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Abstract: Tight oil is an important unconventional hydrocarbon resource. The differences
in occurrence characteristics between light components (LCs) and heavy components (HCs)
of tight oil profoundly affect its mobility and recovery. Current research has focused mainly
on the rapid evaluation of the relative contents of LCs, whereas few studies have systemati-
cally analyzed the occurrence characteristics of LCs and HCs and their controlling factors.
In this study, the differential occurrence characteristics between LCs and HCs are clarified
on the basis of data from thin-section petrography, X-ray diffraction, nuclear magnetic
resonance, confocal laser scanning microscopy, and reservoir pyrolysis analysis. An in-
novative quantitative characterization methodology for the relative occurrence volumes
of LCs and HCs is proposed. On the basis of this method, the controlling factors that
cause the different occurrence characteristics of LCs and HCs are elucidated. Furthermore,
the occurrence characteristics of LCs and HCs in various source-reservoir combinations,
physical properties, and development intensities of argillaceous laminae are summarized.
Finally, an occurrence model of the crude oil components in the Chang 7 tight reservoir
is established. The results show that LCs and HCs in the Chang 7 tight reservoir exhibit
differences in occurrence volume, state, morphology, and pore size. These differences
are primarily controlled by the hydrocarbon generation intensity of the source rock, the
source-to-reservoir distance (SRD), and the content of oil-wet minerals in the reservoir.
The source sandwich combination exhibits high physical properties, low hydrocarbon
generation intensity, high SRD, and low oil-wet mineral content, resulting in relatively high
LCs. The source-reservoir interbed and reservoir sandwich combinations feature a high
content of argillaceous laminae, high hydrocarbon generation intensity, low SRD, and high
oil-wet mineral content, resulting in relatively low LCs. There are three occurrence models
of crude oil components in the Chang 7 tight reservoir: the charging force controlling
model, the adsorption effect controlling model, and the argillaceous laminae controlling
model. The results of this study provide significant guidance for predicting the fluidity of
tight oil, accurately assessing the amount of recoverable tight oil resources, and achieving
efficient extraction of tight oil.
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1. Introduction

Tight oil, also known as tight reservoir oil, refers to petroleum resources stored in
tight reservoirs, such as tight sandstone or tight carbonate rocks, with an in-situ matrix
permeability of <0.1 mD [1]. Compared to conventional oil, tight oil is near mature,
high-quality source rocks, lacks distinct trapping boundaries, and exhibits no natural
productivity [2]. As an important component of unconventional oil and gas resources,
tight oil is widely distributed and holds great resource potential for exploration and
development [3,4]. At present, 66 identified basins contain tight oil resources, with a
total globally recoverable reserve estimated at 639.3 billion tons [5]. The United States,
recognized as the leading region for tight oil resource development, produced 378 million
tons in 2022, representing 64% of its total crude oil output [6]. China also possesses
abundant continental tight oil resources, totaling approximately 106.7 billion tons [7], which
are located primarily in the Ordos, Songliao, Sichuan, and Junggar Basins [8]. Among them,
the Ordos Basin has the highest quantity of tight oil resources, approximately 3.42 billion
tons, making it an important potential replacement area for future oil and gas development
in China [9,10].

The productivity and recovery efficiency of tight oil are influenced by various factors,
including the physical properties of tight reservoirs [11], mineral wettability [12], oil satura-
tion [13,14], crude oil mobility [15], and the stimulability of tight reservoirs [16]. Among
these factors, crude oil mobility is one of the most important indicators from a geological
perspective for evaluating the economic recoverability of a tight oil reservoir [3,17,18].
Moreover, under similar reservoir conditions, the fluid properties of crude oil are among
the primary factors controlling the mobility of tight oil [15,19]. Compared with the heavy
components (HCs) of crude oil, the light components (LCs) exhibit greater mobility in the
same tight reservoir [15], which results in tight oil accumulation with a high LCs-to-HCs
ratio (LHR), which is often an important target for economic recoverability [20]. In uncon-
ventional oil and gas reservoirs, which accumulate oil and gas driven by nonbuoyancy
forces, including tight and shale reservoirs, the micromigration or short-distance migration
of hydrocarbons results in the differential occurrence of LCs and HCs [21]. This causes an
uneven distribution of the LHR within the reservoir, even under the condition of a uniform
oil and gas source with the same fluid properties [22]. On the basis of crude oil injection
experiments and confocal laser scanning microscopy (CLSM), Gao et al. [23] observed and
quantitatively characterized the differential occurrence of HCs and LCs during the oil and
gas injection process into shale reservoirs. The results revealed that HCs tend to occur
more often on the surfaces of oil-wet minerals as adsorbed fluids than LCs do and are more
enriched in the inner dark laminae, which contain high concentrations of clay minerals,
inorganic carbon, or organic matter. Wang et al. [24] used molecular dynamics simula-
tions to investigate the occurrence characteristics of crude oil with different component
compositions in shale reservoirs. The results indicated that, compared with crude oil with
a lower proportion of HCs, crude oil with a higher proportion of HCs has more adsorp-
tion layers and a greater adsorption density. On the basis of the results of pore network
structure characterization of shale reservoirs and multistage pyrolysis experiments, Ma
et al. [25] analyzed the effects of pore network structure, organic matter abundance, and
maturity on the occurrence characteristics of crude oil. The results indicated that shale
pore characteristics have a minor influence on the amounts of LCs and HCs, and that
reservoirs with high organic matter abundance and maturity tend to have a relatively high
LHR and free hydrocarbon content, making them favorable areas for exploration. In a
study on the micromigration mechanisms of shale oil and gas, Hu et al. [21] reported that
LCs, as the primary migrating fluid from hydrocarbon-rich layers to hydrocarbon-poor
layers, are predominantly enriched in pores ranging from 100-5000 nm in size. In contrast,
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HCs, as the main residual fluid in hydrocarbon-rich layers, are enriched primarily in pores
ranging from 1 to 2 nm. This suggests that, in shale reservoirs where significant migration
phenomena occur, the pore distribution characteristics play a distinct role in controlling
the differential distributions of LCs and HCs. In summary, in shale reservoirs, mineral
wettability [23], pore structure characteristics [21,25], the presence of laminae rich in clay
or inorganic carbon [23], organic matter content [26], and organic matter maturity [25]
collectively control the differential distribution characteristics of LCs and HCs.

Tight oil and shale oil share many similarities, including their hydrocarbon charging
force, which is overpressure within the source rock; their reservoir pore networks, which are
composed of nanopores and micropores; their lithology, which contains a high content of
clay minerals; and their reservoirs, which contain substantial amounts of carbonaceous and
argillaceous laminae [20]. Moreover, the short-distance migration of oil during the charging
process in tight reservoirs is significantly greater than the micromigration between different
laminae within shale reservoirs [20,27]. Therefore, tight reservoirs also commonly exhibit
different distributions of LCs and HCs [28]. However, research on the occurrence character-
istics of crude oil and the differential distributions of LCs and HCs in tight reservoirs is very
limited, resulting in an unclear understanding of the mechanisms and controlling factors
for the differential occurrence of LCs and HCs in tight reservoirs. To address this scientific
question, this study innovatively proposes a method that combines Rock-Eval reservoir
pyrolysis with confocal laser scanning microscopy (CLSM) observations to characterize
the differential distributions of LCs and HCs in tight reservoirs quantitatively. With this
approach, the Chang 7 tight oil reservoir in the Jiyuan area of the Ordos Basin is taken as an
example. Core data, field emission scanning electron microscopy (FE-SEM) observations,
nuclear magnetic resonance (NMR) experiments, and whole-rock X-ray diffraction (XRD)
analysis are used to clarify the controlling effects of the pore structure, source-to-reservoir
distance (SRD), mineral wettability, and argillaceous laminae on the differential occurrence
of LCs and HCs. Furthermore, the differential occurrence characteristics and controlling
factors of crude oil in three different source-reservoir combinations within the Chang 7
tight reservoir are summarized and compared. Finally, a model for the occurrence of crude
oil in the Chang 7 tight reservoir in the Jiyuan area is established. The findings of this study
provide a method for rapidly predicting the spatial distribution of tight oil with high LCs
contents and offer significant guidance for predicting the mobility and large-scale economic
extraction of crude oil in tight reservoirs.

