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ARTICLE INFO ABSTRACT

Keywords: Tight gas sandstone is a unique kind of unconventional hydrocarbon resource in that its intricate pore throat
Tight sandstone gas reservoir structure governs reservoir physical properties and gas reservoir productivity. However, the effect of differential
Lithofacies diagenesis of various lithofacies on the heterogeneity of pore throat structure remains unclear. In this paper, a
Pore throat struc‘tur-e series of experiments were integrated to evaluate pore throat structures and fractal characteristics of the different
Fractal characteristic . .. . . . . . .
Diagenesis lithofacies in a tight sandstone gas reservoir, and followed by a study of the impact of diagenetic alteration on
Ordos basin them. Results demonstrate that the mineral composition, dominant pore types, pore throat structural parameters,
fractal dimension, and physical properties of various lithofacies are notably different, which is mostly attrib-
utable to diagenetic alteration variability. There are more primary pores and less clay mineral content in coarser
lithofacies. Pebbly coarse-grained sandstone and sandy conglomerate reservoirs that have undergone strong
dissolution have more composite pores composed of residual intergranular pores and dissolution pores, which
help to form a homogeneous pore throat system with good connectivity, resulting in the best reservoir quality.
Due to the strong compaction and high clay mineral content filling pores and throats in medium-grained
sandstone and fine-grained sandstone lithofacies, a large number of primary pores were lost, and throats were
blocked, which easily formed intercrystalline pores, leading to poor reservoir quality. Coarse-grained sandstone
reservoirs with moderate clay mineral content have undergone moderate compaction and dissolution and have
moderate reservoir quality. Filamentous illite is the most destructive clay mineral to pore throat connectivity.
Intergranular dissolution pores and moldic pores contribute significantly to the physical properties of pebbly
coarse-grained sandstone and sandy conglomerate reservoirs. Pebbly coarse-grained sandstone and sandy
conglomerate lithofacies are considered high-quality reservoirs with greater development potential for tight gas.
This work has important guiding significance for the prediction of high-quality reservoirs in similar tight
sandstone reservoirs.

1. Introduction gas has an ever-increasing role in energy consumption and is an
important source of clean energy around the globe (Dai et al., 2012; Zou

Global production of tight sandstone gas has rapidly risen over the etal., 2013, 2018; Misiak et al., 2014). The reservoir formed by gravelly
past few decades (Rezaee et al., 2012; Jia et al., 2021). Tight sandstone braided river deposits is an important type of tight sandstone gas
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reservoir, which is widely dispersed throughout the world (Miall, 1977;
Lunt and Bridge, 2004; Sun et al., 2019; Huang et al., 2020a; Li et al.,
2020a; Zhang et al., 2020).

The sedimentary environment of the gravelly braided river is char-
acterized by strong hydrodynamic conditions, which can form large-
area superimposed sand bodies (Bluck, 1979; Lunt and Bridge, 2004;
Wang et al., 2021a). The complicated lithofacies type, a high degree of
heterogeneity, and complex pore structure of these reservoirs make it
challenging to predict high-quality reservoirs with good physical prop-
erties (Tobin et al., 2010; Tong et al., 2012; Stroker et al., 2013; Wang
et al., 2021b). Lithofacies classification based on petrological charac-
teristics is an efficient method for characterizing reservoirs. Mineral
composition, grain size, sedimentary texture, physical properties,
microscopic pore throat features, diagenesis types, and intensity vary
significantly between lithofacies (Heward, 1989; Arnott et al., 2003;
Ebinghaus et al., 2012; Wilson et al., 2020; Feng et al., 2021; Cao et al.,
2021; Yang et al., 2022). Varied lithofacies have different reservoir
quality evolution processes. The lithofacies categorization is helpful in
analyzing the interaction between physical attributes, pore structure,
and diagenesis heterogeneity of tight sandstone gas reservoirs (De Ros
and Goldberg, 2007; Aliyev et al., 2016; Oluwadebi et al., 2018; Mehrabi
et al., 2019; Xiao et al., 2020; Wang et al., 2020a; Wang et al., 2020b;
Cao et al., 2021). The extremely poor reservoir quality of tight gas
sandstone is the result of complicated and intense diagenetic alteration
(Cant and Ethier, 1984; Ehrenberg, 1989; Wang et al., 2019; Yu et al.,
2019; Li et al.,, 2020b; Qiao et al., 2020a; Wheatley et al., 2020).
Different lithofacies undergo distinct diagenetic evolution processes,
resulting in distinct pore structures, according to several studies (Meh-
rabi et al., 2019; Cao et al., 2021; Yang et al., 2022).

Although there have been many studies on the pore structure, fractal
characteristics, and diagenesis of tight sandstone reservoirs, the major-
ity of them are focused on fine-grained sediment reservoirs and are
primarily limited to samples with various sedimentary microfacies or
physical properties (Lai et al., 2018a; Guo et al., 2019; Wang et al., 2019;
Qiao et al., 2020b, 2021; Huang et al., 2020b; Qu et al., 2020; Yin et al.,
2020). However, little is known about how the complex diagenetic
alteration of distinct lithofacies in gravelly braided river deposits im-
pacts the pore structure heterogeneity.

The Dongsheng Gas Field is a giant gas field with 100 billion m> of
reserves discovered in recent years by SINOPEC in the northern Ordos
Basin (He et al., 2020). Previous studies focused on the Sulige, Yulin, and
Daniudi gas fields in the Ordos Basin (Dai et al., 2012; Liu et al., 2015;
Fan et al., 2019; Qiao et al., 2019), but there has been little research
conducted on the Dongsheng Gas Field. An in-depth investigation into
the pore structure and the effect of diagenetic alteration on it of gravelly
braided river deposits is favorable for predicting a high-quality reservoir
and efficiently developing the gas field, and it also serves as a significant
reference for other tight sandstone gas reservoirs around the world.
Taking the Lower Shihezi formation reservoir in the X block of Dong-
sheng Gas Field as an example, this study integrates several experi-
mental techniques, including casting thin section (CTS), scanning
electron microscopy (SEM), X-ray computerized tomography (X-CT),
high-pressure mercury intrusion (HPMI), nuclear magnetic resonance
(NMR), and X-ray diffraction (XRD), to examine the pore structure and
fractal properties, as well as the effect of diagenesis on the microscopic
pore structure heterogeneity of various lithofacies in tight gas sand-
stone. The primary goals of this study are as follows: (1) to investigate
the petrological and physical properties characteristics of distinct lith-
ofacies; (2) to comprehensively characterize the size, morphology, and
connectivity of pores and throats in different lithofacies; (3) to use NMR
to characterize the fractal characteristics of pore structure and to clarify
the correlation between fractal dimension, microstructural parameters,
and physical properties, and (4) to determine the effect of diagenetic
modification on the heterogeneity of pore throat structure in various
lithofacies.
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2. Geological background

The Ordos Basin, which was formed on the North China Platform
(Fig. 1A), is a multi-cycle craton basin and the second biggest sedi-
mentary basin in inland China, with an area of about 25 x 10* km?
(Yang et al., 2005; Xiao et al., 2005). The basin encompasses six major
tectonic parts, including the Weibei Uplift, Yimeng Uplift, Jinxi Folding
Belt, Western Thrusting Belt, Yishan Slope, and Tianhuan Depression
(Fig. 1B) (Yang et al., 2000). The Dongsheng Gas Field is located on the
southern margin of the Yimeng Uplift, and it has three near east-west
faults: Porjianghaizi fault, Wulanjilinmiao fault, and Sanyanjing fault
(Fig. 1B). The study region is in the X block, which lies in the center and
south of the Dongsheng Gas Field and covers around 800 km?2. The
Porjianghaizi fault is situated at the northern edge of the X Block
(Fig. 1C). It is a northward thrust fault that stretches for about 70 km,
and the target layer’s fault distance is 300 m (Xu et al., 2018).

