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The adsorption of crude oil in the tight sandstone reservoir is significant. Occurrence states of adsorbed tight oil and its pore and
throat reduction effect are two significant directions in tight oil exploration and development. In this paper, the occurrence state of
adsorbed tight oil and its porosity and permeability reduction effect is systematically analyzed based on a detailed description and
discussion of occurrence space, states, changes of porosity and permeability, and its controlling factors. Five occurrence states are
recognized based on the differences in spatial location and morphology of adsorbed tight oil. Adsorbed oil is distributed in all
kinds of reservoir spaces and primarily concentrated in the pore − throat radius < 0:25μm. The distribution characteristics of
reservoir spaces control the occurrence states of adsorbed tight oil. The emulsion form, cluster form, throat form, thin film
form, and isolation form are mainly stored in intergranular pores, feldspar dissolved pores, throats, the surface of minerals,
and intercrystalline pores, respectively. The massive development of quartz, feldspar, and illite is conducive to the distribution
of emulsion form, cluster form, and the throat form of tight oil, while the abundance of clay, especially chlorite, controls the
distribution of the thin film form and isolated form of tight oil. The adsorption of tight oil causes clogging in the pore
network, resulting in reservoir damage. The adsorption of tight oil in the reservoir leads to increased reservoir density by
0.290 g/cm3 and the reduction of porosity and permeability by 3.14% and 0:321 × 10−3 μm2, respectively. And the damage of
adsorbed oil to permeability (30.79%) is more severe than that of porosity (19.96%). The effect of pore and throat reduction is
more evident in reservoirs with higher content of quartz and feldspar. However, the strong adsorption of clay makes it difficult
to separate the tight oil adsorbed on its surface. The nature of adsorbed oil in different occurrence states also can determine
the separation efficiency in the extraction process. The adsorbed tight oil with emulsion, cluster, and throat forms is easier to
desorb than the isolation and thin film forms. The research results can provide a basis for analyzing the occurrence
characteristics and reasonably formulating the development method of tight oil. In addition, it can even provide a new
understanding and basis for the densification process of reservoir permeability under different conditions.

1. Introduction

With the successful exploration and development of tight
oil in North America, tight oil has become a new hotspot

of energy replacement in global energy study. As the large-
scale commercial exploitation of tight oil from Eagle Ford,
Bakken, Niobrara, and Wolfcamp has been successfully
achieved, unconventional oil and gas development
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revolution has been triggered in the United States and
worldwide [1–13]. The occurrence morphology of tight
oil in porous media of tight reservoir can mainly be
divided into two categories. One is free tight oil, and the
other is adsorbed tight oil. Free tight oil occurs in larger
pores and can flow freely under lower pressure. And
adsorbed tight oil occurs on the edges of large pores or
occurs in micropore, which cannot generally flow due to
capillary force and viscous force [14–16].

The differences in chemical composition and structural
properties of adsorbates and adsorbents control the different
adsorption behavior of crude oil on different material sur-
faces [17–21]. The adsorption capacity and adsorption pro-
cess of asphaltene on different material surfaces have been
experimented with, such as glass, silica, gold, alumina, iron,
zeolite, polymers, and metal oxides surface [17, 22–27]. The
adsorption process of asphaltene on the surface of mineral
particles has also been studied [21, 28–30]. They all stated
that the adsorption process is controlled by the properties
of adsorbents themselves and by the properties of adsorbate-
s—however, few related studies on the occurrence state of
tight oil in the reservoir. By using micro-nano CT scanning
technology, the micro-occurrence states of tight oil of Chang
7 Member of Triassic Yanchang Formation in Ordos Basin
were divided into six types (include thin film form, cluster
form, throat form, emulsion form, particle form and isola-
tion form) [31]. Using the Environmental Scanning Electron
Microscope to characterize tight oil’s occurrence morphol-
ogy in micro- and nanopores of tight sands in Member 4
of Cretaceous Quantou Formation divided the occurrence
morphology of tight oil into two primary forms (oil film
and oil droplet) [32]. However, these studies mainly focus
on the adsorption capacity of asphaltene on different mate-
rial surfaces or the occurrence state of tight oil in tight sand-
stone, without considering the adsorption of tight oil under
actual geological conditions. And there are no reports on
pore structures with occurrence morphology of adsorbed
tight oil.

China’s tight oil reservoirs are predominately lacustrine
deposited. And several basins have been reported to hold
large-scale commercial tight oil resources, such as the Son-
gliao, Ordos, Sichuan, Tuha and Santanghu, Junggar, Qai-
dam, and Bohai Bay basins [33–37]. In the Ordos Basin,
there is a massive amount of tight oil resources, and the geo-
logical resources of the 6th, 7th, and 8th members of the
Yanchang Formation are 12:13 × 108, 9:00 × 108, and 9:50
× 108 t, respectively [38]. However, many researchers have
made significant achievements in exploration and develop-
ment and a series of geological theories in Ordos Basin tight
sandstone reservoirs [33–35]. However, little research is
available on the microscopic occurrence characteristics and
the tight oil absorbed in different pore scales. Although the
tight oil resources in Ordos Basin are enormous, the
adsorbed tight oil as a potential resource for EOR should
not be ignored. The adsorbed layer of tight oil on reservoir
pore and mineral particle surface reduces reservoir porosity
and permeability and affects oil and gas migration and
exploitation. Especially for tight sandstone reservoirs, the

effect of pore reduction and throat reduction is noticeable,
even up to about 10%~30% [39]. Therefore, it is urgent to
study the effect of adsorbed tight oil on reservoir
reconstruction.

