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a b s t r a c t

In this study, an integrated approach for diagenetic facies classification, reservoir quality analysis and
quantitative wireline log prediction of tight gas sandstones (TGSs) is introduced utilizing a combination
of fit-for-purpose complementary testing and machine learning techniques. The integrated approach is
specialized for the middle Permian Shihezi Formation TGSs in the northeastern Ordos Basin, where
operators often face significant drilling uncertainty and increased exploration risks due to low porosities
and micro-Darcy range permeabilities. In this study, detrital compositions and diagenetic minerals and
their pore type assemblages were analyzed using optical light microscopy, cathodoluminescence, stan-
dard scanning electron microscopy, and X-ray diffraction. Different types of diagenetic facies were
delineated on this basis to capture the characteristic rock properties of the TGSs in the target formation.
A combination of He porosity and permeability measurements, mercury intrusion capillary pressure and
nuclear magnetic resonance data was used to analyze the mechanism of heterogeneous TGS reservoirs.
We found that the type, size and proportion of pores considerably varied between diagenetic facies due
to differences in the initial depositional attributes and subsequent diagenetic alterations; these differ-
ences affected the size, distribution and connectivity of the pore network and varied the reservoir
quality. Five types of diagenetic facies were classified: (i) grain-coating facies, which have minimal
ductile grains, chlorite coatings that inhibit quartz overgrowths, large intergranular pores that dominate
the pore network, the best pore structure and the greatest reservoir quality; (ii) quartz-cemented facies,
which exhibit strong quartz overgrowths, intergranular porosity and a pore size decrease, resulting in the
deterioration of the pore structure and reservoir quality; (iii) mixed-cemented facies, in which the
cementation of various authigenic minerals increases the micropores, resulting in a poor pore structure
and reservoir quality; (iv) carbonate-cemented facies and (v) tightly compacted facies, in which the
intergranular pores are filled with carbonate cement and ductile grains; thus, the pore network mainly
consists of micropores with small pore throat sizes, and the pore structure and reservoir quality are the
worst. The grain-coating facies with the best reservoir properties are more likely to have high gas
productivity and are the primary targets for exploration and development. The diagenetic facies were
then translated into wireline log expressions (conventional and NMR logging). Finally, a wireline log
quantitative prediction model of TGSs using convolutional neural network machine learning algorithms
was established to successfully classify the different diagenetic facies.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Tight gas sandstones (TGSs) are valuable resources worldwide.
TGSs are found in reservoirs with permeabilities in themicro-Darcy
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range and low porosities and have large gas reserves and future
production potential (Khlaifat et al., 2011; Desbois et al., 2011; Zou
et al., 2013). Many TGS-containing basins throughout the world are
already in the exploration or production stages (Law and Curtis,
2002; Shanley et al., 2004; Rushing et al., 2008; Ma et al., 2016)
and play a significant part in the global energy pyramid. Precise TGS
reservoir quality knowledge and forecasting help researchers
identify better zones of production (sweet spots) where commer-
cial value can be obtained, thereby reducing exploration risk and
making it possible to predict well production and evaluate volu-
metric reserves (Hood and Yurewicz, 2008; Xiao et al., 2017; Wang
et al., 2023a, 2023b).

The Linxing field is a new TGS field located in the northeastern
Ordos Basin (Mi and Zhu, 2021; Wang et al., 2023c). The middle
Permian Shihezi Formation is one of the most important TGS res-
ervoirs in the Linxing field (Gao et al., 2019; Mi and Zhu, 2021).
Before uplift, the maximum paleoburial depth of the Shihezi For-
mation in the study area reached 2500�2800 m (Shu et al., 2019;
Guo et al., 2021). Deep burial resulted in the TGSs of the Shihezi
Formation undergoing high degrees of diagenetic alteration and
having low porosities and micro-Darcy-range permeabilities (Qi
et al., 2020; Shu et al., 2021; Guo et al., 2021, Wang et al., 2023d).
Previous studies have analyzed how the depositional environment
controls the reservoir quality of TGSs in the Shihezi Formation and
have indicated that high-quality reservoirs usually formed in
deltaic distributaries (Liu et al., 2018; Liu et al., 2018). Typically,
reservoir quality heterogeneity in TGSs is often linked to initial
sedimentary characteristics and subsequent diagenetic alterations
(Sadhukhan et al., 2007; Rushing et al., 2008; Morad et al., 2010;
Nabawy and G�eraud, 2015; Lai et al., 2018a; Qiao et al., 2020; Wang
et al., 2023b). The original rock characteristics present during
deposition were quite different from the current characteristics if
the reservoir rock has undergone extensive diagenesis (Rushing
et al., 2008; Morad et al., 2010; Li et al., 2021). Therefore, despite
the progress made in research on TGS reservoirs in the Shihezi
Formation, effective TGS exploitation still requires a comprehensive
reservoir characterization program because it is likely useless and
inefficient if the depositional environment and the accompanying
depositional rock types (in isolation) are used as guides.

The initial pore space is determined by the sedimentary
composition and textural parameters of the sandstone (Morad
et al., 2010; Ajdukiewicz and Lander, 2010). Pore structures are
significantly reshaped by different types and degrees of diagenesis
(Sadhukhan et al., 2007; Nabawy and G�eraud, 2015; Lai et al.,
2018a; Qiao et al., 2020). One method for analyzing reservoir het-
erogeneity is rock typing, which involves examining, describing,
and interpreting the sedimentary and petrophysical features of
various kinds of rocks (Rushing et al., 2008;Ma et al., 2016; Lai et al.,
2018a). The main rock typing methods include deposit facies clas-
sification, electrofacies classification, hydraulic flow unit classifi-
cation, and diagenetic facies classification (Rahimpour-Bonab et al.,
2012; Kadkhodaie-Ilkhchi and Rezaee, 2013; Lai et al., 2018a;
Mehrabi et al., 2019a, 2019b; Bahrehvar et al., 2021; Mehrabi and
Bagherpour, 2022; Foroshani et al., 2023). The diagenetic facies
method is a rock typing method that was developed specifically for
tight sandstones that incorporates the outcomes of depositional
and diagenetic processes and provides thorough descriptions of the
extent of diagenetic alterations and types of diagenetic minerals
(Zou et al., 2008; Lai et al., 2018b). Previous studies have demon-
strated that diagenetic facies can be used to analyze the reservoir
quality heterogeneities of TGSs and to make reasonable predictions
of the distribution of reservoirs in the subsurface (Liu et al., 2015;
Lai et al., 2018b, 2019, 2020; Cao et al., 2021).

Since wireline logs are less costly to acquire than cores,
advanced knowledge of the reservoir quality of TGSs by wireline
2947
logs is critical for the commercial production of low-permeability
and heterogeneous TGS reservoirs. It is challenging to properly
distinguish between TGS reservoirs using wireline cross-plots or
cutoff approaches because of the complex and heterogeneous
petrophysical properties of TGS reservoirs (Ma et al., 2016). Many
machine learning-based techniques that to improve the efficiency
and accuracy of petrophysical classification have recently been
developed (AversAnA et al., 2019; Antariksa et al., 2022; Kim, 2022).
The major goal of these techniques is to identify mathematical or
geographical correlations between petrophysical implications and
wireline data by allowing computers to quickly execute iterative
computations with extremely complicated equations (Misra et al.,
2019; Kim, 2022). TGS fields require the analysis of a large
amount of well data due to complex geological conditions, and a
data-driven machine learning-based approach can be used to
establish or update field development plans in a timely manner.
Another advantage of introducing machine learning techniques is
that they can be used to prevent, to some extent, the uncertainty
associated with bias or accidental errors in manual logging inter-
pretation (Ma and Gomez, 2015; Al Khalifah et al., 2020).

In this study, optical light microscopy, cathodoluminescence
(CL), standard scanning electron microscopy (SEM), whole-rock X-
ray diffraction (XRD), porosity and permeability measurements,
mercury intrusion capillary pressure (MICP) measurements, nu-
clear magnetic resonance (NMR) measurements, and rock me-
chanics tests were used to classify the diagenetic facies of the
Shihezi Formation TGSs, and detailed characterization of their
reservoir quality was then conducted. Subsequently, the response
characteristics of the diagenetic facies and wireline logs (conven-
tional logging and NMR logging) were summarized, and a quanti-
tative wireline log prediction model for diagenetic facies based on a
convolutional neural network (CNN) machine learning algorithm
was constructed. The objectives of this study are to provide a sys-
tematic scheme to evaluate and predict the reservoir quality of
TGSs in the study area and similar regions.

