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A B S T R A C T   

The Jiaodong Peninsula is an ideal region for studying the geodynamics of collision between the North China 
Craton (NCC) and South China Block (SCB). It is comprised of the Jiaobei massif and the Northern Sulu UHP 
massif which are separated by the Wulian suture zone (WSZ). Continent-continent collision is necessarily 
accompanied with crustal deformation. Consequently a detailed crustal deformation pattern would offer 
observational constraints for understanding the process of the collision. In this study, we measured the crustal 
azimuthal anisotropy beneath a broadband seismic profile of 20 stations together with 9 permanent stations in 
the Jiaodong Peninsula. Sinusoidal moveout of Pms phases from radial receiver functions and azimuth-weighted 
stacking of transverse receiver functions were jointly applied to ensure the reliability of results. In the WSZ, the 
fast directions are roughly parallel with the NE oriented fault strike, suggesting the Jiaodong Peninsula may 
preserve fossilized anisotropy in the crust induced by the Triassic collision of the NCC and SCB although have 
undergone subsequent lithosphere destruction and thinning since the late Mesozoic. We therefore support that 
the WSZ represents the NCC-SCB suture east of Tanlu fault. In the Jiaobei massif, the crustal azimuthal 
anisotropy is controlled by both the nearly E-W local stress and NNE-strike detachment faults. The anisotropy 
beneath the Northern Sulu massif is quite weak with delay times all less than 0.20 s, probably related to the high- 
density UHP metamorphic rocks which are difficult to generate strong anisotropy inside.   

1. Introduction 

The Dabie-Sulu UHP orogenic belt separates the North China Craton 
(NCC) and South China Block (SCB) and formed during Triassic 
continent-continent collision (Fig. 1; Hacker et al., 1998, 2000). Thus it 
is a perfect region to study the geodynamics of continental subduction 
and exhumation. The orogenic belt is divided by NNE-string Tanlu fault 
(TLF) into two sections, the Qinling-Dabie orogen in the west and Sulu 
orogen in the east. It is generally accepted that the suture between NCC 
and SCB west of the TLF lies near the northern boundary of the Qinling- 
Dabie orogen (Okay and Celal Şengör, 1992). However, the east segment 
location of the NCC-SCB suture has been a subject of hot debate. 

The Jiaodong Peninsula is located in the eastern boundary of the 
NCC, which primarily consists of the Jiaobei massif and Northern Sulu 

UHP massif separated by the Wulian suture zone (WSZ). The Jiaobei 
massif in the northwest is mainly composed of Archean metamorphic 
rocks and Mesozoic granitic rocks (Yang et al., 2003a; Mao et al., 2008; 
Yang and Santosh, 2015), whereas the northern Sulu UHP massif in the 
southeast contains typical UHP metamorphic rocks. The WSZ is 
commonly assumed as the NCC-SCB suture in the Sulu orogen (Gilder 
et al., 1999; Zhai et al., 2000). Zircon U–Pb age and geochemical evi-
dence show that the protoliths of UHP metamorphic rocks in the 
northern Sulu massif have a tectonic affinity to the SCB, like those rocks 
elsewhere along the Dabie-Sulu orogenic belt, suggesting the suture is 
located along the WSZ (Tang et al., 2008). The view was supported by 
zircon dating of Archean basement gneiss and the Penglai Group which 
implies that the Jiaobei massif has a NCC affinity (Zhou et al., 2008). By 
contrast, according to the similarities in petrological and structural 

* 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).  

Contents lists available at ScienceDirect 

Physics of the Earth and Planetary Interiors 

journal homepage: www.elsevier.com/locate/pepi 

https://doi.org/10.1016/j.pepi.2021.106705 
Received 5 November 2020; Received in revised form 26 March 2021; Accepted 26 March 2021   

mailto:xutao@mail.iggcas.ac.cn
www.sciencedirect.com/science/journal/00319201
https://www.elsevier.com/locate/pepi
https://doi.org/10.1016/j.pepi.2021.106705
https://doi.org/10.1016/j.pepi.2021.106705
https://doi.org/10.1016/j.pepi.2021.106705
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pepi.2021.106705&domain=pdf


Physics of the Earth and Planetary Interiors 314 (2021) 106705

2

features between the Jiaobei massif and Northern Sulu massif, Faure 
et al. (2001) argued that the NCC-SCB suture should lie north of the 
Jiaobei massif. Considering the Wulian granitoids as tectonic slices 
scraped off from the upper part of the subducting SCB by the NCC 
obduction, Wu et al. (2004) and Zheng et al. (2005) likewise proposed 
that the suture might be placed north of the Wulian and Penglai groups 
rather than along the WSZ. 

