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SUMMARY

A non-parametric generalized inversion technique for the S-wave amplitude spectrum on both
the horizontal and vertical components was adopted to calculate the source parameters, site
effects and path attenuations. In this scheme, 1647 three-component records corresponding to
78 earthquakes with M values of 2.9—6.0 recorded by 58 strong-motion stations in the Sichuan
Basin were used. In the non-parametric generalized inversion technique, a reference station
was adopted to remove the trade-off between the site and source terms. Then, the simple model
R793 was selected to describe the geometric spreading characteristics of the Sichuan Basin
region. The frequency-related quality factor models for the horizontal and vertical components
are estimated as Q(f) = 129.9872f 11119 and O(f) = 132.54f 1236, respectively. In addition, the
inverted source spectra are well matched with Brune’s model, in which the stress drop values
range between 0.3 and 3.5 MPa with a mean value of 1.36 MPa. In addition, a comparison
between the site effects estimated from horizontal-to-vertical and non-parametric generalized
inversion methods shows that the geological environment significantly amplifies the vertical
component of ground motion. Finally, a residual related to distance and magnitude indicates
that there is no obvious dependence of the scatter on distance or magnitude. The source, path
and site parameters estimated in this inversion can be adopted in ground motion simulations,
which could aid in the study of seismic disasters and risk assessment in the Sichuan Basin.

Key words: Earthquake ground motions; Earthquake source observations; Seismic attenua-
tion; Site effects; Wave propagation.

ard assessment may benefit from a gradual understanding of the

1. INTRODUCTION observed ground motions. Moreover, earthquake ground motions

The Sichuan Basin is an intracontinental basin located in central
China containing semiconsolidated sediments from the Paleozoic,
Mesozoic and Cenozoic eras, as well as sedimentary rocks with
a thickness of several kilometres (Guo et al. 2023). In the past
decade, many medium-sized earthquakes have been reported in the
Sichuan Basin and its surrounding regions, such as the M 6.0
Changning earthquake in 2019, the M, 5.6 Gongxian earthquake
in 2019 and the M; 5.4 Lushan earthquake in 2013. Although the
earthquakes occurring in this seismogenic area are mainly small
and medium-sized, the likelihood of large and destructive earth-
quakes remains relatively high. Therefore, the evaluation of seismic
hazards and the formulation of an event mitigation strategy in the
Sichuan Basin are critical tasks (Zhou et al. 2022). Seismic haz-

and the resulting damage depend on path attenuation from medium
characteristics and local site effects (Jeong ef al. 2020). Previous
studies have suggested complex path attenuation and strong site
effects in the Sichuan area (Wang et al. 2018; Fu et al. 2019;
Zhang et al. 2023).

Accurately predicting earthquake ground motion is an effective
method for the seismic design of building structures and reducing
earthquake disasters. By analysing the characteristics of observed
records, the specific effects of the source, propagation path and
near-surface site conditions on ground motion can be determined,
providing an important basis for ground motion simulation and
the establishment of ground motion prediction equations (Boore,
2003; Kale ef al. 2015; Wang et al. 2017). The generalized inver-
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sion technique (GIT) was first developed for effectively dividing
the source, path and site items in ground motion in the frequency
domain (Andrews 1986). Many studies have focused on seismic
hazard analysis, ground motion parameter prediction and ground
motion simulation (Parolai et al. 2000; Shoji & Kamiyama 2002;
Hassani et al. 2011; Mandal & Dutta 2011; Zafarani et al., 2012;
Grendas et al. 2018; Klin et al. 2018; Fernandez et al. 2022). The
GIT has been an effective tool for estimating the source parameters,
regional quality factors and site responses of small and medium-
sized earthquakes. Unfortunately, in the GIT, a highly specific geo-
metric spreading function and functional shape of the quality factor
are used to describe the influence of the seismic wave propagation
path on ground motion. Due to the non-uniformity and anisotropy
of the Earth’s internal media, there is uncertainty when describing
the attenuation characteristics of seismic waves in propagation me-
dia. Moreover, the uncertainty of attenuation characteristics often
leads to abnormally high or even negative quality factors in some
frequency bands, resulting in deviations in the source spectrum or
site amplification (Castro et al. 1990; Salazar et al. 2007). To solve
this problem, the non-parametric generalized inversion technique
(NONGIT) was proposed (Castro et al. 1990), in which a discrete
variable that only depends on distance is defined to describe the
attenuation characteristics of seismic waves of different frequen-
cies in the propagation medium, and this variable follows two basic
assumptions: (1) at the reference distance, there is no path atten-
uation of seismic waves, and (2) this variable is a monotonically
decreasing curve of distance (Wang et al. 2017; Jeong et al. 2020).
To date, there has been relatively little research on site effects and
path attenuation in the Sichuan Basin, and most of the research
results are based on seismic data. Although Wang et al. (2018)
conducted research on the source characteristics, path attenuation
and site effects of the Wenchuan area using a non-parametric gen-
eralized inversion technique based on strong-motion data, the data
selected were only from aftershocks of the 2008 M,, 7.9 Wenchuan
earthquake.

Based on the observed ground-motion data sets in the Sichuan
Basin area from 2009 to 2021, spectral decomposition was per-
formed to simultaneously divide the source, path and components
in the frequency domain (Jeong ef al. 2020). The path attenua-
tion functions, including the geometric propagation and anelas-
tic attenuation functions, were first systematically analysed. The
source spectra of 78 earthquake events were reliably determined
from the estimated source spectra and then adopted to investigate
the source features in the Sichuan Basin. The study of path atten-
uation functions and source features is essential for the interpreta-
tion of damage and earthquake physics, the reliable prediction of
ground motion and the assessment of seismic hazards (Wang et al.
2018).

2. DATA PROCESSING

We collected 4449 well-recorded three-component earthquake
records from 165 earthquake events, recorded at 174 strong-motion
stations in the Sichuan Basin from 2009 to 2021. These records were
provided by the China Strong Motion Network Centre (CSMNC)
and cover acceleration records from the 2019 M 5.1 Rongx-
ian earthquake, 2011 M, 3.9 Maoxian earthquake, 2013 M 4.5
Lushan earthquake, 2014 M 4.9 Lixian earthquake and 2016 M,
4.5 Beichuan earthquake (Fig. 1). Some strong-motion acceleration
records from the CSMNC provide surface wave magnitudes (M),
while some records are local magnitudes (My). In our study, we
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converted My into M (Wang et al. 2010) and M, was subsequently
adopted to represent the value measured by the CSMNC. Most of
the records are related to M, < 6.0 events, and most of the earth-
quakes occurred on the edge of the Sichuan Basin. These records
have a sample rate of 200 Hz. By comparing two normalized spec-
tra recorded at hypocentral distances of 4 and 62 km, Jeong et al.
(2020) concluded that when the frequency is greater than 25 Hz,
the attenuation of the S-wave may not fully describe the path and
site effects. Therefore, in this inversion, the cutoff frequency is
set to 25Hz. To compute the Fourier amplitude spectrum (FAS)
of the acceleration histories, the following procedure was used.
First, the acceleration recordings were filtered using a fourth-order
Butterworth filter after baseline correction. The S-wave amplitude
spectra of the horizontal components were then obtained based on
the method provided by Husid (1967) and McCann (1979). The
starting point of the S-wave was defined as the abruptly increasing
point in the Husid plot, and we chose the end time of the S-wave
window where the cumulative envelope function started to decrease
to shut the coda wave out (Sadeghi-Bagherabadi et al. 2020; Dang
et al. 2023). In this study, the ending point of the background noise
window was determined to be 2.0 s before the onset of the P wave.
A 10 per cent Hanning window was applied at both ends of the
S wave to eliminate truncation errors (Hassani et al. 2011; Ren
et al. 2018; Wang et al. 2018; Wang et al. 2019; Wang & Wen
2020). After data processing, the S wave can be extracted (Fig. 2).
Individual records were selected by visual inspection of seismo-
grams with an average signal-to-noise ratio (SNR) greater than 5
(Mandal & Dutta 2011; Jeong et al. 2020), and at each frequency
point, only recordings with an SNR greater than 5 were retained
(Fig. 3). The low-cut corner frequency fi. was defined by the SNR
and was set to 0.25 Hz (Zhou et al. 2022; Dang et al. 2024). Due
to sudden changes in the FAS, the signals must be smoothed by the
windowing function with parameter 5 = 20 (Konno & Ohmachi,
1998):

