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The Huoshan region, located on the northern margin of the Dabie Orogenic
Belt at the junction of the North China Plate and the Yangtze Plate, is
one of the most seismically active and concentrated areas in the Dabie
Orogenic Belt and adjacent regions. Utilizing the travel time data from 4,427
seismic events observed by 202 stations, we investigated the deep medium
structure of the Huoshan region using the double-difference tomography
method. The results reveal the medium structure and characteristics of mid-
strong earthquake preparation in the region. The crustal medium in the study
area exhibits significant lateral heterogeneity. The Dabie Orogenic Belt shows
notably high velocity, whereas the North China Plate and the Yangtze Plate
display relatively lower velocities. The Tan-Lu Fault Zone exhibits segmentation
characteristics; with the crustal medium velocity south of Lujiang being relatively
high, north of Jiashan being relatively low, and between Lujiang and Jiashan
being intermediate. The epicenters of mid-strong earthquakes are located on
the gradient zones of velocity and Poisson’s ratio. The source regions of these
earthquakes show significant anomalies of high Poisson’s ratio and low S-wave
velocity, which may indicate the presence of fluids. These anomalies possibly
reflect the intrusion of deep materials along the fault zone, which could be the
driving force for the preparation of mid-strong earthquakes.

KEYWORDS

Huoshan region, seismogenic environment, double-difference tomography, deep fluids,
crustal structure

1 Introduction

The Huoshan region (HSR), located on the northern margin of the Dabie Orogenic
Belt (DOB) at the junction of the North China Plate (NCP) and the Yangtze
Plate (YP), is one of the most seismically active and concentrated areas within
the DOB and its surrounding regions. To date, four earthquakes of magnitude 6
or higher have occurred in Anhui Province, two of which were in the HSR: a
magnitude 6 earthquake in 1,652 and a magnitude 6% earthquake in 1917. The fine
structural characteristics, seismogenic environment, earthquake generation mechanisms,
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and earthquake prediction in the HSR have long been key areas of
focus for researchers.

In recent years, numerous geophysicists have adopted diverse
methodologies to deepen scientific inquiry in the HSR. Through
the application of magnetotelluric techniques, Cui etal. (2020)
[1] elucidated a three-dimensional electrical structure within the
deep HSR. By integrating relocated minor earthquake data, they
inferred that small seismic events predominantly arise along
structurally weakened zones, with frequent shallow seismicity likely
associated with fluid presence in the mid-lower crust, suggesting the
region’s potential to host moderate to strong earthquakes exceeding
magnitude 6. Zhang et al. (2012) [2] employed a multidisciplinary
approach combining gravity, magnetics, electromagnetics, and
seismology, revealing a deep structural regime along the northern
Dabie Mountains characterized by southward subduction of the
North China Block and a northward thrust of the North Huaiyang
Tectonic Belt (NHTB)—an insight offering profound geological
constraints on the collision dynamics between the NCP and South
China Plate. Wang et al. (2024) [3] utilized the matched location
method to detect small earthquakes in the Huoshan seismic window
region, obtaining a more complete earthquake catalog and revealing
the relationship between these small earthquakes and the Gushi
M3.6 earthquake in 2018 and the Yingcheng M4.9 earthquake
in 2019. Ambient noise tomography and body-wave tomography
results revealed a widespread low-velocity anomaly in the lower
crust to upper mantle beneath the HSR [4-8]. Researchers using
double-difference location (LocDD) method have further delineated
aconcentrated, banded seismic distribution [9, 10], illuminating that
the Xiaotian-Mozitan Fault and the Luoerling-Tudiling Fault jointly
govern seismic activity in Huoshan [11]. Focal mechanism analyses
yielded fault plane parameters, highlighting a regional stress regime
marked by east-west compression and north-south extension [12].

Nonetheless, existing findings remain limited by methodological
differences, perspectives, and foundational data variability. Previous
large-scale imaging results were limited by the low spatial resolution
of the models [5-7, 13], while small-scale imaging primarily focused
on the upper crustal velocity structure, lacking constraints on
the middle and lower crustal velocity structures [14]. Therefore,
conducting detailed studies on the P-wave and S-wave velocity
structures and Poisson’s ratio in the HSR could provide important
seismological constraints for understanding the deep seismogenic
environment of the Huoshan earthquake swarm.

