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ABSTRACT

Natural fractures controlled by faults in ultradeep carbonate strata play substantial roles as both fluid
migration channels and storage spaces. However, characterizing the heterogeneous distribution of
underground fractures within the complex three-dimensional geometry of strike-slip fault zones re-
mains challenging. This study investigates the characteristics of natural fractures controlled by strike-
slip faults in the fractured Middle and Lower Ordovician reservoirs of the central and northern Tarim
Basin, China. Seismics, cores, and image logs were integrated to quantitatively analyze the intensity and
dip angle of natural fractures and findings were verified using published sandbox simulations. The
carbonate reservoir contains three main types of natural fractures: tectonic fractures, abnormal high-
pressure-related fractures, and stylolites. Strike-slip faults control the distribution and characteristics
of tectonic fractures across various scales. Generally, both fracture intensity and porosity exhibit a
decreasing trend as the distance from the main fault surface increases. Compared with those in non-
stepover zones along a strike-slip fault, natural fractures and faults in stepover zones are more devel-
oped along the fault strike, with significantly greater development intensity in central stepover regions
than that at its two ends. Furthermore, strike-slip faults influence the dip angles of both natural frac-
tures and secondary faults. The proportion of medium-to-low-dip angle fractures and faults in the
stepover zone is greater than that in the non-stepover zone. Additionally, the proportion of medium-to
low-dip angle fractures and faults in the middle of the stepover is greater than that at both ends.
Therefore, strike-slip fault structures control the dip angle of natural fracture and the heterogeneity of
secondary fault and fracture intensity. The linking damage zone in the stepover contains a larger volume
of fractured rocks, making it a promising petroleum exploration target. The development of stepovers
and the orientation of present-day in-situ stress substantially influence the productivity of fractured
reservoirs controlled by strike-slip faults. The analysis in this study reveals that reservoir productivity
increases as the angle between the strike-slip fault segment and the maximum horizontal principal
stress decreases. This study provides valuable insights for quantitatively evaluating fracture heteroge-
neity in fractured reservoirs and establishing optimized selection criteria for favorable targets in fault-
related fractured reservoirs.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
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1. Introduction

Carbonate reservoirs play a substantial role in the global pe-
troleum industry, accounting for over 60% and 40% of global oil and
gas reserves, respectively (Agosta and Tondi, 2010). Most carbon-
ate reservoirs are considered naturally fractured or fault- and
fracture-related karst reservoirs (Wennberg et al., 2016; Zeng et al.,
2024a). These fractured carbonate formations serve as critical
reservoirs for various subsurface resources, including ground-
water, oil and gas, or geothermal energy (van Der Voet et al., 2020).
Fractures affect the permeability and porosity of rocks and the
performance of reservoirs (Hennings et al., 2012; Wu et al., 2020;
Wang et al., 2023). This is particularly relevant to deep or ultra-
deep reservoirs with a depth >6000 m (Wang et al., 2020; Zhang
et al.,, 2023), given that the original rock porosity typically de-
creases with increasing depth (Ingebritsen and Manning, 1999).
However, (ultra) deep carbonate reservoirs have now been
recognized as important targets for oil and gas exploration (He
et al,, 2016; Ma et al., 2022; Zeng et al., 2023a; Laubach et al.,
2023). Previous studies on carbonate reservoirs have primarily
focused on sequence stratigraphy and sedimentary facies (Yang
et al., 2010), karst paleogeomorphology (Zeng et al., 2023a),
diagenetic evolution (Zhou et al., 2020; Liu et al., 2020a), discrete
fracture network modeling (Yao et al., 2024), structural styles and
genetic mechanisms of faults (Yang et al., 2014a, 2014b, 2021a; Wu
et al., 2021; Jia et al., 2022), and associated petroleum migration
and preservation processes (Pang et al., 2010; Su et al., 2017;
Smeraglia et al.,, 2022a, 2022b). However, research on natural
fracture systems in ultradeep carbonate reservoirs remains rela-
tively limited. Therefore, it is of vital importance and urgency to
understand the development and characteristics of natural frac-
tures in deep carbonate reservoirs.

The development of fractures in layered sedimentary rocks is
governed by multiple controlling factors, which include (1) local to
regional tectonic (faults, folds, etc.) and stress regime, (2) lithos-
tratigraphic setting, (3) hydrogeological architecture, (4) diage-
netic processes, (5) driving deformation mechanisms (e.g.,
structural bending vs. hydrofracturing), and (6) intrinsic me-
chanical properties of lithological units and their coupling at in-
terfaces (Ogata et al., 2017 and reference therein). A fault can be
divided into damage zones and a fault core, which controls the
development characteristics of fractures (Caine et al., 1996;
Faulkner et al., 2010). Fracture density exhibits a gradual
decrease as the distance from the fault core increases (Faulkner
et al.,, 2011; Johri et al,, 2014). Strike-slip faults are one of the
predominant fault types and are widely distributed across various
geological settings, including plate boundaries, intraplate, or in
sedimentary basins, where they substantially influence earth-
quakes and geological fluid dynamics (Sylvester, 1988; Mann,
2007). Strike-slip faults, particularly large-scale strike-slip fault
zones or deformation zones, develop in segments and change
dramatically in structural styles along the strike (Sylvester, 1988;
Dooley and Schreurs, 2012). Several main fault slip surfaces and
fault cores tend to develop in large-scale strike-slip fault zones or
at stepovers (Faulkner et al., 2010; Lin et al., 2021). The damage
zones associated with strike-slip faults can be divided into several
types, including small-scale wall damage zones, large-scale dam-
age zones, intersection damage zones, linking damage zones, and
overlapping zones, all of which substantially influence fault and
fracture connectivity (Yao et al, 2024). The fracture systems
related to strike-slip faults predominantly comprise R, R', Y, and P
shear fractures, with relatively less tension (T) fracture develop-
ment (Dooley and Schreurs, 2012). Structural styles (e.g., as single
fault segments, extensional overlaps, contractional overlaps, tails,
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and bends) (Zeng et al., 2024b; Zhu et al., 2024), material prop-
erties, and structure evolution stages (Dooley and Schreurs, 2012)
collectively influence fracture types and connectivity. As explora-
tion targets are usually present in deeper unconventional petro-
leum reservoirs, geologists have discovered that intraplate strike-
slip fault zones (especially within the basin) play essential roles in
the migration and accumulation of petroleum in areas that display
small tectonic deformation (Ma et al., 2022; Du et al., 2024).
Structures in strike-slip-dominated regimes have been investi-
gated through seismic interpretation, field investigations, nu-
merical modeling, and physical modeling studies. However,
considerable gaps remain in our understanding of the complex
three-dimensional (3D) geometry of strike-slip fault zones and
their associated fracture systems, particularly regarding their
control on fluid flow patterns (Dooley and Schreurs, 2012).

