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Abstract The velocity structure of the crust beneath
Liaoning province and the Bohai sea in China was imaged
using ambient seismic noise recorded by 73 regional
broadband stations. All available three-component time
series from the 12-month span between January and
December 2013 were cross-correlated to yield empirical
Green’s functions for Rayleigh and Love waves. Phase-
velocity dispersion curves for the Rayleigh waves and the
Love waves were measured by applying the frequency-
time analysis method. Dispersion measurements of the
Rayleigh wave and the Love wave were then utilized to
construct 2D phase-velocity maps for the Rayleigh wave at
8-35 s periods and the Love wave at 9-32 s periods,
respectively. Both Rayleigh and Love phase-velocity maps
show significant lateral variations that are correlated well
with known geological features and tectonics units in the
study region. Next, phase dispersion curves of the Rayleigh
wave and the Love wave extracted from each cell of the 2D
Rayleigh wave and Love wave phase-velocity maps,
respectively, were inverted simultaneously to determine the
3D shear wave velocity structures. The horizontal shear
wave velocity images clearly and intuitively exhibit that
the earthquake swarms in the Haicheng region and the
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Tangshan region are mainly clustered in the transition zone
between the low- and high-velocity zones in the upper
crust, coinciding with fault zones, and their distribution is
very closely associated with these faults. The vertical shear
wave velocity image reveals that the lower crust downward
to the uppermost mantle is featured by distinctly high
velocities, with even a high-velocity thinner layer existing
at the bottom of the lower crust near Moho in central and
northern the Bohai sea along the Tanlu fault, and these
phenomena could be caused by the intrusion of mantle
material, indicating the Tanlu fault could be just as the
uprising channel of deep materials.

Keywords Crustal structure - Ambient noise tomography -
Earthquake swarm - Liaoning Province - Bohai Sea

1 Introduction

The Tancheng-Lujing (Tanlu: illustrated in Fig. 1b) fault
zone is considered as the deep faults that penetrate the
Earth’s crust into the upper mantle (Wang et al. 2000), and
go straight through the Bohai sea into Liaoning Province
along the NNE direction from the south to the north. The
Bohai sea, locates in the eastern part of the North China
Craton (NCC), is an important window for understanding
the destruction process of the NCC (Li et al. 2010b; Zhu
et al. 2011). The southern Bohai sea hosts a complex tec-
tonic system where the Tanlu fault belt and the NW-
striking fault of the Zhangjiakou-Penglai seismic zone
intersect with the fault branches in different directions (Qi
et al. 2008; Qi and Yang 2010), as shown in Fig. 1b, and is
characterized by extremely dense small earthquake activ-
ity. The areas near the Tangshan in Hebei province and the
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Haicheng in Liaoning province are also characterized by
high-frequency and high-strength seismic activities (Zhu
1980) as wells as moderate and small earthquakes. Prior
studies have shown that the occurrence of earthquakes is
closely associated with the structure and properties of the
regional crust and upper mantle. (e.g. Obermann et al.
2014; Jiang et al. 2014; Wang et al. 2013; Xu et al.
2014; Yu et al. 2010, 2014; Zhang et al. 2014). There-
fore, the study on velocity structure in active seismic
tectonic belts is important for finding regularity of
earthquake activity.

