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Abstract: A P-wave velocity model was built in the central southern of the Tanlu Fault based on double-difference
tomography. The results suggest the presence of a low-velocity anomaly extending from the surface to a depth of 25 km
around the Tanlu and Feixi Faults, representing fault-related fluids caused by partial melting. The relocated earthquakes
indicate a significant concentration of seismic activity above 20 km around the Tanlu and Feixi Faults, suggesting that
prominent fault systems possibly serve as conduits for the upward migration of deep minerals. The proposed
geodynamic model, supported by geological and geophysical data, suggests that the migration of deep mineralized
materials extends along the Tanlu Fault. The obtained results serve as a crucial foundation for elucidating the intricate
process of mineralization in the central southern segment of the Tanlu Fault, thereby enhancing comprehension
regarding the interaction among ore body formation, fault fluids, localized melting, and seismic activity.
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1 Introduction

The Tanlu Fault, a prominent and active fault
in eastern China, exhibits a north—south orientation
and extends across provinces including Anhui,
Jiangsu, Shandong, and Heilongjiang (Fig. 1(a)).
The Tanlu Fault, being the most dynamic and
extensive fault in the region, has garnered
significant attention as the primary seismic tectonic
zone [1]. It comprises a primary fault and a series of
subsidiary faults that have caused significant crustal
deformation and generated large earthquakes in the
region [2]. The Tanlu Fault exhibits a complex
geometry and can be categorized into northern,
central, and southern segments based on the
characteristics of the aeromagnetic measurements,
gravity, geological structure, magmatic activity, and

seismic activity [3]. This study focuses on the
central-south region of the Tanlu Fault
(114°E—120°E, 30°N—38°N) shown in Fig. 1(b),
encompassing Shandong, Anhui, and Jiangsu
Provinces.

The Tanlu Fault is significant in mineral
resources, including gold, copper, and iron (Fig. 2)
[4]. Geochemical studies indicated that the mineral
deposits are associated with magmatic rocks [5].
Multiple Early Cretaceous dioritic intrusions
exhibit prominent high-Mg adakitic geochemical
characteristics in the central southern Tanlu Fault
[4,5]. The intrusions of high-Mg adakites are
considered to have formed as a result of partial
melting of an over-thickened basaltic lower crust
following the delamination of the eclogitic
lithosphere during the Late Jurassic to Early
Cretaceous [5]. Receiver functions along the Tanlu
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Fig. 1 Tectonic blocks (a) [1] and distribution of seismic stations (blue triangles) (b) (NCC: North China Craton; SLC:
Sulu Craton; JLC: Jiaoliao Craton; LYC: Lower Yangtze Craton; TLF: Tanlu Fault; XX—SQF: Xinxiang—Shangqiu
Fault; SX—DYF: Shouxian—Dingyuan Fault; FXF: Feixi Fault; LJ: Lujiang; XY: Xinyi; TC: Tancheng earthquake)
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Fig. 2 Geological and metallic mineral deposits in
eastern China (TLF: Tanlu Fault; LLWF: Lingbo—
Lushan—Wauyang Fault; GMF: Guishan—Meishan Fault;
ALF: Anhua — Luocheng Fault; XTF: Xishui —
Tongcheng Fault; XGF: Xiangfan—Guangji Fault; CJF:
Changjiang Fault; JSF: Jiangshan—Shaoxing Fault; TJF:
Turong—Jianyang Fault; JGF: Jiangnan Fault; FXF:
Feixi Fault and ZDF: Zhenghe—Dapu Fault [7])

Fault indicate that the lithosphere has thinned
significantly since the Paleozoic, decreasing from
an initial thickness of 180 km to 60—80 km [6].
Does the formation of minerals on the Earth’s
surface result from the lithosphere thinning and
upwelling of hot material along the Tanlu
Fault? The correlation between the ore-forming
environment and fault activity in the region, as well
as the deep dynamic process, has been a hot topic.
The activity of faults and the formation
process of minerals on the Earth’s surface are
accompanied by variations in seismic wave velocity
within the crust. Due to the complexity and
significance of geological and tectonic evolution in
the research region, numerous seismic images have
been used to explain the formation and evolution of
the fault, seismic activity, and the geodynamic
mechanisms underlying deep mineralization [6—11].
Deep seismic reflection profiles demonstrate that a
series of interconnected segments vary in width and
depth of the Tanlu Fault, which suggests that
several segments have complex structures with
multiple fault strands [6]. A significant anomaly
with a high Poisson’s ratio is observed along the
Tanlu Fault in the NNE-SSW direction based on
receiver function data [12,13]. It is hypothesized
that the increase in Poisson’s ratio can be attributed
to either the infiltration of mafic magma through
the weak structure of Tanlu Fault into the crust or
the rapid attenuation of S-waves caused by the



