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A B S T R A C T   

The southern part of the Ailaoshan-Red River shear zone (ARRSZ) in southern Yunnan, is an important gold- 
bearing polymetallic metallogenic belt of China. To better understand the metallogenic tectonic setting and 
the magmatic activity in the area, we deployed a 240-km-long quasi-linear seismic array with numerous short- 
period stations spaced about 500 m across the ARRSZ. The shear-velocity structure of the upper crust along the 
survey profile is determined by ambient noise tomography using continuously recorded waveform data. The 
results show: (1) An upper crust characterized by a laterally varying S-velocity pattern and two high velocity 
bodies: one located mainly below the Ailaoshan metallogenic belt and the other further east below the Pingbian 
area, which are separated by a low velocity zone beneath the Red River Fault. (2) The upper crust model provides 
valuable information on Cenozoic magmatism. The high-velocity body below the Ailaoshan metallogenic zone 
likely corresponds to buried granitoid intrusions caused by early-stage Cenozoic magmatism, which might have 
been altered and mineralized. The high-velocity body near Pingbian could be the trace of basalt-generating late- 
stage Cenozoic magmatism, which is most likely the intrusive phase of the younger basalts. (3) Major regional 
faults are identified as ascending channels and/or emplacement/precipitation sites for magma and mineralized 
fluids, meaning that such faults play an ore-controlling function within the magmatic fluid ore-formation system.   

1. Introduction 

The Ailaoshan-Red River shear zone (ARRSZ), which lies on the 
southeastern margin of the Tibetan Plateau, is believed to be the tectonic 
boundary of the extruding Indochina block during the India-Eurasia 
collision (Peltzer and Tapponnier, 1988; Tapponnier et al., 1990; Tap-
ponnier et al., 1986; Tapponnier et al., 1982). Along the ARRSZ, several 
metamorphic massifs (e.g., Ailaoshan) preserved abundant information 
on the thermal and tectonic evolution of the shear zone (Liu et al., 2012). 
High‑potassium alkaline magmatic rocks are widespread throughout the 
shear zone (Liu et al., 2019), and this led to a series of studies on the 
genetic link between magmatic activity and ductile shearing (Leloup 
et al., 1995; Liang et al., 2007; Schärer et al., 1994). Furthermore, based 
on geological (Leloup et al., 1995; Tapponnier et al., 1982) and 

geophysical (Huang et al., 2002; Lei et al., 2009; Wang et al., 2014b; 
Zheng et al., 2014), the shear zone was generally assumed to be a deep 
fault zone rooted in the lithospheric mantle. 

In the southern part of the ARRSZ, there are many porphyry-type 
copper‑gold (e.g., Tongchang and Habo) and gold deposits (e.g., Dap-
ing and Chang’an), which are essential part of the lateral collision 
metallogenic belt of the Tibetan Plateau (Fig. 1). Much attention has 
been paid to the genetic mechanism and dynamic background of these 
deposits. The most representative point of view is that these deposits are 
mainly related to the magma or hydrothermal upwelling caused by the 
crustal tension movement during the Cenozoic (Cong et al., 2013; Ge 
et al., 2009; Tian et al., 2014; Yuan et al., 2010; Zhu et al., 2009). 
However, this assertion, made mainly by geologists and/or mineralo-
gists, still needs confirmation due to the lack of robust evidence, 
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especially geophysical evidence. 
In the Ailaoshan area, since the great collision between the Indian 

and Eurasian plates occurred at ca. 65 Ma (Peltzer and Tapponnier, 
1988; Tapponnier et al., 1990; Tapponnier et al., 1986; Tapponnier 
et al., 1982), there has been significant rotation and extrusion or escape 
of blocks along the major strike-slip fault system. This has caused a 
migration of the deep material underlying the Tibetan Plateau to the 
surrounding areas, accompanied by massive magmatism (Xu et al., 
2020). Previous studies suggest that Cenozoic magmatic activity in the 
region can roughly be sorted into two stages. The first stage of mag-
matism occurred mainly during 42–24 Ma and is characterized by 
epiphytic-ultra epiphytic alkali-rich porphyry intrusions associated with 
the aforementioned copper and gold deposits (Chung et al., 1998; Deng 
et al., 1998a; Deng et al., 1998b; Wang et al., 2001), which are wide-
spread in the northern and middle sections of the ARRSZ. The second 
stage of magmatism took place after 17 Ma and is represented by the 
Cenozoic basalts exposed in the southeastern part of the shear zone 
(Huang et al., 2013b), for example in Pingbian, Maguan and northern 
Vietnam. 

