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a b s t r a c t

Understanding multiscale migration differentiation within shale oil systems is critical for identifying high- 
mobility migration sweet spots that facilitate the sustainable shale oil recovery. However, owing to geolog
ical complexity and technical uncertainty, the chemical differentiation and mobility effects of shale oil 
migration have not been clarified. This study is focused on elucidating the μm–m-scale migration differenti
ation and mobility effects in shale oil systems by combining multiple methods, including laser scanning 
confocal microscopy (LSCM), nuclear magnetic resonance (NMR), multi-temperature pyrolysis, and extract 
geochemical analysis. Core samples collected nearly equidistantly from the Triassic Chang 7 Member shale 
system in the Ordos Basin are employed for investigation. The LSCM results reveal that interlaminar shale oil 
migration on the μm–mm scale manifests in the form of light/heavy component differentiation. However, 
cm–m-scale migration across laminae assemblages (or lithofacies) corresponds to pyrolysis parameter 
anomalies, original–true hydrocarbon generation potential differences, chemical compositions and n-alkane 
differentiation. The migration hydrocarbon inputs can improve the in situ oil composition and movable oil 
content, thus affecting shale oil mobility. The mobility disparities between source–reservoir units in a shale oil 
system are primarily controlled by the degree of migration differentiation. Notably, the good source–good 
reservoir laminated units at the μm–mm scale and the thick source–thick reservoir configurations at the 
cm–m scale exhibit relatively strong migration differentiation and favorable mobility improvement. These 
mobility patterns associated with μm–m migration differentiation are critical for evaluating high-mobility 
sweet spots and developing cost-effective and sustainable shale oil systems.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc- 
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1. Introduction

In petroliferous basins worldwide, hydrocarbon migration dif
ferentiation is inevitable in the formation of giant oil‒gas pools, 
which is manifested primarily by variations in the physical and 
chemical properties of hydrocarbons migrating along rock pores 
(McAuliffe, 1979; Schowalter, 1979; Krooss et al., 1991; Larter et al., 
1996; Sivan et al., 2008; Zhang et al., 2013). In recent decades, in 
the oil‒gas industry, the migration of hydrocarbons expelled from 
the source rock to the adjacent permeable carrier bed (i.e., primary 
migration) (Bray and Foster, 1980; Leythaeuser et al., 1982; 
Stainforth and Reinders, 1990; Lafargue et al., 1994) and the 
migration of hydrocarbons along the carrier bed from the source 
area to the trap (i.e., secondary migration) (McAuliffe, 1979; 
Schowalter, 1979; Dembicki and Anderson, 1989; Krooss et al., 
1991; George et al., 2004) have been thoroughly studied. Accord
ingly, these findings  have helped elucidate the hydrocarbon 
accumulation mechanisms in conventional and tight oil‒gas sys
tems, significantly advancing the discovery of giant oil‒gas fields 
worldwide (Hao et al., 2007, 2010; Zhu et al., 2020). However, 
because a shale oil system has long been regarded as self- 
generating and self-storing, migration differentiation has not 
received sufficient attention. Recently, exploration practices have 
confirmed the objective existence of multiscale migration in shale 
oil systems, revealing that organic-lean shale formations are more 
enriched in movable oil than organic-rich shale formations are 
(Hwang et al., 2002; Han et al., 2015; Gao et al., 2024; Hu et al., 
2024a, 2024b, 2025). Identifying the high-mobility interval 
within shale systems has always been a key challenge in evalu
ating shale sweet spots and improving the economic recovery of 
shale oil resources. Thus, shale oil migration differentiation and 
the corresponding mobility effects urgently need to be investi
gated, which is crucial for revealing novel high-mobility migration 
sweet spots in shale oil systems that are completely different from 
traditional in situ sweet spots.

Unlike the hundred-meter- to kilometer-scale migration in 
conventional and tight oil‒gas systems, detectable migration 
distances in shale oil systems are much shorter and primarily 
range from the μm scale to the m scale (Han et al., 2015; Gao et al., 
2024). Shale oil migration essentially results from hydrocarbon 
flow  under different source‒reservoir configurations in a shale 
system, which manifests as oil migration between laminates, in
terbeds or lithofacies with different hydrocarbon generation/ 
storage capabilities (Gao et al., 2024; Hu et al., 2024a, 2024b). 
Correspondingly, the migration distance of a shale formation var
ies for specimens with different source–reservoir configurations. 
Specifically, pure shale and laminated-type shale formations 
characterized by source–reservoir coexistence, such as the Eagle 
Ford Formation in the Gulf of Mexico Basin (Edman and Pitman, 
2010; Ko et al., 2017; Gonz�alez-Betancourt et al., 2022), the 
Qingshankou Formation in the Songliao Basin (Liu et al., 2019; He 
et al., 2022; Zhang et al., 2023), and the Shahejie Formation in the 
Bohai Bay Basin (Li et al., 2016; Wang et al., 2019; Li, 2020; Liang 
et al., 2022), usually undergo oil migration at the μm‒mm scale. 
In terms of the sandwich-type shale formations characterized by 
source–reservoir interbedding or separation, such as the Bakken 
shale in the Williston Basin (Jarvie et al., 2011; Al Duhailan and 
Sonnenberg, 2014; Hawthorne et al., 2021) and the Triassic 
Chang 7 Member of the Ordos Basin (Zou et al., 2019; Guo et al., 
2022; Yuan et al., 2023), the detectable oil migration distance is 
greater and predominantly at the cm–m scale. These shale oil 
migration phenomena across the μm–m scale tend to affect oil 
mobility because of the chemical composition changes caused by 
migration differentiation. Theoretically, polar components with 

poor transport capacity (e.g., nonhydrocarbons and asphaltenes) 
usually remain in the organic-rich layer in an adsorbed state, 
whereas nonpolar hydrocarbon components (e.g., saturate and 
aromatic hydrocarbons) that exhibit better mobility preferentially 
flow into the organic-lean layer in a free state (Charlesworth, 1986; 
Brother et al., 1991; Bennett et al., 2002; Ataman et al., 2016). 
However, in practice, accurately characterizing these μm–m-scale 
migration differentiations and mobility effects in shale oil systems 
is challenging because of their geological complexity and technical 
uncertainty.

Methods for characterizing conventional hydrocarbon migra
tion differentiation face challenges in their applicability to un
derstanding shale oil migration over short distances (Gao et al., 
2024; Hu et al., 2025). To this end, scholars have implemented 
microscopic observations, experimental analyses, and physical and 
numerical simulations to investigate the migration differentiation 
associated with shale oil. Specifically, microscopic observation 
methods primarily employ fluorescent  thin sections and laser 
scanning confocal microscopy (LSCM) to characterize the 
morphological characteristics of the oil present in shale pores 
directly (Gao et al., 2023), which enables a qualitative under
standing of μm–mm-scale oil migration with high resolution. 
However, the shortcoming of microscopic observations is their 
inability to provide quantitative information on oil geochemistry 
and their inability to implement dynamic process monitoring. In 
contrast, experimental analysis methods mainly include solvent 
extraction, gas chromatography‒mass spectrometry (GC‒MS) 
(Poetz et al., 2020; Vanini et al., 2020; Yuan et al., 2023), carbon 
isotope analysis (Simonet et al., 1981; Clayton and Bostick, 1986; 
Hu et al., 2018; Wang et al., 2020), and Rock‒Eval pyrolysis ex
periments (Zou et al., 2019; Hu et al., 2024a, 2024b) to quantita
tively describe the geochemical differentiation events that are 
related to shale oil migration. These methods can be used to 
effectively reveal the variations in oil components, biomarkers, 
isotopes, free oil contents, and hydrocarbon expulsion efficiencies 
at the cm–m scale (Zhang et al., 2017; Zou et al., 2019; Hu et al., 
2020). However, such methods tend to damage the initial struc
ture of shale during sample preparation and experiments, result
ing in the loss of spatial resolution and the inability to provide 
microscale information. In addition, physical simulations com
bined with online NMR imaging and online CT techniques have 
been employed to investigate hydrocarbon migration pathways in 
tight sandstone reservoirs (Zheng et al., 2016; Arshadi et al., 2018; 
Zhao et al., 2020a, 2020b; Cui et al., 2022; Zhang et al., 2024); 
however, physical simulations of ultralow-permeability shale are 
relatively rare because of the high cost. Owing to the advantages of 
being more cost-effective and less time-consuming, numerical 
methods, such as pore networks (Xiong et al., 2016; Zhao et al., 
2020a), lattice Boltzmann (Guo and Shu, 2013; Zhao et al., 
2020a), and molecular dynamics (Zhang et al., 2020), have been 
adopted to reveal dynamic fluid flow behaviors in porous media. 
However, current numerical simulations typically simulate fluid 
flow within a single type of pore or within a simple pore network, 
but they face challenges in simulating hydrocarbon migration in 
highly heterogeneous pore networks of shale, especially in terms 
of accurately reflecting the oil composition or geochemical dif
ferentiation characteristics.

Furthermore, precise characterization of shale pore-fracture 
systems and fluid  mobility is essential for an in-depth under
standing of the shale oil migration mechanism (Guo et al., 2024; 
Sun et al., 2024). The pore structure of shale reservoirs can be 
quantitatively evaluated through fluid  intrusion methods, which 
generally include helium pycnometry, fluid  saturation, mercury 
intrusion, and gas physisorption (Anovitz and Cole, 2015; Sun 
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et al., 2020). These methods are utilized to probe pore structure in 
shale reservoirs by injecting small molecular fluids such as helium, 
water, mercury, nitrogen, carbon dioxide, argon, etc. (Thommes 
et al., 2015; Mastalerz et al., 2021; Wang and Cheng, 2023; Zhao 
et al., 2023). On the other hand, the pore structure can also be 
observed by radiation methods, which are utilized for imaging 
observations through the interaction of light, electrons, ions, and 
X-ray with the surface or the whole of the shale (Curtis et al., 2012; 
Milliken et al., 2013; Sun et al., 2024). Due to the different obser
vation principles, the characterization scales and sample fields of 
view corresponding to different methods also vary. Meanwhile, 
the pore network structure of shale can also be characterized by 
neutron and X-ray scattering as well as nuclear magnetic reso
nance of hydrogen atoms (Hosseini et al., 2021; Elsayed et al., 
2022). Regarding the evaluation of shale oil mobility, NMR tech
nology is widely utilized to distinguish the occurrence states of 
different fluids  within shale, including free fluids  (e.g., movable 
oil) and bound fluids (e.g., adsorbed oil) (Li et al., 2020; Liu et al., 
2020). However, NMR cannot distinguish the chemical composi
tions of hydrocarbons or quantitatively describe the mobile oil 
content. In comparison, multi-temperature pyrolysis, which has 
the advantages of low cost and is suitable for batch sample anal
ysis, is usually employed to quantify the movable oil content or 
percentage in shale (Jiang et al., 2016). Nevertheless, the 
complexity of multiscale migration and mobility makes it chal
lenging to thoroughly evaluate shale oil migration and mobility 
characteristics by using a single method (or tool), resulting in an 
insufficient  understanding of the mobility effects caused by 
migration differentiation. Thus, combining multiple methods to 
compensate for their respective shortcomings is essential for fully 
revealing multiscale shale oil migration differentiation and 
mobility variations, thereby providing a scientific  basis for 
migration sweet spot evaluation and drilling decision-making in 
shale oil systems.

