Petroleum Science 23 (2026) 4559-4576

KeAil

CHINESE ROOTS
GLOBAL IMPACT

Contents lists available at ScienceDirect

Petroleum Science

journal homepage: www.keaipublishing.com/en/journals/petroleum-science

Original Paper

In-situ stress controlled reservoir quality in ultra-deep sandstones in )
Qiulitage Structural Belt, Kuga Depression, Tarim Basin, NW China S

Lu Xiao®P, Jin Lai*™", Xun Yang ", Fei Zhao*", Dong Li¢, Hong-Bin Li*",
Yong-Ping Wu ¢, Bo Zhu ¢, Gui-Wen Wang *"

2State Key Laboratory of Petroleum Resources and Engineering, China University of Petroleum (Beijing), Beijing, 102249, China
b College of Geosciences, China University of Petroleum (Beijing), Beijing, 102249, China

¢ Xinjiang Research Institute of the Huairou Laboratory, Urumgqi, 830011, Xinjiang, China

dResearch Institute of Petroleum Exploration and Development, Tarim Oilfield Company, CNPC, Korla, 841000, Xinjiang, China

ARTICLE INFO

Article history:

Received 20 August 2025
Received in revised form

5 January 2026

Accepted 22 May 2026
Available online 28 May 2026

Edited by Xiu-Fang Hu

Keywords:

Kuga Depression
Ultra-deep reservoir
In-situ stress
Reservoir quality
Well logs

ABSTRACT

High industrial natural flow has been produced from the ultra-deep Cretaceous Bashijigike sandstones
(>6000 m) in the Qiulitage Structural Belt in the Kuqa Depression, Tarim Basin, northwestern China.
However, the Cretaceous Bashijigike reservoirs exhibit strong heterogeneity and significant reservoir quality
variations. The complex in-situ stress state plays a critical role in reservoir quality; however, little research
has been performed on the relationship between in-situ stress and reservoir quality, which constrains
efficient hydrocarbon exploration and development. In order to clarify the in-situ stress-controlled reservoir
quality variations, cores, thin sections and well log data are integrated to clarify the depositional microfacies,
diagenesis and in-situ stress. The in-situ stress orientation and magnitude characteristics are investigated,
and the distribution patterns of stress state are analyzed considering sedimentary environments and
diagenesis. The results show that in-situ stress in Zhongqiu 1 gas field of Qiulitage Structural Belt remains
unreleased since rare fractures are formed, and horizontal stress differences are greatly varied due to
structural patterns, lithology assemblages and variations of geomechanical properties. The current
maximum principal stress (Spmax) orientation is NW-SE, derived by image logs in the Cretaceous Bashijigike
reservoirs of Zhongqiu 1 gas field. Vertical stress (Sy) is determined by integrating bulk density of the
overburden rocks, while the maximum horizontal principal stress (Shmax) and the minimum horizontal
principal stress (Shmin) are calculated by the combined spring model using density and sonic logs. A sig-
nificant negative correlation relationship is observed between measured porosity and horizontal in-situ
stress differences (Ac = Shmax — Shmin)- The measured helium porosity is reduced to 9.4% when the Ac is
higher than 40 MPa. Intensive stress compression will contribute to a high compactional porosity loss
(COPL), and COPL reaches 34.2% when the Ac becomes higher than 40 MPa. Layers with lower Ac values
exhibit higher reservoir porosity and also higher natural gas production. Overall, favorable reservoirs are
distributed at the center of sandbody in underwater distributary channel microfacies, and the sandstones are
fine- to medium-grained and well-sorted with low in-situ stress differences. In-situ stress will control the
compaction behaviors and the matrix porosity of sandstones, and also determines the hydrocarbon pro-
ductivity. The results will provide insights into the reservoir quality variations in ultra-deep sandstones, and

have implications for deep buried rocks with complex stress conditions worldwide.
© 2026 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

With the advancement of theory and technology, the focus of
oil and gas exploration has shifted from shallow to deep and ultra-
deep strata, leading to significant discoveries of petroleum and gas
in deep (4500-6000 m) to ultra-deep (>6000 m) reservoirs (Lai
et al,, 2023; Laubach et al, 2023; Xu et al.,, 2025). The Tarim
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Basin, as one of the richest basins in ultra-deep oil and gas globally,
is a key exploration target (Lai et al., 2017a; Guo et al., 2019). The
Cretaceous Bashijiqike Formation in the Kuga Depression of Tarim
Basin is deeply buried; however, a series of giant gas fields with
reserves over 1000 x 10% m> have been found in the Kuga
Depression, including the Kela 2, Keshen, Bozi-Dabei and Zhongqiu
1 gas fields (Lai et al., 2015, 2017b; Liu et al., 2019; Li et al., 2020,
2025; Xu et al., 2022a). At such depths, overburden pressure on
the rock can surpass 140 MPa, with horizontal bidirectional stress
differences reaching 50 MPa (Ferraro et al., 2019; Zeng et al,,
2020a). These ultra-deep reservoirs display strong heterogeneity
due to intense stress caused by ultra-deep burial (Matonti et al.,
2017; Sun et al., 2017; Lai et al., 2019). In addition, the gas wells
show enormous productivity variations even within the same
structural environment (Vandeginste et al., 2012; Lai et al., 2023).
Reservoir quality in ultra-deep sandstones is heavily influenced by
in-situ stress state, and the in-situ stress controls fracture effec-
tiveness, and also determines compaction behaviors and thus
matrix porosity (Sun et al., 2017; Del Sole et al., 2020; Zeng et al.,
2020a, 2020b; de Souza Rodrigues et al., 2021). Intensive paleo-
stress will result in the formation of natural fractures, and frac-
tures are an important factor improving permeability and
hydrocarbon flows, while weak in-situ stress helps preserve pri-
mary pores and improve pore connectivity (Lin et al., 2023; Ning
et al.,, 2024; Tan et al,, 2024; Li et al., 2025; Tian et al., 2025).
Currently, there are various methods for in-situ stress measure-
ment, including hydraulic fracturing tests and acoustic emission
experiments (Zoback et al., 1993; Lai et al., 2019; Zhang et al., 2022,
2024a; Akkiraju et al., 2025; Sun et al., 2025).

