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Abstract—Ambient noise tomography (ANT) has been used

successfully to image shallow earth structure. Here we perform

ANT on a local dense seismic array around the Tanlu fault zone

(TFZ) to the southeast of Hefei City, Anhui Province in eastern

China. The array consists of 53 stations with average spacing close

to 5 km. Cross-correlations of vertical-component ambient noise

data of different station pairs are computed in 1-h segments and

stacked over 1 month from 17 March to 26 April 2017. Clear

fundamental-mode Rayleigh waves are observed between 0.2 and

5 s period. We then use the direct surface-wave tomographic

method with period-dependent ray tracing to invert group and

phase dispersion travel-time data simultaneously for three-dimen-

sional (3D) shear-wave velocity (Vs) structure. The Vs model shows

clear correlation with the known geologic features. The TFZ is

associated with a high-velocity anomaly zone in the shallow crust,

corresponding to metamorphic rocks due to magma intrusion.

Low-velocity anomaly zones are mainly located to the west of the

TFZ, caused by thick sedimentary layers in the Hefei Basin. Our

study shows that, with ambient noise data recorded on a dense array

and an advanced surface-wave inversion method, we can image

detailed structure around the fault zone.

Key words: Tanlu fault zone, magma intrusion, ambient

noise tomography, dense seismic array, direct surface-wave

tomography.

1. Introduction

Ambient noise tomography (ANT) has emerged

as one of the powerful geophysical methods to study

Earth structures at different scales over the last

* 15 years. It is capable of turning seismic ‘‘noise’’

into useful signals to retrieve surface waves between

stations based on cross-correlation and stacking

analysis of ambient noise. The retrieved surface

waves can then be used to invert high-resolution

images of structures in the crust and upper mantle.

Since the first ambient noise tomographic images of

Rayleigh wave group velocity for southern California

(Sabra et al. 2005; Shapiro et al. 2005), this method

has been applied successfully around the world to

image high-resolution crustal structures, including at

regional scales in the Tibetan Plateau (Yao et al.

2006, 2008), the western USA (Moschetti et al. 2007;

Lin et al. 2008; Yang et al. 2008b), the Iberian

Peninsula (Villasenor et al. 2007), Southern Africa

(Yang et al. 2008a), Southern Korea (Cho et al.

2007), Japan (Nishida et al. 2008), and New Zealand

(Lin et al. 2007) and at continental scales across

Europe (Yang et al. 2007), Australia (Saygin and

Kennett 2010), China (Zheng et al. 2008), and the

USA (Bensen et al. 2008; Liang and Langston 2008;

Lin et al. 2008) as well as other places.

Recently, ANT has been combined with local

dense seismic arrays to image high-resolution struc-

tures of the shallow crust (e.g. Lin et al. 2013; Roux

et al. 2016; Liu and Ben-Zion 2017). This method is

not limited by the temporal and spatial distribution of

seismic events and has thus become an important

method for studying shallow structures (Li et al.

2016; Zhang et al. 2016; Liu et al. 2018).

In this study, we aim to apply the ANT method to

image the detailed structure of the Tanlu fault zone

(TFZ) in the shallow crust based on a local dense

array, which is located near Chao Lake, to the

southeast of Hefei City, eastern China. The TFZ
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strikes for a length of 2400 km of sinistral displace-

ment in China, being one of the largest continental

strike-slip faults in the world. It is regarded as an

important mid-Cenozoic magmatic activity belt,

metallogenic belt, as well as seismic belt in eastern

China. According to structural and geochronological

studies, the TFZ can be subdivided into southern (in

Jiangsu and Anhui Provinces), middle (from Shan-

dong Province to Shenyang in Liaoning Province),

and northern (from Shenyang in Liaoning Province to

Zhaoxing in Heilongjiang Province) segments (Deng

et al. 2013; Zhang et al. 2007). The northern segment

is closely related to the subduction of the western

Pacific Plate (Xu and Zhu 1994; Zhang et al. 2007;

Zhao et al. 2016), while the middle and southern

segments are related to the subduction of the South

China Plate to the North China Plate (Okay and Celal

Sengör 1992; Yin and Nie 1993; Li 1994; Gilder

et al. 1999; Wang et al. 2003; Zhu et al. 2009; Zhao

et al. 2016). Overall, the middle and southern seg-

ments of the TFZ show the characteristics of vertical

strike-slip fault.