In recent years, some geophysical observations have been carried out 
in the Jiaodong Peninsula (Chen et al., 2006; Zheng et al., 2008; Pan 
et al., 2015; Li et al., 2018; Zhang et al., 2018; Yu et al., 2020a, 2020b). 
Receiver function imaging, deep seismic sounding investigations and the 
deep electrical model of one MT profile all revealed that the WSZ is a 
steep transcrustal fault (Yu et al., 2020a; Pan et al., 2015; Zhang et al., 
2018). Seismic azimuthal anisotropy observations could record the 
deformation of crust and mantle related to the continent-continent 
collision. The XKS splitting analysis of a WNW-ESE seismic array 
showed that there exists a double-layer anisotropic structure beneath 
the WSZ (Wu et al., 2020). The lower layer oriented in WNW-ESE is 
roughly parallel with the single-layered anisotropy of the Jiaobei massif 
and Northern Sulu massif, as well as previous observations (Tian and 
Santosh, 2015; Shi et al., 2015), and the anisotropy likely stems from 
asthenospheric flow. The upper layer exhibits a NE oriented fast direc-
tion parallel to the WSZ strike, implying that the lithosphere may pre-
serve fossilized anisotropy induced by the Triassic collision of the NCC 
and SCB. However, one of the main disadvantages of XKS splitting 
analysis is the lack of vertical resolution despite that the olivine align-
ment in the upper mantle dominates the observed waveforms (Savage, 
1999). In comparison, the P-to-S converted wave at the Moho is strictly 
confined in the crust and conducive to offer valuable knowledge about 
the crustal deformation (Chen et al., 2013). The Pms phase, which can 
be extracted from receiver function, is now extensively applied to esti-
mate seismic anisotropy in the crust (Liu and Niu, 2012; Kong et al., 
2016; Wu et al., 2019a; Yang et al., 2019). In the regions which expe-
rienced complex deformational processes such as Tibet, a harmonic- 
decomposition technique was applied to obtain layered anisotropy 
distributed at various levels within the crust (Liu and Park, 2017; Liu 
et al., 2015). There haven’t any investigations of the crustal azimuthal 
anisotropy based on Pms arrival variation in the Jiaodong Peninsula till 
now however. 

In this study, we estimated the crustal azimuthal anisotropy to study 
the crustal deformation of the Jiaodong Peninsula, and provided more 
constraints for the suture location between the NCC and SCB. We took 

advantage of the teleseismic events from a WNW-ESE linear seismic 
profile and some permanent stations to calculate receiver functions. The 
splitting parameters including fast polarization direction and delay time 
were measured by the sinusoidal moveout of Pms phases from radial 
receiver functions. In addition, we used the azimuth-weighted stacking 
of transverse receiver functions (AWST) to determine the fast direction. 
The two techniques were exploited jointly to estimate the crustal 
azimuthal anisotropy. 

2. Data and method 

2.1. Receiver function 

The data used in this study were collected from the linear seismic 
profile NCISP9 deployed from 2017 November to 2019 August (Wu 
et al., 2020). The profile was WNW-ESE striking across the WSZ and 
included 20 broad-band stations (Fig. 1). The total length of the profile is 
170 km with an average spacing of 9 km. To increase data coverage in 
the Jiaodong Peninsula, we used additional recordings from nine per-
manent stations close to the profile. They belong to the China National 
Seismic Network and were recorded from 2017 March to 2018 
September (Zheng et al., 2010). We selected the data of teleseismic 
events with magnitude larger than 5.5 and epicentral distances of 
30–90◦. Prior to calculate receiver functions, we corrected the sensor 
misorientation using P-wave particle motion (see Wu et al., 2020 for 
more details). The stations with an estimated deviation azimuth greater 
than 7◦ were corrected for the reason that the smaller deviation could be 
also caused by near station structure besides sensor misorientation (Niu 
and Li, 2011). 

