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A B S T R A C T

In this paper, ambient noise is used to investigate near-surface structures and site effects in metropolitan
Guangzhou. We deployed 94 short period stations across Guangzhou area, and later a dense linear array across
the Shougouling Fault (SF). Using more than one month's continuous data, we invert three-dimensional shear
wave velocity structures of Guangzhou area via ambient noise tomography. Results show low velocity near the
Guangzhou-Conghua Fault (GCF), Shougouling Fault (SF), and beneath the alluvial plain in the south region.
Meanwhile, high-velocity anomalies are beneath the mountain area in northeastern region. Moreover, we obtain
the sediment thickness and sub-surface shear wave velocity structures around the Shougouling Fault (SF) by
horizontal to vertical spectral ratio (HVSR) method. HVSR results show a significant shift in the thickness of the
sedimentary layer across the SF. Shear wave velocity derived from HVSR curves has a consistent trend of var-
iation with the sediment thickness. Our results provide a better understanding of sub-surface structures of
metropolitan Guangzhou, and can be served as a reference model for geological disaster migration prediction in
the city.

1. Introduction

Guangzhou City is one of the largest transportation, tourist, fi-
nancial, trade and cultural centers in south China. It has been experi-
encing rapid economy and population growth for the last few decades.
With the acceleration of urbanization and rapid development of infra-
structure constructions, geological hazards, such as sinkholes, land-
slides and debris flows, have occurred frequently (Liu et al., 2004; Liu
et al., 2005). Comprehensive survey of underground structures in the
Guangzhou area is thus highly demanded as it is important for geolo-
gical hazard prevention and mitigation.

Located in the central part of the Central Guangdong Depression of
the South China Fold System, Guangzhou City has experienced multi-
phase tectonic movements in geological times, such as the Caledonian
movement in the Paleozoic era and the Yanshanian movements in the
Mesozoic era (mainly in the Jurassic period), as well as the Hercynian
movements in the late Cenozoic era (mainly in the Neogene period)
(Cheng, 2012). There are three main fault systems across the
Guangzhou area: The NE-SW oriented Guangzhou-Conghua Fault
(GCF), the EW running Shougouling Fault (SF), and the NW-SE trending

Baini-Shawan Fault (BSF) (Fig. 1). The GCF and SF constitute the basic
tectonic framework of Guangzhou area. The GCF controls the dis-
tribution of geothermal and hot springs, the formation of landscapes
and the occurrence of seismic activities in Guangzhou (Yan, 1989). The
currently active Shougouling fault (SF) acts as the northern boundary of
the Pearl River Delta and controls the sedimentation and development
of the delta basin (Chen et al., 2000).

According to the geological settings, Guangzhou is generally divided
into three parts. North and northeastern Guangzhou are mountain area,
including the Baiyun and Maofeng mountains; South Guangzhou are
mostly fluvial delta, which come from the Pearl river estuary; Central
and Western Guangzhou are mostly basins and karst landform, so
sinkholes mostly occur in this area.

In general, the seismic hazard is relatively low in the south China
block. However, strong historic earthquakes have occurred in
Guangdong province, such as the 1918 Nanao earthquake (M7.3) (Pan
et al., 2009) and the Yangjiang earthquake (M6.4) in 1969 (Brantley
and Chung, 1991; Liu, 2001); the majority of historical earthquakes in
Guangzhou are mainly located in these three fault zones (Deng, 2016).
According to previous studies (e.g., Deng, 2016), the activity of the GCF
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has a tendency to increase gradually from north to south. The southern
segment has the highest level of seismicity with higher risk. In recent
years, earthquakes with magnitude greater than 2 have occurred in the
Guangzhou area (Fig. 1), and several M > 5 earthquakes near
Guangdong province also shake the urban Guangzhou area. These
earthquakes, as well as other geological hazards, pose great threats to
the safety and development of the metropolitan Guangzhou. Thus de-
tailed investigation of the sub-surface structures of Guangzhou is ne-
cessary to better understand the potential geological hazards; this can
also provide crucial information for future urban planning, environ-
mental management, disaster prevention and mitigation for Guangzhou
City.