In this study, initial P-wave and S-wave arrival data from
4,427 seismic events spanning January 1998 to December 2021
were collected. Utilizing double-difference tomography (TomoDD)
method, we constructed a high-resolution three-dimensional model
of P-wave and S-wave velocities and Poisson’ ratio across the HSR,
thereby elucidating the region’s crustal medium structure and the
characteristics underlying moderate to strong earthquake genesis.

2 Geological background

The study area and its surrounding regions are divided by the
NNE-trending Tan-Lu Fault Zone (F1), the near EW-trending Feixi-
Hanbaidu Fault (F2), and the NE-trending Huaiyin-Xiangshuikou
Fault (F6) into the NCP, the DOB, the YCP, and the Sulu Orogenic
Belt. The HSR’s geological setting is distinct, located at the southern
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edge of the northeastern subsidence zone of the Dabie Mountains,
near the Anhui-Hubei border. It also lies at the intersection of the
DOB and fault F1.The HSR is segmented by several faults, including
the NW-trending fault F2, the Meishan - Longhekou Fault (F3)
and the Xiaotian-MoziTan Fault (F4), which intersect with the NE-
trending Luoerling-Tudiling Fault (F5) (Figure 1).

Fault F4 serves as a boundary separating the North Dabie
Tectonic Belt (NDTB) from the NHTB. This fault is an ancient
deep fault zone that has significantly influenced the geomorphology
and lithology of the region, with metamorphic rocks predominating
to the south and sedimentary rocks to the north. Faults F2 and
F3 separate the NHTB and the Luan Basin. Fault F2 primarily
shows normal fault characteristics, classified as a pre-Quaternary
fault, with strong activity during the Mesozoic and early Cenozoic
periods. Fault F3 is primarily characterized by extensional tension,
with significant tectonic deformation since the Cenozoic era. It
mainly exhibits ductile slip activity and is an older fault that remains
active today. Fault F5 traverses the NHTB and the Luan Basin
in a northerly direction, exhibiting strong tectonic activity during
the Neotectonic period. The most recent movement of this fault
occurred in the Late Pleistocene [15]. Uneven basin-mountain
development is observed on both sides of this fault. This unique
geological background indicates that the HSR is a tectonic weak
point, providing a favorable environment for the generation of
tectonic earthquakes. It also suggests that the area is prone to
frequent small to mid earthquakes, with large earthquakes being
relatively rare [16].

3 Data and methods

3.1 Double-difference tomography
method

The TomoDD method is a technique that simultaneously inverts
for velocity structures and earthquake source parameters using both
absolute and relative travel-time data [17, 18]. This method extends
the LocDD method [19]. In the TomoDD method, the model is
parameterized using a three-dimensional regular grid, with ray
tracing and theoretical travel-time calculation performed using the
pseudo-bending method. The inversion process is solved using the
damped least squares algorithm [17, 18, 20]. The inversion results
can be evaluated using model resolution experiments [21-23], DWS
numerical methods or seismic ray density distribution [24], and
checkerboard resolution tests [25, 26].

Considering spatial variations in medium velocity structures,
TomoDD method employs absolute travel-time data to mitigate
errors associated with the assumption of constant velocities between
event pairs and stations, leading to more accurate location results.
The velocity structure both within and outside the source region,
along with the source locations, are determined using differential
and absolute travel-time data, respectively [19]. By integrating
relative and absolute travel-time data in a joint inversion, it
is possible to obtain a more refined three-dimensional velocity
structure and precise earthquake locations [27, 28]. In the inversion
process, priority is first given to absolute travel-time data to establish
absolute earthquake locations and large-scale velocity structures.
Subsequently, emphasis is placed on differential travel-time data to
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FIGURE 1

Geological structure background map. (A) Schematic diagram of the location of the study area, (B) Main structural units in and around the study area.
The red rectangular box is the research area of this paper, and the black line represents the fault, F1: Tan-Lu Fault Zone, F2: Feixi-Hanbaidu Fault, F3:
Meishan-Longhekou Fault, F4: Xiaotian-Mozitan Fault, F5: Luo'erling-Tudiling Fault, F6: Huaiyin - Xiangshuikou Fault.

refine the velocity structure within the source region and achieve
precise earthquake localization [17, 18].

This study employs regional-scale the TomoDD method to
calculate and obtain a more detailed three-dimensional velocity
structure and precise earthquake locations within the study area.
It further explores the relationships between geological structures,
fault systems, and seismic activity in this area.