The original data were band-pass filtered for 0.01–1 Hz. Records 
with high SNR and clear arrival of P waves were chosen. We rotated the 
two horizontal components into radial-transverse (R-T) coordinate sys-
tem. The time-domain iterative deconvolution technique was employed 
to generate radial and transverse receiver functions, abbreviated as RRFs 
and TRFs (Ammon, 1991). A low-pass Gaussian filter with a width factor 
of 2.5 Hz was applied to regulate the deconvolution. All the receiver 
functions were checked visually, and those with unclear Pms arrivals 
were discarded. We finally gathered 3691 pairs of R and T receiver 
functions. In order to eliminate the dependence of arrival time on 
epicentral distance, all the RFs were moveout corrected with a reference 
horizontal slowness p = 6.4 s/deg. using the IASP91 model (Kennett and 
Engdahl, 1991). 

Fig. 1. Map of the Jiaodong Peninsula (eastern China). The 
study region is noted by the red rectangle in the upper right 
inset. The red triangles are the locations of seismic stations 
belong to the profile NCISP9. The blue triangles indicate 
permanent stations. Earthquake events used to calculate 
receiver functions are shown as small red and blue circles on a 
worldwide map in the upper part used by temporary and 
permanent stations respectively. Abbreviations: Jiaobei, 
Jiaobei massif; Sulu, Northern Sulu UHP massif; WSZ, Wulian 
suture zone; in the upper right inset: NCC, North China 
Craton; SCB, South China Block; QLDB, Qinling-Dabie 
orogenic belt and TLF, Tanlu 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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Fig. 2. Synthetic receiver functions of Model 1 (flat Moho, 
Table 1) and AWST section. (a) RRFs. The green line repre-
sents the Pms arrival with π periodicity predicted by the 
anisotropic model. (b) TRFs. The green crosses indicate the 
azimuth of the polarity reversal, which corresponds to the fast 
direction. (c) surface map of normalized R value. The black 
dot denotes the optimal pair of splitting parameters corre-
sponding to the minimum R value. (d) AWST section with 
k = 1. (e) AWST section with k = 2. The green crosses mark 
the maximum stacking amplitude and minimum amplitude 
produced by the lower interface of the anisotropic layer, and 
the corresponding backazimuth is equal to the fast direction of 
60◦. The green line represents t0. Fast direction φc, delay time 
δt, t0 and R value between observed and best predicted Pms 
arrivals for RRFs, fast direction φa for AWST are listed in the 
bottom. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this 
article.)   

Table 1 
velocity model of anisotropic crust with flat Moho.  

Model1 Thickness 
/m 

Density 
/(kg*m− 3) 

Iso Vp 
/(m*s− 1) 

Vs 
/(m*s− 1) 

%P %S Trend 
(◦) 

Pl St Di 

Layer1 20,000 2600 1 5800 3800 0 0 0 0 0 0 
Layer2 30,000 2900 0 7000 4000 10 10 60 0 0 0 
Layer3 ∞ 3500 1 8100 4500 0 0 0 0 0 0 

Iso is the mark of anisotropy, 1 or 0 means the layer is isotropic or anisotropic; 
%P and %S denote anisotropy magnitude; 
Trend and Pl denote fast direction and dip angle respectively; 
St and Di denote interface strike and dip angle respectively. 
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2.2. Detection of single layered anisotropy by receiver functions 

Numerous studies have investigated crustal azimuthal anisotropy 
utilizing receiver functions including splitting of P to S conversions from 
the Moho (Chen et al., 2013; Qiang et al., 2016), and azimuthal variation 
of P to S conversions (Liu and Niu, 2012; Wang et al., 2016; Sun et al., 
2012; Wu et al., 2019a). The latter technique has been applied more 
frequently in recent years as it could overcome the instability of analysis 
from individual event. 

A model with one horizontal anisotropic layer (velocity anisotropies 
of 10%) in the crust is shown in Table 1. We used the raysum program 
(Frederiksen and Bostock, 2000) to generate synthetic seismograms and 
calculated R and T receiver functions which were shown as a function of 
backazimuth (Fig. 2a and b). Because Pms arrival times in the study 
region are mainly 4.0 ± 0.2 s, we assumed that the variation of Pms 
arrival times is caused by a single anisotropic layer with horizontal 
symmetry. 

