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ABSTRACT
The Guangdong–Hong Kong–Macao Greater Bay area, a highly populated region, plays a
vital role in the economic development of East Asia. Its construction and development rely
on accurately characterizing near-surface loose sediment layers. However, traditional drill-
ing and active source methods are often impractical for large-scale exploration in densely
populated areas due to their high costs and destructive nature. To overcome this shortage,
a dense array comprising 6214 stations was deployed and the noise horizontal-to-vertical
spectral ratio method was employed to determine the fundamental frequency (f0) and
peak amplitude. The Quaternary sediment thickness was further estimated based on their
empirical relationships with f0. More importantly, several buried paleochannels were iden-
tified, manifesting deep valleys on the vertical section and curved stripes on the horizontal
section. Combining regional drilling data and sites of geological hazards in the past, we
conclude that the paleochannels are zones of high seismic and geological hazard. This
study provides a scientific basis for urban construction and disaster prevention.

KEY POINTS
• A 6214 station array and horizontal-to-vertical spectral

ratio (HVSR) method were used to explore the surface

structure of a densely populated area.
• The Quaternary sediment thickness was estimated and

buried paleochannels were characterized in detail.

• Geological and geophysical analyses highlight that pale-
ochannels are zones of high geological hazard.

Supplemental Material

INTRODUCTION
Guangdong–Hong Kong–Macao Greater Bay area (GBA) in
coastal South China, covered by thick sediments, is the most
populous built-up metropolitan area globally, which plays a vital
role in the economic development in East Asia. Loose, uncon-
solidated sediments can significantly amplify seismic ground
motion, damaging buildings, structures, and infrastructure
(Seed et al., 1988; Guéguen et al., 1998; Panou et al., 2005).
Hence, accurate characterization of near-surface sediments is

crucial in predicting ground motion and mitigating these seis-
mic and geologic disasters, particularly in densely developed
urban areas (Olsen, 2000). In addition, numerous buried pale-
ochannels composed of soft, thick sediments pose risks to urban
engineering construction (Sairam et al., 2018). Therefore, a com-
prehensive survey of near-surface sediments in the GBA is
urgently needed to provide high-resolution seismic parameters
for urban construction and disaster prevention.
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Previous near-surface sediment investigations in the GBA
have primarily relied on geological boreholes and active source
surveys (Zhuang et al., 2015). However, using active sources
such as explosives and some mechanical sources can damage
the surrounding environment and disturb residents. Similarly,
drilling methods are environmentally harmful and expensive.
Therefore, both active source and drilling techniques are unsuit-
able for large-scale investigations in urban areas. In recent dec-
ades, using ambient noise seismic data to investigate shallow and
deep crust structures has been confirmed as an innovative
approach. Xiong et al. (2024) utilized ambient noise tomography
to develop a 0–5 km S-wave velocity model. However, the res-
olution of this model is limited to depths shallower than 400 m.
The horizontal-to-vertical spectral ratio (HVSR) method is a
technique that utilizes ambient seismic noise data to investigate
near-surface structures. It was first proposed by Nogoshi and
Igarashi (1971), building on the initial microtremor studies of
Kanai and Tanaka (1961). Nakamura (1989) further developed
this method, suggesting that HVSR can be used to estimate the
resonance frequency and seismic amplification factor of sites
covered with soft soil layers. Because of its simplicity, cost-effec-
tiveness, and environmental friendliness, the HVSR method has
shown promise in estimating sediment thickness and providing
a direct assessment of local site effects (Molnar et al., 2022).
However, the amplitude of the HVSR is not directly linked
to actual amplification (Perron et al., 2018), which means that
additional methods are needed to estimate site amplification
effects. One widely used approach for studying site effects is
the standard spectral ratio (SSR) method (Borcherdt, 1970).
This method calculates the ratio of the Fourier spectra of seismic
groundmotion between the target station and reference bedrock
sites. The SSR method has been widely used for analyzing site
response (Pratt and Schleicher, 2021; Song and Yang, 2022;
Zhou and Yao, 2024). By combining the results of HVSR

and SSR, we can better understand the relationship between
sedimentary structure and amplification effects.

