 2015). Among them, the hysteresis loops
of MS represent a combination of H3 and H4 types, with a steep
desorption curve and limited adsorption capacity, indicating pre-
dominant pore spaces in the form of plate-shaped slit pores and
wedge-shaped pores (Fig. 7(a)). LFS, LCS, and BFS samples exhibit a
composition of H2, H3, and H4 types with steep desorption curves
and broader hysteresis loops, suggesting that not only plate-
shaped slit pores and wedge-shaped pores are developed, but
also a large number of ink-bottle-like pores are present (Fig. 7(d),
(g) and (j)). The ink-bottle-shaped pores here primarily originate

from dissolution of inorganic minerals rather than organic matter
pores typically observed in overmaturemarine shales (Chang et al.,
2024). MFS displays hysteresis loops of only H2 and H3 types,
characterized by ink-bottle-shaped and wedge-shaped pores
(Fig. 7(m)). Furthermore, the absence of a horizontal plateau near
the saturation vapor pressure (P/P0 = 1.0) in the isotherms of all
samples can be attributed to the presence of larger pores in the
shale samples, which extend beyond the measurable range of the
experiment (Ravikovitch and Neimark, 2002).

4.2.3. NMR multi-scale PSD characteristics
The Fengcheng Formation shale samples primarily exhibits

micro pore development, with an average proportion of 65.89%
(Fig. 8(a)). Different lithofacies exhibit distinct PSD characteristics.
MFS is predominantly composed of micropores, with micropore
proportions typically exceeding 90%, while mesopores and mac-
ropores are scarcely developed (Fig. 8(b)). Similarly, BFS is pri-
marily micropore-dominated (Fig. 8(c)), with an average
proportion of 81.55%, slightly lower than that of MFS. LFS and LCS
samples display significant variability in PSD (Fig. 8(d) and (e)),
with fewer micropores compared to BFS and MFS, averaging
56.73%. Notably, MY-6, MY-7, and MY-10 exhibit distinct bimodal
distributions, with macropores accounting for more than 30% on
average, accompanied by well-developed microfractures (Fig. 6(g)
and (l)). Conversely, MS shows lessmicrofracture development but
exhibits well-developed intergranular pores (Fig. 6(c)). These
pores account for an average of over 50% mesopore proportions,
with a concentrated and continuous PSD (Fig. 8(f)), suggesting
strong connectivity between pores.

4.2.4. Fractal characteristics of movable fluid pore space
Fig. 9 illustrates the double logarithmic (V–T2) coordinates for

oil-saturated shale samples. All D2 values fall within the range of
2–3, while certain D1 values are below 2 (Table 2). These outliers
are excluded from further discussion in this study. The range of D1
spans 2.0254 to 2.6885, with a mean of 2.3253, whereas D2 spans
from 2.9005 to 2.9918, with a mean of 2.9578. The consistent
observation that D2 exceeds D1 suggests that the pore space for
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movable fluids is more complex than that for bound fluids,
corroborating previous findings (Ma et al., 2019; Sun et al., 2019).
Additionally, lower D2 values imply better pore connectivity and
higher permeability in the reservoir (Zhou et al., 2022; Yang et al.,
2023). The average D2 values for different shale lithofacies follow
the order: MS < LFS < LCS < BFS < MFS (Fig. 9(f)). This indicates
that MS and LFS exhibit superior pore structures and higher
permeability, whereas MFS have the poorest pore structures and
weakest permeability.

4.3. Shale wettability detected by CAM

The shale surface wettability in the study areawas investigated
using oil (n-decane) and water (DI water) contact angle experi-
ments, with results summarized in Table 3. During the oil droplet
experiments, it was observed that when droplets contacted the
rock surface, the low surface tension of the oil facilitated quick
spreading, resulting in a very small gas-oil-rock contact angle.
Similar phenomena have been reported in previous studies (Hu
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Fig. 8. NMR PSD characteristics of different lithofacies shale. (a)The proportion of different scales pores in shale samples; (b) MFS; (c) BFS;(d) LCS;(e) LFS;(f) MS.

