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a b s t r a c t

Large strike-slip fault zones commonly develop through-going architectures through progressive link
age of fault segments. However, quantitatively characterizing the through-going evolution of strike-slip 
fault zones remains challenging. Based on the pure strike-slip tectonic setting of the Tarim Basin, twelve 
sandbox analogue experiments were conducted to quantify the through-going process and evaluate its 
controlling factors, including displacement pattern, cover thickness, and displacement velocity. The 
results indicate that simple-shear strike-slip fault zones evolve through a progressive sequence from the 
en �echelon stage to soft-linkage, hard-linkage, and ultimately a through-going stage. Each evolutionary 
stage corresponds to distinct threshold values of relative displacement (D/L). En �echelon faults initiate at 
the base of the model during the embryonic stage and propagate upward to the surface during the soft- 
linkage stage when D/L ranges from 1.37% to 2.38%. Subsequently, Y-shear faults link individual fault 
segments during the hard-linkage stage at D/L values of 2.59%–4.81%, followed by the formation of a 
fully through-going fault zone at D/L values of 6.14%–7.76%. Generally, displacement threshold values 
increase with greater cover thickness during upward fault propagation. Threshold values also increase 
from bilateral codirectional displacement to unilateral displacement, and further to bilateral anti
directional displacement patterns, whereas higher displacement velocities tend to reduce the threshold 
values. The experimentally derived quantitative evolution is consistent with the fault segmentation and 
linkage mechanisms observed in strike-slip faults of the central Tarim intracratonic basin. These results 
demonstrate that the through-going process of pure strike-slip fault zones can quantitatively con
strained by displacement, while strata thickness, displacement patterns, and displacement velocity 
exert significant control on the corresponding threshold values.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Strike-slip faults are widely distributed within the Earth’s 
crust and exert fundamental influences  on tectonic evolution, 
petrophysical properties, and fluid  migration pathways (e.g., 
Sylvester, 1988; Tapponnier et al., 2001; Mann, 2007; Jourdon 
et al., 2026). Many fault zones display complex segmentation 
patterns that evolve from isolated fault segments into long 
through-going fault zones through progressive fault linkage and 

interaction (Willemse et al., 1997; Crider and Peacock, 2004; 
Ghosh and Chattopadhyay, 2008; Lucas et al., 2023). The 
growth history of strike-slip fault zones typically involves the 
initiation of isolated en �echelon segments, followed by their 
interaction, propagation, linkage, and ultimately the formation of 
a continuous through-going fault zone. Fault-segment linkage 
and interaction are therefore key processes controlling the 
development of through-going fault zones. These processes can 
be influenced  by multiple factors, including displacement, li
thology, pre-existing structures, and inherited deformation fab
rics (e.g., Aydin and Schultz, 1990; Crider and Peacock, 2004; 
Curren and Bird, 2014; Wu et al., 2021; Zhu et al., 2024). Case 
studies indicate that the through-going process often produces 
complex fault-zone architectures and strongly influences  fluid- 
rock interactions.
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In recent years, significant  hydrocarbon resources have been 
discovered within strike-slip fault zones of the Tarim intracratonic 
basin in northwestern China (Ma et al., 2022; Wang et al., 2022). 
Many strike-slip faults in the basin are characterized by small 
displacements and pronounced segmentation, whereas several 
large-scale fault zones exhibit near through-going geometries 
(Yang et al., 2020; Wu et al., 2021). Fault segmentation plays a 
crucial role in controlling reservoir heterogeneity and hydrocarbon 
productivity (Ma et al., 2022; Wang et al., 2022; Yang et al., 2022; 
Xiong et al., 2024; Zeng et al., 2026). Although geological, 
geophysical, and production datasets provide valuable constraints 
on the through-going process of strike-slip faults, the ultra-deep 
(>6000 m) faults are commonly imaged by low-resolution 
seismic data. This limitation hampers detailed identification  of 
fault segmentation, linkage, and interaction (Yang et al., 2020). 
Furthermore, strike-slip fault types, deformation mechanisms, and 
evolutionary histories vary significantly across different structural 
domains of the basin (Yang et al., 2020; Qi, 2021; Wu et al., 2021; 
Deng et al., 2022; Liu et al., 2023). Consequently, substantial 
debate remains regarding the architecture of strike-slip fault 
zones, their deformation styles at different evolutionary stages, 
and their implications for fractured reservoirs and hydrocarbon 
accumulation (e.g., Wang et al., 2022; Zeng et al., 2026). In this 
context, developing a quantitative model for the through-going 
evolution of strike-slip fault zones is essential for improving un
derstanding of fault growth mechanisms and deep structural 
evolution.

Sandbox analogue modeling provides an effective approach for 
reconstructing and analyzing the evolution of complex strike-slip 
fault zones (Naylor et al., 1986; Dooley and Schreurs, 2012; Xiao 
et al., 2017; Gonz�alez-Mu~noz et al., 2024; Zhu et al., 2024). In the 
Tarim Basin, analogue models have been applied to investigate en 
�echelon fault deformation (Shi et al., 2024), conjugate strike-slip 
fault systems (Xiao and Tong, 2024), fault growth processes 
(Peng et al., 2022; Neng et al., 2025), the relationship between 
Riedel fracture spacing and layer thickness (Li et al., 2025), and 
hydrocarbon migration and accumulation (Zhu et al., 2022). These 
studies have provided important insights into the structural styles, 
formation mechanisms, and evolutionary modes of strike-slip 
faults. Typically, strike-slip fault zones initiate as en �echelon 
fault arrays and progressively evolve into through-going strike-slip 
zones. Under pure strike-slip conditions, fault evolution has been 
divided into several stages, including the infancy stage, R-shear 
(Riedel) stage, P-shear (opposite to R-shear oblique direction) 
stage and Y-shear (parallel to the main displacement zone) stage, 
and the final through-going stages (Xiao et al., 2017). Experimental 
studies further demonstrate that shear strain is initially accom
modated by distributed deformation, followed by the develop
ment of en �echelon faults and progressive propagation toward a 
through-going fault zone (Hatem et al., 2017). However, quanti
tative constraints on the displacement thresholds associated with 
each evolutionary stage remain limited.

