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Abstract: A method for reconstructing crustal velocity structure using the optimization of stacking receiver function amplitude in the
depth domain, named common conversion amplitude (CCA) inversion, is presented. The conversion amplitude in the depth domain,
which represents the impedance change in the medium, is obtained by assigning the receiver function amplitude to the corresponding
conversion position where the P-to-S conversion occurred. Utilizing the conversion amplitude variation with depth as an optimization
objective, imposing reliable prior constraints on the structural model frame and velocity range, and adopting a stepwise search inversion
technique, this method efficiently weakens the tendency of easily falling into the local extremum in conventional receiver function
inversion. Synthetic tests show that the CCA inversion can reconstruct complex crustal velocity structures well and is especially suitable
for revealing crustal evolution by estimating diverse velocity distributions. Its performance in reconstructing crustal structure is superior
to that of the conventional receiver function imaging method.
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1.  Introduction
Since  Earth’s  formation,  its  crustal  structure  has  been  repeatedly

modified  by  structural,  magmatic,  and  metamorphic  processes.

This  long-term  evolution  has  complicated  the  structure  of  the

crust, but it has also left traces of the evolutionary process. Study-

ing continental evolution by using imprints remaining in the crust

is  of  great  importance.  In  the  past  several  decades,  many  efforts

have  been  made  to  obtain  detailed  crustal  structures  from  near-

vertical and wide-angle seismic reflection surveys. With the devel-

opment  of  seismic  observation  technology,  a  large  number  of

high-fidelity  seismic  recordings  have  been  collected  at  densely

distributed stations with large-scale coverage and high degrees of

spatial resolution. Using earthquake propagation information, we

can  image  large  areas  of  the  Earth’s  interior  structure.  Receiver

function imaging  technology,  which  considers  teleseismic  earth-

quakes as  natural  energy  sources,  has  been  widely  used  to  de-

termine the crustal structure beneath seismic stations.

As teleseismic P-waves travel  through the Earth's  interior,  part  of

the P-wave energy is converted into S-wave energy at various ve-
locity discontinuities. To deconvolve the vertical component from
the horizontal components of the teleseismic waveform, in order
to remove source effects, a time series named “the receiver func-
tion” is  produced (Langston, 1979).  The receiver function isolates
the P-to-S (Ps) converted phases at the interfaces within the crust
and upper mantle and allows the travel times from the interfaces
to  the  surface  to  be  determined.  These  Ps-converted  phases
strongly constrain the depth and velocity contrasts of discontinu-
ities.

As  a  conventional  waveform  analysis  technique,  the  inversion  of
the receiver  function  applies  stacked  waveforms  as  an  optimiza-
tion  objective  to  estimate  a  crustal  velocity  model  beneath  the
station.  However,  receiver  function  waveform  inversion  involves
an inherent nonuniqueness known as the velocity-depth ambigu-
ity  due to  significant  tradeoffs  between the absolute  shear  wave
velocity and the corresponding depth under the same travel time
difference  (Ammon  et  al.,  1990). The  introduction  of  a  priori  in-
formation is  necessary  to  suppress  this  problem.  The  joint  inver-
sion method of receiver function and surface wave dispersion,  in
which  the  surface  wave  dispersion  measurements  constrain  the
regional average velocity, is developed to reduce the nonunique-
ness  of  the  problem  (Julià  et  al.,  2000; Chang  et  al.,  2004).
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However,  the  weakness  of  easily  falling  into  the  local  extremum
trap still exists in joint inversion. Meanwhile, the resolution of sur-
face  wave  dispersion  is  relatively  low,  which  hinders  the  joint
method from revealing complex intracrustal structures.

Referring  to  the  data  processing  techniques  used  in  reflection
seismology,  researchers  have  developed  time-depth  conversion
and  stacking  methods  in  receiver  function  imaging  (e.g., Dueker
and Sheehan, 1997; Zhu LP, 2000; Sheehan et al., 2000; Poppeliers
and  Pavlis,  2003; Chen  L  et  al.,  2005).  The  common  conversion
point (CCP)  stacking  technique  is  representative  of  such  tech-
niques (Dueker and Sheehan, 1997). By assuming a velocity mod-
el and assigning the amplitude of the Ps phase to the correspond-
ing  conversion  position,  and  stacking  multiple  events  with  the
conversion within a bin (Figure 1), the topography of the velocity
discontinuity along a section is illuminated directly. Using this rel-
atively intuitive approach, the major velocity discontinuities in the
crust  and  upper  mantle,  including  the  Moho,  lithosphere–
asthenosphere boundary, 410-km interface, and 660-km interface,
can be visually identified (e.g., Kind et al., 2002; Gilbert et al., 2003;
Chen L et  al.,  2006; Lawrence and Shearer,  2006; Zheng TY et  al.,
2009, 2020; Ford et al., 2010; Tao K et al., 2014). However, inaccur-
ate a  priori  velocity  models,  especially  unreal  sedimentary  struc-
tures,  would lead to considerably inaccurate migration solutions.
Moreover,  multiple  reflections  from  the  surface  would  produce
apparent discontinuities and blur real interfaces. It has thus been
difficult to distinguish complex intracrustal structures.

