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Abstract: The Chang 7 member of the Triassic Yanchang Formation in the Ordos Basin is a significant
continent shale oil reservoir in China. Therefore, conducting an in-depth investigation into the
pore structure and fluid mobility characteristics of the Chang 7 shale oil reservoir holds immense
importance for advancing shale oil exploration. This study conducts a detailed analysis of the
pore structures and their impact on fluid mobility of the Chang 7 shale oil reservoir using multiple
methodologies, i.e., a cast thin section, scanning electron microscopy (SEM), X-ray diffraction (XRD),
high-pressure mercury injection (HPMI), low-temperature nitrogen adsorption (LTNA), and nuclear
magnetic resonance (NMR). The results show that the sandstone in the Yanwumao area of the
Chang 7 shale oil reservoir consists mainly of lithic arkose and feldspathic litharenite, which can be
classified into three lithofacies (massive fine-grained sandstone (Sfm), silt-fine sandstone with graded
bedding (Sfgb), and silt-fine sandstone with parallel bedding (Sfp)). Moreover, three pore structures
(Type L, II, and III), and four pore spaces (nanopores, micropores, mesopores, and macropores)
can be characterized. Pore structure Type I, characterized by large pores, exhibits bimodal pore
diameter curves, resulting in the highest levels of movable fluid saturation (MFS) and movable fluid
porosity (MFP). Pore structure Type II demonstrates unimodal pore structures, indicating robust
connectivity, and higher MFS and MFP. Pore structure Type III primarily consists of dissolved and
intercrystalline pores with smaller pore radii, a weaker pore configuration relationship, and the
least fluid mobility. Furthermore, a correlation analysis suggests that the pore structure significantly
impacts the fluid flowability in the reservoir. Favorable petrophysical properties and large pores
enhance fluid flowability. Micropores and mesopores with high fractal dimensions have a greater
impact on reservoir fluid mobility compared to macropores and nanopores. Mesopores mainly control
MFS and MFP, while micropores govern the shift from bound fluid to movable fluid states. Among
the lithofacies types, the Sfm lithofacies exhibit the highest fluid mobility due to their significant
proportion of macropores and mesopores, whereas the Sfgb lithofacies have lower values because they
contain an abundance of micropores. The Sfp lithofacies also dominate macropores and mesopores,
resulting in medium fluid mobility levels. This study combines lithofacies types, micro-reservoir
pore structure characteristics, and mobile fluid occurrence characteristics to better understand the
dominant reservoir distribution characteristics of the Chang 7 shale oil reservoirs in the Ordos Basin
and provide theoretical information for further optimization of production strategies.
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1. Introduction

As conventional hydrocarbon resources diminish, many countries such as Canada,
China, and the United States have turned their attention towards exploring unconventional
resources [1,2]. Shale oil is a popular target for global exploration due to its widespread
distribution [3-5]. The Ordos Basin has abundant unconventional reserves, with the Triassic
Chang 7 shale oil resource alone reaching up to 4.23 billion tons [6]. Although the Chang
7 member is rich in shale oil reserves, the shale oil reservoir has the characteristics of
extremely low physical properties, a complex lithology, strong heterogeneity, complex pore
and throat structure, and significant fluid fluidity variability, which put challenges on its
exploration and development [7]. Therefore, it is urgent to conduct deep research on its
pore structure characteristics and mobility of movable fluids.

As one of the crucial aspects in conventional reservoir research, pore structure evalua-
tion serves as a focal point and hotspot in shale oil reservoir assessment [8]. Due to the small
pore throat size and complex pore structure of shale oil reservoirs, numerous advanced
technologies with high precision and resolution have been employed for studying their pore
structures, primarily encompassing qualitative and quantitative characterization [8-10].
Qualitative characterization methods include conventional optical microscopy, scanning
electron microscopy (SEM), field emission scanning electron microscopy (FE-SEM), and CT
scanning analyses [11-13]. These techniques enable direct observation of the type, shape,
and connectivity of reservoir pores [14]. The main technical means used for quantitative
characterization are the fluid intrusion method and radiation detection method. Among
them, the fluid intrusion method includes mercury injection technology and gas adsorption
technology, which can quantitatively characterize reservoir pore size, pore volume, and
pore specific surface area [15-19]. Radiation detection methods include the nuclear mag-
netic resonance technique (NMR), small angle scattering technique, and ultra-small angle
neutron scattering technique [8,18,20], in which the NMR experiment can be combined with
other techniques to convert the T, spectrum into pore throat size to characterize the spatial
size distribution characteristics of the reservoir pore throat [10,19,21]. These methods are
limited by the principle of testing and differ from the pore range and reservoir structure pa-
rameters of experimental testing [22,23]. In addition to these test methods, fractal theory is
currently widely used for quantitatively describing the heterogeneity of pore structures [24].
At present, in many quantitative experimental methods, the quantitative characterization of
all pore sizes is difficult to complete through a single technical means [21-23,25]. Therefore,
the combined use of multiple experimental methods is an effective approach for the com-
prehensive quantitative evaluation of pore structures. Given the pore structure of shale oil
reservoirs in the Chang 7 Formation of the Ordos Basin, domestic and foreign scholars have
carried out numerous research on pore type, morphology, and size in recent years [26,27],
but previous studies are mostly focused on a certain region, or the research method is
relatively singular, and the distribution and heterogeneity of shale oil reservoir pores are
lacking in systematic descriptions and research. All these restrict the fine characterization
and optimization of the Chang 7 shale oil sweet spot in the Ordos Basin [19]. Therefore,
it is necessary to combine multiple experimental methods to accurately characterize the
pore structure characteristics of shale oil reservoirs and employ fractal theory to further
evaluate its heterogeneity.