Based on the pure strike-slip tectonic setting in the central 
Tarim Basin, this study presents twelve sets of sandbox analogue 
experiments designed to quantitatively characterize the evolu
tionary stages of strike-slip zones and evaluate the key factors 
controlling the through-going process.

2. Geological background

The Tarim Basin, located in northwestern China, is a 
Paleo–Mesozoic intracratonic basin that has experienced multi- 
stage tectonic-sedimentary evolution (Jia, 1997). During the 
Cambrian–Early Ordovician period, an extensive carbonate plat
form developed across the western part of the basin (Wu et al., 

2016). By the end of the Early Ordovician, subduction of the 
Proto-Tethys Ocean induced regional compressional deformation, 
resulting in the formation of east–west-trending paleo-uplifts 
within the basin (Fig. 1). Subsequently, the carbonate platform 
subsided during the Late Ordovician, and the basin evolved into a 
structural framework characterized by alternating north–south- 
oriented depressions and uplifts. Recently, a strike-slip fault- 
controlled petroleum system has been recognized in the central 
basin (Fig. 1). Strike-slip faults connect the Cambrian source rocks 
with the Middle–Upper Ordovician fractured carbonate reservoirs, 
resulting in a series of hydrocarbon accumulations distributed 
along strike-slip fault zones (Wang et al., 2022; Yang et al., 2022; 
Zhu et al., 2022; Liu et al., 2025). Consequently, fractured reser
voirs of “sweet spots” associated with strike-slip fault zones have 
become primary drilling targets in deep Ordovician carbonates.

The Fuman oilfield, situated within the Northern Depression of 
the Tarim Basin, is the largest ultra-deep oilfield  discovered in 
China (Wang et al., 2022). NE-trending strike-slip faults with 
lengths of approximately 50–90 km have been identified  in this 
area (Fig. 1). These faults are mainly developed within the 
Cambrian–Ordovician, although some major faults extend upward 
into the Silurian–Devonian and Carbonate–Permian (Fig. 2; Yang 
et al., 2020; Deng et al., 2023). The Cambrian–Late Ordovician 
carbonate strata reach thickness of up to 3000 m, and are overlain 
by the Late Ordovician siliciclastic successions that exceed 1000 m 
in thickness. Integrated seismic interpretation and U–Pb dating of 
fracture cements indicate that the strike-slip faults initially 
formed during the Middle–Late Ordovician, with some major faults 
undergoing reactivations during the Silurian–Devonian and 
Carbonate–Permian periods (Yang et al., 2020; Wu et al., 2021; Liu 
et al., 2025).

These strike-slip faults are generally characterized by small 
displacements, with horizontal displacements typically less than 
500 m and vertical displacements less than 80 m within the Lower 
Paleozoic carbonates. Displacement generally increases with fault 
scale and progressive growth, with higher displacement and 
stronger deformation commonly localized within hard-linked 
segments (Yang et al., 2020). Most faults exhibit clear segmenta
tion, consisting of en �echelon or oblique fault segments that 
represent immature fault systems transitioning from isolated to 
soft-linked configurations,  with only a limited number of hard- 
linked segments (Fig. 2). In contrast, larger faults such as FI5 and 
FI17 approach fully through-going geometries and are character
ized by greater displacement and length (Yang et al., 2020; Deng 
et al., 2022, 2023). Except for localized transpressional hard- 
linked zones, most segments are linear faults displaying minimal 
vertical deformation, consistent with a predominantly pure strike- 
slip regime. This structural style contrasts with the conjugate “X- 
type” faults in the northern uplift and transfer faults in the 
southern uplift (Yang et al., 2020).

The strike-slip fault system is thought to be related to the 
northward compression associated with closure of the Proto- 
Tethys Ocean (Wu et al., 2021). The pre-existing NE-trending 
basement structures likely facilitated the development of transfer 
faults in the central uplift, accommodating contraction within the 
NW-trending anticlinal belts (Wu et al., 2016; Yang et al., 2020). 
Far-field compression from south to north across the Fuman oil
field  may have promoted the formation and propagation of NE- 
trending en �echelon/oblique strike-slip fault zones (Yang et al., 
2020; Wu et al., 2021; Deng et al., 2022). Progressive propaga
tion and linkage of the isolated segments are interpreted as the 
primary mechanism responsible for the development of a long 
strike-slip fault zone with relatively small displacement (Wu et al., 
2021). In addition, lithologic variations between different tectonic 
layers have also been proposed as an important control on 
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structural styles during fault evolution (Yang et al., 2020; Deng 
et al., 2022; Neng et al., 2025). In this context, understanding the 
through-going evolution of strike-slip fault zones is critical for 
evaluating fault segmentation, fractured reservoir distribution, 
and hydrocarbon accumulation within complex strike-slip fault- 
controlled petroleum systems (Yang et al., 2022; Wang et al., 
2022).

3. Methods and data

The relatively small vertical displacement observed within 
strike-slip fault zones in the Fuman oilfield  is consistent with a 
predominantly pure strike-slip regime (Yang et al., 2020; Deng 
et al., 2023). Accordingly, pure strike-slip analogue modeling was 
conducted using sandbox experiments according to geometric, 
kinematic, and dynamic similarity principles (Dooley and 
Schreurs, 2012; Xiao et al., 2017). Because the Cambrian– 
Ordovician carbonate succession exceeds 3000 m in thickness 
and exhibits relatively heterogeneous mechanical behavior, dry 
quartz sand was used in all experiments to simulate brittle rock 
deformation (Xiao et al., 2017).

The experimental kinematic setup was designed to reproduce 
the simple-shear strike-slip deformation inferred for the Fuman 
oilfield  (Yang et al., 2020). Because the relative motion of the 
two fault walls remains uncertain, three displacement patterns 
were tested: (1) unilateral displacement, (2) bilateral 

codirectional displacement, and (3) bilateral antidirectional 
displacement. Since displacement patterns can significantly in
fluence  fault evolution (e.g., Schreurs, 1994; Wu et al., 2009; 
Gonz�alez-Mu~noz et al., 2024), these experiments were 
designed to evaluate their effects on the through-going process. 
During each experiment, displacement (D) was measured from 
the onset of isolated fault segments to the development of a 
through-going fault zone. To enable comparison between 
models with different effective lengths, relative displacement 
(D/L; where L is the effective length) was calculated and used to 
characterize progressive fault evolution. This quantitative 
parameter provides a useful reference for seismic interpretation 
and evaluation of strike-slip faults in the Tarim Basin. The 
applied boundary conditions and driving mechanisms follow 
Xiao et al. (2017) and can be summarized as two main compo
nents: (1) contractional stress transmitted into the sand pack 
through an electric actuator and baffle  system, and (2) addi
tional contraction generated by elastic shortening of the basal 
rubber sheet coupled with the contractional baffle.