The strata of the Upper Paleozoic Permian in Dongsheng Gas Field
are the Taiyuan, Shanxi, Lower Shihezi, Upper Shihezi, and Shigianfeng
formation from lowest to highest (Fig. 2). The principal production
horizon in the study region is the Lower Shihezi formation, which can be
separated into He-1, He-2, and He-3 Members. The target layer is buried
to a depth of 3100-3300 m, and it has a small dip angle and relatively
flat strata. The sedimentary environment is a gravelly braided river
system, primarily composed of the braided channel, braided bar, and
floodplain sediments. The reservoir is dominated by pebbly coarse-
grained clastic rock (Wang et al., 2014, 2020a; Li et al., 2021). The
coal seams and dark mudstone of the Shanxi and Taiyuan formations are
the primary source rocks, supplying abundant natural gas for the over-
lying Lower Shihezi formation (Xiao et al., 2005; Xu et al., 2018). The
vitrinite reflectance (R,) of source rocks ranges between 1.16% and
1.35%, with a mean value of 1.25%. The total organic carbon content
(TOC) ranged between 32.5% and 70.0%, with a mean value of 58.5%.
The maximum pyrolysis temperature (Tmax) ranges between 462 °C and
477 °C, with a mean value of 466 °C. The hydrocarbon generation po-
tential (S;+Sz) ranges between 42 mg/g and 123.14 mg/g, with a mean
value of 103.62 mg/g. The chloroform bitumen “A” ranges between
0.39% and 2.16%, with a mean value of 0.96%. The coal-bearing source
rocks have entered the mature and high maturity stages (Dai et al., 2005;
Xiao et al., 2005). The thick, widely distributed mudstone of the Upper
Shihezi formation is an effective capping rock.

3. Samples and methodology
3.1. Sample information and experiment process

The study gathered 32 cylindrical sandstone samples from the target
layer of 20 exploration wells in the X block of the Dongsheng Gas Field,
which contained the vast majority of reservoir lithofacies types. Each
sample measuring 2.5 cm in diameter and 8 cm in length was obtained
by perpendicularly drilling fresh core plugs from the wellbore. In
addition, porosity and permeability data of 156 samples, CTS analyses of
195 samples, SEM data of 14 samples, and cathode luminescence (CL)
data of 19 samples were collected from SINOPEC North China Company.
Before the experiment, 32 samples were washed, the residual hydro-
carbons were removed, and then dried for 48 h at 120 °C. Initially, their
porosity and permeability were tested. After that, the top of each sample
was cut out with a length of 0.5 cm for observation of CTS to investigate
the petrological characteristics, pore morphology, and genetic types of
different samples. On the basis of the assessment of physical properties
and CTS, eight representative samples of various lithofacies were
selected for the combination experiment. These eight representative
samples were taken from the channel bar sedimentary microfacies.

Eight representative samples were cut into 2.5 cm and 5 cm parts.
First, five samples were selected from the 2.5 cm part of the eight
samples with different lithofacies for X-CT analysis, and then the 2.5 cm
part of the eight samples was observed by SEM. At the same time, an
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Fig. 1. Location map of the Ordos Basin in China’s map (A); The structural position map of the X block in the Ordos Basin (B); Locations of exploration wells and
Porjianghaizi fault in the X block (C) (modified from Yang et al., 2012; Wang et al., 2020a; Qin et al., 2022).

NMR test was conducted on the 5 cm part of eight samples, and then
after drying, the 5 cm part was cut into 2 cm and 3 cm parts. The 3 cm
part was used for the HPMI test, and the 2 cm part was used for bulk XRD
analysis. Details of each experiment involved are described below.

3.2. Experiments

3.2.1. Porosity and permeability

A CMS-300 apparatus was used to test porosity and permeability at
the State Key Laboratory of China University of Petroleum-Beijing
(CUPB). The helium dilation method and the dynamic pressure
method were used to measure porosity and permeability, respectively.
Klinkenberg calibration was performed during the permeability mea-
surement, which was performed at the ambient temperature of 25 °C
and the confining pressure of 200 psi by SY/T 5336-2006. The porosity
and permeability measured in experiments are commonly referred to as
effective porosity and absolute permeability.

3.2.2. CTS and SEM

The polished thin sections with a thickness of 0.3 mm were
impregnated with blue resin and analyzed with a Nikon-LV100nPOL
polarizing microscope. The rock composition, pore and throat type,
morphology, particle sorting, grinding, and cementation of sandstone
samples were studied by the point counting method. Generally, at least
200 points were quantified for each sample. The statistical error of each
micrograph was less than 2%. The test standard is SY/T 5368-2016. The
polished and golden-coated thin slices were used for SEM analysis using
the Quanta-200 F FESEM with the highest resolution of 1.2 nm. SEM

analysis can obtain high-resolution microscopic images of pores and
throats, authigenic minerals, and intercrystalline micropores of clay
minerals at nano-to micro-scale and further study mineral paragenetic
sequences, clay mineral morphology, pore size, and connectivity.

3.2.3. X-CT

Five tight sandstone samples with varying lithofacies were analyzed
using X-CT. The cylinder samples were around 5 mm in diameter and
length. The size, connectivity, and heterogeneity of complex pore-throat
networks can be visually characterized using this technique. The
experiment was conducted on the Zeiss Xradia versa-510 Micro-CT in-
struments of the State Key Laboratory of CUPB, which were set with 100
Kv voltage and 90 pA current, a resolution of 3 pm, and an exposure time
of 2.0 s under conditions of 20 °C ambient temperature and 40% relative
humidity. It ensures X-ray penetration of tight sandstone samples and
good imaging. The Zeiss reconstruction software was used to reconstruct
the 3D grayscale image after the original 2D grayscale tomography data
was obtained. FEI Avizo 9.0.1 was further used to segment the recon-
structed images to obtain the pore system of the sandstone sample. The
maximum sphere algorithm-based pore network model can effectively
identify the pores and throats and calculate detailed pore structure ge-
ometry parameters. The detailed data processing process of this method
is completely elaborated by Dong and Blunt (2009).

3.2.4. NMR

The transverse relaxation time (T5) spectrum obtained by NMR ex-
periments can provide quantitative information for pores of all sizes.
The Recore-04 low-field NMR spectrometer is employed for the NMR
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examination of eight cylindrical samples of varying lithofacies, each
measuring around 2.5 cm in diameter and 5.0 cm in length. The
experiment followed the Chinese test standard SY/T 6490-2014, set the
resonance frequency as 2.38 Mhz, echo interval and echo number as 0.1
ms and 17,500, respectively, waiting time as 3 s, scanning times as 32,
and it was carried out at 20 °C and 40% relative humidity. These samples
were dried at 120 °C for 24 h before being vacuumed and saturated with
simulated formation water with a salinity of 41,714 mg/L, which is
equivalent to the salinity of formation water in the Lower Shihezi for-
mation. A first NMR test was performed on the fully saturated water
sample, which was subsequently centrifuged in a high-speed centrifuge
for 1 h at 400 psi centrifugal pressure, followed by a second NMR test on
the centrifuged sample. The Carr-Purcell-Meiboom-Gill (CPMG)
sequence was used to acquire the Ty spectrum of the fully saturated
water and 400 psi centrifuged samples. The Ty spectrum of each sample
can be converted into pore radius by the formula Ty = %og (Mao et al.,

2005; Saidian and Prasad, 2015; Daigle and Johnson, 2016), where p, r,
and c are the surface relaxation rate, pore radius, and shape factor,
respectively (c = 3 in sphere pores and ¢ = 2 in cylinder pores). In this
study, the c value is 2, and the pores of tight sandstone samples obtained
by NMR are considered cylindrical.

3.2.5. HPMI

The HPMI experiment was conducted with an AutoPore IV9505
mercury porosimeter at the Chinese Academy of Sciences’ Institute of
Hydrodynamics and Fluid Mechanics in Langfang, China. The test
standard is according to Chinese standard SY/T 5346-2005. The eight
cylindrical samples had a diameter of 2.5 cm and a length of 3.0 cm. The
highest mercury intrusion pressure was set to 200.62 MPa, and the
corresponding pore radius was 0.0037 pm, which was the smallest pore
radius obtained in the test. After the mercury injection pressure reaches
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the maximum, the pressure progressively declines and the mercury is
withdrawn from the sample. The HPMI test can acquire the capillary
pressure vs. mercury saturation curve during mercury intrusion and
extrusion. The equivalent pore throat radius of capillary pressure can be
computed using the Washburn equation. Finally, multiple characteristic
parameters representing pore size distribution can be obtained.