The occurrence characteristics and fluid mobility in pore spaces of shale oil reser-
voirs have been a hot topic for many scholars [9,10]. Nuclear magnetic resonance (NMR)
can rapidly and accurately determine the movable fluid saturation (MFS), movable fluid
porosity (MFP), bound fluid saturation, and other common fluid mobility parameters, to
effectively evaluate and predict the fluid productivity of various oil and gas reservoirs,
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and has been widely used in the study of reservoir fluid mobility [10,19]. Reservoir fluid
mobility is affected by multiple factors [19]. Previous studies mainly focused on the effects
of micro-factors such as reservoir physical properties, micro-pore structure, and mineral
composition on the fluid flow [26,27]. However, from a macro analysis, the relative fluid
mobility of rock has a great influence, and the movable fluid saturation of pore space of
different lithofacies is different [8]. The best fluid mobility is typically found in fine-grained,
cross-bedded sandstones (Sc), while the worst fluid mobility is typically found in siltstone
to silt-grained sandstones (Ss) [14]. For Chang 7 interlayer shale oil reservoirs, different
types of lithofacies have undergone different sedimentary diageneses, corresponding to
different pore throat distribution relations, resulting in differences in the occurrence charac-
teristics of mobile fluids [21,24-28]. However, previous studies have simply divided the
rock types and ignored the influence of lithofacies on movable fluid [9,10]. Therefore, it is
necessary to further analyze the influence of lithofacies types on fluid mobility according
to the difference in pore throat structure of different lithofacies types.

The Chang 7 member of the Yanchang Formation in the Yanwumao area is a typical
shale oil reservoir, which is mainly composed of organic-rich mud shale deposits and
fine-grained sandstone deposits, as a result of gravity flow [29,30]. Additionally, the well-
developed source rocks in local areas are typical shale oil reservoirs with self-generation
and self-storage [31]. However, there is no research report on the influence of the diversity
of reservoir lithofacies and the complexity of the pore structure on the occurrence char-
acteristics of reservoir fluids in the study area. Therefore, this study aims to investigate
the pore structure and its impact on the movable fluid in the Chang 7 shale oil reservoirs
using multiple methodologies, i.e., a cast thin section, scanning electron microscopy (SEM),
X-ray diffraction (XRD), high-pressure mercury injection (HPMI), low-temperature nitro-
gen adsorption (LTNA), and nuclear magnetic resonance (NMR). The main objectives of
this study are as follows: (1) to clarify the mineral composition and pore structure of the
Chang 7 shale oil reservoirs; (2) to characterize the full pore size distribution (PSD) and
the distribution of movable fluid in the Chang 7 shale oil reservoirs; (3) to quantitatively
evaluate the heterogeneity of the pore structure by using fractal theory in reservoirs; (4) to
reveal the factors controlling the pore structure and the movable fluid distribution of the
shale oil reservoirs. The research results provide important theoretical information for
clarifying the micro-pore structure and the occurrence characteristics of movable fluid in
different lithofacies reservoirs of the Chang 7 member, and guiding the optimization of
shale oil reservoirs in this member.

2. Geological Background

The Ordos Basin, situated at the western frontier of the North China Platform, stands
as a substantial hydrocarbon basin [20,31] (Figure 1a). The basin comprises six structural
divisions, specifically the Yimeng uplift, Weibei uplift, Jinxi flexure belt, Yishan slope,
Tianhuan depression, and West Rim thrust belt [32]. The primary oil reserves are located in
the Shanbei Slope and Weihe Uplift (Figure 1b). During the Middle-Late Triassic period,
a significant lake basin formed due to collision amid the North China Plate and Yangtze
Plate as well as the Qinling orogeny resulting in thick Yanchang continental clastic deposits
exceeding 1000 m. The Yanchang Formation can be divided into 10 oil-bearing layers from
bottom to top (Chang 10-Chang 1), and its sedimentary characteristics reflect the whole
process of the formation, development, and extinction of the lake basin [10] (Figure 1c).
The Chang 7 sedimentary period was the maximum period of the paleo-lake area and
deposited a thick set of high-quality source rocks, which are the main production layers
of shale oil [11]. This member has a thickness ranging from 100 to 130 m with mudstone
and shale thickness varying from 15 to 50 m (over 60 m in some areas) [33]. Situated at an
elevation of 1470-1667 m within the central part of the Shanbei Slope is the Yanwumao
area, considered a source region for the Shanbei loess featuring gullies, mounds, and
ridges (Figure 1b). Sediments transported by gravitational forces, combined with the
formation of shale oil, present indications of lacustrine sedimentation from deep to semi-
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deep environments [29-31]. The target layer of this research is the Chang 7 member, which

develops semi-deep to deep lake subfacies.
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Figure 1. Geological map showing the well locations (a,b) and stratigraphic column (c) representing

the Chang 7 member within the research zone.

