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Abstract 

We discussed the possibility of studying crust anisotropy by analyzing azimuthal variation of the receiver functions 
and presented a technique for computing the transmission response of a flat-layered medium with arbitrarily ori-
ented hexagonally symmetric anisotropy using the reflectivity algorithm. Using this method we investigated the 
crust anisotropy of Taihang Mountain Range (TMR). Our result shows that there is significant anisotropy with a 
slow symmetry axis in the upper crust and a fast symmetry axis in the lower crust. The anisotropy magnitude of 
about 8%~15% is found in the upper crust and a smaller magnitude of about 3%~5% in the lower crust. Orienta-
tion of the symmetry axes and the depth of anisotropy appearance as deduced from the seismic records of four 
individual seismic stations are different from each other. The crust anisotropy beneath the four stations may be 
associated with the local crustal fabrics in a small area. 
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Introduction 
Seismic anisotropy is the property of the dependence of seismic velocity upon angle. The 

history of studying on seismic anisotropy is only about half a century, but various scholars have 
achieved many constructive results. Anderson (1961) and some others studied the principle of 
seismic wave propagation systematically since 1950s. Hess (1964) discovered the phenomenon of 
azimuthal anisotropy at Pacific mid-ocean ridge, and provided important geophysical evidences 
for ocean-floor spreading hypothesis in 1960s. Since Crampin and Booth (1985) discovered the 
phenomenon of shear wave splitting in 1980s, the technique of shear-wave splitting has become a 
main and effective method in studying the crust and mantle anisotropy. Anatomizing anisotropy 
information contained in the seismic waves can provide useful information about the Earth’s inte-
rior structure, deformation (Tommasi et al, 1999), dynamic processing (Montagner, 1998) and 
mantle convection (Karato, 1998). Therefore, seismic anisotropy plays an increasingly important 
role during earth science research, such as theoretical seismology, exploring seismology, geody-
namics and earthquake catastrophology. 

The evolution of the North China Craton (NCC) is a hot issue of present researches. The dif-
ferent ideas about the history of NCC, such as lithosphere thinning, require urgently other more 
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results from geochemistry and geophysics for verification. Seismic anisotropy gives a new way to 
get knowledge of the interior structure and status of stress within the plate. Furthermore, we can 
have a good understanding of mantle convection and plate motion. The most common method at 
present to study seismic anisotropy is the shear-wave splitting technique (ZHENG and GAO, 1994; 
LIU et al, 2001; LUO et al, 2004; WU et al, 2007; Iidaka and Niu, 2001; Zhao and Zheng, 2005). 
The shear-wave splitting technique is developed from a simple principle, but the results obtained 
by various scholars in the same region or obtained by one scholar with different earthquake records 
using this technique sometimes are dramatically contradictory to each other. Liu et al (2008) gave a 
more comprehensive overview of the shear-wave splitting results. They thought that the inconsis-
tency of the previous studies was mostly due to the limited amount of events and different 
shear-wave splitting measurements. They also gave a reliable research on the seismic anisotropy of 
North China using much more events records that satisfy one standard defined by them. Though er-
rors can be reduced by improvement of the processing technique, the shear-wave splitting technique 
could still not give any resolution of the depth distribution of anisotropy. In addition, it can only be 
applied to the area with horizontal oriented hexagonally symmetric anisotropy (i.e., transverse isot-
ropy with a horizontal axis). Thus a new method is needed to give more details of anisotropy. 