3.2 Data

The study area for this paper is defined by the coordinates
30.5°N-33.416°N, 115.3°E-118.283°E. To achieve better seismic ray
coverage across the study region, the data collection area was
expanded to 29.5°N-34.416°N, 114.3°E-119.283°E. A total of 4,427
earthquake events were collected from January 1998 to December
2021, along with the P- wave and S-wave arrival time data from 202
seismic stations within this extended area. To enhance data quality
and achieve more accurate velocity structures and earthquake
locations, a rigorous selection of seismic phase data was conducted:
(1) Earthquake events recorded by at least five stations were selected;
(2) The distance between the earthquake and the station was
restricted to no more than 800 km; (3) The maximum distance
between earthquake pairs was set at 30 km, with a minimum of
10 km; (4) The required number of phases per earthquake pair
ranged from 8 to 120; (5) The maximum number of neighbors
for each earthquake was limited to 30. Seismic phase data with
significant errors were removed based on the fitted travel-time
curves [29]. The travel-time curves before and after data filtering are
shown in Figures 2, 3. Ultimately, 4,007 effective earthquake events
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were selected from the initial 4,427 for joint inversion, yielding
52,465 absolute travel-time data points and 616,425 relative travel-
time data points.

Figure 4 displays the distribution of earthquake events and
stations after relocation using the TomoDD method. The majority
of the relocated events are concentrated at depths of 5-15km,
predominantly within the upper to middle crust, which has
significant tectonic implications. A strong correlation is observed
between the distribution of small to mid earthquakes and fault
structures. The distribution of seismic ray paths within the study area
is shown in Figure 5, demonstrating that the study region has good
ray path coverage.

3.3 Selection of the initial model and
parameters

Tomographic inversion is highly sensitive to the initial model,
making the selection of an appropriate model critical. In this
study, we incorporated wide-angle reflection data and performed
a comprehensive analysis based on the HQI3 artificial seismic
sounding velocity profile, alongside the findings of Huang et al.
(2011) [30] and Li etal. (2018) [31], to develop the initial 1D P-
wave velocity model. The specific parameters are listed in Table 1,
with a P-wave to S-wave velocity ratio set at 1.73. In this paper, the
model was parameterized using a horizontal grid spacing of 0.25° x
0.25°, with vertical grid nodes set at the depths defined by the initial
velocity model.

In the TomoDD method inversion, the solution is derived
using the damped least squares algorithm, where smoothing and
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FIGURE 2
Travel-time curves of original data.

FIGURE 3
Travel-time curves with outliers rejected.
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FIGURE 4

Distribution of seismic events and stations after location. The black
dots represent the positions of the earthquakes after relocation, the
blue triangles indicate the seismic stations, and the red dashed
rectangular box outlines the study area.

FIGURE 5
Distribution of earthquake, station and ray path. The black dots

represent the positions of the earthquakes after relocation, the blue
triangles indicate the seismic stations, the red dashed rectangular box
outlines the study area, and the white lines depict the

seismic ray paths.

damping factors are incorporated to reduce the influence of data
errors on the inversion results. These factors play a crucial role in
controlling the stability of the inversion process [32]. The smoothing
factor constrains the model’s slowness, while the damping factor
simultaneously constrains both the slowness and the earthquake
location parameters. If the smoothing and damping factors are set
too low, the solution norm may become excessively large; conversely,
if set too high, the data residual norm may increase significantly.
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In this study, the optimal smoothing and damping factors were
determined to be 150 and 500, respectively, using the L-curve
method [33, 34].

4 Tomography results
4.1 Model resolution test analysis

In this study, the reliability of the inversion results was
evaluated using the checkerboard resolution test [35, 36]. This
method involves introducing perturbations to the velocity
values of each grid in the initial velocity model to create a
perturbed 3D velocity model. The perturbed model is then
used to generate synthetic travel times, which are inverted
using the TomoDD method with the initial model as a
The extent to which the

perturbed model is then assessed. A successful

recovers the
checkerboard
test, characterized by alternating positive and negative velocity
anomalies, indicates good resolution and high reliability of the

reference. inversion

inversion results.