Previous geological surveys in Guangzhou focused on the ground
subsidence and earthquake risks, fault activities and geological disaster
mitigation near active faults (Cheng, 2012; Li et al., 2008; Liu et al.,
2007a; Liu et al., 2007b; Pan, 1992; Zhou et al., 2009). They used either
drilling cores or active sources, and provided clues on the surface
geological fault geometry, such as its type, strike, and dip angle (Chen
et al., 2000; Cheng, 2012; Deng, 2016). However，these isolated in-
formation have limitation to understand the whole geology structure in
Guangzhou, and a 3-D sub-surface structure is needed.

The traditional methods of obtaining site effects mainly include
theoretical methods (Triantafyllidis et al., 2002; Triantafyllidis et al.,
2004) and empirical methods (Boatwright et al., 1991; Borcherdt,
1970). Theoretical methods calculate site effects directly from sub-
surface structures, but it is generally difficult to establish a reliable sub-
surface model. Empirical methods, on the other hand, obtain site effects
by the statistical analysis of the ground motion records; these methods
depend on strong earthquake signals generated by natural (Dai, 2015;
Geng, 2015) or artificial earthquakes (Jolly et al., 2014; Yoon and Rix,
2009), so their applications are limited in densely populated urban
areas lacking of local seismicity. In such case, ambient noise can be an

ideal supplementary source for characterizing urban crustal and near-
surface structures. Ambient noise surface wave tomography has been
proved to be effective in the study of crustal and sub-surface structures
(Huang et al., 2010; Li et al., 2016b; Lin et al., 2013; Sun et al., 2010;
Wang et al., 2018; Yao et al., 2005), and in recent years it has been
applied successfully to the city sub-surface studies. Moreover, with the
deployment of dense temporary network, we can achieve the desired
resolution through controlling inter-station distances. Using ambient
noise data, HVSR can be used for measuring sediment layers and site
effects (Bao et al., 2018; Chen et al., 2009; Gosar and Martinec, 2008;
Liu et al., 2014; Mundepi and Mahajan, 2010; Panou et al., 2005), and
can indicate areas with higher damage potential in urban city.

In this paper, we first introduce the network deployment and data in
Section 2. We then apply the ambient noise tomography to study the
crustal and sub-surface structures of Guangzhou in Section 3. The in-
vestigation of the sediment distribution and site effects across the SF,
one of the most important faults transverse the center of Guangzhou, is
discussed in Section 4. Finally, we discuss our main findings in term of
the sub-surface structures and the implications in Section 5.

2. Seismic station deployment

In January 2018, a temporary seismic network with 94 three-com-
ponent short-period seismometers was deployed in the Guangzhou area
(Fig. 1). The deployment area contains the major portion of the city of
Guangzhou, straddled some segments of the three faults (GCF, SF, and
BSF) in the city. The inter-station spacing of these seismometers is ap-
proximately 3–5 km. The sampling rate for all stations is 100 Hz. Am-
bient noise data analysis used in this paper includes 35-day continuous
seismic records from all these stations.

The SF is one of the most important faults transverse the urban
center and plays a significant role in the engineering construction and

Fig. 1. Distribution of the seismic stations (solid triangles) in Guangzhou City. The background is the topography of the study area, and rivers (blue curved lines), the
city boundary (black lines), the fault traces (red lines), the Mountains (red stars), the earthquakes with magnitude greater than 2 (white dots), and the boreholes used
in Table 1 (red triangles) are also plotted. The red rectangular of the insert (upper left) shows the location of the research area in China. The short yellow bar labeled
as SFL indicates the location of the linear array crossed the Shougouling Fault (SF) discussed in Fig. 2. Station pair of GZ058 and GZ065 is used to extract the
empirical Green's function via cross-correlation in Fig. 3. The four magenta lines (AA’, BB’, CC’, and DD’) show the location of the tomographic velocity profiles
presented in Fig. 11. (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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disaster reduction of Guangzhou. In order to better understand the SF,
on August 14, 2018, we also deployed a dense seismic array perpen-
dicular to the SF. This array extends along the Hua-nan Expressway, the
main traffic artery in Guangzhou (Fig. 2). It consists of 37 three-com-
ponent short-period seismometers with the inter-station spacing about
50–80 m. The data sampling rate is 100 Hz. Six hours' continuous data
from 0 to 6 AM (the best time window to record coherent ambient noise
in urban settings) were recorded.

