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A B S T R A C T   

Wulong goldfield (WLGF) is situated in the Liaodong Peninsula, northeast of the North China Craton (NCC). 
During the Mesozoic, the eastern NCC was tectonically reworked, with the stress state to change from 
compression to extension, accompanied by a large amount of magmatism and extensive gold mineralization. To 
reveal the relationships among the intermediate to felsic plutons, fault structures, and gold mineralization in the 
WLGF, we deployed a short-period dense array (WSP array) consisting of 334 portable seismometers. We then 
processed the ambient noise data to extract a total of 45,531 group velocity dispersion curves with periods of 0.3 
to 2.0 s. We adopted a direct inversion method to invert these dispersion curves to construct a 3D ambient noise 
tomography model of shear-wave velocity structures. The 3D model generated allows us to draw the following 
conclusions: (1) The model shows prominent NNE- and NW- trending low-velocity anomalies that are interpreted 
to be caused by the intense hydrothermal alteration related to the gold mineralization along some NNE- and NW- 
trending faults; (2) The distribution of seismic velocity in the Early Cretaceous Sanguliu pluton in the southern 
WLGF is not homogeneous on account of its lithological variation, whereby compositional zoning is character-
ized by monzogranite in the centre and granodiorite in the margin; (3) The concealed NW-trending fault has a 
larger downward extension (>1.4 km) than that of the NNE-trending faults (~1.0 km), indicating the NW- 
trending faults played an ore-conducting role and the NNE-trending ones are likely the structures of ore- 
distributing and/or ore-hosting for the Wulong gold metallogenic system; (4) We suggest three favourable po-
tential areas for future exploration, all of which are located at and around the intersections of the NNE- and NW- 
trending faults and are close to the known (or concealed) Early Cretaceous granite intrusions; (5) Our results 
demonstrate that ambient noise tomography based on the short-period dense seismic array is effective in 
determining metallogenic structures at orefield scale and has significant potential application in mineral 
exploration.   

1. Introduction 

The North China Craton (NCC) is the largest and oldest continental 
block in China, with basement rocks as old as ca. 3.8 Ga (Liu et al., 
1992). The NCC is bound to the north by the Paleozoic Central Asian 
orogenic belt, to the south by the Palaeozoic to early Mesozoic Qin-
ling–Dabie–Sulu orogenic belt, and to the east by the 

Mesozoic–Cenozoic Circum-Pacific accretionary belt (e.g., Xiao et al., 
2003; Miao et al., 2005, Zhai et al., 2002, 2004) (Fig. 1a). Along these 
tectonic boundaries, gold deposits have been identified, as in compa-
rable settings elsewhere (Groves et al., 1998; Goldfarb et al., 1998). The 
deposits are typically clustered along the inner margin of the NCC, 
especially in its eastern part (Fig. 1a). 

Numerous studies have examined the gold deposits in the eastern 
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Fig. 1. (a) North China Craton and location of major gold deposits (modified after Zhu et al., 2015). (b) Geological map of the Liaodong Peninsula and distribution of 
three goldfields. (c) Location and geological structure of the Wulong goldfield (modified after Gu et al., 2020). NWF1, NWF2: NW-trending faults. 
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NCC, and a consensus regarding the tectonic setting for the formation of 
gold deposits has been reached. It is considered that they were formed in 
a tectonic setting of extension or transitional from compression to 
extension (e.g., Zeng et al., 2019; Deng et al., 2020), which was related 
to the large-scale lithosphere thinning or decratonisation of the eastern 
NCC during the late Mesozoic (e.g., Zhai et al., 2002; Zhu et al., 2015; Li 
et al., 2020). The mineralization time of these gold deposits is ca. 120 ±
5 Ma (Zhu et al., 2015; Li et al., 2020). However, the distribution and 
metallogenic density of the gold deposits in the eastern NCC, including 
those on Jiaodong and Liaodong peninsulas, are highly heterogeneous, 
and the key controls on the heterogeneity remain uncertain. 

Jiaodong and Liaodong peninsulas are both located on the north-
western side of the Dabie–Sulu suture zone. They are metallogenically 
similar, including similar tectonic setting, mineralization characteris-
tics, tectono-magmatic history, and mineralization age (e.g., Li et al., 
2015a; Zeng et al., 2019; Deng et al., 2020). Confusingly, the endow-
ment of gold estimated in the two gold districts differs markedly. Jiao-
dong Peninsula, the largest gold-producing area in China, contains 
proven gold reserves of > 5000 t (Deng et al., 2020). The proven gold 
reserves on Liaodong Peninsula are only ca. 500 t (Zeng et al., 2019). In 
contrast to the intense geophysical exploration of the Jiaodong gold 
district, exploration of the Liaodong gold district is still ongoing. It is 
speculated that the deep part of Liaodong Peninsula may have additional 
gold potential remaining to be identified through further geophysical 
exploration. This speculation has been reinforced by the discovery of 
Lode V163, the largest auriferous quartz vein in the Liaodong Peninsula 
so far. The lode has a strike length of > 1200 m and a vertical extent of 
920 m below the surface at an average grade of 6.28 g/t Au (Yu et al., 
2018, 2020a). As a result, the deep part below the Liaodong Peninsula 
has become an important focus of gold exploration. 

