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Abstract We investigate the role of crustal architectures playing in controlling the genesis and nature of supergiant Jiaodong
orogenic gold system via seismic imaging. We deployed an NWW-SEE-trending broadband seismic linear array traversing the
province to construct a shear wave velocity (VS) transect based on ambient noise tomography. Our crustal VS transect reveals a
prominent low velocity zone (LVZ) at 12–20 km depths across the whole province and high VS anomalies at 8–12 km depths
underneath the western part that hosts most of the ore tonnage. We interpret the former as a hydrothermal alteration zone related
to mineralization and the latter as a crustal component containing large amounts of mafic rocks (e.g., amphibolites). In addition, a
listric fault system and a strike-slip fault system are imaged in the western and eastern parts of the province, respectively.
Combining features of crustal velocities with regional geological observations that ores are tempo-spatially associated with
mafic dikes, we propose a model of gold metallogenic processes. In this model, ponding and degassing of the mafic magmas led
to the formation of a hydrothermal alteration LVZ in the middle crust prior to mineralization. Later, auriferous fluid was released
from this intra-crustal hydrothermal alteration zone as it was heated by upwelling asthenosphere. The ore fluid ascending along
the listric fault system possibly leached extra gold from the upper-crustal amphibolites. Then, the gold-rich fluid migrated up
along different fault systems, leading to the disseminated-veinlet mineralization with great gold endowment in the western listric
fault system and the quartz-vein type mineralization with relatively small ore tonnage in the eastern strike-slip fault system.
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1. Introduction

Crustal structures play crucial roles in the formation of large-

scale ore systems, including potential sources of fluids and
metals, the migration networks for the fluids, and the traps of
final ore deposition (e.g., Hou et al., 2015, 2021; Hoggard et
al., 2020). The crustal controls on the porphyry-skarn ore
systems have been well researched (e.g., Henley and Berger,
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2013; Xu et al., 2021; Large et al., 2021), particularly in
depicting intra-crustal causative magma migration system
via geophysical methods (e.g., Yu et al., 2022). However, this
kind of research has been rarely carried out for giant orogenic
gold deposits which supply about 30% Au worldwide. This
is because the orogenic gold system displays less traceable
ore fluid sources and migration systems compared with
porphyry-skarn ones.
The Jiaodong gold province, located in the southeastern

margin of the North China Craton (NCC), is the largest gold
producing base with an Au reserve greater than 5000 t, in
China. A lot of studies on the Jiaodong gold deposits have
been carried out before, and many important progresses,
including mineralization timing, geological environment,
and geodynamic setting, have been made (Fan et al., 2003;
Yang et al., 2003a; Zhu et al., 2011, 2015; Song et al., 2015;
Deng et al., 2020c, 2022, 2023). These studies suggest that
the gold deposits were formed at ca. 120 Ma, the formation
was mostly controlled by faults that developed in the Pre-
cambrian high-degree metamorphic basement and Mesozoic
pre-ore granite plutons, with typical features of orogenic
gold deposits despite the source of fluid being debated yet,
and the deposits were generated in an extensional regime,
associated with extensive emplacement of coeval mafic dike
swarms, likely related to asthenosphere upwelling and craton
destruction (e.g., Deng et al., 2014; Zhu et al., 2015; Deng
and Wang, 2016).
However, the crucial factors for the massive Au miner-

alization in the province, especially their sources of fluids
and metals, remain enigmatic. One view argues that the ore
fluids were mainly derived from Neoarchean greenstones
and associated Au mineralization was closely related to the
metamorphism of the Precambrian greenstones, analogous to
the “greenstone type” or “orogenic type” gold deposits in
other ancient cratons worldwide (Groves et al., 1998;
Goldfarb et al., 2001). The other view suggests that the ore
fluids were sourced from Mesozoic granitic magmas that
widely intruded the Precambrian metamorphic basement
(Yang et al., 2003b; Cai et al., 2013; Ma et al., 2013; Tan et
al., 2012). Nevertheless, both views have difficulties in ex-
plaining an important fact that the gold mineralization took
place ca. 1800 Ma later than the release of metamorphic
fluids during progressive metamorphism, and about 10 Ma
postdated the gold-hosting granitoid plutons. It was also
suggested that the fluid was most likely sourced from sub-
ducted Mesozoic oceanic crust and/or overlying sediment
(Goldfarb et al., 2007; Goldfarb and Santosh, 2014), or from
metasomatized mantle (Wang et al., 2020). However, how
the mantle fluid migrated into the crustal level for tens of
kilometers upward was still unclear. Although recent studies
have proposed that the coeval mafic dike swarms sourced
from metasomatized mantle could serve as a major supplier
of the ore fluid (Wang et al., 2022), decimeter/centimeter-

wide mafic dikes are unlikely to provide sufficient fluids for
the giant accumulation of gold. It should be pointed out that,
among these three opinions mentioned above, the metals
were regarded to share the same derivation as the ore fluids.
Moreover, the amphibolites in the Jiaodong Group were also
suggested to be a main metallic source, but the uncertainties
of their distribution and volume in the Jiaodong crust hamper
the evaluation of this possibility.
Another important issue is about the structural control on

the Au ore system. Previous studies are mostly limited to
individual deposits (Yang et al., 2018). The structural control
in the terrane-scale is poorly understood. For example, three
ore clusters have been recognized in the Jiaodong gold
province (Figure 1). The western ore cluster is dominated by
disseminated-veinlet mineralization with much great ore
tonnage, whereas the central and eastern ore clusters are
characterized by quartz-vein orebodies with much lesser ore
tonnage. Although the reason for the differences in ore
tonnage and mineralization style mentioned above is attrib-
uted to different ore-controlling structures in some studies
(Deng et al., 2020c; Yu et al., 2020a), the specific structural
ore-controlling role, especially the deep characteristics of
ore-controlling structures, is currently unclear.
In the past two decades, a number of geophysical probes

