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ABSTRACT

Strong tectonic activities and diagenetic evolution encourage the development of natural fractures as
typical features in deep tight sandstone reservoirs of foreland thrust belts. This study focused on the
Jurassic in the southern Junggar Basin to comprehensively analyze the fracture characteristics and dif-
ferential distribution and, ultimately, addressed the controlling mechanisms of tectonism and diagenesis
on fracture effectiveness. Results revealed that the intensity of tectonic activities determines the
complexity of tectonic fracture systems to create various fracture orientations when they have been
stronger. The intense tectonic deformation would impact the stratum occurrence, which results in a wide
range of fracture dip angles. Moreover, as the intensity of tectonic activities and deformations weakens,
the scale and degree of tectonic fractures would decrease continuously. The control of tectonism on
fracture effectiveness is reflected in the notable variations in the filling of multiple group fractures
developed during different tectonic activity periods. Fractures formed in the early stages are more likely
to be filled with minerals, causing their effectiveness to deteriorate significantly. Additionally, the strong
cementation in the diagenetic evolution can cause more fractures to be filled with minerals and become
barriers to fluid flow, which is detrimental to fracture effectiveness. However, dissolution is beneficial in
improving their effectiveness by increasing fracture aperture and their connectivity to the pores. These
insights can refine the development pattern of natural fractures and contribute to revealing the evolu-
tionary mechanisms of fracture effectiveness in deep tight sandstone reservoirs of foreland thrust belts.
© 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 license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

buried at depths exceeding 3500 m, which typically makes reser-
voirs tight, with generally poor reservoir properties (Ehrenberg and

Deep reservoirs in foreland thrust belts are important for pe-
troleum exploration and development, and many such reservoirs
have been discovered worldwide, including the Western Canadian
Sedimentary Basin, Neuquén Basin in Argentina, Rocky Mountain
Front in the United States, Southern Junggar Basin in China, Sub-
Andean Zone in South America, and elsewhere (Machel et al.,
1996; Branellec et al., 2015; Eude et al., 2015; Bush et al., 2016;
Liu et al., 2020b). These deep reservoirs are comprised of rocks
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Nadeau, 2005; Liu et al., 2020a, 2020b). In addition, these reservoirs
in foreland thrust belts usually experience multiple periods of
complex and intense tectonic activities (Zhang et al., 2014;
Chapman and Chapman, 2015; Feng et al., 2021). Except for the
development of thrust faults and fault-related folds, the wide-
spread development of natural fractures is a primary feature of
these reservoirs (Hernandez and Franzese, 2017; Mao et al., 2022).

Natural fractures in foreland thrust belt reservoirs usually
exhibit multiple stages of formation, while if they are developed
prior to hydrocarbon accumulation, they will become major
migration pathways affecting the distribution of such reservoirs,
while those formed at the latter stages would control the
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hydrocarbon preservation and petrophysical properties of reser-
voirs (Rachinskiy et al., 2007; Hernandez and Franzese, 2017; Liu
et al., 2018; Kerimov et al., 2019; Lai et al., 2023a,b). Since deep
reservoirs are commonly characterized by low matrix porosity and
permeability, natural fractures can become a portion of the storage
space and significantly increase reservoir permeability by serving
as the fluid flow pathway (Ehrenberg and Nadeau, 2005; Ding et al.,
2012; Selvadurai et al., 2018). Furthermore, natural fractures would
affect the propagation and distribution of artificial fractures during
hydraulic fracturing in deep tight sandstone reservoirs, thereby
controlling the production as well (Warpinski and Teufel, 1987;
Wang and Liu, 2021). Considering what was said, an in-depth
investigation of natural fractures would be of great significance in
effectively exploiting deep tight sandstone reservoirs in foreland
thrust belts, which necessitates further research.

The intense tectonic activity and deformation varieties have
caused the distribution of natural fractures to have strong hetero-
geneity in foreland thrust belts (Ajdukiewicz et al., 2010; Zhang
et al,, 2014; Gomez-Rivas et al., 2020; Mao et al., 2020). Published
literature mainly focuses on the development patterns of natural
fractures in structural areas and typical structures such as faults
and folds, while research on the differential distribution of fractures
in the whole foreland thrust belts is relatively scarce (Cardozo et al.,
2005; Hannah et al., 2015; Cai et al., 2016; Zeng et al., 2016; Ju et al.,
2018). Moreover, deep tight sandstone reservoirs in foreland thrust
belts usually have undergone complex diagenetic processes,
including strong compaction, pressure solution, and dominant
cementation (Wierzbicki et al., 2006; Wang et al., 2019; Liu et al.,
2021; Zhu et al., 2022). Consequently, multiple periods of tectonic
activities and deformations in foreland thrust belts and the com-
plex diagenesis experienced by deep tight sandstone reservoirs
would make evaluating natural fractures and their effectiveness
even more challenging.

