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Abstract: The identification and prediction of effective reservoir rocks are important for
evaluating the energy production potential of ultra-deep tight sandstone reservoirs. Taking
the Keshen gas field, Tarim Basin, as an example, three distinct petrofacies are divided
according to petrology, pores, and diagenesis. Petrofacies, well logs, and factor analysis are
combined to predict effective reservoir rocks. We find that petrofacies A has a relatively
coarse grain size, moderate mechanical compaction, diverse but low-abundance authigenic
minerals, and well-developed primary and secondary pores. It is an effective reservoir rock.
Petrofacies B and petrofacies C are tight sandstones with a poorly developed pore system
and almost no dissolution. Petrofacies B features abundant compaction-susceptible ductile
grains, intense mechanical compaction, and underdeveloped authigenic minerals, while
petrofacies C features pervasive carbonate cementation with a poikilotopic texture. We
combine well logging with gamma ray, acoustic, bulk density, neutron porosity, resistivity,
and factor analyses to facilitate the development of petrofacies prediction models. The
models reveal interbedded architecture where effective reservoir rocks are interbedded
with tight sandstone, resulting in the restricted connectivity and pronounced reservoir het-
erogeneity. Classifying and combining well logs with a factor analysis to predict petrofacies
provide an effective means for evaluating the energy potential of ultra-deep reservoirs.

Keywords: ultra-deep sandstone gas reservoirs; effective reservoir rock; well logs; factor
analysis; tarim basin

1. Introduction

The rapid development of the economy requires more support from oil and gas re-
sources. As such, unconventional and ultra-deep hydrocarbon exploration has attracted
attention in the field of petroleum geology [1,2]. Ultra-deep hydrocarbon resources are
becoming important for hydrocarbon exploration and development. In clastic formations,
ultra-deep reservoirs are characterized by low porosity, low permeability, and small pore
throats, with the main reservoir type being tight sandstone [3]. During the deep burial
of reservoirs, the diagenetic evolutionary pathway of sandstones is influenced by sed-
imentation, fluid activity, and the structural framework, resulting in strong pore-scale
heterogeneity within reservoirs, which influences the migration and accumulation of hy-
drocarbons [4-6]. Some sandstones undergo strong diagenesis at early stages, resulting
in poor petrophysical properties that form fluid barriers within the reservoir. However,
certain sandstones maintain relatively favorable porosity and permeability and can serve
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as effective reservoir rocks for ultra-deep sandstone reservoirs. Therefore, identifying
and predicting effective reservoir rocks in ultra-deep tight sandstone reservoirs that can
accumulate hydrocarbons are key challenges when exploring and developing ultra-deep
hydrocarbon reservoirs [7].

The development of effective reservoir rocks may be related to the petrological compo-
sition, grain coatings, overpressure, early hydrocarbon charging, dissolution, and fractures
in a tight reservoir. A higher rigid grain content reduces porosity loss caused by mechanical
compaction in sandstones [8-10]. Well-developed grain coatings (e.g., microcrystalline
quartz coatings and authigenic chlorite rims) can inhibit large-scale precipitation of cements
on detrital grain surfaces [11-13]. The preservation of pores by overpressure is controlled
by the mechanical properties of the sandstone and the relative timing of overpressure
development [9]. Overpressure reduces the vertical effective stress on sandstones, reducing
mechanical compaction while simultaneously inhibiting intergranular pressure dissolu-
tion and hindering silicon ion release, thereby slowing quartz cementation [9]. Early oil
charging alters pore water properties and may influence fluid and rock reactions, modi-
fying sandstone wettability [7,14,15]. Hydrocarbon charging in sandstone reservoirs may
locally inhibit the precipitation of authigenic diagenetic minerals (e.g., quartz, feldspar, and
illite) [14]. Under deep burial conditions, evaporite layers significantly protect primary
pores in sandstones. Compared with clastic rocks, evaporite layers exhibit greater thermal
conductivity, allowing faster heat transfer from underlying sandstones to the evaporite
layer during deep burial. This process results in lower temperatures for sandstones be-
neath evaporites than for those at equivalent depths without overlying evaporites, thereby
retarding cementation processes. The dissolution of unstable detrital components and
authigenic minerals under meteoric water, alkaline fluids, or organic acids increases the
pore space and improves reservoir quality. Notably, the increase in reservoir porosity dur-
ing burial diagenesis requires the dissolution of many minerals, and dissolution products
need to be transported out of the reservoir by pore water. However, ultra-deep reservoirs
are usually relatively closed geological systems. Controlled by the material balance, the
development of the scales of dissolution pores and the net increase in sandstone porosity
is unrealistic [16]. Thus, dissolution contributes minimally to porosity enhancement in
ultra-deep reservoirs lacking preferential migration pathways (e.g., faults, fractures, or
unconformities). Fractures may increase the reservoir space of tight reservoirs, to a certain
extent; however, more importantly, the development of fractures can greatly increase the
permeability of low-permeability and tight reservoirs and provide an advantageous migra-
tion channel for fluids [17-19]. Although all the above mechanisms are conducive to the
formation of effective reservoir rocks, the types of effective reservoir rocks in ultra-deep
tight sandstone gas reservoirs have not yet been clearly defined.

Owing to cost constraints and safety risks, core samples are typically drilled from only
a limited number of wells during practical oil and gas exploration, with restricted sampling
depths and ranges. Consequently, core samples can record information only from localized
strata within hydrocarbon reservoirs. It is impossible to comprehensively understand
reservoir characteristics and predict effective reservoir rocks solely through core analysis.
To investigate the spatial configuration of effective reservoir rocks within reservoirs on a
broader scale, well log data are essential. Well log data capture critical information about
formation fluid properties, petrological composition, porosity, and other key parameters
are among the most important tools for understanding formation characteristics [20-22].
Based on the distinct logging responses of various characteristic rocks in tight sandstone
reservoirs, log-based methods of identification can be established to differentiate between
effective and noneffective reservoir rocks. This approach provides evidence supporting the
evaluation of ultra-deep tight sandstone reservoir quality [21].
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The Tarim Basin is one of the most resource-rich basins in China for ultra-deep oil
and gas [23]. Within the basin, the Keshen gas field serves as a representative ultra-deep
gas reservoir, with its natural gas resources having been estimated at approximately one
trillion cubic meters. Within this field, the Cretaceous Bashijigike Formation (K;bs) serves
as a key ultra-deep tight sandstone gas reservoir. Overall, the Bashijiqike Formation has
experienced intense diagenetic alteration, high compaction, and extremely low porosity
and permeability. However, the prediction and types of effective reservoir rocks capable of
hosting hydrocarbon accumulation in ultra-deep tight sandstone reservoirs remain poorly
constrained. The aims of this study are as follows: (1) to classify tight sandstones based on
pore-scale characteristics and define effective reservoir rock types within ultra-deep tight
sandstone reservoirs, and (2) to develop a predictive framework for identifying effective
reservoir rocks by integrating sandstone lithotype classification, well log response analysis,
and factor analysis.

