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Abstract: We determined focal mechanism solutions of 627 earthquakes of magnitude M ≥ 3.0 in Yunnan from January 2008 to May 2018
by using broadband waveforms recorded by 287 permanent and temporary regional stations. The results clearly revealed predominantly
strike-slip faulting characteristics for earthquakes in Yunnan, with focal depths concentrated in the top 10 km of the crust. The
earthquake mechanisms obtained were combined with the global centroid moment tensor solutions of 80 additional earthquakes from
1976 to 2016 to invert for the regional variations of stress field orientation by using a damped regional-scale stress inversion scheme.
Results of the stress field inversion confirmed that the Yunnan region is under a strike–slip stress regime, with both maximum and
minimum stress axes being nearly horizontal. The maximum compressional axes are primarily oriented in a northwest-southeast
direction, and they experience a clockwise rotation from north to south, whereas the maximum extensional axes are oriented largely
northeast-southwest. The maximum compressional axes are in line with the global positioning system–inferred horizontal velocity field
and the southeastward escape of the Sichuan–Yunnan Rhombic Block, whereas the maximum extensional axes are consistent with
anisotropy derived from SKS splitting. Against the strike–slip background, normal faulting stress regimes can be seen in the Tengchong
volcanic area as well as in other areas with complex crisscrossing fault zones.
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1.  Introduction
Yunnan  is  located  in  the  southern  segment  of  the  north-south
seismic belt of China. From west to east, it spans the Yunnan–My-
anmar–Thailand Block (YMTB), the Indo–China Block (ICB), and the
Yangtze Block (YTB), which is part of the South China Block (Shen
CY et al., 2002; see Figure 1). The YMTB is further divided into the
Tengchong–Baoshan  and  Baoshan–Puer  blocks  (Huang  FG  et  al.,
2010).  The  YTB  consists  of  the  Sichuan–Yunnan  Rhombic  Block
(SYRB)  and  the  Eastern  Yunnan  Block  (EYB)  separated  by  the
Xiaojiang Fault  Zone  (XJFZ).  The  Yunnan  region  is  mainly  influ-
enced  by  the  collision  between  the  Indian  and  Eurasian  plates,
which  results  in  the  rise  of  the  Tibetan  Plateau  and  subsequent
movement in its eastern margin. The resistance of the YTB in the
east causes  the  southeastward  escape  of  the  SYRB  and  displace-
ment  along  the  Red  River  Fault  Zone  (RRFZ).  A  number  of  deep
faults  in  the  Yunnan  area,  such  as  the  Zhaotong–Lianfeng  Fault
Zone  (ZLFZ),  Anninghe  Fault  Zone  (ANHFZ),  and  Zemuhe  Fault
Zone (ZMHFZ), are under complex tectonic stresses that form the
northern continuations of the XJFZ; the Jinshajiang Fault Zone (JS-
JFZ)  extending  north  from  the  RRFZ;  the  Lijiang–Xiaojinhe  Fault
Zone (LXFZ) crosscutting the SYRB from the JSJFZ to the ANHFZ;

and the Lancangjiang Fault Zone (LCJFZ) and Nujiang Fault Zone

(NJFZ) further west. It is one of the most seismically active regions

in  the  world,  with  frequent  earthquakes  of  moderate  and  large

magnitudes (Figure 1). From January 1970 to May 2018, a total of

393 earthquakes of magnitude M ≥ 5 occurred in this area, among

which 65 were M ≥ 6 and 12 were M ≥ 7. Most of the strong earth-

quakes  have  been  located  at  the  junctions  of  the  fault  zones.

Hence,  Yunnan  has  long  been  an  important  monitoring  area  of

earthquake hazards  and  a  typical  area  for  studying  the  seismo-

genic background  and  dynamic  process  of  continental  earth-

quakes. In recent years, with the increase in the deployment of di-

gital  seismic stations,  more and more high-resolution broadband

waveform  records  have  become  available  for  the  study  of  focal

mechanism solutions and the regional stress field in Yunnan. One

of the purposes of this work is to use the waveform records to de-

termine the  focal  mechanisms  of  moderate  and  large  earth-

quakes in Yunnan and its  surrounding regions,  and to further in-

vestigate the  stress  environment  and  the  seismogenic  mechan-

ism of large earthquakes.

