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Ultra-deep carbonate reservoirs buried over 7000 m are distributed around strike-slip faults, which control
hydrocarbon accumulation and enrichment in the Tarim Basin, China. This study proposes a fracture develop-
ment index (FDI) method for analyzing the width of the strike-slip fault zone based on 3D seismic data. Based on
the FDI method and geological and geophysical data, we analyze the structural characteristics of the SB5 strike-
slip fault and the scaling of fault zone width and throw.

In map view, at depth the strike-slip fault is characterized by single fault segments, extensional overlaps, and
contractional overlaps, at intermediate depths by left-stepping en echelon normal faults, and in shallow layers by
right-stepping en echelon normal faults. In cross section, we find composite flower structures and positive flower
structures and medium-shallow layer negative flower structures or deep layer negative flower structures and
medium-shallow layer negative flower structures. The formation time of deep, middle, and shallow layer faults is
the middle Caledonian, Late Caledonian, and Late Hercynian. The heterogeneity of the strike-slip fault zone
varies from strong to weak from contractional overlaps, to extensional overlaps, and single fault segments. Strike-
slip fault-related fractures are dominated by three sets intersecting with strike-slip faults at small angles. Where
throw is less than 100 m, the fault zone width and throw have a good power law relationship. Where the throw is

over 100 m, the width tends to diminish with throw.

1. Introduction

Strike-slip faults accommodating horizontal displacements in
response to plate movements are common structures in the Earth’s crust
(e.g., Sylvester, 1988), reflecting the complex setting and history of
horizontal slip (Storti et al., 2006; Brogi, 2011). Similar to other types of
faults, strike-slip faults usually have complex structures and are formed
by local shear in brittle rock formations, which are typically composed
of narrow and highly deformed fault cores and wider damage zones
(Chester et al., 1993; Kim et al., 2004; Agosta et al., 2012; Laubach et al.,
2014). The fault core usually comprises fault rocks and develops struc-
tures such as fault gouge, fault breccia, and shear zones to accommodate
displacement (Caine et al., 1996; Berg and Skar, 2005). The damage
zone is a deformation zone rich in secondary faults and fractures related
to interaction and connections between faults (Petit and Barquins, 1988;
Choi et al., 2016). The geometric and kinematic characteristics of
strike-slip faults can help us understand the formation of fault-controlled

fractured reservoirs (Swanson, 2005; Share et al., 2019). The relation-
ship between fault attributes, e.g., fault zone width and displacement, is
essential for understanding the mechanical and physical processes of
faulting (Evans, 1990; Scholz et al., 1993; Savage and Brodsky, 2011;
Kolyukhin and Torabi, 2012; Roberts and Holdsworth, 2022). Further-
more, the timing and evolution of faults not only affect fluid flow but
also have important implications for fault growth processes and nucle-
ation (Sibson, 1989; Aydin, 2000; Delle Piane et al., 2017; Balsamo
et al., 2019).

Oil and gas exploration and development have shown that the strike-
slip faults in ultra-deep carbonate rocks play an important role in con-
trolling the formation of reservoirs and the migration of oil and gas in
the Tarim Basin, China (Yang et al., 2022). Ultra-deep carbonate res-
ervoirs buried more than 7000 m are distributed around strike-slip
faults, which are critical factors in hydrocarbon accumulation and
reservoir development in deeply buried Ordovician carbonate reservoirs
(Teng et al., 2020; Qi, 2021). Polyphase tectonic movements lead to
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destruction of primary reservoir space in ultra-deep tight carbonate
reservoirs, where the matrix (host rock) has no effective reservoir space.
Reservoir space consists primarily of secondary structures such as frac-
tures and dissolved pores along faults (Lyu et al., 2021). The physical
properties of reservoirs in different locations of the strike-slip fault vary
greatly, characterized by overall oil-bearing and uneven enrichment
along the strike-slip faults (Qi, 2021).

Some studies have been conducted on geometric and kinematic
characteristics of strike-slip faults in China. It is believed that strike-slip
faults are mainly developed from the Cambrian to Permian strata, with
segmentation in the map views and positive or negative flower struc-
tures in cross section (Han et al., 2017; Deng et al., 2019; Wang et al.,
2020; Teng et al., 2020; Shen et al., 2022). The timing of strike-slip faults
remains controversial. Some scholars believe that faults formed in the
Ordovician (Wang et al.,, 2020; Shen et al., 2022), whereas others
believe that faults formed in the Cambrian (Teng et al., 2020; Sun et al.,
2021). In addition, the scaling of fault attributes has not been analyzed
in the study area.