In this study, a 5% positive and negative velocity perturbation
was applied for the checkerboard test. The results at various
depths are presented in Figures 6, 7. As shown, the P-wave and
S-wave models demonstrate good recovery at depths of 5-25 km,
with high resolution across most areas, except for the northwest
corner, where resolution is lower. At a depth of 33.9 km, the
resolution is comparatively lower due to sparse seismic activity and
reduced ray density. However, the upper mantle at 40 km depth
exhibits higher ray density and resolution, as Pn and Sn waves
predominantly travel through the uppermost mantle [37]. Overall,
the resolution test results indicate good recovery across most regions
and depths, confirming the relative reliability of the inversion
results.

4.2 Distribution characteristics of velocity
and Poisson’s ratio

Figures 8-10 display the P-wave and S-wave velocity imaging
results, as well as the Poissons ratio imaging results at various
depths within the study area. In these figures, red circles represent
historical earthquake epicenters, with the size of the circles
indicating earthquake magnitude—the larger the circle, the greater
the magnitude. Black line segments denote fault lines. The figures
reveal significant lateral heterogeneity in the P-wave and S-wave
velocity structures and Poissons ratio distribution in the crust
and upper mantle of the study area. Additionally, the velocity
and Poisson’s ratio distributions exhibit segmented characteristics
along fault F1.

The crust-mantle velocity structures of the DOB, the NCP, and
the YP reveal marked lateral heterogeneity. The velocity structure
of the middle to upper crust in the study area reveals distinct
tectonic features. At depths of 5-10 km (upper crust) (Figures 8A,
B), there are pronounced lateral variations in crustal velocity. The
DOB displays relatively high velocities, whereas the NCP and the
Lower YP exhibit comparatively lower velocities. At depths of
15-25 km (middle to lower crust) (Figures 8C-E, 9C-E), the region
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TABLE 1 One-dimensional velocity structure model before and after inversion in the study area.

10.3389/fphy.2024.1502248

Depth (km)

-5

0

5

10

15

20

25

33.9

40

60

P-wave velocity (km/s)

1.3

5.14

5.87

5.88

6.05

6.4

FIGURE 6

P-wave velocity imaging test board. (A) 5 km, (B) 10 km, (C) 15 km, (D) 20 km, (E) 25 km, (F) 33.9 km, (G) 40 km.
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FIGURE 7

S-wave velocity imaging test board. (A) 5 km, (B) 10 km, (C) 15 km, (D) 20 km, (E) 2 5km, (F) 33.9 km, (G) 40 km.

of high velocity in the DOB orogen significantly diminishes. Notably,
at a depth of 25 km, the S-wave velocity reveals a marked low-
velocity zone within the DOB (Figure 9E). Despite this, the overall
velocity characteristics in the study area indicate that velocities in
the DOB remain higher than those in the NCP and the Lower YP,
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suggesting a continuity in the velocity structure from the upper to
the middle crust.

At depths of 33.9-40 km (lower crust to the upper mantle)
(Figures 8F,G, 9EG), the DOB transitions from a high-velocity
to a low-velocity distribution. The NCP displays relatively
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FIGURE 8

P-wave velocity structure imaging results at different depths. ((A) 5 km, (B) 10 km, (C) 15 km, (D) 20 km, (E) 25 km, (F) 33.9 km, (G) 40 km.

high-velocity features compared to the DOB [38], which may
be associated with significant thinning and disruption of the
lithosphere in the eastern North China Craton due to Pacific
Plate subduction since the Mesozoic and Cenozoic eras [39].
Besides the marked velocity differences between tectonic
blocks, high and low-velocity anomalies
within the same block. These variations in velocity structures
between and within plates suggest that different geological

are interspersed
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structures have undergone diverse tectonic evolutionary
histories.

Fault F1, extending NNE-SSW across the study area,
delineates the boundary between the NCP and the YP. The
velocity structure from the upper crust to the top of the
upper mantle exhibits pronounced lateral heterogeneity along
fault F1 and its surrounding areas. The distribution of P-

wave and S-wave velocities along the fault demonstrates a
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FIGURE 9
S-wave velocity structure imaging results at different depths. (A) 5 km, (B) 10 km, (C) 15 km, (D) 20 km, (E) 25 km, (F) 33.9 km, (G) 40 km.

segmented pattern. Specifically, crustal velocities south of
Lujiang are relatively high, while those north of Jiashan are
relatively low, with the region between Lujiang and Jiashan
exhibiting intermediate velocities. These results are consistent
with findings from He etal. (2021) [7] based on body wave
imaging. The observed segmentation of the crustal and mantle
velocity structures along fault F1 is likely associated with its
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multi-phase tectonic activity and the movement of deep-seated
materials [40].

