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Abstract: Understanding the micro-occurrence mechanism of tight oil has long been a daunting
challenge in the exploration and development of unconventional resources. This article discusses the
micro-occurrence mechanism of tight oil through continuous extraction by combining thin casting,
fluorescent thin sections, environmental scanning electron microscope observations, physical property
testing, and X-ray diffraction experiments. The results indicated that in the tight sandstone of the
Chang 8 Formation in the Ordos Basin, the average tight oil content was 35.46% for microscale pores,
35.74% for nanoscale pores, and 28.79% for mineral surfaces. Six types of micro-occurrence states of
tight oil were identified: emulsion, cluster, throat, star-like, isolation, and thin film forms. Although
clay minerals and heavy components dominate the adsorption of tight oil on mineral surfaces,
micro-occurrence is fundamentally an oil–rock interaction process. Hence, oil–rock interactions and
occurrence states were combined in this study to identify tight oil’s micro-occurrence mechanism.
The van der Waals forces of attraction between asphaltene molecules and a mineral surface play
a critical role, and minerals with hydroxyl groups can also combine with carboxyl and hydroxyl
groups present in tight oil. As a consequence of the adsorption of heavy components by minerals,
tight oil components remain in microscale and nanoscale pores with a higher saturation, increased
aromatic hydrocarbon content, and greater fluidity. The heterogeneity of the components due to
adsorption influences the physical properties and mineralization framework of tight oil reservoirs.
These findings suggest that tight oil occurrence results from the coupling of microscopic occurrence
and component heterogeneity in microscale and nanoscale pores.

Keywords: tight oil; micro-occurrence; occurrence mechanism; Yanchang Formation; Ordos Basin

1. Introduction

Tight sandstones, mudstones, and shales represent the most abundant deposits in
Earth’s sedimentary record. These deposits play diverse roles in the context of conventional
and unconventional hydrocarbon resources, serving as source rocks, caprocks, or even
reservoirs [1]. Furthermore, tight sandstones are of particular importance, as they constitute
the most critical reservoir space for unconventional oil and gas resources [2]. Consequently,
tight oil has emerged as a focal point in the research and exploration of global petroleum
geology [3–5].

In the Ordos Basin, the tight oil resources were preliminarily estimated to be ap-
proximately 35.5∼40.6 × 108 t [6,7]. The Yanchang Formation, which is characterized by
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a low porosity, low permeability, and complex pore structure with strong microscopic
heterogeneity, serves as a typical tight oil reservoir [8,9]. The Yanchang Formation can be
subdivided into ten members based on their lithostratigraphy, ranging from the Chang
1 Member to the Chang 10 Member, in descending order [8]. Among these, the Chang 6
to Chang 8 Members are considered the most critical tight-oil-producing targets during
operations. The proven tight oil reserves of the Chang 6, Chang 7, and Chang 8 Members
contain 12.24 × 108, 8.42 × 108, and 9.60 × 108 t, respectively [2,7].

Previous studies have demonstrated that the storage of tight oil in sandstones is dependent
on the chemical composition of tight oil and the structural properties of the reservoir [5,9–12].
Both the initial sediment composition and subsequent diagenetic modifications play a
crucial role in determining a reservoir’s properties [8,13]. The extensive diagenetic modifi-
cation of the Yanchang Formation’s reservoir is the primary factor contributing to the strong
heterogeneity of the tight sandstone reservoir [9,11]. Due to the complex pore structure
and poor physical properties of tight oil reservoirs, the occurrence mechanisms of tight
oil become increasingly complicated. Consequently, understanding the distribution of
reservoir quality is of paramount importance for the exploration and development of tight
oil resources.

In the last decade, research on the micro-occurrence mechanism of tight oil in sand-
stones has been divided into direct and indirect methods. The direct methods encompass
the following: (1) using fluorescent thin sections (FTSs) to identify, describe, and classify
tight oils in various pore types [14]; (2) employing a combination of environmental scanning
electron microscopy (ESEM) and energy dispersive spectrometry (EDS) to quantitatively
compare the differences in tight oil occurrence within pores of distinct morphologies [15];
(3) utilizing the micro-CT methodology to calculate the tight oil stored in pores, thus
enabling the determination of the occurrence state and relative content of tight oil [16].

Direct methods offer the advantage of distinguishing between micro-occurrence states
and pore types; however, accurate quantification remains a challenge. Consequently, re-
searchers have employed indirect methods, including the following: (1) utilizing centrifugal
or displacement methods to determine the content and proportion of tight oil distributed
in large connected pores and throats [17–20], although this approach cannot isolate tight
oil within nanoscale pores; (2) employing the Rock-Eval method to differentiate between
free oil and adsorbed oil, as well as to determine their respective ratios and composi-
tional differences [21–23]; (3) extracting tight oil step by step with organic solvents for
separation, allowing the analysis of compositional differences [24], although this method
cannot differentiate between tight oil in different pore sizes; (4) leveraging molecular sim-
ulation techniques to examine the direct interaction between crude oil and minerals at
the molecular scale and simulate single- or multilayer adsorption of crude oil on mineral
surfaces [16,25–27]; however, due to the complexity of the components of crude oil, cur-
rent molecular simulations can only target individual components or simple interactions;
(5) conducting single-mineral adsorption simulation experiments to ascertain the amounts
of different minerals adsorbed to crude oil and the adsorption mechanism of crude oil on
mineral surfaces [28]. While this method can be used to elucidate the oil–rock interaction
mechanism on mineral surfaces, it cannot determine the micro-occurrence states of crude
oil within reservoirs.

Previous studies have acknowledged the vast potential of tight oil resources and
proposed that a significant number of microscale and nanoscale pores that have developed
in tight reservoirs serve as the primary storage space for tight oil. However, the distribution
of tight oil among microscale pores, nanoscale pores, and mineral surfaces remains an open
question. Research on the occurrence characteristics and micro-occurrence mechanisms of
tight oil in sandstone is still limited [29].

In this article, we focus on the Chang 8 Member of the Yanchang Formation of the
Upper Triassic in the Ordos Basin, a typical tight oil reservoir. By examining the characteri-
zation of the micro-occurrence of tight oils in sandstones and conducting a quantitative
analysis of their content and composition, we explore the factors governing the micro-
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occurrence states in sandstones and the micro-occurrence mechanisms of tight oils. This
study aims to provide essential theoretical guidance for the exploration and development
of tight oil resources.

2. Geological Settings

The Ordos Basin, a typical superimposed basin, is the second largest basin in China,
spanning an area of 3.7 × 105 km2 [2,5,6,11]. Characterized by a simple monocline with an
average structural slope of 1/100, the accumulation of oil and gas in this region appears
to be unrelated to its structural features, as they primarily occur within lithologic reser-
voirs. The Yanchang Formation serves as the main target layer for the exploration and
development of oil and gas in the area, exhibiting characteristics such as well-developed
hydrocarbon source rocks, matching source–reservoir–cap assemblages, a vast exploration
field, significant potential, and abundant petroleum resources.

The Yanchang Formation underwent multiple stages of water inflow and recession,
resulting in the development of numerous sets of sandstone and mudstone. The Chang 6
to Chang 8 Members are the primary targets for exploration and development (Figure 1).
The lithology of the Chang 8 Member is predominantly medium-fine lithic feldspar sand-
stone, followed by medium-fine lithic feldspar sandstone. In general, the compositional
maturity of sandstones in the study area is characterized by medium structural maturity
and medium-to-good sorting, with mainly subangular roundness and a predominance of
point–line contacts between grains. The residual feldspar primarily consists of albite (or
acidic plagioclase), with albitization of plagioclase being a notable feature.
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Figure 1. A map showing the sample locations and stratigraphic characteristics of the Yanchang
Formation in the study area.

