
 
Acta Geologica Sinica (English Edition), 2026, 100(1): 231ï250    

 

1 Introduction 
 
The Longmen Shan tectonic belt is situated in the 
transition zone between the eastern margin of the Tibetan 
Plateau and the Sichuan Basin (Fig. 1). It is one of the 
steepest plateau margins on Earth, with a topographic 
relief of 4000ï5000 m, over a horizontal distance of less 
than 50 km (Clark and Royden, 2000; Tapponnier et al., 
2001; Kirby et al., 2002; Densmore et al., 2007; Kirby et 
al., 2007; Zhang et al., 2025). This belt accommodates the 
ongoing IndiaïEurasia collision through a series of major 
thrust faults, including, from west to east, the Wenchuanï
Maoxian fault zone, the YingxiuïBeichuan fault zone, and 
the GuanxianïAnxian fault zone. These faults have been 
continuously active since the late Cenozoic, providing a 
tectonic setting capable of generating strong earthquakes 
(Burchfiel et al., 2008; Zhang et al., 2008, 2010). 
The 2008 Wenchuan Mw 7.9 earthquake produced 
significant co-seismic surface ruptures not only along the 
YingxiuïBeichuan fault but also along the more easterly 

GuanxianïAnxian fault zone (Wu et al., 2014). This was 
geodynamically significant because pre-earthquake and 
post-earthquake studies had characterized the Guanxianï
Anxian fault zone as a predominantly creeping fault (He et 
al., 2018). Investigations of its surface exposures and 
cores from the Wenchuan Earthquake Fault Scientific 
Drilling project (WFSD) pilot hole 3 (WFSD-3P) revealed 
fault rocks characterized by distributed R1 shears, well-
developed pressure-solution structures, and clay-rich 
mineral assemblages (He et al., 2018, 2019; Lai et al., 
2025). These structural and mineralogical features, 
supported by low magnetic susceptibility indicative of low-
temperature, lubricated deformation (Liu et al., 2014), led 
to the consensus that the GuanxianïAnxian fault 
undergoes significant aseismic creep, likely dominated by 
pressure-solution processes and the formation of weak 
phyllosilicates (He et al., 2018, 2020). Conventionally, 
such creeping faults are considered to have low seismic 
potential due to their persistent, slow stress release 
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(Gratier et al., 2011, 2013a, b; Chen and B¿rgmann, 2017; 
Harris, 2017).  
Therefore, the co-seismic rupture of the Guanxianï
Anxian fault zone during the Wenchuan earthquake 
presents a clear paradox and raises critical questions: Why 
did a fault with documented long-term creep behavior 
generate a strong earthquake? What specific conditions or 
mechanisms facilitate the transition from stable, aseismic 
creep to unstable, seismic slip along such a fault? 
To address these questions, we conducted a high-
resolution study of the main borehole core from the 
Wenchuan Earthquake Fault Scientific Drilling Project 
Hole 3 (WFSD-3), which penetrates the GuanxianïAnxian 
fault zone at depth. By integrating microstructural 
observations, X-ray diffraction (XRD) analysis, micro-X-
ray fluorescence (ɛXRF) mapping, Raman spectroscopy, 
and quartz grain size statistics, we systematically 
characterize the petrological and geochemical fingerprints 
of the fault rocks. Our objectives are to identify the 
principal slip zone of the Wenchuan earthquake within the 
WFSD-3 core; decipher the micro-scale processes and 
fluid-rock interactions that facilitate the creep-seismic slip 

transition; and and establish a mechanistic model that 
explains how localized seismic rupture can nucleate within 
a broadly creeping fault zone, with implications for 
reassessing the seismic hazard of similar faults worldwide. 

