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Abstract:  In the ultra-deep strata of the Tarim Basin, the vertical growth process of strike-slip faults remains unclear, and the 

vertical distribution of fractured-cavity carbonate reservoirs is complex. This paper investigates the vertical growth process of 

strike-slip faults through field outcrop observations in the Keping area, interpretation of seismic data from the Fuman Oilfield, 

Tarim Basim, NW China, and structural physical simulation experiments. The results are obtained mainly in four aspects. First, 

field outcrops and ultra-deep seismic profiles indicate a three-layer structure within the strike-slip fault, consisting of fault core, 

fracture zone and primary rock. The fault core can be classified into three parts vertically: fracture-cavity unit, fault clay and 

breccia zone. The distribution of fracture-cavity units demonstrates a distinct pattern of vertical stratification, owing to the 

structural characteristics and growth process of the slip-strike fault. Second, the ultra-deep seismic profiles show multiple 

fracture-cavity units in the strike-slip fault zone. These units can be classified into four types: top fractured, middle connected, 

deep terminated, and intra-layer fractured. Third, structural physical simulation experiments and ultra-deep seismic data in-

terpretation reveal that the strike-slip faults have evolved vertically in three stages: segmental rupture, vertical growth, and 

connection and extension. The particle image velocimetry detection demonstrates that the initial fracture of the fault zone oc-

curred at the top or bottom and then evolved into cavities gradually along with the fault growth, accompanied by the emer-

gence of new fractures in the middle part of the strata, which subsequently connected with the deep and shallow cavities to 

form a complete fault zone. Fourth, the ultra-deep carbonate strata primarily develop three types of fractured-cavity reservoirs: 

flower-shaped fracture, large and deep fault and staggered overlap. The first two types are larger in size with better reservoir 

conditions, suggesting a significant exploration potential. 

Key words:  strike-slip fault; vertical growth; evolution process; structural physical simulation experiment; Ordovician frac-

tured-cavity carbonate reservoir; ultra-deep; Tarim Basin; Fuman oilfield 

Introduction 

In recent years, large-scale strike-slip faults have been 

identified within the Paleozoic carbonate formations in 

the platform area of the Tarim Basin. The fractured-cavity 

reservoirs controlled by these faults have attracted ex-

tensive attention from geologists worldwide. In particular, 

the Fuman Oilfield in the Tarim Basin, NW China, repre-

sents a typical fault-controlled karst region and has be-

come a critical exploration target for increasing reserves 

and production from carbonate reservoirs in the Tarim  

Basin [1–9]. Numerous studies indicate that this type of 

strike-slip faults is structurally characterized by 

multi-phase deformation superimposition, vertically 

stratified distribution, and planar segmented rupture. 

Specifically, the vertically stratified distribution is con-

trolled by varying formation lithology and multiple tec-

tonic movements; the planar segmentation is governed 

by the internal structure and growth & linkage process of 
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the strike-slip faults; and the multi- phase deformation 

superimposition is constrained by changes in the regional  

tectonic stress field [2, 6, 10–18]. The structural styles of strike- 

slip faults are diverse and complex in both plan and 

cross-section. 

Structural physical simulation experiment is a vital 

technique for studying the formation and evolution of 

strike-slip faults. By designing various experimental 

models, researchers have yielded significant insights. 

Through physical simulation experiments, Cloos and 

Naylor divided the planar evolution of strike-slip fault 

zone into approximately four stages [19–20]. Xiao employed 

computed tomography (CT) imaging technology in 

physical simulation experiments to reconstruct the evo-

lutionary process of strike-slip fault zone [21]. His work 

revealed a “spiral-dragging” development pattern in en 

echelon structures and demonstrated that incipient 

strike-slip structures splay upward in cross-section, 

forming deformation zones with appreciable width. Pre-

vious studies have predominantly focused on the planar 

distribution and lateral segmentation of strike-slip faults, 

but inadequately dealt with the vertical evolution process 

of the fault zone and its coupling with fracture-cavity 

units. During strike-slip faulting, surrounding rocks un-

dergo fracturing. Subsequent subaerial exposure and 

dissolution or the influence of deep fluids can lead to the 

formation of fault-controlled fractured-cavity reservoirs, 

which exhibit a distinctive “beaded” reflection pattern on 

seismic profiles [13, 22]. Exploration findings in the Fuman 

Oilfield demonstrate that fractured-cavity reservoirs as-

sociated with strike-slip faults distribute heterogeneously 

in vertical direction within the fault zone [6, 12, 14, 23–26]. The 

controlling effects of the complex internal structure and 

vertical growth processes of strike-slip faults on the dis-

tribution of fractured-cavity reservoirs remain poorly 

constrained and urgently require further research. 

This study integrates detailed analysis of typical field 

outcrops, seismic profile interpretation, physical simula-

tion experiment, and particle image velocimetry (PIV) 

monitoring to reconstruct the vertical evolution process 

of strike-slip faults, establish a structural model of 

strike-slip fault zone, and clarify the distribution patterns 

of fracture-cavity units within the fault zone. The study 

results provide a guidance for the exploration and de-

velopment of ultra-deep fractured-cavity reservoirs in the 

Tarim Basin. 