3110 Ya SUN, et al/Trans. Nonferrous Met. Soc. China 35(2025) 3108-3119

intrusion of high-temperature and high-pressure
thermal materials from mantle upwelling [12,13].
The geophysical data served as a crucial foundation
for further comprehending the formation and
evolution of the Tanlu Fault [11-15]. The refined
crustal structure provides significant implications for
further understanding the correlation between the
seismic activity and the deep mineralized
environment in the region.

Both absolute and differential arrival time
were utilized for earthquake relocation and seismic
wave velocity inversion using the double-difference
seismic tomography method. Differential arrival
times, in particular, enhance the efficiency of
determining source velocity structures. This
technology has proven to be effective in studying
the geodynamics of deep mineralization and
examining the correlation between seismic
relocation and fault matching [16]. The double-
difference seismic tomography method was
employed to relocate earthquakes and invert the
crustal structure based on the first P-wave data from
3353 seismic events recorded at 84 stations by the
China Earthquake Administration (CEA) network
between 2009 and 2020. These results contribute
significantly to a comprehensive understanding of
the evolution, activity, and dynamic mechanisms of
the fault system related to deep mineralization.

2 Geological setting

The tectonic evolution of Eastern China is
shaped by the interaction of multiple cratons and
orogenic belts, including the Yangtze Craton, North
China Craton, Sulu Orogen, Dabie Orogenic Belt,
and Tanlu Fault [2]. The Yangtze Craton, one of the
oldest and most stable cratons in the world, was
formed during the Archean period [15]. The North
China Craton, another ancient craton, originated
during the Proterozoic period [17]. These two
cratons collided during the Mesozoic era, leading to
the formation of the Sulu Orogenic Belt [18,19],
which has obviously affected the tectonic evolution
of Eastern China. The Sulu Orogenic Belt, located
on the eastern edge of the North China Craton, is
characterized by high-quality metamorphic rocks,
magmatic rocks and granitic gneisses [20]. Its
formation is attributed to the collision and
compression of the North China Craton and the
Yangtze Craton [21].

The research region had experienced multiple
magmatic episodes, resulting in the formation of
various igneous rocks [20]. The magmatic episodes
were primarily associated with tectonic events
(Fig. 2), including the collision of the Yangtze and
North China Cratons and the subduction of the
Pacific Plate [7]. The magmatic rocks in Eastern
China are grouped into two significant types:
plutonic rocks and volcanic rocks [22]. The plutonic
rocks include granitic rocks and granodiorites,
which are common in the Qinling—Dabie Orogenic
Belt and the Sulu Orogen [23]. The volcanic rocks
include basalts, andesites, and rhyolites, which are
widely distributed in the Tanlu Fault and other
regions of Eastern China. Previous studies [23,24]
suggested that the ore formation in this research
area is controlled by partial melting of fertile
metasedimentary rocks.

3 Data and methods

3.1 Data

The research area is situated in the central
southern segment of the Tanlu Fault, covering parts
of both the North China Craton and the Lower
Yangtze Craton, in the range of 114°E—120°E and
30°N—38°N (Fig. 1(b)). The first P-wave arrival
time data were collected from 3353 seismic events
recorded at 84 stations by the CEA network
between 2009 and 2020 (https://data.earthquake.cn).
To ensure reliability, phase data with uncertainties
smaller than £9 s relative to the predominant trend
of the travel time curves for P-waves were selected
(Fig. 3). The arrival time data were subsequently
refined, requiring a minimum of 8 stations to record
seismic events. Seismic events were then reduced
from 3353 to 2752, with a magnitude greater than
1.0. The total of 201068 initial P-wave arrivals are
recorded of which 130445 differential arrivals are
selected for further analysis. The high-quality ray
coverage provided by the combination of all
P-wave arrivals and event pairs enhances the
reliability of double-difference tomography.