Large-scale faults and fractures are commonly developed in
ultra-deep and high-pressure conditions, and these faults and
fractures will significantly enhance reservoir properties and hy-
drocarbon productivity (Lai et al., 2023). However, no large-scale
fractures are detected in the Qjulitage Structural Belt in the Kuga
Depression, and the strong stress is therefore not released (Zeng
et al, 2010; Lai et al, 2026). Consequently, reservoirs show
extremely heterogeneous performances due to the complex stress
state. In the Zhongqiu 1 gas field, the daily natural gas flow of Well
ZQ11is 232 x 10* m?, while that of the Well ZQ102 is only 7 x 10% m>
(Li et al., 2020). Reservoir quality and natural gas productivity vary
greatly in the same structural belt. Conventionally, sedimentation
and diagenesis are considered the primary controls on reservoir
quality (Bjerlykke, 2014; Haile et al., 2018; Lai et al., 2018a, 2023).
Nevertheless, reservoir evaluation should account for in-situ stress
in ultra-deep sandstone reservoirs, as stress critically controls
reservoir properties (Ferraro et al., 2019; Del Sole et al., 2020; Wei
et al., 2022; Xu et al., 2022a; Shi et al., 2024; Wang et al., 2025).

To improve the understanding of reservoir quality prediction
using in-situ stress, image logs are employed to identify the ori-
entations of Symax, While density and sonic well logs are utilized to
calculate the magnitudes of Sy, Shmax, and Spmin. Relationships
between in-situ stress and reservoir properties as well as gas
productivity are analyzed by comparing stress magnitudes with
porosity and oil test data, respectively. Under high-stress condi-
tions, how in-situ stress controls reservoir quality is clarified by
integrating depositional facies and diagenetic modification. The
results on the relationships between in-situ stress magnitudes and
reservoir quality of ultra-deep sandstones in Kuga Depression will
have implications for the ultra-deep hydrocarbon exploration in
similar basins worldwide.

2. Geological setting

The Kuqa Depression is located at the northernmost part of the
Tarim Basin, with the Tianshan Mountains’ southern edge directly
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to its north (Zeng et al., 2010; Teng et al., 2020; Su et al., 2024,
2026; Zhao et al, 2025). The Kuqa Depression is a foreland
depression in the southern Tianshan Mountains piedmont, con-
sisting of Meso-Cenozoic sediments (Shi et al., 2004). Controlled
by the India-Asia plate collision, the depression has experienced
compression, extension, and rejuvenated foreland basin stages
since the Permian. During its evolution, numerous thrust faults
and folds have been formed. The depression exhibits a “four belts
and three sags” structural pattern. The four belts (north to south):
the Northern Monocline Belt, the Kelasu and Qiulitage structural
belts, and the Southern Gentle Monocline Belt. The three sags
(west to east): Wushi Sag, Baicheng Sag, and Yangxia Sag (Fig. 1)
(Feng et al., 2018; Ju and Wang, 2018). The Qiulitage Structural Belt
is subdivided into four segments (west to east): Jiamu, Xiqiu,
Zhongqiu and Donggiu blocks, with the Zhongqiu Block repre-
senting its central section (Fig. 1) (Zeng et al., 2010; Lai et al,,
2017b).

The Cretaceous Bashijigike Formation (K1bs) is one of the main
exploration targets in the Zhongqiu 1 gas field of Qiulitage Struc-
tural Belt. The Bashijigike Formation in the Qiulitage Structural
Belt exceeds 6000 m in burial depth and 200 m in thickness.
During the Late Cretaceous, the Upper Cretaceous deposits in the
Kuqga Depression were completely eroded, and only the Lower
Cretaceous were left (Li et al., 2020). The Kjbs is overlain by the
Paleogene Kumugeliemu Group, which is a set of massive gypsum-
salt rock strata exhibiting excellent caprock properties. The source
rocks for the K1bs reservoir are mainly the underlying coal-bearing
strata, including the Jurassic Yangxia Formation (Jyy), Triassic
Karamay Formation (T,k), and Huangshanjie Formation (Tsh) (Lai
et al., 2022).

