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a b s t r a c t

High-quality reservoirs with sufficient physical properties of ultra-deep tight gas reservoirs in the Lower
Cretaceous Bashijiqike Formation exhibit significant relationship with gas production across the Dabei
Gas Field. Clarifying the characteristics, controlling factors, evolution and distribution of the high-quality
reservoirs is important for the deployment of "sweet spots". An integrated approach of petrography, SEM,
cathode luminescence, XRD, physical property, NMR experiment, well logs and 3D pre-stack depth
migration data was carried out. This study examined the sedimentation, diagenesis, tectonism, gypsum-
rock and overpressure to reveal the formation and distribution of the high-quality reservoirs. The
sandstones are very fine-to coarse-grained lithic arkose. The variation in detrital grains texture and
mineralogical composition affects diagenetic evolution, pore structure and gas-bearing characteristic.
Three diagenetic facies (diagenetic facies A to C) are classified. Different diagenetic facies underwent
different evolution of reservoir quality. The mediumefine to medium-grained lithic arkose (diagenetic
facies A) underwent medium vertical compaction, tectonic compression and cementation, and exhibited
relatively porous, which makes partial primary pores preserved with the occurrence and persistence of
overpressure. Conversely, the very fine to fine-grained and mud gravel-rich medium-grained lithic
arkose (diagenetic facies B) and diagenetic facies C appeared premature densification by strong
compaction and tight carbonate cementation, respectively, which makes them free from overpressure
effects. Natural fractures increased the permeability by several orders of magnitude. Gypsum-rock
weakened the vertical compaction and tectonic compression, and delayed cementation, promoted and
preserved overpressure. With the injection of internal high alkaline fluids, anhydrite/dolomite cements/
veins and dissolution of siliceous developed. Diagenetic facies A exhibited sufficient physical properties
and gas volume, making it the high-quality reservoir in tight gas sandstone. Diagenetic facies B and C
mainly were used as barriers for hydrocarbon charging. Diagenetic facies A was mainly distributed in the
middle-lower part of distributary channel or the middle-upper part of mouth bar. This distribution
model provides guidance for exploration in ultra-deep tight sandstone gas reservoir.
© 2025 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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1. Introduction

Hydrocarbon exploration has fully entered the historical stage of
“deep, deep water and unconventional” in China (Jia, 2023). Based
on Chinese exploration practice, domains with burial depth
exceeding 4500 m in western basin and exceeding 6000 m in
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eastern basin are collectively referred to as ultra-deep (Cao et al.,
2022). Under comprehensive effects of sedimentation, diagenesis
and tectonism, the spatial distribution and various internal prop-
erties of the ultra-deep tight sandstone reservoir have very uneven
changes, which exhibits strong heterogeneity (Pettijohn et al., 1972;
Weber, 1986; Pranter and Sommer, 2011; Luo et al., 2020). Hydro-
carbon usually gather in the domain (high-quality reservoir) of
relatively good physical properties (Bloch et al., 2002; Bjørlykke,
2014; Cao et al., 2017; Luo et al., 2023a; Cao et al., 2024a).
Accordingly, understanding the characteristic and controlling fac-
tors of high-quality reservoir is an important step in the exploration
and development of ultra-deep oil and gas.

Reservoir quality of ultra-deep tight sandstone appears struc-
tural under the control of sedimentation and tectonism, which
shows obvious differences in composition and texture of detrital
grains, diagenesis, petrophysical properties, pore structure and
fluid flow (Luo et al., 2016, 2023b; Cao et al., 2023). Litho facies,
petrofacies and diagenetic facies are always implied to evaluate
reservoir quality (Grigsby and Langford, 1996; Rushing et al., 2008;
Cao et al., 2020; Yang et al., 2022). Diagenetic facies are results of
the comprehensive action of structure, fluid, temperature and
pressure on sediments (Zou et al., 2008). It is better to study the
formation mechanism, spatial distribution and quantitative evalu-
ation of reservoirs (Lai et al., 2018). Generally, compaction and
cementation mainly result in reservoir densification, while disso-
lution is the key to improve reservoir quality (Dutton and Loucks,
2010; Busch et al., 2019; Yuan et al., 2019). Compared to the
middle-shallow, diagenesis exhibits stronger heterogeneity and
complexity in deepeultra-deep tight sandstone (Dutton et al.,
2012; Cao et al., 2021). In addition, grain coating, overpressure,
hydrocarbon charging and fracture also show significantly effects
on reservoir quality (Aase et al., 1996; Lander et al., 2008; Taylor
et al., 2010; Worden et al., 2020; Xu et al., 2023; Zeng et al., 2024).

Tectonism also has significant effects on the formation and
evolution of ultra-deep tight sandstone reservoir, especially in
zones with strong tectonic deformation. Structural diagenesis re-
fers to the interplay of structure and diagenesis interaction in the
process of sedimentary rock from loose sediment to consolidation
into rock and thereafter (Laubach et al., 2010; Zeng et al., 2016a). It
is often used to characterize diagenetic and storage processes of
sediments involved in tectonism (Vandeginste et al., 2012; Ferraro
et al., 2019). Tectonism controls provenance of sediments and affect
accumulation pattern, development location and filling pattern of
sediments (Zhang et al., 2021c; Pizzi et al., 2023). Strong tectonic
compression leads to porosity loss and the development of over-
pressure (Guo et al., 2016a; Wei et al., 2022). Tectonic fractures
improve reservoir quality and serve as "highway" for fluid migra-
tion (Zeng et al., 2010; Zeng et al., 2022; Cao et al., 2024b).

This paper focuses on the Lower Cretaceous Bashijiqike Forma-
tion of Dabei Gas Field, Tarim Basin. Characteristics of petrology,
diagenesis and natural fracture have been sorted out in previous
studies (Li et al., 2017; Guo et al., 2018). Continuous burial compac-
tion, strong tectonic compression and multiple cementations result
in reservoir densification (Shou et al., 2009; Gao et al., 2018; Zhang
et al., 2021b). Dissolution and natural fractures are keys for high-
quality reservoirs (Gao et al., 2017; Lai et al., 2022). The previous
studies also carried on a certain discussion on the identification of
diagenetic facies. Combined with diagenetic intensity and authigenic
minerals content, the ultra-deep tight sandstone reservoirs are
classified into three diagenetic facies: carbonate cemented facies,
tightly compacted facies, slightly cemented and compacted facies,
and then are predicted by well logs (Lai et al., 2018, 2023). Based on
texture and detrital grains composition, detrital matrix, diagenesis,
and pore types, three petrofacies are classified: ductile-lean sand-
stone, ductile-rich sandstone and tightly calcite-cemented sandstone
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(Liu, 2021; Zhang et al., 2021a). The characteristics and controlling
factors of high-quality reservoirs remains ambiguous, making it
difficult for efficient exploration. This paper aims to clarify the re-
lationships between texture and composition of detrital grains, dif-
ferential diagenesis, tectonism and the evolution of high-quality
reservoirs of ultra-deep tight sandstone, and then establish a con-
ceptual model for evolution and distribution of high-quality reser-
voirs. This study employed an integrated approach including cores,
thin sections, SEM, cathode luminescence, XRD, physical property,
NMR experiment, well logs and 3D pre-stack depth migration data.
The goals are to (1) investigate the texture and composition of
detrital grains, authigenic minerals, pore structure, natural fractures
of the Bashijiqike Formation tight gas sandstones, (2) clarify differ-
ential reservoir quality, the type and characteristic of high-quality
reservoirs, (3) examine the controlling factors of high-quality reser-
voirs, and (4) establish the evolution and distribution of high-quality
reservoirs.

2. Geological setting

2.1. Location and structure

The Kuqa depression is located in the northern margin of Tarim
Basin, western China (Fig. 1(a)). Since the late Hercynian period, it
has undergone several evolutionary stages, such as late Permian-
Triassic paleo-foreland basin, Jurassic-Paleogene extensional
depression basin and Neogene-quaternary intracontinental fore-
land basin (Qin et al., 2022). It eventually develops into a meso-
Cenozoic superimposed foreland basin on the basis of Paleozoic
passive continental margin (Jia et al., 2023). The Kuqa depression is
adjacent to the southern Tianshan orogenic belt in the north and
the Tabei Uplift in the south, with a total area of 3.7 � 104 km2

(Fig. 1(b)). It is composed of the Northern monoclinal belt, the
Kelasu tectonic belt, the Yiqikelike tectonic belt, the Qiulitage tec-
tonic belt, the Southern slope belt, the Baicheng sag, the Yangxia
sag and the Wushi sag.

The Kelasu tectonic belt exhibits NEEeSWW distribution
(Fig. 1(b)). Fromwest to east, it is successively Awat zone, Bozi zone,
Dabei zone and Keshen zone. Controlled by strong thrust napper of
the southern Tianshan Mountains, the Dabei zone exhibits an
imbricated tectonic belt (Wang et al., 2022). It is composed of
several faulted anticlines or fault nose structures, and develops a
series of northerly thrust faults and some southerly thrust faults
(Fig. 1(c)). The first-order faults are the Baicheng fault and the
Kelasu fault. The second-order faults are F1, F2, F3, F4, F5, F6
(Fig. 1(d)). Some third-order faults and a large number of small
faults are developed in the gas reservoir.

