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ABSTRACT

The Taipei Basin with ‘soft’ deposit in the north of Taiwan has been produced by the
motion of the Shanchiao fault. To the north, Tatun Volcano Group (TVG) which has
post-volcanic activities is located adjacent to Taipei Basin. The local seismicity in Taipei
Basin is very low. On the contrary, there are quite a few micro-earthquakes being detected
in TVG. Therefore, it is very important to understand the seismotectonics of the Taipei
Basin and TVG.

In this research, in order to increase ray path coverage and improve the resolution,
I picked the seismic arrival times.and combined the earthquake catalogs from two local
temporary seismic networks. located in Taipei and Tatun-region, the Central Weather
Bureau Seismic Network (CWBSN) and“.the Taitwan Strong Motion Instrumentation
Program (TSMIP) to establish anew seist';;;—(l:n fomography image. Totally, 6861 events
detected at more than 7 stations.during siperiO(‘;l—s fr011n‘ 197910 2007 were used to determine
Vp and Vp/Vs structures as well as focél mechanisms.

In our tomography results, the pattern of low Vp/Vs ratio in this region seems to
coincide with the Shanchiao fault, and the region with high Vp/Vs ratio above it reveals
that the effects of basin amplification affects about several kilometers. Besides, the
shallow region with low Vp/Vs and high Vp beneath TVG should represent the solidified
igneous rocks.

The hypocenter distribution of micro-earthquakes beneath TVG can be classified
into two groups. These two seismogenic zones at the shallow portion are coincident with
the surface hydrothermal regions with hot spring and fumaroles. Those regions include
Chishing Mountain, Matsao and Tayukeng. The focal mechanisms of those earthquakes

are normal fault types with strike-slip component by using P wave first motions and
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these solutions have various strikes and dips even the events are close in time and
spatial windows. This phenomenon is commonly observed in a volcanic area. Thus,
those earthquakes may reflect the broken zone and unobstructed conduits exist beneath
the TVG and the gas and liquid can pass through.

So, based on the hypocenter distribution and focal mechanism solutions, it seems
that these earthquakes are weakly correlated with the nearest fault - Chinshan fault.
Besides, these two seismogenic zones incline to different directions and may imply that
they are different passageways for the hydrothermal fluid and gas to ascend along from

different sources.

Key words: tomography, Tatun'Volcano Groupy Taipei Basin
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Chapter 1 Introduction

1.1 Motivation and Goal

Whether a volcano is active or not is generally defined as “a volcano with recently
historical eruptions within the past few centuries or a volcano currently erupting”. So, if
one volcano is inactive for a long time as compared to human history, it will be ascribed to
the groups of quiescence stage or extinct stage. But, the recorded human history is very
short as compared with the earth history and the properties of volcanoes also vary widely
in the world. Thus, the traditional-usage of “recerded-eruptions” as a criterion to define
the volcano is active or not is.inappropriate.

Tatun Volcano Group (TV/G) lies in thsjnorth of Taipei Basin in which the capital of
Taiwan, Taipei City, is situateds Althoué-];:fVG is broadly considered to be extinct
because of a long repose time, sor.ne;i rece:ﬁt stqdjes have‘ suggested that the magma
chamber may still exist beneath this région (Yang_et"al;;»1999; Konstantinou et al., 2007;
Lee et al., 2008). As we know that the post-voleanic activities in this area are still active
and the spectacular sightseeing and the wonderful hot-springs attract a lot of visitors
coming every year. But, if the magma chamber really exists, the possibility of the further
volcanic activity and the capability of eruption should not be completely excluded. So, it
is very important to study the subsurface structures around TVG and its possible eruption
behavior.

