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A B S T R A C T   

The Qingchengzi ore field, which is located in the middle of the Liaodong Peninsula, has a large number of Au, 
Ag, and Pb-Zn deposits owing to Mesozoic tectonic and magmatic-hydrothermal activities. To reveal the rela
tionship between shallow crustal velocity and gold mineralization and provide constraints on deep ore pro
specting (> 1.5 km), ambient noise tomography consisting of an experimental short-period dense array with 334 
seismographs surrounding the study region, is adopted. Shallow crustal velocities at depths less than 5.0 km are 
obtained by a direct inversion method of Rayleigh wave phase velocity dispersion at a period of 0.5–3.0 s. We 
obtain the following results. (1) The Jianshanzi fault (JSZF) is well imaged at a depth of 5.0 km. Because ore- 
forming fluids and materials originated from adjacent concealed granite intrusions characterized by low- 
velocity anomalies, we infer that the JSZF contributed to mineralization. (2) The Baiyun gold alteration belt 
in the northern ore field has a high velocity and cuts through the surrounding low-velocity area, extending 
downward to approximately 0.9 km. This high-velocity belt may be a superposition of the marble of the 
Dashiqiao Formation and mineralization-alteration, which suggests that the depth of the belt may be of favorable 
prospecting potential. (3) Based on the obvious low-velocity intrusive anomalies beneath the southern Xiao
tongjiapuzi gold belt, we deduce that the mineralization of the Xiaotongjiapuzi gold belt is controlled by un
exposed granite intrusions and thus has high mineralization potential at great depths. (4) A geologically 
reasonable model of the distribution of possible concealed granite intrusions related to deep mineralization and 
two prospective mineralization areas is presented.   

1. Introduction 

The Liaodong Peninsula, an important gold-polymetallic district, is 
located in the northeastern North China Craton (NCC). During the 
Mesozoic Era, the tectonic environment of the lithosphere underwent a 
transition from compressional orogenesis to extensional thinning (Yang 
et al., 2004; Yang et al., 2008; Lin et al., 2011), which triggered strong 
tectonic and magmatic activities, accompanied by intense gold miner
alization (Yang et al., 2003; Wu et al., 2005a; Wu et al., 2005b; Zhu 

et al., 2015; Zhu and Sun, 2021). Since the 1950s, a number of medium- 
to large-scale gold-polymetallic ore fields on the Liaodong Peninsula 
have been explored, such as the Qingchengzi, Wulong, and Maoling ore 
fields in Fig. 1 (Di et al., 2020). In this paper, we focus on the Qing
chengzi ore field located in the center of the Liaodong area. Cumula
tively, more than 1.6 million tons of Pb-Zn resources, 300 tons of Au 
resources, and 4000 tons of Ag resources have been discovered in this 
ore field (Wang et al., 2017). 

To date, many basic geological studies have been performed (Sun 
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et al., 1997; Liu and Ai, 1999, 2000; Xue et al., 2003; Liu et al., 2007; Yu 
et al., 2009; Wang et al., 2010; Duan et al., 2014; Wang et al., 2014; 
Duan et al., 2017; Hao et al., 2017; Wang et al., 2017; Zeng et al., 2019). 
These works generally investigated the geological characteristics and 
prospecting indicators of mineral deposits in the Qingchengzi ore field. 
Although the genesis of gold deposits is still under debate (Sun et al., 
1997; Xue et al., 2003; Liu and Ai, 2000), there is a consensus that these 
deposits are all granitoid-related and have a magmatic origin. The latest 
research shows that the genesis of the gold deposits in the Qingchengzi 
ore field is magmatic-hydrothermal, related to Early Cretaceous 

granitoid intrusions, and controlled by fault systems (Sun et al., 2019; 
Sun et al., 2020). 

The spatial distribution and dynamic mechanism of gold deposits in 
the Qingchengzi ore field, which are important to regional mineral 
prospecting, can be investigated with 3D structural images. Recently, a 
variety of geophysical methods have been applied for mineral explora
tion in this area. The aeronautical magnetotelluric method has inferred 
and explained the distribution characteristics of rock masses and ore- 
controlling structures in this area with differences in permeability and 
conductivity of underground media (Wang et al., 2020). Based on 

Fig. 1. Geological map and main ore fields 
of the Liaodong Peninsula (modified from 
Zeng et al., 2019). a) Tectonic background of 
the North China Craton. The black rectan
gular box marks the Liaodong Peninsula 
(Fig. 1b). b) Geological map and main ore 
fields of the Liaodong Peninsula. There are 
three main ore fields on the Liaodong 
Peninsula. The blue-, red-, and green- rect
angular boxes represent the Maoling, Qing
chengzi and Wulong ore fields, respectively. 
(For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the web version of this article.)   
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gravity-magnetic anomalies, the relationship between rock densities, 
resistivities, and mineralization can be studied (Di et al., 2020; Wu et al., 
2020; Yang, 2019). Due to the inherent limitations, such as shallow 
resolution depth, geometry limitations, and high cost, of the above
mentioned methods, the Qingchengzi ore field is poorly constrained at 
depths greater than 1.5 km, although surface geological observations 
indicate that the Qingchengzi ore field is very promising for discovering 
additional gold mineralization at depths greater than 1.5 km (Di et al., 
2020). Therefore, for deep mineralization prospecting, it is necessary to 
adopt methods capable of imaging the deep earth that provide deeper 
data at a higher resolution and less cost, which are key ingredients for 
achieving future exploration success (Zeng et al., 2019). For this reason, 
we adopt a seismological method to investigate the 3D shallow crustal 
velocity in the Qingchengzi ore field in this paper. 