Because of its sensitivity to velocity discontinuities in the subsurface, receiver function tech-
nique has become a routine procedure used to investigate interior structure of the Earth (LIU et al, 
1997; Wu et al, 2007a, b; Owens et al, 1984). Information about Earth’s interior anisotropic struc-
ture can be remained on the receiver functions with a pattern that varies for different back azi-
muths on both radial and transverse components. However, the traditional methods, such as mi-
gration imaging and waveform inversion techniques that are based on isotropic media assumption, 
cannot effectively extract these information. Only by computing the response based on anisotropic 
media assumption, e.g., a model including anisotropy with a symmetric axis of arbitrary orienta-
tion, can we obtain the detailed anisotropy information presented on the radial and transverse re-
ceiver functions. In recent years, plentiful achievements about crust anisotropy using receiver 
functions were made by scholars in China and aboard. For example, Levin and Park (1997) stud-
ied the crustal anisotropy in the Ural Mountains foredeep from teleseismic receiver functions and 
the result showed that there are significant anisotropy in a low velocity layer at surface (~1 km) 
and in the lower crust (33~40 km); Savage (1998) studied the lower crustal anisotropy and dipping 
boundaries’ effects on receiver functions in New Zealand; Ozacar and Zand (2004) researched the 
crustal seismic anisotropy at BNS station in central Tibet considering both anisotropy and dipping 
interface, and showed the implications for deformational style and flow in the crust; waveform 
modeling using the neighborhood algorithm (NA) applied to receiver functions computed from 11 
PASSCAL stations spanning the eastern plateau of Tibet yielded a suit of crustal models that in-
clude anisotropy by Sherrington et al (2004), and those models suggested that the Tibetan crust 
contains 4%~14% anisotropy at different depths and the alignment of the symmetry axis of ani-
sotropy in the surface layer shows a well relationship with crustal fabrics associated with E-W 
trending faults and sutures. 

The method of studying crustal anisotropy using the azimuthal variations of receiver func-
tions can be applied to regions with complex anisotropic feature, from which we can constrain the 
lateral and depth distribution of anisotropy, as well as other important parameters. In this paper, 
we first introduced the process of computing the response in anisotropic medium with some im-
portant equations, then applied this method to the crustal anisotropy of TMR in North China, and 
finally gave the seismic evidence of anisotropy existing within the crust. 
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1 Reverberations in anisotropic medium 
1.1 Transverse isotropy 

The symmetry of elastic media plays an important role in studying crystal anisotropy. In 
crystallography, the anisotropic medium can be categorized into many kinds of symmetry systems 
according to its symmetry plane and axis. Different anisotropic systems have different amount of 
elastic coefficients. The higher the symmetry system, the fewer the elastic coefficients are required 
to describe the anisotropy. Twenty one elastic coefficients are required for the lowest symmetry 
system (triclinic systems) comparing with only two elastic coefficients for the highest (isotropic 
system) (Crampin and Booth, 1985). The category of seismic anisotropy is extended from that of 
crystal anisotropy. The representative systems usually mentioned in seismology are triclinic, 
monoclinic, orthorhombic, hexagonal (i.e., transverse isotropic or TI) and isotropic systems. 

The TI system is simple but effective to describe the crustal anisotropic medium. It can be 
subdivided into the following cases: transverse isotropy with a vertical symmetry axis (VTI), 
transverse isotropy with a horizontal symmetry axis (HTI) and transverse isotropy with an arbi-
trary orientated symmetry axis. Most of researches (Tsvankin and Thomsen, 1994; ZHENG and 
ZHANG, 2005; DU and YANG, 2004) usually focus on the VTI and HTI system. However, using 
the VTI or HTI system to describe the anisotropy in the region with complex structures, such as 
the orientation of microcracks or strata is not valid to be vertical or horizontal, may introduce sig-
nificant errors. 

The elastic tensor is much more complex to describe the transverse isotropic system with an 
arbitrary orientated symmetry axis and it is much more difficult to know the meaning as well as 
the value of each element. By introducing five parameters (A, B, C, D, E) describing the magni-
tude of anisotropy and two parameters describing the orientation of symmetry axis (azimuth angle 
ϕ and dip angle θ ) (Park, 1996), we can get the values of the tensor. For TI system with a symme-
try axis oriented ŵ , the elastic tensor (Λ) can be expressed as 
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where “⊗” is the tensor product operation named Kronecker product, and 2ˆˆ IwwW −⊗=  with 
I being the identity tensor. The permutation (ij) indicates the interchange between the ith and jth 
tensor indices, for example, {(13)I⊗I}ijkd=(13)δijδkl=δkjδil. 