The model length was designed to be 700–800 mm, corre
sponding to natural strike-slip fault zone lengths of approximately 
50–100 km (Table 1), yielding an approximate geometric scaling 
ratio of 1:100,000. For the quantitative stage analysis, both D and 
D/L were recorded for each experiment. A comparative simple- 
shear experiment was also conducted for validation, and struc
tural interpretation focused primarily on surface deformation 

Fig. 1. (a) The strike-slip fault-controlled petroleum system, with the base map showing the structural outline at the top of the Ordovician carbonate, and the corner map showing 
the tectonic location of the Tarim Basina; (b) the stratigraphic column of the Cambrian–Ordovician in the central Tarim Basin (after Wang et al., 2022).
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Fig. 2. The fault segment model and seismic sections of the typical strike-slip fault zone FI7 in the Tarim Basin (red line showing strike-slip fault zone and the “bead shape” 
reflection showing large fracture-cave reservoir; O: overlap segment; the blue block in the model shows a falling block; To3: base of the Upper Ordovician; see location in Fig. 1; 
modified after Zhu et al. (2022).

Table 1 
Experimental parameters of the strike-slip fault in different evolution stages.

Experiment 
number

Moving 
type

Displacement 
pattern

Size, mm×

mm
Thickness, 
mm

Velocity, 
mm/s

Slicing Embryonic 
stage

Soft-linkage 
stage

Hard- 
linkage stage

Through- 
going stage

D, 
mm

D/L, 
%

D, mm D/L, 
%

D, mm D/L, 
%

D, mm D/L, 
%

1 Right- 
lateral

Unilateral 500×700 50 0.02 CT <9.6 <1.37 9.6 1.37 19.2 2.74 43 6.14

2 Right- 
lateral

Unilateral 500×700 50 0.01 CT <12 <1.71 12 1.71 23 3.29 48 6.86

3 Right- 
lateral

Unilateral 500×700 50 0.005 CT <11.4 <1.63 11.4 1.63 24 3.43 54 7.71

4 Right- 
lateral

Unilateral 500×700 80 0.005 CT <12.8 <1.83 12.8 1.83 24.9 3.56 54.3 7.76

5 Left-lateral Unilateral 600×800 70 0.04 No <14.4 <1.80 14.4 1.80 30 3.75 52.8 6.60
6 Left-lateral Bilateral 

codirectional
600×700 50 0.0025 CT <13.8 <1.91 13.8 1.97 18.6 2.66 45 6.43

7 Left-lateral Bilateral 
codirectional

600×700 50 0.005 Manually <13.2 <1.89 13.2 1.89 18.1 2.59 44.1 6.30

8 Right- 
lateral

Bilateral 
antidirectional

600×800 70 0.04*0.02 No <15.6 <1.95 15.6 1.95 31.2 3.90 56.4 7.05

9 Left-lateral Bilateral 
antidirectional

600×800 70 0.04*0.02 Manually <16 <2.00 16 2.00 33 4.13 57 7.13

10 Left-lateral Bilateral 
antidirectional

600×800 70 0.04*0.005 Manually <16.8 <2.10 16.8 2.10 35.7 4.46 58 7.25

11 Left-lateral Bilateral 
antidirectional

600×800 70 0.04*0.005 Manually <17.5 <2.19 17.5 2.19 38.5 4.81 61 7.63

12 Left-lateral Bilateral 
antidirectional

600×800 100 0.075*0.005 No <19 <2.38 19 2.38 37 4.63 60 7.50

(Size: width×length; velocity: 0.04*0.02 showing the different velocity of the two walls; the values of the late three stages are the threshold values).
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patterns. Cover thickness was variable between 50 and 70 mm, 
corresponding to an approximate thickness scaling of ~1:50,000. 
This thickness ratio is larger than the length scaling because ac
curate observation and measurement require relatively thick sand 
layers (Dooley and Schreurs, 2012; Xiao et al., 2017). To evaluate 
the influence of cover thickness on upward fault propagation and 
linkage, additional experiments were conducted with a 100 mm 
cover thickness. Displacement velocity ranged from 0.0025 mm/s 
to 0.08 mm/s (Table 1). Although the implied temporal scaling 
differs from length scaling (reaching up to ~1:100,0000 in some 
cases), such velocity ranges are commonly considered appropriate 
in analogue modeling studies investigating rate effects on fault 
evolution (Dooley and Schreurs, 2012; Xiao et al., 2017).

All experiments were conducted in the Structural Simulation 
Laboratory at Southwest Petroleum University and the Northwest 
Branch of the CNPC Research Institute of Petroleum Exploration 
and Development. The experimental apparatus consists of a main 
control platform and a sandbox deformation system (Fig. 3; Xiao 
et al., 2017). Computed tomography (CT) scanning was used to 
obtain vertical and horizontal slices of selected models in order to 
investigate internal deformation structures. This technique relies 
on differences in X-ray attenuation caused by density contrasts 
associated with faulting (Mattioni et al., 2006; Cui et al., 2021). 
Four models were scanned using CT, with each scan lasting 
approximately 10 min. Experimental parameters and quantitative 
results are summarized in Table 1.

4. Experimental results

4.1. Unilateral displacement experiments

Unilateral displacement experiments (Experiments 1–5) are 
illustrated using Experiment 2 as a representative case (Fig. 4; 
Table 1).

With progressive dextral displacement in Experiment 2, mul
tiple strike-slip-related structures developed on the model sur
face, including en �echelon strike-slip fracture arrays (Fig. 4). At an 
early stage (D = 12 mm, D/L = 1.71%), R-shear fractures initiated on 
the surface at an intersection angle typically greater than 15◦

relative to the principal displacement zone (PDZ). These fractures 
propagated upward from the basal discontinuity, while the fault 
zone remained narrow during this initiation stage, corresponding 
to early R-shear development. R-shear fractures tended to deflect 
toward the active fault wall and progressively lengthened. Over
lapping segments formed soft-linked zones within stepovers.

