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Crustal Structure Beneath Korea Seismic Stations
(Inchon, Wonju and Pohang) Using Receiver function

4 a2 F/0 &5 #”
Kim, So Gu / Lee, Seung Kyu

Abstract

The broadband receiver functions are developed from teleseismic P waveforms recorded at Wonju(KSRS),
Inchon(IRIS), and Pohang(PHN), and are analyzed to examine the crustal structure beneath these stations.
The teleseismic receiver functions are inverted in the time domain of the vertical P wave velocity structures
beneath the stations. Clear P-to-S converted phases from the Moho interface are observed in teleseismic
seismograms recorded at these stations. The crustal velocity structures beneath the stations are estimated by
using the receiver function inversion method(Ammon et al., 1990). The general features of inversion results
are as follows: (1) For the Inchon station, the Conrad discontinuity exists at 17.5 Km(SW) deep and the
Moho discontinuity exists at 295 Km(NW) and 305 Km(SE, SW) deep. (2) The shallow crustal structure
beneath Wonju station may be covered with a sedimentary rock of a 3 Km thickness. The average Moho
depth is assumed about 33.0 Km, and the Conrad discontinuity may exist at 17.0 Km(NE) and 21.0 Km(NW)
deep. (3) For Pohang station, the thickness of shallow sedimentary layer is a 3.0 Km in the direction of NE
and NW. The Moho depth is 28.0 Km in the direction of the NE and NW. The Conrad discontinuity can be
estimated to be existed at 21.0 Km deep for the NE and NW directions.

key words : broadband receiver function, Ps conversion, Moho discontinuity
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margin of the Eurasian plate, has been regarded as a

I'. Introduction seismically stable land of cratonic nature. Modemn

The Korean Peninsula, which lies within the seismic activity in the Korean Peninsula is also
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in the

neighboring regions including China, Japan, and

relatively low in comparing to that
Taiwan. Up to the present, the deep crustal structure
study using seismic waves has not been carried out
by means of a seismic method up to date because of
the lack of earthquake data in Korea. Crustal
structure studies using travel time analysis of some
local earthquakes are performed by Kim and Kim
(1983), Kim and Lee (1994), and Chung (1995). The
investigation by explosive sources was carried
out(Kim and Jung, 1985, Kim and Lee, 1996).
However it is difficult to find consistency from their
crustal models. At present, we can get some
broadband teleseismic and deep focus events from
INCN station at Inchon, KSRS seismic array at
Wonju, and PHN(one of the Pacific Orient Seismic
Digital Observation Network(POSEIDON)) station at
Pohang(see Fig. 1). So we tried to study the crustal
structures using broadband teleseismic and deep
focus events of three stations(INCN, KSRS, and
PHN) which are located at Wonjulcentral part),
Inchon(central western part), and Pohang (south—
eastern part) in the Korean Peninsula.

Considerable interest in the structure of the crust
and upper mantle have been generated by the papers
of Helmberger and Wiggins (1971), Burdick and
Langston (1977), Langston (1977a, 1977b, and 1979),
Owens et al. (1984, 1987), Liu and Kind (1987),
Priestly et al. (1988), Owens (1987), Owens and
Crosson (1988), Ammon et al. (1939, 1990), Ammon
(1991), McNamara and Owens (1993), and Zhu et al.
(1995). Marc (1988) has used deep focus(focal depth
> 117 Km) events to study a lateral variation of
upper mantle structure beneath New Caledonia. The
models that have been proposed by these authors
show many similarities but differ substantially in
detail. It has been shown that the converted phases
can be used not only for determining the depth of
discontinuities in the earth, but also for investigating
their lateral fluctuations. A specific converted phase
within the body wave train is associated with a
specific interface and its time delay mainly on the
depth and structure of the interface underneath the
receiver.

The purpose of this study is to determine the
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vertical P velocity distributions beneath the
recording sites(INCN, KSRS, and PHN) by using the
receiver function inversion method proposed by
Ammon et al. {1990).