3.2.6. XRD

The X-ray diffraction patterns of different mineral crystals are
distinct. The mineral content of the sample is positively correlated with
its characteristic peak intensity in the spectrum. The content of different
minerals can be determined using the “K value method”. Tight sandstone
samples were crushed and ground into nearly 200 mesh powders. This
experiment was conducted on the samples using the D8 DISCOVER X-ray
diffractometer to obtain quantitative data on mineral composition and
various clay mineral kinds. Random powder mounts of bulk samples
were measured in a step scan mode from 2 to 65° 26 with a step incre-
ment of 0.01 26 and a count time of 0.3 s per step (Haile et al., 2018).
The ambient temperature and humidity were set at 27 °C and 22%,
respectively. The test method and procedure follow the national stan-
dard SY/T5163-2018.

3.3. Fractal dimensions

Based on the fractal principle, the number of pores having a pore
radius greater than r-N(>r) in a reservoir with a fractal pore feature is a
function of pore radius and can be described as follows (Mandelbrot,
1975; Zhang et al., 2007; Daigle et al., 2014; Lai et al., 2018b):

N(>r = [ P(r)dr=ar™® (@D

r

where rpax, P(r), D, and a are the maximum pore radius, pore radius
distribution density function, fractal dimension, and the proportionality
constant of the reservoir, respectively.

Taking the derivative of both sides of Eq. (1) with regard to r, and
obtain:

:dN(> r)

(r) pra— br=P-! 2)

Where b = — Da, b is proportionality constant.
Based on Eq. (2), the cumulative pore volume with pore radius less
than r in the reservoir can be described as follows:

r

Vi<r)= / P(r)mr3dr:m,(r'3’n —rP) 3)

min

Tmin

where 1y, is the minimum pore radius, and m is a parameter associated
with pore shape (m = 1 in cubic pores, m = & in cylinder pores, and m =
4n/3 in sphere pores).

According to Eq. (3), considering rmax > I'min, the formula for accu-
mulated pore volume fraction Sy with pore radius less than r in the
reservoir can be described as

P30 _ ;3D r 3-D
Sy ="yt = (1) @

=D _
Fonax — Vmin Fmax

According to the formula T, = }7 o, Eq. (4) can be converted into

B Tz 3-D

SV N (TZ ma.r) (5)
Taking logarithms for both sides of Eq. (5):

1g(Sv) = (3 = D)lg(T2) — (3 — D)I(T2 ax) (6

Consequently, the fractal dimension can be calculated through Ty
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spectrum data obtained by the NMR experiment. By drawing the rela-
tionship curve between 1g(Sy) and 1g(T5), the curve slope K was ob-
tained, and the fractal dimension D = 3-K was further obtained (Lai and
Wang, 2015; Zhu et al., 2018; Qiao et al., 2021).

4. Results
4.1. Lithofacies characteristics and mineral compositions

According to the observation of the 382.52 m cores from the Lower
Shihezi formation, it is evident that the sandstone is primarily massive.
Five lithofacies types were defined depending on grain size and gravel
content, namely sandy conglomerate (Sc), pebbly coarse-grained sand-
stone (Ps), coarse-grained sandstone (Cs), medium-grained sandstone

Geoenergy Science and Engineering 221 (2023) 111309

(Ms), and fine-grained sandstone (Fs) (Fig. 3). The diameter of gravel in
Sc reservoirs ranges from 2 mm to 32 mm. The gravel is moderately
rounded and poorly sorted. The diameter of gravel in Ps reservoirs
ranges from 2 mm to 25 mm, and is well-rounded and poorly sorted. Cs,
Ms, and Fs reservoirs have good sorting and are rounded. Parallel
bedding can be seen in the Fs reservoirs. Different lithofacies have un-
dergone distinct diagenetic evolution processes, resulting in distinct
pore structures and physical properties.

According to CTS data and Folk’s classification scheme (Folk et al.,
1970), the predominant rock types of the Lower Shihezi formation are
sublitharenite and litharenite, with a small amount of feldspathic lith-
arenite and quartz arenite (Fig. 4). The rock fragments are mostly
metamorphic, with a minor quantity of igneous and sedimentary rock.
The sandstone grains are moderately sorted and subangular to
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et al., 1970).

subrounded. The cements of sandstone reservoirs are mainly clay min-
erals and calcite. The results of bulk XRD analysis (Fig. 5) (Table 1) show
that quartz is the mineral with the highest content in all samples, with a
mean value of 78.3%. The absolute content of clay minerals ranges be-
tween 9.6% and 26.2%, with a mean value of 17.7%. The feldspar and
calcite content is low, with a mean value of 0.8% and 3.0%, respectively.
Moreover, there are small amounts of dolomite, szaskaite, and analcime
in some samples. The average absolute total clay mineral content of Sc,
Ps, Cs, Ms, and Fs lithofacies is 15.3%, 9.9%, 17.9%, 19.9%, and 24.4%,
respectively (Table 1). With the decrease in particle size, the clay min-
eral content increases. The highest clay mineral content is found in Fs
lithofacies. Clay minerals are mostly composed of kaolinite, illite,
chlorite, and illite/smectite mixed layer, with average absolute contents
of 5.175%, 4.959%, 3.743%, and 3.811%, respectively (Table 1).
Kaolinite is the most abundant of all clay minerals.

4.2. Physical properties

The porosity of 188 tight sandstone samples ranges between 0.8%
and 19.3%, with a mean value of 8.6%, and the permeability ranges
between 0.012 mD and 6.47 mD, with a mean value of 0.660 mD. The
samples with porosity less than 10% and permeability less than 1mD
accounted for 55% of the total samples. Porosity and permeability
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Fig. 5. Mineral compositions and contents of tight gas sandstone samples.

Table 1

The XRD results for bulk and clay mineral testing in samples with distinct lithofacies.

Clay minerals content(%)

Porosity(%) Permeability(mD) Bulk minerals content(%)

Depth(m) lithofacies

No.

Well
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distributions of distinct lithofacies varied dramatically (Figs. 6 and 7).
The average porosity of Fs, Ms, Cs, Sc, and Ps lithofacies is 2.9%, 5.9%,
7.3%, 10.5%, and 11.8%, respectively. The average permeability was
0.071 mD, 0.189 mD, 0.551 mD, 0.839 mD and 1.010 mD, respectively.
In general, the physical property improves as grain size increases, with
pebbly coarse-grained sandstone having the best physical properties and
fine-grained sandstone having the poorest. The Sc lithofacies’ porosity
and permeability have a wide distribution range and a high proportion
of medium and low values, primarily as a result of the strong hydro-
dynamic conditions during Sc lithofacies deposition, the poor sorting of
gravel in rocks, the high content of clay minerals in some Sc lithofacies
samples, and the close arrangement of particles, which causes low
porosity and permeability in some samples. Fig. 7 demonstrates that the
permeability of samples with the same porosity differs significantly,
which is mainly attributed to the complexity of the microscopic pore
structure of tight sandstone reservoirs.