3. Upper-crust structure imaging from ambient noise tomography

Extracting Green's function from the cross-correlation of ambient
noise begins in ultrasonic study (Lobkis and Weaver, 2001). This pio-
neering technique was quickly applied to seismology (Campillo and
Paul, 2003; Snieder, 2004), and ambient noise tomography (ANT) has
achieved great development and wide applications at different scales,
from continental, regional, local, to a particular building scale in the
past decades (Lin et al., 2013; Renalier et al., 2010; Sun et al., 2010;
Wang et al., 2018; Yang et al., 2007; Yao et al., 2005). This method does
not need conventional signals such as earthquakes and active sources,
so it is especially useful in areas with few seismic activities. The flex-
ibility of station deployment makes it even favorable in sub-surface
structure investigation in urban area.

The empirical Green's functions (EGF) from ambient noise between
station pairs are retrieved following the processing procedure described
by Bensen et al. (Bensen et al., 2007). Because we study Rayleigh waves
in this study, we only use the vertical component of seismograms. First,
we cut the original continuous record of each station into 2 h' segments
(our test results show that 2-hour window in optimal), and then remove
the mean and trend of the segmented data. Time-domain normalization
(running-absolute-mean normalization) and spectral whitening for each

segmented data are also performed. Because we use the same type of
seismogram, we do not remove the instrument response. Subsequently,
we do cross-correlation between all possible station pairs for each
segment, and then stack them to improve the signal-to-noise ratio
(SNR). Rayleigh waves we obtained show dispersion characteristic
clearly (Fig. 3). Fig. 4 shows the EGFs between station GZ058 and all
other stations, with clear surface wave propagation at an average ve-
locity of about 3 km/s.

We further do quality control to all the EFGs we obtained. We
compute the SNR of each EGF and then select these with SNR greater
than 5. For each selected seismogram, we manually select the Rayleigh
wave group velocity dispersion curves between 1 and 10 s using mul-
tiple filter analysis (Herrmann, 2013). Rayleigh wave group velocity
dispersion curves with inter-station distance greater than 2 times of
wavelength are selected, which is in general valid in such dense seismic
array deployment (Li et al., 2016a; Li et al., 2016b; Yao et al., 2011).
The total number of Rayleigh wave dispersion curves at each period is
shown in Fig. 5.

We use the Fast Marching Method (FMM) (Rawlinson and
Sambridge, 2005) to invert the Rayleigh wave group velocity structures
from 1 to 10 s. This method uses a subspace inversion scheme. It as-
sumes local linearity, but iterative inversion allows to account for the
non-linear relationship between velocity and travel time. The ray cov-
erage for each period is shown in Fig. 6(a).

In the inversion process, for each period, we set the grid spacing to
be 5.5 km × 5.5 km. We tried different smoothing and damping
coefficients in checkerboard test (Fig. 6 b). The recovery of the velocity
anomalies in checkerboard test are pretty good at different periods,
although at long periods (periods ≥7 s), the resolution becomes worse
because the reduction of dispersion measurements (Fig. 5).

We apply the same parameters in our real data inversion as in the

Fig. 2. Map of the linear array (SFL) stations (yellow symbols) for SF (red curves) studies. Station 07, 09, 20, 24, 25, 35, 44 and 47 are used in Fig. 12 and Table 1.
The boreholes (red stars) used in Table 1 and Fig. 14b are also labeled. (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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checkerboard test, and get the image of the Rayleigh wave group ve-
locity at different periods (Fig. 7). Finally, for each grid point, we have
a dispersion curve from 1 to 10 s.

We performed 1-D sub-surface velocity structure inversion using an
iterative, linearized, least squares inversion method (Herrmann, 2013).
The initial model consists of 200 layers, and each layer is 50 m thick. So

our inversion depth is 10 km. The starting velocity has a uniform ve-
locity of 4 km/s. Some researches (Cheng et al., 2013; Sun et al., 2010)
tested different initial models in surface wave inversion, especially the
uniform starting models, and their results have shown that the initial
model will not affect the inversion results much, as long as the layers
are dense enough. Fig. 8 shows the convergence of the model after
different iterations in the inversion process.

