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A B S T R A C T

Many devastating earthquakes inflicted heavy casualties and property losses in the seismically active China 
Seismic Experimental Site area (CSES: 97.5◦ ~ 105.5◦E, 21◦ ~ 32◦N). We performed a first-order seismic zoning 
based on Neo-deterministic Seismic Hazard Assessment (NDSHA) in the study area delimited by 94◦ ~ 108◦E and 
19◦ ~ 35◦N, containing the South-East margin of the Tibetan Plateau and the Sichuan-Yunnan region. The 
seismic hazard is expressed by maps of peak ground displacement (PGD), peak ground velocity (PGV) and design 
ground acceleration (DGA) values, extracted from synthetic seismograms computed at a regional scale and 
mapped on a regular grid of 0.2◦ × 0.2◦ over the study area. For the computation of synthetic seismograms, we 
considered and updated all the available geophysical-geological-tectonic information, including historical and 
instrumental earthquake catalogues, seismogenic zones, seismogenic nodes, focal mechanisms, and geophysical 
structural models. We tested the performance of our assessments with available data (i.e., after the Great 
Wenchuan (2008, May 12th, Ms = 8.0) and Lushan (2013, April 20th, Ms = 7.0) earthquakes) and verified the 
negligible influence of large events located “far” from the study area. The results indicate the high seismic hazard 
of the region, with a particular attention (i.e., where DGA > 0.6 g) to the areas located around the main fault 
zones, e.g., the Longmenshan, Anninghe and Zemuhe Fault Zones. These first-order NDSHA zoning findings may 
serve as a knowledge basis to support both large- to mid-range preparedness actions and (multi-scenario) site- 
specific studies.   

1. Introduction

As a result of sustained economic growth and urbanization process in
Asia, the increasing asset values and Gross Domestic Product (GDP) are 
exposed to natural hazards (e.g., Wu et al., 2017; Sarica et al., 2020). 
Seismic risk is generally qualitatively described by the following 
formula: 

Risk = Hazard x Exposure x Vulnerability 

This formula was first used in flood risk (e.g., Kron, 2002), and later 

commonly applied also to seismic risk analysis. Risk increases with 
increasing Exposure, even when Hazard and Vulnerability remain the 
same. Although Hazard is impossible to be under control, the irrevers-
ible trend of societal expansion directly increases Exposure, and finally 
makes Risk larger. Therefore, the most effective action is to decrease 
Vulnerability. It can be achieved by updating seismic codes and 
adopting better aseismic design, and also by deepening the under-
standing of seismic hazard level, i.e., obtaining a reliable and realistic 
estimation of seismic hazard and avoiding the construction of important 
infrastructures in areas with high hazard levels. In the 1960s, the 
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Probabilistic Seismic Hazard Assessment (PSHA) was first formalized 
(Cornell, 1968) and widely applied worldwide. However, as the first 
numerical approach for computing seismic hazard, PSHA has been 
constantly questioned and critiqued in recent years (e.g., Wyss et al., 
2012; Panza and Bela, 2020 and references therein). The Neo- 
deterministic Seismic Hazard Assessment (NDSHA) was firstly intro-
duced in 1996 (Panza et al., 1996) and has developed into a multi sce-
nario- and physics-based methodology. 

Since 1000 CE, nineteen large devastating earthquakes with M ≥ 7.5, 
five with M ≥ 8.0, have occurred in the South-East margin of the Tibetan 
Plateau and the Sichuan-Yunnan region (Fig. 1). These events mainly 
occurred along the Xianshuihe, Longmenshan, Anninghe, Zemuhu, and 
Xiaojiang Fault Zones. Among these events, the May 12th, 2008 Ms = 8.0 
Wenchuan earthquake, the April 20th, 2013 Ms = 7.0 Lushan earth-
quake, the August 3rd, 2014 Ms = 6.5 Ludian earthquake, and the June 
17th, 2019 Ms = 5.7 Changning earthquake invariably caused heavy 
casualties and property losses (Wu et al., 2019). For example, the 2008 
Ms = 8.0 Wenchuan earthquake claimed 69,226 victims, with 17,923 
people missing, 374,643 people injured, and economic losses as large as 
845.1 billion yuan (RMB). It resulted in more than five million people 
becoming homeless and countless property losses, involving houses, 
schools, hospitals and other non-residential urban infrastructures (Chen 
and David, 2011). Facing such a severe threat, it is crucial and urgent to 
conduct a seismic hazard estimation considering all the available 
probabilistic and deterministic approaches. In China, the national 
Seismic Ground Motion Parameters Zonation Map of China (NSGMP), 
also referred to as GB18306 - 20151, is based on PSHA and has been 
updated to the 5th version (Gao and Tian, 2015). Wang et al. (2019) 
computed the probabilistic distribution of PGA > 0.15 g in the Sichuan- 
Yunnan region for the next 30 years. Ding et al. (2004) applied early 
NDSHA and obtained the first deterministic seismic hazard map in North 
China. However, In the seismically active Sichuan and Yunnan Prov-
inces, seismic hazard maps produced by either deterministic or neo-
deterministic seismic hazard approach are absent. In this study, 
following the application of NDSHA in other countries (e.g., India, see 
Parvez et al., 2003, 2017), we performed a first-order regional seismic 
hazard assessment using NDSHA, aiming to deepen the understanding of 
seismic hazard in the study area (Fig. 1), containing the South-East 
margin of the Tibetan Plateau and the Sichuan-Yunnan region. 

1.1. China Seismic Experimental Site (CSES) 

On 12 May 2018, at the opening ceremony of the International 
Conference for the Decade Memory of the Wenchuan Earthquake with 
the 4th International Conference on Continental Earthquakes (4th ICCE), 
the establishment of the China Seismic Experimental Site (CSES) in the 
Sichuan-Yunnan region was officially announced.2, 3The site is located 
in Southwest China, close to the eastern Himalayan syntaxes (EHS), 
covers the Sichuan and Yunnan Provinces, and the southeastern margin 
of the Tibetan Plateau. The long-term collision between the Eurasian 
and Indian plates resulted in complex geodynamic and tectonic envi-
ronments in this area, one of the most representative features of which is 
the development of complex fault systems (e.g., Shen et al., 2005; Gan 
et al., 2007). The main active faults and fault zones are shown in Fig. 1. 
The Longmenshan Fault Zone consists of a series of active faults, 
including two faults corresponding to the May 12th, 2008 Ms = 8.0 
Wenchuan earthquake, i.e., the Yingxiu-Beichuan Fault (also called 
Central Fault) and the Jiangyou-Guanxian Fault (also called Qianshan 
Fault) (e.g., Zhang et al., 2009). These fault systems delimit multiple 
tectonic blocks, such as the Chuandian (also called Sichuan-Yunnan), 
Qiangtang, Bayan-Har, and South-Yunnan Blocks. Most tectonic 

activity and earthquakes with M ≥ 7.5 occurred along the boundaries of 
these active tectonic blocks (e.g., Zhang et al., 2003). 

