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S-wave velocity structure beneath Changbaishan  
volcano inferred from receiver function∗ 
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Abstract  The S wave velocity structure in Changbaishan volcanic region was obtained from teleseismic receiver func-
tion modeling. The results show that there exist distinct low velocity layers in crust in volcano area. Beneath WQD station 
near to the Tianchi caldera the low velocity layer at 8 km depth is 20 km thick with the lowest S-wave velocity about 2.2 km/s. 
At EDO station located 50 km north of Tianchi caldera, no obvious crustal low velocity layer is detected. In the volcanic re-
gion, the thickness of crustal low velocity layer is greater and the lowest velocity is more obvious with the distance shorter to 
the caldera. It indicates the existence of the high temperature material or magma reservoir in crust near the Tianchi caldera. 
The receiver functions and inversion result from different back azimuths at CBS permanent seismic station show that the 
thickness of near surface low velocity layer and Moho depth change with directions. The near surface low velocity layer is 
obviously thicker in south direction. The Moho depth shows slight uplifting in the direction of the caldera located. We con-
sider that the special near surface velocity structure is the main cause of relatively lower prominent frequency of volcanic 
earthquake waveforms recorded by CBS station. The slight uplifting of Moho beneath Tianchi caldera indicates there is a 
material exchanging channel between upper mantle and magma reservoir in crust. 
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1 Introduction  

Changbaishan Tianchi volcano is located on the 
border between Jilin province, northeastern China and 
North Korea. In recent 1 000 years Changbaishan vol-
cano erupted several times and the eruption around 1200 
is considered to be one of the largest eruption in the 
world since the last 2000 years. According to historical 
records and geological investigation, two small to me-
dium-sized eruptions occurred in 1668 and 1702 and a 
small-scale phreatomagmatic eruption occurred in 1903 
in Changbaishan volcano (Liu et al, 1992; Wei et al, 
2004). Several studies show that Changbaishan volcano 
still has eruption danger (e.g., Liu et al, 1992). 

Changbaishan volcano is one of the several volca-
noes that might be related to the deep earthquake zone 
in the world. In the east of Japan Island, the Pacific plate 
is subducting along the western Pacific margin at the 
speed of 9.5 cm/a, and forms a 1 100 km wide seismic 
zone from Japan Island to Hunchun and Mudanjiang 

                                                        
∗ Received 12 May 2009; accepted in revised form 14 July 2009; pub-

lished 10 August 2009. 
 Corresponding author. e-mail: wjpwu@cea-igp.ac.cn 

region in Northeast China. The nearest distance from 
Changbaishan to the deep seismic zone is about 260 km. 
Figure 1a shows epicentral distribution of earthquakes 
with magnitude larger than 5.0 reported by 1964−1998 
ISC Bulletins and 1999−2003 China Seismic Network 
Bulletins. Figure 1b shows the distribution of focal 
depths along longitude. The figure clearly shows that the 
western Pacific plate is subducting westwardly with the 
angle of approximately 30°, and reaches to 600 km 
depth beneath Chinese mainland. Along oceanic plate 
subduction zone, it often forms a volcanic island arc 
mostly 150−200 km away to the subduction trench. The 
magma is mainly generated by partial melting caused by 
dehydration of subducted lithosphere which may lower 
the solidus temperature of overlaying rocks. The vol-
canic isotope studies in Changbaishan shows that al-
though quite different from volcanic island arc, volcanic 
magma in this region is obviously affected by subduc-
tion of oceanic crust (Xie and Wang, 1988; Liu et al, 
1998). 

According to the seismic data recorded at station 
CBS, the seismicity in Changbaishan volcano increased 
significantly from 2002 to 2005 (Figure 2). GPS meas-
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urement and leveling results show obvious horizontal 
expansion and surface uplifting during that period. 15 

temporal seismic stations were deployed to monitor 
seismic activity in Changbaishan volcano in summer 

 
Figure 1 Map of west Pacific Benioff seismic zone and location of Changbaishan volcano. (a) Distribution of 
epicenters with magnitude larger than 5.0; (b) Distribution of focal depths and location of Changbaishan volcano. 