2. Geological Setting

The Ordos Basin is the second largest oil- and gas-bearing basin in China, with an
area of approximately 37 x 10* km? [29]. The Ordos Basin can be further divided into
six structural units, from south to north, namely, the Yimeng uplift, the Weibei uplift, the
western margin thrust belt, the Tianhuan depression, the Yishan slope, and the Jinxi folding
belt [30] (Figure 1a). The Jiyuan area is one of the most important tight oil exploration
blocks in the Ordos Basin [31]. It is located in the central-western part of the Ordos
Basin and is distributed mainly in the Tianhuan depression, with a small part in the
Yishan slope (Figure 1a). In the Jiyuan area, the Upper Triassic Yanchang Formation is
the main oil-bearing stratum. It can be subdivided into ten members, from bottom to top,
ranging from the Chang 10 member to the Chang 1 member (Figure 1b), which records the
entire development process of the Ordos Basin [32]. Among them, the Chang 7 member
is an important source rock and tight reservoir (Figure 1c). The Chang 7 member was
deposited in an environment where the delta interacted with the lake. It is mainly composed
of fine-grained sandstone interbedded with dark shale. The fine-grained sandstones,
including fine sandstone, siltstone, and argillaceous siltstone, developed primarily in
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the subaqueous distributary channel environment of the delta front and the gravity flow
environment of the prodelta (Figures 1b and 2), providing important reservoir spaces for the
development of tight oil [33,34]. The sandstone in the study area contains a high abundance
of argillaceous laminae, which appear dark brown or gray-black under the microscope,
with well-defined boundaries and a thickness of 0.1-3 mm per layer. These laminae have
a high clay mineral content and contain a small amount of well-sorted quartz and other
clastic minerals [35]. The dark shale mainly occurs in the Chang 73 submember, which
developed in a semideep lake environment (Figure 1b) and is a thick source rock with
good organic matter type, moderate maturity, and enormous resource potential, providing
favorable oil-source conditions for the formation of tight oil (Figure 1c) [36,37].
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Figure 1. (a) Structural unit division diagram of the Ordos Basin (modified from [32]); (b) Distribution
characterization diagram of the sedimentary facies and thickness of the sandstone in the Chang 7
member; (c) Characterization diagram of the hydrocarbon generation intensity of the Chang 73 source

rock in the Jiyuan area (according to [36]).
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Figure 2. (a) Stratigraphic columns of the Triassic Chang 7 Member in the Jiyuan area, Ordos Basin.
(b) Definition and geological model of the source-reservoir combination types. (c) Distribution
characteristics of distinct source-reservoir combination types.

The hydrocarbon generation intensity of the Chang 73 source rock ranges from
0to5 x 10° t/km? (Figure 1c). In the Jiyuan area, the hydrocarbon generation inten-
sity of the Chang 73 source rock is relatively weak, at less than 2 x 10° t/km?. The hy-
drocarbon generation intensity in the southern part of the Jiyuan area is greater than
1 x 10° t/km?, whereas in the northern part of the Jiyuan area, it ranges from 0 to
1 x 10° t/km? (Figure 1c) [36]. The source-reservoir combination type is an important
element affecting the hydrocarbon supply conditions, hydrocarbon charging conditions,
and occurrence characteristics of crude oil in tight reservoirs [32]. In the Jiyuan area, there
are three types of source-reservoir combinations: the source sandwich combination (SS),
source-reservoir interbed combination (SRI), and reservoir sandwich combination (RS)
(Figure 2). In this study, the source-reservoir combination types are defined on the basis of
the ratio of the tight sandstone reservoir thickness to the average thickness of its adjacent
source rock. A ratio greater than 1, approximately equal to 1, and less than 1 corresponds
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to SS, SRI, and RS, respectively. Moreover, as this ratio increases, the probability of the
development of argillaceous laminae in tight reservoirs also increases (Figure 2). In the
Jiyuan area, the SS is mainly developed in the low hydrocarbon generation intensity area
in the northern near-slope zone, whereas the SRI and RS are primarily developed in the
area with high hydrocarbon generation intensity in the southern depression belt (Figure 2).

The study area is characterized by the development of nearly SN-trending and NW-
trending faults, followed by NE-trending faults [32]. Faults and associated fractures play
a crucial role in modifying tight sandstones, serving as key controlling factors for tight
gas production and significantly influencing the occurrence space and occurrence state of
tight oil and gas [38]. However, the faults in the study area are relatively large in scale,
and the overlying strata of the target formation mainly consist of sandstone reservoirs.
This results in a lack of effective sealing conditions, leading to the faults acting as conduits
and destructive forces on the tight oil reservoirs rather than significantly affecting the
occurrence differentiation of LCs and HCs in tight oil.

3. Materials and Methodology
3.1. Samples

This study extensively collected optical thin section data from 165 wells in the Jiyuan
area, specifically focusing on the Chang 7 member of tight sandstone reservoirs, to de-
termine the main lithology characteristics, pore types, and pore sizes of the reservoir.
Additionally, 13 representative wells were selected for intensive sampling of the tight reser-
voir cores, and a further series of experiments was conducted (Figure 1b,c). In the Jiyuan
area, these wells are evenly distributed across the northern slope area, where the delta front
and semideep lake sedimentary system are mainly developed, to the central depression,
where the semideep lake and gravity flow sedimentary system are primarily developed
(Figure 1b). A total of 40 representative samples of tight sandstone were selected from repre-
sentative wells to further conduct Rock-Eval reservoir pyrolysis experiments, XRD analysis,
and FE-SEM observations. Additionally, 12 samples with different source-reservoir combi-
nation types were selected from 40 samples for further analysis using nuclear magnetic
resonance (NMR) experiments. Moreover, among these 40 samples, three tight reservoir
samples with high crude oil saturation with different source-reservoir combination types
were selected for CLSM observation to clarify the occurrence characteristics of crude oil
in the tight reservoirs, including the sample from 2557.5 m in J127 (denoted as Sample I),
the sample from 2407.8 m in L54 (denoted as Sample II), and the sample from 2710.1 m in
G91 (denoted as Sample III). The lithology of Sample I is gray—brown fine sandstone, and
its source-reservoir combination type is SS, while that of Sample Il is gray fine sandstone
with dark-colored argillaceous laminae, and its source-reservoir combination type is SRI.
In contrast, Sample Il is gray—brown siltstone, and its source-reservoir combination type
is RS.

3.2. Experiments
3.2.1. XRD, FE-SEM, and NMR Analysis

In this study, the X-ray diffraction (XRD) experiment was performed using a Bruker
D2 Phaser instrument (Bruker AXS GmbH, Karlsruhe, Germany) at the State Key Labo-
ratory of Petroleum Resources and Engineering, China University of Petroleum (Beijing),
following the specific operating procedures described by Wang et al. [32]. The purpose of
the XRD experiment was to determine the mineral composition and relative abundance of
each tight sandstone reservoir sample. The field emission scanning electron microscopy
(FE-SEM) observations were conducted using a Hitachi SU8010 instrument (Hitachi High-
Tech Corporation, Tokyo, Japan) at the Energy Materials Microstructure Laboratory, China
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University of Petroleum (Beijing), and the specific operating procedures were described by
Zang et al. [39]. The FE-SEM observations aimed to identify the mineral distribution charac-
teristics and the geometric morphology, size, and connectivity of the pore structures in each
tight reservoir sample. The nuclear magnetic resonance (NMR) experiment was conducted
using a SPEC-RC035 low-field NMR spectrometer (Suzhou Niumag Analytical Instrument
Corporation, Suzhou, China) at the State Key Laboratory of Petroleum Resources and Engi-
neering, China University of Petroleum (Beijing). Additionally, the methods for sample
pretreatment and obtaining T, relaxation time spectra followed those described by Qiao
et al. [40]. After the sample was centrifuged for 1 h under a pressure of 300 psi, NMR was
performed on the sample again to obtain the T, spectrum of the centrifuged sample. The T,
relaxation time, spectra obtained before and after centrifugation were used to characterize
the physical properties of each sample.

