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Abstract: The Bohai Sea is a seismically active region in China, and the studying of the velocity structure of Bohai Sea 

and its relationship with earthquake may be helpful to the analysis and prediction of earthquakes. Now, ambient noise 

tomography is an effective tool to obtain crust and upmost mantle structure. In this paper, the S-wave velocity model of the 

crust beneath the Bohai Sea and its surrouding areas in China was constructed applying ambient noise tomography method, 

with steps of calculating cross correlations of all possible vertical-component data recorded in 2013 year, retrieving Empirical 

Green’s Functions (EGFs) for Rayleigh wave, measuring and assessing phase velocity-dispersion curves, creating the 

phase-velocity maps for the 8-35 s period of the Rayleigh wave, constructing the phase velocity maps and inverting the 

S-wave velocity structure. We work on the statistics and analysis of the characteristic relationship between crustal S-wave 

velocity and the temporal and spatial distribution of small earthquakes. The results from all available vertical profiles along 

different directions reveal that small earthquakes usually occur at the edge of the low-velocity anomaly within the shallow 

crust in a certain velocity range and, under special conditions, even in a distinct velocity contour. The locations of occurrence 

are closely related to undulating changes of the corresponding Moho morphology and the locally high Vs anomalies within 

the middle crust. 
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1. Introduction 

Bohai sea is the area of the most intensive seismic activity 

in the eastern continental margin and bay of the country, 

which is just the intersection of northeast Tanlu seismic belt 

and northwest Zhangjiakou Bohai seismic belt [1, 2]. There 

have been many strong earthquakes in history, with high 

intensity and frequency of seismicity. In particular, the 

incidence of major earthquakes above M ≥ 7 is the highest in 

North China seismic area, with an average of once in 120 

years [3-5]. Such as the 7.4 magnitude earthquake of 1969 [6, 

7]. An earthquake with a magnitude of 7.3 occurred in 1975 in 

near Chagou (40°42’N, 122°E), approximately 20 km 

southeast of the Haicheng [8]. Between 1999 and 2000, two 

earthquakes with magnitudes 5.1 and 5.4 occurred on the 

border between Haicheng and Xiuyan. On the contrary, the 

occurrence frequency of earthquake in Liaodong Bay in the 

north of Bohai Sea is small, especially moderately strong 

earthquakes. 

At present, many research achievements have been made 

in the study of seismicity in the Bohai Sea, but most of these 

achievements are to explore the plane distribution 

characteristics of seismicity and its relationship with 

seismotectonics [3, 9-11]. What is more, previous studies 

have shown that the occurrence of earthquakes is closely 

related to the structure and properties of regional crust and 

upper mantle [12-18]. Consequently, it is of great significance 

to study the velocity structure of active seismic structural belt 

for detecting the law of seismic activity. 
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2. Data and Methods 

The data, methods, time-domain analysis, checkerboard 

test, image technique and S-wave inversion in this paper are 

introduced in this part. The preprocessing scheme became 

mature [19, 20], and the data prcessing followed Bensen et 

al [21]. 

 

Figure 1. The Spatial distribution of broadband seismic stations, the 

epicentre distribution of small earthquakes and background structure of the 

studied area. XLH represents Xialiaohe Basin. BH represents Bohai Sea. 

LDP represents Liaodong Peninsula. The red triangles represent broadband 

stations. Black hollow circles denote seismic events in 2008-2015. All events 

have ML<4.5 and a focal depth≤42 km. The size of the circle is proportional 

to the magnitude of the earthquake. 

 

Figure 2. 3-40 s band-pass-filtered record between station LZH and other 

stations with vertical-vertical cross-correlations. 

The mean of the continuous vertical-component seismic 

waveform data was first removed, and the instrument 

response were removed from the daily noise time series. Next, 

all records were filtered in period band 2.25 and 60 s. Then, 

the time-domain normalization is carried out to suppress the 

influence of earthquake signals and other irregularities using a 

weighted running average method. Lastly, we performed the 

spectral whitening to avoid significant spectral imbalance and 

to broaden the flatted spectra over the entire period band. 