Recently, several authors have examined the cause of the active post-volcanic
activities in TVG, and the methods have included seismicity, geochemistry, topography

etc (Lin et al., 2005a, 2005b; Konstantinou et al., 2007; Chan et al., 2006; Murase et al.,

2007; Lee et al., 2008). But little literature has been published on seismic tomographic

1



imaging. The lack of such information represents a gap in our knowledge of the
subsurface structure. A detailed seismic tomography can help us more comprehensively
understand the interior state of TVG. Thus, the seismicity distribution and seismic
velocity structure were investigated in this study. Furthermore, the seismic velocity

distribution can reflect the properties of the rocks beneath TVG.

1.2 Summary Preview

Data from several seismic networks — two local temporary arrays, the Central
Weather Bureau Seismic Network and Taiwan Strong Motion Instrumentation Program
were combined. The body wave travélstime inversion method was used to simulate the
tomographic images beneath the Taipe1 Basin and TV'G surrounding area. Results from
relocated hypocenter distribuﬁon and ﬁrst-mo‘;ion focal \mechanisms were investigated

\
| —

to understand the seismogehic structures-and'its tectonic implications.
ll R |
Totally, there are six chiapters in this thesis. The motivation is introduced in chapter

|
1

1 and chapter 2 will addresé‘qn the_local geoldgical background and most of the
previous research in this study area. The seiSmic networks will be introduced in chapter
3. In chapter 4, the research procedure and methods of travel time inversion used in this
study will be described. Finally, chapters 5 and 6 present the results and conclusions,

respectively.



Chapter 2 Geological Background

2.1 Local Geological Background

Taiwan is located at the junction between the Philippine Sea Plate (PSP) and the
Eurasian Plate (EP). According to the GPS measurements, the Philippine Sea Plate is
moving toward the northwest (306°11") at a rate of about 82mm/yr (Yu et al., 1997).

Seismicity and geological features in Taiwan are closely related to the collision zone
between two active subduction systems. The PSP.is subducting beneath the EP at the
Ryukyu trench in the northeast of Taiwan, and*the Eurasian oceanic lithosphere of the
South China Sea is subducting eastward beneath the'Philippine Sea Plate in the south as

shown in Figure 1. In addition, the PSP/and.the' EP are colliding in the eastern Taiwan and

e
g

the N-S trending geologic and tectoni¢ feggJ;és in|Taiwan are generally accepted to be
caused by the obliquely collision bet\E?veen the Luzon arc.on the PSP and the Eurasian
continental margin. Besides, The orogeny in Taiwan-is relatively young in a geologic
time scale and has just started about 5 Ma (Suppe; 1984). Based on results from field
observations, tectonic analysis, geophysical data and experimental modeling, Lu et al.
(1995) pointed out that contraction, transcurrent faulting, block rotation and extension are
four essential tectonic mechanisms that dominate the oblique convergence and collision
tectonics of the northern Taiwan region. They also concluded that extensional structures
such as the Taipei Basin in the north of Taiwan have developed in response to increase
belt curvature and related block rotations (Figure 2).

However, the Okinawa Trough, a back-arc basin dominated by extensional tectonics
behind the Ryukyu trench-arc system, could be a cause to affect the tectonic

development of the northern Taiwan (Figure 1). Teng (1996) proposed that the northern

3



part of the orogeny in Taiwan is subjected to crustal stretching and rifting as a result of
flipping of subduction from the northwest-facing Luzon arc system to the south-facing
Ryukyu arc system as shown in Figure 3. From a study of two-dimensional elasto-plastic
finite-element modeling in and around Taiwan, Hu et al. (1996, 2002) proposed the
crustal deformation in the Ryukyu-Taiwan area is controlled by two major factor: the
indentation of the PSP into EP and the trench retreat due to suction at the Ryukyu trench

(Figure 4).
118°E 119°E 120°E 121°E 122°E 123°E 124°E
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Figure 1. Geological settings of the Taiwan surrounding area. The blue square shows

the study area.
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2A. They are the result of an indentation by a wedge-shaped back-stop. (Lu

et al., 1995)
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2.2 Taipel Basin

2.2.1 Geological Features

The Taipei Basin is a sedimentary basin with triangular shape in the north of Taiwan
(Figure SA & 5B). It is filled with Quaternary sediment and the deepest part of the basin
is along the NW border, where the Shanchiao fault (the southern part of the
Shanchiao-Chinshan fault systems) is located. Taipei, the capital of Taiwan, is located in
the Taipei Basin.