To date there have been numerous geophysical studies related to the 
ARRSZ (Bai and Wang, 2004; Bao et al., 2015a; Bao et al., 2015b; Cai 
et al., 2016; Hu et al., 2005; Huang et al., 2002; Li et al., 2014; Wang 
et al., 2003; Wang et al., 2014b; Wang et al., 2001; Xu et al., 2005; Yang 
et al., 2017; Zhang et al., 2020a; Zhang et al., 2011; Zhang et al., 2006; 
Zheng et al., 2014). However, the resolution of these geophysical sur-
veys, usually performed with widely separated permanent seismic sta-
tions, is insufficient to reveal the detailed structure of the crust in the 
ARRSZ and adjacent areas. Hence, our main objective is to explore the 
fine structure of the upper crust and shed light on the relationship be-
tween the tectono-magmatic activity and the mineralization of Cu-Au 
and the deep structures south of the ARRSZ. To do this, due to the 
rugged topography and low road traffic, we deployed a dense quasi- 
linear seismic array oriented roughly west to east. Using continuously 
recorded waveform data, we first carry out ambient noise tomography to 
determine the shear velocity structure of the upper crust below the 
profile and then discuss the link between the crust model and magma-
tism and mineralization in the area of interest. 

2. Geological setting 

Our seismic profile spans several tectonic units, including the 
Lanping-Simao Basin (to the west), ARRSZ (middle transect), and South 
China Block (to the east). These structures are bounded/separated from 
west to east by the Jiujia-Anding Fault (JJ-ADF), Ailaoshan Fault 
(ALSF), and Red River Fault (RRF), respectively (Fig. 1). The ARRSZ 

extends to the southeast along the Ailaoshan Mountains and is bounded 
by the RRF to the east and the ALSF to the west. Within the southern area 
of the ARRSZ, there are a large amount of Cenozoic alkali-rich intrusive 
rocks, composed of shallow alkali-rich intrusions and alkaline volcanic 
rocks of eruptive phase (Ma et al., 2020). The left-lateral displacement of 
the ARRSZ has been estimated at ~500 km, but also at 700 ± 200 km or 
even more than 1000 km, from geological and paleomagnetic studies 
(Chung et al., 1997; Leloup et al., 1995; Tapponnier et al., 1982; Yang 
et al., 2001). The Red River Fault, which is interpreted to be the collision 
boundary of India with Eurasia (Tapponnier et al., 1990; Tapponnier 
et al., 1982), plays a key role in the extrusion, rotation and escape 
processes that affect the southeast margin of the Tibetan Plateau. The 
Ailaoshan Fault is the northeast boundary of the Lanping-Simao Basin 
and is probably the main structure that controls the regional minerali-
zation because many polymetallic and gold deposits are distributed on 
both sides of this fault or its branches (e.g., the Ganhe Fault). 

Typical deposits in the southern part of the ARRSZ, such as the 
porphyry Cu-(Mo-Au) deposit of Habo, the Au-Cu deposit of Chang’an, 
the Cu-Au polymetallic deposit of Tongchang and the Au-polymetallic 
deposit of Daping, can be classified into two groups (Ge et al., 2010). 
One is of porphyry type (Tongchang, Habo) and hydrothermal alteration 
type (Chang’an), both related to the alkali-rich intrusive rocks of the 
Himalayan stage. The other is of quartz-vein type and limonite-vein type 
(Daping), related to the intermediate-acid and alkali-rich magmatic 
activity during the Indosinian tectonism, the Yanshanian movement and 
the Himalayan orogeny. These metallic deposits of distinct types and 
combinations of elements were formed in the course of different 
evolutionary stages of tectonic magma, which result from superposition 
of mineralization activities related to multiphase tectonic magmatic 
activities (Ge et al., 2010). 

3. Data acquisition and noise correlation functions 

Passive source detection technology based on a dense short-period 
seismic array is widely used in recent years and is a way to obtain 
enough information to explore deep structures, with the advantage of 
being environmentally friendly, low-cost, and capable of providing 
high-resolution results (Zhang et al., 2020b). In order to investigate the 
main mineral deposits and geological units mentioned above, even 
though the study area is located in a mountainous zone in southern 
Yunnan that has a rugged topography and poor traffic conditions, we 
deployed a 240-km-long quasi-linear array with short-period seismic 
stations at intervals of about 500 m (Fig. 1) and collected continuous 
ambient noise data over a 35-day time interval, from December 2017 to 
January 2018. In what follows, we perform ambient noise tomography 

Fig. 1. Tectonic blocks, faults, and seismic stations 
on a topographic map of the study area. The small 
rectangle in the right upper inset delimits the study 
region. Triangles show the locations of the seismic 
stations: PDS-2 instruments (in red); EPS instruments 
(in blue). Yellow diamonds mark ore deposit loca-
tions. Acronyms: JJ-ADF, Jiujia-Anding Fault; ALSF, 
Ailaoshan Fault; RRF, Red River Fault; XJF, Xiaojiang 
Fault; GHF, Ganhe Fault; LP-SMB, Lanping-Simao 
Basin; ARRSZ, Ailaoshan-Red River shear zone; ALM, 
Ailao Mountain; CYB, Central Yunnan Block; SCB, 
Sichuan Basin; TP, Tibetan Plateau; HB, Habo ore 
deposit; CA, Chang’an ore deposit; TC, Tongchang 
ore deposit; DP, Daping ore deposit; LC, Lvchun; JP, 
Jinping; PB, Pingbian; MG, Maguan. (For interpreta-
tion of the references to color in this figure legend, 
the reader is referred to the web version of this 
article.)   
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with the help of a short-period dense seismic array, which is a widely 
used method in recent years (Badal et al., 2013; Fang et al., 2015; Li 
et al., 2016a; Li et al., 2016b; Liu et al., 2018; Roux et al., 2016). 