4.3. Pore and throat types, geometry

The CTS and SEM observations of the tight sandstone samples of the
Lower Shihezi formation reveal six pore types, including residual
intergranular pore (R-interGs), intergranular dissolution pore (D-
interGs), intragranular dissolution pore (D-intraGs), moldic pore (MP),
intercrystalline pore (InterCs) and microfracture (MF), with the average
surface porosity of 0.29%, 1.74%, 0.44%, 0.71%, 0.38%, and 0.03%,
respectively. R-interGs are irregular angular or polygonal pores retained
between grains by the original sediments after a series of diagenesis
(Fig. 8b). The primary intergranular pores of sandstone are mostly filled
with cement, and only a few R-interGs are preserved, contributing to 8%
of the total surface porosity. D-interGs are pores with irregular profiles
formed by the dissolution of feldspar, lithic fragments, and soluble
components (Fig. 8a—c), which account for 48% of the total surface
porosity and are predominantly comprised of feldspar and rock frag-
ments dissolution pores. D-interGs are the main storage space of the
Lower Shihezi formation reservoir. D-intraGs are pores with small pore
sizes formed by dissolution inside feldspar or debris (Fig. 8e and f),
which account for 12% of the total surface porosity. This type of pores
contributes very little to the seepage capacity of the reservoir. The MP
are those where the feldspar or debris particles are completely dissolved,
but the shape of the particles remains (Fig. 8d), accounting for 20% of
the total surface porosity. InterCs are developed in clay minerals filled
between grains (including chlorite, illite, kaolinite, and illite/smectite
mixed layer) (Fig. 8h and i), accounting for 11% of the total surface
porosity and contributing little to the physical properties of sandstone.
MF includes intragranular fractures (IntraFs) (Fig. 8a, c, d) and inter-
granular fractures (InterFs) (Fig. 8g), IntraFs are widely distributed in
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Fig. 7. Cross plot of porosity and permeability of various lithofacies in a tight
sandstone reservoir.

the Lower Shihezi formation sandstones but have little influence on
physical properties. InterFs are rarely distributed but can effectively
improve pore connectivity and provide channels for fluid migration. The
proportions of different pore types in various lithofacies are varied.
There are more R-interGs, D-interGs, and MP in Ps, Sc, and Cs lith-
ofacies, whereas there are more D-intraGs and InterCs in Ms and Fs
lithofacies, and MF is easily formed in Fs lithofacies.

There are five major throat types of the Lower Shihezi formation
sandstone, including pore-shrinking (Fig. 8a), neck-contracted (Fig. 8b),
slice-shaped (Fig. 8a), curved sheet (Fig. 8f), and tube bundle throats
(Fig. 8i). The grain size of Ps, Sc, and Cs lithofacies is coarser, and there
are more pore-shrinking, slice-shaped, and curved sheet throats. Ms and
Fs lithofacies have undergone more intense compaction, and there are a
lot of clay minerals, so the number of neck-contracted and tube bundle
throats is more, and the tube bundle throats of clay minerals have the
worst connectivity.

4.4. Pore throat size distribution and connectivity

4.4.1. Pore throat size distribution

The capillary pressure curves of mercury intrusion and extrusion in
various lithofacies are depicted in Fig. 9, and their key parameters are
listed in Table 2. The capillary pressure curves of various lithofacies
differ noticeably. The capillary pressure curves of Ps, Sc, Cs, Ms, and Fs
lithofacies gradually become steeper, and the coarser the grain size, the
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Fig. 6. Distribution of porosity and permeability of different lithofacies in a tight sandstone reservoir.
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1. 50 KX 10 um KYKY-3800B SEM  SN: 0005

Fig. 8. Photomicrographs showing the lithology, pore, and throat types from CTS and SEM observations. Q: Quartz; F: Feldspar; RF: Rock fragment; CAL: Calcite;
KAO: Kaolinite; ILL: Illite; CHL: Chlorite. (a) Pebbly coarse-grained lithic sandstone, well J32, 2941.44 m. (b) Sandy conglomerate lithic sandstone, well J48,
2534.92 m. (c) Coarse-grained lithic sandstone, well J53, 2891.1 m. (d) Pebbly coarse-grained lithic quartz sandstone, well J89, 3081.32 m. (e) Coarse-grained lithic
sandstone, well J90, 2969.7 m. (f) Medium-grained lithic quartz sandstone, well J91, 2982.99 m. (g) Fine-grained lithic sandstone, well J69, 2964.77 m. (h) Pebbly
coarse-grained lithic quartz sandstone, well J89, 3082.34 m. (i) Fine-grained lithic quartz sandstone, well J9, 2993.79 m. (Note that R-interGs, D-interGs, D-intraGs,
MP, InterCs, InterFs, and IntraFs are residual intergranular pores, intergranular dissolution pores, intragranular dissolution pores, mold pores, intercrystalline pores,
intergranular fractures, and intragranular fractures, respectively. PST, NCT, SST, CST, and TBT separately refer to pore-shrinking throats, neck-contracted throats,
slice-shaped throats, curved sheet throats, and tube bundle throats).

longer the platform section of the curve (Fig. 9). Pq of Ms and Fs lith-

1000 ofacies are all greater than 0.6 MPa, Ry is less than 1 pm, and Spay is
less than 80%. However, P4 of Ps, Sc, and Cs lithofacies are all less than
100 0.5 MPa, Rpyax is more than 1.5 pm, and Spax is mainly distributed
around 85% (Table 2). This indicates that the Ms and Fs lithofacies have
more pores and throats with a smaller radius, such as D-intraGs and

10

InterCs, whereas the number of D-interGs and MP in Ps, Sc, and Cs
lithofacies is more, with larger pore throat radius and intrusion mercury
saturation. The parameters from HPMI in Table 2 also demonstrate the
variability of the pore networks of different lithofacies samples. The
mean Py and Psg of Ps lithofacies are the smallest, and r, is the largest.

Fig. 10 depicts pore throat size distribution and its contribution to
permeability calculated from HPMI data. It shows that the pore throat

Pressure(MPa)

e
Rird

—o-— Ps lithofacies, J32,2941.44m
—@=—Ps lithofacies, J89, 3082.32m
Sc lithofacies, J32,2943.07m

—e— Cs lithofacies, J90, 2985.98m size distribution of typical samples of different lithofacies of tight
0.01 S {ﬁlﬁggz:zglzgggs‘sgg“m sandstone ranges between 0.004 ym and 2.5 pm, and the pore throat
—e—Fs lithofacies, J91,2979.38m with a radius less than 0.25 pm is distributed in each lithofacies, and the

—e&—Fs lithofacies, J93, 3037.82m . . . . . .
0.001 A . i . , intrusion mercury saturation of pore throat in this range is more than
100 80 60 40 20 0 50%. However, the pore throat radius ranges that mainly contribute to
Mercury saturation(%) the permeability of typical samples of various lithofacies are notably
different. The range of pore throat radius that primarily contributes to
Fig. 9. Capillary pressure curves of mercury intrusion and extrusion in various permeability in Ps, Sc, Cs, Ms, and Fs samples is 0.25-2.5 pm, 0.16-1 pm,
lithofacies obtained by HPML. 0.1-1 pm, 0.06-0.63 pm, 0.02-0.25 pm, respectively (Fig. 10). This



D. Zhao et al. Geoenergy Science and Engineering 221 (2023) 111309

Table 2

Mercury intrusion parameters of different lithofacies in tight sandstone reservoirs from HPMI.
Well No. Depth(m) Lithofacies ®(%) K(mD) Pq(Mpa) Pso(Mpa) I'max(pm) Irso(pm) Tra(pm) Smax(%0) We(%) So
J32 1 2941.44 Ps 15.55 0.470 0.220 7.933 3.412 0.095 0.364 85.647 53.972 1.215
J89 2 3082.32 Ps 14.54 0.401 0.457 5.680 1.608 0.129 0.299 81.770 49.969 2.061
J32 3 2943.07 Sc 9.42 0.362 0.463 7.670 1.586 0.096 0.255 85.859 53.930 2.120
Joo 4 2985.98 Cs 9.39 0.316 0.491 25.238 1.527 0.030 0.141 84.748 40.806 2.193
J7 5 2838.64 Ms 3.52 0.206 1.102 41.245 0.681 0.018 0.083 73.731 36.204 2.341
J21 6 2875.03 Ms 5.04 0.067 0.940 37.100 0.798 0.020 0.088 76.273 36.204 2.249
Jo1 7 2979.38 Fs 5.36 0.016 0.660 82.520 0.909 0.009 0.096 65.672 46.295 2.478
Jo3 8 3037.82 Fs 2.76 0.058 2.044 72.150 0.360 0.010 0.059 62.864 36.203 2.254

Notes: @-rock porosity; k-rock permeability; P4-displacement pressure; Psg-medium saturation pressure; ry,x-maximum pore throat radius; rso-median pore throat
radius; ry-average pore throat radius; Spyax-maximum intrusion mercury saturation; We-efficiency of mercury withdrawal; S,-sorting factor.
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Fig. 10. The pore throat size distribution and its contribution to the permeability of distinct lithofacies obtained by HMPI.

implies that although the pore throat radius range of the lithofacies with
the coarser grain size is larger, its seepage capacity is mainly contributed
by the larger-radius pore throat. The pore throat radius of the main
seepage capacity in Ps lithofacies is the largest, leading to enhanced
storage and seepage capacity. In contrast, the pore throat radius of the
main seepage capacity in Fs lithofacies is the smallest, resulting in the
worst physical properties. It is worth noting that some pore information
with larger radii could not be measured due to the pore shielding effect
of HPMI.

