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Abstract—During the destruction of the North China Craton in
the Mesozoic era, a significant gold mineralization event occurred,
leading to the formation of the world-renowned Jiaodong Gold
Province. The Liaodong and Jiaodong regions have similar tectonic
backgrounds and geological evolution histories. However, the
confirmed gold resources in the Liaodong region are only one-tenth
of those in Jiaodong. To reveal the controlling factors behind the
differences in mineralization between these two regions and
explore the deep mineralization prospects in the Liaodong region,
we conducted a short-period and high-density array (WSP array) in
the Wulong Gold Concentrated Area, the largest goldfield in the
Liaodong region. Using data recorded by 334 SmartSolo seis-
mometers for one month, we applied ambient noise tomography to
obtain the S-wave velocity structure of the crust down to a depth of
3.5 km beneath the Wulong goldfield. The velocity structure
revealed the presence of two sets of low-velocity anomalies
trending NNE and NW, respectively, in the shallow crust (shal-
lower than 1.5 km) of the Wulong goldfield, while two high-
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velocity anomalies were identified at deeper depths (1.5-3.5 km).
By combining these findings with the geological characteristics of
the Wulong goldfield, it was discovered that the high-velocity
anomaly (II) corresponds to the Sanguliu granitic body exposed at
the surface, while the high-velocity anomaly (I) could be a con-
cealed intrusive body. The shallow low-velocity anomalies are the
result of hydrothermal alteration caused by mineralizing fluids
along the NNE- and NW-trending faults. The intersection of these
two sets of faults, where the low-velocity anomalies exist, repre-
sents the center of the hydrothermal activities. Based on these
observations, it is proposed that the area between the Sanguliu
granitic body and the concealed intrusive body in the northwest has
favorable metallogenic conditions. The intersections of the NNE-
and NW-trending faults show the high potential for forming large
to super-large altered rock-type gold deposits.

Keywords: Wulong goldfield, short-period dense array, am-
bient noise tomography, crustal velocity structure.

1. Introduction

The North China Craton (NCC) is the largest and
oldest continental block in China, with basement
rocks dating back to 3.8 Ga (Liu et al., 1992). The
northern side of the NCC is bordered by the Paleo-
zoic Central Asian Orogenic Belt, while the southern
side is bounded by the Paleozoic to Early Mesozoic
Qinling-Dabie—Sulu Orogenic Belt (Zhu et al,
2024). The eastern side is characterized by the
Mesozoic to Cenozoic Circum-Pacific Orogenic Belt
(Miao et al., 2005; Dong et al., 2022; Yang et al.,
2024). Along these tectonic belts, particularly in the
eastern part of the NCC, numerous large-scale gold
deposits have been developed. Previous studies have
indicated that these gold deposits formed in tectonic
settings transitioning from compression to extension
or during the large-scale lithospheric thinning or
decratonization in the late Mesozoic in the eastern
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NCC (Zhai et al., 2002; Zhu et al., 2015; Li et al.,
2020; Zhu et al., 2021). However, the spatial distri-
bution and mineralization density of gold deposits in
the eastern NCC, including the Jiaodong and Liao-
dong Peninsulas, exhibit significant heterogeneity
(Ma et al., 2022; Xu et al., 2023). For instance, both
the Jiaodong and Liaodong Peninsulas are located on
the northwest side of the Dabie-Sulu suture zone
and share similar or identical tectonic—magmatic
histories, mineralization ages, and geological char-
acteristics of the ore deposits (Deng et al., 2020; Li
et al., 2015; Zeng et al., 2019). However, the Jiao-
dong Peninsula currently has confirmed gold reserves
of about 5000 tons, making it the largest gold pro-
duction base in China, while the confirmed reserves
in the Liaodong Peninsula are only around 500 tons
(Zeng et al., 2019). The key factors controlling this
regional heterogeneity in mineralization are not yet
understood. Some researchers suggest that the dif-
ference in exploration depth may be one of the crucial
reasons for the significant disparity in gold reserves
between Jiaodong and Liaodong. This is because the
exploration depth in Jiaodong has reached depths of
up to 5000 m, while the deepest borehole in the
Liaodong region is only around 1000 m (Yu et al,,
2018, 2020; Zeng et al., 2019). If this understanding
is correct, the deep part of the Liaodong Peninsula
will have significant potential for mineral explo-
ration (Xie et al., 2021; Zheng et al., 2024).
Geophysical exploration is one of the effective
methods for revealing the deep mineral exploration
potential. Currently, geophysical surveys, especially
those for individual deposits in Liaodong, are still
relatively rare. Xu et al. (2018) obtained a detailed
three-dimensional P-wave velocity model of the
entire North China Craton using the finite-frequency
body wave tomography method, and Fan et al. (2021)
established a high-resolution three-dimensional crust-
mantle S-wave velocity model for Northeast China
based on dense seismic array combined with ambient
noise and seismic double-plane wave tomography
techniques. Both studies involved in the Liaodong
region and provided valuable insights into the litho-
spheric structure and mantle dynamics in the
Liaodong region. However, there is still a lack of
detailed knowledge about the fine structures beneath
key goldfields in Liaodong. Recently, Zheng et al.
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(2022) used a direct inversion method of Rayleigh
wave group velocity dispersion to study the shallow
fine structures in the Wulong goldfield in Liaodong
and discovered a concealed NW-trending fault
beneath the Wulong goldfield. However, the imaging
depth of this result is shallow, only providing detailed
structures down to a depth of 1.5 km. Clearly, this
result lacks constraints on the deeper structures in the
Wulong goldfield.