2.2. Stratigraphy

The drilling reveals Triassic, Jurassic, Cretaceous, Paleogene,
Neogene and Quaternary strata (Fig. 1(e)). The Lower Cretaceous
Bashijiqike Formation (K1bs) is the most important gas-bearing
formation, with burial depth 5000e8000 m. It is vertically
divided into K1bs

1, K1bs
2 and K1bs

3. The uplift and erosion of the
Late Cretaceous leads to the denudation of the Upper Cretaceous
and the K1bs

1 (Jiang et al., 2015). The K1bs
2 is in unconformable

contact with the overlying Kumugeliemu Group (E1-2km) (Fig. 1(e)).
The K1bs

2 is the braided river delta front deposit and the K1bs
3 is

the fan delta front deposit. Sand bodies are large thickness, far
extension, and continuous distribution laterally. Vertically, multi-
stage sand bodies are superimposed on each other, with thin and
laterally discontinuous mudstones inside. The TriassiceJurassic
lacustrine coal seam are the most important source rocks with
large thickness and strong hydrocarbon generation intensity (Shen



Fig. 1. (a) Location of the Kuqa depression. (b) Distribution of the Dabei 3 gas reservoir in the Kelasu tectonic belt and tectonic cross-section AA1 and BB1. (c) Plane structure map of
the Dabei 3 gas reservoir. (d) Tectonic cross-section AA1 (modified after Li et al., 2020). (e) Comprehensive stratigraphy of the Kuqa depression.
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et al., 2017; Wang et al., 2023). The overlying huge thick gypsum-
salt rock serves as the main regional cap layer. Controlled by
strong uplift and compression nappe of the southern Tianshan
Mountains, numerous thrust imbricate fault anticlines develop in
the subsalt (Fig. 1(d)). Dabei 1, Dabei 2 and Dabei 3 gas reservoirs
have been found in the subsalt, showing good exploration and
development prospects (Fig. 1(b)).

3. Material and methods

Samples are mainly from Wells B, C, E and F in Dabei 3 gas
reservoir (Fig. 1(c)). Cores were described in detail, including li-
thology, sedimentary structure, natural fractures.

3.1. Petrographic analysis

A total of 35 samples were selected to make thin sections to
analyze petrographic characteristics. Alizarin red-S and K-ferricy-
anide were used for staining to distinguish between different
3475
carbonate minerals (calcite was stained red). Using ZEISS Scope. A1
polarizing microscope, the percentages of composition, authentical
minerals and pores were determined by Gazzi-Dickinson point
counting (William and Christopher, 1979), with each thin section
300 points. Using the Quanta200 scanning electron microscope
(SEM) equipped with EDAX spectrometer working at an accelera-
tion voltage of 20 kV and a beam current of 4 nA, the type andmicro
texture of diagenetic minerals were further identified. The
LABORLUX-12POL polarizing microscope equipped with ELM-3RX
cathode luminescence instrument was used to identify mineral
types and differentiate formation stages.

Based on the results of thin section identification, the compac-
tional porosity loss (COPL) and cementational porosity loss (CEPL)
are quantitatively evaluated by the formulas proposed by
Lundegard (1992).

COPL¼ Pi �
ð100� PiÞ,Pmc

ð100� PmcÞ (1)
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CEPL¼ðPi �COPLÞ, C
Pmc

(2)

ICOMPACT¼ COPL
COPL þ CEPL

(3)

where Pi is the primary porosity, %; Pmc is the intergranular volume
(IGV), %; C is the total cement volume, %; ICOMPACT is the
compaction index.

3.2. Grain size analysis

The screening method was performed by the Chinese standard
"SY/T 5434e2009". A total of 35 samples were broken and ground
in the disintegrator, without destroying grains. Subsequently,
samples were completely sieved, and separated by different grain
size in the 200-sieve shaker. By weighing the quality of different
series, the distribution of grain size was obtained. On this basis, Pi
was calculated by the empirical formula proposed by Beard and
Weyl (1973) (Table 1).

Pi ¼20:91þ 22:90
So

(4)

So ¼
ffiffiffiffiffiffi
Q1

Q3

s
(5)

where So is the Trask sorting coefficient; Q1, Q3 are the grain size
corresponding to the values of 25% and 75% on the probability
cumulative curve, mm (Trask, 1930).

3.3. Physical properties measurements

According to Chinese standard "SY/T 5336e2006", a total of 155
samples were tested for helium porosity through the extended
range helium pore gauge equipped with the ZYB-IB vacuum pres-
sure saturation device (experimental temperature 26 �C, atmo-
spheric pressure 0.090 MPa). The samples were also tested for
permeability through the DX-07G gas permeability tester equipped
with the ZYB-IB vacuum pressure saturation device (experimental
temperature 29 �C, atmospheric pressure 0.090 MPa). On the basis,
three samples with fractures were tested for full diameter core
physical properties (experimental temperature 21 �C, atmospheric
pressure 0.092 MPa).

3.4. Porosity loss by tectonic compression

Porosity loss by tectonic compression is the difference between
the total porosity loss by compaction and the porosity loss by burial
compaction (Wei et al., 2022).

FCo¼FP�FMþFD�FCe (6)

FT¼FCo�FB (7)

where FCo is the total porosity loss by compaction, %; FP is the
primary porosity, %; FM is the core-measured porosity, %; FD is the
porosity incremental by dissolution, %; FCe is the porosity loss by
cementation, %; FT is the porosity loss by tectonic compression, %;
FB is the porosity loss by burial compaction, %.

FB is derived from the empirical formula summarized by Shou
et al. (2006) through the compaction simulation experiment. In
the compaction simulation experiment, the standard samples are
3476
medium-fine to medium-grained sandstones withmedium sorting,
mud content less than 2%, cements content ranging from 2% to 5%,
and primary pores dominant.

FB¼0.01D � 1.0578e�0.0103T, DT¼2.0e3.5 �C/100 m (8)

FB¼0.01D � 1.6704e�0.0075T, DT¼3.5e4.5 �C/100 m (9)

where D is the maximum paleo-burial depth, m; T is the paleo-
formation temperature corresponding to the maximum paleo-
burial depth, �C; DT is the paleo-geothermal gradient, �C/100 m.

3.5. NMR experiment

According to Chinese standard "SY/T 6490e200700, a total of 23
samples were tested for pore size and gas saturation through the
CoreSpec-1000NMR core analyzer, HR2500-2 high speed freezing
centrifuge and AE200 electronic balance (indoor temperature:
20e25 �C, humidity: 50%e70% RH). The experimental steps are
mainly as follows: (1) The plunger cores were vacuumized and
saturated with water. (2) The T2 spectrum of each rock sample was
measured by NMR scanning. (3) Under the given pressure condi-
tion, each rock sample was dehydrated by the centrifuge until each
rock sample was in the state of saturated bound water. (4) The T2
spectrum of each rock sample was measured again by NMR scan-
ning. Based on the model of pore diameter of NMR, pores with
different pore diameter exhibit different specific surface, and then
are corresponding to different NMR relaxation rates. The transverse
relaxation time of macropores is long, while that of small pores is
short. Based on T2¼mrn (Song et al., 2024), the transverse relaxation
(ms) is transformed into pore diameter (mm). Bound water satu-
ration is the ratio of the area of the T2 spectrum after centrifugation
to the area of the T2 spectrum of saturated water. Therefore, gas
saturation can be defined as follow:

Gas saturation ¼ 100�bound water saturation (10)

On the basis, the gas volume can be defined as follow:

Gas volume ¼ gas saturation � total pore volume (11)

4. Results

4.1. Petrology and mineralogy

The Bashijiqike Formation sandstones exhibit very fine to
coarse-grained, mainly fine and medium-grained, with the median
grain size values mainly ranging from 88.45 to 230.16 mm (Table 1).
Detrital grains are mainly subangular and subangular to sub-
rounded. Grain sorting is medium to good, with the trask sorting
coefficient (So) ranging from 1.398 to 2.274 (average 1.751)
(Table 1).

Sandstones are lithic arkose (Fig. 2(a)). The contents of detrital
quartz grains range from 38% to 49% (average 43.4%). Most of them
are monocrystalline, and the rest are polycrystalline of meta-
morphic origin with wavy extinction. The contents of K-feldspar
grains are 18%e25% (average 21.6%), and the contents of plagioclase
are 10%e17% (average 12.6%) (Table 1). Volcanic rock fragments are
the most abundant lithic components (Fig. 2(b)), with the contents
from 7% to 15% (average 11.0%) (Table 1). It can be seen that
different igneous textures in thin section, such as trachytic, felsitic,
spheroidal, microcrystalline and cryptocrystalline type. The con-
tents of metamorphic rock fragment are 5%e13% (average 8.8%)



Table 1
Results of point counting and sample petrophysical properties.