The objective of this investigation is to systematically elucidate 
μm–m-scale migration differentiation and its corresponding 
mobility effects in shale oil systems by combining multiple 
methods and tools. In this study, the basic geological, geochemical 
and oil-containing characteristics of shale were first characterized 
by thin-section, scanning electron microscopy (SEM), QEMSCAN, 
X-ray diffraction (XRD), total organic carbon (TOC), Rock–Eval 
pyrolysis, and N2 adsorption. Subsequently, shale oil migration 
events, differentiation characteristics and mobility effects were 
investigated primarily by combining laser scanning confocal mi
croscopy (LSCM), nuclear magnetic resonance (NMR), multi- 
temperature pyrolysis, and extract geochemical analysis. This 
study relied on core samples of the Triassic Chang 7 Member 
lacustrine shale system in the Ordos Basin, China, especially the 
Chang 73 submember shale, to characterize the shale oil migration 
differentiation and mobility effects in detail. This study can 
improve the understanding of oil migration behavior, chemical 
differentiation, and associated mobility variations in shale sys
tems, which is critical for assessing future high-mobility migration 
sweet spots and enabling cost-effective and sustainable shale oil 
development.

2. Materials and methods

2.1. Sample collection

The Triassic Chang 7 lacustrine shale in the Ordos Basin, the 
largest shale oil production base in China, was selected as the 
target shale interval in this study (Fig. 1) (Tao et al., 2023). Well H- 
261, a vertical exploration well located in the northern part of the 
Chang 7 shale sedimentary area, was used as a sampling well 

(Fig. 1(c)). The shale formations in this well were composed of the 
lower Chang 73 submembers, the Chang 72 submembers and the 
upper Chang 71 submembers (Fig. 1(d)) (Wang et al., 2022a, 2022b, 
2025). Among these samples, the thick black shale in the Chang 73 
submember was designed to be the focus of the shale oil experi
ment. In this investigation, a total of 56 core samples were 
collected nearly equidistantly from this well at a rate of three 
samples per meter. Specifically, bulk/columnar core samples were 
systematically prepared for thin-section, SEM, QEMSCAN, LSCM 
and two-dimensional T1–T2 NMR analyses. Sample powders were 
subjected to TOC, XRD, N2 adsorption, Rock–Eval pyrolysis and 
multi-temperature pyrolysis measurements. Additionally, extracts 
from rock samples were subjected to component fractionation and 
gas chromatography‒mass spectrometry (GC‒MS) experiments. 
The sample preparation process and the entire workflow used in 
this study are described in Fig. 2.

2.2. Methods

2.2.1. Thin-section, SEM, QEMSCAN, and XRD analyses
To characterize the shale petrological and lamination charac

teristics effectively, core samples were polished or ground to 
obtain a flat  and smooth surface for thin-section, SEM and 
QEMSCAN observations. Thin-section analysis was performed 
under both single-polarized and ortho-polarized light at magni
fications  ranging from 20 to 600 times. SEM analysis was con
ducted at the China University of Petroleum (Beijing) using a ZEISS 
Crossbeam 540 SEM, which had an electron beam resolution of 
0.9 nm at 15 kV and 1.8 nm at 1 kV. These SEM images were used to 
reveal the two-dimensional mineral morphological and pore 
structure characteristics of the shale. Moreover, QEMSCAN was 
applied to scan the preset surface area with a high-energy electron 
beam and subsequently obtain a color map of the mineral 
assemblage. This instrument detected the contents of elements 
and minerals by combining the grayscale of the backscattered 
electron (BSE) image with the intensity of X-rays. For the XRD 
experiments, the collected samples were ground into powder with 
an agate mortar and sieved through 75-μm filters  to facilitate 
mineralogy testing. After the powder was fed into the instrument, 
the output diffractograms were analyzed by a computer to identify 
minerals and consequently calculate the weight percentage of 
each mineral.

2.2.2. TOC measurement and Rock–Eval pyrolysis
For the purpose of organic feature evaluation, TOC analysis of 

56 samples was performed at the State Key Laboratory of Petro
leum Resources and Engineering of the China University of Pe
troleum (Beijing) using a LECO CS230HC carbon-sulfur analyzer. 
Prior to the experiment, the samples being evaluated were pul
verized into 100–200-mesh powder. To remove carbonate min
erals and moisture, the sample powder was treated with a 12.5% 
hydrochloric acid solution for 24 h to remove inorganic carbon and 
subsequently burned with a high-temperature oxygen stream to 
measure the TOC content.

These samples were analyzed using a Rock–Eval pyrolyzer 
(Rock–Eval 6) according to the GB/T18602-2012 standard tech
nique (National Standards Complication Group of People’s 
Republic of China, 2012). For powder samples that were pulver
ized into sizes of 100 mesh, approximately 100 mg of each sample 
was heated to 650 ◦C in a nitrogen atmosphere at a heating rate of 
25 ◦C/min. During the heating process, the quantity of free hy
drocarbons (S1) was obtained by heating the powder at 300 ◦C for 
3 min, and the residual hydrocarbon generation potential (S2) was 
detected at pyrolysis temperatures ranging from 300 ◦C to 600 ◦C 
at a heating rate of 25 ◦C/min. The temperature of maximum 
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hydrocarbon generation corresponding to the S2 peak (i.e., Tmax) 
could be obtained through this experiment. The hydrogen index 
(HI = S2 × 100/TOC) of each shale sample was consequently 
quantified.

2.2.3. N2 adsorption, solvent extraction, fractionation, and gas 
chromatography–mass spectrometry (GC–MS)

To quantitatively assess the pore structure of the shale, N2 
adsorption experiments were conducted at the China University of 
Petroleum (Beijing) using an ASAP2020KM+C (Micromeritics, 
USA) automatic specific  surface area analyzer and porosity 
analyzer. This instrument could measure apertures ranging from 
0.35 nm to 500 nm, with a minimum detection surface area of 
0.0001 m2/g and a minimum detection pore volume of 
0.0001 cm3/g. The samples crushed to approximately 0.2 mm were 
vacuum-dried at 80 ◦C for 12 h and subsequently tested with 

99.99% pure nitrogen at 77 K (− 196.15 ◦C). In accordance with the 
adsorbed nitrogen quantity, the surface area was calculated by the 
Brunauer–Emmett–Teller (BET) method (Brunauer et al., 1938), 
and the pore volume and pore size parameters were determined 
by the Barrett–Joyner–Halenda (BJH) method (Barrett et al., 1951).

For geochemical analysis, the shale samples were crushed to 
sizes of less than 100 mesh and extracted with chloroform in a 
Soxhlet extractor for 72 h according to the SY/T5119-2016 
(National Energy Administration, 2016) standard technique. After 
the asphaltene was precipitated by n-hexane, the soluble com
ponents in the extract were subsequently separated through a 
silica–alumina chromatographic column (silica:alumina = 3:1), 
where the saturate hydrocarbons and aromatics were washed out 
by using n-hexane and dichloromethane, respectively. Accord
ingly, the relative contents of saturate hydrocarbon, aromatic hy
drocarbon, nonhydrocarbon and asphaltene components in the 

Fig. 1. Maps showing (a) the location of China, (b) the sedimentary basins in China and the location of the Ordos Basin (Tao et al., 2023), (c) the tectonic units of the Ordos Basin 
and the location of Well H-261 for core samples, and (d) the generalized Triassic Yanchang Formation stratigraphy and Chang 7 lacustrine shale system (Wang et al., 2022a, 
2022b).
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chloroform extract were obtained. Moreover, the saturate hydro
carbon components were put into a gas chromatography–mass 
spectrometry (GC–MS)-coupled instrument (Agilent-7890B- 
5977A) for gas chromatography‒mass spectrometry analysis, 
which consequently detected n-alkane biomarkers.

2.2.4. T1–T2 NMR, LSCM, and multi-temperature pyrolysis
To facilitate NMR testing, standard plunger samples with di

ameters of approximately 25 mm were drilled using wire cutting 
from the analyzed shale cores. T1–T2 NMR experiments were 
conducted at the State Key Laboratory of Petroleum Resources and 
Engineering of China University of Petroleum (Beijing) using a 
high-temperature and high-pressure displacement NMR analysis 
and imaging system (SPEC-RC035). Specifically, the SR–CPMG 
sequence was adopted for the T1–T2 spectrum test with the 
following test parameters: wait time (TW) of 10 ms, overlay time 
(NS) of 32, number of echoes (NECH) of 4096, number of reversals 
(NTI) of 31, and echo interval of 0.07 ms. This echo interval enabled 
the T1–T2 spectra to effectively reflect the NMR response charac
teristics of pore fluids  and solid hydrogen nuclei, including 

kerogen/solid bitumen, adsorbed oil, movable oil, free water, and 
structural water.

