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SUMMARY

I. Title:
Improving Earthquake Locations in the Korea Peninsula

Using Station Correction Terms and Waveform Similarity Measurements

II. Necessity and Objectives of the Study

Earthquakes can cause large economic and social damages, although their
duration time is relatively short in the source. It is well known the earthquake and its
related phenomena are the most devastating hazard factors in the earth. During the
past century, the earth repeatedly experienced earthquake damages. The 1976 Tanshan,
China, earthquake were blamed for more than 250,000 death (official estimates). The
magnitude 7.2 Kobe, Japan, earthquake in January 1, 1995, caused more than 10 billion
US dollars of economic damage. In this century, the magnitude 9.0 greate earthquake
and tsunami in December 2004 in Southeast Asia caused more than 300,000 death and
5,000,000 victims. The Haiti earthquake occurred at the region of relatively low
seismicity region to cause more than 150,000 deaths and 5,000,000 victims. Most
recently, we witnessed a great earthquake in the Tohoku region of Japan. Extremely
serious concern has been raised after the magnitude 9.0 earthquake because the event
was accompanied by the devastating tsunami and radiation leakage accident at the
nuclear power plant.

Determination of earthquake source parameters (earthquake locations and origin
times) is a routine once earthquake occurs. Temporal and spatial distribution of
earthquake parameters and their relation with the subsurface geological structures
provide fundamental information for studies of seismic hazards, earthquake hazard
mitigation plan, subsurface velocity structure and others. Precise determination of
earthquake parameters, thus, is the first step before any seismological studies.
Earthquakes can be mislocated due to poor phase arrival readings, errors in the
velocity model, bad station distributions, and inefficient location algorithms. Poor phase
picking and lack of information on the velocity structure are the major source of
errors in the earthquake location. Current study addresses the improvement of
earthquake locations when proper velocity models for the study area are not available.
In the earthquake early warning for seismic hazard mitigation effort, the rapid
determination of earthquake location is crucial. The study also addresses the feasibility
of rapid earthquake location under the current configuration of seismic network and
the warning time for potential earthquakes in Korea. Results of the study, improving

earthquake locations and faster location determinations, provide basic information for
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detailled studies of seismology and seismic hazard mitigation for the potentially
disastrous earthquakes.

HOI. General Scope of the Study

Earthquake location is the first routine as soon as we notice an earthquake. Most
earthquake-related researched including, but not limited to, seismic hazard estimation,
earthquake hazard reduction efforts, subsurface structure and focal mechanism studies,
start from the reliable earthquake hypocenters. Thus, determination of precise
earthquake location is the first priority task in seismological studies. Although the
distribution of earthquake hypocenters announced by Korea Meteorological
Administration (KMA) seems random and spread over wide area in the Korea
peninsula, many earthquakes repeatedly occur in a small area to form a few high
seismicity region. The observation is consistent with our understanding in which
earthquakes occur along an existing weak zone. This observation also implies that the
current seismicity can provide a crucial information to define any areas to nucleate
large earthquake and their magnitudes.

Assuming there are errors in the P- and S-waves velocity models and
estimations of arrival times, we tried to improve the relative earthquake locations
using the station correction terms and waveform similarities. Both methods can be
applied to spatially clustered earthquakes. Joint Hypocenter Determination Method
(JHD) adopts station correction terms to compensate the discrepancies between the
velocity model and the real earth structure along the ray paths. In the relative
earthquake location method using the waveform similarity, it is used that the
waveforms are similar when two earthquakes share the ultimately same travel path
from sources to receivers. Assuming the focal mechanisms are the same, the
difference in the waveform is simply represent the distance between the two events.
Generalizing the observation enables a cluster of earthquakes occurring very close to
each other to locate precisely.

We showed it is not always possible to relate surface fault traces and seismicity
in Korea as we have shown by analyzing the 2007 magnitude 4.8 Odaesan earthquake
sequence. During the study, we detected micro—earthquakes before and after the
Odaesan main event. We defined a completely different fault geometry from the
previously accepted one based on surface geology observations. Results of the study
concluded that it is necessary to confirm the fault geometry using not only surface
observations bhut also precise earthquake hypocenters.

