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Abstract: The Jurassic Yan’an Formation in the Ordos Basin is one of the main coal seams mined in
the basin, and the enrichment of water bodies in the upper part of this coal seam is closely related
to the sand bodies in the Zhiluo Formation. This study is based on the use of core observations in
the northern part of the Ordos Basin for studying the pore characteristics of the permeable sand
layer of the Zhiluo Formation in the study area through testing methods such as ordinary thin
sections, cast thin sections, scanning electron microscopy (SEM), mercury intrusions, and physical
property analysis. The results indicate that the primary pores of the Zhiluo Formation sandstone
in the study area include primary intergranular pores, residual intergranular pores, and interstitial
micropores. The secondary pores are mainly intergranular pores, feldspar dissolution pores, and
rock debris dissolution pores. The throat-type pores are mainly variable fault contractions, sheets,
curved sheets, and bundle-shaped throats. The pore structures of the Zhiluo Formation sandstone in
the research area are complex, and the permeability is influenced by the throat characteristics. The
main controlling factors of the pore structure characteristics of the Zhiluo Formation sandstone in the
study area are sedimentation and diagenesis. Compaction and cementation are the main factors that
destroy the sandstone pore structure, while later dissolution plays a certain role in the improvement
of the pores. Section 1 of the Zhiluo Formation is greatly affected by diagenesis, and section 2 is
greatly affected by sedimentation.

Keywords: pore structure; main control factors; Zhiluo Formation; Ordos Basin

1. Introduction

The pore structure is a key factor in tight sandstone reservoirs and restricts the accu-
mulation and flow of oil and gas in such reservoirs. The pore structure of reservoirs has
been a focus and challenges faced in recent unconventional oil and gas exploration and
development research. With the increasing demand for oil and natural gas, the difficulty
of exploration and development has also increased. Global oil and gas exploration and
development have shifted from conventional oil and gas sources to unconventional sources
such as shale oil, tight oil, and coal bed methane (CBM) [1-3].

At present, the research methods applied to determine pore structure characteristics
can be divided into two categories: mathematical statistics analysis methods and computer
simulation methods [4,5]. Among the mathematical statistics analysis methods, conven-
tional mercury injections reflect the pore characteristics under a semiquantitative static
state [6-8]. Constant velocity mercury injections are effective for pore sizes greater than
0.12 um in quantitative research on pores and throats [9]. High-pressure mercury intrusions
are used mainly for the determination of dense rocks [7]. Rezaee [10] and Zheng et al. [11]
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introduced nuclear magnetic resonance into a pore characteristic study in complex litho-
logic reservoirs, but the method could not truly reflect the complex underground pore
structure characteristics [12,13]. Elliot [14] and Yoshito [15] applied CT scanning to perform
a three-dimensional reconstruction of pores and established a microscopic seepage model.
Low-temperature adsorption is mainly used in research on shale and coal rocks [16,17].
Among the computer simulation methods, digital core technology can achieve the three-
dimensional model reconstruction of internal rock pores [18-20]. Yao et al. [21], Zhao
etal. [22], Zhu et al. [23], and Zhu [24] carried out simulation research on the single-phase
fluid in the seepage process. From the methods used to describe the fractal geometry
of rock cores, reservoir pores are thought to have good fractal structural properties that
are not affected by the scale and can form a bridge between the micropore structure and
macroscopic rock physical parameters [25-27].

In the pore evolution process, the impact factors include compaction, the shale min-
eral composition, the vitrinite reflectance (Ro,%), and the organic matter abundance and
type [28]. Previous studies on the influencing factors of shale pore development have
been extensive, and it is generally believed that the abundance, type, and maturity of
organic matter, as well as the composition of rock minerals, significantly impact shale
pore development [28,29]. Most researchers noted that the Ro and total organic carbon
(TOC, %) contents are important factors affecting the development of shale pores [30-32].
Some scholars have reported that the clay mineral content in mineral components can
also affect the pore volume and specific surface area of shale to a certain extent [30]. The
main controlling factors of sandstone pore structure have been studied by scholars. Wu
et al. [33] believe that diagenesis is the main factor controlling the pore structure of Shahejie
Formation sandstone in the Bohaiwan Basin, Wang et al. [34] believe that lithology and
diagenetic fluid jointly control the development of secondary pores in Benxi Formation
sandstone, and Feng et al. [35] believe that compaction is the main factor controlling the
pore structure of sandstone reservoir.