The fractured reservoirs controlled by strike-slip fault zones
located in the Shuntuoguole Low Uplift (SLU) are one of the most
profound and deepest petroleum exploration fields in China, with
an estimated reserve of ~12.5 x 10° barrels of oil equivalent (Yang
et al., 2021b; Wang et al., 2024). Similarly, the Sichuan Basin (He
et al., 2023) and the Ordos Basin (Meng et al.,, 2023) in China
have also developed a series of strike-slip fault zones within deep
and ultradeep petroleum reservoirs (Jia et al.,, 2022). However,
fracture data obtained from various sources exhibit considerable
variability and discontinuity in scale. These include strike-slip
fault zones (principal displacement zone (PDZ)) with multiple
fault slip surfaces and are segmented along the strike from seismic
data, faults or large-scale fractures with a single discontinuity
plane in seismic data, small-scale fractures observed in cores and
image logs, and microfractures identified in thin sections. The
classical quantitative characterization parameters and correction
methods for fractures from boreholes are often inadequate,
particularly for high-angle fractures in vertical wells, in which the
linear fracture density correction error tends to be substantial (Cao
et al, 2024). Consequently, quantitatively evaluating fault-
controlled fractures across different scales remains a substantial
challenge, especially when assessing the heterogeneity along the
fault strike. This limitation complicates the selection of promising
exploration targets.

To address these challenges, this study aims to quantitatively
characterize fracture intensity and dip angle based on seismic
data, cores, and image logs and through verification with pub-
lished sandbox physical simulation results. Furthermore, this
study analyzes the in-situ heterogeneous distribution character-
istics of fracture intensity and dip angle within the structural
framework of strike-slip fault systems. The findings on the in-situ
distribution and development characteristics of fault-controlled
fractures in this study can better guide the development of ultra-
deep fractured reservoirs.

2. Geological setting
2.1. Location

The Tarim Basin is a large petroleum-rich basin with a conti-
nental crust basement that displays a complex tectonic evolution
history (Jia, 1999; Yang et al., 2020a). The Tarim Basin is divided
into 16 secondary units based on the morphological characteristics
of the crystalline basement. The SLU is located between the
Manjiaer Depression in the east and the Awati Depression in the
west (Fig. 1). The SLU connects the Tabei Uplift in the north and the
Tazhong Uplift in the south. The oil field in the north SLU has
reached industrial petroleum production capacity in fault zones
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(Fig. 2), such as the Shuntuo No. 1 (SF1) and the Shuntuo No. 5
(SF5) strike-slip fault zones (Jiao, 2018).

2.2. Stratigraphy

The sedimentary strata preserved in the SLU are at a depth of
~10 km. The strata comprise a Sinian-Devonian marine sequence, a
Carboniferous-Permian marine-terrestrial transitional sequence,
and a Triassic-Quaternary terrestrial sequence (Fig. 3) (Jia and Wei,
2002). The limestone and dolomite strata in the Upper Cambrian
and Middle-Lower Ordovician exhibit excellent reservoir proper-
ties in the SLU (Jiao, 2018; Ma et al., 2022). The tectonic evolution
in the SLU is dominated by slow subsidence (Chai et al., 2020). The
Ordovician strata have a gentle dip angle, with the current struc-
tural slope of the top of the Middle Ordovician at 0.13° towards the
east direction and 0.1° to the south (Qi, 2020).

2.3. Structure

The structure in the SLU and its adjacent areas can be divided
into several systems of “parallel strike-slip fault zones perpen-
dicular to thrust faults” (Fig. 1) (Wang et al., 2020; Deng et al.,
2021). Seismic data show that the vertical development depth of
those strike-slip fault zones is >10 km, with a cumulative slip
distance of 0.5-2 km (Huang, 2019). Multi-stage fault activity
caused the connection and superimposition of the strike-slip
faults into several large strike-slip fault zones. Based on the scale
and developmental history, the large-scale strike-slip faults in the
central and northern Tarim Basin can be classified as the main
strike-slip fault zones (PDZ) and second-order faults (Jiao, 2017,
2018) or first- or second-order faults (Wang et al., 2022b). Large-
scale PDZs in the SLU are vertically or nearly vertically oriented
and extend from the Precambrian basement to the top of the
Middle Ordovician and en echelon normal fault zones in the
overlying clastic strata. The deep, middle, and shallow parts of
faults developed sequentially at different periods and formed in
three stages during the Middle Caledonian, the Late Caledonian,
and the Middle-Late Hercynian (Wang et al., 2020).

Stepover zones affect the main fault slip surfaces, leading to
internal structure complexity and strong structural heterogeneity.
Linking damage zones are developed as a result of secondary
deformation between two fault segments through their interac-
tion and linkage (Choi et al., 2016). The variance attribute slice
from underground seismic data shows that the width of the link-
ing damage zone is larger along fault traces (Fig. 4). Stepovers also
typically occur at intersections of second-order and main faults, or
at changes in fault strike.

2.4. Reservoir

The accumulation of oil and gas in the SLU is characterized by
“local hydrocarbon sources, vertical transportation, late accumu-
lation, and fault-controlled enrichment” (Jiao, 2017; Qi, 2020). The
mudstone and limestone layers that overlie the Upper Ordovician
Sangtamu Formation act as regional caprocks, and the shale of the
Lower Cambrian Yueertus Formation is recognized as the source
rock in SLU (Yun and Cao, 2014; Yang et al., 2021b).