Rapidity matters in the earthquake early warning (EEW). The location of
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potentially hazardous earthquakes can be quickly estimated from the arrival times of
the P-waves at just two stations and the lack of arrivals at other nearby stations. We
explored the feasibility of EEW with rapid determination of earthquake hypocenters
and earthquake warning time for potential large earthquake occurring in the Korea
National Seismic Network operated by KMA.

IV. Results of the Study

A moderate-sized earthquake (ML 4.8) occurred in the mid-east Korea Peninsula
on 20 January 2007. It was the largest inland earthquake to occur there since the
inception of a modern seismic observation system. Although only four aftershocks
were noticed in previous studies, a careful review of continuous data revealed that the
main event was accompanied by at least 74 micro foreshocks and aftershocks. A
subset of 25 events was selected for further analysis to determine precise earthquake
locations, focal mechanism solutions, and the current status of regional tectonic stress,
as well as to answer questions raised about the sequence. Earthquake hypocenters
were seen to be more clustered after the HypoDD relocation. A source radius of 1 km
for the main event was estimated based on the distribution of precisely determined
aftershock locations. Focal mechanism solutions of larger events in the sequence
suggest either a left-lateral strike-slip fault trending WNW-ESE or a right-lateral
strike slip fault trending NENSWS as the responsible structure. Although the
Woljeongsa Fault striking NENSWS in the local geological map matches one of the
proposed trends, precise earthquake relocation results gave a contradictory result,
showing that a previously unknown WNWESE striking fault was responsible for the
earthquake sequence. We also observed an unusual lack of large-magnitude
aftershocks, a relatively large stress drop during the main event, and no previous
earthquake record in the region. Observations made in the study consistently indicate
the sequence nucleated along a less—developed fault. Focal mechanism solutions
suggest the current status of tectonic stress governing earthquake generation in Korea
1s ENEWSW compression and NNWSSE extension.

A cluster of micro-earthquakes in the transition zone between the continental
and oceanic crust in the East Sea was relocated using the Joint Hypocenter
Determination (JHD) method. In order to increase the number of available earthquakes
and to take advantage of the high detection capability of the Korea National Seismic
Network (KNSN), continuously recorded seismic data were reviewed to identify 56
micro—earthquakes occurring in a 20 km x 20 km region. The initial earthquake
hypocenters were determined using a routine single event location method. Single

event locations do not reveal any significant structures in the study area. After
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relocating the earthquake hypocenters using the JHD technique, the earthquakes were
clustered and four potential faults responsible for earthquake generation in the
subsurface were delineated. They are defined by two sub-vertical and two steeply
south—dipping seismicities located next to each other.

The fundamental purpose of an earthquake early warning (EEW) system is to
provide an advance warning/alarm of strong ground shaking from large earthquakes
that will help to mitigate earthquake damage. To accomplish this goal, both the
location and the size of an earthquake must be automatically estimated as rapidly as
possible, i.e. essentially in real-time. Given a sufficiently dense seismic array, such as
in Korea, we have shown in a previous investigation that the location of potentially
hazardous earthquakes can be quickly estimated from the arrival times of the P-waves
at just two stations and the lack of arrivals at other nearby stations. Size, however,
1s difficult to estimate in a real-time environment where the implicit constraint is to
use only several seconds of P-wave data to estimate earthquake source parameters.
However, it is possible to predict the intensity of strong ground shaking from the
damaging S-waves from the intensity of the observed P-waves. Here we investigate
two methods for the rapid estimation of shaking intensity using the data from
broadband sensors in the Korean seismic array. There is good agreement between
methods for smaller events up to Mb.2 but extrapolating the results to larger
magnitudes is problematic; one method, however, may have an advantage in an EEW
system.

Teleseismic events are used to obtain shear-wave velocity models beneath the
stations of the Yellow Sea Broadband Seismic Network (YSBSN). Some stations are
located on top of either a thick sedimentary basin or highly porous volcanic rocks and
receiver functions at these stations exhibit prominent high—amplitude and long-period
reverberations which obscure the subtle phases associated with deeper structures. Due
to the shallow subsurface effects in receiver functions, shear-wave velocity models
beneath only 8 broadband seismic stations are successfully inverted. Depth to the
crustmantle transition (the Moho) varies from 30 to 38 km beneath YSBSN stations.
The thickest crust is observed beneath the station JNN in China, which is attributed
to the ancient collision boundary between the North China block and the South China
block. Although general increase of the crustal thickness from north to south in Korea
1s observed with high confidence, it is not possible to delineate the location of
potential collision boundary in the southern Korea peninsula, which would require
wider coverage by broadband seismic instruments to resolve.