In recent years, short-period dense array imaging technology has 
gained growing importance in investigating fine earth structures, and 
this technology can meet the requirements of shallow crustal velocity 
imaging in the Qingchengzi ore field (Lin et al., 2013; Schmandt and 
Clayton, 2013; Nakata et al., 2015; Chang et al., 2016; Roux et al., 2016; 
Liu et al., 2017a; Liu et al., 2017b; Bao et al., 2018; Wei et al., 2018; 
Mordret et al., 2019). With the dense coverage of a station array, the 

ambient noise tomography method, a feasible, cost-effective, and envi
ronmentally friendly method (Du et al., 2020), has been recently applied 
to related shallow crustal studies, such as volcano monitoring (e.g. Li 
et al., 2016), sedimentary basins (Huang et al., 2010; Fang et al., 2015; 
Wang et al., 2018), hydrocarbon reservoirs (Mordret et al., 2013; Mor
dret et al., 2014; Chmiel et al., 2016; Chmiel et al., 2019), and miner
alization exploration (Hollis et al., 2019; Du et al., 2020; Lavoué et al., 
2020; Yu et al., 2020; Zhang et al., 2021). In the Xinjiang Basin in 
southeastern China, Wang et al. (2018) deployed 203 short-period 
seismographs at a spacing of ~400 m and obtained a high-resolution 
velocity structure at depths of 0–1.4 km with more than 16,000 Ray
leigh wave phase velocity dispersion curves at periods of 0.2–1.7 s. 
Based on the Valhall Life of Field Seismic network that has 2320 sensors 
deployed on the seafloor of the North Sea, Mordret et al. (2014) 
computed over 2,600,000 cross-correlations of 6.5-h vertical component 
noise data; in addition, using phase and group dispersion curves at pe
riods between 0.6 and 1.6 s, they imaged the high-resolution 3D sub
surface at 600 m by a neighborhood algorithm-based depth inversion 
method, which can be applied to monitor seafloor subsidence due to oil 
extraction. Above the Groningen gas field in Europe, to monitor the 
seismic activity and gas field, Chmiel et al. (2019) deployed four flexible 

Fig. 2. Geological map of the Qingchengzi ore field (modified from Zeng et al., 2019). The black dashed lines show two main faults in the study area: the Jianshanzi 
Fault (JSZF) and 101 Fault (101F). The red dashed line represents the Baiyun gold belt (BYGB). The yellow circles denote major gold deposits. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 

T. Xie et al.                                                                                                                                                                                                                                       



Tectonophysics 813 (2021) 228913

4

networks for ~1 month with approximately 400 sensors in each data 
block. By a joint inversion of Rayleigh and Love wave dispersion curves 
within periods of 0.6–4.2 s, the detailed shear wave velocity structure 
reaching 1.0 km beneath the four gas areas was determined. 

For mineralization exploration, deposits have been studied from 
different perspectives, including the structure and geometry of ore- 
bearing formations, the sources of ore-forming heats and materials, 
and the ore-controlling fault systems. At the Marathon PGM-Cu deposit, 
in Ontario, Canada, Hollis et al. (2019) obtained a 3D shallow crustal 
velocity structure at depths reaching 1.5 km by jointly inverting the 
Rayleigh wave phase and group dispersion curves at short periods of 
0.1–1.2 s and 0.15–1.5 s, which revealed that the mineralization related 
gabbro intrusion slab is a higher velocity layer and dips toward the west. 
Du et al. (2020) obtained a 3D velocity structure at a depth of 0–1.3 km 
beneath the Karatungk Cu-Ni mine in Xinjiang, western China, with 
Rayleigh wave dispersion curves of 0.1–1.5 s and data recorded by 100 
single-component seismometers. Velocity anomalies related to the 
major ore-hosting intrusions at depths 0–0.7 km and the source regions 
of these ore-hosting intrusions at deeper depth (0.7–1.3 km) were pre
sented. Yu et al. (2020), using a linear array consisting of 340 short- 
period seismograms with an average interval of 0.5 km, investigated 
the significance of extensional structure and gold mineralization on the 
Jiaodong Peninsula, eastern NCC. With Rayleigh wave phase velocity 
dispersion curves at periods of 0.5–4.0 s, they obtained a shallow ve
locity profile at depths less than 8.0 km and demonstrated that gold 
mineralization differences on the western and eastern Jiaodong Penin
sula are mainly caused by different ore-controlling fault systems. 