Drilling, logging, and core data show that the fracture system
controlled by the strike-slip fault zone is not only the seepage
channel for oil and gas flow but also the main storage space in the
ultradeep carbonate reservoir in the SLU (Wang et al., 2020; Kuang
et al., 2021). Full diameter core analysis reveals that the average
porosity is 2.1%, with 60% of the samples having a porosity less
than 2% (Qi, 2020). Permeability is mainly distributed within
0.01-5.52 mD, and 72% of the tested samples exhibit a measured
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permeability <1 mD (Qi, 2020). The aforementioned porosity and
permeability data imply the relatively limited contribution of the
pores in the matrix to the effective reservoir space. In contrast, it is
found that the cavities, fractures, and dissolution holes along with
fractures formed in brittle carbonate rocks by the multistage
strike-slip faults and through fluid dissolution transformation are
favorable storage spaces (Jiao, 2018).

3. Materials and methods

To study the characteristics of faults and fractures controlled by
deep underground strike-slip fault zones, this study synthesized
available data from various sources, including seismic data, cores,
and image logs, and verified and compared them with sandbox
simulation results published in the literature (Dooley and McClay,
1997; Dooley et al., 1999). These datasets were further classified
based on their sources and types. Natural fractures in the SLU can
then be divided into two observational scales: large-scale fractures
in seismic data and small-scale fractures in cores and image logs.
Subsequently, two-dimensional (2D) fracture intensity and
porosity data were used to more accurately and quantitatively
analyze the dip angle and development degree of fractures. Finally,
the heterogeneity characteristics and influencing factors of frac-
tured reservoirs controlled by strike-slip faults were analyzed. The
area of 3D seismic data used in the study is ~3200 km?, while the
cumulative length of cores from 14 coring wells is 223 m. The
cumulative length of image logs from 8 wells is 4393 m.

The observation in this study was compared with scaled
sandbox models of Dooley et al. (1999). These models were per-
formed in a 100 cm x 60 cm rig filled with 10 cm of quartz sand
layers as the rock analog. The analog experiment would scale to
about 100 km x 60 km x 10 km in real-world dimensions.
Releasing and restraining stepovers were produced with thin
moving plates at the base of the sand. Dooley et al. (1999) provided
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Fig. 1. Location of the Tarim Basin in northwest China (a) and the distribution of faults
in the central and northern Tarim Basin (b). SF1, Shuntuo No. 1 strike-slip fault; SF5,
Shuntuo No. 5 strike-slip fault; SF4, Shuntuo No. 4 strike-slip fault; SF8, Shuntuo No. 8
strike-slip fault. According to Huang (2019), Teng et al. (2020), Wang et al. (2020), Yun
(2021).
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Fig. 2. Well locations and seismic profiles in the study area (the gray semitransparent
area found in Fig. 1).

images of vertical sections through their models (Figs. 5 and 8
from their paper), which were used for this study.

Cores or image logs are usually the primary source of under-
ground fracture data, which can provide valuable bedding and
fracture data for subsurface rocks (Ortega et al., 2006). Based on
the combination of the dimensions of measurement and sampling,
the abundance of fractures (Py, scheme, where x is the dimension
of the observation and measurement region, and y is the dimen-
sion of the fracture parameters) is quantitatively determined using
various parameters, such as density or frequency (Pog, P10, P20, and
Ps3p), intensity (P10, P21, and P33), and porosity (Pgo, P11, P22, and P33)
(Dershowitz and Herda, 1992). One-dimensional linear fracture
density (Pqo) refers to the number of fractures per unit length of
the scanline in the normal direction to the same set of fractures.
Ideally, the linear fracture density should be measured perpen-
dicular to the normal vector of fractures in a set that is nearly
parallel. However, it is difficult to measure high-angle fractures in
the normal direction of the fracture surface in the vertical wells
underground. In addition, there are sampling biases related to the
measurement and calculation of the scanline method, for example,
orientation bias, size bias, truncation bias, and censoring bias
(Zeeb et al., 2013, and reference therein). To address this problem,
a correction method with a consideration of the fracture apparent
density deviation was proposed (Terzaghi, 1965). The Terzaghi
correction method of Py is equivalent to correcting the scanline to
the normal direction for fractures in a set. The Terzaghi correction
method of P,1 (2D fracture intensity) overcomes the instability of
fracture density caused by the change in sampling window
(Bisdom et al., 2014). However, Py logged from core or borehole
image logs may be unreliable when the joints are clustered and
vary across magnitudes (Peacock, 2006). Therefore, Po1 and Pa3 (2D
fracture porosity) corrected by the Terzaghi method (Sanderson
and Nixon, 2015) are chosen to characterize the degree of frac-
ture development in this study.

Although the fracture density varies with the fracture scale,
fractures within a specific range of scales can provide represen-
tative fracture samples (Ortega et al., 2006). Therefore, fractures in
different finite-scale ranges from the core or seismic data are also
representative. In this study, faults and large-scale fractures refer
to the single discontinuity surfaces in seismic data (it is not easy to
distinguish them due to the small vertical fault displacement). In
this study, typical seismic profiles and corresponding fault in-
terpretations presented in the references (seismic profiles and
main fault interpretations remain consistent with Fig. 5 of Lin et al.
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(2021) and Fig. 5 of Sun et al. (2021)) were selected to reduce the
subjective errors caused by seismic profile selection and detailed
structural interpretation. The detailed structure interpretations
are based on the recognition results of U-net artificial intelligence
method (Wu et al., 2022). Small-scale fractures refer to the frac-
tures observed by the naked eye in the core (Lyu et al., 2021),
identified by image logs and predicted using the comprehensive
fracture index (CFI) method from well logging data (Lyu et al.,
2017). Their dip angles and extension length were obtained
through direct measurements using rulers, protractors, and car-
penters’ protractors (Liu et al., 2020b; Lorenz and Cooper, 2020).
The fractures based on the data interpreted by image logs were
also considered small-scale.