3. Samples and Methods

A total of 10 core samples were obtained from two wells (named the W4223 well
and W4227 well, respectively) in the Yanwumao area (Figure 1b). All samples (sample
ID: S1-510), taken from the Chang 7 reservoir (Table 1), are columnar core plugs with a
diameter of about 2.5 cm and a length of about 8 cm. These sandstones came from shale
oil reservoirs with strong heterogeneity, which have experienced strong compaction and
cementation. These 10 samples were subjected to porosity and permeability, XRD, mercury
intrusion porosimetry (HPMI), and nitrogen adsorption tests (LTNA). In addition, nuclear
magnetic resonance testing (NMR) was conducted on samples S1 to S5.
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Table 1. Test samples’ mineral composition, permeability, and porosity.

Mineral Composition of XRD Whole-Rock Analysis (%) Clay Composition of XRD Clay

Sample Depth  Porosity  Permeability Analysis (%)

o YW o (mD)
Quartz  Feldspar Calcite  Ankerite Dolomite Clay Kaolinite Chlorite Illite /s

S1 w4223 1992.7 7.877 0.0618 41 26.5 0.6 0 11.8 17.6 3.04 6 442 4.14
S2 W4227  1938.6 5.85 0.0219 28.5 40.2 0.4 0 7.7 23.2 2.13 4.27 10.16 6.64
S3 W4227  1946.6 3.646 0.0025 18.1 195 1.7 47.2 0 112 0.16 0.26 6.82 3.96
S4 W4227  1961.3 7.298 0.0041 37.7 35.3 0.3 0 9.2 17.5 247 8.72 3.55 2.77
S5 W4227  1980.2 3.579 0.0024 15.8 17.4 0 0 1.2 64.1 2.24 41 37.82 19.94
S6 W4223  1987.5 5.83 0.0655 27.8 39.1 1.9 0 87 22.5 9 27.1 30.9 33
S7 W4223  2016.62 6.558 0.0217 34.9 40.3 1.1 0 7.7 14.3 11.8 37.4 24.5 26.3
S8 W4227  1929.66 3.925 0.003 221 31.2 30.3 0 6.3 10.1 135 34.6 30.7 21.2
S9 W4227 1960.13 5.483 0.0629 36.2 33.9 2.9 0 0.4 26.6 14.8 40.2 24.6 20.4
510 W4227  2005.84 3.883 0.0531 30.6 29.2 0.9 0 1.1 37 12.3 28.5 23 36.2

Average 5.3929 0.02989 29.27 31.26 4.01 4.72 5.41 24.41 7.144 19.115 19.647 17.455

Samples underwent porosity and permeability assessments utilizing a Poro PDP-200
overburden hole permeameter, with the testing procedure outlined in the SY /T 6385-2016
standard of China [34]. The Ultima IV X-ray diffractometer was utilized to analyze whole
rock and clay components, determining types and contents of minerals including quartz,
feldspar, carbonate, and clay. This analysis followed the testing procedure outlined in the
SY /T 5163-2018 standard of China [35].

The HPMI experiment utilized an AutoPore IV 9500 mercury injection apparatus
produced by American Instruments following the GB/T 29171-2012 standard of China [36].
Before experimentation, samples were dried at a constant temperature of 40 °C until weight
stabilization occurred. The mercury injection experiment included pressurized mercury
injection and depressurization with a maximum pressure of 200 MPa. Surface tension
measured at 480 mN/m along with contact angle measurements taken at 140° informed
this process, while expansion volume remained fixed at 0.05 mL. Pc refers to the mercury
intrusion pressure expressed in MPa. The pore size distribution (PSD) can be derived from
the resulting mercury injection curve based on the Washburn equation.

LTNA testing was conducted in conformity with the GB/T 21650.2-2008 standard of
China [37], using an ASAP 2460 instrument manufactured by Micromeritics in the United
States. All samples underwent vacuum drying at a temperature of 40 °C for 10 h to remove
residual and capillary water. N, adsorption and desorption isotherms were recorded under
subcritical temperature conditions (77 K) by adjusting the relative pressure P/P0. The
specific surface area (Spgt) was calculated using the multi-point Brunauer-Emmett-Teller
(BET) technique, while the Barrette—Joynere-Halenda (BJH) method was utilized for the
analysis of pore size distribution (PSD).

For conducting the NMR experiment, GeoSpec2 equipment was employed following
the SY/T 6490-2014 standard of China [38]. The T, relaxation time of each sample was
measured both when fully saturated and after centrifugation treatment. Key test param-
eters included a centrifugal speed of 6000 r/min, resonance frequency at 2 MHz, echo
interval of 0.1 ms, a waiting duration of 6 s, echo count set to 8196, and 64 scanning cycles.
Previous studies have successfully applied mercury injection data to convert nuclear mag-
netic resonance (NMR) T, spectra into pore size to characterize pore structure [13,39-45].
Building upon these studies, this research proposed applying the pore radius (r) derived
from HPMI and LTNA experiments to convert T; spectra, thereby characterizing the full
PSD of reservoirs. Previous research has proposed an exponential relationship between Ty
and pore radius [2]:

rn

- PZFs

where F; represents a dimensionless factor related to pore shape; n stands for a dimension-
less power exponent. When 1/C = p * F;, Formula (1) can be written as follows:

T (1)

r= CT21/n ()
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Therefore, the T, values can be converted to r by calculating C and n (Figure 2). For
the specific determination, refer to previous studies [10,41,46—49].
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Figure 2. (a) The process of translating the NMR T, spectrum into r. (b) The relationship between T,
and r of S2.