In this study, Chang 8 tight oil sandstone reservoir of
Yanchang Formation in the Huaqing area of Ordos Basin
is selected as the research object, based on the mineral anal-
ysis, physical property testing, pore structure division, and
occurrence morphology of adsorbed tight oil, combined with
Soxhlet extraction method, emphasis on the analysis of the
occurrence of adsorbed tight oil in actual geological samples,
and the adsorption of mineral particles on the tight oil and
the adsorbed tight oil effect on reservoir modification. A
suitable development process can select according to the dif-
ferent occurrence forms of adsorbed tight oil by analyzing
the occurrence form of adsorbed tight oil and its influence
on reservoir reconstruction, to explore the method to
improve the conversion efficiency from adsorbed tight oil
to free tight oil.

2. Geological Setting

The Ordos Basin, the second largest basin in China, belongs
to the craton marginal depression basin, is located in the
western region of the North China Platform (Figure 1).
Ordos Basin is a large depression basin formed by gravity
load compensation, separated from the continental margin
tectonic domains of northern China only after the docking
and assembling of Siberia-Mongolia plate and North
China-Tarim continental margin in the late Hercynian
period and the Indosinian movement. According to its
structural features, the Ordos Basin can divide into six tec-
tonic units: the Western thrust belt, Tianhuan depression,
Yimeng uplift, Weibei uplift, and Jinxi fault-fold belt, and
Yishan slope [40]. The collision process in the Ordos Basin
has the characteristics of fluctuation. Early in the Yanchang
Formation, Indosinian tectonic activity was weak. From the
end of Chang 8, the Indosinian tectonic cycle intensified,
and fault activities and event deposits were frequent.
Affected by the intense collision and rapid uplift of the Qinl-
ing orogenic belt, the lake basin area expanded rapidly. The
water body deepened, the center of the lake basin moved
westward, and the lake basin basement inclined unevenly.
After the deposition period of Chang 7, the compressive
stress field of the basin changed from north-south to left-
lateral shear stress, the intensity of Indosinian movement
gradually weakened, and the Erdos block began the filling
development stage large inland basins. The whole Yanchang
Formation is an asymmetrical dustpan depression with gen-
tle north and steep south and open southeast of the lake
basin [14].

Ordos Basin is a relatively independent large-scale
inland lake basin, with Qilian Mountains in the West and
Qinling Mountains in the south. Under the influence of
the Indonesian movement and the stability of stable blocks
in North China, Ordos Basin has entered a long-term sedi-
mentary period of a large-scale inland lake basin. The Late
Triassic sediments are relatively stable and continuous as
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the whole basin—lacustrine deltas developed in the north-
east, northwest, and southwest.

The Yanchang Formation in the Huaqing area has
experienced a period from transgressive system to the peak
of lake basin development, then to lake basin construction,
and gradual shrinkage. During Chang 8 to Chang 6
period, there were several secondary cycles of inflow and
recession. Due to channel lateral displacement, hydrody-
namic conditions, and provenance, the sandstone and
mudstone profiles in the delta front with multichannel,
multiestuary bar, and multichannel overlapping are
formed provenances of the study area vertically, mainly
from northeast and southwest. During the deposition of
the Chang 8 reservoir group in the Huaqing area, the
basement of the basin continued to subside, and the lacus-
trine basin was still in the stage of development. The
northeast meandering river and the southwest braided
river converge in the study area to form a shallow water
delta sedimentary system. The study area is mainly in
front of the meandering river and braided river delta. Dur-
ing the Chang 8 period, distributary channels, estuary
bars, overflow sands, sheet sands, and interdistributary
bays were mainly developed, distributed in a circular belt
around the lake shoreline [41].

Six tight oil sandstone samples were collected from
Chang 8 of the Upper Triassic Yanchang Formation in the
Huaqing area. And the administrative region is affiliated
with Huachi County and Qingyang County of Gansu
province.

3. Samples and Methods

3.1. Samples. Six samples with suitable oil-bearing properties
were selected from Chang 8 reservoir of Yanchang Forma-
tion in the Huaqing area, Ordos Basin. All samples were col-
lected from Core pillars with a diameter and length of
40mm × 25mm. Moreover, the core samples have experi-
enced field displacement, and it is considered that the
remaining tight oil is adsorbed oil.

3.2. Methods and Procedures

3.2.1. Porosity and Permeability. Pore PDP-200 is an instru-
ment measuring porosity and permeability under overbur-
den pressure. Six samples were tested for helium porosity
and nitrogen permeability before and after Soxhlet extrac-
tion, respectively, according to China’s SY/T 6385-2016
standard.

3.2.2. Fluorescence Thin Sections. According to the different
luminous colors of hydrocarbons and other organic matter
in rocks under ultraviolet excitation, the hydrocarbon-
bearing properties can be determined by the differences in
fluorescent colors, brightness, and luminous sites. The sam-
ples before Soxhlet extraction were identified by Nikon 80i
three-channel advanced fluorescence microscope, execution
according to China’s SY/T5614-2011 standard.