Ambient noise tomography is regarded as one of the major recent 
breakthroughs in seismology (Yang et al., 2011). The rapid development 
of ambient noise tomography during the last two decades has shown that 
this method is efficient in revealing shallow crustal structures at both 
regional (e.g., Sabra et al., 2005; Shapiro et al., 2005) and continental 
scales (e.g., Yang et al., 2007b, 2008a, 2010, 2011). Recently, short- 
period dense arrays have been developed to image shallow structures 
rapidly, taking advantage of the low-cost and high-speed characteristics 
of deployment of ambient noise tomography. Ambient noise tomogra-
phy based on short-period arrays can identify small-scale faults and 
geological bodies and thus has been widely used in studies of small re-
gions and/or ore fields (Du et al., 2020; Huang et al., 2010; Li et al., 
2016; Lin et al., 2009; Yu et al., 2020c; Fang et al., 2015; Mordret et al., 
2019; Roux et al., 2016). For example, Lin et al. (2013) extracted phase 
velocity dispersion curves from a dense array consisting of 5204 short- 
period stations in Long Beach, California to inverse a crustal velocity 
structure of the top 1 km and found that the distribution of the shallow 
velocity anomalies has a clear correlation with the known faults. Li et al. 
(2016) combined seismic data obtained from 17 seismometers separated 
by an average interval of ~ 1.0–2.0 km with borehole data to obtain S- 
wave velocity measurements from as shallow as 30 m in the Hefei Basin. 
Wang et al. (2018a) used 203 short-period seismographs deployed in the 
Xinjiang Basin, Jiangxi Province in China with a spacing of ~ 400 m and 
obtained a high-resolution velocity structure at 0–1.4 km depths. Du 
et al. (2020) deployed 100 short-period dense stations with 500–700 m 
spacing at the Kalatongke Cu-Ni Mine, Xinjiang, to obtain a high- 
resolution 3D model of structures for a depth range of 0–1.3 km below 
the mine. Yu et al. (2020c) deployed a linear short-period dense array 
(including 340 stations) with a spacing of ~ 500 m on Jiaodong 
Peninsula to obtain a 2D velocity model for depths between 0 and 8 km 
and investigated the relationship between late Mesozoic extensional 
structures and gold mineralization in the Jiaodong district. The above 
studies have demonstrated that ambient noise tomography based on 
short-period arrays can obtain high-resolution velocity structures of the 
upper crust and is able to identify ore-controlling structures and plutons 
in goldfields. Therefore, ambient noise tomography should be of high 

utility for guiding deep ore prospecting. 
To better understand the gold potential in the deep part of Liaodong 

Peninsula, we performed an ambient noise tomography study in the 
WLGF by deploying a short-period dense seismic array, which is referred 
to as WSP array hereafter. The WLGF was selected for our study for the 
following reasons: (1) The WLGF is the most productive area of gold on 
Liaodong Peninsula; it contains the largest auriferous quartz vein system 
and has similar metallogenic characteristics to those of the Linglong gold 
deposit on Jiaodong Peninsula, both of which host quartz-vein type gold 
mineralization; (2) Drilling has ascertained that auriferous quartz veins 
extend vertically to at least 900 m below the surface and a study of 
structurally superimposed halos suggested a high gold potential in the 
deeper part of the Wulong gold deposit (Yu et al., 2020b); (3) 
Geophysical investigations, including gravity, magnetic, and electrical 
surveys (Gu et al., 2020; Zhang et al., 2019b; Du et al., 2018) provide a 
good basis for assessing the results of our ambient noise tomography 
study. 

2. Geological setting 

2.1. Regional geology 

Liaodong and Jiaodong peninsulas including part of the Bohai Sea 
are part of the “Jiao–Liao Uplift” along the northwestern marging of the 
Sulu HP–UHP metamorphic belt. This belt is the suture zone between the 
South China Craton and the NCC. It extends into the Korean Peninsula to 
the east (Fig. 1). 

The basement of Liaodong Peninsula consists of metamorphic rocks 
of the Archaean Anshan Group and the Paleoproterozoic Liaohe Group. 
The Anshan Group is mainly distributed in the Liaobei and Liaonan 
terranes of the Liaodong Peninsula, comprises mainly tonalite- 
trondhjemite-granodiorite and metamorphosed supracrustal rocks (Liu 
et al., 1992; Gu et al., 2018; Feng et al., 2020). The Archaean rocks of the 
Anshan Group host the largest banded iron formation type iron deposit 
in China. 

The Paleoproterozoic Liaohe Group is distributed between the 
Archaean Liaobei and Liaonan terranes and is considered to represent a 
sedimentary sequence that formed in the Liaohe Rift. The Liaohe Group 
is subdivided, from bottom to top, into Langzishan, Lieryu, Gaojiayu, 
Dashiqiao, and Gaixian formations (Luo et al., 2004; Zeng et al., 2019; 
Liu et al., 2020a). The Langzishan Formation comprises mainly bio-
tite–chlorite schist and garnet–staurolite–mica schist. The Lieryu For-
mation has been referred to as a “boron-bearing stratigraphic unit” and 
consists mostly of magnetite- and tourmaline-bearing gneisses with 
amphibolite lenses and hosts boron and magnetite deposits. The Gao-
jiayu Formation comprises predominantly graphite–bearing schists and 
biotite schists intercalated with marbles, which is the main host rock of 
lead–zinc deposits on Liaodong Peninsula. The Dashiqiao Formation 
comprises mainly thick-layered dolomitic marbles, with two-mica 
schists and carbonacous slate layers. It hosts mineral deposits of 
magnesite and talc. The Gaixian Formation comprises chiefly phyllite, 
staurolite–mica schist, sillimanite–two-mica schist, and minor amounts 
of marbles (Gao et al., 2017; Duan et al., 2014; Li et al., 2015b; Zeng 
et al., 2019; Liu et al., 2020a). The Liaohe Group underwent greenschist- 
to amphibolite-facies metamorphism at ca. 1.85 Ga, corresponding to 
the time of NCC cratonisation (Li et al., 2015b). 