4. Results
4.1. Reservoir Petrological Characteristics and Petrophysical Properties

After analyzing the CTS and SEM, it can be observed that the samples primarily
consist of lithic arkose and feldspathic litharenite (Figure 3). The XRD data (Table 1) reveal
that quartz is the dominant detrital grain component, accounting for 15.8-41% (with an
average of 29.27%), followed by feldspar with a range of 17.4—40.3% (average: 31.26%)
and clay ranging from 11.2% to 64.1% (with an average of 24.41%). Most samples exhibit
low carbonate contents. Most of the samples had a low content of carbonate and clay
minerals, while S3, S5, S8, and 510 samples exhibited a high content. Amidst the diverse
array of identified clay minerals, illite constitutes the highest proportion at an average
value of approximately 19.65%, followed by mixed layers consisting of illite/smectite
(I/S) at around an average value of 17.45%, chlorite being present at approximately equal
proportions averaging about 19.12%, and kaolinite exhibiting relatively lower content levels
averaging approximately 7.14%. The porosity of Chang 7 reservoirs varies from 3.58% to
7.88%, averaging at 5.39%. In terms of permeability, it spans from 0.0024 mD to 0.0655 mD
in air, averaging 0.02989 mD (Table 1). Notably, sample S8 exhibits the lowest quality
among all reservoirs, displaying a porosity of merely 3.925% and a permeability as low as
only 0.003 mD. Based on a detailed core observation and CTS (Table 2), three lithofacies
have been identified: massive fine-grained sandstone (S5fm), silt-fine sandstone with graded
bedding (Sfgb), and silt-fine sandstone with parallel bedding (Sfp).

Quartz(%)

I:Quartz arenite

II:Subarkose
III:Sublitharenite
IV:Arkose
V:Lithic arkose

VI:Feldspathic
litharenite

VII:Litharenite

0 25 50 75 100 ¥

Figure 3. The categorization chart for the Chang 7 sandstone. These 10 black squares correspond to
10 samples.



Energies 2024, 17, 862 7 of 20

Table 2. Classification of lithofacies in the Chang 7 shale oil reservoir.

Lithofacies and Samples Core Photos Lithological Characteristics

Grey, homogeneous, structureless,
with low mud content; sharp
contact at the lower or upper
parts; high charcoal content.

Massive fine-grained
sandstone (Sfm); (Samples:
S1, 52,57, 59, S10)

Grey and grey-brown; high
carbonate content or high mud
content; graded bedding, the
Bouma Sequence (Ta division).

Silt-fine sandstone with
graded bedding (Sfgb);
(Samples: S3, S5, S8)

Bottom

Silt-fine sandstone with
parallel bedding (Sfp);
(Samples: 54, S6)

Grey-white; low mud content;
parallel bedding, the Bouma
Sequence (Tb division).

4.2. Pore Types

Based on the analysis from CTS and SEM data, the predominant pore types encompass
residual intergranular pores, dissolution pores, intercrystalline pores, and microfractures
(Figure 4a—f). Most residual intergranular pores are triangular and are formed because
of compaction, with an ore diameter higher than 25 um (Figure 4a,d,f). Dissolved pores
are mainly formed from mineral particles subjected to substantial dissolution, which are
common in feldspar grains (Figure 4a,d—f). These pores have a relatively poor connection
and usually have irregular geometric shapes, with pore diameters generally less than
5 um. Intercrystalline pores are mainly formed by clay cements such as illite, I/S, and
chlorite (Figure 4b,c). A few microfractures related to diagenesis are present in reservoirs
(Figure 4b), which are commonly well connected.
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Figure 4. (a) Residual intergranular pores and feldspar dissolved pores, W4223, 1992.7 m, S1, SEM.
(b) Intergranular pores and microfracture, W4227, 1938.6 m, S2, SEM. (c) Chlorite intercrystalline
pores, W4227, 1980.2 m, S5, SEM. (d) Residual intergranular pores and dissolved pores, W4223,
1992.7 m, S1, SEM, CTS. (e) Ankerite-filled pores and dissolved pores, W4227, 1946.6 m, S3, CTS.
(f) Residual intergranular pores, dissolved pores, W4227, 1961.3 m, 54, CTS.

4.3. Quantitative Pore Parameter Characterization
4.3.1. HPMI Curve

According to the HPMI curve morphology and the pore distribution, the samples’
pore structures were categorized into three types (Table 3, Figure 5). Type I pore structures
have a gentle and long section (Figure 5a—c). The threshold pressure (Pt) value is below
2.74 MPa, indicating larger pores within this category. These pores exhibit a unimodal size
distribution with the peak mainly concentrated around 0.1 pm, while having an average
radius of 0.070 um, suggesting that they are relatively large and concentrated. On average,
this type shows maximum values for mercury saturation (69.04%) and mercury retreat
efficiency (28.46%), implying a higher storage capacity and connectivity within its pore
structures. The combination types for this category of samples primarily consist of residual
intergranular pores and feldspar dissolution pores.

