
Journal of Structural Geology 170 (2023) 104850

Available online 26 March 2023
0191-8141/© 2023 Elsevier Ltd. All rights reserved.

Reservoir quality evaluation and prediction in ultra-deep tight sandstones 
in the Kuqa depression, China 

Jin Lai a,b,*, Dong Li b, Tianyu Bai b, Fei Zhao b, Yong Ai c, Hongkun Liu d, Deyang Cai c, 
Guiwen Wang a,b,**, Kangjun Chen e, Yuqiang Xie b 

a State Key Laboratory of Petroleum Resources and Prospecting, China University of Petroleum, Beijing, 102249, China 
b College of Geosciences, China University of Petroleum, Beijing, 102249, China 
c Research Institute of Petroleum Exploration and Development, Tarim Oilfield Company, CNPC, Korla, 841000, Xinjiang, China 
d China France Bohai Geoservices Company Limited, Zhanjiang, 524000, Guangdong, China 
e Development Division, PetroChina Southwest Oil & Gas Field Company, Chengdu, 610051, Sichuan, China   

A R T I C L E  I N F O   

Keywords: 
Ultra-deep sandstone 
Fracture 
Diagenetic facies 
Depositional facies 
Tight sandstone 
Kuqa depression 

A B S T R A C T   

Core, thin sections, cathodoluminescence (CL), scanning electron microscopy (SEM), conventional well logs and 
image logs are used to unravel depositional microfacies, diagenetic facies and fractures in the deeply buried 
(6000–8100 m) Cretaceous Bashijiqike (K1bs) and Baxigai (K1bx) Formations in Kuqa depression of the Tarim 
Basin. Results show that depositional microfacies in core and well log data include distributary channel, river 
mouth bar and distributary bay deposits of fan-braided delta fronts as well as lacustrine deposits. We establish 
well log predictable models of depositional microfacies using conventional and image logs. The Cretaceous 
sandstones experienced low to medium mechanical compaction and low intensity dissolution. Dominant 
diagenetic minerals are carbonate cements, clay minerals and minor amounts of quartz cements. The pore spaces 
are primarily intergranular pores and rare dissolution pores. We identify three diagenetic facies according to 
compaction state and diagenetic minerals, including carbonate cemented facies, tightly compacted facies, and 
facies having limited compaction and lacking cement (slightly cemented and compacted facies). We use well log 
characteristics to interpret diagenetic facies in areas without core data. Fractures are also elements of reservoir 
quality, including vertical opening-mode fractures, high to medium dip angle fractures, low angle fractures that 
probably include small faults and horizontal fractures. Fractures include open, partially open, and closed (sealed) 
fractures. We used image logs to identify fracture attributes, and calculate fracture density, porosity, aperture, 
and length. Depositional microfacies and diagenetic facies determine the primary intergranular pores and 
diagenesis subsequently modified secondary pore spaces. Natural fractures acted as both reservoir porosity 
(probably less than 1%) and as hydrocarbon flow channels accounting for elevated permeability. We evaluate 
and predict reservoir quality by superposing depositional microfacies, diagenetic facies and fracture occurrence.   

1. Introduction 

In tight sandstones (porosity <10%, in situ permeability <0.1 mD) 
(Holditch, 2006), especially, ultra-deeply buried (>6000 m) tight 
sandstones, lack of sandstone porosity represents a great hydrocarbon 
exploration risk (e.g., Dutton et al., 1993; Lai et al., 2017a). Conse
quently, prediction of sandstone porosity has been the focus of extensive 
research (e.g., Lander and Walderhaug, 1999; Mansurbeg et al., 2008; 
Ajdukiewicz and Lander, 2010; Morad et al., 2010). Sandstone porosity 

(and permeability) evaluation is commonly called ‘reservoir quality 
assessment’. But owing to disciplinary divides (e.g., Laubach et al., 
2010), fractures are not typically considered as part of reservoir quality 
assessment, despite observations that fractures in tight sandstone are 
widespread and commonly contribute to reservoir permeability (e.g., 
Laubach, 2003; Solano et al., 2011; Lai et al., 2018). Although indi
vidually, reservoir quality evaluation and prediction in sandstones in
cludes work on depositional microfacies (Bjørlykke, 2014; El Sawy et al., 
2020), diagenesis (Lai et al., 2016; Zhang et al., 2022) and fracture 
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(Busch et al., 2021; Lai et al., 2022a; Lyu et al., 2022), for deep and 
ultra-deep tight sandstones little systematic work has comprehensively 
integrated depositional microfacies, diagenetic facies, and fracture. 
Here we explore the porosity and permeability of deeply buried (ca. 
8000 m) sandstones by evaluating both sandstone (host rock) diagenesis 
and fracture occurrence. 

Deeply buried sandstones commonly show low porosity, complex 
pore assemblages, and strong attribute heterogeneity (e.g., Dutton et al., 
1993; Zou et al., 2012; Lai et al., 2018). Reservoir quality is a compre
hensive reflection of initial depositional microfacies, and subsequent 
diagenetic alterations (diagenetic facies) (e.g., Ramm, 2000; Rossi et al., 
2001; Salem et al., 2005; Ozkan et al., 2011; Zhang et al., 2015; Higgs 
et al., 2017) as well as the formation and attributes of fractures (e.g., 
Lorenz, 1999; Laubach, 2003; Almansour et al., 2020), which them
selves typically participate in diagenesis (e.g. Laubach et al., 2019). 