1.2. Why NDSHA? 

Xu and Gao (2014) noted that the high uncertainties affecting the 
catalogues of historical destructive earthquakes were due to the 
incomplete documentation caused by damages from historical wars and 
natural hazards. The records for historical earthquakes span long-time 
scale, which are controlled by many factors, such as official docu-
ments, folk literature (Wen et al., 2008), and geological seismic in-
vestigations, e.g., the large historical earthquakes identified along the 
Chenghai Fault (Yang et al., 2020). Wen et al. (2008) systematically 
investigated the patterns and features of historical earthquakes in the 
Xianshuihe, Anninghe, Zemuhe and Xiaojiang Fault Zones. They found 
that the oldest earthquake in the Xianshuihe Fault Zone could be traced 
back to 1327 CE, in the Anninghe and Zemuhe Fault Zones could be 
traced back to 1480 CE, and in Xiaojiang Fault Zone could be traced back 
to 1500 CE. These observations may explain why the traceability of the 
occurrence time of historical earthquakes occurred in different fault 
zones is very inhomogeneous. 

The catalogue of historical earthquakes (pre-1990) used in this study 
(Department of Earthquake Disaster Prevention, State Seismological 
Bureau, 1995) is shown in Fig. 2. The heterogeneous research and 
knowledge of historical earthquakes in different active fault/fault zones 
(Wen et al., 2008) and the high likelihood of overlooking possible 
earthquakes with occurrence rates longer than those detectable within 
accessible historical time scales, make it reasonable and acceptable to 
consider 1500 CE as the time after which historical earthquakes have 
been recorded with a completeness level satisfactory for the purposes of 
this study (Mcompleteness = 5.0). Another way to account for the possible 
occurrence of earthquakes with rates larger than those recordable within 
historical time scales is supplied by the introduction of seismogenic 
nodes (Gorshkov et al., 2003; Gvishiani et al., 2020 and references 
therein; Rugarli et al., 2019b), to be introduced in Section 3.3. 

Fig. 3 shows that some clustering of the great earthquakes is likely to 
exist and accordingly, the definition of ‘return period’ for large earth-
quakes contradicts observations for them (e.g., Wen et al., 2008), and 
makes any attempt to estimate an “average return time” quite unrealistic 
and very uncertain (depending on the selected time span). Although 
hampered by the paucity of data, Chen et al. (2020) attempted to un-
ravel the physical aspects of earthquakes occurrence. The features 
common to the catalogue CSESeventV2020 (to be introduced in Section 
3.2) and to Chen et al. (2020) supply clear examples of the chimeric 
nature of ‘return period’ (i.e., periodic, characteristic event), and of 
Poissonian (i.e., memoryless) stationary earthquake occurrence. The 
inadequacy of the Poissonian model to derive hazard estimates from 
such a catalogue (regardless of its relation to incompleteness or to the 
intrinsic properties of earthquake time distribution) is evident, and 
demonstrates how hampered can be in any conclusion about the seismic 
hazard of the study area, based on standard PSHA procedure (e.g., 
McGuire, 2008; Stirling, 2014). These research findings represent a 
direct and mandatory motivation to use NDSHA, which does not require 
similar assumptions (for a recent review see Rugarli et al., 2019a, 
2019b; Panza and Bela, 2020; Bela and Panza, 2021), while waiting for a 
more complete and deeper understanding of the physics of earthquakes. 

2. Methodology

After being initiated in 1996 (Panza et al., 1996), and in response to
several drawbacks of PSHA at the global level (e.g., Wyss et al., 2012), 
the NDSHA approach has undergone several iterations and improve-
ments (e.g., Panza et al., 2001; Parvez et al., 2003; Peresan et al., 2011; 
Panza et al., 2012; Rugarli et al., 2019a; Panza and Bela, 2020; Bela and 
Panza, 2021). It has been developed as a comprehensive multi- 
disciplinary approach for performing scenario-based seismic hazard 

1 http://www.gb18306.net/. Last assessed on March 26, 2021.  
2 http://124.17.4.85/en/. Last accessed on March 2, 2021.  
3 http://www.cses.ac.cn/. Last accessed on March 26, 2021. 
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computations based on all available geophysical-geological-tectonic 
information. As a sustainable developing approach, NDSHA has been 
applied in many countries and regions, including Croatia (Markušić 
et al., 2000), northern Morocco (Vaccari et al., 2001), Egypt (El-Sayed 
et al., 2001), India (Parvez et al., 2003, 2017), North China (Ding et al., 
2004), and North Africa (Mourabit et al., 2014). A detailed description 
of NDSHA has been provided in many published papers, such as Panza 

et al. (2001), Panza et al. (2012), Panza et al. (2013), Panza (2017), 
Rugarli et al. (2019a), and Panza and Bela (2020). Historical and 
instrumental earthquake catalogues, seismogenic nodes, seismogenic 
zones, focal mechanisms and regional polygons equipped with charac-
teristic structural models are the five input datasets for standard NDSHA 
computations (Fig. 4). To enable processing using computers with 
limited computing power and resources, the efficient computation of 

Fig. 1. The selected study area in this work (94◦ ~ 108◦E, 18◦ ~ 35◦N). Main active faults systems are marked by Fx (with x = 1,..,8): F1, Xianshuihe Fault Zone; F2, 
Anninghe Fault Zone; F3, Zemuhe Fault Zone; F4, Daliangshan Fault Zone; F5, Xiaojiang Fault Zone; F6, Honghe Fault Zone; F7, Lijiang-Xiaojinhe Fault Zone; F8, 
Longmenshan Fault Zone. Various colored circles show the spatial distribution of large earthquakes with M ≥ 7.5 that occurred from 1000 to 2019 CE. Three blue 
building-shaped symbols indicate locations of Chengdu, Guiyang, and Kunming Cities. In the top-right subfigure, the red dotted box displays the respective location 
of the study area on mainland China. The two black arrows indicate the approximate moving direction of the India and the Philippine Sea plates. The size has no 
practical meaning. The irregular gray lines indicate the boundaries of different tectonic units, such as, A: South China Block, B: South Yunnan Block, C: West Yunnan 
Block, D: Chuandian (Sichuan-Yunnan) Block, E: Bayan-Har Block, F: Qiangtang Block, G: Qaidam Block, H: Alax Block, and I: Ordos Block. The red star indicates the 
location of Beijing City, the capital of China. The tectonic data is from Zhang et al. (2003). The earthquake catalogue is from the Department of Earthquake Disaster 
Prevention of China Earthquake Administration (1995), Department of Earthquake Disaster Prevention, China Earthquake Administration (1999) and the China 
Earthquake Networks Center (CENC). The fault data is from Deng et al. (2003). The elevation data is from https://www.ngdc.noaa.gov/mgg/global/ (Last accessed 
on March 2, 2021). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. Magnitude vs origin time of historical earthquakes (780 BCE ~ 1990 CE).  
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reliable and realistic synthetic seismograms, i.e., the modal summation 
method (Panza, 1985; Florsch et al., 1991; Panza et al., 2001), was 
implemented in NDSHA. On account of the natural complexity and a 
lack of knowledge about the Earth's structure, regional polygons rep-
resenting different structural models were defined based on available 
datasets (Zhang et al., 2014; Yao et al., 2019). Here, the study area was 
gridded with 0.2◦ × 0.2◦ cells. The earthquake catalogue was discretized 
with the same gridding rule and then smoothed to account for the 
epicentral location error and for the finite dimension of seismic sources. 
The spatial coverage of smoothed seismicity was limited within the 

seismogenic zones, which limits the spatial range of potential damaging 
earthquake sources. Each seismogenic zone was assigned with a single 
characteristic focal mechanism according to the known focal mechanism 
datasets (focal mechanism catalogue of CSES4 and GCMT5). The intro-
duction of seismogenic nodes, which define the areas that are histori-
cally not yet active but prone to large earthquakes in the future, 
provided a significant supplement to earthquake catalogues. All the 
cellular sources defined were used in the computation of synthetic 
seismograms. 