The early Precambrian basement of Liaodong Peninsula is uncon-
formably overlain by Neoproterozoic sedimentary rocks of the Yongning 
Group and Cambrian–Ordovician shallow-marine carbonates and mud-
stones, which in turn are overlain by Carboniferous–Permian alternating 
marine- and continental-facies coal-bearing formations. The Yongning 
Group is characterized by a sequence of wild-flysch formations (Yu et al., 
2020a). Mesoproterozoic, Silurian–Devonian, and Triassic strata are 
absent on Liaodong Peninsula. 

Liaodong Peninsula is intruded by granitic rocks of variable ages, 
including Archaean, Paleoproterozoic, and Mesozoic granites. It should 
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be noted that many granitoids that were previously assigned with 
Paleoproterozoic ages have subsequently been confirmed to have early 
Mesozoic emplacement ages (Yang et al., 2008b), meaning that Meso-
zoic magmatism was more intense and widespread than previously 
thought. Mesozoic magmatism on Liaodong Peninsula occurred 
episodically, mainly during the Middle to Late Triassic, Late Jurassic, 
and Early Cretaceous (e.g., Wu et al., 2005; Yang et al., 2007a, 2012). 
The Middle to Late Triassic magmatism formed intrusive rocks, without 
eruptive equivalents, whereas the Late Jurassic and Early Cretaceous 
magmatism involved both phases. The Late Jurassic–Early Cretaceous 
volcanic rocks are distributed mainly within Mesozoic faulted basins on 
the Liaodong Peninsula. It is generally accepted that the collision be-
tween the NCC and the South China Craton caused large-scale magmatic 
activity in the Middle to Late Triassic (Quan et al., 2020), whereas the 
Late Jurassic–Early Cretaceous magmatism was attributed to the litho-
spheric thinning or decratonisation of the eastern NCC (Sun et al., 2021; 
Wu et al., 2005). The westward subduction of the Paleo-Pacific plate 
beneath the East Asian continent dominated the geodynamics of the 
lithospheric thinning or decratonisation (e.g., Zhu et al., 2015; Wu et al., 
2019; Liu et al., 2020a). Large-scale gold emplacement accompanied the 
widespread magmatic activity during the Jurassic–Cretaceous, referred 
by some authors to as the “Mesozoic Metallogenic Explosion” (MME; e. 
g., Li et al., 2004; Mao et al., 2006; Zhu et al., 2015). The vast majority of 
gold deposits on both the Liaodong and Jiaodong peninsulas were 
formed during the MME. 

During the Cenozoic, the eastern NCC, including Liaodong Peninsula, 
experienced the eruption of alkaline basalts with geochemical charac-
teristics of ocean island basalts (Fang et al., 2020). These alkaline basalts 
are sparsely distributed along major NE-trending faults. 

2.2. Geology of the WLGF 

According to the time–space distribution and metallogenic charac-
teristics of the gold deposits, Liaodong Peninsula is divided into three 
areas of gold concentration: the Qingchengzi, Maoling, and Wulong 
goldfields (Zeng et al., 2019). The Qingchengzi goldfield is located in 
northern Liaodong Peninsula and hosts several gold deposits, such as the 
Baiyun, Xiaotongjiapu, and Linjiasandaogou (Liu et al., 2020a). The 
Maoling goldfield includes several large gold deposits (such as Maoling) 
and other smaller deposits and occurrences (Yu et al., 2020a; Zhang 
et al., 2017). The WLGF hosts two large-scale gold deposits, Wulong and 
Sidaogou, as well as some small-scale gold deposits and occurrences 
(Feng et al., 2019; Yu et al., 2020a). Among these, the Wulong gold 
deposit is the most important, with>80 t of Au at an average grade of 
5.35 g/t (Yu et al., 2020a; Fig. 1a). The gold deposits in the WLGF are 
mainly of quartz-vein type, whereas the disseminated and stockwork 
style of gold mineralization hosted in altered tectonic zones has also 
been found nearby. 

Country rocks of the deposits in the WLGF belong to the Paleo-
proterozoic Liaohe Group and the Neoproterozoic Yongning Group 
(Zeng et al., 2019). For the Liaohe Group, only the Lieryu and Gaixian 
Formations are present and are distributed in the southeastern part of 
the WLGF, and the Gaixian Formation comprises predominantly mica 
schist. The Yongning Group, composed of quartz sandstone, is distrib-
uted near the Sidaogou gold deposit in the southeast of the WLGF (Duan 
et al., 2014; Yu et al., 2020a). 

The WLGF is intruded by Mesozoic granitic rocks, with the Wulong, 
Sanguliu, and Wulongbei plutons being the main representatives. The 
Wulong pluton, emplaced in the Late Jurassic with a zircon U–Pb age of 
~ 160 Ma, is widely distributed in the WLGF and is mainly composed of 
two-mica granite and biotite granite (Wang et al., 2019; Wu et al., 2005; 
Yu et al., 2020a). The Sanguliu pluton in the southeastern portion of the 
goldfield is composed of monzogranite and granodiorite and shows 
lithological zoning, with the monzogranite in the centre and the 
granodiorite (as well as a minor amount of quartz diorite) at the margin. 
Zircon dating has revealed that the central monzogranite and marginal 

granodiorite were formed simultaneously, with emplacement ages of 
131–120 Ma (Early Cretaceous) (Wang et al., 2020). The Wulongbei 
pluton in the northern part of the goldfield is a monzonitic granite and 
shows a porphyritic structure. This pluton was emplaced during the 
Early Cretaceous as indicated by its zircon U–Pb age of 127 ± 5 Ma (Wu 
et al., 2005). 