In this paper, to reveal the relationship between shallow crustal ve
locity and gold mineralization and provide constraints on deep ore 
prospecting (> 1.5 km), we deployed an experimental short-period 
dense array with 334 three-component seismometers surrounding the 
study region and applied the ambient noise tomography method. 
Following a well-established workflow (Yao et al., 2006; Bensen et al., 
2007; Yao et al., 2008), we obtain 17,425 Rayleigh wave phase velocity 
dispersion curves at periods of 0.5–3.0 s. Based on the collected 
dispersion curves, a direct surface wave tomography method (Fang 
et al., 2015) is adopted to obtain the shallow velocity structure at depths 
of 0.5–5.0 km beneath the study area. We further analyze the velocity 
anomalies related to the lithology and stratigraphy, concealed granite 

intrusions, and fault structure, which provide geophysical constraints on 
the gold mineralization at great depths in the Qingchengzi ore field. 

2. Geological setting 

The Qingchengzi district is a Pb-Zn-Au-Ag polymetallic ore field 
located in the center of the Liaodong area. The strata in this ore field are 
mainly the Paleoproterozoic Liaohe Group, which contains, from bottom 
to top, the Gaojiayu, Dashiqiao, and Gaixian Formations (Fms.) (Fig. 2). 
The Gaixian Fm. is mainly composed of mica schist, sillimanite-mica 
schist, garnet-mica schist, and marble-bearing tremolite schist. The 
Dashiqiao Fm. is mainly composed of dolomitic marble, mica-strip 
marble, granulite-bearing tremolite marble, garnet-mica schist, and 
sillimanite-mica schist. Graphite-bearing marble, amphibolite schist, 
sillimanite mica schist, and marble are the most widely distributed rocks 
in the Gaojiayu Fm. 

Intermediate-acidic intrusions and various dikes are identified in the 
ore field, including the Paleoproterozoic Dadingzi monzonitic granite, 
Triassic Shuangdinggou monzonitic granite, Xinling granite porphyry, 
Yanshanian Yaojiagou granite, northwestward diorite dike, northeast
ward lamprophyre, and granite porphyry dikes. The zircon U-Pb age of 
the Dadingzi monzogranite is 1869 ± 16 Ma (Song et al., 2016; Di et al., 
2020). The zircon U-Pb age of the Shuangdinggou monzogranite is 
224.2 ± 1.2 Ma and the emplacement age of the Xinling granite por
phyry is 225.3 ± 1.8 Ma (Yu et al., 2009; Di et al., 2020). The zircon U- 
Pb age of the Yaojiagou granite is 167.5 ± 0.9 Ma (Zhang et al., 2016; Di 
et al., 2020). 

Two groups of faults occur in the Qingchengzi ore field: one group of 
faults extends in the NW-SE direction and is represented by the Jian
shanzi Fault, and the other group has a NE-SW strike (e.g., the 101 
Fault). Some deposits are distributed along these two main faults and 
their second-order faults, which may be a potential indicator of gold 
mineralization in this area. Generally, the gold deposits in the Qing
chengzi ore field are mainly clustered near three NW-trending belts, 
namely, the Xiaotongjiapuzi belt, the Baiyun belt, and the Linjia
sandaogou belt. These belts contain large-scale gold deposits, such as the 
Baiyun, Xiaotongjiapuzi, Yangjia, and Linjiasandaogou gold deposits, as 
well as a series of gold occurrences (Zeng et al., 2019). 

Fig. 3. Station locations in the Qingchengzi ore field. Red triangles represent the location of the seismic array. The dotted rectangle denotes the region of the 
Qingchengzi ore field. Lines A-A′, B-B′, and C-C′ are the profiles for the analysis of inversion results (Fig. 10). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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3. 3D data processing 

3.1. Data and imaging method 

To obtain the shallow crustal velocity structure and provide con
straints on deep ore prospecting (> 1.5 km), in the first phase, we 
deployed an experimental short-period seismic array surrounding the 
Qingchengzi ore field (Fig. 3), which is referred to as QSP array-I 
hereafter. Under the coverage of dense ray paths, this array can pro
vide a transmissive geometry to image the shallow regional velocity 
structure. QSP array-I consists of 334 three-component (3-C) SmartSolo 
seismometers with 24 digitizer bits, whose natural frequency is 5 Hz; 
QSP array-I collected approximately 32 days of continuous ambient 
noise recordings from approximately 8 June to 10 July 2019, with an 
average station spacing of ~1 km and an original sampling frequency of 
250 Hz. Of the two groups of faults in the study region, one group of 
faults strikes in the NW-SE direction, and the other strikes in the NE-SW 
direction. We have installed more stations in the W-E direction to cover 
the fault distribution. 

In this paper, ambient noise tomography with vertical component 
data is applied. Using an image transformation technique under a far- 
field approximation (Yao et al., 2006; Yao et al., 2008), the time- 
domain empirical Green’s functions (EGFs) can be first estimated from 
the negative time derivative of the long time cross-correlation of 
ambient seismic noise (Sabra et al., 2005; Campillo et al., 2014); then, 

the Rayleigh wave phase velocity dispersion curve from the EGFs are 
extracted. The direct surface wave tomography method is adopted to 
obtain a shallow complex velocity structure, which is based on a fast 
marching ray-tracing method (Rawlinson and Sambridge, 2005) and a 
wavelet-based sparsity-constrained inversion technique (Fang and 
Zhang, 2014). This method avoids the assumption of great-circle prop
agation that is usually used in conventional surface wave tomographic 
studies, which is not optimal in complex media (Fang et al., 2015). 

