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A B S T R A C T

The Jiaodong Peninsula, located in the eastern North China Craton (NCC), is a key region to study the genetic
linkage between large-scale gold mineralization and craton destruction. We construct a fine crustal structural
image across the Jiaodong Peninsula, using teleseismic P-wave receiver function data recorded by a dense linear
array of 340 short-period seismic stations. The results reveal significant similarities and differences between the
eastern and the western Jiaodong Peninsula. The presence of an intracrustal low-velocity zone, and the north-
dipping interfaces beneath the Jiaolai Basin imply widespread crustal extension in the whole region. In the
northwest Jiaodong metallogenic belt, the identified detachment faults, small vertical velocity gradients in the
upper part of the lower crust and the thick crust-mantle transition zone provide evidences for intense crustal
extension in this area, probably coeval with the peak of lithospheric thinning and destruction of the eastern NCC
in the Late Mesozoic. In the Muru metallogenic belt, distinct differences are found on the opposite sides of the
Wulian-Yantai Fault Zone (WYFZ), in the depth and structure of the Moho, intracrustal low-velocity zone, upper
crustal Vp/Vs ratios, and Bouguer gravity anomalies, indicating that the WYFZ may be a steep transcrustal fault.
We propose that the coupled effects of intense crustal extension, voluminous magmatism and water released
from the subducting Paleo-Pacific slab may have been responsible for the concentrated gold deposits in the
northwest Jiaodong during the peak of the NCC destruction, while limited gold deposits in the Muru metallo-
genic belt may have been attributed to relatively weak crustal extension and steep faults.

1. Introduction

The eastern North China Craton (NCC) is not only the most typical
example of ancient craton destruction in the world (Carlson et al., 2005;
Wu et al., 2008), but also the most important gold province in China
(Fan et al., 2003; Yang et al., 2003a; Song et al., 2015). Massive gold
deposits are generally concentrated along the margin of eastern NCC,
and they were mainly formed in the Early Cretaceous (130– 120 Ma)
(Yang et al., 2003a), probably coeval with the peak of craton destruc-
tion (~125 Ma) (Wu et al., 2005; Xu et al., 2009; Zhu and Zheng, 2009;
Zhu et al., 2011). The temporal and spatial coincidence between the
large-scale gold mineralization and the craton destruction imply that
there exists a genetic linkage between them. Many petrological,

geological and geochemical investigations have shown that extensional
structure and mantle derived magmatism, the important manifestations
of craton destruction, may also be the key ore-controlling factors of
gold deposits in the eastern NCC (Shen et al., 2005; Mao et al., 2008;
Goldfarb and Santosh, 2014; Zhu et al., 2015, 2017), which are sig-
nificantly different from the orogenic gold deposits (Groves et al., 1998;
Goldfarb et al., 2001). However, the specific linkage between the gold
mineralization and the intense tectonic-magmatic activities is still
controversial. The Jiaodong Peninsula, located in the eastern margin of
the NCC, is the largest gold concentration area in China (Qiu et al.,
2002; Fan et al., 2003; Yang et al., 2003a), and the distribution of its
gold deposits is very uneven (Yang et al., 2014; Li et al., 2015; Song,
2015), which is a great matter of concern. Thus, the Jiaodong Peninsula

https://doi.org/10.1016/j.tecto.2020.228532
Received 1 February 2020; Received in revised form 5 June 2020; Accepted 8 June 2020

⁎ Corresponding author at: State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing 100029,
China.

E-mail address: xutao@mail.iggcas.ac.cn (T. Xu).

Tectonophysics 789 (2020) 228532

Available online 10 June 2020
0040-1951/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00401951
https://www.elsevier.com/locate/tecto
https://doi.org/10.1016/j.tecto.2020.228532
https://doi.org/10.1016/j.tecto.2020.228532
mailto:xutao@mail.iggcas.ac.cn
https://doi.org/10.1016/j.tecto.2020.228532
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tecto.2020.228532&domain=pdf


is one of the best places to study the above crucial issue. A high-re-
solution seismic image of the crustal structure and a comparative study
of different metallogenic belts are required to analyze the causes of
regional metallogenic differences, and to reveal the linkage between the
gold mineralization and the intense tectonic-magmatic activities.

In recent years, many geophysical investigations (Ma et al., 1991;
Yang, 2002; Chen et al., 2006; Zheng et al., 2008b; Jia et al., 2014; Pan
et al., 2015; Li et al., 2018; Yu et al., 2018; Zhang et al., 2018; Meng
et al., 2019) have been carried out in the Jiaodong Peninsula and its
adjacent areas, providing direct imaging results of crust-mantle struc-
ture for studying the regional tectonic background and the deep dy-
namic process. Unfortunately, high-resolution seismic observations
across main gold concentration areas have been scarce. The limited
researches using deep seismic reflection (Yang, 2002) and receiver
function imaging (Chen et al., 2006; Zheng et al., 2008b) so far focus
only on the Sulu orogenic belt and the Tanlu Fault Zone area, respec-
tively. Surface wave tomography (Li et al., 2018) can cover the entire
Jiaodong Peninsula, but suffer from poor lateral resolution due to the
limited data coverage. Only deep seismic sounding (Pan et al., 2015)
and magnetotelluric sounding (Zhang et al., 2018) have provided
medium-resolution crustal imaging results across the Jiaodong Pe-
ninsula, while shallow reflection seismic exploration with the high-re-
solution (Yu et al., 2018) usually is just arranged in the inner part of the
gold concentration area due to its high cost. The receiver function
imaging method based on short-period seismic arrays is a new tech-
nology developed in recent years (Šumanovac et al., 2016; Liu et al.,
2017). It combines the portability of short-period seismometers and the
high-resolution feature of receiver function method, making the layout
of dense stations and therefore the high-resolution crustal structure
imaging become easier.