1.  Regional geological setting 

The Fuman Oilfield lies in the eastern part of the Aman 

Transitional Zone, within the platform area of the Tarim 

Basin (Fig. 1a). It is characterized by numerous 

NE–NNE-trending strike-slip faults, some of which ex-

hibit significant activity, extending from the Tabei Uplift 

to the Central Uplift (Fig. 1b). The strata are complete and 

can be vertically divided into five major structural se-

quences: the pre-Nanhua basement, the Nanhua–Sinian 

rift basin, the Cambrian–Ordovician marine carbonate 

platform, the Silurian–Cretaceous marine-to-terrestrial 

transitional basin and the Cenozoic foreland basin. The 

Lower Paleozoic Cambrian–Ordovician marine carbonate 

formations in the Fuman Oilfield host significant hydro-

carbon resources [5]. From bottom to top, the Cambrian 

System comprises the Yurtus, Xiaoerblak, Wusonggeer, 

Shayilik, Awatag and Lower Qiulitage formations, and 

the Ordovician System consists of the Penglaiba, Ying-

shan, Yijianfang, Tumuxiuke, Lianglitage and Sangtamu 

formations (Fig. 1c). The Lower Ordovician is in uncon-

formable contact with the Upper Cambrian. The Peng-

laiba Formation (O1p) is characterized by interbedded 

fine-crystalline dolomite and dolomitic micritic limestone. 

The Lower Yingshan Formation (O1–2y1), mainly O1–2y1
3–4, 

comprises thick-bedded argillaceous limestone with 

intercalations of dolomitic limestone. The Middle Ordo-

vician features thick-bedded bioclastic and arenaceous 

limestones of shoal facies. In the Upper Ordovician, the 

Tumuxiuke and Lianglitage formations consist of 

thin-bedded calcareous mudstone and argillaceous lime-

stone, respectively, while the Sangtamu Formation is 

composed of thick-bedded mudstone. 

Hydrocarbon exploration mainly targets the carbonate 

rock formation of the Ordovician Yijianfang Formation 

(O2y) and Upper Yingshan Formation (O1–2y2, mainly 

O1-2y2
1–2). With burial depths exceeding 7 000 m, these 

formations primarily develop fractured-cavity reservoirs 

due to the combined effects of strike-slip fault deforma-

tion, fragmentation and karstification processes [6]. The 

Lower Cambrian Yurtus Formation (—C1y) contains effec-

tive source rocks, which charge the Ordovician reservoirs 

through strike-slip faults. The Upper Ordovician Sang-

tamu Formation (O3s) provides a regionally extensive 

thick mudstone seal. Together, these elements form an 

excellent source-reservoir-seal assemblage [7]. 

2.  Patterns of ultra-deep strike-slip fault  
zones 

2.1.  Structural characteristics of strike-slip fault in 

outcrops 

According to outcrops in the Aoyipike section of the 

Tarim Basin, strike-slip fault zones exhibit complex 

structural characteristics within the Cambrian carbonate 

formations. The field outcrops are observed with charac-

teristics as follows: (1) Four strike-slip faults (F1–F4) are 

identified (Fig. 2). F1 and F4 are major strike-slip faults. 

Ten secondary faults (f1–f10) are developed in the fault 

block between the two major faults. From the center to 

the branches, a strike-slip fault zone typically corre-

sponds to a three-zone structure consisting of fault core, 

fractured zone and primary rock. The fault core is the 

most deformed portion of the strike-slip fault, where 

fracturing of primary rock leads to the development of  
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Fig. 1.  Structural units of the Tarim Basin (a), location of the study area in the Fuman Oilfield (b), and comprehensive 
stratigraphic column (c) (modified according to Reference [7]). TH1—Bottom of Yurtus Formation; TH2—Bottom of Shayilik 
Formation; TH3—Bottom of Lower Qiulitage Formation; TO—Bottom of Penglaiba Formation; TO1–2y—Bottom of Lower 
Yingshan Formation; TO1–2y2—Bottom of Upper Yingshan Formation; TO3t—Bottom of Tumuxiuke Formation. 

cavities. The fractured zone is primarily influenced by 

strike-slip fault activity, resulting in intense fracturing of 

primary rock to generate a multitude of minor faults and 

joints (Fig. 2b). (2) The distribution of caivities (or frac-

ture-caivity units) within the fault core is governed by the 

activity of the strike-slip fault, the geometry of the fault 

array, and the geometric relationship between the fault 

and the strata. F1, F2, and F3 exhibit higher activity than 

F4. Consequently, the scale of cavities and fractured for-

mations within the fault zone on the right side is signifi-

cantly larger than that on the left side. F2 and F3 are 

located in the hanging wall of F1, forming a flower- 

shaped structure that controls the distribution of cavities. 

Cavities form proximal to F1 within the fault block be-

tween F1 and F2, while cavities are most extensive near 

F3 within the block between F2 and F3. However, cavities 

along F1 are filled with collapsed fault blocks, resulting in 

an upward diminishment in cavity scale. At the junction 

of F1 and F3, the highest degree of rock fragmentation is 

observed. F4 has no secondary faults, and generally  
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Fig. 2.  Vertical structures of the strike-slip fault zone in the Aoyipike section, Tarim Basin (see the section location in Fig. 1a). 

contains poorly developed cavities within its core, with 

their scale being significantly larger in both the upper 

and lower parts of the strata than in the middle part. As 

shown in Fig. 2a, a lithological difference exists between 

Bed 25 and Bed 26, with the underlying dolomitic lime-

stone exhibiting higher dolomite content. This contrast 

resulted in pronounced bed-parallel fracturing along the 

formation interface. These faults are collectively con-

trolled by the strike-slip fault and the stratigraphic 

boundary, with the most intense fracturing occurring at 

their intersection. (3) In addition to the fault core, 

abundant joints are developed within the fractured zone. 