3.2.2. Reservoir Rock Pyrolysis Analysis

Reservoir rock pyrolysis experiments are methods that simulate the petroleum dis-
tillation process [41]. These methods are based on the differences in the boiling points of
various components in crude oil, which are separated within specific temperature ranges as
the temperature gradually increases. In this study, reservoir pyrolysis experiments on tight
reservoir samples were conducted using a Rock-Eval II instrument (Vinci Technologies,
Nanterre, France) at the State Key Laboratory of Petroleum Resources and Engineering,
China University of Petroleum (Beijing). First, a sample weighing 99.5-100.5 mg was
crushed to a particle size of 60-80 mesh. The crushed samples were subsequently placed in
the crucible of the Rock-Eval II pyrolyzer to conduct the pyrolysis experiments. To prevent
significant evaporation of light hydrocarbons, the crushing and testing of the samples were
completed within 2 h. The pyrolysis crucible was initially heated at a constant tempera-
ture of 90 °C for 2 min to obtain the Sy signal. The sample was subsequently heated at a
constant temperature of 200 °C for 1 min to obtain the S; signal. Next, the temperature
was increased at a rate of 50 °C/min to 350 °C and maintained at that temperature for
1 min to obtain the Sy; signal. Afterward, the temperature was increased at 50 °C/min to
450 °C and maintained for 1 min to obtain the Sy, signal. The temperature was increased
at 50 °C/min to 600 °C and maintained for 1 min to obtain the Sy3 signal. Finally, the
S4 signal was obtained at 600 °C for 7 min at a constant temperature. On the basis of this
pyrolysis heating rate, the Sy, S1, S21, S22, S23, and Sy signals represent the natural gas
components, gasoline components, kerosene and diesel components, wax and heavy oil
components, resin and asphaltene components, and residual carbon components in the
crude oil, respectively (Figure 3a) [41]. The various components of crude oil are composed
of hydrocarbons and nonhydrocarbons with different carbon chain lengths. The hydro-
carbon and nonhydrocarbon components of natural gas, gasoline, kerosene, diesel, wax,
heavy oil, resin, and asphaltene have carbon chain lengths ranging from 1-4, 5-12, 10-16,
12-20, 2040, 20-60, 50-200, and 50-200, respectively. Additionally, on the basis of the
carbon chain length of hydrocarbons, crude oil components can be classified into LCs and
HCs. Crude oil components with a carbon chain length less than or equal to 20 have lower
density and belong to the LCs of the crude oil, whereas other components of crude oil
have higher density and belong to the HCs of the crude oil [42]. After pyrolysis, some
residual oil remains. The residual oil content is determined by measuring the residual
organic carbon through heat oxidation, and the residual organic carbon is divided by 0.9 to
convert it into residual oil. Residual oil refers to the heavy oil components remaining in the
rock after pyrolysis of the source rock, which mainly consists of the residues of resins and
asphaltenes after pyrolysis [41]. For the reservoir rock pyrolysis experiments in this study,
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the mass of the LCs of crude oil is the sum of the Sy, 51, and Sy signals, whereas the HCs
are the sum of the Sy, S»3, and 54/0.9 signals.
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Figure 3. (a) Representative quantitative analysis spectrum of oil and gas components obtained
from the reservoir rock pyrolysis experiment on Sample I. (b) Histogram showing the comparison of
experimental results between the CLSM and reservoir rock pyrolysis experiment.

3.2.3. Laser Scanning Confocal Microscopy

The laser scanning confocal microscopy (CLSM) experiment was conducted using
a Leica TCS SP8 (Leica Microsystems, Wetzlar, Germany) at the State Key Laboratory of
Petroleum Resources and Engineering, China University of Petroleum (Beijing). First,
objective areas in the sample were selected for observation. The selected areas were then
finely ground into slices with a thickness of 0.04-0.05 mm, and these slices were placed
on a stage maintained at a temperature of 25 °C and a relative humidity of 30-46% for
observation. The maximum imaging resolution of this equipment is approximately 200 nm,
and a fixed wavelength 488 nm laser was used to excite the sample. On the basis of
the wavelength of the fluorescence signals obtained from the excited sample, CLSM can
independently observe and quantitatively characterize the occurrence volumes of the LCs
and HCs in the tight reservoir. The fluorescence capture range for the LCs of crude oil is
490-600 nm, whereas the fluorescence capture range for the HCs is 600-800 nm [23]. CLSM
distinguishes between LCs (including low-carbon saturated hydrocarbons and short-chain
aromatic hydrocarbons) and HCs (including high-carbon saturated hydrocarbons, long-
chain aromatic hydrocarbons, nonhydrocarbons, and asphaltenes) in crude oil on the basis
of the different wavelength ranges of the fluorescence signals generated by excitation.

3.3. Characterization Method for LHR,,

Although the CLSM and reservoir rock pyrolysis experiments have different principles
for distinguishing LCs and HCs [43,44], both classify the crude oil components with lower
density, i.e., those with shorter carbon chains, as LCs, and the crude oil components
with higher density, i.e., those with longer carbon chains, as HCs. The differences in the
principles of the two experiments lead to only slight differences in defining the critical
conditions for distinguishing the LCs and HCs. This also indicates a high likelihood of
a good correlation between the results of the two experiments. CLSM is an important
experimental technique for observing the microscale characteristics of the LCs and HCs
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of crude oil, but it is difficult to characterize their macroscopic occurrence patterns [45].
On the other hand, the reservoir rock pyrolysis experiment is suitable for analyzing the
macroscopic occurrence patterns of the LCs and HCs of crude oil, but their microscopic
occurrence characteristics cannot be observed [46]. Therefore, if the linkage between the two
experiments for the quantitative characterization of crude oil LCs and HCs is established,
the results of the two experiments can complement each other to analyze the occurrence
characteristics of the LCs and HCs on both the microscopic and macroscopic scales jointly.
However, the results of reservoir pyrolysis experiments reveal the masses of different
components [15], whereas CLSM provides the volume fractions of LCs and HCs [47]. In
addition to the dimensional difference, the results obtained from CLSM are not absolute
contents of the LCs and HCs but rather relative proportions [23]. To establish a connection
between the results of the two experiments, the volume ratio of LCs and HCs (LHR,) was
used to characterize the relative proportions of LCs and HCs (Formula (1)). The LHR, can
be directly calculated according to the results of CLSM experiments. For the reservoir rock
pyrolysis experiment, LHR, can be calculated via Formula (2). The LHR, values calculated
on the basis of both experiments on Sample I and Sample II show small differences and are
strongly relevant, demonstrating the feasibility of this approach (Figure 3b).

_ LGsy
LHR, HCs, )
S S S S S S
LHRU:<0+1+21>/(22+23+ 4 > )
o P1 P21 P22 P23 09xp,

where LHR, represents the volume ratio of LCs and HCs, dimensionless; LCs, and HCs,
denote the volume fraction of the LCs and HCs obtained from the CLSM experiment, nm?;
511, S21, S22, Sp3, and S4 denote the masses of gasoline, kerosene and diesel, wax and heavy
oil, colloid and asphaltene, and residual oil obtained from the reservoir rock pyrolysis
experiment, mg/g, respectively; and pg, p1, 021, P22, 023, and p4 represent the densities of
the natural gas, gasoline, kerosene, and diesel, wax and heavy oil, colloidal and asphaltene,
and residual oil components of the crude oil, g/ cm?, with values of 0.0007, 0.7, 0.8, 1.0, 1.25,
and 1.4, respectively [48].

