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Abstract

We construct a probabilistic seismic hazard model for mainland China by integrating
historical earthquakes, active faults, and geodetic strain rates. We delineate large
seismic source zones based on geologic and seismotectonic characteristics. For each
source zone, a tapered Gutenberg—Richter (TGR) distribution is used to model the
total seismic activity rates. The TGR a- and b-values are calculated using a new earth-
quake catalog, while corner magnitudes are constrained using the seismic moment
rate inferred from a geodetic strain rate model. For hazard calculations, the total
TGR distribution is split into two parts, with smaller (My, < 6.5) earthquakes being
distributed within the zone using a smoothed seismicity method, and larger earth-
quakes put both onto active faults, based on fault slip rates and dimensions, and into
the zone as background seismicity. We select ground motion models by performing
residual analysis using ground motion recordings. Site amplifications are considered
based on a site condition map developed using geology as a proxy. The resulting seis-
mic hazard is consistent with the fifth-generation national seismic hazard model for
most major cities.
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Introduction

China is frequently shaken by strong earthquakes and has abundant written records of
earthquakes spanning over 3000 years. In 2015, China released the fifth-generation
national seismic ground motion parameter zonation map, which became the current
national standard for the building code (General Administration of Quality Supervision,
Inspection and Quarantine of the People’s Republic of China, 2015). The fifth-generation
map included a horizontal peak ground acceleration (PGA) map, a map illustrating char-
acteristic period (the second corner period) of response spectra, and the provision for
adjusting PGA and characteristic period with site classes using the methodology described
in Gao (2015). However, the hazard calculations can be neither reproduced nor extended
by others because the details of data (e.g. boundaries of source zones and seismic activity
parameters for each source zone) and methodology (such as how the active fault data were
used) on the seismic hazard modeling were not given. The objective of this study is to
develop a new seismic hazard model for mainland China. Taiwan is not included here
because a seismic hazard model for Taiwan was developed and released in 2015 (Wang
et al., 2016).

Seismicity models and appropriate ground motion models (GMMs) are the main com-
ponents for probabilistic seismic hazard modeling. Seismicity models generally describe the
earthquake occurrence or frequency with respect to magnitudes and locations. Common
methods for constructing them comprise smoothing past seismicity, and employing a char-
acteristic earthquake model to estimate earthquake occurrence on active faults (e.g.
Fujiwara et al., 2006; Petersen et al., 2015; Wang et al., 2016). However, a fault database is
not likely to include every seismogenic fault, and catalogs of historical earthquakes
(throughout this article, we use the term “historical earthquakes” for both instrumental
and pre-instrumental earthquakes) are often not long enough to characterize the rate and
distribution of large earthquakes. We address these drawbacks in the modeling process by
including additional useful information, geodetic-based strain rates. The Collaboratory for
the Study of Earthquake Predictability (CSEP) experiment demonstrated that using geode-
tic strain rate in earthquake activity rate modeling is promising (Schorlemmer et al., 2018).
Tectonic moment rate provides an upper limit for the seismic moment rate budget. Under
the reasonable assumption that the long-term average rate of elastic strain is negligible in
comparison to the rate of permanent strains accumulated by frictional faulting, tectonic
moment rates can be calculated from a strain rate model.

In this study, we employ a simple but practical method to build seismicity models. The
method integrates historical earthquakes, active faults, and geodetic strain rates (Rong
et al., 2017). In the sections below, we describe some of the datasets compiled for this work
and the process of GMM selection. The method and process for constructing seismicity
models are discussed in detail. Hazard maps for mainland China and hazard curves for
several major cities are displayed, followed by a comparison of present result with the
fifth-generation national seismic ground motion parameter zonation map, and a discussion
of model limitations.

Data for constructing seismicity models

Seismotectonics of China

Mainland China is located on the southeastern Eurasia plate. The collision of the India
plate with the Eurasia plate not only uplifted the Himalayas and Tibet Plateau, but also
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Figure 1. Tectonic blocks, faults, and large historical earthquakes in and around mainland China. The
tectonic blocks, shown by white polygons, are modified from Zhang et al. (2003). Thin solid black lines
indicate faults active since the Late Pleistocene, and thin dashed black lines indicate faults active before
the Late Pleistocene. The fault data are from Xu et al. (2016). Large historical earthquakes (My, = 7.5
from 780 BC to 2016) are shown by red dots.

deformed the Eurasian interior as far as 3000 km north of the Himalaya. The process of
India-Eurasia collision and the eastward “escape tectonics” produced major active faults
within and around the Tibet Plateau such as the Himalaya main thrust fault, Karakorum
fault, Xianshuihe fault, Kunlun fault, Altyn-Tagh fault, Haiyuan fault, and Red River
fault (Figure 1). These major faults zones cut the Tibetan Plateau into six active tectonic
blocks: Lhasa, Qiangtang, Bayan Har, Qaidam, Qilian, and Chuandian (Figure 1) (Zhang
et al., 2003). Recent large earthquakes in the region include the 2015 My, 7.9 Gorkha, the
2008 My, 7.9 Wenchuan, the 2001 My 7.8 Kokoxili, and the 1997 My, 7.5 Manyi
earthquakes.

North of the Tibet Plateau, the active Tianshan block is bounded by the relatively sta-
ble Tarim and Junggar blocks (Figure 1) (Zhang et al., 2003). The Tianshan block is com-
posed of multiple near east-west striking thrust faults, and it accommodates a significant
amount of north-south shortening. The Sayan, Altay, and Alxa blocks (Figure 1), located
east of the Tarim and Junggar blocks, contain some of the largest strike-slip faults in the
region. Three My ~ 8 earthquakes stuck the region in the last century.