The T, spectrum obtained through the NMR test was converted into
pore throat radius (Fig. 11). The pore throat size distribution of the eight

0.8 -
—ao—Ps lithofacies, J32, 2941.44m
0.7 —ae—Ps lithofacies, J89, 3082.32m
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02
0.1
0

0.01 0.1 1 10
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0.0001 0.001 100 1000

Fig. 11. Pore throat size distribution of different lithofacies obtained by
NMR experiment.

samples from different lithofacies exhibits left-skewed bimodal features
and the pore throat radius distribution spans between 0.001 pm and 100
pm. The left peak of pore throat size distribution of all samples is pri-
marily dispersed within a range of less than 0.1 um, while the right peak
is distributed in the range of more than 0.1 pm, and the amplitude of the
left peak is greater than that of the right peak, implying that tiny pore
throats are extensively dispersed throughout each sample of tight
sandstone. The pore size distribution of different lithofacies shows sig-
nificant differences. The radius that corresponds to the left peak of Fs,
Ms, Cs, Sc, and Ps increases gradually, and the amplitude of the right
peak increases gradually (Fig. 11), indicating that the number of mac-
ropores and the contribution of D-interGs and MP to porosity increase
with increasing grain size. The right peak porosity segment of the Ps
sample is about 0.2%, whereas that of Ms and Fs is less than 0.05%,
indicating that the porosity of Ms and Fs lithofacies is primarily
contributed by tiny pores, and the number of large pores is extremely
low. This is consistent with the previous analysis that there are many D-
intraGs and InterCs in Ms and Fs lithofacies. The amplitude difference
between the T, distribution of saturated water (Tys) and the Ty distri-
bution after centrifugation (Ty.) acquired by NMR can be utilized to
evaluate fluid mobility. The movable fluid saturation (Sy,ey) is equal to
the ratio of the area between the Ty and Ta. spectrum to the area
covered by Tas. Tocytoff is the threshold T, value for the existence of
movable fluid and bound fluid (Zhang et al., 2019; Qiao et al., 2020a).
The Tys and Ty spectrum of typical samples from different lithofacies are
similar (Fig. 12). The difference in amplitude between the left peak of
Tos and Ty is greater than the difference between the right peak of Tag
and Ty, suggesting that the small pore throat stores more fluid that can
move. In addition, there is a low amplitude at the larger To value in the
Ty spectrum, indicating a tiny portion of bound fluid within the larger
pores. The main reason bound fluids occur in greater pore radii is that
clay minerals adhered to the surface of these pores or throats block the
tiny throats that connect the large pores. The range of Sp,,oy and movable
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Fig. 12. The range of movable fluids of different lithofacies was

fluid porosity (Pmov) is 60.88-72.99% and 1.68-11.02%, respectively
(Table 3). The total amplitude difference of the Tys and Ty, spectrum of
typical samples of Ps, Sc, Cs, Ms, and Fs samples decreases gradually,
and the amplitude difference of the right peak becomes significantly
smaller, and the saturation of movable fluid decreases in turn (Fig. 12,
Table 3), indicating that the larger the particle size of the sample, the
greater the number of macropores, the movable fluid is easier to exist in
and possesses superior physical properties.

Table 3
Experimental parameters and fractal dimensions of different lithofacies from NMR.

evaluated by NMR saturated and centrifuged T spectrums.

4.4.2. Pore throat connectivity

3D images of the segmented pore system and pore network model of
typical samples of different lithofacies obtained by X-CT are shown in
Fig. 13, and multiple pore structure parameters derived are listed in
Table 4. The segmented pore system represented by color labels can
visually characterize the connectivity of the pore network of tight
sandstone samples. Pores of the same color labels are interconnected,
whereas pores with distinct color labels are isolated or have poor con-
nectivity. (Fig. 13a, b, ¢, d, e). The pore network model image can

Well No. Depth(m) Lithofacies NMR experimental parameter

Fractal dimensions of short and long T, time

TacuoffMS)  Sboul%)  Smov(%)  Pmou(%)  Ppou(®%) Ky D, R? K Dy R’
J32 1 2941.44 Ps 1.12 29.10 70.90 11.02 4.53 2.8577 0.1423 0.9098 0.0721 2.9279 0.6250
J89 2 3082.32 Ps 2.86 27.01 72.99 10.61 3.93 2.8682 0.1318 0.8734 0.1073 2.8927 0.6479
J32 3 2943.07 Sc 1.24 31.42 68.58 6.46 2.96 2.4681 0.5319 0.9165 0.0687 2.9313 0.6318
J90 4 2985.98 Cs 0.81 36.68 63.32 5.95 3.44 2.4390 0.5610 0.8796 0.0722 2.9278 0.6707
J7 5 2838.64 Ms 1.07 37.22 62.78 2.21 1.31 2.4933 0.5067 0.9046 0.0648 2.9352 0.7454
J21 6 2875.03 Ms 0.27 35.03 64.97 3.27 1.77 2.3147 0.6853 0.8498 0.0196 2.9804 0.6423
Jo1 7 2979.38 Fs 0.41 39.12 60.88 3.26 2.10 2.2283 0.7717 0.8505 0.0289 2.9711 0.6566
Jo3 8 3037.82 Fs 0.31 38.95 61.05 1.68 1.08 2.0114 0.9886 0.8491 0.0186 2.9814 0.7412

Notes: Tacutofr-the cutoff value of T, distribution, Spo,-bound fluid saturation, Sy,ey-movable fluid saturation, @mey-movable fluid porosity, @pou-bound fluid porosity, Ds-
fractal dimensions of the small pore, Dj-fractal dimensions of the large pore, R%-correlation coefficient, K-the slope of the fractal curve.
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Fig. 13. The 3D images of separated pore systems and pore network modeling (PNM) of various lithofacies from Micro-CT scanning (Pores of the same color in the
adjacent area of the separated pore systems represent connected pores. The red balls and yellow sticks in PNM represent pores and throats of distinct sizes obtained
using the maximum spherical algorithm, respectively). (a), (b), (c), (d), and (e) are the separated pore systems of typical samples of Ps lithofacies (J32, 2941.44 m),
Sc lithofacies (J32, 2943.07 m), Cs lithofacies (J90, 2985.98 m), Ms lithofacies (J7, 2838.64 m) and Fs lithofacies (J93, 3037.82 m), respectively. (f), (), (h), (i), and
(j) are the PNM of typical samples of Ps lithofacies (J32, 2941.44 m), Sc lithofacies (J32, 2943.07 m), Cs lithofacies (J90, 2985.98 m), Ms lithofacies (J7, 2838.64 m)
and Fs lithofacies (J93, 3037.82 m), respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

Table 4
Pore structure parameters of different lithofacies based on the X-CT test.