2. Geological Background

The Tarim Basin, located in northwestern China (Figure 1a), has exceptionally abun-
dant geological resources. The Keshen gas field lies within the Kuqa Depression of the
Tarim Basin (Figure 1b). The Kuga Depression extends in an ENE-trending direction. It
is approximately 550 km wide from east to west, 30-80 km wide from south to north
and covers an area of approximately 28,500 km? (Figure 1b). The Kuqa Depression is
a Meso-Cenozoic superimposed foreland basin developed based on a Paleozoic passive
continental margin [24]. The development of the Kuga Depression initiated during the
late Hercynian period and has undergone three major tectonic phases since the late Per-
mian, resulting in complex evolutionary processes: the late Permian-Triassic foreland basin
stage, the Paleogene extensional depression basin stage, and the Neogene—-Quaternary
intracontinental foreland basin stage [25]. The Himalayan orogeny exerted the most intense
tectonic influence on the Kuqa Depression, during which intense compressional thrusting
occurred, forming a series of large thrust-nappe structures along the southern Tianshan
front. These tectonic activities further shaped three structural belts (Kelasu, Yiqikelike, and
Qiulitage), two slope zones (northern and southern), and three sags (Wushi, Baicheng, and
Yangxia) [26]. The stratigraphy of the Kuqa Depression is composed of predominantly
Mesozoic and Cenozoic strata [27]. The Baicheng Sag and Yangxia Sag are the primary
hydrocarbon-generating sags and host two types of source rocks: lacustrine and coal-
measure [28]. The stratigraphic sequence of the Kuga Depression is shown in Figure 2.
Lacustrine source rocks are represented by the Upper Triassic Huangshanjie Formation
(Tsh) and Middle Jurassic Qiakemake Formation (J,q), whereas coal-measure source rocks
include the Upper Triassic Tariqi Formation (T5t), Lower Jurassic Yangxia Formation (J1y),
and Middle Jurassic Kezilenuer Formation (Jok). The Kuga Depression contains multiple
clastic reservoirs, such as the Jurassic Ahe Formation (J;a) and Yangxia Formation (J1y),
the Cretaceous Bashijigike Formation (K;bs) and Shushanhe Formation (Kjs), and the
Paleogene Suweiyi Formation (E3s) [28]. Of these formations, the Cretaceous Bashijigike
Formation is among the most significant gas-bearing reservoirs in the Kuga Depression.

The Kelasu Structural Belt, situated in the central Kuga Depression, generally exhibits a
nearly E-W-trending orientation [29]. The Keshen gas field (Figure 1c) is located within this
belt. Under intense N-S compression during the Himalayan period, the Kelasu Structural
Belt developed a series of north-dipping thrust faults, which combined with strata to
form geological structures, such as anticlines and faulted anticlines [30]. These thrust
faults act as critical pathways for hydrocarbon migration and accumulation, facilitating the
migration of oil and gas from source rocks to structural traps through fault systems. The
Cretaceous Bashijigike Formation serves as the primary reservoir for the Keshen gas field
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(Figure 2) and was deposited under hot and arid climatic conditions [27]. The third member
(K1bs?) corresponds to a fan delta front subfacies, whereas the first and second members
(K1bs? and K;bs'!) are characterized by braided river delta front subfacies [31]. During the
middle Cretaceous, the Keshen area underwent uplift, leading to a certain degree of erosion
at the top of the first member of the Cretaceous Bashijigike Formation [32]. At present,
the burial depth of the Cretaceous Bashijigike Formation reservoirs in the Keshen gas
field generally exceeds 5500 m, with the deepest sections reaching approximately 8000 m.
The Cretaceous Bashijiqgike Formation is overlain by the Paleogene Kumugeliemu Group
gypsum-salt layers, which exceed 1500 m in thickness across most regions [27]. These
massive gypsum-salt layers provide excellent sealing caps for Cretaceous reservoirs [22].
In general, the Keshen area is compartmentalized by thrust faults into low-relief fault
anticlines. Hydrocarbon exploration has revealed that the core areas of these anticlines are
the primary zones for natural gas enrichment.
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Figure 1. (a) Structural units of the Tarim Basin, China; (b) structural units in the Kuqa Depression;
(c) structural characteristics of the Keshen gas field; The location of wells in Figure 11 is shown in
Figure 1c.
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Figure 2. Comprehensive stratigraphic diagram of the Kuqa Depression (modified from [27]).

3. Materials and Methods
3.1. Core Observation and Petrological Analysis

Core observations were carried out in 12 selected cored wells within the Cretaceous
Bashijigike Formation of the Keshen gas field in the Tarim Basin, where the cores exhibited
relatively intact preservation and longer coring intervals. Using these cores, the characteris-
tics of the Cretaceous Bashijigike Formation were analyzed, with detailed observations and
descriptions of the color, lithology, texture, sedimentary structure, and bedding of the sand-
stone. We selected sandstone samples with changed petrological characteristics based on
core observations. The intervals between samples in each well were approximately between
10 cm and 50 cm. In total, 226 representative sandstone samples were selected to conduct a
variety of microscopic observations, including those of optical thin sections impregnated
with blue epoxy resin, scanning electron microscopy (SEM), and cathodoluminescence
(CL). Then, 226 pieces of optical thin sections were prepared by selecting sandstones with
different petrological characteristics. The optical thin sections were treated with Alizarin
Red S and K-ferricyanide to distinguish carbonate minerals. A Zeiss Axio Z1 optical mi-
croscope was used with the equidistant point-counting method to quantitatively analyze
and statistically evaluate detrital grains, interstitial materials, pores, and their proportions
within thin sections. This process clarified the detrital mineralogy, interstitial components,
and types of authigenic minerals in the sandstone, analyzed the types and proportions of
pores, and investigated the sequential relationships between different authigenic minerals
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and dissolution. The detrital textures of the sandstone, including the grain size, sorting,
and roundness, were further analyzed by integrating optical thin sections with the Image]J
v1.0 software. An FEI Quanta 450 scanning electron microscopy (SEM) (FEI Company,
Hillsboro, OR, USA) instrument was used in both secondary electron (SE) (11 sandstone
samples) and backscattered electron (BSE) modes (9 sandstone samples) to analyze the
types and growth sequences of the authigenic minerals in the sandstone. This method
was combined with energy-dispersive spectroscopy (EDS) to qualitatively determine the
chemical composition of the authigenic minerals. A C18200 MK5-2 cathodoluminescence
system (Cambridge Image Technology Ltd, Cambridge, UK) was used to observe the
stages and characteristics of carbonate minerals in 10 sandstone samples. The petrological
composition of the 226 sandstone samples is summarized in Table 1.