To characterize the occurrence of light/heavy components of 
shale oil at the micron scale, laser scanning confocal microscopy 
was performed on 0.04–0.05-mm shale slices at a temperature of 
25 ◦C and relative humidity of 30%–46% with a maximum imaging 
resolution of approximately 200 nm using the SP8 model. The 
LSCM uses a laser with a fixed wavelength of 488 nm to excite the 
sample, where the light hydrocarbon components (saturate hy
drocarbons and some aromatics) produce fluorescence signals in 
the wavelength range of 490–600 nm, whereas the heavy hydro
carbon components (some aromatics, nonhydrocarbons and 
asphaltenes) produce fluorescence signals in the wavelength range 
of 600–800 nm. For the samples in the LSCM system, the incident 
light spot was set on the focal plane (XY-axis) perpendicular to the 
microscope optical axis. Firstly, the information obtained by 
scanning the sample point by point or line by line was analyzed 
and processed by the computer into a two-dimensional image, 
which represents the “slice” image of the plane within the focusing 
thickness range. Subsequently, by using the volume rendering 

Fig. 2. Schematic diagram showing the entire workflow in this study.
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processing technology of the computer, these multiple XY-plane 
images captured at different Z-axis positions (along the micro
scope optical axis) at certain intervals were “stacked” to recon
struct a three-dimensional stereoscopic image of reservoir pores 
and oil distribution within the scanning area. Finally, the LSCM 
technology was employed to quantitatively analyze and calculate 
the obtained three-dimensional rock pores and microscopic oil 
images, thereby obtaining the three-dimensional quantitative in
dicators of the oil components in the rock pores, namely the light/ 
heavy component volume percentage.

For the multi-temperature pyrolysis experiments, the powder 
shale samples were heated with a Rock–Eval 6 pyrolyzer at a 
heating rate of 25 ◦C/min. The detectable S′1-1 was measured when 
the temperature was increased to 200 ◦C and maintained for 
1 min. Then, the temperature was increased to 350 ◦C and held for 
1 min to identify the produced S′1-2. To detect the produced S′2-1, 
the temperature was increased to 450 ◦C at a heating rate of 25 ◦C/ 
min and maintained for 1 min. Finally, the temperature was raised 
to 600 ◦C and again maintained for 1 min to determine the pro
duced S′2-2. S′1-1 predominantly represents the light oil compo
nents that exist in the free state, and S′1-2 is mainly composed of 
light‒medium oil components in the free state. S′2-1 suggests that 
heavy hydrocarbons and colloidal asphaltenes exist in an adsorbed 
state. S′2-2 corresponds primarily to the hydrocarbons regenerated 
by kerogen pyrolysis in the shale samples.

3. Results

3.1. Inorganic composition and lamination characteristics of shale

The mineralogical analysis results for the Chang 73 shale sam
ple are shown in Fig. 3(a). The results show that the Chang 73 shale 
is primarily composed of quartz (avg. 36.08%), feldspar (avg. 
21.06%), and clay minerals (avg. 35.74%), which are accompanied 
by small amounts of calcite, dolomite and pyrite. In addition, sig
nificant  vertical heterogeneity in the mineral composition is 
observed at sampling depths ranging from 2226.2 m to 2245.0 m.

Core, thin-section, SEM and QEMSCAN analyses reveal detect
able laminae types and combinations in the Chang 73 shale sam
ples (Fig. 3(b)–(m)). Specifically, three types of μm–mm-scale 
laminae structures can be identified: organic laminae (OL), felsic 
laminae (FL) and tuffaceous laminae (TL). OL with a flat and wavy 
morphology appears dark black in core samples (Fig. 3(c) and (d)) 
and dark brown under thin-section analysis with single-polarized 
light (Fig. 3(e)). The mineral composition is characterized by high 
contents of clay minerals and strawberry-shaped pyrite and a low 
content of clastic particles (Fig. 3(f) and (g)). Conversely, FL with 
good continuity appears gray (or grayish white) in the core sam
ples and overlaps with organic laminae to form light‒dark bands 
(Fig. 3(c)). The silt-grade clastic structure with a large particle size 
can be clearly observed by thin-section and SEM analyses, 
revealing the mixing of terrigenous clastic quartz, feldspar, clay 
and carbonate minerals (Fig. 3(h)–(j)). The TL appears as contin
uous strips of grayish brown and light yellow on the core samples 
(Fig. 3(d)) and light brown under thin sections with single- 
polarized light (Fig. 3(k)), indicating an uneven angular pyroclas
tic distribution visible under SEM (Fig. 3(l)). According to the re
sults of the QEMSCAN analysis, TL has a mineralogical 
characteristic of relatively high clay mineral content and is 
accompanied by pyrite (FeS2), which suggests relatively weak and 
stable hydrodynamic conditions (Fig. 3(m)).

Furthermore, these laminae are randomly combined in the 
Chang 73 shale to form three categories of laminae assemblage 
structures: massive structures, OL+FL laminae assemblages and 
OL+TL laminae assemblages. Specifically, shales with massive 

structures are defined as massive shales (MSs), which can also be 
characterized as black shales without continuously overlapping 
stratified  layers; the organic matter mainly consists of scattered 
and clumped algal debris (Fig. 3(b)). Shales with OL+FL laminae 
assemblages can be identified  as felsic laminated shales (FLSs), 
exhibiting clear interlaminar boundaries formed by a combination 
of OL and FL (Fig. 3(c)). The continuous bright FL contains well- 
sorted quartz particles, and the dark OL is enriched in organic 
matter. Similarly, shales with OL+TL laminae assemblages have 
been identified  as tuffaceous laminated shales (TLSs), which 
alternate regularly between black OL and light yellow or grayish 
brown TL (Fig. 3(d)). Unlike FLS, which has relatively strong 
terrigenous input and hydrodynamic conditions, the strawberry- 
shaped pyrite distributed along the OL and TL within the TLS in
dicates the presence of weak hydrodynamic conditions that are 
conducive to organic matter enrichment. As shown in Fig. 3(n), 
there are significant  differences in the average contents of 
different minerals within FLS, MS, and TLS, exhibiting a gradual 
increase in clay minerals and pyrite, while the contents of quartz 
and feldspar decrease significantly.

3.2. Organic geochemical characteristics of the shale

The detailed organic geochemical analysis results obtained 
from the shale samples are shown in Fig. 4. The total organic 
carbon (TOC) content and potential hydrocarbon generation 
amount (S1+S2) vary widely among the three shale types. MS 
samples present TOC contents ranging from 0.81% to 10.38% (avg. 
4.62%) and S1+S2 contents ranging from 3.78 mg/g to 53.33 mg/g 
(avg. 18.49 mg/g), suggesting that most MS samples have very good 
hydrocarbon generation potential according to the cross-plot of 
S1+S2–TOC. The HI versus Tmax plot reveals that MS mainly pro
duces type II1 and type I kerogen in the mature thermal evolution 
stage. With respect to the FLS samples, the TOC content ranges 
from 0.36% to 5.82% (avg. 2.70%), and the S1+S2 contents vary from 
1.05 mg/g to 26.70 mg/g (avg. 10.40 mg/g), indicating that the FLS 
samples develop fair, good, and very good source rocks. Moreover, 
the HI versus Tmax plot reveals that FLS includes type II2, type II1 
and type I kerogen in the mature stage. The TLS samples present 
TOC contents ranging from 1.6% to 14.14% (avg. 9.30%) and S1+S2 
contents ranging from 4.73 mg/g to 86.47 mg/g (avg. 48.19 mg/g), 
which can be considered very good source rocks. Additionally, TLSs 
primarily develop mature type I and type II1 kerogen according to 
the HI versus Tmax plot. In summary, the following organic 
geochemical features or hydrocarbon generation capacity se
quences can be obtained: TLS > MS > FLS.

3.3. Pore structure characteristics of the shale

The detailed pore structure analysis results for the Chang 73 
shale samples by SEM and N2 adsorption are shown in Figs. 5 and 
6. SEM analysis reveals notable differences in two-dimensional 
pore features among the MS, TLS and FLS samples. The FLS sam
ples commonly exhibit intragranular dissolution pores and inter
granular pores with microfractures that cut through the debris 
(Fig. 5(a)–(c)). The pores of the TLS samples are primarily 
composed of pyrite intercrystalline pores and clay mineral intra
granular pores with microfractures developed along the laminae 
(Fig. 5(d)–(f)). The analyzed MS samples exhibit mainly inter
crystalline pores and intragranular pores with few organic matter 
pores. However, the number of microfractures is significantly 
lower than that in the TLS and FLS samples (Fig. 5(g)–(i)). Addi
tionally, three-dimensional pore features can be detected by N2 
adsorption‒desorption curves. According to the classification 
standard set by IUPAC, the hysteresis loop of the N2 
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Fig. 3. Mineralogical and laminated structure of the Chang 73 shale in the Ordos Basin. (a) XRD results showing the mineralogical characteristics of Well H-261 at depths ranging 
from 2226.2 m to 2245.0 m. (b), (c) and (d) Typical core photographs showing the massive shale (MS), felsic laminated shale (FLS) and tuffaceous laminated shale (TLS) samples 
within the Chang 73 shale, respectively. (e) Organic laminae in plane-polarized light in Well H-261 (2234.5 m). (f) SEM image showing the continuous organic laminae and 
associated strawberry-shaped pyrite in Well H-261 (2243.5 m). (g) QEMSCAN image illustrating the mineralogical composition of organic laminae in Well H-261 (2239.2 m). (h) 
Felsic laminae in plane-polarized light in Well H-261 (2234.5 m). (i) SEM image showing the continuous felsic laminae dominated by terrigenous clastic particles in Well H-261 
(2234.2 m). (j) QEMSCAN image showing the mineralogical compositions of the felsic laminae dominated by quartz and feldspar in Well H-261 (2239.2 m). (k) Thin sections under 
plane-polarized light illustrating the alternating distribution of tuffaceous laminae and organic laminae in Well H-261 (2237.1 m). (l) SEM image showing the continuous 
tuffaceous laminae characteristics in Well H-261 (2232.8 m). (m) QEMSCAN image showing the mineralogical compositions of tuffaceous laminae dominated by clay minerals in 
Well H-261 (2232.8 m). (n) Comparison of the average contents of different minerals in massive shale (MS), felsic laminated shale (FLS) and tuffaceous laminated shale (TLS).
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adsorption‒desorption curve can be divided into four types of 
pore morphology: H1 (cylindrical pores with both open ends), H2 
(ink-bottle-shaped pores), H3 (slit-shaped pores) and H4 (narrow- 
slit-shaped pores) (Broekhoff, 1979; Sing, 1985; Lowell et al., 
2004). The N2 adsorption‒desorption curves of the FLS samples 
are dominated by H2-type with a few H3-type hysteresis loops 
(Fig. 6(b)), indicating that FLS results in the development of more 
ink-bottle pores. The N2 adsorption‒desorption curves for the TLS 
samples exhibit predominantly H3-type hysteresis loops with a 
few H2-type hysteresis loops (Fig. 6(c)), suggesting that TLS has 
more parallel slit-shaped pores. In terms of MS, the analyzed 
samples are primarily characterized by H2 and H3 hysteresis loops 
(Fig. 6(a)), demonstrating that MS predominantly develops ink- 
bottle-shaped and slit-shaped pores. Fig. 6(d)–(f) shows the 
curve of shale pore diameter and cumulative pore volume, which 
can reflect the contribution of pores of different pore diameters to 
pore volume. For MS, the cumulative pore volume rises rapidly 
when the pore diameter is greater than 10 nm, suggesting that 
pores larger than 10 nm provide the majority of the pore volume. 
Similarly, the pore volumes of FLS and TLS are mainly provided by 
pores with diameters of 0–90 nm and >20 nm, respectively. 
Fig. 6(g)–(i) displays the curve of shale pore size and cumulative 
specific surface area, which can exhibit the contribution of pores of 
different pore diameters to specific surface area. Specifically, the 
specific surface areas of MS, FLS and TLS are primarily provided by 
pores with diameters of 0–30 nm, 0–20 nm and 0–40 nm, 
respectively. In this study, the dV/dlg(D)–D differential distribution 
curve is selected to analyze the pore diameter distribution, where 
V represents the pore volume, and D represents the pore diameter. 
The pore diameters of MS are mainly distributed within the range 
of 2 nm to 150 nm, and the pore volume change rate shows a 
bimodal and unimodal distribution (Fig. 6(j)). The pore diameter of 
FLS is primarily distributed from 1.8 nm to 170 nm, and the pore 
volume change rate shows a bimodal distribution, with the main 
peak value in the range of 2–5 nm and 20–60 nm (Fig. 6(k)). The 
pore diameter of TLS is predominantly distributed within the 
range of 2 nm to 200 nm, and the pore volume change rate exhibits 
a unimodal distribution, with the main peak value in the range of 
20 nm to 90 nm (Fig. 6(l)).