In a study on the sandstone pore structure in the Ordos Basin, the Yanchang Formation
was found to be relatively mature, and scholars have systematically studied the pore struc-
ture characteristics of the sandstone in different layers of the Yanchang Formation [36—40].
With the increasing demand for oil and the increasing difficulty of oil extraction, researchers
have noted the low permeability pores of the Yanchang Formation [41-43]. Compared to
the highly researched Yanchang Formation, research studies on the pore structure of sand-
stones in the Zhiluo Formation in the northeastern Ordos Basin are relatively lacking.

2. Geological Setting

The Ordos Basin is located in the North China Craton. In the western part, a multitec-
tonic system containing multiple sedimentary types, depression migration, and significantly
distorted multicycle superimposed oil- and gas-bearing basins have developed [39,40]. The
research area is located on the Yimeng Uplift in the northern part of the Ordos Basin and
has been one of the main areas for analyzing sandstone-type uranium deposits in recent
years (Figure 1). The terrain is characterized by steep slopes in the northwest and shallow
slopes in the southeast [44].

The Zhiluo Formation in the Ordos Basin generally has two distinct sedimentary
cycles, and Zhao et al. [45] divided the Zhiluo Formation into upper and lower segments.
Section 1 of the Zhiluo Formation contains mainly braided river deposits, while section
2 of the Zhiluo Formation contains meandering river deposits [46]. The lower part of
section 1 of the Zhiluo Formation is a set of extremely thick, chartreuse, moderately coarse
arkose and lithic arkose. Cross-bedding is developed in this section and is generally
characterized by coarse grains in the lower part and fine grains in the upper part. The
upper part is grayish—green, containing gray mudstone, silty mudstone, siltstone, etc. The
bottom section is developed with coarse sandstone, pebbly sandstone, and trough- and
plate-shaped oblique bedding [47]. The source supply of section 2 of the Zhiluo Formation
is weak, and the sediment grain size is fine. The lower part contains yellow—gray medium



Minerals 2023, 13, 1102

3 0f20

fine arkose and rock debris arkose, and the upper part contains yellow—green, purple-red,
and other variegated mudstones, silty mudstones, and siltstone interbedding [48].
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Figure 1. Map of the research area: (a) simplified geological map of north-central China [39]; (b) the
division of tectonic units in the Ordos Basin and the regional geological map of the research area.

3. Samples and Methods

In our experiment, we selected a total of thirty-two sandstone samples from the Zhiluo
Formation in the research area, including seventeen samples from section 1 and fifteen
samples from section 2. This experiment included ordinary thin sections, cast thin sections,
physical property analysis, mercury intrusion analysis, and scanning electron microscopy
(SEM). The SEM analysis was completed at the Shaanxi Provincial Institute of Geology and
Mineral Resources using an FEI MLA650 automatic mineral analyzer. The experimental
steps were as follows: mechanical polishing, further polishing of the polished surface using
an argon ion polishing instrument, pasting of a conductive film on the surface, sample
vacuum pumping (gold spraying at 10-20 nm), and observation under a microscope. The
remaining experiments were completed at the Open Research Laboratory of Mineralization
and Dynamics of the Ministry of Land and Resources. The cast section was observed at the
Open Research Laboratory of Mineralization and Dynamics of the Ministry of Land and
Resources of Chang’an University in China with the ZEISS Axio imager D;m (Zeiss Group,
Jena, Germany). The mercury injection experiment was conducted using an AutoPore IV
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9510 (Micromeritics, Norcross, GA, USA) fully automatic mercury intrusion instrument,
and each sample was processed into a cylinder with a height of 3 cm and a diameter of
2.5 cm. The method and data processing methods refer to GB/T 29171-2012 “Determination
of Rock Capillary Pressure Curve”.

4. Results
4.1. Petrology Characteristics

According to Folk’s (1980) sandstone classification method [49], the statistical analysis
of the relative content of the samples in the study area revealed that the main rock types of
the Zhiluo Formation sandstone are feldspathic sandstone, lithic feldspathic sandstone, and
a small amount of feldspathic quartz sandstone (Figure 2). The main detrital components of
the sandstone in the study area are quartz, feldspar, and rock debris. The quartz content in
the sandstone is the highest, accounting for 38%—48% of the total, with an average content
of 42%. It is mostly in a broken and sub-angular shape. Feldspar takes second place,
accounting for 21%-27% of the total, with an average content of up to 26%. The difference
in rock debris content is significant, ranging from 7% to 13%, with an average content of 9%.