_ sin [log (f/fc)b]
Wit f=|———5— )]
log (/] 1)
where fe indicates the central fre-
quency.

In this study, the root-mean-square (i.e. /(EW? 4+ N5?)/2) of
the two horizontal FAS values was defined as the horizontal am-
plitude of ground motion of the S wave in the frequency domain
(Fig. 4).

In this study, the available records were selected from the data
set according to the following criteria given by Wang et al. (2018).
First, recordings with hypocentral distances between 10 and 80 km
were selected. Within this distance range, the data distribution is
relatively dense, which can reduce the degree of dispersion and
increase the stability of the inversion results. Then, the average
peak ground accelerations (PGAs) in both the horizontal and ver-
tical components ranging from 2 to 100 cms~2 were selected to
reduce the impact of background noise and the non-linear re-
sponse of the soil layer on the site. Finally, an earthquake event
should be recorded by at least four strong-motion stations, with
each station triggered by at least four earthquakes to reduce data
discreteness and ensure inversion algorithm stability. Because the
Wenchuan aftershocks from 2008 to 2013 were used to estimate the
source parameters, path attenuation and site effects, relevant data
were removed from this study. Therefore, a total of 1647 three-
component strong-motion recordings collected at 58 stations for 78

Gz0z Asenuer 9o uo Jasn 1da S80IN0Say 21U0J108|T pue s|euas peaH Aq 09111.6./8201/2/0vZ/e1onie/B/woo dno-oiwspese//:sdny woJj papeojumoq



1030 P Dang et al.

30.0°N A, &

28.0°N

0 km

100 km

102.0°E

104.0°E

104.0°E

106.0°E 108.0°E
" - -‘ =3 -\-,,\
o= Pt SR
2600 T — BuoeN
30.0°N
)
SR

A Selected stations
| A Reference station
A Other stations
@® City
O Ms 3.5-3.9
@]

@

A

28.0°N
Ms 4.0-4.9
Ms 5.0-5.9

@ Ms 6.0-6.9

@M,

106.0°E

108.0°E

Figure 1. The distributions of selected earthquake events (circles) and strong-motion stations (triangles) used in our scheme. The thin solid lines indicate
faults, and the triangles denote strong motion stations. The inset map indicates the location of the study area.
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Figure 2. Three-component accelerations for the EQ0140809065342 event recorded at station 51BCZ.
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Figure 3. SNR for the EQ0140809065342 event recorded at the 51BCZ station. The SNR at each frequency is shown by a solid line.
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Figure 4. The FAS and smoothed FAS for the EQ0140809065342 event recorded at the 51BCZ station.

Ms 2.9-6.0 earthquakes from 2011 January 16 to 2021 Septem-
ber 16, were included in this inversion (Table 1). Among these
78 earthquakes, 32 had magnitudes (M) less than 4.0, 37 had M,
values between 4.0 and 4.9, and 9 had magnitudes greater than
5.0. The depth of the seismic source is mainly concentrated within
the range of 10-20 km, and the M, values in the range of 2.9 to
6.0 and hypocentral distances from 10 to 80 km were analysed

(Fig. 5).

3. GENERALIZED INVERSION
METHOD

3.1 Parametric generalized inversion technique

The GIT was applied to divide frequency-related path attenuations,
site effects and source characteristics in the recorded FAS in the
frequency domain:

Ui (f, Rij) = Si(f) - A(f, Rij) - G;()), @

where Uy(f, R;), Si(f), A(f, R;;) and G,(f) denote the FAS from the ith
source and the jth strong-motion station at the hypocentral distance
R, the source function, the attenuation function along the path and
the local amplification of the site, respectively.

When using the GIT, the attenuation function A(f, R;) can be
divided into the geometric spreading function GS(R;;) and inelastic
attenuation exp(—m/R;/Q(f)B), in which O(f) and B (= 3.6 kms™")
denote the quality factor and S-wave velocity near the source, re-
spectively.

By taking natural logarithms on both sides, the following linear
form is obtained:

InU;;(f) — In GS(R;;) + ”fRij/Q(f)ﬁ =InS;(f)+InG,;(f).
(3)

If the data sets have M recordings, eq. (3) can be transformed
into a linear system of equations Ax = b, in which A, x and b
denote the system matrix related to the data and model vectors, the
vector containing the model parameters and the data vector consist-
ing of the logarithmic spectral amplitudes, respectively. Andrews
(1986) reported the existence of an undetermined degree of free-
dom between source and site components. This uncertain degree
of freedom can either be removed by selecting a reference site or
one (or several) source spectra. Then, the vector containing the un-
known source, path and site components can be obtained by the
singular value decomposition (SVD) algorithm proposed by Menke
(1989).

3.2 Non-parametric generalized inversion technique

The non-parametric GIT algorithm, which was originally pro-
posed by Castro et al. (1990), was applied to divide the FAS al-
gorithm into source, path and site components. In our scheme,
the modified version was used. In the non-parametric GIT, eq.
(2) can be written in linear form by simply applying logarithms
(Jeong et al. 2020):

log Uj;(f; Rij) = log S;(f) + log A(f, Rij) + log G;(f). “4)
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Table 1. The station ID, station code, geographic coordinates, site conditions and number of recordings of selected stations.