Type II pore structures exhibit a gentle and short section in their capillary pressure
curves (Figure 5d—f), while the corresponding distribution of pore sizes shows a bimodal
characteristic. The Pt ranges from 2.73 to 4.12 MPa, averaging 3.19 MPa. These formations
possess both larger and more numerous smaller pores, leading to significant heterogeneity
in their size distribution patterns. It is important to note that compared to Type I pore
structures, Type Il ones demonstrate lower maximum mercury saturation and mercury
retreat efficiency, with respective average values of 64.27% and 26.91%. This suggests
limited connectivity within this category of structures of pores.

Pore configurations of Type III structures display increased displacement pressures
and narrow radii of the pores (Figure 5g—i). The Pt spans between 5.48 and 11.02 MPa,
averaging 6.87 MPa. The distribution in pore sizes exhibits a single peak centered around
0.04 um, indicating the presence of numerous nano-scale pores in this sample type and
emphasizing significant heterogeneity within the network of pores. Additionally, there
is a noticeable decrease in both maximum mercury saturation and mercury retreat effi-
ciency for this category of samples, averaging 57.14% and 26.73%, respectively, suggesting
poor connectivity in this type of pore structure. These samples primarily consist of in-
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tercrystalline pores combined with a relatively dense rock matrix characterized by fewer
larger-radius pores.

Table 3. The data from HPMI and LTNA experiments.

Type Sample HPMI LTNA
ID Pt (MPa) Rpax (um) R, (um) Ry (um)  Spax (%) We(%) Sp Sper (M?/g) Vags (cm®/g) Rp (nm)
s1 2738 0.268 0.072 0.043 73.199 2786 1658 0705 0.002 11.054
I S6 2736 0.269 0.064 0.027 69.001 30984 1669 1416 0.004 3325
59 2.733 0.269 0.073 0.03 64906 26548 1491 0764 0.002 6.483
Average 2736 0.269 0.07 0.033 69.035 28464 1606 0962 0.003 6.954
2 2725 027 0.057 0.016 67744 25526 1717 1374 0.004 4368
I s7 2733 0.269 0.047 0.01 64317 26854 1772 0.637 0.002 13.145
s10 4117 0.179 0.045 0.017 60744 28361 1316 4427 0.008 2.669
Average 3.191 0.239 0.05 0.014 64268 26914 1602  2.146 0.004 6.727
s3 5.499 0.134 0.036 0.007 54244 23295 1978 0773 0.002 6.522
S4 5.479 0.134 0.029 0.01 63.33 20651 1533 1993 0.006 6.733
II S5 5.496 0.134 0.032 0.007 58347 30605 1762  4.092 0.007 2772
S8 11.017 0.067 0.024 0.005 52652 23356 1135 3.127 0.006 4454
Average 6.873 0.117 0.03 0.008 57143 26727 1602 2.49 0.005 5.12

Pt = threshold pressure; Rmax = maximum pore radius (um); Ry, = median radius of pore (um); R, = average
pore radius (um); Sp = coefficients representing pore sorting; Smax = maximum values for mercury saturation;
We = mercury retreat efficiency; Sggr = Specific surface area; V,q4s = total amount of nitrogen adsorbed; R}, = 2
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4.3.2. N, Adsorption Isotherms

The measured isotherms of all samples are in type Il adsorption shape [50], featuring a
distinct hysteresis curve when P/P0 > 0.45 (Figure 6a). The patterns observed in adsorption
and desorption isotherms indicate the pore structure of the porous material [51]. The
isotherms for adsorption-desorption were divided into three categories, aligning with the
classification of pores under high-pressure mercury (Figure 6).
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Figure 6. (a) Isotherms for N, adsorption and desorption; (b) Curves depicting BJH pore size
distribution.

Across pore structures ranging from Type I to Type III, there was an overall upward
shift in the adsorption—desorption isotherms of the specimens, and the area of hysteresis
loops gradually increased (Figure 6), indicating that Type III samples contained a higher
number of smaller pores, dominating the primary pore area, capable of adsorbing a large
amount of nitrogen gas, which correlates with the outcomes obtained from high-pressure
mercury experiments. The samples exhibited a progressive increase in the average BET
specific surface area (Sggr) and the average BJH total pore volume (V,45) from Type I to
Type III, while the average BJH pore radius (Rp) decreased (Table 3).

4.4. Complete Pore Dispersion on a Full Scale

The NMR T spectra of movable fluids were converted using the PSD derived from
integrated HPMI and LTNA experiments (Table 4). Figure 7 shows the comparison between
the PSDs converted from the NMR T, spectrum and obtained from LNTA and HPMI
experiments. The two curves share similar ranges, with matched pore peaks, indicating
that the PSD in shale oil reservoirs can be effectively characterized with the PSD curve
derived from the NMR T, spectrum.