2. Geological background

The Ordos Basin is located in thewestern part of the North China
Block and is a typical polycyclic cratonic basin (Fig. 1) (Yang et al.,
2005; Liu et al., 2016; Sun and Dong, 2019). The Ordos Basin is
divided into six secondary tectonic units: the Yimeng Uplift, the
Weibei Uplift, the Jinxi Fault-Fold Belt, the Yishan Slope, the Tian-
huan Depression, and the Western Thrust Belt (Fig. 1) (Xiao et al.,
2005; Hanson et al., 2007). The Linxing area is located in the Jinxi
Fault-Fold Belt on the northeastern margin of the Ordos Basin
(Fig. 1).

During the deposition of the middle Permian Shihezi Formation,
braided river delta environments were present in the study area
(Mi and Zhu, 2021). Themiddle Permian strata consist of gray-black
to white, relatively massive, fine-to coarse-grained sandstone, mi-
nor thin siltstone, andmudstonewith thicknesses of approximately
400 m (Fig. 1). The primary TGS reservoir in the study region is
composed of distributary and natural levee sandstones (Fig. 2).

3. Data and methods

3.1. Imaging methods

In this study, optical light microscopy, CL, and SEMwere used to
image the samples. Entire thin sections were examined in two di-
mensions under plane-polarized light to determine themineralogy,
texture, and pore system of the samples. CL clearly revealed various
diagenetic minerals, such as quartz cement, calcite cement, and
kaolinite. High-resolution images of diagenetic minerals with



Fig. 1. Tectonic units of the Ordos Basin and the stratigraphy of the middle Permian
Shihezi Formation in the Linxing field. Sun and Dong's (2019) map of China has been
modified. I: Central Asian Orogenic Belt; II: Central China Orogenic Belt; III: Himalayan
Orogenic Belt. TB: Tarim Block; NCB: North China Block; SCB: South China Block.
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different structural habits were obtained via SEM, and the pore
system associated with authigenic clay minerals was detected. All
thin sections were examined using a Zeiss Axioscope and a Leica
DM4P microscope. For CL analysis, an AxioImager A2m cath-
odoluminescence microscope was used. A Zeiss Crossbeam 550
focused ion beam scanning electron microscope with a test envi-
ronment of 10% humidity and 23 �C was used for SEM analysis.

P25 and P75 are the particle sizes (mm) that correspond to 25%
and 75% on the grain size cumulative frequency curve, respectively
(Eq. (1)). The Trask sorting coefficient (S0) was used to compute the
original porosity (OP) at the time of deposition (Eq. (2)) (Beard and
Weyl, 1973). The intergranular volume (IGV) is the total volume of
the main porosity, pore-filling cement (CEM), and matrix material
(Ehrenberg, 1989). Following known norms (Eqs. (3) and (4)), point
count data were utilized to compute the IGV, compaction porosity
loss (COPL), and cemented porosity loss (CEPL).
Fig. 2. The locations of the investigated wells as well a
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S0 ¼ P25=P75 (1)

OP¼20:91þ 22:9=S0 (2)

COPL¼OP � ð100�IGVÞ � ðOP � IGVÞ
100� IGV

(3)

CEPL¼ðOP � COPLÞ � CEM
IGV

(4)

3.2. Whole-rock XRD analysis

Whole-rock XRD analysis was successful in identifying the
contents of quartz, feldspar, carbonate, and clay minerals. All
samples were examined using a D/max-2600 X-ray diffraction in-
strument at 40% humidity and 25 �C.

3.3. Porosimetry and permeability

Gas expansion (He porosimetry) was employed to measure the
rock porosity and permeability. Porosimetry and permeability were
measured using a U1tra-Porotm 300 porosimeter and FCG-
059VINCI permeability tester, respectively. The ambient tempera-
ture during the test was 25 �C, and the atmospheric pressures were
102.4e103.2 kPa.

3.4. MICP experiments

MICP is an approach that is typically used for assessing pore
properties, notably the distribution of pore throat sizes in porous
media. The MICP data are also indicative of various pore space
features. The MICP instrument used to analyze all the samples in
this study was an Autopore IV 9500 mercury porosimeter. Samples
with a diameter of 2.5 cm under vacuum conditions were tested on
an Autopore IV 9500 mercury porosimeter at an ambient temper-
ature of 15 �C.

3.5. NMR experiments

NMR is a sophisticated, nondestructive, and quantitative tool for
s their sedimentological and gamma-ray (GR) logs.
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examining the pore structure (Zhang et al., 2018; Li et al., 2019). The
T2 relaxation time (initial and cumulative) distributions of the core
plug samples were analyzed after 100% brine saturated centrifu-
gation. The amplitude of the T2 spectrum (Y-axis) is directly
correlated with the sample porosity, and the T2 time (X-axis) is
proportional to the pore size. The T2 spectrum was transformed
into the pore throat size using MICP data, following a methodology
meticulously delineated in prior studies by Xiao et al. (2016) and
Huang et al. (2018). To determine the bound water status, core
samples with a diameter of 2.5 cm were centrifuged after being
completely saturated with brine. At 25 �C, a MesoMR23-040H-1
low-field nuclear magnetic resonance analyzer was used to deter-
mine the NMR T2 relaxation time for brine-saturated, centrifuged
core plugs.
3.6. Wireline log data

Conventional wireline logs; natural gamma ray (GR) logs; three
porosity logs, namely, acoustic transit time (AC), bulk density (DEN)
and compensated neutron log (CNL) logs; and resistivity logs (RT),
which are susceptible to variations in the diagenetic type and in-
tensity, were used (Liu et al., 2015; Cui et al., 2017; Lai et al., 2018b,
2019, 2020). The unimodal and bimodal T2 distributions from NMR
logging revealed the pore structure, indicating the pore connec-
tivity and formation heterogeneity (Solanet et al., 1998; Jacobsen
et al., 2006; Freedman, 2006). The correlation of wireline log data
with core analytical data allows for diagenetic facies prediction.
Combining traditional wireline logging with NMR logging enables
the various diagenetic facies to be precisely identified and provides
reservoir quality information. All logging datawere provided by the
China United Coalbed Methane Company.
3.7. Background information of the convolutional neural network
model

Convolutional neural networks (CNNs) were used to solve ma-
chine learning algorithms for diagenetic facies classification. CNNs
have the advantages of local connectivity, weight sharing, down-
sampling and dimensionality reduction. Unlike artificial neural
networks (ANNs), which compute the entire input data simulta-
neously through a network of fully connected neurons, CNNs are
designed to process specific combinations between data elements.
In oil and gas geophysics, CNNs have been effectively used for
seismic data interpretation tasks, such as fault detection, facies
classification, and amplitude versus offset (AVO) analysis. These
tasks involve analyzing 2D or 3D seismic data arrays, where CNNs
have demonstrated significant effectiveness. The 1-D CNN uses
one-dimensional kernels to efficiently process linear data and is
ideal for extracting features from segments of the dataset, irre-
spective of their position. Recent research has shown that CNN
algorithms may also be used to forecast the petrophysical proper-
ties of subsurface rocks by fusing 1D wireline logging data with
CNN algorithms (Wei et al., 2019; Imamverdiyev and Sukhostat,
2019; Kim et al., 2022). CNNs are adept at detecting petrophysical
features from wireline logs and identifying various geological in-
dicators, such as the hydrocarbon presence and secondary porosity.

To develop a diagenetic facies machine learning classification
system, we employed a comprehensive and systematic data-driven
modeling approach involving the following key steps (Fig. 3a).

a Gathering ample pertinent data is essential for achieving cred-
ible outcomes when deploying machine learning algorithms for
any learning task. In this study, core analysis data from nine
wells served as the basis for classifying diagenetic facies.
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b For the aforementioned ninewells used for the core analysis, we
procured well logs and constructed training and testing sets to
assess the model's performance.

c Data preprocessing. The well log data collected in the second
step typically require preprocessing before they can be effec-
tively utilized by machine learning algorithms. This process
included addressing and removing missing values.

d A deep convolutional neural network was developed to classify
well diagenetic facies, and the model was fully optimized using
well log data and core data to ensure the most efficient and
accurate solution.

e The performance of the developed classifier was evaluated via
its application to an unknown log dataset.

A schematic representation of the CNN algorithm is shown in
Fig. 3b. The study's input comprises the 1D wireline logs; each data
point represents measurements (GR, AC, DEN, CNL, and RT) at
specific depths, which fundamentally differs from the 2D image
data. In this context, each depth point forms a 1D array with 5
channels. CNNs apply convolutional filters along the depth point,
thereby analyzing patterns in log measurements to identify
geological features.