The detailed pore structure quantitative parameters, including 
the specific  surface area, total pore volume and average pore 
diameter, detected by N2 adsorption isotherms are listed in Table 1. 
FLS samples typically feature high specific surface areas, high total 
pore volumes and low average pore diameters (Fig. 6(e)–(h) and 
(k)). The quantitative results reveal specific surface area distribu
tions between 0.95 m2/g and 19.24 m2/g (avg. 3.64 m2/g), and the 
total pore volume ranges from 0.00555 cm3/g to 0.038 cm3/g (avg. 
0.01088 cm3/g). The detected average pore diameter for the FLS 
samples varies between 5.82 nm and 12.46 nm, with an average 
value of 9.13 nm. Conversely, the pore structures of the TLS sam
ples are characterized by low specific surface area, low total pore 
volume and high average pore diameter (Fig. 6(f)–(i) and (l)). The 
measured specific surface areas for the TLS samples vary between 
0.35 m2/g and 9.17 m2/g (avg. 1.64 m2/g), and the total pore vol
umes range from 0.00279 cm3/g to 0.0181 cm3/g (avg. 
0.00533 cm3/g). The average pore diameter detected for the TLS 
samples ranges from 6.65 nm to 14.74 nm, with an average value of 
12.07 nm. In terms of the pore structure of MS, the ranges of the 
specific surface area, total pore volume and average pore diameter 
are 0.33–9.16 m2/g (avg. 1.49 m2/g), 0.00184–0.01812 cm3/g (avg. 
0.00659 cm3/g), and 6.64–14.45 nm (avg. 10.25 nm), respectively 
(Fig. 6(d)–(g) and (j)).

The quality of shale oil reservoirs does not solely depend on the 
excellence of a single pore structure parameter, but rather on 
whether parameters such as average pore diameter, specific sur
face area, and total pore volume can effectively coordinate to 
maximize oil content and fluidity. A favorable shale reservoir must 
have sufficient storage capacity and superior seepage capacity to 
ensure that shale oil can be effectively extracted. Specifically, the 
average pore diameter, specific surface area and total pore volume 
tend to affect the permeability, adsorption oil storage site, and free 
oil storage space of shale reservoirs, respectively. Although the 
average pore size of FLS is slightly lower than that of MS and TLS, 
its average specific surface area and total pore volume of FLS are 
more than twice that of MS and TLS (Fig. 7), suggesting that the 
largest storage space is available for both adsorbed oil and free oil. 
In the laminated structure, although the nanoscale pores them
selves exhibit poor permeability, the densely developed rock 

Fig. 4. (a) Hydrocarbon generation potential (S1+S2) versus TOC plot of the shale samples. (b) Cross-plot of the HI–Tmax values for three lithologies of Chang 73 shale in the Ordos 
Basin. Hydrogen index (HI) = S2/TOC × 100, mg HC/g TOC.
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lamellae are natural vulnerable surfaces and percolation dominant 
channels, especially for FLS with high brittle mineral content, 
which can appropriately compensate for the seepage disadvantage 
caused by the relatively small pore diameters. Thus, FLS is a 
favorable shale reservoir with a relatively balanced storage and 
seepage. In contrast, TLS, despite exhibiting the largest average 
pore diameter, has non-negligible shortcomings, that is, the 
smallest total pore volume and medium-poor specific surface area. 
This means that the total storage space of TLS is small, and the 
scale of shale oil that can be stored is very limited. In addition, the 
high clay mineral content also makes the shale oil within the TLS 
not easy to flow and exploit. The parameters of MS are balanced 
and at a medium level, but lack the percolation advantage brought 
by the laminated structure, therefore the overall quality is at a 
medium level. In summary, the reservoir quality sequences of 
different shale types in the study area can be obtained as follows: 
FLS > MS > TLS.

3.4. Shale movable oil content and mobility characteristics

The movable oil content detected by Rock–Eval pyrolysis and 
multi-temperature pyrolysis is presented in Fig. 8. The oil 
saturation index (OSI) is a widely used parameter for evaluating 

shale oil mobility (Jarvie, 2012) and is defined  as the ratio of 
pyrolysis S1 (i.e., residual hydrocarbon content in rocks) to total 
organic carbon content (TOC). According to Rock–Eval pyrolysis 
and TOC analyses, the OSI values of the MS samples are found to 
vary between 22.42 mg/g and 107.58 mg/g, with an average 
value of 47.21 mg/g. The analyzed FLS samples present OSI 
values ranging from 40.23 mg/g to 142.67 mg/g (avg. 63.84 mg/ 
g), suggesting relatively favorable oil fluidity. Conversely, the TLS 
samples exhibit the poorest oil fluidity, with OSI values varying 
from 18.17 mg/g to 44.38 mg/g (avg. 33.06 mg/g). According to 
the results from multi-temperature pyrolysis, the ranges of 
movable oil contents (i.e., S′1-1+S′1-2) of the MS, FLS and TLS 
samples are 1.08–4.35 mg/g (avg. 2.79 mg/g), 0.86–4.44 mg/g 
(avg. 2.66 mg/g), and 1.26–4.94 mg/g (avg. 3.66 mg/g), respec
tively. Moreover, the percentage of movable oil (i.e., (S′1-1+S′1-2)/ 
(S′1-1+S′1-2 +S′2-1)) for the tested MS samples ranges from 24.34% 
to 52.68%, with an average value of 42.11%. The FLS samples 
present movable oil percentages ranging from 19.18% to 56.87% 
with an average value of 45.40%. Conversely, the TLS samples 
present the lowest proportion of mobile oil, with percentages 
ranging from 26.00% to 45.48% (avg. 31.88%), indicating that the 
shale oil in the TLS samples predominantly exists in the adsor
bed state.

Fig. 5. SEM image showing the pore characteristics of the studied shale samples. (a) Intragranular dissolution pores observed in FLS in Well H-261 (2228.5 m). (b) SEM image 
showing an intergranular pore in FLS in Well H-261 (2245 m). (c) Microfracture cutting through quartz particles in the felsic laminae of FLS in Well H-261 (2243.5 m). (d) 
Intragranular pores developed in clay minerals in the TLS in Well H-261 (2232.8 m). (e) SEM image illustrating the intercrystalline pores in pyrite in the TLS in Well H-261 
(2246.5 m). (f) Microfractures along the tuffaceous laminae in the TLS in Well H-261 (2246.5 m). (g) Intragranular pores of clay minerals in MS in Well H-261 (2243.2 m). (h) 
Intercrystalline pores of pyrite in MS in Well H-261 (2235.5 m). (i) Organic matter pores in MS in Well H-261 (2229.5 m). MS = massive shale; FLS = felsic laminated shale; and 
TLS = tuffaceous laminated shale.
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The T1–T2 spectra derived from two-dimensional NMR spec
troscopy are used to measure the relative quantities of fluids  in 
different occurrence states within the shale, including bound 
water, free water, adsorbed oil and movable oil. In this study, by 
systematically comparing the T1–T2 spectra of samples in various 
states (original, dried, water-saturated, oil-saturated, water- 
saturated centrifuged, and oil-saturated centrifuged), the fluid 

signals in different occurrence states were separated and identi
fied,  thereby establishing a classification  chart for the different 
fluid components. Specifically, movable oil and adsorbed oil were 
primarily determined by the signal differences between the oil- 
saturated sample and the oil-saturated centrifuged sample. The 
signals that decreased after centrifugation of the oil-saturated 
samples corresponded to the movable oil, while the remaining 

Fig. 6. N2 adsorption results for the studied shale samples. N2 adsorption‒desorption isotherm curves of the (a) MS, (b) FLS, and (c) TLS samples. Cumulative pore volume versus 
pore diameter of the (d) MS, (e) FLS, and (f) TLS samples. Cumulative pore area versus pore diameter of the (g) MS, (h) FLS, and (i) TLS samples. Cross-plots of the dV/dlg(D) pore 
volume‒pore diameter for the (j) MS, (k) FLS, and (l) TLS samples in the Chang 73 shale. MS = massive shale; FLS = felsic laminated shale; and TLS = tuffaceous laminated shale.

Table 1 
Average pore diameter, specific surface area, and total pore volume of the Chang 73 shale samples studied by N2 adsorption.

