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Key Points:
The P-wave velocity structure of the upper crust around the Jiuzhaigou earthquake region shows obvious lateral inhomogeneity, low-
velocity anomalies are observed at the intersection of shallow part of Minjiang and Tazang faults.

●

The relocated earthquake sequence distributed along the NW-SE direction and ends near the intersection of the Minjiang and Tazang
faults, the inhomogeneous variation of the velocity structure of the Jiuzhaigou earthquake region and its surrounding medium is the
deep structural factor controlling the spatial distribution of the mainshock and its sequence.

●

The crustal low-velocity layer of northeastern Songpan–Garzê Block stretches into Minshan Mountain, and migrates to the northeast,
the tendency to emerge as a shallow layer is impeded by the high velocity zone of Nanping Nappe tectonics and Bikou Block.

●
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Abstract: On August 8, 2017, a magnitude 7.0 earthquake occurred in Jiuzhaigou County, Sichuan Province, China. The deep
seismogenic environment and potential seismic risk in the eastern margin of Tibetan Plateau have once again attracted the close
attention of seismologists and scholars at home and abroad. The post-earthquake scientific investigation could not identify noticeable
surface rupture zones in the affected area; the complex tectonic background and the reason(s) for the frequent seismicity in the
Jiuzhaigou earthquake region are unclear. In order to reveal the characteristics of the deep medium and the seismogenic environment of
the M7.0 Jiuzhaigou earthquake region, and to interpret the tectonic background and genesis of the seismicity comprehensively, in this
paper, we have reviewed all available observation data recorded by the regional digital seismic networks and large-scale, dense mobile
seismic array (China Array) for the northern section of the North–South Seismic Belt around Jiuzhaigou earthquake region. Using double-
difference seismic tomography method to invert the three-dimensional P-wave velocity structure characteristics of the upper crust
around the Jiuzhaigou earthquake region, we have analyzed and discussed such scientific questions as the relationship between the
velocity structure characteristics and seismicity in the Jiuzhaigou earthquake region, its deep tectonic environment, and the ongoing
seismic risk in this region. We report that: the P-wave velocity structure of the upper crust around the Jiuzhaigoug earthquake region
exhibits obvious lateral inhomogeneity; the distribution characteristics of the shallow P-wave velocity structure are closely related to
surface geological structure and formation lithology; the M7.0 Jiuzhaigou earthquake sequence is closely related to the velocity structure
of the upper crust; the mainshock of the M7.0 earthquake occurred in the upper crust; the inhomogeneous variation of the velocity
structure of the Jiuzhaigou earthquake area and its surrounding medium appears to be the deep structural factor controlling the spatial
distribution of the mainshock and its sequence. The 3D P-wave velocity structure also suggests that the crustal low-velocity layer of
northeastern SGB (Songpan–Garzê Block) stretches into MSM (Minshan Mountain), and migrates to the northeast, but the tendency to
emerge as a shallow layer is impeded by the high-velocity zone of Nanping Nappe tectonics and the Bikou Block. Our results reveal an
uneven distribution of high- and low-velocity structures around the Tazang segment of the East Kunlun fault zone. Given that the rupture
caused by the Jiuzhaigou earthquake has enhanced the stress fields at both ends of the seismogenic fault, it is very important to stay
vigilant to possible seismic hazards in the large seismic gap at the Maqu–Maqên segment of the East Kunlun fault zone.
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1.  Introduction
On August 8, 2017, the China Earthquake Networks Center (CENC)

recorded  an M7.0  earthquake  at  Jiuzhaigou  County  (33.22°N,

103.83°E,  hereinafter  Jiuzhaigou  earthquake)  of  Aba,  Sichuan

Province, at 21:19:46.4 Beijing time. The earthquake involved a se-

quence  of  active  events.  Between  August  8  and  14,  2017,  the

Sichuan  Regional  Seismic  Network  recorded  3812  earthquake

events  of  magnitude ML ≥ 0.0 in  the  Jiuzhaigou  earthquake  se-

quence. Among them, 1369 earthquake events were of ML 0.0–0.9,
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1876 events of ML 1.0–1.9,  416 events of ML 2.0–2.9,  59 events of

ML 3.0–3.9, 14 events of ML 4.0–4.9, and 1 event of ML 7.0–7.9. The

strongest aftershock was the M4.8 earthquake on August 9, 2017.

The M7.0 Jiuzhaigou earthquake caused 25 deaths and 525 injur-

ies,  with six people missing. About 176,492 people were affected

by the  disaster  and 73,671 houses  were  damaged to  varying de-

grees.  After  the  earthquake,  the  seismic  investigation  team  of

Sichuan Earthquake  Administration  conducted  a  field  investiga-

tion in  the  affected  areas  and  determined  the  intensity  distribu-

tion  of  the  earthquake  based  on  a  comprehensive  evaluation  of

the tectonic setting of the affected regions, the distribution of af-

tershocks, and  strong  motion  observations  (Jiuzhaigou  earth-

quake  Intensity  Distribution  Map,  Seismological  Bureau  of

Sichuan Province, 2017). The isoseismals are elliptical. The long ax-

is is NNW-trending, which is roughly the same as the distribution

of  the  aftershocks.  The  short  axis  is  near-NE  and  approximately

160-km long. An area 19 km long sustained extreme earthquakes

of  intensity Ⅸ;  a  45  km-long  region  was  affected  by  intensity Ⅷ

events (Yi GX et al., 2017).