The foreland thrust belt of the southern Junggar Basin is a
hydrocarbon-enriched system adjacent to the Tianshan orogen,
with significant economic potential for petroleum exploration and
development (Cao et al., 2010; Guan et al., 2016). Among them, the
Jurassic is predominantly composed of sandstones, most of which
are buried deeper than 3500 m and some are beyond 6000 m, and
is one of the principal strata for oil and gas accumulation (Clayton
et al,, 1997; Hu et al., 2010). The intense tectonic movements from
the Yanshan to Himalayan stages created a zoned structural pattern
in the southern Junggar Basin, where faults, anticlines, and natural
fractures are widely developed (Ju et al., 2012; Wan et al., 2015; Liu
et al., 2020b; Mao et al., 2022). By observing outcrops, cores, and
thin sections, this study identified natural fractures in the Jurassic
tight sandstone reservoirs in the foreland thrust belt and analyzed
their development characteristics and differential distribution. Ul-
timately, this study discussed the control of tectonism and
diagenesis on fracture effectiveness in these reservoirs. Results
from this study may reveal the development pattern of natural
fractures and the mechanisms controlling their effectiveness in
deep tight sandstone reservoirs of foreland thrust belts.

2. Geologic setting
2.1. Location and structure

The Junggar Basin, located in northwestern China, is a sizeable
petroliferous basin inside the continental plate that was formed
during the Mesozoic (Fig. 1(a)). This basin has experienced three
stages of tectonic evolution since the Permian, including the pe-
ripheral foreland basin in the Early Permian, the intracontinental
depression from the Late Permian to Cretaceous, and the para-
foreland basin from the Paleogene to Quaternary (Wan et al.,
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2015; Liu et al., 2020b). The southern Junggar Basin, a secondary
structural unit of the Junggar Basin, is adjacent to the Tianshan
orogen in the south and belongs to the foreland thrust belt (Fig. 1(b)
and (c)). Its long axis strikes NWW-SEE, about 650 km from east to
west and 40—90 km from north to south, and covers an area of
about 3.0 x 10* km? (Sun et al., 2004).

The Tianshan orogen compressed the southern Junggar Basin
during the basin evolution, and the strong tectonic activities
resulted in the formation of multiple structural units in the foreland
thrust belt with various evolutionary characteristics (Fig. 1(c)).
According to the structural features, the foreland thrust belt is
divided into the western, middle, and eastern sections, with the
severity of tectonic deformations gradually increasing (Fig. 2). It can
also be divided into three structural zones from the Tianshan oro-
gen to the interior Junggar Basin. For example, the middle section is
divided into Qigu, Homatu, and Hu'an structural zones from south
to north, and their deformation strengths gradually decrease. In the
Cenozoic, the southern Junggar Basin underwent significant tec-
tonic activities, resulting in a series of thrust faults and fault-related
anticlines in the southern Junggar Basin (Guo et al., 2011; Guan
et al,, 2016). These faults are generally oriented in NW-SE di-
rections and typically have high-dip angles (Yu et al., 2009). The
anticlines are usually elongated and oriented parallel to the strikes
of major faults, and some exhibit asymmetrical fold geometries
while others are overturned (Mao et al., 2022).

2.2. Stratigraphy

The southern Junggar Basin exhibits foreland characteristics
from the Permian to the Neogene and has deposited a thick
sequence of multiple cycles of terrestrial strata (Yang et al., 2015;
Zhang et al., 2022). The target layer of this study is the Mesozoic
Jurassic, which exhibits a significant variation in burial depth, with
a concentration greater than 3500 m and a maximum exceeding
6000 m (Mao et al, 2022). The Jurassic is composed of the
Badaowan (J1b), Sangonghe (J1s), Xishanyao (Jx), Toutunhe (Jt),
Qigu (J3q), and Kalazha (Js3k) formations from bottom to top (Fig. 3)
(Qiu et al., 2021). The Lower Jurassic (J1) is characterized by sedi-
mentary facies ranging from braided rivers to shore-shallow lakes
and braided river deltas (Liu et al., 2020b). The lower part (J1b) is
composed of interbedded fine sandstone, conglomerate, mudstone,
and coal with irregular rhythmic layers, while the upper part (J15) is
characterized by thick layers of fine sandstone, as well as some
mudstone and sandstone conglomerate. The Middle Jurassic (]»)
has sedimentary facies ranging from lakes and marshes to braided
rivers (Li et al., 2004). The lower part (Jpx) is mainly composed of
fine sandstone, mudstone, and coal, while the upper part (Jot) is
characterized by rhythmic interbedding of mudstone, sandstone,
and sandstone conglomerate. The Upper Jurassic (J3) is comprised
of sedimentary facies of braided rivers, shore-shallow lakes, and
alluvial fans (Guo et al., 2011). The Qigu Formation (J3q) is mainly
composed of medium sandstone and fine sandstone with a small
amount of mudstone, while the Kalazha Formation (Jsk) is
composed of conglomerate and sandstone conglomerate with
locally occurring medium to coarse sandstone.