Some special cases of anisotropic system would suggest knowledge of A, B, C, D and E. In 
isotropic medium, B=C=E=0, A=λ+2μ and D=μ, where λ, μ are the Lamé parameters. If the axis 
of symmetry is horizontal, we can express the azimuthal dependence of the quasi-P, quasi-SV and 
quasi-SH velocities for horizontal propagation in terms of angle ξ from ŵ  as 



No.4  TIAN Bao-feng et al: CRUSTAL ANISOTROPY OF TAIHANG MOUNTAIN RANGE  361

⎪
⎩

⎪
⎨

⎧

+−+=

+=

++=

ECD

ED
CBA

)4cos1()(

2cos)(
4cos2cos)(

2
SH

2
SV

2

ξξρβ
ξξρβ

ξξξρα
 (3) 

Therefore, A and D denote the average veloc-
ity of P and S wave, respectively; B and E 
denote the anisotropy strength; C is the cor-
rection term for the elliptical anisotropy (gen-
erally C<<B). 

According to the shapes of phase-velocity 
surfaces, TI medium can be also divided into 
the one with fast axis and the other with slow 
axis. If B>0 and E>0, the velocity of seismic 
wave propagating along the symmetry axis is 
fastest, leading to phase-velocity surface that 
resembles a watermelon, and thus the symme-
try is defined “fast” axis. In contrast, if B<0 
and E<0, the phase-velocity surface that re-
sembles a pumpkin with the symmetry axis 
called “slow” axis, as shown in Figure 1. 
1.2 Reverberations in TI medium 

With the elastic tensor of an anisotropic layer, three couples of downgoing and upgoing plane 
wave solutions can be obtained by solving the elastic wave equation, i.e., the vertical slowness 
(wavenumber) and polarization direction of these plane waves. The general solution of plane wave, 
u=U0exp(ikr−iωt), satisfies  

0)( 22 =⋅− uC ρωk  (4) 

where U0 is a constant, r is the displacement vector, ω is the circular frequency, kkC ˆˆ ⋅⋅= Λ  is 

the Christoffel matrix, k is the wavenumber vector of plane wave, k=⎜k⎜, and k/ˆ kk =  is the unit 
wavenumber vector. The three downgoing and upgoing waves in the VTI media share the same 
horizontal wavenumber (slowness). Setting zxk ˆˆ vp +=  and substituting equation (1) into equa-
tion (4) gives 

0)( 22 =⋅++− uRSIT vvpp ρ  (5) 
where 
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The Christoffel equation, expressed as det(p2T−ρI+vpS+v2R)=0, corresponding to equation (5), 

 

Figure 1 Illustration of phase velocity surface for 
different mediums and possible geologic 
explation 
(a) Isotropy, B=0, E=0; (b) Anisotropy with a 
slow symmetry axis, B<0, E<0; (c) Anisotropy 
with a fast symmetry axis, B>0, E>0; B and E are 
parameters of anisotropy magnitude, and the ar-
rowhead shows the orientation of anisotropy 
symmetry axis 
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has sixth order on v, which is difficult to be solved. Park (1996) transformed equation (5) from 
solving the sixth-order roots in 3×3 system to determine the eigenvalues and eigenvectors in a new 
6×6 system, as is shown in equation (7) 
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are corresponding to the six slowness values (ν1, ν2, ν3, ν4, ν5, ν6) of the plane waves, which gen-
erate the six polarization direction of the plane waves.  

In the layered homogenous TI media, the displacement-stress vector in the k-th layer is de-
scribed in terms of the linear combination of the eigenvalues and eigenvectors as follows  

)()()()( )( kkkk z cEf ⋅⋅= γ  (8) 

where E(k) is a 6×6 matrix，with each row vector denotes its polarization direction and corre-
sponding displacement-stress vector. The first three rows denote the downgoing waves, and the 
rest denote the upgoing. )(kγ  is a diagonal matrix composed of six eigenvalues which reads 
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where )(kc  are the amplitude coefficients of the six plane wave, T)(
u
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downgoing and ‘u’ denotes upgoing. According to the reflectivity method (Chen, 1993), we obtain  
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where )(
û

kT  and )(
ud

ˆ kR  are the generalized transmission/reflection coefficients at the k-th interface, 
k=0 denotes the free surface. Only upgoing incident waves exist in half-space; thus when the inci-
dent wave is P wave, )1(

u
+kc  can be represented by normalized vector as (1, 0, 0). 