The area between F1 and F4 exhibits the most intense 

joint development, primarily consisting of three sets of 

joints that are perpendicular, parallel, and oblique to the 

stratigraphic boundary, respectively. Fault cavities are 

poorly developed within the fractured zone, but only 

small-scale cavities occur proximal to the top of the strata 

and lithological interfaces. 

Despite their reduced scale, outcrop-scale faults reveal 

heterogeneous rupture patterns and structures that are 

essential for seismic interpreters to develop a geological 

model for interpreting ultra-deep seismic data. 

2.2.  Vertical characteristics of strike-slip faults and 

fracture-cavity units in 3D seismic profiles 

The Fuman Oilfield is a major target for fault-con-

trolled fractured-cavity reservoir development in the 

Tarim Basin. Among its structures, the FI19 fault zone 

serves as a key option for current reserve and production 

enhancement. This zone is sandwiched between the 

NE–striking FI17 and FI20 fault zones (Fig. 1b), yet exhib-

its distinct structural characteristics compared to the 

surrounding large-scale NE–trending strike-slip fault 

systems. It demonstrates more complex patterns of pla-

nar segmentation and better developed overlap zones. 

The N-S striking strike-slip fault in the middle part of the 

FI19 fault zone cuts the NE–striking strike-slip faults in 

the southern and northern parts. This structural rela-

tionship is representative within the strike-slip fault sys-

tem of the Aman Transitional Zone in the Tarim Basin [2]. 

According to 3D seismic data across the FⅠ19 fault 

zone in the Tarim Basin, seismic profiles reveal multiple 

types of “beaded” reflection patterns, which are distrib-

uted within different strata and generally exhibit the 

characteristics in three aspects. First, beaded reflections 

are pronounced near the major faults. The more active 

the major fault, the more complex the structural style 

observed in the seismic profile. Profiles through wells T4 

and Y3 (Fig. 3) reveal that the largest beads exist within 

the fault core of the flower-shaped structure inside the 

strike-slip fault zone. On the profile across Well Y3, the 

beads are most developed at the intersection between the 

strike-slip fault and the top of the Ordovician carbonate 

formation (TO3t), as shown in Fig. 3c. In contrast, on the 

western side of the FI19 fault zone, the seismic profile 

displays vertically oriented faulting with no significant 

fracture-cavity development. The section across Well Y5 

(Fig. 3d) exhibits a laterally-linked fault zone where the 

most extensive beaded reflections occur, indicating that 

the structural style of the strike-slip fault in profile view 

exerts a primary control on the development location of 

fracture-cavity units. Second, the distribution of beaded 

reflections exhibits notable variations across different 

formations within the fault zone. On the western side of 

the profile across Well Y3, these reflections are present in 

both deep and shallow parts of the Middle–Lower Ordo-

vician carbonate formations (Fig. 3c), displaying verti-

cally staggered overlap patterns. For faults on the eastern 

side, beads are revealed in the Upper Yingshan Formation 

and the Lower Yingshan Formation, and the deep beads 

are not interconnected with shallow ones, with the for-

mer larger in scale. Third, beaded reflections are not only 

controlled by the main strike-slip faults, a series of in-

traformational beaded reflections also occur within the 

Penglaiba Formation. The beaded reflections are not only  
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Fig. 3.  Planar distribution of major faults at the top of Yijianfang Formation in the Fuman Oilfield (a) and representative 
seismic profiles across the FI19 fault zone (b)–(d). TZ—bottom of Sinian Sugetbulak Formation; TS—bottom of Silurian; 
TC—bottom of Carboniferous. 

 
Fig. 4.  Typical seismic profile and RMS amplitude maps of different formations showing Ordovician fracture-cavity units in 
the FI19 fault zone (see profile location in Fig. 3a). 

within the fault core but also widely distributed through-

out the formation itself. Besides strike-slip faults, 

multiple phases of various karstification processes also 

play a critical role in the development of beaded reflec-

tions. The intraformational fracture-cavity units in the 

Lower Yingshan Formation and the Penglaiba Formation 

were formed through the modification by early fault ac-

tivity and multi-phase karstification processes [14, 27–28]. 

The ultra-deep seismic profile across Well Y1 reveals 

that the strike-slip fault zone hosts fracture-cavity units 

in several Ordovician formations (Fig. 4a). Based on sta-

tistical analysis of vertical fault throws of strike-slip 
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faults, fracture-cavity units usually occur where the fault 

throw changes greatly. Root-mean-square (RMS) ampli-

tude attribute maps of different formations reveal varia-

tions in the distribution of fracture-cavity units at various 

depths within the Ordovician. High-amplitude anomalies 

highlighted in red indicate the zones with fracture-cavity 

units developed. At the top of the Ordovician Yijianfang 

Formation, fracture-cavity units are primarily concen-

trated near the strike-slip fault zone (Fig. 4b). Within the 

Ordovician Yingshan Formation, fracture-cavity units are 

relatively developed inside the branch fault zones of the 

strike-slip fault system (Fig. 4c), while those in the Peng-

laiba Formation are chiefly distributed within the forma-

tions on both sides of the fault zone, where they form 

extensive fracture-cavity units due to the intraforma-

tional joints (Fig. 4d). 

Integrated with seismic data, fracture-cavity units can 

be vertically classified into four types: top fractured, 

middle connected, deep terminated and intra-layer frac-

tured. Due to the complex structures of the strike-slip 

fault zone, the principal displacement zone appears as a 

single fault strand at shallow depths in seismic profiles, 

and the associated fracture-cavity units display a top 

ruptured pattern. Strike-slip faults develop branch faults 

in both deep and middle parts, forming a flower-shaped 

structure, with the associated fracture-cavity units pre-

dominantly showing middle connected and deep termi-

nated patterns. Widespread intra-layer fractured reser-

voirs occur in the Penglaiba Formation, resulting from 

interlayer joints and various karstification processes. 