Fig. 9 shows the sensitivity kernels of Rayleigh wave group velocity
at different periods, and Fig. 10 shows horizontal maps of shear wave
velocity structures at different depths. The pattern of shear wave ve-
locity distribution in Guangzhou is consistent with the Rayleigh wave
group velocity distribution in Fig. 7. The demarcation interface be-
tween high and low velocity indicates the location of the NE-SW GCF.
There is an evident low-velocity anomaly along the GCF trace, which
correlate with the depression basins along the fault. Around the GCF,
there are high-velocity anomalies at the northern part of Guangzhou,

Fig. 3. Example of a 35-day cross-correlation results for station pair GZ058 and GZ065. The location of these two stations are shown in Fig. 1. The raw cross-
correlation (top most) is filtered into 4 different frequency bands. The dispersion of Rayleigh wave is clearly observed.

Fig. 4. Example of the empirical Green's functions via cross-correlations be-
tween station GZ058 and all other stations using 35 days' ambient noise re-
cords. The grey lines indicate the approximate arrival times of Rayleigh wave at
different distance with a group velocity of approximately 3 km/s.

Fig. 5. Histogram of the Rayleigh wave dispersion measurements number as a
function of period.
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Fig. 6. (a) Ray path recovery and (b) checkerboard test of Rayleigh wave group velocity at different periods. The period for each panel is labeled on the lower right
corner. (a) Black triangles represent seismic stations. (b) The input model has 0.1° by 0.1° grid and the velocity perturbation is 0.4 km/s.

Fig. 7. Maps of Rayleigh wave group velocity at different periods. The faults (black lines) are also plotted. The period for each panel is labeled on the lower right
corner.
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which persist from surface to at least 6 km. At shallow depth
(≤3.5 km), the SF divides the southeastern part of GCF into two blocks:
The northern part of the SF is characterized by high velocity and the
southern part generally shows low velocity. The high velocities to the
north of the SF are correlated with the Mountains of Guangzhou, while
the low velocities to the south of the SF correlate with the sediment
basins. At 6 km depth, most of the area is characterized by low-velocity
anomalies.

Several cross sections perpendicular to the faults are presented in
Fig. 11. In profile AA’, BB’ and CC’, obvious low-velocity anomalies
appear on the west side of the GCF (depressed basins). In cross section
AA’ and BB’, the GCF presents a nearly vertical dip. However, in CC’,
two low velocity blocks are connected, and the GCF has no clear dip
direction in this cross section. In section DD’, the SF divides this section
into high velocity in the north (mountain area) and low velocity in the
south (sediment basin). The interface of high and low velocity
anomalies inclines southward at an angle of nearly 60 degrees. The
depth of this low velocity extends to about 6 km.

4. Near-surface structures and Site effect assessment from
Horizontal to vertical spectral ratio (HVSR) across the SF

Ambient noise tomography (ANT) results of Guangzhou can image
the general faults and tectonic blocks in the area. However, its resolu-
tion is still not good enough to image the fine structures of the faults
and the sedimentary layers. To better understand the characteristics of
the SF, which is one of the most important faults transverse the city, we
deployed another dense linear array perpendicular to it. We use HVSR
method to investigate the fault position as well as the sedimentary
amplification in its vicinity.

The HVSR method was originally proposed by Borcherdt
(Borcherdt, 1970) and then improved by Nakamura (Nakamura, 1989)
and Lermo and Chavez-Garcia (Chávez-García and Lermo, 1993). It
gives good estimation of sediment thickness and site amplification from
the ground soil resonance frequency, and thus frequently used in

engineering seismology (Bao et al., 2018; Chen et al., 2009; Liu et al.,
2014; Luthfiyani et al., 2019; Mundepi and Mahajan, 2010; Panou
et al., 2005; Picotti et al., 2017; Wohlenberg and Ibs-von Seht, 1999).

We select 2-hour time length continuous data of each day, from 1 to
3 AM, to calculate the HVSR curves. At this time period, human ac-
tivities are least and thus we can avoid contaminations from specific
sources. In the calculation, we also use an anti-triggering short-term to
long-term window (STA/LTA) algorithm to stabilize the signal. Then we
process the data as follows: (1) We cut the selected 2-hour data of each
day into 30s time windows, with 30% overlapping time between ad-
jacent windows; (2) The HVSR curves are calculated in each time
window, and Konno-Ohmachi smoothing algorithm (Konno and
Ohmachi, 1998) is used in this process; (3) All time windows' HVSR
curves are stacked to get the final one. These data are processed using
the Geopsy software package (www.geopsy.org).