The Taipei Basin is bounded by the TVG in the northern border, frontal foothills of
the Taiwan thrust and fold belt in.the southeasternsside, and the Linkou Tableland in
western side. The Shanchiao‘fault is' an a‘ctive‘ fault and separates the Taipei Basin and

| —

the Linkou Tableland (Figtire SA). In ad'(‘i-;ﬂ'('in,‘ there are three known faults — Taipei,
ll R |
Kanchiao and Shanchiao —* traverse pcrosé-the basin. Howeyver, the fault systems and

|
1

features beneath the Taipei Baéi‘n‘ are still ambiguou‘js._Among these faults, the Shanchiao
fault along the NW border of the'basin has a good possibility of being active. Based on the
data from several continuous sedimentary profiles along the Shanchiao fault, it reveals
evidence for abrupt thickening patterns that roughly implies several prehistoric rapid
subsidence events (Huang et al., 2007). But, the remaining lack of the detail historic
damaging earthquakes records leads to a poorly characterized earthquake hazard in
Taipei Basin.

Although the seismicity in Taipei Basin is relatively low in comparison with the
other parts of Taiwan, the thick and soft deposit in Taipei Basin is generally thought as the
major factor to cause significant earthquake damage due to site amplification effects

(Chen, 2003; Wang et al., 2004; Wang, 2007). Even if the earthquake occurs outside and



far from the basin, the intensity of earthquake motion probably becomes large to induce
damage in Taipei Basin. For instance, the Chi-Chi earthquake in 1999, the epicenter

about 200 km to the south of Taipei, also caused a building collapsing within the basin.
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Figure 5. Geological settings of Taipei Basin. (A) Active tectonic map around Taipei
region. (Shyu et al., 2005) (B) Shape of Taipei Basin is a half graben. (Wang

et al., 2004)



2.2.2 The Formation History

The Taipei Basin is considered to be tectonic structure forming in origin (Ho, 1974).
In the beginning collision processes, the three reverse faults — the Hsinchuang fault, the
Kanchiao fault and the Taipei fault — were developed in this area from the Pliocene to
the Pleistocene age. After that, the north Taiwan was into a tensile environment. It has
produced the subsidence along the Shanchiao fault since 800 ka and the tectonic
expansion has been thought induced by a pure tension (Teng et al., 2001). Many studies
have demonstrated that the Taipei Basin has been created by the movement of Shanchiao
fault and the evidences includé the results from topogtaphy, drilling, shallow seismic
reflection studies (Wang et al., 20045 Shyu et al.; 2005; Huang et al., 2007). Because of
one-side subsidence, it has fnade the Tertiary basement ‘of the basin in a half-graben

\
| —

shape. ~
1l m |
In contrast with the pur€ tension!theory, aipull-apart mechanism model was proposed

|
1

that the graben structure exiétéd underground dué"nto the segmentation of the block
between the branching faults™ of the-basin (Lee et al., 1999). They thought the
configuration and deposition of the basin were controlled by the several pre-existing
NE-trending thrusts, the relative movement between blocks of fault wedge of the
NE-trending thrusts and the kinematic behavior of the crustal block due to the oblique
collision.

Yu et al. (1999) carried out GPS surveys over the entire Taipei Basin during 1991
and 1996. They concluded that the Taipei region is in an extension rate of 0.08 = 0.02
pstrain/yr in the direction of SEE-NWW (283° + 6°) and the Hsinchuang and Chinshan
faults show slightly extensional deformation (Figure 6).