3.2.3. High-Pressure Mercury Intrusion (HPMI). The Autop-
ore IV, 9510 high-pressure automatic mercury injection
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Figure 1: Regional overview of the Ordos Basin, China, and the location of the study area.
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apparatus, was used in this experiment, execution according
to the GB/T 21650.1-2008/ISO 15901-1 standard of China
after Soxhlet extraction [42, 43]. The test specification of
the instrument ranged from 3nm to 1000μm, and the vol-
ume accuracy of mercury intake and removal was less than
0.1μmL. The samples were dried for 24 hours after being
made into core columns, the test temperature was 17°C,

and the maximum mercury injection pressure can reach
230MPa.

3.2.4. Field Emission Scanning Electron Microscopy (FE-
SEM). Field emission scanning electron microscopy (FE-
SEM) uses focused high-energy electron beams to scan the
samples, and the surface morphology of the tested samples

Table 1: Sample information and rock mineral composition of Chang 8 reservoir.

Sample Depths (m)
Mineral composition (%)

Quartz Feldspar Clay Others Illite Chlorite I/S mixed layer

B455-2-46 2147.87 50.7 39.6 8.6 1.1 28 53 19

B455-2-60 2149.47 50.2 38.0 10.3 1.5 25 58 17

B436-7-33 2192.60 50.3 33.1 12.7 3.9 19 66 25

B436-7-38 2193.20 50.2 34.2 11.8 3.8 14 64 22

B456-6-6 2134.20 50.0 36.3 12.2 1.5 11 75 14

B280-13-3 2213.35 49.8 32.0 13.8 4.4 5 83 12

Others: calcite+dolomite+pyrite; I/S mixed layer: illite and smectite mixed layer.
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Figure 2: Typical pore types found in the tight oil sandstone samples. (a) Residual interparticle pores coated by chlorite (B280-13-3). (b)
Chlorite and residual organic matter dominate the residual interparticle pores (B436-7-38). (c) Residual interparticle pores with feldspar
dissolution (B455-2-46). (d) Interparticle pore and feldspar dissolved pores (B436-7-33). (e) Interparticle pore and calcite cementation,
residual interparticle pores filled with adsorbed organic matter (B455-2-60). (f) The intergranular pore and feldspar dissolved pore filled
with adsorbed organic matter (B456-6-6) (Q: quartz; F: feldspar; Ca: calcite; Ch: chlorite; P: pores).
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can be observed. The experimental instrument is Merlin
Compact field emission scanning electron microscope
(Xflash/30), execution according to China’s SY/T5614-2011
standard after Soxhlet extraction. The accelerating voltage
and resolution were 20V-30 kV and 1.6 nm, respectively.

3.2.5. X-Ray Diffraction (XRD). X-ray diffraction (XRD)
analysis is based on the fact that different minerals have dif-
ferent crystal structures, execution according to the SY/T
5163-2010 standard of China after Soxhlet extraction [43].
The instrument used in this experiment is the Rigaku Ultima
type IV X-ray diffractometer of Japan (Cu Kα, λ = 0:154
nm).

3.2.6. Soxhlet Extraction. Soxhlet extraction can make hydro-
carbon substances extracted by pure solvents every time. The
samples of tight oil dissolution need to be wrapped with fil-

ter paper and placed in the Soxhlet extraction unit to wash
oil by continuous extraction for 120 hours, following the
SY/T 7313-2016 standard of China. The reagent is prepared
by dichloromethane-methanol (volume ratio 93 : 7).

All the experiments above were completed in Lanzhou
Oil and Gas Resource Center, Institute of Geology and Geo-
physics, Chinese Academy of Sciences.

4. Results

4.1. Petrological Characteristics and Pore Types. The Chang 8
member is mainly fine-grained lithic feldspathic sandstone
and feldspathic lithic sandstone. Through thin section statis-
tics, it is found that the Chang 8 tight oil sandstone reservoir
has the characteristics of low compositional maturity and
structural maturity. For instance, XRD reveals (Table 1) that
quartz content in diagenetic minerals of Chang 8 reservoir in
the Huaqing area is 49.8%~50.75%, with an average of
50.2%. The content of feldspar is 32%~39.6%, with an aver-
age of 35.53%, while the clay content is 8.6%~13.8%, with an
average of 11.57%, relatively. In addition, the principal clay
mineral is chlorite, with relative content ranging from 53%
to 83%. The second is illite, with relative content of
5%~28%. Chang 8 Member, tight sandstone in the Huaqing
area of Ordos Basin, is a typical reservoir with low porosity,
low permeability, ultralow porosity, and permeability. The
pore types are various, and the pore sizes vary greatly
(Figure 2). The nanomicron scale is distributed widely, and
the total surface porosity of the reservoir is less than 3.5%.

The primary pore types are mainly residual interparticle
pore, dissolved pore, and intercrystalline pores. The inter-
crystalline pore in the filling material is characterized by
small size, uneven distribution, and poor connectivity, most
of which disappear after compaction modification. Only a
minor part remains in siltstone with high argillaceous con-
tent. The surface porosity of the intercrystalline pore is
nearly 0.2%. The residual interparticle pore and the dis-
solved pore are relatively large, unlike the intercrystalline
pore. The shapes of the interparticle pore are mostly triangu-
lar or polygonal, and the whole edge is neat, straight, and

Table 2: Pore structure parameters of HPMI.

