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ABSTRACT

As the Ordos Basin is the largest gas-producing area in China, its central and eastern Paleozoic Carboniferous
Benxi Formation is poised to become a significant source for increasing reserves and production within the basin.
However, the extreme diagenesis, complex pore structure, and strong heterogeneity of this formation hinder the
exploration of its “sweet spots”. The reasons are usually considered to be its large burial depth (>3000 m),
differential uplift, highly acidic environment and strong hydrocarbon supply in the coal-bearing strata of this
area. In this study, we performed qualitative and quantitative analyses of thin sections of Benxi Formation rocks,
combined with scanning electron microscopy, X-ray diffraction, and fluid inclusion analyses to determine the
development, type, and evolution sequence of secondary porosity from the diagenesis of the Benxi Formation.
The main reservoir type of the Benxi Formation is characterized by secondarily dissolved pores (>0.5 pm) and
micropores (<0.5 pm) within clay aggregates; the low porosity and permeability of <5.8% and <1 x 10~3 pm?
indicating a tight sandstone reservoir. Throughout the reservoir formation, its porosity has decreased by strong
compaction and cementation, and also increased primarily by dissolution. Quantitative analyses of the thin-
section porosity of the rocks based on the Scherer initial porosity recovery model and pore evolution parame-
ters defined by Paxton and Ehrenberg showed 39.8% recovery of original porosity and a porosity increase due to
dissolution of 1.0-5.4% (mean, 4.1%); this constituted 40-250% of the porosity prior to dissolution. The model-
simulated results were closely correlated with the experimental measurements. The lithology, diagenetic fluid,
and organic acids of the source rocks jointly controlled the development of secondary pores in the Benxi For-
mation. These findings indicate that the evolution and controlling factors of secondary pore development must be
clarified to identify favorable areas for gas exploration. The results will provide a basis for predicting favorable
reservoirs in the tight sandstones of the Benxi Formation in the central and eastern Ordos Basin.

1. Introduction

sandstone gas has been successfully explored and developed because of
its large reserves and extensive worldwide distribution, which includes

Advances in global energy greening (Oluwadebi et al., 2019) have
led to rapid annual growths in proven reserves and production of natural
gas (Bai et al., 2021, 2022; Dai et al., 2021; Wang et al., 2021a, 2021b;
Yang and Guo, 2021; Zhao et al., 2021). The global proven natural gas
reserves reached 188 x 10" m? by the end of 2020 (BP, 2021). Tight

the East Irish Sea Basin, the Pease Basin in Colorado, the Perth Basin in
western Australia, the Western Canada Sedimentary Basin, and the
Ordos, Southern Songliao, Sichuan, and Tarim Basins in China (Dai
et al., 2021; Nelson, 2009; Oluwadebi et al., 2019; Zou et al., 2019).
Tight sandstone gas refers to a gas layer in which the matrix
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Fig. 1. Tectonic map of the Ordos Basin and study area.

permeability is < 0.1 mD (milli-darcy); at such permeability values,
single wells generally have no natural production capacity without
attaining the lower limit of industrial gas flow, although industrial gas
production may proceed under certain economic conditions and tech-
nical measures (Zou et al., 2010). China’s tight gas production increased
from 500 x 108 in 2015 to 800 x 10® m3 in 2020 (Qiu et al., 2011).
According to PetroChina’s 4th Oil and Gas Resource Evaluation, the
total favorable exploration area for tight sandstone gas in China is 32.46
x 10* km?, with total and recoverable resources of 10 x 10'2 km® and
10 x 10% km® (Sun et al., 2019; Wang et al., 2021a).

The geological resources of the Ordos Basin are as high as 5.88 x
10'2 km? in total, comprising >50% of the total geological resources in
China, and these resources represent a foundation for the rapid devel-
opment of tight gas. By the end of 2020, the natural gas of Ordos Basin

reached 12.6 x 1012 m® (Li et al., 2022), making it the largest petroleum
exploration and production base in China. Construction within the
Ordos Basin has established the Surig (He 8-Shan 1), Wuzhenggqi (He 8),
Yulin (Shan 2), Daniudi, Mizhi, and Shenmu (Qian 5) gas fields (Li and
Luo, 2005), in which the reserves exceed 1000 x 10% m® (Wang et al.,
2021b; Zhang et al., 2014), mostly from the Shihezi, Shanxi, and
Taiyuan Formations (Dai et al., 2021; Li et al., 2021; Wang et al., 2021a).

The Benxi Formation is a deep reservoir that was buried during the
Paleozoic, and it has the highest unimpeded flow rate of the Ordos Basin,
exceeding 50 x 10* m®/day (Jia et al., 2019a, 2019b; Li et al., 2021).
Thus, the Benxi Formation is an important potential replacement area
for increasing the future storage and production of oil and gas. Unfor-
tunately, an exploration of the Benxi Formation has been restricted
because of its strong heterogeneity and complex pore structure, which
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Fig. 2. (a) Sedimentary environment of the Ordos Basin; (b) Single-well histogram of the Carboniferous Benxi Formation in the Ordos Basin.

are caused by the complex composition, high clastic content, and strong
diagenesis of the formation (Li et al., 2021; Wang et al., 2021b).
Dissolution has exposed quartz grain surfaces (Colon et al., 2004;
Crundwell, 2014) that connect large numbers of isolated pores and in-
crease the secondary porosity of the rock, which is a key factor that
affects the overall porosity and permeability of tight sandstone
(Crundwell, 2014; Li et al., 2020; Panagiotopoulou et al., 2007; Pok-
rovsky et al., 2009). The period-specific dissolved mineral fractions and
diagenetic fluid properties also considerably vary in the Benxi Forma-
tion. Unstable components within feldspar and rock fragments are most
frequently dissolved in acidic environments, and these processes lead to
the formation of intra-grain dissolution pores and cast pores generally
during the early to middle orogenic stages (Crundwell, 2014; Pan-
agiotopoulou et al., 2007). In contrast, quartz, feldspar, and other
silica-aluminate minerals are mainly dissolved during the intermedi-
ately late-to-late orogenic stages, which lead to the formation of a
port-like shape at the rims of the grains (Crundwell, 2014; Zhong et al.,
2007; Panagiotopoulou et al., 2007). The relationship between disso-
lution and cementation resembles alternating growth and decline of
pore development, such that early-stage carbonate cement provides a
material basis for dissolution that improves reservoir quality;
conversely, clay minerals (e.g., illite, kaolinite, and quartz cement)
produced by dissolution remain within the pores of tight sandstone
reservoirs, where they can block fluid flow (Zhong et al., 2007; Gier
et al., 2008; Hong et al., 2020; Li et al., 2020; Morad et al., 2010; Taylor
et al., 2010). As these early-stage tight sandstone reservoirs are located
in a highly acidic environment produced by coal-bearing strata in the
source rocks (Li et al., 2021; Wang et al., 2021a), which leads to a strong
dissolution (Hu et al., 2019a). Thus, to encourage efficient exploration
of areas favorable for oil and gas development in the Benxi Formation
region, it is important to clarify the sequence of diagenetic evolution, the
contribution of various diagenetic processes to increase/decrease
porosity, and the factors controlling secondary pore development to
predict “sweet spots” within the Benxi Formation.