Further quality control eliminate HVSR curves with unclear peaks,
mostly induced by traffic noise. Finally, we extract resonant frequency
from 29 HVSR curves. A plot of the HVSR curves is shown in Fig. 12.

Fig. 13 are the HVSR resonant peak frequencies (f) and the corre-
sponding amplification magnitudes (A) for all stations. Note that we
just use the amplitude of HVSR to characterize the amplification factor
while its amplitude does not indicate the absolute amplification at the
location of the measurements (Rong et al., 2017). It is noticeable that
there are high-amplitude points at about 1800–1900 m. K-value (A2/f)
of ground and structures, which is considered as an index for the vul-
nerability of ground destruction (Nakamura, 1997), is also plotted in
Fig. 13(c). Most sites of this region have a K-value below 20. It is

Fig. 8. Example of the convergence of the model in the inversion. The red and
blue lines are the initial and final models, respectively. This example uses the
same group velocity observation in the grid at the center of the study area, as
shown in Fig. 9. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 9. Sensitivity kernels of Rayleigh wave group velocity to the shear wave
velocity at different periods.
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noteworthy to point out that extremely high K-values appear at about
1800–1900 m.

There are two commonly used empirical relationship between HVSR
peak resonant frequency (fr) and the sediment thickness (h):
h= 96fr−1.388 and h= 108fr−1.551 (Chen et al., 2009; Ibs-von Seht and
Wohlenberg, 1999; Liu et al., 2014; Parolai et al., 2002). The resonant
frequency of the sedimentary layer in Guangzhou is generally greater
than 1 Hz. We compare thickness of sediment calculated by these two
empirical formulas and find that there is little difference between these

two results. Moreover, we also select several drilling holes and compare
their sediment thicknesses with the results calculated from the nearby
stations (Table 1). Based on the fitness of calculated results, we prefer to
use =h f96 r

1.388 to obtain the sediment thickness in Guangzhou
(Fig. 14b).

Based on the HVSR data, we then use the OpenHVSR (Bignardi
et al., 2016) to invert 2-D near-surface shear wave velocity beneath this
dense array. We use the following equation as objective function to find
the best velocity model:

Fig. 10. Maps of inverted shear wave velocity at depths of 0.7, 2.0, 3.5, and 6 km. The depth for each figure is labeled on the lower right corner. The cross-section of
the shear wave velocity profiles for the four magenta lines (AA’, BB’, CC’ and DD’) in the upper-left panel are shown in Fig. 11.

Fig. 11. The shear wave velocity variations of four cross sections (location shown in Fig. 1 and Fig. 10). Black triangles indicate the fault locations.

S. Wang, et al. Engineering Geology 268 (2020) 105526

7



Fig. 12. Example of HVSR curves at six stations (location shown in Fig. 2). Solid curves represent the final stack of HVSR curves and broken curves represent mean
square error of HVSR stacks. The station number is labeled on the upper right corner.

Fig. 13. The map of (a) peak resonance frequency (in Hz) distribution, (b) amplification factor of HVSR at the peak resonance frequency and (c) seismic vulnerability
of the ground (the K-value) along the linear array. The two red points in (c) represent extremely high K-values greater than 80. (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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Where M(m) represents the misfit between data and the simulated
curves; S(m) represents a noval forcing condition on the slope of the
curves and Rj(m) is a regularizing term. Its global minimum is searched.

Table 2 shows the initial model of the inversion. We test different
initial models, and find that after many iterations, it generally will
converge to similar results. The final results are plotted in Fig. 14.

Fig. 14 shows the major results on tectonic implications along the SF

Table 1
Comparison of sediment thickness obtained by borehole and HVSR method using two different formulas. The location of these boreholes and stations are shown in
Figs. 1 and 2.