Following the M8.0 Wenchuan earthquake of 2008 and M7.0 Lush-

an  earthquake  of  2013,  the M7.0  Jiuzhaigou  earthquake  of  2017

was the third destructive earthquake event in the eastern margin

of the Tibetan Plateau to have occurred within a decade. With re-

gard  to  regional  tectonics,  the  epicenter  of  the M7.0  Jiuzhaigou

earthquake was in the eastern part of the Bayan Har Block, at the

intersection of the eastern segment of the East Kunlun fault zone

and the Minjiang tectonic belt (Figure 1). At its epicenter and sur-

rounding areas are the NWW-trending Tazang fault at the eastern

segment  of  the  East  Kunlun  fault  zone,  the  NNW-trending  Huya

fault,  and  the  near  NS-trending  Minjiang  fault.  These  faults  form

the north and east boundaries of the Bayan Har Block; in terms of

neotectonics,  they  also  constitute  the  horsetail-shaped  structure

spreading  out  toward  the  east  or  southeast  at  the  eastern  tip  of

the NWW-trending East Kunlun fault zone (Xu XW et al., 2017a; Yi

GX et al., 2017).

The eastern segment of the East Kunlun fault close to the epicen-

ter of  the  Jiuzhaigou  earthquake  starts  in  the  west  at  the  north-

east of the Zoige Basin and extends SEE-ward to the north of Min-

shan Mountain. It has a reversed S-shape structure, showing new

activities that apparently belong to the Late Quaternary.  Its  tip is
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Figure 1.   (a) Sketch map of the research area. (b) Seismotectonic setting of the M7.0 Jiuzhaigou earthquake region and its adiacent area. The

abbreviations are: EKLf, Easternmost Kunlun fault; MJf, Minjiang fault; XSf, Xueshan fault; HYf, Huya fault; LRBf, Longriba fault; WQLOZ, West

Qinling Orogenic zone; SGB, Songpan–Garzê Block; BKB, Bikou Block; LMS, Longmen Shan; SCB, Sichuan Basin; MSM, Minshan Mountain. The red

star denotes the location of the M7.0 Jiuzhaigou mainshock.
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split  into  numerous  secondary  faults,  giving  rise  to  horsetail-

shaped or broom-like structures (Cunningham and Mann, 2007; Li

CX et al., 2011). The Minshan tectonic belt, located to the south of

the East Kunlun fault zone, consists primarily of the near NS-trend-

ing  Minjiang  fault,  NNW-trending  Huya  fault  zone,  and  near  EW-

trending  Xueshan  fault.  The  Minjiang  and  Huya  faults  form  the

west  and east  boundaries  of  the  Minshan tectonic  belt;  both  are

active faults of the Holocene. They have dictated the geomorpho-

logical  evolution  of  the  MSM  since  the  Quaternary  Period  (Zhao

XL et al., 1994; Zhang HP et al., 2006). There have been several in-

tense  and  large-scale  earthquakes  in  the  Minshan  fault,  such  as

the M7 Diexi  earthquake in  1713,  the M6½ North  Zhangla  earth-

quake  in  1748,  the M6  Songpan  earthquake  in  1938,  the M6¾

Zhangla  earthquake  in  1960,  and  the M7½  Diexi  earthquake  in

1933. Two M7.2 earthquake events occurred along the Huya fault

in 1976.

Recently,  many  important  results  have  been  obtained  by

geoscientists in their studies of the Jiuzhaigou earthquake region

and its surrounding areas. Using the focal mechanism and the dis-

tribution  of  relocated  aftershocks, Yi  GX  et  al.  (2017) suggested

that the mainshock of the M7.0 Jiuzhaigou earthquake was gener-

ated on  the  NW-SE-trending  Shuzheng  fault,  between  the  Minji-

ang  and  Tazang  faults. Ji  LY  et  al.  (2017) obtained  the  coseismic

deformation  fields  of  the  Jiuzhaigou  earthquake  using  InSAR,

which  exhibited  an  asymmetric  distribution  that  they  attributed

to differences in the medium properties  and deep pitches of  the

hanging wall and footwall of the seismogenic fault. Using seismic

records  from  stations  in  the  affected  area, Yang  Y  and  Chang  LJ

(2018) studied  the  spatial  and  temporal  variation  of  shear  wave

splitting  of  the M7.0 Jiuzhaigou  earthquake  sequence  and  ob-

served partitioning in the fast polarization directions of the upper-

crust. Zhang  X  et  al.  (2017), Xu  LS  et  al.  (2018), Liang  JH  et  al.

(2018), Fang LH et al.  (2018), Liang SS et al.  (2018), and Long F et

al. (2019) determined precise positioning of the mainshock and af-

tershocks  of  the  earthquake.  The  Jiuzhaigou  earthquake

happened in a region characterized by high mountains and deep

valleys,  on  which  a  few  geological  and  geophysical  studies  have

been conducted.  Furthermore,  the  post-earthquake  scientific  in-

vestigation could not identify noticeable surface rupture zones in

the affected area.  These factors have limited study of  the event’s

seismogenic mechanism  and  the  main  cause  of  the  rupture  pro-

cess.  Thus,  the  complex  tectonic  background  of  the  Jiuzhaigou

earthquake region  and  the  reason  for  its  frequent  seismicity  re-

main unclear.

The  development  and  occurrence  of  strong  earthquakes  involve

the dynamics or tectonic movement of Earth's interior. The occur-

rence is closely related to the deep structure, physical properties,

and  dynamic  environment  of  the  crust  and  upper  mantle  (Ding

ZF, 2011; Xu T et al., 2014). The velocity structure of the crust is an

important parameter that reflects the properties of the crustal me-

dium. The  characteristics  of  the  3D  velocity  structure,  closely  re-

lated to tectonic movement, provide important information about

the location of an earthquake and the source medium. Combined

with the spatial distribution of seismic activities, the velocity struc-

ture serves  as  an important  basis  for  understanding the environ-

ment and mechanism of earthquake occurrence (Zhao CP, 2006).

In  this  study,  observation  data  recorded  by  the  regional  digital

seismic  networks  of  Sichuan,  Gansu,  Qinghai,  and  Shaanxi

provinces  from  January,  2013,  to  July  2019  were  collected.  The

waveform  data  were  recorded  by  the  large-scale,  dense  mobile

seismic  array  (China  Array)  for  the  northern  section  of  the

North–South Seismic Belt from Sep, 2013, to Aug 2015 (Figure 2).