In this study, we deployed a 6214 station dense array located
in the central GBA (Fig. 1), covering the metropolitan area of
Guangzhou city and parts of Foshan and Dongguan. The spac-
ing and dimension of the array are notably comparable with
that in Long Beach, California (Lin et al., 2013). Based on
the HVSR method, we determined the distribution of the fun-
damental frequency (f 0) and the peak amplitude (A0) across
the study area. We also established a relationship between
f 0 and Quaternary sediment thickness, revealing the distribu-
tion of sediments and paleochannel characteristics. Finally, we
assessed the potential impact of paleochannel areas on seismic
and geological hazards. These findings have significant impli-
cations for evaluating ground stability and possible dangers
and providing valuable insights for urban construction and
disaster mitigation in urban areas.

DATA AND METHOD
Data
To provide valuable information for urban construction and dis-
aster risk assessment in the most populated area in the world, we
deployed a dense seismic array, named GBArray-I, comprising
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Figure 1. Topography of the study area and distribution of seismic stations.
(a) Topography of the study area. The blue box outlines the region for
stations. The distribution faults represented by solid red lines, are based on
data from the Guangdong Geological Survey Institute. Main cities are
marked with black words. The thin black lines represent the city boundaries.
(b) Distribution of seismic stations. The red triangles indicate the seismic
stations used in Figures 2 and 4. The blue triangles indicate the reference
seismic stations used in the standard spectral ratio analyses. The blue line
outlines the region for the borehole data. The color version of this figure is
available only in the electronic edition.
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6214 three-component seismic nodes within the urban area,
including Guangzhou city and part of Dongguan city and
Foshan city, from December 2020 to January 2021 (Fig. 1). This
temporary array consisted of a static network and a mobile net-
work. The static network included 707 seismic stations spaced
2.25 km apart, which were recorded continuously for 30–35 days.
The mobile network comprised 5507 mobile seismic stations
spaced 0.75 km apart, which recorded data continuously for
3–20 days. The study region covers ∼60 km × 60 km, with a
station spacing of about 750 m. Three types of seismic nodes,
namely EPS (with a corner frequency of 5 s), SmartSolo (with a
corner frequency of 5 Hz), and Zland-3C (with a corner fre-
quency of 5 Hz), were involved in the observation. These types
of nodal seismometers all exhibit good performance below their
corner frequencies (Zhou and Shen, 2021; Dong et al., 2022;
Zeckra et al., 2022). The sampling frequency of waveforms
was 250 Hz. To alleviate the influence of wind-generated per-
turbations, all seismometers were directly buried on the ground
surface. For more information on the deployment and instru-
ment details, please refer to Ye et al. (2024). In addition, the
3576 boreholes collected in the central part of the study area
(outlined by the blue line in Fig. 1b) provide benchmarks for
the thickness of the Quaternary sedimentary layers.

From the National Earthquake Data Center, we selected five
regional and teleseismic earthquakes with high signal-to-noise
ratios (SNRs) for SSR analysis. The SNR is defined as the ratio
of the maximum amplitude of the S-wave signal envelope to
the average amplitude of the noise envelope that precedes the
P wave. For each event, we retained only those stations where
the SNR for both east–west and north–south components was
greater than three for further analysis. Because of the low seis-
mic activity in the region, only one local earthquake (with an
epicentral distance of less than 300 km) was selected for the
analysis. The detailed information about all the events analyzed
in this study is listed in Table S1, available in the supplemental
material to this article.