In this study, we investigated the factors that control secondary pore

evolution and the quality of tight sandstone reservoirs in the Carbonif-
erous Benxi Formation of the Ordos Basin using experimental and
theoretical studies. The reservoir types, structural characteristics, clastic
grain composition, filler and cement composition, and other physical
properties of the rocks were extensively studied using thin-section, X-ray
diffraction, and scanning electron microscopy (SEM). A quantitative
analysis of thin-section porosity (Hu et al., 2019a; Zhang et al., 2014)
was based on the Scherer initial porosity recovery (Scherer, 1987) model
and pore evolution parameters defined by Paxton and Ehrenberg
(Ehrenberg, 1990; Ehrenberg et al., 2009; Paxton et al., 2002), with the
original porosity of the rock determined by calculating the decreases and
increases in porosity based on the compaction, cementation, and
dissolution processes (Beard and Weyl, 1973; Ehrenberg, 1990; Folk,
1957; Paxton et al., 2002; Hu et al., 2019a; Zhang et al., 2014). The
objectives of this study were to clarify the sandstone pore evolution
pattern during its burial history, delineate the densification process of
tight sandstone reservoirs, elucidate the pore evolution and secondary
pore development processes based on a tight reservoir pore evolution
model that considers both diagenetic and burial processes, and analyze
the influences of geological factors (e.g., sedimentary lithology, diage-
netic fluids, and hydrocarbon generation) on secondary pore develop-
ment in the sandstone. The results of this study will provide a basis for
predicting favorable reservoirs in the Ordos Basin.

2. Geological setting

The Ordos Basin is the second largest sedimentary basin in China,
with an area of 25 x 10* km? (Jia et al., 2019b; Wang et al., 2021a). Its
large interior can be divided into six secondary tectonic belts: Yimeng
uplift, Tianhuan depression, western thrust belt, Weibei uplift, Jinxi fold
belt, and Yishan slope (Jia et al., 2019a). The study area is located above
the Yishan slope, where the formation is a tight sandstone reservoir of
Carboniferous System Benxi Formation (Fig. 1).

In the Ordos Basin, the Late Paleozoic stratum includes Carbonif-
erous and Permian; from bottom to top, these are the Benxi, Taiyuan,
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Shanxi, Shihezi, and Shigianfeng Formations (Hu et al., 2019b; Zou
et al.,, 2019). The Benxi Formation was developed through sea-land
transition sedimentation after the end of the uplift and denudation of
the entire North China Plateau, which corresponded with an increase in
sea level. Its reservoir dates to the first set of clastic strata of the North
China epeiric sea after the end of carbonate-dominated stratum depo-
sition in the Early Paleozoic, and it was formed in the context of sec-
ondary transgression of the North China Craton by the late Caledonian,
at approximately 150 Ma (Jia et al., 2019b; Li et al., 2021; Hu et al.,
2019a). The period of Ordos Basin formation was characterized by a
warm climate and lush vegetation. The depositional environment was
influenced by its transformation from marine to terrestrial, with
multi-facies superposition of marine, deltaic, and fluvial sand bodies in
the longitudinal direction, large contiguous distribution within the
plane, and wide development of coal strata. The north portion of the
Basin was deltaic, whereas the south was a tidal bar that included a

barrier island (Fig. 2a). From bottom to top, the Benxi Formation can be

subdivided into the Hutian, Pangou, and Jinci members (Fig. 2b). The

Hutian member mainly consists of gray/gray-white bauxite and bauxitic

mudstone, deposited as alluvial plain-weathered crustal mudstone or

marsh mudstone; the Pangou member consists of dark gray limestone

interbedded with gray-white fine to coarse quartz sandstone, limestone,
and coal lines; and the Jinci member consists mainly of sandstone,
limestone, and coal seams (Wang et al., 2021a, 2021b).

3. Experimental methods

3.1. Thin-section analyses

Thin-section analyses were performed to determine the grain
composition, diagenetic relationships, and pore types of the sandstone
(Hu et al., 2019b; Wang et al., 2021a). This work used 56 thin sections
collected from 18 wells (M109, M38, M51, M9, Q17, S218, S24, S336,
S361, S426, S435, S13, S51, S215, $322, T11, T12, and Y109) in the
study area (Fig. 1) for petrographic analyses. All thin sections were
vacuum-impregnated with blue epoxy resin to highlight the pores, and
30 of them were semi-stained with alizarin red for carbonate mineral
identification using an optical microscope (DMLP, Leica, Wetzlar, Ger-
many). Thus, under the microscopy, a blue color indicated pores, red
indicated calcite cement, and purple indicated ferrocalcite cement.

3.2. SEM analyses

SEM analyses were performed to characterize the structural re-
lationships among intergranular cement and minerals, clay minerals,
and their forms within pores (Hu et al., 2019b; Wang et al., 2021c). This
work observed 17 samples collected from seven wells (M109, M51, Q17,
$336, S435, T1, and S322) using a Hitachi 4800 SEM (Hitachi Ltd.,
Tokyo, Japan) at an acceleration voltage of 20 kV. The samples were cut
into cylindrical pieces (1 em? in diameter, 0.5 cm in height), polished
with 200-, 400-, 800-, 1200-, 2000-, and 3000-grain emery paper, dried

for 72 h, and coated in gold; they were then examined at magnifications
of 30 x to 6000 x .

3.3. Porosity and permeability analyses

A total of 17 sandstone samples from nine wells (S247, Y1, S43, M9,
S315, M109, S215, Q17, and T12) were tested for their porosity and
permeability. All samples were prepared into cylindrical pieces (2.5 cm
in diameter, 3 cm in length), cleaned, dried, and placed in a pulse per-

meameter (PoroPDP-200, Core Laboratories, Amsterdam, Netherlands)
for the analyses.

3.4. X-ray diffraction analyses

To analyze the mineral composition and clay mineralogy of the Benxi
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Fig. 3. Scatter plot showing porosity and permeability of sandstone in the
Benxi Formation.

Formation, this research used 32 samples from 16 wells (M109, M38,
M5, M, Q1, S24, S31, S33, S39, S42, S43, S5, S21, T1, Y10, and Y16) for
whole-rock quantitative analyses and 28 samples from 15 wells (M56,
Y1, S5, Y10, M9, M3, T1, Q1, S24, S42, S43, S31, S33, S21, S396) for
clay minerals testing. These samples were collected at a depth range of
1950-4000 m. All samples were ground using a 200-mesh ball mill, with
each at > 5 g for whole rock and >10 g for clays. Samples were measured
using an X-ray diffractometer (D/max-2200, Rigaku, Tokyo, Japan).

3.5. Fluid inclusions

A total of 30 core samples from 18 wells (M109, M38, M51, M9, Q17,
$218, S247, S336, S361, S396, S426, S435, S13, S51, §322, S215, T12,
and Y109) in the Upper Paleozoic Carboniferous Benxi Formation in
Ordos Basin were selected for fluid inclusion analyses. We used fluo-
rescence irradiation and transmitted light to determine the fluorescence
characteristics of hydrocarbon and brine inclusions, respectively. The
homogeneous temperature of the fluid inclusions was measured using a
THMS 600G hotstage instrument (Linkam Scientific Instruments, Red-
hill, UK), with a measurement error of +0.5 °C and a temperature
increasing rate of 5 °C/min.