Table 1. Thin-section point-counting data of ultra-deep K;bs sandstone.

Detrital Mineralogy
Sedimentary Metamorphic  Volcanic
Content Quartz K-Feldspar Plagioclase Rock Rock Rock Mica
Fragment Fragment Fragment
Average (%) 44 18 10 4 13 10 0.3
Range (%) 37-57 8-26 3-18 2-10 6-25 4-17 0-2
Cement (%)
Content Mud- Authi i Authi i
Matrix Calcite Dolomite  Fe-Dolomite uthigenic Anhydrite ut 18ENIC Hematite
Quartz Albite
Average (%) 3.8 3.6 1.6 0.2 0.9 0.2 0.7 0.06
Range (%) 0-20 0-26 0-35 0-3 04 0-3 0-3 04
As microscopic analyses do not allow for quantitative determination of the content
of clay minerals in sandstone samples, a Bruker D8 X-ray diffraction (XRD) analyzer
was used to analyze the types and abundances of clay minerals in 93 sandstone samples
quantitatively. The results of the XRD are shown in Table 2. Based on the petrology
and diagenesis of sandstone, petrofacies within ultra-deep tight sandstone reservoirs can
generally be categorized into effective reservoir rocks and tight petrofacies.
Table 2. XRD data of ultra-deep K;bs sandstone.
Total Content Relative Content of Different Types of Clay Minerals (%)
of Clay Mixed-Layer Illite/Smectite Illite Kaolinite Chlorite
Minerals (%) Average Range Average  Range  Average Range  Average  Range
2-30 315 0-71 57.4 17-86 3.5 0-18 7.6 1-25

A total of 153 sandstone plug samples with a diameter of 25 mm and a length of 50 mm
were drilled, and a confining pressure porosity and permeability tester was employed to
measure the porosity and permeability of the sandstone samples. This technique allowed
for a comparative analysis of the petrophysical property conditions among different sand-
stone samples.

3.2. Prediction of Effective Reservoir Rocks Using Well Logging

When identifying effective reservoir rocks and tight petrofacies in ultra-deep tight
sandstone reservoirs through well logging, owing to the difference in the weights of well
logging instruments in the same well, the tension during the descent of the instrument into
the well is different, resulting in errors in depth among different well log data. To ensure
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depth consistency across different types of well logs, depth correction was first applied
to different well logs from the same well. A well log curve with distinct characteristics
was selected as the reference curve, and its prominent feature positions were used as
markers to adjust the depths of other well log curves in the well. This process began by
comparing core lithology with well log response characteristics to select one well log curve
that exhibits strong lithological correlation as the reference curve for depth correction.
Stable intervals within the reference curve, where the lithology and well log responses
remain consistent, were designated as marker intervals. These marker intervals were then
utilized to perform depth corrections on other well log curves. After depth correction, the
response characteristics of all well log curves at the same depth within the well exhibited
uniformity in reflecting rock properties. Well log curves of the same type from different
wells were standardized, such that well log curves of the same type exhibited comparable
ranges across different wells. The fundamental basis for well log curve standardization
lies in the geological principle that similar sedimentary environments produce comparable
rock types and corresponding well log responses.

Additionally, due to factors such as core loss or core recovery rates during coring
operations, discrepancies may exist between the marked burial depths of cores in cored
wells and the recorded burial depths of well log curves. Therefore, to align cored intervals
with their corresponding well log responses, it was necessary to verify the consistency
between cores and well log data in cored wells and apply depth corrections to mismatched
cores. Comparing the lithology interpreted from well logs and the response characteristics
of well log curves to geological layers, the burial depths of cored intervals were adjusted
through multiple types of well log curve analyses. This adjustment ensures that the well
log responses accurately matched the petrological variations observed in the cores.

3.3. Factor Analysis of the Well Log Responses

Referring to prior studies that utilized mathematical approaches for dimensionality
reduction in multiple well log datasets [33], in this research, five types of well logs sensitive
to petrological composition and petrophysical properties were selected: gamma ray (GR),
acoustic (AC), bulk density (DEN), compensated neutron (CNL), and resistivity (RD) logs.
Factor analysis was employed to process the well logs. Given the substantial variations in
data ranges across different well logs, normalization was performed on them, providing
datasets to standardize these inputs for factor analysis.

4. Results

4.1. Sandstone Petrology
4.1.1. Detrital Texture and Mineralogy

Core observations reveal that the tight sandstone reservoirs consist of predominantly
reddish brown and grayish white siltstone, fine-grained sandstone, medium-grained sand-
stone, medium- to coarse-grained sandstone, and dark-red mudstone, with medium- and
fine-grained sandstones constituting the dominant lithologies. The sandstone reservoirs
are characterized primarily by massive bedding. The medium-grained sandstones exhibit
trough cross-bedding formed by vertical accumulation at the lower cutbank of the river
channel and tabular cross-bedding resulting from lateral or downstream channel accretion.
The medium-grained sandstones display through cross-bedding generated through lateral
channel accretion and tabular cross-bedding formed by lateral or downstream accretion.
The fine-grained sandstones feature parallel bedding and tabular cross-bedding, whereas
the siltstone—sandstones feature predominantly parallel bedding. The locally observed
argillaceous gravels within the sandstones are irregular, torn, or angular.
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Through identification via optical thin-section point counting, it has been determined
that the sandstone lithologies include two types, namely, lithic arkose and feldspathic
litharenite, with lithic arkose being the predominant variety (Table 1). The detrital quartz is
predominantly monocrystalline quartz, with relative contents ranging from 37% to 58%,
with an average value of 44% (Table 1). The detrital feldspar contents vary between 18%
and 40%, for an average of 30%, comprising K-feldspar contents of 8-30% (average of
19%) and relative plagioclase contents ranging from 3% to 19% (average of 11%) (Table 1).
The lithic fragment contents range from 13% to 37%, with a mean value of 26% (Table 1).
Among lithic components, both metamorphic and volcanic rock fragments exhibit higher
relative abundances than sedimentary rock fragments do, with metamorphic rock fragments
predominating. Metamorphic rock fragments display relative contents of 5-25% (average of
12%), consisting of primarily low-grade metamorphic rock fragments and quartz fragments.
Volcanic rock fragments have relative contents of 3-17% (average of 10%). Sedimentary
rock fragments occur in smaller quantities, ranging from 1% to 10%, with an average of 4%
(Table 1), and are composed of predominantly mudstone fragments. Trace amounts of mica
are observed within detrital grains, with the relative mica contents remaining less than 1%
in most sandstones.