Regional tectonic movements regulate the changes in the region-

al  stress  field,  which  in  turn  characterize  the  faulting  patterns  of

local earthquakes.  Therefore,  studying  the  focal  mechanism  pat-

tern of earthquakes in a region can be an effective tool for invest-

igating the regional stress field.  Many previous efforts have been

made  to  study  the  tectonic  stress  field  of  the  Yunnan  region  by
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using  earthquake  focal  mechanism  solutions  (e.g. Xu  ZH  et  al.,

1987; Wu JP et  al.,  2004; Qian XD et al.,  2011; Zhao L et  al.,  2013;

Luo J et al., 2016; Xu ZG et al., 2016; Sun YJ et al., 2017). The mod-

ern tectonic stress field in southwestern China has also been stud-

ied by inversion of the fault-slip directions (Xie FR et al.,  1993).  In

addition, regional crustal movement has been revealed by the res-

ults  of  shear-wave  splitting  analyses  (e.g. Shi  YT  et  al.,  2012)  as

well  as  global  positioning  system  (GPS)  observations  (Qiao  XJ  et

al., 2004; Zhao B et al., 2015). Most of the previous studies on the

stress  field  in  Yunnan  have  been  based  on  solutions  from  the

global centroid moment tensor  (gCMT)  catalog or  focal  mechan-

isms  derived  from  the  polarity  of  the  initial  P-wave  motion  for

moderate and strong earthquakes. The orientations of the P and T

axes from the focal mechanism solutions have then been used to

further constrain  the  tectonic  stress  field  in  Yunnan  and  the  sur-

rounding regions. Owing to the limited number of earthquake fo-

cal  mechanisms,  most  of  the  previous  efforts  have  focused  only

on relatively  large-scale  patterns,  which  are  insufficient  for  de-

tailed analysis of the stress field variations on a smaller scale and

with  a  higher  resolution.  For  example, Zhao  L  et  al.  (2013) used

the cut-and-paste (CAP) method to determine the focal  mechan-

isms of 174 earthquakes with M > 3.5 from January 2008 to March

2011 in Yunnan and combined them with 113 gCMT solutions to

invert for the stress field. Xu ZG et al. (2016) used 684 focal mech-

anisms,  which  included  previously  published  solutions  and  their

own  solutions  of  343  earthquakes  with M >  3.0  in  the

Sichuan–Yunnan  region  from  August  2011  to  December  2013  to

invert for  the  stress  field  in  the Sichuan–Yunnan region.  The res-

ults  of Zhao  L  et  al.  (2013) and Xu  ZG  et  al.  (2016) agreed  in  the

general pattern of a predominant strike-slip stress field in Yunnan.

However, the small-scale patterns, especially in the non-strike-slip

stress regions,  were  not  consistent.  Here,  we  have  taken  advant-

age of  the increased number of  broadband seismic records from

densely populated  stations  recently  deployed  in  the  Yunnan  re-

gion  to  substantially  augment  the  earthquake  focal  mechanism

catalog. We have then used the focal mechanisms to invert for the

regional  stress  field  with  an  increased  resolution.  This  procedure

revealed detailed characteristics of the small-scale stress field vari-

ation  and  enhanced  our  understanding  of  the  relationship

between  stress  changes  on  seismic  faults  and  the  occurrence  of

strong earthquakes.
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Figure 1.   Tectonic background of the Yunnan region and distribution of earthquakes and seismic stations. The black and magenta triangles are

locations of the permanent and temporary stations, respectively, used in this study. The small green circles show the background seismicity from

January 1970 to May 2018. The larger blue and yellow circles show epicenters of earthquakes whose focal mechanisms were used to study the

regional stress field in this study. The focal mechanisms for the blue circles were determined in this study, whereas the focal mechanisms for the

yellow circles were taken from the gCMT catalog. The thin black lines are faults, and the thick red lines are boundaries between active tectonic

blocks. The blue lines are provincial and national boundaries. The abbreviations for the major active tectonic blocks and fault zones are as follows:

YTB: Yangtze Block; ICB: Indo–China Block; YMTB: Yunnan–Myanmar–Thailand Block; SB: Sichuan Basin; SYRB: Sichuan-Yunnan Rhombic Block;

EYB: Eastern Yunnan Block; TBB: Tengchong–Baoshan Block; BPB: Baoshan–Puer Block; ZLFZ: Zhaotong–Lianfeng Fault Zone; ANHFZ: Anninghe

Fault Zone; ZMHFZ: Zemuhe Fault Zone; XJFZ: Xiaojiang Fault Zone; LXFZ: Lijiang–Xiaojinhe Fault Zone; JSJFZ: Jinshajiang Fault Zone; RRFZ: Red

River Fault Zone; LCJFZ: Lancangjiang Fault Zone; and NJFZ: Nujiang Fault Zone. The inset map shows the location of the region under study.
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2.  Seismic Data
In  this  study,  we used the broadband waveform records from 87
permanent and  200  temporary  stations  in  Yunnan  and  the  sur-
rounding areas. Figure 1 shows the distribution of the seismic sta-
tions.  The three-component  records  were used to  determine the
focal mechanisms of 627 local earthquakes of magnitudes M > 3.0
from January 2008 to May 2018 by using the CAP method (Zhao
LS and Helmberger, 1994; Zhu LP and Helmberger, 1996). We also
augmented our  focal  mechanism catalog by including the gCMT
solutions  of  80  additional  earthquakes.  Focal  mechanisms  of  the
707  earthquakes  as  well  as  the  orientations  of  the  P  and  T  axes
were  analyzed.  These  707  focal  mechanisms  were  then  used  to
determine the regional stress field by using the damped regional-
scale  stress  inversion  method  of Hardebeck  and  Michael  (2006).
Here we discuss the spatial pattern of the stress field and its rela-
tionship with active tectonics and strong earthquakes in the Yun-
nan region based on the inversion results.