 
Figure 2 Map of seismicity in Changbaishan Tianchi volcano. (a) Magnitude-time diagram observed by CBS 
station; (b) Monthly number of earthquakes recorded by CBS station. 
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seasons from 2002 to 2005. A lot of micro-earthquakes 
were detected by the temporal seismic network (Wu et al, 
2005, 2007). The temporary seismic stations also re-
corded many teleseismic events, which provide us an 
opportunity to study deep velocity structure in Chan-
baishan volcano region 

In recent two decades, receiver function has been 
widely used in investigation of crust and upper mantle 
velocity structure (Owens et al, 1984; Liu et al, 1997; 
Wu and Zeng, 1998, Wu et al, 2001). Receiver function 
is sensitive to vertical velocity variation, especially to 
the low velocity caused by partial melting or high tem-
perature in crust. For example, Darbyshire et al (2000) 
found an extremely S-wave low velocity layer (2.0−2.5 

km/s) at 10−15 km depth in crust beneath Krafla volcano 
in northeastern Iceland. Hetland et al (2004) studied the 
S-wave velocity structure in Changbaishan and its sur-
rounding region by using receiver function method, and 
found low velocities in the middle crust in the region of 
the main volcanic edifice. However, only one seismic 
station with distance less than 40 km from Changbaishan 
Tianchi volcano was used in their study, the detail varia-
tion of S-wave velocity in volcanic region was not ob-
tained. In this paper, teleseismic data from ten temporal 
seismic stations and one permanent seismic station de-
ployed in volcanic region were used to study S-wave 
velocity structure in Changbaishan volcanic region. 

2 Data and method 
In summers of 2002, 2003 and 2005, 15 mobile 

broadband seismometers were deployed in Chang-
baishan Tianchi volcano (Figure 3) to monitor volcanic 
seismic activity. Each mobile seismograph has three 
component sensors (BKD-2) and one 24-bit data logger 
(ACE-1). Seismometer has a relatively flat response to 
ground velocity within 0.05−30 Hz frequency band. 
Each channel records in 125 samples per second and 
uses GPS receiver for timing. Due to the steep terrain, 
forests cover below 2 000 m in elevation and the border 
between two countries, temporary seismic stations were 
mainly deployed along roads in three places, the north, 
east and southwest areas of Tianchi volcano. Most of 
stations were located within 5 km away from the bound-
ary of Tianchi Lake, only 3 to 4 stations were deployed 
15 km away from the eastern boundary and EDO station 
was deployed 50 km away to the north of the caldera. 
The permanent seismic station CBS in Changbaishan 
volcano was deployed in July 1999. The seismograph 

has flat responses to the ground motion velocity from 
0.05 to 20 Hz and uses GPS receiver for timing. Tempo-
rary station HSZ is located in the same cave as station 
CBS.  

 

Figure 3  Topographic map of the Changbaishan volcano 
showing locations of seismic stations (solid triangles) and 
epicenters (open circles) near the caldera. The level contours 
are shown for every 400 m.  

During temporal seismic monitoring period many 
teleseismic events were recorded by broadband seis-
mometers. Figure 3 shows seismic stations and Figure 4 
shows the epicenters of earthquakes used in this study. 
In calculation of P wave receiver function, the vertical 
component is considered as the original wave, which 
contains the effect of source and travel path. The re-
ceiver functions are obtained by the deconvolution of 
vertical component from radial and transverse compo-
nents. The receiver function largely eliminates the in-
fluence of source time history and travel path, and it is 
very sensitive to the P-S converted waves in the velocity 
structure beneath the station. Many methods are devel-
oped to solve the problem of the instability of deconvo-
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lution in calculating the receiver function. In order to 
solve this problem in frequency domain, the ‘water 
level’ is usually introduced to eliminate the instability of 
the spectrum division. In this paper, we choose maxi-
mum entropy spectrum deconvolution method to calcu-
late the teleseismic receiver function (Wu and Zeng, 
1998). Figure 5 shows individual receiver functions and 
stacked receiver functions of WD1 station. 