The Lower Cretaceous Bashijiqike (K1bs) and Baxigai (K1bx) For
mations in the Kuqa depression, which are buried as deep as 8000m and 
have average porosity <10% and intrinsic permeability <0.1 mD, are 
typical ultra-deeply buried tight sandstones (Lai et al., 2017a; Xin et al., 
2022). Though ultra-deeply buried and with porosity of less than 10% 
the sandstones are gas bearing and many high gas productivity wells 
have revealed the prospect for effective natural gas exploration (Lai 
et al., 2017a). Reservoir quality of sandstones at shallow depth is mainly 
controlled by depositional microfacies, however, the ultra-deeply buried 
sandstones are controlled by the coupling of depositional microfacies, 
diagenetic facies and fractures. Consequently, the superposition of 
depositional microfacies, diagenetic facies and fractures is used for 
reservoir quality evaluation and prediction in the ultra-deep buried 
sandstones (Nabawy, 2018; Radwan et al., 2021). 

Here we show that the depositional microfacies and diagenetic facies 
control the matrix porosity, while fractures enhance hydrocarbon 

productivity. The depositional microfacies, diagenetic facies and frac
tures are superimposed together for reservoir quality evaluation and 
prediction for the Cretaceous ultra-deeply buried tight sandstones in 
Kuqa depression. Firstly we recognize the depositional microfacies using 
core observation and well logs. Secondarily we classified the diagenetic 
facies through thin section and SEM, and then build a predictive model 
for diagenetic facies using well logs. Thirdly we characterize the frac
tures using core and image log observation. We predict productive zones 
(‘sweet spots’) by superposing depositional microfacies, diagenetic 
facies and fracture, and find sweet spots conicide with elevated oil well 
production response test data. The integration of depositional microfa
cies, diagenetic facies and fracture can be used for reservoir quality 
evaluation and prediction in ultra-deep tight sandstones. 

2. Geological setting 

The Kuqa depression is a Mesozoic to Cenozoic foreland depression 
located in the northern Tarim Basin (Shi et al., 2004; Zhang and Huang, 
2005; Zeng et al., 2010; Nian et al., 2016; Teng et al., 2020). The Kuqa 
depression is the transition zone between the Tianshan Mountains and 
the Tarim Basin (Feng et al., 2018), and has experienced a long and 
complex evolutionary history (Ju and Wang, 2018). Two sags namely 
the Baicheng and Yangxia Sags, and three structural belts including a 
northern monocline, Kelasu and Qiulitage structural belt are recognized 
(Ju and Wang, 2018) (Fig. 1). The complex tectonic evolution resulted 
large numbers of thrust faults and related folds. In this setting, the for
mation of fractures is to be expected and many are known from the 
subsurface (Ju and Wang, 2018; Feng et al., 2018; Zheng et al., 2020). 
The formation of fractures is therefore a potential control on flow 
behavior (reservoir quality) (Zeng et al., 2010). 

Mesozoic-Cenozoic strata are thick, up to 11000 m (Zou et al., 2006). 

Fig. 1. Maps show the structural division of the Kuqa Depression within North Tarim basin of West China (Jin et al., 2008; Shen et al., 2017; Lyu et al., 2017; Wu 
et al., 2020). 

J. Lai et al.                                                                                                                                                                                                                                       
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Fig. 2. Core photos (unfolded drawings) showing the 
lithology and sedimentary structures in Bashijiqike 
Formation in Kuqa depression. 
A. Conglomerates, Well B1, 4373.68 m 
B. Pebbly sandstones, Well B101, 6918.4 m 
C. Fine-grained sandstones with inclined bedding, 
Well B101, 6916.1m 
D. Fine-grained sandstones with trough cross bed
dings, Well B101, 6916.2 m 
E. Massive medium grained sandstones, Well B104, 
6843.2 
F. Wavy bedding in the siltstones, Well B103, 7220 m 
G. Massive mudstones, Well B103, 7219.28 m 
H. Reactivation surfaces, Well B104, 6844.8m 
I. Scour surfaces, Well B103, 7316.6m.   
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Fig. 3. Conventional well and image log responses of distributary channel in Bozi-Dabei Wellblock of Kuqa depression 
The distributary channel facies is recognized as low GR, and image logs are recognized as bright characteristics with cross beddings. 
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Fig. 4. Conventional well and image log responses of distributary bay in Bozi-Dabei wellblock of Kuqa depression 
(The distributary bay facies is recognized as high GR, and image logs are recognized as dark massive characteristics.) 
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Fig. 5. Thin section images showing the compaction 
and dissolution degree of Bashijiqike formation in 
Bozi-Dabei wellblock of Kuqa depression 
A. Abundance of intergranular pores (arrow), low to 
moderate degree of compaction (note there are grain- 
coating clays), Well B8, 8083.12 m 
B. Low to moderate degree of compaction (note there 
are grain-coating clays), abundant in intergranular 
pores (arrow), Well B8, 8081.84 m 
C. Extensive compaction and minor pores (arrow), 
Well B301, 5854.45m 
D. High degree of compaction and minor pores 
(arrow), Well B9, 7685.49 m 
E. Abundance in intergranular pores (note there are 
grain-coating clays), while dissolution pore (arrow) is 
rare, Well B9, 7689.32 m 
F. Minor amounts of dissolution pores, abundant in 
intergranular pores and minor pores (arrow), Well B9, 
7689.91m.   
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The Triassic-Jurassic coal bearing formations (Jurassic Yangxia forma
tion (J1y), Triassic Karamay (T2k) and Huangshanjie (T3h) formations) 
act as the source rocks (Shen et al., 2017; Xin et al., 2022). The Kumu
geliemu group (E1-2km) thick-layer gypsum salt rock acts as the regional 
cap rocks in the Kuqa depression. The Bashijiqike Formation was 
deposited in a fan-braided deltaic depositional setting, and can be 
divided into three members (K1bs3, K1bs2, K1bs1). In addition, the Bax
igai Formation is divided into two members (K1bx1, K1bx2) (Xin et al., 
2022). The lithologies of Bashijiqike and Baxigai Formation are domi
nated by red to brown, sandstones (mainly fine to medium-grained), 
conglomerates, and pebbly sandstone as well as mudstone (Wang 
et al., 2013; Sun et al., 2017). The K1bs3 member (third member of 
Bashijiqike Formation) was formed in a fan delta front environment, 
while the K1bs2 and K1bs1 members were deposited in a braided delta 
front environment (Wang et al., 2013). Typical depositional microfacies 
recognized by core and well log interpretation in the Bashijiqike For
mation include distributary channel, river mouth bar and distributary 
bay as well as lacustrine microfacies (Xu et al., 2004; Lai et al., 2017a). 