Teng et al. (2004) suggested that the Taipei Basin was a lake from 180 ka to 160 ka.
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They examined the boreholes of the Taipei Basin and proposed that the lahars derived
from the Tatun volcanoes was responsible for damming the Taipei Basin. The
dammed-lake event also demonstrates that the Tatun volcanism is capable of causing

catastrophic flooding in the Taipei metropolitan area if the Tanshui River is blocked.
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Figure 6. The strain rates around Taipei region: Based on the changes of observed
baseline length, the main strain rates of the four sub-networks are shown.

(Yu et al., 1999)

2.3 Tatun Volcanic Group

2.3.1 Geological Features

TVG is located adjacent to Taipei Basin and many hot springs, gas fumaroles, and a
few micro-earthquakes are observed here. It was built on a late Tertiary sedimentary
basement and is enclosed by two faults — the Chinshan (the northern part of the

Shanchiao-Chinshan fault systems) and Kanchiao faults. The highest elevation in this
11



region is 1120 m at the peak of Chishing Mountain. Because of the Armed Forces
prohibition, it was not until recently that scientists are permitted to execute detail surveys
in TVG. Based on the DTM (Digital Terrain Model) analysis, Yang et al. (2004) identified
a total of 10 volcanic craters, 29 volcanic cones, some 40 lava lobes and more than 200
ogives in this region (Figure 8).

TVG consists of a number of Quaternary volcanoes such as Chishing Mountain,
Siaoguanyin mountain, Miantian mountain, Shamao mountain, Huangzuei mountain,
Jhuzih mountain etc. The volcanic rocks unconformably overlie the Oligocene to
Miocene sedimentary rocks. TVG is composed of typical multi-vent volcanoes,
predominantly of andesite lavas and p‘}‘ilrd'glasti(_:;glows (Chen et al., 1971). The volcanic

rocks occurred as lava flows, pyreclastic breccias; Eﬁrges, tuffs, lahars and reworked

volcaniclastics (Song et alff 2000a, 200

). igute 7 shows the simplified geological

deposition of the eruptive products

map of TVG. Moreover, taking irTL aceotint t

found in the Taipei Basin sfrata, it ap eargihat eruptﬁ'/"é style of TVG was mainly

effusive or silent rather than éiﬁlgsiye“(Song et aly, 2

2000 :
Wanli
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Figure 7. Simplified geological map of TVG. (Song et al. 2000a)
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Figure 8. The volcanic characteristics of TVG. Left panel shows the characteristics of
volcanic morphology and the right panel presents volcanic geological

features of TVG based on DTM analysis. (Yang et al., 2004)
2.3.2 Tectonics Evolution & Er Uption-History

Although TVG has rep;sed fori‘ é" IOng tiyiﬁé}gﬁhe neéfb"y sediments recorded these
episodes of volcanic activity through the d%s*-lts Ifr‘iom former eruptive products. Judging
from the distribution of subsurface sfr ta, 1nt1=tlsw§ masses and faults, the Chinshan fault
was thought to be suitable for upﬂow’s of magmz'i EYeh ot al., 1984). The formation of
TVG might associate with the PSP subducting beneath the EP. Thus, the TVG has been
conventionally ascribed to westward propagation of the Ryukyu volcanic arc (Teng,
1996). However, there are some problems in considering the TVG as part of the Ryukyu
volcanic arc. Given an example, there is an apparent discontinuity in geography between
the TVG region and the Ryukyu volcanic arc zone.

Wang et al. (1999) argued that the volcanic rocks in TVG area are different from the
Ryukyu arc based on trace element analysis. They suggested that it may actually be the
result of post-collisional lithospheric extension in the northern Taiwan mountain belt and

the mantle source regions involved in the melt generation have been significantly

modified by the nearby Ryukyu subduction-related processes. The TVG has been broadly
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thought as the southwest part of the Okinawa Trough rather than arc volcanism.