Notably, in this study, the core samples were not saturated with oil during the ex-
perimental process. Additionally, during the processing of the raw experimental data,
no light hydrocarbon recovery was performed on the results of the reservoir pyrolysis
experiment. This approach was taken because it is challenging to replicate the actual geo-
logical conditions of the oil charging process under laboratory conditions [49]. This could
impact the occurrence state of LCs and HCs and result in significant differences between
the occurrence characteristics of LCs and HCs in processed core samples and their actual
occurrence under geological conditions. In addition, there are numerous methods for light
hydrocarbon recovery, and the factors influencing light hydrocarbon dissipation are diverse
and complex [44]. Using a unified recovery method alone may increase the differences in
the relative contents of LCs and HCs under actual geological conditions. Furthermore, this
study focused primarily on the relative changes in LCs and HCs in tight oil. The trend of
changes in the relative proportions of LCs and HCs in all samples caused by the dissipation
of light hydrocarbons is the same. Therefore, not performing light hydrocarbon recovery
on the results of the reservoir pyrolysis experiment allows for the maximum preservation
of information on the relative contents of LCs and HCs in tight oil reservoirs.
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4. Results
4.1. Tight Reservoir Characteristics

The lithology of the Chang 7 tight sandstone reservoir in the Jiyuan area is mainly
composed of arkose and lithic arkose (Figure 4a). The clastic components are primarily clay
minerals, quartz, and feldspar (including plagioclase and potassium feldspar), followed by
calcite and dolomite (Figure 4b). The sandstone in the Chang 7 member is dominated by
fine sandstone, moderately sorted, subangularly rounded, and presents point-line contacts
between particles (Figure 4cj,c;). On the basis of microscopic observations, the pore types
in the sandstone samples from the Jiyuan area can be classified into five categories: residual
intergranular pores, intergranular dissolution pores, intragranular dissolution pores, and
intercrystalline pores (Figure 4d,e). Residual intergranular pores dominate the pore system
and are characterized by regular shapes between the clastic particles. Intergranular disso-
lution pores are formed by dissolving mineral particles (such as feldspar) or cementing
materials (such as carbonate). Intragranular dissolution pores are distributed mainly within
feldspar grains and often follow cleavage. In addition, intragranular dissolution pores
can also occur within lithic fragments. The tight sandstone in the study area contains a
significant number of intercrystalline pores. These pores often appear in the inner walls of
dissolution pores and residual intergranular pores or on the surface of grains. Since faults
and fractures primarily act as conduits and destructive factors in the tight oil reservoirs
of the study area, with minimal impact on the occurrence differentiation of LCs and HCs
in tight oil, this study focuses on the characteristics of pore storage space and does not
provide a detailed discussion of fracture characteristics.

The reservoir water saturation NMR data in the study area can be classified into three
types: unimodal, symmetric bimodal, and right-skewed bimodal (Figure 5a). By using the
water saturation and centrifuged NMR results, the micropores, small pores, and large pores
in tight sandstone reservoirs can be identified [50]. The boundary between micropores and
small pores is defined by the T, value corresponding to the point where differences start to
appear in the T, spectrum before and after centrifugation. Moreover, the boundary between
small pores and large pores is defined by the T, value corresponding to the point where a
significant difference begins to appear in the T, spectrum before and after centrifugation
(Figure 5b). In addition, the T, value of NMR is proportional to the pore size [5]. Previous
studies have commonly used 1 ms and 10 ms as the boundary values between micropores
and small pores, and between small pores and large pores, respectively [51,52]. Based on
the distribution range of boundary values determined before and after centrifugation of
the study area samples, this study adjusted the boundary values, defining 0.5 ms as the
threshold between micropores and small pores and 10 ms as the threshold between small
pores and large pores, to better reflect the actual conditions of the study area. The T, value
distribution of small pores in the study area generally ranges from 0.3 to 3 ms, whereas the
T, values of large pores are primarily distributed in the >3 ms range. The proportion of
large pores in the SS is relatively high, with an average value of 95.88%. In contrast, the
proportion of small pores corresponding to the SRI and RS is greater, with a distribution
range of 30.03% to 82.91% (Figure 5c).
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Figure 4. (a) Ternary plot illustrating the type of sandstones, with Q, F, and R representing quartz,
feldspar, and rock fragments, respectively; (b) Box plot of the relative contents of different minerals
in the Chang 7 tight reservoir; (c) Optical microscopy images under plane-polarized light with a
2.5x field of view, showing the grain size, sorting, roundness, and grain contact relationships of the
Chang 7 tight reservoir. (c1) Fine sand predominates, followed by very fine sand. The development of
rock pores is poor, with low connectivity (Well G91, 2677.6 m). (cz) Fine sand is in absolute dominance,
with very little medium sand and very fine sand. The rock pores are moderately developed, and
the connectivity is average (Well J127, 2557.5 m, 2.5x); (d) Optical microscopy images under plane-
polarized light with a 20x field of view, showing the characteristics of distinct types of pores. The
red areas are cast epoxy resin. (dq) The intergranular dissolution pores developed between clastic
particles; the intragranular dissolution pores developed in feldspar grains (Well J127, 2557.5 m).
(d2) Residual intergranular pores and intergranular dissolution pores developed between clastic
particles (Well J127, 2557.5 m).; (e) FE-SEM images showing the characteristics of distinct types of
pores. C represents calcite. (e7) Intergranular dissolution pores, intercrystalline micropores, and
intragranular dissolution pores in feldspar grains (Well J127, 2557.5 m, 331x). (ez) Intragranular
dissolution pores developed within calcite (Well J127, 2557.5 m, 272x).

(a) (b)

Boundary point between
micropore and small pore o St atr

N —— Centrifugation

Boundary point between
} y 2300 b

° small pore and large pore,
_ Saturated-water /

condition = Smatipore | Largepore
— Centrifugation / 0.001 0.01 0.1 0.51 10 100 1000 10000
at300 psi / T,(ms)
y
/ Small pore
/ v 0. 00
y / H2612215.3m /
18 [Hzm 2158.3m
i3 H2612182.1m
7127 2553.2m

Signal intensity

H2612218.1m
wm 2666.5m

o e T T
0.001 0.01 0.1 1 10 100 1000 10000

0
Largepore 0.0 0.25 0.5 075 100 Micropore
T,(ms)
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pore distribution; (c) Pore distribution characteristics of different source-reservoir combinations.
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4.2. Occurrence Characteristics of LCs and HCs
4.2.1. Occurrence Volume Characteristics

The volumetric transition results of the reservoir rock pyrolysis experiments reveal
that there is a significant variation in the occurrence volume of crude oil in different tight
reservoir samples, ranging from 0.20-18.16 mm? /g, with an average value of 4.39 mm3/g.
However, the standard deviation can reach 3.69 mm?/g (Figure 6a). The LHR, in each
sample also greatly differed, ranging from 0.22—4.23, with an average of 1.49 and a standard
deviation of 0.97 (Figure 6a). Notably, even samples from adjacent depths within the
same well show significant differences in the occurrence volumes of crude oil and LHR,
(Figure 6a). For example, in the case of the four tight reservoir samples from well G182, the
maximum depth difference between the samples is only 23.3 m, but the range of occurrence
volumes of crude oil and LHR,, can reach 7.48 mm3/g and 2.14, respectively (Figure 6a).
Additionally, even within different CLSM fields of the same sample, there are still small
variations in LHR, (Figure 6b). The range of LHR, in Sample I is 0.89-1.06, with a mean
of 0.98 and a standard deviation of 0.06 (Figure 6b). The range of LHR, in Sample II is
0.55-1.01, with a mean of 0.66 and a standard deviation of 0.14 (Figure 6b). Among them,
the anomalously high value of LHR, appears in fields of view II-4, which may be due to the
large difference between the local reservoir characteristics corresponding to fields of view
II-4 and the overall reservoir characteristics of Sample II. The range of LHR, in Sample
III is 0.66-0.75, with a mean of 0.71 and a relatively low standard deviation of only 0.03
(Figure 6b).
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Figure 6. (a) Volumetric transition results of the reservoir rock pyrolysis experiment with different
components and the distribution characteristics of LHR; in the Chang 7 tight reservoir. (b) CLSM
results for LCs and HCs and the distribution characteristics of LHR; in the Chang 7 tight reservoir.