With increasing basal displacement (D = 23 mm, D/L = 3.29%), 
low-angle R-shear fractures developed together with P- and Y- 

shear fractures on the model surface. R-shear fractures continued 
to lengthen, and minor uplift associated with basal contraction 
locally widened the strike-slip zone. The appearance and activity 
of Y-shear fractures indicate the onset of hard-linkage. With 
further deformation (D = 48 mm, D/L = 6.86%), abundant R-, P-, 
and Y-shear fractures developed, accompanied by enhanced link
age and interaction among fault segments. Subsequently, growth 
in fracture length and fault-zone width diminished, whereas 
deformation became increasingly localized within hard-linked 
zones where secondary fractures and damage zones interacted 
more intensely. Transpression produced localized uplifts, whereas 
transtensional segments generated small sags. Ultimately, the 
fracture network became connected mainly by Y-shear structures 
along the PDZ, marking the through-going stage. During this stage, 
fault-bounded horsts and sags progressively developed as fault 
linkage intensified. The overall fault-zone width remained nearly 
constant, while deformation continued to concentrate within the 
hard-linked zones.

Across Experiments 1–3, the displacement thresholds (D and D/ 
L) associated with each evolutionary stage generally increased as 
displacement velocity decreased (Table 1). For example, when 
velocity decreased from 0.02 mm/s to 0.005 mm/s, the through- 
going threshold increased from D = 42 mm (D/L = 6.00%) to 
D = 54 mm (D/L = 7.71%). Comparisons between Experiments 3 
and 4 show that increasing cover thickness also increase D and D/L 
thresholds for each stage. Experiment 5 simultaneously varies 
model length, thickness, and displacement velocity, resulting in 
different threshold values and suggesting that all three parameters 
influence the stage transitions.

4.2. Bilateral codirectional displacement experiments

Experiments 6 and 7 illustrate the bilateral codirectional 
displacement pattern (Fig. 5; Table 1). In Experiment 6, progressive 
sinistral displacement produced typical strike-slip structures on 
the model surface (Fig. 5). At an early stage (D = 13.8 mm, D/ 
L = 1.97%), R-fractures initiated within a narrow fault zone, 
marking the transition from the embryonic stage to the R-shear 
stage. Soft-linked stepovers developed as en �echelon fractures 
propagated at their tips. With continued displacement 
(D = 18.6 mm, D/L = 2.66%), low-angle R- and P-fractures 
appeared, while both fracture lengths and fault-zone width 
increased. At larger displacement (D = 45 mm, D/L = 6.43%), R- 
shear fractures showed limited additional growth and the overall 
fault-zone width remained relatively stable. Numerous fine frac
tures developed within overlapped zones, and the strike-slip zone 
became progressively organized. Eventually, fractures connected 

Fig. 3. Sandbox model for the through-going experiments (after Xiao et al., 2017).
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along the basal discontinuity direction through Y-shear fractures. 
Continued deformation produced persistent fracturing without 
additional widening of the fault zone, while Y-shear structures 
remained active, indicating a through-going stage.

In Experiments 6 and 7, the D and D/L thresholds generally 
decrease with increasing displacement and displacement velocity. 
The through-going process resembles that observed in the uni
lateral models. Compared with unilateral Experiments 1–4, bilat
eral codirectional models tend to show slightly larger D and D/L 
values during early R-shear development, but somewhat lower 
thresholds during Y-shear and through-going stages. This differ
ence likely reflects  the kinematic effects of bilateral motion, 
although variations in velocity and thickness among experiments 
may also contribute.

4.3. Bilateral antidirectional displacement experiments

Experiments 8–12 represent the bilateral antidirectional 
displacement pattern (Fig. 6; Table 1), which may better approx
imate the kinematics of major strike-slip faults in the Fuman oil
field  (Yang et al., 2020; Deng et al., 2023). Because the relative 

velocity between the two fault walls equals the sum of their 
opposing motions, the effective shear rate in this configuration is 
higher than in the unilateral and codirectional models. Since some 
major faults in the oilfield approach through-going stage geome
tries, experiments in this group employed larger model length and 
thicker sand layers for comparison.

In Experiment 8, progressive displacement produced abundant 
strike-slip structures on the model surface (Fig. 6). During the 
early R-shear stage (D = 15.6 mm, D/L = 1.95%), R-shear fractures 
appeared, and the narrow fault zone marked the transition from 
embryonic to R-shear development. At D = 31.2 mm (D/L = 3.90%), 
low-angle R-shear fractures rapidly developed, accompanied by 
increases in fracture length and fault-zone width. Y-shear frac
tures formed and linked overlapping R-shear segments, and 
deformation associated with hard linkage intensified.  At 
D = 56.4 mm (D/L = 7.05%), R- and Y-shear lengths stabilized and 
fault-zone width became nearly constant, while deformation 
continued to intensify within hard-linked zones. At this stage, 
previously independent fracture sets became connected by Y- and 
P-shear fractures parallel to the basal discontinuity, marking the 
onset of the through-going stage. Continued displacement 

Fig. 4. The analogue models of different stages with the unilateral displacement in Experiment 2. (a)–(d) showing the fractures of different stages: the embryonic, soft-linkage, 
hard-linkage and through-going stages; (a’)–(d’) showing the interpreted images of different stages. D: displacement; D/L: relative displacement.

Fig. 5. The analogue models of different stages with the bilateral codirectional displacement in Experiment 6 (the subfigure labels are the same as in Fig. 4).
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produced persistent internal deformation; however, the fault-zone 
width did not increase further, and deformation remained local
ized within overlap zones.

Within this experiment group, the D and D/L thresholds in
crease as displacement velocity decreases from Experiments 8 to 
11. Consistent with the other model sets, thicker cover in Experi
ment 12 results in larger D and D/L thresholds. Overall, D and D/L 
values in the antidirectional group are generally higher than those 
in the other kinematic groups. However, the D/L thresholds for the 
through-going stage cluster within ~7.05%–7.75%, similar to those 
observed in unilateral Experiments 3–4.