The input layer intakes well logging data, and proceeds to the
convolution stage, which comprises convolutional and pooling
layers. A defined number of filter windows (kernels) are utilized for
extracting features. During this stage, the input data undergo a
convolution operation by employing a specified number of filters,
which is mathematically represented as follows:

s1ðtÞ¼ ðx*f1ÞðtÞ¼
XK

k¼1

xtþk�1,f1k (5)

In this equation, "x" represents the input one-dimensional data
sequence, which are the wireline log data (GR, AC, DEN, CNL, and
RT) at depth point "t"; "f1" represents the filters utilized in the first
convolutional layer; "K" signifies the filter size; and "s1(t)" is the
result from the convolutional operation.

The pooling layer plays a pivotal role in reducing computational
complexity and isolating secondary features. In our study, we opted
for maximum pooling, as the alternative, i.e., average pooling, tends
to minimize disparities within the pooling area, potentially leading
to the loss of valuable information. Although maximum pooling is
vulnerable to noise, including extreme values due to measurement
errors, the input data for this study underwent preprocessing to
remove this noise. Furthermore, a consistent caliper log enhances
the reliability of the data.

Following the convolution process, a fully connected stage was
implemented. This stage employed a general artificial neural
network comprising several hidden and output layers. To transition
from the convolution to the fully connected stage, the output of the
convolution stage was transformed into a one-dimensional array.
The optimal numbers of neurons and hidden layers were deter-
mined through a random search function to identify the best
parameters.

To address the nonlinear characteristics of the dataset, the ReLu
function (Eq. (6)) was employed. This function converts negative
values in the feature map to zero, preserving positive outputs. It
enables the machine learning model to perform rapid calculations
and mitigates issues related to gradient disappearance during
model training.

h1ðtÞ¼maxð0; s1ðtÞÞ (6)

The precision of our model's predictions was quantified using
the cross-entropy loss function, which is encapsulated by the



Fig. 3. Schematic structure of the (a) diagenetic facies classification process using CNN algorithms, (b) CNN model (Modified from Kim, 2022), and (c) validation and test process.
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following formula:

L ¼ �
XC

c¼1

yo;c log
�
po;c

�
(7)

C is the total number of categories, and yo,c is a binary indicator that
is 1 when sample o belongs to category c and 0 otherwise. po,c is the
predicted probability that sample o belongs to category c.
R, %F, %

Q, %
I

Ⅱ Ⅲ

Ⅳ
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Fig. 4. Ternary diagram classification of the sandstones in the Shihezi Formation using
Folk's (1980) classification. I: quartz arenite; II: subarkose; III: sublitharenite; IV:
arkose; V: lithic arkose; VI: feldspathic litharenite; VII: litharenite. Q: quartz, meta-
quartzite; f: feldspar, granite and gneiss fragments; R: all other rock fragments (include
chert).
3.8. Establishing data for the machine learning model

The first set of input wells (LD-4, LD-5, and LD-17) was utilized
for training and validating the CNN algorithm, while the second set
(LD-1, LD-7, and LD-13) was reserved for a blind test (Fig. 2). The
first set comprised 1354 data samples, which were randomlymixed
for training purposes (Fig. 3c). The CNN model was initially
developed using these training data. To ensure its reliability, two
validation methods were employed. The first method was 5-fold
cross-validation, where the training data were divided into five
subsets (Fig. 3c). Four of these subsets were used for training the
model, and the fifth subset was used for validation. This approach
was used to test the model's consistency across the different
training datasets and enabled the full utilization of training data
without losing any samples. The second method involved using
separate validation data that were not part of the training set; this
provided an additional evaluation of the model's performance with
unfamiliar data. After satisfactory results were achieved from both
validation methods, the model was applied to the second set of
wells, which included 1081 samples (Fig. 3c). Notably, 307 samples
from the first set were not used in training the model, and the
entire dataset of the second set (1081 samples) was kept separate
for testing. This approach was designed to assess the model's
applicability to both partially and fully uncored intervals in cored
wells. Although core data from both sets of wells were obtained for
direct diagenetic facies interpretation, this study was structured to
rely solely on wireline log data, without core data, for certain
drilling intervals. The CNN model's predictions of diagenetic facies
were then compared with the actual interpretations derived from
the core data.

The confusion matrix, which provides detailed statistics on
correctly and incorrectly classified formations, was employed to
assess the CNNmodel's classification performance. The total correct
percentage was used as a validation metric (Eq. (8)):

Total correct percentage ¼ Successful cases in the classification/
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total cases (Eq. (8)).

3.9. Hyperparameter tuning

To identify the optimal hyperparameters, a random search
function was applied to the CNN model, and five key hyper-
parameters, as detailed in Table S1, were tested. Hyperparameter
ranges were established through manual trials, followed by a
random search to identify the optimal settings. Default values were
used for additional hyperparameters (Table S2). The iteration's best
parameter set was then utilized in the second phase of validation
and testing.

4. Results

4.1. Texture and composition

The Shihezi Formation TGSs include subarkose, sublitharenite,
arkose, lithic arkose and feldspathic litharenite, according to Folk's
(1980) classification (Fig. 4).
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The TGSs of the Shihezi Formation are fine-grained to gravelly
sandstones (Fig. 5aef). Most of the detrital grains are subangular
and subrounded (Fig. 5aef). The monocrystalline quartz grain
contents range from 28% to 84% (mean of 50%) (Table 1). The
polycrystalline quartz grain contents range from4% to 43% (mean of
22%) (Table 1). The most prevalent feldspar component is K-feld-
spar, the contents of which range from 3% to 23% (mean of 9.4%)
(Table 1). The plagioclase contents vary from 1% to 14% (mean of 7%)
(Table 1). The lithic fragments include igneous rock fragments (with
contents of 2%e17% and a mean of 7%), metamorphic rock frag-
ments (with contents of 0%e10% and a mean of 3%) and minor
sedimentary rock fragments (mean of 0.3%) (Table 1). Biotite is
prevalent in fine-grained sandstones, accounting for 0%e3% (mean
of 0.6%) of the total rock volume (Table 1 and Fig. 5a). The TGSs of
the Shihezi Formation also contain different proportions of detrital
clay matrix (Fig. 5b).

4.2. Diagenetic features

4.2.1. Compaction
Compaction by lithostatic pressure causes a reorganization of

the rock composition and changes in its contact geometry (Rezaee
and Lemon, 1996). Rigid grains, such as quartz, in the TGSs of the
Shihezi Formation are typically arranged along line contacts (Fig. 5a
and b). Ductile grains (clay-rich rock fragments, detrital claymatrix,
and mica) are often in concave-convex contact with rigid grains
(Fig. 5a and b). Optical light microscopy revealed that ductile par-
ticles, such as biotites, are severely deformed under mechanical
action and compressed between harder quartz and feldspar grains
to form a pseudomatrix (Fig. 5a and b).

4.2.2. Authigenic minerals
The main authigenic mineral cements found in the TGSs of the

Shihezi Formation include carbonate, quartz, and clay mineral
cements.

Almost all the observed carbonate cements are calcite. The
calcite is dull red to orangeeyellow under CL (Fig. 5c). Calcite shows
two forms of development: filling large primary intergranular
pores (Fig. 5c and d) or filling small pores between closely packed
grains (Fig. 5e). Calcite fills in the primary intergranular pores,
resulting in framework grain particles displaying a floating texture;
this texture occludes pores and replaces the framework grains,
which are stained pink (Fig. 5d). Calcite filling small pores within
the grains occurs as small irregular patches, even locally replacing
clastic grains, and the calcite is purple when stained with alizarin,
indicating that the calcite contains iron (Fig. 5e). Based on petro-
graphic evidence, the formation of ferroan calcite postdates quartz
overgrowths (Fig. 5e).

Quartz cements occur as quartz overgrowths (Fig. 5f and g) and
microquartz crystals (Fig. 5h and i). Quartz overgrowths are more
common in coarse sandstones that do not contain chlorite coatings
(Fig. 5l and m). Microquartz crystals intercalated with clayminerals
developed within pore spaces (Fig. 5h), and microquartz crystals
found as single hexagonal bipyramidal crystals are clearly visible
under SEM (Fig. 5i). According to petrographic observations, the
formation of quartz cements postdates the chlorite coatings (Fig. 5l
and m).

The clay mineral cements in the TGSs of the Shihezi Formation
include illite, chlorite, and kaolinite. The CL color of kaolinite is blue
(Fig. 5j), and kaolinite fills pores as euhedral hexagonal crystal
aggregates (called ‘books’) (Fig. 5k and o). Illite occurs as ribbon-
like filaments and as bridging “hairs” in the pores (Fig. 5h and i).
Chlorite cement usually takes the form of radial detrital grain
coatings composed of euhedral, interconnecting plates (Fig. 5i and
m). Quartz overgrowths in sandstones, where chlorite coatings are
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present, are usually not developed (Fig. 5i).