To build a reliable model space to avoid the trapping of local ex-
trema  in  conventional  receiver  function  waveform  inversion,
Zheng TY et al. (2015) and He YM et al. (2018) identified real intra-
crustal  interfaces  by  stepwise  forward  modeling  of  CCP  imaging
from sedimentary cover to the lower crust.  Dual constraints from
the  CCP  stacking  images  and  waveform  characteristics  enhance
the reliability  of  receiver  function imaging.  However,  in  this  way,
only  qualitative  comparisons  of  observed  and  synthetic  CCP  are
used as an a priori  constraint on the main interface depth range,
and detailed intracrustal structures are still missing.

Using  the  stacked  receiver  function  amplitude  at  the  common
conversion position in the depth domain (hereafter referred to as

the common conversion amplitude,  CCA)  as  an  inversion object-
ive,  we  develop  a  new  approach  to  image  the  detailed  crustal
structure. By quantitatively analyzing the conversion amplitude in
the depth domain and constructing a considerably more accurate
model space before each inversion, this approach efficiently sup-
presses  the  disadvantage  of  falling  into  the  local  extremum  of
waveform  inversion  in  conventional  receiver  function  imaging
and has the potential to reveal complex intracrustal structures. We
describe the  principle  and  processing  technology  of  the  CCA  in-
version method in Section 2. Using numerical experiments, we es-
timate the accuracy and effectiveness of the CCA inversion meth-
od in  Section  3  and  discuss  its  resolution  and  limitations  in  Sec-
tion 4. In Section 5, as an application example of the method, CCA
inversion  is  implemented  to  reveal  the  detailed  crustal  structure
along a portable seismic profile on the Liaodong Peninsula, North-
east China. 

2.  CCA Inversion Method
In the CCA inversion method, we directly use the stacked receiver
function  amplitude  at  the  common  conversion  position  in  the
depth domain as the inversion objective to estimate the detailed
crustal structure  beneath  a  dense  seismic  array.  CCA,  as  a  func-
tion of  the variation in impedance with depth,  allows one to ob-
tain  an  intuitive  estimation  of  an  a  priori  structural  model  frame
before  inversion.  The  inversion  is  thus  carried  out  step  by  step
from  the  surface  down  to  avoid  the  interference  of  multiple
waves.  The  ability  to  build  a  reliable  and  considerably  accurate
model space before inversion helps to avoid the trapping of local
minima. In addition, to overcome the low-frequency defect of the
joint inversion of receiver function and surface wave data, we take
the average velocity deduced from the surface-wave dispersion as
a prior constraint of the velocity model frame. 

2.1  Construction of the Observation CCA
Construction of the observation CCA is the first step in CCA inver-
sion. We  generate  a  receiver  function  using  a  time-domain  max-
imum entropy deconvolution method (Wu QJ and Zeng RS, 1998).
We  then  choose  receiver  functions  within  a  given  narrow  range
(in general less than 30°) of back azimuths to ensure that these re-
ceiver functions are sampling an identical receiver-side structure.
By  assuming  a  velocity  model  and  using  time-depth  conversion,
the amplitude of the Ps phase of the receiver function is assigned
to the  corresponding  spatial  location  where  the  conversion  oc-
curred. Then, we divide the depth into bins and average the amp-
litude assigned in the same bin to calculate the CCA. The vertical
dimension of the bin is determined by the sampling rate of the re-
ceiver function.  The  horizontal  position  of  CCA  sampling  is  de-
termined by the ray path.  This average amplitude of the receiver
function represents the velocity change or, more precisely, the im-
pedance change of the medium at the conversion position. CCA is
thus  a  position  function  of  the  impedance  characteristics  of  the
medium.

To elucidate the inherent characteristics  of  CCA,  we present CCA
examples  produced  from  synthetic  receiver  functions  generated
by  simple  or  complicated  crustal  velocity  models  (Figure  2).  As
shown in Figure 2, a positive value of CCA indicates an upward de-
crease in  velocity,  and  a  negative  value  indicates  an  upward  in-
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Figure 1.   Schematic illustrations of receiver function stacking in the

depth domain. The red circles mark the positions of conversion

points. The amplitude of the receiver function converging in the gray

bin is stacked and averaged to obtain the common conversion

amplitude (CCA). The CCA represents the impedance contrast of the

medium in the bin. The upper right corner shows the coordinate

system of the structural section, where x is along the profile and z is

vertically downward from the surface.
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crease in  velocity.  The  depth  of  discontinuity  roughly  corres-
ponds to a positive/negative peak value of CCA, and the variation
in  velocity  is  related  to  the  amplitude  of  CCA.  The  CCA  function
takes  spatial  position  as  an  independent  variable  to  express  the
change in spatial parameters directly. Therefore, the approximate
depths  and  velocity  change  polarity  of  interfaces  can  be  directly
identified from  CCA.  This  feature  enables  CCA  to  impose  relat-
ively accurate prior constraints on the structural model frame be-
fore each inversion. Conversely, in conventional receiver function
waveform inversion, the objective function takes time as an inde-
pendent variable, and the interface position cannot be directly es-
timated from the amplitude over time. 