Shale type BJH average pore diameter, nm BET specific surface area, m2/g BJH total pore volume, ×10− 3 cm3/g

Massive shale (MS) 6.64–14.45 (10.25) 0.33–9.16 (1.49) 1.84–18.12 (6.59)
Felsic laminated shale (FLS) 5.82–12.46 (9.13) 0.95–19.24 (3.64) 5.55–38.00 (10.88)
Tuffaceous laminated shale (TLS) 6.65–14.74 (12.07) 0.35–9.17 (1.64) 2.79–18.10 (5.33)

Note: Minimum–Maximum (Average).
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fluid  signals generally corresponded to the adsorbed oil in a 
strongly bound state. In this way, the distribution ranges of 
kerogen/solid bitumen (T2 < 0.2 ms, T1/T2 > 100), adsorbed oil (0.2 
ms < T2 < 1 ms, T1/T2 > 10), movable oil (T2 > 1 ms, T1/T2 > 10), 
bound water (T2 < 0.2 ms, T1/T2 < 100), and free water (T2 > 0.2 ms, 
T1/T2 < 10) in the T1–T2 spectra were determined respectively. As 
illustrated in Fig. 9, the TLS samples exhibit a strong adsorbed oil 
signal with a small detectable movable oil signal, suggesting 
overall unfavorable oil fluidity. Although more movable oil signals 
can be observed in the MS samples, the detectable adsorbed oil 
signal remains high, suggesting that the shale oil mainly exists in 
the adsorbed state. Conversely, the FLS samples present the 
highest detectable movable oil signals and are very close to the 
adsorbed oil signals, suggesting the most favorable oil fluidity 
among the three different shale types.

3.5. Chemical composition characteristics of chloroform extracts

Chemical composition analysis of chloroform extracts fraction
ated from rock samples can offer significant  insights into the 

fluidity of shale oil. Theoretically, the contents of saturate, aromatic, 
nonhydrocarbon and asphaltene components can represent the 
individual physical and chemical properties of shale oil. Specifically, 
shale oil tends to exhibit favorable fluidity when the saturate con
tent is high. With respect to the chloroform extracts obtained from 
the MS samples, the percentage of saturates varies between 20.49% 
and 56.33%, with an average value of 41.39% (Fig. 10). Moreover, the 
average percentages of aromatics, nonhydrocarbons and asphal
tenes identified in the MS samples are 26.17%, 27.48%, and 4.946%, 
respectively. The chloroform extracts from the FLS samples contain 
saturate hydrocarbons ranging from 31.61% to 59.53% (avg. 46.92%), 
whereas the average contents of aromatics, nonhydrocarbon and 
asphaltene are 21.60%, 27.26% and 4.22%, respectively. This finding 
indicates a relatively favorable fluidity compared with the shale oil 
present in the MS samples. In terms of the chloroform extracts 
fractionated from the TLS samples, the detectable saturate hydro
carbon content is determined to be the lowest, and it varies be
tween 22.72% and 34.90%, with an average value of 28.82%. 
Additionally, the contents of aromatics, nonhydrocarbons and 
asphaltenes significantly  increase, with mean values of 30.79%, 
34.02% and 6.365%, respectively, indicating relatively poor fluidity. 
Overall, the chemical compositions of the TLS, MS, and FLS extracts 
show gradually increasing saturate hydrocarbon contents, sug
gesting that the fluidity of the oil improves.

4. Discussion

4.1. Evidence of shale oil migration across the μm‒m scale

Determining the occurrence positions of shale oil migration in 
different source–reservoir units is a key basis for discussing the 
mobility effects of migration differentiation. However, due to the 
short migration distance and multiscale nature, accurately 

Fig. 7. The bar chart shows the comparison of N2 adsorption parameters for different 
types of shale. MS = massive shale; FLS = felsic laminated shale; and TLS = tuffaceous 
laminated shale.

Fig. 8. Rock–Eval pyrolysis and multi-temperature pyrolysis results for the studied Chang 73 shale samples. (a) Cross-plot of the S1–TOC for the MS, FLS, and TLS samples. (b) OSI 
box plots for the MS, FLS, and TLS samples. (c) Box plot showing the distribution of the oil content for the MS, FLS, and TLS samples. (d) Box plot illustrating the adsorbed and 
movable oil percentages for the MS, FLS, and TLS samples. MS = massive shale; FLS = felsic laminated shale; and TLS = tuffaceous laminated shale.
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implementing shale oil migration tracing through a single 
geochemical index or method faces challenges. To this end, this 
study combined LSCM, pyrolysis parameter anomalies, 
original–true hydrocarbon generation potential differences, 
chemical composition differentiation, and n-alkane differentiation 
to comprehensively identify and discuss multiscale shale oil 
migration phenomena.

4.1.1. Interlaminar shale oil migration at the μm‒mm scale
High-resolution LSCM can be utilized to effectively analyze the 

occurrence and migration differentiation characteristics of shale 
oil components in the micrometer–sub-micrometer pores of 
typical shale samples (Gao et al., 2023). Specifically, the function of 
LSCM in receiving fluorescence signals of different bands can be 
utilized to qualitatively and quantitatively evaluate the 

Fig. 9. NMR results for typical shale samples from the Chang 73 lacustrine shale. Regions 1 to 5 represent kerogen/solid bitumen (T2 < 0.2 ms, T1/T2 > 100), adsorbed oil (0.2 
ms < T2 < 1 ms, T1/T2 > 10), movable oil (T2 > 1 ms, T1/T2 > 10), bound water (T2 < 0.2 ms, T1/T2 < 100), and free water (T2 > 0.2 ms, T1/T2 < 10), respectively.

Fig. 10. (a) Relative contents and (b) average contents of different chemical compositions of extracts from the Chang 73 lacustrine shale samples.
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Fig. 11. Occurrence characteristics of light/heavy oil components in typical shale samples under LSCM. (a), (b) and (c) show massive/laminated shale under plane-polarized light, 
orthogonal light and transmitted light, respectively. (d) Distribution of the oil light component (green color). (e) Distribution of heavy components (red color). (f) Light–heavy 
component superposed plots. OL = organic laminae; FL = felsic laminae; and TL = tuffaceous laminae. (g) Conceptual diagram illustrating the interlaminar light/heavy 
component differentiation in the shale.
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distribution and content of light and heavy components (including 
heavy oil, gelatinous asphaltenes, etc.) in shale oil. In this way, 
based on the geochromatography effect during the petroleum 
migration process, the migration phenomenon of shale oil at the 
μm‒mm scale can be analyzed, especially between different 
laminae.

In this study, disparities in hydrocarbon generation and storage 
capacity between different laminae provide favorable conditions 
for interlaminar shale oil migration, which is proven by detectable 
oil composition differentiation at the μm‒mm scale according to 
LSCM (Fig. 11; Table 2). Theoretically, organic laminae (OLs) are 
considered oil-generating units because of their strong hydrocar
bon generation/expulsion capacity, whereas organic-poor felsic 
laminae (FLs) and tuffaceous laminae (TLs) are generally consid
ered reservoir units. In general, according to geochromatography 
in petroleum migration, migrating hydrocarbons are chemically 
lighter than retained hydrocarbons because of their good mobility 
(Charlesworth, 1986; Brother et al., 1991; Bennett et al., 2002; 
Ataman et al., 2016), thus contributing to the enrichment of light 
components in the reservoir unit. For MS, the absence of over
lapping laminated structures leads to no distinct source–reservoir 
unit within the shale, where the light components (green color) 
and heavy components (red color) detected via LSCM exhibit a 
random dispersion distribution and no significant  component 
differentiation (Fig. 11(a1)–(g1)). The light/heavy component ratio 
of the MS sample quantitatively detected was 0.491. It is evident 
that the μm–mm-scale shale oil migration phenomenon is not 
widespread within the MS. Regarding the FLS, significant  oil 
composition differentiation can be observed in the microscopic 
source–reservoir unit composed of organic matter and felsic 
laminates. As illustrated in Fig. 11(d2)–(f2), the detectable residual 
oil content in the OL is generally low (volume percentage is 
8.254%) and is predominantly composed of heavy components 
(volume percentage is 6.298%), suggesting that most of the light 

hydrocarbons have migrated away. Correspondingly, the FL adja
cent to the OL has a high oil content (volume percentage is 
23.519%) and is relatively rich in light hydrocarbon components 
(volume percentage is 8.824%) compared to OL, indicating signif
icant oil content variations and oil component differentiation 
caused by the migration of hydrocarbon inputs (Fig. 11(g2)). The 
light/heavy component ratios for OL and FL were 0.311 and 0.600, 
respectively. This apparent disparity in light/heavy component 
ratio can be attributed to the favorable reservoir capacity of FL 
facilitating oil migration. Unlike FLS, the detectable oil content 
within TLS is enriched in OL rather than in TL, and it is composed 
mainly of heavy components (Fig. 11(f3) and (f4)). As shown in 
Fig. 11(f3), the detectable oil volume percentage and the light/ 
heavy component ratio of OL are 9.510% and 0.479 respectively, 
implying a large amount of crude oil retention. Owing to the low 
total pore volume, which is not conducive to hydrocarbon charging 
and migration, the TL is characterized by a low oil content (volume 
percentage is 1.890%) and a higher light/heavy component ratio 
(0.657). Similar features are also shown in Fig. 11(f4). This 
component differentiation also confirms  the occurrence of oil 
migration between OL and TL (Fig. 11(g3)). According to the 
detectable oil content and light/heavy component ratio disparity 
of different laminae, shale oil migration in the OL–FL laminae 
assemblage is evidently easier and stronger than that in the OL–TL 
laminae assemblage. Overall, laminated shales are more prone to 
obvious μm‒mm-scale shale oil migration than massive shales are, 
and FLSs exhibit more significant interlaminar shale oil migration 
than TLSs do.

4.1.2. Shale oil migration across the laminae assemblage at the 
cm–m scale

The cm–m-scale oil migrations across the laminae assemblage 
(or lithofacies) can also be observed in the Chang 73 shale, which is 
distinguished by the following four aspects: pyrolysis parameter 

Table 2 
Quantitative results of light and heavy components of different shale types and internal laminae.