Quartz sandstone
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Fig. 4. Ternary diagram of Benxi sandstone grain composition; F: feldspar; Q:
quartz; R: rock fragments.
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Table 1
Mineralogy of the Benxi Formation determined by X-ray diffraction.

Marine and Petroleum Geology 148 (2023) 106034

Well Depth (m) Quartz (%) K-feldspar (%) Calcite (%)

Ankerite (%)

Dolomite (%) Siderite (%) Gypsum (%) Pyrite (%) Clay minerals (%)

9.8 11.5
0.5 4.6
0.8 1.6
0.8 2
0.2 5.2
0.5 0.8 8.1
0.6 3.7
3.8 13
1.4 5.8
0.4 6.7
0.1 0.2 0.7 12.9
0.1 0.4 9.8
0.5 5
0.3 1.3 24
0.3 0.6 14.4
3.1 0.3
7.9 23.5
4.2 8.6
0.4 0.7 26.4
0.2 0.2 4.6
1.9 2 3.9
6.8 0.4 40
0.7 0.4 2.6
0.2 0.9 6.9
2.6 5.1
1.5 8.1
1.4 0.5 4.5
0.7 6.4

M56 2064.2 73.2 5.5
M51 2160.4 94.9
Y16 2278.9 91.5 3.8 2.4
Y16 22829 89.0 3.6 4.6
S51 2329.3 94.1 0.5
Y109 2545.9 80.5 10.1
M9 2751.6 89.4 6.3
M38 2775.9 26.6 52.3 4.3
T12 2978.1 92.2 0.6
T12 2978.6 91.8 1.1
T12 2979.8 86.1
T12 2985.4 86.5 3.1
Q17 3025.6 94.5
Q17 3027.0 74.3
Q17 3027.7 84.8
S247 3266.9 56.7 39.9
S247 3269.6 63.6 5.1
S$247 3272.1 84.3 29
S426 3377.5 72.4 0.2
S426 3384.3 89 5.9
S435 3542.3 89.4 2.7
S435 3547.3 50.1 2.7
S315 3651.0 92.2 4.1
S336 3829.4 91.2 0.8
S336 3835.2 91.7 0.6
S336 3840.6 87.7 2.7
S215 3891.5 92.7 1
S396 3907.5 91.9 1
60
Jinci N=192
50 4 Pangou N=62
S 40
@
5
E 30 1
2
i
A 204
10
0
Coarse Medium Fine

Granular Size(mm)

Fig. 5. Histogram of sandstone grain size distribution in the Jinci and Pangou
Members of Upper Paleozoic Carboniferous Benxi Formation.

4. Results
4.1. Reservoir porosity and permeability

Porosity and permeability are the two most important reservoir pa-
rameters (Jiang et al., 2019; Oluwadebi et al., 2019; Yang et al., 2012).
Sandstone in the Benxi Formation consists of tight reservoirs (Wang
et al., 2021a) with low porosity and permeability. The porosity ranges
from 0.1% to 12.5% (mean, 5.8%), although it is mainly between 2.0%
and 8.0%. Samples within porosity intervals of 4-6% and 6-8% are
comprised of 30.37% and 31.93% of all samples, respectively. Perme-
ability ranges from 0.003 x 107> to 1.331 x 10~ pm? (mean, 0.764 x
1073 pm?), but it is mainly <1 x 1072 um? (Fig. 3). Samples with
permeability intervals of 0.01 x 107 t0 0.1 x 10~ pm? and 0.1 x 1073
to 1 x 1072 pm? are composed of 26.59% and 53.78% of all samples,
respectively. Porosity and permeability were closely correlated in most
samples (R? = 0.47) (Fig. 3).

4.2. Petrological characteristics

Thin-section analyses revealed that the main reservoirs of the
Carboniferous Benxi Formation are quartz sandstone and lithic quartz
sandstone, followed by lithic sandstone (Fig. 4) (Li et al., 2021; Hu et al.,
2019a; Wang et al., 2021a). Quartz is predominant among the detrital
components, with a monocrystalline quartz content of 86.15% (ranging
from 30.27 to 98.84%). The mean lithic rock fragment concentration is
13.72% (0.57-69.73%), and most rock fragments are metamorphic.
Thin-section and X-ray diffraction analyses indicated that feldspar
content is extremely low (<1.00%) throughout the Benxi Formation
(Table 1) (Hu et al., 2019a). The grain size of the sandstone is mainly
medium to coarse (Fig. 5), ranging from 0.25 to 1 mm, but it contains
small amounts of fine sandstone and granular conglomerate.

The cement content in tight sandstone of the Benxi Formation is
generally high, dominated by siliceous, calcareous, and clay minerals
(Hu et al., 2019a; Wang et al., 2021a). Kaolinite (3.0-12.0%; with a
mean of 7.2%) and illite (3.0-12.0%; 7.2%) are the main clay minerals,
whereas chlorite and mixed-layer illite (I/S) are rare (Fig. 6). Other
miscellaneous groups represent <10% of the sandstone content.

4.3. Diagenesis

4.3.1. Compaction

The burial record showed that the depth of the Benxi Formation is
currently >4000 m, whereas it was over 3000 m up to 180 Ma (Hu et al.,
2019b). The reservoir was strongly altered by mechanical and/or
chemical compaction (Jia et al., 2019b; Li et al., 2021). Most detrital
grains show lines of concave-convex contact, even suture lines, under
the strong influences of compaction and pressure solution. Thin-section
analyses show that detrital grains are in close contact. Feldspar, rock
fragment, and ductile grains such as mica have been extruded, resulting
in pseudomatrix-like deformation (Fig. 7a and b). Microfractures were
generated through the breakdown of brittle minerals, such as quartz.
Crystal lattice deformation or dissolution at contact points between
minerals was caused by an increasing pressure solution (Yang et al.,
2012, 2020a, 2020b; Yuan et al., 2015a,b). Tectonic stress on the rock
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Fig. 6. Histogram of clay mineral distribution in the Benxi Formation.

Fig. 7. Micrographs showing compaction effects on
sandstone in the Benxi Formation; (a-b) Red dashed
lines indicate the deformation of (a) ductile grains
such as mica and (b) a rock fragment by extrusion for
a sample collected at a depth of 3891.5 m in Well
S215 (under crossed polarized light, CPL). (c) Red
dashed lines indicate concave-convex contact be-
tween grains for 3831.0 m in Well S336 (under plain
polarized light, PPL). (d) Large numbers of micro-
fractures on quartz grains produced by surface
rupture for 2751.6 m in Well M9 (PPL). (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

formation seems to consistently exceed the normal fluid pressure within
the pore space. Contact relationships between grains were dominated by
linear to concave contact (Fig. 7c). Local piezolysis occurs as indicated
by suture contacts (Fig. 7d).