2.2  Establishment of Objective Function and Nonlinear

Inversion
CCA  inversion  with  prior  constraints  on  the  structural  model

frame and  velocity  range  is  a  nonlinear  and  multiparameter  op-

timization problem.  Taking CCA as  the  fitting target,  we used an

adapted hybrid  global  inversion  method  for  each  velocity  struc-
ture inversion (Liu PC et al., 1995; Ai YS et al., 1998). In the CCA in-

version, O(z) is the observation value of CCA, Y(z) is the theoretical
value  of  CCA  for  each  station,  and z refers  to  depth. Y(z) is  pro-

duced  from  synthetic  receiver  functions,  which  are  generated
from the estimated structural  model and the ray parameters and

azimuth  angles  of  the  same  event–station  pairs  that  generated

O(z).  Synthetic  seismograms  are  calculated  by  the  reflection
matrix method (Kennett, 1983). In the CCA inversion, the best fit-

ting between Y(z) and O(z) of each station is searched by minimiz-
ing the objective function

OBJ = 1 − [2 ∑
i=1,n

O(zi) ⋅ Y(zi)]/[∑
i=1,n

O2(zi) + ∑
i=1,n

Y2(zi)] . (1)

This  function  measures  the  degree  of  coincidence  between

O(z)  and Y(z)  along  the  specific  depth.  Before  starting  a  global

searching process, a model framework — including the number of
layers  and the range of  values dominating model  parameters  for

each layer — needs to be specified. Due to the intuitiveness of the
CCA,  the  model  framework  can  be  directly  built  from O(z).  For

imaging crustal structure, S velocity, layer thickness, and the Vp/Vs

ratio are selected as the dominant model parameters.

An a priori model is used as a migration model to produce the ini-

tial O(z), and then a model framework is estimated. In the follow-
ing processes, a series of acceptable models are generated to cal-

culate  synthetic  receiver  functions  and  are  used  as  migration
models  for  generating  subsequent O(z)  and Y(z). Finally,  the  res-

ulting  model  is  obtained  by  searching  the  minimum  objective

function. 

2.3  Key Techniques During CCA Inversion
Based on the  characteristics  of  converted wave propagation and

receiving  function  waveforms,  the  following  processing  techni-
ques should be considered.  (1)  Given that  the multiple  PpPs and

PsPs  +  PpSs  waves  generated  by  shallow  structures seriously in-

terfere  with  the identification of  real  velocity  discontinuities,  it  is
important  to  use  a  stepwise  inversion  from  the  surface  down  to

avoid  the  interference  of  multiple  waves.  (2)  Due  to  the  obvious
differences in converted wave amplitudes between the Moho and

other interfaces within the crust, we obtain a detailed estimate of

the  objective  function  by  adding  different  weight  values  (of
0.1−1.0)  in  different  depth  ranges.  Generally,  we  set  a  weight  of

1.0  for  CCAs  in  the  target  depth  range,  a  weight  of  0.3  for  CCAs
above the target depth and 0.1 for those below the target depth.

(3) Considering that the detailed changes in crustal material prop-
erties in a tectonic unit  should be affected by the same geologic

evolution,  partitioned  smooth  velocity  models  are  more  suitable

to yield reasonable results while avoiding individual abnormal dis-
tortions. An extra procedure is thus applied to the CCA inversion.

First,  station  models  with  similar  structural  characteristics  are
combined  to  construct  a  regional  smooth  velocity  model.  Then,

with  fixed Vs and Vp/Vs for  each  layer  from  the  average  velocity
model of  a  subregion,  only  the  layer  thicknesses  are  redeter-

mined through the inversion for each station. We explain the pro-

cess in detail through numerical testing in the next section. 
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Figure 2.   Top panel: CCA deduced from synthetic receiver functions

generated by the velocity models (see bottom panel) and the

epicentral distances and azimuth angles listed in Tables S1 (A) and S2

(B and C). Each depth of the velocity discontinuities of the velocity

models is marked with a black line segment, where the upward

velocity decrease/increase corresponds to the positive/negative

amplitude of CCA. Bottom panel: the corresponding velocity models

A, B and C.
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3.  Numerical Experiments on the Synthetic Imaging
System