The Taipei basin, historically low in seismicity, is located in northern Taiwan. A

dense broadband seismic array was deployed in the basin in June 2004 to monitor
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seismic activity. During the period of operation, three felt earthquakes occurred near
the eastern part of the Taipel basin, about 3 km to the south of Taipei 101 then the
tallest building in the world. Relocated earthquakes show a southeast-dipping
distribution of hypocenters beneath the Taipei basin. The seismicity pattern and focal
mechanisms of the three felt events suggest the existence of a blind normal fault
whose surface projection is along the river channel in the middle of the basin.

Site characteristic 1s an Important input parameter in the geologic hazard
assessments including, but not limited to, earthquakes, liquefaction and landslides.
Although it is a routine to use data collected by boreholes or seismic prospecting for
site classifications, we used indirect methods using the geologic and the topographic
maps. A site classification map in the Gyeongsang Province has been produced by
GIS tools based on geologic age, rock types, and elevations from the geologic map
and the topographic map of Korea. Site B (rock site) is dominant in the study area,
although softer soils are observed along rivers and in reclaimed lands. We have found
that 73% of the site classification results in the study are in concordance with those
obtained from borehole data. Observed discrepancies are attributed to errors in the
geologic and the topographic maps. For some sites, the origin of the differences is not
clear, which requires a further field study or a drilling. Site classification from this
study provides essential information for reliable hazard assessments of earthquakes,
floods, landslides and liquefaction. Results obtained in the study also play a crucial
role in land use planning for developing areas.

Site conditions affect the magnitude of loss due to geologic hazards including,
but not lLimited to, earthquakes, landslides and liquefaction. Reliable geologic loss
estimation system requires site information which can be achieved by GIS-based
method using geologic or topographic maps. Slope data derived from DEM can be an
effective indicator for classifying the site conditions. We studied and discussed the
effect of different DEM resolutions in the site classification. We limited the study area
to the south-eastern Korea and used two different resolutions of DEMs to observe
discrepancies in the site classification results. Largest discrepancy is observed in the
areal coverage of site class C (very dense soil) and E (soft soil). Comparison of
results shows that more areas are classified as site class B (general rock) or E (soft
soil) when we use higher resolution DEM. The comparison also shows that more
areas are classified as site class C (very dense soil and soft rock) or D (stiff soil)
using lower resolution DEM. The comparison of results using resampled DEMs with
different resolutions shows that the areal coverage of site class B and E decreases
with decreasing resolutions. On the contrary, areal coverage of site class C and D

increase with decreasing resolutions. It is also shown 74% of site classifications
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determined by borehole data agrees with the site classification map using the high
resolution DEM. Loss estimation system can take advantage of higher-resolution
DEMs in the area of rugged or populated to obtain precise local site information.
Regionally varying seismic hazards can be estimated using an earthquake loss
estimation system(e.g. HAZUS). The resulting estimates for actual earthquakes help
federal and local authorities develop rapid, effective recovery measures. Estimates for
scenario earthquakes help in designing a comprehensive earthquake hazard mitigation
plan. Local site characteristics influence the ground motions ensuing from earthquakes.
Realistic loss estimates can be obtained using a site classification map, which
faithfully portrays the characteristics of the shallow subsurface. We estimated the
losses due to a magnitude 6.7 scenario earthquake in Gyeongju, with and without a
site classification map. Significant differences in loss estimates were observed. The
loss without the site classification map decreased without variation with increasing
epicentral distance, while the loss with the site classification map varied from region
to region, due to both the epicentral distance and local site effects. The major cause
of the large loss expected in Gyeongju is the short epicentral distance. Pohang
Nam-Gu is located farther from the earthquake source region. Nonetheless, the loss
estimates in the remote city are as large as those in Gyeongju and are attributed to

the site effect of soft soil found widely in the area.