4.3.2. Cementation

Cementation is a destructive process by which loose sediments
harden into sedimentary rock, and it can occur at any stage of diagenesis
with an associated reduced porosity (Su et al., 2021; Yang et al., 2020;
Zhou et al., 2016). Sandstone in the Benxi Formation underwent various

degrees of cementation, as the primary types of cementations involve
quartz overgrowths, carbonates, and clay minerals (Li et al., 2021; Hu
et al., 2019a). In quartz cementation, authentic quartz fills pore spaces
or is attached to the plane of the grains (Fig. 8a, c), and quartz over-
growths occur thereafter. Quartz overgrowths typically occur around
grains, resulting in tight reservoirs (Fig. 8b). The hardness of silica en-
hances the compaction resistance of a reservoir, and this allows some
primary pores to persist at the grain rims, while improving the physical
properties of tight sandstone reservoirs.

Carbonate cementation is generally attributed to early- or late-stage
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Fig. 9. Micrographs of the main dissolution types in sandstone within the Benxi
Formation fpr (a) feldspar grains were dissolved to form small craters for a
sample collected at 3557.1 m in depth at Well $322 (SEM) and (b) intragranular
dissolution pores in rock fragments at 3540.1 m in Well S426 (PPL).

calcite, ferrocalcite, and dolomite (Fig. 8d-f) (Hu et al., 2019a).
Early-stage calcite is dissolved by organic acids during early-stage
diagenesis. Authentic clay minerals in Benxi Formation reservoirs
include kaolinite and illite, along with rare instances of chlorite and
mixed illite/smectite. Kaolinite is mainly derived from the dissolution of
mineral grains (e.g., feldspar) and rock fragments, and it is also derived
from the transformation of heterobase, which manifests as sheet-shape
filling in the pores according to microscopic analysis (Fig. 8a, c). Illite
is usually fibrous and grows sporadically from attachments to the grain
surface (Fig. 8a).
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Fig. 8. Micrographs of the main cementation types
observed in sandstone within the Benxi Formation.
(a) Authigenic quartz- and illite-filled pores for a
sample collected at 3557.1 m in depth from Well
S$322 (SEM). (b) Quartz overgrowth close to quartz
sandstone grains for 3835.2 m in Well $336 (CPL). (c)
Kaolinite clay minerals and quartz filling intergran-
ular pores for 3557.1 m in Well $322 (SEM). (d) Red
staining indicates calcite granule-floor cementation,
with some grains replaced by calcite for 2775.9 m in
Well M38 (PPL). (e) Purple staining indicates late-
stage ferrocalcite cementation in the pores for
3720.2 m in Well T11 (PPL). (f) Clay minerals,
dolomite, and authigenic quartz coexist in grain pores
for 3557.1 m in Well $322 (SEM). (For interpretation
of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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4.3.3. Dissolution

Dissolution is a key diagenetic process that improves the physical
properties of tight sandstone reservoirs in the Benxi Formation (Amel
et al., 2015; Beard and Weyl, 1973; Zhou et al., 2016). Dissolution can
occur in any clastic particles, heterobases, or authigenic clay minerals in
the sandstone. In the Benxi Formation, dissolution mainly occurred
because of reservoir modification (Hu et al., 2019a) by large amounts of
acidic fluids generated during source rock maturation.

Early-stage unstable minerals such as feldspar and rock fragments
exhibit harbor-shaped or irregular signs of dissolution, as well as some
soluble heterogeneous components and early-stage calcite cementation
(Fig. 9a and b). Pores formed by dissolution in the rocks of the study area
were mainly contributed by soluble components within the rock frag-
ments because they contain minimal feldspar (Li et al., 2021; Hu et al.,
2019a; Wang et al., 2021b).

4.3.4. Metasomatism

Metasomatism is the process by which one mineral is replaced by
another (Li et al., 2020; Morad et al., 2010; Nedkvitne et al., 1993;
Panagiotopoulou et al., 2007), and it can occur in any stage of diagen-
esis, including the supergene period. Such replacements are detected in
only eight thin sections in this work, highlighting the rarity of meta-
somatism in the study area (Wang et al., 2021a). Among sandstone in the
Benxi Formation, mineral replacement is dominated by calcite cements
that replace feldspar, and it was also observed in rock fragments that
usually occur along the rims of mineral grains. In these rocks, the outline
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Fig. 10. PPL micrographs of metasomatism in sandstone within the Benxi
Formation for (a) calcite replacing orthoclase in a sample of 2751.6 m in depth
from Well M9 and (b) feldspar particles replaced by calcite after dissolution for
2978.1 m a sample collected in Well T12.

and morphology of the primary grains are preserved, but the composi-
tion has changed (Fig. 10a and b).

4.4. Fluid inclusions

Microscopy analyses showed that fluid inclusions in sandstone
within the Benxi Formation are mainly developed within the micro-
fractures of quartz grains (Fig. 11a) (Hu et al., 2019a), with some
development in quartz overgrowths (Fig. 11b). The compositions of
these fluids include CHy4, Ny, and CO,, among which CHy is dominant.
There are two main types of reservoir fluid inclusions in the study area:
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brine inclusions and brine inclusions containing gaseous hydrocarbons
(Hu et al., 2019b).

Brine inclusions are colorless and transparent under polarized light
microscopy without emitting light under fluorescence, and they are
distributed individually or in a manner similar to strung beads. Brine
inclusions are often observed in quartz microfractures, with small
amounts produced in quartz overgrowths. Their sizes mainly vary from 2
to 8 um, and their shapes can be round, elongated, or irregular, with a
clear outline. The amount of brine inclusions containing gaseous hy-
drocarbons in the sandstone of the Benxi Formation reservoir is
considerable. These inclusions mainly appear as circular, ellipsoid, or
long beads strung along fractures; in addition, they are generally 4-7 pm
in size, although occasionally reaching 15 pm. These inclusions are
colorless or light-brown under plane-polarized light (Fig. 11c, e) and
blue under fluorescence (Fig. 11d, f).

The formation of oil and gas reservoirs can be dated according to the
homogenization temperature of brine inclusions (Li et al., 2021; Hu
et al., 2019a), combined with the burial history and geothermal evolu-
tion history of the strata where the inclusions are located (Hu et al.,
2019b). A plot of 120 homogenization temperature measurements
shows that the homogenization temperatures of brine inclusions in the
Benxi Formation range from 82 °C to 168 °C (mean, 140 °C), with two
main peaks at 100-110 °C (24 inclusions) and 130-135 °C (40 in-
clusions) (Fig. 12). These findings are indicative of two hydrocarbon
formation events in the Upper Paleozoic Carboniferous Benxi Formation
of Ordos Basin, as also being reported by Wang et al. (2021b).

Fig. 11. Micrographs of fluid inclusions in sandstone
within the Benxi Formation; (a) Brine inclusions
resembling strung beads observed in quartz micro-
fractures for a sample collected at 3892.0 m in depth
in Well S361 (PPL). (b) Brine inclusions produced in
quartz overgrowths at 2545.9 m in Well Y109 (PPL).
(c—d) Brine inclusions containing gaseous hydrocar-
bons observed in quartz microfractures under (c) PPL
and (d) UVL for a sample collected at 3891.5 m in
depth in Well S215. (e-f) Brine inclusions containing
gaseous hydrocarbons observed in microfractures and
quartz overgrowth under (e) PPL and (f) UVL for a
sample at depth of 2545.9 m in Well Y109. UVL, ul-

200um

traviolet light.