5. Discussion

5.1. Evolutionary stages of strike-slip fault zones

Pure strike-slip fault zones are characterized by horizontal 
motion within an approximately isotropic mechanical environ
ment, making them well suited for analogue modeling (Naylor 
et al., 1986; Schreurs, 1994; Xiao et al., 2017). The simple shear 
experiments presented here show broadly similar evolutionary 
processes for strike-slip fault zones (Table 1; Figs. 4–6). Although 
fracture geometries and displacement thresholds vary among 
models, all experiments evolve from segmented en �echelon or 
oblique fractures toward a through-going fault zone. This evolu
tion can be generalized into four stages: embryonic, soft-linkage, 
hard-linkage, and through-gonging (Fig. 7). These stages broadly 
correspond to the embryonic, R-shear, P-Y shear and through- 
going stages of Xiao et al. (2017). CT-derived 3D images further 
highlight the distinct internal architectures associated with these 
stages (Fig. 8).

During the embryonic stage, fractures propagate upward from 
the basal discontinuity and first appear at the model surface as en 
�echelon/oblique segments (Figs. 4–9). In all experiments, R-shear 
fractures are the earliest localized structures and require finite 
strain to propagate from the base to the surface (Fig. 9(a)–(e)), 
consistent with the classic Riedel shear framework (Naylor et al., 
1986; Dooley and Schreurs, 2012; Xiao et al., 2017). Because 
strike-slip deformation is driven by basement motion, these 
models highlight the importance of strain transfer from deep to 
shallow structural levels under pure strike-slip conditions. Hori
zontal CT slices further indicate vertical transmission of defor
mation through the cover (Fig. 8). R-shear fractures typically form 
en �echelon or oblique arrays at the surface, which may reflect 
stress rotation with depth (Naylor et al., 1986; Xiao et al., 2017). 
Differences relative to wet kaolin experiments, in which 

distributed shear may precede discrete en �echelon fractures, likely 
reflect differences in material properties and early off-fault dam
age (Hatem et al., 2017). Except for maximum principal stress (σ1), 
off-fault fracturing may also be influenced by the magnitude and 
orientation of the intermediate principal stress (σ2) (Naylor et al., 
1986; Atmaoui et al., 2006; Dooley and Schreurs, 2012; Xiao 
et al., 2017). In our models, thickness scaling is relatively large 
compared with length scaling (Table 1), which may enhance the 
influence of σ2. Consequently, fractures are not strictly vertical in 
section (Fig. 7; Xiao et al., 2017), and fault dips are less than those 
interpreted from Tarim seismic data (Fig. 2; Yang et al., 2020). In 
this context, R-shears may develop helicoidal geometries and 
undergo off-fault rotation, with the intersection angle between R- 
fracture and the PDZ decreasing with depth (Fig. 9(f)). In the 
central Tarim Basin, strike-slip faults within the 
Cambrian–Ordovician carbonates generally consist of oblique 
segments with small intersection angles (<15◦) relative to the PDZ, 
whereas some en �echelon segments show larger angles (Fig. 2). 
This depth-dependent change is commonly interpreted as 
reflecting multi-stage reactivation (Deng et al., 2022; Yang et al., 
2020). Alternatively, progressive off-fault rotation and distrib
uted R-shear development may also contribute to decreasing 
intersection angles from depth to surface.

Once en �echelon or oblique fractures reach the surface, the 
fracture network enters the soft-linkage stage. In unilateral 
models, fractures tend to initiate near the driving boundary and 
propagate along strike (Fig. 4(a)). Segments lengthen mainly by tip 
propagation, forming overlap zones. However, significant  inter
action within overlap zones remains limited until Y-shear fractures 
develop and connect adjacent segments (Figs. 4–9). Segment 
linkage and interaction then define  the hard-linkage stage, typi
cally facilitated by Y-shear connections that promote development 
of a continuous deformation zone (e.g., Cartwright et al., 1995; 
Peacock, 2002; Kim and Sanderson, 2005; Peacock et al., 2017). 
During this stage, en �echelon segment growth slows, and defor
mation becomes increasingly localized within overlap zones. P- 
shears are not always required for linkage in our models, which 
differs slightly from the combined P–Y stage described by Xiao 
et al. (2017). With progressive linkage, deformation concentrates 
along the PDZ (Fig. 7(a)). The fracture network evolves toward 
through-going behavior, commonly accompanied by localized 
horst–graben development and concentrated damage within 
overlap zones.

Overall, considering upward propagation from the base and 
progressive linkage from segmented to through-going arrays, four 
stages are defined  for the through-going process (Fig. 7). This 

Fig. 6. The analogue models of different stages with the bilateral antidirectional displacement in Experiment 8 (the subfigure labels are same as in Fig. 4).
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Fig. 8. 3D modeling by CT images for the four-stage evolution of the strike-slip zone: (a) the embryonic, (b) soft-linkage, (c) hard-linkage and (d) through-going stages. The black 
lines show the fractures.

Fig. 7. (a) A downward sketch of the through-going stage (the curve lines show the fractures; the red blocks show the exposure of the deep layer); (b) the planar and (c) 3D sketch 
of the four stages showing through-going process in the pure strike-slip fault zone. (1) embryonic stage: R-shear fractures develop; (2) soft-linkage stage: R-shear fractures 
propagate and overlap, and the strike-slip fault zone width is relatively narrow; (3) hard-linkage stage: Y-shear fractures develop and link, and the width of strike-slip faults 
increases and en �echelon fractures are hard-linked and interact; (4) through-going stage: Y-shear fractures link to be a through-going fault zone, and the unified displacement 
occurs along the main fault zone.
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framework is broadly consistent with previous analogue studies 
(Naylor et al., 1986; Schreurs, 1994; Dooley and Schreurs, 2012; 
Xiao et al., 2017; Gonz�alez-Mu~noz et al., 2024), although 
different materials and deformation mechanisms may produce 
distributed strain or alternative fracture networks during the 
earliest stage (Hatem et al., 2017). The linkage-driven through- 
going process is also widely documented in natural strike-slip 
systems (Sylvester, 1988; Willemse et al., 1997; Kim and 
Sanderson, 2005; Torabi and Berg, 2011; Pennacchioni and 
Mancktelow, 2013; Bramham et al., 2021; Kumar et al., 2023; Liu 
et al., 2023; Abdelhaleem et al., 2024). In the Tarim Basin, many 
immature strike-slip faults present evolutionary sequences from 
isolated to soft-linked, hard-linked, and locally through-going 
structures (Wu et al., 2020, 2021; Yang et al., 2020; Liu et al., 
2023). Unlike the predominantly Y-shear linkage observed in our 
experiments, segment propagation and interaction may play a 
stronger role in the Tarim Ordovician reservoirs because many 
segments intersect the PDZ at relatively low angles (Fig. 2). This 
mechanism differs from models invoking sequential vertical link
age between lower and upper fault levels (Deng et al., 2019). 
Therefore, oblique segment propagation and interaction may be 
particularly important for through-going development in the 
Ordovician carbonate rocks of the Tarim Basin.