4.2.3. Dissolution
Dissolution commonly occurs in the TGSs of the Shihezi For-

mation. Dissolution occurs mainly in feldspars (Fig. 5n and o), and
dissolution of diagenetic minerals is negligible. The skeletal feld-
spar grains observed by thin section and SEM analyses are impor-
tant evidence of feldspar dissolution (Fig. 5n and o). Dissolution is
relatively rare in sandstones with high clastic mudstone contents
(Fig. 5a) and widespread calcite cementation (Fig. 5d).

4.3. Pore systems

The TGSs of the Shihezi Formation contain intergranular pores
(primary intergranular pores and residual intergranular pores) and
intragranular pores (intragranular dissolution pores and clay min-
eral intercrystalline micropores) (Fig. 6). Primary pores refer to the
pores existing in sand at the time of its deposition (Worden and
Burley, 2003). Chlorite coatings usually occur at the interfaces be-
tween clastic grains and primary intergranular pore spaces (Fig. 6a).
Typically, in primary intergranular pores, no diagenetic cement,
other than chlorite coatings, is present, and the pore sizes are large
(Fig. 6a). The precipitation of pore-filling cements (mainly authi-
genic quartz) within primary intergranular pores changes the pore
shape, size, and overall volume, and they are transformed into re-
sidual intergranular pores (Fig. 6b and c). The pore sizes of the
residual intergranular pores are significantly smaller than those of
the primary intergranular pores (Fig. 6b and c). The dissolution of
chemically unstable feldspars results in the formation of dissolu-
tion pores (Fig. 6b and d). Given that completely dissolved clastic
feldspars are uncommon, large intergranular dissolution pores are
rare, and most are intragranular dissolution pores (Fig. 6b and d).
Intercrystalline micropores are primarily visible in clay minerals,
such as kaolinite and illite, according to SEM images. By subtracting
the macroporosity determined by point counting from the total
porosity determined from core analysis, the microporosity was
computed (Worden et al., 2000).

5. Discussion

5.1. Diagenetic facies classification

Diagenetic facies are identified and classified through petro-
graphic observations and SEM analysis, employing a process-based
classification as defined by Lai et al. (2018b). This classification
relies on the compositional and textural attributes, diagenetic
minerals, and pore systems of reservoir rocks. Typically, specific
diagenetic facies exhibit consistent compositional and textural at-
tributes, matrix and cement compositions, and pore systems (Cui
et al., 2017; Lai et al., 2019, 2020; Cao et al., 2021).

In this study, based on the detrital composition, diagenetic
minerals and pore type assemblages, the TGSs of the Shihezi For-
mation are divided into five diagenetic facies: grain-coating facies,
quartz-cemented facies, mixed-cemented facies, carbonate-
cemented facies, and tightly compacted facies (Table 2). The
composition and texture of sandstone, including the grain size and
ductile grain content, serve as indicators of the sedimentary envi-
ronment. Authigenic minerals and pore systems, on the other hand,
reflect diagenetic processes (Table 2). This approach is valuable for
describing the diagenetic history, assessing the reservoir quality,
and predicting sweet spots.

5.1.1. Grain-coating facies
The coarsest grain sizes (average of 394 mm) and least ductile

grain contents (average of 2.67%) are present in the grain-coating
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Fig. 5. Photomicrographs of the TGSs in the Shihezi Formation. (a) Detrital clays and biotite flakes showing ductile compaction, Well LD-4, 1536.4 m, depth of 1875.89 m, plane-
polarized light (PPL); (b) ductile grains deformed along adjacent rigid grains, Well LD-4, 1589.91 m, PPL; (c) calcite cement occluding intergranular pore space, Well LD-1, 1599.61 m,
cathodoluminescence (CL); (d) calcite cement occluding intergranular pore space, forming a “floating grain” texture, Well LD-17, 1382.83 m, PPL; (e) patchy calcite and detrital grain
replacement, Well LD-20, 1574.76 m, PPL; (f) quartz overgrowths, Well LD-8, 1516.63 m, PPL; (g) quartz overgrowths, Well LD-20, 1382.36 m, PPL, standard scanning electron
microscopy (SEM); (h)microquartz crystals filling pore space, Well LD-20, 1200.55 m, PPL; (i) postquartz overgrowth pore bridging ‘hairy’ illite, Well LD-20, 1200.55 m, SEM; (j) blue
CL color of kaolinite, Well LD-8, 1211.54 m, CL; (k) kaolinite filling pore space, Well LD-3, 1744.52 m, CL; (l) chlorite coatings bordering intergranular pores between detrital granules
at their interfaces, Well LD-17, 1388.74 m, PPL; (m) detailed image of enclosed authigenic chlorite, Well LD-8, 1211.54 m, SEM; (n) dissolved feldspar, Well LD-5, 1242.00 m, PPL; (o)
partially dissolved feldspar, Well LD-8, 1515.41 m, SEM.
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Table 1
Petrographic optical point count data of the TGSs in the Shihezi Formation.

Well Depth, m Quartz Feldspar Igneous rock
fragment, %

Metamorphic rock
fragment, %

Sedimentary rock
fragment, %

Detrital
biotite, %

Monocrystalline
quartz, %

Polycrystalline
quartz, %

Plagioclase, % K-feldspar, %

LD-4 1290.4 30 38 10 12 8 2 0 0
LD-4 1297.5 42 26 8 10 10 2 0 0
LD-5 1558.0 34 26 8 16 12 2 1 1
LD-5 1559.7 33 25 10 10 17 3 1 1
LD-5 1588.6 46 20 13 7 10 1 0 3
LD-5 1589.0 38 29 13 6 8 1 0 2
LD-5 1589.4 28 33 11 13 9 2 2 2
LD-5 1590.5 38 19 14 14 10 1 0 1
LD-5 1653.2 28 31 10 12 16 1 1 1
LD-7 1676.7 30 43 4 15 7 0 0 1
LD-8 1211.5 78 10 2 4 5 0 0 0
LD-8 1212.3 80 8 3 5 4 0 0 0
LD-8 1213.3 81 10 1 4 3 1 0 0
LD-8 1511.7 81 5 2 3 3 4 1 0
LD-8 1512.0 84 6 1 3 2 4 0 0
LD-8 1512.6 83 4 3 4 3 3 0 0
LD-8 1514.3 70 16 1 4 2 4 0 1
LD-8 1514.8 66 22 2 4 2 3 0 1
LD-8 1515.4 63 6 6 4 2 3 1 0
LD-8 1516.2 61 22 3 6 3 2 0 1
LD-13 1737.5 42 29 6 11 9 2 0 0
LD-17 1233.0 33 27 10 14 6 10 0 0
LD-17 1233.4 34 31 9 12 6 8 0 0
LD-17 1235.6 36 26 8 17 3 9 0 1
LD-17 1236.4 34 30 13 15 7 0 0 1
LD-17 1382.8 46 26 4 10 10 1 1 0
LD-20 1200.6 51 25 2 5 15 2 0 0
LD-26 1359.7 36 21 13 23 7 0 0 0
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facies (Table 3 and Fig. 8a and b). The grain-coating facies is typi-
cally characterized by chlorite coatings arranged at the interfaces
between clastic grains and intergranular pore spaces (Fig. 7a, b).
Minor calcite and quartz overgrowths are present (Table 3 and
Fig. 8c and d). The grain-coating facies has a low authigenic clay
mineral content (average of 2.8%) (Table 3 and Fig. 8e). The grain-
coating facies has a significant number of large primary
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Fig. 6. Optical and SEM images displaying the pore types of TGSs in the Shihezi Formation.
pores, Well LD-20, 1382.36 m, PPL; (c) residual intergranular pores, Well LD-20, 1382.36 m,
dissolution pores, Well LD-8, 1212.25 m, SEM; (f) illite containing micropores, Well LD-18,
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intergranular pores (average of 8.0%) (Table 3 and Fig. 7a and b and
Fig. 8f).

The COPL values of the grain-coating facies range from 14.4 to
20.8%, with an average of 18.4% (Table 3 and Fig. 9). The CEPL values
range from 1.6 to 3.4%, with an average of 2.3% (Table 3 and Fig. 9).
These values indicate that the original sedimentary porosity of the
grain-coating facies decreased mainly due to compaction. The
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1131.24 m, SEM.



Table 2
Detrital composition, diagenetic minerals and pore type assemblages of various diagenetic facies.