Substituting )1(E , )1(γ  and c(1) into equation (8) gives the ground surface displacement. The 
displacement is actually the displacement spectrum as the calculation is implemented in fre-
quency-space domain in fact. The ground surface displacement in time-space domain, i.e., the re-
sponse of the media, is obtained by an inverse Fourier Transform as shown in Figure 2. 

2 Crustal anisotropy in North China 
2.1 Data and processing 

A great number of broadband mobile stations with high sensitivity have been deployed in 
NCC area in recent years, and thus large numbers of digital records offer an excellent opportunity 
to study the crustal anisotropy using receiver functions. Earthquake seismograms in this paper 
were chosen from data collected as part of the Northern China Interior Structure Project-II 
(NCISP-II) of broadband mobile stations. The records with good azimuth coverage collected from 
the 182 station (115.2°E, 39.1°N), the 184 station (115.1°E, 39.2°N), the 189 station 
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Figure 2 Reverberations in a flat-layered anisotropic medium (a). Left plot shows radial component 
and the right shows transverse component; the number at the start of a horizontal trace 
denotes corresponding back azimuth. P and PS show the direct P arrival and P to S con-
version, respectively. Velocity model used in producing Figure 2a (b). ϕ  and θ are the 
trend and plunge of the symmetry axis, respectively, and B and E show the anisotropy 
magnitude 

(114.6°E, 39.5°N) and the 194 station (114.1°E, 
39.7°N) were used in this study. The location of 
stations and the geologic background of the 
study region are shown in Figure 3. The four 
selected mobile stations distribute across the 
TMR, part of the Central Transform Zone, along 
the NW-SE direction. The Mesozoic depression 
basin (i.e., Erdos) and the Cenozoic rift basin are 
at the west and east of the study area, respec-
tively. 

According to the global earthquake catalog, 
we selected the records of seismic events with 
magnitude of Mb≥5.0 from September, 2001 to 
February, 2003. The records with clear phases 
and initial arrivals were chosen to compute the 
receiver functions. Some seismic event records 
with epicentral distance slightly higher than 90° 
or lower than 30° were also chosen because of 
the rare amount of events in some azimuths. 

The radial and transverse components of 
receiver functions were computed using the maximum entropy deconvolution method (WU et al, 
2003) and a Gaussian filter value of 2.5 (α =2.5) was used. In order to enhance the signal-to-noise 
ratio and make the azimuthal variation of receiver functions clear, we divided the back azimuth 
into 36 units by a 10° interval, and stacked the receiver functions at the same back azimuth range. 
Thus we got the patterns of receiver functions with an azimuthal variation at each station. 
2.2 Anisotropy and azimuthal variation of receiver functions 

A receiver function waveform is composed of an initial arrival with P polarity, the remainder 
of the waveforms consisted of S waves that converted from P waves at velocity contrasts in the 
subsurface and their multiple waves. In the absence of anisotropy or lateral heterogeneity, tele-

 

Figure 3 Geologic scheme of the study region 
and location of the four seismic sta-
tions (modified after Lu et al, 2008, 
Figure 3) 
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seismic converted S waves should remain in the source-receiver plane and have exclusively SV 
particle motion. Energy would then only be present on the radial component and there would be 
no waveform variation on the transverse component. The presence of lateral heterogeneity, such as 
dipping layers, or anisotropy will result in rotation of energy out of the source-receiver plane and 
conversions from P to both SV and SH particle motion. Except of some differences in details, ani-
sotropy and dipping layers yield similar influence on the receiver functions. When the dipping 
angle is small, anisotropy and dipping layers both yield patterns of receiver function amplitudes 
and arrival times that vary for different back azimuths with a symmetric or antisymmetric relation 
along 180° (Li et al, 2007). The waveform of receiver functions corresponding to the converted S 
waves exists double peaks because of shear wave splitting when medium presents anisotropy 
(TIAN et al, 2008), but no such phenomena for dipping layers. Distinguishing between dipping 
layers and anisotropy as explanations for systematic back azimuth variation of receiver function 
appearance is somewhat non-unique, although the differences between them in synthetic or theory. 
For simplicity, this study deals only with modeling of anisotropy in receiver functions. 
2.3 Example of crustal anisotropy inversion : 189 station 

Because of the numerous anisotropy parameters with tradeoff between each other during 
waveform inversion, the results will have a fair chance of unique. During the processing, to reduce 
the non-uniqueness of inversion, we give a primary model obtained by analyzing the arrival time 
and azimuthal variation of the main phases at first. In addition, some approximation and assump-
tions have been set before inversion, for example, we assume that the S wave anisotropy magni-
tude equals to the P wave; the ratio of vP/vS is 2.0 in surface layer, and 1.73 for lower layers; the 
density of different layers can be calculated by the formula (ρ =0.32vP+0.77), and so on. 