The study area (especially the Bohai sea) (Fig. 1),
including Liaoning province, the Bohai sea and its adjacent
region, has been studied by earthquake-based body-wave
and surface-wave tomography at different scales (e.g. Li
et al. 2006; 2011; Huang et al. 2009; Zhang et al. 2007; Lii
et al. 2016; Tian et al. 2009) and joint land-sea seismic
surveys (e.g. Hao et al. 2013; Liu et al. 2015). The above-
mentioned studies have provided good understandings for
the deep structure of the study area. However, the tradi-
tional seismic waveform analysis methods have several
disadvantages, including a few restrictions on sparse and
uneven distributions of earthquake sources, and uncer-
tainties of earthquake locations and study regions. In
addition, the earthquake-based surface-wave tomography
has a poor ability to obtain reliable constraints on crustal
structure at shallow depths; the joint land-sea seismic
survey is also restricted by the locations of the profiles and
fails to reflect the overall change of the Bohai sea’s deep
structure. In contrast, ambient noise tomography (ANT), as
a powerful new tool in seismology, could avoid above-
described shortcomings to illuminate the velocity structure
of the Earth, and it has been widely applied in many
Chinese regions (e.g. Li et al. 2009, 2010a; Yao et al. 2008;
Zheng et al. 2008). The theoretical work and applications
of ANT have been published by Campillo and Paul (2003),
Weaver and Lobkis (2004), Weaver (2005), Shapiro and
Campillo (2004), Shapiro et al. (2005), Roux et al. (2005)
and Sabra et al. (2005). Although this method has been
applied in the areas involved in our study area, the results
only obtain local linear crustal velocity structures (Cheng
et al. 2011) or reflect major overall structures (e.g. Sun
et al. 2010; Zheng et al. 2011). Small-scale imaging in our
study would aid efforts to identify the local velocity change
in smaller geological units.

In this paper, we collected three-component seismo-
grams from broadband stations to retrieve both the Ray-
leigh wave and the Love wave phase-velocity tomography
through ambient noise cross-correlation. The resulting
Rayleigh wave and Love wave phase-velocity maps gen-
erally show good correlations with major geological and
tectonic units in the study region. Then, we inverted three-
dimensional (3-D) shear wave velocity structures from the
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surface down to 46 km based on the Rayleigh and Love
wave velocities simultaneously and discuss their geological
implications and relationship to the time-space distribution
of earthquake swarms.

2 Data preprocessing and time-domain analysis

Continuous data (Zheng et al. 2009) from all three com-
ponents (east—E, north—N, vertical—Z) were collected
from 71 broadband stations and recorded from January
2013 to December 2013. A catalogue of earthquakes
recorded from January 2010 to February 2015 was used in
this study and was obtained from the “China Earthquake
Data Center” (the earthquakes whose magnitudes less than
4.5 and greater than 1.0 are defined as small earthquakes in
this paper). The station locations range from 117°E to
127°E longitude and 37°N to 43.5°N latitude, covering
Liaoning province, most of the Bohai sea and its sur-
roundings in China. The distribution of the seismic stations
and the epicentral distribution of the small earthquakes are
illustrated in Fig. 1a and b, respectively.

Our preprocessing scheme was similar to that described
in Bensen et al. (2007), consisting of three-component
preprocessing (LHE-E, LHN-N and LHZ-Z) of the daily
noise records before cross-correlation. First, all component
seismograms (E, N, Z) were separated into 2-hr segments
and resampled to 1 Hz, followed by removal of the mean,
trend, and instrument response from the daily noise time
series. Next, seismic data were band-pass-filtered between
2.25 and 60 s. Subsequently, time-domain normalization
was applied to remove the effects of earthquakes and other
irregularities using a weighted running average method.
Finally, spectral whitening was used to avoid significant
spectral imbalance and to broaden the bandwidth of the
ambient noise.

After all these preprocessing steps were performed,
component cross-correlations of the daily records (E-E, E-
N, N-E, N-N, Z-Z) between each station pair were carried
out and one year of daily cross-correlations were stacked to
obtain the final cross-correlations. The cross-correlations
for the N-N, N-E, E-N, and E-E components were then
rotated into the radial (R-R) and the transverse (T-T)
components using a rotation matrix (e.g. Lin et al. 2007).
Figure 2 presents an example of two cross-correlation
record sections between LZH and other stations for the Z—
Z component and the T-T component. Subsequently, the
positive and negative components of the cross-correlations
were stacked to determine the so-called symmetric com-
ponents and enhance the signal-to-noise ratio (SNR).
Finally, a negative time derivative was adopted to obtain
the empirical Green’s function (EGF) of the Rayleigh wave
from cross-correlations of the Z—Z component and the EGF
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Fig. 1 a The distribution of seismic stations used in this study and the background tectonic map of the study area: the triangles represent
broadband stations; XLH Xialiaohe basin, BH Bohai sea (Bohai bay basin), NCB North China basin, NCP North China plain, LDB Liaodong bay,
LDP Liaodong peninsula; the black lines are the section lines of the vertical profiles (A-A’, B—B' and C—C’) shown in Fig. 10; b The epicentral
distribution of earthquakes and fault systems in the study area: the black lines represent the faults; the open circles denote the earthquakes that
occurred in 2010-2015, of which the focal depths are less than 46 km and the M} magnitudes are less than 4.5 and greater than 1.0; the circle
sizes are proportional to the earthquake magnitudes. Black rectangular frames I and II are the scopes of the horizontal profiles in Haicheng region
and Tangshan region, respectively; black rectangular frames I and II are the scopes of the horizontal profiles in Haicheng region and Tangshan
region shown in Figs. 8 and 9, respectively
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Fig. 2 a 3-40 s band-pass-filtered record between station LZH and other stations with vertical-vertical cross-correlations. b Same as Fig. 2a but