There are two groups of faults that were mapped in the WLGF, which 
extend NNE and NW, respectively (Yu et al., 2018; Zhang et al., 2020). 
Of these, the NNE-trending group of faults is predominant and is widely 
distributed in the WLGF. The NNE-trending faults, interpreted as sub-
sidiary faults of the Yalujiang Fault to the southeast of the goldfield, 
strike about 25–30◦ and dip to the NW, with steep dip angles of 50◦–80◦

(Zhang et al., 2019b). The NW-trending faults are only locally exposed in 
the northeastern WLGF and show a general strike of about 320◦ and dip 
to the SW at 50–70◦ (Gu et al., 2020; Zhang et al., 2019b). These two 
groups of faults, which are considered to be conjugate, constitute the 
main structural framework of the WLGF and control the spatial distri-
bution of gold deposits (Gu et al., 2020). 

2.3. Geology of the Wulong gold deposit 

The Wulong gold deposit is situated in the northwestern part of the 
Sanguliu pluton (Fig. 1). Besides the granitic plutons, there are many 
dikes of different composition and orientation. These dykes are mainly 
Early Cretaceous in age (Yu et al., 2020a) including fine-grained diorite, 
granitic porphyry, dolerite, and lamprophyre. The fine-grained diorite 
dykes strike mainly NNE, NW, or N. The granitic porphyry dykes (>2 m 
wide and thousands of meters long) strike N or NNE and are distributed 
mainly in the east of Wulong. The lamprophyre and dolerite dykes (~1 
m wide and > 10 m long) strike N or E. In addition, some diorite por-
phyry and granitic pegmatite dykes are also found in the deposit. The 
granitic porphyry and fine-grained diorite dykes generally crosscut the 
auriferous quartz veins (Yu et al., 2020a) suggesting their emplacement 
postdating the gold mineralization. 

The Wulong orebodies are chiefly distributed in between the Jix-
ingou and 100# Faults, two major regional NNE-trending faults (Fig. 2). 
Nevertheless the orebodies are directly hosted by small-scale faults that 
are different in orientation from the regional faults. It is suggested that 
the sinistral movement on the Jixingou and/or 100# Faults has led to 
many small-scale subsidiary faults (generally less than 1 km long) that 
strike N5-15◦NE (dipping to the W at angles of 75–85◦) or NW (dipping 
to the SW at angles of 50–70◦). The Wulong auriferous quartz veins 
hosted by these subsidiary NNE- and NW-trending faults have been 
identified as occurring in belts (groups) with different dimensions. The 
largest orebody of the Wulong gold deposit is the NW-trending Lode 
V163 (dipping to the SW), which has a length of>1200 m and a width 
of>10 m, with an average gold grade of 6.28 g/t Au (Wang et al., 2018b; 
Yu et al. 2018, 2020a; Zhang et al. 2019a). 

3. Shallow-crustal velocity structure of the WLGF 

3.1. Data and methods 

(1) Ambient noise data-processing 
The data used in this work are ambient noise data obtained from the 

short-period dense array in the WLGF (WSP array, Fig. 2), including 334 
three-component seismometers, deployed from May to June in 2019. 
The array covers almost all of the faults and gold deposits. The WSP 
array is ~ 27 km long and ~ 7 km wide, with an average distance of 
0.5–1 km between stations. The original sampling rate of ambient noise 
seismic data is 250 Hz. 

We processed the ambient noise data according to the processing 
procedure of Bensen et al. (2007). Data were cut into 1 h segments and 
resampled at 10 Hz. Subsequent steps involved de-meaning, de-trend-
ing, bandpass-filtering the seismogram at 0.3–10.0 s periods, time- 
domain normalizing and spectral whitening. We still removed the 
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instrument response, even though our instruments were the same. 
We cross-correlated the processed 1 h data between available sta-

tions and stacked corresponding 1 h cross-corrections for each station 
pair to obtain stacked noise cross-correlation functions (NCFs). Finally, 
we obtained 55,611 NCFs. Fig. 3 presents the NCFs between station 
WL100 and other stations and reveals that Rayleigh surface wave signals 
with an apparent velocity of about 3.0 km/s can be observed clearly at a 
period band of 0.3–2.0 s (Fig. 3a). In contrast, the NCFs at period bands 
of 2–5 s (Fig. 3b) and 5–10 s (Fig. 3c) appear to have strong noise at zero 
lag time. Therefore, we measured dispersion curves from the NCFs only 
at the period range of 0.3–2.0 s. 

(2) Rayleigh wave group velocity dispersion measurement 
Rayleigh wave group velocity dispersion curves were extracted 

based on a rapid image analysis extraction method (Yao et al., 2006). 
This method is based on a visual interface and can automatically extract 
a large number of dispersion curves and check the accuracy of disper-
sions. We measured the group dispersion curves only from those NCFs 
that had signal-to-noise ratio values of > 5 and distances between two 
stations longer than two wavelengths. In the automatic extraction, the 
average velocity obtained from 1000 manually picked curves was taken 
as the reference velocity. We discarded group velocity dispersion curves 
with perturbations>0.2 km from the reference velocity. Finally, 49,211 

Fig. 2. Topography of the Wulong goldfield, Liaodong Peninsula, China along with the main geological structures. AA’, BB’, CC’ are the locations of three verti-
cal sections. 