Well Depth,
m

Diagenetic facies Core measurement Thin section porosity Textural characteristic Detrital grains

Porosity,
%

Permeability,
10�3 mm2

Total,
%

Primary,
%

Secondary,
%

Fracture,
%

Median grain size,
mm

Roundness Q1,
mm

Q3,
mm

So Pi,
%

Quartz,
%

K-feldspar,
%

Plagioclase,
%

B 6978.73 C 2.74 0.024 0.00 0.00 0.00 0.00 219.22 SAeSR 0.463 0.090 2.274 30.982 42.00 22.00 13.00
B 7026.77 B 3.64 0.034 1.00 0.33 0.33 0.33 145.57 SAeSR 0.227 0.081 1.676 34.574 42.00 25.00 13.00
B 7027.96 B 5.27 0.039 2.00 0.33 1.67 0.00 167.67 SAeSR 0.248 0.080 1.759 33.927 44.00 25.00 14.00
B 7029.04 B 5.86 0.059 1.67 0.33 1.33 0.00 147.70 SA 0.228 0.046 2.227 31.194 47.00 25.00 15.00
B 7031.08 B 3.40 0.021 1.00 0.00 0.33 0.67 164.03 SA 0.295 0.097 1.847 33.310 42.00 20.00 13.00
B 7030.35 B 1.62 0.025 0.33 0.00 0.33 0.00 148.69 SA 0.222 0.092 1.553 35.656 43.00 23.00 12.00
B 7031.78 B 5.13 0.087 2.00 0.33 1.67 0.00 196.11 SA 0.387 0.079 2.211 31.265 43.00 21.00 15.00
B 7031.91 B 3.64 0.034 1.33 0.33 0.67 0.33 165.82 SA 0.225 0.073 1.753 33.972 42.00 23.00 12.00
B 7032.66 B 4.21 0.039 1.33 0.00 1.33 0.00 161.65 SA 0.227 0.078 1.705 34.339 39.00 23.00 14.00
B 7075.38 C 1.71 0.024 0.00 0.00 0.00 0.00 91.23 SA 0.243 0.063 1.939 32.723 47.00 24.00 14.00
B 7075.67 B 2.17 0.008 0.67 0.00 0.00 0.67 110.60 SA 0.199 0.074 1.636 34.909 38.00 23.00 17.00
B 7076.52 B 2.02 0.018 0.67 0.00 0.33 0.33 114.34 SA 0.247 0.053 2.151 31.556 42.00 20.00 14.00
B 7080.46 B 2.61 0.023 1.00 0.00 0.67 0.33 111.26 SA 0.207 0.072 1.693 34.432 43.00 20.00 12.00
E 7210.15 B 5.38 0.112 2.67 0.33 2.33 0.00 212.14 SA 0.306 0.079 1.968 32.545 49.00 20.00 12.00
E 7210.89 A 9.83 7.770 6.33 3.00 3.00 0.33 229.93 SAeSR 0.241 0.122 1.409 37.159 44.00 20.00 11.00
E 7212.79 A 7.59 0.248 3.33 1.33 2.00 0.00 218.73 SAeSR 0.264 0.135 1.398 37.286 44.00 20.00 12.00
E 7214.94 A 8.90 0.326 4.67 2.67 2.00 0.00 168.34 SAeSR 0.212 0.097 1.479 36.389 44.00 21.00 11.00
E 7215.87 A 10.14 2.050 7.33 4.67 2.67 0.00 201.84 SAeSR 0.214 0.073 1.712 34.285 45.00 20.00 14.00
E 7217.90 B 6.60 0.244 2.33 1.67 0.67 0.00 182.35 SR 0.346 0.140 1.575 35.453 43.00 20.00 12.00
E 7219.30 A 8.79 0.417 5.33 3.00 2.33 0.00 185.59 SA 0.205 0.087 1.535 35.828 45.00 21.00 10.00
E 7220.16 A 10.86 4.870 7.00 4.67 2.33 0.00 178.36 SAeSR 0.227 0.094 1.554 35.646 46.00 20.00 10.00
E 7221.23 A 9.92 0.945 5.00 3.00 2.00 0.00 182.87 SA 0.225 0.103 1.479 36.389 46.00 20.00 10.00
E 7221.65 A 9.77 0.753 5.67 3.00 2.67 0.00 193.76 SA 0.205 0.081 1.591 35.305 44.00 20.00 11.00
E 7222.58 A 11.55 11.200 8.00 4.67 3.33 0.00 198.60 SA 0.227 0.104 1.479 36.389 43.00 20.00 11.00
E 7223.14 A 8.89 1.410 7.67 4.67 3.00 0.00 219.88 SA 0.240 0.093 1.608 35.154 44.00 21.00 12.00
E 7223.68 A 9.75 6.120 8.67 4.67 4.00 0.00 230.16 SAeSR 0.316 0.126 1.586 35.353 45.00 20.00 10.00
E 7224.43 A 6.70 0.234 4.00 2.67 1.33 0.00 193.73 SAeSR 0.212 0.091 1.526 35.914 43.00 21.00 12.00
E 7225.17 A 7.06 0.540 3.67 2.33 1.33 0.00 164.26 SA 0.193 0.081 1.542 35.759 41.00 21.00 12.00
E 7290.33 B 3.26 0.030 0.67 0.33 0.33 0.00 158.69 SA 0.225 0.073 1.753 33.972 41.00 25.00 13.00
E 7291.19 B 2.81 0.075 0.67 0.00 0.33 0.33 147.24 SA 0.241 0.074 1.803 33.615 41.00 25.00 16.00
E 7292.47 B 4.61 0.038 0.67 0.00 0.67 0.00 113.65 SA 0.245 0.064 1.959 32.601 42.00 25.00 14.00
E 7296.39 C 1.38 0.012 0.00 0.00 0.00 0.00 95.60 SA 0.227 0.064 1.879 33.097 45.00 20.00 12.00
E 7298.90 B 4.91 0.135 3.00 0.33 2.67 0.00 162.17 SA 0.268 0.081 1.821 33.483 44.00 24.00 16.00
E 7365.53 C 0.90 0.020 0.00 0.00 0.00 0.00 143.06 SAeSR 0.228 0.046 2.227 31.194 42.00 20.00 11.00
E 7367.58 B 3.07 0.007 0.33 0.00 0.33 0.00 88.45 SAeSR 0.232 0.060 1.972 32.520 44.00 18.00 12.00

Well Depth,
m

Detrital grains Authigenic minerals

Volcanic rock fragment,
%

Metamorphic rock fragment,
%

Sedimentary rock fragment,
%

Mica,
%

Matrix,
%

Calcite,
%

Fe-calcite,
%

Dolomite,
%

Ankerite,
%

Quartz overgrowth,
%

Albite,
%

Anhydrite,
%

Hematite,
%

B 6978.73 13.00 8.00 2.00 0.00 1.00 18.00 0.00 0.00 0.00 0.00 0.00 0.00 0.33
B 7026.77 10.00 8.00 2.00 2.33 2.00 2.00 0.00 0.00 0.67 2.00 1.00 0.00 2.00
B 7027.96 9.00 6.00 2.00 0.00 3.00 3.00 0.00 0.00 0.33 2.33 1.00 0.33 0.00
B 7029.04 7.00 5.00 1.00 0.00 1.00 1.00 0.00 0.00 0.00 3.00 2.00 0.00 0.00
B 7031.08 12.00 10.00 3.00 1.33 3.00 4.67 0.00 0.00 0.00 2.00 1.33 0.00 0.00
B 7030.35 12.00 8.00 2.00 0.00 6.00 1.00 0.00 0.00 0.33 0.33 0.67 0.00 0.67
B 7031.78 11.00 8.00 2.00 0.00 2.00 4.00 0.00 0.00 0.00 2.00 1.00 0.33 0.33
B 7031.91 12.00 9.00 2.00 0.00 4.00 1.67 0.00 0.00 0.00 2.33 1.00 0.00 0.00
B 7032.66 14.00 8.00 2.00 0.33 3.00 2.33 0.00 0.00 0.00 1.67 1.00 0.00 0.67
B 7075.38 8.00 6.00 1.00 0.33 2.00 25.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B 7075.67 12.00 8.00 2.00 0.67 1.00 1.00 0.33 0.00 0.00 1.00 1.00 0.00 0.33
B 7076.52 14.00 8.00 2.00 0.00 5.00 3.00 0.00 0.00 0.00 2.00 1.00 0.00 0.00
B 7080.46 15.00 8.00 2.00 0.00 4.00 3.00 0.00 0.00 0.00 2.00 1.00 0.00 0.00

(continued on next page)
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(Table 1). They mainly consist of metamorphic quartzite and
various low-grade metamorphic rock fragments, such as schist,
slate, phyllite and metamorphic siltstone. Sedimentary rock frag-
ments have contents of 1%e5% (average 2.5%) (Table 1). They are
mainly chert and mudstone. Mud gravels are abundant locally. In
addition, micas occur in trace amounts, up to 2.33% (Table 1).