4.1.2. Interstitial Material

The analysis of optical thin section, scanning electron microscopy (SEM), and clay min-
eral X-ray diffraction (XRD) data confirms that the sandstones host a variety of interstitial
materials. The matrix is predominantly argillaceous, accounting for 0-20% of the total rock
volume, whereas the cement types include calcite, dolomite, authigenic quartz, anhydrite,
authigenic feldspar, clay minerals, and hematite. Carbonate cements dominate volumetri-
cally, with calcite contents ranging from 0 to 26% (average of 3.6%) and dolomite accounting
for 35% (average of 1.6%). Ferroan dolomite occurs in minor quantities (<3%). Authigenic
quartz generally does not exceed 4% (average of 0.9%). Regionally, the reservoir in the
northern Keshen gas field has a relatively high calcite content and low dolomite abundance,
whereas dolomite prevails in carbonate cements in the southern area. Authigenic quartz
contents range from 0 to 4% (average of ~0.9%). Trace anhydrite cement (0-3%, average
of 0.2%) is observed in the sandstone pores and is stratigraphically concentrated in K;bs!,
followed by K;bs?, and it is minimal in K;bs®. Authigenic albite, present as feldspar over-
growths and euhedral columnar crystals, constitutes 0-3% (average of 0.83%). The hematite
contents remain at less than 4.3% (average of 1-2%). The XRD data are summarized in
Table 2. They indicate total clay mineral contents of 2-30% in the sandstones, dominated
by illite (17-86%, average of 57.4%), followed by mixed-layer illite/smectite (0-71%, aver-
age of 31.5%), chlorite (1-25%, average of 7.6%), and trace kaolinite (0-2.24%, average of
0.23%). This mineralogical distribution highlights strong illitization within the reservoir
and extensive kaolinite alteration, with clay assemblages reflecting a predominance of illite
and mixed-layer illite/smectite over chlorite and kaolinite.

4.2. Effective Reservoir Rock and Tight Petrofacies
4.2.1. Petrofacies Classification in Ultra-Deep Tight Sandstone Reservoirs

The reservoir in the Keshen gas field is composed of multiple sand bodies superim-
posed between argillaceous rocks. As shown in Figure 3, the petrological composition,
porosity, and permeability of sandstone within the sand body are variable, showing hetero-
geneity. A comparative analysis of the petrological characteristics reveals that sandstones
with coarser grain sizes, higher contents of rigid grains (such as quartz and feldspar), and
lower contents of ductile grains (including clay matrix, altered volcanic rock fragments,
low-grade metamorphic rock fragments, and mica) tend to develop relatively abundant



Energies 2025, 18, 2913 9 of 23

pore spaces and demonstrate better petrophysical properties, such as the sandstone buried
at a depth of 5626.1 m in Well KS6 (Figure 4a). Conversely, sandstones dominated by
fine-grained rocks with high ductile grain contents and significant compactive deformation
of rock fragments exhibit poorer petrophysical properties, such as the sandstone buried
at a depth 5628.2 m in Well KS6 (Figure 4b). As also shown in Figure 3, the sandstone
buried at a depth of 5621.7 m in Well KS6 has a calcite content of 25%. Petrological evidence
suggested that the precipitation of extensive carbonate minerals in sandstone has consumed
the pore spaces, and the thin-section porosity is only about 1% (Figure 4c). It is indicated
that extensive carbonate minerals result in localized tight sandstone with extremely poor
reservoir quality (Figure 4c).
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Figure 3. Mineralogy, petrophysical properties and petrofacies of K;bs in Well KS6. Qtz: quartz;
Fs: feldspar; Lf: lithic fragment; Mud-mtx: mud-matrix; Cal: calcite; (Fe) Dol: (Fe) dolomite; A-Qtz:
authigenic quartz; Adr: anhydrite; A-Ab: authigenic albite; Por: porosity; Per: permeability.
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Therefore, based on variations in sandstone lithofacies, petrological composition and
texture, diagenesis, and pore characteristics, the heterogeneous tight sandstone reservoirs
are categorized into three petrofacies: (1) petrofacies A, i.e., ductile grain-poor sandstone
(Figure 4a), (2) petrofacies B, i.e., ductile grain-rich sandstone (Figure 4b), and (3) petrofacies
C, i.e., carbonate-tightly cemented sandstone (Figure 4c). In this study, ductile grains
refer to detrital grains that exhibit significant bending deformation under microscopic
observation, and these grains include primarily altered volcanic rock fragments, low-
grade metamorphic rock fragments, mica, and mudstone fragments. These ductile grains
undergo pronounced deformation under compaction, demonstrating characteristic bending
features that encroach into pore spaces. The carbonate cements are dominated by calcite

and dolomite.

Figure 4. Micrographs of different petrofacies in Kybs ultra-deep tight sandstone reservoirs: (a) ductile
grain-poor sandstone (petrofacies A), with blue color denoting pore spaces, Well KS6, 5626.1 m;
(b) ductile grain-rich sandstone (petrofacies B), Well KS6, 5628.2 m; (c) carbonate-tightly cemented
sandstone (petrofacies C), Well KS6, 5621.7 m.

4.2.2. Petrology of the Effective Reservoir Rock and Tight Petrofacies

Different petrofacies exhibit marked differences in detrital texture and mineralogy, as
well as in the types and contents of interstitial materials, which are summarized in Figure 5
and Table 3.