First, the continuous waveforms in both PDS and MiniSEED format 
were converted to the common SAC format. In this study, we only used 
vertical component data. Then, the continuous seismic recordings were 
cut into 1-h segments to ensure a certain amount of information for its 
later stacking. For the sake of compatibility and efficient computational 
cost reduction, the data were resampled at a rate of 10 Hz. All individ-
ually recorded waveforms were systematically pre-processed following 
the procedure of Bensen et al. (2007), including removing of the in-
strument response, detrending the zero-line slope, band-pass filtering in 
the 0.75–12 s bandwidth, spectral whitening, and temporal normalizing 
for the data. 

After completing the preprocessing steps above, the time domain 
ambient noise cross-correlation CAB(t) between station A and B is 
calculated as follows: 

CAB(t) ≈
∫ tc

0
vA(τ)vB(t + τ)dτ  

where vA(t) and vB(t) are the continuously recorded data at stations A 
and B, respectively. In this study, the lag time t between vA(t) and vB(t) 
shifts from − 50 to 50s, and tc is the length of the time segment used for 
cross-correlation, which is one hour in this case. The final noise corre-
lation functions (hereafter NCFs) of a single pair of stations were ob-
tained by linearly stacking all hourly cross-correlations. 

Fig. 2 shows an example record section of cross correlations between 
a virtual source station 1040 and all receiver stations. We can observe 
the emergence of surface wave signals clearly. However, the signal-to- 
noise ratio (SNR) for periods of 1–2 s is relatively low (Fig. 2a). This 
may be because the profile is close to the highway, so the higher fre-
quencies could be affected. On the other hand, the irregular topography 
of the study area can also affect the high frequency signals. Considering 
a high SNR, as well as the corner frequency of the instruments, we take 
the period band of 1–5 s (0.2–1 Hz) as the range to extract the surface- 
wave velocity dispersion. 

4. Rayleigh wave dispersion measurement 

Surface-wave group velocity dispersion can be estimated from the 
NCFs (Sabra et al., 2005b; Shapiro and Campillo, 2004) and the time- 
domain empirical Green functions (EGFs) given by the time derivative 
of the NCFs (Sabra et al., 2005a; Sabra et al., 2005b). Yao et al. (2006) 
demonstrated that phase velocity dispersion curves can also be 
measured from the EGFs. Here we extracted Rayleigh wave phase ve-
locity dispersion curves from the EGFs of each station pair using the 
method by Yao et al. (2006), based on a far-field representation of the 
Green’s function and an image transformation technique (Yao et al., 
2005). 

In order to satisfy the far-field approximation (Luo et al., 2015; Yao 
et al., 2011), we required that the interstation distance is at least greater 
than 1.5 times the wavelength. Given the large amount of data to 
handle, we only took a SNR threshold of 5 as the criteria and automat-
ically extracted the phase-velocity dispersion curves, then applied 
quality control measures to the dispersion data to identify and reject 
incorrect measurements. 

To avoid the 2π ambiguity while picking phase dispersion curves, we 
adopted additional precautions. (1) We optimized the initial phase ve-
locity model iteratively after each automatic extraction. (2) Following 
Bonadio et al. (2018), we summed all branches of the entire families of 
possible phase-velocity curves (including those affected by the 2π am-
biguity) in the entire 1–5 s range. This provides a density distribution 
graph (Fig. 3) with a stack of all the measurements in the period range of 
interest. With measurements from different interstation pairs stacked 
together, we obtained the local-average dispersion curve, which can 
help us optimize the reference phase-velocity model. 

4.1. Topographic effect 

The profile stretches across southern Yunnan through a mountainous 
area with rugged topography. The average altitude at which the array 
stations were installed is 923.89 m, with 1940 m and 134 m being the 
maximum and minimum elevations, respectively. In theory, the 

Fig. 2. Cross-correlations of the vertical component signal recorded at station 1040 with the signals recorded at all other stations, against the distance between 
stations. Plots for three different period ranges: (a) 1–2 s; (b) 2–5 s; (c) 1–5 s. Horizontal axis is time (s) and vertical axis is interstation distance (km). Positive and 
negative signals are processed symmetrically. 
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difference in topographic elevation between pairs of stations could 
affect the Rayleigh-wave phase-velocity dispersion measurements 
(Huang et al., 2017; Huang et al., 2018). To evaluate the influence of 
topography, we used the analysis method of Huang et al. (2017). The 

distance between pairs of stations is dL =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

d2
H + d2

V

√

, where dH is the 
horizontal interstation distance and dV is the difference in topographic 
elevation. Starting from these distances dH and dV, we took into account 
the absolute difference Δd = dL − dH and the relative difference Δd/dL. 
The absolute difference Δd is extremely small, lower than 20 m in 94.3% 
of station pairs, while the relative difference Δd/dL is less than 0.1 in 
97.49% of station pairs (Table 1). The topographic effect on dispersion 
measurements is small or negligible as long as the difference between dH 
and dL is small. Ultimately, we thus adopted the criterion Δd/dL < 0.1 
used to retain the phase velocity dispersion curve for further processing. 