Well No. Depth Lithofacies ~ Average pore Average pore Average Average pore Average throat Average Average throat

(m) volume/pm?® surface area/pm?®  coordination radius/pm surface area/ throat radius/ length/pm
number pm? pm

J32 1 2941.44  Ps 50700.21 22,854.03 1.45 15.23 173.42 3.38 386.13

J32 3 2943.07 Sc 20,345.7 7615.87 1.25 13.33 95.06 2.71 224.89

Jo0 4 2985.98  Cs 20,272 8957.74 1.24 10.44 35.91 2.64 184.38

J7 5 2838.64  Ms 17,022.2 8001.89 1.04 9.92 25.76 2.13 91.4

Jo3 8 3037.82  Fs 5163.75 2593.57 1.03 9.2 13.15 1.78 50.17

directly observe the size and configuration relationship of pores and
throats. The red spheres and yellow cylinders in this image represent
pores and throats of different sizes, respectively (Fig. 13 f, g, h, i, j).
Typical samples of different lithofacies of tight sandstone in the research
area have noticeable variances in pore throat size and spatial assem-
blages (Fig. 13, Table 4). The volume of pore space covered by each
single color label in typical samples of Ps, Sc, and Cs lithofacies is large.
However, multiple color labels in Ms and Fs lithofacies images appear
interactively, and the pore space volume covered by the single color
label is small, which indicates Cs lithofacies have better pore throat
connectivity. The average coordination number of typical samples of Ps,
Sc, Cs, Ms, and Fs lithofacies is 1.45, 1.25, 1.24, 1.04, and 1.03,
respectively, and the average throat radius and length decrease suc-
cessively (Table 4), implying that the pore throat connectivity degrades
with the decrease of sample grain size. The red spheres and yellow
cylinders in the pore network model of the Ms and Fs sample have
smaller volumes and fewer yellow cylinders (Fig. 13i and j), with poor
pore throat connectivity, which is consistent with the CTS and SEM
findings that there are more D-intraGs, InterCs and tube bundle throats
in Ms and Fs lithofacies. Ps, Sc, and Cs lithofacies contain more com-
posite pores composed of D-interGs, MP, and R-interGs, so the volume of
red spheres and yellow cylinders in the pore network model image is
larger, and there are more yellow cylinders connected by single red
spheres (Fig. 13 f, g, h), with good pore throat connectivity. The Ps
lithofacies have the largest pore throat radius and the best connectivity.
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4.5. Fractal characteristics

NMR experiments can identify pores at all scales without damaging
samples (Zhang et al., 2019; Guo et al., 2019; Wu et al., 2019; Qiao et al.,
2020a). Hence, based on NMR data, the fractal characteristics of the
pore structure of sandstone samples from the Lower Shihezi Formation
were analyzed in detail. The relationship between 1g(S,) and 1g(T5) of
representative samples of different lithofacies is shown in Fig. 14. The
fractal curve is divisible into two parts, and the fractal inflection point is
Tocutof, implying that the pores of tight sandstone reservoirs have
bi-fractal characteristics. The orange curve on the right corresponds to a
larger Ty value and represents large pores, such as D-interGs, MP, and
R-interGs, which typically store movable fluids. The blue curve on the
left corresponds to a shorter Ty time, representing tiny pores, such as
D-intraGs and InterCs, whose stored fluid is bound and cannot be pro-
duced. By fitting the slopes of the two lines on the left and the right,
respectively, the fractal dimension Dg of the small pore and Dj of the
large pore can be derived (Fig. 14, Table 3). Generally, pore heteroge-
neity enhances with the increase of fractal dimension (Li, 2010; Qu
et al., 2020). The range of D is 0.1318-0.9886, which does not fall
within the theoretical range of pore fractal dimension (2 < D < 3)
(Zheng and Yu, 2012), but the value of Dy can still be used to evaluate
the pore heterogeneity (Li, 2010). The range of Dj is 2.8927-2.9814,
with an average of 2.9435, indicating that macropores follow the fractal
principle, and all samples have strong heterogeneity of macropores. The
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Fig. 14. Fractal curves of typical samples of different lithofacies calculated based on NMR Ts.

average Dg and D of Ps, Sc, Cs, Ms, and Fs lithofacies grow gradually

5. Discussion

(Table 3), implying that the pore heterogeneity of Fs lithofacies domi-

nated by the left-skewed bimodal T distribution is the strongest. In
addition, D) is greater than Dy in all samples, as the morphology and size

5.1. Correlation between

heterogeneity of D-interGs and R-interGs corresponding to long T5 time

is more pronounced than that of D-intraGs and InterCs corresponding to

short T, time.

Physical properties c

fractal dimension, physical properties, and

microstructural parameters

orrelate with the fractal dimension of pores in

tight sandstone reservoirs (Katz and Thompson, 1985; Broseta et al.,
2001; Guo et al., 2019; Zhu et al., 2018; Nie et al., 2021). Both porosity
and permeability decrease as fractal dimension Dg and D; grow, and the
corresponding correlation coefficients are 0.7885, 0.6074, 0.6481, and
0.7708, respectively (Fig. 15). The correlation coefficient between
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porosity and Dy is higher than that between porosity and D) (Fig. 15a and
b), showing that the porosity tends to decrease as the pore heterogeneity
intensifies. This is primarily because of the more significant the pore
heterogeneity, the larger the pore specific surface area, and the smaller
the contribution to porosity. The correlation coefficient between
permeability and Dj is higher than that between it and Dg (Fig. 15c and
d), suggesting that the decrease in permeability is more noticeable as the
variability of large pores increases, that is to say, the larger the contri-
bution of large pores to permeability, which is consistent with the pre-
vious understanding that permeability of tight sandstone samples is
primarily contributed by large pores based on HPMI results analysis
(Fig. 10). The Dj of pebbly coarse-grained sandstone sample No. 1 is
2.9279 (Table 3), with a small fractal dimension, contains more
D-interGs and R-interGs (Fig. 8a). The average pore radius is large, and
the pore size and morphology are more homogeneous, so it has higher
porosity and permeability.

The relationship between fractal dimension and Py, Ps, ra, and Spax
derived by HPMI is depicted in Fig. 16. The fractal dimensions Ds and D
are positively correlated with P4 and Psg, showing that pore heteroge-
neity increases with the rise of Pq and Ps. The fractal dimensions Ds and
D) are negatively correlated with ry and Spax, indicating that the size and
morphology of pores become more homogeneous with the increase of r,
and Sp.x. Furthermore, the correlation coefficients between fractal di-
mensions Ds and Py, Psg, 1y, and Spax are greater than those between
dimensions D and Pg, Psg, ra, and Spax. This is because HPMI mostly
measures pores less than 1 pm, which mainly reflects the distribution
characteristics of pore throats with smaller radii.

The fractal dimension was negatively correlated with the average
pore volume, average pore radius, average throat radius, and average
coordination number obtained by X-CT (Fig. 16e-h). The correlation
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coefficients of fractal dimensions.

Ds and Dj with the average throat radius are larger than their cor-
relation coefficients with the average pore radius (Fig. 16f and g), which
indicates that with the increase in throat radius, the number of tiny
throats connecting large pores decreases, and the fractal dimension is
easier to decrease. The size and morphology of pore throats in tight
sandstone samples are more homogeneous, and the physical properties
are better. For example, the average throat radius of pebbled coarse-
grained sandstone sample No.1 is greater than that of sandy conglom-
erate sample No.3, and the fractal dimension is smaller (Table 3,
Table 4).

5.2. The controlling effect of diagenesis on pore structure heterogeneity

The pore types of the Lower Shihezi formation are predominately
secondary dissolved pores, the proportion of primary pores is minimal,
and the complexity of pore size and distribution is high, indicating that
diagenesis is the main cause governing the heterogeneity of pore
structure. A detailed analysis of the effects of diagenesis type and in-
tensity on the variability of pore structure is helpful to the prediction of
high-quality tight sandstone gas reservoirs.