In this study, based on the data of a short-period dense linear
seismic array across the Jiaodong Peninsula, we construct a high-re-
solution crustal structure image using teleseismic P-wave receiver
function method (Langston, 1979), and compare our new results with
the previous geophysical studies, Bouguer gravity anomalies and sur-
face geology. Through the analysis of multiple phases, we have parti-
cularly identified an intracrustal low-velocity zone (LVZ) and the lateral
variations of the Moho. On the basis of our imaging results, we discuss
the crustal structure differences between the northwest Jiaodong me-
tallogenic belt and the Muru metallogenic belt, the possible influence of
the structural differences on the regional metallogenic differences, and
the dynamic mechanism of the massive gold deposits and the craton
destruction.

2. Geologic setting

The Jiaodong Peninsula is located in the eastern margin of the NCC
and the east of Tanlu Fault Zone. It is mainly composed of three tectonic
units, including Jiaobei uplift, Sulu orogenic belt and Jiaolai basin
(Fig. 1). The Jiaobei uplift and the Sulu orogenic belt are bounded by
the Wulian-Yantai Fault Zone (WYFZ), and are welded by the Jiaolai
basin in their central section (Li et al., 2007, 2012). As the largest gold
concentration area in China, the Jiaodong Peninsula develops en-
dogenetic hydrothermal gold deposits, and the ore-host rocks are
mainly Archean metamorphic rocks and Mesozoic granitic rocks, with
widespread development of Mesozoic tectonics and magma (Qiu et al.,
2002; Fan et al., 2003; Yang et al., 2003a; Mao et al., 2008; Deng et al.,
2014; Li et al., 2015; Song et al., 2015; Wen et al., 2015; Yang and
Santosh, 2015). The massive gold mineralization and complex crustal
structure in the Jiaodong Peninsula are closely related to the processes
of two important geological events since the Mesozoic, including the
Yanshanian strong tectonic-magmatic activities and the Indosinian
continental collision.

In the Triassic, the South China Block subducted northward under
the NCC. After the continental collision and the exhumation of ultra-
high pressure metamorphic (UHPM) rocks, the Sulu UHPM belt and

synorogenic granites were formed (Li et al., 1993; Yin and Nie, 1993;
Zhang, 1997; Zhao et al., 2017). Geologists and geophysicists generally
consider that the WYFZ in the north of the Sulu orogenic belt is a
strongly modified Triassic collision suture (Okay and Sengor, 1992;
Gilder et al., 1999; Yang, 2002; Tang et al., 2007; Zhou et al., 2008),
although there are still some controversies (Li, 1994; Faure et al., 2001;
Zheng et al., 2005). The WYFZ is a brittle strike-slip fault zone observed
from the surface, and undergone a left strike-slip compression transition
in the Late Jurassic, an extension transition in the early Cretaceous, and
a right strike-slip stretch transition in the Paleogene (Zhai et al., 2000;
Zhang et al., 2007). It can be further divided into the Wulian-Qingdao
Fault Zone in the west and the Muping-Jimo Fault Zone in the east. The
latter concretely is composed of the Taocun fault, the Guocheng fault,
the Muping fault and the Haiyang fault. The WYFZ referred to in this
paper mainly is the Muping fault.

In the Late Mesozoic, mainly affected by the westward subduction of
the Paleo-Pacific plate (Izanagi plate) (Woods and Davies, 1982; Seton
et al., 2012), large-scale destruction occurred in the eastern NCC (Xu
et al., 2009; Zhu and Zheng, 2009; Zhu et al., 2011). The evidences of
craton destruction in the Jiaodong Peninsula mainly include: (1) strong
crustal and lithospheric thinning (Zheng et al., 2006, 2008b; Chen
et al., 2006, 2008, 2009; Chen, 2010); (2) various types of extensional
tectonics developing, such as the Jiaolai faulted basin, the Linglong
metamorphic core complex (MCC) in the Jiaobei uplift, and the Tanlu
Fault Zone (Gilder et al., 1999; Zhang et al., 2003; Li et al., 2007; Lin
and Wei, 2018; Zhu et al., 2018); (3) large-scale granitic emplacement
and extensive volcanic eruptions (Liu et al., 2005; Yang et al., 2005;
Zhang and Zhang, 2007).

Geological, petrological and geochemical investigations have shown
that there are significant differences in the types, scales and ore-con-
trolling structures of gold deposits in the east and the west of the
Jiaodong Peninsula (Yang et al., 2014; Li et al., 2015; Song, 2015). The
extremely uneven distribution of gold deposits has always been a great
concern. For example, the gold reserves in the northwest Jiaodong
metallogenic belt (Jiaobei uplift) are highly concentrated (accounting
for 3/4 of the total reserves in the Jiaodong Peninsula), while reserves
in the Muru metallogenic belt (the junction of the Sulu orogenic belt
and the Jiaolai basin) are rare. The northwest Jiaodong metallogenic
belt mainly develops large-scale fracture-altered style gold deposits,
which are controlled by NE-NNE trending gently inclined detachment
faults, represented by the Sanshandao fault, the Jiaojia fault and the
Zhaoping fault. The Muru metallogenic belt mainly develops quartz
vein type gold deposits, which are controlled by steep faults such as the
WYFZ and the Jinniushan fault.

3. Data and method

From March to April in 2017, a NWW-SEE-trending dense linear
seismic array was emplaced in the Jiaodong Peninsula (red inverted
triangles in Fig. 1b), across the Jiaobei uplift, the Jiaolai basin and the
Sulu orogenic belt. The array consists of 340 short-period seismic sta-
tions, with an average interstation spacing of 500 m. Seismometers with
a frequency range of 2.5– 150 Hz were used. Three-component seis-
mograms were selected from 25 well-recorded events with magnitudes
≥5.0 and epicentral distances between 30° and 90°. Firstly, waveforms
were windowed from 20 s before to 100 s after the P-wave first arrival,
and then were rotated from a vertical-north-east (ZNE) coordinate
system to a vertical-radial-transverse (ZRT) coordinate system after
band-pass filtering between 0.05 and 5 Hz. Finally, the iterative time-
domain deconvolution approach (Ligorría and Ammon, 1999) was used
to calculate the P-wave radial receiver functions for further processing.
A Gaussian parameter of 5 was adopted in the deconvolution. In ad-
dition, data (from January 2017 to November 2018) of several per-
manent broadband seismic stations (black triangles in Fig. 1b) were
used for auxiliary imaging to analyze specific structural features.