In the Kuga Depression, the Bashijigike Formation is divided
into three members (from top to bottom): the First Member
(K1bs'), Second Member (Kibs?), and Third Member (Kibs®) (Li
et al., 2020). Both Kibs! and I(1bs2 consist of braided river delta
front deposits, while Kybs® comprises fan delta front deposits.
These units feature underwater distributary channel microfacies,
interdistributary bay microfacies, and mouth bar microfacies. The
lithology is predominantly fine- to medium-grained lithic feldspar
sandstone. Reservoir spaces include primary intergranular pores
and a few intergranular and intragranular dissolution pores (Lai
et al.,, 2017b; Li et al., 2020; Xu et al., 2022a).

3. Samples and methods
3.1. Samples

Core samples are from two vertical wells (ZQ101 and ZQ102) in
the Zhongqiu 1 gas field of Qiulitage Structural Belt, and a total of
45 m of cores from the Bashijigike Formation are collected. In
addition, cores are slabbed 360° to better document sedimentary
and structural characteristics. Core plug samples are prepared for
thin section analysis.

Helium porosity and permeability have been measured in 242
core plug samples. These thin sections are impregnated with blue-
dye resin to highlight pore systems. Thin sections are also used to
detect depositional composition and texture (including grain size
and sorting).

Scanning electron microscope (SEM) secondary electron image
analysis can be conducted to show authigenic clay minerals and
pore-filling cements (mainly quartz and calcite cements), and the
pore throat spaces can also be recognized.

Conventional well logs contain two lithology logs (natural
gamma ray (GR) and calipers (CAL)), triple porosity logs (bulk
density (DEN), compressional wave slowness (DTC) and compen-
sated neutron log (CNC)), and high-resolution induction resistivity
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Fig. 1. (a) Location of the Tarim Basin in China; (b) distribution map of the Kuga Depression within the northern Tarim Basin; (¢) map showing the structural division of the Kuga
Depression and location of Qiulitage Structural Belt in the Kuga Depression (Lai et al., 2023); (d) well location map of Zhonggqiu 1 gas field in Qiulitage Structural Belt; (e)
stratigraphic column of the Qiulitage Structural Belt in the Kuga Depression (Liu et al., 2019).

logs (M2R1, M2R3, M2Rx, etc.). Moreover, the calculated porosity is
derived from the triple porosity curves in this study.

Baker Hughes Company’s EI (Earth Imager) image logs can
generate the high-resolution (vertical resolution: 0.3 inch) bore-
hole images. The image logs are run in oil-based drilling mud
which is non-conductive. After static and dynamic correction/
normalization, the raw data are converted to geological features
(such as beddings, fractures) for manual identification and inter-
pretation (Fernandez-Ibanez et al., 2018; Lai et al., 2018b).

Atlas’s XMAC is one type of full-waveform data captured by
multipole array acoustic tools (Li et al., 2022; Huang et al., 2025).
In the following sections, the XMAC logging tools are used to
extract shear slowness (DTS), which can be used to calculate
geomechanical parameters (Poisson’s ratio and Young’s modulus)
(Xiang et al., 2015).

3.2. Theory and methods

Typically, the in-situ stress orientation can be derived from image
logs (Rajabi et al., 2010; Wilson et al., 2015; Huffman and Saffer, 2016;
Mafakheri Bashmagh et al., 2024; Cao et al., 2025). The in-situ stress
orientation is determined by detecting induced fractures and bore-
hole breakouts formed during drilling, as identified by image logs
(Song and Haimson, 1997; Zoback et al., 2003; Huffman and Saffer,
2016; Kingdon et al., 2016; Najibi et al., 2017; Ning et al., 2024). Af-
ter wellbore formation, the original in-situ stress equilibrium is
disrupted, causing stress redistribution around the wellbore and
possibly resulting in observable borehole breakout phenomena.
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According to elastic mechanics theory, the long axis of the elliptical
borehole caused by stress collapse indicates the Sy direction (Bell
and Gough, 1979; Rajabi et al., 2010; Massiot et al., 2015; Lai et al.,
2018b). Meanwhile, it is most prone to form tensile fractures along
the direction of Spmax Where effective axial stress is minimal, forming
induced fractures around the wellbore wall (Tingay et al., 2011; Nian
etal., 2016). Thus, the induced fractures can indicate the direction of
Shmax (Lai et al.,, 20174, 2019).

Anderson (1951) classifies the stress regimes according to the
relative magnitudes of Shmax, Shmin and Sy: (1) Normal faulting
stress regime: Sy > Shmax > Shmin; (2) Strike-slip faulting stress
regime: Shmax > Sv > Shmin; (3) Reverse-faulting stress regime:
Shmax > Shmin > Sv (Xu et al., 2022a; Zhang et al., 2022).

In-situ stress magnitude (Sphmax, Shmin and Sy) can be deter-
mined by constructing the 1-D MEMs (one-dimensional mechan-
ical Earth models) (Tingay et al., 2009; Lai et al., 2024). At a specific
depth, S, magnitude is determined by overburden pressure from
the overlying rocks and pore fluids. Therefore, it is conventionally
derived by integrating the bulk density of the overburden from the
surface to the specified depth (Eq. (1)) (Maleki et al., 2014).

z
Sy= / pgdz
0

where, p is the bulk density from DEN logs, kg/m?; g is the gravi-
tational acceleration, m/sz; z is the burial depth, m; Sy is the ver-
tical stress, MPa (Verweij et al., 2016; Zhang and Zhang, 2017; Lai
et al,, 2019).