3. Materials and Methods

In this study, 12 samples were collected from the well core of the Chang 8 Member in
the Huaqing area, Ordos Basin. The samples included medium-fine lithic arkose, medium-
fine lithic arkose, and fine feldspathic debris sandstone. The porosity of the samples
ranged from 6.33% to 15%, while the permeability varied from 0.037 to 1.25 × 10−3 µm2,
representing a set of typical tight oil reservoirs. All samples underwent basic geological
experiments, such as porosity and permeability testing, casting thin section observation,
and X-ray diffraction (XRD) mineral composition analysis (Table 1). During core drilling
and placement, the formation pressure was released. The data obtained in the analyses and
tests during this experiment were all information on the tight oil remaining in sandstones.
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Table 1. Overview of the mineral composition in the Chang 8 Member Formation, Ordos Basin.

Sample Depth Porosity Permeability A B C D E F G
(m) (%) (×10−3 µm2)

S1 2138.10 15.00 1.250 58.4 26.8 - 14.4 3.15 1.44 9.81
S2 2185.60 12.99 0.754 48.4 32.0 4.5 12.9 1.97 1.65 9.29
S3 2062.20 10.46 0.741 59.0 29.3 0.6 9.5 2.14 0.74 6.63
S4 2133.45 14.09 0.725 49.6 33.7 0.1 15.7 4.88 1.57 9.25
S5 2187.45 11.68 0.568 54.8 34.6 2.2 7.5 0.15 0.63 6.73
S6 2288.00 13.00 0.542 50.7 38.0 0.9 9.0 2.39 0.77 5.84
S7 2192.60 11.08 0.521 50.3 33.1 1.9 12.7 2.92 2.03 7.75
S8 2228.33 12.15 0.431 39.6 40.2 0.2 11.4 1.48 1.14 8.78
S9 2242.40 10.20 0.406 50.1 36.0 3.8 9.9 2.49 0.99 6.43

S10 2031.65 12.53 0.316 39.6 36.7 0.5 10.4 3.54 0.94 5.93
S11 2036.85 7.88 0.120 39.1 36.0 7.3 10.6 3.60 1.17 5.83
S12 2213.35 6.33 0.037 30.5 33.6 12.1 12.1 2.90 2.30 6.90

A: Quartz; B: Feldspar; C: Calcite; D: Clay; E: I/S; F: Illite; G: Chlorite.

3.1. FTS and ESEM Observation

Fluorescent thin sections (FTSs) and Environmental Scanning Electron Microscopy
(ESEM) are currently the two most prevalent methods for observing the micro-occurrence
states of tight oil [5,14,15]. By analyzing variations in fluorescence colors, intensities,
and occurrence locations, researchers can examine and assess the micro-occurrence states
of tight oil in sandstones. In this study, a Nikon 80i three-channel advanced fluorescence
microscope was employed for sample identification.

The morphology of microscale and nanoscale pores, as well as the internal oil proper-
ties, could be observed by using ESEM in the low-vacuum mode. By leveraging the fact
that X-ray photon energy varies with element types, X-ray Energy Dispersive Spectroscopy
(EDS) could be employed to quantitatively measure the carbon content of hydrocarbons
for component analysis [15,30]. A Quanta FEG450 equipped with EDS was selected as the
measurement instrument. Experiments were conducted in the low-vacuum mode with a
chamber pressure of 10 Pa and a working voltage of 15 kV to prevent damage to the original
occurrence states of the tight oil. The electron beam spot size was 4.5 nm (corresponding
to a beam current value of 7 nA), and the operating temperature was maintained at 20 °C.
An ultrathin window (UTW) detector was used in the spectrometer to detect elements with
atomic numbers ranging from 4 (Be)∼92 (U). A positive correlation was observed between
the peak value of the same element in the same sample and its content.

3.2. Extraction of Tight Oil from Sandstones

Core flow-through methods possess the advantage of displacing tight oils in connected
micron pores [18,31]. However, they cannot separate the tight oil that exists in nanoscale
pores or is adsorbed on mineral surfaces. The step extraction method can effectively
separate tight oils stored in pores or adsorbed on mineral surfaces, but it is unable to
determine whether the extracts existed in microscale pores or were stored in nanoscale
pores. Consequently, it is crucial to first separate the tight oil present in microscale pores.
Following the separation process of adsorbed oil by Taheri-Shakib et al. [19,32], a set of
continuous separation methods were employed in this study to differentiate the tight oil
existing in connected microscale pores, nanoscale pores, and on mineral surfaces (Figure 2).
FTSs and ESEM observations were conducted at each step.
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Figure 2. A workflow for the extraction of tight oil from sandstones.

Through this experimental procedure, the tight oil stored in microscale pores, nanoscale
pores, and mineral surfaces could be extracted. The specific experimental procedures were
as follows: (1) Separation of tight oil stored in microscale pores: The core was placed into
the core holder, and the injection pressure was set to 5 MPa [11]. The confining pressure
was maintained 3∼5 MPa higher than the maximum injection pressure during the experi-
ment [33]. The displacement process continued until the extracts were colorless, with the
entire process lasting approximately seven days. Subsequently, the quantification of resid-
ual oil in pores of each size was performed at room temperature. After the organic reagent
naturally volatilized to a constant weight, the weight was determined through weighing.
In this step, the organic solvent was a mixture of dichloromethane and methanol (v:v 93:7).
(2) Separation of tight oil stored in nanoscale pores: The sample was gradually broken
under knocking to promote natural separation (the sample size was close to 1 cm × 1 cm),
and then it was placed in a Soxhlet extractor for 72 h of continuous extraction. After the
experiment, the extracts were collected and weighed. (3) Separation of tight oil adsorbed on
mineral surfaces: The cooled sample was crushed in a 60∼80 mesh (single particle size) and
placed in a Soxhlet extractor for 72 h of continuous extraction [34]. After the experiment,
the extracts were collected and weighed. In this step, the organic solvent was chloro-
form. Following the completion of the above experiment, the extracts collected in steps
(1), (2), and (3) were analyzed by using family components, gas chromatography/mass
spectrometry (GC/MS), and fourier-transform infrared spectroscopy (FTIR).

3.3. Separation of Fractional Compositions

The methods for separating the fractional compositions have been detailed in the pre-
vious literature [35,36]. Tight sandstone extracts were first treated to precipitate asphaltenes
by using 99.9% n-hexane, followed by separation through column chromatography by
employing silica gel (80∼100 mesh) and alumina (100∼200 mesh), respectively. Saturate,
aromatic, and polar fractions were obtained by elution with n-hexane, n-hexane/DCM
(3:1, v/v), and absolute ethanol, respectively [36–38]. The separated solvents of the frac-
tional compositions were individually collected by using a conical flask and transferred
to 5 mL weighing bottles with dichloromethane. Once the dichloromethane solvent com-
pletely evaporated, the transferred separated solvents of the fractional compositions were
weighed [35,36]. The analytical error for the oil and fractional compositions when using
this approach was typically less than 2% of the measured weight.

3.4. GC/MS Analysis

All samples were weighed at every stage after separation, and all of the hydrocarbon
fractions were subsequently analyzed by using Gas Chromatography–Mass Spectrome-
try (GC/MS). The GC/MS analysis was conducted on an HP6890N gas chromatograph
connected to an HP5973N mass spectrometer; both were produced by Agilent Technolo-
gies [12]. The GC conditions were as follows: The column utilized was an HP-5 elastic
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quartz capillary column (30 m × 0.25 mm × 0.25 µm); the oven temperature program was
set to increase from 80 °C (held for 2 min) to 290 °C (held for 30 min) at a rate of 4 °C/min;
high-purity helium gas (99.999%) served as the carrier gas, and a constant pressure of
11.121 kPa was maintained. For the MS conditions, the ion source employed was an EI with
ionization at 70 eV, and the temperature of the ion source was set to 280 °C.