The accuracy  and effectiveness  of  the  CCA inversion method are
tested  by  numerical  experiments.  We  first  designed  Model  A
(Figure  3a, Table  1),  which  is  a  simple  150-km-long  multilayered
crustal model and consists of 3 intracrustal layers with velocity in-
creasing  downward.  The  test  system  has  13  receivers  (T01−T13)
and 15 teleseismic events with epicentral distances in the range of
42°−87° and back azimuths within the range of  109°−138° (Table
S1). The receivers are located in an N-S direction along 99.0°E and
from 24.0°N to  25.2°N with station spacing of  0.1°.  The epicenter
locations  are  defined  by  reference  to  teleseismic  events  during
2011−2013.  The earthquake catalog is  listed in Table  S1. Accord-
ing to the velocity models and the locations of sources and receiv-
ers,  we calculate  the  receiver  functions.  The  data  were  bandpass

filtered  with  corner  frequencies  of  0.05  Hz  and  4  Hz.  Waveforms

were windowed from 20 s before to 100 s after the onset of the P-

wave. A Gaussian parameter of 5.0 was adopted in the deconvolu-

tion. The depth step size of O(z) is 0.2 km. The depth range of the

objective function is 0−60 km. The CCP stacking image of the test

system is shown in Figure 3b.

In the  CCA inversion,  we first  apply  the  IASP91 model  as  the  mi-

gration  model  to  generate  the  initial O(z)  (Kennett  and  Engdahl,

1991). We identify the velocity discontinuities and the related ve-

locity  trend from the initial O(z) image of  the test  system to spe-

cify the  model  framework.  In  the  numerical  experiments,  a  velo-

city range wider than that of the synthetic model is defined as the

range of search parameters.  After the inversion,  the O(z)  and Y(z)

are well fitted (Figure 3c).  The resulting Vs models match the test

T01 

(c) 

T02 

T03 

T04 

T05 

T06 

T07 

T08 

T09 

T10 

0 10 20 30 40 50 60
Depth (km)

T11 

T12 

T13 

0

20

40

60

D
e

p
th

 (
k

m
)

T01 

(d)

T02 T03 T04 

0

20

40

60

D
e

p
th

 (
k

m
)

T05 T06 T07 

0

20

40

60

D
e

p
th

 (
k

m
)

T08 T09 T10 

0

20

40

60

D
e

p
th

 (
k

m
)

2 3 4
VS (km/s)

T11 

2 3 4
VS (km/s)

T12 

2 3 4
VS (km/s)

T13 

0

10

20

30

40

50

60

D
e

p
th

 (
k

m
)

0 20 40 60 80 100 120
Distance (km)

(a) 

T
0

1

T
0

2

T
0

3

T
0

4

T
0

5

T
0

6

T
0

7

T
0

8

T
0

9

T
1

0

T
1

1

T
1

2

T
1

3

3 4

km/s

0 20 40 60 80 100 120
Distance (km)

(b) 

T
0

1

T
0

2

T
0

3

T
0

4

T
0

5

T
0

6

T
0

7

T
0

8

T
0

9

T
1

0

T
1

1

T
1

2

T
1

3

-0.06 0.00 0.06

Ps/P amplitude

 
Figure 3.   (a) S velocity structures of test Model A; interface depth of the test model is marked by black dots, and receiver names are labeled at

the top of the plots. (b) CCP stacking images of the test Model A. (c) Comparison between the O(z) (blue lines) obtained from the test system and

Y(z) (marked in pink and gray) resulting from the CCA inversion. Station names are labeled on the right. (d) Comparison between the Vs velocity

models of the test system (black dashed lines) and those resulting from the CCA inversion (green dashed lines); the station names are labeled in

the graphs.
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models well (Figure 3d).

To  fully  test  the  ability  to  reconstruct  complex  crustal  structures,

we designed a more complex Model B with multiple low-velocity

zones  (LVZs)  and  various  Moho  depths  (Figure  4a),  referring  to

the most complex crustal structure in southeastern Tibet revealed

in  our  previous  studies  (Ling  Y  et  al.,  2020).  For  simplicity,  the

original  profile  was  compressed  to  a  150-km-long  profile.  Model

B  is  composed  of  alternating  high-  and  low-velocity  layers

(layers L3−L10) covered by two layers of sediments (layers L1−L2)

(Table  2).  The test  system has  15 teleseismic  events  with  epicen-

Table 1.   Comparison of velocity parameters between test Model A and inversion results.

