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Abstract         The  Binchuan  region  is  located  in  a
seismically  active  area  in  northwestern  Yunnan,  China.  The
detailed  crustal  structure  is  important  to  understand  the
tectonic  evolution  and  to  assess  the  seismic  hazard  in  the
study  area.  With  a  2-D  dense  array  deployed  in  this  region,
we  use  teleseismic  receiver  function  traditional  imaging
methods,  including  the H-κ and  common-conversion-point
stacking  methods,  to  derive  high-resolution  crustal  thickness
and vP/vS ratio  maps.  Our  results  indicate  that  the  crustal
thickness increases from ~40 km to ~46 km in the south-north
direction,  and  the  average  crustal  thickness  beneath  the
Binchuan  basin  is  ~42  km.  Our  results  agree  with  previous
results  but  have  higher  resolution  due  to  dense  interstation
spacing.
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1  Introduction

Since ~45 Ma, the collision of the Indian and Eurasian
plates  has  generated  the  general  north-south  (N-S)
directional  shortening  and  east-west  (E-W)  directional
extension  in  the  Tibetan  Plateau  (TP),  resulting  in  the
dramatic uplift and thickening of the underlying crust (e.g.
Yin  and  Harrison,  2000; Li  et  al.,  2015; Hu  and  Yao,
2018).  The  Yunnan  Province  of  southwestern  China  is
located  in  the  southeastern  margin  of  the  TP  and  has  a
complicated  tectonic  environment.  Several  well-known
north-south (N-S) oriented faults were formed in Yunnan,

producing  damaging  historic  earthquakes  (e.g. Huang  et
al.,  2018; Yang et  al.,  2020).  The Binchuan basin (BCB),
the second largest basin in northwestern Yunnan, is mainly
controlled by the Chenghai fault  (CHF).  The CHF orients
nearly  in  the  N-S  direction,  with  a  length  of  200  km,
starting from Yongsheng in the north and intersecting with
the northwest-southeast (NW-SE) trending Red River fault
(RRF) in the south (Figure 1a). The largest earthquake that
occurred  in  this  area  is  the  1515 M7¾  Yongsheng
earthquake (e.g. Zhou et al., 2004; Wang et al., 2015a) and
the  latest  moderate  earthquake,  recorded  by  the  China
Earthquake  Networks  Center  (CENC),  is  the MW 4.9
earthquake  occurred  on  21  July  2019  at  Yongsheng.  A
recent study indicates that the seismicity along the CHF is
mainly  strikeslip,  and  concentrating  in  the  northern
segment  (Xu  et  al.,  2020).  There  are  also  possibilities  of
earthquakes  in  the  southern  segment  of  the  CHF  since
there  is  a  ‘seismic gap’  in  the  study region (Huang et  al.,
2018; Yang  et  al.,  2020)  (Figure  1a).  A  high-resolution
crustal  image  beneath  this  region  is  important  to  better
understand  its  seismicity  distribution  and  to  assess  the
potential seismic hazard.