3.2 Method
According to the ray theory, the arrival time
(T}) from event i to station k can be represented as

ka=r"+jfuds (1)

where 7 and u represent the origin time and the
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Fig. 3 Travel time—hypocenter distance curves of P-wave
before (a) and after (b) filtering

slowness of event i, respectively; ds is the ray path
segment length. Taylor series expansion of Eq. (1)
can be written as

ik N
Z Ax Ar S S Au A, )
11 m=1n=l1

where rki is the residual between the observed and
theoretical travel time; Ax (/=1, 2, 3) and Au are the
perturbations of the source location and the
slowness, respectively; Ar is the perturbation of
arrival time; Mj: denotes the count of the ray path
segments between event i and station k. The weight
wmn represents the interpolating value of the nth
mesh node at the mid-point of the mth segment with
a length of ASn. We choose a pair of events i and j
observed at the same seismic station k. The residual
time of a pair of events can be expressed as [25,26]

M, N
ri—r/ —Z—Ax +AT! +Zwa Au,As,,
llax[ m=1 n=1
3 a l /kN
Z ZZW Au,As —dr
1=1 X m=1 n=1

(3)
where r/ —r/ is the double-difference term [26,27].
It refers to the residual time between the observed
and calculated arrival time for the two events, and

can also be expressed as [26]
ri=rd = (T =T () =T )

Equation (4) is a pair of seismic events i and j
at the same station k. We set the maximum and
minimum distance for event pairs to be 300 and

10 km, respectively. Combining the relationship of
all seismic events (i, j=1, 2, 3, , N) and all
stations (k=1, 2, 3, --+), the seismic position,
seismic time and seismic wave velocity can be
obtained by solving the equation. The
three-dimensional velocity structure and seismic
relocation are inverted based on absolute time and
relative data. Absolute data are used to determine
the velocity structure outside the source region,
while relative data are employed to determine the
fine velocity structure within the source area. The
integration of absolute and differential data is
achieved by implementing a hierarchical weighting
scheme during the inversion process, which
effectively assigns appropriate relative weights at
different stages. Initially, utmost priority is given to
catalog data (both differential and absolute) by
applying higher weighting to establish the
macroscopic velocity structure (1 for absolute data,
and 0.1 for differential catalog data). The weight
assigned to differential data is 1, while the weight
assigned to absolute data in the later iterations is
reduced to 0.1 [26]. The adjustment effectively
constrains the velocity structure near the source
area and enhances the accuracy of event locations.
The solution is then obtained by solving the regular
equation using the damped least squares method.
We choose the L-curve method to determine the
damping and smoothing factors for inversion
(Fig. 4). The smoothing and damping factors are
selected as 10 and 400, respectively.

The one-dimensional (1D) P-wave velocity is
chosen as the initial model to invert the crustal
structure. The version results are reasonable with
the 1D initial model. The 3D P-wave velocity is
also used as the initial model with a grid interval of
0.5°, which is calculated by the empirical formula
of vp (vp is the velocity of P-wave) and vs (vs is the
velocity of S-wave) [28] based on the 3D crustal vs
model inverted by ambient noise tomography [22].
The inversion results can better display detailed
structures compared to the inversion results based
on the 1D initial model, especially in the Tanlu
Fault and Dabie Orogenic Belt. Finally, a 3D v,
initial model is chosen, and the vertical grid notes
are at =5, 0, 3, 5, 10, 15, 20, 25, and 30 km,
respectively.

3.3 Checkerboard resolution test
The checkerboard resolution test was used to
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evaluate the resolution of velocity models under the
current ray path coverage. The input model includes
the 5% low- and high-velocity anomalies, with an
anomaly size of 0.5° x 0.5°. The synthetic travel
time is then calculated with the same distribution
of events and stations as accurate data. The
checkerboard test results are shown in Fig. 5, which
suggests that it is recovered at depths from 0 to
30 km in the research region with high-quality data
coverage.