200um

100pm
A L
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Fig. 12. Homogenization temperature histogram for the Benxi Formation.

4.5. Diagenetic stages

The reservoir burial depth of the Benxi Formation is currently
2000-4000 m, but it has been >4000 m in the past (Hu et al., 2019a;
Wang et al., 2021a). It has been reported that the vitrinite reflectance Ro
in the study area ranged from 1.8% to 4.0% (Li et al., 2021), with high
organic matter maturity, and the maximum temperature ranged from
539 °C to 568 °C (Hu et al., 2019a). The homogeneous temperatures of
fluid inclusions for 120 samples range from 82 °C to 168 °C (mean,
140 °C) (Fig. 12). Based on the combined results of thin-section analyses
and SEM observations, we conclude that the Benxi Formation is mainly
in the Mesodiagenesis B stage, and partly in Telodiagenesis (Fig. 13),
with the following five stages of diagenetic evolution being experienced
according to the literature.

Eodiagenesis A: In this stage, the burial depth of the strata was
approximately 500 m, with a paleotemperature of <65 °C. The organic
matter was immature (Ro < 0.35%). The rocks were weakly to semi-
consolidated, and the primary pores were developed. Illite and mont-
morillonite formed a disordered mixed layer. Large amounts of micro-
scopic authigenic kaolinite cements were present because anorthite is
easily dissolved at low temperatures (Hu et al., 2019a-b; Yuan et al.,
2015a,b). The hydration of minerals (e.g., mica) at this stage led to and
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increasing alkalinity and production of Mg?* & Fe?*. Compaction was
the action with the greatest influence on pore space in this stage, and it
caused rapid reduction in porosity and water discharge, with grains
forming point to linear contacts. Simultaneously, unstable rigid grains
experienced a slippage, which resulted in tight and solid grains.

Eodiagenesis B: At this stage, the stratigraphic burial depth was
between 1500 and 2000 m, with a paleotemperature of 65-85 °C. The
organic matter was immature (Ro = 0.35-0.50%) (Hu et al., 2019a). The
rock transitioned from semi-solid to consolidated, in a manner influ-
enced by the compaction and cementation. The reservoir remained
dominated by primary pores, with small numbers of secondary pores
and a mixed layer of disorderly illite and montmorillonite clay minerals.
Class I quartz overgrowths were interlaced with commonly authigenic
kaolinite in book-like patterns, and calcite cements began to replace
mineral grains. Feldspar was partially dissolved in the acidic diagenetic
environment caused by organic acid production from coal-bearing
strata. K-feldspar was altered to form authigenic kaolinite because of
the lack of support stratigraphy, which allowed the dissolution of early
carbonate cement and the easy compaction of minerals and grains.

Mesodiagenesis A: At this stage, the stratigraphic depth was
generally 3000 m (>3500 m in some areas), with a paleotemperature of
85-140 °C. The organic matter was immature (Ro = 0.5-1.3%) (Hu
et al.,, 2019a). The illite/smectite mixed layer was partly ordered
(15-35%). Coal-bearing strata produced organic acids, which dissolved
large quantities of feldspar; in addition, the resulting release of Ca%* led
to the emergence of late-stage carbonate cements, including ferrocalcite
and ankerite. Class II quartz overgrowths and authigenic quartz began to
appear, and clay minerals including kaolinite and illite were produced in
large quantities. Dissolution pores were formed in large quantities
because of high organic acid production.

Mesodiagenesis B: At this stage, the burial depth of the entire Benxi
Formation was >4000 m, with a paleotemperature of 140-175 °C.
Organic matter was very mature (Ro = 1.3-2.0%) (Hu et al., 2019a).
Class III overgrowths were found in a few thin sections from the south
part of the formation, with mosaic-like contacts. The presence of
kaolinite minerals substantially decreased and the illite/smectite mixed
layer continued to transform into illite and chlorite, forming ferrocalcite
cements. Large amounts of calcareous cement led to dense rock forma-
tion when they were unaffected by dissolution. Microfractures were also
developed in reservoirs with high brittle mineral content, as well as
areas of stress and strain.

Diagenetic stage Eodisgenesis e odiaen st Telodiagenesis
A B A B
Depth(m) 500 1500~200 3000 4000 >4000
OBy M <65 | 6585 85~140 140~175 175~200
Ro(%) <0.35 | 0.35~0.5 0.5~1.3 1.3~2 >2
Tmax(°C) <430 430~435 435~460 460~490 >490
Compaction »—' -----------------
Quartz overgrowth) — s _ - - - - - - -
Carbonate cementation |- = = = »—
Kaolinite R ) e
s W
Illite - .- ===
Chlorite - ==
Dissolution
Fluid environment ,=u,gm_4\%ﬁj1‘[[

Fig. 13. Evolutionary sequence of reservoir diagenesis in the Benxi Formation.
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Fig. 14. Pore spaces of sandstone in the Benxi Formation; (a) Residual intergranular pores identified using blue epoxy resin, with Fe (blue) filling the pore spaces for
sample collected from depth 2978.6 m in Well T12 (PPL). (b) Residual intergranular pores and micropores within clay aggregates, with Ca (red) filling the pore
spaces for 2978.6 m in Well T12 (PPL). (c) Inter- and intragranular dissolution pores within a rock fragment for 3540.1 m in Well S426 (PPL). (d) Intragranular
dissolution pores within feldspar minerals and micropores within kaolinite for 2978.6 m in Well T12 (PPL). (e—f) Pores partially filled with calcite after feldspar
dissolution for Well T11 (depth, 3720.2 m) and (f) Well T11 (depth, 3720.2 m; CPL). (g) Micropores within kaolinite clay minerals for 2143.4 m in Well M51 (SEM).
(h) Micropores within kaolinite clay minerals for depth 3840.6 m in Well S336 (PPL). (i) Transgranular microfractures cutting several grains for 2978.8 m in Well T12
(PPL). Notes: Ca, calcite; CPL, cross-polarized light; F, feldspar; IP, residual intergranular pores; K, kaolinite; MP, micropores; PPL, plane-polarized light; Q, quartz; R,
rock fragment; SEM, scanning electron microscopy; SP, dissolution pores. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

Telodiagenesis: Diagenetic evolution ceased at this stage. The burial
depth was >4000 m, with some areas uplifted to approximately 3000 m.
The paleogeotherm exceeded 175-200 °C, and organic matter was over-
mature (Ro = 2.0-4.0%) (Hu et al., 2019a). Coal-bearing rock stopped
supplying hydrocarbons because the strata no longer continued to
deepen; they were in weak or moderate uplift. Reservoir alkalinity
gradually increased and dissolution generally stopped, and the rocks
became tighter. Simultaneously, the fluid activity decreased, leading to
late-stage cementation. Furthermore, suture contacts were formed be-
tween particles, primary intergranular pores rarely developed, and
microfractures developed in some areas.