4.2. Diagenetic characteristics

4.2.1. Compaction
With increases of overlying load, grains gradually displace and

deform, and then become close to each other. Ductile grains (low-
grade metamorphic rock fragments, altered volcanic rock frag-
ments, mudstone, mica and mud gravel) are usually bent and
deformed along rigid grains (quartz, feldspar and high-grade
metamorphic rock fragments) (Fig. 3(a)). Partial strongly
deformed ductile grains are squeezed into pores to form pseudo-
matrix. Partial quartz and feldspar are squeezed into the mud
gravel, resulting in local densification (Fig. 3(b)). In addition, as the
burial depth increases, mechanical compaction gradually trans-
forms into chemical compaction (Bjørlykke, 2014). It mainly ex-
hibits pressure dissolution between quartz grains. The NeS
direction strong tectonic compression in the late Himalayan period
also causes horizontal compaction (Zeng et al., 2022).

Influenced by detrital grains texture and mineralogical compo-
sition, sandstones exhibit differential compaction. For relatively
finer-grained sandstones, strong deformation of ductile grains re-
sults in very few primary pores (Fig. 3(a)). The sandstones exhibit
strong compaction. For relatively coarser-grained sandstones,
grains generally show pointeline contact, and primary pores and
dissolved pores develop (Fig. 3(c)). The sandstones exhibit medium
compaction. For sandstones tightly cemented by carbonate ce-
ments, grains exhibit “floating”, and ductile grains have less
deformation (Fig. 3(d)). The sandstones exhibit weak compaction.

4.2.2. Cementation
Main authigenic minerals are calcite, dolomite, quartz, albite,

anhydrite, clay minerals and hematite. The content of calcite ranges
from 0% to 27%, the content of dolomite ranges from 0% to 11%, the
content of quartz ranges from 0% to 4%, the content of albite ranges
from 0% to 2%, the content of anhydrite ranges from 0% to 4%, the
content of hematite is less than 1% (Fig. 4(a)).

Both calcite and dolomite exhibit three types. The first type is
poikilitic (Fig. 3(d)). Calcite/dolomite tightly cements pores and
metasomatizes grain boundary. The second type exhibits medium-
coarse xenomorphic granular (Fig. 3(e)). Calcite cements partial
pores and metasomatizes partial grains or quartz/feldspar over-
growths. The third type is fracture vein (Fig. 3(f)). Anhydrite exhibit
two types. The first type is medium-coarse xenomorphic granular
(Fig. 3(g)). The second type is fracture vein (Fig. 3(h)). Quartz/
feldspar overgrowth mostly exhibit I-overgrowth. II-overgrowth
can be seen locally (Fig. 3(e) and (i)). Hematite is in the form of
grain coating (Fig. 3(d)). It can be seen that quartz/feldspar
completely covered by hematite coating exhibits overgrowth
(Fig. 3(i)), indicating that hematite coating cannot inhibit over-
growth. XRD analysis shows that clay minerals are illite/smectite
(average 10.29%), illite (average 50.47%), kaolinite (average 14.59%),
chlorite (average 24.64%) (Fig. 4(b)). Illite fills intergranular pores in
the form of hairlike (Fig. 3(m)).

4.2.3. Dissolution
Dissolution is widely developed and mainly occurs in relatively

coarser-grained sandstones with little matrix. It mainly exhibits the
dissolution of grains (quartz, feldspar, rock fragment) (Fig. 3(b), (n)
and (o)) and cements (calcite, feldspar overgrowth) (Fig. 3(i), (k)
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Fig. 2. (a) The triangular diagram of the minerals compositions of the sandstones. (b) The triangular diagram of rock fragments compositions of the sandstones.

Fig. 3. Typical optical photomicrographs and SEM images of sandstones. (a) Well E, 7367.97 m, the sandstone exhibits strong compaction, with numerous pseudomatrix. (b) Well E,
7213.02 m, the mud gravel deforms strongly, resulting in local densification. (c) Well E, 7223.8 m, the sandstone exhibits medium compaction, with numerous primary pores. (d)
Well A, 6927 m, the sandstone is tightly cemented by calcite. (e) Well B, 7027.47 m, the medium-coarse xenomorphic granular calcite submerges quartz overgrowth. (f) Well B,
7080.7 m, fractures are completely filled by calcite. (g) Well C, 6956.38 m, the medium-coarse xenomorphic granular anhydrite submerges dolomite. (h) Well B, 6975.5 m, fractures
are completely filled by dolomite and anhydrite. (i) Well B, 7027.48 m, the feldspar overgrowth is dissolved locally. (j) Well B, 7027.48 m, the formation of anhydrite is after the II-
quartz overgrowth. (k)Well B, 7027.48 m, the calcite is dissolved locally. (l)Well B, 6918.5 m, moldic pore and residual grain skeleton. (m)Well E, 7221.65 m, the hairlike illite covers
the dolomite. (n)Well E, 7215.87 m, the quartz is locally dissolved. (o)Well D, 7223.14 m, the K-feldspar is dissolved locally. (p)Well E, 7223.14 m, the anhydrite covers the dolomite,
and the calcite is dissolved locally. Abbreviation: Q: Quartz, F: Feldspar, RF: Rock fragment, MG: Mud gravel, He: Hematite, Cc: Calcite, Qo: Quartz overgrowth, Do: Dolomite, An:
Anhydrite, Fo: Feldspar overgrowth, I: Illite, I/S: Illite/smectite, Ab: Albite, KF: K-feldspar, PP: Primary pore, SP: Secondary pore, MP: Micropore.
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Fig. 4. (a) Box diagram of the content of main authigenic minerals. (b) XRD analysis of the content of clay minerals.

Fig. 5. Typical photographs and imaging interpretation of natural fractures by imaging logging. (a) Well B, 6878.94e6879.1 m, partially filled shear fracture. (b) Well B,
7029.92e7030.1 m, completely filled tensile fractures. (c) Well B, 7027.48 m, transgranular fractures. (d) Well F, 7204.16 m, intragranular fractures. (e) Well B, 6930.9 m, grain
boundary fractures. Abbreviation: TF: Transgranular fracture; IF: Intragranular fracture; GF: Grain boundary fracture.
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and (p)). After grains and cements are dissolved, intragranular
dissolved pore, dissolution enlarged pore, mold pore are developed,
with the rest of grain skeleton and hematite coating (Fig. 3(l)).
Partial secondary pores are filled by calcite, dolomite and anhydrite.
Due to the dissolution of quartz and feldspar, it can be inferred that
the diagenetic environment undergoes an acidealkaline transition
(Li et al., 2018).

4.3. Natural fracture characteristics

Natural fractures are generally developed. It can be divided into
tectonic fracture, diagenetic fracture and overpressure-related
fracture (Zeng et al., 2023). Tectonic fracture is the most impor-
tant type. They are mainly high-angle and near-vertical shear
3480
fractures (Fig. 5(a)), followed by tensile fractures (Fig. 5(b)). They
are mainly filled by calcite, dolomite and anhydrite (Fig. 3(e) and
(h)). Microfractures are transgranular fractures (Fig. 5(c)), intra-
granular fractures (Fig. 5(d)), and grain boundary fractures
(Fig. 5(e)) (Zeng et al., 2023). Microfractures serve as important
reservoir space, and connect pores to form fracture-pore network,
thus improving reservoir quality (Lai et al., 2022).

Different lithology is corresponding to different fracture linear
density, among which the fractures in very fine sandstone are the
most developed, with a value of 1.7 m�1 (Fig. 6(a)). With the in-
crease of thickness of single sand layer, the fracture linear density
decreases gradually (Fig. 6(b)). The imaging logging interpretation
show that the fracture linear density of well C, E, F is 0.37, 0.18,
0.59 m�1 respectively. Fractures of the K1bs

2 mainly exhibit the
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NeS, NNEeSSW, NEEeSWW, NWWeSEE strikes, while that of the
K1bs

3 mainly show the NNEeSSW strikes (Fig. 6(c) and (d)).

4.4. Pore characteristic

The types of pores include primary intergranular pores, sec-
ondary dissolution pores, micropores and micro-fractures in thin
section (Table 1). The contents of primary intergranular pores are
0%e4.67% (average 1.39%) (Table 1). They are distributed between
detrital grains and usually exhibit regular angular. Secondary
dissolution pores have contents of 0%e4% (average 1.37%) (Table 1).
They generally exhibit various types, such as intergranular disso-
lution pores, intragranular dissolution pores, moldic pores. Sec-
ondary dissolution pores are usually in irregular shape, and the
edges are harbor like. Micropores mostly occur in authigenic clay
minerals in the SEM (Fig. 3(m)). Generally, in thin section, micro-
pores, with pore size <0.5 mm, are hardly observed under the
conventional optical microscope with the resolution 1.0 mm.