The composition of the expelled crude oil from source rocks during each hydrocarbon
expulsion stage is approximately the same, which means that the LHR, values of the
expelled crude oil in each stage should also be approximately consistent and have a smaller
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standard deviation. The significant fluctuations in the LHR, among the different samples
of the Chang 7 tight oil formation indicate that there was significant differentiation in the
occurrence of LCs and HCs during the formation process, which primarily arises from
the differences in fluid properties between the LCs and HCs of the crude oil and their
interactions with the reservoir.

4.2.2. Occurrence State and Morphology Characteristics

In the original CLSM observation field, minerals can be identified as transparent or
opaque on the basis of their light-transmitting properties [23]. Transparent minerals, such
as quartz, calcite, potassium feldspar, and sodium feldspar, appear in light gray tones in the
field of view, whereas opaque minerals, such as plagioclase feldspar, biotite, and pyroxene,
appear darker (Figure 7). In the Chang 7 tight reservoir, the oil occurrence volume around
translucent minerals is relatively large, whereas the oil occurrence volume around opaque
minerals is relatively small. (Figure 7a;,bq,c1,d1). Moreover, the occurrence state of crude
oil can be inferred from its occurrence morphology in tight or shale reservoirs [23]. For
the Chang 7 tight reservoir, free oil is predominantly present in the form of spots, short
columns, and clusters, which are mainly found in intergranular pores, intragranular pores,
and throats. In contrast, bound oil occurs as films, strips, and clumps, which are primarily
distributed in intergranular pores and intragranular pores (Figure 7a;,by,c1,d1). The LCs
and HCs of crude oil in tight reservoirs mainly exist as mixtures, but their occurrence
states and morphologies slightly differ (Figure 7). In some small-sized intragranular pores
and throats, only LCs are present in free states (Figure 7a,c). In contrast, in some large
intragranular pores and intergranular pores, the area occupied by HCs is greater than that
occupied by LCs (Figure 7). In addition, the LCs are distributed mainly in the middle of
these pores, whereas the pore surfaces are exclusively occupied by HCs. This observation
indicates that the adsorption capacity of HCs on pore surfaces is greater than that of LCs
(Figure 7).

m [ = = L]

Opaque  Translucent HCs LCs Zone entirely occupied by LCs, Zone mainly occupied by LCs, with
mineral mineral with minimal HCs presence  HCs concentrated in the central area only

Figure 7. CLSM images illustrating the occurrence states and morphological characteristics of crude
oil in the Chang 7 tight reservoir. From top to bottom: original CLSM images, LCs images, and HCs
images for (a1—3) Sample I (Well J127, 2557.5 m), (b1-3,c1-3) two fields of view of Sample II (Well L54,
2407.75 m), and (d1-3) Sample III (Well G91, 2677.6 m).
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4.2.3. Occurrence Pore Size Distribution Characteristics

On the basis of the CLSM observations, Image-Pro Plus software (version 6.0) was
used to characterize the occurrence volume of LCs and HCs of crude oil in pores of different
sizes in each field of view of each sample. The overall occurrence volume of the LCs and
HCs in the Chang 7 tight reservoir initially tended to increase but then decreased with
increasing pore size (Figure 8b—d). The crude oil is primarily distributed in pores with
radii ranging from 1-8 pum, with less than 10% distributed in pores with radii smaller than
1 pm or larger than 8 um (Figure 8a). In pores with radii of 1-2 pum, the content of the LCs
was significantly greater than that of the HCs, with the former occurrence volume ranging
from 5-15%, whereas the latter occurrence volume ranged from 0-5% (Figure 8a). This is
consistent with the phenomenon described in Section 4.2.2, where the LCs almost entirely
occupied the point-like small pores and short columnar throats (Figure 7a,c). In pores with
radii of 2—4 um, the overall content of the LCs remained higher than that of the HCs, but
the difference between the two was relatively small (Figure 8a). In pores with radii of
4-6 um, the content of HCs begins to slightly exceed that of LCs (Figure 8a). In pores with
radii of 6-8 um, the content of HCs was significantly greater than that of LCs, with the
former occurrence volume mainly ranging from 15-20% and the latter ranging from 5-15%
(Figure 8a). This may be attributed to the stronger adsorption and occupation capacities on
the pore surfaces of HCs than on those of LCs in larger pores (Figures 7 and 8).
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Figure 8. (a) Distribution characteristics of LCs and HCs with different pore sizes; (b—d) Distribution
histograms of LCs and HCs contents under different pore sizes for (b1—3) Sample I (Well J127, 2557.5
m), (c1-3) Sample II (Well L54, 2407.75 m), and (d1-3) Sample III (Well G91, 2677.6 m).
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According to the differential characteristics of the occurrence of LCs and HCs in
different-sized pores, the differences in the pore sizes of LCs and HCs can be divided
into two categories: complete differentiation and partial differentiation. Complete dif-
ferentiation refers to the phenomenon where only the LCs or HCs of the crude oil occur
in specific-sized pores. If only LCs occur, it is referred to as LCs-dominated complete
differentiation, and vice versa (Figures 7a,c and 8c;,d). Partial differentiation refers to the
phenomenon where the LCs and HCs of crude oil occur simultaneously in specific-sized
pores, but their occurrence volumes significantly differ (Figures 7 and 8b3,c3). If the occur-
rence volume of the LCs is greater than that of the HCs, it is referred to as LCs-dominated
partial differentiation, and vice versa. In summary, in pores with radii of 1-2 um, there is
mainly LCs-dominated complete differentiation, with a small amount of LCs-dominated
partial differentiation (Figures 7 and 8). In pores with radii of 2-8 um, partial differentiation
primarily occurs. Among them, LCs-dominated partial differentiation occurs mainly in
pores of 2—4 yum (Figures 7 and 8), whereas HCs-dominated partial differentiation occurs
mainly in pores with radii of 4-8 pm (Figures 7 and 8).

4.3. Controlling Factors for the Occurrence Characteristics

The occurrence characteristics of LCs and HCs in tight reservoirs are influenced pri-
marily by three critical mechanisms: the coupled control effects of the crude oil charging
force and resistance [53], the adsorption effects of reservoir minerals [23], and the chromato-
graphic effects of crude oil migration [54]. On the basis of these mechanisms, this study
analyzes the impacts of hydrocarbon generation intensity, SRD, and mineral wettability
on the occurrence of LCs and HCs in various source-reservoir combinations within the
Chang 7 tight reservoir. Among these factors, the control effect of hydrocarbon generation
intensity and SRD on occurrence can be summarized as the control effect of the crude oil
charging force on occurrence, which helps to systematically elucidate the coupled effects of
the charging force and resistance on the differential occurrence of LCs and HCs.

4.3.1. Charging Force

The physical properties of different crude oil components vary significantly, resulting
in distinct capillary resistance between LCs and HCs under the same reservoir condi-
tions [55]. During each individual hydrocarbon generation and expulsion period, the
differences in the physical properties of crude oil are relatively minor [54]. Under such
conditions, the differences in occurrence characteristics resulting from variations in the
physical properties of different crude oil components are nearly unchanged. However,
owing to the heterogeneous distribution of hydrocarbon generation pressure in source
rocks [36] and the gradual attenuation of the crude oil charging force in the direction away
from the source rock—reservoir contact surface [56], significant differences in the charging
force of crude oil are distributed across various spatial locations. This can lead to very large
differences in pore size and volume between LCs and HCs within tight reservoirs. To fur-
ther explore the control mechanisms of the charging force on the occurrence characteristics
of different crude oil components, two types of crude oils, LCs-rich and HCs-rich crude
oils, are selected for use as approximate examples of LCs and HCs, respectively. Numerical
simulation methods are employed to discuss the differential occurrence characteristics of
LCs and HCs under different charging forces. The density and oil-water interfacial tension
data for the two types of crude oils, as well as the wettability angle data for the HCs-rich
crude oil referenced from numerical simulation parameters, are derived from relevant
studies on the Chang 7 tight oil [57]. The wettability angle data for the LCs-rich crude oil
in the oil-water—tight sandstone system are based on test results for similar-density oils
in quartz-rich tight sandstone reservoirs [55]. The average pore-throat size ratio and the
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maximum hydrocarbon generation pressure of the Chang 7 tight reservoir are sourced from
the studies of [58] and [59], respectively (Table 1).