2.3. Reservoir

The storage space of the Jurassic sandstone reservoirs in the
southern Junggar Basin is mainly composed of primary intergran-
ular pores and secondary intergranular and intragranular dissolu-
tion pores, as well as some natural fractures, with a heterogenous
distribution (Qiu et al., 2021). Due to prolonged deep burial and
strong tectonic compression after Jurassic sedimentation, the pore
spaces in the rock layers rapidly decrease, creating tight reservoirs
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Fig. 1. (a) Location of the Junggar Basin in northwestern China. (b) The structural units of the Junggar Basin (Liu et al., 2020b). I is the Wulungu Depression. II is the Luliang Uplift. III
is the Western Uplift. IV is the Central Depression Area. V is the Eastern Uplift. VI is the Southern Thrust Belt. (c) The map shows the foreland thrust belt of the southern Junggar
Basin, including structural units, major faults, wells, outcrops, and the cross-sections in Fig. 2. The faults have been modified according to Yu et al. (2009).

(Zhang et al., 2020). The Lower (J;) and Middle (J») Jurassic reser- outcrops are taken from 16 separate locations, all from the Jurassic
voirs are mainly composed of fine sandstones and siltstones, and sandstones that have experienced similar tectonic movements and
under the influence of strong compaction and cementation, these diageneses with the subsurface strata. The core description was
reservoirs have limited storage space, with a porosity that is typi- conducted on 496 m retrieved from 22 vertical wells, as shown in

cally measured below 10% (Zhou et al., 2022). The Upper Jurassic Fig. 1(c) in the Jurassic sandstone reservoirs. Thin sections (30 wm in
(J3) reservoirs primarily consist of medium-coarse sandstones and thickness) of 83 samples from cores were impregnated with blue-
conglomerates, with a larger proportion of porosity greater than dye resin to highlight natural fractures and pores. Moreover, sup-
10%. Except for the relatively high permeability of the Karazha porting information, including tectonic activities, structural char-
Formation, the average air permeability of the reservoirs in other acteristics, cross-sections, stratigraphy, lithology, porosity, and
formations is less than 1 mD (Liu et al., 2020b). The intense tectonic permeability, was obtained from the oilfield database and pub-

activities of the foreland thrust belt have led to the widespread lished literature.
development of natural fractures in these reservoirs, which have Through the observation of natural fractures at outcrop, core,
been found to improve their permeability significantly (Mao et al., and thin section scales, this study identified fracture types and

2020). Overall, the petrophysical properties of the Jurassic in the elucidated their development characteristics in deep tight sand-
southern Junggar Basin are poor, and they are recognized as deep stone reservoirs of foreland thrust belts. In order to investigate the
tight sandstone reservoirs. distribution of natural fractures, fracture parameters, including the
orientation, dip angle, scale, density, filling, and aperture, were
quantitatively characterized (Hennings et al., 2000; Ortega et al,,
3. Data set and methodology 2006; Ding et al., 2016; Liu et al., 2024). The scale of natural frac-

. . . . tures refers to the height of macroscopic fractures and the exten-
This study is based on the analysis of natural fractures and their sion length of microscopic fractures. The density of natural

development characteristics at different scales of investigation, fractures in this study is linear density, which is the number of
with emphasis on the fracture parameter distribution and variation fractures per unit length (Laubach et al., 2009: Zeng and Li, 2009). It
in the deep Jurassic tight sandstone reservoirs of the foreland thrust should be noted that these fracture parameters from analogous
belt in the southern Junggar Basin. The observation and measured outcrops, cores, and thin sections may differ from those under

data of réatllql.r al fractures ngf collected frorr; an_alogfm;ls O“tcrhc’ps' formation temperature and pressure conditions and, therefore, are
cores, and thin sections in different structural units of the southern ., idered to have some limitations. However, this is a common

Junggar Basin. As shown in the map in Fig. 1(c), the analogous
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Fig. 3. The stratigraphic column in the foreland thrust belt of the southern Junggar Basin (modified according to Liu et al., 2020b).
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challenge faced by reservoir fracture research, which usually has
some effect on the aperture and less influence on other fracture
parameters. This study focuses on the changes in fracture param-
eters, so the results are not substantially limited.

Based on the measured data of natural fractures from analogous
outcrops, cores and thin sections, this study analyzed the variation
of fracture parameters in these reservoirs of different structural
units, attempting to explain the differential distribution of natural
fractures developed in deep tight sandstone reservoirs of foreland
thrust belts. In addition, this study investigated the various fracture
fillings with respect to the tectonic activity stages as well as the
effects of cementation and diagenesis on fracture filling and aper-
ture. The ultimate aim was to explore the controlling mechanism of
tectonism and diagenesis on fracture effectiveness in deep tight
sandstone reservoirs within foreland thrust belts.