V. Suggestions for Applications
A few clustered earthquakes in the Korea peninsula and its vicinity are relocated
to obtain better relative locations. Considered clusters in the study include the 2007 M
48 Odaesan earthquake sequence and the earthquakes occurring in the Youngduk
offshore area. Rapid earthquake location method for earthquake early warning is also
reviewed for site-operation. Using relocation results as well as the focal mechanism of
the 2007 Odaesan earthquake sequence and Youngduk offshore micro—earthquakes
reveal the rupture planes and responsible fault geometry. Results of the study, can
provide basic for the following studies.
O Seismicity and active faults in Korea
Seismic hazard estimation and mitigation
Seismicity and tectonic boundaries in Korea
Earthquake early warning

@)
O
O
O Seismic hazard map
O Seismic safety evaluation of infrastructures
@)

Earthquake Loss Estimation
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Figure 3.1.1 Earthquake and seismic stations in the Odaesan

Earthquake source area.

Fault locations in the study area from the geological map of Korea
(KIGAM, 2002) are shown in black lines. The star and beach ball plot
in red show the hypocenter and focal mechanism solution of the main
event. Focal mechanism solutions of two foreshocks (FS1 and FS2) and
two aftershocks (AS1 and AS2) are shown in black. Seismic station
DGY is the closest station to the main event and marked on the
figure. It also shows the location and focal mechanism solution for the
1996 ML4.5 Yeongwol earthquake. Red circles are 60 km and 120 km
equidistant, respectively, from the Odaesan earthquake epicenter.

Tectonic boundaries are shown as white lines.
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Figure 3.1.2 Waveforms recorded at the seismic station DGY.

Seventy five potential earthquakes observed at the seismic station DGY
(Daegwanryung), which is located about 8 km from the mainshock
epicenter. Vertical traces are shown and aligned to first arrivals. The

mainshock trace is marked by red.
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Figure 3.1.3 PGAs observed at DGY.

Temporal distribution of seventy—five potential earthquakes during the
8-day period around the Odaesan main event and their peak ground
accelerations (PGAs) observed at DGY station. Although all of them are
suspected earthquakes, the events in open circles are too small to register
signals at more than 4 nearby seismic stations. Events denoted by closed
circles and stars are selected for the precise earthquake relocation.
Earthquakes whose focal mechanism solutions are presented in Figure are
shown as stars. Note the Odaesan main earthquake is presented as the
gray star.
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Figure 3.1.4 Earthquake relocation of the Odaesan earthquake sequence using
HypoDD.

A subset of twenty-four events recorded by more than 4 seismic stations was
selected for initial earthquake location and relocation. (a) Map view of initial
earthquake locations. The mainshock, foreshocks, and aftershocks are presented as
a star, open circles, and closedcircles, respectively. Most earthquakes in the
sequence are clustered in a small region marked by a square, which is the area of
(b). (b) Map view of initial earthquake locations marked by a square in (a). (c)
Cross—sectional view of the initial earthquake hypocenters along A-A’~ in (b).
Note, both map and cross-sectional views of initial earthquake hypocenters do not
show any clear seismicity pattern. (d) Map view of earthquake epicenters relocated
by HypoDD. (e)Relocated earthquake hypocenters in the square marked in (d). A
linear seismicity striking WNW - ESE is clear. (f) Cross—sectional view of
relocated earthquake hypocenters along A-A . Note foreshocks are clustered in a

very small region. Estimated source rupture area determined by aftershock

distributions is shown by a gray circle.
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Figure 3.1.5 Waveforms of the 5 largest events.

Recorded waveforms at station DGY around the initial
P-wave arrival for the 5 largest events in the Odaesan
earthquake sequence. Waveforms are aligned on
P-wave arrival. Note the polarity of P-wave onset for

Aftershockl is up, while the others are down.
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Figure 3.1.6 Locations of the five largest earthquakes

earthquake sequence.
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(a) Map view of earthquake epicenters. (b) Earthquake hypocenters along

profile B-B "’ in (a). (c¢) Earthquake hypocenters along C-C "~ in (a). Stars

indicate location of the five largest events in the sequence including two

large foreshocks (FS1 and FS2), a mainshock, and two large aftershocks

(AS1 and AS2). Other foreshocks and aftershocks are presented as open

and closed circles, respectively.
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Figure 3.1.7 Waveform comparison for three

larger earthquakes.

