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1 Introduction 
 
The Longmen Shan Thrust Belt (LMST) is a major 
earthquake fault zone in the eastern margin of the Tibetan 
Plateau (Li Y et al., 2006; Densmore et al., 2007; Li H B 
et al., 2008). Following the 2008 Wenchuan earthquake, 
the LMST has become an important area of geoscience 
research (Jia et al., 2006; Li H B et al., 2008; Xu et al., 
2008; Zhang et al., 2008; Li Y et al., 2009; Fu et al., 2011; 
Wang et al., 2015, 2019, 2023). However, the dynamic 
mechanism of the LMST and the earthquake mechanism 
of the Wenchuan earthquake remain controversial (Clark 
and Royden, 2000; Burchfiel et al., 2008; Hubbard and 
Shaw, 2009; Fu et al., 2011; Ge et al., 2023), due to the 
lack of understanding of the deep structure and 
physicochemical properties. Knowledge of the fault 
environment of different depths in the LMST, especially 

the deep fault environment, is important for understanding 
the deformation mechanism of the fault zone and the 
dynamic mechanism of the LMST. 
The rock magnetic properties of fault rock, reflecting the 

amount, types, and domain states of magnetic minerals, are 
altered by changes in physicochemical properties and strain 
(e.g., temperature, shear, and hydrothermal fluid) during 
fault deformation (Fukuchi, 2003; Ferr® et al., 2012; Yang 
T et al., 2018, 2020). Therefore, rock-magnetic techniques 
are effective for studying the physico-chemical properties 
and strain of fault zones; specifically, they can characterize 
changes in magnetic properties during fault deformation and 
provide an important basis for understanding the 
deformation mechanism of fault zones and large earthquake 
mechanisms (Mishima et al., 2006; Chou et al., 2012a, b, 
2020; Ferr® et al., 2012, 2015, 2016; Zhang et al., 2017, 
2024). Numerous petrologic and rock magnetic studies 
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have been conducted on the YingxiuïBeichuan fault zone 
(YBFZ), which formed coseismic surface ruptures during the 
2008 Wenchuan earthquake. The characteristics of fault rock 
combinations, microstructures, and high magnetic 
susceptibility (MS) in the outcrop and borehole cores indicate 
that the YBFZ is a stick-slip fault zone with frequent large 
earthquakes (Zhang et al., 2012; Li et al., 2013; Pei et al., 
2014a, b; Wang et al., 2014, 2015, 2019; Zhang et al., 2017). 
Pseudotachylyte veins are formed at different depths from 
the shallow surface to the depth of ~15 km in the YBFZ 
(Wang et al., 2015, 2019, 2023; Zhang et al., 2017). The 
partial melting of quartz, excess iron, and pyrrhotite in 
pseudotachylyte veins indicate that the LMST has 
experienced frictional heating temperatures of up to ~1500  
(Zhang et al., 2018, 2021, 2025). Rock magnetic properties 
and microstructures of pseudotachylyte veins reveal a deep, 
reducing seismogenic environment under weak hydrothermal 
fluid action in the YBFZ (Zhang et al., 2018, 2025). 
Notably, fault gouges and fault breccias at different 
depths have different rock magnetic properties. Fault 
gouges and fault breccias from the outcrop and shallow 
borehole cores of the YBFZ have lower MS values than 
their wall rocks, likely because of hydrothermal fluid 
infiltration within shallow fault zones, or because they 
have not been subjected to thermal events with 
temperatures above ~250ï400  (Yang et al., 2012a, b, 
2016; Liu et al., 2016). Fault gouge at the depth of 589.25 
m in the WFSD-1 cores, and in a shallow trench near the 
surface rupture zone of the Wenchuan earthquake, has 
higher MS values than their wall rocks, likely due to the 
neoformation of ferrimagnetic minerals during large 
earthquakes (Pei et al., 2014b; Liu et al., 2016). The 
neoformed ferrimagnetic minerals (e.g., magnetite or 
pyrrhotite) indicate >500  coseismic frictional heating 
(Liu et al., 2016). Moreover, the above studies focus 
mainly on the shallow surface fault zone (<1000 m), and 
knowledge of the physicochemical properties of deeper 
fault rocks (>10000 m) is lacking. The influence of 
meteoric fluids makes it difficult for shallow fault rocks to 
provide the most direct seismogenic and post-seismic 
environmental information of the fault zone. A fault zone 
(FZ 1681) developed in the WFSD-2 cores at a depth of 
1668.79ï1698.66 m is characterized by thick layers of 
fault gouge and fault breccia. It provides valuable 
materials for investigating the physico-chemical properties 
of seismic fault zones at depths greater than 1000 m in the 
YBFZ, which are likely less affected by surface-derived 
fluids. Therefore, rock magnetic studies of the fault zone 
at depths over 1000 m can be used to determine the 
deformation mechanism of the YBFZ and the seismogenic 
environment of large earthquakes.  
Here, we present the results of the rock magnetic, 
microstructural and geochemical properties of the FZ 1681 
in WFSD-2 cores. We aimed to better understand the rock 
magnetic response to large earthquakes and determined 
the physicochemical properties of large earthquakes in the 
deep fault zone. 