4. Results
4.1. Natural fracture types and characteristics

Based on outcrops, cores, and thin section observations, natural
fractures in deep tight sandstone reservoirs of foreland thrust belts
are divided into tectonic and non-tectonic fractures. Considering
fracture mechanics, tectonic fractures are further classified into
shear and extension fractures, while non-tectonic fractures mainly
refer to those formed by compaction, dissolution, and subsurface
fluid activities during the diagenetic evolution of the rocks
(Aguilera, 1998; Ramsey and Chester, 2002; Zeng et al., 2010; Kus,
2017; Liu et al., 2020a). The target strata in this study area are
located in the foreland thrust belt and have experienced multiple
complex and intense tectonic deformation in their burial history
(Guo et al., 2011; Guan et al., 2016). Consequently, tectonic frac-
tures, especially the tectonic shear fractures, are the dominant type
most ubiquitously developed in these reservoirs.

4.1.1. Tectonic fractures

In deep tight sandstones, macro-tectonic fractures are sub-
divided into translayer, layer-parallel, and intralayer fractures
based on their occurrence (Figs. 4 and 5). The scale and dip angles of
translayer fractures are large, while the layer-parallel and intralayer
fractures have relatively small scales and variable dip angles
controlled by the layer occurrence. Outcrops and cores suggest that
the shear fractures in these rocks are dominated by intralayer
fractures, with less development of translayer and layer-parallel
fractures. These fractures are usually developed conjugately and
appear in groups, and different groups exhibit a relationship of cut-
through or restricting each other (Fig. 5(b)). Shear fractures are
relatively straight, and scratches and steps are occasionally devel-
oped on their surface (Fig. 5(a)—(c)). They also demonstrate some
variation in different lithologies. In larger-grained rocks, such as
conglomerate and coarse sandstone, shear fractures appear as
distinct features of cutting through the grains (Fig. 5(e)). These
fracture surfaces are relatively rough due to the presence of large
grains in the matrix. In fine-grained rocks, especially those with
more argillaceous content (such as mudstone and silty mudstone),
the shear fracture surface is smoother and exhibits specular fea-
tures with evidently developed scratches (Fig. 5(d) and (f)).
Extension fractures are commonly observed in specific structural
parts, such as the core of the anticline, and are less developed in
such reservoirs. The surface of such fractures is uneven, and their
extension is unstable (Fig. 5(g)).

Microscopic-scale tectonic fractures are also well developed in
these sandstones of the foreland thrust belt, which are classified as
transgranular, grain boundary, and intragranular fractures accord-
ing to their relationship with mineral grains (Kranz, 1983; Zeng and
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Li, 2009). Transgranular fractures will pass through multiple min-
eral grains and extend longer (Fig. 6(a) and (b)). Grain boundary
fractures are developed around the mineral grains, and their
extension is primarily controlled by the grain shape (Fig. 6(c)).
These fractures are usually interconnected in a network. Intra-
granular fractures are developed inside mineral grains, and they are
distributed randomly in non-cleavage minerals such as quartz
(Fig. 6(d) and (e)) but are more likely to grow along cleavage in
cleavage minerals such as feldspar and calcite (Fig. 6(f)). The origin
of the latter two micro-fractures might not be just tectonism, but
also diageneses such as compaction and pressure solution (Laubach
et al., 2010). Moreover, observations manifest that intragranular
and grain boundary fractures are more accessible to develop when
the mineral grains are larger, whereas transgranular fractures are
less developed. It is speculated that the same tectonic stress would
be more challenging to cut through larger mineral grains.

4.1.2. Non-tectonic fractures

Non-tectonic fractures are primarily comprised of bedding-
parallel fractures and overpressure-related fractures in deep tight
sandstones of foreland thrust belts. Bedding-parallel fractures are
relatively straight and are usually developed along the depositional
plane (Fig. 7(a) and (b)) (Liu et al., 2025). The lateral extension of
these fractures is poor in tight sandstones, resulting in discontin-
uous distribution and varying lengths. Furthermore, these fractures
will branch during their extension and bypass mineral grains rather
than cut through them. Bedding-parallel fractures are mostly
distributed in fine-grained rocks such as siltstone and argillaceous
siltstone.

In addition, another type of fracture that is believed to form
related to the overpressure of subsurface fluids is observed as well
(Lyu et al., 2017; Meng et al., 2021). In the Jurassic tight sandstones
of the foreland thrust belt in the southern Junggar Basin, there are
significant overpressure systems with a formation pressure coeffi-
cient of up to 1.40—2.34 (Zhao, 2003; Hong et al., 2018). Herein,
tectonic compressive stress and thick mudstone sealing are the
main reasons for the formation of the reservoir overpressure (Gong
et al,, 2017). In the extruded tectonic settings, these fractures are
generally lenticular, with relatively short extensions and large ap-
ertures (Fig. 7(c)). The occurrence of such fractures is unstable, and
their distribution has no remarkable regularity. The unique geom-
etry of these fractures is relevant to the stress conditions during the
formation of ancient overpressure fluids. Normally, the fracture
surface is perpendicular to the direction of the minimum principal
stresses (Lyu et al., 2017). Mineral vein cement is a typical feature of
overpressure-related fractures in deep tight sandstone reservoirs,
mainly calcite and a small amount of bitumen. It's important to note
that these fractures are relatively rarely developed in the study
area.