For samples before centrifugation, the T2 spectrum presents
double peaks, signifying complex pore structure (Fig. 7(a)e(f)).
Pore radius ranges from 0.001 to 10 mm, mainly concentrated in
0.01e0.1 mm (Fig. 7(g)). The average pore radius (r) is between 0.06
and 1.23 mm, with an average of 0.31 mm (Table 2). The medium
pore radius (rM) ranges from 0.03 to 0.22 mm, with an average of
3481
0.05 mm (Table 2). The geometric mean of pore radius (rG) is within
the range of 0.02e0.19 mm. with an average of 0.06 mm (Table 2).
The pore radius corresponding to the peak position of the T2
spectrum (rP) is within the range of 0.02e2.51 mm, with an average
of 0.24 mm (Table 2). The above parameters all indicate the devel-
opment of nano-scaled pores. The kurtosis (KG) is within the range
of �1.84 to 0.01, with an average of �0.93 (Table 2), suggesting a
relatively uniform of pore size distribution. The skewness (SK)
ranges from 0.05 to 1.03, with an average of 0.66 (Table 2),
reflecting a tendency of smaller pore size distribution. The sorting
coefficient (SP) falls in the range of 0.03e0.16, with an average of
0.10 (Table 2), indicating a relatively uniform of pore structure. The
coefficient of variation (C) is between 0.03 and 1.96, with an
average of 0.52 (Table 2), demonstrating a deficient pore structure.

The changes of the T2 spectrum before and after centrifugation
show that the bound water is mainly concentrated in small pores
(Fig. 7(a)e(f)). Accordingly, most large pores are corresponding to
the movable water, which can be displaced by gas during natural
gas charging. The bound water saturation (SB) has the content of
27.21%e80.32%, with an average of 55.61% (Table 2). The gas satu-
ration (SG) ranges from 19.68% to 72.79%, with an average of 44.39%
(Table 2). The gas volume (VG) is between 0.17 and 1.70 cm3, with an
average of 0.58 cm3 (Table 2). Different pore structure results in
different gas saturation. With the increase of pore size, the SB



Fig. 7. (a)e(f) The T2 spectrum for the samples #1, #2, #3, #4, #5, #6. (g) The histogram of pore size distribution.
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decreases gradually. Accordingly, sandstones with better porosity
and permeability are always corresponding to lower SB, higher SG
and larger VG.

4.5. Reservoir quality

Core-measured porosity ranges from 0.90% to 11.63% (average
5.90%), and core-measured permeability ranges from 0.0067� 10�3

to 27.5 � 10�3 mm2 (average 1.93 � 10�3 mm2) (Fig. 8(a)). Core-
measured physical properties show the strong heterogeneity in
reservoir quality. 39.35% of the sandstones show extremely low
porosity and extremely low permeability, 47.10% of the sandstones
show extremely low porosity and low permeability, 9.68% of the
sandstones show low porosity and low permeability, 1.29% of the
sandstones show extremely low porosity and medium perme-
ability, 2.58% of the sandstones show low porosity and medium
permeability (Fig. 8(a)). In addition, 18.71% of the sandstones show
abnormally low porosity and abnormally high permeability, which
3482
deviate from the overall relationship between porosity and
permeability. On the whole, the sandstones also show a positive
linear correlation between the core-measured porosity and the thin
section-measured porosity (Fig. 8(b)).
4.6. Formation sequences of diagenesis and tectonic fractures

The smectite in I/S accounts 20% (Fig. 4(b)). Bottom hole tem-
perature is between 140 and 160 �C. It can be inferred that the
reservoir is in meso-diagenetic A stage (Wang et al., 2022). The
reservoir has undergone syndiagenesis, eodiagenesis, epidia-
genesis, eodiagenesis and mesodiagenesis A (Li et al., 2018). In
addition, previous studies have shown that tectonic fractures can
be categorized into three stages: the nearly EeW striking fractures
during the late Yanshan period, the nearly NeS striking fractures
during the middle Himalayan period, and a few nearly EeW strik-
ing fractures along with the predominant nearly NeS striking



Table 2
Pore structure parameters obtained from the NMR experiments.

Well Depth,
m

Diagenetic
facies

Porosity,
%

Permeability,
10�3 mm2

Pore volume,
cm3

r,
mm

rM,
mm

rG,
mm

rV,
mm

KG SK SP C SB,
%

SG,
%

VG,
cm3

B 6878.94 A 7.1 0.186 1.620 0.224 0.054 0.067 0.035 �1.659 0.161 0.127 0.567 37.68 62.32 1.010
B 6920.69 B 4.3 0.074 1.200 0.144 0.034 0.042 0.029 �0.845 0.793 0.086 0.598 64.52 35.48 0.426
B 6922.66 C 2.5 0.080 0.500 0.302 0.050 0.065 0.029 �1.207 0.504 0.040 0.132 50.00 50.00 0.250
B 6933.75 B 4.6 0.105 1.240 0.181 0.029 0.039 0.024 �0.662 0.906 0.096 0.528 66.89 33.11 0.411
E 7212.32 A 6.9 0.222 1.500 0.210 0.057 0.072 0.035 �1.842 0.050 0.122 0.580 38.41 61.59 0.924
E 7216.23 A 8.0 0.670 2.240 0.161 0.041 0.051 0.024 �1.336 0.461 0.156 0.971 43.84 56.16 1.258
E 7224.14 B 5.6 0.106 1.490 0.228 0.038 0.053 0.024 �1.021 0.595 0.101 0.440 67.96 32.04 0.477
E 7290.98 B 5.3 0.174 1.430 0.184 0.036 0.050 0.024 �0.995 0.580 0.100 0.539 62.96 37.04 0.530
E 7291.57 B 3.2 0.069 0.870 0.256 0.039 0.053 0.024 �0.959 0.654 0.055 0.213 68.17 31.83 0.277
E 7291.78 B 4.6 0.044 1.030 0.084 0.028 0.030 0.029 �0.800 0.931 0.115 1.368 77.18 22.82 0.235
E 7292.21 B 4.9 0.056 1.000 0.061 0.027 0.030 0.029 �0.783 0.927 0.120 1.960 73.20 26.80 0.268
E 7292.47 B 4.6 0.075 1.050 0.234 0.046 0.063 0.029 �1.396 0.316 0.082 0.348 66.29 33.71 0.354
E 7292.90 C 2.8 0.128 0.770 0.246 0.026 0.031 0.020 �0.540 1.029 0.074 0.302 64.78 35.22 0.271
E 7296.00 B 4.0 0.035 0.820 0.138 0.029 0.034 0.024 �0.904 0.830 0.086 0.625 49.05 50.95 0.418
E 7296.77 B 5.7 0.049 1.090 0.138 0.039 0.046 0.029 �1.256 0.550 0.113 0.821 55.42 44.58 0.486
E 7298.01 B 4.2 0.041 0.880 0.137 0.027 0.024 2.508 �0.705 0.949 0.079 0.576 80.32 19.68 0.173
F 7203.11 C 2.8 0.040 0.730 0.548 0.050 0.083 0.024 �0.931 0.470 0.040 0.074 43.82 56.18 0.410
F 7204.96 B 4.3 0.071 1.120 0.493 0.033 0.055 0.024 �0.519 0.916 0.087 0.177 44.52 55.48 0.621
F 7206.11 A 6.8 0.087 1.790 0.396 0.037 0.058 0.029 �0.818 0.734 0.130 0.327 55.31 44.69 0.800
F 7207.99 A 8.8 0.338 2.340 0.663 0.222 0.186 0.360 0.014 0.916 0.158 0.238 27.21 72.79 1.703
F 7243.38 C 2.6 0.046 0.660 1.225 0.151 0.030 2.065 �1.109 0.099 0.032 0.026 45.45 54.55 0.360
F 7296.30 B 4.3 0.055 1.100 0.445 0.040 0.062 0.024 �0.723 0.758 0.076 0.171 52.84 47.16 0.519
F 7247.37 A 7.6 0.082 1.910 0.330 0.032 0.048 0.029 �0.481 0.957 0.154 0.467 43.10 56.90 1.087

Note: r ¼ Average pore radius, mm; rM ¼ Medium pore radius, mm; rG ¼ Geometric mean of pore radius, mm; rV ¼ Pore radius corresponding to the peak position of the T2
spectrum, mm; KG ¼ Kurtosis; SK ¼ Skewness; SP ¼ Sorting coefficient; C ¼ Coefficient of variation (SP/r); SB ¼ Bound water saturation, %; SG ¼ Gas saturation, %; VG ¼ Gas
volume, cm3.

Fig. 8. (a) The scatter diagram between core-measured porosity and core-measured permeability. (b) The scatter diagram between thin section-measured porosity and core-
measured porosity.
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fractures in the late Himalayan period (Zeng, 2004; Wei et al.,
2020).