Juang and Bellon (1984) studied the main volcanic activity of the Tatun volcano
groups and showed an active age ranging from the late Pliocene to the early or middle
Pleistocene. According to radiometric dating analyses and fission track analysis (Juang &
Chen, 1989; Wang & Chen, 1990), the volcanic activities can be divided into two periods:
it began to erupt during 2.8~2.5 Ma for the first time, and then re-erupted in 1.5 Ma and
lasted to 0.2 Ma. Later, based on regional geology, tectonic evolution and borehole data,
Song et al. (2000a) proposed an evolution model of volcanism of TVG to explain the
surface characteristic features (Figure 9). The model as following:

(1) The eruptions commenced at about 2.8 to 2:5 Ma in a compressional environment and
then followed by a long period of veleanic quiescenee until around 1.5 Ma.
(2) After that, sparse volcanic ‘activities occ;urred and produé¢ed small amount of lavas still

| —

in compressional condition*between 1.5 td?:ﬁ-Ma.
ll R |
(3) During 0.8~0.2 Ma, a large'amount of andesitic lavas'‘eérupted quickly to form five

|
1

large composite volcanoes cohégquént to-the tecto‘hic stress environment change from
crustal stretching to collapsing.
(4) Finally, the volcanic activity was extinct after 0.2 Ma.

Based on the map of the relationship of lava flows, Chen et al. (2003)
reconstructed the Tatun volcanic sequences to 7 lava-units and the lithologic sequences
were divided in ascending order into hornblende andesite, hornblende-two pyroxene
andesite, two  pyroxene-hornblende  andesite, two  pyroxene  andesite,
hypersthene-hornblende andesite, olivine-hornblende-pyroxene andesite, and basalt

(Figure 10).
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Figure 9. Tectonic and evolutions in the Tatun Volcano Group. (Song et al., 2000a)
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Figure 10. Seven lava-units of TVG. Based on the relationship of lava flows, the Tatun
volcanic sequences can be classified into seven lava-units. (Chen et al.,

2003)
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2.3.3 The Previous Research Review

At 1966, Industrial Technology Research Institute first conducted a series of
feasibility studies including geological survey, geochemical and geophysical
investigation about geothermal energy in TVG However, the investigation was
terminated later because of the heated water with strong acid erosion.

After that, the Institute of Earth Sciences preparatory office of Academia Sinica was
commissioned by the Exploration and Development Research Institute of Chinese
Petroleum Corporation to carry out a detail micro-earthquake investigation in 1980.
Totally, Yu et al. (1980) deployed 14:temporary seismic stations along the area with
significant geothermal features. They monitored théiséismic activity during 35 days and
recognized 131 micro-earthqﬁakes with me}ximum magnitude 2.1. According to the result

| —

of the micro-earthquake distribution, they'“igﬁhd 81% of micro-earthquakes were located
ll R |
shallower than 2 km depth /and’95% of micro-earthquakes ‘occurred between 0 — 4 km

|
1

depth. Based on the surface : ggoth'ermal charactéristic locations and the hypocenter
distribution, they proposed that most of‘the hypocenters were located around and outside
the hydrothermal alteration zone, and the strength of the rock below the zone is too weak
to sustain the tectonic strain and then resulted in the occurrence of the earthquakes.
Moreover, the earthquakes beneath Macao were located shallower than 2 km and it
indicated the Wuchihshan formation beneath Macao was relatively broken. In contrast to
those in Macao, the earthquakes beneath Chishing Mountain, Shamao and Siaocao
mountains were located below 3 km and the focal mechanisms of these earthquakes had
considerable difference in strikes and dips. Thus, they speculated these earthquakes might
relate to small gravity faults with different strikes and the Chinshan fault might have

nothing to do with these earthquakes.
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Chen and Yeh (1991) used data from gravity and micro-earthquake surveys to
examine the relationship between the earthquakes, Chinshan fault and the geothermal
activities in this area. Twenty-one composite fault plane solutions from their results
indicated that most of the focal mechanisms were normal fault type and might
corresponding to the geothermal activities of Chishing Mountain or Tatun volcanoes.
Yang et al. (1994) stood on the analysis of the gravity and magnetic anomalous
distribution to interpret the subsurface structures and concluded the local high gravity
zone with a low magnetic anomaly could be the result of hydrothermal alternation
beneath the Chishing mountain region.