Crustal deformation in eastern China is predominately along the rift zones around the
Ordos block and the seismic zone in the Yanshan and North China blocks (Figure 1).
Devastating earthquakes around the Ordos block include the 1920 My ~ 8.3 Haiyuan
earthquake, 1556 My, ~ 8.0 Shannxi and 1303 My ~ 8.0 Hongdong earthquakes. Great
earthquakes around the North China block include the 1679 My, ~ 8.0 Sanhe-Pinggu and



4 Earthquake Spectra 00(0)

1976 My, 7.6 Tangshan earthquakes. The Tanlu fault is the longest fault in eastern China
and hosted the 1668 My, 8.0-8.5 Tancheng earthquake (Figure 1). However, the slip rate
along the fault is small. The South China, Xingan-East Mongolia, and Northeast blocks
in eastern China are relatively stable and characterized by low seismic activity.

For the construction of seismicity models, we compile an M y~based historical earth-
quake catalog and a seismogenic fault source database. We also use a high-resolution
strain rate map developed from Global Positioning System (GPS) observations (Wang
and Shen, 2020) in the modeling process.

An Mbased historical earthquake catalog

China has an over 3000-year-long earthquake record, listed in various Chinese earthquake
catalogs. The magnitudes in those catalogs were expressed in Mg We select three
M s-based Chinese and two global My~based catalogs to develop MMy regression rela-
tionships for different time periods. The Chinese catalogs are as follows: Catalogue of
Chinese Historical Strong Earthquakes that collected 1034 Mg = 4.7 earthquakes in
China from 2300 BC to 1911 AD (Min et al., 1995), Catalogue of Chinese Present
Earthquakes (Wang et al., 1999) with 4289 Mg = 4.7 earthquakes from 1912 to 1990,
and the online catalog (http://www.csndmc.ac.cn) of the China Earthquake Networks
Center (CENC) which reported more than 10,000 Mg = 4.0 instrumentally recorded
earthquakes occurring in China and surrounding areas since 1970. The global catalogs are
the ISC-GEM catalog (Storchak et al., 2013) which listed My, = 5.5 events in the time
period of 1900-2012, and the Global CMT catalog for the time period of 1976-2015 with
My, as small as 4.5.

We perform magnitude regressions using the general orthogonal regression method
over two magnitude ranges (5.5 < Mg < 7.0 and Mg = 7.0) and over three time periods
(1900-1965, 1966-1975, and 1976-2015). The three time periods are based on the times of
major network upgrades in China. The middle period seems to be short. However, covar-
iance analysis demonstrates that the regression relationships for 19661975 are signifi-
cantly different from those for other time periods. Because the source parameters of large
earthquakes (Mg = 7.0) are usually reviewed and modified by CENC, and as a result,
the magnitudes are more accurate than those of small- and medium-sized earthquakes, we
use bilinear regressions to accommodate potentially different regression slopes above and
below Mg 7.0.

For the earthquakes from 1900 to 1965, the derived relationships are as follows:

My =(1.06%0.08) Ms — (0.58%+0.60) for Ms=7.0
and (1)
My =(0.74%0.03) M5 + (1.64=0.17) for Ms<7.0

For the time period of 1966—1975, the relationships are as follows:

My =(1.05%£0.27) Mg — (0.90%2.02) for Mg=7.0
and (2)
My =(0.62*0.11) Mg+ (2.13+0.69) for Ms<7.0
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Figure 2. Shallow (hypocentral depth less than 35 km) My, = 5.0 earthquakes (yellow dots, size scaled
according to magnitude) in our My-based historical earthquake catalog. Red polygons are seismic source
zones for the crustal layer with IDs labeled.

For the earthquakes from 1976 to 2015, the relationships are as follows:

My =(1.28%0.20) My — (2.42+1.47) for Ms=7.0
and (3)
My =(0.86%0.03) Mg+ (0.59+0.18) for Ms<7.0

Using the regression relationships, we convert M in the Chinese catalogs to My, and
merge them with the My  catalogs. We also find that some smaller earthquakes were
recorded in the global catalogs and included in a recently compiled M y~based global cata-
log (Weatherill et al., 2016), but not included in the Chinese catalogs. We add those earth-
quakes in our catalog. The final catalog has about 15,700 earthquakes of My, = 4.0.
Figure 2 illustrates the earthquakes of My, = 5.0 included in our My~based earthquake
catalog, as well as the seismic source zones that we use for constructing seismicity models.
Most of earthquakes recorded before 1900 were in eastern China because the historical
earthquake record in eastern China is much longer than in western China. Further details
of the catalog compilation can be found in Cheng et al. (2017).
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Active faults and seismogenic fault sources

Geological faults are present in most areas of China. The most complete compilation of
mapped and inferred active faults contains more than 6000 fault traces (Figure 1) (Xu
et al., 2016). However, that database does not contain all the parameters, such as slip rate,
dip, and rake, for every fault trace that are needed for seismic hazard modeling.

We consider only faults known to be active since the Late Pleistocene (thin solid black
lines in Figure 1). We follow the guidelines provided by the Global Earthquake Model
Faulted Earth working group (Litchfield et al., 2013) to convert active fault traces to seis-
mogenic sources. We first simplify the fault traces by combining faults that are spatially
close (parallel, or end-to-end). Then we go through the literature to collect parameters for
as many faults as possible. This process results in about 550 seismogenic fault sources.
Fault types are available for most of the faults, and for about 50% of them, slip rates are
collected from the literature. For the faults whose dip angles are not available, 90° is
assumed for strike-slip faults and 50° for other fault types.