Among the four seismic stations used in this study, the receiver functions collected from 189 
station have the best signal-to-noise ratio with fair azimuth coverage and obvious transform am-
plitude. Thus we take 189 station for example to describe the procedure used to retrieve the crust 
anisotropy. The azimuthal variation of the radial and transverse receiver functions are shown in 
Figure 4a. The receiver functions have clear amplitude variations at 0 s, 1 s, 2 s, 3 s and 5 s, re-
spectively, and the first phase at 0 s is correlated with the initial P wave. According to crustal  

 
Figure 4 (a) Receiver functions obtained from records; (b) Synthetic receiver functions computed from 

the anisotropic model obtained by inversion; (c) Synthetic receiver functions computed from 
an isotropic model with the average velocity of the anisotropic model; (d) Crust velocity 
model from inversion. R means radial component and T transverse one 
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model presented by ZHENG et al (2006, 2007) and JIA and ZHANG (2005), there is a shallow 
layer about 2 km thick at the surface in TMR. Synthetic testing shows that the phases at 1 s and 2 s 
are not P-S converted waves but the multiple wave phases. For the amplitude polarity at 3 s and  
5 s are identical to the first arrival P-wave, we regard them as the P-S converted phases induced by 
velocity discontinuities at different depths, and the phase at 5 s is converted at the Moho disconti-
nuity. In one word, a three-layered model can be a fair approximation to study the anisotropy be-
neath the seismic station. 

The method of trial and error was used to retrieve the anisotropy parameters. A best fitted 
model was obtained as shown in Figure 4d and the synthetic receiver functions were shown in 
Figure 4b. For fully understanding the relationship between anisotropy and receiver functions, we 
created an isotropy model based on the average velocity of the anisotropy model as shown in Fig-
ure 4d and presented the synthetic receiver functions as shown in Figure 4c. After comparison of 
those figures, we can found that the anisotropy have noticeable influence on the receiver functions. 
The result, which is obtained based on waveform fitting using an isotropic model, would far from 
the real velocity model when existing significant anisotropy in the Earth. 
2.4 Inversion results 

We applied the same procedure, which is applied on 189 station, on the other stations, and 
finally obtained the crustal anisotropy parameters beneath the four seismic stations deployed at 
TMR in North China as shown in Table 1, as well as in Figure 5. 

 

Figure 5 Illustration of the anisotropic velocity model 
Gray areas show the layers with anisotropy and the numbers on them denote corresponding anisotropy parameters 
(plunge, trend) and magnitude 

Figure 6 shows the receiver functions from records (left) and from synthetics (right) with 
azimuthal variation of the other three stations excepting 189 station. The upper and lower figures 
are corresponding to radial and transverse components respectively. We can see that, there is sig-
nificant energy on the transverse component of receiver functions; in addition, patterns of receiver 
function amplitudes and arrival times on both radial and transverse components shows a system-
atic function of source-receiver back azimuth. The synthetic receiver functions computed for ani-
sotropic model can fit the pattern and its azimuthal variation well. For some azimuth range, there 
are some differences between the synthetic and observed, especially on the transverse component. 
It may be due to the low signal-to-noise ratio of the transverse component or the rough model that 
we used in this study. 

Our results indicated that there is significant anisotropy in both upper and lower crust. The 
surface layer at TMR in North China is approximately 1 km thick but has strong anisotropy. The 
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anisotropy magnitude of about 8%~15% was found in the upper crust with a slow axis and a 
smaller magnitude of about 3%~5% in the lower crust with a fast axis. 

