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Abstract: The Qinzhou fold belt, situated at the contact zone between the Yangtze and Cathaysia
blocks in South China, was affected by the 1936 Lingshan M6% earthquake and the 1958 Lingshan
Mb5% earthquake, both of which occurred within the conjugate structure. Understanding the deep seis-
mogenic setting and causal mechanism of the Lingshan conjugate earthquake is of great significance
for assessing the seismic disaster risk in the region. In this study, we utilized 237 magnetotelluric
datasets and employed three-dimensional electromagnetic inversion to characterize the deep-seated
three-dimensional resistivity structure of the Qinzhou fold belt and the Lingshan seismic zone. The
results reveal that: (1) The NE-trending faults within the Qinzhou fold belt and adjacent areas are
classified as trans-crustal faults. The faults exhibit crust-mantle ductile shear zones in their deeper
sections, which are essential in governing regional tectonic deformation and seismic activity; (2) The
electrical structure of the Qinzhou fold belt is in line with the tectonic characteristics of a composite
orogenic belt, having experienced several phases of tectonic modification. The southeastern region is
being influenced by mantle-derived magmatic activities originating from the Leiqiong area over a
significant distance; (3) In the Lingshan seismic zone, the NE-trending Fangcheng-Lingshan fault is a
trans-crustal fault and the NW-trending Zhaixu fault is an intra-crustal fault. The electrical structure
pattern “two low, one high” in the zone has a significant impact on the deep tectonic framework
of the area and influences the deformation behavior of shallow faults; and (4) The seismogenic
structure of the 1936 Lingshan M6% earthquake was the Fangcheng-Lingshan fault. The earthquake’s
genesis was influenced by the coupling effect of tectonic stress and deep thermal dynamics. The
seismogenic structure of the 1958 Lingshan M53% earthquake was the Zhaixu fault. The earthquake’s
genesis was influenced by tectonic stress and static stress triggering from the 1936 Lingshan M6%
earthquake. The conjugate rupture mode in the Lingshan seismic zone is influenced by various
factors, including differences in physical properties, rheology of deep materials, and the scale and
depth of fault development.

Keywords: Qinzhou fold belt in South China; Lingshan conjugate earthquake; magnetotelluric
imaging; 3D inversion

1. Introduction

Conjugate faults are a frequently observed fracture distribution pattern in the conti-
nental crust. Many earthquakes have been linked to concurrent fault movements, such as
the Iceland My 6.4 and Mw6.1 earthquakes in 1998 [1], the Ludian My6.1 earthquake in
Yunnan, China in 2014 [2], and the central Italy My 6.5 earthquake in 2016 [3]. Assessing
seismic hazard risks in areas with conjugate faults can be quite challenging. This is due
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to the widespread distribution of these faults, the complex nature of the earthquakes they
produce, their frequent occurrences, and the overlapping impacts they can have on disas-
ters. Through decades of exploration, geologists and seismologists have made significant
progress in understanding the structure [4,5], mechanisms of conjugate ruptures [6-8],
seismogenic structures [9,10], rupture processes [11,12], and stress triggering effects of
conjugate faults [13,14]. However, research on the relationship between conjugate seis-
mic ruptures and the deep tectonic environment remains limited [15]. Seismic ruptures
in modern times often occur in areas with established tectonic environments, and many
earthquake ruptures follow the path of pre-existing faults that extend deep into the Earth.
Conjugate faults, which have developed over a significant period of geological time, exhibit
a wide range of sizes, depths, and characteristics. As a result, they display variations in
fault activity, strength against impedance, and degree of locking when subjected to current
tectonic stress and deep dynamic processes [16]. Therefore, exploring the dynamics of
how the deep tectonic environment in conjugate seismic zones controls or constrains the
rupture behavior of shallow faults, and deepening the understanding of the mechanisms of
conjugate seismic ruptures, are crucial for scientifically evaluating and mitigating seismic
hazards in complex conjugate tectonic regions.