Fig. 3. Decadal number of large earthquakes, 1000 – 2019 CE. Red bars: M ≥ 8.0; Yellow bars: M ≥ 7.5. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 4. Flow chart of the standard procedures of 
NDSHA, as briefly described in Section 2. Yellow 
boxes represent five different types of input datasets, 
namely, earthquake catalogues, seismogenic zones, 
focal mechanisms, seismogenic nodes and regional 
polygons with defined structural models. The out-
comes of the procedures are in the orange rectangular 
box, which means the extraction of significant ground 
motion parameters from synthetic seismograms (i.e., 
PGD, PGV,and DGA). (For interpretation of the ref-
erences to colour in this figure legend, the reader is 
referred to the web version of this article.)   

4 http://www.ief.ac.cn/Community/info/2020/22555.html. Last accessed on 
September 11, 2020.  

5 https://www.globalcmt.org/. Last accessed on September 11, 2020. 
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3. Input data

NDSHA does not rely on any statistical models, but instead relies on
the physical knowledges of the seismic sources, the pathways of seismic 
waves, and the site conditions. In this study, five types of input datasets 
were considered: (1) seismogenic zones limiting potential areas for 
earthquakes, (2) seismogenic nodes defining areas prone to large 
earthquakes, even if not active in historical time, (3) catalogues of both 
historical and instrumental earthquakes, (4) focal mechanisms repre-
senting average stress/strain level in each seismogenic zone, and (5) 
structural models taking into the account attenuation of propagating 
seismic waves. 

3.1. Seismogenic zones 

The NSGMP has been updated since 1957, and the latest version is 
the fifth-generation, released in 2015 (5NSGMP) (Gao and Tian, 2015). 
In the 5NSGMP, a total of 1206 seismogenic zones were determined 
based on a tri-class seismic source model containing seismic provinces, 
background seismicity zones and tectonic feature zones (Pan et al., 
2013). 

In the framework of 5NSGMP, more than 100 seismogenic zones 
were contained in the selected study area. Some seismogenic zones were 
merged to decrease the total number of seismogenic zones, according to 
the following criteria: (a) the boundaries of active tectonic blocks(e.g., 
Zhang et al., 2003), (b) seismogenic zones including the same fault (or 
fault segment), (c) seismogenic zones of unknown type close to a na-
tional border, and (d) neighboring zones having the similar elongation 
direction (see Fig. S1 in the Supplementary Material, where the seis-
mogenic zone marked by 5 shown in the Fig. S1[right] was merged from 
the seismogenic zones marked by 5, 7, 9 and 13 shown in the Fig. S1 

[left], based on the criterion (a), (b) and (d)). The outcome of the pro-
cesses described above resulted in 99 seismogenic zones (Fig. 5). 

3.2. Earthquake catalogues 

The earthquake catalogue represents important information that 
describe the seismicity of the investigated area. According to Peresan 
and Ogwari (2010), an optimized catalogue CSESeventV2020 was 
assembled by properly integrating the two available old and new cata-
logues. The old catalogue spanning the time range from 780 BCE to 
1990 CE was organized and digitized by the Department of Earthquake 
Disaster Prevention, China Earthquake Administration (1995); Depart-
ment of Earthquake Disaster Prevention, China Earthquake Adminis-
tration, 1999). The new catalogue spanning the time range from 1970 to 
2019 was reported by the China Earthquake Networks Center (CENC). 
Cheng et al. (2017) proposed an Mw-based catalogue for mainland 
China, spanning the time range from 780 BCE to 2015 CE by unification 
of different magnitude types (Ms, Mw). However, according to Liu et al. 
(2017), it is unreasonable for the measured magnitude to be converted 
into another type. Therefore, in this study, we focused only on the values 
of magnitude, and the specific magnitude types were temporarily 
neglected. 

The two catalogues have a time overlap of 20 years (1970 – 1990). 
For the period from 780 BCE to 1969 CE and the period from 1991 to 
2019, straightforward merging was performed. For the period before 
1900, i.e., 780 BCE to 1899 CE, 245 events were reported in the old 
catalogue, and because no seismic station recording was deployed to 
observe earthquakes that occurred before 1900, the magnitudes in this 
period were directly deduced from discrete intensity values. As illus-
trated in Fig. 2, the majority of the events in this period range from 
magnitude 5.0 to 8.0, and are characterized by a very sparse distribution 
before 1500. Accordingly, the earlier part of the old catalogue could 
only be tentatively considered complete for magnitude of 5.0 and above. 
For the 1900 – 1969 period, the catalogue can reasonably be considered 
complete for earthquakes with M ≥ 5.0. For the 1970 – 1990 period, 
events recorded were prioritized in the new catalogue and, as a rule, we 
included in the CSESeventV2020 catalogue only the events from the old 
catalogue not reported in the new one. The optimized catalogue CSE-
SeventV2020 contains 721,110 events for the time range from 780 BCE 
to 2019 CE. The gridded and smoothed distribution of CSESeventV2020 
is shown in Fig. 6. As described in the right panel of Fig. 6, all epicenters 
were discretized into 0.2◦ × 0.2◦ grid cells. In each cell, the maximum 
magnitude was retained. Epicenters were then smoothed with a radius of 
3 cells to account for the source extension in space and the error of 
earthquake localizations (Panza et al., 1990). More details of the 
smoothing procedure can be found in Panza et al. (2001). 

3.3. Seismogenic nodes 

As a supplement to the seismicity reported in CSESeventV2020, the 
seismogenic nodes, namely the areas prone to strong earthquakes 
identified by pattern recognition applied to morphostructural analysis, 
helped to account for occurrence rates larger than those logged in the 
available catalogues. 

The identification of those areas prone to strong earthquakes were 
performed by recognizing the intersections of morphostructural linea-
ments that separate mountain countries, mega-blocks, and blocks based 
on patterns of structures and landforms nearby, as described in Gvish-
iani et al. (2020). For each node, a circle (vicinities of lineament inter-
section) was used to define the possible spatial range of strong 
earthquakes, i.e., the target of the pattern recognition. In order to obtain 
an “upper bound estimate” for the potential magnitude in each node, it is 
necessary to define a Mdesign, which indicates the physically possible 
largest magnitude of the scenario event consistent with the values of 
magnitude observed or estimated by pattern recognition. Indeed, Mdesign 
defines the magnitude of Maximum Credible Earthquake (MCE) (Rugarli 

Fig. 5. The refined seismogenic zones and their representative focal mecha-
nisms. More information about the unmerged seismogenic zones is shown in 
Fig. S1[left] of Supplementary Material. 
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et al., 2019b). The same Authors defined: 

Mdesign = Mmax + γEMσM

where the magnitude of MCE is obtained by summing to the maximum 
observed or estimated magnitude (Mmax) the product of the global 
standard deviation σM and a safety factor γEM. In CSES case, if consid-
ering γEM = 2.0 and σM = 1/4 (Båth, 1973; Panza and Bela, 2020), we get 
γEMσM = 0.5. Gorshkov et al. (2003) defined a series of earthquake-prone 
segments (nodes) prone to M ≥ 8.2 in the transasian seismic belt outside 
its Alpine zone. Nine of these seismogenic nodes are within the present 
study area (Fig. 7 [left]). Considering Mmax = 8.2, i.e., the magnitude 
threshold given by Gorshkov et al. (2003), the upper bound estimates in 
all nine nodes is Mdesign = 8.7 (Fig. 7 [right]). The radius of each circle 
depends on a threshold magnitude M (in this case, M = 8.2). When 
considering the largest earthquake (M ≥ 8.2), its size is typically 100 – 
300 km (Gorshkov et al., 2003). And therefore, we defined R = 100 km 
(thus diameter = 200 km) as a conservative value of radius in depicting 
the circles of seismogenic nodes. The effect of R = 150 km (thus diam-
eter = 300 km), as a more conservative parametric test, was also 
computed. The results demonstrate that the increment of radius from 
100 km to 150 km did not significantly change the results of the hazard 
computations when R = 100 km (see Section 3 of Supplementary Ma-
terial). The representative focal mechanism of each seismogenic node 
was defined in two ways: (1) using the focal mechanism defined in the 
seismogenic zone including the node, and (2) using the focal mechanism 
defined in the nearest seismogenic zone to the node in the case of no 
seismogenic zone covering the node. The computations of realistic 
synthetic seismograms were made considering all the sources within 
seismogenic zones and nodes (Fig. 8). 