Diagenetic facies Texture and composition Diagenetic minerals (features) Pore type assemblages

Grain-coating facies Medium- to coarse-grained; low
ductile grain content

Moderate mechanical compaction;
thin-layer diagenetic chlorite
coatings on grain surfaces; rare
quartz overgrowths

Primary intergranular pores dominate the pore
system, and the system contains a proportion of
intragranular dissolution pores and micropores

Quartz-cemented facies Medium to coarse grained; quartz-
grain rich; low ductile grain content

Moderate mechanical compaction;
strong quartz overgrowths; pore
fillings of authigenic kaolinite/illite

Small numbers of residual intergranular pores
and intragranular dissolution pores and
micropores

Mixed-cemented facies Medium-grained; medium ductile
grain content

Mechanical compaction; quartz
overgrowths; ferroan calcite; pore
fillings of authigenic kaolinite/illite

Intragranular dissolution pores, abundant
micropores, and almost no intergranular pores

Carbonate-cemented facies Medium-grained; low to medium
ductile grain content; floating
texture

Limited mechanical compaction;
precipitation of eogenetic
carbonate cement

Main porosity contributed by micropores

Tightly compacted facies Very fine- to medium-grained; high
ductile grain content

Mechanical or chemical
compaction; absence of diagenetic
minerals

Main porosity contributed by micropores
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inhibition of quartz overgrowths by chlorite coatings has been
widely discussed in previous studies (Nguyen et al., 2013; Stricker
and Jones, 2018; Virolle et al., 2022), and petrographic evidence has
demonstrated the inhibition of quartz overgrowths by chlorite
coatings in the grain-coating facies (Fig. 7a and b). The near absence
of calcite cementation, as well as the very low amount of authigenic
clay mineral-filled intergranular cement, results in a very low CEPL
of the grain-coating facies, thereby preserving many primary
intergranular pores.

5.1.2. Quartz-cemented facies
The quartz-cemented facies has the second-largest grain size

(average of 359 mm) and a ductile grain content (average of 3.6%)
(Fig. 8a and b). The quartz-cemented facies shows strong quartz
overgrowths (averaging 5.4%) (Table 3 and Fig. 7c and d and Fig. 8c).
Calcite cements are almost absent in the quartz-cemented facies,
and the authigenic clay mineral content is slightly greater than that
in the grain-coating facies (average of 1.0%) (Table 3 and Fig. 8d and
e). The strong quartz overgrowths led to a low percentage of pri-
mary pores (mainly residual intergranular pores) in the quartz-
cemented facies (Fig. 7c, d). Therefore, the average intergranular
porosity is only 2.9% (Table 3 and Fig. 8f).

The COPL values of the quartz-cemented facies range from 15.6%
to 23.7%, with an average of 19.1% (Table 3 and Fig. 9). The CEPL
values range from 5.6 to 9.7%, with an average of 7.8% (Table 3 and
Fig. 9). The CEPL of the quartz-cemented facies is greater than that
of the grain-coating facies because the quartz-cemented facies
lacks the inhibition of quartz overgrowths by chlorite coatings and
contains a higher authigenic clay mineral content.

5.1.3. Mixed-cemented facies
The coarsest grain size of the mixed-cemented facies (average of

284 mm) is smaller than that of the two diagenetic facies mentioned
above, and the content of ductile grains is greater (average of 7.0%)
(Table 3 and Fig. 8a and b). Quartz overgrowths account for 4.3%,
and some samples have flakes of iron calcite (4.2% on average)
between the grains (Table 3 and Fig. 7e and f and Fig. 8c and d). The
mixed-cemented facies have a high authigenic claymineral content
(average of 5.2%) (Table 3 and Fig. 8e). Almost no primary inter-
granular pores are retained in the mixed-cemented facies (Fig. 7e
and f and Fig. 8f). The microporosity percentage is high in some
samples, up to an average of 7.2% (Table 3 and Fig. 8h).

The average COPL of the mixed-cemented facies is 17.4% (Table 3
and Fig. 9). The average CEPL is 14.12% (Table 3 and Fig. 9).
Compared with the quartz-cemented facies, the mixed-cemented
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facies not only has quartz overgrowths but also has a high authi-
genic clay mineral content, and pore-filling ferroan calcite is pre-
sent, with a relatively high ductile particle content (biotite and
clay-rich rock fragments). This presence causes almost no pri-
mary intergranular pores to be preserved in the mixed-cemented
facies, and only dissolution pores and micropores are present
(Table 3 and Fig. 7e and f).
5.1.4. Carbonate-cemented facies
The carbonate-cemented facies has median sizes with an

average of 306 mm (Fig. 8a and Table 3). Calcite (average of 20.8%)
fills in the large intergranular pores (Table 3 and Fig. 7g). No quartz
overgrowths are present (Table 3 and Figs. 7g and 8f). No primary
intergranular pores are retained in the carbonate-cemented facies,
dissolution pores formed by feldspar dissolution are rarely visible
(average of 1.25%), and the main porosity is contributed by micro-
pores (average of 3.5%) (Table 3 and Fig. 8g and h).

The carbonate-cemented facies COPL values range from 5.7% to
14.4%, with an average of 10.1% (Table 3 and Fig. 9). The CEPL values
range from 18.0% to 26.4%, with an average of 21.0% (Table 3 and
Fig. 9). The eogenetic origin of carbonate cements filling large
intergranular pores can increase the pressure resistance of sand-
stones, and therefore, mechanical compaction is limited (Rossi
et al., 2001; Morad et al., 2010).
5.1.5. Tightly compacted facies
The tightly compacted facies has the finest grain size (average of

233 mm) and the highest ductile grain content (average of 13.2%)
(Table 3 and Fig. 8a and b). Quartz overgrowths are absent (Table 3
and Fig. 7h and i and Fig. 8c). The calcite cement content is very low
(average of 1.4%) (Table 3, Fig. 8d). As with the carbonate-cemented
facies, the tightly compacted facies have a low percentage of
intragranular dissolution pores, and the main porosity is contrib-
uted by micropores (Table 3 and Figs. 7i and Fig. 8h).

The COPL values of the tightly compacted facies range from
30.4¡33.8%, with an average of 31.3% (Table 3 and Fig. 9). The CEPL
values range from 0.7¡2.8%, with an average of 1.9% (Table 3 and
Fig. 9). The tightly compacted facies, with the highest ductile grain
content, are susceptible to ductile compaction, and catastrophic
loss of intergranular porosity may occur during successive burial
(Bjørlykke et al., 1989; Worden and Burley, 2003; Morad et al.,
2010).



Table 3
Diagenetic mineral and petrophysical data of the TGSs in the middle Permian Shihezi Formation.

Diagenetic facies Well Depth,
m

Median
grain
size, um

Ductile
grain, %

Quartz
overgrowth, %

Calcite
cement, %

Authigenic
clay, %

Intergranular
porosity, %

Intragranular
dissolution
porosity, %

Microp-
orosity,
%

So OP IGV COPL CEPL

Grain-coating facies LD-8 1211.5 319 3.0 0.0 0.0 3.0 7.0 6.0 4.3 3.8 27.0 10.0 18.9 2.4
LD-8 1212.3 404 4.0 0.0 0.0 2.0 6.0 4.0 4.2 3.7 27.1 8.0 20.8 1.6
LD-8 1213.3 408 3.0 0.0 0.0 3.0 7.0 7.0 3.7 3.6 27.2 10.0 19.1 2.4
LD-17 1233.0 367 1.0 0.0 0.0 2.0 11.0 4.0 2.6 2.8 29.0 13.0 18.4 1.6
LD-17 1233.4 545 2.0 0.0 0.0 4.0 10.0 5.0 2.2 4.2 26.4 14.0 14.4 3.4
LD-26 1359.7 320 3.0 0.0 0.0 3.0 7.0 5.0 2.9 3.9 26.9 10.0 18.7 2.4

Quartz-cemented facies LD-4 1290.4 307 3.0 6.0 1.0 5.0 3.0 5.0 4.3 2.4 30.3 15.0 18.0 9.8
LD-4 1297.5 335 3.0 5.0 0.0 4.0 3.0 6.0 4.6 2.5 29.9 12.0 20.4 7.2
LD-7 1676.7 275 5.0 5.0 0.0 3.0 2.0 5.0 4.8 2.4 30.5 10.0 22.8 6.2
LD-8 1511.7 352 4.0 6.0 0.0 5.0 2.0 6.0 5.0 3.8 27.0 13.0 16.1 9.2
LD-17 1235.6 442 3.0 5.0 0.0 2.0 2.0 3.0 4.5 4.0 26.7 9.0 19.4 5.6
LD-17 1236.4 420 4.0 5.0 0.0 5.0 4.0 4.0 4.4 3.5 27.4 14.0 15.6 8.4
LD-20 1200.6 380 3.0 6.0 0.0 4.0 4.0 5.0 3.3 3.1 28.2 14.0 16.5 8.3