The South China Block (SCB) is a major continental block in East Asia. It is positioned
opposite the North China Block (NCB) and is divided from it by the Qinling-Dabie orogenic
belt (QDOB) in the north. It is connected to the Songpan-Ganzi Block (SGB) and shares a
border with the Indochina Block (IB) in the southwest. Additionally, it is adjacent to the
South China Sea Block (SCSB) in the southeast (Figure 1a). Although surrounded by some
active fault zones such as the Longmenshan and Red River fault zones, the SCB experienced
minimal large-scale tectonic deformation during the Cenozoic era [17]. This is in line with
the current low rates of crustal deformation [18]. Overall, since the neotectonic period, the
SCB has been relatively stable with low levels of seismic activity [19]. However, the Qinzhou
fold belt (QZFB), located at the southwestern end of the tectonic junction zone between the
Yangtze Block (YB) and the Cathaysia Block (CB) (Qinzhou Bay-Hangzhou Bay Tectonic
Junction Zone, QHJB), is significantly different. This area features two sets of faults, NE-
trending and NW-trending, forming an “X”-shaped conjugate fault framework. In the last
400 years, the QZFB and its surrounding areas have witnessed a total of 14 earthquakes with
a magnitude of 5 or higher. Among these, there have been 5 earthquakes with a magnitude
of 6 or higher, which indicates that the region is highly prone to seismic activity in the SCB
(Figure 1b). Notably, the M6% earthquake that struck Pingshan Town, Lingshan County,
Guangxi, on 1 April 1936, is the largest recorded inland earthquake in SCB, affecting an area
of 500,000 km?, causing the collapse of over 5800 houses and 101 deaths, with an elliptical
distribution of seismic intensity in the SW-NE direction [20]. On 25 September 1958, a
significant earthquake struck Shitang Town, Lingshan County. This earthquake, measuring
Mb5% on the Richter scale, occurred approximately 6 km northwest of the epicenter of the
1936 earthquake. The seismic intensity lines from this event had an elliptical distribution,
stretching in the NW-SE direction [21]. The epicenters of both earthquakes are located at
the conjugate intersection of the NE-trending Fangcheng-Lingshan fault (FLf) and the NW-
trending Zaixu fault (ZXf) (Figure 1b). The FLf is a large regional fault zone with obvious
dextral strike-slip properties and seismicity-segmented characteristics. From southwest
to northeast, it comprises the Fangcheng, Pingji, Lingshan, and Shinan segments [22].
Out of all the segments, the Lingshan segment has been the most active and has shown
activity since the Late Pleistocene. Recent geological and geomorphological survey features
have confirmed that the fault in the eastern branch of this segment is the fault responsible
for the 1936 Lingshan M6% earthquake [23,24]. The ZXf develops along the boundary
between granite mountains and erosional basins or linear valleys, and rivers along its
path display sinistral displacement, indicating recent and active fault movements. The
differing shapes of the intensity lines of the two earthquakes suggest differences in their
seismogenic structures and rupture mechanisms. Zhou et al. [25] presented a resistivity
structure model from a broadband magnetotelluric (MT) survey profile crossing the QZFB
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(blue dots in Figure 1b represent part of the profile), providing characteristics of the deep
electrical structure and deep extension of major faults along the profile. Currently, the
understanding of the deep structural characteristics and the deep environment of the
conjugate fault system in the Qinzhou fold belt is still incomplete, and the seismogenic
structure of the 1958 M5% earthquake and the relationship between the deep structures of
the two earthquakes have not been reported.
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Figure 1. Geotectonic diagrams of SCB and its neighboring zones and topography, fault, and
magnetotelluric (MT) points distribution maps in the study area. (a) Geotectonic diagrams of SCB
and its adjacent zones (modified from [26,27]). North China Block (NCB), South China Block (SCB),
Yangtze Block (YB), Cathaysian Block (CB), Songpan-Ganzi Block (SGB), Indochina Block (IB), South
China Sea Block (SCSB), Qinling-Dabie Orogen belt (QDOB) [26]; Qinzhou Bay-Hangzhou Bay
Tectonic Junction Zone (QHT]Z [27]). (b) Topography map of Qinzhou Fold Belt (QZFB), and fault
structure and MT line distribution maps in the study area. Youjiang Rift Basin (YJRB), Xianggui Rift
Basin (XGRB), Yunkai Uplift (YKU). Western Fangcheng-Lingshan fault (FLf1), Eastern Fangcheng-
Lingshan fault (FL{2), Western Lingshan-Tengxian fault (LTf1), Eastern Lingshan-Tengxian fault
(LTf2), Northern Nandan-Kunlunguan fault (NKf1), Southern Nandan-Kunlunguan fault (NKf2),
Western Hepu-Beiliu fault (HBf1), Eastern Hepu-Beiliu fault (HBf2), Zhaixu fault (ZXf), Guilin-
Nanning fault (GNf), Pingxiang-Dali fault (PDf), Baise-Hepu fault (BHf), Dongzhong-Xiaodong
fault (DXf), Pubei fault (PBf), Muzi fault (MZf). Segmenting of FLf, Fangheng segment (FCS), Pingji
segment (PJS), Lingshan segment (LSS), and Shinan segment (SNS). Nanning (NN), Qinzhou (QZ),
Fangchenggang (FCG), Guigang (GG), Tengxian (TX), Yulin (YL), Beiliu (BL), Lingshan (LS), Pubei
(PB), Bobai (BB), Hepu (HP).

Over the past few years, the growing advancement of 3D MT inversion technology and
the increasing computational capabilities have led to the widespread utilization of 3D MT
arrays [28-30]. These arrays have proven to be valuable in detecting intricate seismogenic
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structures and deep seismogenic environments in areas prone to strong earthquakes, such
as Wenchuan, Lushan, and Jiuzhaigou [31-35]. The electromagnetic detection with dense
measuring points has also revealed that differences in the activity of various segments of
fault zones are closely related to the characteristics of deep medium development [36—40].
The article presents findings from the magnetotelluric array detection conducted in the
Qinzhou fault fold belt and surrounding regions. The integration of seismic geology, GPS
data, terrestrial heat flow measurements, and static stress triggering provides insights into
the deep electrical structure of the fault system and the block within the Qinzhou fault fold
belt. Additionally, this approach facilitates an exploration of the deep tectonic setting and
seismogenic mode associated with the Lingshan conjugate earthquake.