4 Results

4.1 Earthquake relocations

2276 seismic events are relocated after 10
iterations using the double-difference tomography
method. Figure 6 demonstrates that the relocated
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earthquakes are mainly distributed along the fault
strike, especially at the Feixi and Tanlu Faults. The
average root mean square of travel time residuals
after inversion significantly decreases relative to
that before relocation. The travel time residuals
vary from —3 to 3s before relocation, with a
predominant concentration within 1 s. However, the
travel time residuals exhibit a significant
concentration within 0.2 s after relocation (Fig. 7),
indicating a substantial enhancement in the
accuracy of earthquake relocation by the double-
difference technique.

4.2 Crustal velocity structure

The inverted seismic velocity model (Fig. 8)
shows that the southern segment of the Tanlu Fault
is mainly characterized by low-velocity anomalies
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Fig. 4 Tradeoff curves between data residual norm and solution norm for damping parameter (a) and smoothing
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inversion

in the upper crust (<10km). A significant
high-velocity anomaly is imaged in the Luxi Uplift
from depths of 10 to 28 km. The high-velocity
anomaly exhibits a gradual northward inclination
with increasing depth (Fig. 8). The Subei Basin in
the upper crust exhibits a low-velocity anomaly,
accompanied by high-velocity anomalies in the
lower crust. The findings indicate that the low-
velocity anomaly in the Dabie Folding Belt extends
southward within the upper crust. The Dabie

Folding Belt and its northern region exhibit a
high-velocity anomaly in the upper crust and
low-velocity anomaly in the middle and lower crust.
The research results also show the obvious
low-velocity anomaly in the upper crust in the
Hehuai, Hefei, and Subei Basins, while the
relatively high-velocity anomaly in the middle and
lower crust in these basins (Fig. 8).

Six vertical profiles of P-wave velocity are
also plotted with the distribution of earthquakes in
Fig. 9. The vertical profiles exhibit a distinct
low-velocity anomaly within the depth range of
0—25 km beneath the Tanlu Fault, while conspicuous
high-velocity anomalies are observed on both
flanks of the Tanlu Fault. The low average velocity
of P-wave is 3.5-4.5 km/s in the range of 115.5°E
to 116.3°E along 31.5°N and 32.5°N beneath the
Tanlu Fault (Figs. 9(a, b, d, e, f)), implying that the
crustal materials in the research region have
relatively low density, high porosity, or high fluid
content. The presence of low-velocity anomalies
can be attributed to a wvariety of geological
processes, including fracturing, weathering,
metamorphism, or magmatism. The vertical profiles
suggest that there are nearly vertical low-velocity
anomalies from the surface to the middle and lower
crust or even to the uppermost mantle in both the
Feixi Fault and Tanlu Fault, accompanied by many
seismic events (Fig. 9). The relatively high P-wave
velocity features are obvious performance in the
Luxi Uplift, Subei, and Hehuai Basins in the middle
and lower crust, whereas the low velocities are
present in the upper crust. The high velocity might
be attributed to the rigid stable blocks in the Luxi
Uplift, Subei, and Hehuai Basins, while the low
velocity in the upper crust is relative to the thick
sedimentary layers.