2.1  Determination of Earthquake Focal Mechanisms
The focal mechanism is one of the primary mechanical features of
earthquake sources. Over the past few decades, a variety of meth-
ods have been developed to determine the focal mechanisms by
using different aspects of the seismic records, such as the polarity
of the  initial  P-wave  motion,  the  ratio  of  P-  and  S-wave  amp-
litudes, and  the  waveforms  of  different  portions  of  the  seismo-
grams.  Among  the  different  approaches,  waveform  inversion
provides the most robust solutions and has now been universally
adopted in earthquake source studies.  In this  study,  we used the
CAP  method  first  proposed  for  double-couple  solutions  by Zhao
LS  and  Helmberger  (1994) and  later  refined  by Zhu  LP  and
Helmberger  (1996). Zhu  LP  and  Ben-Zion  (2013) extended  the
method  to  gCAP,  which  considers  the  general  moment  tensor
source, including both the double-couple and non-double-couple
components.  This  method  decomposes  the  three-component
seismograms at a given station into shorter-period Pnl waves and

longer-period surface waves,  and it  searches for the source para-
meters,  including  the  focal  depth  and  full  moment  tensor,  that

provide  the  best-fitting  synthetic  waveforms.  By  fitting  the  Pnl

waves and surface waves independently, the CAP method effect-

ively  prevents  the  inversion  result  from  being  dominated  by  the
surface  waves,  which  have  much  larger  amplitudes  than  the  Pnl

waves. The  use  of  multiwindow  waveforms  with  properly  as-
signed relative weightings in the inversion enables the CAP meth-

od to yield reliable solutions even when the station distribution or
the velocity model is not ideal. This method has been applied ef-

fectively in  studies  of  moderate  and  small  earthquakes  of  mag-
nitude M > 3.0 (e.g., Lü J et al., 2008; Zheng Y et al., 2009; Long F et
al., 2010; Luo Y et al., 2010; Zhao L et al., 2013).

In this study, we used the CAP method and obtained the double-
couple  focal  mechanism solutions  of  627 earthquakes  in  Yunnan

from January 2008 to May 2018. The results are shown in Figure 2a.
To gain a more complete collection of focal mechanisms, we also

retrieved  the  focal  mechanism  solutions  of  80  earthquakes  from
the gCMT catalog, as shown in Figure 2b.

The focal mechanism solutions in Figure 2 clearly show that earth-
quakes throughout Yunnan are predominantly strike-slip (defined

in  this  study  by  a  rake  angle  less  than  35°  from  horizontal),  with
scattered normal (rake angle less than 35° from down-dip), thrust
(rake  angle  less  than  35°  from  up-dip),  and  mixed-type  (rake

angles 35°  or  more  from  horizontal  or  dip)  faulting  events.  Nor-
mal-faulting  earthquakes  in  the  region  mainly  occur  in  western

and northwestern  Yunnan.  Thrust-faulting  events  are  largely  dis-
tributed in the border areas, especially in the northeast corner and

southwest of the RRFZ. Figure 3 shows the centroid depth of the
earthquakes  determined  in  this  study  as  well  as  from  the  gCMT

catalog. Among the 627 earthquakes determined in this study, the
maximum focal depth was 38 km (Figure 3a).  Most of the depths

(a total of 510) were shallower than 15 km, with a heavy concen-
tration  between  5  and  10  km  (348).  Ninety-six  earthquakes  had
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Figure 2.   (a) Focal mechanism solutions of the 627 earthquakes determined by the cut-and-paste method in this study. The size of the focal

sphere indicates the moment magnitude of an earthquake, whereas the color indicates the faulting type, with black, red, blue, and brown

representing strike-slip, normal, thrust, and mixed types, respectively (see text for definitions of faulting types). The abbreviations for the major

active tectonic blocks and fault zones are the same as in Figure 1. (b) Same as (a) but for the 80 solutions retrieved from the gCMT catalog.
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depths  between  10  and  20  km,  16  earthquakes  were  within
~20–30 km, and only 5 earthquakes were below a depth of 30 km.
Most  of  the  centroid  depths  from  the  gCMT  solutions  were  also
greater  than  20  km,  with  a  major  concentration  within  ~15–20
km. The CAP method uses waveforms of Pnl waves, which contain
information on the depth phases, such as sP and pP, and provide
better constraints on the depths of the earthquakes.

The  geographical  depth  distributions  in Figure  4 show  that  the
earthquakes in  the southwest  corner  of  the study area  (in  Myan-
mar)  and  in  the  SYRB  occurred  at  relatively  greater  depths.  This
suggests that the seismogenic layer in the crust of the Yunnan re-
gion is more than ~20 km, which is consistent with the results of
Zhao L et al. (2013).