Fig. 9. Fractal characteristics of Fengcheng Formation shale samples. (a) MS, sample MY-15; (b) LFS, sample MY-6; (c) LCS, sample MY-2; (d) BFS, sample MY-4; (e) MFS, sample
MY-5; (f) Box plots of D2 distribution in different lithofacies shale.
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et al., 2018; Wang et al., 2022). In the water droplet experiments,
the gas-water-rock contact angle exhibited a stable hemispherical
shape (Fig. 10). Based on the difference in water contact angles,
shale reservoir wettability can be classified as strong water-
wetting (θ < 30◦), medium water-wetting (30◦ < θ < 60◦), weak
water-wetting (60◦ < θ < 90◦), weak oil-wetting (90◦ < θ < 120◦),
medium oil-wetting (120◦ < θ < 150◦) and strong oil-wetting
(150◦ < θ < 180◦) (Almudhhi et al., 2022). The findings revealed
that the water contact angles of the shales are between 51.8◦ and
113.6◦, with a mean of 73.8◦. LFS typically exhibited smaller water
contact angles, averaging 56.3◦, indicating mediumwater-wetting.
In contrast, MS displayed water contact angles exceeding 100◦,
significantly higher than those of other samples, demonstrating
obvious weak oil-wetting characteristics.

4.4. Characteristics of shale pore connectivity based on SI

The SI process has two distinct stages (Fig. 11). Initially, during
the early imbibition, the liquid rapidly penetrates the pore space
under the influence of strong capillary forces, resulting in a phase
of swift growth. Subsequently, as fluid saturation increases,
capillary forces weaken, leading to a stable growth phase as the
fluid slowly permeates the pores. The slope in the log-log plot of
cumulative imbibition amount versus time serves as an indicator

of pore connectivity, with higher slope values signifying better
connectivity. Imbibition results demonstrate that the slope for oil
is obviously higher than that for water (Fig. 11), indicating that the
oil-wet pore connectivity of the samples is superior to their water-
wet pore connectivity.
The imbibition slopes vary across different shale lithofacies. MS

and laminated shale exhibit higher imbibition slopes, suggesting
relatively better connectivity. BFS follows, while MFS shows the
lowest imbibition slopes, signifying the poorest connectivity
(Fig.11). TheMS samples (MY-13 andMY-15) display oil imbibition
slopes as high as 0.654 and 0.571, respectively (Fig. 11(a)), sur-
passing those of other lithofacies. This can be attributed not only to
their strong pore connectivity but also to their oleophilic nature,
resulting in faster oil imbibition and higher oil slopes. Laminated
shale, characterized by more developed microfractures, facilitates
the formation of pore-fracture network systems, enhancing pore
connectivity and yielding higher imbibition slopes. Moreover, the
oil imbibition slopes of LFS consistently exceed 0.5 (Fig. 11(b)),
higher than those of LCS (Fig. 11(c)). This difference likely arises
from the calcareous shale's predominant development of ink-
bottle-shaped dissolution pores, which exhibit poor connectivity
and hinder fluid imbibition.

4.5. Movable oil content and saturation detected by the MTP Rock-
Eval and NMR

4.5.1. Characterisation of movable oil content from geochemical
perspective
The total oil content of samples ranges from 0.06 to 8.3 mg/g,

with a mean of 3.55 mg/g, while the movable oil content spans
from 0.04 to 5.04 mg/g, exhibiting a wider distribution and a mean
of 1.21 mg/g. As shown in Fig. 12, movable oil content is notably
lower in MFS and BFS samples, averaging 0.37 mg/g. Among these,
sample MY-5 exhibits the lowest movable oil content and the
poorest mobility. Conversely, two MS samples exhibit the highest
values for both movable and total oil content, with movable oil
accounting for over 60% of the total, indicating strong mobility. In
MS samples, themovable oil content is significantly larger than the
adsorbed oil content, whereas other shale samples are predomi-
nantly characterized by adsorbed oil. This is because light hydro-
carbons, with lower density and viscosity, more easily migrate
from adjacent shale layers into the siltstone interbeds. In contrast,
the shale retains a substantial amount of immobile heavy hydro-
carbons and thermally released kerogen hydrocarbons.

Table 2
NMR parameters of shale samples.

Sample Lithofacies NMR pore size distribution ratio, % NMR fractal
dimension

Micropore Mesopore Macropore D1 D2

MY-1 BFS 66.56 24.47 8.97 2.3289 2.9637
MY-2 LCS 82.72 13.40 3.88 2.0655 2.9845
MY-3 LCS 10.85 83.38 5.77 0.8497 2.9503
MY-4 BFS 79.96 16.16 3.88 2.0254 2.9827
MY-5 MFS 96.43 0.38 3.19 2.3648 2.9909
MY-6 LFS 60.71 19.31 19.98 2.3599 2.9031
MY-7 LCS 56.02 7.20 36.78 2.6885 2.9499
MY-8 LCS 44.77 50.22 5.01 2.0711 2.9649
MY-9 LFS 71.06 28.33 0.61 2.4380 2.9858
MY-10 LFS 39.01 14.40 46.58 2.6164 2.9376
MY-11 BFS 81.45 9.70 8.85 2.2885 2.9720
MY-12 MFS 91.94 4.85 3.21 1.8341 2.9903
MY-13 MS 13.84 81.17 4.99 0.4547 2.9005
MY-14 LFS 88.68 11.17 0.15 1.4260 2.9147
MY-15 MS 72.03 23.46 4.52 2.4401 2.9414
MY-16 BFS 98.22 0.00 1.78 2.2166 2.9918

Table 3
Water and oil contact angle and SI results of shale samples.