After the data was processed as daily records at each station 

using the above steps, we calculated cross-correlationds 

between all possible station pairs. Subsequently, the obtained 

daily cross-corrrelations were stacked to the final asymmetric 

cross-correlation results including positive branch and 

negative branch, and the positive and negative branches of the 

cross-correlations were stacked to form the symmetric 

cross-correlations and improve the signal-to-noise ratio 

(SNR). At last, a negative time derivative was accepted to gain 

the Empirical Green's Function (EGF) of the Rayleigh wave 

from Z-Z cross-correlations. Figure 2 presents Z-Z 

asymmetric cross-correlations between station LZH and other 

possible stations. The phase-velocity dispersion curves for 

Rayleigh wave were attained by applying the technique 

exploited by Yao et al [22], which can quickly follow up the 

entire dispersion curve. We showed examples of the four 

phase-velocity dispersion curves and their cross-correlations 

and ray distribution in Figure 3. Then We carried out quality 

control by filtering criteria for reliability of subsequent 

imaging. First, the dispersion measurements were discarded 

with SNR less than five at an individual period. The average 

SNRs of Z-Z cross-correlations are detected in Figure 4. The 

average SNRs decrease from the periods at 14 s. Second, the 

dispersion measurements with path lengths ≥3 wavelengths 

were only accepted to avoid spurious signals from 

interference between the causal and anticausal parts [23, 24]. 

Third, on the basis of the reasonable morphological character 

of the dispersion curves according to the cluster analysis [25], 

dispersion curves were visually inspected, and inconsistent 

ones or notable abnormal ones were discarded. 

 

Figure 3. Examples of the phase-velocity dispersion curves. (a) The 2.25-60 s 

band-pass-filtered cross-correlations for Z-Z. Z denotes vertical section. (b) 

Phase-velocity dispersion curves; the solid lines denote phase-velocity 

dispersion curves of the Rayleigh waves; (c) The interstation paths for the 

phase-velocity measurements. The coloured waveforms in (a), the coloured 

curves in (b) and the rays in (c) correspond to each other. 
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Figure 4. The average SNRs of Rayleigh wave cross-correlations. 

Before Rayleigh-wave velocities invertion, the 

checkerboard tests were done to validate the dependability 

of the later imaging. The 1.5° × 1.5° cell was as the true 

theoretical velocity model, i.e. the alternating size of 

high-speed and low-speed unit was 1.5°. What is more, 

each unit was allocated 5% positive or negative speed 

disturbance, and the average speed in different periods was 

4 km / s. Lastly, the synthetic data of velocities were 

computed based on the actual paths of station pairs at each 

period. The checkerboard tests in period band 3-40 s based 

on the true path coverage are established. Generally, 

checkerboard recovery is reasonably good for regions with 

dense rays. Nevertheless, smearing effects still exist at 

edges. In this study, the checkerboard-test results for the 

Rayleigh-wave phase velocity in period band 8 - 35 s 

display that the input model can be restored satisfactorily in 

most areas of the studied area. Lastly, the selected 

dispersions between 5 s and 35 s periods were used to 

invert for lateral 2-D velocity maps by the tomographic 

technique of Tarantola et al. [26] and Yao et al. [22, 27, 28]. 

The Rayleigh-wave dispersion curves at the divided 

node with the 0.5°×0.5° were extracted from the dispersion 

curves between the station pairs. Then the dispersion curve 

at each node from the previous step was inverted to the 

1dimension (1 D) shear-wave (S-wave) velocity structure 

under corresponding node using the technology described 

in detail by Herrmann and Ammon [29] with linear steps. It 

is well known that surface-wave dispersion measurement is 

mostly sensitive to S-wave velocity. Therefore, in our 

inversion, only the S-wave velocity of each layer is taken as 

the inversion parameter, the P-wave velocity and density 

are derived from the empirical formulas. Layered Earth 

models from the depth to 46 km with respect to the 

halfplace model were employed, and the Moho depth 

parameter was referring to the recent receiver function 

works [30, 31]. The inversion program was repeated five 

times, and most grid units can match the Rayleigh-wave 

dispersion curves very well. That is, the fifth inversion 

results were taken as the final 1D S-wave profile. Finally, 

the collection of all inverted 1D profiles was compiled to 

3D S-wave velocity structures. 