for transverse-transverse cross-correlations. ¢ The ray path distribution

of the Love wave from cross-correlations of the T-T
component.

Because the Rayleigh and Love wave Green’s functions
have the same form, the same phase-velocity analysis can
be applied to both Rayleigh and Love waves (Lin et al.
2007). We estimated the Rayleigh wave and Love wave
phase-velocity dispersion curves using a modified far-field
approximation of the image transformation analysis tech-
nique developed by Yao et al. (2006) that can rapidly track
the entire dispersion curve. Figure 3 are examples of the
phase-velocity dispersion curves. It shows that signal
arrival times on the Z-Z cross-correlation and the R-R
cross-correlation are quite similar, as both of them contain
the Rayleigh wave signal. T-T cross-correlations in Fig. 3a
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and their corresponding dispersions in Fig. 3b exhibit the
expected earlier Love wave arrival.

To assess the reliability of the dispersion measurements
for tomography, three criteria were imposed. First, the cross-
correlation measurements with a signal-to-noise ratio below
5 were removed. Second, all dispersion measurements with
A < 2V Tmax Were discarded [where A is the epicentral
distance (in km) and V. is the assumed maximum surface-
wave velocity (in km/s)] to avoid spurious signals from
interference between the causal and anticausal parts (Shapiro
etal. 2005; Lin et al. 2007). Third, considering the reasonable
shape of the dispersion curves based on the cluster analysis
(e.g. Ritzwoller and Levshin 1998) and the morphological
analysis, notable abnormal measurements were excluded.
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Fig. 3 Examples of the phase-velocity dispersion curves. a The 2.25-60 s band-pass-filtered cross-correlations for Z-Z, R-R, T-T, T-R and R—
T.Z, R and T denote vertical, radial and transverse sections, respectively. b Phase-velocity dispersion curves; the solid lines and dashed lines
denote phase-velocity dispersion curves of the Rayleigh waves and the Love waves, respectively; ¢ the interstation paths for the phase-velocity
measurements. The coloured waveforms in (a), the coloured curves in (b) and the rays in (¢) correspond to each other

3 Phase-velocity tomography

Figure 4 shows the path coverage at periods 9, 15, and 20 s
for the Rayleigh wave and the Love wave corresponding to
the reliable dispersion measurements. The path distribution
is uniform and dense in most of the study area except for
the edge of the study area. Before inverting Rayleigh wave
and Love wave phase velocities, the checkerboard tests
were conducted to investigate the reliability of the
tomography results. Figure 5g shows a theoretical velocity
model with the grid of 1.5° x 1.5° as the real model. The
size of the alternating high-velocity and low-velocity cells
is 1.5°. Positive or negative velocity perturbations of 5%
are assigned to each cell with an average velocity of 4 km/s
at different periods. Finally, the synthetic data of the phase
velocities were calculated according to actual paths at each
period. The checkerboard tests using the path coverage at
periods between 3 and 40 s are conducted. The checker-
board tests for the Rayleigh wave at periods between 8 and
35 s and for the Love wave at periods between 9 and 32 s
suggest that the input model could be satisfactorily
recovered in most parts of the study area including Bohai
sea. We show that the test results for the Rayleigh wave
and the Love wave at 9, 15 and 20 s periods in Fig. 5,
which corresponds to the path coverages in Fig. 4 and the
phase velocity maps in Fig. 6.