To address this, we have utilized the ambient
noise data obtained from the short-period, high-den-
sity seismic array (WSP) in the Wulong goldfield of
Liaodong. By employing a joint inversion method
based on phase velocity and group velocity, we aim
to obtain the S-wave velocity structure beneath the
Wulong goldfield to the depth of 3.5 km, providing
new constraints for understanding and evaluating the
deep mineralization potential in the Wulong
goldfield.

2. Geological Setting

The basement of the Liaodong Peninsula is
composed of the Archean Anshan Group and the
Paleoproterozoic Liaohe Group metamorphic rocks.
The Anshan Group is mainly distributed in the
northern and southern parts of the Liaodong Penin-
sula and consists primarily of tonalite-trondhjemite-
granodiorite (TTG) and metamorphic supracrustal
rocks (Feng et al., 2020; Gu et al., 2018; Liu et al.,
1992). The Archean Anshan Group hosts the largest
banded iron formation deposits in China. The Pale-
oproterozoic Liaohe Group is located between the
northern and southern parts of the Liaodong Penin-
sula and is considered to be a sedimentary sequence
formed in the Liaohe Rift basin. It is divided, from
bottom to top, into the Langzishan, Lieryu, Gaojiayu,
Dashiqiao, and Gaixian Formations (Luo et al., 2004;
Zeng et al., 2019). The Langzishan Formation con-
sists mainly of biotite-chlorite schist and garnet-
staurolite-mica schist. The Lieryu Formation is
known as the “boron-bearing stratigraphic unit” and
mainly comprises magnetite-bearing and tourmaline,
including lenses of amphibolite and deposits of boron
and magnetite. The Gaojiayu Formation is dominated
by graphite-bearing schist, biotite schist, and marble,
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and it hosts the primary lead—zinc deposits in the
Liaodong Peninsula. The Dashiqiao Formation con-
sists of thick-bedded dolomite and interlayers of mica
schist and carbonaceous slate. It is the host unit for
magnesite, talc, and lead—zinc deposits in the Liao-
dong region. The Gaixian Formation mainly
comprises quartzite, zeolite-mica schist, chert-stau-
rolite-mica schist, and minor marble, and it serves as
an important unit hosting gold deposit (Duan et al.,
2014; Li et al., 2015). The Liaohe Group underwent
greenstone-amphibolite facies metamorphism around
1.85 Ga ago, which is contemporaneous with the
cratonization of the NCC (Li et al., 2015).