METHOD
HVSR analysis
The noise-based HVSR method analyzes three-component
microtremor recordings, enabling the rapid and straightforward
determination of sediment fundamental frequency (Lachet and
Bard, 1994; Site Effects Assessment Using Ambient Excitations
[SESAME], 2004). HVSR curves are computed as the ratio of the
Fourier amplitude spectra (FAS) of the horizontal and vertical
components from the microtremor record (Picozzi et al., 2005).
On 1D site configurations, the peak frequency derived from the
HVSR method is widely acknowledged as a reliable estimate of
the fundamental frequency of a soil layer (Pontrelli et al., 2023).
Because of its advantages, the method has been applied to vari-
ous complex site conditions, including thermal-basin (Agostini
et al., 2015), glaciers (Picotti et al., 2017), Antarctica (Yan et al.,
2018), seafloor (Farazi et al., 2023), and urban areas (Chen et al.,

2009; Gallipoli et al., 2020; Maklad et al., 2020). The HVSR
method is particularly effective in detecting shallow interfaces
due to its high sensitivity to strong impedance contrasts. It excels
at identifying the boundaries between near-surface soft and hard
soil layers, a task that traditional ambient noise tomography
often struggles to accomplish.

We obtained HVSR curves using the Python package hvsrpy
version 1.0.0 (Vantassel, 2021), in which the noise processing
procedure followed the scheme designed by Cox et al. (2020).
The FAS of the horizontal components are obtained by the
geometric mean of the east–west, north–south components.
Traditional methods often apply the average amplitude ratio
algorithm of short-time to long-time windows to remove tran-
sient interference signals, enhancing accuracy in measuring
HVSR curves (Wathelet et al., 2020). In contrast, the hvsrpy
applies an automatic frequency-domain window-rejection algo-
rithm (FWA) to remove contaminated time windows. Figure 2
exemplifies the utilization of hvsrpy for processing the noise
data of station A0217. After applying the FWA with n = 2
(n is the number of standard deviations from the median
f 0-value), the peak frequency shifts from 2.32 to 2.40 Hz,
whereas the standard deviation decreases from 0.17 to 0.01.

For each station, a selected 2 hr data segment was parti-
tioned into 60 s time windows, and the HVSR curve was
calculated for each window. We used the Konno–Ohmachi
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Figure 2. An example of ambient noise record processed using hvsrpy.
(a,c,e) Three-component microtremor records at station A0217 (see
Fig. 1 for station locations). The cyan time windows represent those rejected
using the frequency-domain window-rejection algorithm (FWA).
(b) Horizontal-to-vertical spectral ratio (HVSR) curves were obtained before
applying the FWA. (d) HVSR curves were obtained after applying the FWA,
in which the cyan curves represent those rejected. The color version of this
figure is available only in the electronic edition.
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smoothing algorithm with a bandwidth coefficient (b) of 40 to
strengthen the stability of the HVSR curves (Konno and
Ohmachi, 1998). HVSR was resampled logarithmically between
0.5 and 20 Hz using 200 points. To select an appropriate time
window for calculating HVSR, we conducted a detailed com-
parison among different hours of the day (Fig. 3). It can be
observed that the fundamental frequencies of the HVSR curves
remain relatively consistent across various periods, whereas the
amplitudes show some variation. To minimize the impact of
human activities, we selected 2 hr continuous data of each sta-
tion between 2 and 4 a.m. to calculate the HVSR curves, follow-
ing Bao et al. (2018).

Fundamental frequency and its associated peak
amplitude determination
For each site, the peak frequency and its associated peak ampli-
tude can be estimated from the HVSR curves. The peak
frequency of the HVSR curve is always considered as the funda-
mental frequency (f 0) of the sedimentary layer (Lunedei and
Albarello, 2010; Peng et al., 2020). The different HVSR curves
can be categorized into four types, following the classification
of Yang et al. (2019). The first type exhibits a single prominent
peak with an amplitude exceeding 2 (Fig. 4b), suggesting the
presence of a significant seismic impedance interface between
loose deposits and the underlying rock (Chatelain et al., 2008).
The second type displays multiple distinct peaks with compa-
rable amplitudes (Fig. 4c), indicating the possible occurrence
of multiple sharp shear-wave velocity contrasts in the subsurface
(Woolery and Street, 2002; Dal Moro and Panza, 2022).
Following previous research, we considered the lowest frequency
peak as the f 0 of the measured sites (Beroya et al., 2009; Sivaram
et al., 2012). The third type exhibits a broad peak (Fig. 4d), which