Considering the uneven distribution of earthquake events (inset in
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Fig. 1b), we chose the southeast back azimuth (120° ~ 210°) as the
dominant back azimuth (12 events with high signal-to-noise ratios are
concentrated there), which is nearly perpendicular to the main tectonic
strike (NE-NNE; Yang et al., 2003a). This means that teleseismic rays
are nearly along the linear seismic array and the corresponding receiver
functions can directly reflect the crustal structure beneath the survey
line. After careful visual inspection, a total number of 1056 receiver
functions from the southeast back azimuth were selected. Fig. 2 shows
the stacking receiver function waveforms of each station after moveout
correction with a reference horizontal slowness p = 6.4 s/deg. Ps
converted phases from the Moho are clearly detected at around ~4 s.
Based on the above data, we further carried out H-κ stacking (Fig. 3b

and d), common conversion point (CCP) stacking imaging (Fig. 3b,
Fig. 7) and S-wave velocity inversion (Fig. 8).

It should be noted that CCP stacking imaging of Ps phase (Fig. 3b)
and multiple phases (Fig. 7) used receiver functions of a Gaussian
parameter of 5 (frequency band 0.01– 2.4 Hz) and 2.5 (frequency band
0.01– 1.2 Hz), respectively. An enlarged version of multiple phase
images (Fig. S5) using high frequency data (a Gaussian parameter of 5)
is provided in the supplementary materials. We have compared the
imaging results in different frequency bands (Fig. S1) and find that the
main features are robust. The difference is that the multiple phases of
the main velocity discontinuities are relatively narrow while using high
frequency data (Fig. S5).

Fig. 1. Regional geological map. (a) Simplified tectonic map of the Jiaodong Peninsula. Orange arrows show the extension direction of lithosphere in the Late
Mesozoic. (b) Geological map of the investigation area (modified from Song et al., 2015) and distribution of stations. 1, Quaternary loose sediments; 2, Paleogene-
Neogene terrestrial volcanic-sedimentary strata; 3, Cretaceous continental volcanic-sedimentary strata; 4, Paleoproterozoic-Neoproterozoic shore-shallow marine
facies strata; 5, Neoproterozoic with eclogite granitic gneiss; 6, Archean granite-greenstone belt; 7, Cretaceous Laoshan granite; 8, Cretaceous Weideshan Granite; 9,
Cretaceous Guojialing granodiorite; 10, Jurassic granite; 11, Triassic granitoids; 12, conformity/ unconformity; 13, fault; 14, large to super-large gold deposit/
medium gold deposit; 15, broadband seismic station; 16, short-period seismic station; 17, piercing points of rays at 33 km depth (reference model: Vp = 6.3 km/s,
Vp/Vs = 1.76). The total 25 earthquake events are plotted on the top, in which white circles denote the 12 events in southeast direction. Pink solid line AB denotes
the position of CCP stacking profile. The bottom inset shows the tectonic setting of the study region in eastern China. CAOB, Central Asian orogenic belt; NCC, North
China Craton; SCB, South China Block; WB, Western Block; EB, Eastern Block; TNCO, Trans-North China Orogen; JLJB, Jiao-Liao-Ji Belt. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Stacked P-wave receiver functions for all 340 stations along the profile. Only data of 12 events from the southeast back azimuth is used. Receiver functions
(Gauss 5.0) are stacked after moveout correction (Yuan et al., 1997) based on IASP91 velocity model (Kennett and Engdahl, 1991) with a reference horizontal
slowness p = 6.4 s/deg.
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In fact, events from the northeast back azimuth (30° ~ 60°) also
have high signal-to-noise ratios. However, due to their ray paths are
along the main tectonic strike, multiple phases of the crystalline base-
ment are too strong, making it difficult to identify intracrustal velocity
discontinuities (Fig. S2). Therefore, the events of northeast back azi-
muth are only used for H-κ stacking (Fig. 4) and longitudinal CCP
imaging (Fig. 5) to analyze the Moho variations on the opposite sides of
the WYFZ. Usually, because the average interstation spacing is tens of
kilometers, position difference of piercing points between teleseismic
rays from different back azimuths can be ignored, and different events
are used together for H-κ stacking. However, this paper adopts a dense
array with an interstation spacing of only 500 m. As we know, the Ps
conversion/piercing point of a teleseismic ray at Moho depth (~33 km)
is about 10 km away from the station (Fig. 1). For two teleseismic rays
from opposite directions, the distance between their primary phases'
piercing points can reach about 20 km. The distance between their
multiple phases' piercing points is greater. Therefore, the back azimuths
of different events must be considered and the high-resolution of the
dense array can be kept well by only using the data of a certain back

azimuth. In this study, the events of the southeast back azimuth and the
northeast azimuth are used for H-κ stacking separately. The two group
of results can reflect the crustal thicknesses of the both sides of the
survey line, respectively. Due to the lack of high-resolution 3D Vp
models, an average bulk Vp (6.3 km/s) extracted from the deep seismic
sounding profile (Pan et al., 2015) was used for H-κ stacking. The Vp at
different positions fluctuates within 0.1 km/s compared with the
average value. According to the empirical formula of Zhu and Kanamori
(2000), we can estimate that the error of the crustal thicknesses caused
by the uncertainty of Vp is within 0.5 km. The stacking weight of each
seismic phase is determined by referring to the development of multiple
phases of all stations (Fig. S4). For the southeast back azimuth (120°-
210°), the weights of Ps, PpPs and PpSs + PsPs are 0.5, 0.2 and 0.3,
respectively. For the northeast back azimuth (30°-60°), the weights of
Ps, PpPs and PpSs + PsPs are 0.5, 0.4 and 0.1, respectively.