Samples
Depths
(m)

Porosity
(%)

Permeability
(×10-3 μm2)

Average of
throat radius

(μm)

Sorting
coefficient
(a.u.)

Displacement
pressure
(MPa)

Median
pressure
(MPa)

Efficiency of
mercury

withdrawal (%)

The most mercury
injection

saturation (%)

B455-2-
46

2147.87 23.57 9.338 3.3 0.38 0.03 1.95 29.63 84.38

B455-2-
60

2149.47 16.63 2.901 1.56 0.33 0.05 5.18 33.44 83.1

B436-7-
33

2192.60 12.03 0.584 0.275 2.45 0.57 7.82 33 90.47

B436-7-
38

2193.20 13.38 0.827 0.42 0.26 0.3 4.9 33.72 85.1

B456-6-
6

2134.20 14.35 0.639 0.5 0.24 0.3 4.32 31.76 89.62

B280-
13-3

2213.35 13.02 0.244 0.07 1.55 3.72 20.7 34.96 88.119
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Figure 3: Intrusion and extrusion curves of pressure-controlled
porosimetry for six samples.
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enclosed mainly by chlorite film. The dissolution compo-
nents of interparticle dissolved pore are mainly feldspar
and calcite, and the edges of the dissolution particles are
harbor-shaped and irregular. The intercrystalline dissolved
pore is primarily developed in feldspar, mica, and some
debris, and the dissolution usually occurs along the cleavage
fracture of feldspar. The surface porosity of residual inter-
particle pore and dissolved pore is 2.11% and 0.65%, respec-
tively. The diversity of pore types increases the pore throat
tortuosity and the complexity of pore structure.

4.2. Pore Throat Structure. The pore structure of the Chang 8
reservoir can be divided into four types: type A, type B, type
C, and type D (Table 2 and Figure 3). The displacement
pressure is the critical point on the capillary pressure curve
where the mercury initially enters the pore throats of the
rock, and it corresponds to the maximum pore-throat radius
[40]. The displacement pressure of four reservoir types is
0.04MPa, 0.1MPa, 0.39MPa, and 3.72MPa. The corre-
sponding maximum pore-throat radius of the type A reser-
voir is 24.513μm, which is significantly higher than that of
type B, type C, and type D reservoirs (14.708μm,
2.015μm, and 0.607μm, respectively).

Median pressure corresponds to the capillary pressure at
50% mercury saturation and the median radius [40]. The
median pressure of the type A reservoir is 1.95MPa on aver-
age, which is significantly less than that of type B, type C,
and type D reservoirs (5.18MPa, 5.68MPa, and 20.7MPa,
respectively). The corresponding average of the pore-throat
radius is 3.3μm, which is much larger than that of type B,
type C, and type D reservoirs (1.56μm, 0.398μm, and
0.07μm, respectively). The average displacement pressure
is 0.83MPa, and the average median pressure, average throat
radius, and mercury removal efficiency are 7.48MPa,
1.02μm, and 32.75%, respectively.

The quantitative pore size analysis is characterized by
high-pressure mercury injection. And the pore-throat radius
distribution is mainly in the range of 0-0.25μm, accounting
for more than 68.06% of the total pore throat distribution
(Figure 4). The pore throat types of Chang 8 reservoir in

the study area are mainly thin pore throat and micron pore
throat. Chang 8 is a multiscale pore reservoir in the Huaqing
area, distributed from nanometer to micrometer pore throat.
The micro-nanopore (<2μm) is the reservoir’s leading space
capacity for oil and gas.

4.3. The Microoccurrence Characteristics of Adsorbed Tight
Oil. Many tight oils’ adsorbed layers exist in Chang 8 reser-
voir, which mainly occurs in the interparticle pore, dissolved
pore, and mineral particle surface. Black or brown fluores-
cence is usually found on the surface of chlorite and iron cal-
cite. Green fluorescent is found in the interparticle pore,
dissolved pore, and chlorite surface. Based on the fluorescent
thin sections (Figure 5), the occurrence of tight oil in Chang
8 reservoir is divided into five types: the adsorbed tight oil in
interparticle pore and feldspar dissolved pore mainly occur-
ring in the form of emulsion and cluster (Figure 5(c)); the
adsorbed tight oil mainly occurring in the form of isolation
form, mainly in the intercrystalline pore with relatively poor
connectivity (Figure 5(d)); the throat tight oil adsorption
layer mainly occurring in the form of the long strip and flat
(Figure 5(b)), mainly in the throat of the interparticle pore;
and the tight oil adsorbed on chlorite and iron calcite surface
mainly occurring in the form of thin film and cluster with
relatively small adsorption amount (Figure 5(a)).

5. Discussion

5.1. Effect of Adsorbed Tight Oil on the Rock Density
Changes. Firstly, six samples were tested for rock density,
porosity, and permeability before Soxhlet extraction. Then,
Soxhlet extraction is used to dissolve the adsorbed tight oil
and later test the rock density, porosity, and permeability
after Soxhlet extraction again. The porosity and permeability
of reservoirs before and after Soxhlet extraction are com-
pared (Table 3).