Correlation coefficients for each pair of
observed waveforms are shown in the Ileft.
The high correlation coefficient between FS1
and FS2 suggests the two events are in

proximity to each other.
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Figure 3.1.8 Waveforms at station DGY for three larger events.
Seismograms are aligned on P-wave arrivals, which were read from
vertical components (HGZ) and marked by black dotted lines. S-wave
arrivals are read from horizontal components (HGE) and marked by
gray dotted lines. Note differential time of phase arrivals (Ts-p) for
Aftershock2 (AS2) is 0.09 seconds shorter than the others, showing
that the hypocentral distance for ASZ2 i1s smaller than others.
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Figure 3.1.9 Current state of stress in the southern Korea Peninsula.

© nOO

Focal mechanism solutions of the Odaesan earthquake (in red) and
previous studies (n Dblack) consistently indicate ENE - WSW
compression (P-axis) and NNW - SSE extension (T-axis). Direct
sampling of crustal movements by continuous GPS measurements
also indicates NNW - SSE extension (in yellow arrows) and ENE -
WSW compression (in green arrows). Focal mechanism solutions in
black are adopted from Rhie (2009).
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(e.g. Lee and Stewart, 1981).
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He 1-D £= EdE AA Aotz g4 WstE FE5] whdshA xIh
Model erroretil Fsts HAALSLE=FZok ALtel] AHEH Rde] Xpol= A X9
A5 A3 AAsHA sk 7Hg 2 dRle] H7IE dtheg. Gomberg, 1991).
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L Hax R Aoy, dulx oz pEuo] W A AL APHogw =
Ast7] Yste] AFgE 4 AUt} (e.g. Gomberg, 1991; Rydelek and Sacks, 1989).
B Ao A= Gutenberg-Richter®] TFE-¥WI%ES4 A AS o]&3te] Mc=1.6,
b-value=0.842 ZA3Jtt (Figure 3.24). 7143 AQAR| F2Z25= A7
Ha R 20 5 st AFA Y A EFe] ST 4

Tt ALE E T}
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Aok SETRE 1A SRR wok Z83 wdsy] Askel AU 9
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Table 3.2.1. 1-D wvelocity model used for earthquake location (Kim and
Chung, 1985)

Depth Vp Vs
(km) (km/sec) (km/sec)
0 55 3.3
2 6.0 3.5
15 6.6 3.7
29 7.7 4.3
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Figure 3.2.1 Distribution of earthquakes in the southern Korean Peninsula

A square in the eastern offshore indicates the location of the Figure 3.2.2.
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Figure 3.2.2. Location of micro—earthquakes in the Yongduk offshore region.
Locations shown in the figure were determined using phase arrival times
estimated by STA/LTA algorithm. Depth to the sea floor is color coded
and contoured at every 50 meters. Blue triangles indicate the location of

KMA seismic stations.
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Figure 3.2.3 (a) Magnitude-time distribution of micro—earthquakes in the
study area between 2007 and 2010. (b) Temporal distribution of earthquakes.
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Figure 3.2.4 Frequency-magnitude distribution of micro-earthquakes in
the study area.

Maximum-likelihood method was used to estimate the a and b-value of

the Gutenberg-Richter relation.
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Figure 3.25 Hypocenters of micro—earthquakes selected for JHD
analysis in the Youngduk offshore region.
SEL: Single Event Location, JHD: Joint Hypocenter Determination. (a)

and (b) are mapviews of earthquake hypocenters before and after the

relocation, respectively. (c¢) and (d) are cross—sectional view of
seismicity in east-west direction before and after the relocation,
respectively. (e) and (f) are cross—sectional view of seismicity in

south-north direction before and after the relocation, respectively.

Potential geometry of active faults are outlined by dotted lines in (f).
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Table 3.3.1 A8 4 (71773, 2008)

WE | R | wgded | Aed oo o
1 5.3 1980. 01. 08 08:44:13.3 40.2 125.0
2 5.2 2004. 05. 29 19:14:24.0 36.8 130.2
3 5.2 1978. 09. 16 02:07:05.8 36.6 1279
4 5.0 2003. 03. 30 20:10:52.8 37.8 123.7
5 5.0 1978. 10. 07 18:19:52.2 36.6 126.7
6 49 2003. 03. 23 05:38:41.0 35.0 124.6
7 49 1994. 07. 26 02:41:46.3 349 124.1
8 4.8 2007. 01. 20 20:56:53.0 37.68 128.59
9 4.8 1981. 04. 15 11:47:00.0 359 130.1
10 4.7 1982. 03. 01 00:28:02.1 37.2 129.8
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Figure 3.3.5 Bandpass filter for shaking intensity and
examples of filtered seismic records.