The SB5 strike-slip fault is the longest strike-slip fault in the Tarim
Basin, extending from the Tazhong uplift to the Tabei uplift (Fig. 2). The
geometric and kinematic characteristics of the southern and northern
sections differ (Deng et al., 2019). The southern section has left-lateral
motion, and the northern section has right-lateral motion. Several
NE-striking left-lateral strike-slip faults intersect with the SB5 strike-slip
fault (Fig. 2). The study of the SB5 strike-slip fault can provide a refer-
ence for the strike-slip faults of different tectonic belts in the Tarim Basin
and inspection of these faults also helps to understand the tectonic
evolution of the whole Tarim Basin. However, due to data limitations,
our study analyzed the strike-slip fault characteristics of the northern
section (Fig. 2).

Using the SB5 fault as an example, we propose a fracture develop-
ment index (FDI) method for analyzing the widths of strike-slip fault
zones based on 3D seismic data. We analyze the geometric and kine-
matic characteristics of strike-slip faults with depth using patterns
evident in different structural layers. Based on cross-cutting relation-
ships and geometric data, we document the timing of the fault and the
heterogeneity of structural development. Finally, we discuss the rela-
tionship between the large-scale fault zone width and throw, and show
how these abruptly vary with fault size.

2. Geological setting

The Tarim Basin, with an area of approximately 560,000 km?, is one
of China’s most significant and earliest-developed petroliferous basins
(Li et al., 1996). Southwest of the basin is the western Kunlun Moun-
tains, north is the Tianshan Mountains, and southeast is the Altyn Tagh
Mountains. Based on basement structure and sedimentary distribution,
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Fig. 1. The tectonic units in the Tarim Basin (modified from Li et al., 2013).
The box represents the range of Fig. 2.
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the Tarim Basin is divided into thirteen tectonic units (Fig. 1).

The Tarim block is a double-layer structure comprising a Precam-
brian basement and Neoproterozoic to Cambrian cap rock. It has expe-
rienced polyphase tectonic movements since its emergence. From the
Cambrian to the Early Ordovician, the Tarim Craton transitioned from a
stable sedimentary state to an extensional state due to the breakup of the
Rodinia continent (Zhang et al., 2013; S.Z. Li et al., 2018). This exten-
sional setting continued into the Middle Ordovician (Sobel and Arnaud,
1999). After the Late Ordovician, the collision between the western
Kunlun and southwest Tarim blocks resulted in a series of NE-striking
strike-slip faults (Yuan et al., 2002). After the Early Silurian, the
Tarim Basin entered the post-collisional intraplate extension stage, and
the pre-existing transpressional strike-slip faults were reactive (Wu
et al., 2018; Zheng et al., 2019). From Late Devonian to Early Permian,
the tectonic evolution of the Tarim Basin was mainly controlled by the
subduction and shear closure of the South Tianshan Ocean from east to
west, resulting in the reactivity of strike-slip faults (Klemd et al., 2011).
Since the Jurassic, the Tarim Basin has been in a weak intra-continental
extensional tectonic setting (Yu et al., 2014). The Tarim Basin has been
affected mainly by the far-field stress of the collision between the
Eurasian and Indian plates since the Neogene (Windley et al., 1990;
Deng et al., 2019).

The stratigraphy of the Shuntuoguole area is relatively complete,
including the Paleozoic, Mesozoic, and Cenozoic (Fig. 3). The main
exploration and development targets are carbonate rocks of the Middle-
Late Ordovician Yingshan Formation and Yijianfang Formation, which
mainly develop granular limestone, micrite, and dolomite (Li et al.,
2019). The primary reservoir space of the Yingshan and Yijianfang
formations has been destroyed. The matrix porosity is mostly less than
2%, and the permeability is less than 1 mD, and the reservoir space is
mainly secondary, comprising cavities, fractures, and dissolved pores
along the strike-slip faults (Li et al., 2019; Lyu et al., 2021).