Along the F1 (Figures 8, 9), at a depth of 5 km, the segmentation
characteristics of P-wave and S-wave velocities are relatively
consistent. At depths of 10-15km, the segmentation of P-wave
velocity becomes more pronounced, with relatively high velocities
south of Lujiang, intermediate velocities between Lujiang and
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FIGURE 10
Poisson'’s ratio structure imaging results at different depths. (A) 5 km, (B) 10 km, (C) 15 km, (D) 20 km, (E) 25 km, (F) 33.9 km, (G) 40 km.

Jiashan, and relatively low velocities north of Jiashan. In contrast,  higher velocities in the Feidong region compared to the south, and
S-wave velocities show relatively low values in the Feidong to  more pronounced segmentation in S-wave velocity. At a depth of
Lujiang segment. At depths of 20-25 km, the velocity is generally 40 km, the segmentation of S-wave velocity becomes more distinct,
higher north of Dingyuan compared to the south. At a depth  with the segmentation point around Dingyuan, where velocities are
of 33.9 km, the boundary roughly lies at Feidong, with slightly  slightly higher in the northern segment compared to the south.
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The inconsistent distribution characteristics of P-wave and S-wave
high-velocity anomalies may be related to the physical properties
and the state of the medium within the crust [7]. The surface and
subsurface structural morphology of fault F1 exhibits vertical spatial
variations, indicating the complexity of its deep and shallow tectonic
relationships.

Figures 4, 8 reveal that after relocation, the small to mid
earthquakes are predominantly concentrated within the HSR,
particularly around the intersection of the NW-trending fault F4
and the NE-trending fault F5. Historical seismic activity is primarily
aligned along the NE-trending fault F5 in a banded distribution.
The frequent and concentrated seismic activity in the HSR is likely
closely related to the unique deep-seated structures in the region.
Analyzing the underground velocity structure and Poisson’s ratio
distribution is an effective method for studying the crustal and
mantle medium structures.

The P-wave and S-wave velocities distribution results obtained
in this study (Figures 8, 9) reveal significant lateral heterogeneity
in the velocity structure of the HSR. At depths of 5-10 km, the
NDTB shows high-velocity anomalies in both P-wave and S-
wave structures, while the NHTB is located within a transition
zone between high and low-velocity anomalies (Figures 8A,B,
9A,B). Faults F4 and F5 transect the high P-wave velocity region
(Figures 8A,B, 9A,B), consistent with previous 3D body-wave
imaging results [6-8, 13]. At a depth of 10 km, fault F5 is situated
within a zone of relatively weak high P-wave velocity between
two P-wave high-velocity anomalies (Figure 8B). At 5km depth,
the intersection of faults F4 and F5 is characterized by a weak
low S-wave velocity anomaly (Figure 9A), supported by ambient
noise tomography results from Li et al. (2023) [14], indicating that
the upper crustal fault intersection zone has weak rock physical
properties.

At depths of 15-25 km, the high-velocity regions in both the
NDTB and the NHTB significantly reduce in size (Figures 8C-E,
9C-E), while the areas of high Poisson’s ratio gradually
expand (Figures 10C-E). The P-wave low-velocity anomalies
are primarily concentrated at a depth of 25km (Figure 8E),
with S-wave low-velocity anomalies extending upwards to
15km (Figures 9C-E), aligning well with previous body-wave
imaging [6, 8] and ambient noise tomography results [4, 5].
At 15km, the F5 is situated within a weaker P-wave high-
velocity zone between two prominent high-velocity anomalies
(Figure 8C).

At depths of 33.9-40 km, the extent of low-velocity regions in
both P-wave and S-wave structures increases in the NDTB and the
NHTB, consistent with large-scale velocity imaging results [4-6,
8, 41]. Fault F4 lies along a P-wave velocity transitional zone,
indicating that this fault likely extends deeply, reaching down to the
Moho discontinuity.

Poisson’s ratio is a vital elastic parameter for elucidating the
material composition of Earth’s interior, providing an essential basis
for understanding earthquake nucleation mechanisms, especially in
evaluating the role of crustal fluids in influencing seismic activity
[42]. The sensitivity of Poisson’s ratio to chemical composition and
the nature and degree of fluid content leads to the association
of high Poisson’s ratio and low velocity anomalies (particularly
low Vs.) with the presence of fluids such as water or partial
molten materials [43]. Poisson’s ratio (o) for the study region was
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derived from the calculated P-wave and S-wave velocities using the
formula 6= 241~ [(Vp/V5)* =1]"'} [7], with distribution results
displayed in Figure 10.