The events with high signal-to-noise ratios are limited in this study.
We have tried to use teleseismic PP phase to calculate the receiver
function as a supplement, but the results of intracrustal phases are not
very ideal compared with that of direct P phase. Fortunately, the

Fig. 3. Receiver function imaging of the crust. (a) Simplified geology map along the survey line. (b) CCP image of Ps phase (0.01– 2.4 Hz). White solid line, white
dotted line, and black dotted line denote Moho, LVD and HVD, respectively; blue circle denotes the crustal thickness from H-κ stacking. (c) Bouguer gravity anomalies
based on a global Earth gravitational model (EGM2008). (d) Crustal Vp/Vs ratios of each station (yellow diamond). The weights of Ps, PpPs, and PpPs+PpSs phases
for H-κ stacking are 0.5, 0.2 and 0.3, rcespectively. Green solid line denotes the average of each tectonic unit; the black dotted line denotes the regional average. (e)
Vp/Vs ratios and thicknesses of upper and lower crust. Gray circles are the projection of the historical earthquakes (2000– 2018) within 10 km of the survey line.
Above images are only based on the 12 events of the southeast back azimuth (120° ~ 210°). JJF, Jiaojia fault; ZPF, Zhaoyuan-Pingdu fault; QXF, Qixia fault; TCF,
Taocun fault; GCF, Guocheng fault; MPF, Muping fault; HYF, Haiyang fault; JNSF, Jinniushan fault. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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similarity between the receiver functions of the short-period seismic
stations (Fig. 2) and that of the broadband permanent stations (Fig. S6)
indicate that the main features (including the negative phase at ~1.5 s,
the positive phase at ~2 s, and the Moho phase at ~4 s) are robust. In
addition, although receiver functions with high signal-to-noise ratios
are limited, dense seismic stations still can ensure that there is enough
data in each bin for CCP stacking. According to the setting of para-
meters in this study, the width (parallel to the profile) of the CCP
stacking bin is about 10 km at the depth of 33 km. In other words,
receiver functions of about 20 adjacent stations are stacked in one
stacking bin. Such a smooth scale can give consideration to both high
resolution and high signal-to-noise ratio. As for the H-κ stacking, to
obtain stable results based on the limited events, we reduced the lateral
resolution appropriately by using the stacking result of all receiver
functions of 61 adjacent stations as the result of central station.

4. Seismic imaging results

4.1. Lateral variations of Moho depth

H-κ stacking of receiver function is an effective technique to esti-
mate the crustal thickness and the average Vp/Vs ratio under each
station (Zhu and Kanamori, 2000). The H-κ stacking results of the
southeast back azimuth events (blue circles in Fig. 3b) show that
average crustal thickness in the Jiaodong Peninsula is about 33 km, and
there is a thinning trend from northwest to southeast as a whole, ba-
sically consistent with the results of deep seismic sounding (Pan et al.,
2015). Interestingly, it seems that there is a dislocation of the Moho on
the opposite sides of the WYFZ. However, the lateral variation is small

and it may also be caused by data errors. For better identification, we
further provide the H-κ stacking results of the northeast back azimuth
events as a supplement (Fig. 4). The results of the two different back
azimuths can reflect the crustal thicknesses of the both sides of the
survey line respectively because of their different ray paths. Fig. 4b
further shows that there is a dislocation of the Moho about 1– 2 km on
the opposite sides of the WYFZ, and the inclinations of the Moho seem
to be opposite.

In addition, crustal thicknesses can also be extracted from CCP
images (Fig. 3b). However, due to the differences in models and
methods, there is a little deviation (~1 km) between CCP imaging and
H-κ stacking for crustal thicknesses (Fig. 5a), which means that the
lateral variations of the Moho around the WYFZ are so small that it still
may be within the error range. In order to demonstrate this feature,
Moho depths are extracted from three longitudinal CCP stacking pro-
files (Figs. 5b-5d), in which BB’ profile is along the WYFZ, and the other
two profiles are on the opposite sides. Data of the temporary dense
array and several regional permanent stations were used together for
CCP imaging. Only the events of the northeast back azimuth (30° ~ 60°)
were included, because this back azimuth is nearly perpendicular to the
survey line and therefore can better reflect the lateral variations of the
Moho. Similarly, the results also show that the inclinations of the Moho
on the opposite sides of the WYFZ are different, with an average dis-
location of the Moho about 1– 2 km. The common image features in-
dicate that the lateral variations of the Moho around the WYFZ are
robust, irrespective of the imaging method used.

Fig. 4. H-κ stacking results based on events of two different back azimuths. (a) and (b) show the Vp/Vs ratio and crustal thickness results based on H-κ stacking
(Vp = 6.3 km/s), respectively. Diamond denotes the result of the southeast back azimuth (120°-210°), and the weights of Ps, PpPs and PpSs + PsPs are 0.5, 0.2 and
0.3, respectively. Triangle denotes the result of the northeast back azimuth (30°-60°), and the weights of Ps, PpPs and PpSs + PsPs are 0.5, 0.4 and 0.1, respectively.
(c) and (d) are the H-κ scanning results of the southeast back azimuth (120°-210°) and the northeast back azimuth (30°-60°), respectively. Five stations are shown as
examples, including 030, 100, 170, 240 and 310.
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4.2. Intracrustal velocity discontinuities

Furthermore, it's worth noting that there is a laterally trackable
negative phase at ~12 km in the CCP image (Fig. 3b). We speculate that
this negative phase may be a low-velocity discontinuity (LVD). How-
ever, intracrustal phases of P-wave receiver functions usually are dif-
ficult to identify, because of the mixing of primary and multiple phases,
especially before 2 s. In order to identify the phases converted from
main velocity discontinuities, one-dimensional synthetics of receiver
function (Fig. 6) were carried out by referring to the main features of
our data and regional velocity models (Ma et al., 1991; Zheng et al.,
2008b; Jia et al., 2014; Pan et al., 2015; Meng et al., 2019). The results
show that PsPs+PpSs multiple from the crystalline basement (2 km)
and Ps conversion from the LVD (12 km) are all concentrated at about
1.5 s (Fig. 6a, M1 and M2), making it difficult to identify the in-
tracrustal negative phase. Fortunately, multiple phases from the LVD
appear after Ps conversion from the Moho in the synthetics (Fig. 6, M2
and M4), and the well-developed multiple phases can also be identified
clearly in the actual data (Figs. 7a-b, Fig. S5). Thus, the strong negative
phase coherently observed around 12 km (Fig. 3b) likely represents a
true LVD in the crust, and it seems possible to further constrain its
depth by using its multiple phases.