To display the spatial pattern of the earthquake faulting mechan-
isms in the Yunnan region more clearly, we plotted in Figure 5 the
horizontal projections of the P and T axes of the 707 focal mech-
anisms in Figure 2. The entire region was obviously under a strike-
slip environment, with both P and T axes being more or less hori-
zontal.  A  clear  clockwise  rotation  of  the  axes  also  occurred  from
north to south. The P axes in the northern part of the study region
in SYRB and EYB were mostly oriented in the west–northwest dir-
ection. They  changed  to  northwest  along  the  XJFZ  in  southeast-
ern  SYRB  and  EYB,  to  the  north-northwest  and  almost  north–
south  in  the  southernmost  SYRB  and  across  the  RRFZ  in  the  ICB,
and finally to slightly northeast–southwest in the BSB and TBB in
southwestern Yunnan. This pattern agrees with those in previous
studies (Xu ZH et  al.,  1987; Zhao L et  al.,  2013) in  the Yunnan re-
gion.

The eastern Yunnan region (EYB in Figure 5)  is  mostly  located to
the  east  of  the  XJFZ.  In  addition  to  the  predominant  strike-slip
faulting earthquakes, a few normal and reverse faulting events are
also present. The P axes are predominantly oriented in the north-
west direction, whereas the directions of the T axes show signific-
ant lateral variation. In the northeast corner region of Yunnan, the
T  axes  are  in  a  north-northeast  direction  with  a  relatively  large
plunge,  resulting  in  reverse-faulting  events  (Figure  4)  showing

strong east-west compression at the boundary between the lower
elevation  Sichuan  and  Guizhou  and  the  mountain  range  in  the
west  in  Yunnan.  In  recent  years,  several  moderate  earthquakes
with strike-slip mechanisms have occurred on the ZLFZ, and a few
thrust  events  have  occurred  at  the  northern  end  of  the  ZLFZ,
where  the  trend  of  the  fault  zone  turns  from  northeast  to  north.
The  August  3,  2014, MW6.4  Ludian  earthquake  occurred  in  the
western  section  of  the  ZLFZ  on  a  north-northwest-trending  fault
with horizontal P and T axes oriented in the northwest and north-
east directions, respectively.

In our study region, the SYRB is bounded by the JSJFZ and RRFZ in
the west  and the XJFZ in the east.  Earthquakes in this  region are
mainly  strike-slip,  with  largely  horizontal  P  axes  oriented  in  the
north-northwest direction  and  T  axes  in  the  northeast  to  an  al-
most east-west  direction.  However,  along the XJFZ near  the bor-
der between Yunnan and Sichuan, the focal mechanism solutions
change  from  strike-slip  to  normal  faulting.  The  P  axes  change
from nearly horizontal to having a relatively high plunge, whereas
the  T  axes  turn  from  almost  east-west  to  northeast  and  north-
northeast.  Southward  along  the  XJFZ,  earthquakes  change  to
strike-slip  faulting. Wang  LL  et  al.  (2016) reported that  the  aver-
age  slip  rate  of  the  ZMHFZ  is  5.19  mm/a,  whereas  the  strike-slip
rates along the XJFZ are 5.97, 7.19, and 5.30 mm/a, respectively, in
the northern, middle, and southern sections. The presence of nor-
mal-faulting  earthquakes  may  be  related  to  the  differential  slip
rates along the ZMHFZ and the northern section of the XJFZ. The
transition from normal faulting to strike-slip is also consistent with
the slip rate in the middle to south sections of the XJFZ.

Southwest Yunnan is surrounded by the RRFZ and the LCJFZ. This
region  spans  the  YMTB  and  the  ICB.  The  predominant  faulting
type is still mainly strike-slip, with a small number of reverse- and
normal-faulting  events.  The  P  axes  of  earthquakes  in  this  region
are rotated from north-northwest to nearly north-south, and the T
axes also rotate accordingly. This pattern agrees with the observa-
tions of Qian XD et al. (2011) and Zhong JM and Cheng WZ (2006).

Western Yunnan contains the region west of the LCJFZ. The main
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Figure 3.   (a) Histogram of the source centroid depths of the 627 earthquakes determined in this study. (b) Histogram of the centroid depths of

the 80 earthquakes from the gCMT catalog.
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faulting types  of  earthquakes  in  this  area  are  strike-slip  and  nor-

mal-faulting events, with their P axes further rotated from a north-

south to slightly northeast direction. Near the Tengchong volcan-

ic  region,  earthquakes  with  normal-faulting  mechanisms  have  T

axes oriented in a nearly east-west direction.

In  northwestern  Yunnan,  the  major  tectonic  features  are  the

northwest-trending JSJFZ and the northeast-trending LXFZ. Earth-

quakes in this area have different faulting types.  The proportions

of strike-slip and normal-faulting events are about equal.  A num-

ber of normal-faulting events appear in the very northwest corner

of  our  study area near  the JSJFZ.  The orientations of  the P and T

axes change drastically. Overall, the directions of P axes are nearly

vertical and those of the T axes are near horizontal, with a north-

northeast orientation, which indicates that the area is undergoing

strong extension. In the region along the southern section of the

LXFZ, the focal mechanisms change from strike-slip to the normal-

faulting  type,  and  the  orientations  of  the  P  axes  change  from

nearly  horizontal  to  nearly  vertical,  whereas  the  T  axes  become

nearly horizontal, with an east-northeast direction.