2. Regional Geological Structure and MT Profile

The Qinzhou fold belt (QZFB) is located at the southwestern end of the contact zone
between the Yangtze Block (YB) and the Cathaysia Block (CB) in the South China Block
(Figure 1b). This region experienced various stages of tectonic deformation, amalgamation,
superposition, and modification, recording significant processes of crust-mantle material
migration and interaction [41,42]. Divided by the Eastern Fangcheng-Lingshan fault (FLf2),
Eastern Lingshan-Tengxian fault (LTf2), and Western Hepu-Beiliu fault (HBf1), the QZFB
comprises three secondary tectonic units: Lingshan Fold Belt (LSFB), Liuwandashan Uplift
(LWDSU), and Bobai Fold Basin (BBFB) (Figures 1b and 2). The LSFB primarily comprises
acidic magmatic rocks and strata dating back to the Paleozoic, Mesozoic, and Cenozoic
eras [43,44]. The LWDSU is a region characterized by Hercynian-Indosinian granites that
are the dominant geological feature. The BBFB is an ancient composite subduction accretion
complex and collision zone [45,46]. The northwestern area of the QZFB has a relatively
uniform pre-Nanhua basement, but it was reactivated by multiple orogenic events from
the Early Paleozoic to Mesozoic, making it a disrupted cratonic unit [26]. The region is
defined by the fault known as the Nandan-Kunlun Pass fault (NKf), which separates it into
two basins: the Youjiang Rift Basin (YJRB) and Xianggui Rift Basin (XGRB) in the north-
west. Figure 2 displays the secondary geological units of the YJRB’s Shiwandashan Fault
Depression (SWDSFD) and the XGRB’s Dayaoshan Fault Depression (DYSFD) (Figure 1b).
The SWDSEFD is a Late Triassic to Middle Jurassic foreland basin primarily composed of
fluvial sand-gravel rock series, with a central sedimentary thickness exceeding ten thou-
sand meters [47-49]. The DYSFD is a subsidence zone located along a continental margin.
It is composed of folded basement rocks from before the Ordovician period and a sedi-
mentary cover made up of carbonate deposits from the Late Paleozoic era. On top of these
layers are deposits from the Cretaceous period [50]. On the southeastern side of the QZFB,
the Yunkai Uplift (YKU) is the oldest area of mixed crystalline basement and greenschist
facies metamorphic folded basement in the South China Block. Extensive development
of medium-acid intrusive rock bodies has occurred during various periods as a result of
intense tectonic-magmatic activity [51-53].

The study area is characterized by two sets of deep-seated fault zones that trend in a
northeast and northwest direction, creating an eye-catching “X”-shaped conjugate fault
system (Figure 1b). The fault zones that trend towards the northeast are quite significant,
with extended periods of activity. These faults are intricate and exhibit a dextral strike-
slip behavior since the neotectonic period. These include the Pingxiang-Dali fault (PDf),
Dongzhong-Xiaodong fault (DXf), Fangcheng-Lingshan fault (FLf), Lingshan-Tengxian
fault (LTf), and Hepu-Beiliu fault (HBf). It should be noted that Zhou et al. [22], based
on surface seismic geological survey data, consider the LTf as part of the FLf, referring
to it as the Shinan segment of the FLf. However, considering the significant differences
in deep extension direction, geometric structure, and deep environment revealed in this
study, the LTf is named separately here. Fault zones with a northwest orientation are
consistently present in the northwestern portion of the study area and occasionally appear
in the southeastern part. They primarily formed during the tectonic disintegration of the
Late Paleozoic carbonate platform and have displayed sinistral strike-slip activity since the
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neotectonic period, including the Nandan-Kunlun Pass fault (NKf), Zaixu fault (ZXf), and
Baise-Hepu fault (BHf) [41,43,47,49].
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Figure 2. Geological structure and MT point distribution of the Lingshan earthquake zone and its
adjacent areas. Dayaoshan Fault Depression (DYSFD), Shiwandashan Fault Depression (SWDSFD),
Lingshan Fold Belt (LSFB), Liuwandashan Uplift (LWDSU), Bobai fold Basin (BBFB). Xiaoyi (XY),
Nayang (NY), Nalin (NL), Fuwang (FW), Muzi (MZ), Dongping (DP), Pingshan (PS), Shitang (ST).
The names of faults are consistent with those in Figure 1.

An MT detection network was constructed based on the distribution of conjugate
structures and segmental features of NE-trending fault activity in the QZFB and nearby
locations. This network comprises four NW-SE trending main profiles (L8, L1, L6, L9), one
SW-NE trending main profile (L2), and a 3D MT array covering the Lingshan seismic zone,
resulting in data from 237 measurement points. The L8 and L1 profiles cross the Lingshan
segment of the FLf, the L6 profile crosses the junction of the FLf Lingshan segment and
the LTf, and the L9 profile traverses the LTf. The L1 profile traverses the macro-epicenter
region of the 1936 Lingshan earthquake. It begins around 10 km northeast of Xiaoyi in
the northwest and extends through Nayang, Pingshan, Fuwang, and Nalin, concluding
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approximately 8 km south of Dongping in the southeast. The profile spans a distance of
approximately 130 km and includes 56 measurement points. The L8 profile is about 88 km
long with 35 measurement points, the L6 profile is about 63 km long with 29 measurement
points, the L9 profile is about 63 km long with 28 measurement points, and the L2 profile
traverses the LSFB, with a length of about 98 km (Figures 1 and 2).