In addition, the measurement of the *He/*He isotope ratio from fumarolic gas
showed that more than 60% _©Of helium "composition. exhibit mantle-derived
characteristics and imply a déep magmatig soyrce might still exist beneath TVG region

| —

(Yang et al., 1999) (Figure 11). :F" :

More recently, numerous earthc'lu@akes%vith peculiar waveforms unnoticed and not
reported in the Central WeathérBure:au (CWB) ca%eﬂqg have been identified (Kim et al.,
2005a; Lin et al., 2005a; Lin et'al.; 2005b). These newly identified earthquakes showed
similarities in waveforms, arrival time differences and occasionally occurred in a very
short period as swarms. Furthermore, some signals were recorded as volcano-tectonic
earthquakes such as harmonic signals, tornillos, spasmodic bursts and signals with
complex coda (Lin et al., 2005a). Kim et al. (2005a) suggested that these earthquake
clusters are most probably associated with hydrothermal/magmatic activities in a
back-arc extensional environment and the significantly high b-value (1.22) for the Tatun
volcano area compared with entire Taiwan indicated that the crust is weak and cannot

sustain high strain levels. From the whole Taiwan island seismic tomographic studying, it

reveals that there is an anomalous region of low Vp and high Vp/Vsratio at depth from 6
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to 10 km beneath the Tatun volcano, and it is an indication of possible partial molten
materials or magma reservoir (Kim et al., 2005b). Konstantinou et al. (2007) proposed a
possible configuration of the volcano-hydrothermal system beneath the Chishing
mountain surrounding area as Figure 12 derived from the geothermal structures,
waveform analyses and the depth of seismogenesis ceases. Besides, Lee et al. (2008)
analyzed the gas compositions of fumaroles with time and proposed two possible
processes to explain the temporal variations. They suggest that a magma chamber might

exist beneath the TVG area, particularly in the area of Tayukeng (Figure 13).

O Hydrothermal Area
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* Hot Spring
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Wanli
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Figure 11. Distribution of *He/*He ratio of the TVG. (Yang et al., 2003; Lee et al., 2008)
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Figure 12. The possible hydrothermal system beneath TVG. Right panel shows the

possible hydrothermal S)(stwmf behe,acthfthe cross-section AB in left panel.
=% 1.-{:, T
(Konstantinou etﬂ], 2 07) = .
’9 - _-“‘“v’ 'ff

Da-you-keng -3

Figure 13. The possible processes of the gas compositions in TVG. According to the
possible state of the hydrothermal system in left panel, two possible
processes in right panels are proposed to explain the temporal observations
of gas compositions. Figure B presents more magmatic fluids were released
from the ascending magma, but the Figure C shows that more magmatic

fluids were released from the fractures. (Lee et al., 2008)
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Chapter 3 Data

Seismicity in Taipei surrounding region is fairly low and the distribution of
permanent stations conducted by Seismological Observation Center of the Central
Weather Bureau (CWB) around TVG is not dense enough (Figure 14) for the purpose of
this study. In order to increase the ray-path coverage entire the studying region, data
from four different seismic networks were used in this study. These four seismic
networks included two local temporary seismic networks located in Taipei and Tatun

region, the Central Weather Bureau. ﬁellsmic N etwgrk (CWBSN) and the Taiwan Strong

will be helpful to enhance\ther re

Fo ey
o I-_I'-"\
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Figure 14. Station distribution of the TSMIP and CWBSN around northern Taiwan.
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3.1 National Permanent Seismic Networks

Taiwan Central Weather Bureau Seismic Network (CWBSN) has 71 stations around
whole Taiwan now. The CWBSN is responsible for monitoring regional earthquakes and
the real-time digital recording has begun since 1991. The stations are equipped with
3-component S13 velocity sensors and the earthquake is detected automatically by the
network system followed by manual verification.