3.2. Cross-correlation calculation 

We first convert the original data format recorded by the SmartSolo 
seismograph to the SAC data format, and then cut the vertical compo
nent data into hourly segments at a sampling rate of 10 Hz. After that, 
we follow the procedure presented by Bensen et al. (2007) to process the 
data segments, including instrument response removal, waveform 
demeaning and detrending, spectral whiting, and temporal one-bit 
normalization. Finally, the cross-correlation functions (CCFs) of all 
station pairs at a period band of 0.3–10.0 s are calculated, and the hourly 
CCFs from each station pair are linearly stacked together to improve the 
signal-to-noise ratio (SNR). 

To determine the effective frequency band of the surface wave signal 
contained in the CCFs originally calculated (Fig. 4a), we bandpass filter 
the CCFs at three different period bands (Fig. 4b-d). Generally, the 
surface wave signals are all clear, and the apparent velocity is 

Fig. 4. CCFs between station 0116 and other stations. a) CCFs are originally calculated at a period band of 0.3–10.0 s. The original CCFs are bandpass filtered in three 
different period bands: b) 0.5–3.0 s, c) 0.5–1.0 s, and d) 1.0–3.0 s. 
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approximately 3.0 km/s. The CCFs at the period band of 0.5–3.0 s 
(Fig. 4b) are nearly the same as those at 0.3–10.0 s, which indicates that 
the effective period band of the surface wave signal in our dataset is 
approximately 0.5–3.0 s. The high-frequency CCFs at the period band of 
0.5–1.0 s (Fig. 4c) constrain the shallow structure, while the low- 
frequency CCFs at the period band of 1.0–3.0 s (Fig. 4d) constrain the 
deep structure, in which the surface wave signal is relatively clear. In 
general, the effective period band of 0.5–3.0 s carries the majority of 
surface wave information, which is selected as the period band of phase 
velocity dispersion curves in the S-wave inversion. Furthermore, the 
time-frequency transform of a single CCF (Fig. A.1) is analyzed and 
shows the frequency contents of surface waves at different travel times, 
which is consistent with our conclusions above. 

3.3. Phase velocity dispersion extraction 

Theoretically, we can extract 55,611 Rayleigh wave phase velocity 
dispersion curves from 334 seismic stations. When considering the dis
tribution of seismic stations, the interstation spacing along the N-S di
rection is smaller than that along the E-W direction; in addition, the 
number of station pairs along the N-S direction is also less than that 
along the E-W direction. Thus, we first extract the dispersion curves of 
station pairs with interstation distances larger than 25.0 km to satisfy 
the far-field approximation, and then we add dispersion curves corre
sponding to station pairs with interstation distances less than 25.0 km 
distributed along the N-S direction to ensure an approximate uniform 
distribution of ray paths along both directions. 

Using the image transformation technique (Yao et al., 2006; Yao 
et al., 2008), after inputting the CCFs, the EGFs are first estimated from 
the negative time derivative of the CCFs (Sabra et al., 2005; Campillo 
et al., 2014); then, to suppress the effect of the uneven distribution of 
ambient seismic noise sources, the positive and negative time lags of 

EGFs are linearly stacked. The phase velocity dispersion curves within 
the 0.5–3.0 s period band are finally extracted based on symmetric 
component EGFs with a time interval of 0.1 s (Fig. 5a). We select EGFs 
with an interstation distance of at least two wavelengths to satisfy the 
far-field approximation and with a SNR > 5 to obtain high-quality 
dispersion data. In addition, we also remove a few outlier dispersion 
nodes in a single dispersion curve with a velocity gradient larger than 
0.3 km/s, which is inconsistent with all the other nodes due to low SNRs 
of CCFs (Fig. A.2), to obtain smooth dispersion curves for geological 
rationality. Finally, we reserve only dispersion curves with a velocity 
range within 5 times the standard deviation of all the phase velocity 
dispersion curves. Fig. 5b shows the distribution of partial phase velocity 
dispersion curves randomly selected at the period band of 0.5–3.0 s and 
the number of phase velocity dispersion nodes at each period. 

3.4. 3D shear wave velocity inversion 

3.4.1. Direct surface wave tomography method 
In this paper, we use the direct 3D surface wave tomography method 

(Fang et al., 2015) to obtain the shallow crustal structure in the Qing
chengzi ore field. Compared to conventional inversion methods (Yao 
et al., 2006; Yao et al., 2008), this method avoids the intermediate 
inversion steps of phase or group velocity maps and can consider the ray- 
bending effects in a complex medium (Fang et al., 2015). At each period, 
the fast marching method is adopted to compute surface wave travel 
times and ray paths between sources and receivers (Rawlinson and 
Sambridge, 2005). Based on the phase velocity dispersion data, the 3D 
shear wave velocity model is parametrized by means of 1D profiles 
beneath grid points using the wavelet-based sparsity-constrained 
tomographic method (Fang and Zhang, 2014; Fang et al., 2015) and is 
updated by an iteratively reweighted least-squares algorithm. The 
objective function is defined by minimizing the difference between the 