Station ID Station code Latitude Longitude Number of records Site condition
1 51ZGS 29.4 104.6 3 Rock
2 51BCZ 31.9 104.3 11 Soil
3 53YST 28.2 103.6 2 Soil
4 51BCB 31.8 104.2 18 Soil
5 51BCQ 31.8 104.5 13 Rock
6 51AXD 31.6 104.4 10 Soil
7 51IMZX 31.5 104.1 10 Soil
8 S1IMXF 31.8 104 25 Soil
9 51DJH 31.1 103.7 9 Soil
10 51LXK 31.6 103.3 18 Soil
11 51BXY 30.5 102.9 11 Soil
12 51BXZ 30.5 102.9 5 Soil
13 S51LXT 31.6 103.5 33 Soil
14 51MZQ 31.5 104.1 11 Soil
15 51BCY 31.7 104.4 11 Soil
16 51BXD 30.4 102.8 12 Soil
17 51JYH 31.8 104.6 7 Soil
18 51DJZ 31 103.6 6 Soil
19 51QLY 30.4 103.3 7 Soil
20 SICNT 28.6 104.9 3 Rock
21 51PWP 32.1 104.7 9 Soil
22 S1YAM 30.1 103.1 12 Soil
23 51LSJ 30.2 102.9 5 Soil
24 512Gl 29.3 104.7 3 Soil
25 51ZG3 293 104.7 3 Rock
26 53YSZ 27.9 103.7 3 Soil
27 S1IMXN 31.6 103.7 30 Soil
28 51WCD 31.5 103.6 19 Soil
29 51MXB 31.9 103.6 22 Soil
30 51SFB 31.3 104 21 Soil
31 51JYW 31.8 104.7 8 Soil
32 51AXH 31.5 104.6 6 Soil
33 51MXD 31.7 103.9 8 Soil
34 51LXS 31.5 102.9 9 Soil
35 51TQD 30.1 102.8 6 Soil
36 51BXM 30.4 102.7 9 Soil
37 51YAD 30 103 10 Soil
38 51JLD 28.2 104.5 5 Rock
39 51LSF 30 102.9 7 Soil
40 S51YBT 28.7 104.6 4 Soil
41 S1PWN 322 104.8 5 Soil
42 51JYC 31.9 104.8 5 Soil
43 51HSS 31.9 103.4 14 Soil
44 51IWCW 31 103.1 13 Soil
45 51PJD 30.2 103.4 8 Soil
46 51YAS 29.9 103 11 Soil
47 51LXM 31.7 102.8 8 Soil
48 51AXT 31.5 104.4 5 Soil
49 S1PWD 324 104.5 8 Soil
50 51YAL 29.9 102.8 11 Soil
51 SINXT 28.8 105 3 Soil
52 S1HYT 29.9 103.4 7 Soil
53 51FSB 29.1 104.8 5 Rock
54 51HSD 32.1 103 5 Soil
55 53YML 27.6 103.6 3 Soil
56 51YBG 28.8 104.4 5 Soil
57 53YJT 28.1 104.2 3 Rock
58 51TQL 29.9 102.4 6 Soil

Unit: Latitude, °; Longitude, °; The site conditions are as indicated in the headlines of raw acceleration files. The italic-row character indicates the selected
reference station. The number of records represents the number of records for a single component. The bold characters represent the data set used for
non-parametric GIT.
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In our scheme, the matrix Ax = b can be written as follows (Jeong
et al. 2020):

ro1 0 0 100 <100 - -7
0 1 0 1 0 100 ---
1 0 0 010 010 -
o)) 0 0 000
0 0 0 . Jws 00
—wy/2 @y —wef2 0 0 00 oo | «vnn
0 *0.)2/2 Wy 7&)2/2... T
C log d; T
Og_ ! [Mog Uy 7]
log A1 '
log G log U;;
x ' = : 5)
’ 0
log G 0
log S} 0
’ 0
LlogSus |~

In eq. (5), w; denotes the weighted parameter used to constrain
the amplitude level, making logA(f, Ry) equal to 0, in which R,
denotes the reference distance, which can be defined as the mini-
mum hypocentral distance of 13 km in this inversion. In addition,
the attenuation operator is written as a non-parametric function of
the binned distance. w, denotes the degree of smoothness and w3
represents the weight applied to resolve the undermined degree of

freedom between the site and source components. M1, M2 and M3
indicate the number of distance intervals, stations and earthquakes,
respectively. (Andrews 1986; Jeong ef al. 2020).

It has long been recognized that acceleration amplitudes above a
threshold frequency decay sharply due to local site effects (Hanks
1982; Sadeghi-Bagherabadi et al. 2020). A k parameter was intro-
duced to quantify this near-surface attenuation (Anderson & Hough
1984). Papageorgious & Aki (1983) suggested that the seismic
source effect is the main reason for the attenuation of the seis-
mic amplitude spectrum in the high-frequency range. Anderson &
Hough (1984) suggested that the x parameter is influenced mainly
by the geological structure near the surface and has a certain re-
lationship with the epicentral distance. There are also studies in-
dicating that the main reasons for the attenuation of the amplitude
spectrum in the high-frequency range are the seismic source and
near-surface attenuation effects, which have a small dependence
on the propagation path (Tsai & Chen 2000). According to Camp-
bell (2009), the attenuation characteristics of seismic motion are
influenced mainly by geological conditions near the surface and
the effects of seismic sources. Although different scholars have dif-
ferent physical interpretations of the « parameter, it is generally
believed that the « parameter is related to the near-surface geologi-
cal conditions of the site. In this study, the high-frequency spectral
decay parameter kappa (ko) was set to 0.047 s for the basin area
(Fu et al. 2019), which was higher than the average kappa value of
0.0319 s for the mountain areas in Sichuan and slightly smaller than
the average kappa value of 0.0475 s estimated for the Sichuan basin
area (Guo et al. 2023). This may be because of the surficial soil
layers where the stations are located (Askan et al. 2014; Fu et al.
2019).
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4. RESULTS AND DISCUSSION

In our scheme, the horizontal and vertical decay functions were
obtained from the non-parametric GIT. By comparing the non-
parametric spectral attenuations and widely used geometric spread-
ing functions, the path attenuation was analysed and the optimal
geometric attenuation function was determined. Afterwards, the
best-fitting quality factor model for the Sichuan Basin could be ob-
tained by the inverted model. To ensure the reliability of the inver-
sion results, in this study, 50 bootstrap analyses provided by Parolai
et al. (2000, 2004) were performed at each frequency point, and
finally, the average path attenuation, site effect and source spectra
were obtained.

4.1 Spectral attenuation

The non-parametric spectral attenuation is defined as a function of
the geometric spreading function and anelastic attenuation, which
can be written as follows:

Ro\” -
40 B) = <?0> exp [ﬂQﬂ(j;) (R~ R")] ’ ©

where f, R and b denote the frequency (Hz), the hypocentral dis-
tance (km) and the geometrical spreading exponent, respectively. R
represents the reference distance, 8 represents the S-wave velocity
(kms~") and O(f) accounts for the quality factor in terms of Q(f) =
Qof", in which 7 is the index.

Because there is a strong trade-off between the geometric spread-
ing exponent b and the frequency-related quality factor O(f), the
generally used geometric spreading function (R™') is not suitable
for the Sichuan Basin region (Figs 6a and 7a). In the parametric GIT,
we usually estimate Q(f) by determining the geometric spreading in
advance, such as b = 1. However, in the non-parametric GIT, we
obtained non-parametric attenuation functions by solving eq. (5).
To define the non-parametric path attenuation as a function related
to distance, it is necessary to divide the distance range, such as 13—
80 km in this inversion, into multiple bins and ensure that there is a
certain amount of data in each bin. If the selected bins are set too
large, the smoothing constraint will suppress spatial changes and
result in inappropriate spectral attenuation functions (Ameri et al.
2011). Because the hypocentral distance of the selected recordings
in this study is uniformly distributed with local magnitude (Fig. 5),
a fixed bin width, such as 1km, was selected to calculate the non-
parametric attenuation functions.