3. Data and methods

The nomenclature of surfaces in the Tarim basin is standardized
(Fig. 3). Our study uses surfaces T3 to T2 to represent different strati-
graphic layers (Fig. 3). Surfaces T8, T%;, T?, T%, T(7), Tg, Tg, Tg, and Tg are
the top surface of the Sinian Qigebulake Formation, the top surface of
the Late Cambrian Awatage Formation, the top surface of the Middle
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Fig. 2. The intracratonic strike-slip and basement faults on the top of the
Middle Ordovician in the central and northern Tarim Basin. See Fig. 1 for the
location. The grey box is the study area, representing the range of Fig. 8. Cross
section A-A’ represents the cross section in Fig. 12.
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Fig. 3. Chart showing the stratigraphy, the seismic reflecting surfaces, and the
timing of regional tectonic movements in the Tarim Basin (modified from Deng
et al., 2019).

Ordovician Yijianfang Formation, the top surface of the Late Ordovician
Qiaerbake Formation, the top surface of the Late Ordovician Sangtamu
Formation, the top surface of the Late Silurian Kepingtage Formation,
the top surface of the Late Silurian Keziertage Formation, the top surface
of the Early Carboniferous Bachu Formation, and the top surface of the
Late Permin Shajingzi Formation, respectively.

This study uses high-quality 3D seismic data to analyze the charac-
teristics of the strike-slip fault. The main frequency of 3D seismic data is

(2) .v-/
—

g o Vertical searation

_.-—"-'

N,
YR ., Sy e

Journal of Structural Geology 173 (2023) 104908

approximately 28 Hz. Geological and geophysical data were used to
track surfaces. Several drilling and logging data in oil exploration and
development synthesize seismograms for the well-seismic combinations.
The seismic sections and key surfaces of coherence slices are used to
analyze the characteristics of the strike-slip fault in cross sections and
map views.

The fault throw and vertical separation are used to analyze geometry
and kinematics (Fig. 4). The growth index is the ratio of unit thickness in
the hanging wall and footwall strata (Childs et al., 2020). The statistics
of the growth index of the normal faults enabled us to identify thickness
variation between the hanging wall and footwall and limit the timing of
the normal faults.

It is difficult to measure the horizontal displacement of strike-slip
faults due to the limitations of seismic resolution. Many studies have
indicated a good correlation between the width and displacement of the
strike-slip faults (Mitchell & Faulkner, 2009; Faulkner et al., 2011;
Savage & Brodsky, 2011). Therefore, based on 3D seismic data, we
propose an analysis method of fracture development index (FDI) for
analyzing the width of the strike-slip fault zone. The expression using
the FDI to reflect the fault zone width is:

Amax
7

>4
=

FDI=1— (@)

Where FDI is the fracture development index, Ay is the largest eigen-
value representing the dominant energy, and A; (j =1, 2, ..., J) is the jth
eigenvalue of the covariance matrix. The greater the FDI, the higher the
fracture intensity. Thus, FDI higher than the wall rock areas can be used
to characterize the fault zone width (Fig. 5). The specific process is as
follows: first, extracted the coherence attribute; then, a series of parallel
and equidistant seismic survey lines perpendicular to the fault strike are
selected, and each seismic survey line is resampled at an interval of 25
m. The FDI on each seismic survey line is calculated, and the variation
law of the FDI is analyzed to determine the boundary between the fault
damage zone and the wall rock areas.

Although by using the discontinuity generated by the fault zone the
coherence attribute significantly improves the ability to identify faults,
it is difficult to determine the exact location of the fault zone boundary
because of the limitation of seismic resolution. Therefore, fracture
density obtained from samples (thin sections), core observations, and
image logs is compared with the FDI method to verify the reliability of
the estimate.

The frequency of the damaged structure in the damage zone de-
creases with the distance from the fault core, and its boundary is usually
shown as the location where the frequency of the fracture or deforma-
tion zone decreases to the background level (Berg and Skar, 2005;
Mitchell & Faulkner, 2009; Choi et al., 2016). However, due to the in-
fluence of the subjective definition and the complexity of the damage
zone structure (Choi et al., 2016), the boundary of each field measure-
ment is different. To reduce the data uncertainty related to the width of

|

Fig. 4. Illustrated seismic section showing the fault attributes. (a) The seismic section shows the vertical separation. (b) The seismic section shows the throw.
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the fault zone, our study uses the cumulative fracture frequency method
to define the boundary between the fault zone and the wall rock (Berg
and Skar, 2005) and uses the cumulative frequency curve and its slope
gradient to analyze the different degrees of deformation of the fault
zone.