Fig. 3. Cross-correlation functions of station WL100 with other 333 stations filtered at period band of (a) 0.3–2 s; (b) 2–5 s; and (c) 5–10 s.  
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group velocity dispersion curves were automatically extracted. 
We found that some of the automatically picked dispersion curves 

were not smooth and had large oscillations according to period. How-
ever, dispersion curves must smoothly vary as a function of period. 
Therefore, further selection steps were implemented to discard the 
problematic dispersion curves. Here, we adopted a similar propagation 
path method to identify and discard these problematic dispersion curves 
manually. The main principle behind this method is that if the propa-
gation paths of surface waves are similar, their dispersion curves must 
also be similar. To find similar paths, we first chose two stations as 
central stations and then drew two circles centred on each of the two 
stations with a certain radius. Then, we chose station pairs with one 
station located within one circle and the other station located in the 
other circle and treated all paths from these station pairs as similar 
paths. For cases where the distance between two central stations was less 
than 6 km, we took one-sixth of the distance between the two central 
stations as the radius to draw the two circles. For cases where the dis-
tance between two central stations was>6 km, we took 1.2 km as the 
radius. Then, all dispersion curves from the same similar paths were 
plotted as reference dispersion curves (blue line in Fig. 4a) to judge 
whether the dispersion curve from the central station pair (red line) 
should be retained or discarded (Fig. 4a). If the dispersion curve from 
the central stations was located outside the corridor of the reference 
dispersion curves, then that dispersion curve was discarded. 

Following the above procedures, we took each of the available sta-
tion pairs as the central station pair to judge whether it was reliable. 
Finally, 45,531 group velocity dispersion curves were retained (Fig. 4b). 
Fig. 4c shows the number of dispersion curves for each period. Among 
them, there are>30,000 dispersion curves for each period less than 1.2 s, 
indicating that the data are highly suitable for tomography (Fig. S1 in 
the Supporting Information). 

(3) Direct inversion for shear-wave velocity 
We adopted the direct inversion method developed by Fang et al. 

(2015) to invert our dispersion data for 3D shear-wave velocity. This 
method employs ray tracing based on frequency and sparse constrained 
tomographic inversion based on wavelet, without an intermediate 
inversion step. We used a fast matching method (Rawlinson and Sam-
bridge, 2004) to forward the accurate 3D shear-wave velocity model. 
This forward method can be used to calculate the ray paths and travel 
time between earthquakes and receivers. 

LSQR (least squares QR-factorization) algorithm (Paige and Saun-
ders, 1982) was used to solve the inversion. The objective function is 
presented as follows: 

Φ(m) = ||d − Gm||
2
2 + λ||Lm||

2
2 (1) 

where d is the travel time, L is the smoothing operator, G is the 
sensitive kernel function, m is the model parameter, and λ is the weight 
factor between the data residual and the model regularization. In 
inversion, the selection of λ is very important. If it is too small, the 
weight of the data residual will be excessive, overfitting data during 
inversion, resulting in unsmooth results, and mapping data residuals 
into the results; in contrast, if λ is too large, the results will be too 
smooth, lacking a fine velocity structure. Therefore, to determine a 
reasonable λ value, we tested different values of λ (from 3 to 100) and 
plotted an L-curve (Fig. 5). The weight at the inflection point of 10 was 
picked as the optimal λ value for our inversion. 

(4) Resolution tests 
To test the robustness of our inversion results, resolution tests were 

performed. Fig. 6 shows the distribution of ray paths and the sensitive 
kernels of Rayleigh wave group velocity at different periods, from which 
it can be shown that the ray path coverage at periods of 0.3–1.5 s is 
dense, with corresponding sensitive depths of 0.25–1.50 km. The area 
with the densest coverage of paths is around the WLGF, where numerous 
faults are developed. 

A checkboard resolution test is an effective way to examine the size 

Fig. 4. Results of group velocity dispersion curves. (a) 
Examples of dispersion curves under the same similar 
propagation path (red line: dispersion curve of central 
station pair; blue line: reference dispersion curves). 
(b) Group velocity dispersion curves (45,531 in total) 
obtained by the similar propagation path method. (c) 
The number of dispersion curves at each period. The 
black line is the average dispersion curve with stan-
dard deviations plotted as error bars to represent the 
variation in our measured group velocity across the 
study area.   
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of the resolvable abnormal body in tomography. We performed hori-
zontal and vertical checkboard resolution tests, and the results revealed 
that our dataset has a lateral resolution of ~ 2 km and a vertical reso-
lution of ~ 0.4 km at shallow depths (less than1.2 km) (Figs. S1 and S2). 
The variation in travel-time residuals before and after the inversion also 
indicates the reliability of the results (Fig. S3). More detailed results are 
provided in the Supplementary Information. 

3.2. Results 

In accordance with the empirical relationship proposed by Shearer 
(2019), we established an initial 1D velocity model for our inversion 
(Fig. 7). The depth of the initial model was extended to 3.0 km to avoid 
boundary effects and stabilize the inversion. Model parameterization in 
the direct inversion method followed the model presented by Boschi 
et al. (2020), and the velocity and density of P-waves were obtained 
from the empirical relationship determined by Brocher (2005). For the 
inversion, the grid node sizes in the latitude and longitude directions 
were both 0.015◦ (~1.6 km), and the node interval in the depth 
dimension was ~ 200 m. To check the stability of the algorithm, we 
tested a number of initial models; these tests showed that the initial 
model had only weak effects on the results and that the algorithm was 
relatively stable (refer to the Supplementary Information). 