According to pore radius, the pores were divided into nanopores (<0.01 pm), micro-
pores (0.01~0.1 um), mesopores (0.1~1 um), and macropores (>1 um). The proportions
of different types of pores were determined through calculations (Figure 8). The findings
indicated that micropores constituted the majority, accounting for an average of 65.87%.
Nanopores and mesopores followed with average proportions of 16.04% and 15.46%, re-
spectively. Macropores had the smallest representation, averaging 2.63%. Additionally,
pore structures of Type I and Il were predominantly composed of mesopores, with Type I
exhibiting a higher presence of mesopores, whereas Type III pore structures mainly com-
prised micropores and nanopores, suggesting that diverse pore configurations within the
shale oil reservoir resulted from the development and combination of various types and
sizes of pores.
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Table 4. T, spectrum conversion parameters of samples.
Small Pore Area Medium Pore Area Large Pore Area
Sample ID
n R? C n R2 c n R2
S1 0.0031 1.7963 0.9688 0.0013 1.0289 0.9985 7 x 1073 0.0720 0.955
S2 0.0024 1.1060 0.9543 0.0102 2.2287 0.9567 6 x 10728 0.1003 0.9028
S3 0.0011 1.1438 0.9992 0.002 1.9201 0.9405 4 x107% 0.0844 0.9602
54 0.0033 1.2381 0.998 0.0116 2.2336 0.9887 6 x 1072 0.1160 0.9149
S5 7 x 1072 0.6598 0.9986 0.0023 2.2573 0.9992 3x 10713 0.2419 0.9772

4.5. Fractal Characteristics of Pore Structure

Fractal theory is frequently utilized in the analysis of intricate and self-similar irregular
pores, providing an effective approach for characterizing pore structures. Currently, fractal
theory is extensively used to study the microscopic pore structures of rocks [46,48]. The
internal pore structure of porous rocks typically exhibits a non-integer dimension, with
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an ideal fractal dimension (D) value ranging between 2 and 3 [52]. D = 2 signifies highly
uniform pore structures, while D = 3 indicates significant heterogeneity. The fractal dimen-
sion can be determined with various experiments, such as HPMI, LTNA, and NMR [50-52].
Among them, HPMI experiments are commonly used to describe pore structures with wide
pore sizes [11]. Therefore, the HPMI experimental data were used to calculate the D value
of shale oil reservoirs in the study area.

According to the calculation model of fractal dimension showed in previous stud-
ies [53,54], the mathematical formula can be expressed as follows:

lg Spg = (D-2)lgp.+C (3)

where S Hg Tepresents mercury saturation %, C represents a constant, and D represents the
fractal dimension. D can be obtained by fitting the slope (K) of the curve between Ig S
and Ig P, in the double logarithmic coordinates. And the fractal dimensionis D = K + 2.

The D values of all samples can be divided into four phases (Figure 9), indicating a
clear multifractal nature in the pore structure. D1, D2, D3, and D4 denote the fractal mea-
surements of macropores, mesopores, micropores, and nanopores, respectively [10,48,55].
The correlation coefficient (R2) surpasses 0.9 (Table 5), indicating a high correlation coeffi-
cient. Figure 9a shows that non-wetting mercury first enters macropores at sample S1. After
that, the available mercury volume changes slightly with increasing pressure. However,
the entered mercury volume increases sharply at r = 0.1-1 pum, where pressure is slightly
changed, indicating that mercury enters mesopores. Finally, mercury enters micropores
and nanopores.

0 0
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Figure 9. Fractal characteristic curves of typical samples S1 (a), S2 (b) and S5 (c) with the three types
of pore structures.
Table 5. Fractal dimensions of samples based on HPMI data.
Macropores (>1 um) Mesopores (0.1~1 pum) Micropores (0.01~0.1 um) Nanopores (<0.01 pum)
Type Sample ID D1 R? D2 R? D3 R? D4 R?
S1 2.333 0.968 3.436 0.987 2.175 0.912 2.087 0.994
I S6 2.344 0.961 3.056 0.980 2.394 0.917 2.114 0.986
S9 2421 0.931 3.588 0.900 2.330 0.910 2.083 0.998
Average 2.366 0.953 3.360 0.956 2.300 0.913 2.095 0.992
S2 2.264 0.929 3.134 0.920 2.403 0.901 2.206 0.996
I S7 2.311 0.945 2.851 0.958 2.623 0.968 2.236 0.993
S10 2.287 0.967 2.742 0.879 2.784 0.944 2.082 0.989
Average 2.287 0.947 2.909 0.919 2.603 0.937 2.175 0.993
S3 2.311 0.958 2.471 0.951 2.892 0.905 2.139 0.993
m 5S4 2.559 0.908 2.758 0.966 3.020 0.972 2177 0.967
S5 2.321 0.941 2412 0.997 2.989 0.927 2.219 0.997
S8 2.344 0.957 2.242 0.993 3.365 0.937 2.170 0.988
Average 2.384 0.941 2471 0.977 3.067 0.935 2.176 0.986

The fractal feature curves of representative samples are displayed in Figure 9a—c. Anal-
ysis of the fractal characteristics of the samples showed that mesopores and micropores
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had higher fractal dimensions, while macropores and nanopores had lower fractal dimen-
sions. This indicates that mesopores and micropores have stronger structural heterogeneity
and more complex pore size distributions. It is worth noting that from Type I to Type III
(Table 5), D2 gradually decreased, while D3 gradually increased. The primary cause for this
phenomenon is the enhanced occurrence of carbonate minerals and clay minerals, which
occupy the pore spaces with wider radii. As a consequence, there is an augmentation in
surface roughness and intricacy within the pores, leading to an increased abundance of
micropores and significant heterogeneity within them.