15 50 25
Section | of Zhiluo Formation @ Scction 2 of Zhiluo Formation

I. Quartz sandstone; I1. Arkose quartz sandstone; I11. lithic quartz sandstone:

IV. Arkose sandstone: V. lithic feldspathic sandstone; V1. feldspathic lithic sandstone: VII. Rock debris sandstone
Figure 2. Sandstone type of the Zhiluo Formation.(Q is quartz, F is feldspar, R is rock debris).

4.2. Pore Types and Characteristics

The pores in the study area were divided into two categories: primary and secondary
pores. Primary pores correspond to inherent pores formed during initial sedimentation
and are influenced by the composition, structure, and sedimentary environment of the
rocks. Secondary pores refer to pores that formed after the initial sedimentation of rocks
and were reworked by later diagenesis [24]. Primary pores include primary intergranular
pores, residual intergranular pores, and interstitial micropores (Figure 3). Secondary pores
mainly include dissolution intergranular pores, intraparticle pores, moldic pores, and extra-
large pores, as well as intergranular micropores formed by the cementation of authigenic
minerals (Figure 4).
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Figure 3. Characteristics of the primary pores in the sandstone of the Zhiluo Formation: (a) residual
intergranular pore and (b) intergranular pore.

Figure 4. Characteristics of the secondary pores in the sandstone of the Zhiluo Formation:
(a) dissolved pores in cement; (b) intragranular dissolved pore in feldspar; (c) intragranular dissolved
pore in debris; (d) extra-large pores; (e) moldic pores; and (f) intergranular micropores.
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The primary pore characteristics are relatively large pores and throats, good interpore
connectivity, and the development of pores along the straight edges of particles, with
pore diameters of up to 50-80 um. After the later compaction of the pores, the quartz
size increases, and kaolinite, illite, and other clayey cementation processes all produce
destructive effects on the primary pores, while the ring-shaped chlorite film formed around
the grain edge inhibits, to a certain extent, the secondary enlargement of quartz and
feldspar and provides a certain protective effect for the primary pores. The contribution of
micropores in the interstitium of the pore structure in the study area is not significant, and
the micropores are characterized by a small pore volume and poor connectivity.

The intergranular pores of secondary pores developed mainly as carbonate cemen-
titious dissolution pores; these are spot-like dissolution pores. These dissolution pores
are relatively isolated and dispersed, making the formation of a relatively connected pore
structure difficult (Figure 4a). Intragranular pores often extend outward along cleavage
cracks and fissures and are distributed on the surfaces of particles in a lymphoid manner
(Figure 4b). After the partial dissolution of soluble components in rock debris, honeycomb-
shaped pores are easily formed; moldic pores are rare and poorly developed, with incom-
plete dissolution (Figure 4e); and extra-large pores are underdeveloped, with occasional
pores equal to or slightly larger than the particle diameter, uneven edges, and residual
contours of particles and interstitial materials visible at some boundaries (Figure 4d).

4.3. Throat Types and Characteristics

As throats form channels between pores, the distribution and connectivity of throats
affect the reservoir and permeability of pores [6,8,41]. According to the morphological
characteristics and genetic classification of the throats, common roars include variable
cross-sectional, sheet-like, curved sheet-like, and bundle-shaped throats [50] (Figure 5).

4 § Ty

Figure 5. Characteristics of sandstone throats in the Zhiluo Formation: (a) constricted throat;
(b) variable cross-sectional throat; (c) sheet-like throat; and (d) bundle-shaped throat.
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The variable cross-section throats of the Zhiluo Formation sandstone in the research
area mostly exhibit point and line contacts (Figure 5b) with a large throat diameter ratio;
this structure is characterized by high porosity and low permeability. Sheet-like throats
are rare but are present at the edges of two particles in contact with each other, where the
cement has dissolved (Figure 5c). These throats are thin and narrow in shape or curved
in shape, corresponding to small, ineffective pores and fine throats characterized by low
permeability. The bundle-shaped throats are distributed mostly among the kaolinite cement
and are capillary-shaped, with low porosity and permeability (Figure 5d).