4. Results
4.1. Reliability of fracture development index (FDI) method

We analyzed the width of the fault zone using the FDI method.
Taking well 1 as an example (Fig. 6), the cumulative fracture density
shows changes in the slope gradient at 575 m and 750 m (Fig. 6b). We
argue that the points at 575 m and 750 m should be the boundary of the
fault damage zone. The outside of 575 m and 750 m have a similar
gradient, representing the background value of the fault zone in the
study area (Choi et al., 2016). The width of the fault zone is 175 m using
the FDI method (Fig. 6b).

We analyzed the fracture density obtained by imaging logging and
core data. The boundary of the fault zone is analyzed by using the
fracture density variation along the well trajectory of the highly

Damage zone

deviated well passing through the fault zone (Fig. 6¢). The cumulative
fracture density shows changes in the slope gradient at 7509.60 m,
7582.70 m, and 7730.50 m (Fig. 6d). We argue that point B at 7509.60 m
and point C at 7730.50 m should be the boundary of the fault damage
zone. The slope gradient at 7582.70 m increases within the fault zone,
which may be related to the differential strain distribution inside the
damage zone and is the transition zone between the damage zone and
the wall rock (Micarelli et al., 2003; Choi et al., 2016). The highly
deviated well is not horizontal. To accurately identify the fault zone
boundary, we project points B and C in the direction perpendicular to
the fault zone and get a width of 178.72 m.

The width of the fault zone is 175 m obtained by the cumulative FDI
method (Fig. 6b). It is 3.72 m different from the results obtained by
imaging logging and core data, with a slight difference between them.
The main reasons for this difference are: (1) limitation of the seismic
resolution leads to a certain uncertainty in accuracy; (2) limitation of
survey line sampling interval because the interval used in this study is
25 m, which will lead to certain errors in the measurement results, but it
can improve the processing efficiency. If the sampling interval is too
small, it will lead to a large amount of data, which ordinary computers
cannot calculate. Although there is a certain error between the FDI

Fig. 6. The comparison between the fault zone width
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method and the fault zone width obtained by imaging and core data, the
error is less than 5%, within an acceptable range. This method is
believed to identify the width of the fault zone effectively.

4.2. Geometric and kinematic characterizations of the fault

The strike-slip faults have different structural characteristics in the
deep layer, middle layer, and shallow structural layer. The deep layer
structure develops from surfaces Tg to T9. The middle layer structure is
between surfaces T# and T, and the shallow layer structure is between
TE and T2 (Fig. 7).

.~ - === Negativ
— >
[Fe———mm=flower
—

—
—_—

Two-way traveltime (ms)

sturcture

Journal of Structural Geology 173 (2023) 104908

4.2.1. Deep layer structure

The deep layer structure has three distinct structural styles. The first
is the single fault segment, which passes through the surface T3 and T4
from the bottom up, but not through surface T9, and there is no vertical
displacement on both sides of the fault (Fig. 7b and f). The second is the
extensional stepover, which is developed between the right-stepping
fault segments (Fig. 8B), and shown as a negative flower structure in
the cross section (Fig. 7a and d), a negative flower structure consists of a
shallow synform bounded by upward spreading strands of a wrench fault
with mostly normal separations (Harding, 1985). The third is the
contractional stepover (Fig. 8B), which is developed between the

Two-way traveltime (ms)

Positive
flower
sturcture

Fig. 7. Uninterpreted cross sections (left) and interpreted faults (right). The position of sections a to f is shown in the survey lines a to f in Fig. 8A.
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left-stepping fault segments and shows as a positive flower structure
(Fig. 7c and f). A positive flower structure consists of a shallow antiform
displaced by upward diverging strands of a wrench fault with mostly
reverse separations (Harding, 1985). On surface T#%, the push-up struc-
tures between the left-stepping segments and pull-apart structures be-
tween the right-stepping segments (Fig. 8B) indicate right-lateral motion
(Biddle & Christie-Blick, 1985).

This study counted the width and throw of the fault zone at the
surface T§ (Fig. 9). From survey line 1 to line 42, it can be found that the
minimum width of the fault zone is 175 m, and the maximum is 1250 m,
with an average is 539.97 m (Fig. 9b). The minimum throw is 23.04 m,
and the maximum is 159.60 m, with an average is 74.42 m (Fig. 9b).