(a) Plot of the response of the band-pass filter used to
determine shaking intensity. (b and c) Filtered seismic
records from a broadband sensor at Seoul station
(SEO) and  Jeongsun  station (JSB) of a
MLA4.8carthquake. Beginning with the P-arrival, Va(t) is
defined as the level for which the absolute value of the
acceleration is above this level for 0.3 s. Thus the
total time duration of the shaded peaks is 0.3 s in each
figure. Va, a measure of shaking intensity, quickly
reaches its final value, which makes it useful in an
EEW system since an a-priori scaling of the P-wave
intensity can be used to roughly estimate the amount

of shaking expected from the damaging S-waves.
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Figure 3.3.6 Earthquake and station locations for analysis.

(a) Map showing the location of earthquakes (stars) used in our analysis,
which were recorded by the stations (triangles) in the Korean broadband

seismic array. (b) Japanese stations and earthquakes. Note the location of
MJMA 6.7 earthquake is shown by a black star.
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Figure 3.3.7 Va and PGD for earthquake records observed at
KNSN and JMA seismic network.

(a) Plot of estimates of Va versus PGD for earthquakes
recorded by the Korean array of broadband seismometers
with ML magnitudes 3.0 (white), 4.8 (gray) and 52 (dark
circles). All estimates were derived from 3-seconds of
waveform data after the P-wave arrival (see e.g. Fig. 1b, ¢).
The dashed line is the best fit to all the data. (b)
Estimates from the Japanese F-net array of broadband
sensors for earthquakes with MJMA magnitudes ranging
from 3.5(light) to 7.5(black circles). The dashed lines are
the best fits to the smaller and larger magnitudes. The
Japanese data suggests that a linear extrapolation of the
results for small events may not be applicable to larger

earthquakes, albeit using a 3-second window of data.
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Figure 3.3.8 Evolution of estimated magnitude for a 6.7

Japan earthquake.

Plot of real-time estimates of magnitude versus time for a
MJMA 6.7 earthquake in Japan. MI, which is estimated

from ground acceleration Va, is found to reach its final

value more quickly than MJMA, which is a function of

ground displacement. Assuming an EEW alarm threshold is
set at about magnitude 5.8 then for MJMA the alarm would

sound about 24 seconds after the first arrivals but for MI

the time delay is only several seconds.
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Figure 3.4.1 Simplified tectonic map of the northeast Asia.

Locations of broadband seismic stations installed by the
Yellow Sea Broadband Seismic Network are shown by blue
triangles. Major tectonic structures are denoted: NM,
Nangrim Massif; PM, Pyungnam Massif; IB, Imjingang Belt;
KM, Kyeonggi Massif; OB, Okcheon Fold Belt; and YM,

Youngnam Massif.
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Figure 3.4.2 Event locations (solid circles) used in
the receiver function analysis in the study.

The 27 events used in the present study were
selected based on consideration of epicentral
distance (30° < A < 90°), magnitude (> 6.5), and
high signal to noise ratio.
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Figure 3.4.3 Typical teleseismic earthquake data
and receiver functions recorded at KO]J.
(a) A typical 3 component teleseismic broadband
record for a intermediate deep (110 km) event
with magnitude 6.9 in the South Pacific region
recorded at Kongju station (KOJ). (b) Radial (R)
and transverse (T) receiver functions after the

deconvolution process.
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Figure 3.4.4 Radial component receiver functions
from 4 teleseismic earthquakes recorded at station
ANS and a representative receiver function obtained
by stacking.

Note consistent arrival of Ps at 3.7 second after the

mnitial P wave arrival.
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Figure 3.4.5 Initial velocity model for 1 D

velocity inversion
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Figure 3.4.6 Receiver functions and 1-D velocity model
beneath the broadband seismic station ANS.