Mixed-cemented facies LD-8 1512.0 336 6.0 6.0 1.0 4.0 0.0 7.0 5.3 3.5 27.5 11.0 18.5 9.0
LD-8 1512.6 259 8.0 3.0 1.0 6.0 0.0 6.0 7.2 3.2 28.0 10.0 20.0 8.0
LD-8 1514.3 253 8.0 6.0 1.0 6.0 0.0 4.0 5.0 2.9 28.9 13.0 18.2 10.6
LD-8 1514.8 226 7.0 4.0 3.0 5.0 0.0 4.0 4.0 2.9 28.7 12.0 19.0 9.7
LD-8 1515.4 305 7.0 3.0 9.0 3.0 0.0 6.0 4.8 3.0 28.7 15.0 16.1 12.6
LD-8 1516.2 324 6.0 4.0 10.0 7.0 0.0 5.0 5.0 2.3 30.9 21.0 12.5 18.4

Carbonate-cemented
facies

LD-5 1558.0 317 5.0 0.0 20.0 1.0 0.0 2.0 2.8 2.0 32.4 21.0 14.4 18.0
LD-5 1559.7 320 5.0 0.0 21.0 2.0 0.0 0.0 5.1 2.1 31.8 23.0 11.4 20.4
LD-17 1382.8 252 5.0 0.0 20.0 1.0 0.0 1.0 4.8 3.3 27.9 21.0 8.7 19.2
LD-13 1737.5 338 4.0 0.0 22.0 1.0 0.0 2.0 1.5 2.0 32.1 23.0 11.8 20.3

Tightly compacted facies LD-5 1588.6 190 13.0 0.0 2.0 1.0 0.0 1.0 4.0 2.0 32.6 3.0 30.5 2.1
LD-5 1589.0 199 14.0 0.0 2.0 2.0 0.0 0.0 4.9 1.9 33.2 4.0 30.4 2.8
LD-5 1589.4 284 12.0 0.0 1.0 1.0 0.0 1.0 4.0 2.0 32.6 2.0 31.2 1.4
LD-5 1590.5 272 13.0 0.0 0.0 1.0 0.0 0.0 5.8 1.7 34.5 1.0 33.8 0.7
LD-5 1653.2 220 14.0 0.0 3.0 1.0 0.0 0.0 5.4 1.8 33.3 4.0 30.5 2.8
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5.2. Diagenetic facies and reservoir quality

Combining He porosity and permeability measurements and
MICP and NMR measurements, we found that the grain-coating
facies has the best pore structure and the greatest reservoir qual-
ity; the pore structure and reservoir quality of the quartz-cemented
facies are poor compared to those of the grain-coating facies; the
pore structure and reservoir quality of the mixed-cemented facies
are relatively poor; and the pore structure and reservoir quality of
the carbonate-cemented facies and tightly compacted facies are the
worst (Table 4 and Figs. 10 and 11).

The maximum SHg/Pc ratio, known as the Swanson parameter
(Swanson, 1981), coincides with the peak of the hyperbola on the
log-log mercury injection plot. The rapex is the pore radius that
corresponds to the Swanson parameter (Fig. 12a) (Swanson, 1981;
Pittman, 1992; Nabawy et al., 2009). At this stage, the Swanson
parameter implies that mercury has intruded into all connected
spaces that govern permeability (Swanson, 1981; Comisky et al.,
2007; Higgs et al., 2015). The change from a broad and well-
connected pore throat network to a narrow and poorly linked
pore throat network is marked by the rapex in this curve (Fig. 12a)
(Swanson, 1981; Pittman, 1992; Aliakbardoust and Rahimpour-
Bona, 2013). A plot of the mercury saturation/injection pressure
versus mercury saturation shows that a few relatively large pore
throats contribute approximately 80% of the permeability in
different diagenetic facies (Fig. 12). Compared with the relatively
discrete correlation between porosity and permeability (Fig. 10),
our analysis confirms that the permeability of the samples has a
good positive correlation with the rapex (Fig. 12g). The perme-
ability in TGSs is mainly contributed by a small fraction of large pore
throats. The different pore types contribute differently to the
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permeability. Primary intergranular pores, which are joined by
wider pore throats, contribute greatly to permeability (Bloch et al.,
2002; Dutton and Loucks, 2010). Lower-permeability contributions
are made by intragranular dissolution pores and intercrystalline
micropores linked only by smaller pore throats (Midtbø et al., 2000;
Bloch et al., 2002; Dutton and Loucks, 2010). In reality, feldspar
dissolution causes the formation of authigenic quartz and authi-
genic minerals (Siebert et al., 1984; Bjørlykke et al., 1988; Worden
and Burley, 2003). Because their crystallization habits and shapes
effectively seal pore throats and do not contribute directly to fluid
movement, the intercrystalline micropores in clay minerals are
called dead-end pores (Lai et al., 2016; Mckinley et al., 2011;
Samakinde et al., 2016).

In the grain-coating facies, the pore network is dominated by
larger pore throats connecting primary intergranular pores (Fig. 7a
and b), resulting in the maximum porosity and permeability of the
facies (Fig. 10), as well as the best pore structure and reservoir
quality (Fig. 11aec). Petrographic observations and analysis of the
pore structure indicate that quartz overgrowths lead to narrow,
thin, lamellar, or trough-like pores, thereby diminishing the pore
and pore throat diameters (Fig. 7c and d and Fig. 11def). Therefore,
the reservoir quality of the quartz-cemented facies is inferior to
that of the grain-coating facies (Fig. 10). High porosity does not
always imply good permeability, and samples with high porosities
but poor permeabilities can be found in mixed-cemented facies
(Fig. 10). We suggest that the poor permeability of the mixed-
cemented facies is due to the increase in the ductile grain content
and the various types of cementation (Fig. 8bee), resulting in a
large loss of intergranular porosity (Fig. 8f), with the pore space
dominated by intragranular dissolution pores and intercrystalline
micropores (Fig. 7e and f and Fig. 8g and h). In the carbonate-
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cemented facies and tightly compacted facies, in which the inter-
granular pores are filled with carbonate cement and ductile grains
(Fig. 7gei), respectively, the pore network mainly consists of mi-
cropores (Fig. 8h), and the reservoir quality is the worst (Figs. 10
and 11jeo).
5.3. Diagenetic facies and gas productivity

Fig. 13 shows the gas productivity of the different diagenetic
facies in the vertical well sections. Statistically, the vast majority of
sections of grain-coating facies (89%) yield economic gas flow and
do not require hydraulic fracturing (Fig.13a). Themaximumvertical
well section productivity of the sections of grain-coating facies
reaches 18.2 � 104 m3/d, and the average vertical well section
productivity is 8.6 � 104 m3/d (Fig. 13b). In general, the quartz-
cemented facies section must be hydraulically fractured to yield
economic gas flow. Most of the quartz-cemented facies sections
(86%) fracture to yield economic gas flow (Fig. 13a). The highest
vertical well section productivity is 7.6 � 104 m3/d, and the average
vertical well section productivity is 1.4 � 104 m3/d for the quartz-
cemented facies (Fig. 13b). Only a portion of the mixed-cemented
facies sections (64%) yields economic gas flow after hydraulic
fracturing (Fig. 13a). The maximum vertical well section produc-
tivity of mixed-cemented facies is only 1.0 � 104 m3/d, and the
average vertical well section productivity is 0.5 � 104 m3/
d (Fig. 13b). None of the tightly compacted facies sections achieve
2956
economic gas flow after hydraulic fracturing (Fig. 13).
Often, TGS production is correlated with reservoir quality and

completion quality (Peters et al., 2016). Due to the low porosity and
permeability, the tight sandstone gas closure mechanism is capil-
lary closure rather than the mechanism of closure of conventional
reservoirs, which is controlled by tectonics or stratigraphy. Higher-
quality formations more easily form reservoirs because natural gas
more easily breaks through the seal of the capillary force and enters
traps (Meckel and Thomasson, 2008; Burnie et al., 2008). Poor
reservoir quality may result in no natural gas injection and no
production, even with high completion quality and effort. In other
words, reservoir quality is the basis of the completion strategy and
production, and it must be moderate to high for completion to be
effective (Baihly et al., 2010; Ma et al., 2016). Therefore, poor quality
formations with tightly compacted and carbonate-cemented facies
are not targets for completion.