At depths of 5-10 km (Figures 10A, B), high Poisson’s ratio
anomalies align NW along fault F4 on either side of the
fault intersection, while low Poissons ratio anomalies extend
NE along fault F5. At a depth of 10km, east of the fault
junction, anomalies in high Poisson’s ratio (Figure 10B), high P-
wave velocity (Figure 8B), and low S-wave velocity (Figure 9B)
are observed, consistent with previous body-wave imaging results
[44].

At depths of 15-25 km (Figures 10C-E), high Poisson’s ratios
are prevalent in the NHTB, while the NDTB transitions from high
to lower Poisson’s ratios. Fault F4 traverses a marked Poisson’s
ratio gradient, effectively delineating the structural boundary.
Fault F5 lies on a Poissons ratio gradient only at 15km depth,
implying that this fault may not extend to the middle-lower
crust.

At depths of 33.9-40 km (Figures 10F, G), fault F4 is situated
within a Poisson’s ratio transition zone, suggesting that it acts as
a boundary fault separating the NDTB and the NHTB, extending
deeply into the Moho [45, 46]. In the northwest sector of the
convergence zone between faults F4 and F5, Poisson’s ratio is
notably elevated compared to the northeast sector of the junction.
The low S-wave velocity structure (Figures 9F, G) and heightened
Poisson’s ratio (Figures 10F, G) on the northwest side extend
upwards to approximately 15 km depth (Figures 9C-E and 10C, E),
suggesting potential fluid involvement in the mid-to-lower crust of
this region [47].

5 Discussionn

5.1 Earthquake, fault and velocity
distribution relationship

To more intuitively demonstrate the variation of velocity and
Poisson’s ratio structures with depth and their relationship to
earthquake distribution, this paper selects three vertical profiles
(locations shown in Figure 8A): Profile AA is located between
the epicenters of the 1,652 Huoshan M6 earthquake and the
1917 Huoshan M6% earthquake; Profile BB® passes through the
earthquake cluster at the intersection of faults F4 and F5; and
Profile CC’ passes through the epicenter of the 1917 Huoshan
M6Y earthquake. The imaging results of P-wave velocity, S-wave
velocity, and Poisson’s ratio along these profiles are presented in
Figures 11-13. In these figures, the solid black lines represent
the fault projections in the profiles, inferred from the velocity or
Poisson’s ratio structures combined with the relocated earthquakes.
The red circles indicate the projections of the epicenters of the 1,652
Huoshan M6 earthquake and the 1917 Huoshan M6% earthquake
on the profiles.

In the AA” profile (Figure 11), at depths of 5-25km, high-
velocity anomalies for both P-wave and S-wave, along with a high
Poisson’s ratio, are observed beneath the NDTB and the NHTB,
located between faults F4 and F5. Conversely, a weak low-velocity
anomaly for P-wave and S-wave velocities and a weak low Poisson’s
ratio structure are present beneath the NHTB between faults F3
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FIGURE 11

velocity, (D) Poisson's ratio.

Elevation and imaging results along profile AA’, including P-wave, S-wave velocities, and Poisson’s ratio. (A) Elevation, (B) P-wave velocity, (C) S-wave

and F5. Additionally, the Lu'an Basin at depths of 5-15 km exhibits
low P-wave and S-wave velocities and a low Poisson’s ratio anomaly,
indicating that the NCP has likely extended beneath the NHTB,
north of fault F5. Earthquakes along the AA’ profile are primarily
concentrated at depths of 5-15 km beneath faults F3 and F5, with
the fault F3 acting as a boundary separating the high-velocity and
high-Poisson’s ratio layers of the orogenic belt in the middle to
upper crust from the low-velocity and low-Poisson’s ratio layers of
the basin.