Borehole Sediment thickness (m) from
borehole

Station Sediment thickness (m) from station using
h = 96fr−1.388

Sediment thickness (m) from station using h= 108fr−1.551

CZS 28.5 47 33.18 33.76
HJC 14.1 07 14.78 13.35
ZK2841 5.16 GZ038 5.13 6.95
DS0994 10.80 GZ073 10.20 8.82
DS3929 22.00 GZ070 22.76 21.63

Fig. 14. (a) Surface elevation profile along the SFL. (b) Sediment thickness profile from the HVSR method. The best fitted interface is shown as the red dashed curves
with superimposing on (c) and (d). The borehole data CZS and HJC in Fig. 2 are also plotted with green dots. (c) The “pseudo-reflection” profile obtained from 1-
spacing cross-correlation with the superposition of the sediment thickness (the broken curve) obtained from HVSR in (b). (d) Shear wave velocity profile along the
SFL inverted from HVSR superimposed with the sediment thickness (the broken curve) obtained from HVSR in (b). The vertical dashed line indicates the sharp
changes of elevation and velocities in where the Shougouling Fault intersects the SFL. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 2
Parameters in the initial model for 2D shear wave velocity inversion from HVSR
curves.

Layer VP (m/s) VS (m/s) H (m) ρ (kg/m3) QP QS

1 200 100 10 1.8 15 5
2 300 200 15 1.8 30 20
3 500 300 15 1.8 30 20

S. Wang, et al. Engineering Geology 268 (2020) 105526
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profile. The sediment depth profile derived from the peak resonance
frequencies (Fig. 14b) displays a good correlation with the surface
elevation (Fig. 14a). It is worth noting that there is an increase in se-
diment thickness near 400–500 m along the SFL. According to the rapid
increase of sediment thickness and the drop of the surface elevation, we
infer that this is where the SF transverse across. The thickness here is
also consistent with the CZS borehole data (Table 1).

We fit a curve to the sediment depth data and then put it on the
“pseudo-reflection” profile obtained from cross-correlation (Fig. 14c)
and shear wave velocity profile inverted by HVSR data (Fig. 14d). The
‘pseudo-reflection’ profile is formed by stacking of cross-correlations of
seismic records between two adjacent sites. The data processing pro-
cure is similar to ambient noise tomography from the beginning to the
stacking process described in Section 3. The vertical-component data of
each station was cut into 5 s segments and then cross-correlation is
performed between the adjacent sites. The cross-correlations after
stacking are arranged along the actual deployment order of the stations,
and the “pseudo-reflection” profile is achieved. There is good con-
sistency between the “pseudo-reflection” and the sediment thickness
variation. Moreover, the shear wave velocity profile basically has a
consistent trend of variation with the sediment thickness.

5. Discussion

From the tomography results, it is clear that the NE-SW trending
GCF possesses a nearly vertical dip angle. However, previous geological
observations of the outcrop showed that the GCF inclines to NW at the
northern segment (Ma et al., 2007; Pan, 1992). Nevertheless, the in-
clination in the southern part of the GCF is unknown because of the
thick sediments above it. Actually, the GCF is the final product of a
series of multi-stage tectonic movements, including the tectonic stages
in the Mesozoic era and Cenozoic era (Yan, 1989). Originally the GCF
was formed in the Triassic period, and its strike coincides with the
entire Guanghua Triassic fault-fold zone and dips to NW (Yan, 1989).
Subsequently, active tectonic movements in the Jurassic period and
Cretaceous period formed a series of large-scale NE-NNE trending
rupture belts, which generally dips to SE (Yan, 1989). We infer that the
tectonic movements in the Jurassic period and Cretaceous period may
altered the dip direction of GCF in the deep depth. To the west side of
the GCF, the Taipingchang depression and the Longgui basin are dis-
tributed along the fault as well, and their general orientation and in-
ternal structures are consistent with the fault (Yan, 1989). Moreover,
the distribution of hot springs in the northern part of the GCF also
confirms the location of the fault, since underground hot water can
easily gushes out from granite fractures (Yan, 1989).

On the east side of the GCF, the deep metamorphic rocks of the
Lower Paleozoic, such as the Maofeng Mountain and the Baiyun
Mountain, are exposed in large areas. At deep depth (> 4 km), the low-
velocity anomalies beneath BB’ and DD’ (Fig. 11) may indicate that the
mountain bodies gradually disappear. High-velocity anomalies are
consistent with this surface geological structures. Similarly, large
mountainous areas in the northern part of the study area are char-
acterized by high-velocity anomalies, too.