Assuming a single anisotropic layer with horizontal symmetry, the 
Pms arrival time varies systematically with the backazimuth of the 
earthquake (Liu and Niu, 2012; Rümpker et al., 2014) and could be 
expressed as: 

tPms = t0 −
δt
2

cos[2(α − φc) ], (1)  

where t0 represents the Pms arrival time in isotropic case, δt is the delay 
time between the fast and slow waves which mirrors the strength of 
anisotropy, and φc denotes the fast polarization orientation; α is the 
backazimuth of the earthquake event. The green line in Fig. 2a shows the 
theoretical Pms arrival times based on formula (1) fitting well with the 
variation of observed Pms arrivals. When processing with field data, we 
stacked the RFs in the same BAZ band of 10◦ wide to avoid the uneven 
BAZ distributions of earthquake events. A grid research was performed 
to obtain the optimal pair of splitting parameters that corresponds to the 
minimum difference between observed and predicted arrival times. We 
introduced R value, which is the square norm of the residual between 
observed and optimal predicted Pms arrivals, to evaluate the quality of 
Pms arrival fitting. The searching range for t0 is 3.0–5.0 s with an 
increment of 0.1 s, and those for φc and δtc are 0–180◦ with a step of 1◦, 
0–1.0 s with a time interval of 0.01 s, respectively. Fig. 2c shows the 
surface map of normalized R value, and the value reaches minimum at 
theoretical splitting parameters. To quantify the uncertainties of the 
splitting parameters, we adopt the bootstrap resampling method to es-
timate the splitting parameters 10 times and obtain errφ and errδt which 
are standard deviations (SD) of φc and δtc respectively. 

The crustal anisotropy parameters could be constrained by TRFs as 
well. The phases around 5.0 s produced by the lower interface of the 
anisotropic layer exhibit the polarity reversal indicated by the green 
crosses in Fig. 2b which correspond to the fast direction of the aniso-
tropic layer. It seems a simple means to obtain the fast direction by 
finding the location of polarity reversal in TRFs. However the method is 
effective in case that there is a sufficient coverage of backazimuth and 
the anisotropic structure is not complex, which is not usually met when 
dealing with field data. A more robust method called AWST has been 
successfully applied in northeast Tibet and Inner Mongolia (Shen et al., 
2015; Qiang et al., 2019). In this study we determined the fast direction 
with the help of AWST method. 

Girardin and Farra (1998) constructed the AWST section by stacking 
the TRFs with different weighting coefficients related to backazimuth to 
extract the anisotropic signal in the records. The AWST section is 
expressed as, 

ST(k, t,φa) =
∑n

i=1
WT

i (k,φa)Ti(t), (2)  

WT
i (k,φa) =

sink(φa − αi)
∑n

j=1sin2k
(
φa − αj

), (3)  

where, Ti(t) is the individual TRF trace, k is the harmonic order, φa is a 
variable angle, αi is the backazimuth of the ith event. When φa is equal to 
the fast direction, the AWST section ST reaches the maximum amplitude 
and minimum amplitude around the lower interface of the anisotropic 
layer. Synthetic stacking results with k = 1 and k = 2 are shown in 
Fig. 2d and e. Fig. 2e only shows the data from 0 to 180◦ because the 
AWST section with k = 2 has a period of π. Fig. 2d shows significantly 
weak amplitude with k = 1, and maximum and minimum amplitudes 
could not be picked at the angle of fast direction from the AWST section. 
The AWST with k = 2 shows maximum and minimum amplitudes 
around 5.0 s at the correct fast direction of 60◦ in Fig. 2e. Previous 
studies found that the AWST with k = 2 performs better to the azimuthal 
anisotropy and even with a dipping symmetry axis by testing different k 
values (Girardin and Farra, 1998; Shen et al., 2015; Qiang et al., 2019). 
Therefore, we estimated the fast direction by applying AWST with k = 2. 
The maximum and minimum amplitudes around the lower interface of 

Fig. 3. Observed receiver functions and AWST section of station HAY. (a) RRFs. 
Small green crosses mark the Pms arrivals. The green line represents the Pms 
arrivals predicted by the optimal splitting parameters. (b) Zoomed-in RRFs in a 
narrow time window to have a clear view of Pms arrival variation. (c) surface 
map of normalized R values. The black dot denotes the optimal pair of splitting 
parameters corresponding to the minimum R value. (d) TRFs. The green line 
represents t0. Green crosses mark the fast direction determined by AWST 
method in subfigure e. (e) AWST method with k = 2. The green line represents 
t0. The green crosses mark the maximum/minimum stacking amplitudes pro-
duced by the lower interface of the anisotropic layer, and the corresponding 
backazimuth indicates the fast direction. Station name, t0, fast direction φc, 
delay time δt and R value between observed and best predicted Pms arrivals for 
RRFs, fast direction φa for AWST are listed in the bottom. (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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anisotropic layer appear in a symmetric pair, but it might be difficult to 
inspect them together in field data. We sought the strongest signal 
around Pms to estimate the fast directions in practice. 