After the inversion, we obtained velocity structures within 1.5 km 
depth below the surface in the WLGF. Fig. 8 shows horizontal slices of S- 
wave velocities at depths of 0.26, 0.44, 0.65, 0.84, 1.05, and 1.26 km, 
respectively. Fig. 9 presents vertical transects of the velocity structures 
(locations of the transects are shown in Fig. 2). 

Figs. 8 to 10 reveal that the velocity structure below the WLGF has 
the following features: 

1) A NNE-trending low-velocity zone (No. L1) (Fig. 8) is pronounced 
near the Jixingou fault and vertically extends at least to 1 km depth; 

2) A distinct NW-trending low-velocity zone (No. L2) traverses the 
whole goldfield and extends down to a depth of > 1.26 km underneath 
the surface; 

3) Two low-velocity anomalies (L3 and L4) exist around the western 
and eastern margin of the Sanguliu pluton, respectively, with both 
extending to a depth of > 1.26 km below the surface; interestingly, the 
locations of anomalies L3 and L4 gradually shift to the northeast and 
north, respectively, with increase of depth. 

Fig. 5. L-curve obtained from using different λ values. The optimal value is 10 
as indicated by the red circle. 

Fig. 6. (a-d) Distribution maps of ray paths at different periods. (e) Rayleigh wave group velocity depth sensitivity kernels at different periods. Red line is 0.4 s; black 
line is 1.4 s; blue line is 2.0 s. 
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4. Discussion 

4.1. Interpretation of the 3D model 

As mentioned above, the most attractive feature of the shallow crust 
structure of the WLGF is the existence of several evident low-velocity 
anomalies (L1-L4; Fig. 8). These low-velocity anomalies may represent 

different geological features. The L1 anomaly in the central part of the 
WLGF is generally NNE-trending and is broadly coincident in plan with 
the area between the NNE-trending Yangjia and 100# faults. Although 
regional fault zones generally show a low-velocity feature due to fault-
ing leading to lithofraction and fragmentation within them, we interpret 
the L1 anomaly to be caused mainly by the extensive and intensive 
hydrothermal alteration (water-bearing minerals) that was likely related 
to the formation of the Wulong gold deposit, as well as other smaller 
deposits and occurrences. The reasons for this are two-fold. One reason 
is that not all of the NNE-trending faults in the goldfield show a low- 
velocity anomaly feature, indicating that the velocity anomaly can not 
be attributed only to the faults. At the same time, the L1 and L3 
anomalies seem to connect to each other to constitute one single low- 
velocity anomaly extending along the whole of area between the 
Yangjia and 100# faults above 400 m depth below the surface but they 
are obviously separated below that depth (Fig. 8), similarly suggesting 
that fault is not the dominant factor generating the L1 anomaly. The 
other reason is that the largest gold deposit (Wulong) and several other 
smaller deposits and occurrences in the WLGF occur within the L1 
anomaly, with Wulong occupying the center (Fig. 8), implying that 
strong wallrock alteration might take place within and below the area of 
the L1 anomaly. 

For the L2 anomaly, which occurs as a straight NW-trending zone 
nearly transverse the whole WLGF, we similarly interpret it to result 
from intense hydrothermal fluid alteration along one or two NW- 
trending faults. However, there are no such NW-trending faults were 
observed in the central-western part of the goldfield and there are no 
lithological interfaces that are in agreement with the L2 anomaly in 
orientation. Therefore, considering the straight stretching feature of the 
L2 anomaly, we infer that anomaly L2 represents a buried NW-trending 
fault, along which the hydrothermal alteration related to the gold 
mineralization occurred, and thus leading to an evident low-velocity 
zone. The coincidence of a known NW-trending fault (NWF1) with the 

Fig. 7. 1-D initial velocity model.  

Fig. 8. Relative shear-wave velocity slices at different depths obtained by the direct inversion method: a) 0.26 km, b) 0.44 km, c) 0.65 km, d) 0.84 km, e) 1.05 km, 
and f) 1.26 km. The red solid dots denote the gold deposits and occurrences, and the largest ones present the Wulong gold deposit and the Sidaogou gold deposit; the 
black solid lines correspond to the known faults; the closed black line in the southeast presents the Sanguliu pluton with monzonitic granite inside and granodiorite 
outside; the black dashed lines in Fig. 8a indicate the boundary of the NW-trending low-velocity zones; These blue circles in Fig. 8a indicate the potential metal-
logenic areas; L1-L4: low-velocity zones. 
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northern boundary of the L2 anomaly in the northeastern WLGF (Fig. 8) 
also supports our suggestion. In addition, previous geophysical studies 
also identified a NW-trending magnetotelluric and magnetic anomaly 
that is generally consistent with the L2 low-velocity anomaly and was 
considered as a buried fault zone (Zhang et al., 2019b). Consequently, 
we urge that the observed NW-trending L2 low-velocity zone represents 
one or two NW-trending fault zones that are buried under Cenozoic 
sediments, in which intense hydrothermal alteration occurred likely 
during the Early Cretaceous. It is noted that the vertical extent of the L2 
anomaly is obviously greater than that of the L1 one. This likely suggests 
that the buried NW-trending fault and/or its alteration extent are 
vertically greater than the NNE-trending ones. 