The TSMIP, consisted of 680 digital accelerographs in free-field sites was
established since 1991. The main purpose of TSMIP is to study the characteristics of
ground motion in different geological*conditions and the response of various types of
man-made structures. All station§ are equipped “with the triaxial force-balance
accelerometers and most of the stations were installed in‘the metropolitan areas. Apart

| — ]

from the sparsely populated and high—moﬁ?ﬁin areas, the TSMIP stations have achieved
| i

an average station spacing /of 5 km kﬁilomé*cers. Not all oftthe TSMIP stations equip

Global Position System (GPS) timing_system. waever, S-P times from the TSMIP

stations could be used for earthquake: location and Vp/Vs structures determination.

(Chang, 2004; Wu et al., 2007)

3.2 Small Seismic Monitoringat TVG

One of the temporary seismic networks is installed around TVG and designed to
monitor the micro-earthquakes. It is a small-aperture seismic network (Figure 15). The
seismic observation has been carried out since May 2003 and this project was funded by
the National Research Council of Taiwan and the Yangminshan National Park during the
past few years. The Institute of Earth Sciences, Academia Sinica (IES) has been in charge

of site selection for the seismic network, installation, instrument maintenance, data
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collection, and analysis. The signal is continuously recorded. Instruments equip with
three-component short period or broadband sensor and absolute timing is automatically
provided by GPS system. Each of the seismic stations is constructed on a
concrete-platform and was completely covered with Fiber Reinforce Plastic (FRP).

The first five seismic stations (YMO1 — YMOS5) were distributed around the Chishing
Mountain volcanic cone where the micro-earthquakes were clustered. After that, the other
stations were installed in the nearby area of Tayukeng where most of the present
hydrothermal activity is observed. Up to now, this array is composed of 12 seismic

stations (Figure 15; Table 1).
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Figure 15. The station distribution of small seismic monitoring at TVG. (Lin and Pu,

2007).
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Table 1. Stations parameters in TVG project.

Tatun SeismicArray List

Sation Name | Longitude(E) | Latitude(N) Altitude(m) Sart Time
YMOI1 121.5620 25.1482 488 2003/05/13
YMO2 121.5621 25.1863 521 2003/05/13
YMO3 121.5314 25.1809 702 2003/05/18
YMO04 121.5278 25.1552 401 2003/05/16
YMO5 121.5564 25.1665 740 2003/06/02
YMO06 121.5943 25,1538 445 2003/09/09
YMO7 1216123 25.1771 456 2003/09/09
YMO8 121.5808 25.1890 342 2003/09/08
YMO09 121.5538 25"?5569 | 519 2006/01/10
YM10 1215526, ﬁ25.1.;'573 | 622 2006/04/03
YM11 121.5658 25.1675 772 2006/06/07
YMI2 121.5609 25.1826 555 2006/06/07

3.3 Seismic Network in Metropolitan Taipel

The IES was a contractor of the Central Geological Survey to execute a four years

(2004 - 2007) project of

micro-earthquake in metropolitan Taipei ; . The purpose of this project is to install the
down-holes and surface seismic stations to observe the seismicity of active faults
surrounding Taipei area and the volcanic activity of the northern Taiwan. Each surface

station is equipped with a three-components broadband seismometer.
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In 2004, the stations were installed along the Shanchiao fault at the both sides
(Figure 16, Table 2). Then, in 2005, a newly seismic network was deployed and the
stations were widely installed in the whole Taipei Basin (Figure 16, Table 3). Based on
the seismic observation during the previous two years, they placed some seismic stations
in the peripheries of the Taipei Basin and in the north of TVG during 2006 to improve the
monitoring ability of the networks (Figure 16, Table 3). Up to now, the purpose of this
project has accomplished and some stations have been moved away.