3. Results and Discussion 

3.1. Vertical Profiles of S-wave Velocity - 1 

The vertical interface morphology of velocity structure in 

the south of Liaoning Province are displayed in Figure 5. 

There is an obvious correlation between the observed velocity 

structure and the known geological characteristics. More 

specifically, the low-velocity anomaly near the surface reflects 

the deposition and subsidence of the Xialiaohe Basin in 

Mesozoic and Cenozoic; the high velocity anomaly suggests 

the mantle uplift of the Xialiaohe Basin, furthermore, the 

H2-G2 and H3-G3 profiles display upper mantle upwelling 

with gentle slope in northwest and steep slope in southeast. 

 

 

 

Figure 5. S-wave velocity structures along the profiles of H1-G1, H2-G2 and 

H3-G3 (positions of the profiles as demonstrated in figure 1). Black hollow 

circles indicate seismic events in 2008-2015 years; (H2-G2) Solid red circle 

indicates the Haicheng earthquake with Ms 6.0 in 1978; (H3-G3) Solid red 

circle indicates the Haicheng earthquake with Ms 7.5 in 1978; all events with 

ml>2 and distance less than 0.1768° from the profile are on the same profile. 

XLH: Xialiaohe basin; black lines represent velocity isolines. 

Another apparent feature revealed by the profiles H2-G2 

and H3-G3 is that the majority of small earthquakes 

occurred in the low-velocity anomaly region, which 

coincides with the southeastern slope of the mantle uplift 

— the faster uplift (between the two vertical lines in 

profiles H2-G2 and H3-G3). Therefore, this may be caused 

by the difference of crustal tectonic activities under the 

unified regional tectonic stress field, meanwhile, the 

relatively broken unit (the low-velocity anomaly) in the 
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upper crust offers favorable factor. Furthermore, the small 

earthquakes in the eastern margin of Xialiaohe Basin are 

frequent and relatively diffused (black circle in profile 

H2-G2). This may be due to some of the fact that the low 

velocity weak zone creates conditions for stress 

concentration in the surrounding rigid medium to brittle 

fracture or stick-slip. On the contrast, there is no 

corresponding relationship in profile H3-G3 affected by 

influence of the high-speed middle crust, obstructing of 

material convection. What is more, there is another 

phenomenon that the Haicheng earthquake with a 

magnitude of 7.3 in 1975 and the Haicheng earthquake with 

a magnitude of 6.0 in 1960 (the black solid circles in 

profiles H2-G2 and H3-G3, respectively) also occured in 

these slopes. To summarize, the shallow earthquakes 

occurred in the shallow crustal low-velocity zone, and there 

is a correspondence with the southeast slope of the upper 

mantle uplift belt. 

The left side and right side of the XLH basin are West 

Liaoning and East Liaodong, respectively. From the contour 

lines in profiles H2-G2 and H3-G3, we can see that the 

velocity from the middle and lower crust and Moho nearby in 

the West Liaoning is slower than those in East Liaoning. That 

is to say, there are obvious differences in the development 

characteristics of the two wings of Liaodong and Western 

Liaoning. The characteristics of velocity structure in southern 

Liaoning are basically consistent with the results of 

Luyang-Haicheng-Donggou section [32]. 

3.2. Vertical Profiles of S-wave Velocity - 2 

Different types of distribution characteristics of small 

earthquakes have significant differences as follows: (i) 