4.4. Microcrack Characteristics

Microcracks can effectively connect various pores and improve the pore structure of
sandstone [51]. Microcracks are rare in the study area (Figure 6), with an average surface
porosity of less than 1%. The microcrack width is approximately 10-40 um, and microcracks
are commonly found in interlayer fractures, brittle mineral compression fractures, and
irregular dissolution microcracks along the cleavage direction within feldspar and mica
particles. Because mineral cleavage fractures are mostly closed at one end, although
they provide a certain porosity improvement effect, their contribution to the permeability
is minimal.

Figure 6. Characteristics of the sandstone microcracks in the Zhiluo Formation: (a) microcracks in
mica cleavage and (b) microcracks in mineral fracturing.

4.5. Pore Structure and Fractal Characteristics

Fractality refers to the power exponent relationship between the number of objects
and their linear scale, where the fractal dimension is the power exponent [52]. The research
object with fractal structures exhibits mutation, discontinuity, and roughness characteristics,
and the fractal pore structure does not change with size and is thus a true reflection of the
sandstone pore structure [53,54]. Through mercury intrusion experiments, we found that
the average mercury-removal efficiency of section 1 of the Zhiluo Formation in the study
area is approximately 20%, and the average mercury-removal efficiency of section 2 of the
Zhiluo Formation is approximately 29%, indicating that the pore structure characteristics
of the first section of the Zhiluo Formation are poor. The pore structure of sandstone in
the study area is complex, and the permeability is influenced by the throat characteristics
(Figures 7 and 8). The pore concentration and throat distribution are critical in affecting
sandstone permeability [41].
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in the Zhiluo Formation.
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Figure 8. Relationship between the sorting coefficient and the physical properties of sandstone in the
Zhiluo Formation.

Through our analysis of the fractal structure characteristics and by fitting the corre-
lation graph between lg (Sw) and Ig (Pc) in the study area (Figure 9), we found that the
linear fitting degree of the Zhiluo Formation sandstone is high and that the sandstone
pore structure has good fractal properties. From our observations, as lg (Pc) increases, the
degree of linear correlation increases, indicating that small pore throats have better fractal
properties than large pore throats. From the lg (Pc)-lg (Sw) diagram (Figures 10 and 11), it
can be seen that the sandstone in the study area can be divided into two or three sections.
The proportion of small pore throats is relatively high, while the proportions of large and
medium pore throats are relatively low. When large pore throats are omitted, two sections
can be identified.

235

Ig (S,)
@

-2 -1.5 -1 -0.5 0 0.5 1 1.5
Ig (P

(¥}

Figure 9. Correlation map of 1g (Pc)-1g (Sw) in the sandstone of the Zhiluo Formation.
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4.6. Pore Structure Types

Differences can be observed in the geometric shape, size, distribution, connectivity,
and other throat aspects among different pore throats; these are decisive factors affecting
the storage and permeability of permeable sand layers [55]. Parameters such as the porosity,
permeability, and displacement pressure of sandstone can be determined through mercury
injection experiments. The large number of parameters measured in experiments can
allow pore structure characteristics to be analyzed in terms of different aspects. In this
study, parameters with good macro- and microcorrelations were selected, and through
a comprehensive analysis performed based on multiple aspects, the pore structure of
the Zhiluo Formation sandstone in the study area was divided into four types (Table 1,
Figures 12-15). The porosity and permeability in Table 1 were obtained from mercury
intrusion test data, and the types of pores and throats were identified under a microscope.
The pore throat ratio is the ratio of pores to throats obtained through image analysis
and mercury intrusion curves. The specific formula is Bt = Sr/((Smax — Sr)). Bt is the
average pore volume ratio, Sr is the residual mercury saturation, and Smax is the maximum
mercury saturation.

Table 1. Classification of pore structure of sandstone in the Zhiluo Formation of the research area.