P-wave data were extracted from the waveform data; double-dif-

ference  tomography  (TOMODD)  was  used  to  retrieve  3D  P-wave

velocity structures for the upper crust of the areas affected by the

M7.0 Jiuzhaigou earthquake region and its adjacent areas. The re-

lationship between  velocity  structure  and  seismicity,  deep  seis-

mogenic environment, and seismic hazard risk are discussed. The

results  obtained  form  the  basis  for  understanding  the  dynamic

mechanism  of  earthquake  development  in  the  Minshan  area  (as

part of the eastern margin of Tibetan Plateau), forecasting seismic

activity trends  and  seismic  hazard  risks  in  the  region.  These  res-
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Figure 2.   (a) Distribution map of seismic stations and (b) earthquake epicenters used in this study.
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ults  should  help  to  minimize  the  damage  caused  by  future  such
disasters. 

2.  Data and Imaging Method 

2.1  Data Collection
The  Sichuan  Earthquake  Administration  and  Gansu  Earthquake
Administration started the set-up of mobile seismic stations in the
Jiuzhaigou  earthquake  region  on  the  same  day  the  Jiuzhaigou
earthquake  happened.  As  of  August  12,  2017,  six  mobile  seismic
stations had been installed in the vicinity of the earthquake area,
four  by  Sichuan  Earthquake  Administration  (Stations  L5110,
L5111,  L5112,  and  L5113;  sampling  rate:  100 Hz)  and  two  by
Gansu  Earthquake  Administration  (Stations  L6201  and  L6202;
sampling  rate:  100 Hz).  Stations  L5510,  L5511,  and  L5512  were
equipped  with  CMG-40TDE  (2s−50Hz)  short-period  seismome-
ters,  whereas  Stations  L5113,  G6201,  and  G6202  were  equipped
with  GL-PS2  (2s−50Hz)  short-period  seismometers.  Observation
data  recorded  by  the  mobile  stations  were  transmitted  to  the
Sichuan Earthquake Administration in real-time (Figure 2a). In this
study, we collected seismic data from 25 fixed seismic stations in
the Jiuzhaigou  earthquake  region  and  its  surroundings.  In  addi-
tion,  seismic  event  records  from  119  sets  of  seismic  monitoring
equipment were adopted, including 113 sets from the dense mo-
bile  seismic  array  deployed  by  the  China  Array  for  the  northern
section of the North–South Seismic Belt and 6 sets from the earth-
quake mobile observation station. As shown in Figure 2b, the seis-
mic stations in and around the Jiuzhaigou earthquake region form
a dense distribution, covering a large range of azimuthal angles in
the study area.  This  ensures the completeness of  the earthquake
sequence catalog,  as  well  as  density of  ray intersections and reli-
ability of the inversion from imaging data.

Before  performing  the  inversion,  the  P-wave  arrival  times  were
scrutinized  during  data  preprocessing.  Using  the  seismic  phase
travel  time vs epicentral  distance curve,  only seismic events with
ML ≥ 1.0  were  selected  from  the  recorded  data.  Seismic  phases
whose  travel-time  curves  were  characterized  by  large  dispersion
were eliminated; for each seismic event, at least five stations had
collected  P-wave  arrival  time  data  (Figure  3).  Within  one  month
after the Jiuzhaigou earthquake, more than 3000 events occurred
in the area. The seismic sequence forms a NWW-trending belt. The
large  number  of  seismic  events  occurring  in  and  around  the  Jiu-
zhaigou  earthquake  region  and  their  dense  ray  intersections
provide adequate data for the retrieval of the velocity structure in
the earthquake area (Figure 4). 

2.2  Imaging Method
We used the TOMODD method to retrieve the 3D P-wave velocity
structure  of  the  Jiuzhaigou  earthquake  region  (Zhang  HJ  and
Thurber, 2003, 2006). Based on the double-difference earthquake
location  algorithm,  this  method  uses  both  relative  and  absolute
travel-time data in its joint inversion of 3D velocity structures and
source  locations  (Waldhauser  and  Ellsworth,  2000).  Absolute
travel times are the primary basis for determining the 3D velocity
structure of the entire study area.  For better constraint of the 3D
velocity structure and source location, relative travel times are as-
signed more weight  after  the iteration steps.  Compared to  tradi-

tional travel-time-based  tomography  methods,  TOMODD  con-

siders  variations  in  the  velocity  structure  of  underground  media

and gets  around  the  assumption  in  the  double-difference  loca-

tion  algorithm  that  the  travel  velocities  of  a  pair  of  events  to  a

common  seismic  station  are  the  same.  Incorporating  relative
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Figure 3.   The fitting curve of travel time and epicentral distance.
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Figure 4.   Distribution of P-wave ray paths used in this study. The red

star denotes the location of the M7.0 Jiuzhaigou mainshock.
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travel time in the inversion, the accuracy of the retrieved 3D velo-

city structure is also improved; thus, more fine structure of the un-

derground  media  can  be  recovered.  This  method  has  become

widely used  recently  in  determining  3D  velocity  structure  inver-

sion  in  different  regions  (Thurber  et  al.,  2004, 2007; Okada  et  al.,

2006, 2007; Hofstetter et al., 2012; Allam et al., 2014; Wu HB et al.,

2018; Watkins  et  al.,  2018; Li  DH  et  al.,  2021).  When  matching

earthquake  event  pairs,  the  maximum  distance  between  event

pairs were set to 10 km; every earthquake event was matched to

more than 30 other events. Finally, from the 7126 seismic events a

total of  22,438  absolute  arrival-times  and  1,268,643  relative  ar-

rival-times were selected for joint inversion. Based on the distribu-

tion of  seismic  events,  location of  seismic  stations,  and coverage

of  seismic  rays  in  the  Jiuzhaigou  earthquake  region,  the  study

area  was  divided  into  grids.  The  center  of  the  study  area  (Ji-

uzhaigou earthquake region and its  vicinity)  and the edges were

divided  into  0.1°  ×  0.1°  and  0.2°  ×  0.2°  grids,  respectively,  in  the

lateral direction. In the vertical direction, divisions were made at 1,

3,  6,  9,  12,  15,  18,  and 21 km. The Crust1.0 crustal  velocity model

and  PREM  model  were  used  to  establish  a  one-dimensional  (1D)

initial P-wave velocity model for the study area. 