4.6. Distribution of Mobile Fluids

The Tyeytoff, movable fluid saturation (MFS), and movable fluid porosity (MFP) can
be obtained from the NMR experiment (Figures 10 and 11). At the intersection point of
the T, spectral accumulation curve of the saturated sample, the corresponding relaxation
time T, represents the Toyof [12]. The MFS varies between 50.64% and 56.76%, averaging
approximately 52.714%. Similarly, the MFP falls within a range of 1.6311% to 4.3875%, with
an average value close to 3.2049%. Moreover, notable disparities in fluid mobility were
observed among assorted pore configurations: Type I pore structures exhibited a strong
storage capacity and permeability, accompanied by excellent interconnection among pores
leading to the utmost fluid mobility; Type II pore structures demonstrated limited reservoir
fluid mobility due to poor selectivity and connectivity of pores; Type III pore structures
displayed heterogeneous characteristics and weak connectivity among pores resulting in
the lowest level of fluid mobility.

As the nuclear magnetic resonance T, spectrum depicts the movable fluids’ distribu-
tion inside the reservoir pores, the converted full aperture PSD can be expressed with the
frequency distribution of movable fluids across varied pore radii; additionally, it allows for
the computation of movable fluid attributes concerning diverse pore types (Figure 11). The
results showed that in samples S1 (Type I) and S2 (Type II), predominantly, the mesopores
harbored the distribution of mobile fluids, which was mainly because mesopores not only
occupied higher storage spaces but also had larger pore radii. In Type III, movable fluids
were mainly distributed in the micropores, mainly because macropores and mesopores had
larger pore radii, contributing the highest permeability to the samples, but their proportions
of pore space were the smallest, resulting in the lowest MFS and MFP.
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Figure 10. The NMR T spectrum’s porosity constituents and accumulation distribution curve for
sample S1.
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Figure 11. MFS (a), MFP (b), and MF (c) are contributed by different pore spaces with varying pore
structure types (d). MF: the proportion of movable fluid content. Grey colons indicate the pore
structure types corresponding to the sample.

5. Discussion
5.1. Connection between Fluid Mobility and the Pore Structures

The Sppt demonstrates an inverse relationship with MFS and MFP (Figure 12), suggest-
ing that a higher Sgpt hinders fluid flow. This can be attributed to the fact that nanopores
and micropores contribute to the Sggr, creating significant spaces for bound fluid adsorp-
tion and impeding fluid movement. R}, exhibits a slight positive correlation with MFS
and MFP, indicating that reservoir fluid flow capacity is minimally affected by nanopore
development. In contrast, Rmax, Rm, and R, show significantly positive correlations with
MFS and MFP (Figure 12), implying that larger pores could enhance fluid flow capacity [56].
Additionally, R, shows weak positive correlations with Rmax, Rm, and Ra; however, these
correlations are only 0.184, 0.195, and 0.205, respectively (Figure 12). Therefore, LTNA
and HPMI can influence the distribution of movable fluids based on pore radius but their
effects on movable fluids are relatively independent.
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Figure 12. Correlations using Pearson analysis between the mobility of fluid and pore structure

parameters.
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The sorting coefficient (Sp) is a character vector to represent pore homogeneity [55].
Generally, the closer the value is to zero, the better the homogeneity, and vice versa [10,13,39].
The S;, of the test samples is mainly between 1.5 and 2.0 (Table 3), indicating moderate
sorting. MFS and MFP are negatively correlated with S, (Figure 12), indicating that as S,
decreases, there is an enhancement in pore distinctiveness, leading to improved fluid mo-
bility.

The correlation between movable fluid parameters and diverse pore sizes was exam-
ined to explore their association with movable fluids (Figure 13). The results demonstrate a
favorable relationship between the movable fluid parameters and the proportion of pores
in both mesopores and nanopores. Importantly, the association between movable fluid
parameters and mesopores is significantly stronger than that of nanopores. The movable
fluid parameters show an adverse correlation with the proportion of micropores. This
occurrence highlights that mesopores primarily govern MFS and MFP, while the shift from
bound fluid to movable fluid is governed by micropores.
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Figure 13. Correlation between MFS (a), MFP (b), and the proportion of pore spaces.