may be attributed to the existence of an inclined interface
between softer and harder layers beneath the surface (Woolery
and Street, 2002; Sivaram et al., 2012) or significant 2D or 3D
variations of the underground structure that generate a complex
wavefield (Thompson et al., 2012; Pilz and Cotton, 2019). The f 0
for this type of curve was determined based on the maximum
amplification, following Beroya et al. (2009). The fourth type
appears flat, with amplitudes below 2 and without any discernible
reliable peak (Fig. 4e). Hence, we did not pick an f 0-value for this
category of curves.

Sediment thickness estimation
Under the condition of a strong impedance between the sedi-
ment and bedrock, the thickness of sediment can be related to
the average shear-wave velocity (VS) of the sediment and the f 0
using the quarter-wavelength approach (Peng et al., 2020).
When the value of VS is hard to determine, the thickness of
the sedimentary layer can be estimated with an empirical equa-
tion (Ibs-von Seht and Wohlenberg, 1999),

h � af b0, �1�
in which h is the thickness of the sediments, a and b are fitting
parameters that can be calculated through least-squares fitting
when h-values are available from borehole data. In this article,
we utilize equation (1) to determine the thickness of sediments
due to the lack of accurate VS-values.

SSR analysis
To minimize the impact of instrument type on the SSR analy-
sis, we selected 496 stations from the static network that were
equipped with Zland 3C short-period seismometers for the
SSR analysis. A crucial step in SSR analysis is selecting refer-
ence stations, which should be located on bedrock sites. Based
on the station deployment logs and HVSR results, we selected
10 stations as reference stations (indicated by the blue triangles
in Fig. 1b). We then used the average spectrum of the selected
10 stations as the reference spectrum, which helps mitigate the
instability of individual reference stations.

During the one-month recording period, six high SNR
earthquakes were selected for further analysis, which included
five regional and teleseismic events, as well as one local earth-
quake event (Table S1). Because the signals above 2 Hz were
weak, only the relatively low-frequency range (0.1–2 Hz) was
analyzed for the regional and teleseismic earthquakes (Zhou
and Yao, 2024). Local earthquake usually exhibits stronger
energy in the high-frequency range and was analyzed within
the frequency range of 0.5–10 Hz. We focused on the horizon-
tal-component S-wave records. The signal window was 15 s
after the S-wave arrival for local earthquakes and 50 s for
regional and teleseismic earthquakes. We calculated the FAS
for the east–west and north–south components, then obtained
the horizontal-component amplitude spectrum using geomet-
ric averaging. For each event, the spectral ratio for each station
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window on 19 January 2021. The color version of this figure is available only
in the electronic edition.
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was calculated by dividing the horizontal spectrum by the aver-
age horizontal spectrum of 10 reference stations. At each sta-
tion, the spectral ratios for S waves from both regional and
teleseismic earthquakes were then averaged at each station
within the 0.1–2 Hz frequency range.

RESULTS
HVSR curves
After excluding sites with anomalous data, we obtained HVSR
curves for 6046 stations within the dense seismic array.
Figure 4a displays the distribution of the four types of curves.
The single-peak-type HVSR curve is the predominant category
within our dataset, consisting of a total of 5168 curves, which
accounts for ∼85% of the whole. The multiple-peak-type sites,
totaling 269, represent about 4% and are predominantly
located in the western part of the study area. The broad-peak-
type sites, totaling 337 (about 6%), are primarily situated along
the slope or in the transition zone from the hilly part to the
floodplain. The flat-type curves, which number 275 and
account for about 4%, are mainly distributed in the mountain
area, where bedrock is often exposed at the surface.