GPS velocity data have been inverted for fault slip rates in most active tectonic regions
of the world that have geodetic observations. We adopt the method that was used in the
Sichuan-Yunnan region of China (Wang et al., 2008, 2015) and California (Zeng and
Shen, 2016, 2014) to invert slip rates for the faults in mainland China (Rong et al., 2018).
In this method, crustal deformation is assumed to be the result of slip on a network of
linked faults, computed using a dislocation model in an elastic media (Okada, 1992). In
the inversion process, fault slip across adjacent segments is connected, and the degree of
slip continuity across fault junctions is optimally determined through evaluation of a
trade-off between the data postfit residual and model resolution.

For mainland China, GPS data from the Crustal Movement Observation Network of
China are processed (Wang and Shen, 2020). We inspect the velocities for spatial coherency
and discard those having large uncertainties or apparent effects from the postseismic defor-
mation of the 2008 Wenchuan and 2011 Tohoku earthquakes. We also obtain GPS velo-
city solutions for Mongolia (Calais et al., 2003), central and western Tien Shan (Zubovich
et al., 2010), Pamir-Hindu Kush (Ischuk et al., 2013; Mohadjer et al., 2010), Kashmir
(Schiffman et al., 2013), Northern Pakistan (Jouanne et al., 2014), Shillong Plateau of
India (Vernant et al., 2014), India (Banerjee et al., 2008), Indo-Burman Plate Boundary
(Gahalaut et al., 2013), Myanmar (Devachandra et al., 2014), South Korea (Jin and Park,
2006), and Taiwan (Hsu et al., 2009). Then we rotate these GPS solutions to the same refer-
ence frame, screen them for spatial coherency, and merge them with the data in mainland
China. The merged GPS dataset after screening contains solutions at 2128 sites (Figure 3).

We create a network of linked faults with about 280 fault segments (Figure 4). Here, we
use the term “fault segment” to refer to a fault section that can be represented using one
set of strike, rake, dip, and slip rate; we do not mean that it will be ruptured by a single
earthquake. In this network, some segments represent the motion of more than one fault
because the GPS stations are not dense enough in western China and the velocity gradients
are not large enough in eastern China for inverting slip rates on more fault segments. Since
the fault-network modeling uses only slip on faults to simulate crustal motion, some of the
boundary faults are extended to the far field (about 2000 km along strike) to accommodate
the effect of relative motions of the boundary blocks. These fault extensions are northwest
extension of the Tala fault (segment 272 in Figure 4), southwest extension of the Darvaz
fault (segment 273 in Figure 4), south extension of the megathrust along the Andaman-
Sumatra trench (segment 274 in Figure 4), south extension of the Saigang fault (segment
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Figure 3. GPS velocity field (red arrows) with respect to stable Eurasia. Faults within China indicated
by blue lines.

275 in Figure 4), northeast extension Yichun-Yitong fault (segment 276 in Figure 4), and
north extension of the northern Lake Baikal fault (segment 277 in Figure 4). The computer
code used in the studies by Wang et al. (2008), Wang et al. (2015), Zeng and Shen (2014),
and Zeng and Shen (2016) employed the flat-Earth model, which was fine since the studies
inverted fault slip rates at a regional scale. Because our study deals with a much larger geo-
graphic region, we modify the code to avoid geometric distortion due to the flat-Earth
assumption. The slip rates collected from the literature are used as constraints in the inver-
sion. The inverted slip rates are expressed by dextral or sinistral slip along fault parallel
directions (Figure 5a) and convergence or divergence along fault normal directions (Figure
5b). The data fit is good overall. The only region which shows systematic and large postfit
residuals is the Himalaya-India region, with the velocity residuals mainly in the fault nor-
mal direction. This is probably a result of the limitation of our model, which approximates
deformation across a thrust fault as contraction across a vertical fault.

Finally, we combine the inverted slip rates with those collected from the literature. For
the ~50% of the faults with slip rates available in the literature, we use those slip rates.
For other faults, we use the inverted slip rates. Because the network of linked faults
includes 280 fault segments whereas we have kept 550 fault sources for hazard modeling,
the modeled slip rate on one linked-fault segment may represent the total slip rate of mul-
tiple faults. We therefore distribute the difference between inverted and collected slip rate
onto the faults whose slip rates are unavailable from the literature using fault
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Figure 4. A network of linked faults (red lines, segments labeled by numbers). Note the faults are
augmented with the addition of six segments (segments 272-277) extending to the far field to
accommodate the effects of boundary block motions during data fitting. The light blue lines are traces of
active faults.

geomorphologic expression as guidance of the fault activity. The final slip rates of the
fault sources are displayed in Figure 6.

Earthquake source zonation and seismicity modeling

Methodology

Many traditional probabilistic seismic hazard analysis (PSHA) models are based on small
seismic source zones, and the seismicity rate is assumed to be uniform within each of the
source zones. However, small source zones often do not have sufficient records of histori-
cal earthquakes to robustly characterize the earthquake magnitude—frequency distribution.
In our method, the modeled seismicity does not need to be uniformly distributed within
each of the large seismic source zones. Instead, we assign the earthquake occurrence both
to the background using a smoothed seismicity approach based on the location, size, and
frequency of historical earthquakes, and onto the active faults based on the fault charac-
teristics. Thus, we use large seismic source zones, and each zone represents a regional tec-
tonic province with similar geologic and seismotectonic characteristics.
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Figure 5. Inverted fault slip rates: (a) strike-slip component and (b) fault normal component. Thickness
of the fault trace is proportional to fault slip rate, and the color represents the sense of slip. Red vectors
are residual GPS velocities.
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Figure 6. Final seismogenic fault sources (red lines) and their slip rates.