3. Data Analysis
3.1. Data Collection and Processing

In 2017, a total of 200 measurements of magnetic susceptibility (MT) data were gath-
ered in the Lingshan seismic zone. In 2019, an extra 37 data points were included in the
northwest and southeast parts of the research area. The MT data for both periods were
collected using the MTU-5A system from Phoenix Geophysics, Canada. Each site recorded
five components of MT data, including the electric field components in the north-south and
east-west directions and the magnetic field components in the north-south, east-west, and
vertical directions. As a result of the intricate electromagnetic surroundings and substan-
tial electromagnetic interference along the profile, the duration of data collection at each
location surpassed 40 h, with some sites taking up to 50 h. In addition, a remote reference
station was set up near Xiangzhou in the northeast of the study area to apply remote
reference [25] and robust processing techniques [54,55], which improved data quality and
enhanced the continuity of the apparent resistivity and phase curves.

Figure 3a displays the apparent resistivity curves for 10 representative measurement
points along profile L1, situated within the DYSFD, LSFB, LWDSU, BBFB, and YKU units.
The apparent resistivity curves within these five structural components exhibit clear dis-
tinctions. The apparent resistivity values for points 1 and 2 exceed tens of thousands (Om
in the high-frequency band above tens of hertz, dropping sharply to tens (dm below this
frequency, indicating a two-layer (high and low) resistivity structure in DYSFD. Measure-
ment points 3 and 4 within LSFB show a gradual increase in apparent resistivity from
hundreds to thousands (dm with increasing periods, indicating a high-resistivity structure.
However, point 5, situated in the eastern and western branches of FLf, has consistently
lower apparent resistivity values, indicating the presence of a noticeable low-resistivity
anomaly in FLf. The apparent resistivity curves of points 6, 7, and 8 in LWDSU and point 10
in YKU show an increase from nearly 100 ()m in the high-frequency band to thousands of
Om in the low-frequency band, presenting a two-layer (high and low) resistivity structure.
The measured resistivity values for point 9 within BBFB are consistently low across all
frequency bands, suggesting the presence of a structure with low electrical resistance in
this particular area.
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Figure 3. Apparent resistivity and phase curves for typical MT sites on profile L1 (a) and L2 (b) (see
Figure 2 for the locations). Red points denote data in the XY direction, and blue points denote data in
the YX direction. The names of construction units and faults are consistent with those in Figure 2.
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Here are the apparent resistivity curves for 10 measurement points across LSFB on
profile L2 (Figure 3b). The apparent resistivity values for all points show a general trend
of being high across all frequency bands. However, there are two specific areas where the
high-frequency apparent resistivity values are slightly lower compared to the measurement
points on the surrounding sides. These areas are near the southeastern extension of NKf2
(points 3 and 4) and near ZXf (points 6 and 7). This indicates that while the deep structure of
LSFB is generally high-resistivity, NW-trending faults may influence the shallow structure
of LSFB, causing variations in the electrical properties near the fault zones.

3.2. Analysis of Dimensionality and Electrical Differences

Understanding phase tensor decomposition is essential for effectively analyzing elec-
tromagnetic data. The two-dimensional (2D) phase tensor skew (3) can be used to identify
the dimensional characteristics of underground structures [56,57]. Considering measure-
ment errors, a | 31 value greater than 5 is indicative of strong 3D characteristics in deep
structures [58,59].

The distribution of 2D phase tensor skew is depicted in Figure 4a—c for three different
periods. For periods above 0.1 s in the high-frequency band, |3 | is generally less than
5, indicating weak 3D characteristics in the shallow structure. Between 0.1 s and 14 s,
certain measurement points in the Lingshan seismic zone and its northern area display

| 31 values that surpass 5. As the period continues to increase, the majority of |3 | values

consistently exceed 5, suggesting significant 3D characteristics in the deep structure of
the study area. The Lingshan seismic zone, in particular, shows especially strong 3D
characteristics, reflecting the complex development of NW-trending and NE-trending faults
in the deep structure.
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22.5°N

(@) , .
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Figure 4. (a—c) Phase tensor ellipses filled with absolute value of skew angle 3 for periods of 0.1 s,
14 s, 341 s. (d—f) Phase tensor ellipses filled with phase tensor invariant for periods of 0.1's, 14 s, 341 s.
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Figure 4d-f present the phase invariant @2 [60] for three different periods. For periods
above 0.1 s in the high-frequency band, @2 shows high-phase values on the northwest side
of DXf and LTfl and low-phase values on the northeast side. Between 0.1 s to 14 s, the
northwest side consistently shows high-phase values, while the northeast side exhibits
low-phase values. As the period increases further, @2 tends to become more uniform with
medium to low-phase values. DXf and LTf1 represent separate areas with differing electrical
properties. The low-resistivity characteristics are typically observed on the northwest side,
while the southeast side is associated with high-resistivity structures.

4. 3D Inversion

Due to the intricate fault system and significant skew values in the 2D phase tensor in
the Lingshan study area, deep electrical structure images were obtained by conducting a 3D
inversion using ModEM software [28]. Before inversion, data from all measurement points
were interpolated uniformly across frequency points, resulting in 44 effective interpolated
frequency points ranging from 0.003125 to 7300 s. The inversion process utilized selected
data for apparent resistivity and impedance phase. Threshold errors were then established
at 10% and 2.84°, respectively.