5 Discussion

5.1 Mechanism of high- and ultrahigh-pressure
metamorphic rocks in Dabie Orogenic Belt
The results of the research study indicate the
presence of a relatively high velocity, ranging from
5 to 6.2km/s above 12km in the upper crust
beneath the Dabie Orogenic Belt, which is located
specifically in the range of 115.5°E—117°E and
30.5°N-31.8°N (Figs. 9(a, b)). The shallow high
P-velocity anomalies (Figs. 9(a, b, )) are consistent
with the results of ambient noise tomography that
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showed the high shear wave velocities in the crust
of the Dabie Orogenic Belt [29], which are
coincident with the areas where the high- and
ultrahigh-pressure (HP/UHP) metamorphic rocks
(Fig. 2) are exposed on the surface. These findings
are consistent with previous results from deep
seismic refraction profiling studies [29,30]. The
laboratory data indicate that HP/UHP metamorphic
rocks generally demonstrate higher seismic
velocities in comparison to other upper crustal
rocks [31]. The observed high velocities in the
upper crust indicate that HP/UHP metamorphic
rocks primarily concentrate within the upper crust.
A distinct low-velocity region in the middle
and lower crust, which underlies the high-velocity
HP/UHP metamorphic zones, is also observed
(Figs. 9(a, b, e)). The research results also indicate
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that an obvious continuous high-velocity anomaly
extends from the east to the west in the Tanlu Fault;
it also exhibits a trend of further subduction below
the low-velocity anomaly at the Dabie Orogenic
Belt (Figs. 9(a, b, €)). Ambient noise tomography
indicated that the high-velocity HP/HUP metamorphic
rocks in the upper crust could be attributed to
a two-stage exhumation model controlled by
buoyancy and corner flow [28]. At the beginning of
the Triassic period, a collision occurred between
the Yangtze Craton and the North China Craton,
resulting in the subduction of the Yangtze Craton
towards the North China Block. The presence of
a high-velocity anomaly on the eastern side of the
Tanlu Fault signifies the subducted Yangtze
Craton. During continental collision, crustal rocks
are entrained by the subducting Yangtze Craton,
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descending into the upper mantle, and HP/UHP
metamorphism rocks occur under high temperatures
and high pressure [32]. Due to the lower density of
crustal rocks compared to mantle rocks, the
HP/UHP material from deep subduction ascends
obliquely along the subduction channel towards
the crust. The HP/UHP metamorphic rocks are
ultimately brought to the Earth’s surface due to the
continuous compression of the Pacific Plate and
deep subduction of the Yangtze Craton [33]. The
presence of low velocities beneath high velocity
beneath the Dabie Orogenic Belt can be attributed
to the development of ductile shear zones or brittle
fracture zones during the exhumation process of
these metamorphic rocks [34].

5.2 Mechanisms of mineral deposits formation in

Tanlu Fault

The observed seismic wave velocity of the
crust can provide valuable insights into the geometry
and extent of the fault system. The seismic
tomography indicates that the prominent low-
velocity anomalies are distributed extensively along
the Tanlu and Feixi Faults (Figs. 9(a, b, d, e, f),
extending down to the middle and lower crust,
which are a significant
concentration of seismic activity. The observed

accompanied by

phenomenon indicates the depth and breadth of the
two fault zones, potentially extending to the middle
and lower crust or even reaching the uppermost
mantle. The presence of low-velocity anomalies
beneath the Tanlu and Feixi Faults, with an average
P-wave velocity of 3.5—4.5 km/s (Figs. 9(a, b, d, ¢, f),
also indicates that the materials in these two faults
have a low density with high porosity or high fluid
content. The finding is consistent with the previous
studies that have similar low P-velocity anomalies
observed by the body wave tomography [8,14,35]
and low shear wave velocity measured by ambient
noise tomography the region [9,36—38].
Geophysical studies and geological data have
revealed the structure complexity of the Tanlu Fault,
where deep faults exhibit a variety of orientations
and faulting mechanisms [17,22,37]. It is
recognized as a significant active fault characterized
by extensive fracturing and faulting, which results
in the accumulation of fluids within the Earth’s
crust (Fig. 9(f)) [38—40]. These fluids can be
trapped in the pore spaces of rocks or along the
fault channel, causing low velocity [38]. Receiver
function analysis shows that the crust has
significant variations in thin crustal thickness on the
eastern side of the boundary between the Jiangsu
Province and Anhui Province and a high vp/vs ratio

in
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beneath the central-southern segments of the Tanlu
Fault [6,12,13,39]. The thin crust and high vp/vs
ratio observed in the eastern section of the Tanlu
Fault could be the result of the lithospheric
modification extending into the lower crust, driven
by the upwelling of mantle magma via deep crustal
faults during the Mesozoic to Cenozoic [39].

The seismic wave velocity may be related to
the rock composition in lithology or mineralogy at
depth. For example, the transition from sedimentary
rocks to metamorphic rocks could increase the
velocity [40]. The vertical profiles reveal a clear
boundary of high and low velocities at a depth of
10 km (Figs. 9(b, c, d, f)). It has the possibility of
being a metamorphic boundary in the crust [40],
which could represent a change in the temperature
or pressure conditions, leading to the formation of
metamorphic minerals. Geological data indicate
that crystalline materials are widely distributed in
the region [33]. The presence of such material in the
region suggests that it can be related to the
solidification of a magma system in the middle to
lower crust. As magma cools and solidifies, it can
form crystalline structures, leading to dense and
hard rock formation. This indicates that the
observed high P-wave velocity in the lower crust
might be caused by the crystalline material, which
is attributed to a magma system solidified in the
middle to lower crust. The active metamorphism in
the region can be attributed to the subduction of the
Yangtze Craton and the continuous compression of
the Pacific Plate, which has resulted in significant
deformation of the rocks in the region, leading to
the formation of new structures and mineral
assemblages (Fig. 2).