4.2. Natural fracture distribution

Various sources of data state that the development and distri-
bution of natural fractures show prominent heterogeneity in deep
tight sandstone reservoirs in the foreland thrust belt of the
southern Junggar Basin. In the eastern section of the foreland thrust
belt, all tectonic fractures of the NEE-SWW and NW-SE strikes are
well-developed in reservoirs, apart from the NNE-SSW striking
fractures that are relatively poorly developed (Fig. 8(a)). Conversely,
NNE-SSW striking fractures are more developed than other groups
in the middle and western sections (Fig. 8(b) and (c)). Moreover,
from the Tianshan orogen to the interior Junggar Basin, the domi-
nant fracture orientations of tectonic fractures vary significantly in
different structural zones of the foreland thrust belt (Fig. 8(d)—(f)).
Overall, with the increased distance from the Tianshan orogen, the
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50 cm

Fig. 4. Macro-tectonic fractures in outcrops of the Jurassic tight sandstones in the southern Junggar Basin. TF in (a) is translayer fractures. IF in (b) is intralayer fractures.

group diversity of tectonic fractures tends to reduce, and their
dominant orientations become more apparent. This proposes that
the intensity of tectonic activities should be an essential factor
leading to the complexity of the tectonic fracture system, hence
such fractures have more diverse orientations when the tectonic
deformation has been stronger (Zhang et al., 2017; Feng et al,,
2018).

Additionally, because of the strong tectonic deformation, the
target layers in this study area have grown many faults and anti-
clines with diverse striking fractures (Wan et al., 2015; Guan et al.,
2016). When the position in these structures changes, the fracture
groups will also be different, primarily due to the variations in the
stress distribution and stratum occurrence (Sanz et al., 2008; Tavani
et al.,, 2015). For example, near the fault, the translayer fractures
with small angles or near parallel to the fault plane strike are more
developed and are larger in scale (Fig. 9(a)), while those far away
from the fault are mainly regional fractures that are less affected by
the fault (Fig. 9(b)). In the anticline, fractures parallel to its axis are
generally developed in the core, while in the wings, conjugate shear
fractures become dominant (Watkins et al., 2015; Mao et al., 2022).
Consequently, multiple periods of intense tectonic activities and
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various types of structures are the crucial factors influencing the
anisotropies of fracture strikes in reservoirs of foreland thrust belts.

Based on the dip angles, tectonic fractures are divided into five
categories: near horizontal [0°, 3°], low dip angle (3°, 30°], medium
dip angle (30°, 60°], high dip angle (60°, 87°], and near vertical (87°,
90°] fractures (Zhang et al., 2023). Statistical data from core ob-
servations denote that the dip angle of tectonic fractures tends to
increase gradually from the eastern to western sections of the
southern Junggar Basin (Fig. 10(a)). Overall, the proportion of high
dip angle and near vertical fractures increases, while that of the low
to medium dip angle fractures decreases, and the overall propor-
tion of near horizontal fractures becomes relatively small.
Furthermore, in different structural zones of the middle section, the
frequency of high dip to near vertical fractures increases from the
near Tianshan orogen to the interior Junggar Basin (Fig. 10(b)).
Specifically, the proportion of near horizontal to medium dip angle
fractures in the Qigu structural zone near Tianshan orogen is
higher. In contrast, in the Homatu and Hu'an structural zones, high
dip to vertical fractures become more.

Observation and statistics explain that tectonic fractures in deep
tight sandstone strata are primarily intralayer ones that intersect
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+  through'grains

Fig. 5. Macro-tectonic fractures observed in cores retrieved from the Jurassic tight sandstone reservoirs in the southern Junggar Basin. (a) Intralayer fractures in Well B5, depth
5843.62 m. (b) Intralayer fractures in Well B21, depth 2067.98 m. Set F; restricted the extension of Set F,. (¢) Layer-parallel fractures in Well B5, depth 6414.01 m. (d) Layer-parallel
fractures in Well B9, depth 1598.58 m. (e) Translayer fractures in Well B2, depth 4026.30 m. (f) Intralayer fractures in Well B3, depth 5423.28 m. (g) Intralayer fractures in Well B9,

depth 485.57 m.

Fig. 6. Micro-tectonic fractures in thin sections of the Jurassic tight sandstone reservoirs in the southern Junggar Basin. (a) Transgranular fractures in Well B4, depth 4223.58 m. (b)
Transgranular fractures in Well B14, depth 4628.06 m. (c) Grain boundary fractures in Well B6, depth 2492.89 m. (d) Intragranular fractures in Well B12, depth 4272.40 m. (e)
Intragranular fractures in Well B17, depth 3106.20 m. (f) Intragranular fractures in Well B21, depth 2612.32 m. TGF is transgranular fractures. BGF is grain boundary fractures. IGF is

intragranular fractures.