2.3.  Structural model of ultra-deep strike-slip faults 

By integrating field outcrop observations, seismic data, 

and ultra-deep drilling data, an improved vertical 

three-layer model of strike-slip faults has been estab-

lished based on the pattern of fault core, fractured zone 

and primary rock (Fig. 5a). First, the fault core within the 

strike-slip fault zone contains fault clay, breccia, and frac-

ture-cavity units. These units exhibit vertical hetero-

geneity in distribution. Due to the presence of fault clay 

and breccia, the fracture-cavity units are vertically com-

partmentalized and remain isolated from one another. 

Second, the fault band within the fractured zone contains 

the X-shaped shear joints and bedding-perpendicular 

tensile joints and bedding-parallel joints. Primary rock 

zone largely preserves the original lithological character-

istics, with only minor fracture development. Within the 

complex strike-slip fault system in the ultra- deep strata 

of the Tarim Basin (Fig. 5b), multiple types of frac-

ture-cavity units within multiple formations are identi-

fied. These units are concentrated within the flow-

er-shaped structure, on both sides of the major fault zone 

and at the interfaces between strike-slip faults and 

formations, all showing significant vertical discontinui-

ties. 

3.  Physical simulation experiment on vertical 
evolution process of strike-slip faults 

Physical simulation was employed to validate the ver-

tical evolution process of strike-slip faults and the dis-

tribution of associated fracture-cavity units. Moreover, 

particle image velocimetry (PIV) was used to monitor 

dynamic stress-strain changes in the fault zone and its 

surrounding fault blocks during experimentation. Based 

on these stress-strain variations, the rupture mechanisms 

of the fault and adjacent blocks, as well as the potential 

locations and distribution patterns of fracture-cavity 

units, were inferred. 

 

Fig. 5.  Strike-slip fault model with fracture-cavity units. 
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3.1.  Design 

3.1.1.  Protocol 

Similar to previously established approaches, the 

physical simulation experimental method in this study 

uses wet quartz sand to simulate carbonate rock forma-

tions, and the relative displacement between two base 

plates to simulate the shear motion associated with 

strike-slip faulting [21]. Since the strike-slip faults were 

formed during the middle to late Caledonian period, 

contemporaneous with the deposition of the carbonate 

strata, and subsequently underwent deep burial, this 

experiment did not include an overburden layer. Com-

pared with previous experimental processes, this study 

systematically observed the vertical formation and evolu-

tion of strike-slip faults, and recorded fault growth pat-

terns as well as stress-strain variations, thus effectively 

documenting how the fault zone evolved. 

The experiment was completed using the analog plat-

form at the Physics Simulation Laboratory of China Uni-

versity of Petroleum (Beijing) at Karamay, Xinjiang. The 

analog platform primarily consists of three components: 

a main control console, a sandbox platform and a PIV 

monitoring system. The initial dimensions of the four 

experimental models ①–④ were 30 cm in length, 20 cm 

in width, and 4 cm in thickness. For observing the verti-

cal rupture process, no boundary constraints were ap-

plied to the four sides of the model. Two rigid base plates 

measuring 0.5 cm × 20 cm × 60 cm were used as the 

substrate (Fig. 6). Driven by the motor, the two rigid base 

plates transfer motion to the overlying sand layer, in-

ducing displacement. The shear motion between the 

plates simulates the relative slip of a strike-slip fault. The 

motion was halted after the fault had vertically evolved to 

maturity. The designed displacement of the base plates 

was relatively small, set at 2 cm. The motor, controlled by 

a computer, operated at a constant rate of 0.008 mm/s 

during the experiment. For experimental models ① and 

②, a 4 cm thick layer of quartz sand was deposited on the 

two base plates without layered configuration. Dextral (or 

right-lateral) and sinistral (or left-lateral) strike-slip mo-

tions were applied to models ① and ②, respectively. In 

model ①, the left base plate was designated as the mov-

ing plate, while the right plate remained stationary. This 

configuration was reversed in model ②. For experimental 

models ③ and ④, a sequence of four 1-cm-thick quartz 

sand layers was constructed. Distinctive colored quartz 

sands with varying grain sizes were employed as marker 

layers between formations to enhance interlayer dis-

crimination. The experimental procedures of models ① 

and ② were subsequently repeated (Fig. 6). 

Under actual geological conditions, factors such as 

water content, and oil/gas content in formations may  

 

Fig. 6.  Setup for physical simulation experiment on ver-
tical growth of strike-slip faults. 

further complicate the internal structure of fault zones, 

but their influence on the vertical rupture and evolution 

processes of fault zones is not significant [18]. In the ex-

periments, minor variations in the water content of the 

wet quartz sand, inconsistencies in sand layer construc-

tion, and differences in friction between the sand layers 

and the base plates across different models introduced 

slight errors into the results. These specific discrepancies 

are not discussed in this paper. 

3.1.2.  Geological significance of the experiment 

The varying experimental configurations, including 

motion directions (sinistral, dextral) and stratigraphic 

conditions (non-layered, layered) in the experiments is as 

are significant geologically in three aspects. 

(1) Sinistral vs. dextral models: In the strike-slip fault 

systems of the Tarim Basin, some faults exhibit sinistral 

shear (e.g., the strike-slip fault system in the platform 

area of the Manjiaer Sag), while others demonstrate dex-
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tral shear (e.g., the strike-slip fault system to the west of 

FI15). Studying both sinistral and dextral shear models is 

crucial for identifying the influence of different strike-slip 

directions on fault geometry and growth patterns. These 

models simulate how regional tectonic stress fields dif-

ferentially control the development, vertical growth, and 

connection of fault fracture-cavity units. 