4.2. Cluster analysis 

For short periods, the smoothness and continuity of the dispersion 
curves are good criteria to evaluate the validity of the phase velocity 
determinations (Ekström et al., 2009). However, these criteria are 
difficult to implement in practice. If only the smoothness and continuity 
of the dispersion curves are considered, it’s very likely that abnormal 
measurements reflecting real subsurface structure will be rejected, 
especially when dealing with complex study areas. Inspired by the 
cluster measurements performed by Bensen et al. (2007), we adopted 
the concept of similar path to carry out cluster analysis in the context of 
a short-period dense seismic array, paying attention to the stability and 
coherence of spatial clusters. 

Clustering measurements are commonly used to assess uncertainties 
and to identify outliers in earthquake dispersion measurements. 
Dispersion curves obtained from similar paths are clustered to reduce 
redundancy and assign uncertainty estimates (Ritzwoller and Levshin, 
1998). A similar analysis method can be applied to ambient noise data 
(Bensen et al., 2007) and performed when a tight cluster of stations 
subtends a small angle to a relatively distant station (located many 
interstation spacings away from the cluster). 

In this study, given a source station and a receiver station, all other 
nearby stations within a circle of radius r form a source station cluster 
and a receiver station cluster, respectively, in such a way that it can be 
considered that all pairs of stations formed by any two of them from each 

cluster define a similar interstation seismic path. Fig. 4 illustrates this 
concept, where D is the interstation distance and r is the radius (dis-
tance) that meets the similar path requirement. In our implementation, 
we took r =D/n, and the rule of thumb states that n is an integer between 
6 and 10. 

After determining the similar path for each individual dispersion 
curve, we performed cluster analysis with all the dispersion curves ob-
tained from a same similar path. Here we evaluated the stability and 
coherence of the clustered dispersion curves, taking as reference the 
average dispersion curve and the standard deviation for each period, 
which allows us to identify and reject poor measurements. Specifically, 
for each period, we kept the measurements within 2 standard deviations 
and considered data points outside this range as dispensable. If the 
number of bad points exceeds 50% of the original data points, the 
dispersion curve is rejected. By this procedure, we obtained a total of 
29,417 phase-velocity dispersion curves. The average standard devia-
tion decreases from 0.093 to 0.074 after quality control of the data, and 
although the number of paths involved in the dispersion measurements 
for different periods decreases, it still exceeds almost 15,000 (Fig. 5). 

5. Inversion for shear velocity 

In contrast to the classical two-step surface-wave inversion method, 
Fang et al. (2015) proposed direct inversion of surface-wave dispersion 
data for 3-D shear wave velocity structure. This method is based on 
frequency-dependent ray tracing and wavelet-based sparsity-con-
strained tomography. Taking into account the effect of ray bending in 
surface wave tomography in a complex medium, this method is suitable 
for a shallow complex region where the great-circle hypothesis is not 
satisfied. In this study, we used the direct inversion method proposed by 
Fang et al. (2015) to resolve the shear wave velocity structure beneath 
the profile. 

5.1. Construction of an initial 1D velocity model 

Following Shearer (2019), we constructed an initial 1-D shear-wave 
velocity model directly from the available dispersion data. We converted 

Fig. 3. Density distribution graph obtained by stacking all preliminary phase-velocity dispersion curves, once normalized to the maximum for each period within the 
1–5 s range. The stacked measurements involve all phase-velocity dispersion curves (including those affected by the 2π ambiguity) for all pairs of stations. 

Table 1 
Statistical figures related to the topography and location of the array stations.  

Δd(m) 0–10 10–20 20–40 ~40 

Number of pairs of stations 27,517 5298 1810 174 
Percentage (%) 79.08 15.22 5.20 0.50 
Δd/dL(%) 0–0.1 0.1–0.2 0.2–0.4 ~0.4 
Number of pairs of stations 33,925 708 165 1 
Percentage (%) 97.488 2.035 0.474 0.003 

Δd = dL − dH is the absolute difference between the distance dL and the hori-
zontal distance dH between pair of stations, while Δd/dL is the relative 
difference. 