Differences in Detrital Textures and Mineralogies Among Different Petrofacies

Petrofacies A is characterized primarily by a high rigid grain content, low ductile grain
content, low cement content, relatively coarse grain size, and high thin-section porosity. As
shown in Figure 4a, the thin-section porosity is approximately 9%. The relative contents
of quartz range from 38% to 56%, those of feldspar range from 23% to 39%, those of rock
fragments range between 15% and 33%, those of mica range from approximately 0 to 1%
(Figure 5a), those of matrix range from approximately 0 to 10% (Figure 5b), and those of
ductile grains range from 7.5% to 19% (Table 3). The ductile grain-poor sandstone comprises
mainly medium-grained sandstones, with median grain sizes ranging from 0.14 mm to
0.4 mm (Figure 6a, Table 3). The grain contacts are predominantly point-to-line types,
indicating a grain-supported texture (Figure 4a).

Petrofacies B is characterized by a high ductile grain content, low cement content,
relatively fine grain size, and low porosity in thin sections (Figure 4b). It comprises
predominantly fine-grained sandstones with median grain sizes ranging from 0.08 mm to
0.3 mm (Figure 6b). The relative contents of detrital quartz range from 37% to 55%, those
of feldspar range from 18% to 37%, those of rock fragments range between 25% and 36%,
those of mica range from approximately 0 to 2% (Figure 5c), and those of matrix range from
approximately 0.5% to 20% (Figure 5d, Table 3). Overall, the ductile grain contents range
from 16% to 33.5%, and the cement contents range from 0% to 9% (Table 3).
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Figure 5. Petrology of different petrofacies of the Kybs ultra-deep tight sandstone reservoirs: (a) detri-
tal grain content in petrofacies A; (b) content of interstitial material in petrofacies A; (c) detrital grain
content in petrofacies B; (d) content of interstitial material in petrofacies B; (e) detrital grain content
in petrofacies C; (f) content of interstitial material in petrofacies C. Qtz: quartz; K-fs: K-feldspar;
PL: plagioclase; Ls: sedimentary rock fragment; Lm: metamorphic rock fragment; Lv: volcanic rock
fragment; Mud-mtx: mud-matrix; Cal: calcite; Dol: dolomite; Fe-Dol: Fe-dolomite; A-Qtz: authigenic
quartz; Adr: anhydrite; A-Ab: authigenic albite.

Petrofacies C features a low ductile grain content, high carbonate cement content, and
low thin-section porosity (Figure 4c). The carbonate cements are dominated by calcite or
dolomite, exhibiting matrix-supported cementation under microscopic observation. The
relative contents of detrital quartz range from 38% to 57%, those of feldspar range from
19% to 36%, those of total rock fragments range between 17% and 37%, those of mica range
from approximately 0 to 0.5% (Figure 5e), and those of matrix range from approximately
0 to 10% (Figure 5f, Table 3). Overall, the ductile grain contents range from 10% to 18%
(Table 3). The carbonate-cemented tight sandstones in the Bashijigike Formation display a
wide grain size distribution, with median grain sizes varying from 0.16 mm to 0.38 mm
(Figure 6¢, Table 3).
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Table 3. Quantitative petrological statistics in effective reservoir rocks (petrofacies A) and tight petrofacies (petrofacies B and petrofacies C).

Petrofacies Quartz Feldspar Rock Mica (%) Mud-Matrix  Total Cement Carbonate Ductile Median Grain Size  Thin-Section
(%) (%) Fragment (%) ? (%) (%) Minerals (%)  Grain (%) (%) Porosity (%)

A 38-56 23-39 15-33 0-1 0-10 1-10.5 1-7 8-19 0.14-0.4 1-8.3

B 37-55 18-37 25-36 0-2 0.5-20 0-9 0-7 16-34 0.08-0.3 0-1.1

C 38-57 19-36 17-37 0-0.5 0-10 10-35 10-35 10-18 0.16-0.38 0-1
Petrofacies Calcite (%) Dolomite (%) Fe-Dolomite (%) Authigenic Quartz (%) Anhydrite (%) Authigenic Albite (%)

A 0-6 0-6 0-3 0-3 0-3 0-3

B 0-5 0-6 0-2 - 0-3 -

C 0-26 0-35 0-0.5 - 0-2 -

: ’ Relative Content (%)
i Total Content (%

Petrofacies otal Content (%) Mixed-Layer Illite/Smectite Illite Kaolinite Chlorite

A 2-13 0-60 38-84 1-14 1-25

B 3-30 11-66 26-75 1-9 3-13

C 2-4 0-71 17-84 0-16 3-17
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Figure 6. Distribution of median grain sizes in different petrofacies of sandstones: (a) petrofacies A;
(b) petrofacies B; (c) petrofacies C.

Interstitial Material in Different Petrofacies

Various types of cements precipitated in petrofacies A, although their abundance is
relatively low (Table 3). The total cement contents in this petrofacies range from 1% to
10.5%, with minerals comprising primarily calcite, dolomite, ferroan dolomite, authigenic
quartz, anhydrite, and authigenic feldspar (Figure 5b). Specifically, the calcite contents
range from 0 to 6%, the dolomite contents range from 0 to 6%, the ferroan dolomite contents
range from 0 to 3%, the authigenic quartz contents range from 0 to 3%, and the authigenic
feldspar contents range from 0 to 3% (Figure 5b, Table 3). The total clay mineral contents
range from 2% to 13%, dominated by mixed-layer illite/smectite, illite, and chlorite, with
microscopic observations, indicating negligible kaolinite.

Petrofacies B has a lower cement content and fewer cement types than ductile grain-
poor sandstones do, with clay minerals serving as the primary cements (Table 3). The total
cement contents range from 0 to 9%, with minerals including calcite, dolomite, ferroan
dolomite, anhydrite, hematite, and clay minerals. Authigenic quartz and feldspar are absent
(Figure 5d). The calcite contents are 0-5%, the dolomite contents are 0—6%, the ferroan
dolomite contents are 0—2%, and the anhydrite contents are 0-3% (Figure 5d, Table 3). The
clay mineral contents increase significantly to 3-30% (Table 3).