The surface of mineral particles and pore throat of the
reservoir is filled with adsorbed tight oil (Figure 5), and the
relationship between adsorbed tight oil and the rock density
of the Chang 8 tight reservoir has been studied (Figure 6).
The results show that as the adsorbed tight oil dissolution
with the Soxhlet extraction process, the illusion of rock den-
sity increases seemly. These results are related to the
adsorbed tight oil in reservoir occupies reservoir space such
as pore and throat [44]. The rock density of six samples
before the dissolution of adsorbed tight oil is 2.498 g/
cm3~2.682 g/cm3, with an average of 2.584 g/cm3. After
Soxhlet extraction, the rock density is 2.247 g/cm3~2.348 g/
cm3, with an average of 2.294 g/cm3, related to the continu-
ous dissolution of adsorbed tight oil in the reservoir and the
increased storage space (Figure 6).

5.2. Effect of Adsorbed Tight Oil on the Changes of Porosity
and Permeability. The relationship between adsorbed tight
oil and porosity and permeability changes of the Chang 8
tight reservoir has been analyzed (Figure 7). The porosity
of six samples increased by 2.07%~5.47%, and the average
porosity increased by 3.14% after Soxhlet extraction
(Figure 7(a)). The permeability changes are increased by
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0:13 × 10−3 μm2~0:574 × 10−3 μm2 with an average of 0:321
× 10−3 μm2 (Figure 7(b)). The numerical variation is not
obvious. However, by comparing the changing rates of
porosity (△φ%) and permeability (△K%), after Soxhlet
extraction, the changing rates of porosity and permeability
are 15.90%~23.21% (with an average of 19.96%) and
5.23~53.28% (with an average of 30.79%), respectively
(Figures 7(c) and 7(d) and Table 3). These results may be
related to the fact that previous studies only pay attention

to the proportion of storage space in the reservoir but not
to the connected pores before and after Soxhlet extraction.
The experimental results show that all kinds of adsorbed
oil can be dissolved. The tight oil adsorbed in the throat is
more dissolved than the tight oil adsorbed in the pores.
Because of the existence of grain-coating chlorite, the
adsorption between adsorbed tight oil and chlorite is stron-
ger, which made it more difficult to dissolve the adsorbed
tight oil in the pore, especially the pore with grain-coating

Thin film form

(a)

Throat form

Emulsion form

(b)

Emulsion form

Cluster form

(c)

Isolation form

(d)

Figure 5: Classification of the absorbed tight oil occurrence forms. (a) Chlorite and iron calcite surface absorbed thin film form oil (B280-
13-3). (b) Throat form in throat and cluster form in cements (B436-7-33). (c) Emulsion form in interparticle pore and cluster forms in
feldspar dissolved pore (B455-2-60). (d) Isolation form in the intracystalline pore (B456-6-06).

Table 3: Data of rock density and porosity permeability change before and after Soxhlet extraction.

Samples
Depths
(m)

Φbefore
(%)

Kbefore (×10-
3 μm2)

Dbefore (g/
cm3)

Φafter
(%)

Kafter (×10-
3 μm2)

Dafter (g/
cm3)

△Φ/
%

△K/×10-
3 μm2

△Φ%/
%

△K%/
%

B455-2-
46

2147.87 18.10 8.850 2.682 23.57 9.338 2.251 5.47 0.488 23.21 5.23

B455-2-
60

2149.47 13.36 2.327 2.664 16.63 2.901 2.247 3.27 0.574 19.66 19.79

B436-7-
33

2192.60 9.41 0.349 2.534 12.03 0.584 2.348 2.62 0.235 21.78 40.24

B436-7-
38

2193.20 10.69 0.493 2.588 13.38 0.827 2.306 2.69 0.334 20.10 40.39

B456-6-
6

2134.20 11.61 0.474 2.536 14.35 0.639 2.314 2.74 0.165 19.09 25.82

B280-
13-3

2213.35 10.95 0.114 2.498 13.02 0.244 2.296 2.07 0.130 15.90 53.28
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chlorite development. These results show that the tight oil
adsorbed on the surface of the clay is more difficult to be
separated (Figures 2(d)–2(f)).

In comparison, for the samples with better initial poros-
ity and permeability (B455-2-46), its porosity and perme-
ability change rates are 23.21% and 5.23%, respectively; for
the samples with worse initial porosity and permeability
(B280-13-3), its porosity and permeability change rates are
15.90% and 53.28%, respectively. The results show that the
initial physical properties of the reservoir may have a signif-
icant impact on the separation process of tight oil. The con-
nectivity difference of the pore throat may be one of the
reasons for the change of porosity and permeability. How-
ever, in higher densification degree reservoirs, the porosity
and permeability change rates grow more obviously. These
results show that tight oil’s adsorption process in the reser-
voir leads to reservoir densification.

5.3. Effect of Pore Structure Types on the Adsorbed Tight Oil.
The throat is the relatively narrow part between the con-
nected pores. And the shape and size of the throat directly
affect the connectivity of the pores and thus affect the behav-
ior of the form adsorbed tight oil. Six samples were tested by
high-pressure mercury injection (HPMI) after Soxhlet
extraction. According to the pore structure parameters
obtained from high-pressure mercury injection, the shape
of capillary force curve, the pore structure was divided into
four types. Combined with the occurrence morphology of
adsorbed tight oil in samples with different pore structures,
different pore structures have different main types and dif-
ferent contents of adsorbed tight oil. In the process of Soxh-
let extraction to dissolve the adsorbed tight oil, different
types of the adsorbed form may have different dissolved
degrees: emulsion form, which mainly occurs in interparticle
pore, and throat form, which mainly occurs in the throat, are
accessible to be dissolved; cluster form which mainly occurs

in the dissolved pore and the edge of cement is hard to dis-
solve; isolation form which mainly occurs in intracrystalline
pore is the hardest to be dissolved (because organic reagents
are difficult to enter the intercrystalline pores during extrac-
tion process); thin film form which occurs in particle surface
has a significant difference in the adsorption capacity
according to the mineral properties [21, 23, 28–30, 45].