Sample Lithofacies Contact angle of DI water, ◦ Contact angle of n-decane, ◦ DI water SI slope n-decane SI slope

MY-1 BFS 63.8 <15 0.228 0.418
MY-2 LCS 58.8 <15 0.284 0.382
MY-3 LCS 65.3 <15 0.295 0.510
MY-4 BFS 78.8 <15 0.303 0.379
MY-5 MFS 90.8 <15 0.103 0.123
MY-6 LFS 51.8 <15 0.291 0.521
MY-7 LCS 74.8 <15 0.361 0.460
MY-8 LCS 73.7 <15 0.334 0.502
MY-9 LFS 54.8 <15 0.296 0.548
MY-10 LFS 58.2 <15 0.320 0.570
MY-11 BFS 89.2 <15 0.160 0.271
MY-12 MFS 83.8 <15 0.209 0.125
MY-13 MS 113.6 <15 0.386 0.654
MY-14 LFS 60.3 <15 0.376 0.526
MY-15 MS 105.7 <15 0.235 0.571
MY-16 BFS 57.5 <15 0.335 0.436
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4.5.2. Characterisation of movable oil saturation from reservoir
perspective
Fig. 13 illustrates the distribution characteristics of adsorbed

oil, free oil, and movable oil in typical shale samples from the
Fengcheng Formation. The dark blue area represents the T2 spec-
trum under saturated conditions, and the green area represents
the T2 spectrum after centrifugation. The gap between them cor-
responds to the movable oil, as determined from direct experi-
mental measurements. In contrast, the adsorbed oil in the red
region and the free oil in the light blue region (representing the
maximum potentially movable oil content) are derived from
theoretical calculations based on the adsorption ratio model (Eq.
(4)). Free oil predominantly resides in mesopores and macro-
pores, while oil in micropores primarily exists in the form of
adsorbed oil, aligning with the findings of Zhang et al. (2022).
Notably, a considerable amount of residual oil remains bounded in
the free oil region after centrifugation, indicating that not all free
oil is movable under experimental conditions. Additionally,
movable oil is not strictly confined to the theoretically calculated
free oil fraction but also appears in the adsorbed oil region. This
phenomenon suggests that the boundary between adsorbed and

free oil is not absolute, and some adsorbed oil may exhibit a degree
of mobility.
The movable oil saturation (Sm) for all samples, as shown in

Table 4, range from 7.7% to 44.6%, with an average of 20.0%. The
Sm values of different lithofacies vary greatly. The MS exhibits the
highest Sm, averaging 35.2%, followed by LFS and LCS, averaging
25.9% and 19.2%, respectively. BFS and MFS show lower Sm values,
averaging 12.9% and 8.5%. The Sm within micropores, mesopores,
and macropores was obtained separately to elucidate the differ-
ences in fluid mobility across various scales pores. The movable oil
of MFS is predominantly distributed in micropores, accounting for
up to 87.8% (Fig. 13(a)). Since oil in micropores is primarily
adsorbed oil, most fluids cannot flow freely, resulting in lower Sm
in shale with a high proportion of micropores. In contrast, BFS
exhibits a shift of the main peak to the right (Fig. 13(b)), with a
reduced Sm of micropore, averaging 54.8%, and an increased Sm of
mesopore, averaging 30.4%. In laminated shales (LCS and LFS),
movable oil primarily resides in mesopores, with an average Sm of
41.5%, and macropores also show relatively high Sm, averaging
25.2%. Among them, the T2 spectrum of LCS sample MY-7 displays
a discontinuous bimodal distribution, with movable oil primarily