Local strata uplifts can be observed from surfaces T3 to T2, and the
uplift disappeared after surface T2 (Fig. 10b). Therefore, this study
analyzed the vertical separation of different surfaces of the deep layer
strike-slip fault. This study defines the extensional deformations as
negative and the contractional deformations as positive. The results
show that the vertical separation of surfaces T3, T4, T4, and T3 is 9 ms, 13
ms, 66 ms, and 53 ms, respectively; however, the vertical separation
near surface T9 becomes —32 ms (Fig. 10c).

4.2.2. Middle layer structure

The middle layer structure is characterized by left-stepping en ech-
elon normal faults in the map views (Fig. 8C and D) and negative flower
structures in cross sections (Fig. 7). In cross sections, the normal faults
are rarely connected with the deep layer structure, mostly in pairs
(Fig. 7). It is worth noting that the normal faults partially overlap with
the deep layer strike-slip fault, and the dip angle is between 70° and 90°.
In the map view, the en echelon normal faults are distributed above the
deep layer strike-slip fault segments; the strike of en echelon normal
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Fig. 9. Distribution of fault throws and widths along the fault strike. (a)
Arrangement of lines 1 to 42 on surface T#. Lines 1 to 42 indicate the number of
seismic survey lines. (b) Variation of width and throw from survey lines 1 to 42
on surface T5.

faults is mainly between N5E and N4OE. Closer to surface T2, more en
echelon normal faults are shown (Fig. 8C). The distribution of en ech-
elon normal faults has a significant difference in the north and south, en
echelon normal faults are mainly distributed in the north (Fig. 8D). The
left-stepping en echelon normal faults (Fig. 8C and D) indicate the right-
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Fig. 10. Histogram showing the vertical separation of surfaces T3 to T9. (a) Uninterpreted cross section c. The position of the section is shown in the survey line ¢ in
Fig. 8A. (b) Interpreted vertical separation in Fig. 10a. (c) The vertical separation of different surfaces. Defining the extensional deformations as negative and the

contractional deformations as positive.

lateral motion.

To better understand the kinematic characteristics of echelon normal
faults, we calculated the fault growth index between surfaces T‘7‘ and Tg.
The growth index was calculated for the six sections in Fig. 5. There is a
similar thickness below surface TJ, and the growth index is approxi-
mately 1.00. Between surfaces T2 and T3, the maximum growth index is
1.17, and the minimum is 1.05. The growth index of the en echelon
normal faults between surfaces Tg and Tg ranged from 1.05 to 1.00
(Fig. 11).

4.2.3. Shallow layer structure
The shallow layer structure is characterized by the right-stepping
normal faults with the strike of N45W to N30W in the map views
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Fig. 11. The fault growth index from surfaces T4 to TS in cross sections a-f. The
position of sections a to f is shown in the survey lines a to f in Fig. 8A. Red to
purple represent the growth index of cross sections a-f in Figs.7a to f, respec-
tively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

(Fig. 8E and F), showing local negative flower structures in the cross
sections (Fig. 7). The fault dip angle is between 60° and 90°, rarely
connected to the middle layer normal faults; the normal faults pass
through surfaces Tg and Tg upwards (Fig. 7), and locally crossed the
Early-Middle Permian magmatic rocks (Liu et al., 2020; Ukar et al.,
2020) (Fig. 12). The right-stepping normal faults indicate the left-lateral
motion.

5. Discussion
5.1. Timing of the fault

The commonly used method for determining the timing of a fault is
to analyze the cross-cutting relationship between the fault and strata;
the timing of the fault is later than that of the cut strata and earlier than
the strata that are not cut. We analyzed fault formation time using the
cross-cutting relationships combined with the geometric characteristics
of the fault.

5.1.1. Timing of deep layer structure

In the deep layer, the strike-slip faults pass upward through the
surface T4 but do not pass through surface T9, indicating that the fault
formed after the deposition of the Middle Ordovician Yijianfang For-
mation and before deposition of the Early Silurian Kepingtage Forma-
tion (Fig. 7).