By taking the natural logarithms of both sides of eq. (6), we
obtain:

nA(f, R)—ln(R— T (R_Ry). %)

N
R ) S 0NB

Considering that the difference between InA(f, R) and In(Ry/R)°
should be less than zero, which means that InA(f; R)-In(Ro/R)°® < 0
(Wang et al. 2018; Sakhaei et al. 2022), we obtained the maximum
value of exponent b at each frequency point for both the horizontal
and vertical components, as shown in Figs 6(b) and 7(b), which is
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Figure 8. Comparison of the total path attenuation and quality factor obtained from different models. (a) The inverted quality factors estimated with geometrical
spreading exponent » = 0.6. The inverted quality factors obtained from GIT-H, GIT-V, NONGIT-H and NONGIT-V are represented by circles. (b) The inverted
quality factors (circles) and the best-fitting O-models (solid lines) in this study with geometrical spreading exponent b = 0.5. The best-fitting O-models inverted
by GIT-H, GIT-V, NONGIT-H, and NONGIT-V are represented by the solid lines. (c) Comparison of quality factor models between this study and previous
studies. The solid lines represent the O-models for the horizontal (NONGIT-H; GIT-H) component and the other dotted lines represent the O-models given by
previous studies. (d)—(f) Comparison of total path attenuations with hypocentral distances of 20, 40 and 60 km.

Table 2. Some of the Q models and related geometrical spreading functions compared in this study.

No. O model GSF  Region References

1 0(f)=132.3729/ 08409 R™%3  Sichuan Basin, China This study (GIT-H)

2 0()=138.0317f0-901 R0 Sichuan Basin, China This study (GIT-V)

3 0(f)=129.9872f 11119 R=%3  Sichuan Basin, China This study (NONGIT-H)
4 O(f)=132.54f1-1236 R0 Sichuan Basin, China This study (NONGIT-V)
5 0(H=147.51-13 R™'  Sichuan Basin, China Fu et al. (2019)

6 0()=335.01072 R™'  Sichuan Basin, China Guo et al. (2023)

7 0(H=217.8703816 R™!  Sichuan Basin, China Zhang et al. (2017)

8 O(f)=151.211-06 R~957  Wenchuan, China Wang et al. (2018)

Note: GSF: related geometrical spreading function.

also considered the strongest geometric spreading function (Wang
et al. 2018; Sakhaei et al. 2022). In this case, the S-wave quality
factor model O(f) can be obtained from the slope of a linear least-
squares fit of eq. (7) at each frequency.

In our scheme, we obtained non-parametric path attenuation func-
tions via the non-parametric GIT. The estimated non-parametric
path attenuations of the S wave for the horizontal and vertical com-
ponents are plotted in Figs 6 and 7. The results indicate that the
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Figure 9. Average H/V spectral ratio (solid line) for station 51BCQ, show-
ing nearly unity for the 0.25-25 Hz frequency band. The dashed line indicates
the unit site amplification, and the shaded area represents the + standard
deviation.

path attenuation decays significantly with distance when the dis-
tance is less than 45 km, while at larger distances, the attenuation
is slow and gradually tends to plateau. In addition, the path attenu-
ation of S waves for both horizontal and vertical components with
higher frequencies showed a decreasing attenuation compared to
lower frequencies. In general, attenuation functions monotonically
decay with increasing frequency (Ameri ef al. 2011; Ahmadzadeh
et al. 2017; Sakhaei et al. 2022). However, compared to those at
low frequencies, the attenuation functions of the horizontal and ver-
tical components obtained in this study exhibit decreased decay at
high frequencies (Jeong et al. 2020). These results are consistent
with the path attenuation characteristics of the Fort Worth Basin
in Texas calculated by the non-parametric GIT (Jeong et al. 2020).
As stated in previous research, the path effect should be the pri-
mary factor contributing to differences in the shapes of the two
spectra. This indicates that the attenuation of seismic waves in
the Sichuan Basin is particularly complex. Because most of the
observation stations selected in this inversion are located on the
northwest edge of the Sichuan Basin, the Moho depth in this area
varies from 52.5 km in the northwest to 41.5 km in the southeast
(Chen & Xu, 2013).

Fig. 6(b) indicates that the geometric attenuation of the horizontal
component in the Sichuan Basin gradually increases with increasing
frequency at low frequencies, decreases with increasing frequency
at frequencies less than 10 Hz and finally increases until reaching
20 Hz. This attenuation characteristic is basically consistent with
that given by Wang et al. (2018) in the Wenchuan area. However,
the geometric attenuation for the vertical component (Fig. 7b) in the
study area exhibits significant oscillations in the 2-10 Hz frequency
band, but the overall characteristics are consistent with the horizon-
tal geometric attenuation characteristics. Afterwards, we obtained b
exponents of —0.51 and —0.53 for the horizontal and vertical com-
ponents, respectively. In the inversion, six models of the geometric
spreading functions were also considered to investigate the geomet-
ric attenuation model suitable for the Sichuan Basin region: (1) five
simple models with b = —0.5, —0.6, —0.7, —0.8 and —1.0 and
(2) widely used complex three-stage functions, which are plotted in
Figs 6(a) and 7(a). The results indicate that R=%° or R=" may be

able to reasonably describe the geometric attenuation characteristics
in the Sichuan Basin. Unfortunately, the quality factor estimated by
eq. (7) is plotted in Fig. 8(a), which shows that when the geometric
spreading function is selected as R=¢, the frequency-related quality
factor in some frequency bands appears abnormally high (Castro
et al. 1990; Salazar et al. 2007). Finally, simple models with b equal
to —0.5 were selected in our scheme, which is well matched with
the geometric attenuation exponent b value of 0.57 given by Wang
et al. (2018) in the Sichuan region. Before estimating the quality
model, we performed a sensitivity test for attenuation transition
distance using multiple distances and frequencies, and then, the Q
models in the study area were estimated as O(f) = 129.9872f 1111
for the horizontal component and Q(f) = 132.54f 123 for the ver-
tical component. In addition, by using the parametric GIT, where
the geometric attenuation is defined as R~°°, the quality factors
for both the horizontal and vertical components are estimated as
O(f) = 132.3729£°34% and O(f) = 138.0317/%%!, respectively. The
quality factor models are plotted in Fig. 8(b), which indicates that
the O models of the two components obtained from the parametric
GIT or non-parametric GIT have small differences. The GIT quality
factors were lower than the quality factor values obtained from the
non-parametric GIT at high frequencies (f > 1 Hz) but higher than
the quality factor values obtained from the non-parametric GIT at
low frequencies (f < 1 Hz).