The South Tianshan was the source of Cretaceous sediments in the 
Kuqa depression. Depositional environment of Bashijiqike and Baxigai 

Formation is recognized as fan to braided delta in arid to semiarid 
paleoclimate (Wang et al., 2013; Lai et al., 2017a). The Cretaceous strata 
had experienced extensive tectonic evolution, and many folds and faults 
are present in the Kuqa depression. Additionally, the sandstones are 
heavily fractured and exist in an active tectonic setting (Nian et al., 
2017, 2021). 

3. Samples and methods 

Cores were taken from 10 recently drilled vertical wells. About 100 
m of 10-cm-diameter core was obtained. Core surfaces were scanned for 
360◦ with the aim to record lithology, sedimentary structures as well as 
to document the presence of fractures. The core plug samples span a 
wide depth range from 6000 to 8100 m. 

Helium porosity and permeability tests were performed on 100 
samples. Thin sections impregnated with blue epiflourescent epoxy were 
used to detect porosity and micro-fractures as well as composition and 
texture (framework grains, grain size, sorting), pore spaces (intergran
ular and intragranular), and diagenetic minerals and textures. 

An optical cathodoluminescence microscope was used to 

Fig. 6. Photomicrographs showing diagenetic min
erals of the Bashijiqike sandstones in Bozi-Dabei 
wellblock of Kuqa depression. 
A. Calcite cements (arrow), Well B301, 5884.25 m 
B. Carbonate cements with bright orange–red and 
yellow luminescence patterns (arrow), Well B101, 
6918.62m, CL images 
C. Gypsum filling in the pore spaces (arrow), Well 
B101, 6917.81m 
D. Mixed layered illite/smectite (arrow), Well B102, 
6769.74 m 
E. Mixed layered illite/smectite (arrow), Well B101, 
6917.42 m 
F. Minor amount of quartz cements (arrow), Well 
B102, 6758.04m. (For interpretation of the references 
to color in this figure legend, the reader is referred to 
the Web version of this article.)   

J. Lai et al.                                                                                                                                                                                                                                       
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characterize carbonate cement generations. 
Scanning Electron Microscope (SEM) secondary electron image 

analysis was performed on freshly broken rock surfaces to document 
pore-filling cement, especially authigenic clay minerals as well as 
authigenic quartz cements. 

We used conventional well logs including calipers (CAL), deep and 
shallow lateral logs (LLD, LLS), high resolution induction resistivity logs 
(M2R2, M2R3, M2Rx, etc), Spontaneous Potential (SP), Gamma Ray 
(GR), sonic transit time (AC), bulk density (DEN) and compensated 
neutron log (CNL). We matched core depth to well log depth by corre
lating distinctive features in core (mudstones layers or fractures) with 
conventional well logs. 

We used data that was collected from 2018 to 2021 using Schlum
berger’s Fullbore Formation MicroImager (FMI) imaging logging tool. 
This tool makes a resistivity map of the borehole wall (e.g. Poppelreiter 
et al., 2010). Image logs were run in water-based mud. Borehole static 
and dynamic images were generated through speed correction, eccen
tering correction, and (dynamic) normalization. Geological objects 
including bedding (bedding planes or crossbedding), and fractures 
(natural fractures and induced fractures) were manually picked on 
image logs (Pang et al., 2022). Image log observations combined with 
core data identify lithology and sedimentary structures (beds). We used 
the image logs to document fracture attributes including strike, dip and 
dip angles and used conductive or resistive characteristics of fracture 
traces to assess whether fractures are open or sealed (Lai et al., 2023). 
We term this assessment status (open or closed). 