In this study we combined the two methods to estimate the splitting 
parameters. Results from arrival time fitting is more stable as the SNR of 
Pms phases in RRFs is much higher than that in TRFs. We obtained the 
fast directions and delay times from RRFs, and the fast directions by 
AWST from TRFs were treated as a reference. We eliminated the results 
with R value greater than 2.0 which probably were influenced by 
complicated anisotropic structure. For results with R value less than 2.0, 
the difference between fast directions from Pms arrival fitting and AWST 
methods should be less than 25◦. If the discrepancy angle exceeds 25◦, 
we only preserved the results from RRFs with R value no more than 1.0. 

Recent studies show that the Moho topography, i.e., dipping Moho 
may cause azimuthal variation of the Pms delays (Li et al., 2019; Wang 
et al., 2020). To test the influence on the splitting parameters, we ob-
tained Moho depth from H-κ scanning results (Fig. S1, from Yu et al., 
2020a and their unpublished results). The Moho is approximately flat 
with average depth 33.1 ± 2.0 km, and dip angle is less than 5◦. We 
designed the anisotropic Model 2 with 10◦ dipping Moho (Table S1). The 
two methods both got consistent results with the theoretical splitting 
parameters, but larger error values than those for Model 1 (Fig. S2), 
which demonstrates that our method is applicable in the study region. 

3. Results 

Most stations show a period of π except station JD14 with R value 
more than 2.0, indicating that a single anisotropic layer with a hori-
zontal symmetric axis is the main cause for variation of RFs. Here we 

perform the analysis of different types of our measurements by 
exploiting the combination of RRFs and TRFs. 

At permanent station HAY, we selected 77 high-quality pairs of RFs 
and stacked traces within 10◦ backazimuthal bins. The number of 
available BAZ bands is 36 out of 72 possible bands. The Pms phases 
appear around 4.0 s in RRFs (Fig. 3a). A clear backazimuthal variation of 
Pms arrival times can be observed with a period of π. We performed a 
grid search to obtain the optimal pair of splitting parameters, which 
includes t0 = 4.0 s, φc = 61◦ and δt = 0.36 s. The R value is 0.7 suggesting 
the theoretical Pms arrival times generated from the splitting parame-
ters fit well with the observed arrival times (Fig. 3b). R value reaches 
minimum at the optimal splitting parameters (Fig. 3c). The polarity 
reversal in the TRFs seems to be located at 35◦ (Fig. 3d). However it is 
difficult to determine the fast direction in this way due to the indistinct 
variation of polarity. The AWST analysis shows that the fast direction is 
50◦ where the maximum and minimum amplitudes appear in a sym-
metric pair around 4.0 s (Fig. 3e). The consistence of the two methods 
from RRFs and TRFs respectively confirms the reliability of the splitting 
parameters. 

At temporary station JD10 we got similar results as station HAY. By 
fitting Pms arrival times in the RRFs we obtained the optimal pair of 
parameters including φc = 67◦, δt = 0.35 s, and t0 = 4.1 s (Fig. 4a, b, c). 
We cannot observe the polarity reversal in the vicinity of φc in the TRFs 
(Fig. 4d), whereas the AWST section shows paired maximum and 

Fig. 5. Same as Fig. 3 except for station JD05. The gray line in Fig. 5b marks 
the Pms arrival curve predicted by the fast direction determined by AWST 
method in Fig. 5e. The theoretical Pms arrival curve predicted by AWST dis-
agrees with the observed Pms arrivals marked by the small green crosses. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 4. Same as Fig. 3 except for station JD10.  