3.4. Focal mechanisms 

According to the rules of NDSHA (Rugarli et al., 2019a and refer-
ences therein; http://www.xeris.it/Hazard/), at least one focal mecha-
nism is supposed to be defined in a seismogenic zone, and the defined 
focal mechanism must be representative of the characteristic seismo- 
tectonics in corresponding seismogenic zone. In general, if one poly-
gon describing a seismogenic zone includes more than one mechanism, a 
representative focal mechanism (earthquake source tensor) will be 
computed by averaging the tensors' properties. For each seismogenic 

zone, Mourabit et al. (2014) defined the focal mechanism of the largest 
event falling in the seismogenic zone as a representative focal mecha-
nism and assigned a representative focal mechanism compatible with 
the tectonic regime and geology of the zone without available infor-
mation. Parvez et al. (2017) adopted a more complex and articulated 
strategy to equip seismogenic zones with their characteristic focal 
mechanisms: (a) the strongest events, (b) the best studied event, (c) the 
most frequent event and (d) the average focal mechanisms computed 
from available moment tensor solutions. Indeed, it is not easy or prac-
tical to identify “the best studied” and “the most frequent” in literatures, 
but the strongest event can be, as a rule, found easily. 

In 2019, the CSES released community models consisting of the first- 
generation unified velocity model, fault model, strain model, relocation 
earthquake catalogue and focal mechanisms catalogue.6 The focal 
mechanisms catalogue (2009 – 2017)1 provides a direct way to define 
representative focal plane solutions for seismogenic zones (Fig. 5). To 
prepare more options for defining the characteristic focal mechanism for 
each seismogenic zone, the GCMT results from 1976 to 2008 were also 
considered.7 The strategy followed here to equip each seismogenic zone 
with its characteristic focal mechanism can be schematized as follows: 
(1) giving priority to the focal mechanisms catalogue released in 2019, 
(2) for the seismogenic zones without focal plane solutions defined in 
(1), using available GCMT results, and (3) for the seismogenic zones 
without any fault plane solutions defined in (1) and (2), the reported 
nearest focal mechanisms were used. Cui et al. (2005) studied the 
characteristics of focal mechanisms in China and adjacent areas. They 
found that the focal mechanisms in the areas adjacent to the Tibetan 
region mainly represent strike-slip and normal types, which provides 
enough confidence for our definition to focal mechanisms in 99 seis-
mogenic zones (Fig. 5). 

3.5. Structural models 

In the past 50 years, significant progresses regarding the physical 
knowledge of Earth's structure, particularly the mechanical properties of 

Fig. 6. Left: Spatial distribution of the 99 seismogenic zones and gridded seismicity with 0.2◦ × 0.2◦ cells from CSESeventV2020; Right: Spatial distribution of 
historical and instrumental seismicity smoothed with the radius of 3 cells (Panza et al., 1996) from CSESeventV2020. 

6 http://www.ief.ac.cn/Community/index.html. Last accessed on April 30, 
2020.  

7 https://www.globalcmt.org/. Last accessed on January 20, 2021. 
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the crust and upper mantle, have been obtained because of the 
improvement of detection accuracy. One progress was the establishment 
of the global models, such as PREM (Dziewonski and Anderson, 1981), 
IASP91 (Kennett and Engdahl, 1991), SP6 (Morelli and Dziewonski, 
1993), AK135 (Kennett et al., 1995), CRUST5.1 (Mooney et al., 1998), 
and CRUST1.0 (Laske et al., 2013). However, global average structural 
models only describe approximate information regarding the crust and 
upper mantle in large scale. More detailed structural models are essen-
tial for computing reliable and realistic seismograms in the NDSHA 
framework. 

Based on non-linear surface wave tomography, suitable structural 
properties at a regional scale have been defined by Zhang et al. (2014) 
by means of 2◦ × 2◦ cellular structural models of the lithosphere- 

asthenosphere system beneath the Qinghai-Tibet Plateau and adjacent 
areas. Yao et al. (2019) built a 3D velocity model based on the joint 
linearized inversion of Rayleigh wave dispersion, ZH ratio and receiver 
function (Zhang and Yao, 2017). Zhang et al. (2014) and Yao et al. 
(2019) provided two choices for defining the structural models in our 
study area. It is difficult to determine which model (or bedrock condi-
tion) is better. Accordingly, we defined two different models to be 
considered as input: (1) Model A, directly taken from the results of 
Zhang et al. (2014); (2) Model B, a combination of the results of Zhang 
et al. (2014) and Yao et al. (2019). In Model A, we considered the 2◦ × 2◦

cellular structural models defined by Zhang et al. (2014). As shown in 
Fig. 9, 56 cells reaching nearly 350 km in depth were assembled ac-
cording to Zhang et al. (2014). In particular, for cells 53, 54, 55, and 56, 

Fig. 7. Left: Spatial distribution of nine seismogenic nodes (cyan circles, Radius = 100 km) prone to large earthquakes with M ≥ 8.2 identified by Gorshkov et al. 
(2003). Right: Sources inside seismogenic nodes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 8. Left: Graphic representation of “smoothed” seismicity in each seismogenic zone. Right: Graphic representation of “smoothed” seismicity in each seismogenic 
zone and nodes. 

Y. Zhang et al.                              



Engineering Geology 291 (2021) 106208

8

the structural models were assembled using their adjacent cells, i.e., 
cells 19, 18, 7, and 6. For each cellular structural model, as in Zhang 
et al. (2014), the uppermost four layers (32 km) were fixed and the 
layered velocity models down to approximately 350 km of depth were 
taken from the results of Zhang et al. (2014). The empirical relationship 

between the quality factor, Qs, and shear wave velocity, Vs, proposed by 
Olsen et al. (2003) was considered in each unit, as stated in Eq. (1): 

Qs = 100Vs (1) 

The general relationship between Qs and Qp was used in (2). 

Qp =
9
4
Qs (2) 

Model B was obtained by replacing, in the depth range of 0 – 80 km, 
the layered structures of Model A with the results of Yao et al. (2019). 
Finally, all structural models in Models A and B were extended to a depth 
of 1100 km using AK135-F (Montagner and Kennett, 1996). Three ex-
amples of Vp-velocity, Vs-velocity and density vertical profiles, for the 
cellular models cse0012, cse0021 and cse0036 in Models A and B, are 
shown in Figs. 10 and 11. 