(2) Layered vs. non-layered models: The strata within 

the Tarim Basin exhibit distinct stratification character-

istics. Differences in mechanical properties and lithology 

between layers significantly influence fault growth. The 

non-layered model simulates homogeneous stratigraphic 

conditions, revealing the growth process of strike-slip 

faults in a uniform lithological setting, thereby providing 

a reference for fundamental research. The layered model 

more closely approximates the actual geological condi-

tions of the Tarim Basin, enabling the study of vertical 

fault growth patterns and fracture-cavity units’ connec-

tivity within layered media. 

(3) Vertical growth mechanism research: By combining 

sinistral/dextral and layered/non-layered models, the 

experiments investigate how strike-slip faults with dif-

ferent motion directions grow vertically and affect vari-

ous strata, and whether layered formations obstruct or 

direct the vertical growth of faults. 

3.2.  Experimental procedure 

3.2.1.  Structural physical simulation under non-layered 

conditions 

According to the results of experimental model ① (Fig. 

7), when the strike-slip displacement increases from 0 to 

0.46 cm, no significant deformation or faulting is ob-

served in the profile based on color photographs. As the 

strike-slip displacement is 0.52 cm, weak deformation 

emerges in both deep and shallow parts of the model, 

accompanied by minor fault formation. When the 

strike-slip displacement further increases to 0.61 cm, 

rupture occurs initially in the middle part of the model. 

At this stage, the faults are not yet interconnected, rep-

resenting a stage of segmental rupture within the 

strike-slip system. As the strike-slip displacement in-

creases from 0.61 cm to 0.75 cm, the faults progressively 

propagate and become interconnected vertically, marking 

the onset of the second evolutionary stage (vertical 

growth stage). With continued displacement beyond 0.75 

cm, the fault zone becomes fully interconnected and ex-

pands in width, entering the third stage (extension stage). 

Throughout their growth, the faults tilt toward the active 

plate side due to its movement. 

The accumulation process of finite shear strain reveals 

that, during the initial compression, when the strike-slip 

displacement reaches 0.46 cm, the finite shear strain 

intensifies (by approximately 4%) along the edges of the 

moving base plate and in the shallow part, but no  

 
Fig. 7.  Physical simulation of dextral strike-slip fault ver-
tical growth under non-layered conditions (Experimental 
model ①). 

significant faulting is observed in the model. As the 

strike-slip displacement increases to 0.52 cm, the finite 

shear strains in both deep and shallow parts gradually 

increase (by approximately 10%), leading to the devel-

opment of distinct faults in strain-concentrated zones. 

With a further increase in strike-slip displacement to 0.75 

cm, the zones with finite shear strain concentrated in the 

deep and shallow parts become interconnected, accom-

panied by a rise in strain intensity (by approximately 

20%). This evolutionary process is consistent with the 

progression of fault growth. 

The experiments document that, in the initial stage of 

shear motion, fault formation is not an instantaneous 

process. Initial minor faults emerge at different depths in 

deep, middle and shallow parts, with their formation ex-

hibiting distinct time intervals. This temporal variation 

leads to differences in deformation patterns across vari-

ous parts. Although this process occurs within a short 

time-frame, it indicates that strike-slip faults evolve in a 

segmental rupture-connection process over time. 

Experimental model ② illustrates the growth process 

of a sinistral strike-slip fault (Fig. 8). In the initial stage, 

segmental rupture occurs. In contrast to model ①, the 

rupture in model ② first initiates in the middle part. 

Within a short time span, faults subsequently emerge in 

the deep and shallow parts of the model. PIV analysis of 

the profile indicates initial stress and strain concentra-

tions first in the middle and basal sections, and intra- 
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Fig. 8.  Physical simulation of sinistral strike-slip fault 
vertical growth under non-layered conditions (Experiment 
model ②). 

layer stress and strain concentration on the active plate 

side of the upper part. PIV technology can detect minute 

fractures that are difficult to discern with the naked eye. 

Heterogeneity is introduced into the shallow part due to 

the accidental incorporation of dry sand during the 

placement of colored marker layer at the top of the model. 

This heterogeneity leads to the creation of intra-layer 

micro-fissures, which diverts stress concentration away 

from the major fault zone in the shallow part. Instead, 

rupture occurs preferentially in the middle part of the 

model. In the fault growth and connection stage, the 

connection pattern is slightly different from the direct 

connection observed in experiment model ①. Specifically, 

lateral connection first forms between faults in the mid-

dle and shallow parts. Along with the lateral extension 

progressed, the lateral connection evolves into a vertically 

en échelon configuration, while fault cavities emerge 

within the fault zones in the middle and deep parts. The 

coexistence of vertically en échelon structures and fault 

cavities results in multiple segmented fracture-cavity 

units during subsequent lateral propagation. These units 

exhibit remarkable vertical compartmentalization with 

distinct soft-connection characteristics. 

The finite shear strain accumulation process in ex-

periment ② differs from that in experiment ①. Strain 

concentration initially occurs in the deep and middle 

parts of the model with an intensity of approximately 4%. 