We inverted the Rayleigh wave and Love wave phase-
velocity dispersion measurements at the 8-35 s and 9-32 s
periods, respectively, and obtained the Rayleigh wave and
Love wave phase-velocity maps at different periods using
the technique of Tarantola and Nercessian (1984) and Yao
et al. (2006, 2010). Both the Rayleigh wave and Love wave
phase velocity maps at 9, 14 and 20 s are shown in Fig. 6.
At the short period of 9s, the Rayleigh wave maps
(Fig. 6a) and Love wave maps (Fig. 6b) exhibit broadly
similar features, which can confirm each other and validate
the reliability of the results simultaneously. The very low
velocities are clearly observed beneath the Xialiaohe basin,
Bohai bay basin and North China basin and are well
associated with thick sediments, as shown by comparing
Fig. 6a and b with the sediment thicknesses based on the
Crustl.0 (Laske et al. 2015; Fig. 6g), while the Yanshan
uplift and Qian range show higher velocities than the
basins at this period. This contrast is to be expected as a
result of the large differences in the elastic properties of
sediments and crystalline bedrock (Lin et al. 2012). Fig-
ure 6¢ and d show that the velocity distribution patterns are
slightly different between the Rayleigh and Love wave
maps at 15 s. The low-velocity anomaly beneath the Bohai
bay basin is still notable in both maps, but becomes less
prominent. The general pattern of 15 s Love wave velocity
distribution (Fig. 6¢) is more affected by the sediments
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Fig. 4 The path coverage at different periods for Rayleigh wave and Love wave. a Path coverage for the Rayleigh wave at period 9 s; ¢ same as
Fig. 4a but for T = 15 s; d same as Fig. 4a but for 7 = 20 s; b, d and f same as a and ¢ and e, respectively, but for Love wave

s
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Fig. 5 The theoretical model and the results of the checkerboard test. a The inversion result of the Rayleigh wave for T = 9 s path coverage;
c same as Fig. 5a but for 7 = 16 s; e same as Fig. 5a but for 7 = 20 s; b, d and f same as a and ¢ and e, respectively, but for Love wave;
g Theoretical model with the grid of 1.5°. The white closed lines represent the study area. The bar represents the velocity anomaly in percentage
compared to the reference velocity

compared to the 15 s Rayleigh wave map (Fig. 6d); this  lateral inhomogeneity of both the Rayleigh wave and the
difference certainly contributes to the higher sensitivity to ~ Love wave phase velocity distribution diminishes, and the
shallow depths of the Love wave compared to that of the  imprint of the sedimentary layers disappears completely. In
Rayleigh wave at the same period. At 20 s period, the  addition, high-velocity anomalies in the southern the
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Fig. 6 The phase-velocity maps for Rayleigh and Love waves at different periods and sediment thicknesses (a—f). The period and average phase
velocity of Rayleigh wave or Love wave are labelled above each panel in Fig. 6: a—f. g Sediment thicknesses based on the Crust 1.0 model. The
colour bar represents the velocity anomaly in percentage compared to the average velocity. Black lines represent the boundary between provinces
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Liaodong Peninsula can be observed in both the Rayleigh
and Love wave maps at periods of 9-20 s. In other words,
the high-velocity anomalies extend from the surface to the
lower crust, likely a result of the relatively shallow crys-
talline bedrock and comparatively rigid crustal media.
Moreover, pronounced low-velocity anomalies in the
northern part of the Liaodong Peninsula from both Ray-
leigh and Love wave maps at intermediate periods of 15
and 20 s show a remarkable correlation with crystalline
bedrock composed of lower-density rocks (Liu et al. 2014)
and the deeper Moho (Xing et al. 2002), respectively.