The early Precambrian basement of Liaodong is
unconformably covered by the Neoproterozoic
Yongning Group and by shallow marine carbonate
rocks and mudstones of the Cambrian-Ordovician.
These units were in turn overlain by Carboniferous-
Permian coal-bearing sedimentary sequences charac-
terized by marine and terrestrial intercalations. The
Neoproterozoic Yongning Group (also known as
“Yongning Sandstone”; Geological Bureau of Liaon-
ing Province, 1989) consists of a series of turbidite
deposits (Yu et al., 2020). Silurian-Devonian and Tri-
assic strata are missing in the entire Liaodong area.

According to the spatial distribution characteris-
tics of gold deposits, the Liaodong Peninsula can be
roughly divided into three major gold concentrated
districts:  Qingchengzi, Maoling, and Wulong
(Fig. 1b; Zeng et al., 2019). The Qingchengzi gold
concentrated district is located in the northern part of
the Liaodong Peninsula, and it primarily hosts gold
deposits such as Baiyun, Xiaotongjiapuzi, and Linji-
asandaogou (Liu et al., 2020). The Maoling district
consists of the Maoling large-scale gold deposit and
other small-scale deposits and occurrences (Yu et al.,
2020; Zhang et al.,, 2017). The Wulong goldfield
(WLGF) includes two large-scale gold deposits,
Wulong and Sidaogou, as well as several small-scale
gold deposits and occurrences (Feng et al., 2019; Yu
et al.,, 2020). Among these three gold concentrated
districts, the Wulong one is the most economically
significant in terms of gold production and reserve,
owing to it containing the Wulong gold deposit, the
largest one in the Liaodong region, with a gold
reserve exceeding 80 tons (Yu et al., 2020).
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The exposed strata in the WLGF mainly consist of
the Paleoproterozoic Liaohe Group and the Neopro-
terozoic Yongning Group (Zeng et al., 2019). Within
the WLGF, the Liaohe Group is represented by the
Lieryu Formation and Gaixian Formation, which are
distributed on the southwestern and southeastern
margins of the goldfield. The Yongning Group is only
found near the Sidaogou gold deposit (Fig. 1c) in the
southeastern part of the Yellow River Delta (Duan
et al., 2014; Yu et al., 2020). The WLGF is intruded
by a large number of Mesozoic granitic intrusions,
with the Wulong and Sanguliu intrusive bodies being
the most prominent. The Wulong intrusive body,
emplaced in the Late Jurassic (with a zircon U-Pb
age of approximately 160 Ma) (Wang et al., 2019),
mainly consists of biotite-bearing diorite and biotite-
bearing monzogranite, representing the largest intru-
sion in the mining district (Fig. Ic). The Sanguliu
intrusive body is smaller in scale and composed of
monzogranite and granodiorite, with the monzo-
granite occurring in the central part of the intrusion
and the granodiorite (with minor quartz diorite) dis-
tributed at the edges of the intrusion. Zircon dating
indicates that the monzogranite in the central part and
the granodiorite at the edges were simultaneously
formed in the Early Cretaceous (131-120 Ma) (Wang
et al., 2020). In addition, the Wulongbei intrusion is
developed in the northwestern part of the goldfield,
primarily composed of monzogranite, formed in the
Early Cretaceous at around 135 Ma (Wu et al., 2005).
In the WLGF, particularly within the Wulong mining
area, various types of dikes develop, including diorite
(fenite), granodiorite (porphyry), granite porphyry,
and lamprophyre dike. These dikes have a close
temporal and spatial relationship with gold-bearing
quartz veins.

The WLGEF is characterized by the development
of faults, with the NNE-trending faults being the most
prominent (Yu et al., 2018; Zhang et al., 2020;
Fig. 1c). These NNE-trending faults have a strike of
approximately 25-30°, dipping to the northwest at
angles ranging from 50° to 80°. They are considered
secondary faults of the Yalujiang Fault (Zhang et al.,
2019). The Yalujiang Fault is a regional sinistral
strike-slip fault that trends northeast and extends
generally along Yalujiang, the border river between
China and North Korea, which forms the southeastern
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<«Figure 1
a Geological location map of the mining district, b simplified
geological map of eastern Liaoning, ¢ and geological map of the
WLGEF in eastern Liaoning (modified from Zheng et al., 2022; fault
dataset from Gu et al., 2020)

boundary of the WLGF. Additionally, in the eastern
part of the WLGF, researchers have speculated the
existence of two smaller-scale NW-trending faults
with a strike of approximately 320°. These faults dip
to the southwest with angles ranging from 50° to 70°
(Gu et al., 2020; Zheng et al., 2022).