4. Results and discussion 

4.1. Depositional microfacies 

The lithologies of K1bs3 member (third member of Bashijiqike For
mation) consist of pebbly sandstone, or conglomerates (Fig. 2A and B), 
and the lithologies of K1bs2 and K1bs1 include sandstones (fine to 

medium-grained), siltstone and mudstone (Fig. 2C, D, 2E, 2F, 2G). The 
pebbly sandstone or conglomerates are mainly massive without visible 
beds (Fig. 2A and B), while the fine to medium-grained sandstones have 
parallel beds, inclined beds and cross beds (tabular, wedge-shape and 
trough) (Fig. 2C, D, 2E). There are massive fine-medium grained sand
stones (Fig. 2E). Wavy beds are present in siltstones (Fig. 2F). Mudstones 
are red to brown in color and generally have no visible beds (Fig. 2G). In 
some cases, other sedimentary structures such as scour surfaces (rapid 
change from mudstones into sandstones) or reactivation surfaces (rapid 
change from sandstones into conglomerates) can be detected (Fig. 2H 
and I). 

Distributary channels microfacies have high depositional water en
ergy, and mainly include sandstones (fine to medium grained) with 
various types of sedimentary structures (parallel bedding, or cross beds). 
FMI image logs confirm the presence of bedding planes, and in some 
cases, scour surfaces can be observed (Fig. 3). The distributary channel 
microfacies has a bell-shaped or box-shaped GR curve shape, indicating 
a fining-upward sequence or unique sequence (Zhong et al., 2003; Lai 
et al., 2017a). The river mouth bar microfacies have coarsening upward 
sequence. Therefore the GR curves generally show funnel-shaped pat
terns. The lithology of river mouth bar microfacies is mainly 
fine-grained sandstone. Bedding planes can occasionally be observed. 
The river mouth bar microfacies is locally distributed. The massive 
mudstones have high GR values, and correspond to the dark bands on 
the image logs (Fig. 4) (Lai et al., 2017a). The high energy distributary 
channel deposits were frequently blocked by distributary bay mudstones 
and in some cases river mouth bar sandstones (Lai et al., 2015) (Fig. 3; 
Fig. 4). 

The sandstone rocks are mainly grain supported, and the quartz and 
feldspar grains are mostly moderately to well sorted, subrounded to 
subangular (Fig. 5) (Lai et al., 2017a). 

Table 1 
Diagenesis and diagenetic minerals as well as pore spaces for various diagenetic facies.  

Diagenetic facies Composition, texture and pore 
spaces 

Diagenesis and diagenetic minerals Pore spaces Thin section images 

Tightly compacted facies Rich in detrital clays; Very fine- 
grained, poorly sorted 

Highest degree of mechanical 
compaction, rare in intergranular 
porosity 

No evident pores 

B9, 7686.33m 
Carbonate cemented 

facies 
Abundant in carbonate cements; 
Fined to medium grained 

Highest amount of carbonate cements 
(>10%), mechanical compaction is 
limited 

No evident pores 

B301, 5843.24m 
Limited compaction and 

cement free facies 
Fined to medium grained, well- 
sorted, rare in carbonate cements 

Low degree of compaction; free of 
cements 

Both primary pores and 
intragranular dissolution 
pores 

B8, 8081.84m  

J. Lai et al.                                                                                                                                                                                                                                       
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Fig. 7. Well log responses and thin section photo of tightly compacted facies and limited compaction and cement free facies in Bozi-Dabei wellblock of Kuqa 
depression 
The tightly compacted facies is recognized as high GR, high density 
The limited compaction and cement free is recognized as low GR, low bulk density. 
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Fig. 8. Well log responses and thin section photo of carbonate cemented facies in Bozi-Dabei wellblock of Kuqa depression 
The carbonate cemented facies is recognized as high density, high resistivity, and low GR 
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Fig. 9. Core photos (unfolded images) showing frac
tures with various attributes (dip angles) and status 
(open to partly open to closed) in Bozi-Dabei well
block of Kuqa depression. 
A. Vertical fracture (arrow), Well B104 
B. High angle fracture (arrow), Well B104 
C. Crossscut of high dip angle fractures (arrow), Well 
B301 
D. Low angle fracture (arrow), Well B301 
E. Low angle fracture (arrow), Well B12 
F. Horizontal fracture in conglomerate (arrow), Well 
B1 
G. Open fracture (arrow), Well B301 
H. Partly (calcite) filled fracture (arrow), Well B103 
I. Closed (calcite filled) fracture (arrow), Well B103 
J. Fracture network (arrow), Well B301.   
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Fig. 10. Conventional well and image log responses of natural fractures in Bozi-Dabei wellblock of Kuqa depression 
The natural fracture is recognized as dark sine waves on the image logs. Dip angle is determined by the sine wave amplitude, wihile dip direction can be derived from 
the lowest point of the sine traces. 

J. Lai et al.                                                                                                                                                                                                                                       
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4.2. Diagenetic facies 

4.2.1. Diagenesis 
The Bashijiqike Formation in the Bozi-Dabei wellblock have average 

burial depths larger than 6000 m. There are abundant intergranular 
pores preserved (Fig. 5A), and the point or point to line grain contacts 
can be observed (Fig. 5B) (Lai et al., 2022b; Xin et al., 2022). 

There are grain-coating clay minerals in the form of mixed-layer 
illite/smectite present around the grain boundaries, and consequently 
quartz cementation is retarded at deep burial depth (Lai et al., 2017a). 
There are no evident quartz cements with the clay mineral-coated grains 
(Fig. 5A and B). 

There are no intergranular pores observed in the very fine-grained 
rocks or very poorly sorted rocks (Fig. 5C and D). 

Most of the pore spaces by thin section observation are primary 
intergranular pores, and there are grain-coating clays present, while 
dissolution pores are rare (Xin et al., 2022) (Fig. 5E and F). Fairly 
angular detrital quartz grains, and the areas of high porosity look to 
have abundant grain coats (Fig. 5E and F). 