4 Shear wave velocity structure

We extracted the dispersion curves at each node of the
0.5° x 0.5° grid from the Rayleigh wave phase velocities
and Love wave phase velocities obtained from the previous
section. By simultaneously inverting the dispersion curve
data of the Rayleigh and Love waves phase velocity using
the programme developed by Herrmann and Ammon
(2004) with linear steps, we obtained the 1-D shear wave
velocity structure under each grid node. Surface-wave
dispersion curves are mostly sensitive to the shear wave
velocity, and therefore, in our inversion, only the shear
wave velocity in each layer is regarded as the inversion
parameter, and the P-wave velocity, S-wave velocity and
density are derived from the shear wave velocity with
empirical formulas. Layered Earth models from the surface
to 46 km overlying a half-space with different layer
thicknesses were adopted, and the Moho depth is obtained
by referring to recent receiver function studies (Luo et al.
2008; Liu et al. 2011; Zhang et al. 2013, 2015). The
inversion was repeated five times, and most of grid cells
could simultaneously fit both the Rayleigh and Love dis-
persion curves well; the fifth inversion results were used as
the final 1-D profiles. Finally, the compilation of all
inverted 1-D profiles was utilized to determine the 3-D
shear wave velocity structures.

4.1 Horizontal S-wave velocity profiles
4.1.1 S-wave velocity images of the whole study area

Figure 7a shows the shear velocities averaged in the shal-
low crust (over depths 6-10 km). The velocity distribution
shows particularly strong lateral heterogeneity and corre-
sponds to the phase-velocity map at 9 s (Fig. 6a, b), in
excellent agreement with surface geological tectonic fea-
tures. Figure 7b shows the shear velocities averaged from
18 to 22 km. A prominent feature is that the Tanlu fault in
Bohai sea is characterized by pronounced higher velocities,
but the stretch of the high velocities along the Tanlu fault
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from north to the south becomes distorted in the southern
Bohai and turns to the western extension of Bohai, possibly
as a result of the effect by the sinistral strike slip movement
of the Zhangjiakou-Penglai fault (Qi et al. 2008); this result
is consistent with the P-wave imaging result (Xu et al.
2016). Thus, the Tanlu fault and the Zhangjiakou-Penglai
fault, as the main faults in the Bohai sea area, have seri-
ously affected the deep structure patterns. The shear
velocities averaged from 28 to 32 km are given in Fig. 7c.
The pattern of low and high velocities, being reversed in
contrast to that of the shallow crust (Fig. 7a), are strongly
influenced by the thickness of the crust, the Xiaoliaohe
basin, Bohai bay basin and North China basin show higher
velocities than other regions, consistent with their thinner
crusts. Figure 7d primarily reflects the characteristics of the
velocity structure near the uppermost mantle in the study
region.

Next, we analyze the time-space distribution character-
istic of small earthquakes in frequently occurring earth-
quake areas, including southern Bohai, the Haicheng
region and the Tangshan region. As shown in Fig. 7, the
dominant distribution of the focal depths of small earth-
quakes ranges from 4 to 10 km (Fig. 7a), followed by
18-22 km (Fig. 7b). This observation also indicates that
the energy release of small earthquakes is primarily con-
centrated in the upper crust. The earthquake distribution in
southern Bohai is denser (Fig. 7a), whereas earthquakes in
Liaodong bay of the Northern Bohai sea are more isolated.
The Zhangjiakou-Penglai fault and the Tanlu fault intersect
to form network fault system in southern Bohai, resulting
in an extremely complex structure of Earth’s crust; this
structure may be the primary reason for the frequent
occurrence of earthquakes.

4.1.2 S-wave velocity images of the Haicheng region

To clearly observe the relationships between the intra-
crustal structure and the time-space distribution of earth-
quake swarm in seismically active regions including the
Haicheng region (frame I in Fig. 1b) and the Tangshan
region (frame II in Fig. 1b). The Haicheng region images at
4-10 km are shown individually in Fig. 8. The Tangshan
region images at different depth ranges are shown indi-
vidually in Fig. 9. Overall, Figs. 8 and 9a clearly show the
following: (1) the seismicity distributions exhibit a dis-
tinctive strip-shaped appearance (the black rectangles in
Figs. 8 and 9a); (2) most earthquake swarms occurred
frequently with mass cluster shape in the transition strip
(the pink ellipses in Figs. 8, 9a) between the high- and low-
velocity zones continuously during 2010 to 2015; and (3)
only a small portion of the earthquakes occur in the low-
velocity side of the transition trip with being dispersed,
implying that the low-velocity side, signifying weak and
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soft stratum, paves the way for the brittle rock fracturing or ~ swarms in years 2010-2015 are distributed along exten-
stick-slip taking place via focused stress. sions of the Dayanghe fault, suggesting that the tectonic