Layer
Vs (km/s) err Vp/Vs err Depth (km) err

Mod Syn (%) Mod Syn (%) Mod Syn (%)

L1 3.50 3.50 0.0 1.74 1.74 0.2 8.0−17.0 8.1−17.4 0.9−4.1

L2 3.70 3.69 0.3 1.73 1.76 1.5 18.0−30.0 18.0−29.9 0.0−0.8

L3 3.93 3.90 0.9 1.73 1.75 1.2 35.0−50.0 34.6−49.5 0.7−1.2

Note: Mod — model parameters, Syn — resulting parameters from inversion, err — relative error.
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Figure 4.   (a) S velocity structures of test Model B; interface depth of the test model is marked by black dots, and receiver names are labeled at

the top of the plots. (b) CCP stacking images of the test Model B. (c) Comparison between the O(z) (blue lines) obtained from the test system and

Y(z) (marked in pink and gray) resulting from the CCA inversion. Station names are labeled on the right. (d) Comparison between the Vs velocity

models of the test system (black dashed lines) and those resulting from the CCA inversion (green dashed lines); the station names are labeled in

the graphs.
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Table 2.   Comparison of velocity parameters between test Model B and inversion results.

Layer
Vs (km/s) err Vp/Vs err Depth (km) err

Mod Syn (%) Mod Syn (%) Mod Syn (%)

L1 2.42 2.41 0.4 2.00 1.92 4.0 1.0−2.0 1.0−2.0 0.0−7.4

L2 3.02 3.08 2.0 1.85 1.88 1.6 2.0−5.0 1.8−5.3 0.0−6.4

L3 3.64 3.68 1.1 1.75 1.75 0.0 8.0−17 8.4−17.6 0.8−9.2

L4 3.30 3.36 1.8 1.75 1.74 0.6 14−23 14.5−23.8 2.4−9.1

L5 3.68 3.75 1.9 1.74 1.74 0.0 18−30 19.4−30.9 1.5−5.8

L6 3.31 3.30 0.3 1.75 1.74 0.6 22−37 22.7−38.1 1.8−3.3

L7 3.82 3.85 0.8 1.73 1.75 1.2 25−43 25.5−43.9 0.9−2.2

L8 3.41 3.45 1.2 1.74 1.76 1.1 28−45 28.7−46.0 1.2−4.9

L9 3.79 3.76 0.8 1.74 1.75 0.6 32−48 32.3−48.6 0.1−8.4

L10 3.95 3.93 0.5 1.74 1.76 0.6 35−50 35.4−50.7 0.5−3.3

Note: Mod — model parameters, Syn — resulting parameters from inversion, err — relative error.
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Figure 5.   The stepwise inversion results for Model B, including (a) step-one inversion results, (b) step-two inversion results, (c) step-three

inversion results, and (d) final inversion results. Left panels show the comparison between O(z) (blue lines) and Y(z) (marked in pink and gray).

Right panels show the corresponding synthetic CCP images. Station names are labeled on the top of the plots. Only three inversion steps were

performed for stations T01, T02, and T03, and their results in (d) are the same as those in (c).
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tral  distances  in  the  range  of  39°−67°  and  back  azimuths  within
the  range  of  41°−70°  (Table  S2).  The  CCP  stacking  image  of  the
test system for Model B is  shown in Figure 4b. The O(z)  obtained
from  the  test  system  for  Model  B  and  the  best-fit Y(z)  resulting
from  the  CCA  inversion  are  shown  in Figure  4c,  in  which  the  re-
sulting  models  are  used  as  the  migration  models.  The  resulting
Vs models  are  shown  in Figure  4d and  compared  with  the  test
models.

Stepwise  inversion  from  the  surface  down  is  a  key  technique  to
avoid multiple wave interference. We take Model B as an example
to describe the stepwise inversion processes in detail. The estima-
tion of reliable structure model frames during inversion is also de-
scribed  accordingly.  The  first  step  of  inversion  (Figure  5a)  esti-
mates  the  velocity  structure  of  the  sedimentary  cover,  including
Vs, Vp/Vs and the thickness of each layer.  The first positive signals
of the CCA image define the depth range of the sedimentary cov-
er  (Figure  4c). In  this  numerical  experiment,  the  minimum  thick-
ness of a layer is always set to 0, while the maximum depth of the
basement  interface  exceeds  the  depth  range  of  the  first  positive
signals  of  the  CCA.  The  parameter Vs ranges  from  1.7  km/s  to
3.2  km/s,  and Vp/Vs is  set  to  vary  from  an  upper  limit  of  2.4  near
the surface to a lower limit of 1.75 for the sediments. Sediment re-
lated signals  in Y(z)  can be traced from the surface to a  depth of
more  than  10  km  (Figures  4 and 5a),  although  the  sedimentary
cover is less than 5 km thick (Table 2). The signals below the sedi-
mentary  cover,  which  are  generated  by  multiples,  clearly  cannot

be identified  as  velocity  discontinuities  in  the  subsequent  inver-
sion. Synthetic CCP imaging Syn-1 (Figure 5a) is calculated based
on  the  resulting  sedimentary  cover  models  estimated  from  step
one  inversion  overlying  a  modified  IASP91  model  (Kennett  and
Engdahl, 1991).