Also note that there is a group of high velocity discontinuities (HVD)
at about 16– 20 km depth in the CCP image (Fig. 3b). The LVD and the

HVD may constitute the top and the bottom interfaces of an intracrustal
LVZ, respectively. Unfortunately, multiple phases of the HVD are weak
and diffused, and are unable to be used to further constraint the
properties of the HVD, obviously different from the LVD. Combining the
above imaging results, we conclude that the LVD is a sharp velocity
discontinuity and is slightly shallow beneath the Jiaolai basin, while the
HVD is composed of a group of discontinuities. Specifically, the HVD is
inclined to north beneath Jiaolai basin, and is relatively weak in the
northwest Jiaodong Peninsula, indicating that the vertical velocity
gradient may be small. Moreover, on the opposite sides of the WYFZ, all
of the three major velocity discontinuities including the LVD, the HVD
and the Moho, have a dislocation to different degrees. Detachment
faults represented by the Zhaoping fault with a SE inclination can also
be identified from the high-quality imaging results (Fig. 3b), benefited
from dense data coverage.

For the reason mentioned in section 3, we mainly use the teleseismic
events of the southeast back azimuth. To analyze whether the above
features are robust, we compare the CCP images using data of different
back azimuths (Fig. S2). The results show that no matter which back
azimuth is adopted, the negative seismic phase at about 12 km and the
positive seismic phase at about 16– 20 km always exist, indicating that
the main crustal features are robust. Although there are some differ-
ences in the amplitude and depth, the differences are small as a whole.
Generally, dipping structures or seismic anisotropy will cause periodic

Fig. 5. Depth variations of Moho on the opposite sides of the Wulian-Yantai Fault Zone. (a) CCP image of the southeast back azimuth events (120°-210°) based on a
fine velocity model (crustal thickness = 33 km, crustal Vp = 6.3 km/s, Vp/Vs ratios referred by H-κ stacking, mantle velocity referred by IASP91 model). Moho
depths extracted from the CCP images based on fine velocity model and IASP91 model are marked by green and pink dotted line, respectively, which are shown
together with the crustal thicknesses from H-κ stacking (yellow diamond). (b) The location of three CCP stacking profiles along the main tectonic strike (from north to
east 43°). Only the northeast back azimuth events (30°-60°) are used, including both short-period dense array and regional broadband permanent stations. BB’ profile
coincides with the Wulian-Yantai Fault Zone. AA’ and CC’ profile are located on the opposite sides of the fault zone (about 20 km away). Three corresponding CCP
images based on IASP91 model are shown as (c). Moho depth curves extracted from (c) are shown as (d) (aligned with the position of dense array). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Multiple phase analysis for the main crustal velocity discontinuities. (a) One-dimensional synthetics of the receiver function based on five models (M1, M2,
M3, M4 and M5), respectively. (b) S-wave velocity of the five models, which add a crystalline basement (2 km depth), an intracrustal LVD (12 km depth), an
intracrustal HVD (18 km depth), a sharp Moho (33 km depth) and a thick crust-mantle transition zone (27– 33 km), respectively. The corresponding velocity
discontinuities are marked with blue, and their Ps, PpPs and PpSs + PsPs phases are marked with red, green and pink in (a) respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. CCP images of multiple phases. (a) and (b) are images of PpPs and PsPs+PpSs phases (0.01– 1.2 Hz), respectively. Dotted line and solid line denote LVD and
Moho, respectively. Red diamond denotes the crustal thickness from H-κ stacking. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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changes of receiver functions' phases with the change of back azimuths.
Considering the changes of the main phases are small with the change
of back azimuths, we think the influences of dipping structures and
seismic anisotropy can be ignored here. In addition, the deep seismic
sounding profile (Pan et al., 2015) across the Jiaodong Peninsula has
observed two group of reflection phases from two intracrustal inter-
faces. The depths of the two interfaces are consistent well with the LVD
and the HVD presented in this paper, which also indicates the robust-
ness of our results.

4.3. Vp/Vs ratio

Based on the well-developed multiple phases of the LVD, we further
carried out the H-κ stacking of the upper crust (above the LVD) for the
three major tectonic units (Jiaobei uplift, Jiaolai basin and Sulu oro-
genic belt). To improve the signal-to-noise ratios, stations are divided
into three groups (stations 001–130, 131–250 and 251–340 are in-
cluded, respectively), and receiver functions of each group are used
together to obtain only one H-κ stacking result (Fig. 3e, Fig. S5). Ac-
cording to the whole crustal (Fig. 3d) and upper crustal H-κ stacking
results, the lower crustal Vp/Vs ratios (Fig. 3e) were calculated by using
a linear weighted calculation formula (Wang et al., 2018).

× + × = ×H H Hκ κ κupper upper lower lower crust crust (1)

The whole crustal H-κ stacking results (Fig. 3d) show that average
crustal Vp/Vs ratio of the Jiaodong Peninsula is about 1.76, comparable
to the global average (Christensen, 1996). The Vp/Vs ratio in the Jiaolai
Basin is the highest (1.79) among the three tectonic units. Furthermore,
layered H-κ stacking results (Fig. 3e) show that average Vp/Vs ratios of
the lower crust in the three tectonic units are not significantly different,
but average Vp/Vs ratios of the upper crust in the Jiaobei uplift and the
Sulu orogenic belt are obviously low, corresponding to the relatively
low (≤average value) Bouguer gravity anomalies (Fig. 3c) and the
outcrops of granite on the surface (Fig. 3a).