Combined with the symbiosis/emplacement relationship be-
tween different diagenetic minerals observed under the micro-
scope, the diagenetic sequence is calibrated by carbon and oxygen
isotope and micro thermometry of inclusions of typical minerals
(Fig. 9).

(1) Continuous burial compaction and strong tectonic
compression in the late Himalayan period.

(2) For the sandstone tightly cemented by carbonate cements, it
can be seen that only hematite coating remains after the
grain are completely dissolved (Fig. 3(d)). It can be inferred
that the formation of hematite coating is earlier than the
dissolution. Meanwhile, comparedwith the hematite coating
deformed by compaction in Fig. 3(l), this hematite coating
3483
shows slighter deformation. There is no obvious deformation
of the grains, indicating that this sandstone has not under-
gone large-scale compaction. In addition, partial quartz and
feldspar develop overgrowth. Therefore, it can be inferred
that the dissolution occurs in epidiagenesis. The formation of
Hematite coating is earlier than the epidiagenesis. After the
epidiagenesis, the sandstone undergoes the I-quartz/feldspar
overgrowth. Subsequently, the sandstone is tightly cemented
by carbonate cements.

(3) The medium-coarse xenomorphic granular calcite covers the
quartz/feldspar overgrowth, indicating that its formation is
relatively later.

(4) The anhydrite covers II-quartz overgrowth and dolomite,
indicating that its formation is relatively later.

(5) The hairlike illite covers dolomite, indicating that its forma-
tion is relatively later.



Fig. 9. The evolution of thermal history, burial history, diagenetic sequence, tectonic fracture, and overpressure (modified after Guo et al., 2016a; Wei et al., 2020; Yang et al., 2024)
(The data of carbon and oxygen isotopes and homogenization temperature of inclusions are from Zhang (2019) and Yang (2011)).
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5. Discussion

5.1. Diagenetic facies typing and high-quality reservoir type

Fig. 10(a) shows that the COPL ranges from 13.70% to 35.05%
(average 29.87%), and the CEPL ranges from 1.95% to 23.30%
(average 6.15%). It can be seen that compaction and cementation
have obviously different effects on reservoir quality. Porosity loss is
mainly dominated by compaction, locally by cementation. Based on
texture and composition of detrital grains, authigenic minerals,
diagenetic type and intensity, pore structure, core-measured
physical properties and gas saturation, sandstones are divided
3484
into three diagenetic facies: diagenetic facies A, diagenetic facies B,
diagenetic facies C (Fig. 10).

Diagenetic facies A: Rigid grains are common, while ductile
grains and mud gravel can be seen locally. Authigenic minerals
include carbonate cements, quartz/feldspar overgrowth, anhydrite,
authigenic clay minerals, hematite. Pore types are dominated by
primary pores, followed by secondary pores. The r ranges from
0.161 to 0.663 mm (average 0.331 mm) (Table 2). The rM is between
0.032 and 0.222 mm (average 0.074 mm) (Table 2). The rG is within
the range of 0.048e0.186 mm (average 0.080 mm) (Table 2). The rV
falls within the range of 0.024e0.360 mm (average 0.085 mm)
(Table 2). The COPL ranges from 28.13% to 32.75% (average 29.57%),



Fig. 10. (a) The intersection diagram of COPL and CEPL. (b) The intersection diagram of measured porosity and measured permeability. (c) Typical micrographs, T2 spectrum for
different diagenetic facies.
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and the CEPL ranges from 3.36% to 6.92% (average 5.02%). Core-
measured porosity ranges from 6.70% to 11.55% (average 9.21%)
(Fig. 10(b)). Pore volume ranges from 1.50 to 2.34 cm3 (average
1.90 cm3) (Table 2). The SG ranges from 44.690% to 72.790% (average
59.075%) (Table 2). The VG ranges from 0.800 to 1.703 cm3 (average
1.130 cm3) (Table 2). This sandstone generally exhibits medium
compaction, weak-medium cementation, strong dissolution. The
good physical properties and gas bearing characteristics make
diagenetic facies A the high-quality reservoir of ultra-deep tight gas
sandstone.

Diagenetic facies B: Ductile grains show high content. Strongly
deformed matrix, pseudomatrix, mica and mud gravel are also
common. Cements and pores are only sporadically visible. The r
ranges from 0.061 to 0.493 mm (average 0.210 mm) (Table 2). The rM
is between 0.027 and 0.046 mm (average 0.034 mm) (Table 2). The rG
is within the range of 0.024e2.508 mm (average 0.045 mm) (Table 2).
The rV falls within the range of 0.024e0.360 mm (average 0.217 mm)
(Table 2). The COPL ranges from 29.99% to 35.05% (average 32.45%),
and the CEPL ranges from1.95% to 5.84% (average 4.38%) (Fig.10(a)).
Core-measured porosity is generally poor and ranges from 1.62% to
6.6% (average 3.78%) (Fig. 10(b)). The pore volume ranges from
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0.820 to 1.490 cm3 (average 1.102 cm3) (Table 2). The SG ranges from
19.680% to 55.480% (average 36.206%) (Table 2). The VG ranges from
0.173 to 0.621 cm3 (average 0.400 cm3) (Table 2). This sandstone
generally exhibits strong compaction, weak cementation, weak
dissolution. Strong compaction is the main cause for densification.
The poor physical properties and gas bearing characteristics make
diagenetic facies B tend to be the barrier for hydrocarbon charging.

Diagenetic facies C: The sandstone is tightly cemented by car-
bonate cements, with almost no pores visible. The r ranges from
0.25 to 1.23 mm (average 0.58 mm) (Table 2). The rM is between 0.03
and 0.15 mm (average 0.07 mm) (Table 2). The rG is within the range
of 0.03e0.08 mm (average 0.05 mm) (Table 2). The rV falls within the
range of 0.02e2.07 mm (average 0.53 mm) (Table 2). The COPL
ranges from 13.70% to 24.10% (average 19.16%), and the CEPL ranges
from 12.90% to 23.30% (average 17.84%) (Fig. 10(a)). Core-measured
porosity ranges from 0.90% to 2.74% (average 1.68%) (Fig. 10(b)). The
pore volume ranges from 0.500 to 0.770 cm3 (average 0.665 cm3)
(Table 2). The SG ranges from 35.220% to 56.180% (average 48.988%)
(Table 2). The VG ranges from 0.250 to 0.410 cm3 (average
0.323 cm3) (Table 2). This sandstone generally exhibits weak
compaction, strong cementation, weak dissolution. Strong



Fig. 11. (a) The scatter diagram of median size and ICOMPACT. (b) The scatter diagram of median size and total cements. (c) The scatter diagram of median size and secondary plane
porosity. (d) The scatter diagram of median size and total plane porosity. (e) The scatter diagram of So and core-measured porosity. (f) The scatter diagram of primary porosity and
core-measured porosity.
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cementation is responsible for densification. The extremely poor
physical properties and gas bearing characteristics show diagenetic
facies C is the barrier for hydrocarbon charging.

5.2. Control factors on reservoir heterogeneity

5.2.1. Sedimentation
Sedimentation provides the material basis for reservoir devel-

opment (Zeng et al., 2016a). Sedimentary hydrodynamic force
controls the texture and composition of detrital grains (Henares
et al., 2016; Yang et al., 2022; Yan et al., 2023). Differential distri-
bution of detrital grains results in different distribution of reservoir.
Subsequently, differential diagenesis leads to dynamic evolution of
reservoir quality (Luo et al., 2020; Luo et al., 2023a; Cao et al.,
2024a).

5.2.1.1. Texture of detrital grains. With increases of median grain
size, the COPL gradually decreases (Fig. 11(a)), while the total ce-
ments (Fig. 11(b)), secondary surface pores (Fig. 11(c)) and total
surface porosity (Fig. 11(d)) gradually increase. It is illustrated that
diagenetic intensity is related with grain size. Accordingly, different
diagenetic facies show different characteristics in medium grains,
So, and primary porosity (Fig.11(e) and (f)). Themedian grain size of
diagenetic facies A, B and C are 164.26e230.16 mm (average
197.39 mm), 88.45e212.14 mm (149.50 mm), 91.23e219.22 mm
(137.28 mm), respectively (Table 1). The So of diagenetic facies A, B
and C are 1.398e1.712 (average 1.531), 1.553e2.227 (average 1.837),
1.879e2.274 (average 2.080), respectively (Table 1). The primary
porosity of diagenetic facies A, B and C are 34.285%e37.286%
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(average 35.912%), 31.194%e35.656% (average 33.518%), 30.982%e
33.097% (average 31.999%), respectively (Table 1). It can be seen
that diagenetic facies A exhibits the best primary porosity.