2. Broadband Teleseismic and Deep
Focus Events

We used the
recorded at the three stations. Fig. 1(upper figure)

broadband 3-component data

shows the seismic stations and teleseismic event
locations. The INCN station is one of the IRIS(The
Incorporated Research Institution for Seismology)
global seismic network which is equipped with very
broadband three-components STS-1 sensors and
recorded with a sampling rate of 20 sps(samples per
second). The KSRS seismic arrays are located at
Wonju in Korea, which is equipped with broadband
seismometer (model KS36000) of 20 sps. The PHN
station is one of the POSEIDON(Pacific Orient
Seismic Digital Observation Network), which is
equipped with broadband sensor and recorded with a
sampling rate of 10 sps. All seismograms are
broadband velocity recordings. For the Pohang
station, we tried to find some deep focus(depth=
440Km) like KSRS and teleseismic events to avoid
multiple phases in the source time function(Marc,
198%). Fig. 1(lower figure) shows the clusters of the
teleseismic data for stations INCN, KSRS and PHN.
The detailed parameters of the earthquakes are listed
in Table 1. Theoretical backazimuth and incidence
angle of the receiver area are calculated by using
EDABACID) software(Herrmann,1994).

The teleseismic P waveforms contain information
about near-source and near-receiver structure.
Using the method of Langston (1979), the source and
distance path effects can be removed from P
waveforms by deconvolving the vertical from the
horizontal components. The source-path equalized
waveform is called the receiver function and is most
sensitive to the P-to—S conversion from structures
beneath the recording sites(Owens et al, 1984), The
radial receiver functions are often modeled by
stratified
time-domain inversion technique(Owens et al., 1934,
Ammon et al., 1990). This method has been applied

horizontally velocity — structure using
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to numerous areas and is efficient in estimating the
velocity-depth  variation of the crust. Receiver
functions are extracted from the three-components
broadband recordings of teleseismic and deep
focus(only used for the PHN station) P waveforms.
The receiver functions obtained by deconvolving
method (Langston, 1979) are assumed to be free of
source, mantle-path, and instrument response effects.
The deconvolution is performed in the frequency
domain(Ammon, 1991) using a Gaussian filter width

of 40(INCN and KSRS stations) and 25(PHN

60"

station) and water—level (trough filler) of 0.001(INCN
and KSRS) and 0.01(PHN station) according to S/N
ratio and sampling rate, which produced stable
deconvolution. True amplitudes of receiver functions
are preserved in the deconvolution process. The use
of true amplitudes preserves information about the
shallow velocity structure (Ammon, 1991). The -
receiver functions have been extracted from many
events clustered in distance and backazimuth ranges.

These receiver functions are stacked to enhance

signal-to—noise ratio.

30°

-30°

30" 80" 90"

N

COVERAGE

KSRS
INCN
PHN(deep)

n0 0D

PHN(teleseismic)

Fig. 1. (upper) Map showing three stations(closed triangles) and teleseismic and deep
focus events(closed asterisks). INCN(IRIS station at Incheon), KSRS(at Wonju), and
PHN (POSEIDON station at Pohang) and (lower)teleseismic data coverage at Incheon,
Wonju, and Pohang stations. The size of symbol indicates a difference of event
magnitudes. Evenis used in stacked receiver functions are listed in Table 1. The

numbers are epicentral distances in degree.
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Table 1. Seismic parameters for teleseismic and deep focus events for receiver function analysis

Stations O.T.(UT) Distance BAZ Epicenter Depth Mag.
m/d/yr him:s (deg) (deg) Lat. Lon. (Km) (mb)
SE 8/16/95A | 10:27:28.60 50.10 143.20 -5.80 154.17 30.0 65
8/16/95B 23:10:23.90 50.20 143.00 -b5.77 154.34 33.0 6.2
SW 10/ 6/95 | 18 9:45.90 45.80 216.40 -2.09 101.41 33.0 5.8
INCN 3/17/95 8. 5:4850 48.20 209.10 -6.62 105.19 33.0 6.0
2/27/97A | 21: 8 2.40 48.60 279.20 29.90 68.10 6.0 6.5
NW 2/27/97B | 21:30:36.60 48.70 279.40 30.01 67.98 33.0 6.1
3/ 4/97 | 13: 3:47.00 48.30 278.20 29.36 68.82 33.0 59
NE 8/19/96 4:19:15.60 39.90 51.90 51.43 -178.45 33.0 57
8/31/96 | 20:47:23.00 40.00 51.90 51.41 -178.23 33.0 5.8
7/20/96B 7:41:15.40 76.50 128.10 -19.77 =177.77 365.0 b7
KSRS SE 8/ 5/96 | 22:38:22.10 76.70 129.20 ~20.61 -178.54 530.0 65
10/19/96 | 14:53:48.00 76.20 129.30 -20.29 -178.86 590.0 6.0
NW 2/27/97TA | 21: & 240 49.60 279.80 29.90 68.10 6.0 6.5
2/27/97B 21:30:36.60 49.70 280.00 30.01 67.98 33.0 6.1
NE 1/19/93 | 14:39:26.10 4.20 50.10 38.65 133.46 448.0 6.0
(deep.) 3/31/95 | 14: 1:40.00 5.00 62.60 38.21 135.01 354.0 6.0
PHN NwW 7/14/91 9: 9:11.90 46.40 288.50 36.33 71.11 212.0 6.4
(tele) | 10/19/01 | 21:23:14.30 220 271790 30.78 7877 100 65