The FracPaQ toolbox was used to obtain the fracture dip angle
and length (Healy et al., 2017) in the sandbox models of Dooley
et al. (1999) and in seismic interpretations of the PDZ. The soft-
ware divides a nonstraight fracture into several straight lines when
calculating the dip and length. Rather than histograms, the cu-
mulative distribution method can be applied to effectively avoid
binning problems (Zeeb et al., 2013). Considering that the fracture
length affects the estimate of the cumulative probability of frac-
ture dip, the error caused by the fracture length was corrected
using fracture length as the weight when calculating the cumu-
lative probability of fracture inclination.

4. Results
4.1. Fracture types

A reasonable classification of fractures based on their origin
mechanics is critically important to quantitatively characterize
their behaviors in reservoirs (Lorenz and Cooper, 2020). Without a
clear definition and classification of fractures, the accuracy of
prediction, analysis, and model buildup would be highly restricted
(Wennberg et al., 2016; van Der Voet et al., 2020; Zeng et al., 2022).
Table 1 summarizes various fracture classifications defined in the
past. In this study, the classification proposed by Zeng and Li
(2010) and Zeng et al. (2016) was used because of the different
evolution processes and control factors of fractures, namely, tec-
tonic fractures, abnormal high-pressure-related fractures, and
stylolites.

4.1.1. Tectonic fractures

Tectonic fractures are the dominant type of fracture and typi-
cally consist of two straight fracture surfaces with no, or only a
small opening between/or often found in an en echelon arrange-
ment (Zeng et al., 2016; He et al., 2019). Such fractures are
commonly observed in drill cores or in image logs, where they
display as sinusoidal arcs, depending on their dip (Figs. 5, 6(a), 6
(b)). Most tectonic fractures (87%) are completely or partially fil-
led with calcite and a small amount of grayish-black siliceous or
grayish-green argillaceous material and can thereby also be
termed “veins” (Fig. 6(c)) (Bons et al., 2012). Traces of residual oil
can be observed in some partially filled fractures (Fig. 6(e)). The
appearance, filling, and aperture of fractures within the same set of
fractures are relatively similar. The vertical distribution of frac-
tures is clearly affected by the layer interfaces and stylolites. Here,
termination or bifurcation of fractures, as well as changes in
fracture density can be observed.

4.1.2. Abnormal high-pressure-related fractures

Abnormal high-pressure-related fractures, also known as
“expulsion fractures” (Lorenz and Cooper, 2020), or “natural
hydrofractures” (Bons et al., 2022), are formed by the abnormally
high fluid pressure during the thermal evolution of organic matter
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(b)

Fig. 4. Variance attribute slices of the top of the Middle Ordovician in seismic data. In
the stepover, the PDZ becomes wider and displays more fault traces. Secondary faults
can be recognized near the stepovers. Fig. 4(a) and (b) illustrate the gray area located
in the north and south parts of Fig. 2, respectively.

(Zeng and Li, 2010) or fractures propagating when buoyant fluids
reach critical vertical length (Bons et al., 2022). Abnormal high-
pressure-related fractures usually have short extensions, variable
occurrences, large roughness and aperture (Zeng et al., 2016). The
abnormal high-pressure-related fractures in the SLU are fully or
partially filled with calcite with a certain amount of irregular rock
breccia (Fig. 6(f)). The fracture surface shows a relatively high
roughness and usually branches at the end. However, the proba-
bility of cores encountering typical abnormal high-pressure-
related fractures is not high and is only encountered in Wells
B14 and B17.

4.1.3. Stylolites

A large number of stylolites are also well developed in car-
bonate strata (Fig. 7). Two types of stylolite, that is, bedding-
parallel sedimentary stylolites and tectonic stylolites with large
angles between beddings, can be observed in the study area. Botrh
are mainly of the “seismogram-pinning” or “suture-and-sharp-
peak” types in the classification of Koehn et al. (2016). The stylo-
lites tend to consist of a continuous clay-rich layer, which would
constitute a baffle for fluid flow, but may also show calcite pre-
cipitation on the sides of stylolite teeth, which indicates fluid
leaking across the stylolitess (Koehn et al., 2016; Gomez-Rivas
et al,, 2022). Here the stylolites are therefore considered a fluid
flow channel rather than a barrier (Heap et al., 2018). However,
only a few tectonic stylolites are encountered in Wells B8 and B17
only, and the sedimentary stylolites are not frequent in the main
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Fig. 5. Tectonic fractures in image logs (7942.6-7945.4 m in the Yingshan Formation
from Well B3). The bed boundary (green line) limits the vertical extent of high-angle
tectonic fractures (red traces).

production section. Therefore, we do not consider stylolites as a
primary controlling factor on reservoir quality.

4.2. Characteristics of faults and tectonic fractures

Among the structures described in the previous section, tec-
tonic fractures are the most abundant compared with abnormal
high-pressure-related fractures and stylolites. Thus, it is assumed
that faults and tectonic fractures control the storativity and
permeability of the ultradeep reservoir in the SLU. It is, therefore,
critical to gain insight in the distribution characteristics and, in
particular, the heterogeneity in density and orientation of these
faults and tectonic fractures.

4.2.1. Faults in seismic profiles

Seismic profiles perpendicular to the strike of the PDZ fault
zone show positive or negative flower structures in stepovers and
a single main fault in the non-stepover. Five typical profiles (Fig. 8,
the position is shown in Fig. 2) were selected to quantitatively
analyze dips of faults, and the main faults of these profiles have
been interpreted in the references (Lin et al.,, 2021; Sun et al,,
2021). The seismic profiles were compared with the same fault
interpretation in the time and depth domains. The horizontal and
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vertical scales of the depth domain profiles are equal, as shown in
Fig. 8. Interpreters tend to use seismic profiles with a vertical scale
5-20 times the horizontal scale in the time domain to show the
strike-slip fault zone in the SLU (Fig. 8) (Lin et al., 2021; Sun et al.,
2021). The relatively smaller horizontal scale makes the visual dip
angle of faults and fractures steeper. To analyze the dip angles of
faults, we calculated the cumulative probability curves of the
interpreted fault dips at the same horizontal and vertical scales
(Fig. 9(a)). All angles above 75° are classified as “high-angle dips”
and those below 75° are “medium-to-low-dip”. The proportion of
high-angle parts in the negative flower stepover (60% in gg') is
higher than that in the positive flower stepover (43% in ff') in the
north SF5. In the middle N-S strike fault zone, the proportion of
high-angle parts in the non-stepover segment (58% in kk') is higher
than that of negative flower stepover (36% in ee'), while the pro-
portion in the positive flower stepover (23% in dd') is the lowest.
The proportions of high-angle faults and fractures in the northern
strike (NNW-SSE) are lower than that in the N-S strike of the
middle SF5.