In general, the regional quality factor is smaller in areas with
greater seismic activity. For the Sichuan Basin area, GIT Q mod-
els estimated from different geometrical spreading functions were
obtained. For example, the quality factor models Q(f) = 147.5f 13
(Fu et al. 2019), O(f) = 335 %> (Guo et al. 2023) and O(f) =
217.8f0816 (Zhang et al., 2017) have the same complex three-stage
geometric spreading function, which is defined as (1/R)~! when R is
less than 70.5 km, 1/70.5 when R is between 70.5 and 117.5 km, and
J117.5/R /70 when R is greater than 117.5 km. In addition, the O
model O(f) = 151.2f1% (Wang et al. 2018) inverted by Wenchuan
aftershocks was also compared in this inversion (Table 2). All the O
models for the horizontal component are plotted in Fig. 8(c), which
indicates that the quality factors calculated using the non-parametric
GIT in this study are well matched with the inversion results of other
studies at high frequencies, while they are well matched with the
results of Fu ez al. (2019) and Wang et al. (2018) at low frequencies.
However, the quality factor obtained by GIT is significantly smaller
than that of other models at high frequencies, resulting from the
different geometric spreading functions. The Q model trades-off
with the estimated geometrical spreading; therefore, both parame-
ters must be used together. In this inversion, we also compared the
total path attenuation obtained from different models with hypocen-
tral distances of 20, 40 and 60 km (Figs 8d—f), which indicated that
there is a strong dependence between the total path attenuation and
the geometric attenuation model. When the geometric attenuation
is the same, the total path attenuation is not significantly different,
especially in the high-frequency range (f > 1 Hz).

4.2 Site amplification

In this study, to constrain the site effect, strong-motion station
51BCQ, which is located under rock site conditions, was selected,
and then the horizontal-to-vertical (H/V) spectral ratio (Lermo &
Chavez-Garcia 1993; Ameri e al. 2011; Toni, 2017) was calculated,
which is plotted in Fig. 9. Similar to the GIT, the trade-off between
the source and site components can be addressed by selecting a ref-
erence bedrock station at which the site effect can be fixed to unity
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Figure 10. Site amplification estimated via the NONGIT and GIT methods compared with that obtained via the H/V method for 45 strong-motion stations.
The NONGIT site amplifications on the horizontal and vertical components are represented by solid lines. All the NONGIT site effects are averaged from the
bootstrap analysis. The solid line indicates the average H/V site amplification, and the shaded area indicates the + standard deviation.
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Figure 10. Continued

(Iwata & Irikura 1988; Jeong et al. 2020) or selecting an event with
known source spectra or source parameters (Boatwright ez al. 1991;
Moya & Irikura 2003). Although the H/V spectrum amplitudes of
the 51BCQ station fluctuate significantly between 4 and 10 Hz, the
maximum and minimum values are 2.3 and 1.2, respectively, which
are not significantly different from the average value of 1.7. This
result indicates rough flat shape with low-amplitude amplification.
In this case, the site effect at reference station 51BCQ can be con-
sidered equal to unity for the vertical component of ground motion
(Ameri ef al. 2011; Mandal & Dutta 2011), and the real H/V ratio
was used for the horizontal component. Fig. 10 shows the site ef-
fects derived by the non-parametric GIT for both the horizontal and
vertical components. Moreover, the average site effects obtained by
the H/V ratio and its corresponding + standard deviation area were
also plotted.

The site effects estimated from the non-parametric GIT for the
horizontal and vertical components were separately described to
investigate the possible amplifications of the vertical component of
ground motion, which could lead to issues in explaining the H/V
results. The results indicate that there is good consistency between
the H/V ratio and the NONGIT horizontal amplification for certain
stations, especially indicating that the predominant frequencies are
approximately identical. However, at some stations, such as stations
51AXD, 51AXH, 51WCD and 51BXY, the NONGIT site effects
are significantly smaller than the site effects obtained by the H/'V
spectral ratio. Overall, the average of the NONGIT site amplification
functions is generally greater than that of the H/V approach. Some
previous results have also indicated that the H/V approach usually
underestimates site amplification (Bard 1998; Castro et al. 2001,

2004; Salazar et al. 2007; Hassani et al. 2011; Dang et al. 2024).
In addition, previous studies have proven that the H/V spectral
ratio can be used to obtain the predominant frequency while usually
underestimating site effects (Castro et al. 2004; Ren et al. 2013). The
reason for this result is related to site amplification of the reference
station, which may vary depending on the geological conditions.

Interestingly, the results at several strong-motion stations indicate
a significant impact of site amplification on the vertical component
of ground motion. Therefore, the main differences between the site
effects obtained from H/V and NONGIT occur at stations with re-
markable amplification of the vertical component. In this case, the
assumption of using the H/V spectra ratio to estimate the site ef-
fect is incorrect. These findings are consistent with some studies
that use the GIT to calculate site amplification (Castro et al. 1997,
Bindi et al. 2009; Oth et al. 2009, 2011; Ameri et al. 2011). At
stations SIPWN and 51AXD, the H/V and NONGIT curves ex-
hibit the same amplification peak at approximately 8 Hz (51PWN)
and 10Hz (51AXD), while in other frequency bands, the differ-
ences between H/V and NONGIT-H are significant due to vertical
amplification. At station 51LXK, the predominant frequency ob-
tained by the H/V and NONGIT methods is approximately 3 Hz;
when the frequency is higher than 4 Hz, the H/V curve tends to
plateau, while the NONGIT-H curve increases with increasing fre-
quency. The vertical amplification of the site results in a marked
difference between the H/V and NONGIT-H curves. Interestingly,
at station 51LXT, remarkable amplifications appear at frequen-
cies > 9 Hz for both the NONGIT-H and NONGIT-V site effects,
which are substantially larger than those estimated by the H/V tech-
nique.

Gz0z Asenuer 9o uo Jasn 1da S80IN0Say 21U0J108|T pue s|euas peaH Aq 09111.6./8201/2/0vZ/e1onie/B/woo dno-oiwspese//:sdny woJj papeojumoq


art/ggae426_f10c.eps

1040 P Dang et al.
102 : : 102 : : 102 , ,
— — =—Inverted — —Inverted — =—Inverted
g 3 - - Best-fitting3 3 Best-fitting3 3 . ~—Best-fitting j
§ 1044 ~ 1 104
g | fo=0.64MPa /o=1.02MPa 1 /o =065 MPa
& o) P Mokm r=039km o] 7=077km
107y f=1.13Hz 1 fy=342Hz 1073~ 17512
2 ] Ms=45 Ms=3.5 1 Ms=32 ]
2 EQ0160627181306 EQ0140504150942 EQ0210614040237
107 1 0 " 107 1 0 " 107 1 0 "
10° 10 10 10° 10 10 10° 10 10
102 F requency (Hz) 102 F requency (Hz) 102 F requency (Hz)
— — —TInverted — —Inverted — —Inverted
é’ E - Best-fitting | 3 Best-fitting E Best-fitting §
-4 ] -4 ] ] -4 ] ]
§ 10 10 10 N
3 1 Ao=0.71 MPa 1 /o =149 MPa 1 /o =1.03 MPa
& 1 r=048km r=0.69 km o] r=0.66 km
3 10°7 =277 1y 1/ =194Hz 1071 ¢ 204 Hz
3 ] Ms=35 ] ] Ms=42 ] I Ms=37
n EQ0141112104450 EQ0140809065342 EQ0150301123812
107 1 0 Al 107 1 10 A\l 107 1 0 "
107 10 10 10° 10 10 10° 10 10
102 Frequency (Hz) 102 Frequency (Hz) 102 Frequency (Hz)
— — —Inverted — —Inverted ~ ~ — —Inverted
g 3 Best-fitting: 3 Best-fitting 3 ~ Best-fitting §
N~
510.4, -~ 110% S 1 10%
S | /o=096MPa 1 Ao=1.12MPa 1 Ag=2.00 MPa
o, -
73 r=0.62 km r=1.07 km r=0.53 km
§10'6’ f,=2.17Hz 104 /=125 Hz 101 fi=254 Hz
2 ] Ms=3.7 ] Ms=4.6 1 Ms=39 E
2 EQ0150224085207 EQ0191209152057 EQ0140614152733
10°® : : 10°% : : 10°® : :
10" 10° 10' 10" 10° 10! 10" 10° 10'
Frequency (Hz) Frequency (Hz) Frequency (Hz)