The L3 and L4 anomalies are located on the western and eastern 
margins of the Sanguliu pluton, respectively (Fig. 8). This distribution 
pattern is generally consistent with that of the lithological variation of 
the pluton (Figs. 8 and 10). For example, on the eastern and western 
margins of the Sanguliu pluton, granodiorite and quartz diorite are the 
main components and exhibit lower shear-wave velocity compared with 
monzogranite in the central part of the pluton. This can be explained by 
the higher contents of water-bearing minerals (e.g., hornblende) in the 
granodiorite and quartz diorite relative to the monzogranite. Addition-
ally, the results of inversion of gravity and magnetic data are consistent 
with the distribution of velocity in the Sanguliu pluton, that is, the 
negative gravity and magnetic anomalies in the center are representa-
tive of Early Cretaceous granite, while the positive gravity and magnetic 
anomalies at the two edges of the pluton indicate Early Cretaceous 
granodiorite (Zhang et al., 2019b). Therefore, we interpret the velocity 
structure in and around the Sanguliu pluton is likely controlled by 

lithological differences, with the L3 and L4 anomalies caused by 
amphibole-bearing dioritic rocks. Some contribution of the hydrother-
mal alteration associated with the gold mineralization to the L3 and L4 
anomalies is also possible because the Sanguliu pluton is genetically 
related to gold mineralization (Yu et al., 2020a), leading to hydrother-
mal alteration along its margins, especially when faults exist on the 
margins (e.g., the Zhengjiapuzi fault is parallel to and cuts through its 
eastern margin). 

In a word, the crustal shear-wave velocity structures beneath the 
WLGF are characterized by several low-velocity anomalies showing 
different orientations and extents. The L1 and L2 anomalies likely reflect 
the exposed or concealed regional faults that might have been super-
imposed by intense hydrothermal alteration accompanying gold 
mineralization. The L3 and L4 anomalies are ascribed mainly to the 
difference in lithology of the composite Sanguliu pluton though the 
contribution of the hydrothermal alteration can not be precluded. 

4.2. Implications for exploration potential 

As aforementioned, the gold mineralization in the WLGF is domi-
nated by the quartz-vein type and the ore-forming fluids are mainly 
magmatic in origin, with some addition of paleo meteoric water in the 
late-stage mineralization (Zeng et al., 2019; Yu et al., 2020a). The gold 
deposits were formed in the Early Cretaceous (ca. 125–120 Ma) and 
were genetically related to the coeval granitic magmatism generating 
plutons that are presently either exposed on the surface (e.g., the San-
guliu pluton) or buried underground (Zeng et al., 2019; Yu et al., 2020a, 
b). On the regional/goldfield scale, the gold deposits as well as 

Fig. 9. Vertical transects of velocity structures with the surface sections shown in Fig. 2.  
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occurrences seem to be distributed within or around several regional 
faults that cut through late Mesozoic granitic intrusions (e.g., Wulong 
gold deposit) and Precambrian metamorphic rocks of the Liaohe Group 
(e.g., Sidaogou gold deposit) (Fig. 1c and 2; Yu et al., 2020a). Never-
theless, on a scale of individual gold deposits, the orebodies/gold- 
bearing quartz veins are actually hosted directly by the NNE-, NE-, N- 
and NW-trending secondary-order faults developing beside the regional 
NNE-trending faults, which is particularly evident at the Wulong deposit 
(Zeng et al., 2019). Importantly, the 163# gold-bearing quartz vein at 
the Wulong gold deposit has been confirmed by drilling to extend down 
to at least 1.4 km deep below the surface and the gold mineralization is 
still economically significant at that depth. This suggests that the deep 
part (at least above 1.4 km depth) of the goldfield has a high potential 
for gold metallogeny. In addition, gold mineralization with 2.12 g/t Au 
has been discovered inside the NNE-trending Jixingou Fault zone (Yu 
et al., 2020b). These indicate that not only the secondary splay faults of 
the NNE-trending regional faults but also the NNE-trending regional 
faults themselves are likely the main ore-hosting structures of the gold 
metallogenic system, showing their high gold potential. 

Generally, our ambient noise tomography results are in agreement 
with the essential geological features of the goldfield and corroborate 
the conclusion of the high gold potential below the WLGF. On the one 
hand, our ambient noise tomography results reveal the general struc-
tural framework that might have controlled the gold mineralization. As 
discussed in the last subsection, the hydrothermal alteration along the 
buried NW-trending fault(s) has a larger vertical extent than that along 
any of the NNE-trending ones, implying that the former probably played 
a role of the ore-conducting structure of the Wulong gold metallogenic 
system and the latter the ore-distributing, or ore-hosting, structure. 
Considering the fact that majority of the gold-bearing quartz veins are 
directly hosted in the second order fractures beside the regional NNE- 
trending faults, the final ore-hosting structure, it is evident that the 
structural configuration is favorable to the gold metallogeny (Liu et al., 

2018). On the other hand, our ambient noise tomography results indi-
cate that just a few of faults show low-velocity anomalies, possibly 
suggesting selective hydrothermal alteration and/or gold mineraliza-
tion, meaning that the alteration and gold mineralization has been 
concentrated in the areas below these faults. Obviously, the deep part of 
these faults should have high metallogenic potential. 