2.3  Parameter Selection
During inversion, a damped LSQR algorithm (least-squares QR fac-

torization)  was  adopted  to  solve  least-squares  problems  with

damping. The  2-norm  of  the  total  travel-time  residual  was  em-

ployed  as  the  objective  function  for  iterating  and  solving  the

equations  (Zhang  HJ  and  Thurber,  2003).  During  imaging,  the

change in slowness was constrained by smoothing factors, where-

as the  change  in  earthquake  location  and  slowness  was  con-

strained by damping factors. Because the stability of inversion res-

ults is largely dependent on the magnitude of the smoothing and

damping factors, it is particularly important to examine the choice

of  damping  and  smoothing  factors  before  inversion  (Eberhart-

Phillips,  1986, 1993; Ma X et al.,  2016).  To this end, a curve of the

model variance vs. data variance was plotted to ensure the stabil-

ity of  the  inversion  results.  The  parameter  combination  corres-

ponding  to  significantly  minimized  data  variance  and  minimal

change in model variance was selected as the optimal parameters

for  inversion.  The L-curve  was  employed  to  obtain  the  optimal

parameters (Hansen, 1992; Hansen and O'Leary, 1993). The search

range of the smoothing factor was 10–400 and that of the damp-

ing  factor  was  50–1000.  The  optimal  smoothing  and  damping

factors were obtained as 40 and 300, respectively (Figure 5). After

20  iterations,  the  mean  square  deviation  in  travel-time  residual

decreased from 0.27 to 0.04 s. Figure 6 shows the statistical distri-

bution of residuals before and after inversion. As seen in Figure 6,

the  residuals  are  concentrated  at  −1.5  to  1.5  s  before  inversion.

After  the inversion,  the distribution of  the residuals  changes;  the

values start to converge to the center and are now mainly concen-

trated at  −0.5  to  0.5  s.  This  means  that  the  velocity  model  ob-

tained by this inversion method provides a good fit of the obser-

vation data. 

2.4  The Checkerboard Test
The  checkerboard  test  was  used  to  evaluate  the  reliability  and

spatial  resolution  of  the  velocity  structure  retrieved  (Spakman  et

al.,  1993). Alternating  positive  and  negative  velocity  perturba-

tions  were  introduced  into  the  initial  model  to  generate  the

checkerboard  and  compute  the  theoretical  travel  time.  Inversion

was then performed using the initial model and theoretical travel-

time data.  The inversion results  were then evaluated with regard

to  their  ability  to  restore  the  checkerboard.  Regions  with  better

perturbation  recovery  indicate  reliable  inversion  results.  Forward

modeling of theoretical travel time was performed using a check-

erboard with grid divisions, as described in Section 2.2, and ± 3%

velocity perturbations. The theoretical travel-time data generated

were  used  with  the  actual  initial  model  for  inversion. Figure  7

shows the inversion results at different depths, which show good

recovery of the checkerboard at the center of the study area, with
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Figure 5.   (a) The damping parameter selected by L-curve; (b) The optimum smoothing parameter selected by L-curve; and (c) The data residual

versus iteration number.
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a resolution of 0.1° × 0.1° achieved in the tomography results. This

high  resolution  is  due  primarily  to  the  concentration  of  seismic

events in the Jiuzhaigou earthquake region and the large number

of seismic rays present in the upper crust. 

3.  Characteristics of P-wave Velocity Structure
The  study  area  encompasses  the  northeastern  part  of  Songpan−

Garzê  Block  (SGB),  the  southern  rim  of  West  Qinling  Orogenic

Zone  (WQLOZ),  Minshan  Mountain  (MSM),  and  the  Bikou  Block

(BKB). Figure  8 shows  the  3D  P-wave  anomaly  distribution  at

depths of  1–18  km.  A  noticeable  lateral  inhomogeneity  is  ob-

served in the crustal  P-wave velocity  structure.  This  indicates the

significant medium differences in the lateral direction for the up-

per  crustal  materials  in  the  Jiuzhaigou  earthquake  region.  The  1

km velocity structure plot shows that the distribution characterist-

ics  of  the shallow P-wave velocity structure are closely related to

the  surface  geological  structure  and  formation  lithology  (Figure

8a). The Remoke–Sangri region in the northeastern SGB and Nan-

ping Nappe at the southern end of WQLOZ are all located in high-

velocity  regions.  The overlaying stratum on the surface of  SGB is

composed  mainly  of  Triassic  flysch  (Sun  JB  et  al.,  2018). The  ex-

posed strata in Aba Sag consist primarily of Triassic Zagunao and

Zhuwo  Formations,  with  occasional  exposure  of  Middle  Triassic

strata at the axis of the anticline. Esitic tuff and tuffite with a thick-

ness  of  nearly  100  m  are  found  in  the  eastern  part  of  the

Tazang−Longkang Profile of Nanping Nappe at the southern end

of WQLOZ (Qin JF et al.,  2008).  Based on the above observations,

the distribution of  high-velocity anomalies in the shallow layer is

assumed to be closely related to the distribution of stratum litho-

logy  in  this  region.  Sandwiched between the  Minjiang and Huya

faults is  MSM,  with  a  complex  deep  velocity  structure  character-

ized  by  trap-  or  strip/belt-like  distributions.  The  region  north  of

the eastwest trending Xueshan fault features alternating high and

low velocities.  Huya fault,  extending in the NNW direction,  forms

the east  boundary of  the Minshan Mountains.  To the east  of  this

fault are the middle and low altitude mountain areas with a plana-

tion  surface  of  about  3200–3500  m  in  altitude.  To  its  west  is  the

Minshan  Mountain  with  a  planation  surface  of  about  4200–

4500 m in  altitude.  Due to  the  west-eastward thrust  of  the  Huya

fault, the planation surfaces on the east and west are vertically dis-

placed  by  about  1000  m.  Thus,  the  east  and  west  sides  of  the
northern  section  of  the  Huya  fault  show  low-  and  high-velocity
structures, respectively.  Noticeable  trap-like  low-velocity  struc-
tures  are  observed  at  the  intersection  of  Minjiang  and  Tazang
faults  and  in  the  western  part  of  BKB.  This  is  consistent  with  the
low resistivity of the shallow crust revealed by magnetotelluric in-
version results obtained in this region (Min G et al.,  2017; Sun XY
et al., 2020).