Figure 11. The best-fitted (solid line) and inverted (dashed line) source spectra for selected earthquake events. The dashed line denotes the inverted model from
the bootstrap analysis. The source parameters, such as corner frequency fj, surface wave magnitude M, source radius 7, stress parameter Ao and earthquake

name, are also shown in each panel.

There may be some reasons for the amplification of the vertical
component. On the one hand, S-P conversion occurs at the bottom
of the soft layer under high-impedance constraints (Parolai & Rich-
walski 2004; Ameri et al. 2011; Jeong et al. 2020); on the other
hand, the presence of P-wave trains in the selected S-wave windows
due to the short distance and the separation between P and S waves
was not feasible (Ameri et al. 2011).

4.3 Source spectra

In this study, a bootstrap analysis method given by Oth ef al. (2011)
was adopted to study the stability of the inversion results. The source
component that follows Brune’s w? model of the ith earthquake
event obtained from the GIT can be written as follows (Boore 2003):

M@ f)

S(/f)
L+ (/)

-exp(—mko f), (¥

where «( indicates the high-frequency attenuation parameter and
the constant C can be defined as follows:

C— NRoo FV ’ ©)
4mpBiRy

where Ny, V, F, B and p account for the average radiation pattern for
the S wave, usually set to 0.55, the proportion of S-wave energy onto
two horizontal components, usually set to 0.707, the free surface
amplification usually set to 2, and the S-wave velocity and density
near the source, respectively. Ry accounts for the reference distance
in km. In this inversion, the reference distance R, was set to 13 km,
which is the minimum hypocentral distance. M, accounts for the
seismic moment and f; represents the corner frequency.

The high-frequency attenuation parameter was obtained by using
robust linear regression in the form of k = kg + m x R (Andrew
& Hough 1984; Dang et al. 2022), in which m (skm~!') and R (km)
indicate the coefficient and fault distance, respectively. Then, the
relation between the high-frequency attenuation parameter and dis-
tance was estimated to be k = 0.0471 + 0.0000918R for the Sichuan
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Table 3. Source parameters, such as corner frequency fp, moment magnitude My, seismic moment My, radius » and stress drop Ao, calculated by the GIT
method.

Event ID Event name Lat Lon M (My) fo My My r Ao
1 EQ190225084000 29.46 104.50 43 (4.8) 1.47 4.02 12.2 910 0.71
2 EQ160627181306 31.89 104.41 4.5(4.9) 1.13 423 244 1190 0.64
3 EQ140817060800 28.12 103.51 5.2(5.6) 1.31 4.45 53.9 1020 222
4 EQ190225131559 29.48 104.49 49(5.3) 1.08 431 32.8 1250 0.74
5 EQ150301123812 31.78 104.08 3742 2.04 3.85 6.68 660 1.03
6 EQ161205142525 31.89 104.46 3.13.7) 2.36 3.55 2.37 570 0.57
7 EQ191209152057 31.56 104.25 4.6 (5.0) 1.25 4.30 31.6 1070 1.12
8 EQ150831215606 31.90 104.40 3.6(4.1) 2.61 3.70 3.98 510 1.29
9 EQ130316204500 31.90 104.30 3944 2.20 3.70 3.98 610 0.77
10 EQ110323080308 31.71 104.01 3.9(4.4) 2.08 4.00 11.2 640 1.84
11 EQ140402140443 31.17 103.60 424.7) 1.98 3.93 8.66 680 1.22
12 EQ130127130647 31.52 103.26 424.7) 1.63 3.93 8.66 820 0.68
13 EQ190502155758 30.43 103.01 4.5(4.9) 1.23 4.30 31.6 1090 1.06
14 EQ190516043331 28.07 103.53 4.7(5.1) 1.21 422 23.6 1110 0.75
15 EQ110605132145 31.80 104.14 424.7) 1.36 4.15 18.8 990 0.86
16 EQ130420083138 30.39 103.01 4.5(4.9) 1.59 4.08 14.5 840 1.06
17 EQ160529101438 31.46 104.30 4.4 4.8) 2.06 4.00 11.2 650 1.79
18 EQ160521015503 31.52 103.28 35341 2.16 3.78 5.16 620 0.95
19 EQ120702061759 31.72 103.51 4.0 (4.5) 2.49 3.93 8.66 540 2.42
20 EQ140504150942 31.93 104.48 3.5(4.1) 3.42 3.40 1.41 390 1.02
21 EQ150224085207 31.66 104.02 3742 2.17 3.78 5.16 620 0.96
22 EQ130420185902 30.40 103.00 4.1 (4.6) 1.49 4.08 14.5 900 0.87
23 EQ180706131945 30.36 103.28 3.6(4.1) 2.13 3.69 3.83 630 0.67
24 EQ190703122653 28.40 104.85 4.8(5.2) 1.08 4.26 27.8 1240 0.65
25 EQ190622222956 28.43 104.77 54 (5.7) 0.85 4.55 75.1 1580 0.84
26 EQ161202103543 31.99 104.48 3.13.7) 2.94 3.55 2.37 460 1.10
27 EQ210614040237 31.99 104.49 3.2(3.8) 1.75 3.85 6.68 770 0.65
28 EQ120527191901 31.47 103.95 4.0 (4.5) 2.26 3.78 5.16 590 1.08
29 EQ110401130712 31.59 104.01 4.0 (4.5 2.59 3.93 8.66 520 2.73
30 EQ151211052745 32.00 104.52 3.7(42) 3.56 3.63 3.07 380 2.53
31 EQ130420103837 30.25 103.01 4.7(5.1) 1.09 4.30 31.6 1230 0.74
32 EQ141216110340 30.31 103.06 3.6(4.1) 3.12 3.55 2.37 430 1.30
33 EQ141112104450 31.81 104.14 3.54.1) 2.77 3.48 1.83 480 0.71
34 EQ150812071153 31.24 103.64 3.8(4.3) 2.79 3.78 5.16 480 2.03
35 EQ171106083412 31.22 103.70 3.2(3.8) 1.92 3.93 8.66 700 1.12
36 EQ130421170524 30.34 103.00 54(5.7) 0.77 4.68 115.0 1730 0.97
37 EQ130420191250 30.35 103.02 43 (4.8) 1.92 4.15 18.8 700 2.42
38 EQ130421115939 30.26 103.00 49(5.3) 1.01 4.45 53.1 1330 1.00
39 EQ140809065342 31.83 104.13 4247 1.94 4.00 11.2 690 1.49
40 EQ110116083016 31.98 104.48 4.1 (4.6) 2.54 3.93 8.66 530 2.57
41 EQ140611224647 31.25 103.59 354.1) 3.71 3.40 1.41 360 1.31
42 EQ140411103058 31.70 103.18 49(5.3) 1.33 438 41.0 1010 1.74
43 EQ130423055450 30.35 103.00 43 4.8) 1.83 4.15 18.8 730 2.08
44 EQ141215003515 30.36 103.05 3742 3.37 3.63 3.07 400 2.14
45 EQ110507082112 31.52 103.83 3944 1.98 4.08 14.5 680 2.06
46 EQ130309202358 31.35 103.50 4247 2.13 4.00 11.2 630 1.97
47 EQ140310191723 31.64 104.03 3742 4.14 3.55 2.37 320 3.05
48 EQ140522104733 31.63 103.92 2.9 (3.5) 3.11 3.48 1.83 430 1.00
49 EQ121008230558 31.42 103.92 3742 2.67 3.78 5.16 500 1.79
50 EQ130105130613 31.66 104.11 3944 2.12 3.85 6.68 630 1.15
51 EQ130421184824 30.30 103.00 4247 1.51 4.08 14.5 890 091
52 EQ130420174514 30.31 103.04 4.0 (4.5) 1.81 4.00 11.2 740 1.20
53 EQ130420151834 30.39 103.00 4247 1.94 3.93 8.66 690 1.15
54 EQ160330091412 31.41 103.81 3.0 (3.6) 3.49 3.48 1.83 380 1.41
55 EQ121201231644 31.85 104.18 4.3 (4.8) 1.83 4.15 18.8 730 2.08
56 EQ120611235358 31.32 103.46 3944 1.99 3.93 8.66 680 1.23
57 EQ170423052657 31.42 103.97 3339 1.67 3.93 8.66 800 0.73
58 EQ200122150833 31.66 103.13 4.5(4.9) 1.18 423 24.4 1140 0.73
59 EQ120302084621 31.33 103.68 3.2(3.8) 3.55 3.55 2.37 380 1.93
60 EQ130708073914 31.28 103.57 4.0 (4.5) 2.31 3.93 8.66 580 1.95
61 EQ140405064033 28.14 103.57 5.1(5.5) 1.09 4.41 45.7 1240 1.06
62 EQ170606140457 31.32 103.20 3339 1.84 3.93 8.66 730 0.98
63 EQ110904121345 31.27 103.62 424.7) 1.57 4.15 18.8 850 1.33
64 EQ140614152733 31.56 104.13 3944 2.54 3.85 6.68 530 2.00
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Table 3. Continued