When the strike-slip displacement is 0.56 cm, the strain 

concentration zones develop in a layered manner. As the 

displacement increases from 0.56 cm to 1.03 cm, the fi-

nite shear strain becomes most pronounced within frac-

ture-cavity units of the fault zone, with an intensity of 

about 20%. Specifically, higher strain intensities are ob-

served at locations corresponding to vertically en échelon 

structures and fault cavities, whereas lower strain inten-

sities characterize the soft connection zones. This corre-

lation suggests that areas with better fault connectivity 

exhibit stronger finite shear strain. 

3.2.2.  Structural physical simulation under layered  

conditions 

For experimental models ③ and ④, blue dry quartz 

sand was incorporated as marker layers, while other ex-

perimental conditions are kept unchanged. In experiment 

③, after segmental rupture occurs in the deep and shal-

low parts (Fig. 9), the fault zone undergoes two evolu-

tionary stages: growth and connection, fault surface 

widening. This process shows high similarity with that in 

experiment ①. However, significant differences are ob-

served in fault dip angles between shallow and deep parts 

in experiment ③, with shallow faults being near-vertical. 

Additionally, the dip angles of faults in the middle and 

deep parts are smaller than those in experiment ①. It is 

inferred that in the presence of multiple strata, differ-

ences at stratigraphic interfaces influence the connection 

between deep and shallow faults, leading to variations in 

rupture orientations across different layers. During the 

fault development process, a small fault (F2) is formed on 

the active plate side. This fault does not connect with the 

shallow faults. Under actual geological conditions, such 

deep faults that remain unconnected to shallow systems 

may serve as effective storage spaces for deep hydrocar-

bons, providing insights for the exploration of ultra-deep 

strike-slip fault reservoirs. The formation and evolution 

process of the fault in experiment ④ (Fig. 10) is similar to 

that in experiment ③. Both cases witness faults initially 

in the deep and shallow parts, which grow gradually until 

connection. Due to the influence of the marker layers, the 

faults exhibit bed-parallel development, with pronounced 

detachment structures observed at the base. This finding 

is highly consistent with field outcrop observations (Fig. 

1), where prominent bed-parallel rupture also exists 

 

Fig 9.  Physical simulation of dextral strike-slip fault vertical 
growth under layered conditions (Experiment model ③). 
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Fig. 10.  Physical simulation of sinistral strike-slip fault 
vertical growth under layered conditions (Experiment 
model ④). 

at the interface between Bed 25 and Bed 26. The differ-

ence in results of experiments ③ and ④ from those of 

experiments ① and ② is attributed to the use of quartz 

sand with varying grain sizes and water content as 

marker layers. These material variations alter the gen-

eration and transmission of stress and strain between 

different stratigraphic units, consequently modifying the 

vertical connection and evolutionary process of the 

strike-slip faults. In Experiment ④, significant deforma-

tion occurred in the model perpendicular to the 

cross-sectional plane, leading to suboptimal PIV results. 

Consequently, no effective analysis was conducted.  

In Experiment ③, the finite shear strain accumulation 

process is initially manifested as vertical strain concen-

trations in the deep and shallow parts of the model. 

When the strike-slip displacement is 0.20 cm, the strain 

intensity in the shallow part (approximately 10%) exceeds 

that in the deep part, consistent with the observed wider 

faults in the shallow part on the profile. At a displace-

ment of 0.44 cm, fault growth and connection occur, 

corresponding to the peak strain intensity (approximately 

20%). As the displacement increases from 0.44 cm to 0.70 

cm, deformation along the major fault is less pronounced, 

with gradual attenuation of strain intensity. Concurrently, 

F2 on the left progressively develops, demonstrating a 

systematic transfer of strain concentration from the ma-

jor fault F1 to the small fault F2 in the profile. The PIV 

technique enabled the precise monitoring of differential 

stress and strain at different locations of the strike-slip 

fault over its developmental stages (Fig. 9). 

3.3.  Quantitative analysis of experimental results 

(addition of fracture-caivity units) 

Given that Experiments ③ and ④ employed quartz 

sand of different particle sizes as marker layers, resulting 

in overly complex phenomena, they could not clearly 

illustrate the general patterns of the fracture-cavity system. 

Therefore, quantitative analysis was performed on faults 

in experiments ① and ② by measuring their width, length, 

and dip angle at different depths and evolutionary stages. 

This allows for comparison of vertical development cha-

racteristics across stages and depths. The results indicate 

that fault length and width increase linearly with displace-

ment (Fig. 11). The initial faults occur at different posi-

tions, but the final faults are approximately twice of the 

initial faults in dimensions. Moreover, fault length and 

width exhibit significant variations at different depths, 

revealing the feature of differentiated growth across layers. 

The experimental results also indicate that fault dip angles 

decrease with increasing depth. In the deep part of the 

 
Fig. 11.  Variations of fault length and width with displacement at varying depths in experiments ① and ②. 
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Table 1.  Data analysis for structural physical simulation experiments on strike-slip fault vertical growth 

Shallow Middle Deep 
Experiment 

Displace-
ment/cm Width/ 

cm 
Length/ 

cm 
L/W 
ratio 

Dip 
angle/()

Width/
cm 

Length/
cm 

L/W 
ratio

Dip 
angle/()

Width/ 
cm 

Length/ 
cm 

L/W 
ratio

Dip  
angle/()

0.52 0.067 0.82 12.24 79.16 0.039 0.38 9.74 76.91 0.044 0.67 15.20 46.59 
0.61 0.074 0.91 12.30 81.96 0.063 0.49 7.78 81.04 0.069 0.73 10.57 47.51 
0.75 0.099 1.07 10.81 84.04 0.066 0.63 9.54 74.31 0.094 1.02 10.85 47.49 

① 

0.94 0.131 1.14 8.70 81.97 0.099 0.81 8.18 78.61 0.126 1.15 9.12 53.28 
0.65 0.077 0.63 8.18 86.84 0.096 1.42 14.79 63.6 0.070 1.18 16.86 48.78 
0.88 0.134 0.91 6.79 87.75 0.157 1.46 9.29 68.5 0.113 1.31 11.59 46.82 ② 
1.03 0.189 0.95 5.03 87.40 0.197 1.54 7.82 68.2 0.169 1.42 8.40 49.30 

 
model, the average dip angle is approximately 45°. In the 

middle part, the dip angle increases to 60°–70°. In the  

shallow part, the dip angle rises rapidly to near-vertical ori-

entations, with most measurements exceeding 80° (Table 1). 