 
2 Geological Setting 
 
2.1 Regional tectonic framework and deep structural 
characteristics 
The Longmen Shan tectonic belt on the eastern margin 

of the Tibetan Plateau is a key structural boundary for the 
eastward extrusion of plateau material. Its intense tectonic 
activity primarily stems from the ongoing collision 
between the Indian and Eurasian plates. Deep geophysical 
data reveal the complex crustal structure in this region, 
characterized by significant variations in Moho depth. The 
rigid lower crust beneath the Sichuan Basin obstructs the 
eastward flow of material from the Tibetan Plateau, 
resulting in highly concentrated strain within the Longmen 
Shan area (Burchfiel et al., 2008; Zhang et al., 2008). The 
Longmen Shan tectonic belt consists of three large thrust-
strike-slip fault systems, from west to east: the Wenchuanï

    
 

Fig. 1. Geological map of the Longmen Shan area (modified from Li et al., 2016). 
F1: WenchuanïMaoxian fault zone; F2: YingxiuïBeichuan fault zone; F3: GuanxianïAnxian fault zone; WFSD-3 and WFSD-3P represent the 

Wenchuan Earthquake fault Scientific Drilling Project (WFSD) Hole 3 and its pilot hole, respectively. 
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Maoxian fault zone, the YingxiuïBeichuan fault zone, and 
the GuanxianïAnxian fault zone. These faults converge 
and merge at depth (~20ï25 km) into a unified detachment 
zone, forming a typical thin-skinned tectonic system that 
controls the structural deformation and stress partitioning 
between the plateau and the basin (Xu et al., 2018). 

 
2.2 Structural characteristics and seismic response of 
the GuanxianïAnxian fault zone 
The GuanxianïAnxian fault zone is the easternmost 
major fault within the Longmen Shan tectonic belt, and it 
constitutes an important structural boundary between the 
eastern margin of the Tibetan Plateau and the Sichuan 
Basin (Tang et al., 1993; Li et al., 2006; Burchfiel et al., 
2008). This fault strikes NE, extends for approximately 
400 km, dips NW, and exhibits typical listric geometry: its 
dip angle is 60Áï70Á at the surface which gradually 
decreases with depth to ~38Á at ~1.25 km depth (Li et al., 
2016). The fault is primarily within Mesozoic strata, 
forming the lithological boundary between the Upper 
Triassic Xujiahe Formation and Jurassic strata (Fig. 2). 
Fault breccias and gouges occur widely within the fault 
zone. Its activity began in the late Cenozoic, with 
significant tectonic activity since the Late Pleistocene, 
which is manifested geomorphologically by fault scarps 
and saddles, and it also controls the distribution of late 
Quaternary sediments. Its kinematic character is 

predominantly pure thrust, with an estimated vertical slip 
rate of ~0.2 mm/y (Ma et al., 2005). 
The 2008 Wenchuan earthquake caused rupturing along 

the southern segment of the GuanxianïAnxian fault zone, 
forming a surface rupture zone ~80 km long, dominated 
by thrusting with a maximum vertical displacement of 3.5ï
4 m, with a minor right lateral strike-slip component (Fig. 
3a, b, c). The rupture zone is manifested mainly as surface 
fold scarps, reflecting control by brittle thrusting. 

 
2.3 Creep-slip behavior of the GuanxianïAnxian fault 
zone and its surface evidence 
A trench excavated across the surface rupture zone of 

the GuanxianïAnxian fault zone in Jiulong Town, 
Mianzhu City, reveals that the fault zone consists of the 
fault core and damage zone, with the core being ~40 m 
wide (Fig. 3d). The principal slip zone of the Wenchuan 
earthquake is located at the base of the black fault gouge, 
which is thrust upon Quaternary fluvial deposits (Fig. 3e, 
f). The vertical displacement between the hanging wall 
and footwall of the rupture zone reaches 3.5 m. The 
hanging wall contains a 1.5 m-wide zone of weakly 
foliated fault gouge and a zone of fault breccia with 
oriented structures. Pervasively distributed R1 shears, and 
P and Y shears, are present within these zones, indicating 
that the fault rocks have undergone sustained deformation 
within a Riedel shear system (Fig. 3g). In contrast, the 