Types Parameter Class I Class II Class III Class IV
Permeability >300 20~300 10~20 <10
Macro- (X107 pm)
characteristics Porosity (%) >23 20~23 16~20 <16
Permeability / porosity >25 1~25 0.1~1 <0.1
Intergranular Intereranular
pores, dissolution ergranua Intragranular Dissolution
Type of pore pores and . .
pores, and . . dissolved pore micropores
Type of pore . dissolution pores
interlayer cracks
and throat
Contracted and Variable Sheet-like and Curved
Type of throat variable cross-section and sheet-shaped and

cross-section

sheet-shaped

curved sheet-like

bundle-like

Displacement pressure

<0.03 0.03~0.1 0.1~0.3 >0.3
(Mpa)
Size of pore Median pressure
<0.5 0.5~1.5 1.5~2.2 >2.2
and throat (Mpa)
Median radius (um) >1 0.5~1 0.3~0.5 <0.3
Face porosity (%) >21 18~21 15~18 <15
Mean value <9.5 9.5~10.5 10.5~11.5 >11.5
Distribution of Skewness <—04 —0.4~-0.1 —0.1~0.1 >0.1
pore and throat Sorting coefficient >3.8 3.1~3.8 24~3.1 <24
Coefficient of variation >0.4 0.3~04 0.22~0.3 <0.22
Connectivity Pore-throat ratio <035 0.35~0.36 0.36~0.38 >0.38
degree
Fractal Fractal dimension <2.84 2.84~2.87 2.87~2.9 >2.9

characteristics
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Figure 12. Characteristics of the Class I pore structure: (a) injecting thin sections; (b) SEM; (c) intrusive
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5. Discussion
5.1. Sedimentation and Pore Structure

Sedimentation is the most direct geological factor affecting the pore structure of the
sand layer [56,57]. Changes in hydrodynamic forces in different sedimentary environments
lead to changes in the accumulation, arrangement direction, and particle size of debris in
the sand layer, thus restricting the formation and development of late diagenesis [58,59].
The sedimentary facies of the Jurassic Zhiluo Formation in the study area mainly included
braided rivers and meandering rivers [46,60,61]; these facies have laid a good geological
foundation for pore development. During the development period of the braided rivers,
the hydrodynamic forces were strong, sedimentation was dominated by coarse sandstone,
the debris content was high, the particles were angular, the particle size distribution was
uneven, the sorting was poor, and the sandstone pores were particularly developed. During
the sedimentation period of the meandering rivers, the hydrodynamic forces were weak,
and the river channels were relatively stable, but the single-layer sand body was relatively
thin and mainly composed of fine sand, and the development of primary pores was poor.

There is an internal relationship between the pore structure and petrology charac-
teristics. The petrological characteristics are the material and spatial framework basis of
the pore structure [62,63]. The size of debris particles directly determines the size of the
primary pore particles; generally, the larger the debris particles, the larger the intergranular
pores. Beard [64] found that the size of debris particles also affects permeability. As shown
in Figure 16, the average particle size has certain positive correlations with porosity and
permeability. The sandstone in the study area contains mainly arkose and lithic arkose, with
low compositional maturity and structural maturity; these rocks are greatly affected by later
sedimentation and diagenesis [49]. The quartz content is relatively high and plays a certain
compressive role, with a protective and supportive effect on the pore throats. The feldspar
debris places second and is mainly related to the secondary dissolution pores formed by the
later-stage dissolution of feldspar. In addition, mica and plastic rock debris are subjected to
compression, bending, and deformation, with them occupying the primary intergranular
pores and even filling them in a pseudo-matrix shape, blocking the intergranular pores and
increasing their complexity, thus resulting in a decrease in the relative content of effective
pores. Except for debris, the content of interstitial materials in sandstone is relatively high,
with a destructive effect on the pore structure. The physical properties of sandstone in
the study area deteriorate as the interstitial material content increases (Figure 16), and the
permeability changes significantly. This may be due to the development of kaolinite in
the sandstone in the study area leading to the blockage of intergranular pores. Although
many intergranular pores are present in the kaolinite aggregate and preserve a portion of
the porosity, these pores are unable to form effective connectivity, thus greatly reducing
the permeability.

24 1000
** ® . o
2 @ .o °
22 o o e o
e v ~ z 100 * ¢
_ 20 ¢ o g
TS . i y=27.917¢ %" . o ® s
2 ok X °
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* ’: °

10 0.1 - s s " P —
- 10 15 20 25 30 35 5 10 15 20 25 30 35

Fillings content Fillings content (

Figure 16. Relationship between the content of sandstone fillers and porosity permeability in the
Zhiluo Formation.