For the SF, the demarcation interface between high velocity in the
north and low velocity in the south reveals a south dip direction. The SF
is a normal fault and it has experienced many periods of multi-stage
activities (Yan, 1985). The base of the Pearl River Delta in the south of
the SF is a fault-controlled basin. Previous geological studies show that
the Cretaceous-Lower Tertiary red rocks deposited in the Mesozoic and
Cenozoic in fault basins is up to 4–5 km thick (Zhao, 1982) and the depth
of the southern low velocity in our results is generally consistent with
this thickness (Fig. 11d). The alluvial plain and the development of rivers
in the southern part of the SF is also characterized with low-velocity
anomalies. From Fig. 14(b), we notice a thinner sedimentary layer at the
hanging wall of the SF from 0 to 400 m distance along the SFL. At about
500 m distance along the SFL, the elevation drops and the sediment layer

from south to north becomes thicker. The thinner sedimentary layer is
contradictory with the property of normal fault that the hanging wall
should has a thicker sedimentary layer. We suggest that the SF experi-
enced a temporal reverse and the northern part of it is a small basin with
a thicker sediment layer. Since the Miocene, the SF has experienced
many opposite movements. Its mechanical properties are characterized
by alternating NS tension and compression, mainly by NS tension (Yan,
1985). The SF may become a reverse fault when the NS compression was
dominant, and formed a compressional basin. At the same time, the
northward pressure prompted a rise in the middle of the basin (at about
1200–1600 m distance along SFL), and the stress state changed to tensile.
The fault then turned over into a normal fault, and the sediment layer
structure reverse on the southern margin of the basin.

The site effects (Fig. 13) can be used to investigate the vulnerability
of infrastructures and surface ground. The majority of the low K-values
indicate relatively small risks of ground shaking along the Hua-nan
Expressway. The extremely high K-values from 2 points at about
1800–1900 m of the profile (Fig. 13c) may indicate a great potential of
structure damage. These sites turn out to be near a pond and have thick
sediments, and thus caution must be taken in constructions near these
locations. Overall, except these two points, the vulnerability at the fine
scale along this array, the peak resonance frequencies (between 1 Hz
and 5 Hz, Fig. 13a), and sediment thicknesses (from 15 m to 40 m,
Fig. 14d) are all consistent with those in Zong et al. (Zong et al., 2020).

In fact, the faulting activity in Guangzhou area is relatively weak.
Since Holocene, modern cross-fault topographic deformation observa-
tions show that its activity level is low, and it is unlikely to cause strong
earthquakes (Chen et al., 2000). However, the degree of damage does
not only increase in proportional to the local earthquake magnitude. It
is also affected by many other factors, such as the surrounding geolo-
gical structures, soil characteristics and building vulnerability. Small
local earthquakes or strong tele-earthquakes can also lead to great da-
mage when the near-surface amplification effect is strong. Caution must
be taken at areas with high risks (K-value).

We have obtained the 3-D structures and distinguished the dis-
tribution of the major faults in Guangzhou area. The GCF is the most
important fault and has a great possibility of earthquake occurrence
(Pan, 1992; Zhou et al., 2009). Therefore, we suggest that in the process
of urban construction, engineering construction and underground space
exploitation should be avoided in the GCF area, especially near its in-
tersection zone with the SF; or higher standards must be set for build-
ings and infrastructure design.

6. Conclusions

Ambient noise tomography and HVSR analysis have been success-
fully applied for metropolitan Guangzhou area. At shallow depths, the
3-D sub-surface structures show obvious features that consistent with
surficial geology; e.g., high velocities are beneath the mountain area
and low velocities are beneath the alluvial and basin regions. Moreover,
our results depict clear fault geometries, such as the GCF and SF loca-
tions and dip angles. At the same time, HVSR results from a dense array
along the Hua-nan Expressway reveal clear change of the sediment
thickness across the SF. The low risks of potential damage along the
array are also supported by low K-values. This work provides important
constraints in understanding the geological tectonics, the fault geo-
metry, and site effect estimation in metropolitan Guangzhou. The dis-
tribution of faults and sediments, as well as risk map not only help to
mitigate earthquake hazards, but also provide valuable information for
urban planning and infrastructure construction.
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