The horizontal grid division of the 3D inversion model consisted of the core area
that covered all the measurement points and boundary grid divisions. The central region
of the Lingshan seismic zone was divided into a grid with a spacing of 1 km x 1 km,
ensuring uniform measurement point distribution in the core area. The divided grid was
116 (north-south) x 94 (east-west), and 10 additional expansion grids were arranged in
each direction, totaling 136 x 114 grids. Vertical grid division was conducted without
terrain considerations. The initial grid thickness was set at 20 m and gradually increased
in segments at varying growth factors. Within the first 0.5 km, the growth factor was 1.2.
From 0.5 to 1 km, the growth factor was 1.1. From 1 to 15 km, the growth factor was 1.05.
From 15 to 150 km, the growth factor was 1.1. Finally, from 150 to 500 km, the growth factor
was 1.2. This layering approach resulted in a total of 87 layers (Figure S1). A homogeneous
half-space model of 500 (dm was used as the initial model, and the regularization factors
were updated automatically. The initial regularization factor was set at 5000, and when
the inversion stopped converging, the regularization factor was adjusted to one-tenth
of the original value to continue the inversion process. After 83 iterations, the model
was able to achieve a root mean square (RMS) error of 1.46. Figure 5 shows the fitting
residual distribution of apparent resistivity and impedance phase in the north-south and
east-west directions, indicating good fitting quality. Figure S2 presents the fitting curves
of the 3D inversion response for all measurement points in comparison to the observed
apparent resistivity and impedance phase data. The test results from forward modeling
(Figures S3-S5) validate the reliability of the resistivity model and the primary anomaly
bodies within the crust (R1, C3, etc., as illustrated in Figures 6 and 7).
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Figure 5. RMS Misfit distribution of the 3D inversion.
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Figure 6. Five cross sections extracted from the 3D Model. (See Figure 2 for the locations of cross

sections). The names of construction units and faults are consistent with those in Figures 1 and 2.
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Figure 7. Electrical structure slices of the Lingshan earthquake zone (see Figure 2 for the locations).
Black lines denote faults, red lines denote coseismic surface rupture zone.
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5. Results and Discussion
5.1. Lateral Distribution Characteristics of the Deep Electrical Structure in the Qinzhou Fold Belt
and Adjacent Areas

Figure 6 presents the 3D resistivity structure model across several profiles. The L8,
L1, L6, and L9 profiles run from northwest to southeast, while the L2 profile runs from
southwest to northeast. The L1 profile specifically shows the depth of the Moho, ranging
from 29.3 km in the northwest to 28.0 km in the southeast [61]. The interpretation of the
fault systems and the deep structural characteristics in tectonic elements were based on
surface geology and electrical structural characteristics.

The electrical structures along the four NW-SE profiles reveal that both DXf and LTf1
are high and low-resistivity boundary zones dipping (Figure 6 BDSZ1) NW and extending
beyond the Moho, suggesting large-scale ductile shear zones at depth. This information
provides support for geological surveys and gravity exploration, which have identified this
line as a significant boundary in the tectonic lithofacies of the SCB [41]. FLf and LTf2 dip
southeast and display low-resistivity bands buried within high-resistivity bodies R1 and
R2 in the upper crust, transitioning to high and low-resistivity boundary zones in the lower
crust-upper mantle, potentially indicating the deep extension of surface brittle-ductile
shear zones [62] (Figure 6 BDSZ2). Based on profile L1, it is evident that both HBf1 and
HB{2 exhibit properties that resemble resistivity boundary zones in terms of their electrical
structure. More specifically, there is a dip in the NW direction for HBf1 that goes beyond a
depth of 5 km. On the other hand, HBf2 has a dip in the SE direction that also extends to a
significant depth. Previous MT surveys [25,63] and geological investigations [41] suggest
that HBf2 represents a ductile shear zone in the lower crust-upper mantle, corresponding
to the surface-exposed brittle-ductile shear deformation zone (Figure 6 BDSZ3). Profile
L2 reveals that ZXf is a high and low-resistivity boundary zone dipping NE, extending
approximately 10 km. Three NW-trending branch faults are developed within the LSFB
on the southeast side of NKf2 (Figure 2). Two sections stretch out for a distance of 2-3 km,
while the third section slopes towards the southwest and covers a length of around 10 km.
This third section may represent the continuation of NKf2 towards the deep southeast. To
summarize, the faults in the study area run in a northeast direction and span across the
Earth’s crust. These faults have shear zones that extend into the mantle, and they play a
crucial role in controlling regional tectonic deformation and seismic activity. In contrast,
the NW-trending faults are developed within the upper crust, are smaller in scale, and play
a subordinate role in regional tectonic deformation and seismic activity.