The vertical separation from surfaces T and T is positive; however,
the vertical separation near surface T9 becomes negative (Fig. 10c).
Suppose the strike-slip fault was formed before or during the Late
Ordovician Lianglitage Formation. In that case, the sediment above the
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Fig. 12. Uninterpreted cross section a-a’ (left) and interpreted cross-cutting relationship between faults and magmatic rocks (right). See cross section A-A’ in Fig. 2

for the location.

fault should have been deposited horizontally, resulting in an angular
unconformity between the deformation layer and the later sediment.
Because no such angular unconformity is observed in the cross sections
(Fig. 10b), the deformation should have occurred after the sedimenta-
tion of the Late Ordovician Sangtamu Formation. Combined with the
analysis of the cross-cutting relationships between faults and strata, we
speculate that the strike-slip faults formed during the Late Ordovician.

Previous studies argued that the strike-slip faults formed in the Late
Ordovician based on structural and geochemical analysis (Baqués et al.,
2020; Ukar et al., 2020), which is consistent with the results of our
study. The calcite cement fill within pull-apart void space is closely
related to the timing of faults. The age of calcite cement fill within
pull-apart void space can reflect the timing of fault movement (Roberts
and Holdsworth, 2022). Previous studies have analyzed calcite cement
fill within pull-apart void space. The in situ calcite U-Pb dating yielded
an age of 449 + 15 Ma in the study area (Song et al., 2022). To sum up,
we argue that the strike-slip fault formed in the episode III of the middle
Caledonian orogeny.

5.1.2. Timing of middle layer structure

The middle layer structure consists of left-stepping syn-depositional
normal faults distributed between surfaces Té and Tg, indicating that the
faults formed after the Late Ordovician Qiaerbake Formation and before
the Late Silurian Keziertage Formation (Fig. 7).

The growth index is near 1 below surface T9, indicating that these en
echelon normal faults were not formed before the Sangtamu Formation
(Fig. 11). Between surfaces T2 and T2, the growth index is greater than 1,
indicating that these normal faults were active during the Kepingtage
Formation (Fig. 11). Between surfaces Tg and Tg, the growth index of the
normal faults is 1.05 in the north and 1.00 in the south (Fig. 11), indi-
cating that the activity gradually weakened and stopped from north to
south. We speculate that the formation time of the normal faults was
from the Early Silurian to the Late Silurian.

The geological model established by previous structural and
geochemical analysis indicates that the fault formed the Silurian (Baqués
et al., 2020; Ukar et al., 2020). The in situ calcite U-Pb dating age of
calcite cement filled with pull-apart void space is 433 + 17 Ma (Song
et al., 2022). In summary, we believe that the left-stepping normal faults
formed in the Late Caledonian orogeny.

5.1.3. Timing of shallow layer structure

The shallow layer structure is characterized by left-stepping normal
faults distributed between surfaces Tg and T2, indicating that the faults
formed after the Early Silurian Tataaiertage Formation and before the
Late Permian Shajingzi Formation (Fig. 7).

It was found that the fault locally displaced the Early-Middle
Permian magmatic rocks (Liu et al., 2020; Ukar et al., 2020) (Fig. 12),
extended below surface TS, and caused deformation of the overlying
strata, suggesting that these faults formed in the Early Permian to Late
Permian. We infer that these normal faults formed during the Late
Hercynian orogeny.

Based on the above analysis, the SB5 strike-slip fault experienced at
least three tectonic movements. The deep, middle, and shallow layer
faults formed in the middle Caledonian, late Caledonian, and late Her-
cynian, respectively (Fig. 13).

5.2. Heterogeneity of fault zone

Fracture frequency, orientation, connectivity, and hydrocarbon
production of strike-slip fault-controlled reservoirs in carbonate rocks
varies significantly in the Tarim Basin (Y.Y. Li et al., 2018; Wu et al.,
2019, 2020). Strike-slip fault zones may be heterogeneous, for example
due to lithology, diagenesis, and mechanical properties in the carbonate
rock (Gudmundsson et al., 2010; Laubach et al., 2010; Savage & Brod-
sky, 2011; Faulkner et al., 2011).

5.2.1. Heterogeneity of fault zone width

According to well observations of fracture density, the width of the
Ordovician carbonate fault zone can reach 3 km in the Tarim Basin (Ma
et al., 2019). The width of the fault zone is of great significance to the
scale of the reservoir and oil and gas production (Wu et al., 2019; Wang
et al., 2020). We analyzed the heterogeneity of different locations along
the fault zone, including single fault segments, extensional overlaps, and
contractional overlaps (Fig. 14).