with the interface of the layers at a large angle or near vertical
(Fig. 9(b)). In contrast, the layer-parallel fractures that intersect
with the layer interface at lower angles are rarely observed. In
foreland thrust belts, regional faults, anticlines, and other
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structures are highly developed in areas primarily affected by
tectonism, resulting in a larger dip angle of the stratum. Therefore,
the dip angle of tectonic fractures decreases continuously with the
increase of the dip angle of strata. Spanning from the eastern to
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Fig. 7. Non-tectonic fractures in the Jurassic tight sandstone reservoirs of the southern Junggar Basin. (a) Bedding-parallel fractures in Well B11, depth 3346.58 m. (b) Bedding-
parallel fractures in Well B13, depth 2429.10 m. (c) Overpressure-related fractures in Well B2, depth 4058.56 m. BF is bedding-parallel fractures. ORF is overpressure-related

fractures.

western sections and extending from the near Tianshan orogen to
the interior Junggar Basin, the intensity of tectonic activities and
deformations are gradually weakened, which made the dip angle of
the stratum decrease as well, resulting in the dip angle of fractures
in these tight sandstone reservoirs to increase. In conclusion, the
distribution of dip angles of these fractures is generally determined
by the variations in the stratum occurrence resulting from the
differential tectonic activities and structural features. This funda-
mental factor is also responsible for the wide range of dip angles of
fractures observed in foreland thrust belts, in contrast to other
regions where dip angles are predominantly high to near vertical.

Analysis from core observations corroborates that the scale of
tectonic fractures decreases from the eastern to western section of
the foreland thrust belt, explicitly showing that the proportion of
tectonic fractures with a height less than 10 cm increases, whereas
those larger than 10 cm decreases (Fig. 11(a)). Considering the
middle section of the foreland thrust belt, the fracture scale dis-
plays a similar trend from the Tianshan orogen to the interior
Junggar Basin (Fig. 11(b)). Notably, the Qigu structural zone exhibits
a higher proportion of tectonic fractures with a height exceeding
10 cm, whereas the Homatu and Hu'an structural zones are char-
acterized by a larger proportion of fractures generally less than
10 cm. This discrepancy in fracture scale is speculated to be influ-
enced by variations in the intensity of tectonic deformations as a
result of tectonism. In the southern Junggar Basin, from the eastern
to western sections and from the Tianshan orogen to the interior
Basin, a decreasing magnitude in tectonic activities is recorded,
resulting in a continuous decrease in fracture scales.
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Considering different sections in the southern Junggar Basin,
tectonic fractures are more frequent in the eastern and middle
sections, with an average linear density of more than 2.20 m~!, but
with limited development in the western section, where the
average linear density is less than 1 m~! (Fig. 12(a)). Moreover, in
the middle section of the foreland thrust belt, the Qigu structural
zone has developed tectonic fractures with an average linear den-
sity of more than 3.00 m ™, yet the Huomatu and Hu'an structural
zones have relatively poor development of tectonic fractures,
whose average linear density is less than 2.00 m~! (Fig. 12(b)). This
variation in the magnitude of the tectonic fracture development in
foreland thrust belts can be attributed to the heterogeneity in the
strength of tectonic deformation (Sanz et al., 2008; Eckert et al.,
2014). In the southern Junggar Basin, which is severely affected
by the formation and evolution of the Tianshan orogen, the tectonic
activities in the eastern section are stronger, followed by the middle
section and, finally, the western section. Synchronously, in the
context of a foreland basin from a tectonic point of view, the Qigu
structural zone, located close to the Tianshan orogen, has experi-
enced significant tectonic deformation. However, as one moves
toward the interior of the basin, the deformations in the Huomatu
and Hu'an structural zones are rapidly weakened.

5. Discussion

The effectiveness of natural fractures is a crucial point in eval-
uating their impact on reservoirs, which determines the distribu-
tion of favorable reservoirs and the formulation of exploration and
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(d)

270°

240°

180°

Fig. 8. Orientations of tectonic fractures from the Jurassic outcrops in different structural units of the southern Junggar Basin. (a) Eastern section (N = 440), (b) Middle section
(N = 380), (c) Western section (N = 552), (d) Qigu structural zone (N = 212), (e) Homatu structural zone (N = 93), (f) Hu'an structural zone (N = 75). The location of these structural
areas can be found in Fig. 1(c).

development plans in deep tight sandstone reservoirs in foreland average of 69%. The width of mineral veins in filled tectonic frac-

thrust belts (Laubach et al., 2010; Azizmohammadi and Matthai, tures ranges from 0.5 mm to 5 mm, and their distribution is almost
2017; Lahiri, 2021). During reservoir evolution, natural fractures constant in a fracture. For non-tectonic fractures, bedding-parallel
can be filled with minerals and become barriers to fluid flow, fractures are all effective fractures that are not filled with min-
causing their effectiveness to deteriorate significantly (Hood et al., erals. However, fractures related to overpressure of subsurface
2003; Zeng et al., 2012). The filling degree of natural fractures is fluids are almost filled with minerals and have become relatively
divided into complete-filled, half-filled, partial-filled, and unfilled, ineffective, with mineral veins that are usually wider than 2 mm
reflecting the sequential improvement of fracture effectiveness (Liu and are non-uniform (Fig. 7(c)).