In the BB  profile (Figure 12), the NDTB exhibits high-velocity
anomalies for both P-wave and S-wave velocities at depths of
5-25 km, while the NHTB shows weak low-velocity anomalies for
both P-wave and S-wave velocities. The Luan Basin, at depths of

Frontiers in Physics

5-15km, is characterized by low P-wave and S-wave velocities,
indicating that the NCP has extended beneath the NHTB, south
of fault F3. At depths of 10-25 km beneath the NHTB, the P-wave
velocity is relatively high, the S-wave velocity is relatively low, and
the Poisson’s ratio is elevated, suggesting the presence of fluids in
this region [48]. This high Poisson’s ratio anomaly is connected to a
similar high Poisson’ ratio structure below 25 km depth, indicating
that fault F4 likely extends down to the upper mantle [49]. This fault
represents a typical zone of crustal weakness, providing a conduit for
the upwelling of hot material from the mantle. The BB’ profile shows
a concentration of earthquakes, primarily located beneath fault F4, at
depths of 5-15 km. This fault acts as a boundary between the NDTB
and the NHTB.
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FIGURE 12

velocity, (D) Poisson'’s ratio.

Elevation and imaging results along profile BB, including P-wave, S-wave velocities, and Poisson's ratio. (A) Elevation, (B) P-wave velocity, (C) S-wave

In the CC™ profile (Figure 13), high-velocity anomalies for
both P-wave and S-wave velocities, along with high Poisson’s ratio
structures, are observed beneath the NDTB and the NHTB at depths
of 5-25 km. Conversely, at depths of 5-15km beneath the NCP,
low-velocity anomalies for both P-wave and S-wave velocities, along
with low Poisson’s ratio anomalies, extend southward to the NHTB
near fault F3. This suggests that the NCP has intruded beneath
the NHTB, south of fault F3. Earthquakes in the CC’ profile are
predominantly concentrated at depths of 5-15 km beneath fault F5.
The relocated seismic events are primarily distributed in this depth
range, with smaller earthquakes forming a linear distribution in the
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vertical direction, well-aligned with the fault structures. The high
Poisson’s ratio structure beneath fault F4 extends from the lower
crust through the upper mantle to the upper crust, indicating that
this fault is a deep, major fault cutting through the Moho. Hot mantle
material upwells along fault F4, intruding into the middle and upper
crust, extending northward beneath fault F3 before tapering off
(Figure 13D). The influence of fluid intrusion has resulted in a high
concentration of seismic activity within the middle and upper crust
between faults F3 and F4 (Figures 4, 13).

In Figures 11-13, the red circles represent the epicenters of
the 1,652 Huoshan M6 earthquake and the 1917 Huoshan M6%
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FIGURE 13

Elevation and imaging results along profile CC', including P-wave, S-wave velocities, and Poisson's ratio. (A) Elevation, (B) P-wave velocity, (C) S-wave

velocity, (D) Poisson'’s ratio.

earthquake. While the latitude and longitude of these epicenters
can be obtained from historical earthquake catalogs, the focal
depths are unknown. Based on the velocity-Poisson’s ratio structure,
the relocation results of small to moderate earthquakes, and fault
distribution, we infer that the focal depths of these two earthquakes
are around 15 km. The inferred hypocenters are located near the
gradient zones of velocity and Poisson’s ratio, and closer to structures
characterized by high P-wave velocities, low S-wave velocities, and
high Poisson’s ratios. This is corroborated by magnetotelluric results
showing low resistivity and high conductivity in the mid-crust [1],
which may indicate the presence of fluids [48]. These anomalous
structures suggest that deep material intrusions along the fault zone
may serve as a driving force for moderate to strong earthquake
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development [50], indicating that the Huoshan seismic area has
the deep-seated conditions necessary for generating earthquakes of
magnitude 6 or greater.

5.2 Analysis of formation of earthquake
swarm and deep seismogenic environment

After earthquake relocation, seismic events are particularly
concentrated on the northwest side of the intersection between faults
F4 and F5 (Figures 4, 8). Under the influence of near east-west
horizontal compression and north-south horizontal extensional
regional stress, the rock mass along fault F4 is likely to be highly
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fractured, forming a tectonically weak zone within the Huoshan
Seismic Area. When fault F4 intersects with fault F5, it exploits the
pre-existing structural weakness of fault F4, where the fractured
zone, influenced by external factors, becomes a region prone to stress
release, leading to the concentration of small to mid earthquakes
in this area [1]. Small to moderate earthquakes in the region are
primarily distributed in the western segment of the intersection
between faults F4 and F5. This concentration may be attributed
to the gravitational sliding along fault F4 in the NHTB, which
predominantly occurs in the western section of the NHTB [46].