Fig. 10. Water and oil contact angle characteristics of typical shale samples. (a)MS, sample MY-15; (b) LFS, sample MY-10; (c) LCS, sample MY-3; (d) BFS, sample MY-11; (e)MFS,
sample MY-5.
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in the right peak (Fig. 13(c)), yielding an Sm of 21.3%. In contrast,
LFS sample MY-6 achieves an Sm as high as 29%, with a continuous
bimodal T2 spectrum and well-developed microfractures
(Fig. 6(g)). The right peak likely corresponds to fluid signals asso-
ciated with these microfractures (Zhao et al., 2022). Significant
changes in T2 spectra before and after centrifugation are observed
in the multiscale pores (Fig. 13(d)), possibly due to microfractures
connecting different dimensions pores. The NMR T2 signal of MS
sample MY-13 decreases sharply after centrifugation (Fig. 13(e)),
resulting in an Sm as high as 44.6%. The movable oil is primarily
distributed in mesopores, with an average proportion of 70.7%.
This high mobility is attributed to the well-sorted pores and the
development of connected intergranular pores (Fig. 6(a)–(c)).
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Fig. 13. NMR distribution characteristics of shale oil in different occurrences states. (a)MFS, sample MY-5; (b) BFS, sample MY-1; (c) LCS, sample MY-7; (d) LFS, sample MY-6; (e)
MS, sample MY-13.
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5. Discussion

5.1. The influencing factors of shale oil mobility

5.1.1. The influence of pore structure, connectivity and wettability
on movable oil saturation
The research area's shale oil mobility exhibits significant vari-

ation, with Sm values differing considerably due to multiple con-
trolling factors (Fig. 14(a)). The findings reveal a significant
positive relationship between Sm and both porosity and perme-
ability (Fig. 14(b) and (c)), with Pearson correlation coefficients
reaching 0.8 and 0.81, respectively. This result aligns with expec-
tations that the higher porosity and permeability enhance the
reservoir capacity and fluid flow capability, facilitating fluid
mobility and increasing Sm values. However, it is noteworthy that
in shale samples with permeability below 0.005 × 10− 3 μm2, the
relationship between Sm and permeability becomes less distinct
(Fig. 14(c)), and some samples demonstrate “low-permeability,
high-Sm” phenomenon. This suggests that in ultra-low-
permeability shale, the complexity of the pore structure hinders
accurate predictions of fluid mobility, indicating that Sm may not
be controlled by a single factor.
Differences in pore structure influence the adsorption capac-

ities of shale oil, thereby controlling its mobility (Zhang et al.,
2022). Smaller pores result in stronger solid-liquid interactions,
leading to thicker adsorbed oil films on pore walls, which restrict
fluid mobility (Li et al., 2024a). Conversely, larger pores indicate a
reduced ratio of adsorbed oil while increasing free oil ratio,
thereby enhancing the movable oil ratio (Song et al., 2024). The Sm
is positively correlated with the percentage of pores volume larger
than 100 nm (Fig. 14(d)), indicating that shale oil mobility in the
study area is controlled by the development of mesopores and
macropores. These larger pores, with smaller specific surface area
and lower capillary forces, are more conducive to shale oil flow
compared to micropores. Nanopore morphology also affects fluid
flow capacity. Compared to cylindrical pores, slit pores exhibit
superior flow capacity (Zhao et al., 2024). Consequently, shales
with H4-type plate-shaped slit pores demonstrate better flow-
ability than those dominated by H2-type ink-bottle pores.
Fig. 14(e) and (f) illustrate the relationship between fractal di-
mensions and Sm. While the correlation between the D1 and Sm is
insignificant, the D2 exhibits a pronounced negative correlation
with Sm, with a Pearson correlation coefficient as high as 0.82. This
suggests that the pore structure of movable fluids is closely linked

to shale oil mobility. An increase in D2 signifies a more complex
pore space for movable fluids, characterized by greater surface
roughness and uneven pore distribution (Sun et al., 2019). A
rougher pore surface enhances fluid adsorption capacity, causing
more oil to be retained in pores. Furthermore, complex pore
structures restrict fluid flow channels (Zhang et al., 2020),
impeding shale oil mobility and reducing Sm. This finding align
with numerous recent studies (Yang et al., 2023; Li et al., 2024a;
Wu et al., 2024), confirming the validity of NMR fractal dimen-
sion in characterizing shale reservoir pore structures and its in-
fluence on fluid mobility.
The seepage capacity of shale reservoir is directly determined