Fig. 4. Schematic representation illustrating the definition of similar seismic 
path. The colored triangles represent the source station and the receiver station 
to correlate the ambient seismic noise and calculate a single shear-velocity 
dispersion curve. D is the interstation distance and r is the radius (distance) 
that geometrically meets the similar path requirement (see main text). 
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each data point of the period-dependent phase-velocity dispersion curve 
into a point of the depth-dependent shear velocity model, taking the 
shear velocity as 1.1 times the phase velocity and the depth as 1/3 of the 
corresponding wavelength. After converting all dispersion curves into 
velocity-depth models, we averaged all these curves to obtain a priori 
information on shear velocity at depths of 1 to 5 km (small gray circles at 
shallow depths in Fig. 6a). For the sake of the stability for inversion, the 
maximum depth for inversion was set at 16 km, to which we assigned the 
shear velocity value of 3.55 km/s according to previous studies. The 
value of the shear velocity on the surface is set to 2.90 km/s (Fig. 6a). 
From here, the initial 1-D shear velocity model was then constructed by 
interpolation from a given depth sampling point, adopting 1-km-thick 
layers from 0 to 6 km and 2-km-thick layers at greater depths (Fig. 6b). 

5.2. Coverage of the scanned area 

Obviously, the E-W-extending nature of the quasi-linear array means 
a dense ray coverage in longitude but poor coverage in latitude, which is 
also confirmed in ray path coverage density map obtained from the 
inversion result (Fig. 7). Therefore, we designed a mesh with an uneven 
grid spacing of 0.045◦ (about 5 km) in longitude and 0.09◦ in latitude. 
Otherwise, due to the irregular geometry of the short-period seismic 
array, the direct allocation of shear velocity below the stations could 
introduce a notable distortion of the results and therefore of the seismic 
image obtained from them. In what follows, we thus considered a virtual 
profile (red line in Fig. 7) following the survey geometry (gray triangles 
in Fig. 7) to get a vertical velocity section of the upper crust. 

5.3. Upper crust shear-velocity image 

Through the direct inversion of surface wave dispersion (Fang et al., 
2015), we obtained the shear velocity structure beneath the aforemen-
tioned virtual profile (Fig. 8). Within the depth range explored, we 
observed a relatively low velocity zone below the RRF that contrasts 
with the higher velocities on both sides of this fault. The RRF separates 
two high velocity zones, one to the west and the other one to the east. To 
the east of RRF, the high-velocity body about 20 km wide occurs in the 
upper crust between 4 and 8 km depth. A little further east, there is a low 
velocity anomaly of relatively smaller lateral width within the same 
depth range. To the west of the RRF, that is, below the Ailaoshan met-
allogenic belt represented by the Habo, Tongchang and Daping ore de-
posits, there is a more extensive high-velocity zone below 4 km depth in 
the upper crust, which is composed of two perfectly distinguishable sub- 
zones on both sides of the longitude 103◦ (Fig. 8). 

5.4. Assessment of the inversion results 

5.4.1. Analysis of topography effect 
Undoubtedly, the rugged topography has some influence on the 

dispersion measurement and inversion in ambient noise tomography. 
There is still no reputable and widely used solution, although some ef-
forts have been made on this (Fu et al., 2017; Huang et al., 2017; Huang 
et al., 2018; Köhler et al., 2012; Koulakov et al., 2016; Matos et al., 2015; 
Wang et al., 2017). In this research, we first identified and rejected the 

Fig. 5. Rayleigh phase velocities before (a) and after 
(b) quality control. The solid gray lines are 500 
randomly picked dispersion curves. The red circles 
indicate average phase velocity values for periods 
within the 1–5 s interval, which draw the local- 
average dispersion curve. Error bars indicate twice 
the standard deviation. The bar histograms show the 
number of seismic trajectories involved in the 
dispersion measurement for different wave periods. X 
axis is for periods and Y axis is for phase velocity 
(left) and path number (right). (For interpretation of 
the references to color in this figure legend, the 
reader is referred to the web version of this article.)   

Fig. 6. Initial 1-D shear-velocity model: (a) Model based on a priori informa-
tion obtained by direct conversion of dispersion curves into shear velocity- 
depth models. Small gray circles indicate a priori information on shear veloc-
ity at shallow depths (see main text). (b) Velocity-depth model consisting of 12 
layers at increasing depths, obtained by interpolation and adopting layer 
thicknesses of 1 km from 0 to 6 km and of 2 km at greater depths down to 
16 km. 
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dispersion curves that could be greatly affected by topographic factors, 
following the procedure proposed by Huang et al. (2017). Bearing in 
mind that high-frequency data may be more the most affected, we 
performed inversion using the dispersion data in the period range of 1–5 
s and then repeated the process from the data of 2–5 s. Fig. 8a and b 
show the respective results for comparison and as we can see they are 
quite similar. 

Based on the concept of similar path, we inverted the average 
dispersion curves of each cluster corresponding to a similar path, that is, 
we took advantage of the cluster information referred to the dispersion 
curves after quality control. This gives us the opportunity to compare the 
results of prior inversions with those obtained through this procedure 
and thus check the consistency between them. Fig. 8c shows the 
equivalent image of the upper crust using clustered dispersion data 
within the 1–5 s period range. The image obtained is very similar to the 
previous ones, so the consistency of the tomograms shown in Fig. 8 
supports the confidence in the structure of the upper crust determined 
here. 