Fig. 5. Phase velocity dispersion extraction. 
a) An example of extracting phase velocity 
dispersion curves with the image trans
formation technique. The colour bar repre
sents the normalized surface wave envelope 
amplitude. Light blue circles represent 
dispersion points satisfied with the choice 
conditions and solid red points are the final 
reserved dispersion points. b) Phase velocity 
dispersion curves extracted from the EGFs. 
The red solid line denotes the average phase 
velocity dispersion curve of all station pairs. 
The black circles represent the number of 
phase velocity dispersion nodes at each 
period. The gray solid lines show dispersion 
curves randomly selected. (For interpreta
tion of the references to colour in this figure 
legend, the reader is referred to the web 
version of this article.)   
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model prediction times and the observed times, 

Φ(m) = ‖d − Gm‖
2
2 + λ‖Lm‖

2
2  

where d is the surface wave travel time residual vector for given paths 
and frequencies, G is the data sensitivity matrix, m is the model 
parameter vector, L is a model smoothing operator, and λ is a weighting 
parameter that balances data fitting and model regularization (Fang 
et al., 2015). 

3.4.2. Weighting parameter determination 
As mentioned above, λ is a key parameter that balances data misfit 

and model smoothness. If λ is too small, the inversion procedure may be 
unstable and easily sensitive to noise; in contrast, the result is over- 
smoothing and poorly resolved (Lo et al., 2019). When the noise level 
in the data is known, λ can be determined from the discrepancy principle 
(Scherzer, 1993). However, the data noise is usually unknown, as in 
seismic tomography. In this case, λ can be derived from generalized 
cross-validation or the L-curve method (Fang et al., 2015). In this paper, 
we test different λ values and take 8, the corner value of the L-curve, as 
the best value (Fig. 6). 

3.4.3. Checkerboard resolution test 
The checkerboard resolution test is an effective way to check the 

coverage of ray path, and it can provide a reference anomaly size that 
can be trusted for a given geometry. The recovery ability of checker
boards depends primarily on ray-path coverage. In this paper, the 
coverage of ray paths generated by the transmissive geometry is dense 
and homogeneous at different periods, as shown in Fig. 7. Then, we 
perform checkerboard resolution tests to evaluate both the lateral and 
vertical resolution. The 3D background velocity model is constructed 
based on the principle that the fundamental mode Rayleigh wave phase 
velocity is most sensitive to shear wave velocity at depths of approxi
mately one-third of its corresponding wavelength. For a uniform half- 
space Poisson solid, the phase velocity is equal to 0.92 times the shear 
wave velocity (Shearer, 2019). Thus, we use 1.1 times the average 
measured phase velocities at a depth of 1/3 times the wavelength as the 
background velocity model (Fang et al., 2015). The study region is 
parameterized by 0.015◦ × 0.017◦ grid points. Using a background ve
locity model (see section 4), we first generate real checkerboard models 
by adding velocity perturbation to the background velocity model. 
Then, based on the known locations of station pairs and checkerboard 

models, the synthetic phase velocity of the Rayleigh wave is obtained by 
a forward method proposed by Dunkin (1965) and Herrmann (2001). 
Finally, we apply the direct surface wave tomography method to the 
synthetic data to recover the real checkerboard models with the back
ground velocity model as the initial mode. 

For the lateral resolution test, the anomaly size is approximately 
0.040◦ × 0.040◦, and the velocity perturbation is ±0.3km/s of the 
background velocity. The recovery results of the lateral checkerboard 
resolution test at different depths are shown in Fig. 8. For vertical res
olution tests, the anomaly size is approximately 0.8 km along the ver
tical direction, and the velocity perturbation is ±0.3km/s of the 
background velocity. The surface locations and the inverted results of 
vertical profiles M-M’ and N-N′ are shown in Fig. A.3. 

At the edges of the study region, where the ray-path coverage is poor, 
the checkerboards are poorly recovered. In the center of the study re
gion, both the lateral and vertical checkerboard tests are well recovered 
with a dense ray-path coverage. The whole Qingchengzi ore field is well 
recovered with anomalies as small as approximately 0.040◦ in the lateral 
direction and approximately 0.8 km in the vertical direction. Horizontal 
slices at depths less than 5.0 km are reliably resolved within the region 
of the large gray dotted rectangle (Fig. 8). 

For the vertical profile, the imaging depth and resolution are con
strained by the surface wave period. The imaging depth increases as the 
surface wave period increases, while the vertical resolution decreases as 
the surface wave period increases, which results in a poorer resolution at 
deeper depths. In this paper, the Rayleigh wave phase velocity disper
sion curves are extracted at a period of 0.5–3.0 s and with fewer numbers 
along the N-S direction. Therefore, we consider only the vertical models 
at depths of 0.4–3.0 km and anomalous body sizes of approximately 0.8 
km that are well recovered, which can be used for further discussion and 
interpretation based on checkerboard tests (Fig. A.3). 