4.4. Properties of crust-mantle transition zone

Multiple phases can well reflect the properties of crust-mantle
transition zone (CMTZ) (Fig. 6, M4 and M5), and the thickness of the
CMTZ can be estimated by S-wave velocity inversion of receiver func-
tions (Zheng et al., 2008a). Stacked receiver functions of the profile
(Fig. S4a) show that, PpPms phases (12– 14 s) from the Moho are weak
and diffused in the Jiaobei uplift and the Jiaolai basin, but are strong
and clear to be traced in the Sulu orogenic belt. With regards to this, we
selected 5 short-period seismic stations (equally spaced) and 6 broad-
band permanent stations to carry out the S-wave velocity inversion of
receiver functions (Fig. 8, Fig. S6, Fig. S7). In order to improve the
signal-to-noise ratios of the short-period data, we sacrificed the lateral
resolution properly by using the inversion result of a stacked receiver
function of 11 adjacent stations as the result of central station. Con-
sidering that receiver function inversion is insensitive to absolute ve-
locity and has multiple solutions, we took the average Vs model of the
eastern NCC (Ma et al., 1991; Zheng et al., 2008b; Jia et al., 2014; Pan
et al., 2015; Meng et al., 2019) and our H-κ stacking results as im-
portant prior constraints in the inversion process. Based on the under-
standing of the major velocity discontinuities and their multiple phases
(Fig. 6), we further carried out the waveform inversion (Fig. S7) of
receiver functions by using CPS330 (Herrmann, 2013).

The detailed analyses of the results are shown as Fig. 8. By com-
paring the synthetic receiver functions (Fig. 8a, blue solid line) calcu-
lated from the inverted velocity models with the actual data (Fig. 8a,
gray dotted line), we identified that the Ps phases near 3.5– 4.5 s and
the following PpPs phases near 11– 15 s are generated by the CMTZ. In
this paper, the CMTZ is defined from the layer with obvious increasing
of Vs below 25 km to the Moho surface. Statistics of the inversion re-
sults (Fig. 8b and c) show that the CMTZ is thin in the Sulu orogenic

belt, but is thick in the Jiaobei uplift and the Jiaolai basin. This feature
is consistent with the results of deep seismic sounding (Pan et al.,
2015).

5. Discussion

5.1. Widespread crustal extension beneath the Jiaodong Peninsula

In the Mesozoic-Cenozoic, like other areas in the eastern China, the
Jiaodong Peninsula has undergone intense continental extension.
Large-scale extensional structures represented by the Linglong MCC and
the Jiaolai faulted basin have been formed on the surface (Lin and Wei,
2018). However, high-resolution seismic observations of the crustal
extension have been scarce. Based on the teleseismic data recorded by a
short-period dense seismic array, we are able to image the crustal
structure beneath the Jiaodong Peninsula in detail.

The fine crustal images show that a LVZ is generally developed at
about 12– 16 km depth. The LVZ has been reported in previous seis-
mological researches of the Jiaodong Peninsula and its adjacent areas
(Zheng et al., 2008b; Jia et al., 2014; Pan et al., 2015; Meng et al.,
2019), corresponding to a high-conductivity layer in magnetotelluric
results (Zhang et al., 2018), yet its authenticity and tectonic sig-
nificance are still controversial. In our CCP images, the top interface
(LVD) of the LVZ is coherently identified through the analysis of mul-
tiple phases, demonstrating the existence of the LVZ. Moreover, sta-
tistics (Fig. 3e, gray circles) show that historical earthquakes within
10 km on both sides of the survey line are mainly concentrated above
12 km, consistent with the depth of the LVD. Therefore, the physical
meaning of the top interface of the LVZ becomes clear, because it is
generally believed that the maximum focal depth corresponds to the
brittle-ductile transition zone (Liu et al., 2016; Petricca et al., 2018). In
addition, we speculate that the feature of low-velocity may be caused
by water or saline fluids. This kind of interpretation is strongly sup-
ported by the study of Kola superdeep well (Kozlovsky, 1987), and is
similar to the interpretations for many other intracrustal low-velocity
layers found in the world (Marquis and Hyndman, 1992; Xu et al.,
2019). As for the source of water, we infer it may be attributed to the
dehydration of the subducted and stagnant Paleo-Pacific slab in the
mantle transition zone, which may lead to the weakening of overlying
lithosphere, partial melting of the crust and mantle, and voluminous
magmatism (Campbell and Taylor, 1983; Thompson, 1999; Niu, 2005,
2014; Menzies et al., 2007; Zhu and Zheng, 2009; Zhu et al., 2015). The
water may remain to the present day under the weak extensional setting
in the Cenozoic. Certainly, partial melting may also be a kind of in-
terpretation for the LVZ, but we don't support it because the resistivity
of the LVZ and the surficial heat flow values in the Jiaodong Peninsula
are only comparable to the global continental average (Martyn, 2003)
and the Chinese continental average (Jiang et al., 2019), respectively.
Thus, we speculate that the LVZ at about 12– 16 km is a brittle-ductile
transition zone with water or saline fluids and has been formed under
the strong extensional setting in the Mesozoic-Cenozoic.

More interestingly, the bottom (HVD) of the LVZ beneath the Jiaolai
basin is composed of a group of north-dipping interfaces. Considering
the two important geological events since the Mesozoic, we infer that
the north-dipping interfaces may be a series of thrust nappe structures
formed during the Triassic continental collision, or exhumation chan-
nels of UHPM rocks formed after the collision, or detachment faults
formed under the extensional setting since the Late Mesozoic. However,
the relatively flat Moho indicates that Triassic thrust nappe structures
have been difficult to be preserved so well under the strong crustal
modification since the Late Mesozoic. Furthermore, as we know that
detachment faults are generally developed in the brittle-ductile transi-
tion zone of middle crust at about 15 km depth (Davis, 1983), but the
north-dipping interfaces here appear in the lower crust. Therefore, the
interpretation like detachment faults is also not convincing. Further
considering the distribution of UHPM rocks and their multistage
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exhumations from early to late stage of the collision (Lin et al., 2013),
we finally speculate that the north-dipping interfaces may be a series of
thrust nappe structures formed in the early stage of the collision, and
reactivated to be the exhumation channels of UHPM rocks at later
under the extensional setting. In other words, the north-dipping inter-
faces beneath the Jiaolai basin may also be extensional structures in a
broad sense.