Modeling fault sources. In many seismic hazard analyses, earthquake magnitude—frequency
distribution on faults are modeled using the characteristic model, which assumes that large
characteristic earthquakes repeatedly rupture the same portion of the fault with a similar
magnitude and slip distribution (Schwartz and Coppersmith, 1984; Wesnousky, 1994).
Implementing the characteristic model into seismic hazard analysis is tempting because of
its simplicity. However, the characteristic model has its limitations and its validity has been
seriously challenged (Bird et al., 2010; Howell, 1985; Kagan, 1993; Kagan et al., 2012;
Page and Felzer, 2015; Rong et al., 2003). Moreover, implementing a characteristic model
requires the knowledge of fault segmentation, characteristic magnitude, and recurrence
times, which may not be available or have large uncertainties.

Therefore, we characterize seismicity on the faults using fault dimensions and slip rates,
and assume the occurrence of earthquakes follows a type of Gutenberg—Richter (GR) dis-
tribution (Anderson and Luco, 1983; Youngs and Coppersmith, 1985). In addition, we
assume that the total seismic moment rate from the magnitude distribution equals the geo-
logical moment rate Mg, which can be estimated by

M, =cuWLi (4)

where ¢ is the seismic coupling coefficient of a fault, w is the elastic shear modulus of the
crust (a typical value is 30 GPa), W is the width of the fault, L is the length of the fault,
and # is its slip rate.
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We adopt truncated GR distributions for the earthquakes on faults and assume the GR
b-value of earthquakes associated with a fault to be the same as the h-value of the seismic
source zone containing the fault. The truncated GR distribution is the same as a regular
GR distribution, except that in the truncated distribution, the earthquake rate for magni-
tudes larger than the maximum magnitude is zero. To use truncated GR distributions, we
need to determine lower- and upper-bound magnitudes for each of the faults. The upper-
bound magnitude can be inferred from fault length—earthquake magnitude scaling rela-
tionships. We collect the magnitude and rupture parameters of 91 earthquakes in main-
land China and nearby regions to study magnitude—rupture scaling relations (Cheng et al.,
2019). The relationships that we derive based on post-1900 earthquakes are not statisti-
cally different from the results derived using global datasets (Blaser et al., 2010; Wells and
Coppersmith, 1994). Therefore, we choose the magnitude—rupture length scaling relation-
ship by Wells and Coppersmith (1994) to infer the upper-bound magnitudes for faults and
their magnitude—rupture area relationship for hazard calculation. In the hazard calcula-
tion, when the rupture area is smaller than the fault area, we allow the earthquake rupture
to float along the fault plane (Pagani et al., 2014).

Characterizing earthquake occurrence for a seismic source zone. We employ a tapered
Gutenberg—Richter (TGR) distribution to model earthquake magnitude—frequency distri-
bution for each source zone. The TGR distribution has an exponential taper applied to
the number of events of large seismic moment, which ensures a finite moment flux for a
region. The TGR is most conveniently expressed in terms of seismic moment, M, instead
of magnitude (M) (Kagan, 2002a):

B _
F(M)=a, (%) exp <MIMCM> for M, <M <o (5)

where M is in N m, and M = 10!3M»+995 (Hanks and Kanamori, 1979). Here, F(M) is the
rate of earthquakes with moment larger than M, and B equals 2/3 of the GR b-value. M. is
called corner moment (the corresponding magnitude is called corner magnitude, m,.), which
controls the distribution in the upper ranges of M. M, is a threshold moment (the corre-
sponding magnitude is threshold magnitude, m,) above which the catalog is assumed to be
complete, and «, is the seismicity rate for earthquakes with moment M, and greater. The
difference between truncated GR and TGR distributions is that a truncated GR has a hard
cutoff at the maximum magnitude, whereas a TGR slowly tapers off the earthquake rate.

The TGR parameters «, and 8 can be determined based on historical earthquakes in a
source zone. M, can be estimated using the seismic moment conservation principle
(Kagan, 2002a, 2002b):

- 1/(-p)
- |:XMTO(1 -B } (6)

7 laMPT - B)

where M7y is the total tectonic moment rate determined from geodetic or geologic measure-
ments, y is seismic coupling, and I' is the gamma function. The tectonic moment rate that
is assumed to be released by earthquakes is M7 = yMry.



12 Earthquake Spectra 00(0)

Rate of exceedance [egks/yr]

10° ; ; ; ; ; 1
0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0

Magnitude

Figure 7. Cumulative magnitude—frequency distributions of source zone 8. The red dashed line shows
the TGR distribution obtained using the historical earthquake catalog and strain rate map. The red dots
show the magnitude—frequency distribution of historical seismicity. Yellow lines are the magnitude—
frequency distributions obtained for the individual faults inside the zone; the blue curve shows the
summed magnitude—frequency distribution of the individual faults. The difference between the blue and
red curves is modeled as background seismicity.

We estimate My from the geodetic strain rate model using the method described in the
study by Bird and Kreemer (2014). The tectonic moment rate of area 4 (such as one grid
cell in the strain rate map) with uniform long-term permanent strain rate is

- 2is: if dy<0
MT‘AXZ““{—z.él; if 40 ()

where ¢; and é; are the largest and smallest principal values, respectively; y is seismic cou-
pling, w is the elastic shear modulus, and z is seismogenic thickness. The product of y and
z is called the coupled thickness of seismogenic lithosphere (Bird et al., 2010; Bird and
Kreemer, 2014; Bird and Liu, 2007).