4.2.2. Fractures in boreholes

Fracture density and dip parameters derived from core mea-
surements and image logs can be utilized to establish the cumu-
lative probability curve of fracture dip (Fig. 9(b) and (c)). It was
observed that the corrected cumulative frequency curve of all
recorded fractures exhibited a linear increase of up to about 75°
followed by a distinctly steeper increase in the high-angle domain
(Fig. 9(b)). High-angle fractures constitute about 60% of the total
sample. Again, this percentage is slightly smaller (especially for
data from image logs) when the data are length-weighted. The
higher percentage of high-angle fractures in cores and image logs
compared to that in the seismic images is (at least in part) due to
the fact that the true dip angle can be measured.

The cumulative frequency curves vary considerably between
individual drill cores (Fig. 9(c)). Wells B1, B4, and B15 show no or
very few high-angle fractures. In contrast, Wells B2 and B3 display
<10% high-angle fractures. The remaining Wells B6 and B7 show
approximately equal proportions of high-angle and medium-to-
low-dip fractures. Thus, fracture-angle distributions vary greatly
laterally, showing the high heterogeneity in these stepover
structures.

The researchers further calculated P,; and Py; of the small-scale
tectonic fractures from the core observation and image logs. The
average fracture aperture of a well is defined as P,; divided by Ps;.
The results are plotted as a function of distance from the main fault
(Fig. 10). It displays a general power-law decrease of all fracture
intensity parameters and porosity with increasing distance from
the fault, with Py; showing the strongest decrease.

Table 1
Classifications and basis of fracture types.
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5. Discussion

5.1. Control of secondary faults and fracture occurrence by strike-
slip faults

The results of sandbox experiments from previous studies
(Dooley and Schreurs, 2012 and reference therein) on strike-slip
faults and associated structures have substantially enhanced the
understanding of the internal architecture of strike-slip fault sys-
tems. These related structures include Riedel shears (Tchalenko,
1970), pull-apart basins (Dooley and McClay, 1997), and strike-
slip “pop-up” structures (Schellart and Nieuwland, 2003), corre-
sponding to three typical structural types of strike-slip fault sys-
tems, that is, pure strike-slip, transtensional stepover, and
transpressional stepover, respectively. Sandbox experiments
focusing on pull-apart basins (Dooley and McClay, 1997) and
segmented strike-slip fault systems (Dooley et al., 1999) provide a
robust dataset for the quantitative analysis of typical strike-slip
fault structural styles. These experimental results (Fig. 11) offer a
valuable basis for comparison with the observational data of this
study from the SLU.

The experimental results clearly demonstrate that the width of
damage zones is considerably larger at linking stepover zones
compared with that at other sections along the fault (Fig. 11).
Faults and fractures away from the stepover structures predomi-
nantly exhibit steep apparent dip angles (>60°) with >50% of them
exceeding 75° (Fig. 12). The distribution of dip angles undergoes
considerable changes in both transpressive and transtensional
stepovers. In transpressional pop-up structures (Fig. 12(a)), all
apparent dip angles are approximately equally distributed, with
only 20%-30% of faults and fractures exhibiting high angles. In
contrast, faults and fractures in transtensional stepovers are
generally steeper, with 25%-50% of them displaying high angles
(Fig. 12(b)).

This pattern is consistent with the borehole data in the SLU
(Fig. 9(b) and (c)), where the proportion of medium-to low-angle
parts increases substantially at the stepover zones (Wells B1 and
B15). High-angle fractures are also rarely developed in areas
adjacent to the stepover of second-order faults (Well B4). In
contrast, away from a stepover along strike-slip faults (e.g., Well
B7) and second-order fault zones (Well B3), high-angle fractures
dominate, with medium-to-low-dip fractures accounting for a
relatively small fraction. Similarly, high-angle fractures are pre-
dominant in fault damage zones (Wells B2 and B6) that are far
away from the PDZ. Overall, the proportion of medium-to-low-dip
angle fractures in the stepover can reach up to about 90% but is less
than 50% in other areas.

Classification basis Types

References

Genetic classification

Naturally occurring
classification
Geological genetic
classification
Characterize from image
logs
Identified from image logs
using resistivity
Fracture dip angle
Fracture scale
natural fractures

Tectonic fractures, diagenetic fractures, overpressure-related (abnormal high-pressure-related) fractures
Conductive fractures, resistive fractures, induced fractures, faults, bedding
Open fractures, closed or mineralized/filled fracture, partially open fracture, fault, induced fracture

High-angle, intermediate-angle, low-angle, bed-parallel fractures
Large-scale natural fractures, medium-scale natural fractures, small-scale natural fractures, microscale

Natural fractures (related to natural deformation of the rock), induced fractures (induced artificially, e.g., by Zeng et al., 2015; Lorenz and
drilling, handling, coring, drilling, fluid injection, etc.)
Tectonic fractures, regional fractures, contractional fractures, surface-related fractures

Cooper, 2017
Nelson, 2001; Nelson, 2019

Zeng and Li, 2010; Zeng
et al,, 2016
Rashid et al., 2020

Hennings et al., 2012
Lorenz and Cooper, 2020

Lorenz et al., 2006; Lyu
et al., 2021
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1 2cm 1 20m

Fig. 6. Examples of fractures in cores (the red lines are fractures, and the light-orange area is calcite vein in the sketch figure). (a) En echelon calcite veins, 7326.47-7326.84 m in
Well B17. (b) En echelon tectonic fractures in a roll sweep figure, 7326.52-7327.08 m in Well B17. (c) Tectonic fractures in the cross-section of the core, 7327.56 m in Well B17. (d)
Medium-to-low-dip tectonic fracture, 7468.50-7468.56 m in Well B9. (e) Partially filled medium-to-low-dip tectonic fracture with traces of oil on the surface of crystals, 7481.3 m
in Well B9. (f) High-fluid-pressure hydrofracture filled with calcite and wall rock breccia clasts, 6468-6468.21 m in Well B18.