4. Computations

In general, from the perspective of reliable modelling techniques of
seismic wavefields, three aspects of the physical processes must be taken 
into account, i.e., the earthquake source process, propagation pathways 
and local site effects (Panza, 2017). In our computations, the size scaled 
point source (SSPS) approximation was firstly adopted (Gusev, 1983). In 
terms of propagation pathways, because we were interested mostly in 
peak values of ground motion parameters, an approximate but robust 
way to deal with the effect of lateral heterogeneities was to assume the 
structural model at the site of interest as the representative model of the 
whole propagation pathways of seismic waves (Panza et al., 2001).To 
minimize the effect of the uppermost layers (i.e., local soil effect) and of 
high-frequency attenuation in the near field, an upper frequency of 1 Hz 
was considered. Such upper frequency bound is sufficient to include 
main parts of seismic wavetrains at a regional scale (Panza et al., 2001; 
Panza et al., 2012). 

In the procedure of computing synthetic seismograms, some con-
ventions and/or assumptions were set to optimize the computation. For 
all selected cells, magnitudes were grouped into three levels, i.e., M<7, 
7 ≤ M < 8, M ≥ 8, and hypocentral depth (hd) was regarded as a function 
of the value of magnitude. For M < 7, hd was set at 10 km, for 7 ≤ M < 8, 

Fig. 9. The 2◦ × 2◦ cellular grid identifying cellular structural models. At the 
east and west edges of the study area, the cells from 43 to 56 are 1◦ × 2◦. 

Fig. 10. Examples of Vp-velocity, Vs-velocity and density vertical profiles, for the cellular models cse0012, cse0021 and cse0036 in Model A.  
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hd was set at 15 km, and for M ≥ 8, hd was set at 25 km. To reduce the 
number of computed synthetic seismograms, without losing important 
information, the maximum source-site distance was set, as a rule, at 150 
km. The peak ground motion parameters could be readily extracted from 
the computed synthetic seismograms. However, the executive frequency 
of 1 Hz cannot represent dominant parts of acceleration time series or 
spectra (e.g., Panza et al., 1997). Accordingly, a design response spec-
trum adopted in “designs of structures for earthquake resilience” was 
used to extrapolate NDSHA acceleration to higher frequency. Here, the 
normalized elastic acceleration response spectra Eurocode-8 (EC8) for 
soil type “A” (e.g., Eurcode-8, 2004), i.e., hard soil on the topmost 
structural layer with Vs > 0.8 km/s (bedrock condition), and 5% critical 
damping, was considered to obtain the value of DGA, i.e., design ground 
acceleration (Panza et al., 2001; Panza and Bela, 2020). DGA is obtained 
by two steps: (a) computing synthetic accelerograms at long-period 
portion (T > 1 s), and (b) by matching the long-period portion of the 
normalized spectra (i.e., design response spectra) with modelled syn-
thetic accelerograms, the value of absolute spectrum could be obtained 
at T = 0 s, and is defined as DGA. Although DGA is obtained by 
extrapolation, the adopted method for extrapolation (i.e., normalized 
spectra, EC8) basically considers the soil type. Actually, to use the 
response spectra of recordings of real events having similar magnitudes/ 
distances to those of synthetic seismograms computed for the study area 
is very promising; however, it is more appropriate on specific earth-
quake scenarios, while this paper is more focused on the methodology 
on seismic hazard assessment at a regional scale. 

Geophysical scientists are skilful at modelling (or predicting) future 
potential events based on past records (Kossobokov et al., 2015). In 
order to test the predictive power of NDSHA, all events after the 
occurrence of May 12th, 2008 Ms = 8.0 Wenchuan earthquake 
(including itself) were removed in the assembled catalogue CSESe-
ventV2020. It provided the opportunity to temporarily go back to the 
time point before the occurrence of this damaging earthquake and 
perform independent NDSHA computations. The comparison of hazard 
computations before/after the Great Wenchuan event reasonably 
measured stability and predictive power of hazard computations of 
NDSHA. 

5. Results

Two groups of computations, at 1 Hz cut-off frequency, were per-
formed considering Models A and B in the study area. The two structural 
models only differ in the depth range of 0 – 80 km and are identical for 
larger depths. Consequently, a comparison of the results obtained with 
Models A and B, even if they both belong to the bedrock conditions, 
allowed us to identify the influence from variations in bedrock. Such 
kind of variations are fully neglected in standard PSHA. A detailed 
analysis of 3D effects, based on modal summation (La Mura et al., 2011; 
Gholami et al., 2014), to identify relevant local effects due to variations 
in bedrock conditions is the subject of a forthcoming paper. 

Here, the results considering CSESeventV2020 and seismogenic 
nodes associated with Mdesign (γEM ∕= 0) (see Section 2 of Supplementary 
Material) were used to discuss the hazard level in the study area. As 
showed in Figs. 12, 13, and 14, PGD, PGV and DGA values start to 
decrease and remain at a low level close to the east boundary of the 
study area, in reasonable relation to the eastern stable South China 
Block. The PGD maps (Fig. 12) demonstrate that the areas with PGD 
values in the range of 30 – 60 cm are mostly distributed along the 
Longmenshan, Xianshuihe, Anninghe, Zemuhe, Xiaojiang, Honghe, and 
Lijiang-Xiaojinhe Fault Zones, the EHS and its surrounding areas. In the 
adjacent areas, the PGD values can be as high as 15 cm. The PGV maps 
(Fig. 13) demonstrate that the areas with PGV values in the range of 60 – 
120 cm/s are somehow mimicking fault (zones) and mainly focus on the 
Zemuhe, Daliangshan, and northeastern Longmenshan Fault Zones, and 
the EHS. The PGV values in the most of the study area exceed 8 cm/s. 
The DGA maps (Fig. 14) show high hazardous areas along Xiaojiang 
Fault Zone, central segment of Honghe Fault Zone, Lijiang-Xiaojinhe 
Fault Zone, northern and southern segments of Xianshuihe Fault Zone, 
Longmenshan Fault Zone and the EHS, where DGA values can exceed 
0.6 g. The DGA values in the most of the study area are not less than 0.08 
g; in other words, the potential macroseismic intensity IMM(Wald et al., 
1999) is greater than VII (Fig. 15). The strongest instrumental acceler-
ation recorded at the occurrence of the May 12th, 2008 Ms = 8.0 Wen-
chuan earthquake was 0.96 g (i.e., the value of 957.7 gal, recorded at a 
strong-motion seismometer deployed in Wolong town, Wenchuan 
County) reported by Yu et al. (2008). We can observe that the magnitude 

Fig. 11. Examples of Vp-velocity, Vs-velocity and density vertical profiles, for the cellular models cse0012, cse0021 and cse0036 in Model B.  
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of the May 12th, 2008 Ms = 8.0 Wenchuan earthquake did not neces-
sarily reach that of the Maximum Credible Earthquake (MCE) defined in 
Section 3.3. In 2013, a Ms = 7.0 earthquake struck Lushan County in 
Yaan City, Sichuan Province. For the first time, a PGA value larger than 
1.0 g was recorded in China (Wen et al., 2013). The DGA maps (Fig. 14) 
demonstrate DGA values around Lushan are as high as 1.2 g. Therefore, 
such a value is not a surprise for NDSHA. Therefore, the NDSHA esti-
mation is in a good agreement with the peak ground motion value 
recorded in actual field observation. The probabilistic seismic hazard 
map of China, as reported by NSGMP (GB18306 – 2015),8 shows the 
maximum PGA value is 0.4 g with 10% probability of exceedance in 50 
years, and the PGA values in the most areas of the Sichuan and Yunnan 