Separated by the deep-seated faults DXf and LTf1 (Figure 6), the SWDSFD and DYSFD
in the northwest part of the survey area display similar electrical structures. Within the
range from the shallow surface to about the depth of 2 km, there was a high-resistivity layer,
corresponding to the Devonian-Middle-Lower Triassic carbonate, siliceous, and clastic
sedimentary strata widely exposed on the surface. Between 2-10 km, a low-resistivity
layer (C1) with resistivity values of several tens (dm exists, displaying a northwest-deep,
southeast-shallow distribution, corresponding to the Late Paleozoic intracontinental rift
basin’s carbonate sedimentary strata. Structures with medium-low resistivity are com-
monly observed below C1, which may indicate the presence of shallowly metamorphosed
turbidite clastic rocks from the Pre-Devonian era. The central part of the survey area, the
QZFB, consists of LSFB, LWDSU, and BBFB. The four NW-trending profiles show that
LSFB develops high-resistivity bodies (>1000 (0m) in the upper crust, corresponding to
Hercynian-Indosinian granite intrusions (Figures 2 and 6). In the lower crust-upper mantle
top, it displays a narrow top-wide bottom high-resistivity body (R1) with resistivity values
reaching tens of thousands Qdm, possibly indicating deep physical properties of deep-sea
facies turbidite clastic rock sediments and granite intrusions from the final closure of the
rift trough [64,65]. The deep electrical structure of LWDSU exhibits a noticeable level of
stratification. There is a high-resistivity structure (R2) in the northwest that deepens and
becomes shallower in the southeast. It is observed at a depth of approximately twelve
kilometers and has a resistivity value exceeding one thousand OOm. This value is consistent
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with the resistivity of the Variscan-Indosinian granite, which is extensively exposed on the
surface. Below this structure, the resistivity decreases to several tens (dm (C2), possibly
indicating deep-sea to semi-deep-sea turbidite sediments. BBFB displays low-resistivity
structures of several tens (dm above 3 km, corresponding to the red clastic rock sediments
of the Meso-Cenozoic basin. Below 5 km, the resistivity increases to several hundred OOm
and then decreases to 100-300 (dm at greater depths, similar to the resistivity values of C2
below LWDSU. In the southeastern region of the survey area, YKU observes the presence
of high-resistivity bodies in the upper crust and secondary low-resistivity bodies in the
middle-lower crust to the upper mantle top. These findings align with previous research
findings [25,63,66]. Overall, the deep electrical structures of DYSFD and SWDSFD are well
stratified, aligning with the quasi-cratonic tectonic attributes of localized destruction at the
southeastern margin of the YB. The electrical structures of QZFB and YKU exhibit a combi-
nation of high and low resistivity characteristics, which align with the tectonic attributes of
a composite orogenic belt experiencing multiple phases of tectonic modification [26].

5.2. Conjugate Seismic Structures and Medium Properties in the Lingshan Seismic Zone

To analyze the properties of FLf and ZXf in the Lingshan seismic zone, a total of
six depth slices (Figure 7) and eleven profiles of the electrical structure were made avail-
able. These slices and profiles help to uncover the unique seismic structures and medium
properties of the area. Profiles L1 and L5 transect the seismogenic structures of the 1936
M6% earthquake and near the macroseismic epicenter, and profile NE3 passes through the
macroseismic epicenter of the 1958 M5% earthquake (Figure 8).

Based on Figure 7, it can be observed that seismic activity at depths below 2 km
exhibits a pattern of alternating high and low resistivity distributions. These distributions
are associated with surface faults of different orientations and sizes, as well as layers of
sediment that have undergone multiple phases of deposition. Between 4-10 km, with DXf
and LTf1 as boundaries, there is a stark contrast in electrical structures: the northwest side
(DYSFD and SWDSFD) develops a distinct low-resistivity layer (C1), while the southeast
side (LSFB) displays an overall high-resistivity structure (R1), connected to the intact high-
resistivity structure (R2) below LWDSU. In the vicinity of the intersection of R1 and R2,
there exists a body with low resistivity (C3) that is spread out along FL{2. This body extends
to the surface and encompasses the area where the surface rupture occurred during the
1936 M6% earthquake, as well as the location of the macroseismic epicenter of the 1958
Mb5% earthquake. Below 10 km, the overall pattern is a “two low, one high” electrical
structure, i.e., a continuous high-resistivity body (R1) along LSFB is flanked by relatively
continuous low-resistivity bodies (C1, C2). Zhou et al. [25] suggest that the high-resistivity
body R1 is possibly related to lithospheric delamination following the orogenic collision
between the Yangtze and Cathaysia blocks. In contrast to the low-resistivity bodies C1 and
C2 flanking it, the high-resistivity body R1 exhibits a harder lithology and higher viscosity.
This characteristic has the potential to influence the deep tectonic framework and limit the
deformation behavior of shallow faults within the seismic zone.

Figure 8 provides a comprehensive view of the extensive fault extension within the
seismic zone. Based on the NW-SW profiles (Figure 8a), it can be observed that FLf’s two
branch faults in the Lingshan segment are found within low-resistivity bands within the
high-resistivity body above 10 km. Around 10 km, the two branches converge, dipping
southeast and extending into the low-resistivity layer (C2) below LWDSU. The 1936 M6%
earthquake occurred at the convergence point of the two branch faults (profiles L1, L4,
and L5). The two branches of LTf dip in opposite directions, extending as single faults in
relatively complex environments: LTf1 develops along high and low-resistivity boundaries
(profiles L6 and L9) or low-resistivity bands (profile L7); LTf2 develops within the high-
resistivity body (profile L7) or along low-resistivity bands (profile L9). This suggests that
while FLf and LTf may appear similar in terms of tectonic geomorphology on the surface,
they exhibit distinct variations in deep extension direction, geometric structure, and envi-
ronmental setting. These differences align with the findings of surface geological surveys,
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which indicate segmented characteristics of seismicity along FLf and LTf at depth [22].
The NE-trending profiles (NE1-NE5) in Figure 8b reveal that ZXf is a steeply dipping
fault developed in the upper crust, and dips vary in different segments. With FLf as the
boundary, the northwest segment dips NE, while the southeast segment dips SW, with
decreasing depth towards the southeast, disappearing into the Pubei granite body. Notably,
the dip change of ZXf occurs between FLf1 and FL{2, near the macroseismic epicenter of
the 1958 M5% earthquake. From the analysis of the intensity distribution direction, it can
be deduced that the point where the two faults intersect is the location where the 1958 M5%
earthquake originated. The seismogenic structure responsible for this earthquake is ZXf.
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Figure 8. Electrical structure profiles of the Lingshan earthquake zone. “NE” represents a profile
from southwest to northeast, and “L” represents a profile from northwest to southeast. The names of
construction units and faults are consistent with those in Figures 1 and 2.