5.2. Diagenesis and Pore Structure

Diagenesis plays an important role in controlling the transformation of primary pores
and the formation of a variety of secondary pores [65]; compaction and cementation are
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the main factors that damage the pore structure of sandstone, while later dissolution
plays a certain role in improving the porosity [66]. Pore evolution history studies can
reflect the extent to which different diagenetic processes influence pore structures. Due
to the synchronous uplift and burial of the Zhiluo Formation with the underlying Yan’an
Formation and Yanchang Formation, the period of oil and gas filling is also the same,
and the pore evolution patterns of the Yan’an Formation and Yan’chang Formation can
be referenced. The evolution of pores can be divided into four stages, namely the early
diagenetic stages A and B and intermediate diagenetic stages A and B. Early diagenetic
stage A, 165 Ma ago, was shallowly buried, with a paleotemperature of 20-65 °C, belonging
to a stage of rapid mechanical compaction and early cementation with immature organic
matter. Early diagenetic stage B, 165~138 Ma ago, occurred with an increase in burial
depth. The ancient geothermal temperature of 65~85 °C belongs to the cementation
stage - the early dissolution stage, with semi-mature organic matter and more obvious
cementation of carbonate rocks. Middle diagenetic stage A, 138~120 Ma ago, occurred with
a continued increase in burial depth and an ancient geothermal temperature of 85~110 °C.
Organic matter entered the peak period of hydrocarbon generation, belonging to the
cementation stage - the early dissolution stage. Middle diagenetic stage B, from 120 Ma
to the present, is the stage of compaction to late cementation. The burial depth slowly
rose to the current depth, with an ancient geothermal temperature of 110-150 °C. The
pyrolysis rate of kerogen decreases, organic matter is supersaturated, and the diagenetic
environment transitions from acidic to alkaline. Cracks appear, and dissolution weakens
until it disappears. However, cementation and compaction make the reservoir denser.
Beard [64] proposed a formula for calculating the original porosity of sandstone:
@Raw = 20.91 + 22.9/S0. The term @Raw is the original porosity, So = v/Dy5/ D75, where
D25 and D75 are equivalent to the particle size probabilities of 25% and 75%, respectively.
After calculation, the minimum initial porosity of section 1 of the Zhiluo Formation in the
research area is 43.81%, the maximum value is 54.26%, and the average value is 48.06%.
The initial porosity of section 2 of the Zhiluo Formation is between 43.81% and 53.3%,
and the average value is 47.03%. The restoration of residual intergranular pores is mainly
used to evaluate the degree of damage caused by compaction on the original intergranular
pores [67]. The residual intergranular porosity after compaction can be determined based
on the relationships among the cement, residual intergranular pores, dissolution pores, and
existing porosity. The residual porosity between particles after compaction is equal to the
sum of the total amount of intergranular cement, the total number of dissolution pores,
and measured residual intergranular pores; the loss of porosity due to compaction is equal
to the initial porosity minus the residual porosity between particles after compaction. As
shown in Table 2, through the restoration analysis of the compaction porosity, we found that
the original porosity of section 1 of the Zhiluo Formation in the study area was better than
that of section 2 of the Zhiluo Formation. Due to the strong compaction effect in the later
stage, the relative porosity loss rate of the first section of the Zhiluo Formation is 50.97%,
and the relative porosity loss rate of the second section of the Zhiluo Formation is 48.36%.
The remaining intergranular porosity of sandstone after compaction, cementation, and
replacement equal the porosity of the remaining intergranular pore space in the existing
pores [68]. The cementation and replacement loss porosity equals the residual intergranular
porosity after compaction minus the residual intergranular porosity after cementation and
replacement. The remaining intergranular porosity after replacement is equal to the total
amount of intergranular cement plus the total number of dissolution pores. The secondary
porosity refers to the portion of the total storage space occupied by dissolution pores [69].
The initial porosity of section 1 of the Zhiluo Formation is 48.06%, and the compaction
process resulted in a loss of 24.55%, with a relative loss rate of 50.97%. The early cementation
was mainly the cementation of kaolinite, chlorite groups, carbonate, and silica, with a
relative porosity loss of 12%, and the later cementation of ferruginous resulted in a porosity
loss of 4%. The dissolution after early cementation contributed 3% of the porosity, with
a relative contribution rate of 30% to the current porosity. The cracks in the later stage
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of cementation only contribute 1% of the porosity, accounting for 6.58% of the current
porosity. The initial porosity of section 2 of the Zhiluo Formation is 45.33%, and the
compaction process resulted in a loss of 20.97%, with a relative loss rate of 48.36%. The
early cementation of clay, carbonate, and siliceous materials resulted in a 10% loss of
porosity, while the later cementation of iron-containing materials resulted in a 4% loss of
porosity. The dissolution effect after early cementation has constructive significance for the
pore structure, contributing 4% of the porosity and 29.9% of the surface porosity. The cracks
in the later stage of cementation contribute 1% of the porosity, accounting for 7.52% of the
current porosity.