Petrofacies C has a relatively high cement content dominated by carbonate minerals,
with limited diversity in cement types. The total cement contents range from 10% to 35%,
being entirely composed of carbonate minerals (Figure 5f). Trace amounts of hematite
(0-0.5%), ferroan dolomite (0-0.5%), and anhydrite (<2%) are occasionally observed. The
calcite contents range from 0 to 26%, the dolomite contents range from 0 to 35%, and the
clay mineral contents decrease markedly to 2-4% (Figure 5f, Table 3).

4.2.3. Diagenesis of Effective Reservoir Rocks and Tight Petrofacies

We analyzed the diagenesis of different petrofacies, as presented in Figure 7. Petrofa-
cies A has a high content of rigid grains, with relatively strong resistance to compaction and
moderate mechanical compaction. Early diagenesis did not involve extensive carbonate
cementation, allowing for frequent fluid activity. Multiple stages of diagenesis occurred
during burial. Authigenic minerals are diverse but low in total abundance, with petrological
evidence indicating the precipitation of carbonate minerals (Figure 7a), authigenic quartz
(Figure 7b), authigenic albite (Figure 7c), anhydrite, authigenic clay minerals (Figure 7d),
and hematite (Table 3) within pores.

Petrofacies B has abundant highly compactible ductile grains (Figure 7e) and is char-
acterized by poor compaction resistance. During early diagenesis, significant pore loss due
to mechanical compaction results in limited fluid activity and relatively simple diagenetic
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processes. Pores contain only minor amounts of calcite, dolomite (Figure 7f), anhydrite,
and hematite, with clay minerals dominating authigenic minerals (Figure 7g). Almost no

dissolution occurs, and dissolution pores are almost invisible in thin sections.

Figure 7. Diagenesis of different petrofacies: (a) dolomite postdates authigenic quartz and predates
the precipitation of illite, petrofacies A, KS209, 6700.85 m, backscattered electron (BSE); (b) authigenic
quartz fills pores and coexists with mixed-layer illite/smectite, predating the precipitation of calcite,
petrofacies A, KS6, 5630.5 m, scanning electron microscopy (SEM); (c) pores filled with anhydrite,
dolomite, and authigenic feldspar, where authigenic feldspar precipitated prior to anhydrite, petro-
facies A, KS8, 6730 m, cross-polarized light (XPL); (d) authigenic feldspar, quartz, and mixed-layer
illite /smectite precipitated in pores, petrofacies A, KS206, 6709.12 m, SEM; (e) mica deformed by
compactional bending, petrofacies B, KS904, 7741 m, plane-polarized light (PPL); (f) trace carbon-
ate minerals (dolomite) precipitated in pores, petrofacies B, KS904, 7732 m, XPL; (g) mixed-layer
illite/smectite in pores, petrofacies B, KS501, 6364.22 m, SEM; (h) poikilotopic calcite cementation,
petrofacies C, KS501, 6367.96 m, cathodoluminescence (CL); (i) minor anhydrite precipitation, petro-
facies C, KS904, 7729.5 m, XPL. A-Qtz: authigenic quartz; Dol: dolomite; Cal: calcite; Adr: anhydrite;
A-Ab: authigenic albite; I/S: mixed-layer illite/smectite.

In petrofacies C, the pores are extensively filled with carbonate minerals (Figure 7h).
Petrographic features, such as poikilotopic cementation of calcite or dolomite, suggest
the formation of carbonate minerals during early diagenesis. Although the presence of
carbonate minerals enhances resistance to compaction during burial, pore space is already
consumed by cementation. Like petrofacies B, late-stage fluid activity is weak, preventing
large-scale dissolution and resulting in almost no effective porosity. Authigenic minerals are
limited to calcite or dolomite, with only trace amounts of anhydrite sporadically replacing
carbonate minerals or detrital grains.
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4.2.4. Porosity and Permeability of Effective Reservoir Rocks and Tight Petrofacies

The porosity and permeability of different petrofacies are shown in Figure 8, which
indicates that the ultra-deep tight sandstone reservoirs in the Keshen gas field are char-
acterized by ultralow porosity and ultralow permeability. Although the sandstones are
generally tight, relatively porous sandstones are still present within the reservoir. The
porosity and permeability test results indicate that petrofacies A has relatively better petro-
physical properties compared with petrofacies B and C. In the Cretaceous Bashijigike
Formation reservoirs, the porosities of petrofacies A range from 4% to 13.7%, with an
average porosity of 7.3%, whereas its permeabilities vary between 0.01 x 1073 um? and
1.13 x 1073 um?, averaging 0.15 x 10~ um? (Figure 8). In contrast, petrofacies B and petro-
facies C present relatively poor petrophysical characteristics. Petrofacies B has porosities
ranging from 1.6% to 5.2%, and the average porosity is 3.5%. The permeabilities of petro-
facies B range from 0.01 x 1073 um? t0 0.28 x 1073 um?, and the average permeability is
0.04 x 1073 um? (Figure 8). Petrofacies C has porosities between 1.29% and 4.54%, and the
average porosity is 2.8%. The permeabilities of petrofacies C range from 0.007 x 10~% um?
t0 0.13 x 1073 um?, and the average permeability is 0.04 x 10~3 um? (Figure 8).
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Figure 8. Petrophysical properties of the effective reservoir rock and tight petrofacies in the K;bs
ultra-deep tight sandstone reservoirs.

Based on the analysis of porosity and permeability across the three petrofacies, ductile
grain-poor sandstone (petrofacies A) displays an average porosity approximately 5% higher
than that of ductile grain-rich sandstone (petrofacies B) and carbonate-tightly cemented
sandstone (petrofacies C), along with an average permeability that is one order of mag-
nitude greater than that of the other two petrofacies. These results clearly demonstrate
that, compared with the other two petrophysical facies, ductile grain-poor sandstone has
significantly superior petrophysical properties. Consequently, ductile grain-poor sandstone
is classified as an effective reservoir rock within ultra-deep tight sandstone reservoirs. In
contrast, ductile grain-rich sandstone and carbonate-tightly cemented sandstone, which
exhibit extremely poor petrophysical characteristics, are categorized as tight, non-reservoir
petrofacies in ultra-deep tight sandstone reservoirs.
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4.3. Effective Reservoir Rock Prediction Using Well Logging and Factor Analysis
4.3.1. Well Log Responses of Different Petrofacies

The values of the logging response corresponding to different petrofacies within the
cored intervals were extracted according to the depth correction of well logs, standardiza-
tion of well log data, and matching of core depths. Optimal well logs sensitive to various
petrofacies types were selected via generating log crossplots and geostatistical analysis.
Considering the differences in petrological composition, petrophysical properties, and
diagenesis among different petrofacies, five conventional well logs were carefully chosen
for identifying sandstone petrofacies in the ultra-deep tight sandstone reservoirs of the
Keshen gas field. These five conventional logging curves are the gamma ray log (GR),
which reflects the clay content; the acoustic log (AC), which indicates the rock porosity,
degree of compaction, and fluid characteristics; the bulk density log (DEN); the neutron
porosity log (CNL); and the resistivity log (RD).