Fundamental frequency and peak amplitude
Upon analyzing the HVSR curves of all sites, the fundamental
frequency (f 0) and the associated amplitude (A0) are presented
in Figure 5. The clear distinction between the high and low
values of f 0 and A0 closely aligns with the fault location.
This correlation strongly suggests that the fault plays a signifi-
cant role in shaping the near-surface structure of the area. The
f 0-values range mainly from 0.7 to 8.0 Hz, and its spatial dis-
tribution correlates well with the topography and surface geol-
ogy of the study area. The northern, central, and southeastern
regions, characterized by mountainous terrain, exhibit f 0-

values exceeding 4.5 Hz, indicating a thinner coverage of loose
sediment. In contrast, the southern part of the study area,
which encompasses the Pearl River Delta (PRD) Plain, displays
f 0-values below 3 Hz, suggesting the presence of a thicker layer
with loose sediment. The f 0-values of 0.5–1.5 Hz are concen-
trated in the PRD Plain, forming several distinct curved stripes,
indicating the presence of banded, relatively thicker sediment
layers. Most A0-values fall within the range of 3–12, exhibiting
a negative correlation with f 0. Although A0 aligns with the sur-
face geology of the study area, it is generally acknowledged that
the peak amplitude of HVSR underestimates site amplification
(SESAME, 2004). Hence, we did not consider this parameter a
primary indicator in further discussions.

Thickness of Quaternary sediment
Based on equation (1), we fitted the relationship between the
thickness of sediments and the f 0 using the 3576 boreholes
collected in the central area of our study area. The boreholes
within a 50 m radius of each HVSR measurement site were
matched with the f 0 site. The closest borehole was selected
for the match when multiple boreholes were available.
Consequently, 104 f 0 measurements and their corresponding
boreholes were successfully matched, as shown in Figure 6a. By
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fitting the Quaternary sediment thickness of matched bore-
holes and the f 0 measurements, we derived equation (2) to esti-
mate the Quaternary sediment thickness in the study area:

h � 48:87f �−0:95�0 : �2�

The coefficient of determination (R2) is 0.78. Equation (2) we
obtained is close to the equation determined by Liang et al.
(2018) (blue line in Fig. 6a), who also utilized boreholes
and HVSR measurements in the PRD.

The thickness of the Quaternary loose layer was determined
at all measuring stations (Fig. 6b). Figure 6c,d displays histo-
grams of the f 0-values and the Quaternary sediment thickness.
The thickness of the Quaternary sedimentary layer corresponds
well with the topography and surface geology of the area, with
the majority of regions falling within the range of 10–30 m. In
the central, northern, and southeastern parts of the study area,
which are mountainous, the thickness of the Quaternary sedi-
mentary layer ranges from 0 to 10 m. Conversely, the southern,
known as the PRD Plain, exhibits Quaternary sedimentary layer
thickness ranging from 20 to 45 m. The precise boundary
observed between the high and low values of Quaternary sedi-
mentary layer thickness is notably consistent with the distribu-
tion of fault locations. This observation strongly suggests that the
regional fault structure plays a significant role in controlling the
thickness of the Quaternary sedimentary layer in the PRD
region. In the southern region of the study area, there is a dis-
tinctive pattern of curved anomalies resembling a river. These
anomalies are characterized by higher thickness levels ranging
from 30 to 45 m. A detailed analysis of this phenomenon is dis-
cussed in the Identification and characteristics of the paleochan-
nels section.