Due to its complicated crustal structure, strong

tectonic activity, and seismic activity, many studies

have focused on the southern segment of the TFZ,

including seismic tomography studies for determin-

ing crustal velocity structure (Ma et al. 1991; Dong

et al. 1998; Yang et al. 1999a, b; Liu et al.

2009, 2015; Huang et al. 2011), fault activity studies

for determining how the activity of the fault varies

along the strike (Shi et al. 2003; Xu et al. 2014),

electromagnetic studies for determining electrical

structure (Xiao et al. 2009; Zhang et al. 2010), and

integrated geophysical studies (Wang et al. 1995;

Hao et al. 2004). However, the detailed structure of

the southern segment of TFZ in the shallow crust is

still scarcely studied.

In this study, we present the detailed structure of

the TFZ near Chao Lake to the southeast of Hefei,

eastern China, by applying a new direct surface-wave

tomography method using the surface-wave disper-

sion data extracted from continuously recorded

ambient noise on a local dense array. Compared with

the traditional ANT method, the direct surface-wave

tomography method considers ray-bending effects on

surface-wave tomography in the shallow complex

medium. This is the first time that a local dense

seismic array has been used to characterize the

shallow structure of the TFZ.

2. Ambient Noise Data Analysis

We deployed 53 short-period (5 s–100 Hz) QS-

5A seismic stations around the TFZ to the southeast

of Hefei, the capital city of Anhui Province. The

temporary array continuously recorded the data for

about 1 month from 17 March to 26 April 2017. The

seismic array spans an area of about 30 km 9 40 km

with average station spacing of about 5 km (Fig. 1).

The vertical component data were used for ANT in

this study.

Following the standard ambient noise processing

procedure (Bensen et al. 2007), the vertical compo-

nent data were first decimated at a sampling rate of

50 Hz. We then removed the mean and trend of the

data, and band-pass filtered the data in the frequency

band of 0.2–10 s. To suppress the effects of earth-

quakes, we also performed spectral whitening and

multiple-band temporal normalization on the data

(Zhang et al. 2018). After these steps, we performed

time-domain ambient noise cross-correlation between

two stations for each hourly data with lag time from

-60 to 60 s. All the hourly cross-correlation func-

tions (CCFs) from each station pair were stacked by

using normalized linear stacking method. The time-

domain empirical Green’s function was then derived

from the time derivative of the CCFs (Sabra et al.

2005; Yao et al. 2006). We can observe the emer-

gence of surface-wave signals (Fig. 2a) from cross-

correlation functions with signal-to-noise ratio (SNR)

greater than five in the 0.2–5 s period band. Here, the

SNR is defined as the ratio of the maximum ampli-

tude of the signal window of CCFs (-30 to * 30 s)

and the average absolute amplitude of the noise

window (-60 to * -30 s and 30 to * 60 s). To

check the azimuthal distribution of ambient noise

sources, we compute the relative amplitude ratios of

the positive- and negative-time CCFs for all station

pairs. Most values of relative amplitude ratios are

between 0.5 to 1.5 (Fig. 2b), which means there are

small amplitude differences between positive- and

negative-time CCFs. Thus, we can deduce that the

noise source distribution does not have significant
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azimuthal variations, which will not cause large bias

in dispersion measurements (Yao and Van der Hilst

2009). For this reason, we can expect the noise

sources to be generally distributed randomly. After

stacking the positive-time and negative-time parts

linearly, we used the image analysis method by Yao

et al. (2006, 2011) to extract the fundamental mode

Rayleigh wave group and phase velocity dispersion

curves.

Figure 3a and b show all the group and phase

velocity dispersion curves for the period range of

0.2–5 s for the fundamental mode Rayleigh waves,

respectively. The quantity of dispersion data decrea-

ses with increasing period. Above the 5 s period, no

measurements can be made due to relatively short

interstation distance. The velocity variation in the

study region appears to be very large, as inferred

from the dispersion curves; For example, at the per-

iod of 0.5 s, group velocity varies from 0.7 to 3 km/s

and phase velocity changes from 0.8 to 2.9 km/s. In

total, we obtained 482 dispersion data, including 246

group velocity measurements and 236 phase velocity

measurements.