We  estimate  the  layered  crustal  medium  below  the  sedimentary
cover according to the polarity changes in the signal of  the CCA.
The parameter Vs ranges from 3.0 km/s to 4.2 km/s. The paramet-
er  range  of Vp/Vs is  set  to  vary  from  1.72  to  1.78.  The  minimum
thickness of a layer is set to 0, while the maximum thickness of a
layer is set to 5−15 km according to the status of the layer in the
observational  CCA  (Figure  4c).  To  distinguish  the  multiples  from
the intracrustal interfaces, we iteratively run the inversion process.
Layers  L3  and  L4,  layers  L5  and  L6,  and  layers  L7−L10  are  deter-
mined by the second (Figure 5b), third (Figure 5c), and fourth step
(Figure  5d)  operations  of  the  CCA  inversion,  respectively.  One  of
the  advantages  of  the  CCA  inversion  method  is  the  self-regula-
tion of the migration model. O(z) is also adjusted at each iteration
of the search scheme by using the corresponding accepted mod-
el  as  the migration model.  Better  fitting between Y(z)  and O(z)  is
gradually obtained in the stepwise inversion. 

4.  Discussion on Resolution and Limitations of CCA
Inversion

We  compare  the  resulting  model  parameters  (Vs, Vp/Vs,  and
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Figure 6.   (a) Example of synthetic receiver functions with noise at stations T02, T07, and T12. The value of SNR is shown on the right. (b)

Comparison between the Vs velocity models obtained from the test system (black lines) and resulting from the CCA inversion with noise

interference (red and green lines). The station names are labeled in the graphs.
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depths of interfaces) obtained from the CCA inversion with those

from the  test  models  to  confirm  the  reliability  of  the  CCA  inver-

sion. The velocity parameters of the test models and the resulting

models obtained from the CCA inversion are listed in Tables 1 and

2. The comparison of Vs models between the resulting models and

test models is also shown in Figures 3d and 4d. The relative error

ranges of Vs are 0.0−0.9% for Model A and 0.3−2.0% for Model B.

The  relative  error  ranges  of Vp/Vs are  0.2−1.5%  for  Model  A  and

0−4.0% for  Model  B.  The  maximum  relative  error  range  of  inter-

face depth is 4.1% for Model A and 9.2% for Model B. These small

error ranges demonstrate the validity of the CCA inversion meth-

od for  imaging  complex  crustal  structures.  Numerical  experi-

ments  show  that  the  CCA  inversion  can  reconstruct  both  shear

wave  velocities  and  interface  depths  in  complex  structures.  The

performance  of  CCA  is  superior  to  that  of  conventional  receiver

function waveform analysis.

Teleseismic  recordings  usually  contain  seismic  noise  due  to  the

conditions of the site and the instrument. We check the stability of

the CCA  inversion  by  adding  Gaussian  white  noise  into  the  syn-

thetic vertical and radial components generated by test Model B,

and both components  have the same signal-to-noise ratio (SNR).

The  corresponding  receiver  function  is  thus  described  by  the

same  SNR  (Figure  6a).  As  shown  in Figure  6b,  even  if  the  SNR  of

the  noise  model  is  as  low  as  2,  reliable  results  can  be  obtained

from the CCA inversion, and the relative error of Vs is generally less

than 3.2%.

In  the  CCA  inversion,  the  model  framework  and  the  range  of

search parameters  are  the  prior  control  factors.  Since  the  thick-

ness range starts from 0, it is acceptable to be equal to or greater

0

2

4

6

D
e

p
th

 (
k

m
)

2 3 4

T01 

2 3 4

T02 

2 3 4

T03 

0

2

4

6

D
e

p
th

 (
k

m
)

2 3 4

T04 

2 3 4

T05 

2 3 4

T06 

Obs.

1 layers

2 layers

3 layers

0

2

4

6

D
e

p
th

 (
k

m
)

2 3 4

T07 

2 3 4

T08 

2 3 4

T09 

0

2

4

6

D
e

p
th

 (
k

m
)

2 3 4
VS (km/s)

T10 

2 3 4
VS (km/s)

T11 

2 3 4
VS (km/s)

T12 

2 3 4
VS (km/s)

T13 

 
Figure 7.   Comparison between the Vs velocity models obtained from the test system (black dashed lines) and resulting from the CCA inversion

with 1 layer (purple lines), 2 layers (blue lines) or 3 layers (green lines).
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than the actual number of layers. Figure 7 is an example of using

different  numbers  of  layers  to  invert  the  sedimentary  cover  of

Model  B.  An inversion with less  than the actual  number of  layers

will inevitably cause distortion. 