4. Inversion results 

In the inversion, we adopt the same initial shear wave velocity model 
as that of the background velocity model in the checkerboard resolution 
test. The depth of the initial model is extended to 15.0 km to avoid 
boundary effects and stabilize the inversion (Yu et al., 2020). The ve
locity model at depths of 0.5–3.5 km is constructed by linearly inter
polating 1.1 times the average phase velocity. We fix the shear wave 
velocity as 3.6 km/s below 7.0 km and linearly interpolate the velocity 
between depths of 3.5 km and 7.0 km. The velocity at 0 km is obtained 
by linearly extrapolating the velocity curve to the surface. We parame
terize the study region by 0.015◦ × 0.017◦ grid points and take the 
weighting parameter as 8 based on the L-curve test. The inversion iter
ates 10 times. Shallow crustal shear wave velocity slices at different 
depths are shown in Fig. 9. The shear wave velocities of profiles A-A’, B- 
B′, and C-C′ in Fig. 3 are shown in Fig. 10. 

We also show the initial and final average travel time residuals in 
Fig. 11. Compared with the initial average travel time residuals 
(0.0325), the final average travel time residuals (0.0047) have been 
largely decreased, which demonstrates that the final velocity model fits 
the observed data better. 

4.1. Stability tests based on different initial models 

To test the dependence of the inversion results on the initial models 
and obtain the maximum average convergence depth, we repeat the 
inversion process based on two groups of initial models. 

The first group of initial velocity models (Fig. 12a) is generated from 
the phase velocity dispersion curves by considering prior information. 
These models include the initial velocity model used by the direct 
inversion in section 4 (blue lines in Fig. 12a), the linear velocity model 
(black lines in Fig. 12a), and the linear velocity model plus low- and 
high-velocity anomalies at depths of 1.2–2.4 km (red lines in Fig. 12a). 
The second group of initial velocity models (Fig. 12b) is based on the 

Fig. 6. L-curve obtained from different λ values. The best value is 8 as indicated 
by the black arrow. 
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linear initial velocity models with one or two velocity gradients gener
ated without prior information (black lines in Fig. 12b), and then the 
velocity models are shifted systematically to generate another two 
subgroups: higher (blue lines in Fig. 12b) and lower (red lines in 
Fig. 12b) initial velocity models. 

For the two groups of initial velocity models, we calculate both the 
average velocities of the output models at each depth within the reliable 
regions (the large gray dotted rectangle in Fig. 9) and then compare 
them with those of the initial models in each group. Thus, we obtain the 
maximum average convergence depth of the vertical profile that can be 
constrained by the two different groups of initial models (Fig. 12c-d). A 
comparison of the average velocities computed by the inverted models 
in the two groups shows that the inversion results at depths of approx
imately 0.4–5.0 km are both relatively convergent and stable, and not 
greatly affected by the initial velocity models. At greater depths (> 5.0 
km), due to the narrow period band (0.5–3.0 s) of the Rayleigh wave 
phase velocity dispersion in this paper, the inversion results in the 

second group are relatively divergent and less constrained, whose initial 
velocity models are without prior information and inaccurate. For the 
first group of initial velocity models with prior information, the inver
sion results are still convergent at approximately 7.0 km, below which 
we fix the shear wave velocity as 3.6 km/s. Therefore, the maximum 
average convergence depth in the inverted velocity model is 7.0 km. 

5. Discussion 

Based on the ambient noise tomography results, we analyze the ve
locity anomalies related to the lithology and stratigraphy, concealed 
granite intrusions, fault structure, and gold mineralization. It is known 
that the velocity features of imaging results are positively correlated 
with the lithology densities. In the study region, the average density of 
the intrusive rock mass is approximately 2.60 g/cm3 (Niu, 2020), and 
the low-velocity anomalies numbered 1 to 5 in Fig. 9a-c, are probably 
granite intrusions. Numbers 1–5 represent low-velocity anomalies 

Fig. 7. The density of ray-path coverage at periods of 0.5 s, 1.0 s, 1.5 s, 2.0 s, 2.5 s, and 3.0 s. The small black dotted rectangle denotes the region of the Qingchengzi 
ore field. The large gray dotted rectangle represents the regions, in which ray paths are well covered. 
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related to the Shijialing rock mass, Sanjiazishan rock mass, Qingchengzi 
concealed rock mass (see below for details), Shuangdinggou rock mass, 
and Dadingzi rock mass, respectively. In addition to the low-velocity 
granite intrusions, the strata in this ore field are mainly the Paleo
proterozoic Liaohe Group, which have a relatively high average density 
of 2.75 g/cm3 (Niu, 2020) and thereby exhibit high-velocity anomalies. 

The Qingchengzi district is a Pb-Zn-Au-Ag polymetallic ore field. The 
Pb-Zn deposits, denoted as solid blue circles in Fig. 9, are mainly located 
east of the 101 Fault (101F) and buried in the Paleoproterozoic Dashi
qiao Fm. The Au deposits are mainly distributed west of the Jianshanzi 
Fault (JSZF) (e.g., the Xiaotongjiapuzi gold belt (XTJPZGB) and the 
Baiyun gold belt (BYGB) in Fig. 9a-c), which is located between the top 
of the Dashiqiao Fm. and the bottom of the Gaixian Formation. 
Compared with the XTJPZGB, the velocity anomalies around the areas of 
the Pb-Zn deposits are relatively low, and a shallow Qingchengzi con
cealed host stock related to the Pb-Zn deposits may exist (No. 3 in 
Fig. 9a-c). 