3. Direct Surface Wave Tomography of 3D Vs Model

We used a direct surface-wave tomography

method (DSurfTomo) to simultaneously invert group

and phase velocity dispersion data for the 3D shear

Figure 1
Distribution of seismic array stations (black triangles) and TFZ (red dashed lines) near Chao Lake located to the southeast of Hefei City. Red

square in the upper-left inset shows the location of the survey. The blue lines marked by AA0, BB0, CC0, and DD0 represent the profiles shown

in Fig. 11
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velocity structure (Fang et al. 2015). This method

avoids the intermediate step of inversion for group or

phase velocity maps. Importantly, it considers ray-

bending effects of surface waves due to complicated

velocity structure based on the fast-marching method

(Rawlinson and Sambridge 2004). The travel-time

perturbation at angular frequency x with respect to a

reference model for path i is given by

dtiðxÞ ¼ tobs
i � tiðxÞ � �

XK

k¼1

vik
dCkðxÞ
C2
kðxÞ

; ð1Þ

where tobs
i ðxÞ is the observed surface-wave travel

time, tiðxÞ is the calculated travel time from a ref-

erence model which can be updated in the inversion,

and vik are the bilinear interpolation coefficients

along the ray path associated with the ith travel-time

data, the phase or group velocity CkðxÞ and its per-

turbation dCkðxÞ at the kth two-dimensional (2D)

surface grid point at angular frequency x. For one-

dimensional (1D) depth kernels of Rayleigh wave

phase or group velocity data with respect to com-

pressional velocity and density at each surface grid

node, they are converted with respect to shear

velocity with the scaling factor RaðzjÞ and RqðzjÞ
derived from the empirical relationship of Brocher

(2005) (see Fang et al. 2015). Thus, Eq. (1) can be

rewritten as (Fang et al. 2015)

Figure 2
a Cross-correlation functions (CCFs) with signal-to-noise ratio

(SNR) greater than five in the 0.2–5 s period band obtained from

normalized linear stacking method. b Azimuthal distribution of the

amplitude ratio (red dots) between the maximum envelope

amplitudes of the positive-time and negative-time parts of CCFs

in a. The azimuth of each red dot gives the azimuth direction of

each station pair. Some relative amplitude ratios are linearly

distributed, caused by the linear distribution of stations (Fig. 1)

Figure 3
a Group velocity and b phase velocity dispersion curves in the 0.2–5 s period band
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dtiðxÞ ¼
XK

k¼1

� vik

C2
k

� �

XJ

j¼1

R0
aðzjÞ

oCk

oakðzjÞ
þ R0

qðzjÞ
oCk

oqkðzjÞ
þ oCk

obkðzjÞ

� ������
hk

dbkðzjÞ ¼
XM

l¼1

Gilml;

ð2Þ

where hk represents the 1D reference model at the kth

surface grid point on the surface and akðzjÞ, bkðzjÞ,
and qkðzjÞ are the compressional velocity, shear

velocity, and mass density at the jth node in the depth

direction, respectively, and M = KJ, which is the total

number of grid points of the 3D model.

The direct surface-wave tomography Eq. (2) can

be further formulated into matrix form as

d ¼ Gm; ð3Þ

where d is the surface-wave travel-time residual

vector for all ray paths at different periods, G is the

data sensitivity matrix, and m is the model parameter

vector. To make the inversion stable, both damping

and first-order smoothing regularizations are applied.

4. Inversion Details and Model Resolution Tests

In general, the selection of the initial model is

important for linearized inversion. To determine an

optimal 1D shear-wave velocity model, we used the

average group and phase velocity dispersion curves

for the study region (Fig. 4). An average 1D model is

then determined by using the average dispersion

curves, which is used as the initial model for the

direct 3D surface-wave tomography (Fig. 5).

We first check the depth sensitivities of the sur-

face-wave phase velocity and group velocity at

different periods with respect to the compressional

velocity, shear velocity, and density. At a given fre-

quency f, the depth sensitivity kernels of phase

velocity can be written as

dCðf Þ
Cðf Þ ¼

Z R

0

Kaðf Þ
da
a
þ Kbðf Þ þ Kqðf Þ

dq
aq

� �
dz;

ð4Þ

Figure 4
Average a group dispersion curve and b phase dispersion curve. Black bars represent standard deviations

Figure 5
Observed and synthetic group and phase velocity dispersion curves.

The blue dashed line represents the average phase dispersion curve,

and the blue solid line represents the synthetic phase dispersion

curve. The black dashed and solid line represent the average and

the synthetic group dispersion curves, respectively
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Figure 6
Depth sensitivity kernels for a phase velocity and b group velocity at five periods (0.6 s, 1.1 s, 2.1 s, 3.1 s, and 4.1 s)

Figure 7
Ray-path coverage for four selected periods: a 0.5 s, b 1.5 s, c 2.5 s, and d 4.0 s. Triangles represent stations, and black lines represent ray

paths
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where z represents the depth, C is the Rayleigh wave

group or phase velocity, and Kaðf Þ, Kbðf Þ, and Kqðf Þ
are the depth sensitivity kernels for Rayleigh wave

group or phase velocity to a, b, and q, respectively.