Figures. 6a1-2a4: The two dotted lines in Figs. 6 a1, a3 and 

a4 showthat the distribution of small earthquakes coincides 

with the peak of the top layer of localized high Vs 

anomalies within the middle crust. Relatively local and 

high Vs anomalies, almost belonging to brittle medium, are 

favourable for the concentration of stress in the upper crust, 

which may partly be the cause for occurrence of earthquake 

swarms. However, there exists a notable shift of small 

earthquakes to the left of the two dashed lines in Figure 6 

a2, which may reflect an effect of the somewhat higher 

velocities (HV) on the right side of the earthquakes. More 

specifically, the high velocities (HV) signify large rigidity 

and hinder material convection. (ii) Figs. 7 b1 and b2: The 

distinctive feature is that the small earthquakes occur in 

certain velocity contours, and even repeatedly occur 

(profile C1-D1 in Figure 7b1). In addition, the Moho below 

the small earthquakes has relatively small lateral 

undulations. (iii) Figures. 8 c1-c4: The velocity contours 

clearly indicate that the small earthquakes cluster in the 

velocity range from 3.23 to 3.32 km/h. Moreover, the 

corresponding thickness of the crust changes rapidly. On 

the whole, seismic activity is strong link to change of 

crustal thickness and high Vs anomalies within middle 

crust. 

 

Figure 6. S-wave velocity images along the profiles A1B1, A2B2, A3B3, and 

A4B4. (positions of the profiles as demonstrated in Figue 1). Black hollow 

circles, blue hollow circles and white hollow circles indicate seismic events in 

years 2008-2010, 2011-2012 and 2013-2015, respectively; all events with 

ML<4.5 and distances less than 0.01° from the profile are on the same profile. 

Figure 2a2, HV: high velocity. Black lines represent velocity isolines. 
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Figure 7. S-wave velocity images along the profiles C1D1 and C2D2. 

(positions of the profiles as demonstrated in Figure 1). Black hollow circles, 

blue hollow circles and white hollow circles indicate seismic events in years 

2008-2010, 2011-2012 and 2013-2015, respectively; all events with ML<4.5 

and distances less than 0.01° from the profile are on the same profile. 

 

Figure 8. S-wave velocity images along the profiles E1F1, E2F2, E3F3, and 

E4F4. (positions of the profiles as demonstrated in Figure 1). Black hollow 

circles, blue hollow circles and white hollow circles indicate seismic events in 

years 2008-2010, 2011-2012 and 2013-2015, respectively; all events with 

ML<4.5 and distances less than 0.01° from the profile are on the same profile. 

Figures 6-8 shows that the distribution characteristics of 

small earthquakes have certain commonalities: (i) small 

earthquakes mainly occur in shallow crust, and they are 

centralized with vertical linearity in the space, indicating that 

deeper and shallower motions are linked, perhaps with one set 

triggering the other. (ii) Small earthquakes cluster at the the 

low-velocity edge zone of the basement velocity structure, 

most velocity structures of bottom crust and the Moho 

morphology that small earthquakes correspond to show 

undulating changes obviously. This paper only explores the 

relationship between small earthquakes and the velocity 

structure in the local area. Expansion of the study area of 

earthquake-prone regions, in combination with prior results 

and more geological and geophysical data, to jointly analyse 

and explain the overall results will be a natural extension of 

this study. 

4. Conclusions 

In this paper, we conducted the Rayleigh wave 

phase-velocity maps of China’s Bohai Sea and its adjacent 

areas using ambient noise. The S-wave velocity structure 

was inverted from Rayleigh wave dispersion maps 

extending to a depth of 42 km. The S-wave velocity maps 

show particularly strong heterogeneity and are in excellent 

agreement with known geological surface features. 

Moreover, based on analyzing the relationship between 

crustal structure and distribution of small earthquakes, we 

find that the seismic activity is closely related to the 

intracrustal velocity structure. The main observable 

phenomena are as follows: 

(1) The earthquake swarms in Xialiaohe Basin tend to 

concentrate in the low-velocity boundaries, locating on the 

northwest-wing slope (steeper slope) of the upper mantle 

uplift belt. The low-velocity zone, signifying weak and soft 

stratum, paves the way for the brittle rock fracturing or 

stick-slip taking place. 

(2) The distribution of a few small earthquakes correlates 

with the top of the upper layer of localized high Vs anomalies 

within the middle crust, probably resulting from the high Vs 

anomalies facilitating the accumulation of stress at the top of 

the upper crust. 

(3) Some earthquakes occur in certain velocity contours, 

and the lower part of the crust just below the earthquakes has 

small undulating changes. And some occur in distinct velocity 

ranges above the deep slope belt of crustal thickness. 
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