DISCUSSION
Validation of the Quaternary sediment thickness by
comparison with boreholes
The empirical equation (1) was developed based on the
assumption of a uniform velocity–depth function across all
measured sites, as proposed by Ibs-von Seht and
Wohlenberg (1999). The parameters a and b in equation (1)
depend on the specific relationship between shear-wave veloc-
ity and sediment depth, which varies across different regions
and is primarily influenced by sedimentary composition and
compaction variations. When the sediment is soft, it causes
a decrease in the average shear-wave velocity, which in turn
leads to a reduction of the fundamental frequency. As a result,
applying equation (1) to estimate the sediment thickness at the
site tends to result in an overestimation. Conversely, if the sedi-
ment is dense, the thickness will be underestimated. In this
study, the parameters a and b in equation (2) were derived
from borehole data collected from the central part of the study
area. Estimation errors may occur due to different geological
conditions when applying this equation to other areas. It
should be noted that the use of the Ibs-von Seht relationship
for estimating depth of sedimentary layers is based on the
assumption that the layers are flat lying without strong velocity
gradients (Motazedian et al., 2011). When subsurface
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sedimentary layers or topography exhibit significant lateral
heterogeneity, this can also affect the accuracy of depth
estimates (Guéguen et al., 2007).

Figure 7a displays the Quaternary sediment thickness map
compiled based on our collected 3576 geological boreholes, using
a 750 m × 750 m equal interval interpolation. Comparatively,
the sediment thickness obtained from HVSR, also utilizing a
750 m × 750 m equal interval interpolation (Fig. 7b), is generally
consistent with the borehole results. It can be observed that there
are some discrepancies in the sediment thickness estimated using
boreholes and HVSR (Fig. 7c). Most of the errors are within
5 m (Fig. 7d), with a mean absolute error of 3.25 m and a stan-
dard deviation of absolute errors of 2.95 m. This discrepancy
can be attributed to different near-surface geological conditions.
Nevertheless, this disparity is acceptable for rapid municipal
planning and engineer exploration purposes. Overall, the
Quaternary sediment thickness acquired using the HVSR
method with a 750 m spacing array is comparable to that
obtained using dense borehole data. This study demonstrates
that employing the HVSR method and dense seismic arrays
for microtremor detection, supported by borehole information
to establish the f 0–Z relationship, is an effective, efficient,
environmentally friendly, and low-cost passive source method
suitable for detecting shallow structures in highly populated cities
where large-scale drilling and active source investigations are
challenging.

Identification and characteristics of the
paleochannels
A series of high-thickness anomalies were identified in the
southern part of the study area, exhibiting a spatial distribution
in stripes. These anomalies displayed an average thickness of
Quaternary sediments exceeding 30 m (Fig. 8). The character-
istics of these high-thickness anomaly zones, including their
width, location, and Quaternary sediment thickness, bear a
striking resemblance to the features of the late Pleistocene pale-
ochannels previously documented in the PRD region (Zhuang
et al., 2015). For example, the high-thickness anomaly zone
between Panyu Tableland and Shiziyang Waterway closely
aligns with the location of the paleochannel identified by
Zhuang et al. (2015) (Fig. 8a). Based on these observations,
we posited that these high-thickness anomaly zones corre-
spond to buried paleochannels.

These paleochannels have widths ranging from 2 to 6 km,
multiple branching channels, and flow in three primary
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directions: northeast–southwest, northwest–southeast, and
near north–south. The majority of paleochannels have thick-
nesses exceeding 30 m.

To better understand the loose sedimentary structures in
the study area, four vertical sections of Quaternary sediment
thickness are shown in Figure 8b–e, with south–north sections
to the left and west–east sections to the right. Stations within a
proximity of 0.5 km on both sides are projected onto the
corresponding sections. The vertical sections reveal significant
lateral variations in the thickness of Quaternary sediments
across the study area. Within these profiles, paleochannels
can be readily identified, often cutting into the underlying
strata in a “V” or “U” shape. The paleochannels exhibit varying
burial depths and scales, ranging from 20 to 40 m, and down-
cutting depths of 5–20 m. Despite the passage of time, a few
paleochannels have persisted to the present day due to topo-
graphical and structural constraints. An example of such a
persevering river inheritance is observed at the Shiziyang
Waterway (45 km distance at D1–D2 profile).