Figure 6a, b show the depth sensitivity kernels for

Rayleigh wave group and phase velocities at five

periods (0.6, 1.1, 2.1, 3.1, and 4.1 s), using the

average 1D velocity model obtained for the study

area. It can be seen that, at the period of 0.6 s, the

data have some sensitivity to the structure shallower

than 400 m depth. At about 3.1 s, our dispersion data

can have good sensitivity to structures around 3 km

in depth. It can be seen that the surface-wave dis-

persion data between 0.2 and 5 s have the ability to

resolve at depth down to 5 km. It can also be seen

that the sensitivity kernels for the phase velocity and

Figure 8
Checkerboard resolution tests of the inversion. a The input checkerboard model and b–d the recovered checkerboard models at depths of 0.8,

1.8, and 3.3 km, respectively. The black dashed lines represent TFZ. The black contour shows the semblance value of 0.8 between true and

recovered checkerboard models
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group velocity are complementary at the same fre-

quency. As a result, we simultaneously use both

phase velocity and group velocity dispersion curves

for joint inversion.

For the inversion grid, the grid spacing is 0.015�
along the north–south direction and 0.025� along the

east–west direction, thus giving 40 9 40 = 1600

horizontal grid points. We set 15 grid points (at 0,

0.1, 0.2, 0.3, 0.5, 0.8, 1.3, 1.8, 2.3, 2.8, 3.3, 3.8, 4.3,

4.8, and 5.3 km) along the depth direction from sur-

face to 5.3 km, with larger grid spacing at deeper

region. The inversion grid is selected by trial and

error to ensure the model is fine enough but at the

same time can be well resolved under the current data

distribution through resolution tests. To evaluate the

model resolution, we first check the surface-wave

path coverage at different periods and then conduct

checkerboard resolution test.

Figure 7 shows the path coverage of phase

velocity measurements at the four selected periods

(0.5, 1.5, 2.5, and 4.0 s) based on the final 3D

velocity model. The path number decreases from 235

at the 0.5 s period to 154 at the 4.0 s period. It can be

seen that, at these periods, the ray coverage is rela-

tively good, indicating that this dataset has the ability

to resolve the structure of the study region. To further

evaluate the spatial resolution of the inversion model

at different depths, we performed checkerboard res-

olution tests with the input anomalies following a

sine function, and the amplitude range varies from

-50 to 50 % of the average velocity at each depth.

Each anomaly has a size of 5 km in the north–south

direction and 6 km in the east–west direction. Fig-

ure 8 shows the recovered checkerboard models at

different depths with the same path distribution as the

real data. It can be seen that checkerboard models are

recovered well in the central part of the study region

where the ray coverage is dense (Fig. 8).

To quantitatively measure the similarity between

input and recovered checkerboard models, we cal-

culate the semblance (S) between two models

(Neidell and Taner 1971):

S ¼ ðdVr þ dVtÞ2

2ðdV2
r þ dV2

t Þ
; ð5Þ

where dVt and dVr are Vs perturbations of true and

recovered checkerboard models, respectively.

S denotes the similarity between recovered and true

models, being closer to 1 if the two models are

similar. We incorporate the contour value of 0.8 for

semblance into the recovered checkerboard models

(Fig. 8). It shows that the central part of the study

region is within the 0.8 contour value of semblance,

indicating that the checkerboard model is well

recovered. This test suggests that the velocity

anomalies in most of the inversion region can be well

resolved due to relatively dense data coverage.

For the inversion, we carefully selected regular-

ization parameters through trade-off analysis (Aster

et al. 2013). After inversion, the root-mean-square

(RMS) value of surface-wave travel-time residuals

decreases from about 2.3 s to about 1.65 s (Fig. 9). It

can be seen that the RMS value of travel-time

residuals decreases quickly in the first three itera-

tions. After that, the RMS residual value decreases

slowly and converges after the 10th iteration.

5. Results and Discussion

Figure 10 shows the Vs model at different depths

from the joint inversion of group and phase velocity

dispersion data. Figure 11 shows the cross-sections of

Figure 9
Variation of the RMS value of surface-wave travel-time residuals

through the iterations

Figure 10
Map view of the Vs model at depths of 0.2, 0.5, 1.3, 1.8, 2.3, 2.8,

3.3, and 3.8 km. Black triangles represent stations. Dashed line

shows the TFZ

c
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the Vs model through four profiles shown in Fig. 1.