Table 1. Physical and geological parameters of LCs-rich and HCs-rich crude oils in the Chang 7 tight
reservoir [55,57-59].

Mean Size Ratio ~_ Maimum
Type of . Interfacial Contact Hydrocarbon
. Density . of .
Crude Oil Tension Angle Generation
Pore and Throat
Pressure
LCs-rich 772 kg/m3 19.3 mN/m 142° 400 21 Mpa
HCs-rich 842 kg/m? 30 mN/m 180°

On the basis of the Young—Laplace equation (Formula (3)), the capillary resistance of
the two types of crude oil under different throat radius conditions was obtained through
numerical simulation.

_ 20cos®

P =20 )

where P is the capillary force exerted on the crude oil, o is the interfacial tension between
the crude oil and the formation water interface, 0 is the wetting angle at the interface
between the crude oil-tight reservoir mineral-formation water, and r is the throat radius of
the tight reservoir.

LCs-rich crude oil is characterized by a lower density, smaller interfacial tension, and
lower contact angle, which results in consistently lower capillary resistance than HCs-rich
crude oil under the same throat radius conditions (Figure 9a,b). The relationship between
the charging force of crude oil and the capillary force resistance it encounters determines
whether it can overcome resistance and subsequently enter the pores of tight sandstone [53].
The throat radius at which the capillary force equals the charging force is defined as the
critical throat radius (r.). During the initial charging process of crude oil into tight reservoirs,
the crude oil can only overcome throats with radii larger than r. and subsequently enter
the pores connected to these throats. The hydrocarbon generation pressure is a critical
charging force for the Chang 7 tight reservoir. During geological history, the maximum
hydrocarbon generation pressure of the Chang 73 source rock reached 21 MPa [59]. When
the charging force is set to its maximum value (21 MPa), the r. for the LCs-rich crude
oil is approximately 15 nm, whereas that for the HCs-rich crude oil is slightly larger, at
approximately 30 nm (Figure 9a). On the basis of the mean throat-to-pore ratio of the
Chang 7 tight sandstones [58], the critical charging pore radii for the LCs-rich and HCs-
rich crude oils are approximately 0.6 um and 1.2 um, respectively (Figure 9a). The pore
size of the Chang 7 tight reservoir is distributed primarily within the range of 1.2 um
to 12 pym (Figure 8). Therefore, under conditions of strong charging force, there is no
significant difference in the occurrence pore size between LCs-rich crude oil and HCs-rich
crude oil. The CLSM observations of Sample I in the second field of view are highly
consistent with the aforementioned mechanism (Figure 9a). However, when the charging
force is set to a low value of 10 MPa, the r. values for the LCs-rich and HCs-rich crude
oils are approximately 30 nm and 60 nm, respectively. The corresponding critical charging
pore radii are approximately 1.2 um and 2.4 um (Figure 9b). Under these conditions,
only LCs-rich crude oil can occupy pores smaller than 2.4 um, resulting in the complete
differentiation of LCs-rich crude oil (Figure 9b). Furthermore, there is no strictly functional
relationship between pore size and throat size, as a throat of a certain size often corresponds
to a range of pores of similar sizes. This leads to the partial differentiation of LCs-rich
crude oil within the pore size range adjacent to the complete differentiation range of
LCs-rich crude oil (Figure 9b). The CLSM observations of Sample III in the third field
of view validate the occurrence mechanism discussed above under weak charging force
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conditions. The complete differentiation of LCs is observed within the pore radius range
of 1.6 um to 2.4 um, whereas partial differentiation of LCs occurs within the range of
2.4 pm to 3.2 um (Figure 9b). In summary, under conditions of weak charging force, the
complete and partial differentiation of LCs may occur within a range of pore radii, from the
smallest pores to a certain pore radius in tight sandstone reservoirs, which will cause the
occurrence volume of LCs to be significantly larger than that of HCs within these pores. The
aforementioned mechanisms effectively explain the phenomenon observed in the Chang 7
tight reservoirs, where the volume of LCs exceeds that of HCs (Figure 8a), and complete
and partial differentiation of LCs occurs in pores with sizes ranging from 0 um to 4 um
(Figure 8b—d).
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Figure 9. (a,b) Schematic diagram showing the differentiation mechanism of occurrence pore radius
between LCs and HCs under (a) strong charging force conditions and (b) weak charging force
conditions; (c) Charging force attenuation patterns within different source-reservoir combinations.

The variation trend of LHR, in the Chang 7 tight reservoir can also effectively validate
the controlling mechanism of the charging force on pore size differentiation between LCs
and HCs proposed in this study. Under geological conditions, weak charging forces of
crude oil are primarily distributed in areas with low hydrocarbon generation intensities or
in the middle of thick tight reservoirs [58]. As the distance from the contact face between the
source rock and the tight reservoir, referred to as the source-reservoir distance, increases,
the pressure gradually decreases, resulting in less remaining pressure in the middle of
the thick tight reservoir. Therefore, under the same intensity of hydrocarbon generation,
a weak charging force is more likely to occur in the SS than in the RS or SRI (Figure 9c¢).
In the Chang 7 tight reservoir, the LHR, tends to decrease gradually with increasing
hydrocarbon generation intensity (Figure 10a), especially when the hydrocarbon generation
intensity is less than 0.6 t/km?. These findings indicate that under conditions of weak
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hydrocarbon generation intensity, the complete and partial differentiation of LCs within
0—4 pm pores is an important factor controlling the LHR,, in tight reservoirs. Additionally,
the control effect of the source-reservoir distance (SRD) on LHR, is more pronounced.
CLSM observations reveal that, as the SRD increases, the minimum pore radius at which
LCs occur remains relatively stable and is mainly distributed at approximately 2 um
(Figure 10b). However, from Sample I, with a low SRD, to Sample III, with a high SRD, the
minimum pore radius for HCs shifted from approximately 2 um to approximately 3 pm
(Figure 10b). Moreover, the difference in the lower limit for the concentrated distribution
between LCs and HCs, indicated by the boxed area in the box plot, also shows an increasing
trend with increasing SRD (Figure 10b). Macroscopically, there is a strong and clear positive
correlation between SRD and LHR, (Figure 10c). Nevertheless, charging forces can only
cause relative enrichment of LCs within the 0—4 um range in the Chang 7 tight reservoir
and do not necessarily lead to an increase in the overall relative content of LCs. Therefore,
the chromatographic effect is considered another important factor influencing the strong
positive correlation between SRD and LHR,. During oil migration, the chromatographic
effect causes HCs in crude oil to be lost along the migration pathway due to differences in
the physicochemical properties of different components, leading to relatively high levels of
LCs [54]. According to the above analyses, oil charging forces are important factors that
cause the complete and partial differentiation of LCs within pores smaller than 4 pm; under
conditions of weak hydrocarbon generation intensity, the hydrocarbon generation intensity
has a significant effect on the LHR,, and SRD has a distinct control on the LHR, under the
combined effects of the charging force and the chromatographic effect.
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Figure 10. (a) Control effect of hydrocarbon generation intensity on LHRy; (b) Pore radius distributions of
LCs and HCs under different SRD conditions; (c) Distribution characteristics of SRD and LHR,, and their
cross-plots; (d) Correlation analysis of SRD and LHR, for different source-reservoir combinations.