etal,, 2021) (Fig. 13). Importantly, even fractures that are complete- The foreland thrust belt usually has experienced multiple stages
filled with minerals are not entirely ineffective for the reservoir, of intensive tectonic activities, resulting in the formation of diverse
only indicating their effectiveness is relatively poor (Landry et al., groups of tectonic fractures with complexity in deep tight sand-
2016). Natural fractures with different scales in the Jurassic sand- stone reservoirs (Chapman and Chapman, 2015; Hernandez and
stones may be filled with minerals, and these minerals are mainly Franzese, 2017). Core observation shows that multiple groups of
calcite, in addition to some bitumen and clay minerals (Liu et al., tectonic fractures can be developed at the same place, some of

2020b). The bitumen filling the fractures is formed by the precip- which are filled with minerals while others are not (Fig. 14(a)).
itation of heavy components remaining after the light components Outcrop investigation also reveals the filling regularity of tectonic
of hydrocarbons are dispersed, representing the significant fractures in different groups. When multiple groups of tectonic

migration of fractures in hydrocarbon accumulation (Fig. 13(d)). fractures are developed simultaneously, NW-SE striking fractures
The obvious hydrocarbon displayed on the fracture surface dem- are more likely to be filled with minerals and to become ineffective
onstrates these effective fractures serve as important flow conduits (Fig. 14(b) and (c)). Statistical results from outcrops show NW-SE
and storage space in these reservoirs (Fig. 13(e)). strike fractures account for more than 70% of mineral-filled tec-

Nearly 60% of tectonic fractures observed in the cores are un- tonic fractures, while NEE-SWW and NNE-SSW striking fractures

filled and effective, while the complete-filled tectonic fractures occupy much smaller proportions (Fig. 15). Consequently, these
account for about 20% and are the least effective. The proportion of fractures in multiple groups exhibit different filling characteristics,
partial-filled and half-filled tectonic fractures is around 10%, which significantly alter their effectiveness.

respectively, with relatively poor effectiveness. Furthermore, the Further analysis reveals that the NW-SE striking fractures in
interpretation of image logs also indicates tectonic fractures not outcrops extend longer, while the NEE-SWW and NNE-SSW strik-
filled by minerals account for a high proportion, reaching an ing fractures are relatively short and usually exhibit conjugate
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Fig. 9. Tectonic fractures in the Jurassic outcrops of the southern Junggar Basin. (a) F; is the large-scale tectonic fracture affected by the fault. (b) F, and F5 are small-scale regional

tectonic fractures.
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Fig. 10. The frequency of tectonic fractures with different dip angles from the Jurassic cores in various sections (a) and structural zones (b) of the southern Junggar Basin. The

location of these structural areas is marked in Fig. 1(c).

characteristics. Moreover, NW-SE striking fractures restrict the
extension of NEE-SWW and NNE-SSW strikes, reflecting that NW-
SE striking fractures were formed in earlier tectonic activities
(Fig. 14(b) and (c)). These suggest that NW-SE striking fractures
have experienced more extended periods and more stages of fluid
activity, as well as mineral precipitation and crystallization,
compared with other groups of fractures (Hood et al., 2003; Gale
et al,, 2010). As a result, more NW-SE striking fractures are filled
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with minerals, reducing their effectiveness. On the contrary, NEE-
SWW and NNE-SSW striking fractures that are formed in later
tectonic activities have experienced relatively less fluid activity, so
they have a lower filling percentage and are generally more effec-
tive. Meanwhile, it should be emphasized that not all mineral-filled
fractures are developed earlier, because regional fluids and abnor-
mally high pressures can also promote the growth of minerals in
fractures and fill them within a particular area (Fossen et al., 2007;
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Fig. 11. The height of tectonic fractures from the Jurassic cores in different sections (a) and structural zones (b) of the southern Junggar Basin. The location of these structural areas is

marked in Fig. 1(c).
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Fig. 12. The average linear density of tectonic fractures from the Jurassic cores in different sections (a) and structural zones (b) of the southern Junggar Basin. The location of these

structural areas can be found in Fig. 1(c).
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Fig. 13. Natural fractures filled to varying degrees by various minerals in the Jurassic cores of the southern Junggar Basin. (a) Complete-filled fractures with calcite in Well B3, depth
5412.74 m. (b) Half-filled fractures with calcite in Well B5, depth 6416.99 m. (c) Partial-filled fractures with calcite in Well B6, depth 2496.40 m. (d) Complete-filled fractures with
bitumen in Well B1, depth 3412.06 m. (e) Partial-filled fractures with clay minerals in Well B2, depth 4030.12 m.

Eichhubl et al., 2009). Therefore, the control of tectonism on frac-
ture effectiveness is reflected in the remarkable differences in the
filling of multiple groups of tectonic fractures developed during
different periods of tectonic activities. Fractures formed in earlier
stages are more likely to be filled with minerals and become
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ineffective, while those developed later are mostly unfilled and
effective.