5.  An Application Example
As  an  application  example  of  the  CCA  inversion  method,  we

measure  the Vs and Vp/Vs of  crustal  layers  along  a  southeastern

section  of  the  NCISP6  profile  (ES-NCISP6),  which  crosses  the

Liaodong  Peninsula,  Northeast  China  (Figure  8).  The  dominant

low-velocity  structure  revealed  from  receiver  function  waveform

inversion  provides  information  on  crustal  evolution  (Figure  9b,

Zheng  TY  et  al.,  2015).  However,  in  previous  imaging  of  crustal

structure, the  velocity  values  were  preset  according  to  the  aver-

age  crustal  model  of  North  China,  and  only  the  interfaces  were

obtained  by  the  waveform  inversion  of  the  receiver  function.  In

this study, the CCA inversion is used to estimate the properties of

low-velocity media by determining the values of Vs and Vp/Vs and

therefore  to  constrain  the  results  of  crustal  rejuvenation  in  the

study area.

According  to  the  data  analysis  and  CCP  imaging  of  ES-NCISP6

(Zheng TY et al., 2015), we select high-quality receiver functions of

15 events  with  epicentral  distances  in  the  range  of  38°−83°  ob-

served in the dominant northeast azimuth (40°−55°) at 15 stations

for the CCA inversion. The station locations are listed in Table S3.

The earthquake catalog is  listed in Table  S4. Similar  to  the previ-

ous  inversion  of  Model  B,  from  sedimentary  cover,  upper  crust,

and  lower  crust  to  the  crust  mantle  transition  zone,  the  velocity

inversion  of  each  station  is  completed  in  four  steps.  The  search

range  of Vs is estimated  based  on  the  S-wave  velocity  of  north-

eastern China from joint inversion of the Rayleigh wave phase and

group velocities (Li  YH et al.,  2012).  The resulting crustal Vs struc-

ture is shown in Figure 9a. The best-fit  synthetic CCA agrees well

with  the  observed  CCA  and  is  clearly  improved  compared  with

those calculated from the previous receiver function waveform in-

version (Zheng TY et al., 2015) (Figures 9c and 9d).

Since the  velocity  of  each  layer  was  preset,  the  previous  wave-

form  inversion  resulted  in  a  relatively  smooth  crustal  structure.

The  significant  lateral  heterogeneity  of  the Vs distribution re-

vealed in this study seems to be more consistent with geological

observations. ES-NCISP6  crosses  the  Paleoproterozoic  Liaoji  oro-

genic  belt,  which  experienced  intense  extensional  deformation

and magmatism in the Late Jurassic and Early Cretaceous. The Pa-

leoproterozoic Liaohe Group is exposed in the western Liaodong

Peninsula (Figure 8), where a lower crustal medium with Vs of 3.64

km/s  has  been uplifted near  the surface.  Granites  are  distributed

in the middle and east (Figure 8). The lower-velocity medium with

Vs of 3.30 km/s occupies the lower crust of the two regions, which

may imply the deep genesis of granites. However, due to the rel-

atively low velocity, another explanation may also need to be con-

sidered, that  is,  delamination  and  magmatism  caused  by  the  Pa-

cific  plate  subduction  since  the  Cenozoic.  The  Wulong  gold  ore

concentration  district  is  located  in  the  east  (Figure  8).  The  space

occupied by magma in the crust revealed by the new imaging re-

sults might provide a deep structural background for gold miner-

alization on the Liaodong Peninsula. 
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Figure 8.   Regional geological map of the Liaodong Peninsula, Northeast China (from Zeng QD et al., 2019) with seismic stations (blue triangles)

used in this study. The inset shows the location of the study region in eastern Asia.
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6.  Conclusions

To obtain the detailed crustal structure from the receiver function,

we develop the CCA inversion method in the depth domain. This

approach could efficiently suppress the shortcoming of easily fall-

ing into the local extremum in conventional waveform inversion.

Numerical tests  document  the  ability  and reliability  of  the  meth-

od in estimating the absolute Vs, Vp/Vs, and layer thickness in a re-

gion  with  a  complex  crustal  structure.  The  application  example

shows that the crustal  structure can be much better  reconstruct-

ed than by receiver function waveform inversion, and fine crustal

velocity structures would provide significant information on sub-

sequent tectonic studies. The technical principle of the CCA inver-

sion method can be extended to the structural imaging of a three-

dimensional observation system. Meanwhile, the development of

nonlinear  inversion  techniques  and  synthetic  imaging  methods

would contribute to the improvement of  the CCA method in the

future. 
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This dataset contains earthquake catalogs and basic station information used in this study. The earthquake catalogs used in Model A and
Model B of the test system are listed in Tables S1 and S2, respectively. The station information and the earthquake catalog applied in the
ES-NCISP6 imaging are shown in Tables S3 and S4.