5.2.1. Compaction

Compaction can directly alter the pore structure characteristics of
sandstone, which is a significant contributor to the loss of original
porosity in tight sandstone reservoirs (Cook et al., 2011; Higgs et al.,
2007; Wang et al., 2020c; Zhang et al., 2022). The intensity of
compaction is usually influenced by the mineral composition, burial
depth, temperature, and stress conditions of reservoirs (Schmoker and
Gautier, 1988; Pittman and Larese, 1991; Fawad et al., 2011). The
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buried depth of the target layer in the study region is more than 3000 m,
which is a deeply buried reservoir. Mica and plastic debris particles
exhibit extreme deformation (Fig. 8b). The contact mode of debris
particles is point-line or concave-convex contact, and there are many
IntraFs in quartz particles (Fig. 8 a-g), which shows that strong
compaction causes the breakage of rigid particles and the distortion of
plastic particles. Cross plots of intergranular pore volume (IGV) and
cement content can be used to quantify porosity loss due to cementation
and compaction (Fig. 17). In the majority of samples, the porosity
reduction owing to compaction is higher than 50%, and it is greater than
the porosity reduction owing to cementation. It is further indicated that
strong compaction is the key factor in the loss of original porosity and
the narrowing of the pore throat in the Lower Shihezi formation
sandstone.

Although compaction resulted in a significant reduction of primary
pores, the porosity reduction rates of different samples showed certain
differences (Fig. 17). Primary intergranular pore volume and quartz
content exhibit a strong correlation (Fig. 18a). The volume of retained
primary intergranular pore increases as the quartz content increases,
indicating that quartz resists compaction to a certain extent. In addition,
the r, and Sy, improve with increasing quartz content (Fig. 18b and c),
whereas the fractal dimension decreases (Fig. 18d). This is because
quartz not only resists compaction, but also the intragranular fractures
formed by quartz fracture can improve physical properties, and samples
with high quartz content retain more primary pores, which can provide
migration channels for diagenetic fluids, hence promoting dissolution.
As a result, a pore network composed of R-interGs, D-interGs, and MP is
formed, and the pore structure becomes more homogeneous.

5.2.2. Cementation

5.2.2.1. Calcite cements. Calcite is an important type of carbonate
cement in the reservoirs of the Lower Shihezi formation, including
calcite formed in the eogenetic stage and ferrocalcite formed in the
mesogenetic stage, among which the content of the eogenetic calcite is
the most abundant. Calcite is orange under cathodoluminescence (CL)
conditions (Fig. 19a), and the eogenetic calcite fills the primary pores
(Fig. 19d), blocking the pores and throats, resulting in poor reservoir
physical properties. However, early diagenetic calcite can also provide
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Fig. 17. The plot of the impacts of compaction and cementation on the porosity
losses of the Lower Shihezi formation tight sandstone samples (diagram after
Ehrenberg, 1989).
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the material basis for dissolution and form dissolution pores. Compac-
tion of the adjacent mudstone can expel alkaline fluids rich in Ca?* and
facilitate calcite cementation (El-ghali et al., 2006; Dutton, 2008; Taylor
and Machent, 2011; Gao et al., 2022; Yang et al., 2022). These cements
can effectively inhibit compaction to a certain extent, keep the rock
particles in point-line contact, and preserve the original porosity in the
middle of some sand bodies. During the middle diagenetic period, some
igneous debris dissolution provided abundant Fe?", and the early calcite
cement and some debris dissolution generated abundant Ca®", thus
forming ferrocalcite (Fig. 19b), which was difficult to dissolve in an
acidic fluid environment, resulting in extremely destructive to the pore
structure. Average pore throat radius, fractal dimension, and porosity all
have a weakly negative correlation with calcite content (Fig. 20a, b, ¢), a
moderate to weak negative correlation between calcite content and
permeability (Fig. 20d), and the correlation coefficient between calcite
content and permeability is significantly greater than that between
calcite content and porosity. This suggests that calcite generally has a
negative influence on pore structure. The average pore throat radius
decreases, connectivity worsens, and heterogeneity is enhanced as the
calcite content increases. Moreover, Fig. 19a, b, and d indicate that
calcite filling pore space is easy to block the throat, resulting in some
pores becoming isolated pores, while throat radius and pore throat
connectivity are the key factors determining the permeability of rock
samples. Therefore, with the increase of calcite content, the decrease in
permeability is more evident than that of porosity and pore throat
radius.

5.2.2.2. Clay minerals cements. Previous research has revealed that the
effect of clay minerals on pore structure is quite complex, and different
types and contents of clay minerals have diverse impacts on pore
structure (Spencer, 1989; Higgs et al., 2007; Liu et al., 2018; Mahmic
et al., 2018). Grain-coating chlorite content within a certain range can
inhibit compaction and play a positive role in the pore structure. Filling
pores with large amounts of clay minerals reduces pore space and blocks
throats, thereby damaging reservoir porosity and permeability
(Bjgrlykke, 2014; Qiao et al., 2020b; Wang et al., 2020c). The clay
minerals of the target layer are mainly kaolinite and illite. The principal
source of kaolinite is the recrystallization of SiO3 and AI** formed by
feldspar dissolution under the action of the acidic fluid (Dixon et al.,
1989; Wilkinson et al., 1997; Worden and Morad, 2003). The CTS image
clearly shows that the secondary dissolution pores created by feldspar
dissolution are filled with kaolinite (Fig. 19¢). Kaolinite glows indigo
blue under CL (Fig. 19a), and SEM images show that kaolinite is a
booklet or worm-shaped filling pores or dispersed on particle surfaces
(Fig. 19e and f). The content of feldspar in the target layer reservoir is
very low, because it is a coal-bearing formation, and a considerable
number of organic acids generated in the beneath source rocks during
hydrocarbon generation are conducive to the dissolution of feldspar,
thus forming a large amount of kaolinite. Illite and illite/smectite mixed
layers are filamentous or scaly (Fig. 19g and h), and are predominantly
dispersed on the surface of dissolved particles. When the potassium ions
generated by the complete dissolution of potash feldspar cannot be
efficiently transported and discharged, the feldspar dissolution products
tend to form illite (Meadows and Beach, 1993; Yu et al., 2019). The
distribution of rose-shaped (Fig. 19h) or lining-shaped (Fig. 19i) chlorite
on the surface of particles or in the pores has a damaging effect on the
pore structure.

A significantly adverse association exists between total clay mineral
content and pore throat parameters (Fig. 21 a, b, e, f, g), demonstrating
that as total clay mineral content increases, the average pore throat
radius, pore space volume, and Spo, decrease dramatically. This is
because the reservoirs of the Lower Shihezi formation are braided river
deposits with near provenance, clay minerals are the primary compo-
nent of cement, and the average total clay mineral content of eight tight
sandstone samples is 17.7% (Table 1). The contribution of InterCs to the
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and physical properties (c, porosity; d, permeability).

pore space is very small, and a large amount of clay mineral cement fills
the primary pores and secondary dissolution pores, causing smaller pore
throat radius and poor connectivity, and some pores and throats are
entirely blocked. The correlation coefficient of the total clay mineral

15

content with the Dy is higher than that with the D; (Fig. 21c and d),
which shows that the heterogeneity of pores is more likely to become
stronger as the total content of clay minerals rises. Because of the small
pore radius of InterCs or D-intraGs, when more clay minerals interlace
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Fig. 21. Plots of the effects of total clay minerals content on microstructure parameters (a and b are the average pore throat radius and maximum mercury saturation
respectively from HPMI; c, d, and e are the fractal dimension of the large pore, the small pore, and the movable fluid saturation from NMR, respectively; f and g are
the average throat radius and average coordination number respectively from X-CT) and physical properties (h, porosity; i, permeability) in different lithofacies; Plots
of the effects of single clay mineral content (j, kaolinite; k, chlorite; 1, illite) on average pore throat radius from HPMI in different lithofacies.

and distribute in these pores, the shape and distribution of the pore are
more complex, and the effective micropore pore space shrinks. Clay
minerals are highly damaging to pore structure, which leads to a decline
in reservoir physical properties (Fig. 21 h, i). Moreover, as the particle
size becomes finer, the overall clay mineral content increases, and the
physical property degrades. Fs and Ms lithofacies have the smallest
average pore throat radius and the worst physical property. The cross
plots of kaolinite, chlorite, illite and average pore throat radius (Fig. 21j,
k, 1) show that illite has the best negative correlation with average pore
throat radius, indicating that filamentous illite has the most destructive
effect on pore throat size and connectivity. The effect of clay minerals on
pore structure also depends on the type of clay minerals.