Sample depth, m Shale type Measuring position Light component volume percentage, % Heavy component volume percentage, % Light/heavy component ratio

2234.5 MS Fig. 11(f1) 3.623 7.376 0.491
2228.8 FLS OL Fig. 11(f2) 1.956 6.298 0.311

FL 8.824 14.695 0.600
2244.5 TLS OL Fig. 11(f3) 3.082 6.428 0.479

TL 0.745 1.134 0.657
TLS OL Fig. 11(f4) 4.882 9.155 0.533

TL 1.601 2.289 0.699

Note: MS = massive shale; FLS = felsic laminated shale; TLS = tuffaceous laminated shale; OL = organic laminae; FL = felsic laminae; and TL = tuffaceous laminae.

Fig. 12. Rock–Eval curves of the Chang 7 shale before (green solid lines) and after (red dashed lines) the Soxhlet extraction as a function of time (Zou et al., 2019).
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anomalies, original–true hydrocarbon generation potential differ
ences, chemical composition differentiation, and n-alkane 
differentiation.

Firstly, the presence of migrated hydrocarbons can be identified 
by using the Rock–Eval pyrolysis spectra before and after extrac
tion. Many scholars have found that the input of migrated 

hydrocarbons can cause a preshoulder before the peak of pyrolysis 
hydrocarbons (S2), which is due to the mixture of heavy oil or 
asphalt in the migrated hydrocarbon and products within the S2 
peak temperature range, thus represses the S2 peak temperature, 
that is, reducing the maximum pyrolysis peak temperature (Tmax) 
value (Han et al., 2015, 2019; Li et al., 2018; Zou et al., 2019). As 

Fig. 13. Geochemical profiles of the Chang 73 shale in Well H-261. (a) Vertical variation in the TOC content, Rock–Eval pyrolysis parameters, and ΔQ (HGPO − HGPR). (b) Vertical 
chemical composition differentiation of chloroform extracts. FLS1 to FLS6 represent major felsic laminated shale units. MS1 and MS2 are the main massive shale units. TLS1 and 
TLS2 indicate tuffaceous laminated shale units.
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shown in Fig. 12, existing studies have revealed that there is no 
significant change in the Tmax value corresponding to the S2 peak of 
the source rock unit samples before and after extraction. However, 
for the reservoir unit samples before extraction, there was a 
distinct preshoulder before the S2 peak and it exhibits a relatively 
low Tmax value. After solvent extraction, the peak value of S2 was 
significantly lower compared to the source rock unit (Fig. 12(a)), 
while the corresponding Tmax value was larger than that of the 
reservoir unit samples before extraction (Fig. 12(b)). This phe
nomenon also exists in the Barnett shale and the Niobrara shale 
(Han et al., 2015, 2019). The peak value and curve shape of free 
hydrocarbons (S1) and S2 reflect  the source of hydrocarbons, so 
whether they are affected by external hydrocarbons can be eval
uated by comparing the pyrolysis images of samples with similar 
maturity (Li et al., 2018). Moreover, shale samples stained by 
migrated hydrocarbons usually have the characteristics of low 
organic carbon mass (TOC), low S2, high productivity value (PI), 
and high oil saturation value (OSI) (Li et al., 2018; Han et al., 2019; 
Ma et al., 2019; Hackley et al., 2020; Guo et al., 2022), indicating 
that this type of shale has a relatively low hydrocarbon generation 
potential, but the free hydrocarbons have relatively high values. In 
summary, the input of migrating hydrocarbons tends to increase 
the free oil content and inhibits Tmax, resulting in the typical 
characteristics of low TOC, low S2, high S1, high OSI, and low Tmax in 
the shale units that received migrating hydrocarbons (Gao et al., 
2024; Hu et al., 2024a, 2024b). In this study, the OSI (or S1/TOC) 
and Tmax anomalies were employed to identify the nonprimary 
hydrocarbons caused by shale oil migration. According to the 
laminae type and assemblage characteristics, the Chang 73 shale in 
Well H-261 can be approximately divided into 6 FLS units, 2 MS 
units and 2 TLS units. As illustrated in Fig. 13(a), the FLS1, FLS2, and 
FLS5 units present abnormally high OSIs and abnormally low Tmax 
values relative to those of the adjacent MS and TLS units, sug
gesting that shale oil may migrate across the laminae assemblage 
from the MS/TLS unit to the FLS unit. Moreover, the Tmax differ
ences of the FLS1, FLS2 and FLS5 unit samples before and after 
extraction (Fig. 14), that is, the unextracted Tmax value is signifi
cantly smaller than the extracted Tmax value, also suggest the 
possible input of migrated hydrocarbons. However, no significant 
pyrolysis parameter anomalies can be detected between the FLS3 
and FLS4 units and the adjacent MS and TLS units, which implies 
that in the thin interbedded and geologically similar 
source–reservoir assemblage, oil migration across the laminae 
assemblage may be too small in scale or limited in quantity to 
cause obvious changes in the pyrolysis parameters.

In addition to these pyrolysis parameter anomalies, some 
scholars have calculated the original hydrocarbon generation po
tential and current true hydrocarbon generation potential of 
different units in shale through the mass balance principle, and 

then evaluated the content of migrated hydrocarbon by the dif
ference between these two values (Hu et al., 2024a, 2024b). Ac
cording to the mass balance principle, geochemical data from 
Rock–Eval/TOC analysis can be employed to quantify the original 
hydrocarbon generation potential (HGPO) and the current true 
hydrocarbon generation potential (HGPR). The key steps for 
restoring HGPO involve determining the kerogen conversion rates 
of different shale samples. However, the highly heterogeneous 
nature of lacustrine shale makes the hydrocarbon generation re
action pathways of different kerogen types vary widely, which 
brings uncertainty to the determination of conversion rates. To 
obtain a more accurate hydrocarbon conversion process, this study 
first  classified  the organic matter types of specific  samples and 
simulated the hydrocarbon generation kinetic reaction paths of 
different kerogens (i.e., type I, II1, II2, and III) during the thermal 
maturation process. Subsequently, based on the organic matter 
types of specific samples, the corresponding hydrocarbon gener
ation evolution models were selected to calculate the HI values 
under different maturity levels. Finally, the calculated HI values 
and the fitted original HI values of different kerogens were com
bined to determine the kerogen conversion rate. Once the HGPO 
values were restored based on the kerogen conversion rate, ΔQ 
(HGPO − HGPR) can be utilized to achieve a quantitative assess
ment of shale oil migration (for detailed information, refer to Hu 
et al. (2024a)). ΔQ<0 represents the external hydrocarbon con
tent received by the shale as a reservoir unit, while ΔQ>0 indicates 
the amount of hydrocarbons expelled by the shale as a source rock 
unit. In the Chang 73 shale system, the MS and TLS units collec
tively behave as oil-generating units because they exhibit the 
typical characteristics of ΔQ>0, whereas FLSs generally behave as 
reservoir units with ΔQ<0 (Fig. 13(a)). The FLS1, FLS2 and FLS5 
units receive more external migrating hydrocarbons 
(ΔQ<− 200 mg/g), while the FLS3 and FLS4 units exhibit weaker oil 
migration because migratory hydrocarbons are generally less than 
50 mg/g. Moreover, some evaluated samples are confirmed to have 
ΔQ values greater than 0.

On the other hand, the fractionation of hydrocarbon compo
nents during petroleum migration has been successfully simulated 
in the laboratory, and this phenomenon is also manifested in shale 
oil migration (Han et al., 2015; Zou et al., 2019). From a chemical 
perspective, saturate hydrocarbons and aromatic hydrocarbons 
are preferentially discharged compared to non-hydrocarbons and 
asphaltenes (Jarvie, 2014), tending to result in a richer polar 
component in the source rock unit and a richer non-polar 
component in the reservoir unit. Similarly, physical fractionation 
also exists during oil migration, that is, small-molecule com
pounds are more likely to be discharged from the source unit 
(Jarvie, 2014). The sections with external hydrocarbons have the 
typical feature of a relatively low content of multi-carbon number 
normal alkanes, while the content of low-carbon number normal 
alkanes is significantly  high (Dai et al., 2021). Therefore, the 
compositional fractionation of chloroform extracts derived from 
shale samples can provide significant  insights into shale oil 
migration at the cm–m scale.

The chemical composition variation in the shale oil within the 
different source–reservoir units of the Chang 73 shale can be detected 
(Fig. 13(b)). For the TLS1–FLS5–TLS2 configuration unit, shale oil 
migration across the laminae assemblage from the TLS to the FLS can 
be clearly observed, which manifests as a gradual increase in the 
saturate hydrocarbon content and saturation/aromatics ratio in the 
migration direction. Conversely, the nonhydrocarbon and asphaltene 
contents decrease significantly  in the migration direction. In the 
FLS1–MS1 configuration unit, shale oil migration from MS to FLS can 
be clearly observed, which is reflected by the gradually increasing 
saturate hydrocarbon content and saturation/aromatics ratio and the 

Fig. 14. Comparison of Tmax values before and after extraction in different shale units 
of Chang 73 shale in the study area.
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decreasing nonhydrocarbon and asphaltene content in the migration 
direction. Consequently, the saturate hydrocarbon contents detected 
in the FLS1 and FLS5 units are significantly  greater than those 
detected in the adjacent MS and TLS units (Fig. 15). Notably, 
detectable compositional differentiation in the FLS2–MS2–FL 

S3–MS3–FLS4–TLS1 configuration unit is relatively weak because the 
thin layer thickness limits the possible maximum migration distance 
of shale oil.

Furthermore, biomarker compounds are effective indicators of 
hydrocarbon migration (Fan and Philp, 1987; Sivan et al., 2008), 

Fig. 15. Chemical compositions and typical m/z 85 mass chromatographic characteristics of chloroform extracts from typical shale samples. (a) Chemical composition contents 
and (b) mass chromatograms of shale oil from the FLS1 unit in Well H-261 (2227.8 m). (c) Chemical composition contents and (d) mass chromatograms of shale oil from the MS1 
unit in Well H-261 (2230.5 m). (e) Chemical composition contents and (f) mass chromatograms of shale oil from the FLS5 unit in Well H-261 (2240.2 m). (g) Chemical composition 
contents and (h) mass chromatograms of shale oil from the FLS5 unit in Well H-261 (2241.5 m). (i) Chemical composition contents and (j) mass chromatograms of shale oil from 
the TLS2 unit in Well H-261 (2242.8 m).