4.2.2. Diagenetic minerals 
Carbonate cements are the predominant pore filling cements in these 

sandstones. Thin sections prove the presences of calcite (Fig. 6A), and 
cathode luminescence analysis confirms the presence of carbonate ce
ments, which display bright orange to yellow luminescence color pat
terns (Fig. 6B). Carbonates occur as pore filling cements or in some cases 
replacing framework grains (feldspars) (Fig. 6B). The high intergranular 
volume (IGV) (intergranular pore + cement) confirms that carbonate 
cements are the most volumetrically important diagenetic minerals, and 
they greatly reduce porosity. 

Gypsum deposits can be detected on SEM images (Fig. 6C). Addi
tionally, SEM images confirm the presence of various types of clay 
minerals. Illite as well as mixed layered illite/smectite are predominant 
(Fig. 6D and E), and there are only minor amounts of quartz cement 
(Fig. 6E and F). Quartz cements are absent where the grain-coating clays 
are present (Fig. 5E and F). 

4.2.3. Diagenetic facies and well log response 
Diagenetic facies were classified by compaction state and the type 

and pattern of diagenetic minerals present (Lai et al., 2020; Wu et al., 
2020). Here in this study, three diagenetic facies are recognized, and 
they include (1) tightly compacted facies, (2) carbonate cemented facies, 
and (3) limited compaction and cement free facies (limited compaction 
and lacking cement). Each diagenetic facies have their varied diagenetic 
degree, diagenetic minerals and individual pore spaces (Table 1). 

The limited compaction and cement free diagenetic facies has a 
limited (relatively low) degree of compaction (IGV from 15% to 25%), 
and the content of cement especially the carbonate and quartz cements 
is very low (0–3%). However, this facies contains grain-coating clay 
minerals that help preserve intergranular pores (Lai et al., 2017a). The 
high energy depositional facies has fine to medium grain size and well 
sorted framework grains, and thus minimal compaction (IGV ca. 20%) 
(Table 1). Additionally, there are no cements filling in the pore spaces. 
Consequently, pore spaces, especially large intergranular pores, can be 
preserved. Therefore this type of diagenetic facies has the highest 
porosity. Here thin section observation confirms both intergranular 
pores and intragranular dissolution pores (Table 1). All three porosity 
curves (low bulk density <2.55 g/cm3, high CNL value > 10%, and high 
sonic transit time >60 μs/ft or 197 μs/m) give the signature of relatively 
high reservoir quality. In addition, the limited compaction and cement 
free facies has a low GR reading (<60 API), indicating a matrix free and 
high energy depositional microfacies (Fig. 7). 

The tightly compacted diagenetic facies is mainly associated with 
intervals rich in detrital clays or ductile rock fragments, or those very 
fine grained or very poorly sorted successions, which are easily com
pacted during deep burial (Table 1). Consequently, tightly compacted 
facies are recognized on well logs by their high bulk density (>2.6 g/ 
cm3). The abundance of detrital clays or very fine grain size results in a 
relatively high GR reading (>60 API) (Cui et al., 2017; Lai et al., 2018) 
(Fig. 7). Additionally, resistivity values are reduced due to abundance of 
ductile detrital clay. However, CNL and AC curves may give apparent 
high porosity values (high CNL and high AC values) (Fig. 7). 

The carbonate cemented diagenetic facies is associated with fine to 
medium-grained sandstones, which are matrix free. The dominance of 
carbonate cements and very high IGV locally result in a floating texture 

Table 2 
Image log derived fracture parameters for Well B104.  

Strata Depth intervals with 
fractures 

Open fractures Closed fractures Number of 
fracture 

FVDC (1/ 
m) 

FVTL (m) FVAH (mm) FVPA (%) 