From the  mid-1980s,  many  seismic  studies  have  been
conducted  in  the  Yunnan  area,  such  as  active  seismic
exploration  (e.g. Kan  et  al.,  1986; Bai  and  Wang,  2004;
Wang et al., 2015b; Chen et al., 2016), teleseismic receiver
function inversion (e.g. Hu et al., 2005; Wang et al., 2010;
Bai  et  al.,  2018),  and  body  wave  and  surface-wave
tomography (e.g. Huang et al., 2002, 2012, 2015; He et al.,
2004; Yao et al., 2006, 2008; Chen et al., 2018). All these
studies had limited lateral resolutions, due to the relatively
sparse station distribution. During recent decades, with the
development  of  seismographs  techniques,  more  dense
seismic arrays are deployed to make it possible to obtain 3-
D  high-resolution  underground  structures  (e.g. Schmandt
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and  Clayton,  2013; Lin  et  al.,  2013; Inbal  et  al.,  2015;
Jiang  et  al.,  2019).  To  delineate  fault  zone  structures  and
track  temporal  changes  around  the  faults,  we  have
deployed multi-scale dense arrays in the Binchuan area in
the past few years. The first 2-D dense array was deployed
in the field for three months in 2017 and consisted of 381
intermediate-period  three-component  seismometers  with
an  average  interstation  spacing  of  ~2  km.  In  2018,  we
deployed  two  other  linear  arrays  (8-km  and  5-km  long)
using the same instruments with much smaller interstation
spacing,  e.g.  30–50  m,  across  the  southern  branch  of  the
CHF.  With  numerous  local  and  teleseismic  earthquakes
recorded  by  the  dense  arrays,  there  have  been  numerous
results using different methods. For instance, by analyzing
the  earthquake  surface  wave  and  ambient  noise  cross-
correlation  functions  (NCFs), Xu  et  al.  (2018) concluded
that the dense array is capable to capture geological related
features  in  the  Binchuan  basin; She  et  al.  (2019) used
beamforming  analysis  and  polarization  analysis  to  inves-
tigate  the  characteristics  of  seismic  wave  propagation;
Zhang  et  al.  (2020) applied  body  wave  tomography
method and  seismic  relocation  to  obtain  the  upper  crustal
velocity structure in the Binchuan area; Yang et al. (2020)
used teleseismic travel time and ambient noise tomography
to  obtain  the  width  and  depth  extent  of  the  low-velocity
zone (LVZ) beneath the CHF with the linear  array across
the fault.

The teleseismic receiver function (RF) technique is an
effective  tool  to  image  crustal  structure.  It  removes  the
effects  of  the  earthquake  source  and  wave  propagation
outside  the  study  region  in  recorded  three-component  P-
wave  waveform  by  deconvolving  the  waveforms  on  the
vertical  component  from  the  radial  component  (e.g.
Vinnik, 1977; Langston, 1979). There are many frequently

used  RF  methods  to  derive  crustal  images.  For  instance,
Zhu  and  Kanamori  (2000) developed  a H-κ stacking
method  for  individual  stations,  which  does  not  require  to
pick  phases  travel  time  and  can  obtain  optimum  crustal
thickness (H)  and vP/vS ratio (κ)  by stacking RFs from all
azimuths; Zhu (2000) developed the common-conversion-
point (CCP) stacking method which first back-projects RF
amplitudes  to  their  P-to-S  conversion  points  using  a  1-D
background  velocity  model  and  then  stacks  them  in  the
depth  domain.  A  similar  method  was  also  developed  by
Kosarev  et  al.  (1999).  Recently,  many  new  array-based
techniques  have  also  been  developed  to  image  crustal
discontinuities using RFs (e.g. Chen et al., 2005; Shang et
al., 2012; Li et al., 2018; Jiang et al., 2019).

In  this  study,  our  purpose  is  to  obtain  high-resolution
crustal  thickness  variation  in  the  Binchuan  region  using
teleseismic receiver function methods. Here we used a 2-D
dense  array  with  interstation  spacing  of  ~2  km  in  the
Binchuan  area  to  determine  crustal  depths  variation.  In
detail,  we  used  the H-κ stacking  method  to  obtain  crustal
thickness  and vP/vS ratio  for  individual  stations.  Then  we
applied  the  CCP  stacking  method,  with  the  1-D  model
beneath every station from the H-κ results as a constraint,
to  derive  detailed  crustal  thickness  variation  in  the  study
area.