Core observations and thin-section identification data were used to calibrate the
logging responses of samples with confirmed petrofacies types. Crossplots of logging
responses for different petrofacies were generated by extracting corresponding log values,
as illustrated in Figure 9. Importantly, the vertical resolution of the well logs is 0.125 m.
The logging responses of different petrofacies are shown in Table 4. Petrofacies A has
low GR values ranging from 41.5 API to 66.6 API, with an average of 52.5 API, which is
attributed to its low content of argillaceous lithic fragments, clay matrix, and authigenic clay
minerals. Due to weak mechanical compaction, favorable porosity, and low bulk density,
petrofacies A has moderate-to-high DT values between 54.0 ps/ft and 64.9 us/ft (average of
58.8 ps/ft), moderate-to-low DEN values ranging from 2.48 g/cm? to 2.63 g/cm? (average
of 2.55 g/cm3), low RD values between 15.3 (2-m and 53.5 (2-m (average of 33.5 (2:m),
and low CNL values ranging from 0.9% to 6.7% (average of 3.4%). In contrast, petrofacies
B has moderate-to-high GR values, moderate-to-high CNL values, moderate-to-low DT
values, high DEN values, and low RD values. Petrofacies C is characterized by moderate
GR values, moderate CNL values, extremely low DT values, high DEN values, and variable
RD values, as shown in Figure 9.

Table 4. Logging responses of different lithofacies of effective reservoir rocks and tight petrofacies.

. Petrofacies A Petrofacies B Petrofacies C

RLOgglng (Effective Reservoir Rocks) (Tight Petrofacies) (Tight Petrofacies)

esponses
P Range Average Range Average Range Average

GR (API) 41.5-66.6 52.5 63.3-101.6 79.1 50.4-78.9 64.4

AC (us/ft) 54.0-64.9 58.8 55.1-62.6 58.1 53.2-59.8 55.9

DEN (g/Cm3) 2.48-2.63 2.55 2.57-2.66 2.61 2.59-2.70 2.63

RD (Q)-m) 15.3-53.5 33.5 10.3-40.5 27.0 12.7-61.2 30.1

CN (%) 0.9-6.7 34 2.3-7.8 5.1 22-73 42

Although crossplot analysis of log data reveals distinguishable differences in logging
response characteristics among the three petrofacies, partial overlaps in log data between
different petrofacies prevent the precise differentiation of their logging signatures. For
example, petrofacies B and petrofacies C exhibit nearly identical density log ranges. These
overlaps indicate that relying exclusively on log crossplots is insufficient to effectively
distinguish the logging responses of the three petrofacies.
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Figure 9. Intersection of well logs of different petrofacies in the K;bs ultra-deep tight sandstone reservoirs.

4.3.2. Factor Analysis of the Well Log Responses of Different Petrofacies

Principal component analysis yielded two factors, F1 and F2, with values of 2.126 and
1.479, respectively, collectively accounting for 87.672% of the cumulative variance. The
coefficients corresponding to each parameter within the factors, representing eigenvectors,
were derived by dividing the explanatory power of each factor over the original variables by
the square root of its respective eigenvalue. These eigenvectors were then multiplied by the
standardized data matrix, and by incorporating the mathematical relationships between the
standardized and raw data, the expressions for the two factors were formulated as follows:

1)
@)

where ZGR represents the normalized gamma ray (API), ZCN denotes the normalized
compensated neutron porosity (%), ZAC corresponds to the normalized acoustic velocity
(us/ft), ZDEN signifies the normalized bulk density (g/cm?), and ZLnRD indicates the
normalized logarithm of resistivity (()-m).

Eigenvalues for distinct petrofacies were computed using these aforementioned for-
mulas. For ductile grain-poor sandstone, the F1 values range from —2.64 to 0.76, with a
mean of —1.13, whereas the F2 values range from —2.04 to 3.14, with a mean of 0.35. The
ductile grain-rich sandstones present F1 values between —0.24 and 3.99 (mean of 1.59)
and F2 values between —1.13 and 2.17 (mean of 0.23). The carbonate-tightly cemented
sandstone samples present F1 values ranging from —0.63 to 2.75 (mean of 0.80) and F2
values ranging from —2.47 to 0.68 (mean of —0.84). A crossplot analysis of principal factors
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F1 and F2 (Figure 10) demonstrated effective petrofacies differentiation through factor
analysis, with distinct eigenvalue distributions observed across petrofacies. Validation
using cored wells containing abundant samples with confirmed petrofacies classifications
reveals an agreement rate of 85.3% between the predictions generated by the model and
manual interpretations for ductile grain-poor sandstone, ductile grain-rich sandstone, and
carbonate-tightly cemented sandstone.

Petrofacies A
4 4 Petrofacies B
Petrofacies C

-3 T |':: T T T T T
-3 -2 -1 0 1 2 3 4 5

F1

Figure 10. Diagram showing the intersection of two factors influencing the well log parameters of the

effective reservoir rock and tight petrofacies in the K;bs ultra-deep tight sandstone reservoirs.

4.3.3. Prediction of Effective Reservoir Rocks in Wells

The predictive model was implemented to forecast the spatial distribution of effective
reservoir rocks and tight petrofacies within the ultra-deep tight sandstone reservoirs of
the Cretaceous Bashijigike Formation in wells in the Keshen gas field, and it is presented
in Figure 11. The predictive results from the wells reveal an interbedded distribution
of three petrofacies within the reservoirs. Ductile grain-poor sandstone, which serves
as a potential effective reservoir unit, is interbedded with tight petrofacies, including
ductile grain-rich sandstone and carbonate-tightly cemented sandstone. This lithological
architecture results in limited connectivity of effective reservoir bodies within ultra-deep
tight sandstone reservoirs.