In addition, we used different initial velocity model to assess the 
constraint ability of depth of our 1–5 s dispersion data. Specifically, we 

adopted the same structure as mentioned in section 5.1, with 1-km-thick 
layers between 0 and 6 km and with 2-km-thick layers at greater depths. 
The difference is that these trial initial models have a constant velocity 
gradient of 0.05S-1 and a velocity range from 2.8–3.6 km/s at the sur-
face (Fig. 9a). Using the same inversion procedure with non-clustered 
dispersion data within the 1–5 s, we obtained the 1-D velocity models 
corresponding to the five previous initial models for the grid points 
(102.38◦E, 22.90◦N) and (103.86◦E, 22.90◦N). These models reveal 
large differences at depths less than 2 km and greater than 10 km 
(Fig. 9b, c). This is not surprising when exploring a depth greater than 
10 km, since in our case the dispersion data used for the inversion 
correspond to periods less than 5 s, which is theoretically related to the 
surface wave sensitivity kernels and leads to a loss of the ability to 
constrain deep structure. As for depths less than 2 km, although the 
dispersion data used for inversion vary from 1 to 5 s, the SNR of NCFs for 
the shortest periods (1–2 s) is low (Fig. 2a). Furthermore, the rugged 
topography also directly affects the measurement and inversion of the 
dispersion data referred to these short periods. Therefore, the results for 
depths less than 2 km may not be reliable. 

According to all these factors, we adopted the inversion model using 

Fig. 7. Ray-path coverage density map showing the apparently scanned area. The virtual profile adopted for the calculation (red line) appears superimposed on the 
dense seismic array (gray triangles). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Shear velocity sections (color scale on the right) along the virtual profile: (a) inversion result for periods of 1–5 s; (b) inversion result for periods of 2–5 s; (c) 
image based on the inversion of the average dispersion curves of each cluster corresponding to a similar path. 

M. Zheng et al.                                                                                                                                                                                                                                  



Physics of the Earth and Planetary Interiors 311 (2021) 106643

7

non-clustered dispersion data of 1–5 s and only focused on depths of 
2–10 km range in subsequent discussion. Correspondingly, after our 
iterative and non-linear inversion, the average and standard deviation of 
the travel time residuals are 0.4 ms and 0.35 s, respectively, and the root 
mean square of the travel time residual decreases from 0.469 s to 0.372 s 
after iteration (Fig. 10). 

5.4.2. Resolution test 
To overcome difficulties in field operations and explore important 

mineral deposits and geological units as much as possible, the survey 
geometry of our pseudo-linear array in E-W direction is unusual. The ray 
coverage density map (Fig. 7) suggests that the ray paths mostly sample 
zones close to the pseudo-linear array. To test the model resolution 
under the current data distribution and inversion settings, we conducted 
an unusual checkerboard resolution test, which might be called ‘piano- 
keyboard test’ as it only deals with lateral (or in longitude) resolution. 
The input model consists of alternate velocity anomalies of ±0.4 km/s 
with a size of 0.18◦ (approximately 20 km) in longitude direction. 
Synthetic travel time data for the input model were calculated at each 
period using the same ray paths as in the real data. We added 2% 
random noise to the synthetic time data and inverted these data using 

the same inversion strategy as with real data. The results obtained reveal 
a recognizable velocity pattern near the array stations and for depths of 
2 to 10 km (Fig. 11), although there is an obvious smearing effect when 
moving away from the array. The recovered amplitude near the pseudo- 
linear array is almost the same as the input value (±0.4 km/s) at the 
depths of 4, 6 and 8 km (Fig. 11c-e), but reduce a lot at the depth of 2 km 
(Fig. 11b) and 10 km (Fig. 11f), which is consistent with the conclusion 
deduced from different initial model test (Fig. 9). In practice, both tests 
provide the same depth limit for vertical resolution. 

To check whether the vertical velocity section obtained from the 
virtual approach profile could introduce fake anomalies (artifacts) 
because of interpolation of data points, we presented the shear-wave 
velocity anomalies of our model for four horizontal planes at different 
depths of 4, 5, 6 and 8 km. The results can be viewed in Fig. 12 and show 
a good consistence with the feature revealed by the vertical velocity 
section (Fig. 8). 

Fig. 9. (a) Initial trial models (characterized by different colors) that have the same velocity gradient; (b) inverted models from them (depicted by different colors) 
associated to the grid point (102.38◦E, 22.90◦N); (c) inverted models associated to the grid point (103.86◦E, 22.90◦N). 

Fig. 10. The distribution of surface wave travel time residuals (a) and travel time residual curve along with iterations (b). In (a), the histogram of travel time 
residuals before the inversion is marked by unfilled black line and after the inversion is marked by filled black line. 
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6. Discussion 

6.1. Comparison with previous results 

The upper crust model we have obtained reveals a laterally varying 
S-velocity pattern with alternating high and low velocities (Fig. 13d), 
which correlates well with the high and low fluctuations of the observed 
magnetic anomaly (black line in Fig. 13c). The analysis of the attenua-
tion of different wavelengths with height (Lou and Wang, 2005; Wen 
et al., 2017) has demonstrated that short and medium wavelength 
anomalies overlap a weak magnetic field, suggesting a shallow crustal 
source as the cause of the fluctuations of the observed magnetic anom-
aly. In contrast, the Bouguer gravity anomaly varies quite irregularly 
(gray line in Fig. 13c), but approximately exhibits relatively low nega-
tive values (less than − 40 mgal) west of the RRF and higher values just 
east of this fault. 