Previous studies have suggested that variable HVSRs
obtained from different rotational angles of two horizontal
components may indicate complex and spatially variable sub-
surface structures (Matsushima et al., 2014, 2017; Vantassel

et al., 2018; Cheng et al., 2020). Therefore, the azimuthal sen-
sitivity of HVSR measurements is a crucial aspect of under-
standing the spatial variability of subsurface conditions and
may help assess potential 2D and 3D site effects. In this study,
we computed the azimuthal variations of HVSR measurements
along the C1–C2 profile, following the procedures proposed by
Cheng et al. (2020) with an interval of 10°. As illustrated in
Figure 9a, we compared the f 0 at each measurement point
between the north–south ([NS] [0°]) and east–west ([EW]
[90°]) orientations against the average azimuth. The results
indicate that most measurement points exhibited minimal azi-
muthal variation in f 0. However, we observed some azimuthal
effects at locations near the edges of paleochannels, where
rapid changes in sediment layer thickness occur, as well as
in areas with topographic variations (∼55 km distance).
Figure 9b–d represents three types of stations. Figure 9b shows
minimal azimuthal variability in both f 0 and amplitude (A0),
and this type of station constitutes a small portion of the total.
Figure 9c exhibits limited azimuthal variability in f 0 but dis-
plays variability in amplitude, which is the most common char-
acteristic among the analyzed stations. Figure 9d demonstrates
both f 0 and amplitude azimuthal variability, though changes in
f 0 are not substantial, typically found in areas inferred to be
near the edges of paleochannels or on slopes. These observa-
tions suggest that azimuthal effects have a minimal impact on
the identification of f 0, but they can serve as indicators of
subsurface complexity.

Hazard analysis and risk assessment in the GBA
Urban areas are crucial research areas in earthquake disaster
studies due to their high population density and economic sig-
nificance. Over the past century, several strong earthquakes with
magnitudes of 6 or greater have occurred in the adjacent areas of
the GBA, including the 1969 Ms 6.4 Yangjiang earthquake and
the 1962 Ms 6.1 Xinfengjiang earthquake, which vigorously
shook the GBA. Recent earthquakes above ML 4.0 in the off-
shore GBA, such as the 2020 ML 4.0 earthquake in offshore
Zhuhai and the 2022 ML 4.6 earthquake in offshore Huidong,
have further highlighted the high risk of seismic damage in
Guangzhou. In addition, at least 50 locations in Guangzhou have
experienced ground subsidence hazards, particularly in the
southern part where loose Quaternary sediments are widely dis-
tributed. These events have prompted an assessment of the
potential seismic and geologic risk in this region.

We analyzed the ground-motion intensity caused by the
earthquakes. Figure 10 illustrates the relationship between
the horizontal S-wave FAS and sediment thickness. We can
observe a clear positive correlation between the average ampli-
tude and sediment thickness (Fig. 10b). In Figure 10c, no sig-
nificant trend is observed between the average amplitude and
epicentral distance. However, there is a clear distinction
between sites in paleochannels and sites with flat HVSR curves.
We categorized the sites into four groups based on sediment
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thickness and compared the averaged spectral ratios for each
group. Figure 10c,d shows the averaged spectral ratio results
obtained from S waves of a local earthquake and five regional
and teleseismic events, respectively, which yielded similar
results. Sites with greater sediment thickness exhibit larger
amplitudes and cover a broader frequency range with
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significant amplitudes. Comparatively, the amplitude values
for sites with sediment thickness exceeding 30 m can reach
as high as 15–25.

In the study area, the paleochannel regions are characterized
by the thickest Quaternary sediment deposits, which contribute
to lower fundamental frequencies. It can be inferred that the pale-
ochannel regions are more susceptible to experiencing maximum
ground motion during strong earthquakes (Fig. 10). Previous
studies have also reported that paleochannel areas are more vul-
nerable to significant damage during solid earthquakes in other
regions. For instance, during the 1966 XingtaiMs 7.2 earthquake

in China, over 90% of the houses
located on the paleochannels
suffered severe damage and col-
lapse, whereas only 30% of the
houses situated hundreds of
meters away from the paleo-
channels were similarly affected
(Sun, 1985). A similar phe-
nomenon was observed during
the 2001 Mw 7.7 Bhuj earth-
quake, where the city of
Ahmedabad in western India
experienced significant damage
due to the effect of paleochan-
nels despite being 250 km away
from the epicenter (Sairam
et al., 2018).