5.2. Quantification of the through-going process of strike-slip fault 
zones

Strike-slip fault zones generally comprise multiple segments 
that progressively link to form a through-going fault zone (e.g., 
Kelly et al., 1998; Swanson, 2006). Analogue studies have docu
mented this linkage process from isolated segments to through- 
going structures (Rahe et al., 1998; Dooley and Schreurs, 2012; 
Xiao et al., 2017), and natural examples from the Tarim intra
cratonic basin further highlight the importance of segmentation 
and linkage during fault-zone growth (Wu et al., 2020; Liu et al., 
2023). In our experiments, the soft- and hard-linkage stages are 
particularly diagnostic for evaluating the through-going process 

(Figs. 4–9), because fracture types and displacement thresholds 
vary systematically with progressive linkage and can therefore be 
quantified.

Both displacement (D) and relative displacement (D/L) show 
consistent relationships with the identified  evolutionary stages 
(Figs. 10 and 11), supporting their use for quantitative stage defi
nition. Given the strong correlation between D and D/L (Fig. 10) 
and the variability in absolute displacement among natural cases, 
D/L provides a more robust metric for quantifying the through- 
going process. The boundary between the embryonic stage and 
the onset of R-shear development is defined by the first appear
ance of R-shear fractures at the model surface. When D/L is less 
than 1.37%–2.38% (Fig. 11, Table 1), R-shear fractures initiate during 
the embryonic stage and form scattered en �echelon or oblique 
fractures intersecting the PDZ at angles typically less than 20◦. 
These embryonic fractures remain isolated and do not develop 
significant overlap zones, consistent with the small displacement 

Fig. 10. The D–D/L correlation of the analogue models at different stages.

Fig. 9. The deformation and fractures at the surface of the sandbox with displacement (a–c), and the sections by CT photos (d, e) in Experiment 8; (f) sketch model of the R-shear 
fracture growth from base to cover surface (modified after Xiao et al., 2017). θ: intersection angle between the fault and PDZ.
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associated with early strike-slip evolution (Xiao et al., 2017) (see 
Fig. 12).

With increasing displacement, the number and length of R- 
shear fractures increase (Figs. 4–6, 8), and en �echelon or oblique 
segments progressively approach one another, generating soft- 
linkage within overlap zones. R-shear fractures continue to 
lengthen by tip propagation, although growth rates commonly 
decrease and splay fractures may develop near segment tips. A 
decreased intersection angle between R-shears and the PDZ may 
further promote overlap and linkage. Minor P- and Y-shear frac
tures may also initiate during this interval. When D/L increases to 
approximately 2.59%–4.81% (Fig. 11; Table 1), soft-linkage becomes 
predominant along strike, although localized hard-linkage may 
occur where Y-shears connect adjacent R-shears. At this stage, 
segmentation remains pronounced, consistent with analogue and 
natural examples of immature strike-slip fault zones (Dooley and 

Schreurs, 2012; Barcos et al., 2016; Xiao et al., 2017; Yang et al., 
2020).

As displacement continues to accumulate, Y-shear fractures 
increasingly connect R-shear segments, producing hard-linkage 
between fracture networks (Figs. 4–6, 8). Parallel en �echelon 
fractures interact through Y-shear connections, strengthening 
secondary fracturing and localized deformation within overlap 
zones. Localized faulted horsts and grabens develop within these 
zones, reflecting  segment interaction and linkage-related strain 
localization (Xiao et al., 2017). Although such linkage and inter
action are readily recognized in analogue experiments, they are 
difficult to resolve in the ultra-deep subsurface of the Tarim Basin 
using conventional seismic imaging (Wu et al., 2016, 2020). In 
natural cases, the presence of Y-shear connections and along- 
strike structural relief may serve as indirect indicators of 
segment interaction and hard-linkage, potentially reflected by 

Fig. 11. The D and D/L values vary in different stages with the different displacement patterns (a), cover thickness (b) and displacement velocity (c). The data are from Table 1.
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localized fractured rocks and enhanced deformation within over
lap zones (Fig. 2).

When D/L exceeds approximately 6.14%–7.76% (Fig. 11; Table 1), 
the fault zone enters the through-going stage, characterized by a 
connected deformation corridor along the PDZ. In analogue 
models, the through-going geometry is readily identified 
(Figs. 4–6, 8), whereas in the deep Tarim Basin it can remain 
ambiguous. Because vertical displacement at segment tips is 
generally limited under pure strike-slip conditions, along-strike 
variations in vertical displacement or structural relief may pro
vide a useful proxy for identifying through-going behavior in 
seismic interpretation. At this stage, increased basal displacement 
produces distinct stratigraphic offset and a continuous PDZ, while 
internal fractures become increasingly interconnected and defor
mation becomes concentrated along the PDZ. The fault zone ap
proaches a more mature through-going architecture in which 
deformation and displacement become more laterally continuous, 
in contrast to the strongly segmented displacement distribution of 
earlier stages. This evolution differs from strike-slip systems in 
continental margins, where through-going faults commonly 
develop larger displacements and different scaling relationships 
(e.g., Sylvester, 1988; Woodcock and Schubert, 1994; Curren and 
Bird, 2014). In the Tarim intracratonic basin, most strike-slip 
fault zones likely remain in immature soft- to hard-linkage 
stages and have not yet reached a fully through-going stage (Yang 

et al., 2020). Some studies suggest that initial fractures may form 
near the top or bottom of the cover and be followed by new 
fractures developing within intermediate layers (Neng et al., 
2025), which warrants further analogue and theoretical 
investigation.