Provinces are 0.15 g with 10% probability of exceedance in 50 years. 
On the other hand, it is impossible to include all historical events in 

the selected study area. We have performed additional computations to 
estimate how much the two strong events (1920 December 16th, 1920 
Ms = 8.5 Haiyuan earthquake and May 23rd,1927 Ms = 8.0 Gulang 
earthquake) that occurred 200 – 300 km to the north boundary of the 
study area could affect the results of the hazard estimation in the study 
area (see Section 1 in Supplementary Material). We also tested the in-
fluence of the introduction of seismogenic nodes by comparing the re-
sults after/before inserting them and tested the influence of γEM by 
comparing the results obtained with γEM ∕= 0 and γEM = 0 (see Section 2 
in Supplementary Material). The results show that computations made 
considering parametric catalogue CSESeventV2020 and seismogenic 
nodes substantially remedy the defects caused by the natural incom-
pleteness in the assembled catalogue CSESeventV2020. The hazard 

Fig. 12. Computed peak ground displacement (PGD) map considering CSESeventV2020 and seismogenic nodes associated with Mdesign(γEM ∕= 0) (Left: Using Model 
A; Right: Using Model B). 

Fig. 13. Computed peak ground velocity (PGV) map considering CSESeventV2020 and seismogenic nodes associated with Mdesign(γEM ∕= 0). (Left: Using Model A; 
Right: Using Model B). 

8 http://www.gb18306.net/. Last accessed on March 9, 2021. 
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results we computed with γEM ∕= 0 added to the threshold magnitude 
(8.2) are consistent with the Maximum Credible Earthquake (MCE) 
(Rugarli et al., 2019b), which supply a more comprehensive description 
to seismic hazard in the CSES area. 

As previously mentioned, the predictive power of NDSHA could be 
tested by removing the May 12th, 2008 Ms = 8.0 Wenchuan earthquake 
and all its subsequent events (also called stability tests). Two tentative 
computations were performed to test the predictive power of NDSHA: 
(1) only considering CSESeventV2020 (removing the Great Wenchuan 
event and all its subsequent events), and (2) considering CSESe-
ventV2020 (removing the Great Wenchuan event and all its subsequent 
events) and seismogenic nodes associated with Mdesign (γEM ∕= 0). The 

results are shown in Figs. S26-S28 in Supplementary Material. Here, 
what we were interested in presenting is not the seismic hazard level 
before May 12th, 2008 Ms = 8.0 Wenchuan earthquake, but the common 
and different features of computed DGA maps before/after that 
damaging earthquake. As shown in Fig. 16, the DGA values computed 
before the Great Wenchuan earthquake remain the same in most of the 
areas, compared with the values computed with the full CSESe-
ventV2020, and differences mainly exist in the northwest and southwest 
parts of the study area. 

Fig. 14. Computed design ground acceleration (DGA) map considering CSESeventV2020 and seismogenic nodes associated with Mdesign(γEM ∕= 0). (Left: Using Model 
A; Right: Using Model B). 

Fig. 15. Macroseismic intensity map using the conversion relations between IMM and peak ground acceleration proposed by Wald et al. (1999). (Left: Using Model A; 
Right: Using Model B). 
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6. Model validation

Actually, it is inappropriate to be concerned about mice when there
are tigers abroad (Box, 1976). In order to look for tigers and calibrate 
what we have modelled so far, the May 12th, 2008 Ms = 8.0 Wenchuan 
earthquake occurred in the Longmenshan Fault Zone was selected as the 
scenario event for model validation. The modelled peak ground motions 
were compared with available strong ground motion data recorded 
around the epicenter, within a distance of 500 km. Here, we directly 
used the information of May 12th, 2008 Ms = 8.0 Wenchuan event 
recorded in the assembled catalogue CSESeventV2020, i.e., epicenter at 
103.4◦E, 31.0◦N, Ms = 8.0. The focal mechanism was taken from the 
definition provided in Section 3.4 (Focal Mechanisms), i.e., Strike =
221◦, Dip = 31◦ and Rake = 61◦. We chose as focal depth value the one 
corresponding, for the standard regional computations, to the events 

with M ≥8.0, i.e., 25 km. Then, as a sort of simple parametric study, we 
considered also a focal depth value of 20 km, in agreement, within 
experimental errors, with the ones reported in literature (14–20 km, e.g., 
Liu et al., 2008) and to the one that we adopted for events with 7.0 ≤ M 
< 8.0, in agreement with some literature, e.g., Caputo et al. (1973), 
Molchan et al. (1997) and Doglioni et al. (2015). In the following step 
we have performed parametric tests similar to those made by Rastgoo 
et al. (2018), who modelled the June 20th, 1990 Mw = 7.4 Manjil-Rudbar 
(Iran) earthquake, and focal depth varied within acceptable un-
certainties. In the two computations (hd = 20 km, 25 km), the source 
model remained as SSPS model (Gusev, 1983), the results of which are 
shown in Fig. 17. Using the relationships between peak ground accel-
erations and Modified Mercalli Intensity (MMI) proposed by Wald et al. 
(1999), we obtained the distribution of intensity (MMI) from Fig. 17. 
The results are shown in Fig. 18. Li et al. (2010) obtained a simple 

Fig. 16. Ratios between the design ground accelerations computed from the computations before/after the May 12th, 2008 Ms = 8.0 Wenchuan Event. Left: Only 
considering assembled catalogue CSESeventV2020; Right: Considering CSESeventV2020 and seismogenic nodes associated with Mdesign(γEM ∕= 0). The downward 
triangles indicate that the DGA values before the May 12th, 2008 Ms = 8.0 Wenchuan Event are smaller than the DGA values computed after that event. 

Fig. 17. Results of two modelling computations for the May 12th, 2008 Ms = 8.0 Wenchuan earthquake based on the SSPS earthquake source model. Blue star: 
epicenter; triangles labeled with white number: accelerometric stations. Left: focal depth defined at 20 km; Right: Focal depth defined at 25 km. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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distribution of MMI Intensities by computing co-seismic displacement 
based on the assumed parameters (including location, magnitude, 
depth, and faulting mechanisms) of May 12th, 2008 Ms = 8.0 Wenchuan 
earthquake. When comparing the modelled intensity distribution 
(Fig. 18) with intensity maps computed by Li et al. (2010) and USGS,9 

the coverage of high intensity areas I ≥ IXMMI differs, but the pattern of I 
= VIMMI areas are similar in the northeast-southwest direction. Worthy 
to note, the fault mechanism and parameters (including the seismic in-
tensity distribution) of the May 12th, 2008 Ms = 8.0 Wenchuan event 
have been discussed and updated in later publications since 2008 (e.g., 
Lekkas, 2010; Yang et al., 2011), meaning that one could have a variety 
of choices for the selection of a benchmark. However, in general, the 
purpose of modelling is not to be in total agreement with all existing 
results, but basically to match the main features. The resulting macro-
seismic intensity map of the May 12th, 2008 Ms = 8.0 Wenchuan 
earthquake by Li et al. (2010) and USGS may not be the most repre-
sentative, but both of them depicted basic features of macroseismic in-
tensity distribution of that event. 