2  Data

To  obtain  a  high-resolution  crustal  structure  in  the
Binchuan study area,  a  dense  seismic  array  was  deployed
from March 21 to May 30, 2017, by the China Earthquake
Administration  (CEA)  in  the  southern  segment  of  the
Binchuan region (Figure 1a) (e.g. Wang et al., 2018; Xu et
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Figure 1    (a) Location and faults (red lines) in the study region. JSR: Jinsha river, ErL: Erhai lake, BCB: Binchuan basin,
CHF:  Chenghai  fault,  RRF:  Red-River  fault.  Black  solid  triangles  denote  stations.  Beach  balls  represent  moment  tensor
solutions  from Xu et  al.  (2020);  (b)  2-D dense  array  with  381  short-period  seismometers  (black  solid  triangles).  Gray  dots
denote Ps piercing points for CCP stacking. AA', BB' and CC' are three profiles used in Section 3.3 for CCP stacking
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al., 2018; Zhang et al., 2020; Yang et al., 2021). The dense
array is a 30 km × 40 km area and contains total 381 short-
period  seismometers  (types:  EPS,  EPS-2  and  QS-5A)  in
the frequency band 5–150 Hz with ~2 km spacing.

We  used  the  standard  RF  technique  to  process  the
waveforms.  All  the  vertical-component  waveforms  were
visually inspected to ensure good signal-to-noise ratios by
discarding noisy events. After the inspection, we removed
linear trends in the waveform data and resampled them to
10  Hz.  A  band-pass  filter  from  0.05  Hz  to  2  Hz  was
applied. We selected 111 earthquakes of magnitudes larger
than 5 at epicentral distance ranging 30°–95° for this study
(Figure 2). Most of their magnitudes were between 5.0 and
5.5,  and  only  10  earthquakes  had  magnitudes  larger  than
6.0  (Figure  2). Figure  3 gives  examples  of  4  earthquakes
with  different  back-azimuths  and  magnitudes.  Here  we
only exhibited stations along the profile CC' in Figure 1b.
Three-component waveforms in Figure 3 have high signal-
noise ratio (SNR) and good coherence, which provides the
foundation for the follow-up process.

We  used  three-component  P-wave  waveforms  (50  s
before  the  direct  P  arrival  and  150  s  after)  to  calculate
teleseismic  RF  at  each  station,  using  a  time  domain
iteration  deconvolution  method  (Ligorria  and  Ammon,
1999).  A Gaussian low-pass  filter  of  1  Hz was applied to
suppress high-frequency noise in RF waveforms. For each
station, all receiver functions were sorted by back-azimuth
and  inspected.  We  manually  removed  bad  receiver  func-

tions with poor coherence. As a result, we obtained 11128
high-quality  receiver  functions.  Receiver  functions  with
similar back-azimuths and ray-parameters were stacked to
remove  clustered  events  (Figure  4).  These  calculated  RFs
were  then  used  to  study  the  crustal  structure  of  the  study
area.

3  Data analysis

κ3.1  H-  stacking

κ

κ

κ

Firstly  we  applied  the H-  stacking  method  (Zhu  and
Kanamori, 2000) to estimate crustal thickness H and vP/vS
ratio  underneath  each  station.  To  reduce  the  trade-off
between H and , the method uses the time delays of P-to-
S converted phase Ps and its crustal multiple phases PpPs
and PpSs + PsPs from Moho to simultaneously determine
these  two  parameters.  In  this  study,  we  set  weighting
factors to be 0.6, 0.3 and 0.1 for the three phases, respec-
tively, in the data stacking and used a crustal reference P-
wave velocity of 6.3 km/s.