 

Figure 6 Receiver functions from record (left) and the synthetics computed from the velocity model 
from inversion (right) 
(a) Station 182; (b) Station 184; (c) Station 194. R means radial component and T transverse one 

3 Discussion and conclusions 
Seismic data have collected in this study from 20 linearly aligned seismic stations, trending 

NW-SE, numbered from 181 (115.3º E, 39.0º N) to 200 (113.5º E, 40.0º N). Through the analysis 
of the preliminary treatment of the seismic data, only the four selected stations show significant 
anisotropy with simple flat-layered structure and used to invert the anisotropic structure beneath 
the stations. The receiver functions of the most of unselected stations, excepting the few with too 
low signal-to-noise ratio to identify the seismic signals, also show azimuthal variations in various 
degrees. However, because of the strong noise and/or the presence of both anisotropy and lateral 
heterogeneity, it is hard to simulate the waveform of receiver functions with anisotropic models 
straightly. 

The potential causes of crustal anisotropy are less straightforward. The sources of anisotropy 
may be one or both of the inherent anisotropy and induced anisotropy. The mineral grains with 
strong inherent anisotropy aligned along a predominant direction, due to the stress field and the 
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flow in the asthenosphere or mantle, present significantly anisotropy in large scale, as well as the 
aligned microcracks, perhaps developed due to a nonhydrostatic stress field. The strata composed 
of many thin isotropic layers, named thin interbedded formations; in sedimentary rocks also pre-
sent long-wavelength anisotropy. Moreover, the fluid, such as oil, gas and water in the micro-
cracks, and the changes of sedimentary environments could also result in relatively uniform seis-
mic anisotropy. 

The crustal anisotropy has distinct characteristics in different area with both lateral and verti-
cal variations because of the variety and complexity of anisotropy sources. Winterstein and 
Meadows (1991a, b) analyzed the data from Cymric, Railroad and Lost Hiccs Gap oil fields, and 
the results showed that orientation of symmetric axis and magnitude of anisotropy vary in differ-
ent depths from surface to hundreds of meters downward. Lynn (1991) and Savage and Silver 
(1993) both got similar results by separately analyzing the local test records or teleseismic records. 
There is obvious inconsistency of the symmetry axes’ orientations in different seismic stations, 
implying the different tectonic settings in a small local area, and in different depth, implying dif-
ferent formation mechanism and formation history of anisotropy. The TMR in North China has 
experienced many times of tectonic movements and the complexity of the crust structure may re-
sult in the difference in lateral and vertical. The inconsistency of our results deduced from the four 
stations also supports the above inference. 

We can get much more information about the crustal anisotropic structure by analyzing the 
azimuthal variations of receiver functions, and the results we got here also can be used to com-
plement and verify the results obtained by shear-wave splitting technique. The direction of fast 
axis and the delay time between the slow and fast shear wave can be obtained from teleseismic 
SKS wave splitting, and the source of anisotropy is generally regarded as coming from the mantle, 
while the contributions of the crustal anisotropy are ignored. However, the results from numerical 
simulation indicated that the crustal anisotropy may have strong effect on the mantle anisotropy 
parameters when using SKS wave splitting technique in some conditions, such as the directions of 
symmetry axis of the crust and mantle anisotropy are different from each other (Ruan et al, 2004). 
The presence of crustal anisotropy yield to the variety of the results obtained by various scholars 
or from different event record. Thus, we should consider both the contributions of crust and man-
tle anisotropy especially in North China where the magnitude of anisotropy is smaller than other 
areas. 

The method of studying crustal anisotropy by analyzing the azimuthal variation of receiver 
functions can be applied to the area with complex anisotropic structure, and can get the anisotropy 
parameters including the magnitude, orientation and depth of anisotropy. Using this method we 
investigated the crustal anisotropic structure beneath the four stations aligned across the TMR in 
North China. Significant anisotropy with a slow symmetry axis in the upper crust and with a fast 
symmetry axis in the lower crust is found from our results, and may be associated with the local 
crustal fabrics in a small area. Thus the results from shear wave splitting should consider the effect 
of crustal anisotropy in different depth. Because of the absence of events in some azimuth, the low 
signal-to-noise ratio records and the tradeoff among the anisotropy parameters, the result inverted 
from the waveform of receiver functions occasionally exhibits a problem of solution non-uniqueness. 
Our results may be not consistent with the real crust model in details, but provide the definite seismic 
evidence of the presence of anisotropy within the crust at TMR in North China. 
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