In terms of spatial relationship of the gold deposits and the low- 
velocity anomalies, it is evident that most known gold deposits and 
occurrences in the WLGF are spatially distributed within the scope of the 
L1 and L2 low-velocity anomalies (Fig. 8a). Meanwhile, the intersection 
of the two anomalies is likely the preferred area for gold mineralization, 
with the majority of gold deposits occurring there, which implies that 
the intersections of the NNE- and NW-trending regional faults are likely 
to play a key role in controlling the distribution of the gold deposits. This 
is specifically true for the Wulong and Sidaogou gold deposits, the two 
biggest deposits in the goldfield, both of which are located near the fault 
intersections (Fig. 1c and 8). We urge that there is a large potential 
exploration space in the deep part of the WLGF. Apart from the deep part 
of the Wulong gold deposit, where the existence of economic gold 
mineralization has been attested by drilling, we propose other three 
potential metallogenic areas for future exploration (Fig. 8a). 

The first potential area is located about 3 km southwest of the 
Wulong gold deposit. The reasons for selecting this area are as below: 1) 
it belongs to the intersection region of the L1 and L2 low-velocity 
anomaly zones; 2) it is located in detail at and around the intersection 
of the NNE-trending Yangjia Fault with the L2 low-velocity anomaly 
zone; 3) several small-scale gold deposits and occurrences have been 
delineated on the surface and/or shallow level of the area; 4) this po-
tential area is located to the northwest of, and not far from, the Early 
Cretaceous Sanguliu pluton that has a genetic relation to the gold 
mineralization. 

The second potential area is located at about 7 km southeast of the 
Wulong gold deposit. The favourable conditions for choosing this area 
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mainly include that it is situated around the intersection of the NNE- 
trending Zhengjiapuzi Fault and the known NW-trending NWF1 that 
occurs along the northern boundary of the L2 anomaly zone (Fig. 8), and 
that it is directly located at the contact of the Sanguliu pluton. Addi-
tionally, this area is at or around the midpoint of the NWF1 segment 
between the Wulong and Sidaogou deposits, implying a high possibility 
of the gold mineralization provided that the equidistant distribution of 
gold deposits exists in the WLGF, like that recognized in the Linglong 
goldfield in the Jiaodong Peninsula (Wen et al., 2015). 

The third potential area is situated around the intersections of the L2 
anomaly zone with the two NNE-trending faults in the northwest of the 
WLGF, (Fig. 8). Selection of this area as a potential one is mainly due to 
its location within the L2 anomaly and several gold occurrences have 
been discovered in the area. In addition, although this area is far from 
the Early Cretaceous Sanguliu pluton and there are no low-velocity 
anomaly zones along the segments of the two NNE-trending faults 
outside the L2 anomaly, which seems to be unfavorable for the gold 
mineralization, the intensity of low-velocity of the area gradually 
increased with increasing depth compared with the adjacent segments of 
the L2 anomaly (Fig. 8b). This may indicate another fluid activity and/or 
gold mineralization center existing below the area. Meanwhile, it ap-
pears that this center gradually migrates to the south with increasing 
depth. The idea of the existance of the center is consistent with the 
suggestion that deeply concealed Early Cretaceous plutons might have 
provided partial ore-forming fluids for the Wulong gold metallogenic 
system (Zeng et al., 2019; Liu et al., 2020b). 

In summary, the L1 and L2 low-velocity anomalies reflect the hy-
drothermal alteration and/or gold mineralization along the NNE- and 
NW-trending faults and their intersection is the favorable for gold 
mineralization. The three areas suggested, based on our new ambient 
noise tomography results as well as published data, for the future 
exploration are all associated with these anomalies and are located at 
the intersections of the NNE- and NW-trending faults. 

5. Conclusions 

Our investigation of the Wulong goldfield, Liaodong Peninsula, using 
ambient noise tomography with a short-period dense array, allows us to 
reach the following conclusions.  

(1) The shallow crustal shear-wave velocity structures beneath the 
WLGF are characterized by the existence of mainly 4 low-velocity 
anomalies (L1-L4) of different dimensions and orientations: the 
L1 anomaly as a wide band extending along the northern part of 
several NNE-trending faults in the central-northern WLGF; the L2 
anomaly as a narrow zone transverse nearly the whole WLGF in a 
NW direction; and the L3 and L4 anomalies as relatively rounded 
bodies occurring on the western and eastern margins of the 
Sanguliu pluton in the central-southern WLGF.  

(2) The L1 and L2 anomalies are interpreted to be caused by the 
intense hydrothermal alteration related to the gold mineraliza-
tion along some NNE- and NW-trending faults, respectively, 
whereas the L3 and L4 anomalies difference in lithology of the 
two margins from the central part the Sanguliu pluton, an Early 
Cretaceous composite intrusion that is considered to be geneti-
cally related to the gold mineralization.  

(3) The L2 anomaly zone, which is interpreted to reflect the existance 
of one, or two, NW-trending faults concealed by young sediments, 
has a larger downward extension (>1.4 km) than that of the L1 
anomaly (~1.0 km), indicating the NW-trending faults played an 
ore-conducting role and the NNE-trending ones are likely the 
structures of ore-distributing and/or ore-hosting for the Wulong 
gold metallogenic system.  

(4) According to the spatial distribution of the known gold deposits/ 
occurrences and the velocity anomalies, together with the gold 
metallogenic model, we suggest three favourable potential areas 

for future exploration, all of which are located at and around the 
intersections of the NNE- and NW-trending faults and are close to 
the known (or concealed) Early Cretaceous granite intrusions.  

(5) Our results demonstrate that ambient noise tomography based on 
the short-period dense array is effective in determining metal-
logenic structures at orefield scale and has significant potential 
application to mineral exploration. 
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