 
2 Geological Setting 

 
Located on the eastern margin of the Tibetan Plateau, 

the LMST forms the structural boundary between the 
Tibetan Plateau and the Sichuan Basin (Fig. 1a, b). The 
LMST is ~500 km long and 30 km wide, and it consists of 
three NEïSW trending fault zones: the Wenchuanï
Maoxian fault zone, the YBFZ, and the GuanxianïAnxian 
fault zone (Densmore et al., 2007; Li H B et al., 2008; 
Zhang et al., 2008; Fu et al., 2011; Meng et al., 2023; 
Yang et al., 2024). Three fault zones divide the LMST into 
four units, from west to east: a Paleozoic metamorphic 
unit, Precambrian metamorphic mafic rocks 
(representative formations are the Pengguan Complex and 
the Baoxing Complex), Triassic coal-bearing strata (e.g., 
Xujiahe Formation), and the Jurassic foreland basin (Li Y 
et al., 2006; Li H B et al., 2013). The 2008 Mw 7.9 
Wenchuan earthquake occurred within the LMST and 
produced coseismic surface ruptures extending 270 km 
and 80 km along the YBFZ and GuanxianïAnxian fault 
zone, respectively (Fig. 1b) (Burchfiel et al., 2008; Li H B, 
2008; Li Y et al., 2009; Fu et al., 2011). The Wenchuan 
Earthquake Fault Scientific Drilling borehole 2 (WFSD-2) 
is located in Bajiaomiao Village, Hongkou Town, 
Dujiangyan City, Sichuan Province, with a final depth of 
2283.56 m and total core length of 1641.26 m (no core 
was retrieved above 500 m) (Zhang et al., 2012; Li H B et 
al., 2013). WFSD-2 is the deepest borehole in the central 
part of the LMST in the Pengguan Complex, which 
crosses the YBFZ, and it is the most complete lithological 
profile through the LMST at present (Zhang et al., 2012; 
Li H B et al., 2013). WFSD-2 cores comprise seven rock 
units, from top to bottom: Pengguan mafic rocks (500ï
599.31 m), the Xujiahe Formation (599.31ï1211.49 m), 
Pengguan mafic rocks (1211.49ï1679.51 m), the Xujiahe 
Formation (1679.51ï1715.48 m), Pengguan mafic rocks 
(1715.48ï2081.47 m), and the Xujiahe Formation 
(2081.47ï2283.56 m) (Zhang et al., 2017). The principal 
tectonic framework of the LMST consists of a series of 
imbricated thrust sheets, as indicated by the multilayered 
fault sets of the alternating Neoproterozoic Pengguan 
Complex thrusting on the Late Triassic Xujiahe Formation 
in the WFSD-2 cores (Wang et al., 2019). The Pengguan 
Complex, formed during Neoproterozoic activity, consists 
mainly of granite, diorite, and volcaniclastic rocks. The 
lithologies of the Xujiahe Formation are mainly sandstone, 
siltstone, mudstone, shale, coal beds (lineaments), and 
conglomerate. The fault rocks in the WFSD-2 cores are 
mainly pseudotachylyte, fault gouge, cataclasite, ultra-
cataclasite, and fault breccia (Zhang et al., 2017). 
FZ1681 is exposed in the WFSD-2 cores at depths of 