As the deposits in the Qingchengzi ore field are all granitoid-related 
and have a magmatic origin, the potential for deep mineralization (>
1.5 km) is mainly controlled by concealed granite intrusions. For the 
XTJPZGB in the southern ore field, there are obvious low-velocity 
anomalies beneath its southern areas (II-c in Figs. 9f-j and 10a-b). 
Magnetotelluric survey results (Di et al., 2020) also show that there are 
high apparent resistivity anomalies, which are potential granite in
trusions, at depths of ~2.5–8.0 km beneath the southern XTJPZGB. The 
XTJPZGB is located in a low-to-high-resistivity transition zone, which 
extends to a significant depth. Thus, we infer that the low-velocity 
anomaly is a deeply unexposed intrusive granite body that is related 
to the mineralization of the XTJPZGB. Combined with the magneto
telluric results, we can conclude that the XTJPZGB has great prospecting 
potential at depths greater than 1.5 km. The BYGB in the northern ore 
field (Fig. 9a-c), where the gold deposits are generally distributed in the 
high- and low-velocity transition areas, exhibits a high velocity. The 
whole high-velocity region (IV in Fig. 9a-c and Fig. 13) cuts the 

Fig. 8. Lateral checkerboard resolution tests. a) Input checkerboard model, in which the anomaly size is approximately 0.040◦ × 0.040◦. Output model at different 
depths: b) 0.5 km, c) 1.2 km, d) 2.4 km, e) 3.5 km, and f) 5.0 km. The small black dotted rectangle denotes the region of the Qingchengzi ore field. The large gray 
dotted rectangle represents the regions, in which checkerboard models are well recovered. 
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Fig. 9. Shear wave velocity slices at different depths 
obtained by the direct inversion method: a) 0.5 km, b) 
0.7 km, c) 0.9 km, d) 1.2 km, e) 1.8 km, f) 2.1 km, g) 
2.4 km, h) 3.0 km, i) 4.0 km, and j) 5.0 km. The small 
black dotted rectangle denotes the region of the 
Qingchengzi ore field. The large gray dotted rectangle 
represents the regions, in which checkerboard models 
are well recovered. The NW-SE direction black dashed 
line represents the Jianshanzi Fault (JSZF), and the 
NE-SW strike is the 101 Fault (101F). The solid blue 
and yellow circles denote major Pb-Zn and gold de
posits. Number 1–5, I -IV and closed curves represent 
anomalies interpreted in the manuscript. (For inter
pretation of the references to colour in this figure 
legend, the reader is referred to the web version of 
this article.)   
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surrounding low-velocity areas and extends downward to approxi
mately 0.9 km. Based on previous studies (Zeng et al., 2019; Sun et al., 
2020), silicification alteration is a potential indicator of gold minerali
zation in the BYGB and the alteration width is tens to hundreds of me
ters. We consider that the BYGB related high-velocity region (IV in 
Figs. 9a-c and 13) may be the superposition of the marble on the 
Dashiqiao Fm. (within the whole region) and mineralization-alteration 
(mainly left sharp part of the region). In addition, north of the BYGB, 
there is a low-velocity anomaly ranging from 1.8 km to 5.0 km (III in 
Figs. 9e-j and 10c) that has the same velocity value (3.375 km/s) as low- 
velocity anomaly II-c, which suggests that concealed granite intrusions 
related to gold mineralization may exist in the deep part of the northern 
BYGB. As gold mineralization is often related to concealed granite in
trusions, there might be potential gold mineralization at deep depths in 
the northern BYGB. In addition, other low-velocity anomalies with the 

same velocity value (3.375 km/s) are present south of the ore field, and 
are presented as I, II-a, and II-b in Figs. 9f-j and 13, which may also be 
concealed granite bodies beneath the Shuangdinggou and Dadingzi 
intrusions. 

Due to the relationship of fault systems and mineralization present in 
the study region, it is obvious that there are many Pb-Zn-Au-Ag deposits 
distributed between the two main groups of faults and along the JSZF. 
Previous studies of regional geochemical anomalies show that Au 
anomalies are distributed along the JSZF (Liu and Ai, 1998, 2002), 
where a low-velocity anomaly band also exists in our results, as shown in 
Fig. 9i- j. The low-velocity anomaly band surrounding the JSZF is 
adjacent to low-velocity anomalies II-c and III, which we deduce to be 
concealed granite intrusions. We infer that this low-velocity anomaly 
band may be ore-forming fluids and materials originating from con
cealed granite intrusions II-c and III that migrated and precipitated 
along the JSZF and secondary faults on both sides during the minerali
zation period. Therefore, the JSZF is a large fault at depths as deep as 
5.0 km in this study and has great mineralization potential, which is also 
suggested by magnetotelluric survey results (Di et al., 2020). 