(1)
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Fig. 2. Conventional logging response and core and thin section characteristics of the underwater distributary channel and interdistributary bay microfacies of Bashijigike

Formation in the Zhongqiu 1 gas field of the Kuga Depression.

Pore pressure (Pp) is the in-situ pore fluid pressure within the
pores at a given depth (Najibi et al., 2017; Shi et al., 2024). Eaton
(1969) introduced a method to estimate pore pressure using
sonic well logs (Eq. (2)) (Zhang, 2011; Lai et al., 2019).

Aty

Pp=Po — (PO—PW)<A—tp)C (2)

where, P, is the overburden stress (Sy), MPa; P, is the pore pres-
sure, MPa; P, is the hydrostatic pressure (9.8 MPa/km for
simplification), MPa; Aty is the sonic interval transit time at the
normal pressure, ps/ft; At is the compressional wave slowness
(DTC), ps/ft; and c is the coefficient of compaction (Ju et al., 2017;
Lai et al., 2019).

The dynamic Young’s modulus (Eq) and dynamic Poisson’s ratio
(vq) are two key parameters for the calculation of in-situ stress.
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The methods of calculating these two parameters using well log
data are as follows (Egs. (3) and (4)) (Xu et al., 2022a):

2 2
oy 388 —4a8

=+b 3
At2 A2 — At3 3)

d

AtZ — 2A8

2(ac - ag) @

12

where, pp, is rock density, kg/m>; Aty is the compressional wave
slowness, ps/ft; At is shear slowness, ps/ft.

Multiple in-situ stress calculation models have been put for-
ward to determine the magnitude of the three types of stress (S,
Shmax and Spmin). The calculation of Sy is generally undisputed. But
for calculation of the horizontal principal stress magnitudes, a
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Fig. 3. Thin section images (pore space is shown in blue) under polarized light microscopes showing the diagenesis of the Bashijigike Formation in Zhongqiu 1 gas field of Kuga
Depression: (a) moderate degree of compaction, abundance of primary intergranular pores (with grain-coating clays) (red arrows), Well ZQ102, 6393.50 m; (b) moderate degree
of compaction, abundance of primary intergranular pores (with grain-coating clays) (red arrows), Well ZQ101, 6300.66 m; (c) extensive compaction and minor pores (red arrow),
Well ZQ102, 6219.49 m; (d) high degree of compaction, poor sorting and minor pores (red arrow), Well ZQ102, 6207.42 m; (e) moderate degree of compaction, abundance of
primary intergranular pores (with grain-coating clays) (red arrows), rare dissolution pores, Well ZQ101, 6286.58 m; (f) moderate degree of compaction, abundance of primary
intergranular pores (with grain-coating clays) (red arrows), rare dissolution pores, Well ZQ102, 6214.60 m.

large number of calculation models exist, including the biaxial
strain model, combined spring model, Huang’s model, Coulomb
Navier failure model, Mohr Coulomb failure model, uniaxial strain
model, etc. (Rasouli and Sutherland, 2014; Xu et al., 2022a).

The Kuga Depression has experienced multistage tectonic
evolution, and the horizontal tectonic stress is strong, and
therefore the combined spring model has been optimized by
many scholars for the calculation of three stress magnitudes for
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the Kuga Depression (Xu et al., 2022a; Lai et al., 2024; Zhang
et al., 2024b). In this model, the Spmax and Spmin mMagnitudes
are calculated according to Poisson’s ratio, Young’s modulus,
pore pressure and vertical stress (Egs. (5) and (6)). Ac is the
difference between Spmax and Spmin (Eq. (7)) (Eaton, 1969;
Thiercelin and Plumb, 1994; Yeltsov et al., 2014; Radwan and
Sen, 2021).
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Fig. 4. Photomicrographs showing diagenetic minerals of the Bashijigike Formation in Zhonggqiu 1 gas field of Kuga Depression: (a) dolomite cements filling in the pore spaces,
Well ZQ101, 6298.73 m; (b) calcite cements filling in the pore spaces, Well ZQ101, 6290.23 m; (c) gypsum cements filling in the pore spaces, Well ZQ101, 6298.11 m; (d)
D = dolomite cements, Well ZQ101, 6338.77 m; (e) Cc = calcite cements, Well ZQ101, 6299.43 m; (f) G = gypsum cements, Well ZQ101, 6298.11 m; (g) D = dolomite cements, Well
ZQ101, 6337.01 m; (h) Q = quartz, minor amount of quartz cements, Well ZQ101, 6335.97 m; (i) I/S = mixed layered illite/smectite, Well ZQ101, 6301.42 m.

Fig. 5. Comparisons of cement content and thin section porosity of the Bashijigike
Formation in Zhonggqiu 1 gas field of Kuga Depression.