F.-W. Wang, R.-K. Zhu, D.-X. Chen et al. Petroleum Science 23 (2026) 5292–5318

5308



among which n-alkanes can be utilized to trace shale oil migration 
because of their ability to indicate the nature of light/heavy hy
drocarbon properties (Leythaeuser et al., 1979; Burruss and Hatch, 
1989). Statistical results for the n-alkanes (the n-alkanes with 
carbon numbers of 10–21 (nC10–21), 22–30 (nC22–30) and 30–40 
(nC30–40) are counted separately) confirm the migration differen
tiation within different source‒reservoir units (Fig. 16). Specif
ically, an increase in the nC10–21 content and a decrease in the 
nC22–30 content can be observed in the migration direction. 
Nevertheless, there is no discernible variation in the nC30–40 con
tent (Fig. 16(a)–(e)). Notably, despite the low level of saturate hy
drocarbon content in the TLS2 unit (Fig. 15(i)), an abnormally high 
level of nC10–21 can be detected in the middle section (Figs. 15(j) 
and 16(f)). This anomaly is speculated to be related to the pore 
structure of TLSs. The adverse pore structure and small pore vol
ume make it challenging for macromolecular compounds (e.g., 
long-chain n-alkanes) to enter the small pore throats of TLSs, 
resulting in the relative enrichment of small-molecule compounds 
(e.g., short-chain n-alkanes). Moreover, the unfavorable pore 
structure and thick organic-rich shale can effectively prevent hy
drocarbon expulsion and light hydrocarbon escape, which tends to 
be an additional reason for the high concentration of short-chain 
n-alkanes in the midsection of the TLS.

In summary, on the basis of multi-type hydrocarbon migration 
evaluation and tracking, significant  cm‒m-scale oil migration 
across the laminae assemblage (or lithofacies) can be detected in 
the thick MS/TLS (i.e., source rock unit) and thick FLS (i.e., reservoir 
unit) configurations. However, this shale oil migration phenome

non is not widespread in the thin MS/TLS (i.e., source rock unit) or 
thin FLS (i.e., reservoir unit) configurations.

4.2. Effects of migration differentiation on shale oil mobility

4.2.1. Control of external hydrocarbon migration on oil 
composition and mobility

From the perspective of hydrocarbon migration physics, light 
and low-polarity components (e.g., saturate hydrocarbons) exhibit 
higher flow capacity and migration efficiency in porous media due 
to their simple molecular structure, weak intermolecular forces, 
and low viscosity (Charlesworth, 1986; Brother et al., 1991). 
Therefore, during the process of migrated hydrocarbon charging 
into shale reservoir units, a significant  migration differentiation 
effect occurs, that is, these light components such as saturate hy
drocarbons are preferentially displaced and migrated, while the 
heavier components with stronger polarity and more complex 
molecular structures, such as aromatic hydrocarbons, NSO com
pounds, and asphaltenes, are more easily adsorbed and retained in 
the migration path or source rock units (Bennett et al., 2002; 
Ataman et al., 2016). Once these highly mobile migrated hydro
carbons enter the reservoir units, they will directly dilute the 
original hydrocarbon composition and increase the proportion of 
light components. Simultaneously, competitive adsorption of hy
drocarbons on the surface of minerals and organic matter will also 
occur (Hong et al., 2022). Specifically, the increase of saturate 
hydrocarbons with adsorption capacity far weaker than that of 
polar components will significantly  reduce the adsorbed oil 

Fig. 16. n-Alkanes with different carbon contents in typical shale samples. (a) Profile showing the variations in n-alkanes in Well H-261. (b) n-Alkane compound of shale oil from 
the FLS1 unit in Well H-261 (2227.8 m). (c) n-Alkane compound of shale oil from the MS1 unit in Well H-261 (2230.5 m). (d) n-Alkane compound of shale oil from the FLS5 unit in 
Well H-261 (2240.2 m). (e) n-Alkane compound of shale oil from the FLS5 unit in Well H-261 (2241.5 m). (f) n-Alkane compound of shale oil from the TLS2 unit in Well H-261 
(2242.8 m).
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content of the entire reservoir unit, and instead increase the pro
portion of free and movable oil, thereby fundamentally improving 
the fluidity  and mobility of shale oil. In this study, the pore 
structure also has a significant  impact on the competitive 
adsorption and migration differentiation of shale oil. For FLS, 
which serves as the main reservoir unit, the characteristics of high 
specific  surface area (avg. 3.64 m2/g) and small pore diameters 
(avg. 9.13 nm) enable strong adsorption and retention of heavy 
polar components at the oil injection front, thereby causing the 
molecular sieve effect in the migrating hydrocarbon flow. This 
process tends to make the hydrocarbon components that can 
penetrate the reservoir significantly  lighter. Moreover, the high 
total pore volume (avg. 10.88×10− 3 cm3/g) of FLS typically features 
sufficient  storage space for the input migrating hydrocarbons, 
enabling the relative enrichment of free-phase oil dominated by 
low-viscosity saturate hydrocarbons, thereby improving the 
fluidity of the shale oil.

To precisely assess the association between imported exter
nally migrating hydrocarbons and shale oil mobility, we conducted 
a Pearson correlation heatmap analysis, and the results are shown 
in Fig. 17. The oil saturation index (OSI) and movable oil percentage 
are positively correlated with the parameters related to the satu
rate hydrocarbon composition, including the saturate content, 
saturate/aromatic ratio, and nC22–30. The mobility of shale oil is 
closely related to the content of light components, especially 
saturate hydrocarbons. Conversely, the OSI and movable oil per
centage are negatively correlated with aromatic hydrocarbons, 
nonhydrocarbons, asphaltene content, nC22–30, nC31–40, TOC, S2, 

and ΔQ (HGPO − HGPR). This result proves that organic 
geochemical characteristics (e.g., TOC, S2, and HI), which deter
mine the fundamental basis of hydrocarbon production, can be 
considered a factor affecting oil mobility. Notably, the abnormal 
negative correlation between nC22–30 and shale oil mobility in this 
study may be attributed to the enrichment of nC22–30 in thick TLSs 
with unfavorable pore structures. Additionally, because a smaller 
ΔQ implies more external migration hydrocarbons in the case of 
ΔQ<0, the negative correlation between ΔQ and shale oil mobility 
here actually indicates a positive correlation between migration 
hydrocarbon input and mobility. In essence, the effect of migration 
differentiation on shale oil mobility manifests as the variation in 
oil composition and free or movable oil quantity caused by internal 
migration within shale. This finding  can be supported by the 
overall good correlation between ΔQ, the compositional parame
ters and the mobility indicators shown in Fig. 17. Thus, we perform 
a sensitivity analysis between migrating hydrocarbons (reflected 
by ΔQ), oil chemical compositions (represented by saturate hy
drocarbons), and mobility indices (represented by OSI and 
movable and adsorbed oil percentages) to elucidate this 
relationship.

As illustrated in Fig. 18(a), a significant negative correlation can 
be detected between ΔQ and saturate hydrocarbon content, where 
TLS and MS primarily act as hydrocarbon expulsion units (ΔQ>0). 
FLS mostly behaves as reservoir units that receive external 
migrating hydrocarbons (ΔQ<0). This phenomenon implies that 
the input of good-mobility migrating hydrocarbons directly con
tributes to the increase in saturate hydrocarbon quantity, 

Fig. 17. Pearson correlation heatmap showing the relationships among the chemical composition, pyrolysis parameters, migration hydrocarbon (ΔQ) and mobility indices of the 
shale oil.
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consequently leading to a generally high saturate hydrocarbon 
content in FLS. Notably, the OSI is negatively correlated with ΔQ 
and highly sensitive to the input of migrating hydrocarbons, which 
is represented by a steep increase in OSI values over the ΔQ<0 
interval (Fig. 18(b)). As a result, TLSs and MSs are characterized by 
low OSI values due to hydrocarbon expulsion, whereas FLSs exhibit 
high OSI values because they receive large amounts of migrating 
hydrocarbons. Similarly, an overall negative correlation can be 
detected between ΔQ and the movable oil percentage, indicating 
that FLS units with ΔQ<0 have high movable oil percentages and 
that MS and TLS units with ΔQ>0 have low movable oil percent
ages (Fig. 18(c)). Conversely, the adsorbed oil percentage is entirely 
different and positively correlated with ΔQ (Fig. 18(d)). In terms of 
the effect of chemical composition on shale oil mobility, the 
detectable saturate content in the chloroform extract is signifi
cantly positively correlated with the OSI and movable oil per
centage, whereas the adsorbed oil percentage is significantly 
negatively correlated with the saturate content (Fig. 19). Notably, 
the OSI and movable oil percentage are typically low and increase 
very slowly when the saturate content is less than 40%. Conversely, 
the OSI and movable oil percentage start to rise quickly when the 
saturate content is near 40% and then remain at a stable high level 

when the saturate content exceeds 40%. Therefore, a saturate hy
drocarbon content of 40% tends to be a critical condition where the 
mobility of Chang 73 shale oil changes significantly from a disad
vantageous situation to a favorable situation.

Overall, the variations in oil composition and movable oil 
content caused by the input of external hydrocarbons along the 
migration direction are conducive to improving shale oil mobility, 
especially for reservoir units that receive external hydrocarbons.

4.2.2. Migration differentiation and mobility effects under different 
source–reservoir configurations

The degree of shale oil migration differentiation is essentially 
controlled by the seepage conduits and dynamic-resistance con
ditions formed by the source–reservoir configuration. Theoreti
cally, in a favorable configuration characterized by significant 
source–reservoir quality gap and the presence of high- 
permeability conduits, sufficient  driving forces and connected 
pore-fracture networks provide favorable migration conditions for 
light components, enabling them to be rapidly and continuously 
discharged from the source rock unit (Guo et al., 2022; Gao et al., 
2024; Zhang et al., 2024). This leads to a strong migration differ
entiation, that is, a significant depletion of light components in the 

Fig. 18. Cross-plot of ΔQ versus (a) saturate, (b) OSI, (c) movable oil percentage, and (d) adsorbed oil percentage. ΔQ = HGPO − HGPR; HGPO = original hydrocarbon generation 
potential; HGPR = true hydrocarbon generation potential; MS = massive shale; FLS = felsic laminated shale; and TLS = tuffaceous laminated shale.
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source rock units and a significant  enrichment in the reservoir 
units. Conversely, in an unfavorable configuration where the 
source–reservoir quality is close and the migration path tends to 
be blocked, hydrocarbons are difficult to be effectively discharged 
from the source rock unit. Even if shale oil migration occurs, the 
differentiation effect is relatively weak. The detectable mobility 
differences of shale oil between the source unit and reservoir unit 
are largely influenced  by the migration differentiation degree 
under different source–reservoir configurations (Fig. 20). In most 
cases, when there is no detectable hydrocarbon exchange caused 
by oil migration, shale oil mobility is generally dependent on the 
primary oil composition and initial geological features, regardless 
of the source unit, which has a high oil-generating capacity, or the 
reservoir unit, which has a high oil storage capacity. However, once 
shale oil migration occurs under suitable conditions, this process is 
inevitably accompanied by the loss of light hydrocarbon compo
nents in the source unit that expels hydrocarbons and the 

enrichment of light hydrocarbon components in the reservoir unit 
that receives external hydrocarbons. Predictably, with increasing 
migration differentiation intensity, the mobility of the shale oil 
within the source unit gradually decreases because of the reten
tion of heavy components, whereas the reservoir unit conse
quently displays greater mobility because of the large-scale input 
of light components. The mobility difference between 
source–reservoir units is clearly positively correlated with the in
tensity of migration differentiation.