2.2  Tectonic Stress Field Inversion
The  focal  mechanism  solution  is  one  of  the  most  reliable  datum

sources that can be used to infer the stress field at depth. Indeed,

since the work  of McKenzie  (1969), which first  made a  quantitat-

ive  connection  between  the  earthquake  mechanism  and  the

stress field,  fault  plane  solutions  have  been  widely  used  to  de-

termine  the  stress  field  (e.g., Angelier,  1979, 1984; Gephart  and

Forsyth,  1984; Michael,  1984, 1987).  The  inversion  of  the  stress

field in a location by using a number of local earthquakes is based

on three assumptions: (1) that all the earthquakes occur on exist-

ing fault  planes  with  diverse  orientations,  (2)  that  the  slip  direc-

tions  of  all  the  earthquakes  are  parallel  to  the  directions  of  the

tangential  tractions  on  the  fault  planes,  and  (3)  that  the  local

stress field is the same for all  the earthquakes used. The relation-

ship between the component of the sliding vector and the stress

tensor vector can then be expressed as (Michael, 1984)

τ̂ =
τ (n̂,σ)
|τ (n̂,σ) | = ŝ. (1)
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Figure 4.   (a) Geographical distribution of the 707 focal mechanisms (627 from this study plus 80 from the gCMT catalog) used in this study, with

source centroid depths shown by the color of the beachballs. The size of the beachballs indicates the magnitude. The abbreviations for the major

fault zones and tectonic blocks are the same as in Figure 1. (b)–(d) Same as (a) but for strike-slip, normal, and thrust earthquakes, respectively.
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τ (n̂,σ)
n̂ σ ŝ

In  this  formula,  is  the  tangential  traction  on  the  fault
plane with normal  in stress tensor ,  and  is the slip direction
of an  earthquake.  The  tangential  traction  in  Equation  (1)  is  lin-
early related to the stress tensor:

τ (n̂,σ) = σ · n̂− (n̂ ·σ · n̂)n̂. (2)

σ
ŝ

Equations  (1)  and  (2)  provide  a  direct  link  between  the  stress
tensor  we are  trying  to  determine  and  the  observed  slip  vec-
tors  of  earthquakes.  However,  the  denominator  in  equation (1)
renders  the  relation  nonlinear.  The  relation  is  linearized  by  an  a
priori assumption:

|τ (n̂,σ) | = 1, (3)

which  means  that  we  can  resolve  only  the  relative  amplitude  of
the deviatoric stress tensor effectively. When studying the spatial
and temporal variations of the stress field in a region, the natural
approach is to divide the study area into a number of subregions
and  invert  for  the  stress  field  of  each  subregion  independently
(Hardebeck  and  Hauksson,  2001).  This  approach  often  results  in
differences  in  the  stress  field  between  adjacent  subregions  that
are  difficult  to  explain.  Using  the  assumption  that  the  crustal
stress  distribution  has  a  certain  continuity, Hardebeck and  Mi-
chael  (2006) proposed  a  damped  regional-scale  stress  inversion
method in which the spatially varying stress field to be resolved is
discretized by its values on a regular grid and the inversion is reg-
ularized by imposing a smoothing factor, which results in a stress
field  with  the  minimum  spatial  complexity  necessary  to  explain
the available earthquake slip data.

In our study, after a number of inversion experiments, we chose to
divide  the  study  area  into  a  0.3°  ×  0.3°  mesh,  and  at  least  eight
earthquakes within  the  30-km  radius  of  each  grid  point  contrib-
uted to the inversion. This resulted in 317 grid points at which the
stress field could be resolved by using the 707 focal mechanisms
available. After  obtaining  the  stress  tensor  elements,  we  calcu-
lated the principal stresses σ1, σ2, σ3 (|σ1| ≥ |σ2| ≥ |σ3|) and their re-

spective orientations. The results are displayed in Figure 6.

These  results  clearly  indicate  that  the  entire  Yunnan  region  is

largely controlled by a horizontal  stress field,  with both the max-

imum and minimum stresses σ1 and σ3 nearly horizontal, from the

EYB  in  the  east  to  SYRB  and  then  to  the  Tengchong–Baoshan

Block (TBB) in the west. Both σ1 and σ3 have obvious clockwise ro-

tation patterns.  The direction of σ3 in  the EYB is  north-northeast,

especially  in  the  northeastern  border  area  between  Yunnan  and

Sichuan.  The predominant direction of σ3 in  SYRB is  northeast  to

east-northeast. After crossing the RRFZ into ICB and YMTB, the σ3

axis  becomes  east-west  and  slightly  west-northwest.  Note  that

the directions of the σ3 and σ1 axes experience clockwise rotation

from north to south. This result is consistent with previous studies

(e.g., Xu ZH et al., 1987; Zhao L et al., 2013).