In the western part of the WLGF, the predominant
mineralization type is gold-bearing quartz vein type,
while in the east the Sidaogou gold deposit is char-
acterized by the development of both quartz-vein and
alteration rock types of gold mineralization (Ji et al.,
2009). It should be noted that the gold-bearing quartz
veins in the Wulong gold deposit are primarily con-
trolled by secondary-order faults of different
directions on both sides of the main NNE-trending
fault. However, recent studies have shown that gold
mineralization is also developed within some seg-
ments of the main NNE-trending fault zone, but with
a predominance of alteration rock-type mineraliza-
tion (Zeng et al., 2019).

3. Data and Methods

In this study, we utilized the ambient noise data
recorded by the short-period, high-density seismic
array (WSP array) deployed by the Institute of Geology
and Geophysics, Chinese Academy of Sciences, from
May to June in 2019 covering the WLGF of Liaodong
(Zheng et al., 2022). The WSP array is equipped with
334 SmartSolo short-period seismometers, the
deployment area is 27 km long in the northwest
direction and 7 km wide in the north-east direction, and
the distance between stations is about 500 m. The
station spacing was approximately 500 m, effectively
covering most of the faults, rock formations, and gold
deposits within the WLGF, including the Hanjiapu
Fault (HJP Fault), Hongshi Fault (HS Fault), Yangjia
Fault (YF Fault), Jixingou Fault (JXG Fault),
Wulongbei Pluton (WLB Pluton), Sangu Pluton (SGL
Pluton), and the Wulong gold deposit (Fig. 2).

Crustal Structure and its Control on Gold Mineralization... 2977

3.1. Data Processing

Many researchers have derived the relationship
that the cross-correlation function between two
stations is equal to the empirical Green’s function
(EGF) using theories such as the reciprocity theorem,
the stationary phase approximation, and the theory of
mode division (Sabra et al., 2005; Wapenaar, 2004;
Weaver, 2005). For two stations, A and B, the cross-
correlation function can be expressed as follows:

Can(1) = (ua(t) * up(—1)) = [[Gap(—1) — Gap(1)]ds
(1)
where, Cap(t) represents the cross-correlation func-
tion between station A and B, u4(f) represents the
seismic ambient noise signal from station A, up(z)
represents the seismic record from station B, and Gp
represents the Green’s function, () and * represent the
ensemble average and convolutional computation.
In this study, the EGFs between different stations
were obtained by performing cross-correlation calcu-
lations (Bensen et al., 2007) on the signals received at
each interstation. As an example, the cross-correla-
tion results are shown in WL930 station (Fig. 3).
Based on the obtained cross-correlation functions,
this study utilized the Analysis Time Freq method to
calculate the dispersion curves of surface waves. The
EGF Analysis Time Freq program (Yao et al., 2006)
was used for extracting the dispersion curves.
Initially, the average of manually picked 1000
dispersion curves was taken as the reference disper-
sion curve. The dispersion values were assigned
within a range of two standard deviations. Only the
dispersion curves with a signal-to-noise ratio greater
than 5 and interstation distances larger than twice the
wavelength were retained (Jiang et al., 2016; Yang
et al.,, 2020). In the end, 54,011 group velocity
dispersion curves and 45,435 phase velocity disper-
sion curves were automatically picked. Despite
setting thresholds for dispersion extraction, there
were still some issues with the automatically
extracted dispersion curves, such as excessively high
gradient values or insufficient data points. Therefore,
before inversion, quality control was performed on
the dispersion data as follows:
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(1) Dispersion curves with less than 3 points were
removed to reduce accidental variability due to a
small number of periods.