The strip distributions of earthquake swarms in Hai-  activity of the Dayanghe fault is being continuously active
cheng region are accordance with the NW trending Jinzhou  and the Dayanghe fault might be continuously influenced
fault, the Haicheng-Yingkou fault, and the NE-trending by the NW force. While the earthquake swarms started to
Dayanghe fault (Fig. 8a). Moreover, the earthquake emerge and concentrate in the convergence position
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between the northern end of the NE Jinzhou fault and the
southern end of the NE Haicheng-Yingkoui fault from year
2012 (Fig. 8c), these earthquake swarms migrated to the
southwest from 2012 to 2015 (Fig. 8c, d). As a result, the
tectonic activity of Jinzhou fault and Haicheng-Yingkou
fault appears to be active beginning in 2012.

4.1.3 S-wave velocity images of the Tangshan region

The strip distributions of earthquake swarms in years
2010-2015 in the Tangshan region are in accordance with

the predominant NE-trending Fengtai-Yejituo fault, the
Tangshan fault, the Ninghe-Changli fault, and the NW
trending Luanxian-Leting fault (Fig. 9a). More specifi-
cally, the overall strip-shape distribution (black rectangles
in Fig. 9) of the earthquake swarms is consistent with the
distribution of the predominant NE-trending Fengtai-Yeji-
tuo fault, the Tangshan fault, and the Ninghe-Changli fault;
and the earthquake swarms mainly occurred along the
Tangshan fault, along north-eastern extension of the
Tangshan fault and along the Luanxian-Leting fault.
Hence, we conclude that these faults play a dominant role
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in the occurrence and distribution of the earthquakes. In
addition, Jia et al. (2009) proposed that the entirely dif-
ferent crustal structures between the stable Yanshan uplift
with high velocity in the north and the incompact rift basin
(NCB in our study) with low velocity in the south make the
transitional zone between the tectonic zoning line of the
faults and Yanshan uplift provide a favourable structural
environment occurrence of earthquakes in the eastern plain
region (NCP in our study) of Zhangjiakou-Bohai belt
(Tangshan region in our study), which is similar to the
result of our analysis. The results by the dense seismic
array observations reveal that low-velocity anomalies are
distributed in heterogeneous media of upper and middle
crust over crust-mantle boundary with obvious block uplift,
coupled with the top anomalous uplift of the upper mantle
beneath the Tangshan earthquake region (Liu et al. 2007);
prominent low-velocity anomalies extending from the
upper crust to the lower crust in Tangshan earthquake
region were also found by Duan et al. (2016), and the
earthquake distribution extends from the upper crust to the
uppermost lower crust (Duan et al. 2016). Therefore, Duan
et al. (2016) deemed that crust deformation in the Tang-
shan earthquake region passes through the entire crust, with
the brittle failure of upper crust and ductile deformation of
lower crust, and inferred that the stress accumulation of
Tangshan earthquakes is closely related to migration and
deformation of the mantle material. In our study, the
Tangshan earthquakes are distributed from the upper crust
(Fig. 9a) to the lower crust (Fig. 9b, c¢) over the Moho
surface with significant depth variation (Fig. 9d), these
phenomena matches the above-mention previous results.

Overall, from above analysis and observation about the
relationships between the intracrustal structure and the
time-space distribution of earthquake swarm in Haicheng
region and the Tangshan region. We conclude that the
earthquake swarms are apt to occur in the transition strip
between high- and low-velocity zones coinciding with the
fault zones, in agreement with the predecessors’ studies
(e.g. Chen et al. 2014; Su et al. 2016; Qi et al. 20006);
moreover, the distribution of the earthquake swarms is
generally controlled by these faults. Further, continuous
seismic activity is also a manifestation of the tectonic
activity of the faults.