κReceiver functions of 6 stations and their H-  stacking
results  are  shown  in Figure  4.  For  the  stations  in  the
mountains  area  (such  as  033,  092,  176  and  226  in
Figure 4), corresponding RFs have clear Moho Ps and their
multiples.  In  contrast,  RFs  recorded  by  stations  in  the
Binchuan  basin  (such  as  016  and  058  in Figure  4)  are
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Figure 2    Distribution of magnitudes and locations of 111 teleseismic earthquakes (red dots) with magnitudes larger than 5
in the epicentral distance ranging 30°–95°, the black  triangles denote station locations
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affected  by  multiples  caused  by  shallow  low-velocity
sediment,  and  the  Moho  phases  cannot  be  distinguished
well.  Although  a  variety  of  teleseismic  techniques  have
been  proposed  and  developed  to  determine  both  the
sedimentary and crustal  structures (e.g. Yeck et  al.,  2013;
Tao et  al.,  2014; Yu et  al.,  2015; Cunningham and Lekic,
2019),  here  we  only  applied H-  method  to  148  stations
outside  the  Binchuan  basin.  Receiver  functions  of  most
stations  have  weak  but  identifiable  PpPs  phase,  which
allows us to constrain the crustal vP/vS ratios to be between
1.5 and 1.9 and crustal thicknesses between 34 km and 55
km for the area outside the BCB. Zhang et al. (2020) used

κ

an improved 1-D seismic velocity model method (Matrullo
et al., 2013) with the arrival time differentials to obtain an
average vP/vS of  1.72 in this  area.  With the average vP/vS,
Zhang  et  al.  (2020) conducted  a  travel  time  tomography
using  local  earthquake  data  to  derive  P-wave  velocity
model.  The  average vP/vS from  our H-  result  is  ~1.75,
which  is  slightly  larger  than  the  result  in Zhang  et  al.
(2020).

3.2  CCP stacking

κBecause  the H-  stacking  method  stacks  receiver
functions  of  all  azimuths  at  a  single  station,  its  lateral
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Figure 3    Teleseismic waveforms of vertical (Z) (al, a2, a3, a4), radial (R) (bl, b2, b3, b4) and tangential (T) (cl, c2, c3, c4)
components for 4 earthquakes aligned with the first P arrival with stations along with the profile CC' in Figure 1b
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resolution  is  limited  by  the  interstation  spacing.  Next,  we
used  the  CCP  stacking  method  of Zhu  (2000) to  image
crustal  structure  with  more  detail.  Amplitudes  of  all

receiver  functions of  stations (black triangles in Figure 1)
were  back-projected  to  their  P-to-S  conversion  points
(shown  as  gray  dots  in Figure  1b)  based  on  their  time
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Figure 4    Receiver functions and H-  stacking results of 6 example stations. Their station names are labeled with 033 (a),
092 (b), 176 (c), 226 (d), 016 (e) and 058 (f). Blue triangles denote the location of the stations. Red lines in the right top panel
of figures denote the faults, and the values in the right bottom of figures are optimal crustal thickness and vP/vS. The ellipses
indicate  the  best  estimates  of H and  and  their  uncertainties.  The  red  lines  are  predicted  arrival  times  of  Moho Ps  and its
crustal multiples using the estimated H and  values
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delays  relative  to  the  direct  P  arrival.  Here  we  used  1-D
IASP91  global  model  as  background  velocity  model  and
crustal vP/vS ratios  beneath  individual  stations  from H-
stacking results as a constraint. We then divided the crustal
volume into 1-km-wide and 0.5-km-high bins and stacked
all receiver function amplitudes in each bin.

For  the  three  cross-sections  (AA', BB'  and CC')  in
Figure 1b, we applied CCP stacking method and obtained
underneath  crustal  structure  (Figure  5).  The  first  profile
(AA') orients along the CHF, and passes through the BCB.
Moho  beneath  the  southwestern  (SW)  CHF  is  shallower
than the northeastern (NE) part, and ranging from ~40 km
to ~45 km (Figure 5).  The second profile (BB')  is  parallel
to the AA' profile, but is located in the west with ~20 km to
the outside of  the BCB. In the CCP results  of  this  profile
(Figure 5), crustal depth variation is similar to the result of
AA' profile, which is shallower at SW direction and deeper
in the NE edge, with the range of ~40 km to ~46 km. The
third profile (CC')  crosses with the other two profiles and
is nearly perpendicular to the CHF orientation (Figure 1b).
For  this  profile,  Moho  depth  varies  slightly  with  an
average of ~43 km.