In summary, based on the distribution of proven deposits, we analyze 
the possibilities of related velocity anomalies and further deep miner
alization potentials. In addition, considering that gold mineralization is 
often related to concealed granite intrusions, we also focus on the 
interpenetration of concealed granite intrusions to deduce the potential 
for deep mineralization. Based on these results, the JSZF is probably 
related to mineralization at deep depths that is surrounded by possible 
ore-forming fluids and materials originating from concealed granite 
intrusions. According to the maximum coverage depth given in section 
4.1, a 3D metallogenic model is established to interpret the deep 
mineralization potential in the Qingchengzi ore field (Fig. 13). The blue 
isosurface with a velocity of 3.275 km/s (IV in Fig. 13), denotes the 
BYGB related mineralization-alteration regions, and the red isosurface 
with a velocity of 3.375 km/s represents large-scale potential concealed 
granite intrusive bodies numbered I, II, and III that are related to gold 
mineralization beneath the Shuangdinggou intrusion, Dadingzi intru
sion, XTJPZGB, and BYGB, respectively. 

Fig. 10. Shear wave velocity of the selected vertical profiles shown in Fig. 3: a) A-A’, b) B-B′, and c) C-C′.  

Fig. 11. Histograms of initial and final average travel time residuals. Initial 
residuals are shown in dark gray, while final residuals are shown in light gray. 
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6. Conclusion 

In this paper, we have presented the feasibility of ambient noise 
tomography with a transmissive dense short-period seismic array, QSP 
array-I, and obtain a 3D shallow crustal velocity structure at depths less 
than 5.0 km in the Qingchengzi ore field. Using QSP array-I, we establish 
a subsurface model in the survey area, which reveals the relationship 
between lithology and stratigraphy, fault structure, concealed granite 
intrusions, and gold mineralization, and provides evidence for effective 
deeply buried gold deposits. The JSZF is imaged as deep as 5.0 km and 
probably contributes to gold mineralization along with low-velocity 
anomalies interpreted as ore-forming fluids and materials originating 
from adjacent concealed rocks. Considering that the deposits in the 
Qingchengzi ore field are all granitoid-related and have a magmatic 
origin, large-scale potential concealed granite intrusions related to gold 
mineralization are interpreted to be present beneath the Shuangdinggou 
intrusion, Dadingzi intrusion, XTJPZGB, and BYGB, which may provide 
important heat, fluid, and partial source materials for gold mineraliza
tion. Combined with the velocity and magnetotelluric results, we pre
sent two favorable exploration zones at great depths compared with 
those of previous shallow geological surveys. One is beneath the BYGB 
in the northern ore field, and the other is beneath the XTJPZGB in the 
southern ore field. 

This study successfully applies the ambient noise tomography 
method with an experimental short-period array, QSP array-I, to mineral 
prospecting at great depths (> 1.5 km) in the Qingchengzi ore field; the 
QSP array-I provides a new transmissive way to image shallow regional 
velocity structures. To further provide complete geophysical constraints 
on gold mineralization in the Qingchengzi ore field (e.g., the structure 
and geometry of ore-bearing formations at shallow depths), additional 
data from the second phase of the short-period dense array in the center 
of the Qingchengzi ore field (QSP array-II) will be integrated in our 
following work. Moreover, the integration of geophysical, geological, 
and mineralogical methods would likely provide breakthroughs for 
mineral prospecting in the future. 
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Fig. 13. A 3D metallogenic model of the 
Qingchengzi ore field. The blue body 
numbered IV, with an isosurface velocity of 
3.275 km/s, denotes the BYGB related 
mineralization-alteration regions, and the 
red one, with an isosurface velocity of 3.375 
km/s, indicates the potential concealed 
granite intrusions related to mineralization 
at the greater depth of the Qingchengzi ore 
field. Three concealed granite intrusive 
bodies numbered I, II, and III are beneath the 
Shuangdinggou intrusion, Dadingzi intru
sion, XTJPZGB, and BYGB, respectively. 
Concealed granite intrusive body II is 
possibly composed of three subbranches: II- 
a, II-b, and II-c. Both concealed granite in
trusions II-a and II-c connect with intrusion 
II-b. The velocity slice at a depth of 5.0 km 
shows that the low-velocity anomalies in the 
south and north of the ore field extend along 
the JSZF. (For interpretation of the refer
ences to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   

Fig. 12. Inverted average velocity models based on two groups of initial ve
locity models. a) Initial velocity models of the first group are based on prior 
information. The blue solid line is the initial velocity model for the direct 
inversion in section 4, and the black solid line is a linear velocity model. Red 
dashed lines denote the linear model with low- and high-velocity anomalies at 
depths of 1.2–2.4 km, respectively. b) Initial velocity models of the second 
group without prior information. Black, blue, and red solid lines denote the 
linear initial velocity models with one or two velocity gradients generated 
without prior information (black lines) and then shift them systematically to 
generate another two subgroups of higher (blue lines) and lower (red lines) 
initial velocity models, respectively. c) Inverted average velocity of the first 
group initial models. d) Inverted average velocity of the second group of initial 
models. The initial models and their inversion results are shown in the same 
colour and line type. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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