4564

v v E vE
Shmax :msv—mapp-'rapp +m£]—[ +m£h (5)
v v E vE
shmin :ESV — Eapp + a’Pp + m&‘h =+ mEH (6)
A6 =Shmax — Shmin (7)

where, « is the Biot coefficient, dimensionless, which can be ob-
tained on empirical equation (Eq. (8)); E is the Young’s modulus,
GPa; v is Poisson’s ratio, dimensionless; ey and e are strain in
Shmax and Shmin directions respectively as given by Eqgs. (9) and
(10), dimensionless; Pp is the pore pressure, MPa; Spmax and
Shmin iS the maximum and minimum horizontal principal stress,
respectively, MPa; Sy is the vertical principal stress, MPa (Maleki
et al,, 2014; Kidambi and Kumar, 2016; Najibi et al., 2017; Zhang
et al., 2024c).
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Fig. 6. Bedding, cross-bedding, and borehole breakout interpreted from image logs in Well ZQ101 of Bashijigike Formation in the Zhongqiu 1 gas field of the Kuga Depression.
Note that borehole breakouts are observed as interpreted bright bands on opposite sides of the borehole.

Table 1
The stress magnitude of Bashijigike Formation in the Zhongqiu 1 gas field of the
Kuqa Depression.

Well Shmax» MPa Shmin, MPa Ao, MPa
ZQ1 174.77 126.37 284
ZQ101 176.67 144.52 32.15
ZQ102 184.66 144.53 40.13
ZQ104 165.75 129.44 36.29
T
a=1 —exp(7.5 tan%) (8)
Sy xw

Eh E

x(ll_y—l) 9)

Sv X 2
eq= VEV><<171V ) (10)

— U

where ¢ is the porosity derived from both laboratory tests and well
logs (Binh et al., 2007).

4. Results
4.1. Depositional microfacies

In the Zhonggiu 1 gas field, the Kqbs® is deposited in a fan delta
front sedimentary environment, while the depositional facies of
K1bs? and K;bs! are braided river delta front facies (Liu et al., 2019;
Li et al.,, 2020; Zhu et al., 2023). Sandbodies in the Bashijigike
Formation are mainly formed in underwater distributary channel
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Fig. 7. (a) Comparisons of P, derived from MDT experiment and calculated from well logs of the Bashijigike Formation in Zhonggiu 1 gas field of Kuqa Depression; (b) error
analysis of P, of the Bashijiqike Formation in Zhonggiu 1 gas field of Kuga Depression.

Fig. 8. Magnitudes of in-situ stress from experiments and calculation of log data in well ZQ101 of the Bashijiqike Formation in Zhongqiu 1 gas field of Kuga Depression.
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Fig. 9. Variations of in-situ stress magnitudes for the cross-section ZQ102-ZQ104-ZQ1-ZQ101 of Bashijigike Formation in the Zhonggqiu 1 gas field of the Kuga Depression.

microfacies of delta front subfacies. The GR curve shows low
values with a typical box-shaped pattern (Fig. 2). In contrast, the
interdistributary bay microfacies are deposited in a weak sedi-
mentary hydrodynamics. The GR curve displays high values with a
typical finger-shaped pattern (Fig. 2). The lithology of Bashijiqike
Formation is mainly brown, fine- to medium-grained sandstone,
containing a small quantity of siltstone, argillaceous siltstone, and
mudstone (Fig. 2).

4.2. Diagenesis

4.2.1. Diagenesis and pore spaces

In the Zhongqiu 1 gas field, the burial depth of the K;bs exceeds
6000 m. Rocks have therefore experienced intensive compaction
and cementation due to deep burial depths. However, widely
developed primary intergranular pores are still commonly
observed in the medium-grained sandstones, and point or point-
to-line grain contacts are also detected (Fig. 3(a) and (b)). Few
quartz cements are developed around the quartz grains, actually
quartz cements are relatively rare in the Bashijigike Formation
based on optical microscope analysis (Fig. 3(a) and (b)). Rare
intergranular pores are preserved in the very-fine-grained or
poorly sorted rocks, and the grain contacts are mainly point to line
(Fig. 3(c) and (d)). Thin section analysis reveals that primary
intergranular pores are the predominant pore spaces in the
Bashijigike Formation (Fig. 3(e) and (f)), while dissolution pores
are rarely developed (Fig. 3(e) and (f)). In addition, intergranular
pores are only preserved in the medium-grained sandstones that
are well sorted (Fig. 3(a), (b), (e) and (f)), while the fine- or very-
fine-grained or the poorly sorted sandstones have no evident
intergranular pore spaces (Fig. 3(c) and (d)).

4.2.2. Diagenetic minerals

Thin section and SEM image observations reveal that carbonate
cements are the most pore-filling cements (Fig. 4). Dolomite
(Fig. 4(a)), calcite (Fig. 4(b)) and gypsum (Fig. 4(c)) cements are
detected by microscope and SEM analysis. Dolomite crystals are
commonly detected filling the pore spaces (Fig. 4(g)). The calcite
cements, which display a red color dyed by alizarin red S in thin
sections, are commonly observed (Fig. 4(b)). Contiguous pore-
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filling gypsum can be observed in thin sections and SEM images
(Fig. 4(c) and (f)). Quartz cement occurs in only minor amounts
within pore spaces (Fig. 4(h)). In some cases, mixed layered illite/
smectite is observed to inhibit the quartz cementation (Fig. 4(i)).
Dolomite and gypsum constitute the volumetrically dominant
diagenetic cements. Consequently, the presence of these cements
greatly reduces thin section porosity, and when cement content
exceeds 10%, porosity becomes less than 3.6% (Fig. 5).