Deep tight sandstone reservoirs exhibit differences in diagenetic
facies, which also lead to variations in natural fracture effective-
ness. Due to data limitations, this study focuses on analyzing the
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Fig. 14. Variable filling characteristics of tectonic fractures in different groups. (a) Tectonic fractures in the Jurassic cores in Well B9, depth 1856.50 m, (b) and (c) tectonic fractures in
the Jurassic outcrops. Set 1 is NW-SE striking fractures. Set 2 is NEE-SWW striking fractures. Set 3 is NNE-SSW striking fractures.

control of cementation and dissolution on the effectiveness of
natural fractures in deep tight sandstone reservoirs, while other
diagenesis, such as compression and abnormally high pressure,
may also affect fracture effectiveness. The type and intensity of
cementation experienced by natural fractures are consistent with
the reservoir pores, causing them to be filled to varying degrees and
reducing their effectiveness (Lai et al., 2023a,b). In the Jurassic tight
sandstone reservoirs of the foreland thrust belt in the southern
Junggar Basin, the eastern section belongs to the strongly cemented
diagenetic facies, in which tectonic fractures have the highest filling
degree and more than 40% of them are filled with minerals to
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s
o
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Fig. 15. The proportion of different groups in mineral-filled tectonic fractures of the
Jurassic outcrops.
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varying degrees. Reservoirs in the middle and western sections are
moderately to weakly cemented diagenetic facies, and mineral-
filled fractures account for 28.1% and 23.6%, respectively. Further-
more, the proportion of fractures with different filling degrees also
changes in these structural units (Fig. 16). The eastern section has
the highest proportion of partial-filled fractures, while the middle
and western sections own the largest proportion of complete-filled
fractures, accounting for nearly half of all mineral-filled fractures.
These results manifest that cementation in reservoir evolution is
detrimental to the effectiveness of natural fractures, and the

100
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Half-filled

80 A Partial-filled

M Unfilled
60 A
40 -
20 |
0 T T

Eastern section
(strongly cemented)

Percentage in the whole dataset, %

Middle section
(moderately cemented)

Western section
(weakly cemented)

Fig. 16. The proportion of tectonic fractures with varying filling degrees from the
Jurassic cores in different sections of the southern Junggar Basin.
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Fig. 17. Natural fractures affected by dissolution in the Jurassic thin sections. (a) Well B12, depth 4350.50 m (Modified from Liu et al., 2020b). (b) Well B5, depth 5841.25 m. (c) Well

B3, depth 5408.21 m. (d) Well B21, depth 2613.02 m.

difference in the degree of cementation would be an essential factor
controlling fracture effectiveness.

In addition, deep tight sandstone reservoirs have experienced
different intensities of dissolution during diagenetic evolution,
which also affects the effectiveness of natural fractures. Dissolution
caused by reservoir fluids can transform natural fractures that are
not filled with minerals, making their surface curved and irregular
(Fig. 17(a)). This dissolution transformation increases the fracture
aperture and makes the aperture in different parts notably
different. Besides, reservoir fluids can partially or completely
dissolve the minerals in fractures, making the mineral-filled frac-
tures effective again (Fig. 17(b) and (c)). Such dissolved minerals in
these filled fractures are mainly calcite, in addition to a small
amount of clay minerals. There are usually many interconnecting
multiple dissolution pores developed near the fractures trans-
formed by dissolution, which enhances the connectivity of the
reservoir storage space (Nelson, 2001) (Fig. 17(d)). Therefore,
dissolution is beneficial to improving the effectiveness of natural
fractures in deep tight sandstone reservoirs.

6. Conclusions

Tectonic fractures are the dominant type of natural fractures in
deep tight sandstone reservoirs of foreland thrust belts. Spanning
from the eastern to western sections and extending from the near
Tianshan orogen to the interior Junggar Basin, the intensity of
tectonic activities and resulting deformations are gradually weak-
ened, which leads to a decrease in the dominant fracture groups
and a reduction in their scale and density. Moreover, the intense
tectonic deformation in the foreland thrust belt causes large
changes in the stratum occurrence, resulting in a wide range of the
fracture's dip angles. These differential distribution results would
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refine the development patterns of natural fractures in deep tight
sandstone reservoirs of the foreland thrust belt.

The evolution of deep tight sandstone reservoirs in foreland
thrust belts is a complex process where tectonism and diagenesis
play a crucial role in controlling fracture effectiveness. The control
of tectonism is evident in the fact that NW-SE striking fractures
formed in earlier stages are more likely to be filled with minerals,
causing their effectiveness to deteriorate significantly, while the
NEE-SWW and NNE-SSW striking fractures are formed later and
therefore have less filling and are more effective. In addition,
cementation causes fractures to be filled with minerals, becoming
barriers to fluid flow and adversely affecting the fracture effec-
tiveness. However, dissolution is beneficial to improving their
effectiveness by increasing fracture aperture and their connectivity
to pores. These insights would contribute to revealing the evolu-
tionary mechanisms of fracture effectiveness in deep tight sand-
stone reservoirs of foreland thrust belts.
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