This insight can be supported by the shale oil migration dif
ferentiation and mobility characteristics within different 
source–reservoir configurations  of the Chang 73 shale (Figs. 11 
and 21). In terms of interlaminar migration at the μm‒mm 
scale, the OL–FL configurations  characterized by a good sour
ce‒good reservoir exhibit stronger migration differentiation than 
the OL–TL configurations characterized by a good source‒poor 
reservoir, resulting in the relative enrichment of light 

Fig. 19. Cross-plot exhibiting saturates versus (a) OSI, (b) movable oil percentage, and (c) adsorbed oil percentage. MS = massive shale; FLS = felsic laminated shale; and 
TLS = tuffaceous laminated shale.
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components and enhanced fluidity  in the FL (Fig. 11). As illus
trated in Fig. 21, no significant  shale oil migration across the 
laminae assemblage at the cm–m scale can be detected in the 
MS2–FLS3–MS3–FLS4 configuration; this weak migration differ
entiation consequently leads to highly similar shale oil mobility 
(reflected by OSI, movable and adsorbed oil percentages) be
tween the source unit (i.e., MS) and reservoir unit (i.e., FLS). With 
respect to the FLS1–MS1–FLS2 and TLS1–FLS5–TLS2–FLS6 
source–reservoir configurations,  where significant  shale oil 
migration can be detected, such strong migration differentiation 
ultimately contributes to a remarkable disparity in shale oil 
mobility between source rock units (i.e., MS and TLS) and reser
voir units (i.e., FLS). Notably, reservoir units (i.e., FLS1, FLS2, FLS5, 
and FLS6) under conditions of strong migration differentiation 
generally display better mobility than those with weak or no 
migration differentiation, such as FLS3 and FLS4. All this evidence 
illustrates the controlling effect of migration differentiation 
strength on mobility differences between source and reservoir 
units in shale.

4.3. Micron- to meter-scale shale oil migration differentiation and 
mobility patterns

According to the μm–m-scale shale oil migration characteris
tics, the migration differentiation and corresponding mobility 
patterns in shale oil systems are established (Fig. 22). Specifically, 
μm–mm-scale interlaminar oil migration occurs extensively in 
laminated-type shale systems, which manifests as the migration of 

oil-generating organic-rich laminae to adjacent organic-lean 
laminae (e.g., FL) with favorable storage capacity. The migration 
differentiation and mobility changes at this scale primarily depend 
on the geological and geochemical disparities among the laminae. 
The good source–good reservoir laminated units (e.g., OL–FL) 
exhibit relatively strong migration differentiation and favorable 
mobility improvement, whereas the good source–poor reservoir 
laminated units (e.g., OL–TL) display weak compositional differ
entiation and mobility changes. Notably, this type of oil migration 
is not extensive in massive shales because of the absence of 
overlapping laminae structures. In addition, the migration dis
tance of oil across the laminae assemblage (or lithofacies) in the 
shale system is greater and mainly at the cm–m scale, where the 
laminae assemblage (e.g., MS and TLS) with oil-generating ad
vantages behaves as the source unit. However, the laminae 
assemblage (e.g., FLS) with superior storage properties is the 
reservoir unit. This scale migration differentiation is conducive to 
improving the oil mobility in reservoir units while aggravating the 
deterioration of oil mobility within source units, leading to a 
positive correlation between the migration differentiation in
tensity and mobility disparity of source–reservoir units. Specif
ically, the thick source–thick reservoir configuration  results in 
more obvious migration differentiation and mobility improve
ments than the thin source–thin reservoir configuration with 
similar geological conditions. Compared with the shale oil that 
migrates at the μm‒mm scale, the shale oil that migrates at the 
cm‒m scale is lighter and has a greater degree of component 
differentiation and mobility variations. Overall, these organic-lean 

Fig. 20. Conceptual diagram showing the mobility changes of source–reservoir units under different migration intensities in shale oil systems.
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shale intervals enriched with movable oil due to migration dif
ferentiation are new sweet spots that should be fully valued in 
future shale oil exploration projects.

4.4. Implications for high-mobility migration sweet spot evaluation

Unlike traditional in situ sweet spots focused on organic-rich 
shale formations (Glaser et al., 2013; Aldrich and Seidle, 2018), this 
study reveals a novel high-mobility migration sweet spot in organic- 
lean intervals that is more conducive to the economic recovery of 
shale oil. In addition to evaluating in situ geological and geochemical 
characteristics, the key to identifying migration sweet spots in shale 
oil systems relies on shale oil migration identification,  migration 
differentiation intensity analysis, and favorable movable interval 
evaluation and prediction. In future efforts, the following procedures 

are recommended to scientifically evaluate migration sweet spots in 
shale oil systems: (1) partitioning the source–reservoir units within 
shale systems according to basic geological and geochemical char
acteristics; (2) identifying multiscale shale oil migration differenti
ation through multimethod combinations (e.g., LSCM, NMR, and 
multi-temperature pyrolysis and extraction geochemical experi
ments); (3) clarifying shale oil migration differentiation intensity, 
mobility effects, and key geological controls (e.g., source–reservoir 
configuration,  fracture networks, and charging dynamics); and (4) 
evaluating and predicting migration sweet spots by combining 
geological–geochemical techniques, geophysical logging, and three- 
dimensional seismic data. These promising high-mobility migra
tion sweet spots, combined with traditional in situ sweet spots, can 
help greatly promote the cost-effective exploration and sustainable 
development of shale oil resources.

Fig. 21. (a) Box plot showing the ΔQ, saturate hydrocarbon and mobility parameters of the shale oil in the different source–reservoir units. ΔQ = HGPO − HGPR; HGPO = original 
hydrocarbon generation potential; and HGPR = true hydrocarbon generation potential. (b) Occurrence characteristics of the light oil component in the FLS1 unit in Well H-261 
(2228.8 m). (c) NMR T1–T2 plot showing a high movable oil signal in the FLS1 unit in Well H-261 (2228.8 m). (d) NMR T1–T2 plot showing a low movable oil signal in the MS1 unit 
in Well H-261 (2232.0 m). (e) Occurrence characteristics of the heavy oil component in the MS1 unit in Well H-261 (2229.8 m). (f) Occurrence characteristics of the light oil 
component in the FLS3 unit in Well H-261 (2234.8 m). (g) NMR T1–T2 plot showing a high movable oil signal in the FLS6 unit in Well H-261 (2245.5 m). (h) NMR T1–T2 plot 
showing a low movable oil signal in the TLS2 unit in Well H-261 (2243.6 m). (i) Occurrence characteristics of the heavy oil component in the TLS2 unit in Well H-261 (2244.5 m).
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5. Conclusions

In this investigation, μm–m-scale shale oil migration evidence, 
chemical differentiation, and corresponding mobility effects 
within a shale oil system were systematically evaluated by 
combining multiple methods and tools. This work could help 
clarify the intrinsic relationships among migration behavior, 
chemical differentiation, and mobility variations in shale oil sys
tems, and it could be applied to evaluate high-mobility migration 
sweet spots that are completely different from traditional in situ 
sweet spots. The following conclusions were obtained.

(1) The μm–m-scale migration within a shale oil system 
essentially relies on the relative source–reservoir units with 
hydrocarbon generation capacity or on differences in stor
age capacity. The organic-rich laminae, laminae assem
blages and lithofacies with poor storage capacity act 
primarily as source units and are dominated by the 
adsorption state of shale oil. Conversely, organic-lean in
tervals with high storage capacities behave primarily as 
reservoir units and present favorable oil mobility.

(2) Micrometer-scale migration in a shale oil system is man
ifested primarily as interlaminar migration in laminated 
shale, which can be identified by the detectable light/heavy 
component differentiation of oil via LSCM. In contrast, 
cm–m-scale migration is manifested mainly in the form of 
long distance migration across laminae assemblages or 
lithofacies, which can be comprehensively identified  by 
anomalies in pyrolysis parameters (e.g., S1/TOC, Tmax), 
original–true hydrocarbon generation potential differences 
(i.e., ΔQ<0), chemical compositions and n-alkane 
differentiation.

(3) The good correlation between ΔQ, compositional parame
ters and mobility indicators confirms  that migrating hy
drocarbon inputs can improve the oil composition and 
movable oil content, thereby affecting shale oil mobility. A 
saturate hydrocarbon content of 40% tends to be a critical 
condition where the mobility of Chang 73 shale oil changes 
significantly from a disadvantageous situation to a favorable 
situation. Generally, the component differentiation and 
mobility changes of shale oil migrating at the cm–m scale 
are more significant  than those migrating at the μm–mm 

Fig. 22. Micron- to meter-scale shale oil migration differentiation and mobility patterns in the Chang 73 shale oil system.
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scale because of the larger migration distance, which is 
more conducive to improving the fluidity  of migrating 
hydrocarbon.

(4) The mobility disparities of different source‒reservoir 
configuration units in a shale oil system are controlled pri
marily by the degree of migration differentiation. The 
μm–mm-scale good source–good reservoir laminated units 
(e.g., OL–FL) and the cm–m-scale thick source–thick reser
voir configurations  exhibit relatively strong migration dif
ferentiation and favorable mobility improvement. These 
mobility patterns associated with shale oil migration dif
ferentiation are critical for guiding future high-mobility 
migration sweet spot assessments and enabling cost- 
effective and sustainable shale oil development.
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