The velocity structure distribution at a depth of 3 km reveals even
more prominent velocity structures. A high-velocity anomaly per-
sists within MSM and Nanping Nappe tectonics, and the low-velo-
city anomaly in the western part of BKB gradually enlarges. A divi-
sion line between high- and low-velocity anomalies is found near
the  northern  segment  of  Huya  fault  (Figure  8b). On  the  distribu-
tion map at a depth of 6 km, the velocity structure in the Minshan
area to the north of Xueshan fault is characterized by trap-like dis-
tribution, whereas the division line between the high- and low-ve-
locity  anomaliesis  shifted  to  the  buried  structure  north  of  Huya
fault. The low-velocity anomaly in the western part of BKB gradu-
ally  enlarged,  and  alternating  high-  and  low-velocity  structures
are observed in the northeastern part of SGB and Nanping Nappe
tectonics  at  the southern tip  of  WQLOZ (Figure 8c).  On the 9  km
and 12 km depth distribution maps,  the velocity  anomaly  in  and
around  the  Jiuzhaigou  earthquake  region  shows  zonation.  The
epicenter of the mainshock of the earthquake is located near the
boundary  between  the  high-  and  low-velocity  anomalies  and
slightly  tend  toward  the  side  of  the  high-velocity  body  (Figure  8
(d–e)).  Such  boundaries  where  medium  properties  undergo
changes controlled by local structures may be favorable locations
for the  genesis  and  occurrence  of  strong  earthquakes.  The  mag-
netotelluric  inversion  results  obtained  from  field  investigation
teams from 188 dense arrays during their  post-earthquake resur-
vey  of  the  Jiuzhaigou  area  also  show  that  the M7.0  Jiuzhaigou
earthquake occurred at the boundary of the high and low resistiv-
ity  and tend toward the side of  the high-resistivity  body (Sun XY
et al.,  2020). The latter  results  validate the reliability  of  our inver-
sion results of the P-wave velocity structure.

As the inversion depth increases, patterns are observed in the dis-
tribution of  crustal  velocity  structures  in  and  around  the  Ji-
uzhaigou  earthquake  region.  At  a  depth  of  15  km,  the  low-velo-
city  anomaly  at  northeastern  SGB  is  more  prominent,  and  the
high-velocity  anomaly  in  Nanping  Nappe  at  the  southern  end  of
WQLOZ is expanding. A high-velocity anomaly appears in the re-
gion west  of  BKB (Figure 8f).  At  a  depth of  18 km,  the high-velo-
city  anomaly  to  the  west  of  BKB  becomes  more  prominent.  At
MSM in the north of Xueshan fault, high- and low-velocity anom-
alies show strip-or belt-like distribution (Figure 8g), the high-velo-
city  anomaly persists  in  Nanping Nappe (northeast  of  Jiuzhaigou
earthquake region)  and the region west  of  BKB.  The low-velocity
anomaly at northeastern SGB and MSM is expanding. Previous in-
version  results  of  the  deep  electrical  structure  also  indicate  the
presence  of  high-resistivity  strata,  with  resistivity  ranging  from
hundreds  to  thousands  of  ohm·meters  in  the  upper  crust  at  a
depth  of  approximately  20  km  at  the  northeastern  SGB.  Going
downward from there until deep in the Earth is the low-resistivity
strata  of  middle  and  lower  crust,  with  resistivity  of  several
ohm·meters  (Zhao  GZ  et  al.,  2012; Zhan  Y  et  al.,  2013). The  Nan-
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Figure 6.   P waves residual distribution before and after inversion.

The white box represents the residual before inversion, and the gray

box represents the residual after inversion.
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ping  Nappe  tectonic  belt  in  the  southern  margin  of  the  WQLOZ

shows high velocity characteristics, which is thought to hinder the

northeastward migration of the crustal  low-velocity of the north-

eastern SGB as extend into the MSM.

In  addition  to  the  lateral  velocity  structure  plots,  the  SW-NE  and

NW-SE profiles across the M7.0 Jiuzhaigou earthquake region are

presented here (Figure 9). On the SW–NE profile, obvious inhomo-

geneity is observed in the velocity structure of the MSM where the

M7.0  Jiuzhaigou  earthquake  region  is  located.  Prominent  crustal

low-velocity anomaly is found in the northeastern SGB to the west

of MSM. No significant crustal low-velocity anomaly is observed at

Nanping  Nappe  on  the  southern  rim  of  the  West  Qinling  Block

(Figure  9a).  The  mainshock  of  the M7.0  Jiuzhaigou  earthquake

took place at the intersection of high- and low-velocity zones and

in the brittle upper crust with low-velocity crustal zones as the un-
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Figure 7.   The results of the checkerboard resolution test at different depths. The layer depth is shown at the top of each figure. The red star

shows the Jiuzhaigou mainshock.
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derlying strata. In the NW-SE profile, the low-velocity zones of the
northeastern  SGB  extend  into  MSM  and  move  eastward  (Figure
9b).  They  are  blocked  by  the  high  velocity  Nanping  Nappe  and
BKB. As the entire Tibetan Plateau escapes eastward, the Minshan
Block is compressed and uplifted, invoking left-lateral movement
at  the east  side of  Minshan relative  to  West  Qiling Block and the
BKB.  Therefore,  earthquakes  happening  on  the  east  boundary  of
the Minshan Block are mainly strike-slip earthquakes. 