Owing to differences in geological conditions and tight reservoir thickness, the control
of SRD on LHR, also varies among different source-reservoir combinations. The SS,
characterized by thick tight sandstone, exhibits relatively weak hydrocarbon generation



Energies 2025, 18, 1440

19 of 28

intensity and large SRD (Figure 10c). In this combination, LHR, shows a distinct increasing
trend with increasing SRD (Figure 10d). In contrast, the SRI and RS are characterized by
strong hydrocarbon generation intensity and short SRD, which results in an insignificant
relationship between SRD and LHR,, especially under small SRD conditions (Figure 10d).

4.3.2. Mineral Wettability

The sandstone reservoir surface experiences varying degrees of adsorption forces on
different components of the boundary fluid. This adsorption force originates primarily
from the interaction between minerals and their adjacent fluids within the reservoir [60].
In the oil-water—tight reservoir system, the adsorption of crude oil by different minerals
varies. Additionally, minerals have different wetting characteristics due to their specific
chemical compositions and crystal structures and can be classified into three types: water-
wet minerals, intermediate-wet minerals, and oil-wet minerals [61]. Water-wet minerals
and intermediate-wet minerals have almost no adsorption force on crude oil, and include
mainly quartz, illite, sodium feldspar, and potassium feldspar. Oil-wet minerals, including
mixed-layer illite/smectite, chlorite, kaolinite, and carbonate minerals, such as calcite and
dolomite, have strong absorption effects on crude oil [62]. Moreover, owing to their higher
polarity and molecular weight, HCs adsorb more strongly on the surface of oil-wet minerals
than LCs do [63]. Thus, oil-wet minerals play a significant controlling role in the occurrence
volume of HCs in tight reservoirs.

In the Chang 7 tight reservoir, the content of oil-wet minerals exerts a distinct con-
trolling effect on the LHR,,. As the content of oil-wet minerals in tight reservoirs increases,
the volume of HCs relative to LCs significantly increases, thereby leading to a decrease in
LHR, (Figure 11a). Additionally, owing to the adsorption effect, pore surfaces composed of
oil-wet minerals are almost exclusively occupied by HCs (Figure 7b—d), and HCs partial
differentiation is always observed at pore radii greater than 4 um (Figure 8). The control
effect of the content of oil-wet minerals on the LHR; in a reservoir varies among different
source-reservoir combinations due to differences in mineral components and the degree
of complete and partial differentiation of LCs. In the SRI and RS, the content of oil-wet
minerals strongly controls the LHR, (Figure 11b). However, in the SS, this control is not
evident (Figure 11b), which may be attributed to the relative enrichment of LCs in pores
smaller than 4 pm resulting from complete and partial differentiation (Figure 10d).
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Figure 11. Correlation analysis between the percentage of oil-wet minerals and LHR,.
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5. Discussion
5.1. Rock Physical Properties

The physical properties of rock are important factors affecting the degree of crude
oil occurrence space in tight reservoirs [64]. In the Chang 7 tight reservoir, the content of
micropores is relatively low, accounting for less than 10%, and the crude oil occurrence
space is mainly distributed in small and large pores (Figure 5). For different source—
reservoir combinations, the differences in the physical properties of tight reservoirs are
significant. The NMR results reveal that the pore type for the SS is mainly large pores, with
a low proportion of small pores, whereas the pore types for the SRI and RS are primarily
small pores, with a relatively high proportion of small pores (Figure 12a). Owing to the
differences in the main factors controlling the occurrence characteristics of LCs and HCs in
tight reservoirs with different source-reservoir combinations, the influence of rock physical
properties on the occurrence characteristics of LCs and HCs also varies across different
source-reservoir combinations. For the SS, the difference in LCs and HCs occurrence
characteristics arises mainly from the partial and complete differentiation of LCs in pores
with a radius of 4 pm or less under weak charging force conditions. This leads to a greater
proportion of small pores in the tight reservoir of the SS, which increases the space where
partial and complete differentiation of LCs may occur, further resulting in greater relative
enrichment of LCs in the reservoir (Figure 12a). For the SRI and RS, the main reason for the
difference in LCs and HCs occurrence characteristics is the adsorption of HCs by oil-wet
minerals in pores where LCs differentiation does not occur. This also indicates that, for the
SRI and RS, the main reason for the difference in LCs and HCs occurrence characteristics is
not the size of the crude oil occurrence space but the content of oil-wet minerals within the
reservoir. Clay minerals, as important oil-wet minerals, also control the physical properties
of reservoirs [62]. That is, the higher the clay mineral content is, the poorer the physical
properties of the reservoir, but the greater the content of oil-wet minerals. In the Chang
7 tight reservoir, for the SRI and RS, the content of oil-wet minerals shows a significant
positive correlation with the proportion of small pores in the reservoir (Figure 12b). This
suggests that in the SRI and RS, the poorer the reservoir physical properties are, the more
oil-wet minerals are enriched, which results in a significant negative correlation between
the reservoir physical properties and LHR, (Figure 12a).
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Figure 12. Correlation analysis between LHR;, (a), the percentage of oil-wet minerals (b), and reservoir
physical properties.
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5.2. Argillaceous Laminae

Argillaceous laminae are commonly developed in tight sandstone reservoirs. Owing to
the significant mineralogical differences between argillaceous laminae and pure sandstone,
argillaceous laminae play an important role in controlling the distributions of LCs and
HCs in tight sandstone reservoirs. The reservoir in the study area has many argillaceous
laminae, which contain many clay minerals. Clay minerals, as important oil-wet minerals,
have a strong adsorption effect on HCs [62]. Therefore, the difference in the adsorption
effects of oil-wet minerals on LCs and HCs can be clearly observed in the argillaceous
laminae. On the basis of the development position of the argillaceous laminae, the CLSM
observation field of Sample II can be divided into three regions: the bright zone, dark zone,
and transition zone (Figure 13b). The bright zone is mainly composed of relatively large
quartz particles with a minimum pore radius of approximately 1.5 um (Figure 13b,f). The
dark zone is located in the development area of the argillaceous laminae and is mainly
composed of clay minerals. The minimum pore radius is smaller than that in the bright
zone, approximately 1 um (Figure 13b,h). The transition zone is located at the boundary
between the bright zone and the dark laminae. There is a noticeable change in particle
size, with the particle diameter gradually decreasing from the bright zone to the dark zone.
The minimum pore radius is approximately 1.2 um (Figure 13b,g). The content of oil-wet
minerals gradually increases, and the minimum pore radius of the reservoir progressively
decreases from the bright zone to the dark zone. In addition, there are obvious differences
in the distribution characteristics of LCs and HCs in different regions. In the bright zone,
crude oil mostly exists in clusters and is present in a free state within the pores. Additionally,
there are no significant differences in the occurrence state or volume of LCs and HCs in
the reservoir (Figure 13c). A slight complete and partial differentiation of LCs occurs in
pores smaller than 4 um in radius, whereas in pores larger than 4 pm in radius, there
is almost no differentiation in the occurrence volumes of LCs and HCs (Figure 13f). In
the transition zone, crude oil mainly exists in the form of clusters and spots within the
pores. LCs are primarily distributed in the middle of the pores, while the surfaces of the
pores are mainly occupied by HCs (Figure 13d). In pores smaller than 4 um in radius, the
complete and partial differentiation of LCs is more pronounced, and in pores larger than
4 ym in radius, HCs also begin to show slight partial differentiation (Figure 13g). In the
dark zone, crude oil mainly exists in the form of spots within the pores, and almost all the
pore surfaces are occupied only by HCs. The occurrence volume of HCs is significantly
larger than that of LCs (Figure 13e). In pores smaller than 4 um in radius, the complete
and partial differentiation of LCs is very pronounced, whereas in pores larger than 4 pm in
radius, the partial differentiation of HCs is also quite evident (Figure 13h). The average
LHR, in the bright zone, transition zone, and dark zone gradually decreases, with values of
0.83, 0.65, and 0.55, respectively (Figure 13a).