(Hou et al., 2022) on the lithospheric architecture in the
Jiaodong Peninsula have been carried out, including seismic
tomography to obtain 3D lithospheric VP (Xu et al., 2002; Xu
et al., 2009; Zhao et al., 2012; Su et al., 2016) and VS (Li et
al., 2018; Meng et al., 2019) velocity structures, 2D deep
seismic sounding profiling (Ma et al., 1991; Jia et al., 2014;
Pan et al., 2015), deep reflection seismic profiling (Yang,
2002), and receiver function imaging (Chen et al., 2006;
Zheng et al., 2008). However, due to the limits posted by
station distribution or imaging resolution, these geophysical
studies were mainly focused on the major tectonic bound-
aries, with little attention paid to the fine structure of the
crust. Recently, some geophysical fieldworks, including
deploying a short-period dense array (Yu et al., 2020a,
2020b) and a reflection seismic profile (Yu et al., 2018), were
carried out across the Jiaodong gold province to map the
geometry of crustal faults and the lateral structure differences
across the gold province. The seismic data from this dense
seismic array provide a unprecedent opportunity to in-
vestigate the genetic link between the crustal structure and
metallogenic.
Thus, to image the fine crustal structure and explore its

link with metallogenic components (e.g., fluid source, metal
derivation, fluid pathways and trap) in the Jiaodong gold
province, we carry out ambient noise tomography (ANT)
using the data recorded by the linear broadband seismic
dense array supplemented by a few regional permanent sta-
tions (Figure 1). Combining the crustal structures con-
strained by ANTwith geological observations, we propose a
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genetic model of the ore genesis involving fluid derivation,
potential Au source, fault network, and structural control on
ore system. It is of great significance for understanding the
deep background of the massive enrichment of gold in the
Jiaodong metallogenic province.

2. Geological background

The Jiaodong gold province, bounded by the Tan-Lu Fault
to the west, is mainly composed of three tectonic units,
namely the Jiaobei Uplift, Jiaolai Basin, and Sulu Orogen
(Figure 1; Chough et al., 2000; Deng et al., 2020a). The
Jiaobei Uplift and Jiaolai Basin constitute the Jiaobei Ter-
rane, separated from the Sulu Orogen by the Wulian-Yantai
Fault (WYF; Tang et al., 2008). The Jiaobei Uplift is
dominantly composed of Precambrian high-grade meta-
morphic rocks, intruded by massive Mesozoic granites and
mafic dike swarms (Figure 1; Deng et al., 2020b, 2020c).
The Precambrian rocks mainly include tonalite-trondhje-
mite-granodiorite (TTG) gneiss, amphibolite of the
Neoarchean Jiaodong Group, amphibolite- and greenschist-
facies metasedimentary rocks of the Paleoproterozoic Fen-

zishan and Jinshan Groups, and metasedimentary rocks of
the Meso-Neoproterozoic Penglai Group (Tang et al., 2008;
Zhao et al., 2016). These Precambrian rocks experienced
two major metamorphic events, taking place at ~2.5 Ga and
~1.8–1.9 Ga, respectively (Ames et al., 1996; Tang et al.,
2008; Tam et al., 2011; Wan et al., 2011). The protoliths of
amphibolites of the Jiaodong Group are tholeiitic basalts,
generated in a subduction environment at ~2.5 Ga (Shan et
al., 2015). The Sulu Orogen, formed by the collision be-
tween the NCC and Yangtze Block in Triassic, is mainly
composed of Neoproterozoic granitic gneisses, coesite-
bearing eclogite, quartzite and schist, which were intruded
by Triassic granites (Huang et al., 2006; Zhang et al., 2012;
Liu et al., 2018). The Jiaolai Basin mainly consists of
Cretaceous fluvial, deltaic, and lacustrine sedimentary
rocks, interbedded with volcanoclastic rocks, intermediate-
silicic volcanic and volcaniclastic rocks, and basaltic rocks
(Wang et al., 2016; Zhao et al., 2018).
Mesozoic granitoids are distributed widely in the Jiaodong

Peninsula (Figure 1). The early Mesozoic granitoids
(225–205 Ma) were emplaced at the eastern margins of the
province (Figure 1; Guo et al., 2005). The late Mesozoic
granitic rocks include biotite granite and muscovite granite

Figure 1 Geological map of the Jiaodong gold province (modified from Deng et al., 2020a). Temporary broadband seismic stations are denoted by red
inverted triangles, and permanent broadband seismic stations are denoted by dark blue triangles. The SJZ, Qixia and Muping ore clusters are outlined by the
three ellipses. JJF, Jiaojia fault; ZPF, Zhaoping fault; QXF, Qixia fault; TCF, Taocun fault; GJF, Guocheng-Jimo fault; WYF, Wulian-Yantai fault; QHF,
Qingdao-Haiyang fault; MRF, Muping-Rushan fault; WHF, Weihai fault; RCF, Rongcheng fault; HSF, Haiyang-Shidao fault.
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(165–150 Ma; Hou et al., 2007; Yang et al., 2012), grano-
diorite (132–123 Ma; Zhao et al., 2018), and monzogranite
(120–110 Ma; Goss et al., 2010). Moreover, the mantle-de-
rived mafic dikes were emplaced at 135–115 Ma throughout
the province (Liu et al., 2009; Cai et al., 2013; Deng et al.,
2017; Liang et al., 2018), from which some dikes intruded at
120 Ma show geochemical affinity with OIB, likely related
to slab roll-back and associated asthenosphere upwelling
(Deng et al., 2020a). The Jiaodong province has undergone
tectonic erosion as a consequence of the lithosphere thinning
since the late Jurassic, with two main phases of uplift in the
Late Cretaceous and Paleogene (Zhu et al., 2011; Zhao et al.,
2018).
The Jiaodong gold province can be divided into three