by pore connectivity. Fig. 14(g) and (h) show a clear positive cor-
relation between Sm and both oil and water SI slopes, indicating
that better pore connectivity enhances shale oil mobility. How-
ever, the correlation between Sm and the oil SI slope is stronger
than that with the water SI slope (Fig. 14(a)), primarily due to
differences in oil and water wettability. In hydrophilic shales,
water-wet pores exert a repulsive effect on the oil phase, hindering
oil flow (Lan et al., 2015; Wang et al., 2022). Therefore, the SI slope
of a similar-phase fluid (oil phase) more effectively reflects oil
mobility and shows a stronger correlation with Sm. While the SI
slope of water also reflects pore connectivity, competitive
adsorption betweenwater and oil weakens its correlationwith Sm.
Shale wettability directly control fluid distribution and flow

behavior in the pore space, thereby influencing shale oil mobility
(Afekare et al., 2021; Shi et al., 2022). As the water contact angle
decreases, Sm gradually increase (Fig. 14(i)), suggesting that water-
wet shales exhibit higher oil mobility (Lin et al., 2024; Xu et al.,
2024). This is because oil-wet conditions enhance the oil adsorp-
tion capacity of pore walls, leading to higher proportion of
adsorbed oil within the pore space, which subsequently reduces
the ratio of movable oil. Notably, the MS has not been considered
here. Because the MS has significantly larger pores than the other
shale samples, its mobility is primarily controlled by pore size
rather than wettability.

5.1.2. The influence of geochemical characteristics on shale oil
mobility
Organicmatter abundance serves as the foundation for shale oil

formation and enrichment (Jiang et al., 2023). As illustrated in
Fig. 15(a), both adsorbed oil and movable oil content exhibit a
positive correlation with TOC, indicating that higher TOC content,
the more adsorbed oil and movable oil. The relationship between

Table 4
Moveable oil saturation parameters in different scale pores of shale.

Sample Lithofacies Movable oil saturation, % Proportion of movable oil in different pores, %

Micropores Mesopores Macropores

MY-1 BFS 12.6 57.9 27.1 15.0
MY-2 LCS 14.3 51.6 38.5 9.9
MY-3 LCS 24.6 3.0 79.2 17.8
MY-4 BFS 13.7 53.4 38.8 7.8
MY-5 MFS 9.4 87.8 0.0 12.2
MY-6 LFS 29.0 38.3 34.1 27.6
MY-7 LCS 21.3 24.6 18.3 57.1
MY-8 LCS 16.4 8.8 69.3 21.9
MY-9 LFS 25.6 59.2 39.6 1.2
MY-10 LFS 15.8 14.9 19.8 65.3
MY-11 BFS 10.6 9.9 55.6 34.5
MY-12 MFS 7.7 73.7 11.0 15.3
MY-13 MS 44.6 8.7 83.2 8.1
MY-14 LFS 33.2 65.5 33.5 1.0
MY-15 MS 25.8 30.0 58.2 11.8
MY-16 BFS 14.7 97.9 0.0 2.1
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TOC and adsorbed oil content is particularly pronounced, as the
strong adsorption of oil molecules by organic matter causes
adsorbed oil content to rise with increasing TOC. However, when
shale oil reaches the volume limit of the pore space, excessively
high TOC levels hinder the mobility of shale oil (Tian et al., 2024).

In the Beibu Gulf Basin, where the shale oil is in a mature stage, the
average TOC content is relatively high (4.2%), and movable oil
content shows a negative correlation with TOC (Nie et al., 2024).
This occurs because, beyond a threshold, the influence of TOC on
shale oil content becomes negligible (Zhao et al., 2020). At

Fig. 14. Influence of shale pore structure, connectivity and wettability on Sm. (a) Pearson correlation matrix of multiple influences controlling for Sm. (b) Crossplot of porosity and
Sm. (c) Crossplot of permeability and Sm. (d) Crossplot of percentage of pore size (>100 nm) and Sm. (e) Crossplot of D1 and Sm. (f) Crossplot of D2 and Sm. (g) Crossplot of SI slope of
n-decane and Sm. (h) Crossplot of SI slope of DI water and Sm. (i) Crossplot of contact angleand Sm.
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constant oil volume, increased TOC elevates adsorbed oil content,
thereby reducing the amount of movable oil. However, in the
Fengcheng Formation, where TOC content is generally low, this
threshold has not been reached, and the adverse effects of high
TOC levels on movable oil are not yet evident.
OSI, defined as the ratio of free hydrocarbons (S1) to TOC, is a