The ultra-deep tight sandstone reservoirs exhibit heterogeneity at different scales.
Sand bodies are stratigraphically segregated by argillaceous intervals, forming a primary
framework of lithological heterogeneity between sandstone and mudstone. Furthermore,
intrasand body structural heterogeneity is characterized by the juxtaposition of ductile
grain-poor sandstone with relatively favorable petrophysical properties and adjacent tight
petrofacies, such as ductile grain-rich sandstone and carbonate-tightly cemented sandstone.
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Figure 11. Effective reservoir rock and tight petrofacies well log prediction of the K;bs ultra-deep
tight sandstone reservoirs.

5. Discussion

Previous studies have recognized that heterogeneity, as a fundamental attribute of
clastic rock formations, is universally present across different scales [7,31,34]. Ultra-deep
sandstone reservoirs have undergone intense mechanical compaction and multiple stages
of cementation and dissolution during burial processes, resulting in more pronounced
pore-scale heterogeneity [35,36]. The differential petrophysical properties exhibited by
various sandstones during deep burial processes are attributed to the combined controlling
effects of the sediment source, sedimentation, tectonic movements, and diagenesis [37].

For one reservoir unit, different positions within a sand body may experience com-
pletely distinct diagenetic evolutionary pathways, leading to significant variations in pore
systems and petrophysical properties within sandstones [38]. Previous studies have sug-
gested that the enhanced petrophysical properties in tight sandstone reservoirs are related
to the development of primary pores, secondary pores, and natural fractures [39]. During
the shallow burial stages of ultra-deep tight sandstone reservoirs, sandstones undergo
early diagenesis. Ductile grain-rich sandstones lose pore space under intense mechan-
ical compaction and their permeability gradually becomes low. This results in a weak
interaction between fluid and rock in these sandstones, leading to a low content of cemen-
tation. Carbonate-cemented tight sandstones often develop at the fluid active configuration
interfaces between sand bodies and tend to cause extensive precipitation of carbonate
minerals during the early diagenetic stage [33]. Locally developed carbonate-cemented
tight sandstones in the reservoir nearly exhaust their primary porosity at this stage, with
the rock becoming extremely tight. These early-stage tight rocks rarely undergo further
diagenetic alterations during deep burial, rarely exhibit secondary dissolution pores, and
demonstrate weak fluid—rock interactions in deep burial stages.
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In contrast, ductile grain-poor sandstones exhibit relatively weak mechanical com-
paction, weak cementation, and strong dissolution characteristics. During burial processes,
these sandstones maintain relatively active fluid flow, where unstable components such
as feldspar and lithic fragments undergo dissolution, whereas authigenic quartz, feldspar,
and clay minerals precipitate in pores with low total cement contents. Although ultra-deep
reservoirs generally tend toward tight sandstone, effective reservoir rocks with relatively
good porosity and permeability still exist, providing space for hydrocarbon accumulation
and migration. The heterogeneous distribution of effective reservoirs and non-productive
sandstones in tight sandstone reservoirs is common [40]. The degree of development and
spatial distribution of these effective reservoir rocks constitute the critical foundation for hy-
drocarbon enrichment in ultra-deep reservoir [41]. However, the development of effective
reservoir rocks does not guarantee geological fluid migration in ultra-deep tight sandstones.
The presence of argillaceous rocks and tight petrofacies in ultra-deep reservoirs may act as
barriers, hindering the hydrocarbon migration. This dual-scale heterogeneity—interbedded
sand—mud sequences and intrasand petrofacies variations—collectively governs the com-
plex fluid flow behavior and reservoir quality distribution within the ultra-deep tight
sandstone system.

6. Conclusions

In this study, three sandstone petrofacies within ultra-deep tight gas reservoirs were
classified. Based on comparative analysis of the detrital texture and mineralogy, intersti-
tial material, diagenesis, and petrophysical properties (porosity and permeability) across
distinct petrofacies, the differences between three petrofacies were analyzed. The results
of this research clarified the types of effective reservoir rocks and tight petrofacies within
ultra-deep tight sandstone reservoirs. An integrated methodology incorporating core anal-
ysis, microscopic observations, well logging, and factor analysis enabled the establishment
of predictive models for the identification of effective reservoir rocks and tight petrofacies
in ultra-deep tight sandstone reservoirs. The main research findings are summarized
as follows:

1. The classification of sandstone types within the ultra-deep reservoirs of the Keshen
gas field, which was performed based on detrital grain texture and mineralogy, inter-
stitial material, diagenesis, and pore characteristics, resulted in the division of three
distinct petrofacies. Petrofacies A corresponds to ductile grain-poor sandstone, petro-
facies B corresponds to ductile grain-rich sandstone, and petrofacies C corresponds
to carbonate-tightly cemented sandstone. Among these sandstones, petrofacies A
represents the effective reservoir rock type, whereas petrofacies B and petrofacies C
constitute the tight petrofacies.

2. Petrofacies A features relatively coarse grain sizes, moderate mechanical compaction,
diverse but low-abundance authigenic minerals, and well-developed primary and
secondary pores, with porosities ranging from 4% to 13.7% and permeabilities rang-
ing from 0.01 X 1073 pum? to 1.13 x 1073 um?2. Petrofacies B features abundant
compaction-susceptible ductile grains, intense mechanical compaction, underdevel-
oped authigenic minerals and pores, minimal dissolution evidence, porosities of
1.6-5.2%, and permeabilities between 0.01 x 1073 um? and 0.28 x 10~3 um?. Petrofa-
cies C features pervasive carbonate cementation, a poikilotopic texture, negligible au-
thigenic mineral content, no dissolution, poorly developed pore systems with porosi-
ties ranging from 1.29% to 4.54%, and permeabilities ranging from 0.007 x 1073 um?
t0 0.13 x1073 um?.

3. Sandstone petrofacies identified through core analysis and microscopic testing were

integrated with well log and factor analyses. Through the evaluation of well log signa-
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tures across the petrofacies types, five sensitive logging parameters were optimized:
gamma ray (GR), acoustic (AC), bulk density (DEN), neutron porosity (CNL), and
resistivity (RD). Factor analysis facilitated the development of petrofacies prediction
models, enabling the spatial mapping of effective reservoir rocks and tight lithofa-
cies distributions. The models reveal an interbedded architecture in which ductile
grain-poor sandstone (effective reservoirs) is interbedded with ductile grain-rich
sandstone and carbonate-tightly cemented sandstone (tight petrofacies), resulting in
the restricted connectivity of reservoir units and pronounced reservoir heterogeneity.
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