main Au ore clusters, and the two clusters of Sanshandao-
Jiaojia-Zhaoping (SJZ) and Qixia developed in the Jiaobei
Uplift, and the third one of Muping in the Sulu Orogen
(Figure 1). The regional gold deposits were controlled by a
series of NNE- to NE-trending faults cutting the Pre-
cambrian basement and Mesozoic granite intrusions (Fig-
ure 1a; Deng et al., 2020a; Yang et al., 2014, 2018). These
faults include the Sanshandao, Jiaojia, and Zhaoping faults
in the SJZ ore cluster, the Qixia and Taocun faults in the
Qixia ore cluster, and the Wulian-Yantai fault with sub-
sidiary ones (e.g., Qingdao-Haiyang and Muping) in the
Muping ore cluster (Figure 1). Studies indicate that the
crustal extension and ductile deformation along the
Zhaoping and Taocun faults occurred during 130–115 Ma,
coeval to regional gold mineralization (Charles et al., 2013;
Meng and Lin, 2021). The Zhaoping ductile zone was
linked with a metamorphic core complex (Charles et al.,
2013; Lin and Wei, 2018). Seismic data show that the
Sanshandao, Jiaojia, Zhaoping and Qixia faults in the
Jiaobei Uplift are mostly listric and vertically connected to
lithosphere-scale structures at mid- to lower-crust levels
(Song et al., 2015; Yu et al., 2018; Wang et al., 2022). The
Wulian-Yantai fault, a boundary fault system, underwent a
large-scale sinistral strike-slip movement in the Late Jur-
assic, an extension movement in the Early Cretaceous, and
a small-scale dextral strike-slip movement in the Late
Cretaceous (Zhang et al., 2007).
Two major styles of mineralization have been recognized

in the Jiaodong gold province, i.e., a disseminated-stockwork
style and a quartz-vein one. The ores of the former style are
predominant in the SZJ ore cluster, whereas the quartz-vein
ores dominated in the Muping ore cluster (Deng et al.,
2020a). The ores of the former style, accounting for 80% of
the total Au reserve in the province, are mainly hosted in
cataclastic zones with pervasive K-feldspar, sericite and
quartz alterations, suggesting intensive water-rock reaction
during the Au mineralization. The latter style has relatively
small ore tonnage and is restricted chiefly to subsidiary
brittle faults with a narrow alteration halo, indicating a fluid

filling process. In addition, in terms of mineralization style
and the order of ore-controlling faults, disseminated-stock-
work mineralization is mainly developed in the primary ore-
controlling faults (such as Sanshandao, Jiaojia, Zhaoping),
while quartz-vein mineralization is mainly developed in
subsidiary faults (Figure 1). Available dating data indicate
that regardless of the type of mineralization, mineralization
ages in the Jiaodong gold province are concentrated at ca.
120 Ma (Deng et al., 2020b; Zhang et al., 2020), demon-
strating that they were formed in the same gold mineraliza-
tion system.

3. Data and method

3.1 Seismic noise data

From September 2017 to September 2018, we deployed an
NWW-SEE trending broadband linear seismic array across
SJZ, Qixia and Muping ore clusters in the Jiaodong Pe-
ninsula (Figure 1, red inverted triangles). The array spans
two clusters of SJZ and Muping. It is comprised of 20 sta-
tions with a total length of about 170 km, recording about
one year of continuous three component seismic data. The
data sampling rate is 40 Hz. In addition, we also collect
continuous seismic data recorded at 8 adjacent broadband
permanent stations (Figure 1, blue triangles) during the de-
ployment duration to improve path coverage.

3.2 Data preprocessing

We obtain Rayleigh waves from cross-correlations of ver-
tical components of seismic noise data. Before performing
cross-correlation, we first preprocess continuous noise data
recorded at individual stations, including cutting continuous
data into a series of daily segments, decimating the sampling
rate of noise data to 10 Hz, removing instrument response,
mean and trend from them, and band-pass filtering all the
waveforms at a 0.5–30 s period band. Then, we normalize
the filtered waveforms using a running-absolute-mean nor-
malization in the time domain and whiten the amplitude
spectrum in the frequency domain (Bensen et al., 2007).
After the preprocessing, we compute the cross-correlation
functions (CCFs) of vertical components of daily data be-
tween any station pairs. Then, we obtain the final CCFs by
linearly stacking all daily CCFs for each station pair. To
further improve the signal-to-noise ratio of CCFs, we stack
the positive and negative lags of CCFs to have the so-called
symmetric components for subsequent measurements of
dispersion curves.
Figure 2 shows the CCFs between all station pairs filtered

at two period bands of 1–25 and 5–15 s, which displays clear
Rayleigh wave signals. It is worth noting that there are some
clear signals near zero lag time at the 5–15 s period band. As
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the signals of near zero lag time on the CCFs only affect
surface waves for station pairs with an interstation distance
in the range of 30–50 km (Figure 2), we thus only measure
dispersion curves from CCFs with interstation distances
longer than 50 km to avoid the contamination of the near
zero signals on the measurements of surface wave dispersion
curves.