(a) Observed and synthetic receiver function for station
ANS. P to S converted phase from the Moho
discontinuity arrives at 3.78 second after the onset on
both traces. (b) Inversion result for ANS reveals the
crust mantle transition occurs at 30 - 32 km depth

beneath the station.
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Figure 3.4.7 Receiver functions and 1-D velocity
model beneath the broadband seismic station PYN.

(a) Observed and synthetic receiver function for
station PYN. P to S converted phase from the
Moho discontinuity arrives at 3.80 second after the
onset. (b) Inversion result for PYN reveals the crust
mantle transition occurs at 30 - 32 km depth

beneath the station.
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Figure 3.4.8 (a) Receiver functions and 1-D velocity
model beneath the broadband seismic station KOJ.
Observed and synthetic receiver function for station
KOJ. P to S converted phase from the Moho
discontinuity arrives at 4.03 second after the onset.
(b) Inversion result for KOJ reveals the crust
mantle transition occurs at 32 - 34 km depth

beneath the station.
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Figure 3.4.9 Receiver functions and 1-D velocity
model beneath the broadband seismic station BUA.

(a) Observed and synthetic receiver function for
station BUA. P to S converted phase from the
Moho discontinuity arrives at 4.05 second after the
onset. (b) Inversion result for BUA reveals the crust
mantle transition occurs at 34 - 36 km depth

beneath the station.
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Figure 3.4.10 Receiver functions and 1-D velocity
model beneath the broadband seismic station JIN.

Observed and synthetic receiver function for station
JIN. P to S converted phase from the Moho
discontinuity arrives at 4.25 second after the onset.
(b) Inversion result for JIN reveals the crust mantle
transition occurs at 34 - 36 km depth beneath the

station.
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Figure 3.4.11 Receiver functions and 1-D velocity
model beneath the broadband seismic station WAN.

(a) Observed and synthetic receiver function for
station WAN. P to S converted phase from the
Moho discontinuity arrives at 4.07 second after the
onset. (b) Inversion result for WAN reveals the
crust mantle transition occurs at 32 - 34 km depth

beneath the station.
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Figure 3.4.12 Receiver functions and 1-D velocity
model beneath the broadband seismic station JNN.

(a) Observed and synthetic receiver function for
station JNN. P to S converted phase from the
Moho discontinuity arrives at 4.43 second after the
onset. (b) Inversion result for JNN reveals the crust
mantle transition occurs at 34 - 38 km depth

beneath the station.
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Figure 3.4.13 Receiver functions and 1-D velocity
model beneath the broadband seismic station GYN.

(a) Observed and synthetic receiver function for
station GYN. P to S converted phase from the
Moho discontinuity arrives at 3.78 second after the
onset. (b) Inversion result for GYN reveals the crust
mantle transition occurs at 30 - 32 km depth

beneath the station.
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Figure 3.4.14 Arrival time
variations.

Variation  of  Ps (P to S
converted phase at Moho) arrival
times on radial component receiver
function at different stations (a) in
Korea and (b) in China. These Ps
phases provide strong constraints
on the depths and velocity
contrasts of the crust- mantle

discontinuity.
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Figure 3.4.15 Offset of P onset on radial component
receiver functions.

Phase lags of P onset on the radial component
receiver functions. Phase lags as large as 1.62
seconds (SHY) are observed due to high Poisson’s

ratios of the thin upper layer.
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Figure 3.4.16 Estimated depths of the crust - mantle transition layers (the
Moho) beneath the stations of the Yellow Sea Broadband Seismic
Network.
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35.1.2) wg} ARES ERFete] AyESs E=AST. A A Aol EAgH
A ¥HE 7= National Earthquake Hazard Reduction Program(NEHRP) 7]<ol
o2} Site ATSite EZ &3 th (Table 35.1.1).