The relationship between adsorption tight oil types and
the change of porosity permeability before and after Soxhlet
extraction has been studied (Figure 8). The results show that
emulsion form, cluster form, and throat form have a positive
correlation with the change of porosity and permeability
(Figures 8(a)–8(c) and 8(f)–8(h)), but for thin film form,
isolation form has a negative correlation with the change
of porosity and permeability (Figures 8(d) and 8(e) and
8(i) and 8(j)). The relationship of adsorbed tight oil (emul-
sion form, cluster form, and throat form) with permeability
change (R2 = 0:692, R2 = 0:640, and R2 = 0:759, respectively)
is more substantial than that with porosity change
(R2 = 0:634, R2 = 0:574, and R2 = 0:562, respectively). With
the initial permeability of samples increasing, the porosity
and permeability increase obviously after Soxhlet extraction.
In comparison, the reservoir’s adsorbed tight oil occurrence
characteristics (emulsion form, cluster form, and throat
form) are more sensitive to permeability than to porosity.
This phenomenon may be related to the porosity represent-
ing reservoir space’s capacity, while permeability represents
the interconnected pore in the reservoir. Therefore, these
analyses indicate that under Soxhlet extraction, the adsorbed
tight oil (emulsion form, cluster form, and throat form) in
the reservoir controls by the connectivity of the pores. The
relationship of adsorbed tight oil (thin film form and isola-
tion form) with permeability change (R2 = 0:742 and R2 =
0:686, respectively) is more vital than that with porosity
change (R2 = 0:763 and R2 = 0:246, respectively). This result
shows that the thin-film and isolated adsorption states devel-
oped on the surface of clay minerals and in intergranular
pores are more challenging to be desorbed. This phenome-
non is related to the strong adsorption capacity of clay min-
erals for crude oil. This behavior indicates that different
absorbed tight oil types have different dissolved efficiently
under Soxhlet extraction. The emulsion, cluster, and throat
forms are easier to dissolve, but thin film forms and isolation
are harder to dissolve under Soxhlet extraction.

According to the relationships of the adsorbed tight oil
types of the Chang 8 reservoir and of the four types of pore
structure with the porosity and permeability, the difference
of pore structure controls the distribution characteristics of
pore throat, affects the physical properties of the reservoir,
and then controls the distribution of adsorbed tight oil in
the reservoir. Based on the correlation between the adsorbed
tight oil types (the adsorption capacity) and the pore struc-
ture of samples, the relationship between pore structure type
and porosity permeability before and after Soxhlet extraction
is expressed as follows. The type A pore structure sample is
B455-2-46, with a porosity change of 5.47%, a change rate of
23.21%, and a permeability change of 0:488 × 10−3 μm2, with
a change rate of 5.26%. The type B of pore structure sample
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Figure 6: Variation of rock density before and after Soxhlet
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is B455-2-60, with a porosity change of 3.27%, a change rate
of 19.66%, and a permeability change of 0:574 × 10−3 μm2,
with a change rate of 19.79%. The type C of pore structure
samples is B436-7-33, B436-7-38, and B456-6-6, the varia-

tion of porosity is 2.62%~2.74%, the average variation is
2.68%, and the average variable rate is 20.33%. The variation
of permeability is 0:165 × 10−3 μm2~0:344 × 10−3 μm2, the
average variation is 0:245 × 10−3 μm2, and the average
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Figure 7: Changes of reservoir porosity and permeability before and after Soxhlet extraction. (a) Porosity changes. (b) Permeability changes.
(c) Porosity change rate. (d) Permeability change rate.
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variable rate is 35.48%. The type D of pore structure sample is
B280-13-3, with a porosity change of 2.07%, a change rate of
15.9%, and a permeability change of 0:13 × 10−3 μm2, with a
change rate of 53.28%. The variation of porosity and perme-
ability shows a decreasing trend (Figures 9(a) and 9(b)). It
shows that the better the pore structure, the more substantial
the reservoir capacity, and the more adsorbed the oil content.
After Soxhlet extraction, the space occupied by adsorbed tight
oil in the reservoir can release, and the reservoir conditions are
improved. The larger the reservoir space is, the more the
adsorption capacity of tight oil is. The higher the dissolution
ratio of adsorbed tight oil after Soxhlet extraction is, the better
the reservoir improvement effect is. Before and after Soxhlet
extraction, the changing rates of porosity and permeability
and pore structure show a trend increasing with the change
of pore structure (Figures 9(c) and 9(d)), indicating that the
more compact the reservoir, the more complex the pore struc-
ture is, and the stronger the damage of adsorbed tight oil to
reservoir capacity, especially the damage of adsorbed tight oil
to seepage capacity of tight reservoir which deserves attention.
Therefore, for low permeability tight sandstone reservoirs, it is
more important to work on the effect of tight oil adsorption on
physical properties and pore structure.