% BAZ(backazimuth) are calculated by using EDABAC(I) software(Herrmann,1994).

Fig. 2 shows individual and stack radial receiver
functions for INCN(a), KSRS(b), and PHN(c)
stations. Ray parameter p(sec/Km) are indicated in
Fig. 2. All are plotted in the same scale. The Moho
Ps phases approximately 3.7 ~ 4.0 seconds after the
direct P arrival are shown for INCN and KSRS
stations. Two or three small converted Ps phases
between the direct P and the Moho Ps arrivals
indicate to exist many discontinuities within the
crust. Especially for the PHN station, we know that
the direct P phase lag(0.4 ~ 05sec) for the radial
receiver functions appeared. A shallow basin(< 5Km
deep) introduces a phase lag in the ﬁfst(Osec) pulse
in receiver functions, by interference between direct
P and phase conversions at the bottom of the
basin(Shechan et al, 1995). The phase delays are
seen for all records from the PHN station. We model
the radial receiver functions from the NW, SW, and
SE backazimuths for INCN

1sotropic and plane-layered crustal structure. For

station assuming

KSRS station, we model the radial receiver functions
from NW, SE, and NE backazimuths. For PHN
station, the radial receiver functions are modeled
from NW (teleseismic events) and NE(deep focus

events) backazimuths.
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3. A Priori Models at Stations INCN,
KSRS, and PHN

At first, we chose a priort model for each station
using the forward modeling technique proposed by
Langston (1977b). Fig. 3 shows the five models from
the previous studies in the Korean Peninsula. The
five velocity models are not well consistent in
and depths of the Moho
discontinuity. So we tested to fit the stack receiver

P-wave velocities
functions with the synthetics from the five models.
For the forward modeling, we used ray parameter
p=0.075sec/Km, water-level=0.001, and Gaussian filter
width=4.0 to generate the synthetic radial receiver
functions. Fig. 4 shows the synthetic radial receiver
functions for the five models. We can selected two
models(Model B and C) which are well fitting with
the Moho Ps phase arrival. We have also tried to
find more closed models for three stations by using
the selected two models. To determine the simple
initial model, we have compared observed relative
arrival times for corresponding phases with computed
ones for previous velocity models. We determined
three initial simple velocity models which consist of

a 4 or 5 layered structure from forward model tests.
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Fig. 2. Stacked and individual radial receiver functions for three backazimuths from
station INCN(a), KSRS(b), and PHN(c). Ray parameter p and events in computing each
stack are indicated. All are plotted in the same scale.
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Theoretical Radial Receiver Functions
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Fig. 4. The synthetic radial receiver functions using five' models of Figure 3. Among the
models, Model B and C are well fitted with a Ps—P arrival time of observed radial

receiver functions.

At last, we have selected three initial velocity
models for three stations in order to invert receiver
functions(see Fig. 5). For the INCN and KSRS
stations, we have taken the modified velocity model
from Model B, C in Fig. 3 which are well fitted with
the observed stack radial receiver functions. For
PHN station, the imtial model is made with a low
velocity layer at 8 Km deep. These three models are
used for inversions as the initial model for stations
INCN, KSR, and PHN.