Mid to strong earthquakes are primarily located within the
tectonically weak zones at fault intersections. For instance, the 1,652
Huoshan M6 earthquake occurred near the intersection of faults
F3 and F5, while the 1917 Huoshan M6% earthquake was located
near the intersection of faults F4 and F5 (Figure 8). The epicenters
of these mid to strong earthquakes are situated along zones of
velocity and Poisson’s ratio gradients within the middle to upper
crust (Figures 11, 13). Additionally, beneath these epicenters, there
exists a high Poisson’s ratio structure extending from the middle
and upper crust down to the lower crust and upper mantle. This
suggests that high-temperature materials from the deep mantle have
upwelled along the fault zones into the middle and upper crust. The
strong crust-mantle interaction in this region, with the upwelling
fluids, may represent the deep tectonic source for the 1,652 Huoshan
M6 earthquake and the 1917 Huoshan M6% earthquake [50].

The spatial distribution of the Huoshan earthquake swarm is
influenced by underlying deep-seated structures, which require
corresponding explanations based on deep structural analyses.
Previous research indicates that the deep dynamic background of
the Huoshan earthquake swarm is closely related to the subduction
interactions among the Tibetan Plateau, the NCP, the YP, and the
Pacific Plate [51-53].

On one hand, velocity structures and anisotropy studies [54-57]
confirm that tectonic movements at the southeastern margin of the
Tibetan Plateau exert near east-west compressive stress on the DOB,
resulting in the presence of east-west trending low-velocity material
and fast wave directions in the upper mantle beneath the DOB. This
may provide a source of fluids for the HSR.

On the other hand, the subduction of the YP beneath the
NCP has led to the lithospheric thickening of the DOB. During
the post-collision phase, this thickened lithosphere may undergo
delamination, allowing asthenospheric material to upwell. The
interaction between the upwelling mantle and partial melting of the
middle and lower crust generates magma, which intrudes into the
overlying crust, cooling to form high-velocity bodies in the middle
crust [51, 52].

Additionally, high-velocity subducted slab segments lying flat in
the transition zone beneath the Huoshan earthquake swarm, similar
to those observed under the North China Craton, suggest that
the formation of the Huoshan earthquake swarm is closely related
to the westward subduction of the ancient Pacific Plate [58]. The
combined influence of upwelling fluids from subduction and low-
velocity material extruded from the Tibetan Plateau has made the
Huoshan earthquake swarm region a convergence point of multiple
deep dynamic processes, leading to the development of tectonic
weak zones and consequently inducing seismic activity.
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6 Conclusion

Drawing on arrival-time data for initial P-wave and S-wave
from 4,427 seismic events recorded between January 1998 and
December 2021, this study applies double-difference tomography
to generate refined earthquake relocations, P-wave and S-wave
velocity models, and Poisson’s ratio structures. This methodology
significantly enhances the precision of earthquake localization and
improves the resolution of velocity inversion. The study integrates
the characteristics of velocity, Poisson’s ratio distribution, double-
difference earthquake location results, and other data to analyze the
relationship between regional velocity distribution and geological
structures. It also examines the segmented velocity characteristics
along fault F1 and investigates the causes of concentrated seismic
distribution in the HSR, focusing on the deep seismogenic structures
associated with moderate to strong earthquakes. The following
results were obtained:

The crustal medium in the study area exhibits significant lateral
heterogeneity. The DOB shows notably high velocity values, while
the NCP and the YP exhibit relatively low values.

The crustal structure of fault F1 exhibits distinct segmentation,
with relatively high velocity values south of Lujian, low values north
of Jiashan, and intermediate values in the segment between Lujiang
and Jiashan. This segmentation of the crust-mantle structure in fault
F1 is related to its multiphase activity and the migration of deep
materials.

Relocated seismic events are primarily concentrated in the
HSR, particularly around the confluence of the faults F4 and F5.
We suggest that, under regional tectonic stress, the active fault
F5 exploits the structurally weakened zone created by the earlier
fault F4. Deep fluids may migrate upward along these faults,
reducing fault strength and encouraging earthquake clustering
within this area.

The epicenters of mid-strong earthquakes are located on
the gradient zones of velocity and Poisson’s ratio. The source
regions of these earthquakes show significant anomalies of high
Poisson’s ratio and low S-wave velocity, which may indicate
the presence of fluids. These anomalies may indicate the
presence of fluids in the earthquake source regions, suggesting
that the intrusion of deep materials along the fault could
be the driving force behind the generation of mid to strong
earthquakes.
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