In tight sandstone reservoirs with larger pores and fewer oil-wet minerals, there is
almost no differentiation in the occurrence of LCs and HCs. However, in the argillaceous
laminae, owing to the small pore size and high content of oil-wet minerals in the reservoir,
the differentiation of LCs in smaller pores and the differentiation of HCs in larger pores
are very pronounced. However, because the adsorption effect of oil-wet minerals on HCs
influences a broader pore size range, the overall LHR, in the argillaceous laminae continues
to decrease.
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Figure 13. (a) Occurrence volume of LCs and HCs in different regions of Sample II (L54, 2407.75 m);
(b) Positional distribution in different regions of Sample II(L54, 2407.75 m); (c—e) Occurrence
state characteristics of LCs and HCs in the bright, transitional, and dark zones, respectively.
(c1-3) represent the mineral images, LCs images, and HCs images in Field of view 1, respectively;
(d1-3) and (e1-3) represent those in Fields of view 5 and 2, respectively.; (f-h) Pore size distributions
of LCs and HCs of Sample II, in the bright, transitional, and dark zones, respectively. (f12) represent
view 1 and view 4 in the bright zone, respectively. (g1,2) represent view 5 and view 7 in the transitional
zone, respectively. (hy ) represent view 2 and view 3 in the dark zone, respectively.

5.3. Geological Occurrence Mode of Crude Oil

On the basis of this comprehensive analysis, three occurrence differentiation models of
LCs and HCs have been identified in the tight sandstone reservoirs of the Chang 7 member
in the study area. These models correspond to different source-reservoir combinations.
Model A is developed in source sandwich combination (SS), is primarily controlled by
the charging force, and is mainly distributed in near-slope areas (Figure 14a). In contrast,
Model B and Model C, which are developed in source-reservoir interbed combination
(SRI), and reservoir sandwich combination (RS), are primarily distributed in the sag and
are dominated by mineral adsorption and argillaceous laminae, respectively (Figure 14b,c).
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Figure 14. Geological mode of crude oil occurrence in the Chang 7 tight reservoir in the research
area. CF represents the charging force. (a) Sedimentary facies and lithology distribution model of
the chang 71,4, submember in the jiyuan area; (b1), (¢1), and (dy) represent the vertical evolution
characteristics of crude oil charging force and capillary resistance in Models A, B, and C, respectively;
(b2), (c2), and (d2) represent the occurrence state and morphological model of crude oil in Models A,
B, and C, respectively; (bs), (c3), and (d3) represent the typical pore size distribution characteristics of
light and heavy components of crude oil in Models A, B, and C, respectively.

Model A is developed in SS and is primarily distributed in the northern part of the
study area, on slopes with low hydrocarbon intensities. This region is characterized by
delta-front depositional environments and relatively thick reservoirs with lower contents
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of oil-wet minerals and larger pore sizes. The occurrence differentiation of LCs and HCs
mainly occurs in pores smaller than 4 pm in radius, where LCs are significantly more
abundant than HCs. In pores exceeding 4 um, little differentiation is observed, resulting
in a relatively high LHR,. Model B and Model C are developed in SRI and RS and are
primarily distributed in the southern part of the study area, which is in a sag with relatively
high hydrocarbon intensity. These models are characterized mainly by semideep lacustrine
and gravity flow depositional environments, as well as relatively thin reservoirs with higher
contents of oil-wet minerals and smaller pore sizes. Model B, with stronger charging forces,
exhibits weak differentiation of LCs in pores smaller than 4 pm. However, in pores larger
than 4 pm, HCs tend to fully occupy oil-wet mineral surfaces due to adsorption effects,
leading to a higher volume of HCs than LCs and a lower overall LHR,. While Model C also
has a high charging force, the presence of argillaceous laminae further reduces the reservoir
properties and increases the content of oil-wet minerals. In pores smaller than 4 pm, a clear
differentiation of both complete and partial LCs is observed. Similarly, in pores larger than
4 um, partial differentiation of HCs is also notable. However, the overall LHR; is further
reduced compared with that in Model B reservoirs.

It is worth noting that the three occurrence differentiation models of LCs and HCs
constructed in this study are based on research findings from continental tight reservoirs.
These reservoirs are characterized by a highly complex geological background and sed-
imentary environment, well-developed laminar structures, and strong heterogeneity in
pore-throat structure, mineral composition, and physical properties [65,66]. As a result,
even within the same basin, the same block, or even the same structural belt and strati-
graphic horizon, multiple occurrence differentiation models with different controlling
factors often coexist. In contrast, marine tight reservoirs, such as Bakken, Eagle Ford, and
Wolfcamp in North America, exhibit stronger homogeneity and are typically dominated by
a single occurrence differentiation models of LCs and HCs. Therefore, the findings of this
study provide valuable insights and have a certain degree of applicability across different
geological settings.

6. Conclusions

(1) Inthe Chang 7 tight reservoir, LCs and HCs exhibit differences in occurrence volume,
state, morphology, and pore size. The LHR, of crude oil varies significantly, ranging
from 0.22 to 4.23, with an average value of 1.49. LCs predominantly occur in the form
of spots, short columns, and clusters, and exist in a free state within intergranular
pores, intragranular pores, and throats. The HCs mostly occur in the form of films,
strips, and clumps in an adsorbed state and are present in intergranular pores and
intragranular pores. In addition, the HCs mainly exhibit partial differentiation in
pores with a pore radius greater than 4 pm, whereas the LCs primarily show complete
or partial differentiation in pores with a pore radius smaller than 4 pm.

(2) The differences in occurrence between the LCs and HCs of crude oil are primarily
controlled by the coupled effects of the crude oil charging force and resistance, the
adsorption effects of reservoir minerals, and the chromatographic effects of crude oil
migration. The weaker the hydrocarbon generation intensity of the source rock is,
the more likely the LCs are to undergo complete or partial differentiation in pores
with radii smaller than 4 pm, increasing the LHR,. The larger the source-to-reservoir
distance is, the more severe the attenuation of the charging force from the source
rock, and the more significant the chromatographic effects during crude oil migration.
This also led to a relative enrichment of the crude oil LCs and an increase in LHR,,.
Moreover, the adsorption effects of oil-wet minerals in tight reservoirs are important
controlling factors for the relative enrichment of HCs in the pores of crude oil.
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(3) The extensive development of argillaceous laminae in tight reservoirs reduces the
minimum pore size of the reservoir and increases the content of oil-wet minerals in
the reservoir. This leads to the complete and partial differentiation of LCs in pores
with radii smaller than 4 um under strong charging forces, whereas strong partial
differentiation of HCs develops in pores larger than 4 um, which further reduces the
overall LHR, of the reservoir.

(4) Inthe Jiyuan area, there are three types of source-reservoir combinations: the source
sandwich combination (SS), source-reservoir interbed combination (SRI), and reser-
voir sandwich combination (RS). The SS is characterized by high physical properties,
low hydrocarbon generation intensity, high source-to-reservoir distance, and low
oil-wet mineral content. It has a relatively high LHR, and is mainly developed in
the northern part of the study area, near the slope area. In contrast, the RS and SRI
are characterized by a high frequency of argillaceous laminae development, high
hydrocarbon generation intensity, low source-to-reservoir distance, and high oil-wet
mineral content, leading to a relatively low LHR,. They are mainly developed in
the southern part of the study area in the sag. Three oil component differentiation
models have been developed for the Chang 7 tight sandstone reservoir in the study
area. First, Model A, developed in the SS, represents the charging force-dominated
occurrence mode of crude oil in the near slope zone. Model B is developed in the
SRI and RS, representing the mineral adsorption-dominated oil occurrence mode of
crude oil. Model C is developed in both the SRI and RS, representing the argillaceous
laminae-dominated oil occurrence mode of crude oil, both in the sag.

(5) This study proposes three occurrence models of LCs and HCs based on the study
area’s source-reservoir combination types, reservoir characteristics, and argillaceous
laminae characteristics. For regions with geological settings similar to the study
area, this research approach can be used as a reference to quantitatively characterize
the occurrence characteristics of LCs and HCs and further explore their controlling
factors. Moreover, this model can be further integrated with seismic data and well log
information to effectively predict regions with relatively high LCs content, thereby
achieving efficient extraction.
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