In order to evaluate and validate the results of hazard computation, 
we selected the accelerometric stations (bedrock condition) located at 
the epicentral distance of 0 – 500 km for comparison with the modelled 
results. The criteria above are satisfied by 15 stations, which are basi-
cally distributed around the epicenter (Fig. 17). The details of 15 sta-
tions and modelled DGA bands are listed in Table 1. At each selected site, 
the estimated DGA bands (i.e., error range) were considered in the 
comparison (Fig. 19). The agreement between the modelled DGA values 
and observed values indicates the absence of tigers and the presence of 
mice. In more detail, at the fifth (51MXT, PGA: 0.43 g, DGA band: 0.15 – 
0.30 g) and the eighth site (62WIX, PGA: 0.201 g, DGA band: 0.08 –0.15 
g), the observed PGA values are +0.130 g (43%) and + 0.051 g (34%) 
larger than the maximum of estimated DGA bands. That may mean that 
local detailed investigations are necessary around these two stations, 
whose records can contain effects due to currently unknown local site 
properties. At the same time, the disagreement at sites 51MXT and 
62WIX indicates the necessity to consider rupture process for detailed 
modelling. In the PGV case, the observed PGV values recorded at the two 
same stations (51MXT and 62WIX) are +0.185 m/s (123%) and + 0.082 
m/s (103%) larger than the maximum of estimated PGV bands (see 

Fig. S29 in Supplementary Material). In the map of NSGMP, the PGA 
values at 51MXT and 62WIX are 0.2 g with 10 probability of exceedance 
in 50 years. In addition, at the other 13 sites, the estimated DGA bands 
are not exceeded by recorded PGA values. Worthy to note, the change 
trends of DGA bands and recorded PGA values are corelated, especially 
in the epicentral range of 50 – 100 km and 200 – 250 km. And it is not 
difficult to observe the similar agreement in PGA and PGV comparison of 
Lushan case (see Fig. S30 and S31 in Supplementary Material). There-
fore, the actual observations successfully validated our modelling 
results. 

Based on the results described above, the reliability of the seismic 
hazard estimation in the framework of NDSHA is supported by four 
reasons: (1) The modelling processes are based on physical knowledge 
about seismic sources and propagation ray-paths. (2) The use of seis-
mogenic nodes deals, to some extent, with the potential incompleteness 
of parametric historical catalogues. (3) From the DGA map computed 
using the parametric catalogue CSESeventV2020 (see Fig. S13 in Sup-
plementary Material), one could find that the estimated DGA range in 
the Longmenshan Fault Zone is 0.6 – 1.2 g, which covers the maximum 
acceleration recorded for the 2008 Ms = 8.0 Wenchuan earthquake, i.e., 
0.96 g (Yu et al., 2008). (4) The comparison performed at 15 sites (on 
bedrock condition) between the observed records and the results of 
regional NDSHA computation (bedrock condition), considering the 
seismicity before the 2008 Ms = 8.0 Wenchuan earthquake (see Fig. S28 
in Supplementary Material), shows that all observed records are envel-
oped by the estimated DGA band by NDSHA (Fig. 20). 

7. Discussion

In order to proceed with the deterministic seismic hazard analysis in
the area of CSES, we collected and updated all the necessary datasets for 
the study area, including the focal mechanisms, CSESeventV2020, the 
seismogenic zones, nodes and structural models (Model A and Model B). 
Naturally, e.g., due to the observation level and physical knowledge 
limitations, these datasets have limited abilities in describing the seis-
mological and geophysical features of such a large and tectonically 
complex study area. Accordingly, the limitations and uncertainties are 
unavoidable in any seismic hazard assessment analyses. 

It is worth mentioning that seismogenic nodes, as a supplement to 
the parametric catalogue CSESeventV2020, have been used to obtain a 
conservative hazard estimation, effectively managing the intrinsic 

Fig. 18. Macroseismic intensity map obtained from Fig. 17 using the conversion relationships between Modified Mercalli Intensity and peak ground acceleration 
proposed by Wald et al. (1999). Left: focal depth defined at 20 km; Right: Focal depth defined at 25 km. 

9 https://earthquake.usgs.gov/earthquakes/eventpage/usp000g650/sha 
kemap/intensity. Last accessed on August 31, 2020. 

Y. Zhang et al.                              

https://earthquake.usgs.gov/earthquakes/eventpage/usp000g650/shakemap/intensity
https://earthquake.usgs.gov/earthquakes/eventpage/usp000g650/shakemap/intensity


Engineering Geology 291 (2021) 106208

14

incompleteness of any parametric earthquake catalogue. In fact, the 
definition of Mdesign is considered as an envelope (i.e., the upper-limit 
value) of Maximum Credible Earthquake (MCE) evaluated at the basis 
of present-day formalized knowledges. Should the magnitude of new 
earthquakes exceed, within standard errors, Mdesign values, by means of 
the formalized procedures defined by NDSHA it is possible to readily 

update seismic hazard maps with an acceptable CPU time effort. For 
example, a complete standard hazard computation in the CSES area 
takes about 25 h using a 2.26 GHz CPU. 

Stability of results and negligible influence of two large events (i.e., 
the 1920, December 16th Ms = 8.5Haiyuan and 1927, May 23th Ms = 8.0 
Gulang earthquakes) located outside the study area were also verified. 

Table 1 
Resultant of horizontal PGA components (NS & EW) obtained from records in the accelerometric stations (bedrock condition) deployed around the epicenter of the May 
12th, 2008 Ms = 8.0 Wenchuan earthquake and computed DGA from NDSHA scenario computations (focal depth = 20 km; 25 km).  

SN SN*&SL SC ED PGA Focal Depth: 20 km Focal Depth: 25 km 

Class DGA Class DGA 

1 51PXZ 
(103.8, 30.9) 

R 39.733 0.186 0.3 – 0.6 0.392 0.15 – 0.3 0.238 

2 51BXZ 
(102.9, 30.5) 

R 73.308 0.193 0.15 – 0.3 0.201 0.15 – 0.3 0.212 

3 51XJL 
(103.8, 30.4) 

R 76.901 0.14 0.08 – 0.15 0.145 0.15 – 0.3 0.156 

4 51CDZ 
(104.1, 30.6) 

R 80.301 0.106 0.3 – 0.6 0.311 0.3 – 0.6 0.315 

5 51MXT 
(103.9, 31.7) 

R 91.175 0.43 0.15 – 0.3 0.26 0.15 – 0.3 0.212 

6 51SPT 
(103.6, 32.6) 

R 178.913 0.05 0.3 – 0.6 0.302 0.15 – 0.3 0.229 

7 514ZG 
(104.8, 29.3) 

R 232.057 0.041 0.04 – 0.08 0.06 0.04 – 0.08 0.046 

8 62WIX 
(104.5, 33) 

R 245.386 0.201 0.08 – 0.15 0.124 0.08 – 0.15 0.12 

9 51FSB 
(104.8, 29.1) 

R 250.577 0.04 0.04 – 0.08 0.041 0.04 – 0.08 0.045 

10 51YBY 
(104.6, 29) 

R 250.615 0.049 0.04 – 0.08 0.05 0.04 – 0.08 0.046 

11 51CNT 
(104.9, 28.6) 

R 303.58 0.023 0.04 – 0.08 0.054 0.02 – 0.04 0.037 

12 62ZHQ 
(104.4, 33.8) 

R 325.187 0.05 0.04 – 0.08 0.078 0.04 – 0.08 0.05 

13 51JLT 
(104.5, 28.2) 

R 329.002 0.021 0.04 – 0.08 0.075 0.04 – 0.08 0.044 

14 51XCX 
(102.2, 27.9) 

R 363.751 0.007 0.04 – 0.08 0.069 0.08 – 0.15 0.114 

15 62LTA 
(103.4, 34.7) 

R 411.421 0.013 0.04 – 0.08 0.067 0.04 – 0.08 0.066 

SN, Station Number; SN*, Station Name; SL, Station Location; SC, Site Condition; R, Rock. 
ED, Epicentral Distance, unit: km. 
PGA, Peak Ground Acceleration, unit: g; DGA, Design Ground Acceleration, unit: g. 