    
 

Fig. 2. Geological profile and locations of boreholes WFSD-3 and WFSD-3P (modified from Li et al., 2016). 
The fracture density in the cores from the two boreholes indicates that fractures mainly occur within the hanging wall of the fault, exhibiting an asym-

metric structural characteristic. 
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Jurassic sandstone in the footwall contains fewer fractures 
and exhibits a relatively intact structure. 
Geodetic studies have successfully identified shallow 
creep behavior on several major continental faults using 
Interferometric Synthetic Aperture Radar (InSAR), 
demonstrating that aseismic slip is a viable deformation 
mode in the shallow crust (e.g., Jolivet et al., 2013). 
Although a precise geodetic creep rate for the Guanxianï
Anxian fault zone is not yet widely published, its 
structural and mineralogical characteristics are fully 
consistent with such a deformation mechanism. Pressure-
solution structures, intense foliation, and weak structures 
rich in clay minerals are widely present in the fault rocks. 
The magnetic susceptibility of the fault gouge is 
significantly lower than that of the host rock and breccia, 
suggesting a low-temperature, low-velocity, mechanically 
lubricated slip mechanism (Liu et al., 2014). Furthermore, 
estimates of the vertical slip rate for the GuanxianïAnxian 
fault zone during the Late Quaternary, derived from 
terrace deformation along the Minjiang River, yield a long-
term rate of ~0.2 mm/yr (Ma et al., 2005). The 
combination of these complementary lines of evidenceð
(1) specific fault rock assemblages indicative of sustained 
slow deformation, and (2) a low long-term geological slip 
rateðcollectively provide a robust argument for 
significant creep-slip behavior along the Guanxianï

Anxian fault zone (He et al., 2018, 2020). The occurrence 
of co-seismic rupturing along this fault during the 
Wenchuan earthquake suggests the potential existence of 
mechanisms for local mechanical strengthening and 
transitions in slip behavior. 

 
3 Sampling and Methods 

 
3.1 Sample source and collection 
The samples utilized in this study were retrieved from 

the WFSD-3 borehole core, specifically from the depth 
interval of 1249.56ï1250.51 m. This critical interval, 
identified as fault zone FZ1250 based on integrated well-
logging data and core analysis (Li et al., 2016), fully 
penetrates core of the GuanxianïAnxian fault zone. It 
contains a well-defined structural sequence, systematically 
exposing a variety of fault rocks from the fault core, 
juxtaposed with the surrounding wall rocks from both the 
hanging wall and footwall. This makes it an ideal target 
for investigating the mechanisms governing the creep-slip 
to stick-slip transition. A total of 32 samples were 
systematically collected from this interval for X-ray 
diffraction (XRD) analysis. The sample suite comprises: 
(1) 11 host rock samples, represented by unaltered Jurassic 
grey-green siltstone from the footwall; (2) 21 fault rock 
samples, including grey fault gouge, black fault gouge, 

    
 

Fig. 3. Structural and fault rock characteristics of the GuanxianïAnxian fault zone (modified from Li et al., 2016). 
(a) Rupture zone along the GuanxianïAnxian fault zone passing between two buildings of Bailu central school, resulting in ground uplift of 1.9ï2.2 m; 

(b) GuanxianïAnxian fault zone caused ~2 m of uplift in the road surface in Hanwang Town; (c) fold scarp of the rupture zone with vertical displace-

ment of ~2 m and no obvious horizontal displacement; (d) surface rupture zone of the GuanxianïAnxian fault zone, showing vertical displacement of 

~2.5 m and a fault core width of ~40 m; (e) surface rupture plane at the base of the GuanxianïAnxian fault zone, showing the boundary between fault 

gouge and Quaternary fluvial deposits; (f) north-facing profile of the trench across the surface rupture zone; (g) zone containing distributed R1 shears 

and partial P and Y shears. 