5.2. Effect of Heterogeneity in Pore Structure on Fluid Mobility

D1, D3, and D4 also exhibit negative correlations with movable fluid parameters,
implying that high heterogeneity negatively impacts fluid flow capacity in micropores
and nanopores. However, D1 only shows a weak correlation with MFS and MFP. Con-
versely, D2 exhibits a robust positive relationship with parameters indicating fluid mobility,
and correlation coefficients exceeding 0.7 (Figure 12). Similarly, movable fluid parame-
ters positively correlate with both D3 and D4 with correlation coefficients surpassing 0.5
(Figure 12), suggesting a similar influence on movable fluids by these variables. The associ-
ation between D3 and movable fluid parameters is stronger than that of D4 which suggests
that heterogeneity in micropores can have a more significant impact on movable fluids
compared to macropores and nanopores. It is noteworthy that there is a strong positive
correlation between D2 and Rmax/Rm/Ra, whereas opposite correlations are observed for
D1/D3/D4 indicating different controlling factors on heterogeneity across different pore
ranges. In general terms, strong heterogeneity in mesopores hampers the occurrence of
movable fluids compared to nanopores and micropores but does not affect macropore
systems.

5.3. Relationships between Lithofacies and Fluid Mobility

The Sfm lithofacies are usually located within multi-stage overlapped sand bodies,
primarily deposited in gravity flow channels (Figure 14a,b). The Sfp lithofacies appear in
the interbedded sand-mud sequence, with finer grain sizes than Sfm, also deposited in
turbidite channels (Figure 14a,c), indicating that it is farther away from the source area than
the Sfm lithofacies [57,58]. The pores of these two types of lithofacies are large, and movable
fluids are mainly hosted in the macropores and mesopores (Figure 14e,f), which contributes
to the enhanced fluid mobility observed in the Sfm sandstones. The Sfgb lithofacies
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predominantly form within clay-rich environments, interspersed within thin sandstone
and mudstone beds, primarily in turbidite sheet sands (Figure 14a,d). These lithofacies
sandstones often contain a large amount of carbonate cement or clay matrices [12]. Strong
carbonate cementation or massive clay mineral filling in this type of lithofacies sandstones
shrinks the macropores and mesopores so that movable fluids are predominantly found in
micropores (Figure 14g). As a result, Sfgb sandstones have less fluid mobility and poorer
physical properties. It is worth noting that the MFS of micropores and mesopores in the
Sfm lithofacies is higher than the other two lithofacies, while the MFP of nanopores shows
the opposite trend. Hence, Sfm lithofacies exhibit better pore connectivity and enhanced
fluid mobility due to their larger pores compared to other lithofacies. These results indicate
that Sfm lithofacies sandstones are relatively promising prospects for exploration purposes.

Delta Turbidite Turbidite
front sheet sand channel

- Slump Ij Inter-channel

or semi-deep
to deep lake

Fine
sandstone

I A N s AN o B o TS
SiltstoneMudstone Movable Bound Quartz Feldspar Rock Carbonate Clay
fluid fluid fragment cement minerial

Figure 14. Modeling the pore network in various lithofacies to evaluate fluid mobility within a
lacustrine environment. (a) Distribution of different facies within the lacustrine setting; (b) The
Sfm lithofacies in multi-stage overlapped sand bodies; (c) The Sfp lithofacies in the sandstone and
mudstone interbeds; (d) The Sfgb lithofacies within the mudstone interbeds and thin sandstone of a
clay-rich environment; (e—g) Visual representations depicting the diverse variations in pore types
across three lithofacies of sandstone.

6. Conclusions

(1) Following a comprehensive examination of the pore structure in the Chang 7 shale oil
reservoirs, it was observed that three distinct types exist. Type I mainly developed
residual intergranular pores and feldspar dissolution pores, manifesting bimodal pore
diameter curves with the highest MFS and MFP values. The curves of the pore size
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References

distribution in Type II displays unimodal characteristics indicating good pore connec-
tivity, with higher fluid mobility. Type III is mainly dominated by dissolved pores and
intercrystalline pores, showcasing an inadequate relationship in the configuration of
pores, consequently leading to the lowest fluid mobility.

(2) The pore structure of the Chang 7 shale oil reservoir plays a significant role in con-
trolling fluid mobility. High fluid flowability is attributed to favorable petrophysical
properties and large pores. Mesopores mainly control MFS and MFP, and microp-
ores primarily dictate the shift from bound fluid to movable fluid. The pronounced
heterogeneity of mesopores significantly impairs the fluidity of reservoir fluids.

(38) The lithofacies in the Chang 7 shale oil reservoirs exhibit various fluid mobilities.
The lithofacies characterized by massive fine-grained sandstone (Sfm) exhibit the
highest fluid mobility due to the large proportion of macropores and mesopores. In
contrast, graded bedding and silt-fine sandstone lithofacies (Sfgb) have lower fluid
mobility due to the abundance of micropores. The decrease in the proportion of
macropores in the parallel bedding and silt-fine sandstone (Sfp) lithofacies leads to
medium fluid mobility.

In summary, this study emphasizes the importance of pore structure in controlling
fluid flow in the Chang 7 shale oil reservoirs. Understanding the different types of pore
structures and their effects on fluid flow can help develop more effective production
strategies. In addition, further studies can be conducted to investigate the potential impact
of reservoir characteristics, such as mineral composition and organic matter content, on
fluid flow. By gaining a deeper understanding of the fluid flow characteristics in shale oil
reservoirs, China can develop more effective extraction strategies to increase domestic shale
oil production. This is important for China as it will reduce its dependence on imported oil,
increase energy security, and boost its domestic economy.
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