The reflectivity method (Kennent, 1983) is used to 
calculate synthetic receiver function. The differential 
seismograms were calculated by changing S-wave ve-
locity in the same layer with difference of 0.005 km/s. 
The layer thickness is fixed to 2 km in crust and upper 
mantle beneath the seismic station, except 1 km thick in 
first two layers near surface. Both S-wave velocity and 
vP/vS are estimated in receiver function waveform fitting. 
The vP/vS in each layer is constrained within 1.6−2.1. 
The density ρ is calculated using the empirical formula 

 

Figure 4 Epicenters of seismic events used in this study. 
Solid circles denote earthquakes recorded by CBS station 
during 2002−2005. Solid rectangular represent events 
recorded by temporal seismic stations.  

 

Figure 5 Stacked receiver functions of WD1 station calculated from events with similar distances. 
(a) Receiver functions from events around 47° distance; (b) Stacked receiver function. 

ρ=0.32vP+0.77. By introducing the smooth limitation of 
model and trade off between waveform fitness and 
smooth of model, the reasonable S wave velocity struc-
ture can be obtained.   

3 Results 
Figure 6 shows the S-wave velocity structures be-

neath seismic stations and the synthetic waveforms best 
fitting the data. At WQD station, the S-wave velocity 

decreases obviously at 8 km depth, and the lowest ve-
locity is about 2.2 km/s at 16 km depth. The thickness of 
this low velocity layer reaches about 20 km. Similar to 
the WQD, the S-wave velocity structure at all other 
seismic stations near to Tianchi caldera, such as HSZ, 
WD1,WD5 and WD3, shows distinct low velocity layer 
in crust, although the thickness and the lowest value are 
slightly different. At WD6 and WD8, S-wave low veloc-
ity layer is not obvious in crust. Beneath the EDO sta-
tion, about 50 km north to Tianchi caldera, no obvious 
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low velocity appears in crust. Beneath stations SM2 and 
SMB at east of the caldera the shallow S-wave velocity 
is relatively lower, but no obvious low S-wave velocity 
layer is found in crust. The Moho beneath seismic sta-
tions near caldera shows a smooth velocity gradient 
zone, not a sharp discontinuity. 

CBS is the only permanent seismic station near 
Changbaishan volcano before 2007. Since established in 
1999, many teleseismic events have been recorded by 
the station. Figure 7 shows the receiver functions at dif-
ferent back azimuths. It can be seen that receiver func-
tions change obviously with back azimuth. At ~200° 
back azimuth, a clear phase with positive amplitude fol-
lows just after the direct P wave and forms a V-shape on 
both sides. It indicates that there is an obvious shallow 
velocity interface in south of the station, and the depth 

of the interface decreases in both sides. The phase ar-
rived at 5 s after direct P wave is corresponding to con-
vert P-S wave at Moho. It is clear that the smallest rela-
tive arrival time of this phase appears around back azi-
muth of 200°. It indicates that Moho interface uplifts 
slightly in that direction. In the crust, there are two ob-
vious sets of positive phases in receiver functions. The 
relative arrival times are also early in south than that in 
north, which indicates the interfaces within crust slightly 
uplift in south. Within 160°−230° back azimuth direc-
tions, the amplitude of receiver functions is mainly 
negative before the arrival of P-S converted wave at 
Moho. It may be caused by either the shallow low ve-
locity layer or the low velocity layer in the middle crust. 
It is difficult to distinguish them only from waveforms.  

 

Figure 6 Receiver functions and S-wave velocity structures beneath seismic stations. (a) Observed (black solid lines) 
and synthetic (dashed lines) receiver functions; (b) Inverted S-wave velocity structure for different seismic stations.  