The obtained TGR relationship defines the total magnitude—frequency distribution for
a source zone. We divide the total magnitude—frequency distribution into two parts: one
part is attributed to the earthquakes on active faults and the rest to the background seismi-
city. Figure 7 demonstrates the cumulative magnitude—frequency distributions for source
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zone 8. In this study, we assume a lower-bound magnitude of 6.5 for the earthquakes on
the active faults. Ideally, the magnitude range of earthquakes on each fault should be
determined based on the characteristics of the fault, regional tectonics, and earthquake his-
tory. However, there are not enough earthquake data for identifying such magnitude
ranges. For this zone, the modeled earthquake rate at large magnitude seems to deviate
from observations. This deviation is caused by using 1900 as a completeness year for earth-
quakes between magnitude 6.7 and 7.8 (Table 1), but the real recurrence times for earth-
quakes with magnitude of 7.5 and larger may be much longer.

Characterizing background seismicity. After we have characterized earthquake occurrence for
a source zone and for faults within that source zone, we attribute the difference between
earthquake occurrences for the source zone and the faults to the background seismicity.
We use a smoothed seismicity method to distribute the background seismicity, that is, the
distribution of background seismicity is based on the off-fault magnitude—frequency distri-
bution and spatial distribution of historical earthquakes. We use two Gaussian kernels
(Frankel, 1995) in the smoothing process: a kernel of 50 km distance for distributing 80%
seismicity and a kernel of 100 km for distributing 20% seismicity. Distributed seismicity is
modeled on a regular grid of point sources covering the extent of the source zone. To
avoid double counting contributions from both smoothed seismicity and fault sources, the
magnitude—frequency distribution of point sources within a buffer around each fault
source is truncated at the magnitude corresponding to the minimum magnitude of the
magnitude—frequency distribution of the corresponding fault (M 6.5). Figure 7 illustrates
the process using source zone 8 as an example.

Seismicity rates for shallow source zones. For crustal earthquakes, we delineate 25 large shal-
low source zones (Figure 2) based on seismotectonics illustrated in Figure 1. We attribute
historical earthquakes with hypocentral depth less than 35 km as shallow events. We
decluster the historical earthquake catalog using the method by Gardner and Knopoff
(1974). For each of the zones, we determine the catalog completeness times based on the
declustered catalog. The completeness times are first determined using an automated ver-
sion of the Stepp methodology (Stepp, 1972) for western and eastern China. Then, we
visually inspect a series of plots of earthquake magnitude versus time and cumulative
number of earthquakes above a certain magnitude versus time. We use the slope changes
in the plots to adjust the automatically determined completeness times. The final catalog
completeness times are summarized in Table 1. We use My, 7.4 and 7.9 instead of 7.5 and
8.0 as completeness magnitudes for the time period before 1900. This is because My, 7.4
and 7.9 are converted from Mg 7.5 and 8.0, and the magnitudes of intensity-based histori-
cal earthquakes were reported at % magnitude intervals. The table shows that the earth-
quakes are completely recorded at My 4.5 and above since 1985 for all the zones. For
most of the zones in western China, the earthquake catalog is complete at My 6.7 since
1900, and My, 7.9 since 1800. For most of the zones in eastern China, the earthquake cat-
alog is complete at My, 6.5 since 1650, and My, 7.9 since 1550.

Next, we estimate the TGR b-value and a-value (and therefore 8 and «,) using the
Weichert method (Weichert, 1980) for each of the source zones (Table 2). In the calculation
of tectonic moment rate using Equation 7, neither seismogenic thickness (z) nor seismic
coupling () are well determined. Most studies suggest a fault locking depth of 15-25 km
(Wang et al., 2017; Zhang et al., 2013) for China. However, the locking depth may be as
deep as 40 km for North China (Wang et al., 2011). Because the factor of 2 in Equation 7
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Table 2. Derived seismic parameters for each shallow seismic source zone

ZoneID  ag-value  b-value  Coupled Mro(Nm) mc ¢ (fault coupling)
thickness (km)

| 4.65 0.86 40 64lE+ 19 9.14 0.8 for crustal faults; 0.3 for
Indo-Burman subduction

2 4.10 0.80 20 1.38E+ 19 8.17 1.0

3 3.60 0.69 25 I.I5E+ 19 7.66 1.0

4 4.52 0.82 15 I.16E+ 19 7.74 1.0

5 499 1.09 15 1.44E+ 18 8.90 1.0

6 421 091 20 26lE+18 822 1.0

7 5.20 0.93 50 1.02E+20  9.58 0.5 for Himalaya frontal

fault; 1.0 for other faults

8 4.02 0.79 20 1.28E+ 19 8.16 0.7

9 477 0.97 15 3.44E+ 18 8.2l 0.3

10 3.76 0.8l 25 432E+ 18 8.05 0.6

Il 3.84 0.84 25 421E+18 822 0.4

12 3.28 0.74 20 477E+ 18 8.03 1.0

13 3.48 0.8l 30 2.25E+18 8.03 0.8

14 3.34 0.78 20 1.95E+ 18 7.90 1.0

15 5.13 0.93 15 2.36E+ 19 8.47 1.0

16 5.27 0.95 25 221E+19 8.44 1.0

17 4.02 0.98 15 I.1I3E+ 18 8.82 1.0

18 4.66 0.89 15 1.44E+ 19 8.36 1.0

19 4.38 1.01 25 1.70E+ 18 8.90 1.0

20 4.11 0.92 15 1.25E+ 18 7.87 1.0

21 4.34 0.83 15 1.08E+ 19 8.03 1.0

22 292 0.68 25 3.18E+18 7.74 1.0

23 3.48 0.77 15 3.57E+18 793 1.0

24 3.59 0.80 15 449E+ 18 8.25 1.0

25 3.71 0.83 15 1.62E+ 18 7.78 1.0

comes from the assumption that the fault planes have angles of 45° with the principal
strain-rate axis, for an area dominated by vertical faults the effective value of z in Equation
7 should be smaller than fault locking depth, and for the zones with many shallow dipping
faults the effective value of z should be larger than the locking depth. Based on the seismo-
genic thicknesses estimated in the literature, major faulting mechanisms, and the character-
istics and rates of seismicity in each zone, we assign the coupled thickness (Table 2). The
coupled thickness is large for zones 1 and 7 because of the shallow dip of the faults in the
subduction environment.