In addition to the Yunnan region being controlled by a horizontal

stress field,  several  pockets  have  non-strike-slip  stress  character-

istics,  such  as  the  normal-faulting  stress  environment  (indicated

by the  nearly  vertical  blue  line  segments)  in  the  Tengchong  vol-

canic  area,  in  the  Dêqên–Zhongdian  area  in  northwest  Yunnan,

near Ninglang, and Huize.

The  Tengchong  volcanic  area  (black  ellipse  in Figure  6)  is  one  of

the youngest volcanic regions in Mainland China. About 70 volca-

noes of various sizes are distributed in the tensional fissure basin

centered around Tengchong. Studies from various disciplines,  in-

cluding geothermal resource exploration, magnetotelluric sound-

ing, and active-source seismology, indicate the presence of mag-

matic  migration  channels  in  the  lower  crust  or  upper  mantle  in

the Tengchong area. The normal-faulting earthquakes in this area

may be caused by extension because of volcanic activity.

Few previous studies exist on the focal mechanism and stress field

in the Dêqên–Zhongdian region (red ellipse in Figure 6)  because

of the lack of seismicity. The occurrence of the Shangrila–Derong

earthquake in 2013 and its aftershocks provided data to study the
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Figure 5.   Horizontal projections of the (a) P and (b) T axes of the 707 focal mechanisms in Figure 2. The direction of each line segment represents

the azimuth of an axis, whereas the length is proportional to the horizontal projection of the axis (i.e., a longer segment indicates a shallower-

dipping axis). The central point of each segment is the epicenter. The abbreviations for the major active tectonic blocks and fault zones are the

same as in Figure 1.
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focal mechanism and stress field in this region. In both this study

and  elsewhere,  we  found  that  the  earthquakes  in  this  area  were

due to nearly north-south extension, which may have been due to

a change in direction of  the JSJFZ here from southeast  to south-

southeast.

The structure around the Ninglang area (blue ellipse in Figure 6) is

complex.  A  previous  study  (Hu  HX  and  Gao  SY,  1993)  suggested

that a high-velocity material with a domelike uplift is present be-

low  that  area.  Magma  upwellings  are  usually  assumed  to  occur

along  the  crevices  of  large  and  deep-cutting  faults,  forming  a

wide  range  of  intrusive  dykes  at  the  bottom  of  the  foundation,

and  the  intrusive  rocks  may  continue  to  fold,  leading  to  upward

vertical  compression.  Therefore,  normal-type  earthquakes  in  this

area are possibly caused by these vertical compressional stresses.

The Huize area (green ellipse in Figure 6) is located near the east-

ern boundary of the SYRB, and the left-lateral XJFZ is located here.

The GPS (Wang YZ et al., 2008) showed that the left-lateral strike-

slip rate of  the XJFZ is  higher  than that  of  the ZMHFZ.  The exist-

ence of the normal-faulting earthquakes may be related to the dif-

ferential  slip  rate  between  the  north  and  the  south  of  the  fault

zones.  Finally,  reverse  faulting  can  be  seen  in  the  border  area

between  northeastern  Yunnan  and  Sichuan,  where  the σ1 axis

(magenta line segments) is nearly horizontal and σ3 is almost ver-

tical.

3.  Discussion
Figure 7 compares the spatial  pattern of the principal  stress axes

in Yunnan determined in this study with published GPS horizont-

al  velocity  vectors  (Zhao  B  et  al.,  2015) and  shear-wave  polariza-

tion directions (Shi YT et al., 2012). From the GPS data, we can see

that the  horizontal  movement  is  the  strongest  in  northern  Yun-

nan and that  it  weakens gradually  from north to south and from

west to east. The pattern of S-wave splitting (red line segments in

Figure 7a) does not seem to correspond to the stress orientation,

whereas  the  fast  axes  of  the  SKS  waves  (red  line  segments  in

Figure 7b) show good correlation with the direction of the exten-

sional  stress  axis σ1 except  for  the  regions  with  normal-faulting

stress, such as around Dêqên–Zhongdian (red ellipse in Figure 7b)

and Huize (green ellipse).

In the EYB,  the result  of  stress field inversion shows that the pre-

dominant  direction of  the σ3 axis is  in  the  north-northeast  direc-

tion and that the σ1 axis is in the northwest direction. This result is

consistent with  the  stress  direction  of  the  YTB,  which  is  influ-

enced by the eastward movement of the Tibetan Plateau. The GPS
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velocity  field  (Figure  7a) shows  that  the  block  moves  in  a  south-

east direction and that the velocity of the YTB is much slower than

that of the SYRB. Sun YJ et al. (2017) calculated that the horizontal

velocity of EYB is ~7.67 mm/a. In comparison with SYRB, the velo-

city  of  EYB is  reduced by  nearly  50%,  indicating that  the  ANHFZ,

ZMHFZ, and XJFZ serve as a buffer zone between the fast-moving

SYRB in the west and the more stable EYB in the east.