Table 35.1.1 NEHRP 7]%o] w2 Aukis

Site ) o Shear Wave Velocity
Site Class Description
Class (m/sec)
A Hard Rock 1500
B Rock 760 ~ 1500
Very Dense Soil and
C 360 ~ 760
Soft Rock
D Stiff Soils 180 ~ 360
E Soft Soils ~ 180
B Soils Requiring Site

Specific Evaluations

3513 AREFE F3 7=4A

A4 (Site A =FH FF ol wEk A
HERFE g2 3= ugdidud. = AEuEFiE nke e
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Vs30 A Zo A o] A ukF Aloli= NEHRP 7]+ we} dasl &ro o3
Ttttk i AFdA AL AR 7]E Table 3.5.1.2%
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gt Ay S APATe ERVIES wWEitH(Table 3512 =), =g
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Table 3.5.2.1. NEHRP2] ARk 4| Al ¢F 7Z A= H] W

NEHRP )
_ Gradient Range (m/m)
Site Class
B Rock > 0.025
Very Dense Soil 0.018 — 0.025
d Soft Rock 0.013 ~ 0.018
and oft Roc 72E-3 ~ 0013
40E-3 ~ 7.2E-3
D Stiff Soil 2.0E-3 7 4.0E-3
2.0E-5 7 2.0E-3
E Soft Soil < 2.0E-5

source: Wald and Allen, 2007
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Value
High : 1810
High : 1900

N
i Low: 0
Low : 1 ‘

|:] Gyengsang Province

0 20 40 80 I:] Gyengsang Province 0 20 40 80

Figure 3521 A& t& ¥ sia =9 Ad% (ASTER GDEM 1 arc-sec
9} DTED Level 0)
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Gradient Range ~NEHRP

4 'm/m) Site Class
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Site Classification by Tg

Gradient Range ~ NEHRP

(m/m)

[ ]2.06-5 ~ 2.06-3
[ 2.0E-3 ~ 4.06-3

" Site Class
[ 1<2.0e-5 E

Site Classification by Tg
= g \:I- l;gé—g ~ g.;E;s N = A :- 4.0E-3 ~ 7.26-3
.2E-3 ~ 0. ] B 7.26-3~0.013
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Figure 3.6.1 Seismicity in the Taipei area.

(a) Seismicity in the Taipei area recorded by the TTSN and CWBSN from
1973 to March 2006. Three felt earthquakes (stars) occurred near the eastern
area of the Taipei basin, about 3 km to the south of Taipei 101 (large
square) then the tallest building in the world. The large triangle denotes the
downhole seismic station at YH. The map also shows focal mechanism of
the 23 October 2004 earthquake determined by Lin (2005). The dashed and
solid lines mark the Taipei fault (F1), the kangjiao fault broadband seismic
stations noted along the northern segment of the Sanchiao fault from June
2004 to June 2005 (squares), and the rearrangement of stations after June
2005 to convert the whole Taipei basin (trianges). Depth cross—sections of
hypocenters: (b) for the NS direction and (¢) for the EW direction.
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Figure 3.6.2 Relocated earthquake epicenters.

Epicentral distribution of the relocated earthquakes (circles) recorded by
the temporary and permanent seismic network from 1973 to March 2006.
Solid and open triangles denote the compressional and dilatational
polarities of the first motions for the 23 October 2004 earthquake,
respectively. The thick dashed line denotes the proposed fault trace from
this study. Note that the proposed fault line is clearly separated by the
opposite polarities of the first motions and lies along the river channel.
Included also are the lower—hemisphere, first-motion focal mechani+ of
the three felt earthques. Four main rivers across the Taipel basin: the
Keelung (R1), Tanshui (R2), Hsintien (R3) and Tanhan rivers (R4). WF,
TV and LT denote the Western Foothills, the Tatun volcanoes and the
Linkou Tableland, respectively. _ 74 _
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Figure 3.6.3 Depth cross-section of the
earthquakes along line AA’ shown in Figure 3.6.2
and cross-sectional view of focal mechanisms for
the three felt earthquakes.

The dashed line depicts the fault geometry
inferred from both the earthquake distribution and
focal mechanisms of felt earthquakes. F1 and F2
denote the Taipei and Kangjiao faults,

respectively.
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Figure 3.6.4 Three-component seismograms of the three felt earthquakes

10 11 12 13

recorded by the nearby downhole seismic station (YH) after bandpass filter
(1-10 Hz) and alignment of their S-wave arrivals.

The three events show high waveform similarity throughout the entire
seismograms, Indicating that spatially they occurred very close to each
other. The red, green and blue lines indicate the seismograms of the
October 23, 2004, march 23 and December 5, 2005 earthquakes, respectively.
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