We adopt a locking depth of 15 km to calculate the geological moment rates for seismo-
genic fault sources. While we use the rupture length-magnitude relationship by Wells and
Coppersmith (1994) to determine upper-bound magnitudes for the fault sources, we add
20 to the mean magnitudes to capture the uncertainties. For the faults that run into more
than one source zone, we partition its magnitude—frequency distribution into the different
zones according to the proportion of the fault length falling into each zone. For some
zones that contain fast-slipping long faults, the total fault-based magnitude—frequency dis-
tributions may be much higher than the TGR determined by the historical earthquake
data and strain rate model. In these cases, we consider fault coupling coefficients of less
than 1.0. The coupling coefficients are determined by matching the total fault-based
magnitude—frequency distributions with the TGR at magnitude of 6.6. The fault coupling
coefficients are reported in Table 2. We assume that the fault coupling is the same for all
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Table 3. Catalog completeness times (T) for deep earthquakes

Layer depth (km) T| MW| TZ MM T3 Mw3 T4 Mw4 T5 Mw5
35-70 1985 5.0 1970 53 1923 5.6 1900 6.6 1800 7.9
70-150 1985 4.5 1980 4.7 1970 5.0 1964 5.7 1900 7.0
150-300 1980 4.7 1970 5.0 1964 55 1900 6.7 1880 7.0
300-700 1985 4.5 1964 55 1923 6.0 1900 6.6 1800 7.9

the faults within a zone with the exceptions of zones 1 and 7. For zone 1, the oblique con-
vergence rate of Indo-Burman subduction is high. However, most of the large earthquakes
occurred on crustal faults. Therefore, we assign a lower coupling for the subduction fault.
For zone 7, since the hazard is dominated by the Himalaya frontal fault, we assign a cou-
pling coefficient to this fault only.

Seismicity rates for deep source zones

Deep earthquakes occur in some regions in and around China. We delineate deep source
zones for different depth layers (Figure 8). The catalog completeness times for each layer
(Table 3) are determined by the Stepp methodology (Stepp, 1972). A truncated GR rela-
tionship is used to model the seismicity rate for each of the zones. The GR «- and h-values
(Table 4) are determined from the declustered historical earthquake catalog using the
Weichert method (Weichert, 1980). The upper-bound earthquake magnitude for each zone
is set as the largest observed earthquake magnitude plus 0.5 unit. A simple smoothed seis-
micity method is used to model the seismicity rates at each grid point in a source zone.
Note that the b-value of the 300700 km deep source zone is only 0.4, which may hint that
at that depth smaller earthquakes are below the detection threshold of the seismic net-
works. We do not manually inspect the catalog completeness times for this zone since the
earthquakes are too deep to have significant contribution to the hazard.

Seismic hazard modeling
Selection of GMMs

The fifth-generation seismic ground motion parameters zonation map (General
Administration of Quality Supervision, Inspection and Quarantine of the People’s
Republic of China, 2015) used the GMMs by Yu et al. (2013) (YLX13). Those GMMs
were developed for surface wave magnitude, Mg, and provided relationships only for
PGA and peak ground velocity. We evaluate five GMMs from the NGA-West2 project
(Bozorgnia et al., 2014) for shallow crustal earthquakes: ASK14 (Abrahamson et al.,
2014), BSSA14 (Boore et al., 2014), CB14 (Campbell and Bozorgnia, 2014), CY 14 (Chiou
and Youngs, 2014), and IM14 (Idriss, 2014). We choose them because (1) they are based
on the most extensive collection of earthquake recordings from tectonically active regions,
including several earthquakes in China, (2) they were recently developed by experienced
teams and are recognized as state-of-the-art, and (3) the Q values between much of China
and California indicate similar tectonic environments (Dangkua et al., 2018 and references
therein). In addition, four of five of the NGA-West2 GMMs proposed specific regional
attenuation adjustments for China.
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Figure 8. Deep seismic source zones (polygons with different colors representing different depth
layers; their IDs are labeled using the corresponding color except that the 35-70 km layer is labeled in
black). Note that the zone of 300-700 km depth is not numbered since there is only one zone in that
depth layer. Circles show historical earthquakes (M, = 4.0 only, colored by depth).

We collect ~1500 ground motion observations from earthquakes in and around China
with a magnitude range from 4.0 to 7.9 and source-to-site distances up to 1500 km and
analyze residuals for PGA and spectra accelerations (SA) at 0.2-2.0 s to quantitatively
compare instrumentally recorded ground motions and values predicted by the GMMs. For
PGA, all the NGA-West2 models perform better than the YLX13. For PGA and SA 0.2 s,
the NGA-West2 GMMs are generally consistent with the observed data with BSSA14 per-
forming the best and IM14 the worst. For SA 1.0 s, all the NGA-West2 GMMs predict
higher ground motion than the observed data. Predicted ground motions from IM 14 show
the closest agreement with the observed long-period data.