4. Receiver Function Inversion Models

The stacked receiver functions were inverted
using the linearized time domain waveform inversion
method proposed by Ammon et al. (1990) of which
algorithms are improved with the modified fast
partial derivatives of Randall (1989) and included a
smoothness constraint on all the resulting velocity
models utilizing the "Jumping” inversion technique of
Shaw and Orcutt (1985).

inversion scheme of Ammon et al. (1990) consists of

The receiver function

a linearized-iterative, least-squares waveform fitting.
The algorithm has a merit in which computational
efficiency coupled with an implementation of
smoothness constraint allows more flexible models
and the methods are applied to minimize the energy
in the second difference of the model parameters. To
compute modeled receiver functions for a given

velocity structure, a technique based on propagator

48

matrix method is used(Kennett ,1983).
In this study, we assumed V,= V3 V., and

density p=0.32V,+0.77 (Berteussen, 1977), where
and V, (Km/sec)

and S-wave velocity assuming a

Ag/em) represents density, Vp

represent P-
Poisson's ratio of 0.25. We used a small amount of a
smoothness during inversions(smoothness parameter
o= 0.1 to 0.3). The earth structure is parameterized
by a series of plane horizontal layers which
parameterized a 0.5 Km thickness layer for shallow
structures(1.0 or 2.0Km deep), a 1.0 Km thickness
layer from 2 Km to 7 Km deep, and 2~4 Km
thickness layer below the depth of 7 Km for the
We generate 36 different initial
models from each initial model by perturbing them
with a cubic perturbation of 1.0Km/sec and 20%
1991). The

inversions quickly converge within five iterations.

three stations.

random component(Ammon et al,

We repeat inversions for each perturbed initial model
to find reasonable velocity model for the three
stations. The iterative procedure is used to minimize
the residuals between the observed radial receiver
functions and the synthetic model by a modelled
structure. Our Moho picks are based on the nature
of crust-mantle transition, i.e., the first increase in
velocity either sharply or with a gradient at
expected velocity for the Moho.

2 kA B3] R A4 45 2004 129



Radial Receiver Function(Stack. and Syn.)

1 O

Depth (Ka)

20 SwW

14
-]
I DL B

RO e arward ModelNCN)

ST MR SEN SR OO T WY
L

'3
n
7
0
2,
s @4
[- -

1 ] Py k3
so =2 w 8 E=3
P Vealoocity (Hm/ad

Depth (Knl
w
[*]
1 ! T I H I H

P IO AT O Y
4]
oI
]
o]
0
e
o

ao SV 210 .0
™NW 280 .0
Forward Mode(KSRS)
L] . Sy . o.0
i i R wd el L Ioas 1
so—3 u R 5 S 10 15 2s
P Valoocity (Km/ =]
- TIME IN SEC
Q Radial Receiver Function{(Stack. and Syn.)

O

20

Dapth (Kn)

3o
Forward Model(FHIN)

Qo

. l b 1 1

7 71T
|
2
m
33
iE

7
[}
a @
£
° N

3 i 1 —
S0 = L = S
F Velocity (Km/ s}

Fig. 5. {left) Velocity models from the forward modeling are indicated for stations INCN, KSRS,
and PHN from the top. Right figures indicate stack radial receiver functions and theoretical
receiver function calculated by using the left velocity models.

1) The INCN station

Fig. 6 shows final velocity models(SE, SW, and
NW  backazimuths) for INCN station. The stack
radial receiver functions of SE backazimuth can
show weak Ps phases. The Ps phases may indicate
that there is at least three discontinuities in the
crust. It is also difficult to discriminate the Moho Ps
phase because of weakness and unclearing. Fig. 6a
shows the final velocity model of SE direction of
which velocity model shows constant velocity from
the top to 95 Km deep and a gradient at 25~33 Km
deep. In this model, we can assume that the Moho
depth 1s 295 Km to infer the Ps-P time of 3.8 sec.
The main features of the velocity model of SW
direction are a velocity increase in the upper 4.5 Km,
a discontinuity at 12.5 Km deep, and a crust—mantle
transition between depths of 28.0 and 30.5 Km in Fig.
6b. The Moho Ps phase of radial receiver function in

SAFF &% T A2

1

2, A4

bl

the direction of NW is clear and strong as much as
one of SW direction. The velocity model of NW
direction indicates a upper crust of 4.5 Km thickness
and a crustal thickness of 295 Km (see Fig. 6c¢).