4.2 Vertical S-wave velocity profiles

Figure 10 shows profiles A-A’, B-B’, and C—C’ of the shear
wave velocity structure from surface down to 46 km depth
across the Bohai sea and central Liaoning province; the
profile A-A’ also passes through the Tanlu fault Zone, and
the profiles B-B' and C—C’ are parallel to profileA—A" and
sit on either side of the profile A—A’. The following are
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observed in the profiles A-A’, B-B’, and C-C’ in Fig. 10:
(1) it is apparent that the low-elevation central and
northern Bohai sea is marked by low S-wave velocity
down to approximately 13 km because of the very thick
sedimentary cover; (2) the outstanding features are great
thickness and high velocity of lower crust, with the
velocities in the middle-lower crust showing gentle vari-
ation in vertical in central and northern Bohai sea, and the
Moho depth along the three profiles varies slightly, and
(3) higher velocities in lower crust gradually decrease and
crust-mantle boundary ranges also gradually become
narrow when the profiles reach the Zhangjiankou-Penglai
fault zone in southern Bohai sea, which is likely due to
the young formation time and the strong tectonic activity
of the Zhangjiakou-Penglai fault since the Cenozoic era
(Fu et al. 2004; Xu et al. 2011).

As shown in Fig. 10a, we also note the following (1)
the velocity-interface undulations of the lower crust down
to the uppermost mantle in central and northern the Bohai
sea vary mildly; (2) the overall velocity distribution trend
from the lower crust to the uppermost mantle is coincident
with the trend of the Tanlu fault zone; and (3) the most
apparent feature revealed by Fig. 10 is that a high-velocity
thinner layer [pink ellipse in Fig. 10 (A-A")] exists at the
bottom of the lower crust near Moho. The above distri-
bution characteristics of velocity, being not shared by
profiles B-B' and C-C', are apparently due to the influ-
ence of the Tanlu fault; specifically, the mantle-heat flow
from the upper mantle permeated and ascended along the
Tanlu fault (Zhang et al. 2007), even reaching the lower
crust, and formed a high-velocity layer after long-term
cooling and solidification. So these phenomena provide
evidence of the underplating and reforming of the lower
crust by mantle material along the Tanlu fault. The high
velocities from the low crust and uppermost mantle, sig-
nifying structure stability, might strengthen the crust-
mantle boundary and weaken seismic activity, which
corresponds to actual weak-seismic activity in the north-
ern Bohai sea. In addition, the results of onshore-offshore
surveying (Liu et al. 2015) in the southern Bohai sea also
show that not only small-scale high velocity zones (HVZs)
exist at the bottom of lower crust, but also low velocity
zones (LVZs) exist at the top of upper mantle; velocity
anomalies are inferred as the manifestation of combined
effect of the collision between Yangtze and Sino-Korea
block as well as the distant effect of the Pacific subduction
(Fig. 14 in Liu et al. 2015). Liu et al. (2015) and Hao
et al. (2013) speculated that the high-velocity bodies in the
lower crust are probably the residual Yangtze crust during
the continent-continental collision when the Yangtze plate
subducted northward beneath the Sin-Korea plate in Early
Mesozoic (Yang et al. 2012), or are the remains of
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underplating of high-density upper-mantle eclogite repre-
senting early suturing process.

5 Conclusions

In this paper, we conducted ambient noise seismic
tomography of Liaoning province and Bohai sea in China.
Both the Rayleigh and Love wave phase-velocity maps
show particularly strong heterogeneity and can be
explained by major geological structures. Next, the shear
velocity structure was inverted from the Rayleigh wave and
Love wave dispersion maps extending to a depth of 46 km.
The main results are as follows:

1. The earthquake swarms tend to concentrate in the
high-low-velocity boundaries in the upper crust coin-
ciding with fault zones in the Haicheng region and the
Tangshan region, and they occur along these predom-
inant faults or along the extension traces of these
faults.

2. The lower crust downward to the uppermost mantle are
featured by high velocities, with even a high-velocity
thinner layer existing at the bottom of the lower crust
near Moho, in the central and northern the Bohai sea
along the Tanlu fault. These phenomena could be
caused by the intrusion of mantle material ascending
along the Tanlu fault.
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