Survey lines 4 and 18 cross the extensional overlaps vertically
(Fig. 14a and d). Survey line 4 obtained the width of the fault damage
zone of 300 m (Fig. 14a). Here there are three positions where the slope
gradient changes. The slope gradient changes at 1550 m and 1850 m
represent the boundary of the fault zone. There is a slope gradient
change at 1700 m within the fault damage zone. Survey line 18 obtained
the width of the fault damage zone of 375 m (Fig. 14d). The fault zone
has slope gradient changes at 1950 m and 2025 m. The change of one or
two slope gradients in the fault zones indicates the heterogeneous
characteristics of the internal damage structure of the extensional
overlaps.

Survey lines 7 and 35 cross the fault segments vertically (Fig. 14b
and f). The width of the fault damage zone measured by survey line 7 is
175 m and 150 m (Fig. 14b), respectively. The width of the secondary
fault damage zone is 150 m. There is no slope gradient change between
the main and secondary fault zones. Survey line 35 obtained a width of
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Fig. 13. A schematic model of strike-slip fault evolution within a three-dimensional perspective.
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the isolated fault segment of 300 m (Fig. 14f), and there is also no slope
gradient change inside the fault damage zone. No change in the slope
gradient within the fault zones indicates that the heterogeneity of the
single fault segment is weaker than that of the extensional overlap.

Survey lines 13 and 25 cross the contractional overlaps vertically
(Fig. 14c and e). Survey line 13 obtained a fault zone width of 1100 m
(Fig. 14c). There are slope changes at 1675 m, 1900 m, and at 2075 m
within the fault damage zone. Survey line 27 obtained the width of the
fault damage zone of 1025 m (Fig. 14e); the secondary fault damage
zone is 225 m. There are three locations with slope gradient changes
within the overlapping zone, which are at 1300 m, 1450 m, and 1775 m,
respectively. Variation of multiple slope gradients within the overlap
zone indicates that the internal heterogeneity of the contractional
overlap is stronger than that of the extensional overlap and single fault
segment. This finding is consistent with a previous study where patterns
were obtained by analogue modeling (Dooley and Schreurs, 2012).

The number of slope gradient change points and the widths indicate
that the reservoir heterogeneity of the fault zone varies from high to low
in the order contractional overlap, extensional overlap, and single fault
segment. This pattern may be related to the process of linkage and
interaction between the faults in the evolution process (Fig. 14) (Kim
and Sanderson, 2005; Dooley and Schreurs, 2012; Fossen and Rotevatn,
2016; Wu et al., 2019).

5.2.2. Heterogeneity of fracture orientation

In general the distribution of fractures is controlled by rock me-
chanical properties, structural position, pre-existing structures, and
stress field (e.g., Laubach and Ward, 2006; Laubach et al., 2009; Brogi,
2011; Dooley and Schreurs, 2012; Dashti et al., 2018). We analyzed the
orientation of the fractures using the image logs, and show that the
strike of fractures is mainly in sets that strike NW, NNW, and NNE
(Fig. 15). These fractures are characterized by small-angle intersections
with the main fault (Fig. 15b). The Riedel shear model can explain this
fracture configuration: the NNE-striking fracture direction is an R shear,
the NNW-striking fracture set comprises Y shears, and the NW-striking
fracture set consitutes P shears. This interpretation is based on
analogue modeling results (e.g., Tchalenko, 1970; Naylor et al., 1986;
Richard et al., 1995; Dooley and Schreurs, 2012; Peacock et al., 2017).
Our study suggests that strike-slip fault-related fractures also have
spatial heterogeneity, mainly manifest in fractures that intersect with
the main fault strike at a small angle.
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5.3. Relationship between fault damage zone width and throw

The scaling of fault attributes (e.g., fault length, displacement,
damage zone width, core thickness) has been studied from the core,
outcrop, and seismic (Faulkner et al., 2011; Torabi and Berg, 2011;
Kolyukhin and Torabi, 2012; Choi et al., 2016; Wu et al., 2020). Many
geoscientists argue that a power law is most suitable for describing the
distribution of fault attributes (e.g., Kim and Sanderson, 2005; Faulkner
et al., 2011; Balsamo et al., 2019). Although there is sufficient evidence
to show a positive correlation trend of fault attributes, in most cases, the
data plots usually show a discrete distribution of 2-5 orders of magni-
tude (Knott et al., 1996; Beach et al., 1997; Shipton and Cowie, 2001;
Savage & Brodsky, 2011). This scatter may be related to different
methods, as well as fault scale, fault type, lithology, deformation back-
ground, depth of faulting, diagenesis, and deformation mechanism (e.g.,
Beach et al., 1997; Kim and Sanderson, 2005; Savage & Brodsky, 2011;
Faulkner et al., 2011; Torabi and Berg, 2011; Laubach et al., 2014; Choi
et al., 2016; Mayolle et al., 2019).