5.3. Seismogenic Patterns of Conjugate Earthquakes in the Lingshan Zone

The Lingshan seismic zone is made up of a fault system that forms an “X” shape, with
faults trending in both the NE-trending and NW-trending directions. The conjugate area
experienced the M6% earthquake in 1936 and the M5% earthquake in 1958, differing in
magnitude by one unit and separated by an interval of 22 years, displaying asymmetric
conjugate ruptures and time lag of rupture. Seismic ruptures in the present day occur
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on top of the underlying tectonic conditions. The majority of ruptures can be attributed
to the deep extension of pre-existing faults. Thus, the seismogenic patterns of conjugate
earthquakes are closely related to the deep tectonic environment of the seismic zone. As
previously mentioned, the physical properties and rheology of rocks below 10 km in
the Lingshan seismic zone show an NE-trending zonal distribution, controlling the deep
tectonic framework of the seismic area. The FLf fault extends on a larger scale across the
crust, while the ZXf fault is smaller and contained within the crust. The differences in the
physical characteristics, flow behavior, and extent and magnitude of fault formation are
likely responsible for the seismic pattern of conjugate faults in the Lingshan seismic zone.

The GPS velocity fields and surface strain calculations in the Lingshan seismic zone
and adjacent areas reveal a gradual decrease in velocity from the west to the east, with an av-
erage of 6.5 mm/a in the west to 4.3 mm/a in the east. This suggests horizontal compressive
dynamics from northwest to southeast (Figure 9). The three GPS stations within the QZFB
display lower movement rates compared to surrounding stations (Figure 9a), with nearly
zero surface strain rate, corresponding to the projection of the gigantic high-resistivity
body R1 to the surface in Figure 7. It appears that the decrease in crustal movement rate in
this region is connected to the hindrance caused by the deep high-resistivity, rigid body.
Since the late Cenozoic, the southeastern side of the study area has experienced multi-cycle
volcanic eruptions in the Leigiong area [67-69]. Geochemical and seismological studies
indicate mantle material upwelling as the deep driving force [70-73]. In the Lingshan
seismic zone, there are a variety of geological features to be found. These include Mesozoic
intermediate-acid intrusive rocks (veins), Cenozoic basic volcanic rocks, numerous hot
springs, and a low-resistivity layer (C2) that extends southeastwards in the deep. These
suggest that this area is possibly influenced by the upwelling mantle-derived thermal
material from the Leiqiong area [74,75]. Therefore, the Lingshan seismic zone is affected by
both NWW-SEE horizontal compressions and deep thermal dynamics from the southeast.
In the middle-lower crust of FL{2, a ductile shear zone with low rheological strength and
viscosity adjusts the deformation of adjacent blocks through creep behavior and “slow
earthquakes” under the coupling of regional tectonic stress and deep thermal dynamics.
The high-resistivity bodies (R1) beneath the LSFB and (R2) in the upper crust of LWDSU,
composed mainly of relatively “cold”, “hard” intrusive rocks and flysch clastic rocks, dis-
play rigid body characteristics. These bodies experience strain due to regional tectonic
stress and deep thermal dynamics, making them the main accumulators of tectonic stress.
When the stress accumulates to the rock strength limit, it causes the relatively weaker
FLf2 within the high-resistivity band to experience a dextral strike-slip rupture instability,
leading to the occurrence of the Lingshan M6% earthquake (Figure 9b).