The Vs model shows that the velocity varies signifi-

cantly in the study region, consistent with the

dispersion curve pattern seen in Fig. 3. Because of

large velocity variations, the surface-wave ray paths

at different periods significantly bend off the great-

circle paths (Fig. 7).

It can be seen that the TFZ is associated with

high-velocity anomalies down to * 6 km in depth

(Figs. 10, 11). Along the profiles AA0, BB0, and CC0,

the velocity changes sharply across the TFZ

(Fig. 11). It can be seen that the western edge of the

TFZ has different dipping angle from north to south.

In the southern part it is steeper, while in the northern

part it is gradual. In the map view, it can be seen that

the TFZ is bent in the center and the offset is about

10 km (Fig. 10). The checkerboard test shows that

the offset of 10 km can be resolved by the current

data distribution. This bent shape can be clearly seen

at the depth of 2.3 km (Fig. 10). It can also be seen

that high-velocity anomalies associated with the TFZ

are not continuous at different depths.

The TFZ is also associated with high-gravity

(Fig. 12a) and high-magnetic (Fig. 12b) anomalies.

On the surface, metamorphic rocks are exposed along

the TFZ. Therefore, high-velocity anomalies imaged

along the TFZ down to * 6 km can be interpreted as

metamorphic rocks. This indicates that the TFZ in

this segment may serve as channels for magma

intrusion. According to Niu et al. (2005), large basalt

Figure 11
Cross-sections of the Vs model along AA0, BB0, CC0, and DD0. In a–d, topography variations are shown along the profile

1202 N. Gu et al. Pure Appl. Geophys.



eruptions occurred in the Cenozoic era during the

evolution of the TFZ. It was thought that the TFZ

could cut into the upper mantle during the strong

Pleistocene extension, and thus could constitute the

channel for the basalt eruption (Niu et al. 2005; Zhu

et al. 2001a, b). Our ambient noise tomography Vs

model in the shallow crust for the first time provides

direct evidence supporting this hypothesis.

To the northwest of the TFZ, low velocity

anomalies reach down to * 3.5 km, especially at the

southwest corner of the study region (Figs. 10, 11).

They correspond to sedimentary layers in the Hefei

basin. Evidently, the low velocity anomaly zone goes

deeper in the southwest corner of the study region

(Fig. 10), which is close to Chao Lake and is

associated with the Hefei Binhu wetland park. The

low velocity anomalies to the west of the TFZ are

associated with low gravity anomalies. To the east of

the TFZ, it is mainly composed of old strata of the

Qingbaikou, Sinian, and Cambrian (Zhu et al.

2001a, b; Niu et al. 2005; Wang et al. 2016). The

shear-wave velocity varies from * 2.5 to 3.0 km/s.

About 20 km farther from the TFZ, there is an

obvious high-velocity anomaly zone starting from

depth of 1.5 km. It also corresponds to high-gravity

anomalies but normal magnetic anomalies (Fig. 12).

This indicates that this high-velocity anomaly zone

may have different origins from the high-velocity

zone along the TFZ.

We also compared our velocity model with a

known geological profile along profile BB0 (Fig. 13).

Although the overall features are similar between the

geophysical and geological profiles, there are apparent

inconsistencies between them; For example, our high-

resolution velocity result shows that the western edge

of the TFZ dips gently, while the geological mapping

gives a sharper edge. This indicates that ambient noise

tomography using a local dense array can be very

useful for depicting an accurate geological profile.

6. Conclusions

We applied direct surface-wave tomography using

1 month of ambient noise data recorded by a local

dense array to investigate the structure of TFZ to the

southeast of Hefei City, China. We are able to extract

Rayleigh wave group and phase velocity dispersion

curves for periods of 0.2–5 s. A high-resolution 3D

shear-wave velocity structure shows high-velocity

anomalies beneath the TFZ, which is consistent with

locally high-gravity and high-magnetic anomalies.

They are associated with metamorphosed rocks

exposed on the surface, likely caused by magma

intrusion via the TFZ. The Hefei basin is characterized

by low velocity anomalies down to * 3.5 km due to

thick sedimentary layers. Overall, our results agree

well with the local geology and can provide strong

constraints on geological modeling in this region.

Figure 12
a Bouguer gravity and b aeromagnetic anomalies. Black lines

represent the TFZ. Black box shows the study area
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