To ensure the reliability of our results, the top surface of the Middle
Ordovician Yijianfang Formation is selected to analyze the width and
displacement of the fault zone, which can ensure that the lithology,
depth, and deformation background are similar across the study volume.
The horizontal displacement of strike-slip faults is difficult to obtain in
seismic data, so we analyzed the relationship between widths and
throws (Fig. 16). We found that the width has a power law relationship
with the throw. There is one order of magnitude scatter in the data
(Fig. 16). Compared with previous studies (e.g., Shipton and Cowie,
2001; Faulkner et al., 2011; Torabi and Berg, 2011), the relationship
between the width and throw has a smaller order of magnitude change,
indicating that there is also a power law relationship between width and
throw in these strike-slip faults. The small order of magnitude change
may be attributed to the same lithology, depth, and deformation
background.

Combining the data of this study with previous data (Ma et al., 2019;
Zhao et al., 2021) shows the different scaling trends of fault zone width
and throw. Where the throw is less than 100 m, the growth of the width
of the fault zone is consistent with the throw. Where the throw is greater
than 100 m, the width tends to diminish with the throw, which is
consistent with the increase in the slope of the power law relationship
between the large fault displacement and width envisaged by Torabi and
Berg (2011). This result differs from the 10-100 m slope proposed by
Faulkner et al. (2011) and the 2400 m slope proposed by Savage and
Brodsky (2011). This diminishing trend may be due to fault interaction

(b)
Fault strike

90°

180°

Fig. 15. The strike distribution of fault-related fractures based on imaging logging data. (a) Fracture response characteristics on imaging logging. (b) Strike rose

diagram of fault-related fractures. The dotted line indicates the fault strike.
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Fig. 16. A compilation of data for fault damage zone width versus throw. When
the throw is greater than 100 m, the width tends to slow down with the throw.

and overlapping of active segments (Torabi and Berg, 2011). The ratio
becomes smaller for mature faults, possibly due to mechanical interac-
tion between faults or nucleation of secondary faults (Cowie and Scholz,
1992; Willemse et al., 1997; Kim and Sanderson, 2005; Kolyukhin and
Torabi, 2012).

6. Conclusions

(1) We propose a fracture development index (FDI) method for
analyzing the widths of strike-slip fault zones based on 3D seismic
data. We use well data to verify the accuracy of the method to
identify the width of the fault zone, and demonstrate that the FDI
is reliable for determining the width of the fault zone.

The strike-slip fault we analyzed has different geometric and ki-
nematic characteristics in deep, middle, and shallow structural
layers. In map view, at depth the strike-slip fault is characterized
by single fault segments, extensional overlaps, and contractional
overlaps, at intermediate depths by left-stepping en echelon
normal faults, and in shallow layers by right-stepping en echelon
normal faults. In cross section, we find composite flower struc-
tures and positive flower structures and medium-shallow layer
negative flower structures or deep layer negative flower struc-
tures and medium-shallow layer negative flower structures. The
deep layer strike-slip fault formed in the middle Caledonian
orogeny. The middle layer left-stepping normal faults formed in
the Late Caledonian orogeny, while the shallow layer right-
stepping normal faults formed during the Late Hercynian
orogeny.

The strike-slip fault zone is heterogeneous. The heterogeneity of
the strike-slip fault zone ranges from strong to weak from
contractional overlaps, extensional overlaps, to single fault seg-
ments. The strike-slip fault-related fractures are arranged in three
sets intersecting with strike-slip faults at small angles that we
infer to be R, Y, and P shears.

The fault zone width and throw have a good power law rela-
tionship. Where the throw is less than 100 m, the growth of the
fault zone width is consistent with the throw. Where the throw is
greater than 100 m, the width tends is smaller with the throw.
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