Various factors contribute to the process of stress accumulation and release in faults.
These include regional tectonic stress, the physical properties of rock bodies, and the activity
of adjacent faults. These interactions and seismic triggering play a significant role in shaping
the overall behavior of faults [76,77]. Seismological investigations and focal mechanism
studies show that the 1936 M6% Lingshan earthquake resulted from the dextral strike-
slip rupture of FLf2. The coseismic elastic rebound would cause the upper crustal block
northwest of FLf2 to displace NE-wards, particularly in the segment where FLf2 transitions
from NE to NEE trending, facilitating the left-lateral strike-slip motion of the NW-trending
ZXf (Figure 9d). ZXf, an intra-crustal fault with a steep dip, has its NW segment dipping
NE and its SE segment dipping SW, with the transition zone being a locked segment.
Using the Burgers model [78], we studied the evolution of Coulomb stress induced by the
1936 M6% earthquake. This was performed by utilizing the PSGRN/PSCMP calculation
program [79] and coseismic dislocation data [23,24]. The results show that the segment of
ZXf between FLf1 and FLf2 are areas of increased Coulomb stress, with a maximum load of
1.0 MPa (Figure 9c), significantly higher than the typical seismic triggering threshold [80,81],
indicating an enhanced risk of strong earthquakes in the segment of ZXf. The current stress
field in the Lingshan seismic zone is characterized by a principal compressive stress that is
oriented in a NWW-SEE direction, with a dip angle that is nearly horizontal. This favors
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the left-lateral strike-slip motion of NW-trending faults and the right-lateral strike-slip of
NE-trending faults [82,83]. The available evidence suggests that the locked part of ZXf,
which was activated by the 1936 Lingshan M6% earthquake, reached a state close to rupture.
Following an additional 22 years of the build-up of tectonic stress, the 1958 M5% Lingshan
earthquake occurred.
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Figure 9. (a) GPS velocity field and plain strain rate distribution in the Lingshan earthquake region
and its surrounding area. The small arrows indicate the GPS velocities. Error ellipses are 95%
confidence interval. (b) 3D electrical structures in the Lingshan earthquake region. (¢) The cumulated
stress loading on the rupture plane of the 1958 M5% Lingshan earthquake associated with the
1936 M6% Lingshan earthquake (effective friction coefficient ' = 0.4). The black lines indicate
coseismic surface rupture zone. (d) Cartoon diagram of conjugate seismic pattern of Lingshan
earthquake. Red arrows indicate direction of tectonic stress field, and the black arrows indicate of
coseismic displacement.

6. Conclusions

We have obtained broadband MT profile and surface array data that cover the Qinzhou
fold belt in this research. Resistivity models for different profiles and conjugate tectonic
zones were obtained using 3D electromagnetic inversion techniques. By combining geo-
logical, GPS, terrestrial heat flow, and static Coulomb stress triggering data, we conducted
a comprehensive analysis of the deep extension of major faults, tectonic properties of
different blocks, the deep seismogenic environment of the Lingshan seismic zone, and the
conjugate rupture patterns, leading to the following insights:

The NE-trending faults within the Qinzhou fold belt and adjacent area are classified as
trans-crustal faults and serve as electrical boundaries. The observed faults exhibit ductile
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shear zones that extend into the mantle. The Fangcheng-Lingshan fault is buried within a
high-resistivity body in the upper crust, with a southeastward-tilting electrical boundary at
depth. It can be observed that the faults in the study area that trend towards the northeast
are the main faults responsible for regional tectonic deformation and seismic activity. On
the other hand, the faults that trend towards the northwest are smaller in scale and have a
secondary role in regional tectonic deformation and seismic activity.

Various tectonic units in the Qinzhou fold belt and surrounding regions exhibit unique
deep structural characteristics. The Shiwandashan and Dayaoshan Fault Depression exhibit
layered resistivity structures, which are in line with the quasi-cratonic tectonic character-
istics of localized damage on the southeastern edge of the Yangtze Block. The resistivity
structure of the Qinzhou fold belt is a mix of high and low resistivities, corresponding
to the characteristics of a composite orogenic belt that has undergone multiple phases of
tectonic modification. There is a distinct pattern of high-resistivity layers in the upper crust
and low-resistivity layers in the middle and lower crust between the Liuwandashan uplift
and the Yunkai uplift. This indicates that there may be a connection to magmatic activities
originating from the mantle in the Leigiong area.

The Lingshan seismic zone displays an electrical structure characterized by “two
low, one high”. In the Lingshan fold belt, there is a prominent high-resistivity body
surrounded by consistent low-resistivity bodies in the deeper section. There are low-
resistivity anomalies present within the high-resistivity body, specifically along the eastern
branch of the Fangcheng-Lingshan fault. Its surface projection covers the surface rupture
zones of the 1936 M6% earthquake and the macro-seismic epicenter of the 1958 M5%
earthquake. Compared to the low-resistivity bodies, the high-resistivity body displays
harder rock properties and higher viscosity. Below 10 km in the Lingshan seismic zone,
rock properties and rheology are distributed in an NE-trending band, controlling the deep
structural framework of the seismic area. The NE-trending FLf is a larger-scale trans-crustal
fault, while the NW-trending ZXf is a smaller-scale intra-crustal fault. The 1958 M5%
earthquake was associated with the Zaixu Fault, and the macro-seismic epicenter is located
precisely where the fault’s dip changes. The conjugate rupture mode in the Lingshan
seismic zone is likely determined by the differences in deep material properties, rheology,
and fault development scale and depth.

The seismic source region of the Lingshan earthquake is mainly composed of intrusive
rocks and clastic sedimentary rocks that are known for their rigid and unyielding nature.
Under the coupling of regional tectonic stress and deep thermal dynamics, the strain is
minimal, making it the main area of accumulated tectonic stress. When stress accumula-
tion reaches the rock strength limit, the weaker FL{2 within the sub-high-resistivity strip
experiences a dextral strike-slip rupture instability, resulting in the occurrence of an M6%
earthquake in Lingshan. The coseismic deformation from this earthquake promoted sinis-
tral strike-slip movement along the NW-trending ZXf in the conjugate fault system. The
segment where the fault’s dip changes becomes a locked section for stress accumulation
and a Coulomb loading area for the 1936 M6% earthquake. The locked segment of ZXf
continued to accumulate tectonic stress for 22 years before the occurrence of the 1958
M5% earthquake.
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