Brown mud gravels are common, with grain size varying from
millimeter to decimeter (Fig. 12). Enriched or sporadic mud gravels
typically display elliptical, angular, and irregular shapes, predomi-
nantly occurring within the middle and lower part of the thick
massive sandstone or along bedding surfaces. Mud gravels are
formed when the sand and mud on the riverbank collapses and
accumulates in situ, or are transported in short distance (Gao et al.,
2016). Vertically, mud gravels mainly develop in the medium-fine-
to medium-grained sandstone, with a few in the very fine-to fine-
grained sandstone (Fig. 12). It is reflected that the formation of mud
gravels is in a high-energy hydrodynamic environment. Micro-
scopic characteristics show that, strong bending deformation of the
mud gravel results in local densification (Fig. 3(b)). Therefore, high
mud gravels content seriously reduces the reservoir quality.
5.2.1.2. Relationship between sedimentary microfacies and diagenetic
facies. Variation of grain size reflects changes of sedimentary hy-
drodynamics laterally, and the gradual change of different sedi-
mentary microfacies vertically (Xu et al., 2021). By clarifying the
relationships between diagenetic facies and sedimentary microfa-
cies, the controls of sedimentary microfacies on diagenetic facies
are cleared.

As Fig. 12 shows, diagenetic facies A is mainly corresponding to
the medium-fine-to medium-grained sandstone. It is mainly
deposited in the strong hydrodynamic environment such as the
lower part of the distributary channel and the upper part of the
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Fig. 13. (a) The scatter diagram of FCo and FT. (b) The relationship between porosity and depth of sandstone with different ratio of quartz and altered volcanic rock (modified after
Pittman and Larese (1991)).
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mouth bar. Trough cross-bedding and plate cross-bedding are
common. diagenetic facies B is mainly corresponding to very fine to
fine-grained sandstone, followed by mud gravel-rich medium-
grained sandstone. The generally fine grain size reflects weak
sedimentary hydrodynamic. It is mainly distributed in sheet sand,
and can be seen in the upper part of distributary channel or the
lower part of mouth bar. Horizontal bedding, ripple bedding and
block bedding can usually be seen. It is remarkable that, for partial
very fine to fine-grained sandstone formed in relatively high energy
environment (depth 7297.05e7297.9 m), they can also exhibit
relatively good physical property. diagenetic facies C is mainly very
fine to fine-grained sandstone, mainly distributed in sheet sand.
The thickness is generally thin, and the distribution is limited.
5.2.2. Tectonic compression
As Fig. 13(a) shows, FCo of diagenetic facies A, B and C are

20.02%e27.22% (average 22.32%), 20.34%e32.13% (average 24.39%),
2.58 %e12.37% (average 6.97%), respectively; FT of diagenetic facies
A, B and C are 3.49%e10.71% (average 5.79%), 4.63%e16.42%
(average 8.30%), �14.09% to �4.43% (average �9.25%), respectively.

In view of significant effects of texture and composition of
detrital grains on compaction intensity, and the sampling standard
of the compaction simulation experiment which is only suitable for
diagenetic facies A, the FCo and FT of diagenetic facies A is close to
the actual value. In contrast, numerous ductile grains are deformed
in diagenetic facies B. The rock fragments in the study area are
volcanic rock fragments. As shown in Fig. 13(b), with the increase of
the content of altered volcanic rock, the porosity loss by compac-
tion increases at the same depth. Therefore, for the same burial
depth, theFB of diagenetic facies B is greater than that of diagenetic
facies A. Accordingly, the actual FT of diagenetic facies B is smaller
than the theoretical values (Fig. 13(a)). For diagenetic facies C, due
to diagenetic facies C densification too early, cements offset partial
tectonic compression. Therefore, the FT exhibits negative.

The relationship between the tectonic setting and reservoir
quality is reflected by the difference between the Dabei 3 gas
reservoir and the Keshen 24 gas reservoir. As shown in Fig. 1(b), the
Keshen 24 gas reservoir is located in the north of the Kuqa
3488
depression, close to the southern Tianshan orogenic belt, while the
Dabei 3 gas reservoir is located in the south of the Kuqa depression,
far away from the southern Tianshan orogenic belt. 3D pre-stack
depth migration data shows that the Keshen 24 gas reservoir ex-
hibits the pop-up structure (Fig. 14). It is formed by the NeS
compression and the back thrust faults, and the interlimb angle is
130�. The Dabei 3 gas reservoir appears the gentle faulted anticline
(Fig. 14). It is formed by the NeS compression, vertical compaction,
and double-thrust fault (Hou et al., 2019), and the interlimb angle is
160�. The FT of diagenetic facies A ranges from 5.824% to 10.018% in
the Keshen 24 gas reservoir, while that is in the range of 3.491%e
10.707% in the Dabei 3 gas reservoir (Fig. 14). Accordingly, the
tectonic compression of the Dabei 3 gas reservoir is weaker than
that of the Keshen 24 gas reservoir. The weak structural setting is
good for porosity preservation. It is worth noting that the gas res-
ervoirs around the Dabei 3 gas reservoir all appear the gentle
faulted anticline. It is illustrated that the tectonic compression is
weaker and weaker from north to south in Kuqa depression.

5.2.3. Natural fractures
Table 3 shows the core-measured physical properties of

different samples. For samples with similar porosity, the perme-
ability of fracture samples is generally 2e3 orders of magnitude
higher than that of matrix samples (Fig. 15(a)). The permeability is
the largest in the direction parallel to the fracture surface, while
that is smaller in the direction intersectingwith the fracture surface
(Fig. 15(b)). Therefore, natural fractures can significantly increase
the permeability of the reservoir and facilitate fluid migration. In
addition, combinedwith Fig. 6(a) and Table 1, natural fractures tend
to develop in the diagenetic facies B and C.

5.2.4. Gypsum rock
The overlying gypsum rock is composed of mudstone, gypsum-

salt, dolomite, gypsum-mud, and gypsum-salt-dolomite, with the
total thickness between 1025 and 2154.5 m (Fig. 16(a)). The thick-
ness of gypsum-salt rock ranges from 210.5 to 1304 m (Fig. 16(a)).
The average density of gypsum-salt and sandstone/mudstone are
1.81 and 2.59 g/cm3, respectively (Fig. 16(b)). Under the same burial



Fig. 14. The 3D pre-stack depth migration data, the tectonic model, and the FT of diagenetic facies in the Dabei 3 gas reservoir and the Keshen 24 gas reservoir.

Table 3
Results of core-measured permeability for different samples.

Well Depth, m Lithology Density, g/cm3 Porosity,
%

Permeability,
10�3 mm2

Permeability (full diameter), 10�3 mm2

Vertical Later-1 Later-2

F 7277.77 Fine sandstone 2.49 6.34 9.930
E 7218.89 Medium sandstone 2.50 6.35 0.195
F 7278.55 Fine sandstone 2.52 4.91 4.470
E 7298.90 Medium sandstone 2.54 4.91 0.135
F 7279.92 Fine sandstone 2.54 4.76 8.710
E 7294.29 Fine sandstone 2.55 4.74 0.029
F 7282.75 Fine sandstone 2.58 3.07 5.210
E 7366.76 Fine sandstone 2.59 3.07 0.009
F 7278.96 Fine sandstone 2.60 2.34 3.820
E 7291.42 Fine sandstone 2.61 2.36 0.051
F 7279.17 Fine sandstone 2.60 1.98 7.260
E 7364.98 Medium sandstone 2.62 2.02 0.018
F 7281.55 Fine sandstone 2.63 1.70 4.570
E 7293.02 Fine sandstone 2.63 1.71 0.024
F 7204.45 Fine sandstone 2.58 3.00 0.061 0.114 0.021
B 7030.94 Fine sandstone 2.63 1.38 1.110 0.243 0.222
B 7031.71 Fine sandstone 2.58 2.99 0.355 5.230 0.259
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depth, vertical stress of the gypsum-salt strata is less than that of
the sandstone/mudstone strata, which indicate the reduction of
compaction.

Along with deep burial, high formation temperature makes
gypsum-salt strong plasticity (Zhao and Wang, 2016), which can
neutralize later tectonic compressive and form corresponding salt
structure, like Dawanqi salt pillow (Fig. 1(d)). In addition, 3D pre-
stack depth migration data also shows that almost all faults are
suspended in gypsum rock and fail to pierce (Fig. 1(d) and 14).

Thermal conductivity of sandstone, mudstone and gypsum-salt
are 1.7e3.1,1.5e2.2, and 4.7W/(m$K), respectively (Wu et al., 2016).
High thermal conductivity leads to rapid temperature conduction
from the subsalt, resulting in formation temperature negative
anomaly (Fig. 16(c)) and hysteresis of diagenesis in the subsalt. This
is also the reason why the present burial depth exceeds 7000 m,
while the corresponding formation temperature ranges from 140 to
150 �C, and the diagenetic stage is only in the meso-diagenetic A
(Fig. 9).