From the geological perspec-
tive, paleochannels represent
distinct geological formations
composed of loosely packed,
weakly compressive, and
water-rich sandstone.
Horizontally, the sediments
within and outside the paleo-
channels exhibit substantial
differences in terms of particle
size, sorting, density, degree of
consolidation, compressive
strength, shear force, and other
physical and mechanical prop-
erties (Zhang et al., 2016).
Abrupt variations in mechani-
cal support within a limited
spatial span can lead to substan-
tial risk to large-scale engineer-
ing projects. Furthermore, the
lateral variations in the geologi-
cal structure can lead to 2D and
3D site effects during seismic
events (Thompson et al.,
2012; Pilz and Cotton, 2019).

Vertically, the paleochannels are in nonconformable contact
with the underlying rock, and the material properties of sedi-
ments deposited during different geological periods vary signifi-
cantly. The uneven settlement characteristics of these sediments
can result in uneven stress distribution on building foundations,
leading to tilting. In Guangzhou city, it has been observed that
the locations of ground subsidence hazards are primarily con-
centrated in the paleochannel areas (Fig. 8a). Therefore, special
attention should be given to these paleochannel areas when
assessing and managing the risks associated with Quaternary
soft sediments.

Distance (km)

NS
EW
Average

10

1

5

0 10 20 30 40 50 60

Paleochannels
Paleochannels

0
20

C1 C2
El

ev
at

io
n 

(m
)

Fr
eq

ue
nc

y 
(H

z)
H

V
SR

10

1

5

20
10

1

5

20
10

1

5

20
0 2 4 6 8 10 12 0 3 6 9 12 0 3 96

0 60 120 180
Azimuth (°)

0 60 120 180
Azimuth (°)

0 60 120 180
Azimuth (°)

Azimuth (°) Azimuth (°) Azimuth (°)

6
8

10
12
14

6
8

10
12
14

6
8

10
12
14

0 60 120 180 0 60 120 180 0 60 120 180

(b) (c) (d)

A0167C0604 C0125

(a)

A0167

C0125

C0604

Fr
eq

ue
nc

y 
(H

z)

Figure 9. Comparison of HVSR measurements along C1–C2 profile (location shown in Fig. 8a). (a) A comparison of
f 0 and azimuthal variability for stations along section C1–C2. The upper panel presents the elevation. (b) Example
HVSR data in which f 0 and A0 show almost no changes with azimuth. (c) Example HVSR data shows limited
azimuthal variability in f 0 while displaying variability in amplitude. (d) Example HVSR data demonstrating azimuthal
variability in both f 0 and amplitude. The color version of this figure is available only in the electronic edition.

10 • Bulletin of the Seismological Society of America www.bssaonline.org Volume XX Number XX XXXX XXXX



CONCLUSIONS
This study employed a dense array and the HVSR method to
investigate the Quaternary sediment thicknesses and their asso-
ciated site effects on the GBA. In general, our findings agree well
with the surface geology. Specifically, we observed that the
Quaternary sedimentary layer in mountainous areas has an aver-
age thickness of less than 10 m, fundamental frequencies exceed-
ing 4.5 Hz. In contrast, the Quaternary sedimentary layer within
the PRD Plain is notably thicker, with thickness exceeding 20 m
and fundamental frequencies below 3 Hz. Furthermore, we suc-
cessfully identified and delineated the spatial distribution and
geometric properties of the late Pleistocene paleochannels within
the study area. Notably, these paleochannel areas pose potential
seismic and geologic hazards, making them worthy of more
attention. This study provides valuable insights into the near-sur-
face loose sediment layers, shedding light on urban construction
and disaster risk assessment.
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