Table S1.   Earthquake catalog used in Model A of the test system.

Data
Location Epicenter

distance (°)
Azimuth
range (°)Lat. (°) Long. (°)

20130223 10.66S 165.30E 73.3−73.7 109.9−110.2

20130201 10.63S 166.37E 74.2−74.6 109.3−109.7

20130212 10.90S 164.26E 72.5−73.0 110.6−111.0

20121215 4.63S 153.02E 59.8−60.2 110.9−111.6

20111128 5.48S 153.73E 60.8−61.3 111.3−112.0

20130704 7.03S 155.73E 63.3−63.8 111.7−112.2

20121115 3.11S 148.27E 55.0−55.4 112.4−113.2

20121202 16.98S 167.45E 78.4−78.9 114.4−114.6

20111105 18.24S 168.30E 79.5−80.1 115.2−115.4

20130806 22.50S 173.81E 86.1−86.7 116.4−116.5

20111214 7.55S 146.81E 56.2−56.8 117.8−118.5

20121012 4.89S 134.03E 44.6−45.3 125.4−126.4

20121210 6.53S 129.83E 42.7−43.5 131.3−132.3

20130223 8.47S 127.46E 42.6−43.5 135.8−136.7

20130708 8.80S 127.00E 42.5−43.4 136.6−137.5

Table S2.   Earthquake catalog used in Model B of the test system.

Data
Location Epicenter

distance (°)
Azimuth
range (°)Lat. (°) Long. (°)

20121115 52.50N 173.35E 61.0−61.9 41.8−42.2

20120926 51.59N 178.30W 66.2−67.1 42.1−42.5

20130228 50.95N 157.28E 51.0−51.9 43.2−43.8

20130301 50.90N 157.45E 51.1−52.0 43.2−43.9

20130324 50.73N 160.16E 52.8−53.7 43.7−44.3

20121116 49.28N 155.43E 49.6−50.4 45.0−45.7

20130604 45.38N 160.92E 53.1−53.8 50.3−51.0

20111021 43.89N 142.48E 39.8−40.6 49.8−50.9

20130202 42.77N 143.09E 40.0−40.6 51.6−52.8

20111124 41.90N 142.64E 39.5−40.3 52.8−54.0

20121001 39.81N 143.10E 39.5−40.2 56.1−57.3

20130402 39.51N 149.36E 44.3−45.0 57.4−58.5

20130401 39.53N 143.37E 39.7−40.4 56.6−57.8

20131027 37.09N 144.57E 40.4−41.0 60.5−61.7

20131025 31.66N 144.66E 40.4−40.9 68.7−70.1
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Table S3.   Station site details of the ES-NCISP6.

Station Lat. (°) Long. (°) Number of receiver functions

00 40.00N 124.32E 16

01 40.08N 124.22E 8

02 40.15N 124.13E 24

03 40.22N 124.04E 15

04 40.29N 123.96E 26

05 40.37N 123.86E 18

06 40.44N 123.80E 20

07 40.52N 123.70E 15

08 40.58N 123.60E 10

09 40.67N 123.52E 28

10 40.74N 123.43E 23

11 40.82N 123.34E 16

12 40.89N 123.26E 22

14 41.00N 123.10E 16

15 41.05N 123.03E 22

Table S4.   Earthquake catalog used in imaging of ES-NCISP6.

Data
Location

Depth (km) Magnitude Epicenter distance (°) Azimuth range (°)
Lat. (°) Long. (°)

08052013 51.43N 178.35E 40 6.1 38.6−38.8 54.4−55.3

08041605 52.16N 179.12W 13 6.7 38.8−39.9 53.0−53.9

08072500 51.25N 179.03E 23 6.0 39.0−39.2 54.6−55.4

07121909 51.34N 179.52W 29 6.9 39.9−40.1 54.3−55.1

08041522 52.12N 179.51W 24 6.7 39.9−40.0 53.1−53.9

07122107 51.53N 179.11W 25 6.0 40.2−40.2 54.0−54.9

08032221 52.63N 178.49W 132 6.4 40.4−40.6 52.2−53.0

08050201 52.14N 178.11W 16 7.0 40.7−40.9 52.9−53.8

07103113 51.53N 177.97W 30 6.3 40.9−41.0 53.8−54.6

07122622 52.82N 168.79W 34 6.5 46.2−46.3 50.6−51.0

07100218 54.70N 162.32W 28 6.5 49.5−49.5 47.1−47.3

08052519 55.90N 153.50W 10 6.4 53.9−54.0 43.6−43.8

08010511 51.30N 130.80W 10 7.0 67.9−68.0 40.7−40.9

08011001 43.80N 127.30W 10 6.4 74.5 45.2

08022114 41.20N 114.90W 6 6.4 82.8−82.9 40.3−40.7
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