(ii) Based on the mean and two standard deviations
of all dispersion values, the data outside this
range were eliminated. After this procedure, the
distribution of residual dispersion curves became
more uniform.

(iii) If surface waves propagate along similar paths,
their dispersion curves should also be similar
(Qiao et al., 2018). Based on this principle, the

similarity path method was used to manually
identify and remove poorly quality dispersion
curves.

After rigorous data quality control, a total of 2962
phase velocity dispersion curves (Fig. 4a) and 9082
group velocity dispersion curves (Fig. 4b) were
reserved. The number of ray paths for each period
is shown in Fig. 4c. Figures 5a—f display the ray
coverage for different periods: the densest ray
coverage is observed within the range of 0.3—4s. At
a period of 3.4s, the number of ray paths covering the
study area is 1053. Although there is relatively
limited available dispersion data for periods greater
than 3.4 s, the ray coverage within the basin is
relatively dense and uniform.

3.2. Inversion Details and Model Resolution Test

In order to obtain the three-dimensional shallow
structure of the Goldfield, we conducted a direct
inversion method (Fang et al., 2015) using frequency-
domain ray tracing and we directly obtain the three-
dimensional S-wave velocity beneath the study area
from the dispersion curves. For the forward model-
ing, we used the Fast Marching Method (Rawlinson
& Sambridge, 2004), which calculates the ray paths
and travel times between the seismic sources and
stations. We designed an initial S-wave velocity
model based on the empirical relationship proposed
by Shearer (2019). To avoid boundary effects, we
extended the depth of the initial model to 5.0 km to
improve the stability of the inversion (Fig. 6a). The
parameterization of the model followed the approach
proposed by Boschi & Ekstrom (2002). In the
inversion process, the lateral grid node spacing of
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the model was set at 0.01° (approximately 1.1 km),
and the depth grid node spacing was set at 0.3 km.

In this study, we employed a linearization method
to invert S-wave velocity. During the linearization
inversion process, each iteration assumes that the
current model is relatively close to the real model.
We compile the surface wave data from each iteration
process into a sparse linear system:

ot G
0= (0SS |op (2)
0 I

where, G represents the data sensitivity kernel. When
calculating G in each iteration, the density and P-
wave velocity are both represented by S-wave
velocity based on empirical relationships in rock
physics (Brocher, 2005). df represents the residuals of
dispersion data, 0 represents the update values of S-
wave velocity, S represent second order Tikhonov
Regulation, ¢ represents the smoothing parameter,
and y is the damping parameter. We can efficiently
solve linear system Eq. (2) by using LSMR algorithm
(Fong & Saunders, 2011). We continuously correct
the model through multiple iterations, to ensure that
the final residuals converge within a reasonable
range.

Bis1 = Bi + 0B; 3)

where, i is the number of inversion iterations.

During inversion, we used the L-curve method to
determine the optimal smoothing coefficient ¢. By
testing different ¢ values ranging from 5 to 120, we
found that the inflection point occurs at 20, which we
selected as the best ¢ value for our inversion
(Fig. 6b).

For model resolution test, the anomaly size is set
to 0.04° x 0.04° x 0.9 km, and the velocity pertur-
bation is disturbance 10% of the background velocity
(2.8 km/s). The imaging depth and resolution are
constrained by the surface wave period. Considering
the effective of group velocity dispersion curves and
phase velocity dispersion curves sensitive kernels in
this study, it can be concluded that the anomalies is
only located within a depth of 3.5 km (Fig. 5g—h).
For the horizontal slice, the study area in different
depths is well recovered (Fig. 7a—f). For the vertical
profile, it is evident that the checkerboard models
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exhibit a remarkable recovery within the central
portion of the study region (Fig. 7g—j). The entire
WLGF demonstrates a successful recovery, with
anomalies size 0.040° in the lateral direction and
approximately 0.9 km in the vertical direction. This
test indicates that the velocity anomalies within the
majority of the inversion region can be effectively
recovered, thanks to the dense coverage of dispersion
curves.