5.4. Effect of Minerals on the Absorbed Tight Oil. Because of
the influence of minerals on reservoir performance, prede-
cessors mainly focused on the correlation between minerals
and pore permeability of reservoirs to discuss their control
on reservoir performance [46–48]. This study proposes that
the types and contents of skeleton minerals such as quartz
feldspar and authigenic minerals (mainly clay minerals) con-
trol the reservoir performance by tight oil adsorption.

The adsorbed tight oil in the interparticle pore sur-
rounded by quartz and feldspar grains mainly has emulsion
from adsorbed tight oil. Feldspar dissolved pore has cluster
form adsorbed tight oil in the dissolved pore. Intracrystalline
pore has isolation form adsorbed tight oil. Quartz and feld-
spar have a particular adsorptive ability to tight oil, and they
can form thin film tight oil adsorbing layer on the surface of
mineral particles. Clay minerals have a robust adsorptive
ability to tight oil. The clay minerals of Chang 8 reservoir
in the Huaqing area are mainly chlorite, primarily associated
with grain-coating chlorite. The tight oil adsorption layer
adsorbed on its surface is primarily thin film form.

The mineral composition of reservoirs correlates with
absorbed tight oil of types (Figure 10). Quartz content is
positively correlated with emulsion form and throat form
but negatively correlated with cluster form, thin film form,
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and isolation form of absorbed tight oil microoccurrence mor-
phology (Figures 10(a)–10(e)). These results may be related to
the higher the quartz content, the better the reservoir pore per-
meability and the interparticle pore and throat development.
Feldspar content is positively correlated with emulsion form
and cluster form but negatively correlated with throat form,
thin film form, and isolation form of absorbed tight oil micro-
occurrence morphology (Figures 10(f)–10(j)). This phenome-
non may be related to the dissolution of feldspar and the
development of dissolved pores during oil and gas filling. Clay
mineral content is positively correlated with thin film form
and isolation form but negatively correlated with throat form,
emulsion form, and cluster form of absorbed tight oil microoc-
currence morphology (Figures 10(k)–10(o)). This phenome-
non shows that the clay minerals control thin-film

distribution and isolated tight oil in the reservoir. Illite content
is positively correlated with emulsion form and throat form
but negatively correlated with cluster form, thin film form,
and isolation form of absorbed tight oil microoccurrence mor-
phology (Figures 10(p)–10(t)). The growth of illite requires an
interconnected pore and throat to bring formation water in
and out. These results mean the initial pore and permeability,
the pore-throat connectivity is advantageous, and this trend is
related. Chlorite content is positively correlated with thin film
form and isolation form but negatively correlated with throat
form, emulsion form, and cluster form of absorbed tight oil
occurrence morphology (Figures 10(u)–10(y)). This result is
similar to clay minerals and may be related to the fact that
chlorite is the main clay mineral in the study area, and chlorite
has a strong adsorption capacity for tight oil.
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Figure 10: The relationship between adsorption tight oil types and minerals. (a–e) Quartz; (f–j) feldspar; (k–o) clay; (p–t) illite; (u–y)
chlorite.
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The variation of porosity and permeability is positively
correlated with the content of quartz and feldspar
(Figures 11(a) and 11(b) and 11(d) and 11(e)). One reason
for that is the higher the content of quartz and feldspar,
the more the interparticle pores developed and the higher
reservoir space led to the higher adsorbed tight oil content.
The other reason is that the higher the content of quartz
feldspar is, the weaker the adsorption capacity of minerals
surface to tight oil [23, 24]. During Soxhlet extraction, the
adsorbed tight oil is more easily dissolved by organic
reagents, which lead to the higher the content of quartz
and feldspar, the more significant changes of porosity and
permeability before and after Soxhlet extraction. But the
total amount of clay minerals is negatively correlated with
the change of porosity and permeability (Figures 11(c) and
11(f)). This phenomenon shows that grain-coating chlorite
can partition the pore water on the mineral surface, inhibit
the overgrowth of quartz and other minerals, increase the
mechanical strength and compaction resistance of sand-
stone, and is conducive to the preservation of particular pri-
mary pore [49]. When the chlorite content is too high
(>6%~7%), the pore and permeability space decrease, result-
ing in poor reservoir physical properties [50]. The clay min-
eral content of Chang 8 reservoir in the Huaqing area is of
averaged 11.57%, and the chlorite content ranged from
4.558% to 11.454%, with an average of 7.845%, which
destroyed the physical properties. In addition, during the
initial filling process, the adsorption layer formed by the
interaction between polar components and clay minerals in
tight oil further destroyed the reservoir quality. Chlorite
and illite have strong adsorption to tight oil, much larger

than the adsorption capacity of quartz for tight oil [23, 24].
Therefore, the adsorption capacity will increase with the clay
mineral content. However, with the increase of clay mineral
content, the physical properties of the reservoir are dam-
aged, resulting in relatively small changes in porosity and
permeability. In addition, due to the strong interaction
between clay minerals and dense oil, the dense oil adsorbed
on the surface of clay minerals is not easy to dissolve by
organic reagents in Soxhlet extraction. With the increase of
clay mineral content, it is hard to dissolve organic reagents
in the adsorbed tight oil content. In addition, the higher
the clay mineral, the apparent negative correlation between
the total mineral content and porosity and permeability
change. Therefore, evaluating porosity and permeability
change is essential based on reservoirs’ mineral types and
contents.