commonly used geochemical parameter to evaluate shale oil
mobility (Song et al., 2024; Xiao et al., 2024). When the generated
hydrocarbons exceed adsorption capacity and reservoir saturation,
excess hydrocarbons are expelled, resulting in the “oil crossover
effect” (Jarvie, 2012). Based on this concept, an OSI value of
100 mg/g is typically used as an empirical threshold for shale oil
mobility (Jarvie, 2012; Li et al., 2021; Zhu et al., 2024). In this study,
combining the evaluation of shale oil resource potential by Wu
et al. (2022), S1 and OSI were used to classify movable oil re-
sources in the Fengcheng Formation into four categories
(Fig. 15(b)): Type I (movable resources, OSI > 100 mg/g, S1 > 2 mg/
g); Type II (moderately movable resources, OSI>100 mg/g, 0.5 mg/
g < S1 < 2 mg/g); Type III (less resources, OSI < 100 mg/g,
S1 > 0.5 mg/g); Type IV (invalid resources, OSI < 100 mg/g,
S1 <0.5 mg/g). The MS typically exhibit high S1 (>2 mg/g) and OSI
values (>400 mg/g), classifying them as Type I movable resources.
Statistical analysis reveals that the study area comprises 60.1%
movable oil resources, 18.5% low-efficiency resources, and 21.4%
invalid resources. Among these, the P1f2 shale oil, formed during
the peak phase of hydrocarbon generation in the alkaline lake,
contributes 45% of the movable oil resources.

5.1.3. The influence of lamination development on shale oil
mobility
The development of lamination has significantly affected on

shale oil mobility. The Sm follows the order (Fig. 16(a)): laminated
shale > bedded shale > massive shale. Compared to massive and
bedded shale, laminated shale samples exhibit a pronounced right
peak of T2 spectrum (Fig. 8(b) and (c)), indicating that macropores
and microfractures are relatively more developed. During high-
speed centrifugation, the capillary forces acting on macropores
and microfractures are weaker, facilitating the release of movable

oil (Zhu et al., 2021). The development of lamination in shale
markedly enhances reservoir properties (Jiang et al., 2020; Woo
et al., 2021; Xin et al., 2022). In the Fengcheng Formation shale,
microfractures are frequently observed within lamination
(Fig. 6(h)), aligning along bedding planes and exhibiting strong
continuity, whereas such fractures are rarely present in massive
shale. The presence of microfractures greatly improves reservoir
connectivity, forming a percolating network that enhances shale
permeability, thereby increasing the flow capacity of fluids in the
pore space (Ougier-Simonin et al., 2016; Teixeira et al., 2017; Zhang
et al., 2024a). These microfractures developed between lamination
are generally of non-tectonic origin such as diagenesis and hy-
drocarbon generation, and are mainly formed under fluid over-
pressure induced by clay mineral dehydration and formation
overpressure caused by hydrocarbon generation (Bruce, 1984; Liu
et al., 2017; Chauve et al., 2020; Meng et al., 2021).
The occurrence state of shale oil is closely related to its mobility,

with this relationship being particularly pronounced between
lamination and thematrix. The shale matrix, typically rich in organic
matter and clay minerals, serves as the primary site for hydrocarbon
generation (Salmon et al., 2000; Rahman et al., 2017). Hu et al. (2024)
revealed that under the driving force of capillary pressure, hydro-
carbons generated in the dark matrix undergo micro-migration,
preferentially accumulating in the bright lamination with relatively
superior pore structures. This micro-migration results in an
increased proportion of light oil in the lamination, thereby
enhancing themobility of shale oil (Sun et al., 2025). Previous studies
have confirmed that this phenomenon exists in the Fengcheng For-
mation shale by employing laser confocal microscopy imaging
technology (Gao et al., 2023; Gong et al., 2023). In the laminated
shales, bright lamination are observed to contain higher light oil
content (Fig. 16(c) and (f)), which possess relatively greater mobility
and are easier tomigrate and flow under capillary forces. In contrast,
the darkmatrix predominantly contains heavy oil (Fig.16(d) and (g)),
characterized by higher adsorption capacities and complex pore
structures that constrain fluid mobility. Consequently, the develop-
ment of lamination in shales not only facilitates the enrichment of
shale oil but also significantly improves its mobility.
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5.2. The evaluation method of shale oil mobility

5.2.1. The movable oil content evaluation
Based on the above analyses, accurately evaluating shale oil

mobility necessitates a comprehensive consideration of both the
movable oil content and the pore structure of the reservoir.
However, the movable oil content parameter derived from MTP
primarily reflects the content of free oil (Wang et al., 2019b). Free
oil, however, is not entirely equivalent to movable oil, as its actual
mobility is influenced by complex pore structures and connectivity
of the shale (Li et al., 2020; Nie et al., 2024). Similarly, The Sm
obtained from NMR and centrifugation experiments merely indi-
cate the efficiency of fluid mobilization in the reservoir space and
cannot directly quantify the actual movable oil content. To provide
a more overall assessment of shale oil mobility, this study pro-
poses a novel method that integrates total oil content andmovable
oil saturation:

Qmov = Qt × Sm (7)

where Qmov is actual movable oil content; Qt is total oil content.
This approach corrects the potential overestimation of movable

oil content when relying solely on MTP. The results indicate that
the S1-1 + S1-2 generally exceeds Qmov, indicating that a portion of
the free oil remains trapped in the reservoir pore space and is
immobile. Furthermore, a strong correlation is observed between
Qmov and S1-1 + S1-2 further validates the effectiveness of this
method in reflecting the occurrence of movable oil (Fig. 17(a)).
Additionally, Qmov exhibits a significant positive correlation with
porosity, permeability, oil SI slope, and the proportion of meso-
pores and macropores, while displaying a negative correlation
with water contact angle and D2 (Fig. 17(b)). These findings are
consistent with the analysis in Section 5.1.1, indicating that shale
oil mobility is governed by reservoir properties, pore heteroge-
neity, connectivity, and the development of mesopores and mac-
ropores. The Qmov values for different lithofacies exhibit the
following order: MS > LFS > LCS > BFS > MFS (Fig. 17(c)). This
integrated approach more accurately reflects the actual movable
oil content in shale, providing a accurate basis for the evaluation of
movable resources of shale oil. However, it should be noted that
this model may still have some uncertainties when applied to real
formations with complex multiphase fluid systems. Specifically,
the NMR-derived movable oil saturation is for a single-component
fluid system, which does not fully account for the effects of bound
water, structural water, or capillary-bound fluids that commonly
coexist with oil in shale reservoirs. The presence of these water
components may affect the mobility of oil, especially under

oil–water coexisting conditions. As such, although the method
provides a more representative estimation of movable oil content
than traditional approaches, its applicability may be limited under
complex geological settings with multiphase fluid interactions.

5.2.2. Quantitative estimation model for shale oil mobility
Regression analysis is commonly used to construct estimation

models for movable oil content under the influence of multiple
factors (Hu et al., 2021). In this study, IBM SPSS Statistics 27 was
used to perform multiple regression analysis on various factors
affecting shale oil mobility in the Fengcheng Formation of the
Mahu Sag, and to establish a predictive model for movable oil
content. Given the diverse factors influencing oil mobility, vari-
ables with pearson coefficients greater than 0.7 were selected to
ensure model accuracy. These include porosity, permeability, SI
slope of n-decane, movable oil pore fractal dimension (D2), and
TOC. Based on these, a quantitative prediction model for movable
oil content was established as follows (Eq. (8)):

Y = 0:218× X1 + 1:292× X2 − 1:333× X3 + 1:381× X4
+0:519× X5 + 3:303

(8)

where X1 is porosity, %; X2 is permeability, mD; X3 is D2; X4 is SI
slope of n-decane; X5 is TOC, %.
Numerical simulation results show that the regression model

achieves an R2 value of 0.829, and the standardized residuals
follow a normal distribution (Fig. 18), confirming the reliability of
the model. Furthermore, the predicted movable oil contents of
different lithofacies shale in the Fengcheng Formation were
calculated using this model. As shown in Fig. 19, the predicted
movable oil contents exhibit strong positive correlations with key
shale oil mobility indicators, including Qmov, Sm and S1-1 + S1-2,
further validating the model's practicability.

5.3. Mobility conceptual models of shale oil in different lithofacies

In the Mahu Sag, variations in depositional environments, such
as paleoclimate, sediment supply, and astronomical cycles, exert
significant control over bedding structures and mineral compo-
nents (Wang et al., 2021; Huang et al., 2023). These differences in
bedding structures and mineral components form five different
lithofacies in the Fengcheng Formation shale system (Fig. 20(a)).
These lithofacies exhibit variations in reservoir space types and
properties, which are key factors influencing movable oil satura-
tion. This study systematically examines the pore structures,
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connectivity, and wettability of the five lithofacies in the Feng-
cheng Formation shale system, elucidating the impact of reservoir
properties and geochemical characteristics on shale oil mobility.
Based on this, a comprehensive conceptual model was established

to further explain the variations in shale oil mobility under
different lithofacies controls (Fig. 20).
As shown in Fig. 20(b), MS exhibits significantly higher reser-