Fig. 7. Stylolites in core and thin sections. (a) Sedimentary stylolites, 7504.73-7504.83 m in Well B13. (b) Stylolites viewed from above in a cross section of a core in Well B4,
7509.68 m. (c) Stylolite with calcite cement, 7676.50 m in Well B1, polarized light. (d) Sedimentary and tectonic stylolites in a core, 7352.52-7352.68 m in Well B8. (e) Sketch
figure of (d) with high-angle tectonic stylolites, bedding-parallel stylolites, and drilling-induced fractures drawn in red, blue, and magenta, respectively.
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Fig. 8. Strike-slip fault zones and their associated secondary faults and large-scale fractures in seismic sections. The solid dark blue lines represent the main faults interpreted in
the reference literature. The solid magenta lines represent the detailed interpretations of secondary faults and large-scale fractures. The light blue dashed lines represent the strata
interfaces. The vertical scales of (a), (c), (e), (g), and (i) are in the time domain, while those of (b), (d), (f), (h), and (j) are in the depth domain. (a) The positive flower structure in
the middle of the SF5 is located at dd’ in Fig. 2. The interpretation of the main fault refers to the section BB’ in Fig. 5 of Lin et al. (2021). (b) Seismic section of (a) in the depth
domain and structure interpretation. (c) The negative flower structure in the middle of the SF5 is located at ee’ in Fig. 2. The interpretation of the main fault refers to the section
CC in Fig. 5 of Lin et al. (2021). (d) Seismic section of (c) in the depth domain and structure interpretation. (e) The positive flower structure in the north of the SF5 is located ff' in
Fig. 2. (f) Seismic section of (e) in the depth domain and structure interpretation. (g) The negative flower structure in the north of the SF5 is located at gg’ in Fig. 2. (h) Seismic
section of (g) in the depth domain and structural interpretation. (i) The non-stepover structure in the middle of the SF5 is located at kk’ in Fig. 2. (j) Seismic section of (i) in the
depth domain and structural interpretation. The fault interpretation of (e), (g) and (i) refers to sections a’, b’, and ¢’ in Fig. 5 of Sun et al. (2021), respectively.

The cumulative probability curve of the dip angle, which is
weighted by fracture length, exhibits notable differences
compared with the unweighted curve (Fig. 9(b)). The statistical
analysis of fracture dip angles must incorporate the distribution of
fracture lengths to minimize biases introduced by variations in
fracture scale. A cumulative probability curve of dip angle
weighted by fracture length can be employed to effectively avoid
potential binning issues, thereby providing a more accurate and
representative characterization of fracture properties.

Previous studies generally suggest that faults and fractures
controlled by strike-slip faults are steep, with medium-to-low-dip
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en echelon normal faults typically confined to overlying clastic
strata (Wu et al,, 2021). Consequently, faults interpreted from
seismic profiles in the Lower to Middle-Ordovician carbonate se-
quences are usually characterized by high-angle dips. However,
despite potential biases in the statistical analysis of apparent dip
angles from seismic data and sandbox models, medium-to-low-
dip true dip fractures constitute a substantial proportion of frac-
tures observed in cores and image logs (Fig. 9(b) and (c)). This
indicates that a considerable number of medium-to low-angle
faults and fractures can develop within strike-slip fault systems,
particularly in stepover segments. The alteration of the stress field
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Fig. 9. Cumulative probability curves of faults and fractures. (a) Cumulative proba-
bility curves of all recorded apparent dip angles of faults and large-scale fractures
based on seismic sections. Sections dd’ and ff’ are positive flower structures and are
also termed palm tree structures. Sections ee’ and gg’ are negative flower structures
and are also called tulip structures. Section kk’ is a non-stepover structure, displaying
a single main fault in the Middle and Lower Ordovician to Cambrian. The proportion
of high-angle faults and large-scale fractures in non-stepover structures (57% in kk') is
considerably higher than that in stepover structures (19%, 33%, 43%, and 52% in dd’,
ee’, ff', and gg’, respectively). (b) Cumulative probability distribution of fracture dip
angles that are observed in image logs (297 fractures) and drill cores (180 fractures).
(c) Cumulative probability plot of dip angles of tectonic fractures inferred from image
logs in different wells (fracture sample number: B1, 26; B2, 138; B3, 17; B4, 20; B6, 22;
B7, 41; B15, 33).

at strike-slip fault stepovers (Nabavi et al., 2017) is likely the pri-
mary factor that drives the transformation of secondary fault
properties into normal or reverse faults (Teng et al., 2020) and the

2769

Petroleum Science 22 (2025) 2760-2776

—
o
~

A Image logs
X Core

102 1

2-D fracture intensity (P,), m-"

104 T T T
102 10% 104

Distance from the main fault, m

—_
(=)
-

10

10-2

2-D fracture porosity (Ps,), %

10+ T T T
102 10%

Distance from the main fault, m

—_
(2)
~

Average vein width, m

10+ T T T
102 10° 104

Distance from the main fault, m

Fig. 10. Fracture intensity (a), fracture porosity (b), and vein width (c) plotted against
the distance from the main fault. Straight regression lines in the log-log axes
indicate power-law relationships.

increased occurrence of medium-to-low-dip fractures from
seismic to core scales.