5.2.3. Dissolution

The dissolved pores are the primary storage and seepage space of the
Lower Shihezi formation. According to CTS results, the average surface
porosity of secondary dissolution pores is 1.74%, contributing to 80% of
the total surface porosity. The dissolution of unstable components in the
clastic particles of tight sandstone results in a large number of D-interGs
and D-intraGs (Fig. 8 a, b, ¢). When the particles are completely dis-
solved by strong dissolution, MP can be formed (Fig. 8c). D-interGs and
MP account for 68% of the total surface porosity. These unstable com-
ponents (such as feldspar and debris) provide an abundant material base
for dissolution. Previous studies have found that dissolution requires
adequate fluid-rock interaction and efficient fluid transport pathways
(Barth and Bjgrlykke, 1993; Schmid et al., 2004; Zheng and Ying, 1997;
Lietal., 2016, 2021; Zhang et al., 2018; Fan et al., 2019). The coal seams
and dark mudstones of the Shanxi and Taiyuan formations, adjacent to
the reservoirs of the Lower Shihezi formation, are high-quality source
rocks. A large number of organic acids generated by the thermal evo-
lution of organic materials can migrate to the sandstone reservoirs of the
Lower Shihezi formation through fractures, unconformity surfaces, and
pore systems, providing abundant acidic fluids. The dissolution intensity
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was effectively increased (Surdam et al., 1989; Bai et al., 2020; Li et al.,
2020b). The extremely low content of feldspar and a large amount of
authigenic kaolinite in the reservoir also indicates that the reservoir has
experienced strong dissolution. The pore network composed of
R-interGs in the sandstone reservoir of the Lower Shihezi formation
provides a pathway for the interaction between acidic fluid and unstable
clastic particles and enables the dissolution products to be transported
away from the dissolution site, forming composite pores composed of
R-interGs and dissolution pores (Fig. 8b), thereby expanding the reser-
voir pore space.

The highly positive correlation between dissolution surface porosity
and average pore throat radius (Fig. 22a), movable fluid saturation
(Fig. 22b), and reservoir physical properties (Fig. 22c and d) indicates
that dissolution has a significant effect on reservoir pore space and
physical properties. With the increase of dissolution surface porosity, the
average pore throat radius increases, porosity increases significantly, the
effective pore space for fluid seepage increases, and permeability im-
proves dramatically. The dissolution surface porosity of various lith-
ofacies shows a noticeable difference (Fig. 22). The coarser the
lithofacies, the greater the dissolution surface porosity, which is due to a
large number of R-interGs in the coarser lithofacies, which is conducive
to the migration of acidic fluid, and thus the formation of more com-
posite pores composed of R-interGs and dissolution pores, such as pebbly
coarse-grained sandstone samples (Fig. 8a). However, after compaction
and cementation, the samples with fine grain size almost have no pri-
mary pores, and the acidic fluid cannot fully interact with the rock
particles and migrate effectively, thus forming more D-intraGs. More-
over, the dissolution products cannot be effectively discharged, and the
cement is formed at the edges of the dissolution particles, such as in the
fine-grained sandstone samples (Fig. 8a; Fig. 19g). The isolated and
poorly connected D-intraGs almost do not contribute to the reservoir’s
effective storage space and seepage capacity, whereas D-interGs and MP
effectively increase the pore throat radius and improve the connectivity,
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movable fluid saturation from NMR) and physical properties (c, porosity; d, permeability) in samples with different lithofacies.

thereby significantly the reservoir’s

permeability.

increasing porosity and

5.3. Implications for high-quality reservoir prediction of tight sandstone

The sand bodies of the Lower Shihezi formation are widely distrib-
uted in the study area, and the high-quality reservoirs with relatively
high porosity and high permeability are less distributed and difficult to
predict, while the high-quality reservoirs are the focus of tight sandstone
gas development (Taylor et al., 2010; Yu et al., 2019). The diagenesis of
tight sandstone samples with diverse lithofacies of the Lower Shihezi
formation is highly complex, resulting in differences in pore structure
and physical properties. High-quality reservoirs are primarily distrib-
uted in Ps and Sc lithofacies with high quartz content, which have un-
dergone relatively weak compaction, strong dissolution, and weak
cementation (Fig. 23). They have a large proportion of R-interGs,
D-interGs, MP, and movable fluid, which makes it simple to form a
homogeneous pore network with a large pore radius and good inter-
connection, thus forming high-quality reservoirs. Cs, Ms, and Fs lith-
ofacies have experienced relatively strong compaction, weak
dissolution, and strong cementation, particularly because of the high
clay mineral content, which significantly reduces the pore radius and

Sc lithofacies Ps lithofacies

Depositional
period

Compaction with
small amount of
cements

After cementatio
and dissolution

Cs lithofacies

blocks the throat, forming a large number of D-intraGs and InterCs. This
results in poor connectivity and strong heterogeneity of pore structure,
low movable fluid saturation, poor reservoir physical properties, and an
easily formed dry layer. Therefore, pebbly coarse-grained sandstone and
sandy conglomerate reservoirs with high quartz content should be
regarded as the focus of gas field development.

6. Conclusions

The pore throat heterogeneity of distinct lithofacies of gravelly
braided river deposits in the Lower Shihezi formation, northern Ordos
Basin, has been thoroughly studied, as also the effect of diagenetic
alteration on pore throat heterogeneity. The pore throat structure,
physical properties, and diagenetic strength of various lithofacies are
significantly distinct. Fine-grained sandstone (Fs), medium-grained
sandstone (Ms), coarse-grained sandstone (Cs), sandy conglomerate
(Sc), and pebbled coarse-grained sandstone (Ps) exhibit gradually
improving physical properties. In the lithofacies with the coarser grain
size, the larger the pore throat radius, which mainly contributes to the
permeability, the larger the average throat radius and the pore throat
coordination number, the higher the movable fluid saturation. More-
over, the fractal dimensions Dj and D; of lithofacies with coarser grain

Ms lithofacies

Fs lithofacies

[ ]

Quartz

Feldspar Rigidrock Ductile rock Matrix
fragments fragments

Mica Pore and

throat space

Calcite Clay minerals

Fig. 23. Evolution model of the pore structure of different lithofacies in the Lower Shihezi formation reservoir.
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sizes are smaller, indicating that the pore throat structure is more ho-
mogeneous. Strong compaction and cementation of calcite and clay
minerals are the main factors leading to the reservoir quality degrada-
tion of the Lower Shihezi formation. Secondary dissolution pores ac-
count for 80% of the average total surface porosity, particularly D-
InterGs and MP, which effectively improve the reservoir quality. The Ps
and Sc lithofacies have undergone relatively weak compaction and
strong dissolution, possess more R-interGs, D-interGs, and MP, and
contain fewer clay minerals, so they have the greatest reservoir quality.
The Fs reservoir is characterized by strong compaction, low primary
pore content, and high clay mineral content. It is difficult for acidic fluid
to enter the narrow pore space, and it is easy to form D-intraGs and
InterCs. So, the Fs reservoir has poor pore throat connectivity, strong
heterogeneity, and the worst reservoir quality. Although early calcite
cement can resist compaction and provide a material basis for dissolu-
tion, overall calcite content has a negative effect on reservoir quality.
Filamentous illite in clay minerals obstructs the throat and causes the
most substantial damage to pore throat size and connectivity. Because Ps
and Sc lithofacies have undergone relatively weak compaction, strong
dissolution, and weak cementation, they are considered high-quality
reservoirs in the Lower Shihezi formation. The formation mechanism
of different types of clay minerals in various lithofacies of coarse-grained
tight sandstone reservoirs and their influence on reservoir quality need
further study.
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