The SYRB is  bounded by the XJFZ on the east  and the RRFZ and

JSJFZ  on  the  west.  Along  the  Longmenshan  Fault  Zone  to  the

north  of  the  study  region,  where  the  2008 MW7.9  Wenchuan

earthquake occurred, the eastward movement of the high Tibetan

Plateau is  resisted by the YTB,  resulting in the southeastward ex-

trusion  of  the  SYRB.  Our  stress  inversion  result  showed  that  the

stress  field  in  the  SYRB  is  complex.  Besides  the  typical  strike-slip

environment, several  normal  or  extensional  stress  conditions  ex-

ist (e.g.,  near  Ninglang  and  Huize  marked  by  blue  and  green  el-

lipses,  respectively,  in Figure  7).  Along  the  LXFZ,  the σ1 axis  is

northwest,  whereas  the σ3 axis  is  northeast.  More  earthquakes

were  used  in  the  present  study  in  the  Dêqên–Zhongdian  area

than were used by Zhao L et al. (2013), resulting in a more robust

and better  resolved stress  field. Xu ZG et  al.  (2016) found that  in

the stress  field  in  the Dêqên–Zhongdian area  between 27°N and

29°N,  the σ3 axis  is  nearly  east-west  and  that σ1 is  nearly  north-

south. However, in our result, the σ3 axis changed gradually from

north-northwest  to  northwest,  whereas  the  more  vertical σ1 axis

changed  direction  from  north-northeast  to  northeast  moving

from north to south. The larger number of earthquake focal mech-

anisms available in this study enabled us to better resolve the spa-

tial  variation  in  the  stress  field.  The  GPS  velocity  field  (Figure  7a)

showed  that  the  SYRB  moves  in  the  southeast  direction,  which

corresponds well to the direction of the compressional stress axis.

The southeastward escape of the SYRB is quite clear from the GPS

data, which  shows  a  more  rapid  velocity  of  SYRB  than  the  sur-

rounding regions. This result was also confirmed by the right-lat-

eral focal mechanisms of earthquakes along the RRFZ and the left-

lateral ones along the XJFZ.

The ICB is bordered by the RRFZ in the east and the LCJFZ in the

west.  The  block  is  still  dominated  by  a  strike-slip  stress  regime

with horizontally oriented σ1 and σ3 axes. From north to south, the

extensional σ3 axis  gradually  changes  from  east-west  to  east-

southeast,  whereas  the  compressional σ1 axis  changes  from

north-south  to  north-northeast.  This  result  is  consistent  with  the

reports of Zhao L et al. (2013) and Xu ZG et al. (2016). The GPS ve-

locity field (Figure 7a) showed the block moving in a nearly south-

ward direction,  in  line  with  the  direction  of  the  maximum  com-

pressional stress.

The  BSB  is  an  elongated  region  west  of  the  ICB  just  across  the

LCJFZ. Crisscrossing faults in this block trend in the north-northw-

est and  northeast  directions,  resulting  in  a  checkerboard  forma-

tion  with  a  high  level  of  seismic  activity.  Our  inversion  results

showed  that  the σ3 axis  is  in  the  northwest  direction  and  the σ1

axis  is  in  the  north-northeast  direction,  again  in  agreement  with

previous studies (Zhao L et al.,  2013; Xu ZG et al.,  2016; Sun YJ et

al.,  2017).  The  GPS  velocity  field  (Figure  7a)  showed  that  the

movement of this block is in a south-southeast direction. Sun YJ et

al.  (2017) pointed  out  that  the  horizontal  velocity  of  the  block  is

7.72 mm/a and that the velocity is reduced by 55% in comparison

with the SYRB. This result suggests that the RRFZ has accommod-

ated  a  significant  amount  of  the  movement  of  the  SYRB.  This

movement has also changed the direction of  the stress  field and

the horizontal GPS velocity field from the SYRB to the BSB.

The TBB is  located inside  the  YMTB to  the  west  of  the  NJFZ.  The

main geologic feature in this block is the Tengchong volcanic belt.

The  inversion  results  showed  a  stress  field  less  dominated  by

strike-slip faulting in the block,  with a northwest-oriented σ3 axis
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Figure 7.   (a) Comparison of the maximum compression axis σ1 (white line segments) with the GPS velocity field from 1999 to 2014 under the

stable Eurasian reference frame (black arrows; Zhao et al., 2015) and symmetry axis of anisotropy (red line segments) obtained from shear-wave

(S) splitting (Shi YT et al., 2012). (b) Comparison of the maximum extension axis σ3 (white line segments) with the symmetry axis of anisotropy (red

line segments) obtained from shear-wave (SKS) splitting (Shi YT et al., 2012). Colored ellipses are the same as in Figure 6. The abbreviations for the

major active tectonic blocks and fault zones are the same as in Figure 1.
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and  a  more  vertically  oriented  north-northeast σ1 axis.  A  strong

normal-faulting  stress  environment  is  present  in  the  Tengchong

volcanic belt, which has a horizontal extensional axis and a nearly

upright σ1 axis. This feature is consistent with the report by Zhao L

et  al.  (2013).  However, Xu  ZG  et  al.  (2016) showed  that  the

Tengchong volcanic zone is still in a strike-slip stress field, which is

quite different from the results  of Zhao L et  al.  (2013) and in this

study.  Finally,  the  GPS  velocity  field  (Figure  7a)  showed  that  the

block moves in a southwest direction, in line with the direction of

maximum compression in this region.