Gypsum can gradually dehydrate to form anhydrite, and
accompanied by crystal water. The injection of crystal water
effectively increases the pore fluid pressure. Owing to abnormal
densification, displacement pressure and high breakthrough pres-
sure (>60 MPa) of gypsum rock (Zhao et al., 2007; Li et al., 2021),
overpressure is general in the subsalt. The thickness of gypsum rock
ranges from 98 to 4887.5 m and the pressure coefficient is between
1.57 and 1.84, both show no clear relationship (Fig. 16(d)). In
addition, as the strong alkaline fluid (including Ba2þ, Ca2þ, Kþ, Naþ,
SiO4

2�) permeates into the reservoir along faults-fractures-pores,
anhydrite/dolomite cements/veins, and dissolution of siliceous
are developed (Li et al., 2018). It can be seen that with the increase
of the distance to the overlying gypsum rock, the content of sec-
ondary pores, anhydrite, and porosity decrease, and that of the
siliceous increases (Fig. 17).
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5.2.5. Overpressure
Overpressure can inhibit compaction and cementation, and can

also form overpressure-related fractures (Zeng et al., 2016b;
Stricker et al., 2016). However, its effects are not only related to its
intensity, but also related to its formation time and evolution
process (Grant et al., 2013; Nguyen et al., 2013). Previous studies
have shown that overpressure developed since 5 Ma (Guo et al.,
2016b).

Although porosity is the most intuitive manifestation of reser-
voir quality, porosity is always affected by various factors, including
burial history, temperature, time, chemical reactions. The inter-
granular volume (IGV) is always used to reflect the strength of
compaction, and then characterize the effects of overpressure on
reservoir quality (Stricker et al., 2016; Xu et al., 2023). The overlying
vertical stress is partially offset by the overpressure, and the rest is
the effective stress exerted on the sandstones. The effective stress
can indirectly reflect the overpressure strength. The IGV-effective
stress trend of diagenetic facies A exhibits a negative correlation,
while that of diagenetic facies B or diagenetic facies C is very
random (Fig. 18). As shown in Fig. 9, owing to densification of
diagenetic facies B and C before the formation of overpressure,
there was not enough pore space for overpressure development in
the late stage. Diagenetic facies B and C were free from over-
pressure effects. Conversely, With the on-set of the advanced
overpressure, diagenetic facies A still retained certain pore space.
With the increase of overpressure, the effective stress gradually
decreased and partial pore space was preserved.

5.3. Differential evolution models of diagenetic facies

Sedimentation provides material basis for reservoir develop-
ment. High-quality reservoirs are mainly distributed in the lower
part of distributary channels and the upper part of mouth bar.



Fig. 16. (a) The thickness and composition of gypsum rock for different wells in the Dabei 3 gas reservoir. (b) Density logs of well E. (c) The scatter diagrams of burial depth and
formation temperature of wells A and C. (d) The scatter diagram of the thickness of gypsum rock and pressure coefficient.

Fig. 17. The micro-petrological characteristics of cores corresponding to different thickness of gypsum rock and different distance from gypsum rock.
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Diagenesis and tectonism are key factors for differential evolution
of reservoir quality. Burial compaction, cementation and tectonic
compression control reservoir densification. Natural fracture and
dissolution improve reservoir quality. Combined with the diage-
netic evolution sequence, the differential evolution model of ultra-
deep tight sandstone reservoir is established (Fig. 19).
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Syndiagenesis-Eodiagenesis A: The reservoir was in slow
shallow burial and was generally subjected to mechanical
compaction (Fig. 9). Grains gradually came into close contact, and
primary porosity was generally decreased. The strong deformation
of matrix and mud gravel resulted in rapid decline of local porosity.
During the deposition period of the Bashijiqik Formation, the



Fig. 18. The scatter diagrams of the intergranular volume and the effective stress for diagenetic facies A, B and C.
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climate was hot and arid, and the sedimentary water was in saline
state. Highly saline water led to the formation of hematite coating
(Li et al., 2018).

Epidiagenesis: Controlled by the eluviation of atmospheric fresh
water, partial feldspar and rock fragment were dissolved, resulting
in secondary pores. The favorable physical property resulted in
more secondary pores in diagenetic facies A. The concentration of
Naþ, Kþ, Ca2þ, Mg2þ, SiO4

2þ in formation water was increased by
dissolution, which provided material basis for subsequent diage-
netic cementation. With the weakening of eluviation, formation
water gradually changed from acidic to alkaline.

Eodiagenesis: The reservoir underwent slow shallow burial
once again (Fig. 9). Grains were in closer contact with each other by
compaction. Pores were furtherly reduced. Controlled by tectonic
compression, a few fractures were formed. For diagenetic facies B,
deformation of ductile grains, mud gravel and matrix accelerated
the densification. With the further increase of burial depth,
diagenetic environment was gradually blocked, and the exchange
of fluid was gradually weakened. The formation water remained
alkaline, forming I-quartz/feldspar overgrowth and carbonate ce-
ments. Local calcite tightly cemented pores and metasomatic
grains, resulting in diagenetic facies C. Poikilitic calcite also en-
hances compaction resistance and brittleness of diagenetic facies C.
diagenetic facies C were susceptible to develop fractures by later
tectonic compression. In addition, high thermal conductivity of
gypsum-salt led to an abnormal formation temperature, and then
delayed the diagenetic evolution of subsalt. I/S was gradually
transformed into illite, with a large number of ions (Ca2þ, Mg2þ,
SiO4

2�, Al3þ) produced.
Mesodiagenesis A: The reservoir was in rapid deep burial

(Fig. 9). Burial compaction resulted in a further porosity loss. Strong
deformation of mud gravel, matrix, and ductile grains were
squeezed into pores, forming pseudo-matrix. High formation
temperature made gypsum dehydrate to form anhydrite, accom-
panied with large amounts of ions (Ca2þ, Kþ, Naþ, Al3, SiO4

2�). With
the highly alkaline fluids injected into subsalt along unconformities
and fractures, dolomite/anhydrite cements/veins and dissolution of
siliceous gradually developed. Owing to close densification for
diagenetic facies B, only a few cements developed locally. Diage-
netic facies A had certain pore space for more cements. High
temperature and high pressure accelerated the transformation of
the I/S into illite. Strong tectonic compression led to the formation
of numerous fractures in the late Himalaya period. Microfractures
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mostly developed in diagenetic facies A, and tectonic fractures
tended to develop in diagenetic facies B and C. Since 5e2 Ma, two
successive phases of hydrocarbon charging occurred (Gao et al.,
2016), and carried large amounts of CO2. Massive CO2 was injec-
ted, and the precipitation of illite consumed Kþ, resulting in a weak
acid diagenetic environment. The selective corrosion of CO2 resul-
ted in dissolution of feldspar, and less dissolution of calcite (Li et al.,
2018).

6. Conclusions

This study clarified the relationship between sedimentation,
diagenesis, tectonism and reservoir quality to reveal the charac-
teristic and controlling factors of high-quality reservoirs in the
Bashijiqike Formation of the Dabei 3 gas reservoir. Differential
diagenetic facies were used to understand differential diagenesis
and differential evolution of reservoir quality of ultra-deep sand-
stone reservoirs. The conclusions were as follows:

Based on the texture and composition of detrital grains, authi-
genic minerals, diagenetic types and intensity, pore structure, core-
measured physical properties, gas saturation, sandstones are
divided into three diagenetic facies: diagenetic facies A, diagenetic
facies B, and diagenetic facies C.

Diagenetic facies B are mainly very fine to fine-grained sand-
stone, followed by mud-gravel-rich medium-grained sandstone.
Due to the strong deformation of numerous ductile grains, Diage-
netic facies B exhibits tight compaction. Diagenetic facies C is
cemented by poikilitic carbonate cements, and exhibits tight
cementation. Diagenetic facies B and C show extremely poor
porosity, and can only be the barriers for hydrocarbon charging.
Diagenetic facies A is mainly medium-fine to medium-grained
sandstone. It has the good physical properties and excellent pore
structure and gas bearing conditions, and is the high-quality
reservoir for ultra-deep tight sandstone.

The gas reservoir exhibits gentle faulted anticline. The tectonic
compression is lower than that of gas reservoirs close the south
Tianshan orogenic belt. Porosity loss by tectonic compression is
relatively smaller. Natural fractures can improve the permeability
by multiple orders of magnitude. Gypsum rock can weaken the
compaction, delay the cementation, and promote the overpressure.
As the strong alkaline fluid permeates into the reservoir, anhydrite/
dolomite cements/veins, and dissolution of siliceous are developed.
Overpressure decrease the effective stress and preserve the
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Fig. 19. Differential reservoir quality evolution model of different diagenetic facies.
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porosity of Diagenetic facies A; Diagenetic facies B and C were tight
early to be free from overpressure. Sedimentation provides the
material basis for the high-quality reservoir. Diagenetic facies B is
mainly distributed in sheet sand, partly in the upper part of
3493
distributary channel and the lower part of mouth bar. Diagenetic
facies C is distributed randomly, and the overall thickness is thin
and transverse discontinuous. Diagenetic facies A is mainly
distributed in the middle and lower part of distributary channels
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and the middle and upper part of mouth bar. This spatial combi-
nation model provides theoretical guidance for efficient explora-
tion of ultra-deep tight sandstone effective reservoirs.
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