Event ID Event name Lat Lon M (My) fo My, My r Ao
65 EQ190704101758 28.41 104.74 5.6 (5.9) 0.72 4.65 105.0 1860 0.71
66 EQ111226004652 31.37 103.79 4.7(5.1) 1.40 438 41.0 960 2.04
67 EQ130421045344 30.36 103.05 54(5.7) 1.26 4.45 53.1 1070 1.91
68 EQ201021120447 31.84 104.17 4.6 (5.0) 1.49 4.30 31.6 900 1.92
69 EQ171110110315 31.57 103.93 43 (4.8) 1.96 4.08 14.5 680 1.99
70 EQ190617233601 28.43 104.77 5.1(5.5) 0.71 4.75 150.0 1880 0.98
71 EQ201022110347 31.83 104.18 4.7(5.1) 1.03 4.45 53.1 1300 1.05
72 EQ140711195643 29.63 103.09 3.7(42) 3.73 3.63 3.07 360 2.90
73 EQ110506184815 31.26 103.59 4.1 (4.6) 1.61 3.93 8.66 830 0.65
74 EQ120405063249 31.99 103.05 3.6 (4.1) 1.92 3.85 6.68 700 0.86
75 EQ130808025143 31.69 103.18 4.2 (4.7) 1.36 4.15 18.8 990 0.86
76 EQ141106145421 31.26 103.23 3.8(4.3) 3.70 3.63 3.07 360 2.83
77 EQ190617225543 28.34 104.90 6.0 (6.3) 0.47 5.05 422.0 2850 0.80
78 EQ210916043300 29.20 105.34 6.0 (6.3) 0.59 4.84 202.0 2290 0.74

Unit: Latitude, °; Longitude, °; fy, Hz; My, (x 10'* Nm); r, m; Ao, MPa;

The event ID can be divided into data and time of this earthquake. For example, EQ190225084000 indicates that the earthquake occurred on 2019 February
25 at 08:40:00 (Beijing time). The bold character indicates that Ms is calculated from the empirical relationship Ms = 1.13Mp —1.08 (Wang et al. 2010). The

bold characters indicate the data set used for parametric GIT.
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Figure 12. The moment magnitude M versus source radius ». The balls represent the earthquake events used in our scheme. The dashed lines from bottom to
top indicate the constant stress drop relationships corresponding to 0.1, 1 and 10 MPa.

Basin region (Fu et al. 2019). Therefore, a « value of 0.0471 was
adopted. In this study, an iterative least-squares inversion method
based on the Levenberg—Marquardt algorithm (Fletcher 1995) was
used to calculate the seismic moment M, and corner frequency f,
for each selected earthquake event. Then, the empirical relationship
between the moment magnitude M,, and the seismic moment M,
(Nm) given by Hanks & Kanamori (1979) was applied to calculate
the moment magnitude.

The inverted source spectra obtained from the non-parametric
GIT are plotted in Fig. 11. In each panel, the best-fitting model with
an w® shape was compared with the inverted values. The results
indicate that the inverted source spectra are very consistent with
Brune’s spectra for each event. The widely used earthquake source
model is defined as the w?> model (Brune 1970). In this case, the

source radius and the stress parameter for each selected earthquake
event can be obtained as follows:

2.34
=2 3f’3 (10)
T Joi
TMy;
Doy = T e, (an

where r; denotes the source radius (m) and Ao; indicates the stress
parameter (MPa). The remaining parameters, such as 8 and M,;, are
in ms~' and Nm, respectively. The source parameters mentioned
above for representative earthquake events are also listed in each
panel of Fig. 11. A detailed summary of the source parameters for
all 78 selected events is shown in Table 3. The results indicate that
the inverted source parameters generally conform to source scaling,
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and the moment magnitudes inverted in this inversion are smaller
than the surface wave magnitude M, or the local magnitude M,
which is consistent with the results from other regions in China
(Matsunami et al. 2003; Xu et al., 2010; Zhao et al. 2011; Lyu et al.
2013; Wang et al. 2018).

Fig. 12 displays the relationship between the seismic moment M,
and source radius 7 and compares it with constant stress parameter
laws of 0.1, 1.0 and 10 MPa, indicating that the stress calculated
in this study ranges between 0.3 and 2.6 MPa with a mean value
of 1.1 MPa, which is smaller than the average stress parameter of
4.89 MPa for global intraplate earthquakes (Allmann & Shearer,
2009) and slightly lower than the stress parameter of 1.5 MPa for
the 2013 Lushan M,, 6.6 earthquake (Hao et al. 2013). The result
obtained in this inversion is well matched with the results inverted
by Zhou et al. (2022) for the Yangbi region.