C. Wu et al.                                                                                                                                                                                                                                      



Physics of the Earth and Planetary Interiors 314 (2021) 106705

6

minimum amplitudes around 4.1 s at 50◦ corresponding to φa, which is 
approximately consistent with φc (Fig. 4e). The pair of splitting pa-
rameters is accepted owning to the coherence between φc and φa. 

At station JD05, we determined the splitting parameters φc = 0◦, 
δt = 0.42 s by modelling Pms time variation (Fig. 5). However, the AWST 
method estimated the fast direction φa of 40◦. There is not a distinct 
polarity reversal in the TRFs. We calculated the theoretical Pms arrival 
curve based on formula (1) with φa = 40◦ which cannot well fit the 
primary variation tendency of observed arrival times (Fig. 5b). In this 
case we chose the results obtained by RRFs with R value no more than 
1.0. 

For stations with weak anisotropy, i.e., δt < 0.2 s, the error range is 
generally quite large and it is difficult to generate consistent fast di-
rections by RRFs and TRFs respectively. We determined the splitting 
parameters based on better fitting of Pms arrival times in RRFs with R 
value no more than 1.0. For example, at permanent station WED a 
discrepancy exists about 50◦ between the fast directions by the two 
methods (Fig. 6). We chose the parameters φc = 175◦, δt = 0.07 s with 
R = 0.8 as the final results. Fig. 7 shows the similar case at temporary 
station JD20. The splitting parameters from RRFs are deemed 
acceptable. 

Finally except station JD14 with R value greater than 2.0, the other 
stations are classified into three categories (Figs. S3-S25, Table 2). 
Similar to stations HAY and JD10, stations LAY, LOK, LZH, YTA, JD02, 

JD03 and JD11 have consistent results by the two method. Stations 
CHD, JD01, JD12 and JD17 belong to the kind of station JD05. For the 
left 13 stations, they are the same cases with station WED and show 
weak anisotropy. The distribution of fast directions is relatively discrete, 
while that of delay times is mainly concentrated around 0.20 s (Fig. 8). 
The spatial distribution of angular differences are shown in Fig. S26. The 
detailed anisotropy parameters beneath 28 stations are listed in Table 2 
and shown in Fig. 9. 

4. Discussion 

Anisotropy of the upper crust is generally attributed to dilatancy of 
micro-cracks producing a fast direction parallel to the maximum hori-
zontal compressive stress (SHmax) (Crampin, 1991). Such stress-induced 
anisotropy is most remarkable in the near surface, and the effect de-
creases with depth as the confining pressure increases, causing micro- 
cracks in all orientations to close (Boness and Zoback, 2006). Alterna-
tively, anisotropy within the crust can also be produced by aligned 
macroscopic fractures associated with regional tectonics, fault-zone 
fabrics and aligned minerals and/or grains, which cause the S-waves 
to be polarized along a fast direction within planes defined by the 
feature. These types of anisotropy are collectively referred to as struc-
tural anisotropy (Boness and Zoback, 2006). 

Most studies regard observed crustal anisotropy as a combination of 

Fig. 6. Same as Fig. 3 except for station WED.  Fig. 7. Same as Fig. 3 except for station JD20.  
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stress-induced, structural anisotropy (Peng and Ben-Zion, 2004; Gao 
et al., 2011; Cochran and Kroll, 2015; Guo et al., 2015; Li and Peng, 
2017). For example, Wu et al. (2019a, 2019b) conducted the SWS 
analysis of local S and Pms phases to investigate the crustal anisotropy in 
central Tibet. They found that both the conjugate strike-slip faults and 
local stress contribute to upper crustal anisotropy. The crustal flow re-
sults in lattice preferred orientation of anisotropic minerals and pro-
duces the anisotropy in lower crust. In the northern boundary of NCC 
near our study region, Yang et al. (2018b) and Zheng et al. (2019) 
revealed that NW-SE lithospheric extension since the late Mesozoic, 
active faults and ENE-WSW trending local stress play major roles in 
crustal anisotropy. 