Dip 
angles 

Average 
dip 

Dip 
angles 

Average 
dip 

Max Ave Max Ave Max Ave Max Ave 

K1bs2 6748-6760 Inclined 
fractures 

45◦–80◦ 72◦∠45◦ 18◦–28◦ 22◦∠182◦ 13 3.2 1.5 5.2 2 7.8 4.2 0.08 0.05 

6767-6772 Inclined 
fractures 

40◦–85◦ 74◦∠52◦ 6 3 1.4 4.2 2.3 9.5 4.5 0.07 0.05 

6779-6781 Inclined 
fractures 

70◦–82◦ 76◦∠42◦ 4 3.5 1.4 4 2.5 5.2 3.9 0.09 0.06 

6783-6785 Inclined 
fractures 

50◦–78◦ 65◦∠60◦ 12 7 5 11 6.5 5.4 4.2 0.18 0.11 

6793-6797 Inclined 
fractures 

58◦–75◦ 68◦∠352◦ 8 3 1.7 5 3.4 4.3 2.9 0.09 0.06 

6802-6804 Inclined 
fractures 

55◦–68◦ 62◦∠48◦ 7 5.5 4.3 5.5 4.3 5.2 4.1 0.15 0.1 

6812-6827 Inclined 
fractures 

50◦–81◦ 67◦∠68◦ 23 3.1 1.4 5 2.8 8.1 4.2 0.12 0.06 

K1bs3 6835-6851 Inclined 
fractures 

70◦–82◦ 75◦∠62◦ 12 2.5 1.5 4 2.5 7.4 3.6 0.09 0.06 

6856-6863 Inclined 
fractures 

51◦–81◦ 65◦∠230◦ 5 2.5 1.6 3 2.4 3.1 2.1 0.1 0.08 

6868-6888 Inclined 
fractures 

55◦–85◦ 68◦∠274◦ 18 5.5 2.1 6 3.2 4.2 2.6 0.11 0.06 

6893-6901 Inclined 
fractures 

40◦–78◦ 64◦∠210◦ 11 2.5 1.5 4.5 3.5 4.3 2.3 0.08 0.06 

K1bx 6926-6929 Inclined 
fractures 

35◦–72◦ 52◦∠312◦ 20◦–30◦ 24◦∠274◦ 9 5 3.2 5.1 3.4 2.8 1.8 0.09 0.07  
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Fig. 11. Comprehensive evaluation of natural fractures, induced fractures and fracture effectiveness using image logs for Well B104 
A total of 128 natural (open) fractures are recognized as blue sine waves, and the rose diagrams show a dominant NW-SE strike, and there are 10 filled fractures 
picked as yellow. The induced fractures are picked as red, showing a near W-E direction. (For interpretation of the references to color in this figure legend, the reader 
is referred to the Web version of this article.) 
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(Table 1). Therefore, carbonate cemented facies are easily recognized on 
well logs by their low GR values (<60 API), low AC values (<60 μs/ft), 
low CNL porosity (<10%) but high bulk density (>2.6 g/cm3) and high 
resistivity readings (>20 Ω m) (Fig. 8) (e.g., Ozkan et al., 2011; Lai et al., 
2018; Lai et al., 2020). Both tightly compacted and carbonate cemented 
diagenetic facies have porosity in the range of 1.5%–4.5%. 

4.3. Fractures 

4.3.1. Fracture observations 
Core observations show that fractures in the Bashijiqike and Baxigai 

Formation have a wide range of dip angles (and strikes) and degree of fill 
(Fig. 9). There are vertical fractures and high dip angle fractures (>60◦) 
(Fig. 9A, B, 9C), medium dip angle fractures (30◦–60◦) (Fig. 9D), and 
low angle fractures (<30◦) (Fig. 9E) as well as horizontal fractures 
(Fig. 9F). High dip angles fractures crosscut each other (Fig. 9C). 
Additionally fractures can be classified into (1) open fractures (Fig. 9G), 
(2) partially open fractures (Fig. 9H), and (3) closed fractures (Fig. 9I). 

In some cases, the fractures with various status (open to partly open 
to closed) and attributes (dip angles) can constitute a well-connected 
fracture network (dense, interconnected fracture traces at the core 
scale) (Fig. 9I), and enlargement along fracture surfaces can be observed 
(Fig. 9J). Fractures occur in the fine-medium grained sandstone or the 
conglomerates, while fractures in mudstones are rare (Fig. 9). The ce
ments filling the fracture are mainly calcites (Fig. 6B) (Lai et al., 2022b). 

4.3.2. Fracture detection using well logs 
In water-based mud drilled wells, closed or open fractures can be 

easily picked out on FMI image logs as resistive or conductive linear 
anomalies (Fig. 10) (Ameen et al., 2012; Lai et al., 2019). Fractures are 
divided into artificial (drilling induced) and natural fractures based 
primarily on configuration patterns according to standard procedures, 
and the latter can be further classified into filled or unfilled (open) 
fractures according to filling degree inferred from resistive or conduc
tive character (Lai et al., 2017b). Natural open inclined fracture traces 
show dark continuous sinusoidal waves on image logs (Lai et al., 2022c). 
Dip angles can be determined by the sine wave amplitude, and dip di
rection can be derived from the lowest point of the sine traces (Fig. 10) 
(Nie et al., 2013). In addition, the partly to fully closed fractures man
ifest as discontinuous or continuous bright-dark sinusoidal traces 
(Fig. 10). Where fracture surfaces are fully filled by resistive minerals 
(calcite), bright sinusoidal wave traces are encountered (e.g., Khosh
bakht et al., 2009). Therefore both fracture attributes (dip angles) and 
status (open, sealed) can be determined from image logs (e.g., Lai et al., 
2021). 

In addition, from image logs we derive parameters including fracture 
porosity (FVPA), aperture (FVAH), length (FVTL) and density (FVDC) 
(Table 2). Length is usually a partial measure of fracture height that is 
severely censored by the limited intersection with the wellbore. Fracture 
parameters for each depth intervals are summarized in Table .2. 

Based on induced fractures of Well B104 (Fig. 11), maximum hori
zontal stress (SHmax) orientation is determined as having dominantly an 
east-west trend (100◦–110◦). Open fractures are dominated by NW-SE 
strike (120◦–150◦) as documented on the strike composite rose dia
gram. Additionally, closed fractures have three dominant strikes as 

indicated on the rose diagram. Open fractures are not parallel to SHmax 
but have strike divergence of less than 30◦ with respect to SHmax 
(Fig. 11). 

Depositional microfacies controls lithology and sandstone composi
tion and texture, and facies plays the first role in determining porosity. 
Most pore spaces in sandstones are facies controlled or environment 
selective, and the high energy depositional microfacies (distributary 
channel microfacies) control the porosity in sandstones (Bjørlykke, 
2014; Lai et al., 2017a). 