4.  Discussion
 

4.1  Characteristics of Velocity Structure and Distribution

of Earthquake Sequence

There was no surface rupture caused by coseismic activity  in  the

areas  affected  by  the M7.0  Jiuzhaigou  earthquake  (Yi  GX  et  al.,

2017).  Thus,  the  distribution  pattern  of  the  seismic  sequence  in
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Figure 8.   The horizontal slices of the tomography results. The layer depth is shown at the top left corner of each map figure. Red and blue colors

denote low and high velocities, respectively. The faults represented by black curves and main block are the same as those in Figure 1; the red star

shows the Jiuzhaigou mainshock.
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the earthquake region and its relation to the structure of the deep
medium and tectonic background is not yet clear. To understand
further the relationship between the velocity structure of the M7.0
Jiuzhaigou earthquake region and the seismic sequence distribu-
tion, the  seismic  sequence  distribution  of  the  Jiuzhaigou  Earth-
quake  is  plotted  after  relocation  (Figure  10). The  relocated  after-
shocks are distributed in the NW-SE direction in the area bounded
by the Minjiang and Tazang faults. The long axis of the aftershock
zone  is  about  40  km  in  length.  The  mainshock  is  located  at  the
center of the aftershock zone, flanked by an aftershock belt about
20 km long on either side. Earthquake events are concentrated at
the southern part of the aftershock belts and are more dispersed
in the northern part. The AA’ profile for the focal depth along the
NW-SE  long  axis  shows  the  dominant  distribution  of  focal  depth
at  5–20  km  for  the  aftershock  sequence.  Obvious  differences  are
also observed in the depth distribution between the northern and
southern  sections  of  the  sequence:  seismic  events  happen  at  a
shallower depth  in  the  northern  section  and  are  mainly  concen-
trated  at  depths  of  5–10  km;  in  the  southern  section,  seismic
events  happen deeper,  concentrated at  depths of  10–20 km.  For
the depth profiles at different locations and perpendicular to the
long axis, the BB’ and CC’ profile of the northern part of the after-
shock zone shows a broad distribution of events, whereas the DD’
and EE’ profile of the southern part shows a narrower event distri-
bution. Furthermore, the four lateral cross-sections all show nearly
vertical  seismogenic  structures.  The  segmentation  differences
between the lateral cross-sections and vertical profiles may indic-
ate a segmented seismogenic structure. The epicenters of the re-
located  aftershocks  are  distributed  within  a  narrow  zone  along
the  NW-SE  direction,  between  the  nearly  NS-trending  Minjiang
fault  zone  and  the  Tazang  fault  zone,  The  NW-SE-trending  long
axis of the aftershock zone is about 38 km; the M7.0 mainshock is
located at the middle of the aftershock belt (Yi GX et al., 2017). The
spatial  distribution  of  the  sequence  is  narrow  and  deep  for  the
southern segment,  but relatively wide and shallow for the north-
ern segment (Long et al., 2019). Another important feature in the
distribution of the earthquake sequence is its zonation, whose se-
quence distribution is another indication of the inhomogeneity in
the crustal structure of the Jiuzhaigou earthquake region.

Based on  the  3D  P-wave  velocity  structure  and  aftershock  se-

quence  distribution,  a  close  relationship  is  found  between  the

spatial  distribution  of  the M7.0  Jiuzhaigou  earthquake  sequence

and the velocity structure in the earthquake region. For instance,

In the 6 km depth velocity structure plot, there is a significant dif-

ference  in  the  shallow  velocity  structure  of  the  medium  on  the

northeast and  southwest  sides  of  the  Jiuzhaigou  earthquake  re-

gion; the earthquake sequence is  distributed in the NW-SE direc-

tion  along  the  division  line  between  high-velocity  and  low-velo-

city anomalies and ends near the intersection of the Minjiang and

Tazang  faults  (Figure  11a). This  boundary  zone  of  physical  prop-

erty change may be a location favorable for earthquake prepara-

tion and  occurrence.  At  the  9  km  depth,  the  epicenter  of  the  Ji-

uzhaigou earthquake is still near the boundary between high- and

low-velocity  anomalies,  tending  slightly  toward  the  side  of  the

high-velocity  body,  although  the  distribution  pattern  of  velocity

anomalies has changed (Figure 11b). These unique velocity struc-

ture  features  were  also  reflected  in  previous  studies  of  strong

earthquake  areas,  such  as  those  of  the  Lushan M7.0  earthquake,

the Kangding M6.3  earthquake,  and the Ludian M6.5  earthquake

(Li  DH et al.,  2015a, b, 2019). Figure 11c shows that the southern

segment  of  the M7.0  Jiuzhaigou  earthquake  sequence  is  located

in the high-velocity anomaly area. This observation indicates that

the high-speed area is prone to rupture,  which is also the reason

that the  aftershock  sequence  in  the  southern  part  of  the  earth-

quake area is deeply distributed. The distribution characteristics of

the  aftershock  sequence  of  the M6.0  Changning  earthquake  in

2019 also reinforce this  point (Zuo KZ et  al.,  2020).  Therefore,  we

can conclude that the spatial distribution of the Jiuzhaigou earth-

quake sequence is  closely  related to the velocity  structure of  the

medium around  the  earthquake  area.  The  inhomogeneous  vari-

ation  of  the  velocity  structure  of  the  Jiuzhaigou earthquake area

and its  surrounding  medium  is  the  deep  structural  factor  con-

trolling the spatial distribution of the mainshock and its sequence. 