We select 22 receiver functions from different di-
rections to estimate horizontal variation of velocity 
structure in crust. In each direction, receiver functions 
with similar epicentral distances are stacked to form the 
averaged receiver function to improve the signal-to- 
noise ratio. Considering the possible large velocity 
variation near surface, the medium from the surface to 4 
km depth is divided into eight layers, the thicknesses are 
0.1, 0.2, 0.3, 0.4, 0.5, 0.5, 1.0 and 1.0 km, respectively. 
Below 4 km depth, each layer is 2 km thick. 

Figure 8a shows the comparison between observed 
and the synthetic receiver functions at different back 
azimuth directions. Each observed receiver function is 
well fitted. Figure 8b shows the inverted S-wave veloc-
ity models. At 150°−240° back azimuth, the near surface 
low velocity layer is about 4−5 km thick. The thickness 
of shallow low velocity layer in direction of east and 
west is much thinner, about 1 to 2 km thick. All inver-
sion velocity models at different back azimuths contain 
obvious low velocity layer in crust at CBS station. The 
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lowest S-wave velocity of the layer appears in south 
direction. The horizontal range of low velocity body is 
larger at 12−22 km depth and much smaller at shallow 
depth. The top depth of the low velocity body is about 9 

km at back azimuth of 180°, and gradually increases to 
both sides. The depth of Moho shows a similar charac-
teristic, shallower in south and deeper in both sides. This 
result is consistent with the conclusion of slightly uplift 

of Moho from waveform analysis of receiver functions 
in different directions. It needs to point out that although 
the observed receiver functions in different directions 
can be fitted properly, the inversion method is still 
one-dimensional. The more reliable inversion results 
need to use forward calculation based on three 
-dimensional structure, but such methods may still have 
difficulties by lack of enough information. 

 

Figure 7 Receiver functions from different back azimuth directions at CBS station. Gray areas 
represent positive phase. Solid lines are drawn manually to highlight the time shift trends of phases. 

3 Discussions 
Overall, the low velocity layers in the crust are 

widespread near Changbaishan volcano, the thickness of 
low velocity layers increases and lowest velocity de-
creases with shorter distance to the caldera. Tang et al 
(2001) found two high conductive bodies at depths of 
12−40 km in north and east of the Tianchi lake. Zhang et 
al (2002) considered that the low P wave velocity 
magma system in crust can be divided into three depth 
levels from seismic sounding investigation. The largest 
one is located in 9−15 km depth with 90 km long in 
north-south and 30 km wide in east-west, which is con-
sidered as main layer storing magma. The lowest 
P-wave velocity is about 4%. This result is consistent 
with S-wave velocity structure beneath seismic stations 
near the caldera inferred from receiver functions. The 

differences are that the anomaly amplitude and thickness 
of S-wave low velocity layer is much larger and the dis-
tribution range is smaller than that obtained from seis-
mic sounding. Compared with the P-wave velocity, S 
wave velocity is more sensitive to the melt or partial 
melt bodies in crust. The larger thickness and lower 
S-wave velocity layer in crust near the caldera indicate 
that high-temperature magmatic material or magma res-
ervoir may be still concentrated near the caldera, and its 
top is at 8−9 km depth. 

The receiver function inversion result from differ-
ent back azimuth directions shows great change of 
thickness of shallow low velocity layer, thicker in south 
and thinner in other directions. CBS station is located 
nearby a canyon which is starting at the caldera in south. 
The result indicates the sediment layer or low velocity 
fault zone along the canyon dips to the caldera. In 
analysis of volcanic earthquake types, we find many 
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earthquakes occurred near the caldera having rich low 
frequency components at CBS station, the spectrum and 
waveforms are much like those of hybrid events or 
long-period events. But in other seismic stations near 
caldera, the seismic waveforms usually have similar 
characteristics as that of volcano-tectonic events. We 
think such phenomena at CBS is mainly caused by wave 
propagation effects in special velocity structure. For the 
CBS station, the recorded seismic waves from events 

occurred near in caldera usually propagate along canyon. 
If seismic waves have proper incident angles, the guide 
waves in fault zone or reverberation in thick low veloc-
ity sediment layer in south can be generated, which may 
enrich the low frequency components in seismic records. 
Therefore, if the seismic records at CBS station were 
used to analyze the type of volcanic earthquakes, such 
effects should be considered. 