The rock brittleness of the target formation is a key parameter
for gas release in hydraulic fracturing. A higher completion quality
can be obtained when the brittleness of the section of the target
formation is higher. More brittle rocks have higher brittleness index
(BI) values. Rocks enriched in ductile clays affect the effectiveness
of hydraulic fracturing, while those rich in silica, feldspar and
relatively brittle calcite and dolomite have better geomechanical
properties for tight reservoir production (Jarvie et al., 2007; Dong
et al., 2017).

The grain-coating facies have the best reservoir quality (Fig. 10),
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even close to those of some conventional sandstone reservoirs, and
therefore, they can yield economic gas flow without hydraulic
fracturing (Fig. 13). Quartz-cemented formations also have better
reservoir quality (Fig. 10) and the highest rock brittleness due to the
high quartz and low clay contents (Table 5), and the gas produc-
tivity of the vertical well section is second only to that of the sec-
tions of grain-coating facies (Fig. 13). The higher ductile grain
contents in the mixed-cemented facies not only lead to poor
reservoir quality (Fig. 10) but also to realistic poor rock brittleness
(Table 5); this is not conducive to the release of gas after hydraulic
fracturing, resulting in lower productivity (Fig. 13).
2957
5.4. Wireline log responses of diagenetic facies

We analyzed the correlation between diagenetic facies and
wireline logs. Where severe watererock interactions are present
and where sandstones acutely pinch out to mudstones, carbonate-
cemented facies typically occur at the edges of sandstones (Morad
et al., 2010; Loyd et al., 2012). Typical carbonate-cemented facies
have a thin vertical distribution and are not gas-producing forma-
tions due to their tight nature; therefore, no separate correlation
analysis of wireline logs has been performed on carbonate-
cemented facies.
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5.4.1. Wireline log responses of grain-coating facies
The grain-coating facies is considered to have low GR values, as

well as low DEN, low CNL, low RT, and high AC values in wireline
logs (Figs. 14ae15a and 16).

Theoretically, because grain-coating facies have the lowest clay
content (Fig. 8b and e), they have little impact on the gamma-ray
log. Therefore, grain-coating facies usually have low GR values
(Figs. 14ae15a and 16a).

Since chlorite has a high density (Table 6), sandstones that are
chlorite-enriched may have somewhat higher DEN values than
sandstones that are chlorite-free because the matrix density is
greater. However, this may not be largely detectable on a suite of
log responses since only as much as 3 or 4% chlorite may cover all
sand grain surfaces. An increase in the porosity starting from a
porosity that prevents quartz cement development would result in
a low DEN value, and this difference may mask the effect of the
higher grain density (Figs. 14ae15a and 16c).

The compressional AC values of chlorite are not especially well
Table 4
Pore structure and reservoir quality features for various diagenetic facies.

Diagenetic facies Porosity Permeability, mD MICP pore throat conn

Grain-coating facies 15¡20% 10¡160 The highest SHgmax w
displacement pressure
large, linked pore throa
radii range from 0.1¡1

Quartz-cemented facies 9¡15% 0.8¡11 The SHgmax is high, an
has a low discharge. Th
range from 0.06¡6 mm

Mixed-cemented facies 7¡15% 0.4¡1.2 The SHgmax is lower, a
pressure is greater. The
range from 0.04¡4 mm

Carbonate-cemented facies
and tightly compacted facies

4.2¡6.8% 0.02¡0.08 The SHgmax is very low
pressure is high. The m
range from 0.01¡1 mm
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defined but can be assumed to be similar to those of other clay
minerals and slightly greater than those of framework minerals,
such as quartz (Rider and Kennedy, 2011). The AC response recor-
ded by the DEN log and the additional porosity that results from the
prevention of quartz cement growths lead to high overall AC values
(Figs. 14ae15a and 16b).

In contrast to chlorite, which has eight hydrogen atoms for every
20 oxygen atoms, illite has only two hydrogen atoms for every 20
oxygen atoms. As a result of the high number of hydrogen atoms
present in each unit cell, chlorite exhibits a noticeable neutron
reaction (Table 6). Although the increased porosity caused by the
suppression of quartz cement results in a noticeable neutron
response, the presence of chlorite results in a relatively high CNL
reaction because of the excess hydrogen in the chlorite
(Figs. 14ae15a and 16e).

The low RT response is a consequence of the microporous grain-
coating chlorite, which enables water to be trapped inside the clay
network (Fig. 5m), even after gas filling (Pratama et al., 2017,
Figs. 14ae15a and 16d).

Similar to the laboratory core test data, the typical T2 spectra
from NMR logging can show either a bimodal or unimodal distri-
bution, with the left peak typically corresponding to small pores,
while the right peak is associated with larger pores (Solanet et al.,
1998; Jacobsen et al., 2006; Freedman, 2006). Thus, high-
ectivity NMR T2 spectrum

ith very low
implies the presence of
ts. The main pore throat
0 mm.

The NMR T2 relaxation distribution is bimodal. The
presence of large T2 relaxation times (>100 ms)
demonstrates that a high percentage of large pores are
retained.

d the driving pressure
e main pore throat radii
.

The NMR T2 relaxation distribution is bimodal. A large
T2 relaxation time (>100 ms) is present.

nd the displacement
main pore throat radii
.

The NMR T2 relaxation distribution is unimodal. The
proportion of large T2 relaxation times (>100ms) is low,
which indicates that a low proportion of large pores are
retained.

, and the displacement
ain pore throat radii
.

The NMR T2 relaxation distribution is unimodal. The
NMR T2 relaxation range of 1.0e3 ms, suggests that
small pores dominate the pore network.



Fig. 11. (a, d, g, j, m)Mercury intrusion and extrusion curves, (b, e, h, k, n) pore throat size distribution revealed by MICP, and (c, f, i, l, o) NMR T2 distributions for various diagenetic
facies. GC facies ¼ grain-coating facies, QC facies ¼ quartz-cemented facies, MC facies ¼ mixed-cemented facies, CC facies ¼ carbonate-cemented facies, and TC facies ¼ tightly
compacted facies.
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reservoir-quality formations are those with broad NMR T2 spectra
distributions and high right peaks. The pore network of the grain-
coating facies is dominated by larger primary intergranular pores
(Fig. 8g); therefore, a very wide distribution of NMR T2 spectra and
2959
a very high right peak are observed (Fig. 14a).
5.4.2. Wireline log responses of the quartz-cemented facies
The quartz-cemented facies wireline log responses show lowGR



Fig. 12. (a) Plot of the mercury saturation/injection pressure versus mercury saturation; (bef) contributions of different pore throat sizes of various diagenetic facies to perme-
ability; (g) relationship between the rapex and permeability of various diagenetic facies. GC facies ¼ grain-coating facies, QC facies ¼ quartz-cemented facies, MC facies ¼ mixed-
cemented facies, CC facies ¼ carbonate-cemented facies, TC facies ¼ tightly compacted facies.
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values, low tomedium DEN andmedium to high CNL and AC values
(Figs. 14be15b and 16), as well as a medium-width NMR logging T2
spectrum distribution with a leftward shift of the T2 spectrum
(Fig. 14b).

The GR values of the quartz-cemented facies are usually slightly
2960
greater than those of the grain-coating facies (Fig. 16a). The clay in
the quartz-cemented facies has a greater illite content (Fig. 8j),
which results in both neutron and gamma responses (Table 6). The
porosity loss that results from quartz cement growth in the quartz-
cemented facies leads to lower overall AC values and higher DEN



Table 5
Brittleness index (BI) for various diagenetic facies.

Diagenetic facies Wells Depth, m sc, MPa sd, MPa BI

Grain-coating facies LD-8 1211.4 25.1 2.4 10.6
Quartz-cemented facies LD-20 1380.4 35.5 3.4 10.6
Mixed-cemented facies LD-3 1512.4 49.9 5.9 8.5
Tightly compacted facies LD-1 1385.2 62.0 15.4 4.0

The brittleness index is BI ¼ sc/sd, where sc is the compressive strength and sd is
the tensile strength (Aubertin et al., 1994; Ribacchi, 2000).
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values than those in the grain-coating facies (Figs.14be15b and 16b
and c). The quartz-cemented facies have a medium-width NMR
logging T2 spectrumwith a leftward shift in the T2 spectrum due to
Fig. 14. Wireline log responses showing the various diagenetic facies. (a) Grain-coating facie
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the deterioration of the pore structure caused by the loss of large
intergranular pores (Fig. 14b).
5.4.3. Wireline log responses of mixed-cemented facies
The mixed-cemented facies has medium to high GR and CNL

values, medium to high DEN values, and medium to low AC values
(Figs. 14ce15c and 16).