4.3. In-situ stress direction and magnitude

As an intrinsic property of the Earth, in-situ stress can be
described in terms of maximum principal horizontal stress (Spmax)s
the minimum principal horizontal stress (Shmin) and vertical
principal stress (Sy) (Zoback et al., 2003; Tingay et al., 2009; Ju
et al,, 2017; Zhang et al., 2022; Lai et al., 2024).

4.3.1. In-situ stress direction

In the Kuga Depression, analysis of image log data combined
with the World Stress Map database indicates a predominant north-
south orientation of Symax directions (Heidbach et al., 2010; Lai et al.,
2019). Fig. 6 shows that the induced fractures of Well ZQ101 in the
Kuqga Depression indicate a Spmax direction of 210°-240°, and the
perpendicular Spmin direction is 120°-150° (Fig. 6).

4.3.2. In-situ stress magnitude

Calculated using the above formulas, the average values of
stress magnitudes of Shmax, Shmin, Sv» and As of various wells in
Zhonggiu 1 gas field are displayed in Table 1. The calculated P,
values show a high correlation with experimental values from
MDT (Fig. 7(a)), and absolute error is mostly between —1 and
1 MPa (Fig. 7(b)). Meanwhile, the calculated Shmax for Well ZQ101
matches well with experimental values (Fig. 8), demonstrating
that the in-situ stress values derived from the model used in this
study are accurate and reliable.

As shown in Fig. 9, the mean of A¢ in ZQ104 (anticline hinge) is
higher than the values in ZQ1 and ZQ101 (anticline limb). It reveals
that strong stress has not been released by formation of natural
fractures, therefore reservoir quality shows heterogeneous per-
formances due to the complex stress state.
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Fig. 10. Interpretation of depositional microfacies and in-situ stress for Well ZQ101 of Bashijiqike Formation in the Zhongqiu 1 gas field of the Kuqa Depression.

5. Discussion

5.1. Controls of depositional composition and texture on reservoir
properties

Differences of sedimentary environments determine variations
in the composition and texture of sediments (Fig. 2) (Morad et al.,
2010; Taylor et al., 2010; Nguyen et al., 2013; Li et al., 2025). The
texture and composition of sediments govern the reservoir’s pri-
mary porosity (Bjorlykke, 2014).
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The underwater distributary channel microfacies, which have
box-shape and bell-shape GR curve shapes, are characterized by
fining upward sequences or in some cases a unique sequence (no
evident grain size change) (Fig. 10). At the top of the underwater
distributary channel sandbody, the lithologies are mainly fine to
very fine-grained sandstones, and these fine- to very-fine-grained
and clay-rich sandstones are more likely to be tightly compacted
(Fig. 10(a)). At the bottom of the sandbody, the sandstones are
poorly sorted and more likely to be heavily cemented after the
fluid squeezed out from the other side of the sand-mudstone
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Fig. 11. Interpretation of depositional microfacies and in-situ stress for Well ZQ102 of Bashijiqike Formation in the Zhongqiu 1 gas field of the Kuqa Depression.

interface (Fig. 10(b)) (Milliken and Land, 1993; Dutton, 2008;
Huang et al, 2021). Actually, carbonate cements can be
commonly detected along the sandstone-mudstone contact sur-
faces (Mansurbeg et al., 2008). Therefore, the bottom and top parts
of the underwater distributary channel sandbody have poor
reservoir quality due to tight compaction and heavy cementation.

Conversely, in the center part of the underwater distributary
channel sandbody, the lithologies are mainly fine- to medium-
grained sandstones which are well sorted; consequently,
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mechanical compaction is limited and intergranular pores can be
preserved (Fig. 10(c) and (d)). In addition, the center is far away
from the sand-mudstone interface, therefore there is a poor con-
dition for carbonate cementation (Fig. 10(c) and (d)). In Fig. 11,
there is a nearly 20-m-thick underwater distributary channel
sandbody, which has a bell-shape GR curve shape. In the center
part of the sandbody, the lithologies are mainly fine-grained and
well-sorted sandstones; consequently, intergranular pores can be
preserved (Fig. 11(a)-(c)) (Bjerlykke, 1998; Thyne, 2001).
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Fig. 12. (a) Scatter plot of horizontal in-situ stress difference and compactional porosity loss (COPL) of Bashijiqike Formation in the Zhonggqiu 1 gas field of the Kuqa Depression;
(b) scatter plot of horizontal in-situ stress difference and thin section porosity of Bashijigike Formation in the Zhonggqiu 1 gas field of the Kuga Depression.

Fig. 13. Relationship between in-situ stress and porosity of Bashijigike Formation in the Zhongqiu 1 gas field of the Kuga Depression: (a) porosity = 5.06%, Ac = 54.05 MPa, Well
ZQ102, 6394.25 m; (b) porosity = 7.12%, Ac = 52.82 MPa, Well ZQ102, 6213.12 m; (c) porosity = 9.53%, Ac = 46.78 MPa, Well ZQ102, 6219.43 m; (d) porosity = 13.97%,
Ac = 35.67 MPa, Well ZQ101, 6294.79 m.