4.2  Deep Seismogenic Environment of Jiuzhaigou

Earthquake Region
In the past 300 years, several earthquakes have occurred in the re-

gion  around  MSM,  where  the  Jiuzhaigou  earthquake  region  is

situated. They have included the M7 Diexi earthquake in 1713, the

M6½  Zhanglabei  earthquake  in  1748,  the M6 Songpan  earth-
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Figure 9.   The vertical sections of the tomography along two different directions. The velocity perturbation scale is shown on the right. Red and

blue colors denote low- and high-velocity perturbations (in %), respectively.
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quake  in  1938,  the M6¾  Zhangla  earthquake  in  1960,  the M7½

Diexi  earthquake  in  1933  (as  shown  in Figure  1),  and  the M7.2,

M6.7,  and M7.2  Songpan–Pingwu  earthquakes  (Wen  XZ,  2018).

Important results have been achieved in recent years in geologic-

al  and  geophysical  exploration  in  the  region,  such  as  the  multi-

scale inversion  of  the  Bouguer  gravity  anomaly  data,  which  re-

vealed the existence of a significant low-value anomaly within the

crust of MSM (Bi BT et al.,  2016).  Magnetotelluric soundings have

indicated the presence of high-conductivity layer at depths of 10–

20  km  at  various  places  along  the  Minjiang  and  Longmenshan

faults  (Zhao  GZ  et  al.,  2012; Zhan  Y  et  al.,  2013).  Geological  and

geophysical  studies  have  shown  that  the  east  boundary  of  the

crustal low-velocity anomaly (in the vicinity of the Minjiang fault)

overlaps  places  where  the  mountain  steepness  and  uplift  rate

change rapidly (Kirby et al., 2003). By analyzing InSAR and seismic

waveform data, Sun JB et al. (2018) discovered the rupture of sev-

eral  major  faults  as  a  result  of  the  Jiuzhaigou  earthquake.

However, the deep seismogenic environment and deep morpho-
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Figure 10.   Distributions of epicenter after precise relocation and focal depth distributions of the B-B′, C-C′, D-D′ and E-E′ profiles.
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Figure 11.   Velocity structure and distribution characteristics of aftershock sequence. Figures (a), (b), (c) denote 6, 9, and 12 km depths of

horizontal slices of the tomography results, respectively.
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logy of the block-fault systems around the Jiuzhaigou earthquake
region  are  yet  to  be  clarified. Liu  Z  et  al.  (2017),  in  their  profile
study  with  short-period  dense  arrays,  have  suggested  that  the
Tazang segment of the East Kunlun fault zone traverses the crust
and  leads  to  the  formation  of  Moho  discontinuity,  whereas  the
deep seismic reflection profiling by Wang CS et al. (2011) and Gao
R et al. (2014) along the Tangke–Hezuo profile of the contact zone
between  SGB  and  WQLOZ  revealed  that  the  East  Kunlun  fault
zone  does  not  cut  through  the  Moho  discontinuity;  instead,  it
ends  at  the  lateral  delaminated  layer  at  a  depth  of  35  km  in  the
lower crust  of  the  SGB,  despite  the  dislocation  and  overlap  ob-
served  in  the  Moho  discontinuity  of  this  region  below  the  East
Kunlun  fault  zone.  Seismic  imaging  revealed  a  distinct  low-velo-
city  layer  in  the middle  crust  west  of  the Minjiang fault,  whereas
the middle and lower crust to east of the Minjiang fault shows rel-
atively  normal  velocity  (Shen WS et  al.,  2016).  However,  after  the
M7.0  Jiuzhaigou  earthquake,  inversion  results  of  magnetotelluric
soundings of the entire earthquake area suggest that the low-res-
istivity layer in the crust has extended to the east of the Minjiang
fault (Sun XY et al.,  2019, 2020). The conflicting reports described
above  illustrate  the  need  for  further  study  of  the  crustal  velocity
structure of the M7.0 Jiuzhaigou earthquake region, which would
help to  uncover  the  deep  seismogenic  environment  and  struc-
ture of the region.

The  crustal  soft  media  of  the  SGB  on  the  eastern  rim  of  the
Tibetan Plateau  extrudes  eastward  under  the  continuous  north-
ward push of the Indian Plate (Tapponnier et al., 1982). This mater-
ial extrusion is blocked on the northeast and southeast by the ri-
gid  Ordos  Block  and  the  Sichuan  Basin.  The  material  migration
changes  direction  and  is  rotated,  and  strain  energy  accumulates
in the rotation zone. Fracture and strong earthquakes occur when
the  strength  limit  of  the  media  is  reached.  The  area  affected  by
the M7.0  Jiuzhaigou  earthquake  is  located  in  the  south  of  the
Tazang  fault,  which  is  in  the  transition  zone  from  strike-slip  to
thrust. The  seismogenic  environment  of  the  earthquake  is  af-
fected by the material flow in the crust of the region (Xu XW et al.,
2017b).  The  3D  P-wave  velocity  structure  obtained  in  this  study
suggests  that  the  low-velocity  crustal  layer  of  the  northeastern
SGB  stretches  into  MSM,  and  they  migrate  to  the  northeast;  but
their  tendency  to  emerge  as  a  shallow  layer  is  impeded  by  the
high-velocity zone of Nanping Nappe and the BKB. Coincidentally,
the inversion results of the 3D deep electrical structure also reveal
the existence of low-resistivity layer in the crust of Minshan uplift,
the buried  depth  of  low  resistivity  layer  gradually  becomes  shal-
low from Songpan Garze block to Minshan uplift.  It  indicates the
trend of shallow surge along the northeast direction.