3.3 Measurements of dispersion curves

We adopt the image transformation technique developed by
Yao et al. (2006) to measure phase velocity dispersion
curves. We only select those CCFs with separations longer
than two wavelengths (Yang et al., 2007; Yao et al., 2011;
Luo et al., 2015) and with signal-to-noise ratios of surface
waves larger than 5 for measurements. Limited by the station
spacing and the spreading of our array, we measure phase
velocity dispersion curves only at a period range of 1–20 s.
Finally, we obtain 376 high quality Rayleigh wave phase
velocity dispersion curves (Figure 3a), whose average values
slowly change from 2.8 km/s at 1 s to 3.5 km/s at 20 s. As
shown in Figure 3b, the number of ray paths at 3.5 s is the
largest with a total of 234, while that at 20 s is the least with a
total of 16. The characteristics of the average dispersion
curve in Jiaodong peninsula are very close to the character-
istics of the average dispersion curve obtained from previous
studies in the adjacent area (the middle section of the Tanlu
fault zone) (Luo et al., 2022), indicating the reliability of the
data of this study. It should be noted that there are some local
jitters in the dispersion curves in the 5–10 s period range,
which are related to factors such as the signals of near zero
lag time and the relatively low signal-to-noise ratio in this
period range.

3.4 Phase velocity profile

The dispersion curves between station pairs are the average
responses to the medium velocity along the path. Here, a
generalized inversion method based on continuous model
space is utilized (Tarantola and Valette, 1982; Montagner and
Nataf, 1986; Yao et al., 2010) to invert for local dispersion
curves at individual stations. In the inversion process, dis-
persion data with misfits greater than twice deviations are
discarded automatically. The correlation lengths (red solid
line in Figure 3b) are key parameters to balance the resolu-
tion and the stability of inversion. In this paper, they are
determined by considering the wavelengths of different
periods, the signal-to-noise ratio of data, the results of the
checkerboard test and the scale of regional geological pro-
blems. We parameterize our inversion domain with a grid of
0.1°×0.1° nodes.
We first perform phase velocity tomography for each

period from 1 to 20 s, and then assemble local phase velocity
dispersion curves from the resulting phase velocity maps for
each station along the linear siesmic array as indicated in
Figure 1, which is the profile of the temporary dense seismic
array. These local dispersion curves along the profile are
plotted as a 2D phase velocity profile in Figure 4.

3.5 S-wave velocity structure inversion

The local phase velocity dispersion curves at each grid point
are reflections of underlying velocity structures beneath in-
dividual grid points. We adopt the iterative damped least
square inversion method developed by Herrmann and Am-
mon (2002) to invert the local path dispersion curves for VS
structures based on CPS330 program package (Herrmann,

Figure 2 Cross-correlation functions of vertical components between the seismic stations. These cross-correlation functions are bandpass filtered at 1–25
and 5–15 s. The red line indicates that the speed of the wave train is 3 km/s.

2902 Hou J, et al. Sci China Earth Sci December (2023) Vol.66 No.12

 https://engine.scichina.com/doi/10.1007/s11430-023-1173-6



2013). As the phase velocities of Rayleigh wave are more
sensitive to VS than to VP and density, VP and density are
scaled according to VS and VP/VS ratio. The VP/VS ratio is
fixed to 1.76 in the inversion, and the density is updated
according to the Nafe-Drake relation (Ludwig et al., 1970;
Brocher, 2005).
In the inversion process, the crust is divided into a series of

0.5 km thick layers. For a Poisson medium with a uniform
half space, VS at the depth of 1/3 wavelength of Rayleigh
wave is about 1.1 times of the phase velocity (Shearer, 2009;
Fang et al., 2015). Following this relationship, we construct
an initial velocity model by converting the local dispersion
curves (gray dotted line in Figure 5) to VS. It should be noted
that the initial velocity model at 0–20 km depth is estimated
based on the average dispersion curve, whereas that at

20–33 km depth is determined by the linear transition by
referring to the regional average crustal thickness (Pan et al.,
2015; Yu et al., 2020b), and the velocity of the uppermost
mantle is 4.3 km/s.

4. Results

4.1 CrustalVS structure

The resulting VS transect along the profile of our seismic
array is plotted in Figure 6a. At the same time, to highlight
the lateral and vertical variation characteristics of VS struc-
ture, we calculate VS perturbation (Figure 6b) and the vertical
VS gradient (Figure 6c). The VS perturbation is defined as the
deviation of VS beneath each grid point relative to the aver-

Figure 3 (a) Phase velocity dispersion curves. The black circles and error bars represent the average phase velocities of all the dispersion curves and their
double standard deviations. (b) The histogram represents the number of phase velocity measurements retained for tomography at each period. The red line
represents the correlation length used in tomography.

Figure 4 Phase velocity profile. NCC, North China Craton; SCB, South China Block; WYFZ, Wulian-Yantai fault zone; Ele., Elevation.
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age VS of the same depth. Since only the dispersion data in
the period band of 1–20 s are used in the inversion, which has
week sensitives to structures at depths below 25 km, we thus
mainly discuss the crustal structure above 25 km.
In our resulting VS model, a low velocity zone (LVZ) is

imaged in the middle crust with an average VS of about
3.4 km/s. The lowest velocity within the LVZ appears be-
neath the Jiaobei Uplift; and the shallowest depth of the LVZ
is underneath the Qixia ore cluster. There are two dis-
continuous high velocity bodies at the depth of 8–12 km: one
beneath the SJZ ore cluster and the other beneath the east of
the Qixia cluster. The VS perturbations (Figure 6b) further
highlight the lateral variations of VS structure. The lateral
transition position between the high and low velocity
anomalies in the upper crust corresponds well with the main
fault transition zones (Figure 6b), such as the Zhaoping,
Qixia, and Wulian-Yantai fault zones.
Further analysis of the vertical velocity gradient (Figure