4. Results

Figure 8 shows the inversion results of the
S-wave velocity at depths of 0.3 km, 0.6 km, 0.9 km,
1.2 km, 1.5 km, 1.8 km, 2.4 km, 3.0 km, and 3.5 km
in the study area. The results indicate the following:
In the shallow depth range of 0.3-0.6 km, the S-wave
velocity is generally less than 3.0 km/s. There are two
intersecting low-velocity zones in the central part of
the study area, which are distributed in an NW-SE
and NNE-SSW direction, respectively (Fig. 8a—b).
Additionally, the S-wave velocity profiles accurately
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indicate the low-velocity anomalies in the shallow
layers. The NW low-velocity zone extends along the
profile for a length of about 10 km and persists from
the shallow subsurface to a depth of 0.8 km, showing
a relatively flat velocity structure within 1 km depth
(Fig. 9b—d).

In the depth range of 1.5-3.0 km, the S-wave
velocity ranges from 3.0 to 3.5 km/s. There are two
distinct high-velocity anomalies located at the
northwest and southeast ends of the study area
(Fig. 8e-h). The high-velocity anomaly in the
northwest extends laterally for about 8§ km with a

vertical scale of around 2 km. The high-velocity
anomaly in the southeast extends laterally for about
13 km with a vertical length of around 1 km. Com-
pared to the high-velocity anomaly in the northwest,
the one in the southeast has a flatter planar shape
(Fig. 8g, Fig. 9d, Fig. 10). At 3.5 km depth, these
two high-velocity anomalies tend to merge and the
anomaly intensity decreases relatively (Fig. 8i).
Compared to the velocity structure presented by
Zheng (2022), we have observed similar NW and
NNE low-velocity anomaly zones at depths shallower
than 1.2 km. However, there are two main differences
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between our findings: There are some variations in
the low-velocity anomalies in the shallow layers. Due
to the inclusion of phase velocity dispersion in the
inversion process, inverted velocity
structure extends to greater depths, reaching approx-
imately 3.5 km, and reveals the presence of two high-
velocity anomaly. Figure 6¢c show the travel time
residuals before and after inversion. Most of the tra-
vel time residuals after inversion significantly reduce

the jointly

to zero, and the residual distribution map is closer to
the normal distribution, indicating that our inversion
results converge.

5. Discussion

5.1. Geological Interpretation of Velocity Structure
in WLGF

It can be observed that the S-wave velocity
structure in the WLGF is characterized by three high-
velocity anomalies with low-velocity anomaly zones
between them (Fig. 8). For convenience, these three
high-velocity anomalies are labeled as I, II, & III, and
the three low-velocity anomalies are labeled as IV, V
& VI in Fig. 8b, g. Based on the geological
information of the area, the exposed rocks mainly
consist of Middle Jurassic gneissic Wulong granite,
Early Cretaceous fine-grained granodiorite/quartz
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The checkerboard resolution tests. a 0.3 km depth, b 0.6 km depth, ¢ 1.5 km depth, d 1.8 km depth, e 3.0 km depth, f 3.5 km depth, g AA’
profile, h BB’ profile, i CC’ profile, j DD’ (profile locations show in Fig. 7a)

diorite, and fine grained Granodiorite in Sanguliu. southeastern part of the survey area. In the depth slice
Metamorphic rocks of the Liaohe Group and sand- at 0.3 km below the surface (Fig. 8a), these three
stone of the Diaoyutai Formation are exposed in the high-velocity anomalies are developed in the granite
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exposure areas, with anomaly II roughly coinciding
with the location of the Sanguliu Pluton. The Liaohu
Group and Diaoyutai Formation exhibit weak low-
velocity anomalies or background values.

As mentioned earlier, the characteristics of the
velocity structure in the study area vary at different

depths. In the shallow depth range of 0.3-0.6 km,
although the three high-velocity anomalies mentioned
above exist, their anomaly strengths are relatively
small (around 5.4%), while the low-velocity anomaly
zone between them is more prominent (around 6.2%).
Overall, it exhibits a crossover of low-velocity
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anomaly zones in the NNE and NW directions. The
anomaly IV is consistent with the orientation of
NNE-oriented faults in the area, while the anomaly V
is approximately parallel to the previously inferred
NW fault (Fig. 8a—c).