4  Discussion and conclusions

κ

In the preceding section, we analyzed RFs from the 2-
D seismic array using the H-  and CCP stacking methods
and  obtained  the  crustal  depths.  To  better  understand  the
crustal  structure  in  the  whole  study  area,  we  set  16
intersected  profiles  (Figure  6a),  then  apply  the  CCP
stacking  method  to  obtain  crustal  depths  of  every  profile.
Then we interpolate crustal depths from the CCP stacking
results  to  derive  a  2-D  image  of  the  Moho  depths
(Figure 6b). Results indicate that Moho depth is deeper in
the  northern  area  than  the  southern  area.  The  shallowest
Moho of ~40 km locates at the southern edge of the CHF,
and  the  deepest  depth  of  ~46  km  is  in  the  northeastern
outside the BCB.

κ

In  this  area,  there  have  been  other  previous  results
about  the  Moho depth  variation.  With  27 seismic  stations
(interstation spacing ~30 km), Chen et al. (2019) used RF
H-  method to obtain Moho depths beneath the Binchuan
area.  The  result  indicated  the  Moho  depth  of  the  region
ranged from 42 km in  the  south of  the  Binchuan basin  to
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Figure 5    CCP stacking results along with the three profiles (AA', BB' and CC') in Figure 1b
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54 km in the north to Ningliang. The average Moho depth
for  our  study  area  was  ~44  km  (Chen  et  al.,  2019). Sun
(2019) used  a  300-km-long  near-linear  array  (south  to
Yunxian  and  north  to  Ninglang)  with  interstation  spacing
of  2  km,  which  passed  through  our  2-D  seismic  array,  to
derive the Moho depths of the whole CHF. From the CCP
stacking  results,  the  Moho  depths  ranged  from  40  km
beneath the southern segment of the CHF to 50 km for the
northern  segment  (Sun,  2019). Chen  et  al.  (2016) used  a
near  north-to-south  directed  300  km  long  wide-angle
reflection/refraction  seismic  profile  from  Ninglang  to
Yunxian,  across  the  Binchuan  study  field.  The  result
indicated the crustal  depth of the profile  went deeper in a
south-to-north  direction,  from 45  km to  54  km,  while  the
Moho depth of the Binchuan area is 42–45 km (Chen et al.,
2016).  In  our  results  (Figure  6b),  the  crustal  depth  along
the  CHF  is  shallower  in  the  southern  part  than  in  the
northern  part,  which  has  very  good  coherence  with
previous  results  in  this  area  but  with  higher  lateral
resolution.

κ

On the other hand, our result (Figure 6b) shows slight
changes in Moho depths beneath the Binchuan basin, with
an  average  of  ~42  km.  This  result  may  contain  some
uncertainties,  mainly  from  the  uncertain  1-D  initial
velocity models. The traditional H-  method cannot obtain
stable results  for stations deployed in the Binchuan basin.
As  mentioned  in  Section  3.1,  considering  the  shallow
sedimentary  effects,  there  have  developed  a  variety  of
teleseismic techniques to derive the crustal structures (e.g.
Yeck  et  al.,  2013; Tao  et  al.,  2014; Yu  et  al.,  2015;
Cunningham  and  Lekic,  2019).  To  consider  the  sediment
effect,  similar  approaches  can  be  conducted  for  stations
within the Binchuan basin in further work.

In summary, we calculated teleseismic P-wave receiver
functions  of  381  short-period  seismometers  in  the

κ

Binchuan  basin,  Yunnan  Province,  and  estimated  crustal
thicknesses  of  individual  stations  using  the H-  method.
We derived the detailed Moho depths underneath the 2-D
array using the CCP stacking method. The result indicates
a crustal thickness increases in the south-north direction in
the field from 40 km to 46 km.
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