Different depositional environments have differences in composi- 5.2. Stress driven compaction and porosity loss
tion and texture, both of which control the value of initial intergranular
volume (IGV). Therefore, the pores in the center part of the underwater Stress may induce lateral and vertical compression, and lateral
distributary channel sandbody can be well preserved (Fig. 10(c) and (d), compression is mainly caused by horizontal compaction, and high
11(a)—(c)) (Taylor et al., 2010; Nguyen et al., 2013; Li et al., 2025). Ao values imply a high lateral compression degree.
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Fig. 14. Relationship between in-situ stress and gas well production for Well ZQ104 from 6044 m to 6101 m of Bashijiqike Formation in the Zhonggqiu 1 gas field of the Kuqa

Depression.

The compactional porosity loss (COPL) can be used to indicate
the decreased porosity of the reservoir after compaction
(Houseknecht, 1987; Lai et al., 2015). Additionally, the COPL is
conventionally calculated by Eq. (11):

IGV(100 — OP)

COPL=0P — 100 — GV

(11)

where, IGV represents the sum of present intergranular porosity
and cement content (intergranular porosity after compaction but
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before cementation); and OP represents the original porosity
(Ozkan et al., 2011; Lai et al., 2022, 2023; Civitelli and Critelli,
2024; Liu et al., 2024; Guo et al., 2025).

The calculated results of Fig. 12(a) manifest that COPL shows a
positive relationship with the increasing As values. Intensive
stress will contribute to a high COPL, and COPL reaches 34.2% when
the Ao is higher than 40 MPa. Extensive stress may induce a high
compaction degree, and lateral stress might reduce porosity by
compaction, as shown in Fig. 12(b).
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Fig. 15. Coupling relationships between hydrocarbon productivity and depositional microfacies, diagenesis and in-situ stress of Bashijiqike Formation in the Zhonggiu 1 gas field

of the Kuqa Depression.

Core and thin section observations reveal that the high stress
and tight compaction are mainly associated with very fine-grained
or very poorly sorted sandstones (Fig. 10(a)) (Lai et al., 2023).

5.3. Impacts of in-situ stress on reservoir quality

5.3.1. In-situ stress state distribution

As previously discussed, and combined with the calculation
results, the in-situ stress regime in Zhonggqiu 1 gas field indicates a
strike-slip stress state: Shmax > Sv > Shmin (Fig. 8).

Before stress release, elastic strain energy accumulates within
the rock with minimal dissipation during the process of stress
accumulation. Therefore, as stress intensifies, the rock experiences
increased compression, leading to reduced porosity (Lai et al.,
2022). In the Zhonggqiu 1 gas field, an inverse relationship exists
between Ac and core-measured porosity in the Bashijigike For-
mation (Fig. 13). Additionally, the formation of natural fractures in
reservoir rocks releases energy, diminishing elastic strain energy
and reducing stress concentration (Faulkner et al., 2006; Xu et al.,
2022b; Zhang et al., 2023; Tan et al., 2024). However, core and thin
section observation from the Zhongqiu 1 gas field reveals an
absence of fractures and micro-fractures in the reservoir. Conse-
quently, it can be inferred that the in-situ stress in the Zhongqiu 1
gas field remains unreleased currently.

Moreover, lithology is a critical factor influencing the hetero-
geneity of in-situ stress (Li et al., 2019). Significant differences in
mechanical properties (such as Young’s modulus and Poisson’s
ratio) between sandstone and mudstone lead to distinct in-situ
stress distributions within these lithologies (Yang et al., 2023).
This causes abrupt changes in horizontal principal stress at
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sandstone-mudstone interfaces (DeReuil et al., 2019). The Bashi-
jiqike Formation in Zhongqiu 1 gas field also consists of inter-
bedded sandstone and mudstone sequences. Here, mudstone
exhibits rheological characteristics with higher Poisson’s ratios
than sandstone. Calculated results in the Zhongqiu 1 gas field
indicate that sandstone has greater Young’s modulus values than
mudstone. As a result, horizontal principal stress within mudstone
layers is higher than that in sandstone (Figs. 10 and 11, 13).

5.3.2. Impact of in-situ stress on porosity

The Bashijigike Formation reservoir in Zhonggiu 1 gas field is
ultra-deeply buried and has experienced high-stress conditions,
therefore in-situ stress becomes a critical factor determining
reservoir quality (Lai et al., 2018b; Zivar et al., 2019). The tectonic
evolution of the Qiulitage Structural Belt features early shallow
burial and late rapid deep burial (Zhu et al., 2009; Lai et al., 2017b).
This evolution process shortens exposure to meteoric freshwater,
weakening dissolution and cementation in the Zhongqiu 1 gas
field (Liu et al., 2019; Xia et al., 2025). Consequently, compaction
dominates porosity reduction in the ultra-deep Bashijigike For-
mation reservoir. Compaction reflects both vertical and lateral
compression, and they jointly control reservoir properties
(Farahani et al., 2022; Lin et al., 2023). As shown in Fig. 13, there
exists an excellent negative correlation between in-situ stress
magnitude and measured helium porosity.

Thin sections and cross-plot demonstrate that higher Acs value
results in higher compactional porosity loss, and fewer preserved
intergranular pores (Fig. 13(a)-(d)). Given the weak dissolution in
Bashijigike Formation of the Zhonggqiu 1 gas field, where primary
intergranular pores dominate reservoir pore spaces, and there
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exists a strong correlation between compaction degree and
porosity, as well as between As and porosity. As shown in Fig. 13,
the cross-plot of porosity versus As demonstrates that the
measured helium porosity decreases with increasing Ac values.
Intensive stress will result in low porosity, and the measured he-
lium porosity is reduced to 9.4% when the Acs is higher than
40 MPa. Furthermore, the single-well plot of the Well ZQ101 in-
dicates that As varies at different depths, with the measured he-
lium porosity curve exhibiting a negative relationship with Ac
curve along the vertical profile. Therefore, the higher in-situ stress
magnitude, the stronger the compression and compactional
porosity loss will be, and the lower the reservoir porosity.