Based on the geological and velocity structure
characteristics mentioned above, we interpret the
low-velocity anomaly in the survey area as the result
of hydrothermal alteration along fault zones or
contact zones between intrusive bodies and surround-
ing rocks. It needs noted that the NW anomaly V does
not align perfectly with the previously inferred NW
fault direction (Fig. 8a—b), and there is a slight

variation in its orientation in the eastern and western
segments. This weak inconsistency may be influ-
enced by two factors: first, there may be some
deviation in the previously inferred fault orientation
because no NW-oriented faults are observed on the
1:200,000 or 1:50,000 geological maps; second, if the
inferred NW fault does indeed exist, dip angle may
vary significantly in the vertical direction. Because
the fault traces on different depth slices represent the
vertical projection of the fault trace on the surface
rather than the actual position of the fault. Regardless
of the reasons for this difference, we believe that this
significant low-velocity anomaly zone is likely the
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Three-dimensional S-wave velocity structure in WLGF

result of hydrothermal activity along the mineralizing
fault system, indicating that the intersection of the
anomaly IV and anomaly V may represent the most
important hydrothermal activity center in the WLGF.
This interpretation is supported by the fact that the
largest Wulong gold deposit and a series of medium-
and small-sized deposits are spatially distributed
within and near this low-velocity anomaly zone
(Fig. 8). On the other hand, in the western segment of
the anomaly V, no-fault structures have been
observed on the surface. Therefore, the presence of
this low-velocity anomaly in that area may suggest
the existence of a concealed NW-oriented fault.

In the depth range of 1.5-3.0 km, the velocity
structure in the survey area is characterized by the
more prominent presence of the three high-velocity
anomalies mentioned earlier, especially anomaly I
(around 14.5% anomaly strength). At the same time,
anomalies I and III merge and connect each other
between 1.5-2.4 km. Overall, the Middle Jurassic
gneissic granite (such as the Wulong Pluton, previ-
ously considered as Paleoproterozoic migmatitic
granite) and the metamorphic sequences of the
Liaohe Group exhibit low-velocity characteristics,
while the Early Cretaceous fine-grained quartz mon-
zodiorite-granodiorite-tonalite (such as the Sanguliu

Pluton) exhibit high-velocity anomalies. This is
consistent with the composition and structural char-
acteristics of these two types of rocks or plutons.
Therefore, we speculate that high-velocity anomaly I
may represent a concealed pluton with similar
compositions and ages to the Sanguliu Pluton. Based
on the scale of the velocity anomalies (Fig. 9a,
Fig. 10), this concealed pluton may not be smaller
than the Sanguliu Pluton and may extend to a greater
depth.

5.2. Implications for Deep Exploration Potential
in WLGF

Petrological and ore deposit studies have shown
that the gold deposits in the WLGF were formed in
the Early Cretaceous (130—120 Ma) and are geneti-
cally related to the Early Cretaceous magmatism
represented by the Sanguliu Pluton (Yu et al., 2020).
Therefore, the presence of a concealed pluton in the
northwest part of the WLGF, which may have similar
compositions and ages to the Sanguliu Pluton, is of
significant geological and exploration importance, as
this concealed pluton likely provided at least some
ore-forming fluids and materials. Based on the spatial
distribution of the discovered deposits (occurrences)
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within the WLGF, they are mainly located in the low-
velocity anomaly zone between the concealed pluton
and the Sanguliu Pluton. These low-velocity anomaly
zones are the result of hydrothermal alteration
processes associated with the circulation and migra-
tion of ore-forming fluids along fault zones or contact
zones between plutons (with possible superimposed
faulting). On the other hand, the velocity structure in
this study reveals that the Sanguliu Pluton and the
concealed pluton may be connected and merged into
a larger intrusive body between 2.4 and 3.0 km depth.
Therefore, theoretically, there is mineralization
potential within this depth range and adjacent areas
between the two plutons.