2) The KSRS station
Fig. 7 shows the final velocity models(NE, SE,

and NW backazimuths) for KSRS station. Fig. 7a
shows the final velocity model of NE direction of
which discontinuities can be seen a 2.5 Km deep, a
nearly constant velocity from 7.5 to 31 Km deep, and
a gradient at 31~35 Km deep. In this model, the
Moho depth is assumed to 330 Km. The main
features of the velocity model of SE direction are a
in the 3 Km, a
discontinuity at 17 Km deep, and a crust-mantle
transition between depths of 30.5 and 35 Km in Fig.
7b. The velocity model of NW direction can be seen

velocity — increase upper
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INCRN(NWY BAZ)

«0.1

0.5 -

Timel(sac)

INCRN(SW BAZ)

Time(sac)

INCN(SE BAZ)

Time{sac)

in the directions of NW(a), SW(b), and SE(c)

backazimuths from the top. Final(thick solid) P wave velocity model takes the mean of acceptable
inversion models(thin dashed) from many inversion models. (left) Receiver function waveform fit.
Thick solid line indicates a stacked radial receiver function and the shaded region represents the
synthetic radial receiver functions from acceptable inversion velocity models.

a upper crust of 3.0 Km thickness, a low velocity
zone(5.8~6.2 Kmy/sec) from 7 to 18 Km deep, and a
crustal thickness of 33.0 Km(see Fig. 7c).

3) The PHN station
Fig. 8 shows the final velocity models for NE and

NW directions under the
velocity model of the NE(deep focus) indicates a
sedimentary‘ layer of 3.0 Km thickness, a high
velocity layers at 3 Km and 7 Km deep, a low
velocity zone at 10 Km deep, a discontinuity at 21
Km deep, and the Moho discontinuity at 28 Km

deep(see Fig. Ra). For teleseismic events in the

Pohang station. The

direction of 280° backazirmuth, there is a sedimentary

50

layer of 3 Km thickness from the top, a high
velocity layer at 3~9 Km deep, a discontinuity at 21
Km deep, and the Moho discontinuity(Vp=7.9
Km/sec) at 28 Km deep in Fig. 8b. We notice that
the phase lag in the zero phase in receiver functions
is due to a shallow basin as shown in the studies of
the Colorado Rocky Mountain(Sheehan et al.,1995).
The geology of the Pohang(PHN station) area
consists of volcanic and sedimentary rocks, mostly
yvounger than the Cretaceous. It is possible that
deposits of thick sedimentary rocks occurred in the
Pohang area during the Quaternary deposits which
are the Alluvium and the Marine terraces(Lee and
Kim, 1990).
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shallow basin(Sheehan et al.. 1995).
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5. Result and Discussion

The stations INCN and KSRS are located in the
central part of the Korean Peninsula, and the PHN
station is located in the southeastern part of the
Korean peninsula. The geological structure of the
PHN station is different from the other stations. The
seismotectonics of the Pohang (PHN) area are the
Cenozoic depression and graben(Kim and Gao, 1995)
within the Kyongsang Sedimentary Basin. On the
other hand, the seismotectonics of Inchon(INCN) and
Wonju(KSRS) station include of the Kyonggi massif,
platforms of which the strike is NSO°E (Lee and
Kim, 1990).

From inversion results, we can estimate that the
Moho discontinuity exists at a 30.5 Km deep for the
INCN station and at 33.0 Km deep for the KSRS
station, and at 280 Km deep for the PHN station,
respectively. The model of the INCN station is
consistent the results from Kim and Kim (1983),
Kim and Lee (1994), and Chung (1995) for the Moho
depth. For the KSRS station, the depth of the Moho
discontinuity is consistent with Kim and Lee (1996).
The model of the PHN station is consistent with the
result from Kim and Jung (1995). The P velocities
increase from 1.8 Km/sec at surface to 54 Km/sec
at 3 Km depth which consists of sediments and
sedimentary rock. The inversion results from the
teleseismic events for NW backazimuth at the
shallow velocity structure(< 4 Km) are the same as
the result using deep focus events. All of the first P
arrivals are at the Pohang station are delayed 0.4
sec, and the direct P lags indicate the sediment
effects of a shallow basin(Sheenhan et al., 1995).
The upper crust high velocity zone at 4~5 Km deep
and the middle crust low velocity zone at 10 Km
deep are found in the directions of NE and NW
backazimuths at station PHN which coincides with a
study on the regional high gravity anomaly of +50~
+60mgal, whereas the Kyongsang basin has low
gravity anomaly of +20 mgal(Cho et al, 1996). Li
(1997) also determined the Moho depth as 295 Km
at the Pohang basin by means of 3-D seismic
tomography. He also demonstrated the high P-wave
velocity at about 4 Km and the low velocity layer at
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10 Km in his study. This is very agreeable with our
results from the receiver functions. The waveform
fit residuals for each station are taken with less than
4% for rms errors in this study like previous
ones(Kim and Lee, 1996).
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