3.5. FTIR Analysis

The pressed KBr pellet method was employed for the Fourier-Transform Infrared
Spectroscopy (FTIR) analysis [12]. Initially, the sandstone extracts were dispersed in
powder form with dry KBr. Subsequently, the samples were mixed with KBr at a weight
ratio of 1:120 and pressed into pellets under a pressure of 130 bars. A Bruker Vertex70 FTIR
spectrometer was utilized to acquire the FTIR spectra at room temperature. The spectra
were measured within the range of 400∼4000 cm−1, incorporating 128 scans, and the testing
accuracy was 0.24 cm−1.

4. Results and Discussion
4.1. The Occurrence State of Tight Oil

The pore and throat system of tight sandstone reservoirs is more complex than that
of conventional reservoirs due to the continuous evolution of sedimentary and diagenetic
processes throughout geological history [18,20]. As a result, the micro-occurrence char-
acteristics of the storage of tight oil in these reservoirs differ from those in conventional
reservoirs [5,12,39]. Accurate characterization of the micro-occurrence states of tight oil in
sandstones is crucial for the effective assessment of tight oil resources.

4.1.1. Distribution of Pores and Throats

Pores and throats are the primary locations for tight oil accumulation. Prior to ana-
lyzing the micro-occurrence states of tight oil in sandstones, it is essential to determine
the distribution characteristics of pores and throats. Sandstone samples from the Chang
8 Member of the Yanchang Formation were selected from drill cores of seven wells, and
24 thin sections (TSs) and 26 field-emission scanning electron microscopy (FE-SEM) analy-
ses were conducted to examine pore and throat types and pores’ structural characteristics.
The reservoir space of tight sandstone in the study area mainly consisted of three types:
residual intergranular pores, secondary dissolved pores, and intercrystalline pores. Based
on the TSs and FE-SEM observations, the shapes of the residual intergranular pores were
predominantly elliptical, triangular, polygonal, elongated, or irregular (Figure 3a,c) and
were distributed on a scale of several tens of micrometers, accounting for 59.05%. The sec-
ondary dissolved pores included feldspar dissolved pores and debris dissolved pores,
accounting for 30.96% and 7.14%, respectively. The shapes of the secondary dissolved pores
were primarily irregular and elliptical.

Furthermore, the feldspar dissolved pores could be categorized into intergranular
dissolved pores and intragranular dissolved pores, with size ranges of 1.12∼33.46 µm and
200∼800 nm, respectively. Notably, numerous nanoscale pores formed through the aggrega-
tion of flaky chlorite particles, which constituted the core structures of intercrystalline pores
(Figure 3f). The throats exhibited sheet-like or bent-sheet shapes, and the throat radius was
mainly distributed in the range of 1∼5 µm (Figure 3).

The pore and throat types primarily consisted of small pores with fine/microthroats
and large pores with fine/microthroats. Based on the TSs and FE-SEM observations, the
microscale pores predominantly encompassed residual intergranular pores and intergran-
ular dissolved pores, while the nanoscale pores mainly included intragranular dissolved
pores and intercrystalline pores.
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Figure 3. Photomicrographs illustrating the pore systems in the tight sandstones of the Chang
8 Member Formation. (a) Residual intergranular pores, intergranular dissolved pores, and sheet and
bent-sheet throats, Sample S2; (b) intergranular dissolved pores, intragranular dissolved pores and
sheet throats, Sample S1; (c) intergranular dissolved pores and sheet throats, Sample S3; (d) residual
intergranular pores and sheet and bent-sheet throats, Sample S6; (e) intergranular dissolved pores,
Sample S7; (f) intercrystalline pores, Sample S11.

4.1.2. Micro-Occurrence State of Tight Oil

The micro-occurrence characteristics of tight oil encompass the micromorphology and
location of tight oil within sandstones. By elucidating the storage space of tight oil, this
study employed a combination of FTSs and ESEM to analyze the micro-occurrence features
of tight oil.

Based on the fluorescence color, the tight oil remaining in the reservoir was predomi-
nantly yellow and green, suggesting a similar period of hydrocarbon filling [14]. Through
the examination of 96 FTS images from 12 samples collected from 7 representative wells in
the Ordos Basin and taking the morphology of tight oil and its pore space characteristics
into account, the forms of tight oil could be categorized into six types: emulsion, cluster,
throat, thin film, star-like, and isolation forms (Figure 4).

The morphology of tight oil stored in the reservoir was primarily influenced by the
size and shape of the pores and throats. The emulsion form was predominantly distributed
within residual intergranular pores, with a plane size distribution spanning several tens
of microscales. Its distribution was governed by the shape and space of the residual
intergranular pores. The morphology mainly consisted of large-area and long strips or
irregular ellipsoids, and the fluorescence color was primarily bright yellow (Figure 4a).
The throat form, which was primarily composed of slender, unevenly thick strips, was
mainly distributed in the center of the throat. Its plane size distribution ranged within sev-
eral microscales, and the fluorescence color was mostly lighter green (Figure 4b). The cluster
form, which was characterized by contiguous granular or ellipsoidal distribution, was
primarily situated on the edges of intergranular dissolved pores. The fluorescence color
was predominantly green or bright yellow, with the plane size distribution extending from
several to tens of microscales (Figure 4c).

The star-like form primarily consisted of sizable isolated aggregates with a continuous
distribution, and it was mainly located in the central part of feldspar particle dissolution
or along the feldspar cleavage fracture with a nearly parallel distribution of thin strips.
The plane size distribution was in the range of hundreds of nanoscales, and the fluorescenxe
color was predominantly bright yellow or light green (Figure 4d). The thin film form was
mainly distributed on the surface of the mineral particles as unevenly thick and thin layers,
forming a bright ring edge surrounding the mineral particles. The fluorescence color
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was generally green (Figure 4e). The isolation form was primarily dispersed within clay
minerals as scattered spots, with the fluorescence color that was predominantly bright
yellow and a plane size distribution of tens of nanoscales (Figure 4f). As the FTS observation
indicated, the tight oil occurring in the microscale pores was mainly in the emulsion form,
throat form, and cluster form; in the nanoscale pores, it was primarily in the star-like form
and isolation form; on the mineral surface, the tight oil was mainly in the thin film form.

100 mμ 100 mμ 100 mμ

100 mμ 100 mμ
100 mμ

(a) (b) (c)

(d) (e) (f)

Figure 4. Micro-occurrence states of tight oil (Sample S1) as observed through focused transmis-
sion spectroscopy. (a) Emulsion form; (b) Throat form; (c) Cluster form; (d) Star-like form; (e) The
thin film form; (f) Isolation form.

The low-vacuum environment of ESEM is advantageous for preserving the original
micro-occurrence states of tight oil [12,39]. Moreover, the elemental analysis provided
by EDS enabled in situ testing of amounts of tight oil with various pore sizes [15,40].
The combination of ESEM and EDS allowed for a semi-quantitative analysis of tight oil
micro-occurrence in sandstones [2,41]. By categorizing the occurrence states of tight oil
by using FTSs and meticulously characterizing the corresponding occurrence states with
ESEM and EDS, the micro-occurrence states and patterns of tight oil could be determined.
Taking sample S2 as an example, the presence of both carbon and other mineral elements
in the tight oil states indicated that tight oil existed within the reservoir as an aggregate of
minerals and crude oil.

The emulsion form of tight oil found in residual intergranular pores was primarily
several to tens of microscales in size, with agglomerated or elongated shapes, as observed
in ESEM (Figure 5(a1)). The carbon content of this form was 42.48% (Figure 5(a2)). The pres-
ence of C, N, S, and other mineral elements in the emulsion form suggested that it may
better retain the structure and properties of the crude oil itself. The throat form of the tight
oil that occurred in throats was predominantly observed as strips and grains with unequal
thickness (mainly within the range of <1∼3 µm) in ESEM (Figure 5(b1)), and it had a carbon
content of 39.84% (Figure 5(b2)). The throat form exhibited C, N, and S elements, which
was similar to the composition of the emulsion form.