5.2. Intense extension and magmatism beneath the northwest Jiaodong
metallogenic belt

Except for the above-mentioned extensional structures of the whole
region, our detailed imaging results also imply that crustal extension
and magmatism have been especially intense in the northwest Jiaodong
metallogenic belt since the Late Mesozoic, with evidences existing at
different crustal scales from the upper crust to the CMTZ. First of all,
large-scale ore-controlling detachment faults, represented by the
Zhaoping fault zone, can be identified in the brittle upper crust. CCP

images show that these detachment faults are mainly southeast-or-
iented and converge to the brittle-ductile transition zone at about
12 km. To the upper part of the lower crust, characteristics of the HVD
are very weak, indicating a small vertical velocity gradient.
Accordingly, we infer that the northwest Jiaodong may have undergone
strong vertical magmatic or hydrothermal activities since the Late
Mesozoic, which may destroyed the original horizontal layered struc-
tures. Moreover, the thick CMTZ of the Jiaobei terrane (including the
Jiaobei uplift and the Jiaolai basin) indicates a secular interaction be-
tween the crust and the underlying mantle, and implies magmatic un-
derplating may have occurred. This interpretation is supported by the
study of Guojialing granodiorites (Yang et al., 2003b). The above
seismic evidences indicate that both of the brittle-ductile transition
zone and the lower crust beneath the northwest Jiaodong once may be
extremely weak, and endmember numerical simulations carried out by
Lu et al. (2016) have shown that these kind of conditions are con-
ductive to the formation of MCC, which means that the theory of MCC
corresponds well with the actual observations of the Linglong MCC (or

Fig. 8. S-wave velocity inversion of receiver functions. (a) Waveform comparison between the observed receiver function (gray dotted line) and the synthetics (blue
solid line). (b) The inverted optimal velocity models (see Fig. S7 for details). The arrivals of Ps and PpPs phases converted from multiple discontinuities of the crust-
mantle transition zone (CMTZ) are marked with different colors in (a), corresponding to (b). (c) Statistics for the thicknesses of CMTZ. Results of different stations are
projected to the profile along the perpendicular direction of the survey line. 030, 100, 170, 240 and 310 are short-period stations. LOK, LAY, LZH, HAY, RSH, and
WED are broadband permanent stations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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extensional dome) in the northwest Jiaodong. Therefore, we propose
that the intense crustal extension beneath the northwest Jiaodong
metallogenic belt may be manifested not only by the detachment faults
in the brittle upper crust, but also by the vertical magmatic or hydro-
thermal activities caused by transverse extension in the ductile lower
crust and the CMTZ, and these seismic evidences at different crustal
scales are organically linked.

5.3. Strike-slip properties of the WYFZ beneath the Muru metallogenic belt

As an important ore-controlling structure in the Muru metallogenic
belt, the WYFZ is a brittle strike-slip fault zone observed from the
surface (Zhai et al., 2000; Zhang et al., 2007), different from other ore-
controlling structures dominated by extensional detachments faults in
the region. However, the scale of the WYFZ and its tectonic significance
are still controversial (Faure et al., 2001; Zheng et al., 2005; Zhou et al.,
2008), due to the stacking influences of multistage tectonic activities
since the Mesozoic, mainly including the continental collision in the
Triassic, the left strike-slip in the Late Jurassic, the extension with the
formation of Jiaolai basin in the Early Cretaceous, and the weak right
strike-slip in the Paleogene. Fortunately, our fine-scale imaging results
show that there are significant crustal structure differences on the op-
posite sides of the WYFZ, in the depth and structure of the Moho, in-
tracrustal LVZ, upper crustal Vp/Vs ratios, and Bouguer gravity
anomalies, indicating that the WYFZ may be a steep transcrustal fault. It
is interesting to analyze the influences of different geological processes
in different periods.

The UHPM rocks distributed in the southeast of the WYFZ has
clearly revealed the deep continental subduction event in the Triassic,
and therefore the WYFZ is generally considered as the Triassic suture.
However, the overall flat Moho in the CCP images indicates that the
lower crust beneath the Jiaodong Peninsula may have been extensively
modified. So this steep fault may mainly form after the Triassic con-
tinental collision. As for its linkage with the Triassic suture still need
further demonstration. On the other hand, the WYFZ is also considered
as the tectonic boundary of the Jiaolai faulted basin in the Early
Cretaceous (Li et al., 2007; Zhou et al., 2008), but it is difficult for a
normal fault to cut through the crust and to result in the opposite in-
clinations of the Moho on both sides of the fault zone. After further
excluding the weak influence in the Paleogene, we speculate that the
steep geometry and deep penetration features of the WYFZ may be
caused by the strike-slip since the Late Jurassic.

In addition, we infer that the relatively low upper crustal Vp/Vs
ratios and Bouguer gravity anomalies in the southeast of the WYFZ may
be mainly influenced by the distribution of large-scale Mesozoic gran-
ites (biased to felsic and low density) (Sobolev and Babeyko, 1994;
Zhang and Zhang, 2007), because same characteristics can be found in
the Jiaobei uplift. As for the high upper crustal Vp/Vs ratio of the
Jiaolai basin, we think it is a relative feature between the Precambrian
rocks (mainly developed in the edge of the Jiaolai Basin) and the Me-
sozoic granites (mainly developed in the Jiaobei uplift and the Sulu
orogenic belt). We don't interpret too much here. In summary, both the
physical and geometric properties on the opposite sides of the WYFZ
cannot be regarded as independent evidences for the Triassic suture,
but they indicate that the WYFZ may be a steep transcrustal fault and
act as a tectonic boundary between the Sulu orogenic belt and the
Jiaobei terrane.