 

Figure 8 S-wave velocity structure at different back azimuth at CBS station. (a) Observed receiver functions 
(black lines) and synthetic receiver functions (red lines). (b) S-wave velocity structure in different back azimuth. 

The Moho depth inverted from receiver function in 
different back azimuths at CBS shows about 4 km uplift 
in south direction (Figure 8b). If the crust thickness is  
38 km, and epicentral distance is 30°−70°, the horizontal 
distance between CBS station and converted point of 
P-S at Moho interface is about 7−10 km. Considering 
the smooth velocity gradient in the crust-mantle transi-
tional zone, the average depth of converted points 
should be less than 38 km, so the horizontal distance 
between the CBS station and converted point may be 
within 6−9 km. CBS station is located 4 km away from 
the north side of the caldera. For the receiver functions 
in 160°−230° back azimuth directions, the P-S con-
verted points at Moho are located at the central or 
southern edge of the caldera. That means a local Moho 

uplift is located just beneath Tianchi caldera. It is dif-
ferent from results of seismic sounding (Zhang et al, 
2002) and averaged receiver function inversion at dif-
ferent seismic stations, which considered Moho depth is 
the largest beneath Tianchi volcano. We consider that 
under the background of Moho depth gradually in-
creases with shorter distance to the caldera, the Moho 
uplifts locally beneath the caldera. Considering the ex-
istence of smooth S-wave velocity gradient near the 
Moho and low velocity layer in crust in volcano region, 
we conclude that the local uplift of Moho beneath the 
caldera is related to mass exchanging channel between 
crust and upper mantle. 

S-wave velocity structure from different stations 
shows there exist thick and distinct low velocity layers 
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in crust near Tianchi caldera. Attenuation study shows 
that Qc value is lower near the central area of the vol-
cano, and relatively higher in the outskirts in Chang-
baishan (Wu et al, 2006). Considering the presence of 
high conductive bodies beneath the area from MT inves-
tigation (Tang et al, 2001), surface horizontal expansion 
and vertical uplifting from GPS measurement and lev-
eling (Cui et al, 2007), and high seismicity centered at 
the caldera during 2002−2005 (Wu et al, 2005, 2007; 
Ming et al, 2006, 2007), we consider that the low veloc-
ity layer near the caldera is caused by the high tempera-
ture medium related to the magma chambers.  

4 Conclusions 
The low S-wave velocity layer widely exists in 

middle crust near Tianchi caldera. The thickness of low 
velocity layer in Changbaishan region usually increases 
with shorter distance to Tianchi caldera. The velocity of 
LVL decreases apparent near the caldera. Beneath WQD 
station, the low S-wave velocity layer is at 8−9 km depth 
with thickness of 20 km. The lowest S-wave velocity is 
about 2.5 km/s. The obvious low velocity structure in 
crust near the caldera may be related to high temperature 
material or partial melt magma reservoir. 

Beneath CBS station, the thickness of low velocity 
layer near surface changes significantly for different 
back azimuths, with 4−5 km thick in south and 1−2 km 
in northeast. The changes of thickness of the low veloc-
ity layer near surface may be related to the shallow fault 
zone. Thick low velocity layer in south direction may be 
the main cause of relatively lower prominent frequency 
of volcanic earthquake waveform recorded by CBS sta-
tion.  

The Moho uplifts slightly beneath the caldera under 
the background of Moho depth gradually increase with 
shorter distance to the caldera. Considering the exis-
tence of low velocity layers in crust near the caldera and 
other geophysical investigation results, we conclude that 
there may exist a material exchange channel between 
upper mantle and magma reservoir in crust. 
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