The cluster form predominantly occurred in intergranular dissolved pores, and its
shape and size were influenced by the characteristics of these pores, as observed in ESEM
(Figure 5(c1)). The carbon content of the cluster form was 23.97% (Figure 5(c2)). Chlorite is
primarily composed of a double-layer structure, with the inner layer mainly being formed
during the process of particle dissolution. This process results in a narrow space, yielding
small crystal sizes and weak crystal types of chlorite, which typically appear as disordered
aggregate accumulations. In contrast, the intercrystalline pores observed in ESEM primarily
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consisted of the outer layer of chlorite. These chlorite crystals were larger and exhibit better-
defined crystal types, primarily displaying leaf-like morphologies. They generally formed
pore linings on the surfaces of vertical particles.

Figure 5. Micro-occurrence states of tight oil as characterized by environmental scanning electron
microscopy and energy dispersive spectroscopy. (a1) Emulsion form; (a2) EDS of emulsion form;
(b1) Throat form; (b2) EDS of throat form; (c1) Cluster form; (c2) EDS of cluster form; (d1) Isolation
form; (d2) EDS of isolation form; (e1) The thin film form; (e2) EDS of the thin film form; (f1) Star-like
form; (f2) EDS of star-like form.

Owing to the crystal characteristics of the outer layer chlorite, the bidirectional convec-
tion of fluid within the pores hindered the migration of tight oil from the intercrystalline
pores. As a result, the tight oil in these pores mainly occurred in the form of agglom-
erates or granules (Figure 5(d1)), with, in general, a nanoscale plane size and a carbon
content of 17.55% (Figure 5(d2)). The thin film form was typically found on the mineral
surface (Figure 5(e1)). Its distribution was influenced by particle size, and the thickness
was typically nanoscale. The carbon content of the thin film form was 9.67% (Figure 5(e2)).

The thin film form contained not only the carbon element, but also other mineral
elements, suggesting that the tight oil occurring on the mineral surface may have existed
as a complex. The star-like form of tight oil, which was distributed within the dissolved
pores in feldspar particles, primarily occurred in the shape of unevenly thick ring edges
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(Figure 5(f1)). The plane thickness was typically less than 100 nm, and the carbon content
was 4.49% (Figure 5(f2)). The tight oil stored in the sandstones exhibited various shapes
and was influenced by the characteristics of the pores and minerals.

The micro-occurrence states of tight oil in the Chang 8 Member reservoirs of the
Ordos Basin encompassed the emulsion form, throat form, cluster form, star-like form,
isolation form, and thin film form. By considering the microscopic characteristics of tight
oil in different micro-occurrence states and the differences in their positions, a preliminary
micro-occurrence state pattern diagram for tight oil was established (Figure 6).

Figure 6. Micro-occurrence state pattern of tight oil in the Chang 8 Member of the Yanchang Formation
of the Upper Triassic in the Ordos Basin.

Through the ESEM observations, it was evident that nearly all pore types and mineral
surfaces exhibited traces of tight oil. Moreover, due to the development of pore throats
and variations in mineral properties, the micro-occurrence states of tight oil in the reser-
voirs displayed significant heterogeneity. Consequently, it was crucial to further analyze
the controlling factors that contributed to the differences in tight oil micro-occurrence
within sandstones.

4.2. The Influencing Factors of Tight Oil Content in Sandstones
4.2.1. The Content of Tight Oil Storage in Sandstones

Pores and throats serve as the primary spaces for tight oil storage; thus, determining
the amount of tight oil stored in different reservoir spaces has consistently been a focal point
in tight oil exploration and development [2,21,42]. Figure 7 demonstrates the potential
morphology and occurrence distribution of tight oil extracted during various extraction
stages, providing insights into the different micro-occurrence states of tight oil separated



Energies 2023, 16, 3917 11 of 26

across these stages. As illustrated in Figure 7(a1), in the original state, tight oil occupied a
substantial portion of the pore space and exhibited a strong fluorescence intensity. Further-
more, according to the ESEM observations, the crude oil stored in residual intergranular
pores was distributed in the form of continuous oil droplets (Figure 7(a2)) and possessed
a high carbon content (Figure 7(a3)). Following displacement, the fluorescence intensity
was significantly diminished, and the emulsion form and cluster form that were previously
observed in the original state were no longer present.

Figure 7. Alterations in the micro-occurrence states of tight oil during stepwise extraction (Sample S1).
(a1–a3) Original micro-occurrence states of tight oil for core displacement; (b1–b3) Micro-occurrence
states of tight oil for small block soxhlet extraction; (c1–c3) Micro-occurrence states of tight oil for
particles soxhlet extraction of FTS, ESEM and EDS, respectively.

Likewise, according to the ESEM observations, the tight oil distribution in the residual
intergranular pores was diminished (Figure 7(b2)), and the carbon content noticeably
decreased (Figure 7(b3)). After extracting the sample and breaking it into 1 cm × 1 cm
pieces, the fluorescence appeared to be weak (Figure 7(c1)), and it was primarily distributed
on the mineral surface in the form of a thin film. In the corresponding ESEM observations,
the isolation form that initially existed in the intercrystalline pores of chlorite had essentially
vanished, leaving only the thin film form deposited on the surface of the chlorite crystal
(Figure 7(c2)). The carbon content also significantly decreased (Figure 7(c3)). By combining
the previous observations from TSs, FE-SEM, FTSs, and ESEM, it was determined that
the microscale pores mainly contained the emulsion form, cluster form, and throat form,
while the nanoscale pores predominantly contained the star-like form and isolation form.
Additionally, the thin film form primarily occurred on the mineral surface.

By utilizing the extraction method, the tight oil occurring in the microscale pores,
nanoscale pores, and on mineral surfaces was extracted step by step. As illustrated in
Figure 8, the total content of tight oil in sandstones ranged from 7.03 to 20.54 mg/g, with an
average of 14.24 mg/g. The content within the microscale pores varied between 0.18 and
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10.53 mg/g, averaging 5.05 mg/g, which accounted for 35.46% of the total. The content
in the nanoscale pores spanned from 2.11 to 7.89 mg/g, with an average of 5.09 mg/g,
representing 35.74% of the total. Lastly, the content on the mineral surface ranged from
2.63 to 5.01 mg/g, with an average of 4.10 mg/g, constituting 28.79% of the total content.
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Figure 8. Percentage of tight oil extracted through a step-by-step approach.

4.2.2. The Influencing Factors of Tight Oil Occurrence

Effectively improving development efficiency and enhancing recovery rates of tight
reservoirs have become the focal points of oilfield development [12,43–46]. While dif-
ferences in micro-occurrence states and the content of tight oil in sandstones have been
investigated, determining the amount of oil stored in sandstones and its influencing factors
remains crucial for enhanced oil recovery.

1. Burial depth of tight oil: Figure 9 illustrates the relationship between burial depth and
the content of tight oil existing in microscale pores, nanoscale pores, and on mineral surfaces.
The content of tight oil in microscale pores showed no correlation with burial depth. This
phenomenon may be attributed to the tight sandstone reservoirs experiencing complex
diagenesis, which led to high reservoir heterogeneity. The detailed calculation process can
be found in the Table S1 of the Supplementary Material.
As the burial depth increased, the content of tight oil in the nanoscale pores demonstrated a
moderate increase. This phenomenon may be attributed to the following reasons: (1) With
increasing burial depth, the compaction effect is intensified, leading to a higher densifica-
tion degree of the reservoir, more developed nanoscale pores, and a greater capacity for
storage [5]. (2) As the burial depth and geothermal gradient increase, the viscosity of tight
oil decreases, the content of saturated hydrocarbons increases, and more tight oil can enter
nanoscale pores under formation pressure [11,41]. Conversely, as the burial depth increased,
the content of tight oil on the mineral surface initially increased between 2000 and 2100 m,
but decreased with community succession from 2100 to 2300 m. The underlying reason for
this is that as the burial depth increases, tight oil viscosity decreases, and the interaction
between tight oil and minerals is reduced, resulting in a decrease in the tight oil present on
mineral surfaces.
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Figure 9. Association between burial depth and the content of tight oil in the reservoir. (a) Microscale
pores; (b) Nanoscale pores; (c) Mineral surfaces.