The stress field inversion result obtained in this study is generally

in good agreement with previously published results (e.g., Zhao L

et  al.,  2013; Xu  ZG  et  al.,  2016). The  overall  strike-slip  stress  pat-

tern  in  Yunnan  is  quite  consistently  resolved  in  all  studies.  The

normal-faulting features around the Tengchong volcanic area and

near Huize, marked by the red and green ellipses in Figures 6 and

7, were also reported by Zhao L et al. (2013). However, Xu ZG et al.

(2016) obtained a strike-slip stress pattern around Tengchong and

Huize that is difficult to reconcile with the fact that earthquake fo-

cal  mechanisms  in  those  two  areas  are  predominantly  normal,

clearly indicating a normal-faulting local stress status.

The  results  of  the  regional  tectonic  stress  field  obtained  in  this

study are also consistent with results for the GPS surface velocity

field,  especially  in  SYRB,  where  the  direction  of  the  maximum

compressional  stress  is  parallel  to  the  GPS  velocity  field  (Figure

7a). The polarization directions of the fast waves obtained from S-

wave splitting (red line segments in Figure 7a) had no clear  rela-

tionship  with  the  orientations  of  the  principal  stress  axes.  The

main reason for this may be that Shi YT et al. (2012) analyzed the

polarization  directions  of  the  fast  waves  by  using  S-waves  from

local crustal  earthquakes,  which  mainly  reflect  localized  aniso-

tropy of complex origins in the upper crust.  As the authors poin-

ted out, the direction of the fast local S-wave is generally parallel

to the  local  compressional  stress.  However,  because  of  the  influ-

ence of the complex fault distribution and geologic structure, the

direction of the fast local S-wave is highly variable. The stress axis

orientations obtained in this study are more indicative of regional-

scale tectonic  interactions.  In  fact,  the  fast  axis  directions  ob-

tained from SKS splitting in Figure 7b, which may be indicative of

anisotropy induced by regional extension, athenospheric flow, or

both, show  good  agreement  with  the  orientation  of  the  maxim-

um extensional  axis,  suggesting  that  the  stress  field  pattern  ob-

tained here from inversion of the earthquake focal mechanisms is

robust.

4.  Conclusion
In this study, we determined the focal mechanism solutions of 627

moderate  and  small  earthquakes  in  Yunnan  by  using  the  CAP

method.  These  focal  mechanism  solutions  were  combined  with

solutions of  80  additional  earthquakes  to  invert  for  spatial  vari-

ations in  the  orientations  of  the  regional  stress  field.  The  follow-

ing observations were made from our inversion results:

(1)  The  focal  mechanisms  of  earthquakes  in  Yunnan  are  mostly

strike-slip,  with  a  small  number  of  normal  events  distributed  in

several  locales  with  volcanic  activity  or  crisscrossing  active  fault

zones.  Earthquakes  with  significant  thrust  components  are  also
present in northeast Yunnan bordering Sichuan. A significant ma-
jority of the earthquakes occur in the top 10 km of the crust.

(2)  The  overall  stress  environment  in  Yunnan  is  strike-slip,  with
both  maximum  and  minimum  stress  axes  being  horizontal.  The
maximum  compression  is  primarily  in  the  northwest-southeast
direction because of the tectonic stresses imposed on the region
by  the  Tibetan  Plateau  from  the  northwest  and  by  the  YTB  from
the east.  The eastern Yunnan region acts as a buffer zone, result-
ing  in  a  largely  east-west-oriented  maximum  extensional  stress.
The  direction  of  maximum  compression  experiences  a  clockwise
rotation, with a northwest-southeast orientation in northern Yun-
nan to  nearly  north-south  in  central  Yunnan  and  slightly  north-
east-southeast in southwestern Yunnan.

(3)  The direction of  maximum compression in Yunnan is  in  good
agreement with the direction of  GPS velocity,  whereas the direc-
tion of  maximum extension is  consistent  with the fast  axis  direc-
tion obtained  from  SKS  splitting.  The  agreement  of  spatial  pat-
terns obtained  from  independent  geophysical  observations  sug-
gests that the stress inversion results obtained in this study are ro-
bust and that the controlling factor in the stress field in Yunnan is
the  response  of  the  SYRB  to  the  tectonic  force  from  the  Tibetan
Plateau and YTB.
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