The S-wave velocity model shows high velocity values below the 
ARRSZ (Fig. 13d), which is in agreement with previous P-wave velocity 
models obtained by other methods, such as body-wave tomography (Xu 
et al., 2005), joint local and teleseismic tomography (Lei et al., 2009) 
and stepwise inversion employing crustal P and Pn waves (Huang et al., 
2013a). These models show high velocities in the upper and middle crust 
and low velocities in the lower crust and near the Moho beneath the 
ARRSZ. Xu et al. (2005) explained that the high velocities observed in 
the upper crust are the trace of the rapid uplift and cooling of the 
metamorphic belt after the ductile shearing of the fault zone, while the 
low velocities in the middle-lower crust imply a relatively active crust- 
mantle boundary beneath the fault zone. On the other hand, the high 
Vp/Vs ratio beneath the ARRSZ (Fig. 14b), determined from receiver 
functions using the same survey array (Zhang et al., 2020a), is probably 
an indicator of a relatively high proportion of ferromagnesian materials 
in the crust. 

The low velocity zone beneath the Red River Fault, between two 
high-velocity zones on its both sides (Fig. 13d), seems to indicate a 
significant difference in lithology and mineral composition compared 
with both sides. Various studies of the anisotropy of the crust show 
different stress directions (Gao et al., 2012; Shi et al., 2012; Wang et al., 

Fig. 11. Checkerboard test. (a) The input initial model consists of alternate velocity anomalies of ±0.4 km/s with a size of 0.18◦in longitude direction. (b) − (f) 
Recovery of the checkerboard model at different depths of 2-10 km (see color scale at the bottom). The gray triangles show the location of the dense short-period 
seismic array deployed on the ground. 

Fig. 12. Horizontal slices showing shear wave velocity anomalies (see color 
scale on the right) at different depths down to 8 km. In all cases, the wavy line 
traced by gray triangles shows the location of the dense short-period seismic 
array. Above these velocity sections is a 3D topographic map showing the 
respective locations of the ore deposits of Habo (HB), Tongchang (TC), Chan-
g’an (CA), and Daping (DP), and Pingbian county (PB). 
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2014a) and hence different lithological properties on both sides of the 
RRF. We believe that the difference revealed by our model is the 
manifestation of the structural boundary properties the RRF on scale of 
the upper crust. 

The resolution of the proposed S-velocity model, achieved from the 
dense short-period array, allows us to distinguish two adjacent high- and 
low-velocity bodies east of the RRF (Fig. 13d). The resolution analysis, 
described in a previous section, has confirmed the ability of our data and 
survey array to recognize such scale anomalies. The high-velocity body 
is found beneath Pingbian, where the late-stage Cenozoic basalts occur, 
with outcrops on the surface (Fig. 13a). This high-velocity body is 
generally coincided with both the Bouguer anomaly and the magnetic 
anomaly at that location, both characterized by taking relatively high 
values (Fig. 13c). For the area of low velocity body, there are few 
studies. However, we noticed that it corresponds with falls in the Bou-
guer anomaly and the magnetic anomaly, and the topography at its 
location (Fig. 12) characterizes by a steep valley. At the same time, the 
valley is southwestward terminated at the RRF. Therefore, the low ve-
locity is preliminarily interpreted to reflect a branch of the RRF, and thus 
they display similar features of low velocity. It should be noted that this 

interpretation is just based on the topographic data and needs further 
research to verify. 

6.2. Cenozoic magmatism in the ARRSZ and its adjacent areas 

As aforementioned, Cenozoic magmatism in the region can roughly 
be sorted into two stages, which were 42–24 Ma and < 17 Ma, respec-
tively. The early stage is characterized by emplacement of alkali-rich 
porphyry granitoids intruding the southern part of the ARRSZ. These 
porphyry rocks, mainly consisting of granite-, quartz monazite- and 
syenite-porphyry, are temporally, spatially, and genetically related to 
the Cu-Au deposits. Studies have also attested that the granite por-
phyries and quartz monzonitic porphyries came from the partial melting 
of the thickened lower crust, while the syenite porphyries were gener-
ated from the enriched lithospheric mantle (Wu et al., 2019). 