2. Quality factor: The occurrence of tight oil in the reservoir was inevitably influenced by
the reservoir’s spatial distribution and pore–throat connectivity. The reservoir quality factor

(Q factor =
√

ϕ
K ) is a critical parameter that determines the reservoir properties, and a

Q factor close to 1 indicates superior reservoir properties [15]. As shown in Figure 10a,b,
the content of tight oil stored in the microscale and nanoscale pores exhibited a positive
relationship with the Q factor, with correlation coefficients of 0.500 and 0.431, respectively.
This suggested that the tight oil deposition in sandstones was governed by reservoir
properties. The better the original physical properties of the reservoir, the greater the
pore–throat connectivity, and the more favorable the conditions for tight oil storage in
the reservoir space [47]. In contrast, no significant correlation was observed between
the amount of tight oil present on the mineral surface and the reservoir quality factor
(Figure 10c). This phenomenon indicated that the storage mechanism of tight oil on
mineral surfaces differed from that of pores. Consequently, it was essential to examine the
relationship between tight oil content and mineral composition and then clarify the reasons
for the differences in tight oil accumulation in sandstones.
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Figure 10. Correlation between the Q factor and the content of tight oil in the reservoir. (a) Microscale
pores; (b) Nanoscale pores; (c) Mineral surfaces.

3. Mineral composition: Minerals serve as the foundation for various reservoir
spaces, and intricate oil–rock interactions are crucial to the formation of tight oil in
sandstones [31,39,48–50]. Through the examination and analysis of core samples and thin
sections (TSs), it was determined that the Chang 8 Member of the Yanchang Formation in
the Ordos Basin predominantly consisted of black/dark gray fine/medium debris/feldspar
and fine feldspar/debris sandstones. The results are presented in Table 1.
The relationship between the content of tight oil in sandstones and different minerals is
illustrated in Figure 11. The higher the quartz and clay contents, the greater the amount
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of tight oil stored in microscale pores. Conversely, higher feldspar and calcite contents
result in less tight oil being stored in microscale pores. This phenomenon is related to the
preservation mechanisms of different minerals in microscale pores within the reservoir
during diagenesis. Quartz is an essential framework mineral in tight sandstone reservoirs,
exhibiting strong resistance to compaction. This characteristic is conducive to the preser-
vation of residual microscale pores during compaction. As the quartz content increases,
so does the corresponding amount of tight oil stored in the microscale pores (Figure 11a).
Calcite, which is primarily distributed in residual intergranular pores as microcrystals,
is the main factor causing pore and throat reduction in tight sandstones, particularly in
microscale pores [51]. Thus, as the calcite content increases, microscale pores significantly
decrease, along with the corresponding amount of tight oil (Figure 11c). The development
of clay minerals, especially chlorite, can enhance a reservoir’s resistance to compaction, thus
promoting the preservation of residual intergranular pores. The higher the clay mineral
content, the more favorable the conditions for the distribution of tight oil in microscale
pores (Figure 11d).
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Figure 11. Association between mineral composition and the content of tight oil in the reservoir.
(a) Quartz; (b) Feldspar; (c) Calcite; (d) Clay.

Furthermore, the content of tight oil stored in nanoscale pores exhibited a specific positive
correlation with the quartz and feldspar content, while a negative correlation existed with
calcite and clay content. This outcome may be associated with the pore–throat connectivity
and the development of nanoscale pores in reservoirs. On the one hand, as the quartz
content increases, the resistance of a reservoir to compaction becomes stronger, and the
enhanced pore–throat connectivity is beneficial for crude oil to be charged into nanoscale
pores. On the other hand, a higher feldspar content indicates that more dissolved pores
are developed in the feldspar grains, which is conducive to the corresponding tight oil
existing in nanoscale pores (Figure 11b). In contrast, as the content of calcite and clay
increased, the tight oil stored in nanoscale pores noticeably decreased. This observation
was related to the fact that calcite and clay occupied a significant amount of pore space in
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the reservoir and weakened the fluidity of tight oil, making it challenging for tight oil to
enter the nanoscale pores [29].
The content of tight oil present on the mineral surface exhibited a strong positive correlation
with clay minerals (R2 = 0.86) but a weak relationship with minerals such as quartz,
feldspar, and calcite. These results demonstrate that the primary factor influencing the
occurrence of tight oil on mineral surfaces was clay minerals. Due to their large specific
surface area and inherent mineral properties, clay minerals possess excellent adsorption
capabilities for tight oil [52]. Consequently, clay minerals play a crucial role in determining
the distribution of tight oil present on mineral surfaces [30,39].
Based on this analysis, it can be concluded that the influence of authigenic minerals on the
occurrence of tight oil in reservoir spaces manifested through multiple effects, which can
be described as follows: (1) Authigenic minerals—particularly clay minerals—increase the
specific surface area of pores and throats, which facilitates the adsorption of tight oil onto
mineral surfaces, thereby forming a substantial amount of tight oil in the thin film form;
(2) the growth of authigenic minerals generates numerous intercrystalline pores within
clay minerals, providing storage space for the enrichment of tight oil in isolated forms
within nanoscale pores; (3) the growth of authigenic minerals, such as calcite, significantly
alters the reservoir’s pore structure and the seepage patterns of tight oil within the pores,
resulting in a heterogeneous distribution of tight oil in the reservoir.

4.3. The Micro-Occurrence Process of Tight Oil
4.3.1. The Oil Components

The micro-occurrence of tight oil in sandstones typically represents a complex ag-
gregate of various crude oil components. In the microscale pores, the tight oil contained
79.36% saturated hydrocarbons, 12.72% aromatics, 7.45% nonhydrocarbons, and 0.47%
asphaltenes (Figure S1a). In the nanoscale pores, tight oil consisted of 79.37% saturated hy-
drocarbons, 12.88% aromatics, 6.69% nonhydrocarbons, and 1.06% asphaltenes (Figure S1b).
Comparing the oil components extracted from the microscale and nanoscale pores revealed
no significant differences between the two extracts. However, for tight oil occurring on
particle surfaces, the contents of saturated hydrocarbons, aromatics, nonhydrocarbons,
and asphaltenes were 17.43%, 13.35%, 44.47%, and 24.75%, respectively Figure S1c. The po-
lar components—particularly nonhydrocarbons and asphaltenes—exhibited a substantial
increase in content, which was especially the case for nonhydrocarbon components.

During the oil–rock interaction process, nonhydrocarbon compounds containing
heteroatoms, such as O, N, and S, are more likely to be adsorbed on mineral surfaces.
This phenomenon may be attributed to the heteroatom functional groups, which include O,
N, and S atoms; these enhance electrostatic interactions, increase van der Waals interaction
energies, and improve the adsorption capacity of crude oil [53]. The accumulation of
asphaltenes on mineral surfaces may be related to the properties of the minerals constituting
the sandstone reservoir. The primary components of tight sandstone reservoirs are detrital
particles and cement, with most of their mineral constituents being quartz, carbonate,
silicate, and aluminosilicate minerals, all of which exhibit a strong polarity. As crude
oil flows through the reservoir, asphaltenes with high polarity are adsorbed onto the
mineral surfaces through intermolecular forces. In contrast, nonpolar or weakly polar
compounds, such as saturated and aromatic hydrocarbons, demonstrate less adsorption on
mineral surfaces.