To facilitate analysis, we divided the stations into three segments 
according to their locations. The WSZ contains the stations JD10–17, 
LZH and HAY. The stations west of WSZ belong to the Jiaobei massif, 
and the ones east of WSZ are attached to the Sulu massif (Fig. 9). In 
WSZ, the average fast direction is parallel with the NE-strike of WSZ, 
which agrees well with the upper layer fast direction of the two-layer 
anisotropy pattern obtained by XKS splitting analysis (Wu et al., 
2020). The crustal anisotropy is likely related to the Triassic collision of 
the NCC and SCB. This event may lead to coherent vertical deformation 
between the crust and lithospheric mantle at the suture zone and pro-
duce LPO of anisotropic minerals which lay along the NCC-SCB suture. 
The average delay time is 0.24 s and occupies about half of the upper 
layer delay time (0.50 s), suggesting that the crust and lithospheric 
mantle probably experienced comparative degree of deformation. Later 
the WSZ undergone a left strike-slip compression in the Late Jurassic 

and a right strike-slip stretch in the Paleogene (Zhang et al., 2007). 
Shearing effects with these processes would strengthen the strike- 
parallel anisotropy. Besides, in the late Mesozoic, large-scale destruc-
tion occurred in the eastern NCC primarily caused by the subduction of 
the Paleo-Pacific plate (Zhu et al., 2004; Yang et al., 2005; Zhu and 
Zheng, 2009; Chen, 2010; Lin and Wei, 2020; Yang et al., 2018a; Meng 
and Lin, 2021). Nevertheless, the remnant lithosphere still preserved 
the fossilized anisotropy due to the NCC-SCB collision. The fast di-
rections of stations JD13, JD16 and JD17 deviate from the fault strike to 
some degree, implying the complicated crustal deformation of the WSZ. 
The receiver function imaging of a dense linear array in the study region 
shows that there are significant differences between the opposite sides 
of the WSZ in terms of crustal structure, Moho depth, intracrustal LVZ 
and upper crustal Vp/Vs ratio, suggesting that the WSZ is a steep 
transcrustal fault (Yu et al., 2020a). Pan et al. (2015) also found that the 
crustal velocity structures appear different on either side of WSZ from a 
wide-angle reflection study. With regard to Faure et al. (2001), the 
structural analysis could only capture upper crustal deformation which 
contradicts with the deeper crustal deformation pattern in this study. 
We accordingly support that the WSZ represents the suture between the 
NCC and SCB east of the TLF. 

In the Jiaobei massif, observations of SHmax from focal mechanisms, 
overcoring and well-bore data are oriented WNW-ESE or E-W (Heidbach 
et al., 2018). The fast directions of the stations LOK, CHD, YTA and LAY 
lie approximately E-W direction which are roughly parallel to SHmax, 
indicating that the crustal anisotropy beneath these stations is mainly 
attributed to aligned micro-cracks due to stress. In comparison, the 

Table 2 
The measurements of crustal azimuthal anisotropy.  

Station Latitude 
(◦) 

Longitude 
(◦) 

Residual t0 (s) δtc (s) errδt (s) φc (◦) errφ (◦) φa (◦) Number 

JD01 37.39 120.03 0.9 4.0 0.56 0.04 68 2.7 10 90 
JD02 37.36 120.13 1.0 4.1 0.26 0.05 24 6.1 40 245 
JD03 37.33 120.24 0.6 4.1 0.20 0.03 44 3.9 55 182 
JD04 37.32 120.31 0.4 4.1 0.10 0.03 16 9.4 – 167 
JD05 37.30 120.38 0.6 4.3 0.42 0.06 0 2.1 40 132 
JD06 37.27 120.47 0.3 4.0 0.13 0.03 165 8.5 – 216 
JD07 37.25 120.53 0.2 4.0 0.14 0.02 173 7.8 – 128 
JD08 37.23 120.62 0.7 3.9 0.13 0.03 139 8.8 – 131 
JD09 37.18 120.73 0.6 4.0 0.03 0.06 74 24 – 148 
JD10 37.17 120.86 1.5 4.1 0.35 0.08 67 9.6 50 188 
JD11 37.14 120.94 1.4 4.0 0.20 0.03 43 10.3 60 112 
JD12 37.10 121.06 0.8 4.1 0.25 0.08 42 11 150 126 
JD13 37.10 121.20 0.6 4.2 0.17 0.02 86 4.4 – 170 
JD15 37.06 121.34 0.9 4.0 0.14 0.05 35 6.4 – 208 
JD16 37.03 121.43 1.0 4.1 0.07 0.05 84 23.1 – 142 
JD17 36.99 121.52 1.0 3.9 0.22 0.04 102 7.2 50 126 
JD18 36.96 121.61 0.9 3.8 0.15 0.04 79 9.3 – 135 
JD19 36.95 121.69 0.8 3.8 0.14 0.06 67 17.6 – 157 
JD20 36.93 121.77 0.7 3.8 0.08 0.03 146 17.1 – 196 
CHD 37.91 120.74 1.2 3.9 0.22 0.07 71 7.9 120 83 
HAY 36.82 121.32 0.7 4.0 0.36 0.07 61 6.2 50 77 
LAY 36.99 120.72 1.3 4.2 0.36 0.09 99 3.4 115 80 
LOK 37.55 120.51 0.8 3.9 0.36 0.03 91 1.1 80 97 
LZH 37.22 121.00 0.9 4.1 0.24 0.03 44 8.2 65 77 
RCH 37.17 122.42 0.6 3.6 0.10 0.03 0 12.9 – 102 
RSH 36.92 121.60 1.0 3.9 0.19 0.04 65 4.9 – 85 
WED 37.18 121.92 0.8 3.9 0.07 0.03 175 16.8 – 89 
YTA 37.52 121.39 0.9 3.8 0.30 0.05 86 4.9 70 85 