In addition to depositional facies and initial sediment composition, 
subsequent burial diagenetic alterations modify porosity (Nygard et al., 
2004; Mansurbeg et al., 2008; Ozkan et al., 2011; Lai et al., 2022c). 
Though in high energy depositional facies (distributary channel 
microfacies), diagenetic modifications vary greatly, and this will lead to 
a large variation in reservoir quality (Morad et al., 2010; Lai et al., 2013, 
2018). Therefore high energy depositional microfacies plays a primary 
role in controlling reservoir quality, however, in certain depositional 
microfacies, the final reservoir quality is determined by the late-stage 
diagenetic modifications or the presence of fractures. Especially, in 
tight sandstones, diagenesis and diagenetic minerals exert important 
controls on improving, preserving, or destroying reservoir quality 
(Salem et al., 2005; Lai et al., 2013; Zhang et al., 2015; Becker et al., 
2017). For instance, compaction will be extensive in rocks where ductile 
grains such as soft volcanic rock fragments or detrital clays are abundant 
or the framework grains are fine or are poorly sorted (Fig. 5C and D) 
(Rossi et al., 2001; Weber and Ricken, 2005; Cao et al., 2017). 

The degree of compaction is variable due to complexity of detrital 
mineralogy and texture (Tobin et al., 2010). Compaction is more 
extensive in rocks abundant with detrital clays or argillaceous fragments 
(Paxton et al., 2002; Morad et al., 2010; Ozkan et al., 2011; Lai et al., 
2016). Detrital clay-rich successions or very fine-grained layers are more 
tightly compacted than those abundant in rigid grains (Weber and 
Ricken, 2005; Bjørlykke and Jahren, 2012), especially for the Bashiji
qike and Baxigai Formations which are ultra-deeply buried to >7 km 
(Lai et al., 2017a). The presence of grain-coating clays helps preserve 
intergranular pore spaces by inhibiting quartz cements. 

Tight sandstones have low matrix porosity (<10%), therefore they 
require the development of natural fractures to allow oil and gas flow to 
the wellbore (Laubach, 2003; Ameen et al., 2012; Khoshbakht et al., 
2012; Lai et al., 2017b, 2021). Fractures are important fluid-flow con
duits and hydrocarbon repositories in the subsurface (Zeng, 2010). The 
presences of fractures in tight sandstones will significantly improve 
permeability and hence reservoir performance (Nelson, 2001; Ameen 
and Hailwood, 2008; Nian et al., 2021). 

4.4. Reservoir quality and productivity evaluation 

4.4.1. Hydrocarbon productivity 
The Well B104, of which the image log interpreted fractures are 

presented in Fig. 11, contains abundant fractures, and Well B104 has 
obtained high oil and gas productivity. The oil test reveals that in the 
6757–6850 m depth intervals of B104, the daily oil production is 38.9 
m3, and the daily natural gas production is 516369 m3 with 7 mm choke 
width and drawdown pressure of 80.495 MPa (Table 3). Additionally, 
when interpreting the matrix porosity in terms of depositional microf
acies and diagenetic facies, it is found that the depositional microfacies 
is mainly distributary channel facies and the diagenetic facies is domi
nantly of limited compaction and cement free facies (Fig. 12). The GR 
curves mainly display box-shape, representing a high depositional en
ergy, and the related image logs confirm that. As can be observed from 
the image logs, abundant cross beddings and parallel bedding are 
detected, which implies the high energy of depositional microfacies 
(Fig. 12). The sandstones in this depth interval are therefore mainly 
matrix-free sandstones (fine-medium grained) with cross beds, and 
therefore are favorable for formation of high-quality reservoirs (Fig. 12). 
In addition, the thin sections unravel the intergranular and intragranular 

Table 3 
Oil test data of the three wells in Figs. 12, 13 and 15.  

Well 
Name 

Depth intervals 
(m) 

Choke 
width 
(mm) 

Daily oil 
productivity 
(m3) 

Daily 
natural gas 
production 
(m3) 

Drawdown 
pressure 
(MPa) 

B104 6757–6850 7.0 38.9 516369 80.4 
B22 6267–6387 6.0 / 7588 10.0 
B302 6185.5–6197.5 5.0 40.38m3 207166 70.0  
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Fig. 12. Interpretation of depositional microfacies and diagenetic facies for Well B104.  
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pore spaces in the sandstones, and the grains are mainly fine-medium 
grained with low matrix content, which also represents a high deposi
tional energy, and there are no evident carbonate cements filling the 
pore spaces (Fig. 12). The diagenetic facies is therefore determined as 
limited compaction and cement free facies. 

4.4.2. Reservoir quality evaluation and prediction 
Despite the great depth of these rocks, depositional facies and orig

inal grain content and grain size remain an important determinant of 

porosity. The Well B22 is dominantly of high energy distributary 
channel microfacies, as can be confirmed by the box-or bell shape GR 
curves (Fig. 13). Though deposited in high energy microfacies, the 
diagenetic facies is mainly carbonate cemented facies as interpreted 
from thin section observations. Therefore the matrix porosity is low due 
to the distributary channel microfacies sandbodies are tightly cemented 
by carbonates (Fig. 13). The extensive carbonate cements will greatly 
reduce the matrix porosity (Mansurbeg et al., 2008; Dutton and Loucks, 
2010). In addition, it is found that there are only minor fractures 