Table 2. Statistical table of porosity loss caused by compaction in the Zhiluo Formation of the study area.

- . Residual Porosity Compaction Loss Porosity Relative Loss Rate
L I 1P 9 .
ayer nitial Porosity (%) after Compaction (%) (%) (%)
section 1 of 43.81—-54.26 11-35 13.43—34.64 27.73-75.9
Zhiluo Formation 48.06(13) 24(13) 24.55(13) 50.97(13)
section 2 of 43.81-53.3 14-34 13.02—33.35 27.69—70.43
Zhiluo Formation 45.33(14) 24(14) 20.97(14) 48.36(14)

By quantitatively evaluating the loss of primary intergranular pores and the generation
of secondary pores in sandstone at different diagenetic stages, a reasonable analysis of the
evolution trend of the total porosity of sandstone was conducted, and the corresponding
porosity evolution pattern diagram was drawn as follows (Figures 17 and 18). It can be
seen from the figure that compaction had the most destructive effect on the pores during
late diagenesis in the study area, followed by early cementation, and later cementation had
a relatively small impact. In addition, the formation of corrosion and later cracks caused
corrosion pores, residual intergranular pores, and cracks to be important components
of the current porosity. The relative specific gravity of the effects of compaction and
cementation on the pores was evaluated by Housknechet [70]. Assuming that the original
sandstone porosity was 40%, it can be seen from Figure 19 that the sandstone of the Zhiluo
Formation in the study area is mainly compacted. Some samples from section 1 of the
Zhiluo Formation are greatly affected by cementation, and the intergranular porosity of
this section is smaller than that of section 2, indicating that the first section has been greatly
affected by later diagenesis.
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Figure 17. Pore evolution map of section 1 of the Zhiluo Formation.
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Figure 19. Evaluation of the impact of compaction and cementation on porosity in the study area.

In summary, during the early diagenetic stage of sandstone formation in the study
area, compaction caused the directional arrangement, bending deformation, and pseudo
heterojunction of plastic particles, resulting in point line contacts and a small amount of
concave—convex contacts between particles and causing significant loss of original porosity.
The later cementation resulted in porosity losses ranging from 13% to 16%.

5.3. Tectonic Action and Pore Structure

According to previous studies, the overall structure of the Ordos Basin is gentle,
with the occurrence of weak tectonic activity during the Zhiluo Formation period [71,72].
Through core observations, we found relatively few high-angle microcracks in the mud-
stone of the Zhiluo Formation in the study area; in addition, the detachment surface of
the mudstone can be observed (Figure 20). Microscopically, microcracks extend far within
the layer, with widths of 10 pm—40 pm, and are irregularly distributed. This indicates that
a certain degree of tectonic activity has occurred in the study area, and this activity has
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played a positive role in improving the pore structure but has had little effect on the overall
transformation of the permeable sand layer.

Figure 20. Characteristics of the sandstone core fractures in the Zhiluo Formation: (a) fractures and
(b) detachment.

6. Conclusions

1.  The primary pores in the study area include primary intergranular pores, residual
intergranular pores, and interstitial micropores. The secondary pores mainly include
intergranular pores, feldspar dissolution pores, and rock debris dissolution pores. The
common throat types include variable cross-sections, sheet-like, curved sheet-like,
and bundle-shaped throats.

2. The pore structure of the Zhiluo Formation sandstone in the research area is complex,
and its permeability is influenced by the throat characteristics. Based on the pore
structure characteristics, we selected characteristic parameters with good correlations
and used a combination of macro and micro methods to classify the pore structure
types of the Zhiluo Formation sandstone into four types.

3. The main factors affecting the pore structure characteristics of the Zhiluo Formation
sandstones in the study area mainly include sedimentation and diagenesis, and the
tectonic activity effect is minimal. Compaction and cementation are the main factors
that have damaged the pore structure of the sandstone in the study area, and later
dissolution has played a certain role in improving the pore structure. Comparatively
speaking, section 1 of the Zhiluo Formation has been greatly affected by diagenesis,
and section 2 has been greatly affected by sedimentation.
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