voir quality and oil-bearing potential than other lithofacies. The
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MS primarily develop intergranular pores and dissolution pores
associated with felsic minerals, featuring relatively large pore
sizes, high SI slopes, low fractal dimensions for movable fluids
(D2), and excellent pore connectivity, forming optimal fluid flow
pathways (Fig. 20(c)). This leads to the highest degree of shale oil
mobility, with Sm ranging from 25% to 45%. Furthermore, as in-
terlayers within the shale system, the MS act as reservoirs where
hydrocarbons generated from adjacent organic-rich shalesmigrate
and accumulate (Gao et al., 2024; Zhang et al., 2024b). This sig-
nificant enrichment imparts strong oil-bearing potential, resulting
in a high actual movable oil content (Qmov) ranging from 2.1 to
2.9 mg/g. LFS and LCS exhibit moderate reservoir quality and oil-
bearing potential. LFS primarily develops residual intergranular
pores associated with quartz, intragranular dissolution pores
linked to feldspar, and microfractures. These microfractures not
only enhance fluid seepage capabilities but also connect isolated
pores, maintaining relatively high SI slopes (>0.5) and low D2
values. These microfractures are closely associated with lamina-
tion development and brittle minerals, providing effective seepage
pathways for movable oil (Fig. 20(c)). The LCS also develops
microfractures but predominantly features intragranular dissolu-
tion pores associated with carbonate minerals. Compared to LFS,
LCS has smaller average pore sizes, weaker connectivity, and
higher D2 values, which restrict shale oil mobility. In laminated
shales, bright lamination serve as better reservoir spaces where
shale oil undergoes micro-migration and enrichment, resulting in
moderate oil-bearing potential, with Qmov ranging from 0.3 to
1.7 mg/g. BFS exhibits fewer microfractures than laminated shales,
with lower SI slopes, higher D2 values, and smaller average pore
sizes, leading to reduced shale oil mobility. MFS is dense, lacking
mesopores, macropores and microfractures, with the poorest pore
connectivity. It exhibits the smallest average pore sizes and SI
slopes and the highest D2 values. In this lithofacies, shale oil is
mainly confined in isolated micropores, resulting in poor fluid
mobility. Therefore, in BFS andMFS, movable oil is mainly stored in
limited microfractures and intragranular micropores (Fig. 20(c)),
with Sm generally below 15% and Qmov less than 0.6 mg/g.

6. Conclusions

Based on XRD mineral analysis, thin section and core obser-
vation, five lithofacies, including MS, LFS, LCS, BFS and MFS, were
identified in the Fengcheng Formation shale system. Various lab-
oratory experiments were conducted to characterize the physical
properties of shale reservoirs across these lithofacies, including
pore structure, connectivity, and surface wettability. Additionally,
the MTP and NMR centrifugation techniques were utilized to
quantitatively characterize the mobility of shale oil. MS lithofacies
exhibit well-developed intergranular pores, superior pore struc-
ture and connectivity, and robust storage capacity, resulting in the
highest mobility. LFS and LCS lithofacies, characterized by micro-
fractures, intergranular pores, and intragranular dissolution pores,
demonstrate moderate pore structure, connectivity, and mobility.
In contrast, MFS and BFS lithofacies primarily develop intra-
granular dissolution pores, with more complex movable fluid pore
structures and weaker connectivity, leading to lower shale oil
mobility.
Shale oil mobility is controlled by multiple factors. Regarding

reservoir characteristics, greater development of mesopores and
macropores, higher SI slopes, and smaller D2 values enhance
reservoir properties, facilitating fluid seepage and resulting in
higher Sm. Shale samples with a hydrophilic tendency also exhibit
highermovable oil saturation. Geochemically, TOC content exerts a
dual influence on movable oil content. Below the threshold,
movable oil content increases with rising TOC levels. Additionally,

shale laminations contribute to superior reservoir properties and
light oil enrichment, promoting shale oil mobility.
A novel evaluation method for shale oil mobility was proposed,

integrating total oil content and movable oil saturation. This
approach effectively overcomes the limitations of MTP, which fails
to account for the impact of pore structure on mobility. The
calculated Qmov values using this method showed excellent con-
sistency with results from MTP and NMR-centrifugation experi-
ments, providing a more accurate assessment of movable oil
content in actual pore spaces.
Drawing on the lithofacies, shale reservoir characteristics, and

movable oil flow space in the in the study area, a conceptual model
was established to evaluate shale oil mobility variations among
different lithofacies. This model aims to provide a theoretical
foundation for identifying and evaluating “sweet spots” in com-
plex shale oil reservoirs in the Fengcheng Formation of the Mahu
Sag.
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