Based on the analysis, we assign equal weights to ASK14, BSSA14, CB14, CY 14, and
IM14 for PGA and SA 0.2 s, and various weights for longer period SAs (Table 5). The
details on GMM selection and weights can be found in Dangkua et al. (2018).

For deep earthquakes, we do not have ground motion data for selecting GMMs. We
adopt the Zhao et al. (2006) GMM for in-slab and deep events. The GMM has been
ranked as one of the best models for seismic hazard analysis (Bommer et al., 2010), and it
was widely employed to model seismic hazard for subduction and deep earthquakes (e.g.
Petersen et al., 2015; Woessner et al., 2015).
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Table 4. Derived GR parameters for each deep source zone

Layer depth (km) Zone ID a-value b-value
35-70 I 6.14 1.16
2 3.01 0.70
3 7.47 1.47
4 4.38 I.11
5 8.65 1.68
6 4.49 091
7 5.54 1.16
70-150 I 5.60 1.05
2 4.16 0.95
3 5.92 1.09
4 4.54 1.02
150-300 I 6.06 1.37
2 346 0.66
300-700 I 1.92 0.40

GR: Gutenberg—Richter.

Table 5. Recommended weights for each GMM for crustal earthquakes (Dangkua et al., 2018)

ASK 14 BSSAI4 CBl4 CYl4 IMI4
Overall 0.25 0.15 0.2 0.15 0.25
PGA 0.2 0.2 0.2 0.2 0.2
SA02s 0.2 0.2 0.2 0.2 0.2
SAOQ0S5s 0.2 0.15 0.2 0.2 0.25
SA10s 0.25 0.125 0.2 0.125 0.3
SA20s 0.2 0.1 0.2 0.1 04

GMM: ground motion model; PGA: peak ground acceleration.

Seismic site condition map

Because ground motions can be significantly amplified (or de-amplified) by seismic site condi-
tions, we develop a site condition map for mainland China using geology as a proxy to define
the National Earthquake Hazards Reduction Program (NEHRP) site categories (Wills and
Clahan, 2006; Wills et al., 2000, 2015). We obtain the geology information from two sources:
a bedrock geology database with a scale of 1:1,000,000 (Ding et al., 2011), and a Quaternary
map with a scale of 1:2,500,000 (Zhang et al., 1990). The bedrock geology database has more
detail on bedrock conditions than the Quaternary map, and the Quaternary map has more
detail on soils than the geology map. We assign the NEHRP site categories to each geologic
unit using the age, genesis, and lithologic descriptions in both maps, and thus, we produce
two versions of site condition map. The final map (Figure 9) is a result of integrating the two
versions of the site condition map: using the results from the bedrock geology database for
bedrock areas and the results from the Quaternary map for soil-covered areas. The details on
the development of the map will be documented in a future publication.

Seismic hazard maps

The seismic hazard is calculated using the OpenQuake engine (Pagani et al., 2014). Logic
trees are implemented for GMMs based on Table 5. For focal depths and mechanisms in
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Figure 9. Seismic site condition map integrated from the bedrock geology database and the
Quaternary map. B, C, D, and E are NEHRP categories, W is water, and G is glacier.

seismicity modeling, the logic trees are based on the statistics of historical earthquakes in
each source zone. Figures 10a to c display the 500-year return period PGA, and SA at 0.2
and 1.0 s for rock site condition (Vg3 = 760 m/s, or NEHRP BC). Figure 10d illustrates
the 500-year return period SA at 1.0 s after site amplification factors (Seyhan and Stewart,
2014) are applied. Seismic hazard is greatly amplified in many regions with soft deposits
(Figure 9), including some large cities such as Shanghai, Guangzhou, and Tianjin (compare
Figure 10d with Figure 10c). Figure 11 illustrates the hazard curves of SA 0.2 s on rock site
condition for selected cities (cities are labeled in Figures 6, 9, and 10d). Kunming has the
highest seismic hazard in the selected cities because Kunming is surrounded by many active
faults, including the Xianshuihe—Xiaojiang fault system (Figure 6). Wuhan, located in the
relatively stable South China block, has the lowest hazard.

Comparison with the fifth-generation seismic zonation map of China

The PGA values shown in the fifth-generation seismic ground motion parameters zona-
tion map are the larger of 500- and 2500-year PGA divided by a factor of 1.9, where the
factor 1.9 is the average ratio between 2500- and 500-year PGA values determined from
the model (Gao, 2015). The map shows only six PGA category values: 0.05¢g, 0.10g, 0.15g,
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Figure 10. Seismic hazard maps for mainland China. (a) 500-year PGA, (b) 500-year SA at 0.2 s, and (c)
500-year SA at 1.0 s for rock site condition, and (d) 500-year SA at 1.0 s amplified by site conditions.
Ground motion scales vary in each panel.
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SA 0.2s (9)
Figure 1 1. Hazard curves of SA 0.2 s at selected cities on rock site condition.

0.20g, 0.30g, and 0.40g; however, each PGA value represents a range of PGAs and corre-
sponds to a modified Mercalli intensity (MMI) scale value. Moreover, the PGA values are
relative to the Chinese Class II site category, which straddles the NEHRP C and D bound-
ary (Li and Zhao, 2007).