6c) is carried out to trace the top and bottom interfaces of the
LVZ. The top interface of the LVZ is estimated to be
~10–13 km by tracing the maximum value of the negative
gradient. And, the depth range of the bottom, which is de-
fined by the appearance of positive velocity gradients, is
~16–21 km.
In addition, the velocity perturbation image (Figure 6b)

shows that there are obvious structural differences among the

three ore clusters. The Qixia cluster and the Muping cluster
are bounded by the Wulian-Yantai fault zone, and the velo-
city perturbations on both sides of the fault zone are char-
acterized by significant lateral segmentation, whereas the
transition between SJZ and Qixia ore clusters is relatively
smooth, and the upper and middle crust at its junction pre-
sents a banded velocity anomaly with SE tendency, which is
consistent well with the location of Zhaoping fault zone
exposed on the surface.

4.2 Resolution analysis

This tomographic image we construct in this study is based
on data from the linear temporary seismic array supple-
mented by a small number of regional permanent stations,
and therefore the areas with good resolution are limited to the
areas covered by the linear array. However, considering that
our seismic array is nearly perpendicular to the strikes (NE-
NNE) of the main structural lines, the influences of velocity
heterogeneities outside the main linear array on the imaged
velocity structure should be small. Therefore, we believe that
the velocity structure beneath the survey line is well con-
strained by our inversion. To analyze the lateral resolution of
the imaging results, we carry out a checkerboard test with the
anomaly size set to be 0.4°×0.4° as shown in Figure 7a and
7e. In addition to the standard checkerboard test, we test

Figure 5 Examples of VS inversions at four stations. At each panel, the black circles denote the observed dispersion curves, and the black solid lines
represent the synthetic dispersion curves calculated based on the inverted results of VS profiles. In the insets, the gray dotted line represents the initial velocity
model, and the black solid line represents the inversion result.
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banded models as shown in Figure 7f–7h for 2, 7 and 13 s
dispersion data, respectively. The strikes of banded anoma-
lies are nearly parallel to the strikes of main tectonic traces.
The anomaly amplitude is set to ±5% and the inversion
parameters are the same as the inversion for the field data.
The resolution test results show that the phase velocity

inversions of 2, 7 and 13 s (Figure 7e–7h) have good lateral
resolutions for banded anomalies with a size of 0.28°, 0.42°

and 0.64°. However, we also notice that, for the checker-
board test, only the velocity anomalies along the linear array
are well resolved, and the anomalies off the linear array is not
well resolved, which is expected given the uneven distribu-
tion of seismic stations we use in the inversion. As we are
mainly interested in VS transects along the seismic array, the
relatively poor resolution in areas off the linear array does
not affect our interpretation.

Figure 6 S-wave velocity transects plotted as (a) the absolute velocities, (b) velocity perturbations relative the average values at each depth, and (c) the
vertical velocity gradients, respectively. In (a)–(c), black solid line represents the main fault observed on the surface; the black dotted line represents the
inferred fault in the depths; the arrow represents the movement direction of the detachment fault; the blue dotted line and the red dotted line represent the top
interface and the bottom interface of the low velocity layer, respectively. (d) CCP image of teleseismic P-wave receiver functions modified from Yu et al.
(2020b). SSDF, Sanshandao fault; JJF, Jiaojia fault; ZPF, Zhaoping fault; QXF, Qixia fault; TCF, Taocun fault; GJF, Guocheng-Jimo fault; WYF, Wulian-
Yantai fault; QHF, Qingdao-Haiyang fault; MRF, Muping-Rushan fault; WHF, Weihai fault; LVZ, low velocity zone; HVB, high velocity body; LVD, low
velocity discontinuity; HVD, high velocity discontinuity.
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The vertical resolution of surface wave inversion is related
to the periods of surface waves. Figure 8b shows Rayleigh
wave phase velocity sensitivity kernels of different periods
calculated based on the average VS (Figure 8a, solid blue
line) after the inversion. The longest period of phase velocity
used in this paper is 20 s. The sensitivity kernel of 20 s shows
that it is mostly sensitive to the crustal structure at ~20 km
depth, and the resolution below 20 km gradually decreases
with increasing depths. Therefore, the selection of an initial
velocity model (especially below 20 km) may affect the in-
version results. To better select a proper initial model and
evaluate the effects of the initial model on inversion results,
we take the dispersion data of station JD08 as an example to
test different velocity models.
To analyze the differences in inversion results when the

crustal velocity systematically deviates from a true model,
we design four models, named M1, M2, M3 and M4 re-
spectively, as shown in Figure 9a. M1 is the initial model
used in this work. The velocity of M2 at the surface and the
bottom of the crust is the same as that of M1, but the velo-
cities in the domain change linearly with depth. Velocities of
M3 and M4 are either systematically lower or higher than
those of M2 at all depths. The VP/VS ratio, Moho depth, and
mantle velocity for the four models are the same. The test
results (Figure 9b) show that the initial velocity of the crust
has little influence on the inversion results at depths above
27 km, validating the rationale that we only interpret VS
structures at depths above 25 km.