Furthermore, the Tanlu Fault in Eastern China
experienced several large earthquakes in the
20th century (Fig. 6), indicating the Tanlu Fault
underwent complex deformation and strain
accumulation within the crust. Studies of the fault
have revealed that the quartz hugely influences the
rheology of the rocks in the lower crust during the
alpha-to-beta transition [41]. The transition can
potentially cause significant alteration in the stress
and strain of the rocks, particularly when partial
melting occurs [41]. The partial melting of lower
crustal rocks can also lead to the formation of new
minerals, changes in mineral assemblages, and
deformation of the rocks. The alpha-to-beta
transition of quartz can contribute to the process by

creating a more ductile environment and promoting
the grain growth [41]. The transition can result
in the formation of schists, gneisses, and other
metamorphic rocks, which are abundantly found in
the eastern section of the Tanlu Fault [41] (Fig. 2).
The rheological properties of crustal rocks can
also cause changes in the fluid content of rocks
under the alpha-beta transition [41]. It can be
inferred that the partial melting and the alpha-to-
beta transition can changes in the
connectivity and mobility of the fluid phases, which
can affect the strength and deformation of the
rocks [42]. The results also indicated high P-wave
velocity layers at depths of 15—30 km, which are
possibly related to the crystalline mafic rocks or
high-grade metamorphic rocks associated with
mantle-derived magmas [43].

Meanwhile, partial melting also contributes to
modifying the existing mineral deposits in the Tanlu
Fault [42]. With the deep subduction of the Yangtze
Craton and the continuous compression of the
subducted Pacific Plate [43], partially melted rocks
and high fluid can develop regularly seismic
anomalies and spaced melt channels along the deep
faults at high temperatures and pressures [44,45].
These melt channels allow flow and movement
between different scale lenses of rocks (10—20 m).
The key feature of the Tanlu Fault is the presence of
high-temperature, low-pressure metamorphic rocks,
such as granulites and migmatites [46]. These rocks
are thought to have formed due to the partial
melting of the lower crust and the deep subduction
of the Yangtze Craton and Paleo-Pacific subduction.
The deep subduction process also created high
temperatures and pressures that led to the formation
of granitic rocks in the Tanlu Fault. The granitic
rocks then interacted with the surrounding rocks to
form mineral deposits, such as tungsten, tin, and
molybdenum (Fig. 2) [46,47].

Combined with the geophysical results and the
geological data, a new model is proposed for the
mafic intrusion model associated with partial
melting (Fig. 10). The model indicates that mafic
intrusions are composed of dense, iron- and
magnesium-rich rocks, such as basalt or gabbro,
which can cause significantly high seismic wave
velocities in the middle and lower crust [47]. The
intrusion possibly has been emplaced through the
Tanlu Fault and other deep large faults during an
episode of magma emplacement in the region [47].

cause
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Fig. 10 3D mafic intrusion model associated with partial melting

6 Conclusions

(1) The prominent low-velocity anomalies are
distributed extensively along the Tanlu and Feixi
Faults, extending into the middle and lower
crust, which are accompanied by a significant
concentration of seismic activity, indicating that the
two faults are deep and extensive fault zones.

(2) Due to the deep subduction of the Yangtze
Craton and the continuous compression of the
subducted Pacific Plate, partially melted rocks
and high fluid are widely developed and new
metamorphic minerals are formed, which cause
regular seismic anomalies and space melt channels
along the deep faults. These fault zones serve as
conduits for magma intrusion.

(3) Combined with the distribution of HP/UHP
metamorphic rocks and seismic velocity anomaly in
the Dabie Orogenic Belt, a two-stage formation
model is built for HP/UHP metamorphic rocks
controlled by buoyancy and corner flow in the
Dabie Orogenic Belt.
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