In conclusion, the deep velocity structure of the MSM, which is the
location  of  the M7.0 Jiuzhaigou  earthquake  region,  is  character-
ized by mixed high-velocity and low-velocity anomalies. A signific-
ant  crustal  low-velocity  anomaly  is  observed  at  the  northeastern
SGB, to the south of MSM, whereas there is no such crustal anom-
aly  in  Nanping  Nappe  at  the  southern  rim  of  the  West  Qinling
Block,  to  the  north  of  MSM.  The  mainshock  of  the M7.0 Ji-
uzhaigou  earthquake  occurred  at  the  boundary  between  the
high-  and  low-velocity  zones  tending  slightly  toward  the  side  of
the high-velocity body, which is part of the brittle upper crust. Un-

derneath  it  is  a  prominent  crustal  low-velocity  zone.  The  crustal
low-velocity  layer  of  the  earthquake  region  might  be  partially
molten or  in a  state such that creep could happen readily.  Strain
energy can easily accumulate in the brittle upper crust; when the
medium  has  reached  its  strength  limit,  it  ruptures,  leading  to
strong earthquakes. 

4.3  Seismic Hazard Risk Evaluation in the Vicinity of the

Earthquake Region
The P-wave velocity  structure retrieved in  this  study reveals  con-
siderable lateral  heterogeneity in the medium distribution of  the
crust  in  and  around  the M7.0 Jiuzhaigou  earthquake  region.  Un-
even distribution  of  high-  and  low-velocity  structures  was  ob-
served in  the  Tazang segment  of  the  East  Kunlun fault  zone and
the northern segment of Huya fault. This pattern can be expected
to result  in different magnitudes of  stress  accumulation in differ-
ent segments of the fault.  The epicenter of the mainshock of the
M7.0  Jiuzhaigou  earthquake  is  located  near  the  boundary
between  distinct  velocity  anomalies,  tending  slightly  toward  the
side of the high-velocity body. Such boundaries where the physic-
al properties of media undergo local structure-controlled changes
are generally thought to be favorable to the initiation and occur-
rence  of  medium  and  strong  earthquakes.  The M7.0  Jiuzhaigou
earthquake happened in an area of enhanced stress left behind by
the 2008 M8.0 Wenchuan earthquake (Toda et al., 2008). Based on
changes  in  the  Coulomb  stress  field, Xie  ZJ  et  al.  (2018) showed
that  the  rupture  caused  by  the  Jiuzhaigou  earthquake  similarly
enhances  the  stress  fields  at  both  ends  of  the  seismogenic  fault.
Thus, it is important to stay vigilant to possible seismic hazards in
the  large  seismic  gap  at  the  Maqu−Maqên  segment  of  the  East
Kunlun  fault  zone  (Wen  XZ  et  al.,  2007).  There  is  a  need  for  in-
depth studies  of  the  deep  morphology  of  the  Jiuzhaigou  earth-
quake  region  and  its  surrounding  fault  zones,  and  the  coupling
between deep and shallow structures.  This would aid a deep un-
derstanding of  the  characteristics  of  seismogenic  structures.  De-
tailed knowledge of the deep seismogenic environment in the re-
gion  could  be  achieved,  which  would  promote  a  more  accurate
evaluation  of  the  potential  for  future  seismic  activities  and  thus
the risk of serious seismic hazards. 

5.  Conclusion
Based on  observation  data  recorded  by  the  regional  digital  seis-
mic  networks  and  large-scale,  dense  mobile  seismic  array  (China
Array)  for  the  northern  section  of  the  North–South  Seismic  Belt
around  the  Jiuzhaigou  earthquake  region,  we  used  the  double-
difference  tomography  method  to  invert  3D  P-wave  velocity
structures for  the upper crust  of  the M7.0 Jiuzhaigou earthquake
region and its adjacent area, and have discussed the relationship
between velocity  structure  and  seismicity,  deep  seismogenic  en-
vironment, and seismic hazard risk. The results are as follows:

(1) The P-wave velocity structure of the upper crust around the Ji-
uzhaigoug earthquake  zone  shows  obvious  lateral  inhomogen-
eity; the  distribution  characteristics  of  the  shallow  P-wave  velo-
city  structure  are  closely  related  to  surface  geological  structure
and formation lithology.  Trap-like  low-velocity  anomalies  are  ob-
served at the intersection of the Minjiang and Tazang faults; in the
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western part  of  the BKB,  the east  and west  sides  of  the northern

section of  the Huya fault  show low- and high-velocity  structures,

respectively.

(2)  The  distribution  of  the  relocated  Jiuzhaigou M7.0  earthquake

sequence are closely related to the velocity structure of the upper

crust.  The  earthquake  sequence  is  distributed  along  the  NW-SE

direction  and  ends  near  the  intersection  of  the  Minjiang  and

Tazang faults, and the spatial distribution of sequence shows zon-

al  characteristics.  The  inhomogeneous  variation  of  the  velocity

structure  of  the  Jiuzhaigou  earthquake  area  and  its  surrounding

medium is the deep structural factor controlling the spatial distri-

bution of the mainshock and its sequence.

(3)  The  3D  P-wave  velocity  structure  obtained  in  this  study  also

suggests that  the  low-velocity  crustal  material  of  the  northeast-

ern SGB stretches into MSM, in the process of  northeastward mi-

gration, on the one hand,  it  has the trend of  surging to the shal-

low  layer,  on  the  other  hand,  it  is  impeded  by  the  high-velocity

zone of the Nanping Nappe and BKB. The mainshock of the M7.0

Jiuzhaigou earthquake occurred in the upper crust. Underneath it

is  a  prominent crustal  low-velocity  layer.  Strain energy can easily

accumulate  in  the  brittle  upper  crust;  when  the  medium  has

reached its  strength  limit,  it  ruptures,  leading  to  strong  earth-

quakes.

(4) Our results reveal considerable lateral heterogeneity in the me-

dium  distribution  of  the  upper  crust  in  and  around  the M7.0 Ji-

uzhaigou  earthquake  region.  Uneven  distribution  of  high-  and

low-velocity  structures  were  observed  in  the  Tazang  segment  of

the East  Kunlun fault  zone.  The Jiuzhaigou earthquake enhances

the  stress  fields  at  both  ends  of  the  seismogenic  fault.  Thus,  it  is

important to stay vigilant to possible seismic hazards in the large

seismic gap at the Maqu–Maqên segment of the East Kunlun fault

zone. 
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