The late-stage magmatism occurred after 17 Ma characterized by the 
formation of basalts, such as those seen in the Pingbian area (Fig. 13a). 
These young basalts were originated from depths of 60–90 km (below 
the Moho) and were erupted less than 1.7 Ma ago (Huang et al., 2013b). 
This late-stage magmatic activity is interpreted to represent a response 

Fig. 13. (a) Geological map of the study area extracted from the geological map of Yunnan Province, China. (b) Elevation of the terrain; tectonic units, faults and ore 
deposits crossed by the reference profile (acronyms are the same as in Fig. 1). (c) Bouguer gravity anomaly (gray line, left axis) along the profile; data source: World 
Gravity Map (Bonvalot et al., 2012). Magnetic anomaly (black line, right axis) along the profile; data source: EMAG2 (Meyer et al., 2017). (d) Vertical shear velocity 
section (color scale on the right) along the virtual reference profile (numbers indicate velocity values in km/s). 
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to the lateral flow of asthenospheric material beneath the Tibetan 
Plateau in the wake of the India-Eurasia collision. 

Accordingly, we believe that our shear velocity model provides 
valuable information that can help better understand the Cenozoic 
magmatic activity and associated mineralization in the explored region. 
On the one hand, the high-velocity zone below the Ailaoshan metal-
logenic belt likely reflects buried granitoid intrusions. Considering the 
distribution of magmatic rocks in the region, we infer that these buried 
intrusions are probably early Cenozoic in age, similar to that of the 
granitoid porphyries currently exposed on the surface. Furthermore, 
these high velocity zones may also reflect the possible positions of po-
tential Au-Cu mineralization because the mineral deposits in the area are 
closely related to granitoid intrusions. On the other hand, the high- 
velocity body near Pingbian might reflect the trace of the late-stage 
Cenozoic basalts. On the surface, these basalts are exposed in the 
Pingbian and Maguan areas, even in northern Vietnam (Huang et al., 
2013b). Since no other magmatic intrusive bodies (e.g., granitoid in-
trusions) have been reported in the Pingbian area, we interpret this high- 
velocity body as indicative of existence of the intrusive phase of the 
younger basalts in the upper crust. 

It is widely accepted that major faults (e.g., Ailaoshan Fault, Red 
River Fault) are normally as the ascending channels for magma and 
hydrothermal fluid and/or the sites for magma emplacement and ore 
mineral precipitation(He et al., 2008; Ying et al., 2006; Zhao et al., 
2009). However, our model is limited to the upper crust scale, and 
cannot account for the Ailaoshan Fault because the seismic array runs 
partially parallel to its strike. Anyway, a clear distinguishing charac-
teristic is the low velocity zone beneath the RRF indicating the weak-
ened nature of rocks. This feature is probably due to two factors: one of 

them is ascribed to strong deformation of the fault and the other to the 
alteration of the rocks by fluids or hydrothermal processes along the 
fault. The CCP stacking image obtained from receiver functions using 
the same seismic array (Zhang et al., 2020a) gives us an in-depth view 
along the reference profile (Fig. 14c) that helps us to understand the role 
that these major faults played. The results provided by receiver func-
tions suggest that these major faults could have acted as magmatic or 
hydrothermal channel during the magmatism and mineralization pro-
cesses. Because the Cu-Au and/or polymetallic mineralization occurred 
during the early Cenozoic (ca. 44–24 Ma), we infer that it is mainly the 
early Cenozoic magmatic and ore-forming hydrothermal fluids that 
flowed up through these fault channels, to form the porphyries and 
associated Au-Cu and polymetallic deposits in the upper crust beneath 
the ARRSZ. 

7. Conclusions  

(1) We use the collected continuously recorded waveform data to 
apply ambient noise tomography and resolve a detailed upper 
crust image in the 2–10 km depth range in ARRSZ and its sur-
roundings. The upper crust model shows a laterally varying S- 
velocity pattern alternating high and low velocities, and specif-
ically reveals two high-velocity bodies in the upper crust: one of 
them lies mainly below the Ailaoshan metallogenic belt and the 
other, further east, beneath the Pingbian area. Both belts are 
separated by a low velocity zone near the RRF.  

(2) The shear velocity model provides valuable information about 
the Cenozoic magmatism and associated mineralization in the 
region. The high-velocity body beneath the Ailaoshan 

Fig. 14. (a) Elevation of the terrain; tectonic units, faults and ore deposits crossed by the reference profile (acronyms are the same as in Fig. 1). (b) Variation of the 
Vp/Vs ratio. (c) CCP stacking image obtained from receiver functions by Zhang et al. (2020a). The shear velocity model (values in km/s at depths of 2–10 km) is 
projected onto the top part of the image. 
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metallogenic belt probably corresponds to buried granitoid in-
trusions, which are the product of early-stage magmatism (42–24 
Ma) and associated mineralization. Contrastingly, we interpret 
the high velocity body near Pingbian most likely to reflect the 
intrusive equivalents of the late-stage basalts (<17 Ma).  

(3) The low velocity zone beneath RRF likely indicates the weakened 
nature of rocks below the RRF. Combining this with the results 
deduced from receiver functions using the same seismic array, we 
infer that the major regional faults – the Ailaoshan Fault and the 
Red River Fault – could have acted as magmatic or hydrothermal 
channels during the early Cenozoic magmatic and metallogenic 
activity. 
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