Under actual geological conditions, there is no strict 

definition to distinguish between fractures and cavities in  

carbonate reservoirs. Morphologically, fractures are gen-

erally characterized by a length-to-width (L/W) ratio 

greater than 10 [29]. To describe the distribution patterns 

of fracture-cavity units, we define those with a L/W ratio 

less than 10 as fracture-cavity units. Analysis of the L/W 

ratios shows a general decreasing trend with increasing 

displacement in different parts, indicating a gradual ex-

pansion in the scale of fracture-cavity units (Table 1). In 

the connection and extension stage in experiments ① 

and ②, faults display the L/W ratios below 10, confirming 

the presence of fracture-cavity units. In the vertical 

growth stage, extensive fracture-cavity units appear in the 

middle part of Experiment ① and the middle and shallow 

parts in Experiment ②. Conversely, in the segmental 

rupture stage, most faults maintain the L/W ratios ex-

ceeding 10, with no fracture-cavity units observed on the 

profiles. These findings indicate that fracture-cavity units 

in strike-slip fault zones predominantly emerge during 

the middle to late stages of fault evolution. 

3.4.  Experimental conclusions 

Based on structural physical simulation experiments of 

strike-slip fault vertical growth, a three-stage evolution 

model is established, comprising segmental rupture, ver-

tical growth, and connection and extension (Fig. 12). 

(1) Segmental rupture stage: The initial rupture of 

strike-slip fault exhibits a vertically layered pattern, with 

temporal variations across layers. In non-layered models, 

faults preferentially initiate from the deep and shallow 

parts (or the middle part) before propagating through the 

entire model. This may be attributed to the model het-

erogeneity (induced by, for instance, accidental sand 

mixing). In layered models, marker layers cause varia-

tions in stress distribution, leading to simultaneous  

rupture initiation in the deep and shallow parts. Addi-

tionally, bed-parallel detachment and dip angle variations 

occur along stratigraphic interfaces. 

(2) Vertical growth stage: Faults created in the seg-

mental rupture stage become gradually connected through  

 
Fig. 12.  Schematic model of strike-slip fault vertical growth. 

vertical or lateral growth. In Experiment ①, faults are 

directly interconnected in vertical direction to form a 

continuous major fault zone. In Experiment ②, faults are 

connected laterally in vertically en échelon pattern, 

generating fault cavities within the middle and deep fault 

zones, with poor vertical connectivity. Under layered 

conditions, shallow faults exhibit steeper dips (near-ver-

tical), while deep fault faults display decreased dips 

(45°–60°). Faults extend parallel to beds at marker layer 

interfaces, resulting in detachment or failure to connect 

secondary faults (e.g., F2). In this stage, fracture-cavity 

units begin developing, with the L/W ratio decreasing as 

the displacement increases (Table 2). Most fracture-cavity 

units (L/W ratio less than 10) are formed during 

mid-to-late stages, concentrating at the intersections of 

faults (e.g., en échelon cavities or major fault zones). 

(3) Connection and extension stage: Following com-

plete fault connection, lateral propagation dominates the 

evolution process, forming large-scale fracture-cavity 

systems. The width and length of the fault zone increase 

linearly. Fault cavities become vertically stacked and 

subsequently expand to form fracture-cavity units, en-

hancing overall cavern connectivity while maintaining 

vertical compartmentalization. 

In summary, the variations in rock properties and cu-

mulative displacement are the key controlling factors 

across all three evolutionary stages. At stratigraphic in-

terfaces, differences in rock properties can lead to bed- 

parallel fault development, resulting in higher rupture 

intensity at these interfaces compared to other positions. 

Marker layers or heterogeneous layers alter stress trans-

mission paths, influencing fault dip angles, connection 

patterns and bedding-parallel detachment. Fault width, 

length, and fracture-cavity dimensions all increase line-

arly with displacement, while decreasing length-to-width 
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ratios indicate the expansion of fracture-cavity units. The 

vertically segmental rupture and connection processes in 

strike-slip fault zones can form complex fracture-cavity 

networks, creating favorable storage spaces for deep hy-

drocarbon accumulation. 

4.  Characteristics and exploration potential 
of fracture-cavity units associated with ultra- 
deep strike-slip faults 

Strike-slip faults with small to medium displacements 

are extensively distributed across the Tarim Basin. They 

universally exhibit a spatial structure defined by vertical 

stratification, planar segmentation, and multi-phase vertical 

stacking. The results of this study agree well with the 

characteristics of fractured-cavity reservoirs associated 

with ultra-deep strike-slip faults within the Fuman Oil-

field of the Tarim Basin. This study establishes a vertical 

evolution model of strike-slip faults suitable for ultra- 

deep fault zones and clarifies the patterns of fracture- 

cavity units. These results provide valuable references for 

investigation of strike-slip faults in other basins [30–32]. 