Fig. 19. Scatter plots, marked by red circles, of 
recorded PGA (resultant values from NS and EW 
component) at 15 sites in rock condition and corre-
sponding estimated DGA range (Top panel: focal 
depth = 20 km; Bottom panel: focal depth = 25 km) 
versus epicentral distance considering the scenario, 
May 12th, Ms = 8.0 Wenchuan earthquake. The nar-
row bands colored by light blue indicate the error of 
modelled DGA values. The range is determined 
considering standard discrete ranges of DGA hazard 
values as determined for MCS scale by Panza and Bela 
(2020). For example, a DGA value of 0.55 g, is 
assigned to the range 0.30 – 0.60 g. At the fifth station 
(i.e., 51MXT, see Table 1), the observed PGA value is 
0.130 g (43%) larger than the maximum of modelled 
DGA band (0.15 – 0.30 g); at the eighth station (i.e., 
62WIX, see Table 1), the observed PGA value is 0.051 
g (34%) larger than the maximum of modelled DGA 
band (0.08 – 0.15 g). (For interpretation of the ref-
erences to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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(1) Stability: by removing the Great Wenchuan Event (and all its sub-
sequent events), we were able to test the predictive power of NDSHA 
computations, and further to see the stability of the results. The com-
parisons shown in Fig. 16 illustrate that the adoption of the truncated 
catalogue is able to portray the main seismic activity in the study area. 
The newly added records after the occurrence of the Great 2008 Ms = 8.0 
Wenchuan event (i.e., the full catalogue CSESeventV2020) change the 
distribution of peak ground parameters (PGD, PGV, and DGA) within an 
acceptable error range (ΔІ ≤ 2, i.e., two Intensity degrees). This vali-
dates the stability of seismic hazard level assessment in the study area 
and of the results of the NDSHA computations. (2) Large events located 
outside the study area: the results obtained from the additional analysis 
of their effects on the hazard assessment suggest that it is reasonable to 
ignore their influence, at least for standard settlements. In fact, an in- 
depth analysis of their possible effects on long period ground motion 
may be appropriate when considering the application of seismic isola-
tion techniques (e.g., Martelli and Forni, 2010; Martelli et al., 2014), a 
practice which is very diffused in China (e.g., Zhou, 2001; Pan et al., 
2012), and could be the subject of future studies. 

8. Conclusions

In this work, we performed regional neodeterministic (physics- 
based) seismic hazard assessment in the study area containing the 
Sichuan-Yunnan region and the Southeast margin of Tibetan Plateau. 
For the computation of synthetic seismograms, we collected the required 
datasets, including earthquake catalogues, seismogenic zones and 
nodes, focal mechanisms, and structural models, in a form suitable for 
earthquake hazard computation. Stability tests have been performed 
and the negligible influence from large magnitude events located “far” 
from the study area has been verified. The obtained seismic hazard maps 
are described by the spatial distribution of PGD, PGV and DGA values, 
extracted from synthetic seismograms computed at a regional scale and 
mapped on a regular grid of 0.2◦ × 0.2◦. Primary conclusions are listed 
below:  

(1) Stability tests indicate that seismic hazard computations are 
basically not impacted by a reasonable variation of the input 
parametric catalogue, supporting the long-term effectiveness of 
the obtained hazard maps and the predictive power of NDSHA.  

(2) The comparisons between observed peak ground motions and 
results of scenario computations of 2008, May 12th Ms = 8.0, 
Great Wenchuan earthquake and 2013, April 20th Ms = 7.0, 
Lushan earthquake at a regional scale (bedrock condition) show a 
reasonable correlation.  

(3) The tests performed for estimating the potential influence from 
large events outside the study area (i.e., the 1920, December 16th 

Ms = 8.5, Haiyuan and 1927, May 23rd Ms = 8.0, Gulang 

earthquakes) show that the estimated hazard values are not much 
impacted by them.  

(4) The insertion of seismogenic nodes makes up the intrinsic 
incompleteness of the earthquake catalogue, and makes it 
possible to readily update the seismic hazard maps once the 
defined Mdesign is exceeded. 

The main results show that the DGA values could reach 0.6 g around 
main faults and/or fault zones, including Longmenshan, Xianshuihe, 
Anninghe, Zemuhe, Xiaojiang and Honghe Fault Zones, indicating that 
high seismic hazard is a significant feature of the region. 

For the seismically active Sichuan and Yunnan Provinces, these maps 
represent not only the first attempt to estimate seismic hazard with a 
neodeterministic, physics-based, approach, but they also provide a new 
reference choice for structural engineers and decision makers. In fact, 
these first order seismic zoning results can be used to update regional 
disaster mitigation actions, and provide the foundations for two items 
potentially important in the near future: (1) application of the neo-
deterministic approach to other important areas, e.g., Northwest China, 
Northeast China, and South China; (2) start multi-scenario urban-scale 
researches (or site- specific SHA) in the most hazardous areas pointed 
out in the study region. Moreover, these first-order zoning NDSHA 
findings may serve as a knowledge basis to support both large- to mid- 
spatial (i.e., the whole mainland China and North China) and time (i.e., 
from the Two Centenary Goals10 to the 14th Five-Year Plan11) range 
preparedness actions, like the improvement and reinforcement of the 
infrastructures with different designed life, and to (multi-scenario) site- 
specific studies. 

Data availability 

The information about the Seismic Ground Motion Parameters 
Zonation Map of China can be found at http://www.gb18306.cn/, 
where we got the seismogenic zones used in this paper. The detailed 
longitude and latitude information about seismogenic nodes were pro-
vided by Vladimir G. Kossobokov (personal communication) from 
Institute of Earthquake Prediction and Mathematical Geophysics, 
Russian Academy of Sciences. The focal mechanisms catalogues used in 
this paper can be found at http://www.ief.ac.cn/Community/info/202 
0/22555.html and GCMT (https://www.globalcmt.org/). The cata-
logue CSESeventV2020 was assembled from two parts, the old catalogue 
before 1990, which could be found in The Catalogue of Chinese Historical 
Strong Earthquakes (in Chinese) (1995) and The Catalogue of Chinese 
Modern Earthquakes (in Chinese) (1999); the new catalogue from 1990 to 

Fig. 20. Scatter plots, marked by red circles, of recorded PGA (resultant values from NS and EW component) at 15 sites in bedrock conditions and corresponding 
estimated DGA ranges defined by the NDSHA computation only considering the seismicity before the occurrence of May 12th, 2008 Ms = 8.0 Wenchuan earthquake 
versus epicentral distance. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

10 http://www.china.org.cn/china/china_key_words/2014-11/18/conten 
t_34158771.htm. Last accessed on May 3, 2021.  
11 http://en.qstheory.cn/The14thFiveYearPlan.html. Last accessed on May 3, 

2021. 
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2019 was obtained from China Earthquake Networks Center (CENC). 
The partial information about the velocity model used in this paper can 
be found in http://www.ief.ac.cn/Community/info/2020/22540.html. 
The strong ground motion data were provided by China Strong Motion 
Network Centre at Institute of Engineering Mechanics, China Earth-
quake Administration. 
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