1668.79ï1698.66 m (Fig. 2a). The fault zone is 
characterized by Pengguan Complex granite in the 
hanging wall and Late Triassic sedimentary rocks in the 
footwall. The main fault rocks are fault gouge and fault 
breccia (Fig. 2a). FZ1681 is a multi-nucleated symmetric 
fault zone comprising five layers of fault gouge, with fault 
gouge as the nucleus and symmetrically distributed fault 
breccia (Zhang et al., 2012). The fault gouge is black (Fig. 
2b, d, e) and consists of clay minerals and crushed powder 
and grains. Foliation is evident in Fig. 2b. The fault 
breccia is black and consists of undisplaced or rotated 
fragments that retain the characteristics of the original 
rock (Fig. 2b, f). Primary rocks of fault rocks in FZ1681 
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are Late Triassic sedimentary rocks. Figure 2c shows a 
greyish-green granite core, which is a fragment from the 
hanging wall. Figure 2g shows a core of dark gray 
sandstone with relatively well-developed fractures from 
depths of 1699.23ï1699.73 m. 

 
3 Sampling and Methods 
 
3.1 Sampling 
The MS values of the cores were measured from 
FZ1681 and wall rock. Seven samples (S1ïS7) were 
collected from the WFSD-2 cores (Fig. 2 and Table 1). 
Four different rock types, including fault gouge, fault 
breccia, sandstone, and granite (fault breccia), were 
selected for geochemical and rock magnetic analyses 
(Table 1). Seven samples were selected for powder X-ray 
diffraction (XRD) measurements; and 6 samples were 
selected for magnetic hysteresis and low temperature 
magnetic measurements. 

3.2 Methods 
Microscope observations were conducted at the Institute 

of Geology, Chinese Academy of Geological Sciences, 
Beijing, using an Olympus BX51 optical microscope. 
Mineral compositions were determined by X-ray 

powder diffraction (XRD) analysis, which can determine 
the crystalline phase(s) present. These measurements were 
conducted at the Microstructure Analytical Laboratory of 
Peking University.  
MS values of the cores were measured using a 

Bartington MS2F sensor at 5 mm intervals. This 
measurement was conducted at the Jiangsu Donghai 
Continental Deep Hole Crustal Activity, National 
Observation and Research Station, Chengdu. The 
sensitivity of the MS2F sensor is 1 Ĭ10ī6 SI, and the 
frequency is 2 kHz. The sensing area of the MS2F sensor 
is located at the end of a ceramic cylinder with a diameter 
of 25 mm, which is mounted in line with the electronics 
unit and has a rectangular area of 10.5 mm Ĭ 3.8 mm. 

    
 

Fig. 1. (a) Tectonic sketch map of the Tibetan Plateau; (b) geological map of the Longmen Shan thrust belt 

(modified from Li H B et al., 2018). 
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Magnetic hysteresis, first-order reversal curves 
(FORCs) and low-temperature isothermal remanence 
curves were measured at the Key Laboratory of 
Paleomagnetism and Tectonic Reconstruction, Ministry of 
Natural Resources, Institute of Geomechanics, Chinese 
Academy of Geological Sciences, Beijing. Magnetic 
hysteresis and FORCs were measured by a Lake Shore 
8600 Series Vibrating Sample Magnetometer. The 
sensitivity is 5.0 Ĭ10ī8 Am2 and the maximum applied 
field is 1 T. Diamagnetic and paramagnetic contributions 
are indicated by the slope of the magnetic hysteresis loop 
above magnetic saturation, which can be removed by 
applying a high-field slope correction above 70% of the 
maximum field. The saturation remanence (Mr), saturation 
magnetization (Ms), and coercivity (Bc) were obtained by 
subtracting the paramagnetic contribution; and the 
remanence coercivity (Bcr) was obtained from back-field 
remanence measurements.   
Low-temperature isothermal remanence curves were 

measured by a Quantum Designs Magnetic Properties 
Measurement System (MPMS3) at 2ï5 K intervals. The 
sensitivity is 5.0 Ĭ10ī10 Am2. Zero-field cooled (ZFC) and 
Field cooled (FC) curves were obtained by cooling the 
sample in a zero field and in a 2.5 T field from 300 K to 
1.8 K, respectively. For the ZFC curve, a saturation 
remanence was given in a 2.5 T field at 1.8 K. Then, the 
remanence of samples was measured during heating from 
1.8 K to 300 K in zero field to get ZFC/FC curves. For the 
cooling-warming curve of saturation remanence (SIRM), 
the sample was first magnetized in a 2.5 T magnetic field 
at 300 K, then cooled to 1.8 K in zero field, and finally 
heated from 1.8 K to 300 K, with the remanence being 
measured throughout this process. Monoclinic pyrrhotite, 
magnetite, and hematite are confirmed by three 
crystallographic phase transitions at ~30ï34 K, 120 K, and 
263 K, respectively (Verwey et al., 1947; ǿzdemir and 
Dunlop, 2010; Horng and Roberts, 2018). 