5.2. Control of secondary faults and fracture abundance by strike-
slip faults

The damage zone of a major fault is characterized by a
considerably higher fracture density compared with the sur-
rounding wall rock, with fracture densities decreasing progres-
sively as the distance from the fault core increases (Brock and
Engelder, 1977; Faulkner et al., 2011; He et al., 2019; Ma et al,,
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Fig. 11. Structural styles, fault and fracture characteristics of stepovers in the scaled sandbox models of Dooley et al. (1999). (a) Strike-slip “pop-up” structure. (b) Section 40 of
Fig. 11(a) in this literature. (c) Strike-slip pull-apart structure. (d) Section 17 of Fig. 11(c) in this literature. Strike-slip movement is perpendicular to the image with T and A
indicating movements toward and away from the viewer, respectively. The black, gray, and white stripes in Fig. 11(b) and (d) represent different colored quartz sand marker layers.
The gray dotted line and corresponding numbers refer to the position and number of the vertical slices that were subjected to dip-angle and density analyses (Figs. 12 and 13).

These figures are redrawn after Dooley et al. (1999).
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Fig. 12. Cumulative probability distributions of apparent fracture dip angles in the scaled sandbox models. (a) Fractures in a transpressional pop-up stepover (see Fig. 11(a) for the
locations of the sections). (b) Fractures in a transtensional pull-apart stepover (see Fig. 11(c) for the locations of the sections). Sections at either extreme ends of the stepovers (A-
06 and A-61 in (a) and B-14 and B-28 in (b)) are shown as dotted lines. These show a distinctly higher fraction of steep fractures compared with the other sections.

Table 2

Variation trends of fracture development parameters with the distance from strike-slip faults.

Parameters

Formulas

P> in cores, m™~!

P, in cores, %
Average fracture aperture in cores, m
P,y in image logs, m™!

F = 0.143.770195

Coefficient of determination
F = 6.69.r0673 0.81
F =2.51.r0883 0.91
F = 0.0049.r9-299 0.56

0.55

2019). This spatial variation in fracture density as a function of
distance (r) from the fault core can be described using a power-law
relationship (Savage and Brodsky, 2011; Johri et al., 2014):

F=Fyr™ 1)
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Here, F represents the fracture density in units of number per
meter, Fy refers to constant equal to the fracture density at unit
distance from the fault core, r is the distance from the fault core,
and n denotes an exponent describing the decay rate of fracture
density with distance.
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Fig. 13. Relative cumulative length of fractures at different positions of the stepover
structure. Data A and B are adapted from Fig. 11 in this literature, while data C and D
are adapted from Fig. 9 in Dooley and McClay (1997).

To date, there have been few published studies on the con-
trolling effect of strike-slip faults on the development of small-
scale fractures in (ultra) deep formations (He et al., 2019; Cao
et al., 2023). This study demonstrates that the in-situ Py;, P2,
and fracture aperture all follow a power-law decay with increasing
distance from the PDZ (Fig. 10). This indicates that fracture storage
space is greatest at and near the fault. Among these parameters,
P», exhibits the steepest decay and the highest determination
coefficient (Fig. 10 and Table 2), suggesting that fractured reservoir
space decreases more rapidly than fracture intensity. Compared to
core data, image logs primarily identify unfilled and semifilled
fractures with low resistivity. The slower decrease in P observed
in image logs implies that fractures closer to the main fault are
more extensively cemented than those more distant from the fault.

Additionally, sandbox experiment results reveal that the cu-
mulative fracture length in the central stepover can be up to twice
that at the ends of the stepover (Fig. 13). Therefore, fracture den-
sities along the main fault strike in stepover zones also exhibit
considerable heterogeneity.

The CFI method, based on conventional well logging data, is
used to predict the abundance of fractures near well trajectories
(Lyu et al., 2017). A higher CFI value indicates greater fracture in-
tensity. Using the CFI method, the researchers predicted the frac-
ture abundances in inclined wells passing through fault zones
(Fig. 14). These wells are located in a non-stepover (Fig. 14(a)), a
transpressional stepover (Fig. 14(b)), and a transtensional stepover
(Fig. 14(c)). The horizontal projection width of the predicted
fracture zones is typically less than 100 m, with dense, unfractured
wall rock separating these zones. In contrast, the width of damage
zones identified by seismic attributes often ranges from several
hundred meters to 3000 m (Ma et al., 2019; Zhao et al., 2021; Yao
et al.,, 2023). When fracture zones are in close proximity, such as in
the case of Well B5 located in a transpressional stepover, it be-
comes challenging to classify these zones as part of the same fault
damage zone. In non-stepover and transtensional stepover seg-
ments, the width of the fault damage zone identified by seismic
data often includes intact, unfractured rock sections with no
developed fractures. Additionally, seismic data may fail to detect
some fracture zones located at a considerable distance from the
main fault surface. Due to the limitations of seismic resolution,
seismic data can only provide a rough estimate of the extent of
fault damage zones in complex fault systems. In contrast, the
quantitative characterization of small-scale fractures offers a more
accurate representation of the internal structure of fault zones.

2771

Petroleum Science 22 (2025) 2760-2776

5.3. Fluid activity and favorable targets of fractured reservoirs
controlled by strike-slip faults

The in-situ Py;, Pyy, and fracture aperture decrease with the
increasing perpendicular distance from the PDZ (Fig. 10). Due to
the superposition of fault damage zones controlled by multiple
fault surfaces, stepover zones exhibit a greater volume of fractured
rocks and a higher density of fault and fractures. The wider frac-
ture zone and higher fracture intensity in the stepover are favor
the migration and accumulation of hydrocarbons from the lower
source rock to the reservoir (Cunningham and Mann, 2007; Ma
et al,, 2020). However, the strike and dip angles of individual
faults and fractures substantially influence their contribution to
reservoir productivity (Hennings et al., 2012). Consequently, the
heterogeneity of fault-related fractures plays a critical role in the
production of hydrocarbons and the selection of favorable explo-
ration targets. The fluid production per unit pressure drop in
development wells located in stepovers and non-stepovers (Liu,
2020) further demonstrates that fault stepovers are more favor-
able for the production of hydrocarbons (Fig. 15(a) and (b)). There
is a considerable difference in fluid production per unit pressure
drop between wells located in stepovers and non-stepovers within
the SLU. Additionally, the fracture density in the central part of a
stepover is considerably higher, creating conditions that are
conducive to the accumulation and enrichment of hydrocarbons.