5. Discussion
5.1. Pore space types

Based on the occurrence and origin of Benxi Formation tight sand-
stone and the classification standard for tight sandstone reservoirs in
China (SY/T5368-2016), the pore spaces of the sandstone are mainly
secondary pores, followed by primary pores and microfractures (Jia
et al., 2019a; Li et al., 2021; Hu et al., 2019a; Wang et al., 2021a).

Primary pores in the Benxi Formation sandstone are mainly residual
intergranular pores that were preserved by quartz overgrowth. The pore

10

rims are mainly flat, triangular, or polygonal; they are generally uniform
in size, distribution, and connectivity (Fig. 14a and b) (Zhou et al.,
2016). Secondary pores include three types: intergranular dissolution
pores, intragranular dissolution pores, and micropores (sizes<0.5 pm in
diameters) within clay aggregates. Intergranular dissolution pores were
formed through the dissolution of grain rims or intergranular cements,
creating a complex harbor-like shape (Fig. 14c) (Hu et al., 2019b; Zhou
et al., 2016). Intragranular dissolution pores have a honeycomb
appearance because of detrital feldspar or lithic fragment dissolution
(Fig. 14d-f) (Hu et al., 2019a; Zhou et al., 2016). Detrital feldspars are
generally corroded along their cleavage, and the main feldspar body is
retained. Micropores within clay aggregates consist of intercrystal pores
in authigenic clay minerals such as kaolinite and illite, with a honey-
comb or spotted appearance (Fig. 14g and h). Thin-section and SEM
analyses show that kaolinite minerals are sheet-like or laminate, ranging
in size from 0.2 to 10 pm. Microfractures are also developed in the Benxi
Formation because of generally high quartz content (Hu et al., 2019a;
Wang et al.,, 2021a), which result in a brittle reservoir lithology
(Fig. 14i). The fractures mainly form irregular complexes with good
connectivity and long extensions.
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Fig. 15. Theoretical model of pore evolution in the Benxi Formation of the Ordos Basin, where V) is the apparent molar volume of primary pores, Vi is the grain
volume, V; is the apparent molar volume of present-day rock, Vceyg is the volume of early-stage cementation, Vcgp is the volume of increased dissolution, and Vcgpz

is the volume of late-stage cementation.

5.2. Quantitative model of secondary pore formation

The diagenetic evolution of tight sandstone in the Benxi Formation
can be divided into four stages according to our findings: rapid decrease
in porosity after compaction during Eodiagenesis A; filling of the
remaining primary pores through cementation during Eodiagenesis B;
porosity increase due to dissolution during Mesodiagenesis A; and
porosity loss due to secondary cementation during Mesodiagenesis B and
Telodiagenesis. Based on our findings and the findings of previous
studies (Beard and Weyl, 1973; Ehrenberg, 1990, 1995; Houseknecht,
1987; Hu et al., 2019a; Salman and Franks, 1993; Schmidt and McDo-
nald, 1979; Zhang et al., 2014), this work establishes a secondary pore
evolution model for tight sandstone (Fig. 15). Dissolution was the main

Table 2

diagenetic process in causing increased porosity in the Carboniferous
Benxi Formation of the Ordos Basin, whereas strong compaction and
cementation were the main factors causing a decreased reservoir
porosity. Therefore, the final porosity (&) can be obtained through a
calculation of the initial porosity (@), porosity loss (&p), and porosity
increase (&), as follows:

D=, — Op + D,. €y

The determination of the initial porosity (&) is the basis for
analyzing the quantitative evolution of reservoir pore space, as it con-
trols the quality of the final porosity prediction. Considering the sedi-
mentary environment of the study area, this study adopts the initial
porosity equation established by Scherer (Eq. (4)) (Scherer, 1987). The

Formulae and parameters used to calculate the initial porosity (@), porosity loss (®p), and porosity increase (&y).

Porosity type Parameter Formula Equation number
Initial porosity (¥¢) Trask sorting coefficient (Sp)
4584 - q)lb (p‘)i - (1‘55
So=——"7-— 3
0 4 6.6 )
Primary porosity (Pp)
@, =20.91+22.9/S, @@
Porosity loss (@p) Intergranular volume (@1y)
Vi
Dy =1 —— 5
GV V| ( )
Early-stage cementation content (Pcgmi)
V(_'EMI
Dy = —ML 6
CEM1 V| ( )
Late-stage cementation content (®cga2)
VCEW
Dy = M2 7
ceme =y @)
Porosity loss due to compaction (Pcopr)
Deop, =Py — Pigy X (1 —Dy) / (1 = Pgy) ®)
Porosity loss due to early-stage cementation (®cgpr1)
Degprr = Do — Peopr X Pepmn / DGy 9
Porosity loss due to late-stage cementation (Pcgpr2)
Depprr =Dy — Peopr X Pernn | Proy (10)
Porosity increase (&) Dissolution porosity (®crp)
VCRP
Depp =—— 11
CRP Vl ( )
Porosity increase due to dissolution (@crpr)
Degpr = Degp X (1 - <DC()PL) (12)

11
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Table 3
Formulae used to calculate residual porosity after each stage of diagenesis.
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Porosity type

Formula

Equation number

Remaining porosity after compaction (®;)

(I)I = (CD() - CDCOPL)/(I - <I)COPL)

Remaining porosity after early-stage cementation (&2)

D, = (Do - Pcopr - Peepr)/(1 - Pcopr)

Remaining porosity after dissolution (®3)

@3 = (Pg - Pcopr - Perprr + Pere)/(1 - Peopr)

Remaining porosity after late-stage cementation (@)

(I)4 = (CD(I - q>COPL - CI>CEPLI + (I)CRPL - <DCEPL2)/(1 - (I)C()PL)

14

s)

(16)

an

Trask sorting coefficient (Sp) was calculated in accordance with the
widely used Folk and Ward formula (Eq. (3)) (Folk, 1957).

To obtain the porosity loss (@p), this work assumes that the
diagenesis processes causing a reduced porosity in the Benxi Formation
arere mainly compaction and cementation, based on our thin-section
analyses and diagenesis model. We used separate formulae to calcu-
late porosity loss due to compaction (Eq. (8)) and cementation (Egs. (9)
and (10)), based on previous studies and the theoretical model shown in
Fig. 15. As the diagenesis process causing an increased porosity in the
Benxi Formation is mainly dissolution, thus, the porosity increase (&y) is
calculated as the porosity increase due to dissolution (@cgpr) as below:

(2)

The formulae and detailed parameters used to obtain the initial
porosity, porosity loss, and porosity increase are listed in Table 2 (Beard
and Weyl, 1973; Houseknecht, 1987; Paxton et al., 2002; Hu et al.,
2019a; Zhang et al., 2014).

@5, D16, Dgq, and dgs are intercepts that correspond to cumulative
quantiles of 5, 16, 84, and 95 on cumulative probability curves,
respectively. Vi is the grain volume; V7 is the apparent molar volume of
present-day rock; Vcep is the volume of early-stage cementation; Vgp is
the volume increase due to dissolution; V¢gymz is the volume of late-stage
cementation.