Repeatability is supported by experiments conducted under 
comparable conditions (e.g., Experiments 3–4 and 8–9), which 
yield similar D and D/L thresholds with deviations typically less 
than 1% (Table 1). Nevertheless, some variability remains (Table 1; 
Fig. 11), likely reflecting sensitivity to basal configuration, sand 
preparation, and boundary conditions. Unilateral experiments 
show larger scatter among stage thresholds, suggesting greater 
sensitivity to asymmetric boundary motion and operational ef
fects. Thicker sand packs, slower displacement rates, and more 
tightly controlled experimental preparation may reduce this 
scatter. In addition, the D and D/L values cluster more tightly at the 
through-going stage than during earlier transitional stages. 
Higher-resolution displacement monitoring and slower displace
ment rates may further improve constraints on threshold values 
for different stages.

Overall, the relative displacement (D/L) metric effectively cap
tures the progressive through-going process in simple-shear 
strike-slip fault zones and provides quantitative thresholds for 
the transitions through R-shear development, soft-linkage, hard- 
linkage, and the through-going stage.

Fig. 12. The fracture network comparison between unilateral (a), bilateral codirectional (b), and bilateral antidirectional (c) displacement experiments. ①: embryonic stage; ②: 
soft-linkage stage; ③: hard-linkage stage; ④: through-going stage; the black arrow showing the movement direction.
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5.3. Factors influencing the through-going process

Previous studies indicate that strike-slip fault formation and 
architecture can be influenced by regional and local stress fields, 
kinematic pattern, pre-existing structures, and rock mechanical 
properties (Naylor et al., 1986; Aydin and Schultz, 1990; Richard 
et al., 1995; Crider and Peacock, 2004; Ma et al., 2009; Curren 
and Bird, 2014; Barcos et al., 2016). Analogue experiments 
commonly show progressive evolution from isolated segments to 
through-going fault zones (Dooley and Schreurs, 2012; Barcos 
et al., 2016; Xiao et al., 2017). Our experiments also reveal stage- 
dependent ranges in displacement thresholds under pure strike- 
slip conditions, implying that multiple factors modulate the 
through-going process. Therefore, we focus on the roles of 
displacement pattern, cover thickness, and displacement velocity 
within the quantitative framework established above.

5.3.1. Displacement pattern
Displacement pattern exerts a first-order  control on the 

through-going process (Table 1; Fig. 11(a) and (a’), 12). In general, 
stage thresholds (D and D/L) increase from bilateral codirectional 
to unilateral and then to bilateral antidirectional models. Codir
ectional motion may facilitate upward propagation of deformation 
from the basal discontinuity into the cover, which is broadly 
consistent with codirectional strike-slip kinematics inferred for 
parts of the central uplift in the Tarim Basin (Wu et al., 2016; Yang 
et al., 2020). Differences in velocity between the two fault walls 
may also promote propagation of transfer faults from the base to 
the shallow subsurface, potentially contributing to the higher de
gree of connectivity reported in some structural domains. How
ever, the relationship between pure strike-slip faults and transfer 
faults requires further investigation.

Within our pure strike-slip experiments, antidirectional 
models show more stable D/L thresholds than unilateral models. 
For example, D/L values at the through-going stage vary by 
approximately 9% in antidirectional models but by approximately 
21% in unilateral models, and variability in earlier stages can 
exceed 30% in unilateral experiments. This suggests that unilateral 
experiments are more susceptible to boundary-condition sensi
tivity and operational effects, potentially because unilateral 
driving requires the active wall to transmit motion to the passive 
wall, introducing greater mechanical and experimental instability.

5.3.2. Cover thickness
The cover thickness can influence both R-shear length and the 

width of the strike-slip fault zones (Atmaoui et al., 2006; Xiao 
et al., 2017). In our experiments, D/L generally increases with 
increasing cover thickness (Fig. 11(b), (b’)), indicating that thick 
cover delays the attainment of through-going connectivity and 
requires larger relative displacement thresholds. This trend sug
gests that cover thickness is an important control on the 
displacement required to reach the through-going stage. Correla
tions appear weaker during the soft- and hard-linkage stages, 
implying that early-stage fracture growth may be less sensitive to 
thickness than the final  development of a continuous PDZ. This 
difference suggests that deformation mechanisms may differ be
tween early segment-growth stages and later through-going 
development.

In the Tarim Basin, fault-zone width and en �echelon spacing or 
width have been linked to the overburden thickness (Deng et al., 
2019), supporting the importance of stratigraphic thickness. 
However, layered deformation in natural examples is often over
printed by multiple deformation phases (Deng et al., 2019; Yang 
et al., 2020), complicating direct comparison. Because thickness 
scaling in our models exceeds length scaling (Table 1), the 

experiments produce relatively smaller fault dips and complex 
internal geometries. Further work is therefore needed to isolate 
the subtle effects of thickness, stratigraphic heterogeneity, and 
basement structural inheritance.

5.3.3. Displacement velocity
Displacement velocity also influences  the through-going pro

cess (Fig. 11(c), (c’); Table 1). Except for the single fastest experi
ment, unilateral and bilateral antidirectional models show a 
general decrease in D and D/L thresholds with increasing velocity, 
suggesting that shear rate can modulate fracture initiation and 
linkage (Dooley and Schreurs, 2012; Hatem et al., 2017; Xiao et al., 
2017). However, in experiments with thicker covers (e.g., Experi
ments 5 and 12), the highest velocities appear less sensitive, 
implying that thickness-related effects may partly mask the in
fluence of velocity.

In the Tarim intracratonic basin, strike-slip displacement rates 
are likely slower than in many continental-margin strike-slip fault 
systems (Sylvester, 1988; Yang et al., 2020), which may contribute 
to the requirement for larger cumulative displacement to achieve 
through-going connectivity. Because natural displacement rates 
remain poorly constrained, additional case studies are needed to 
better evaluate rate effects.