Currently, there is no definitive data available
regarding the deep extension of the controlling fault
system in the WLGF. Firstly, for the NW-oriented
faults that are not manifested at the surface and
shallow levels, they appear to be more prominent in
the deep layers. For example, between the depth
range of 2.4-3.5 km, the boundary between the high-
velocity anomaly II represented by the Sanguliu
Pluton and the large low-velocity anomaly VI to the
north appears to be straight and exhibits clear
characteristics of a fault structure (Fig. 8g—i). This
suggests that the NW-oriented faults, as a rock-
controlling structure, may control the emplacement of
the Sanguliu Pluton. Secondly, the NNE-oriented
faults are distributed in a nearly equidistant pattern
(3-6 km) at the surface and extend along the trend for
at least 20 km. Therefore, they should easily cut
through the concealed basement, indicating that these
faults function as ore-controlling structures within the
mineralization system of the WLGF. Furthermore, in
the case of the largest gold deposit in the area, the
Wulong gold deposit, although the main mineralized
structures are the secondary faults with various
directions alongside the NNE-oriented main fault,
alteration-type mineralization within the NNE-ori-
ented main fault zone has been identified (Zeng et al.,
2019). These observations suggest that there is a high
potential to explore alteration-type gold mineraliza-
tion in the NNE-oriented fault zones between the
Sanguliu Pluton and the concealed pluton that is
between the Sanguliu Pluton and concealed pluton.

The characteristics of gold mineralization in the

WLGF of Liaodong, where quartz vein-type

Crustal Structure and its Control on Gold Mineralization... 2987

mineralization occurs alongside the main faults and
alteration-type gold mineralization develops in the
deeper parts of the main faults, bear a striking
resemblance to the Zhaoyuan-Laizhou gold belt in
the Jiaodong Peninsula. In the Zhaoyuan-Laizhou
gold belt, large-scale alteration-type gold mineraliza-
tion is prevalent within the main fault zones (such as
the Jiaojia-Xincheng Fault, Zhaoyuan-Pingdu Fault,
and Fushan Fault), while quartz vein-type mineral-
ization dominates in the secondary fault zones on
either side (such as the Shangzhuang gold deposit,
Caojiawa gold deposit, and Linglong gold deposit).
Given the proximity of Jiaodong and Liaodong in
terms of regional tectonic setting and their spatial
relationship across the Bohai Bay, the similarities in
the style of ore-controlling faults and gold mineral-
ization characteristics suggest extensive exploration
potential in the deeper part of the WLGF. Consider-
ing the results of the velocity structure obtained in
this study, we believe that the area between the
Sanguliu Pluton and the concealed pluton in the
northwest, along the NNE-oriented main fault, par-
ticularly at the intersection of the NNE and NW-
oriented fault zones, holds the potential for the
formation of large to giant alteration-type gold
deposits, making it the most promising exploration
target.

6. Conclusions

(1) Within 1.2 km of the shallow crust in the WLGF
in Liaodong, the S-wave velocity structure is
characterized by  significant low-velocity
anomalies in the NNE and NW directions
(anomalies IV & V), while in the deeper parts
(between 1.5 and 2.4 km), two high-velocity
anomalies I & II are observed.

(2) Among the two high-velocity anomalies in the
deeper part, the anomaly II aligns with the
surface-exposed Sanguliu Pluton, while the other
(anomaly 1) is interpreted as a concealed pluton
with similar compositions and ages as the
Sanguliu Pluton. The cross-point of the NNE-
and NW-trending low-velocity anomalies (IV &
V) in the shallow part is the result of hydrother-
mal alteration associated with ore-forming fluid
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circulation along the ore-controlling fault sys-
tems, indicating that this intersection is likely the
center of hydrothermal activity in the area.

(3) Based on the characteristics of gold deposits in
the WLGHF, it is proposed that the region between
the Sanguliu Pluton and the concealed pluton
(I) in the northwest holds favorable conditions for
mineralization, particularly in the deeper parts at
the intersection of the NNE- and NW-trending
faults (low-velocity anomalies IV & V), indicat-
ing a good prospect for exploring gold resource
(alteration-type).
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