Figures S2–S4 present relative plots of the proportions of microscale pores, nanoscale
pores, and tight oil present on mineral surfaces with saturated hydrocarbons, aromatics,
nonhydrocarbons, and asphaltenes in the extracts, which can aid in investigating oil
component differentiation in sandstones. As shown in Figure S2, the contents of saturated
hydrocarbons and aromatics exhibited a positive correlation with the content of tight oil in
microscale pores, with correlation coefficients of 0.4956 and 0.4865, respectively. Conversely,
the contents of nonhydrocarbons and asphaltenes demonstrated a negative correlation
with the content of tight oil in microscale pores, with correlation coefficients of 0.5269 and



Energies 2023, 16, 3917 16 of 26

0.5748, respectively. These results indicate that the tight oil stored in microscale pores
had characteristics of light oil (high saturated hydrocarbon content and light components),
which also explained why the tight oil morphology in microscale pores was more influenced
by reservoir spaces. In the case of tight oil stored in nanoscale pores (Figure S3), none of
the oil components exhibited a visible relationship with the content of tight oil. Only the
nonhydrocarbon content displayed a positive relationship with the content of tight oil,
suggesting that nonhydrocarbons may preferentially accumulate in nanoscale pores.

In contrast, aromatics, nonhydrocarbons, and asphaltenes exhibited a positive rela-
tionship with the content of tight oil that existed on mineral surfaces, with correlation
coefficients of 0.5015, 0.4462, and 0.5247, respectively (Figure S4). Only saturated hydro-
carbons displayed a negative correlation coefficient of 0.6899. This indicated that heavy
components were enriched on mineral surfaces, leading to lighter oil components stored in
pores. This phenomenon demonstrated that oil–rock interactions were the fundamental
cause of crude oil component differentiation in the sandstones.

4.3.2. The Carbon Composition

During the hydrocarbon filling process, the interaction between minerals and crude oil
not only leads to significant differentiation of oil components, but also causes considerable
changes in some components of saturated hydrocarbons during oil–rock interactions [19].
Table S2 presents the carbon compositions of extracts stored in sandstones. The carbon
composition of oil stored in microscale and nanoscale pores was primarily distributed in
the C9∼C34 compounds, with the main peak being found in C19 and C20. As depicted
in Table S2, the tight oil stored in nanoscale pores had a higher carbon fraction than that
distributed in microscale pores. There were more C20∼C34 compounds in the nanoscale
pores (41.55 wt%) than in the microscale pores of tight oil (31.96 wt%). This suggested that
the <C20 mixtures of saturated hydrocarbons tended to aggregate in nanoscale pores. This
phenomenon may be related to smaller molecules (<C20 compounds) being adsorbed or
entering nanoscale pores under the influence of the filling pressure [54].

In contrast, the carbon composition of the oil adsorbed on mineral surfaces was
primarily distributed in the C9∼C30 compounds, with the central peak being located at
C23. The carbon fractions of tight oil adsorbed on mineral surfaces were lighter than
those occurring in microscale pores, resulting in a higher percentage of <C17 compounds
compared to that of the tight oil in microscale pores. This finding suggests that lighter
carbon compounds in tight oil play a decisive role in their aggregation within sandstones. It
can be concluded that lighter carbon compounds, particularly <C17 compounds, are easily
separated from tight oil and adsorbed onto sandstone surfaces during the hydrocarbon
filling process. Furthermore, it was observed that in nanoscale pores and on mineral
surfaces, heavy compounds were found at higher concentrations, while lighter carbon
compounds were separated from crude oil. This observation implies that the process of
occurrence of tight oil in sandstones is, in fact, a process of interaction between minerals
and crude oil.

4.3.3. The Functional Groups

While oil component and GC/MS analyses provided valuable insights into the char-
acteristics of sandstones, they do not offer information about the functional groups of
tight oil, which are crucial for understanding its micro-occurrence mechanism. To ad-
dress this issue, Fourier-transform infrared spectroscopy (FTIR) was employed to measure
and analyze the tight oil stored in microscale pores, nanoscale pores, and adsorbed on
mineral surfaces. To facilitate a more effective comparison of these extracts, normalized
FTIR spectra are presented in Figure 12, and all of the functional group peaks are sum-
marized in Table S3. In addition to the functional groups, several parameters could be
derived from the FTIR results, which could help elucidate the micro-occurrence process
and underlying mechanisms.
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Figure 12. Normalized spectra of the microscale pores, nanoscale pores, and mineral surfaces for
tight oil.

In the FTIR spectrum, the range of 2500∼3700 cm−1 corresponds to the hydrogen-
stretching zone. The 2000∼2300 cm−1 and 1600∼2000 cm−1 ranges represent the triple-
and double-bond-stretching regions, respectively. The 1000∼1600 cm−1 range constitutes
the fingerprint region, wherein single bonds, C-H bending bonds, and some benzene
ring bonds are located. Lastly, the 400∼1000 cm−1 range is associated with the aromatic
region [19,55]. As illustrated in Figure 12, all three extracts exhibited almost identical peaks,
albeit with varying heights.

The peak located at 3436 cm−1 was associated with the O-H or N-H stretching bond,
and this region represented the most polar bonds in the crude oil due to the electronega-
tivity difference between oxygen and hydrogen atoms [19,56,57]. The corresponding peak
of the O-H or N-H stretching bond was also prominent and broad within the range of
3200∼3800 cm−1. Moreover, the variations in peak intensity and width in this region of the
FTIR spectrum could provide information regarding the polarization of crude oil occurring
in sandstones. The following sequence illustrates the intensity of the O-H or N-H stretching
bonds in sandstones, where I represents the peak intensity [19]:

Imineral sur f ace > Inanoscale pores > Imicroscale pores (1)

This result indicates that the polarities of tight oil stored in sandstones are different
and demonstrates that polarity is an essential factor controlling the differentiation of crude
oil in reservoir spaces during oil–rock interactions. Tight sandstone reservoirs are formed
in sedimentary and diagenetic environments containing significant amounts of formation
water; therefore, the mineral surface contains numerous hydroxyl groups [58]. Moreover,
the O-H stretching band in the molecular structure of crude oil can enable the formation of
hydrogen bonds with adjacent oil molecules, leading to the aggregation of crude oil [54].
As such, hydrogen bonding is also a crucial factor affecting the differences in the micro-
occurrence states of tight oil. A sample with higher O-H stretching bond intensity does
not necessarily possess a greater ability to form hydrogen bonds. Furthermore, the peak
intensity of the O-H stretching bond alone cannot describe the intermolecular hydrogen
bonding strength. An index called RN−H or RO−H can be calculated by using the following
equation [19]:

RN−H or O−H =
I3436

I3053
(2)
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In this equation, I3436 and I3053 represent the peak intensities of the O-H stretching
bond and C-H stretching vibration, respectively. The RN−H or RO−H index represents the
hydrogen bonding ability between molecules. For samples with a higher index, there is
a stronger potential ability to bind surrounding molecules through hydrogen bonding.
This index was calculated for the three extracts presented in this study, and the results
are shown in Table 2. The tight oil that occurred on mineral surfaces exhibited a greater
potential for hydrogen interaction. This finding suggests that this portion of the tight oil is
more prone to interact with minerals to form an adsorption layer.

Table 2. Structural parameters of tight oil stored in microscale pores, nanoscale pores, and mineral
surfaces in sandstones.

Microscale Pores Nanoscale Pores Mineral Surfaces

RN−H or RO−H index 0.81 1.13 14.86
Aliphatic branching index 0.84 0.84 1.15

Aromatic index 0.46 0.58 0.35
Aliphatic index 0.17 0.16 0.13

Long-chain index 0.11 0.1 0.55

The peaks ranging from 2800 to 3000 cm−1 were associated with the CH2 and CH3
functional groups of the corresponding aliphatic hydrocarbons. As depicted in Figure 12,
the peak of the C-H stretch band was poorly observed, which may be related to the
carboxylic acid functional group and groups containing polar bands [19]. By comparing
the peak intensities of the three extracts in this region, the oil stored in the microscale
pores exhibited the highest intensity. This phenomenon indicates that the oil stored in
microscale pores contained the highest aliphatic hydrocarbon content. This observation
also explains why the tight oils in micropores possessed better fluidity. By measuring the
absorption intensity of a fixed group at different wavelengths, the ratio of the intensities
could be used to evaluate the degree of branching of the aliphatic compound in the extracts.
Through analysis, Wang et al. [59] found that the absorption peaks of CH2 and CH3, which
are anti-symmetric stretching vibrations, are more reliable. Consequently, the aliphatic
branching index (ABI) can be defined as follows:

ABI =
I2954

I2851
(3)

I2954 and I2851 represent the peak intensities corresponding to the CH3 and CH2
asymmetrical stretching bonds, respectively. This index was calculated for the three extracts,
and the results are presented in Table 2. The values of the aliphatic branching indices for
the three extracts are as follows:

ABImineral sur f ace > ABInanoscale pores > ABImicroscale pores (4)

The results indicate that aliphatic compounds with a higher degree of branching are
more likely to adsorb onto mineral surfaces. In contrast, aliphatic compounds with a lower
degree of branching exhibit a greater ease of flow.