 

    
 

Fig. 2. Representative cores from FZ1681 within WFSD-2 cores, with sampling locations. 
(a) Lithology chart for depths 1679ï1700 m; (b) depths 1680.25ï1681.05 m: fault gouge and fault breccia; (c) depths 1681.05ï1681.35 m: fault 

breccia; (d) depths 1681.85ï1682.65 m: black fault gouge; (e) depths 1686.34ï1687.02 m: fault gouge; (f) depths 1689.95ï1690.49 m: fault brec-

cia; (g) depths 1699.23ï1699.73: sandstone, with several minor fractures. 

Table 1 Lithology, sample locations, and measurements 

Number Sample Lithology Depth (m) Measurements 

1 S1 Fault gouge 1680.61 XRD, Magnetic hysteresis, FORCs, MPMS 

2 S2 Granite (breccia) 1681.20 XRD, Magnetic hysteresis, FORCs, MPMS 

3 S3 Fault gouge 1682.23 XRD, Magnetic hysteresis, FORCs, MPMS 

4 S4 Fault gouge 1686.44 XRD, Magnetic hysteresis, FORCs 

5 S5 Fault gouge 1686.95 XRD 

6 S6 Fault breccia 1690.28 XRD, Magnetic hysteresis, FORCs, MPMS 

7 S7 Sandstone 1699.53 XRD, Magnetic hysteresis, FORCs, MPMS 
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4 Results 
 
4.1 Microstructure 
There is little or no rotation or displacement among the 
fragments of the fault breccia. The irregular breccias are in 
contact with each other and are partially surrounded by 
fine-grained matrix rock dust, with numerous 
microfractures visible (Fig. 3a, b). The fault gouge is dark 
brown and consists primarily of clay minerals, crushed 
rock dust, and grains of the original rock (Fig. 3c, d). 
Foliations and oriented structures are evident in Figures 3c 
and d. 

 
4.2 Powder XRD analyses 
The results of powder XRD analyses of the fault gouge, 
fault breccia, and wall rocks from the WFSD-2 cores are 
presented in Figure 4 and Table 2. The fault gouges 
mainly contain quartz, calcite, and clay minerals. The fault 
breccia mainly contains quartz, barite, siderite and clay 
minerals. The breccia with the granite fragment mainly 
contains quartz, calcite, albite, amphibole, and clay 
minerals. The sandstone sample contains quartz and clay 
minerals. The peaks of the mineral crystals representing 
the sample are very sharp, and broad peaks of glass or 
amorphous materials are not visible in the XRD profiles. 

4.3 Magnetic susceptibility (MS) 
The results of MS measurements are shown in Figure 5. 

The MS values of the fault gouge and fault breccia are 
higher than those of the wall rocks. The average MS 
values of fault gouge, fault breccia, and wall rocks are 24, 
24, and 8 Ĭ 10ī6 SI, respectively. The highest MS values 
of the gouge and fault breccia are 71 Ĭ 10ī6 SI and 42 Ĭ 
10ī6 SI, which are 8.9 and 5.3 times that of the wall rocks, 
respectively. 

 
4.4 Magnetic hysteresis loops 
The magnetic hysteresis loops and magnetic parameters 

of the fault gouge, fault breccia, and wall rocks are shown 
in Figure 6 and Table 3. The magnetic hysteresis loops of 
fault gouge and wall rocks before para/diamagnetic 
correction are linear (Fig. 6a, c, e, g, k), indicating that 
paramagnetic components are dominant in the fault gouge 
and wall rocks (Kpara/Km > 95%). The small goose-neck 
magnetic hysteresis loops below 0.2 T indicate that the 
fault gouge and granite have a low ferrimagnetic mineral 
content (Fig. 6b, d, f, h, l). The results for sample S6 show 
that ferrimagnetic materials are abundant in the fault 
breccia (Fig. 6i, j, Kpara/Km = 46%). The loops after para/
diamagnetic correction show that these samples are 
saturated below 0.3 T, which is consistent with the 

    
 

Fig. 3. Photomicrographs showing microstructural features of fault breccia and fault gouge. 
(a) 1680.50 m-depth; (b) 1690.40 m-depth; (c) 1682.60 m-depth; (d) 1686.64 m-depth. 