5.3.3. Impact of in-situ stress on gas production profile

In theory, the presence of fluid can weaken the rock mechanical
properties, including compressive strength and elastic modulus
reduction, which results in effective stress decrease (Bruno and
Nakagawa, 1991). This reduction mainly results from mechanical
and physicochemical damages caused by reservoir pore fluids.
These damages cause values of in-situ stress (calculated from well
logs) to be lower in hydrocarbon-bearing intervals than in dry
layers without hydrocarbons (Xu et al., 2022a). Therefore, low Ac
can conversely indicate high hydrocarbon potential, which can be
demonstrated in Zhongqiu 1 gas field (Fig. 14).

Fig. 14 shows that higher As corresponds to lower TG (total gas
from gas logging curve) values. The As curve and the TG curve
exhibits a negative correlation relationship vertically. Further-
more, the gas production profile measured from 6044 m to 6101 m
confirms that low-stress intervals contribute more to gas pro-
duction, while high-stress intervals contribute less (Fig. 14). The
lower the in-situ stress magnitude, the higher the porosity and the
better the gas producing potential.

5.4. Reservoir quality evaluation and prediction

The Bashijigike Formation sandstones in Well ZQ101 primarily
consist of fine- to medium-grained sandstones with well sorting
and low clay content. Within the sandstone layers, particularly in
the center of the sandbody, the coarser grains have a greater
capability to resist compaction (Fig. 10(c) and (d)). The center part
is distant from the sand-mudstone interface, and cementation is
less likely to occur (Fig. 10(c) and (d)). The Acs of the Bashijiqike
Formation in Well ZQ101 ranges from 18.07 MPa to 54.12 MPa,
with an average of 32.15 MPa (Fig. 10). This indicates relatively
weak in-situ stress and consequently moderate compaction.
Consequently, primary pores are more easily preserved than the
top and bottom parts of sandbodies (Fig. 10(a)-(d)). The Well
ZQ101 (6270.5-6290.5 m) yields 90,781 m3/d of gas through a
5 mm choke at 35.5 MPa drawdown pressure, with an oil and gas
production index of 8279.05 m? per meter. Therefore, the control
of in-situ stress on compaction behaviors and then the matrix
porosity of sandstones determines high reservoir quality in Well
ZQ1o1.

The sandstones in Well ZQ102 primarily consist of fine-grained
(finer than Well ZQ101) sandstones with moderate sorting (poorer
than in Well ZQ101) and higher clay content. The Ac of the
Bashijigike Formation in Well ZQ102 ranges from 23.96 MPa to
63.18 MPa, with an average of 40.13 MPa, indicating strong in-situ
stress and intense compaction, therefore primary pores are hard to
be preserved. Within the sandstone layers, particularly at the
center of the sandbody, primary pores can also be preserved more
than in the top and bottom in the Well ZQ102 (Fig. 11(a)-(c)), but
less than in Well ZQ101. The Well ZQ102 (6191-6260 m) delivered
67,106 m>/d of gas flow through a 5 mm choke at 20.54 MPa
drawdown pressure, with an oil and gas production index of
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996.55 m°> per meter. Consequently, the control of in-situ stress on
compaction behaviors and then on the matrix porosity of sand-
stones determines the low reservoir quality in Well ZQ102.

As shown in Fig. 15, in the top parts of the sandbodies of un-
derwater distributary channel microfacies, the sandstones mainly
show a relatively high degree of compaction due to high Ac values.
Additionally, the bottom parts of the underwater distributary
channel sandbodies commonly contain abundant carbonate ce-
ments. The intensive compaction or the extensive carbonate ce-
ments will result in a low hydrocarbon productivity. On the
contrary, sandbodies at the center of the underwater distributary
channel microfacies show a low to moderate degree of compaction
due to low A values, and the carbonate cement content is low, and
they can contribute to a high hydrocarbon productivity. Moreover,
Ac values exhibit a strong negative correlation with the actual
production data, therefore the in-situ stress determines reservoir
porosity and also the hydrocarbon production.

6. Conclusions

(1) In the ultra-deep reservoirs of Zhongqiu 1 gas field in Kuqa
Depression, the in-situ stress might remain unreleased and
natural fractures are scarcely developed. Low stress is
favorable for the preservation of primary pores, providing
spaces for hydrocarbon accumulation, and low stress may
indicate high hydrocarbon potential.

(2) High-quality reservoirs tend to develop at the center of the
sandbody of underwater distributary channel microfacies
(fine- to medium-grained, well-sorted and clay-poor) with
moderate compaction, weak cementation, and low Ac
values.

(3) Strong heterogeneity of reservoirs is closely related to in-
situ stress heterogeneity. Low in-situ stress difference de-
termines compactional porosity loss and porosity, thereby
controlling gas productivity in ultra-deep sandstone
reservoirs.
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