In the spectral region of 2500∼2600 cm−1, S-H polar functional groups could be
observed, particularly in the extracts of the tight oil stored in microscale and nanoscale
pores. The intensity of the S-H group occurring on the mineral surface was lower than that
within the pores. This phenomenon was attributed to the fact that sulfur atoms in crude oil
molecules significantly increase the binding capacity between crude oil and minerals [53].
Consequently, sulfur is an essential element that warrants further attention in the study of
the molecular structure of crude oil.

In the samples, the extracts exhibited a distinct C=O peak at 1694 cm−1, which fell
within the range of 1680∼1710 cm−1. This observation suggests that the aromatic ring
structure was connected to the unsaturated bond, ultimately forming an aromatic acid with
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a double bond with oxygen. In the three extracts, the C=O peaks at 1694 cm−1 exhibited the
same intensity, indicating the uniformity of their aromatic state. This finding is consistent
with the results obtained from the oil composition analysis.

The peak situated at 1622 cm−1 was associated with the C=C aromatic stretching bond,
which served as the primary indicator of aromatic compounds [19]. The intensities of
the peaks at 1622 cm−1 were determined by the vibrations of hydrogens adjacent to an
aromatic ring. Figure 12 displays the following sequence of 1622 cm−1 peak intensities for
the three extracts:

Imineral sur f ace > Inanoscale pores ≈ Imicroscale pores (5)

These results indicated that the C=C functional group adjacent to the aromatic com-
pounds might be easily adsorbed onto mineral surfaces.

The region between 675 and 900 cm−1 was associated with the out-of-plane vibrations
of the C-H bond outside the benzene ring [6]. The C-H bond connected to the aromatic rings
could replace the hydrogen bond in an adjacent position. As hydrogen was replaced by an-
other aromatic structure, the aromatic molecules were no longer in a mono-state, but rather
bound together with other aromatic ring structures. When the structure of the molecules
consisted of more than one aromatic ring, it was called a polynuclear aromatic ring [19].
Based on the location differences of polynuclear aromatic ring peaks (Table S4), they could
be divided into the di-, tri-, and tetra- types, with the structure depending on the number of
attached aromatic rings. Table S4 displays the peaks of the FTIR spectrum of tight oil stored
in sandstones, ranging between 675 and 900 cm−1. Combining Tables S4 and Table 3 pro-
vides valuable information about the polynuclear aromatic rings. Consequently, the FTIR
spectrum revealed that the extracts from the microscale and nanoscale pores were simi-
lar to one of the structures, −di(1, 3), and they were likely predominantly composed of
structures with two aromatic rings per molecule. In contrast, the extracts from the mineral
surfaces resembled one of the structures, −tri(1, 2, 3), and they were likely predominantly
composed of structures with three aromatic rings per molecule. The results demonstrated
that as the molecular weight and hydrophobicity of polynuclear aromatic rings increased,
they were more likely to be adsorbed onto mineral surfaces.

Table 3. The peaks presented in the range between 675 and 900 cm−1.

Microscale Pores Nanoscale Pores Mineral Surfaces

Wavelength Intensity Wavelength Intensity Wavelength Intensity
(cm−1) (%) (cm−1) (%) (cm−1) (%)

713 1.5 695 0.51 695 1.99
726 1.53 728 1.2 728 2.75
769 1.92 765 1.58 780 5.87
781 2.06 780 1.79
827 0.58 878 4.04
878 4.29

The peak at 1315 cm−1 was associated with the presence of carboxylate bonds in
carboxylic acids [12,19]. As illustrated in Figure 12, the extracts of tight oil stored in the
microscale and nanoscale pores exhibited a higher carboxyl content compared to that
of the extracts adsorbed on mineral surfaces. This phenomenon suggests that after the
initial adsorption of crude oil onto mineral surfaces, there may be a continuous influx of
carboxylic acid fluids in later stages [27]. However, the presence of the initially adsorbed oil
weakened the dissolution process, leaving microscale and nanoscale pores with carboxyl
groups. Furthermore, due to the crude oil molecules being connected with the carboxyl
functional group, it was easier for other crude oil molecules and minerals to adsorb onto
the mineral surface in the form of hydrogen bonds or to form self-aggregates of crude oil,
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which were stored in the available storage space. This process led to a reduction in carboxyl
groups in the adsorbed oil.

Bands near 1020 cm−1 were associated with the stretching of sulfoxide groups. The
presence of these groups in extracts could be attributed to the oxidation of crude oil during
the oil and gas filling periods [12,19]. Oxidation typically results in the incorporation of
compounds with oxygen-containing functional groups into the crude oil structure [12,60].
The three extracts in this region exhibited high intensities, indicating that they contained
higher concentrations of sulfoxide compounds. The intensities of these extracts stored in
sandstones are presented in the following order:

Imineral sur f ace > Inanoscale pores > Imicroscale pores (6)

To compare and analyze the subfractions of the tight oils that existed in these sand-
stones, three indices were defined as follows [55]:

(1) Aromatic index (AI):

AI =
I1622

I878 + I826 + I742 + I713
(7)

(2) Aliphatic index (ALI):

ALI =
I1431 + I1377

I1694 + I1622 + I1431 + I1377 + I1027 + I878 + I826 + I742 + I713 + I2954 + I2921 + I2851
(8)

(3) Long-chain index (LCI):

LCI =
I742

I1431 + I1377
(9)

In the FTIR spectrum, I represents the peak intensities, and the subscript number
denotes the corresponding wavelength to the peak. The aromatic index encompasses all
aromatic entities of the extracts, while the aliphatic index represents the straight-chain
saturated or branched alkane compounds in the molecular structure [12,19]. Furthermore,
the long-chain index indicates the length of branched alkane compounds within the oil
molecular structure or those attached to the aromatic rings.

As displayed in Table 3, the tight oil stored in microscale pores exhibited the highest
content of aliphatic compounds, while the tight oil in nanoscale pores had the highest
aromaticity. However, the tight oil adsorbed on the mineral surface possessed the longest
length of branched alkane compounds and the lowest content of aliphatic compounds and
aromaticity. These results are consistent with the step-by-step extraction of tight oil and the
adsorption simulation of crude oil reported in previous studies [19,21,24]. This evidence
suggests that the differences in composition within sandstones during the micro-occurrence
of tight oil in tight reservoirs are indeed a result of oil–rock interactions.

Based on the results of the content analysis of alkyl, aryl, and heteroatom groups in the
extracts of tight oil within sandstones (Figure S5), the extracts from microscale pores and
nanoscale pores were primarily composed of alkyl and aryl groups. In contrast, the extracts
from mineral surfaces were dominated by heteroatom groups, with their content reaching
up to 68%. This observation suggests that during the micro-occurrence of tight oil, polar
macromolecules rich in heteroatom groups, such as non-hydrocarbons and asphaltenes,
are adsorbed onto mineral surfaces due to intermolecular interactions. This process results
in the differentiation of tight oil components, promoting the presence of light fractions
(saturated hydrocarbons and aromatics) in microscale pores and nanoscale pores.