5. Discussion

5.1 Possible causes of abnormal crustal velocity struc-
ture

Our image results show that a LVZ in the middle crust is

universally developed in the Jiaodong province, consistent
with previous seismic results (Zheng et al., 2008; Jia et al.,
2014; Pan et al., 2015; Meng et al., 2019; Yu et al., 2020b;
Luo et al., 2022). The bottom interface of this LVZ is coin-
cident with the high velocity discontinuities (HVD) identi-
fied at about 16–20 km in the common conversion point
stacking image of P-wave receiver functions (Figure 6; Yu et
al., 2020b). In principle, such an intra-crustal LVZ can be
attributed to three possibilities: a partial melting zone, a
brittle-ductile transition zone, or an alteration zone (Ko-
zlovsky, 1986; Marquis and Hyndman, 1992; Hacker et al.,
2014; Diaferia and Cammarano, 2017; Flinders et al., 2018).
Geological observations indicate that the Jiaodong gold
province have witnessed an 8-km accumulative erosion since

Figure 7 Resolution tests for phase velocity inversions. (a)–(d) The input models of phase velocities for four resolution tests, in which (a) is a standard
checkerboard model with an anomaly size of 0.4°×0.4°, (b)–(d) are three strip-shaped models with anomaly widths of 0.28°, 0.42° and 0.64°, respectively.
The average phase velocities at 2, 7 and 13 s periods are 2.99, 3.18 and 3.30 km/s, respectively. (e)–(h) The inversion results of the resolution tests
corresponding to the input models plotted in (a)–(d).

Figure 8 Average velocity profiles and sensitive kernel function. (a) The
initial velocity model (black solid line) and the average velocity model
(blue solid line) of the inversion results of all dispersion curves. (b) Phase
velocity sensitivity kernels of Rayleigh waves at 5, 10, 15 and 20 s, which
are calculated based on the average velocity model (blue solid line) plotted
in the left panel.
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the late Cretaceous, with the most intensive crustal extension
occurring at 140–120 Ma (Zhao et al., 2018). Therefore, the
HVD, regarded to mark the detachment zones (Yu et al.,
2020b), should form at 140–120 Ma. This means that the
LVZ in Jiaodong with a bottom depth of about 16–20 km at
present should be originally located at 24–28 km depth
considering the crustal erosion. This depth range is far be-
yond the low limit of the brittle-ductile transition depth
(about 18 km; Sleep and Blanpied, 1994). Therefore, the
LVZ in Jiaodong is unlikely to be the record of brittle-ductile
transition zone.
Partial melting of the crust can lead to the development of

large-scale LVZs, which has been confirmed by observations
in the Tibetan Plateau. Large-scale LVZs are observed in the
middle crust of Tibetan Plateau with the minimum VS ran-
ging between 2.9 and 3.3 km/s (Yang et al., 2012; Hacker et
al., 2014), which are interpreted as the presence of partial
melt. However, the VS of the LVZ in Jiaodong is mainly
between 3.4 and 3.5 km/s, and the lowest value is between
3.3 and 3.4 km/s, higher than that beneath Tibet and only
slightly lower than that of the average middle crustal velocity

of the global continents (~3.6 km/s; Diaferia and Cammar-
ano, 2017). Although this LVZ corresponds well with the
high conductive layer of the middle crust in Jiaodong (Zhang
et al., 2018), its absolute resistivity value and the surface heat
flow value are comparable to the average values of the global
continents (Martyn, 2003) and Chinese mainland (Jiang et
al., 2019). Therefore, we argue that the presence of partial
melt is also an unlikely candidate for the origin of the LVZ in
Jiaodong.
Excluding the above two possibilities, it seems reasonable

to interpret the middle crustal LVZ in Jiaodong as caused by
hydrothermal alteration. Indeed, the low velocity character-
istics of hydrothermal alteration zones are expected because
altered rocks are a product of water-rock reaction and the
density of altered rocks is relatively low if compared with
unaltered rocks. Additionally, a water-rich layer (resembling
a partial melt layer) can also generate a low velocity anomaly
zone, but we believe that the LVZ cannot be the result of the
liquid fluid layer at present. There are two reasons for this.
Firstly, if it was the currently-present fluid rich layer, its low
VS anomalies would be very significant. However, as men-
tioned earlier, the low velocity anomalies observed in the
LVZ are not the case. Secondly, the LVZ detected in Jiao-
dong is in the middle crust (16–20 km). Even along the
fracture zone, the current groundwater is difficult to pene-
trate to this depth. Therefore, we believe that the LVZ is most
likely the fossil fluid layer, namely the alteration zone. It
should be pointed out that this LVZ, namely the alteration
zone within the crust of Jiaodong gold province, is likely
developed along the weak discontinuity within the crust.
Our VS structure image shows that there are two dis-

continuous plate-like high-velocity bodies at 8–12 km depth
in the upper crust: one beneath the SJZ and the other beneath
the Xixia ore clusters (Figure 6a). Such high-velocity bodies
are commonly interpreted as a crustal component with more
Fe-Mg minerals (Christensen and Mooney, 1995). In the
Jiaodong Peninsula, the Archean Jiaodong Group exposed at
the surface constitutes the majority of the upper crust (Zhang
et al., 2018), and its mafic rocks are dominantly composed of
the Precambrian amphibolites. Therefore, we interpret the
high-velocity bodies as a crustal component with large
amounts of amphibolites.
The VS perturbation image (Figure 6b) shows a SE-dipping

velocity boundary between high velocities in the northwest
and the low velocities in the southeast beneath the SJZ,
roughly corresponding with the Zhaoping fault. Based on the
extension trend of this velocity boundary and the main fea-
ture of the Zhaoping fault on the surface, which is a normal
fault dipping eastward at a moderate angle (Deng et al.,
2020a), we speculate that the Zhaoping fault is listric in
shape and connected downward with the intra-crustal LVZ.
Avelocity boundary with low velocities in the northwest and
high velocities in the southeast is also observed beneath the