Fig. 13 compares the seismic moment M,, derived from source
spectra with the surface wave magnitude M, and local magnitude
M . In this study, both the M, and M, data were obtained from the
China Earthquake Network Centre. On the one hand, the relation
between M, and M, was estimated to be M,, = 0.4784M, + 2.0234,
without considering the M, converted through A/ . On the other
hand, we obtained the M for the corresponding event converted
through the M} with the relation M = 1.13M| —1.08 (Wang et al.
2010), and then, the relationship between M,, and M, was estimated
as My, = 0.5557M; + 1.6603. Fig. 13 shows that both models
obtained in this study agree well with other relationships, especially
with the models of Wang et al. (2018) and Sakhaei et al. (2022).

4.4 Inversion residual

Fig. 14 shows that the site amplifications calculated by the NONGIT
and H/V methods were averaged at several frequency points ranging
from 1 to 16 Hz with an interval of 1 Hz. The comparison between
the inversion results obtained by the NONGIT and H/V methods

indicates that at frequencies of f < 5Hz, the site amplification
obtained by the NONGIT method is smaller than that estimated by
the H/V method, while at frequencies of /> 13 Hz, the opposite
is true, which indicates that a strong amplification effect occurs at
low frequencies in the basin. These results are consistent with the
conclusions of Fu et al. (2019). In other frequency bands, the site
effects obtained by both methods are in good agreement. The reason
for this result may be whether the average velocity of shear waves
in the top 30m of soil is adequate for soil or rock classification
(Hassani et al. 2011).

In addition, a residual defined as a function of the hypocentral
distance (Ryyp) and surface wave magnitude (A4;) was adopted to
analyse the bias in the inversion results. The residuals are defined
as the natural logarithm (In) of the ratio of the recorded and syn-
thetized FAS values (i.e. In(Obs/Sim)). The relationships among the
residuals and the hypocentral distance and magnitude are plotted in
Figs 15 and 16, which indicate that there is no significant bias in the
residuals. In addition, the residuals show no obvious dependence
of the scatter on distance or magnitude. It is worth confirming that
the inversion results are reliable and stable. Therefore, the spectral
parameters obtained in this study can be used to reconstruct the
median ground motion in the Sichuan Basin, China.

5. CONCLUSIONS

In this study, we presented the results estimated using the non-
parametric GIT for seismic recordings recorded by 45 strong-
motion stations. The GIT has always been used to separate the
source, path and site components of earthquake ground motions;
thus, source parameters, such as the stress drop, corner frequency,
moment magnitude and source radius, and path parameters, such
as the frequency-dependent Q(f) model and geometric propagation
model, can aid in the study of seismic disasters and risk assessment
in the study region (Ameri ez al. 2011).
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Figure 14. Comparison of site amplification between the NONGIT, GIT and H/V methods at 16 selected frequency points. The circles represent the site
amplification averaged over all strong motion stations. The dashed and solid lines indicate the 1:2, 2:1 and 1:1 correspondence.

1. The path attenuation decays significantly with distance when the with higher frequencies showed a decreasing attenuation compared
distance is smaller than 45 km, while at larger distances, the atten- to lower frequencies. We compared five simple models and a com-
uation is slow and gradually tends to plateau. In addition, the path plex geometric attenuation model. Finally, a simple model with b

attenuation of S waves for both horizontal and vertical components equal to —0.5 was selected to describe the geometric spreading.
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Then, the regional quality factor Q in the study area was estimated
to be O(f) = 129.9872f 111 for the horizontal component and O(f)
= 132.54f 1236 for the vertical component. For comparison, we
used the parametric GIT to estimate the quality factor, which can
be written as Q(f) = 132.3729f %% for the horizontal component
and O(f) = 138.0317f %% for the vertical component. The results
indicate that the O models of the two components obtained from
the parametric GIT or non-parametric GIT have small differences.
2. The site effects obtained from the non-parametric GIT and H/V
methods indicate that there is good consistency between the H/'V
method and the NONGIT horizontal amplification for certain sta-
tions, especially indicating that the predominant frequencies are
approximately identical. However, we observed that the vertical
component of the ground motion exhibits significant amplification
characteristics at several strong-motion stations. At these stations,
the H/V spectral ratio method cannot be adopted to estimate the
amplitude curves and, in some cases, the predominant frequency.
In this study, most stations are located on the edge of the Sichuan
Basin, which may have amplified the vertical component.

3. A comparison between the inverted and best-fitting source spec-
tra indicates that the inverted source parameters generally conform
to source scaling. The stress parameters obtained for the earthquake
events selected in this inversion vary between 0.3 and 3.5 MPa,
with a mean value of 1.36 MPa. The stress drop inverted in this
study is lower than the average stress parameter of 4.89 MPa for
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global intraplate earthquakes (Allmann & Shearer, 2009) and is
slightly lower than the stress parameter of 1.5 MPa for the 2013
Lushan M,, 6.6 earthquake (Hao et al. 2013). However, this result
is well matched with the results inverted by Zhou et al. (2022)
for the Yangbi region. In addition, the relation between the mo-
ment magnitude and surface wave magnitude was obtained as
M,, = 0.4784M; + 2.0234, without considering the M, converted
through M, . After the M} was converted to M, the relationship was
estimated as M,, = 0.5557M, + 1.6603. These two models are well
matched with the model given by Wang ef al. (2018).

DATA AVAILABILITY

The acceleration waveforms were provided by the China
Strong Motion Network Centre at https://data.carthquake.
cn/datashare/report.shtml?PAGEID=datasourcelist&dt=
40280d0453e5add30153e5¢79dc6001b (last accessed December
2022) wupon reasonable request (email: csmnc@iem.ac.cn).
Earthquake  parameters, including hypocentre location,
measured magnitude A and local magnitudes M; were
obtained from China Earthquake Network Center at
https://data.earthquake.cn/datashare/report.shtml?PAGEID=
datasourcelist&dt=40280d0453e5add30153e5¢79dc6001b,  (last
accessed May 2023). The NONGIT method can be found
at https://doi.org/10.1785/0120200097 (Jeong et al. 2020),
which was wused for estimating source characteristics, site
effects and path attenuation. Moment magnitude M, in the
Global Centroid-Moment-Tensor catalogue was obtained
from http://www.globalemt.org/CMTsearch.html, (last accessed
May 2023). Some plots, such as Fig. 1, was made using
the Generic Mapping Tools (GMT) version 5.2.1 (Wessel et
al., 2013), which can be downloaded from the website at
https://www.generic-mapping-tools.org/ (last accessed May 2018),
and some figures, such as Figs 10, 14, 15 and 16 were prepared using
the MATLAB software, which can be downloaded from the website
at https://www.mathworks.cn/campaigns/products/trials.html
(last accessed May 2018). The remaining figures were made
using the Origin software (https://www.originlab.com/, last
accessed May 2018). The relationship between surface wave
magnitude M; and local magnitude M can be available at
https://blog.sciencenet.cn/blog-575926-686661.html (last accessed
August 2023). The FAS values of the reference station 51BCQ can
be found in the Supplementary section.
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