5.4. Implications for subsurface strike-slip fault patterns and 
evolution

Case studies indicate that en �echelon/oblique segments are 
widespread at different depths and displacement levels prior to 
through-going development of strike-slip fault zones in the Tarim 
Basin (Yang et al., 2020). Given that the relative displacement (D/L) 
of major strike-slip fault zones in the Tarim Basin is commonly less 
than 6% (Yang et al., 2020; Wu et al., 2021; Deng et al., 2022), most 
fault zones are unlikely to have entered the fully through-going 
stage, consistent with analogue-based strike-slip fault evolution 
models in this study. This highlights the need for detailed 
segmentation-focused interpretation of intracratonic strike-slip 
fault systems in the deep subsurface.

Seismic attribute enhancement often produces apparently 
continuous strike-slip fault traces in the Tarim intracratonic basin 
(Yang et al., 2020; Wang et al., 2022). On seismic sections, small- 
scale strike-slip faults may appear as a single steep fault plane 
(Fig. 2). However, measured displacements of strike-slip faults in 
the Tarim Basin are generally small (D/L < 5%) (Wu et al., 2016, 
2020; Yang et al., 2020; Deng et al., 2022), and most major 
strike-slip faults show horizontal offsets of less than 500 m. The 
largest offset estimated from the Cambrian platform markers 
reaches approximately 670 m (Du et al., 2020). In some large fault 
zones, apparent horizontal displacement ranges from 300 m to 
770 m and may reach approximately 1817 m based on offsets 
measured from seismic horizontal slices (Deng et al., 2019), while 
values up to 1780 m have been reported in the central uplift (Han 
et al., 2017). These apparent displacements may be influenced by 
the geometry of transfer faults, the distance between fault walls, 
and stratigraphic or structural deviations in seismic slicing (Yang 
et al., 2020). The broad displacement range likely reflects  both 
measurement uncertainty and genuine segmentation-related 
variability, consistent with our experimental results.

Our analogue results suggest that fault zones with small 
displacement are generally too immature to be fully through- 
going, supporting interpretations of pronounced segmentation in 
both fault architecture and reservoir compartmentalization (Wu 
et al., 2020; Wang et al., 2022; Yang et al., 2022). Seismic attri
bute patterns and fault styles of large strike-slip faults also indi
cate along-strike segmentation (Yang et al., 2020). Even where 
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some segments appear hard-linked, a small-displacement fault 
zone does not necessarily constitute a fully through-going struc
ture, consistent with the D/L-based stage thresholds established in 
this study. In the central Tarim Basin, small-scale strike-slip faults 
commonly comprise en �echelon or oblique segments (Deng et al., 
2022, 2023), matching the patterns in our experiments. As en 
�echelon faults merge downward into the PDZ and accommodate 
strike-slip displacement, transtensional en �echelon faults above 
the Ordovician should not necessarily be interpreted as normal 
faults (Han et al., 2017; Deng et al., 2019).

Intracratonic strike-slip fault zones with small displacement 
typically contain multiple soft- and hard-linked segments (e.g. 
Yang et al., 2020). Segment linkage can produce substantial 
fault-length growth, commonly greater than 50 km, potentially 
doubling fault-zone length without a proportional increase in 
displacement and thereby deviating from power-law 
displacement–length scaling relationships (Torabi and Berg, 
2011; Ma et al., 2019; Wu et al., 2020, 2021). In such systems, 
secondary fault splays commonly align with the maximum prin
cipal stress direction, while deformation and displacement 
concentrate within overlap zones between segments. Unlike 
mature through-going faults, this segmented linkage style pro
duces localized strain concentration in hard-linked stepovers (Kim 
and Sanderson, 2005; Faulkner et al., 2010; Wu et al., 2020), 
leading to long fault zones with relatively small displacement. This 
behavior has important implications for hydrocarbon migration, 
trapping, and reservoir compartmentalization in the Tarim Basin 
(Wu et al., 2016, 2021; Deng et al., 2022; Yang et al., 2022; Liu et al., 
2023). Reservoirs and fluids may be compartmentalized by fault 
segmentation, forming a series of segment-controlled hydrocar
bon accumulations along the strike-slip corridors.

In many natural cases, quantifying the through-going process 
remains challenging because it is influenced  by lithology, rock 
properties, preexisting structures, and faulting mechanisms 
(Sylvester, 1988; Crider and Peacock, 2004; Curren and Bird, 2014; 
Bramham et al., 2021; Kumar et al., 2023; Abdelhaleem et al., 
2024). Nevertheless, many strike-slip systems undergo progres
sive linkage from isolated segments to through-going fault zones 
(Cartwright et al., 1995; Peacock, 2002; Kim and Sanderson, 2005; 
Torabi and Berg, 2011; Durand-Riard et al., 2013; Peacock et al., 
2017; Lucas et al., 2023). Their geometric and kinematic charac
teristics can therefore be related to specific  evolutionary stages. 
Although displacement thresholds may vary over a wide range 
owing to different controlling factors, the D/L-based quantitative 
framework proposed here provides a practical tool for stage 
discrimination and subsurface interpretation, particularly for 
small-displacement intracratonic strike-slip systems such as those 
in the Tarim Basin.

6. Conclusions

This study provides the following key conclusions regarding the 
through-going process of pure strike-slip fault zones.

(1) Under pure strike-slip conditions, fault zones evolve 
through four progressive stages—embryonic, soft-linkage, 
hard-linkage, and through-going—driven by segment 
propagation, interaction, and linkage.

(2) The stage transitions of a strike-slip fault zone can be 
quantitatively constrained by relative displacement (D/L), 
with threshold ranges of 1.37%–2.38%, 2.59%–4.81%, and 
6.14%–7.76% corresponding to the successive transitions to 
surface R-shear development, linkage-dominated growth, 
and through-going connectivity, respectively.

(3) Displacement thresholds for different stages increase with 
increasing cover thickness and generally increase from 
bilateral codirectional to unilateral and then to bilateral 
antidirectional displacement patterns, whereas higher 
displacement velocity tends to reduce threshold values.

(4) The quantitative analogue framework developed here pro
vides a useful reference for discriminating segmentation 
and linkage mechanisms in strike-slip fault zones and sup
ports improved interpretation of intracratonic strike-slip 
systems in the deep subsurface.
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