Figure 9 Tests of VS inversions based on different initial models using
the dispersion curves at station JD08. (a) Initial models with different
crustal velocity structures, in which M1 is the initial model used in this
paper, and M2, M3 and M4 are the linear models with different velocity
gradients. (b) The inverted VS profiles plotted using the same colors as
those of the initial models from which the inverted VS are obtained. (c)
Fittings of the calculated dispersion curves to the observed ones (dots). The
color and line-type of the calculated dispersion curves are consistent with
those of corresponding initial models and inversion results.
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Qixia ore cluster, corresponding with the Qixia fault (Figure
6b). The shape of this velocity boundary is similar to the one
beneath the Zhaoping fault, suggesting the Qixia fault is
probably listric in shape and connected to the underlying
LVZ. Moreover, we observe a velocity discontinuity beneath
the conjunction between Qixia and Muping ore clusters
(Figure 6b), corresponding well with the Wulian-Yantai and
Muping faults on the surface. The image suggests that the
Wulian-Yantai fault is nearly vertically dipping and cuts
through the upper and middle crust, exhibiting typical strike-
slip fault occurrence characteristics, which is consistent with
the high angle sinistral strike-slip feature on the surface of
the Wulian-Yantai fault (Yu et al., 2020b).

5.2 Implications for Jiaodong gold mineralization

The VS profile reveals that the crustal architecture in Jiao-
dong is characterized by a middle-crust alteration zone and
an overlying amphibolite-rich upper crust. The integrated
analysis presented below suggests that crustal structure not
only served as a transport pipeline network for gold ore-
forming fluids, but also controlled the mineralization style of
gold deposits. At the same time, the crust itself also served as
an additional Au source in the Jiaodong mineralization sys-
tem.

5.2.1 Source and migration network of fluids in gold mi-
neralization system
The source of ore-forming fluids in the mineralization sys-
tem of Jiaodong gold province is still a mystery and has been
a controversial issue. Although, solely based on our crustal
VS structure, it is difficult to determine the direct source, our
VS structure can reveal the transport network of fluids within
the crust. Due to strong water-rock reactions and other al-
teration processes that occur during fluid migration, it will
result in an LVZ. The LVZ in the middle crust of Jiaodong
gold province is the result of water-rock reaction alteration,
but there are various possible sources of fluid genesis, in-
cluding metamorphic fluids, meteoric water, and magmatic
fluids. First, the fluid released during the metamorphism of
Precambrian metamorphic rock (Jiaodong Group) is con-
sidered as a potential source and has been confirmed in
greenstone or orogenic gold deposits in other ancient cratons
in the world (Groves et al., 1998; Goldfarb et al., 2001).
However, this possibility is the least likely for Jiaodong gold
deposits, since the Precambrian metamorphism long pre-
dated the Mesozoic Au mineralization (Deng et al., 2014).
Secondly, the participation of meteoric water is limited, as
the depth of LVZ is generally greater than the circulation
range of meteoric water in the upper crust (Whitmeyer and
Wintsch, 2005). Even meteoric water can infiltrate deeply
along the fault zone, but it is unlikely to form an alteration
zone beneath the whole Jiaodong gold province. Therefore,

the most likely source of fluid is the Mesozoic magmas,
including both granitic magma (such as Guojialing type
granodiorite) and mantle-derived mafic magma (e.g., lam-
prophyre and diabase dikes in the ore field; Wang et al.,
2022). The fluid released by these Mesozoic magmas may
have accumulated in the weak zone of the middle crust, and
fluid mixing and strong water-rock reaction occurred,
forming the LVZ at the middle crust level. In Jiaodong gold
province, the time consistency between the emplacement of
Early Cretaceous granodiorite (~125 Ma) and mafic dikes
(ca. 135–115 Ma), and regional gold mineralization (ca.
120–115 Ma), as well as the fluid geochemical data of gold
deposits (Deng et al., 2020b, 2020c) all support above in-
terpretation.
As mentioned earlier, the VS perturbation image (Figure

6b) shows that there are two SE inclined velocity transitional
zones below the SJZ and Qixia ore clusters, respectively,
roughly corresponding to the Zhaoping fault and Qixia fault
(Figure 6b), indicating that these faults may be connected to
the underlying LVZ in a shovel-like manner. In addition, the
lateral variations of velocity discontinuities below the junc-
tion of the Qixia and Muping ore clusters correspond well
with the Wulian-Yantai and Muping fault on the surface
(Figure 6b), which may indicate that the Wulian-Yantai fault
cuts through the upper and middle crust in a nearly vertical
manner. According to the close spatial relationship between
these faults and gold deposits, we believe that these VS
images reveal the occurrence and structure characteristics of
the deep part of the ore-controlling faults in Jiaodong gold
province, that is, the overall characteristics of the metallo-
genic fluid migration network.

5.2.2 A potential source of Au
Like the source of ore-forming fluids, the gold source of the
Jiaodong gold deposits is also controversial. Based on the
intimacy of gold ores and mafic dikes, some geologists
proposed that mafic magma probably provides part of me-
tallogenic materials (Yang et al., 2003a; Tan et al., 2012; Cai
et al., 2013; Ma et al., 2013; Deng et al., 2020b). On the other
hand, zircon Hf isotopic mapping on the Mesozoic granitoids
shows that most of the gold deposits are situated in a
Neoarchean crustal domain, suggesting an old crustal source
of gold (Deng et al., 2020c). Our VS image provides new
insights into plausible gold source.
The magma source for the ore-forming fluids in Jiaodong

gold province also indicates that some of the gold was from
mantle-derived magma or crust-derived magma. This has
been confirmed by isotopic tracing studies on granite and ore
deposits (Yang et al., 2003a; Ma et al., 2013; Deng et al.,
2020b, 2020c). In addition, amphibolites in the high velocity
body of the Jiaodong upper crust may be another source of
gold. Previous studies have demonstrated that the protolith of
amphibolites in the Jiaodong Group formed in an oceanic
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subduction setting, rich in gold and other minerals (Hou et
al., 2015, 2021). Although some gold and other ore-forming
minerals may have experienced migration or loss during the
Archean metamorphic process, a large amount of gold can
still be extracted from them through later fluid circulation.
From the perspective of spatial location, these amphibolites
are located above the LVZ as high velocity bodies. When the
ore fluid released from the LVZ migrated upward, it in-
evitably reacted with the amphibolite-rich crustal component
and leached Au out of it by water-rock reaction, thus in-
creasing the fertility of ore fluid. This water-rock reaction
would be further intensified by the brittle fracturing of the
upper crust during its extension and detachment. We,
therefore, suggest that the amphibolites in the high velocity
body could have contributed additional gold to the ore fluid
(Figure 10).