t0 represents the Pms arrival time in isotropic case; 
Residual (R value) denotes square norm of residual between observed and theoretical Pms arrivals predicted by the optimal splitting parameters; 
δtc and φc denote the splitting parameters obtained by fitting Pms arrivals; 
errδt and errφ are standard deviations (SD) of δtc and φc respectively; 
φa is the fast direction obtained by AWST method; 
Number indicates the number of pairs of receiver functions used to measure crustal azimuthal anisotropy. 
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anisotropy of stations JD02-JD07 exhibits nearly N-S direction which is 
orthogonal to SHmax direction, and JD01 shows NE oriented anisotropy. 
The fast directions are subparallel to the large-scale NNE-strike 
detachment faults which control the super-large gold deposits in this 
area, indicating that the anisotropy is caused by aligned macroscopic 
fractures along the faults. In particular, the thick crust-mantle boundary 
zones beneath the Jiaobei massif detected by receiver function 
analysis indicates a secular interaction between the crust and the un-
derlying mantle, and implies magmatic underplating has occurred since 
the late Mesozoic (Yu et al., 2020a), which is supported by the study of 
Guojialing granodiorites (Yang et al., 2003b, Fig. 9b). The large delay 
times (>0.40 s) of stations JD01 and JD05 may be related to the 
magmatic underplating which would cause strong anisotropy in the 
lower crust. 

The delay times of stations in the Northern Sulu UHP massif are all 
less than 0.20 s, suggesting the anisotropy is quite weak. The UHP 
metamorphic rocks undergone multiple stage exhumations from early 
to late stage of the collision and were distributed widely in the Sulu 
massif (Lin et al., 2013). The S-wave velocity of the upper crust by 
ambient noise tomography from a dense linear profile shows higher 
velocity of the Sulu massif than that of the Jiaobei massif likely due to 
the distribution of high-density UHP eclogites (Yu et al., 2020b). Thus 
the massif is so hard that it is difficult to generate strong deformation 
and related crustal anisotropy inside. The receiver function imaging 
also confirms the observation and shows that the interfaces in the crust 
of the Sulu massif are much flatter than adjacent regions (Yu et al., 
2020a). 

5. Conclusions 

We estimated the crustal azimuthal anisotropy in the Jiaodong 
Peninsula from a WNW-ESE oriented seismic profile and some perma-
nent stations to provide constraints for the suture location between the 
North China Craton and South China Block. We combined sinusoidal 
moveout of Pms phases from radial receiver functions and azimuth- 
weighted stacking of transverse receiver functions to determine the 
splitting parameters. In the Wulian suture zone, the fast directions agree 
well with NE oriented fault strike, indicating that the crust may preserve 
fossilized anisotropy induced by the Triassic collision between the NCC 
and SCB. We therefore support that the WSZ should be the NCC-SCB 
suture east of the Tanlu fault. In the Jiaobei massif, the crustal anisot-
ropy is dominated by both the roughly E-W oriented local stress and 
NNE-strike detachment faults, whereas the anisotropy in the Northern 
Sulu massif is quite weak, probably related to the high-density UHP 
metamorphic rocks which are difficult to generate strong deformation 
and related anisotropy inside. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.pepi.2021.106705. 
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