5.5. Effect of Clay Minerals on Absorbed Tight Oil. To deter-
mine the influence of clay mineral types and content on the
porosity permeability change, one should know tight oil’s
clay mineral adsorption capacity. The chemical composition
of adsorbed tight oil and its occurrence characteristics in res-
ervoirs play an essential role in determining the stability of
tight oil adsorption on reservoir damage. Regarding the
interaction between tight oil and clay minerals, the amount
of adsorbed tight oil and selecting an appropriate displace-
ment method maybe play an essential role in developing res-
ervoir [23].

The clay minerals in Chang 8 reservoir are widely dis-
tributed and varied, accounting for 11.57%. The X-ray dif-
fraction analysis shows that chlorite and illite accounted
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Figure 11: Relationship between quartz, feldspar, and clay content with the changes of porosity and permeability. (a–c) The content of
quartz, feldspar, and clay with the porosity changes, respectively; (d–f) the content of quartz, feldspar, and clay with the permeability
changes, respectively.
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for 7.845% and 1.85%, respectively. The illite content with
porosity permeability change rate shows a positive correla-
tion (Figures 12(a) and 12(c)), and chlorite content with
porosity permeability change shows a negative correlation
(Figures 12(b) and 12(d)).

Illite fills the interparticle pore with hair-like aggregates
and fibers, which could plug the pore throat and make the
effective pore become invalid micropore quickly, thus signif-
icantly reducing the permeability of the reservoir. However,
illite occurs nearly in the middle of the pore with hair and
fiber, enlarging the specific surface area to absorb tight oil.
Considering that the development of illite is mainly concen-
trated in the middle of the pore throat, organic matters will
be preferentially affected when flowing in the pore throat.
Therefore, the porosity and permeability of the reservoir will
increase with the dissolution of tight oil adsorbed by illite
(Figures 12(a) and 12(c)). The samples with high illite con-
tent have relatively good physical properties and relatively
strong percolation ability. In the Soxhlet extraction process,
the organic reagents and adsorbed tight oil are more suffi-
ciently effective and soluble. Chlorite occurs mainly in the
form of particle film covering. Scanning electron microscopy
shows that chlorite occurs in an approximate ring of equal
thickness with a thickness of about 8-12μm, surrounded
by mineral particles. Black adsorbed tight oil encapsulation
can be seen in fluorescent and casting slices due to chlorite
and tight oil during oil and gas filling. The considerable

thickness of the adsorption layer could result in the blockage
of the pore throat. This phenomenon is related to the fact
that tight oil adsorbed on the surface of chlorite is seldom
dissolved due to it is near the edge of the pore throat and
is less affected by organic reagents. Therefore, there is a neg-
ative correlation between chlorite content and porosity and
permeability changes. In addition, the growth of authigenic
chlorite may change the microflow in oil and gas filling,
which is also one of the reasons for this phenomenon. In
addition, chlorite improves adsorption capacity and can pro-
mote the precipitation of asphaltene with sufficient oil and
gas filling. The tight sandstones with higher illite should be
targeted rather than those with higher chlorite content while
exploring adsorbed tight oil.

6. Conclusion

Fluorescence thin sections and field emission scanning
electron microscopy observation, high-pressure mercury
intrusion method, X-ray diffraction, and porosity and per-
meability measurements were employed to obtain the pore
structure, mineral composition, pore throat size distribution,
and the distribution of adsorbed tight oil of mixture samples
including different pore structures to illustrate the occur-
rence characteristics and its effects of porosity and perme-
ability reduction of tight sandstones. The following
conclusions were reached:
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Figure 12: (a) Relationship between illite content and porosity changes. (b) Relationship between chlorite content and porosity changes. (c)
Relationship between illite content and permeability changes. (d) Relationship between chlorite content and permeability changes.
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(1) Adsorbed tight oil is widely distributed in the resid-
ual interparticle pore, dissolved pore, intercrystalline
pore, and mineral surfaces of tight sandstone reser-
voirs. And it is primarily concentrated in the pore
− throat radius < 0:25μm

(2) The development shape and size of the reservoir
control the distribution of the adsorbed tight oil.
According to the differences in occurrence location,
morphology, and fluorescence color, the adsorbed
tight oil is divided into five types: emulsion form,
cluster form, throat form, thin film form, and isola-
tion form, which are mainly stored in interparticle
pores, feldspar dissolved pores, throats, the surface
of minerals, and intercrystalline pores, respectively

(3) The adsorption of tight oil in the reservoir results in
tight sandstone reservoirs’ pore and throat reduc-
tion. And it is one of the reasons for reservoir densi-
fication. The adsorption of tight oil in the reservoir
leads to increased reservoir density by 0.290 g/cm3

and the reduction of porosity and permeability by
3.14% and 0:321 × 10−3 μm2, respectively. In addi-
tion, the permeability change rate by adsorbed tight
oil is significantly more potent than that of porosity,
which is 30.79% and 19.96%, respectively

(4) Adsorbed oil is a potential resource for enhanced oil
recovery. The pore and throat reduction process of
adsorbed tight oil is controlled by the size of reser-
voir space and the development of skeleton minerals
and clay minerals, especially illite. In addition, the
difference in the separation process of tight oil in dif-
ferent occurrence states is another critical reason to
control the pore and throat reduction of tight oil.
Reservoirs with large pore throat and low clay min-
eral content can be developed preferentially in the
development process
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