5.4. The linkage between the tectonic-magmatic activities and the gold
mineralization

The detailed crustal structure image not only shows the character-
istics of widespread crustal extension beneath the Jiaodong Peninsula,
but also clearly delineates the structural differences between the
northwest Jiaodong metallogenic belt and the Muru metallogenic belt.
Thus, further comparative study of the two metallogenic belts is

required to analyze the causes of regional metallogenic differences, and
to further reveal the linkage between the gold mineralization and the
intense tectonic-magmatic activities.

Although geologists have done a lot of researches from the per-
spective of ore-host rocks and ore-forming fluids (Yang et al., 2014; Li
et al., 2015; Song, 2015), the uneven gold distribution has always been
a matter of great concern. Based on the fine images of the crustal
structure, we will try to discuss the uneven gold distribution from the
perspective of extension structure, magmatism and their intrinsic con-
nection. As we know, large-scale and similar types of Mesozoic granites
are generally developed in both of the two metallogenic belts (Fig. 1b)
(Zhang and Zhang, 2007). Therefore, although magma is an important
source of ore-forming fluids, neither its scale nor type is likely to be the
controlling factor of regional metallogenic differences. Actually, large
and super-large gold deposits are mainly controlled by large-scale de-
tachment faults (Fig. 1b). Therefore, it is necessary to consider the in-
trinsic relationship between extensional structures and magmatism.
Although extensional structures are widely developed in the whole
Jiaodong Peninsula, the structural differences between the east and the
west are also obvious. In the northwest Jiaodong, CCP images show that
detachment faults are widely developed in the upper crust, and strong
vertical magmatic or hydrothermal activities may have occurred in the
lower crust and the CMTZ. Accordingly, we infer that the coupled ef-
fects of intense crustal extension, voluminous magmatism and water
released from the subducting Paleo-Pacific slab may have been re-
sponsible for the highly concentrated gold deposits in the northwest
Jiaodong metallogenic belt. While the Muru metallogenic belt is mainly
controlled by the WYFZ with strike-slip characteristics (Yang et al.,
2014; Song et al., 2015). The deep fault zone may have acted as a
channel for magma upwelling, but it may not be conducive to the
precipitation of gold due to its large dip.

Jiaodong gold mineralization and the destruction of the NCC are
highly coupled in time-space relationships, indicating that their dy-
namic mechanisms may also be related (Zhu et al., 2015). We support
that the westward subduction of the Paleo-Pacific Plate, which desta-
bilized the mantle convection system, mainly contributed to the litho-
spheric thinning and provided an important source of mantle-derived
fluids for the gold mineralization in the eastern China (Niu, 2005, 2014;
Menzies et al., 2007; Zhu and Zheng, 2009; Zhu et al., 2015). However,
the specific mechanisms in different regions may be different. The
contrasted thicknesses of the CMTZ on the opposite sides of the WYFZ
indicate that the forms of crust-mantle interaction may be different. The
thick CMTZ in the Jiaobei terrane indicates that magmatic underplating
may have occurred since the Late Mesozoic (Yang et al., 2003b). On the
contrary, the sharp CMTZ in the Sulu orogenic belt indicates that the
huge thick mountain roots mainly composed of high density eclogite
may have disappeared gradually by delamination because of the grav-
itational instability in the late stage (Gao et al., 1999). This inter-
pretation is supported by the geochemical studies of granulites in the
Sulu area (Ying et al., 2013). Certainly, other geodynamic actions like
the lithospheric extension may also play important roles, although the
magmatic underplating and the delamination can well explain the
above differences of the CMTZ, respectively. Thus, more evidences from
petrology, geochemistry, geophysics and other disciplines are necessary
for understanding the dynamic mechanisms of the NCC destruction and
the Jiaodong gold mineralization and their genetic linkage more com-
prehensively.

6. Conclusions

From the research of receiver functions based on a linear short-
period dense seismic array, the crustal structure beneath the Jiaodong
Peninsula is well imaged, and we propose the following preliminary
conclusions:

(1) The average crustal thickness is 33 km, and the average crustal Vp/
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Vs is ~1.76. The LVZ developed at 12– 16 km depth may be a
brittle-ductile transition zone with water or saline fluids. The north-
dipping interfaces beneath the Jiaolai basin may be a series of
thrust nappe structures formed during the Triassic collision, and
reactivated as the exhumation channels of UHPM rocks in the later.
The formation of the LVZ or activation of the north-dipping inter-
faces may be attributed to the extensional setting since the Late
Mesozoic, and they both imply the widespread crustal extension
beneath the Jiaodong Peninsula.

(2) Crustal extension are especially intense in the northwest Jiaodong
metallogenic belt, reflected in different crustal scales. On the one
hand, detachment faults indicate the transverse extension in the
brittle upper crust. On the other hand, the small vertical velocity
gradient of the HVD, as well as the thick CMTZ imply the vertical
magmatic or hydrothermal activities in the ductile lower crust,
which may be also caused by transverse extension.

(3) The Muru metallogenic belt are mainly controlled by the WYFZ,
which is a strike-slip fault zone. Significant differences of the Moho,
intracrustal LVZ, upper crustal Vp/Vs ratios, and Bouguer gravity
anomalies are found on the opposite sides of the WYFZ, indicating
that the WYFZ may be a steep transcrustal fault and act as a tectonic
boundary between the Sulu orogenic belt and the Jiaobei terrane.

(4) The structural differences may contribute to the metallogenic dif-
ferences between the east and the west of the Jiaodong Peninsula.
The coupling of intense crustal extension, voluminous magmatism
and water released from the subducting Paleo-Pacific slab may be
significant causes of the concentrated gold deposits in the north-
west Jiaodong metallogenic belt during the peak of the NCC de-
struction. While the Muru metallogenic belt is mainly controlled by
the WYFZ, which may not be conducive to the precipitation of gold
due to its large dip and weak extension.
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