The residual porosity after each diagenetic stage can also be obtained
using formulae listed in Table 3. The remaining porosity after late-stage
cementation (&4) is the final porosity (&):

Pp =Pcopr. + Pcepr1 + Perpra-

D, =D, 13)

Thus, we calculated the porosity loss due to compaction and
cementation and the porosity increase due to dissolution for a total of 23
wells, according to data from the thin-section analyses of tight sandstone
reservoirs of the Carboniferous Benxi Formation in the Ordos Basin
(Table 4). Porosity loss after compaction ranges from 22.7% to 36.0%
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Fig. 16. Correlation between calculated and measured porosity values for the
Benxi Formation.

Table 4
Porosity losses due to compaction and cementation and increases due to dissolution in tight sandstone reservoirs of the Benxi Formation.

Well Depth (m) Po (%) Pcopr, (%) Perpr1 (%) Pcrpr (%) Pcrprz (%) @ (%) Py (%)
S99 1969.3 43.0 38.0 3.7 1.2 4.6 7.5 7.9
M51 2160.3 41.0 34.3 4.3 2.2 4.2 6.5 6.8
S13 2275.2 40.0 36.1 2.8 0.9 3.5 5.5 5.8
S51 2329.2 42.5 37.5 3.7 1.2 4.5 7.2 7.8
M35 2537.1 43.5 39.8 2.4 1.2 3.4 5.8 5.9
M9 2751.6 44.0 38.4 4.3 1.2 3.0 5.0 4.3
M38 2784.8 45.0 28.5 10 6.4 2.8 4.0 4.0
Z8 2937.0 43.0 38.0 3.7 1.2 2.7 4.5 4.1
T12 2978.1 42.5 35.5 5.4 1.5 3.2 5.0 5.6
S218 3021.4 39.0 35.7 2.2 0.9 5.4 8.5 9.1
Q17 3027.0 39.0 24.0 12.1 2.8 5.3 7.0 7.3
5468 3176.8 40.5 35.3 3.8 1.2 3.2 5.0 4.5
754 3235.5 37.0 33.3 2.6 1.0 4.6 7.0 6.3
S434 3533.5 42.0 33.3 5.3 3.3 5.0 7.5 8.2
S435 3542.3 38.0 28.2 4.2 5.4 5.0 7.1 7.2
S$322 3557.1 43.0 38.0 3.4 1.5 3.7 6.0 5.4
S315 3651.0 45.0 42.7 1.6 0.6 2.0 3.5 3.8
T11 3719.7 42.5 36.8 4.1 1.5 0.9 1.5 1.7
5427 3739.6 36.0 31.9 3.0 1.0 4.0 6.0 6.1
S336 3829.4 37.0 28.5 6.3 2.0 2.8 4.0 4.4
S215 3891.5 43.0 35.9 4.8 2.2 4.4 7.0 6.7
S$396 3907.5 41.0 37.2 2.5 1.2 1.8 3.0 3.61
L45 4014.9 39.5 36.3 2.2 0.9 3.8 6.0 5.3
Mean 39.9 34.9 4.3 1.8 3.6 4.1 5.7

12
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Fig. 17. Calculated porosities of Benxi Formation reservoirs at different evolutionary stages. @y is initial porosity; @; is porosity remaining after compaction; @, is
porosity remaining after early-stage cementation; @3 is porosity remaining after dissolution; @ is final calculated porosity.
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Fig. 18. Correlation between the porosity increase due to dissolution and the
measured porosity.

(mean, 32.5%). The porosity loss due to cementation varies from 2.6%
to 10.8% (mean, 4.8%). The porosity increase due to dissolution changes
from 1.0% to 5.4% (mean, 3.6%). The calculated final porosity is from
3.0% to 8.5% (mean, 4.1%), and the measured porosity alters from 3.6%
to 8.2% (mean, 5.7%). The present-day porosity values calculated using
the model are closely correlated with measured porosity values
(Fig. 16).

@, is the initial porosity; ®copy is porosity loss due to compaction;
@cppr1 is porosity loss due to early-stage cementation; ®cgpy is porosity
increase due to dissolution; ®¢gpr2 is porosity loss due to late-stage
cementation; @ is final calculated porosity; @), is measured porosity.

5.3. Recovery of the pore evolution process

Our porosity evolution calculation results for the tight sandstone
reservoir of the Benxi Formation (Fig. 17) show that the sandstone is
tight after early-stage compaction (mean, 10.6%) and fully tight after
early-stage cementation (porosity <10%). Dissolution is the factor that
most strongly improves the reservoir, increasing porosity by up to
40-250% prior to dissolution. The degree of porosity evolution varies
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Fig. 19. Scatter plot showing the relationship between the porosity increase
due to dissolution and the daily production in the Benxi Formation.
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regionally. Deeper burial is associated with stronger compaction (Wells
S$336 and S215), whereas shallower burial is linked with stronger
cementation (Wells M38 and Q17).

The Benxi Formation reservoir has experienced early rapid and
continuous burial, along with late weak tectonic uplift, which led to
strong compaction (Jia et al., 2019a; Li et al., 2021; Hu et al., 2019a).
The reservoir was rapidly tightened under the combined effects of
compaction and early-stage cementation. Dissolution was an important
transformation effect in this region, contributing to greater porosity (Hu
et al., 2019a). A clear positive correlation between the porosity increase
due to dissolution and the measured porosity is noted (Fig. 18); there-
fore, dissolution is presumably the main factor that controls the “sweet
spot.”

5.4. Factors controlling secondary pore development

Multiple mechanisms complexly influence the development of sec-
ondary pore space, such as meteoric water flushing, formation of

2KAISi; 05 (K — feldspar)+CH;COOH + H,0 + 20, — AL, Si> Os(OH) ,(kaolinite) + 4SiO, (quartz) + 2K* + 2HCO;2HCO;

authigenic clay minerals, facies migration and leaching of feldspars,
rock fragments and carbonate cements (Bloch and Franks, 1993; Qiu
et al., 2002; Dou et al., 2017). Lai et al. (2015) reported that more
secondary pore space developed in mouthbar or underwater distributary
channel facies. Additionally, facies-controlled detrital components can
critically influence the reservoir quality and secondary pore of sand-
stones by conditioning the pathway of both physical and chemical
diagenesis (Rossi et al., 2001). Zhu et al. (2015) pay much attention to
alkaline dissolution of quartz, arguing that development of significant
secondary porosity is related to dissolution of quartz. Whereas others
regard the leaching of feldspars, rock fragments and carbonate cements
by acidic fluids (Giles and Marshall, 1986), emphasizing the importance
of leaching of unstable minerals. Shirley et al. (2010) reported that
volume of secondary pores remains nearly constant during deep burial,
because volume of this late dissolution of potassium feldspar is offset by
precipitation of ankerite, albite, illite, and minor quartz in secondary
pores. In the 1970s and 1980s, several papers (Surdam et al., 1989; Yuan
et al., 2015a,b); proposed that organic acid and carbon dioxide disso-
lution of carbonate and feldspar can produce secondary pores. Second-
ary pores in the tight sandstone of the Benxi Formation were mainly
derived through the dissolution of soluble components within the rock
fragments and early-stage carbonate cements. Our quantitative results
for secondary pores in the Benxi Formation show that the porosity in-
crease due to dissolution had a positive effect on the physical properties

Porosity Increase Due to Dissolution (@ )/ %

Measured Porosity(®,)/%
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of the tight sandstone reservoir (Fig. 19), thus partially controlling the
distribution of the “sweet spot.” Secondary pores are mainly produced
through the dissolution of mineral grains and fillings by acidic fluids.
Therefore, to clarify the factors controlling secondary pore develop-
ment, below we focus on the discussion of reservoir types, diagenetic
fluid properties, and hydrocarbon source rocks in the Benxi Formation.