The high GR values of mixed-cemented facies are due to their
possible inclusion of more highly radioactive clay-rich rock frag-
ments, as well as a clay matrix (Fig. 7e and f and Fig. 8b). Localized
precipitation of quartz, carbonate cement, and authigenic clay
minerals (Fig. 8bee) results in a low bulk density, leading to rela-
tively high CNL, medium to low AC andmedium to high DEN values
s. (b) Quartz-cemented facies. (c) Mixed-cemented facies. (d) Tightly compacted facies.
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(Fig. 16b, c and e). The microporous-rich mixed-cemented facies
have low total porosity, a poorer pore structure, and a medium-
2962
width NMR logging T2 spectrum distribution, with a leftward
shift in the T2 spectrum (Fig. 14c).



Table 6
Readings of well logging characteristics of common rock-forming minerals (from Sch€on, 2015).

Minerals rb, g/cm3 rlog, g/cm3 4CNL, % Dtp, ms/m Dts, ms/m
P

, c.u. GR, API Th, ppm U, ppm K, %

Quartz 2.65 2.64 �2 51 74 4.3 2.0 0.7 0.0
K-feldspar 2.56 2.53 �3 69 16.0 e220 8e12 10.5e16.0
Albite 2.62 2.59 �2 49 85 7.5
Calcite 2.71 2.71 0 46 89 7.1 0e7.0
Kaolinite 2.59 2.62 37 212 328 14.0 80e130 6e19 4.4e7.0 0e0.5
Chlorite 2.88 2.88 52 25.3 180e250 0e8 17.4e36.2 0e0.3
Illite 2.64 2.63 30 18.0 250e300 10e25 8.7e12.4 3.5e8.3
Montmorill-onite 2.06 2.02 60 14.0 150e200 14e24 4.3e7.7 0e1.5
Muscovite 2.83 2.82 20 47 79 16.9 e270 20e25 2.0e8.0 7.8e9.8
Biotite 3.01 2.99 21 51 224 30.0 200e360 5e50 1.0e40 5.2e10
Pyrite 5.01 5 �3 38 59 89.8 200e350 5e50 1.0e40.0 6.2e10.0

rb ¼ bulk density; rlog ¼ log density (gammaegamma density); 4CNL ¼ CNL value; Dtp ¼ slowness for the compressional wave; Dts ¼ slowness for the shear wave;P ¼ macroscopic cross-section of the units in the analysis.
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5.4.4. Wireline log responses of tightly compacted facies
The wireline log response of the tightly compacted facies is

characterized by high GR and CNL values, high DEN and RT values
and low AC values (Figs. 14de15d and 16).

The high GR response of tightly compacted facies is due to the
large amount of highly radioactive clay matrix and clay-rich rock
fragments filling the pore spaces (Fig. 7h and i and Fig. 8b). The
catastrophic loss of porosity due to strong compaction leads to low
AC and high CNL and DEN values (Figs. 14de15d and 16b, c and e).
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The tightly compacted facies has a high RT response because almost
all the pore spaces are filled with a clay matrix and clay-rich rock
fragments, and a lowwater content is present. The pore network of
the tightly compacted facies is dominated by micropores, and the
pore structure is the worst, so the NMR T2 spectrum is distributed
near the left boundary and has a very low right peak height
(Fig. 14d).
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Fig. 18. Final CNN model structure.
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Fig. 20. Unnormalized confusion matrix highlighting howmany diagenetic facies are correctly or incorrectly predicted. (a) Training data, (b) validation data, (c) test data, and (d) all
data.
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Table 7
Model accuracy comparison.

Model Accuracy

Training Validation Test All

CNN 90.6% 88.6% 88.3% 89.3%
ANN 87.4% 84.2% 83.6% 84.7%
RF 85.3% 82.2% 81.7% 82.6%
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5.5. Diagenetic facies predictions utilizing a convolutional neural
network

Due to the highly overlapping characteristics between each
Fig. 21. Wireline logs and diagenetic facies of Wells LD-8, LD-17, LD-20 and LD-26. (a) Or
model. (c) Diagenetic facies predicted by the ANN model. (d) Diagenetic facies predicted b
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diagenetic facies, it is not possible to distinguish diagenetic facies
when using a single wireline log (Fig. 16). The wireline log values of
the various diagenetic facies still overlap when interacting with
two single wireline logs (Fig. 17), making it exceedingly challenging
to forecast diagenetic facies.

A convolutional neural network (CNN) model was utilized for
diagenetic facies prediction. Hyperparameters were selected using
a random search, followed by 5-fold cross-validation on the
training data. The parameters for the final model are detailed in
Table S3. This model was optimized with these parameters (Fig. 18)
and was designed to iterate for up to 500 epochs to minimize loss.
Initially, the loss decreased rapidly within the first 25 epochs, after
which the rate of decrease slowed (Fig. 19).
iginal diagenetic facies (core-interpreted). (b) Diagenetic facies predicted by the CNN
y the RF model.
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Subsequently, a machine learning model based on a CNN model
was evaluated for diagenetic facies prediction. The performance
details are presented in the confusion matrices in Fig. 20. The re-
sults show that the total percentage of correct data in the training
set is 90.6%, the total percentage of correct data in the validation set
is 88.6%, the total percentage of correct data in the test set is 88.3%,
and the total percentage of correct data in the training set is 89.3%
(Table 7).

The CNNmodel's performancewas benchmarked against that of
the ANN model, which consists of fully connected layers and mir-
rors the full-connection stage of the CNN model used in this study.
The ANN model shares the same structure as the fully connected
stage (three hidden layers) of the final CNN model used in this
study. Additionally, a fully optimized random forest (RF) model was
considered (Fig. S1). The accuracy comparisons revealed that the
CNN model consistently outperformed the ANN model by approx-
imately 3¡5% across all four datasets (training, validation, test, and
overall), as shown in Table 7. Compared to the RF model, the CNN
model demonstrated greater accuracy for all datasets (Table 7).

Fig. 21 shows a visual comparison between the diagenetic facies
based on core interpretation and the diagenetic facies predicted by
the CNN model. The predicted diagenetic facies reproduced the
stacking patterns, similar to the diagenetic facies of the original
core interpretation. Although diagenetic facies are challenging to
categorize in traditional wireline crossplots because of the over-
lapping of eigenvalues, the CNN model can be used to identify
criteria for diagenetic facies classification through extensive
mathematical calculations based on local filtering and logical net-
works. Although the ANN and RF models can be used to distinguish
different diagenetic facies, their performances are notably inferior
to those of the CNN model, especially in identifying grain-coating
and quartz-cemented facies (Fig. 21). Accurate prediction of
commercially valuable “sweet spots” is crucial for TGS reservoir
exploration and development (Hood and Yurewicz, 2008; Xiao
et al., 2017; Wang et al., 2023a, 2023b). The grain-coating and
quartz-cemented facies in the Shihezi Formation are identified as
the most promising "sweet spots." Thus, the CNN model's superior
accuracy in predicting these facies highlights its statistical advan-
tage and practical application in pinpointing "sweet spots" more
precisely than the ANN and RF models.

6. Conclusions

(1) Five diagenetic facies categories based on the detrital
composition, diagenetic minerals and pore type assemblages
are defined: grain-coating facies, quartz-cemented facies,
mixed-cemented facies, carbonate-cemented facies, and
tightly compacted facies.

(2) Grain-coating facies with chlorite coatings that inhibit quartz
overgrowths and large intergranular pores that dominate the
pore network have the best reservoir quality. Quartz-
cemented facies exhibit strong quartz overgrowths, result-
ing in the deterioration of reservoir quality. In mixed-
cemented facies, the cementation of various authigenic
minerals increases the abundance of micropores, resulting in
poor reservoir quality. Carbonate-cemented facies and
tightly compacted facies, in which the intergranular pores
are filled with carbonate cement and ductile grains, respec-
tively, have the worst reservoir quality.

(3) Grain-coating facies with good reservoir properties are more
likely to have high gas productivity and are the primary
targets for exploration and development. The gas produc-
tivity of the quartz-cemented facies is second only to that of
the grain-coating facies. A mixed-cemented facies with
poorer reservoir quality results in lower gas productivity.
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Carbonate-cemented facies and tightly compacted facies,
which have the worst reservoir quality, are not targets for
well completion.

(4) For distinct diagenetic facies, different wireline log combi-
nations have different response characteristics. The predic-
tion model based on the CNN machine learning algorithm
and wireline log data can accurately classify the diagenetic
facies of deeply buried TGSs.
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