To compare our hazard results with the fifth-generation map, we also calculate the
larger of 500-year PGA and 2500-year PGA divided by a factor of 1.9 for NEHRP BC site
condition. Because Chinese site class I; is deemed as rock site condition and is close to
NEHRP BC, we convert the fifth-generation seismic ground motion PGA values from
China site Class II to values relative to Chinese site class I; using the coefficients provided
by the national standard (General Administration of Quality Supervision, Inspection and
Quarantine of the People’s Republic of China, 2015). Figure 12 illustrates the comparison.
For 26 out of 36 cities shown in Figure 12, the values from our model and those from China
fifth-generation map are consistent within one-standard error. The largest discrepancy is seen
for Haikou, the capital city of Hainan province. A large earthquake in 1605 struck the north-
ern region of the Hainan Island. The magnitude of the earthquake was estimated to be 7-7.5
based on intensities. However, the damage was a cumulative effect of a sequence of earth-
quakes, liquefaction, and flooding associated with a typhoon (Jin and Wang, 1988). In
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addition, no earthquakes greater than magnitude 5 has been recorded in the area since 1920.
We suspect that China fifth-generation map heavily weighed the 1605 event for the region.

The differences between our hazard results and China fifth-generation map can be
attributed to the following aspects:

e  Different data and GMMs. The China fifth-generation map used an M s-based earth-
quake catalog and information on about 130 active faults, but strain rate data were
not used. We use a newly compiled M p~based catalog, about 500 active faults, and
strain rate data. The fifth-generation map used YLX13 GMMs, while we adopt
NGA-West2 GMMs.

® Different modeling methodologies. The fifth-generation national map delineated
three tiers with a total of 1206 seismic source zones. Truncated GR was used to
model magnitude—frequency distribution. The parameters of truncated GR were
holistically determined using both objective information such as historical earth-
quakes, active faults, and seismotectonics, and subjective factors such as expert
opinion. We delineate large source zones and model the earthquake rates by inte-
grating historical earthquakes, active faults, and geodetic strain rate data.

Summary and discussion

We have developed a new seismic hazard model for mainland China. In the process of
modeling seismicity:

¢ A linked-fault network model was developed to model fault slip rates using GPS
data, and the modeled slip rates were used to supplement those collected from the
literature;

e For each seismic source zone, the total seismicity rates were modeled by a TGR
magnitude—frequency relationship, and then the total seismicity rates were parti-
tioned to background and active faults;

e Geodetic strain rate was used to constrain the corner magnitude of TGR
magnitude—frequency relationship for each source zone; and

¢ The seismicity on active faults was modeled using truncated GR instead of charac-
teristic earthquake distribution.

We employed the GMMs from the NGA-West2 project to calculate ground shaking
for crustal earthquakes and used the OpenQuake engine to perform the hazard calculation
for rock site conditions. For most of the major cities, our hazard result is generally consis-
tent with the fifth-generation seismic ground motion parameters zonation map of China.
We accounted for site conditions using a geology-based NEHRP site condition map. The
seismic hazard for soft soil sites is greatly amplified, especially for the long-period ground
motions.

The CSEP experiment demonstrated that using geodetic strain rate in earthquake activity
rate modeling is promising (Schorlemmer et al., 2018). Strain rate has been used for constrain-
ing earthquake rates in our earlier studies (Rong et al., 2014, 2016). However, the coupled thick-
ness parameter used to quantify tectonic moment rate from strain rate is relatively uncertain.
Since most of the studies in the literature suggest a locking depth of 15-25 km for China, we
assigned the coupled thickness within this range for most of the zones. In the future, more rigor-
ous study is needed to constrain the parameter. Another parameter which is also critical but
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difficult to determine is the fault coupling. In this study, the same fault coupling was given to all
the faults in a seismic source zone. The fault coupling of 1.0 was assigned to the faults in most
of the source zones. However, if the fault-based earthquake rate is higher than the TGR rate
for the zone, we calculated the fault coupling by matching the earthquake rates. We believe this
method of assigning coupling is better than assigning coupling to individual faults because it is
more difficult to determine the coupling for individual faults.

Modeling seismic hazard in low seismicity areas remains challenging. Both crustal
deformation and seismicity rate are low in the South China block (Zone 5 in Figure 2).
Our data show that the geodetic-based moment rate is much larger than moment rates
based on historical earthquakes or geological faults, manifested by the large corner magni-
tude shown in Table 2. More studies are needed to examine whether such a large corner
magnitude is feasible. Nonetheless, the 500-year PGA and SA at 1.0 s for rock site condi-
tion is lower than 0.05g for this region (Figure 10).

We incorporated more than 500 active fault sources in the model. Due to the lack of infor-
mation on fault parameters, we used a linked-fault network model to invert slip rate for
faults. The accuracy of the results is limited by the model and its underlying assumptions, as
well as the density of the GPS stations and the quality of the GPS data. The model cannot
solve slip rate for each of the individual fault sources due to the sparsity of GPS stations in
western China and the low deformation rate in eastern China. Since the total earthquake
occurrence rate for each source zone was derived from historical earthquakes and strain rate
data, the earthquake occurrence rate for an area with missing faults can be remediated using
distributed seismicity. Nevertheless, the fault data need to be improved. We used an arbitrary
magnitude of 6.5 as minimum magnitude when distributing earthquake rates on faults. This
parameter can be modified if paleoseismic data are available and used in the modeling.
Although we employed GR magnitude—frequency distributions to model earthquake occur-
rence on faults, the characteristic model is still being used by many seismic hazard models.
Choosing characteristic or GR distributions will have impact on seismic hazard.

Another challenge in PSHA is to incorporate all sources of uncertainties in the model using
a probabilistic approach. One of the advantages of using the OpenQuake engine is that one
can easily apply logic trees to source models and GMMs. We implemented logic trees to cap-
ture the uncertainties in the GMMs and the focal depth and mechanism distributions in seis-
mic sources. However, uncertainties in other input data (such as magnitudes of historical
earthquakes, strain rate, and fault slip rates) and derived modeling parameters (magnitude—
frequency distributions) need to be explicitly incorporated in hazard calculations in the future.
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