During drilling tests, nine high-yield wells with initial daily oil
and gas equivalent production exceeding 1,000 tons were identi-
fied. These wells are primarily located along the PDZ extending in
the NE-NW direction, such as SF4 and SF8 (Yang et al., 2020b;
Wang et al., 2022a). The fault segment strike that hosts these
high-yield wells aligns closely with the regional maximum prin-
cipal stress direction (NE42.5°4+10°) (Yang, 2021). The researchers
in this study analyzed the relationship between the initial daily
production and the angle between the fault segment strike and the
maximum horizontal principal stress (Fig. 15(c)). Results show that
the daily oil and gas equivalent production decreases as the angle
increases, indicating that the present-day in-situ stress consider-
ably controls reservoir properties within the strike-slip fault zone.
Specifically, the smaller the angle between the strike-slip fault
segment and the maximum horizontal principal stress, the higher
the production capacity. Previous research indicates that fractures
with smaller angles relative to the strike-slip fault strike are more
extensively developed in the SLU area (Yao et al., 2023). This im-
plies that the angle between these fractures and the maximum
horizontal principal stress is also smaller, resulting in larger frac-
ture apertures compared with fractures with other orientations.
Consequently, these fractures contribute more to porosity and
permeability, enhancing hydrocarbon flow. Therefore, the strike-
slip fault system not only controls fracture orientation but also
plays a critical role in influencing oil production.

Mechanical stratigraphy is a critical factor that controls the
development of faults and fracture systems, which in turn in-
fluences oil and gas accumulation and reservoir productivity (Zeng
et al., 2023b). Mechanical stratigraphy divides stratified rocks into
discrete mechanical units based on physical properties such as
porosity, permeability, elastic properties, and brittle strength, the
latter of which is typically defined by tensile strength, cohesion,
and friction coefficient (Laubach et al., 2009). The characteristics of
mechanical stratigraphy are determined by the types, properties,
and limiting capacities of mechanical stratigraphic interfaces,
which govern the vertical propagation of faults and fractures at
various scales (Cao et al., 2023).

The average fracture densities controlled by mechanical stra-
tigraphy exhibit a negative correlation with layer thickness,
following either a linear relationship (Narr and Suppe, 1991; Gong
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Fig. 14. Fracture development pattern and internal structure of strike-slip fault zones. (a) Well trajectory and seismic section of Well B7 in a non-stepover. (b) Well trajectory and
seismic section of Well B5 in a transpressional stepover. (¢) Well trajectory and seismic section of Well B16 in a transtensional stepover. (d) Fracture development zones predicted
by the CFI method using well logging data. The prediction results show that the horizontal width of most fracture development zones does not exceed 100 m, and the fracture

development zones are separated by tight wall rocks.

et al., 2018) or a power-law relationship (Ji et al., 2021). Both re-
lationships indicate that thinner mechanical units have higher
fracture densities. In the SLU, the structural styles of stepovers
(including both transpressional and transtensional segments) in-
fluence the thickness of the Cambrian salt layer (Bian et al., 2022)
and the vertical connectivity of fractures (Chen et al., 2022).
Additionally, intraclastic grainstone and packstone formations
within the Ordovician carbonate host rock sequences are partic-
ularly favorable for fracture development (Sun et al, 2023).
Consequently, mechanical stratigraphy contributes to the vertical
partitioning of fractured reservoirs, enhances connectivity with
source rocks, and promotes a higher abundance of fractures. These
factors collectively create favorable conditions for high petroleum
production.

In summary, this study provides a quantitative characterization
of fracture intensity, porosity, and dip angle within and adjacent to
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a strike-slip fault system in ultradeep carbonates. It is important to
accurately determine the dip angle of faults and fractures for
subsurface reservoir modeling, drilling design, and seismic-based
structural interpretation. The characteristics of natural fractures
controlled by underground faults and the controlling factors on
borehole productivity studied in this research provide valuable
insights for optimizing the development of ultradeep fractured
reservoirs controlled by strike-slip faults. Furthermore, this work
also sheds light on strategies for future quantitative studies of in-
situ fracture density and dip angle in petroleum reservoirs.

6. Conclusions

1. Tectonic fractures dominate the ultradeep carbonate reservoirs
in the central and northern Tarim Basin, substantially out-
numbering fractures controlled by fluid overpressure and
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Fig. 15. Influence of structural styles and present-day stress field on fluid activity. (a)
Liquid production per unit pressure drop of strike-slip fault stepovers and non-
stepovers. The average liquid production of the fault stepovers (4575 t/MPa) is
more than three times that of the non-stepovers (1340 t/MPa). (b) Liquid production
less than 2000 t/MPa in (a). The average liquid production of the stepovers (1199 t/
MPa) is about 2.5 times that of the non-stepovers (479 t/MPa). More than half of the
wells in the non-stepovers produced less than the minimum value in the fault step-
overs. (c) Relationship between the angle of a fault segment strike with the maximum
horizontal principal compressive stress direction and reservoir production. The initial
yield shows a decreasing trend as the angle increases.

stylolites. These tectonic fractures play a critical role in con-
trolling reservoir productivity.

2. The quantitative characterization of fault-fracture systems
across and along the strike of a strike-slip fault zone, as well as
perpendicular to bedding, provides a more accurate
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representation of the structural architecture of fault zones.
Strike-slip faults strongly control the heterogeneity of natural
fracture development, particularly in terms of intensity and dip
angle. Py, Py, and fracture aperture decrease with the
increasing distance from the PDZ. Tectonic fractures are more
extensively developed in strike-slip fault stepovers than in non-
stepovers, with fracture intensity in the central stepover
considerably higher than at its two ends.

3. The development of stepovers and the direction of present-day
in-situ stresses are key factors that control the productivity of
fractured reservoirs controlled by strike-slip faults. The fault
damage zone in the stepover shows a larger volume of frac-
tured rocks and a higher density of faults and fractures, making
them highly promising targets for petroleum exploration.
Determining the dip angle of faults and fractures provides
valuable guidance for selecting favorable exploration targets.
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