The FI19 strike-slip fault zone in the Fuman Oilfield 

exhibits significant development of fracture-cavity units. 

In profile view (Fig. 4a), these units present a beaded 

distribution perpendicular to the strike-slip fault. In 

planar view (Fig. 4b–4d), they appear in a spotted pattern 

or in a banded pattern along the strike-slip fault zone. 

The extensive fracture-cavity units provide substantial 

storage space for hydrocarbons, indicating a considerable 

potential for petroleum exploration. 

The fractured-cavity reservoirs controlled by the FI19 

strike-slip fault zone can be classified into three types: (1) 

flower-shaped fractured reservoirs encountered in wells 

Y9 and Y8; (2) deep and large fault reservoirs penetrated 

by well Y6; and (3) staggered overlapping reservoirs 

drilled by well Y5 (Fig. 13). The flower-shaped fractured 

reservoirs and large and deep fault reservoirs demon-

strate superior fault connectivity, creating larger storage 

space for greater hydrocarbon accumulation, thus hold-

ing larger reservoirs and exploration potential. In con-

trast, the staggered overlapping reservoirs exhibit rela-

tively poorer connectivity, corresponding to constrained 

storage space, thus implying smaller reservoir size and 

limited exploration potential, compared to the first two 

types. Production data substantiate this distinction (Table 

2): wells Y9 and Y8 (flower-shaped fractured-cavity res-

ervoirs) and well Y6 (large and deep fault reservoirs) all 

represent high-productivity wells, demonstrating pres-

sure-drop production rates of 6 246.15, 7 287.74, and 

5 218.85 t/MPa, respectively. 

It is indicated that ultra-deep formations still possess 

conditions conducive to the development of fracture- 

cavity units. The deep units are typically closer to hydro-

carbon source rocks and can form effective reservoirs  

 
Fig. 13.  Reservoir profile of the FI19 strike-slip fault zone (profile location shown in Fig. 3a). 
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Table 2.  Statistical data of typical wells in the FI19 strike-slip fault zone, Fuman Oilfield 

Well 
Average daily 
liquid produc-

tion/t 

Average daily oil 
production/t 

Average daily gas 
production/m3 

Water 
cut/%

GOR/ 
(m3ꞏt−1)

Pressure-drop 
production/
(tꞏMPa−1) 

Well type Productivity level

Y17 47.50 46.67 23 542 1.75 504.48 270.43 
Commercial 

oil well 
Low-productivity 

Y12 44.27 43.07 15 801 2.72 366.89 98.76 
Commercial 

oil well 
Low-productivity 

Y11 48.84 48.27 16 241 1.18 336.47 541.92 
Commercial 

oil well 
Medium-productivity

Y10 64.27 63.49 21 588 1.21 340.01 225.32 
Commercial 

oil well 
Low-productivity 

Y9 84.00 83.26 21 876 0.88 262.74 6 246.15 
Commercial 

oil well 
High-productivity

Y8 91.51 90.33 29 309 1.29 324.47 7 287.74 
Commercial 

oil well 
High-productivity

Y7 94.81 93.86 34 216 1.00 364.54 94.81 
Commercial 

oil well 
Low-productivity 

Y6 88.01 86.67 43 522 1.52 502.15 5 218.85 
Commercial 

oil well 
High-productivity

Note: High-productivity wells are defined by a pressure-drop production rate exceeding 2 000 t/MPa; medium-productivity wells cor-

respond to a pressure-drop production rate of 500–2 000 t/MPa; low-productivity wells are characterized by pressure-drop production 

rates below 500 t/MPa. 
 

when adequate sealing conditions exist. Current explora-

tion efforts have primarily focused on members 1–2 of the 

Yingshan Formation, while the deeper members 3–4 of 

the Yingshan Formation and the Penglaiba Formation 

also contain beaded fracture-cavities and intralayer faults. 

These deeper zones show significant exploration poten-

tial and represent key targets for future exploration. 

5.  Conclusions 

The strike-slip fault zone of ultra-deep Tarim Basin 

presents a three-layer structure, consisting of fault core, 

fracture zone and primary rock. The fault core vertically 

includes fracture-cavity unit, fault clay and breccia. 

The strike-slip faults have evolved vertically in three 

stages: segmental rupture, vertical growth, and connec-

tion and extension. In the segmental rupture stage, mul-

tiple segmented rupture zones develop vertically within 

the strata. Due to lithological differences, the timing of 

rupture initiation differs between deep and shallow parts. 

In the vertical growth stage, the faults created in the 

rupture stage become connected vertically or laterally to 

form a major fault zone, accompanied by the generation 

of fault cavities. Moreover, detachment occurs along 

stratigraphic interfaces. In the connection and extension 

stage, following complete fault connection, faults propa-

gate laterally, giving rise to fracture-cavity units. Experi-

mental data indicate that the fault width, length and 

fracture-cavity scale increase linearly with the displace-

ment, while a decrease in the length-to-width ratio re-

flects the enlargement of fracture-cavity dimensions. 

Fracture-cavity units in ultra-deep formations can be 

classified into four types: top fractured (shallow vertical 

faults), middle connected (branch faults in flower-shaped 

structures), deep terminated (non-connected vertical 

portions by faults), and intra-layer fractured (intraforma-

tional joints and karstification superimposed). 

The flower-shaped fractured and large and deep fault 

reservoirs are larger in size with superior connectivity 

and large reservoir space, suggesting a significant explo-

ration potential. The staggered overlapping reservoirs 

show poor connectivity that impedes hydrocarbon mi-

gration, corresponding to high exploration risk and ne-

cessitating further study of migration pathways. 
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