5.4.1. Effect of lithology on secondary pore development

Three rock types developed in the Benxi Formation include quartz
sandstone, lithic quartz sandstone, and lithic sandstone (Dutton and
Loucks, 2010; Hu et al., 2019a; Wang et al., 2021a). Most components of
rock fragments including potassium feldspar, sodium feldspar, calcite,
and biotite are unstable during early Mesodiagenesis, which is accom-
panied by the formation of organic acids. For example, potassium feld-
spar can be converted to clay minerals and quartz cements in an acidic
environment, as follows (Li et al., 2020):

(18)

Thus, quartz is formed during dissolution; in sandstone with high
quartz content, the quartz surface is more exposed and new quartz is
more likely to be deposited on the rims of old quartz grains. Accordingly,
more mature sandstone (e.g., quartz sandstone) is associated with
greater quartz overgrowth (Zahid et al., 2016). In contrast, both
immature sandstone (e.g., lithic quartz sandstone and lithic sandstone)
and poor primary pore development are associated with easier inter- and
intra-granular dissolution of unstable minerals under an acidic fluid
action, leading to secondary pore development. Considering the estab-
lished model of secondary pore evolution, the increased secondary pore
space observed among different rock types confirms this conclusion
(Fig. 20). Lithic sandstone shows the highest increase in porosity due to
dissolution, followed by the lithic quartz sandstone and quartz sand-
stone. Therefore, a less mature sandstone composition leads to a higher
soluble fraction and partially favors the formation of secondary pore
space.

5.4.2. Effect of diagenetic fluid on secondary pore development
Reservoirs are modified by diagenesis during burial. Diagenesis
produces large amounts of acidic fluids and hydrocarbons in the hy-
drocarbon generation process, which affect pH, Eh, and other physical
and chemical conditions of the pore fluids in the reservoir adjacent to
the hydrocarbon source rock. In addition, diagenesis also causes ions
within minerals to enter the fluid and dissolve, cement, or replace other

Early-stage Cementation(%)

0 L L L L J

10 15 20 25

Total Cementation(%)

Fig. 21. Relationships between early cementation and porosity increase due to dissolution (Left), and between total cementation and measured porosity (Right).
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Fig. 22. Hydrocarbon expulsion intensity map with sampling wells of the Benxi Formation in the Ordos Basin.

minerals. Fluid properties are closely related to secondary pore devel-

) . . : . .
opment, which directly affects the physical properties of the reservoir. 3ALSi,05(0H), (kaolinite) +2K" — 2KAL3Siz010(OH), illite) +2H

For example, H' is released during the conversion of kaolinite to illite, +3H,0 (19)
thereby 1 ing the fluid pH as Eq. (19) (Morad et al., 2010; Y tal.
2Oc31r§a3173)?wer1ng efluid pHas Eq. (19) (Morad etal, s ruanetat, H' is also released by early carbonate cementation as Eq. (20) (Yuan
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increase due to dissolution in the Benxi Formation.

et al., 2015a,b):

Ca*™ + CO,(g) + H,0 — CaCOs(calcite) + H* (20)

These effects collectively intensify reservoir dissolution; early car-
bonate cement is also dissolved by organic acids at a later stage
(Crundwell, 2014; Panagiotopoulou et al., 2007). Some studies have
shown that quartz cements experience a partial dissolution in alkaline
environments during late diagenesis. An assessment of the relationship
between early cementation and porosity increase due to dissolution in
sandstone within the Benxi Formation reveals a positive correlation,
whereby early cementation controls the degree of reservoir dissolution
(Fig. 21). However, the cement content continues to increase as the pore
formation process evolves, thereby forming crystalline cementation to
block the pore space of the reservoir, while inhibiting the flow of acidic
fluids and reservoir modification; overall, these changes result in
reservoir densification. Consequently, although early carbonate cement
produced during diagenesis promotes a secondary pore development,
the total amount of cements produced will degrade their physical
properties.

5.4.3. Effect of organic source on secondary pore development

It is commonly accepted that silicate minerals and carbonates are
dissolved by organic acids in hydrocarbon reservoirs. The dissolution of
soluble minerals in a reservoir by organic acids released during the
thermal evolution of organic matter is an important mechanism for the
generation of secondary dissolution pores during the diagenesis of
clastic reservoirs (Panagiotopoulou et al., 2007). Organic acids are
formed by decarboxylation during the maturation of organic matter
(Yuan et al., 2019a, 2019b). Greater hydrocarbon discharge intensity
from hydrocarbon source rocks is associated with higher organic acid
production, which is more favorable for secondary pore formation.
Because of the variable burial depths of the Benxi Formation strata and
the diverse temperature-pressure conditions in each area, the degree of
thermal evolution of hydrocarbon source rocks (coal seams) varies, and
the intensity of hydrocarbon generation and expulsion also varies
(Fig. 22). The hydrocarbon expulsion center of the study area is located
in the southern region, where organic acid is more abundant. Indeed, a
scatter plot of hydrocarbon expulsion intensity and porosity increase
due to dissolution shows a significant positive correlation (Fig. 23).

6. Conclusion

The Benxi Formation has experienced four stages of diagenesis and
associated pore development: rapid decrease in porosity after compac-
tion during Eodiagenesis A; filling of the remaining primary pores
through cementation during Eodiagenesis B; porosity increase due to
dissolution during Mesodiagenesis A; and porosity loss due to secondary
cementation during Mesodiagenesis B and Telodiagenesis. At present,
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the Benxi Formation is mainly in the Mesodiagenesis B stage, and partly
in Telodiagenesis.

Using quantitative thin-section porosity analyses, based on an initial
porosity recovery model and pore evolution parameters in the literature,
this work determines that the original porosity of sandstone in the Benxi
Formation was 39.8% and the increase in porosity due to dissolution was
1.0-5.4% with a mean of 4.1%j; this constituted 40-250% of the porosity
before dissolution.

Rock types, diagenetic fluid properties, and source rocks all influence
the development of secondary dissolved pores in the study area. Lithic
sandstone and lithic quartz sandstone with low compositional maturity
show a stronger dissolution, compared with quartz sandstone. Acidic
fluid formed through calcareous cementation, whereas illite promoted
dissolution; in addition, alkaline fluid in the late diagenetic stage also
dissolved siliceous cements. Organic acids under the control of hydro-
carbon expulsion has a positive effect on dissolution. Greater hydro-
carbon expulsion intensity lead to greater pore dissolution. Overall,
these three factors have practical significance for the prediction and
exploration of gas “sweet spots” in the tight sandstone of the Benxi
Formation.
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