Fig. 13. Interpretation of depositional microfacies and diagenetic facies for Well B22.  
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Fig. 14. Comprehensive evaluation of natural frac
tures, induced fractures and fracture effectiveness 
using image logs for Well B22 
Fracture attributes and status are picked by image 
logs, natural fractures are recognized as blue sine 
waves, and the rose diagrams show a dominant NW- 
SE strike, and there are many sets of filled fractures 
picked as yellow. The induced fractures are picks as 
red, and show a E-W direction. (For interpretation of 
the references to color in this figure legend, the 
reader is referred to the Web version of this article.)   
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detected when interpreting fractures using image logs. Most of the dis
tributary channel microfacies sandbodies contain no fractures (Fig. 14). 
Therefore it can be concluded that Well B22 has low reservoir quality 
and low hydrocarbon productivity from the aspect of depositional 
microfacies, diagenetic facies and fractures (Figs. 13 and 14). In the 
6267–6387 m depth intervals of Well B22, the oil test reveals that only 
7588 m3 daily natural gas productivity is obtained with 6 mm choke 
width and drawdown pressure of 9.959 MPa (Table 3). 

The Well B302 is dominantly deposited in high energy facies, and the 
microfacies is dominantly distributary channel microfacies. The box-or 
bell shape GR curves as well as the cross beddings interpreted from 
image logs support that the sandbodies are deposited in high energy 
environments (Fig. 15). In some layers, the lithology is conglomerate, 
which also represent a high energy depositional facies (Fig. 15). From 
the aspect of thin section interpreted diagenetic facies, it is found that 
the intergranular pores are common, and dissolution can occur along the 
intergranular pore spaces. Additionally, there are no carbonate cements 
and the matrix is rare, therefore the diagenetic facies is interpreted as 
limited compaction and cement free facies (Fig. 15). Consequently, the 
depositional microfacies and diagenetic facies support high matrix 

reservoir quality of Well B302 (Fig. 15). Image log fracture observations 
show that fractures are abundant in the Well B302, most of the dis
tributary channel microfacies sandbodies are highly fractured, and even 
in conglomerates, the fractures are commonly detected (Fig. 16). In 
some interpretation intervals, the fracture density (FVDC) can reach as 
much as 10 per meter, and the fracture aperture can reach as high as 20 
mm (Fig. 16). Therefore it can be concluded that the Well B302 has both 
high matrix reservoir quality and high hydrocarbon productivity from 
the aspect of depositional microfacies, diagenetic facies and fractures 
(Figs. 15 and 16). In the 6185.5–6197.5 m depth intervals of Well B302, 
the oil test has obtained a high hydrocarbon productivity. The daily oil 
production is 40.38 m3, and the daily natural gas production is 207166 
m3 with 5m choke width and drawdown pressure of 69.651 MPa 
(Figs. 15 and 16) (Table 3). 

The combination of low energy distributary bay microfacies, tightly 
compacted (or carbonate cemented) diagenetic facies and no fracture 
has no hydrocarbon productivity. The combination of high energy dis
tributary channel depositional microfacies, limited compaction and 
cement free diagenetic facies but no fracture will result in a low hy
drocarbon productivity (Fig. 17). Further, the combination of 

Fig. 15. Interpretation of depositional microfacies and diagenetic facies for Well B302.  
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Fig. 16. Comprehensive evaluation of natural fractures, induced fractures and fracture effectiveness using image logs for Well B302 
Fracture attributes and status are picked by image logs, natural fractures are recognized as blue sine waves, and the rose diagrams show four sets of strike, and there 
are many closed fractures picked as yellow. The induced fractures are picks as red, and show a NW-SE direction. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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distributary channel microfacies, limited compaction and cement free 
diagenetic facies and network fracture will contribute to the highest 
hydrocarbon productivity (Fig. 17). Additionally, the degree of fracture 
developments (ranging from I. Rare fracture, II. Single fracture, III. 
Multiple sets of fractures, to IV. Network fractures) as well as the 
depositional and diagenetic facies determine the reservoir quality 
(Fig. 17). 

5. Conclusions 

Although Cretaceous sandstones of Kuqa depression are at depths of 
ca. 8000 m, they retain primary and secondary porosity, and open 
fractures. Depositional microfacies, diagenetic facies as well as fracture 
determine the reservoir quality. 

Depositional microfacies include distributary channel, mouth bar 
and distributary bay as well as lacustrine microfacies that experienced 
low to medium mechanical compaction. Calcite is the dominant diage
netic mineral. Pore spaces are dominantly intergranular, but the in
tensity of dissolution is low. 

Diagenetic facies are divided into tightly compacted facies, carbon
ate cemented facies, and limited compaction and cement free facies. The 
limited compaction and cement free diagenetic facies is characterized by 
low GR reading, low bulk density, high CNL value, and high sonic transit 
time. Tightly compacted diagenetic facies is recognized on the well logs 
as high GR readings, high bulk density but low resistivity values. Car
bonate cemented diagenetic facies is easily to be recognized as low GR 
values, low AC value, low CNL porosity but high bulk density and high 
resistivity readings. 

In terms of fracture attributes and status, there are vertical opening- 
mode fractures and high angle fractures, medium angle fractures, and 
low angle fracture as well as horizontal fractures. Reservoir quality and 

hydrocarbon productivity are evaluated by superposing depositional 
microfacies, diagenetic facies and fracture. Depositional microfacies and 
diagenetic facies determine the initial intergranular pores and subse
quent diagenesis modified secondary pore spaces. Reservoir quality can 
be predicted by integrating depositional microfacies, diagenetic facies 
and fracture in ultra-deep sandstones. 
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