4.4. The Micro-Occurrence Mechanism of Tight Oil

In order to comprehensively consider the locations of various occurrence states, oil
components, and the process of interaction between minerals and crude oil, it was deter-
mined that tight oil in states such as the emulsion form and throat form was primarily
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achieved through the interaction of charged dense oil and minerals. After reaching satura-
tion, the remaining tight oil was predominantly stored in microscale pores and controlled
by pore morphology. The cluster form and star-like form may have been formed after the
formation of dissolved pores. Simultaneously, the roughness of feldspar minerals increased
after dissolution, promoting the adsorption of crude oil onto the feldspar mineral surface.
The isolation form was primarily formed in the intercrystalline pores of clay minerals under
a specific pressure difference during the mass expulsion of hydrocarbons. The thin film
form was primarily developed through oil–rock interactions as hydrocarbons were injected,
continuing until saturation was reached.

By integrating the distribution, content, composition characteristics, carbon number
changes, and FTIR characteristics of tight oils with different micro-occurrence states, this
study preliminarily established a micro-occurrence mechanism model for sandstones
(Figure 13). The micro-occurrence mechanism can be summarized as follows.

Figure 13. The pattern of the micro-occurrence mechanism of tight oil in sandstones.

Origin stage: Following an extended period of sedimentary and diagenetic processes,
a reservoir space framework was established. At this stage, the predominant pore types
were mainly intergranular pores with improved pore–throat connectivity, which was
accompanied by the development of new authigenic minerals, such as early calcite and
clay minerals. During this phase, formation water occupied the entire reservoir.

Stage A: As hydrocarbons were charged into the reservoir, crude oil and minerals came
into direct contact, leading to oil–rock interactions that formed a thin film of tight oil on the
mineral surface. During this stage, due to the inherent polarity of the minerals constituting
the reservoir, polar substances in the crude oil, such as nonhydrocarbons and asphaltenes,
could be adsorbed onto the mineral surface via van der Waals forces (Figure 13(a1)).
Simultaneously, in the presence of formation water, the hydroxyl or carboxyl groups of
oxygen-containing functional groups in crude oil could be adsorbed through hydrogen
bonding with the mineral surface, which was rich in hydroxyl groups (Figure 13(a2)).
Moreover, aliphatic hydrocarbons with long chains and highly branched portions, the <C17
compounds of saturated hydrocarbons, and polynuclear aromatic rings with the structure
of −tri(1, 2, 3) could also be adsorbed onto mineral surfaces, albeit in smaller quantities.
Oil–rock interactions were the fundamental drivers of the differentiation of crude oil
components. The adsorption of polar macromolecules and oxygen-containing functional
groups resulted in the remaining crude oil having a relatively higher proportion of light
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components, which increased the fluidity of crude oil and facilitated further migration
within the sandstones.

Stage B: During the hydrocarbon filling process, a substantial amount of organic acids
could be supplied. The intrusion of these organic acids could dissolve early calcite and
feldspar minerals, forming secondary dissolution pores, with the early calcite being com-
pletely dissolved. These dissolution pores were primarily at the microscale (Figure 13(b1))
and nanoscale (Figure 13(b2)) levels. As crude oil occupied these pores, cluster and star-like
forms were created. The tight oil stored in these pores was characterized by a high pro-
portion of saturated hydrocarbons and aromatics. When organic acids dissolved feldspar
particles, they could alter the fundamental surface properties of the minerals, increasing
roughness and specific surface area, which, in turn, facilitated mineral–crude oil interac-
tions and promoted the adsorption and further aggregation of some heavy components
at the edges of the dissolution pores. Consequently, as the heavy components were ad-
sorbed onto the mineral surface, a greater amount of lighter components remained in the
dissolution pores.

Stage C: As hydrocarbons continuously infiltrated the reservoir, oil occupied the pore
space. During this process, due to formation pressure and the early differentiation of
crude oil components, crude oil with higher saturated hydrocarbon and aromatic content
could invade the intercrystalline pores (nanoscale) of clay minerals, forming the isolation
form (Figure 13(c1)). In this stage, tight oil distributed within the continuous large pores
in the reservoir existed in the form of a continuous oil phase, which was characterized
by a high saturated hydrocarbon ratio, low aromatic content, few oxygen-containing
functional groups, and high fluidity. Owing to the ample supply of crude oil at this
stage and the saturation of oil–rock interactions, self-aggregation of crude oil may have
occurred in the reservoir, particularly for macromolecular polar components, such as
asphaltene flocculation and precipitation (Figure 13(c2)). This could be attributed to the
concentration gradients between the mineral surface and crude oil, which affected the
attraction of oil molecules. Asphaltenes can flocculate at concentrations of 8 wt% or
higher [55]. Furthermore, asphaltene molecules tend to aggregate, significantly promoting
the accumulation of asphaltenes and the differentiation of crude oil components [61].

Stage D: At the end of hydrocarbon filling, the intrusion of formation water in this stage
disrupted the original micro-occurrence states of tight oil and led to the formation of the
current micro-occurrence states. In this phase, tight oil, which was initially distributed in
microscale pores within the continuous oil phase, was disrupted and gradually transformed
into a discontinuous emulsion form and throat form in the residual intergranular pores
and throats. During this stage, the differentiation of oil components caused by oil–rock
interaction resulted in the formation of residual intergranular pores and tight oil present
in the throat, which exhibited the highest saturated hydrocarbon content and the fewest
oxygen-containing functional groups.

5. Conclusions

The micro-occurrence process of tight oil is a complex system involving minerals,
intricate pore spaces, and pore fluid properties. A comprehensive study was conducted to
elucidate the micro-occurrence mechanism of tight oil resulting from oil–rock interactions
under the combined influence of rock physical properties and fluid components in the
Chang 8 Member of the Yanchang Formation of the Upper Triassic in the Ordos Basin.
Based on this work, the following conclusions were derived.

1. Based on the variations in micromorphology and the location of tight oil, the micro-
occurrence states of tight oil weren classified into six types: the emulsion form, cluster
form, throat form, star-like form, isolation form, and thin film form. The emul-
sion form, cluster form, and throat form were primarily developed in microscale
pores, while the star-like form and isolation form were predominantly developed in
nanoscale pores. The thin film form mainly existed on mineral surfaces.
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2. Tight oil found in microscale pores, nanoscale pores, and mineral surfaces was ex-
tracted step by step through tight oil extraction, accounting for 35.46%, 35.74%,
and 28.79% of the total content, respectively. Microscale and nanoscale pores served as
the primary storage spaces for tight oil; however, tight oil present on mineral surfaces
also constituted a significant potential resource.

3. A micro-occurrence pattern of tight oil in sandstones was established for the residual
tight oil observed in each type of pore. The content of anti-compaction minerals,
original reservoir properties, and the content of light components primarily controlled
the occurrence of tight oil stored in microscale and nanoscale pores. Conversely,
the amount of tight oil present on mineral surfaces was chiefly influenced by clay
minerals and heavy components.

4. Oil–rock interaction is a crucial factor contributing to component differentiation dur-
ing the micro-occurrence process of tight oil. The adsorption of heavy components
by minerals results in the remaining crude oil components being concentrated in
microscale and nanoscale pores, which are characterized by higher saturated and
aromatic hydrocarbon content and increased fluidity. The intrusion of formation
water in later stages establishes the current micro-occurrence characteristics of tight
oil. Consequently, the micro-occurrence process of tight oil in the reservoir is funda-
mentally a product of the combined effects of oil–rock interactions and the disruption
and reformation caused by the presence of formation water.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en16093917/s1, Table S1: The amount of tight oil extracted from
tight sandstones; Table S2: Hydrocarbon composition of tight oil; Table S3: FTIR peak table for
tight oil; Table S4: The FTIR peaks of the 650∼900 cm−1 region; Figure S1: Percentage distribution of
oil family components: Figure S2: Family components of tight oil in the microscale pores; Figure S3:
Family components of tight oil in the nanoscale pores: Figure S4: Family components of tight oil on
mineral surfaces; Figure S5: The functional groups extracted from tight oil.
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