5.2.3 Structural control on the style of gold mineralization
In the partitional deformation system in the upper and middle
crustal levels, the styles of Au mineralization display re-
gional differences. Our data show that the differences in ore-
controlling faults and their geological environments are re-
sponsible for the spatial contrasts in mineralization styles.
The SJZ ore cluster is mainly controlled by a large-scale

detachment fault system, as shown by our VS image (Figure
6). The development of the LVZ could act as an important
trigger for the development of subhorizontal detachment
faults in the deep root of the listric fault system (Selverstone
et al., 2012). This inference is partly evidenced by the con-
vergence of the listric fault into LVZ at depth (Figure 6). This
detachment system is dominated by permeable small cracks
and pores, and the ore-forming fluid migrated along the
gently dipping faults in the form of seepage flows. The in-
tensive water-rock reaction and resultant sulfidation formed
a large quantity of disseminated and veinlet-stockwork ores,
leading to the formation of large-scale altered-rock type
mineralization (Deng et al., 2020a). On the contrary, the
Muping ore cluster is mainly controlled by high-angle brittle
faults with high permeability. The ore-forming fluids mi-
grated upward along the fault in the form of channel flows,
and directly crystallized and precipitated into wider veins at
suitable parts in the fracture zone, forming quartz-vein type
mineralization with relatively small tonnage (Yang et al.,
2014; Li et al., 2015; Song et al., 2015; Song, 2015). Like the
SJZ, the Qixia ore cluster is also controlled by a detachment
fault, but this cluster is dominantly underlain by meta-
morphic rocks without an amphibolite-rich layer, thus
yielding less Au reserve. Moreover, a vertical dome and
horizontal extension in the upper crust, as indicated by the
uplifted LVZ (Figure 6b), led to more fractured channels and
promoted the penetrability, thus resulting in the development
of both quartz-vein and disseminated-veinlet mineralization
types in this cluster.

5.3 A plausible metallogenic model for the Jiaodong
gold province

This study reveals a new image of crustal architecture in the
Jiaodong gold province, providing new constraints and in-
sights into the genesis of gold mineralization. Based on the
above discussion, we tentatively propose a new genetic
model, addressing the sources of fluid and gold and the
structural control on the styles of Au mineralization (Figure
10).
During the mineralization in the early Cretaceous (about

135–120 Ma), the partial melting of metasomatized mantle
and the middle-lower crust, triggered by upwelling asthe-
nosphere, led to the generation of the hydrous mafic and
acidic magmas, respectively (Niu, 2005; Menzies et al.,
2007; Zhu and Zheng, 2009; Zhu et al., 2015). These mag-
mas released gold-bearing fluids and volatiles (H2O, CO2,
Cl) during their ascent, and these released phase, as well as
the magmas themselves converged in the weak zone of the
middle crust and reacted with surrounding rocks, leading to
extensive and intensive alteration (LVZ). The ore fluids
continuously migrated upwards and inevitably reacted with
the upper-crustal amphibolites whose protolith has an arc
origin and is rich in gold. These processes leached the gold
into the fluid, thus increasing the fluid fertility. These gold-
rich fluids were eventually transported to the shallow crust
along different ore-controlling fault systems. In addition to
continuous reactions with the surrounding rocks, due to the
reduction of temperature and pressure or mixing with me-
teoric water, gold and other ore-forming minerals eventually
precipitated to form gold ores. At the same time, due to the
different occurrences, properties, and geological environ-
ments of ore-controlling faults, contrasting types of gold
mineralization emerged as mentioned above.

6. Conclusions

(1) An intra-crustal LVZ at 12–20 km depth is imaged
beneath the Jiaodong gold province. This LVZ, interpreted as
a hydrothermal alteration zone, is considered to form due to
water-rock reaction in the process of early Cretaceous
magma accumulation, crystallization and degassing in the
middle crust. Thus, the LVZ is interpreted to be a record of
large-scale ore-forming fluid processes in the Jiaodong gold
province.
(2) High velocity bodies at 8–12 km depth in the upper

crust are identified beneath the SJZ ore cluster, which reflect
abundant Neoarchean amphibolites in the upper crust. These
amphibolites are usually high in Au content and likely pro-
vide extra gold into the ore fluid via leaching during the
water-rock interaction, which explains the large metal ton-
nage in the western part of Jiaodong gold province.
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(3) Our velocity image clearly reveals a gently inclined
detachment system in the SJZ ore cluster and a steeply in-
clined fault system in the Muping ore cluster. We argue that
such differences in the crustal architecture control regional
preferences of mineralization styles in the Jiaodong pro-
vince.
(4) Based on the velocity structure obtained from ambient

seismic noise tomography and the existing geological data, a
model of gold mineralization system is established, which
can explain the origin of the ore-forming fluid and material
sources, and the fault networks that control gold miner-
alization patterns.
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