The final station and epicenter distribution around entire study region are shown in

Figure 17.
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Figure 16. The station distribution of seismic network in metropolitan Taipei. (Huang,

2008)

25



Table 2. Stations parameters in Taipei Basin project during Phase 1.

Sation Name | Sensor Recorder |Longitude(E)| Latitude(N) | Sart Time
SFO1 KS-2000 DL-24 121.4930 25.1334 2004/06/21
SF02 KS-2000 DL-24 121.4604 25.1473 2004/06/15
SF03 KS-2000 DL-24 121.4833 25.1394 2004/06/14
SF04 KS-2000 DL-24 121.4489 25.1647 2004/06/10
SFO05 KS-2000 DL-24 121.4636 25.1556 2004/06/14
SF06 KS-2000 DL-24 121.5111 25.1485 2004/06/24
SFO7 KS-2000 DL-24 1"2'1.4629 25.1101 2004/06/23
SF08 KS-2000 DL-24 12174234 ,25.1014 2004/06/07
SF09 KS-2000 DL-24 f_:l 1‘21.4489 25.0998 2004/06/28
SF10 KS-2000 DL}2£4 I. !Tt 121.4458 .- 25.146 2004/06/16
SF11 KS-2000 .f DL&-2_14 121L4482 25.1354 2004/06/16
SF12 KS-2000 10330 121.47213 25.1073 2004/06/18
SF13 KS-2000 DL-24 121.4175 25.1289 2004/06/25
SF14 KS-2000 DL-24 121.4681 25.0905 2004/06/11
SF15 KS-2000 DL-24 121.4644 25.1192 2004/07/30
SF16 KS-2000 DL-24 121.4285 25.1191 2004/08/13
SF17 KS-2000 DL-24 121.4759 25.1555 2004/10/08
SF18 KS-2000 DL-24 121.4295 25.0822 2004/09/15
SF19 KS-2000 Q330 121.4240 25.1119 2004/08/11
SF20 LE-3D 801H 121.5161 25.1514 2004/06/01
SF21 STS-2 Q680 121.5202 25.1865 2004/06/01
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SF22

CMG3T

KS54000

121.4881

24.9754

2004/08/11

Table 3. Stations parameters in Taipei Basin project during Phase 2~4.

Sation Name| Sensor Recorder |Longitude(E)| Latitude(N) | Start Time
TBO1 KS-2000 DL-24 121.5111 25.1485 2004/06/25
TB02 KS-2000 DL-24 121.4759 25.1555 2004/10/08
TBO03 KS-2000 DL-24 121.4175 25.1289 2004/06/25
TB04 KS-2000 DL-24 121.4644 25.1192 2004/07/30
TBO0S5 KS-2000 DL-24 121.4618 25.0905 2005/06/25
TBO06 KS-2000 DL-24 121.4352 25.0837 2005/06/25
TBO07 KS-2000 DL-24 121:4913 25.1353 2005/06/30
TBOS KS-2000 |- DE-24 121.5070 25.1054 2005/08/12
TB09 KS-2000 DL-24 ._.-1 215555 25.1079 2005/06/25
TB10 KS-2000 DL-24 | 21 .4“8 13 25.0633 2005/06/29

KS-2000 DL-2f1| T | 2005/06/29
TBI11 e 121.5562 25.0648

GMG40 801H vy 2006/04/10

KS-2000 DL-24 2005/06/29
TB12 121.5078 25.0563

GMG40 801H 2006/04/07

KS-2000 DL-24 2005/07/05
TB13 121.4232 25.0628

GMG40 801H 2006/03/21

KS-2000 DL-24 2005/06/27
TB14 121.4885 25.0373

GMG40 801H 2006/05/25
TB15 KS-2000 DL-24 121.4342 25.0362 2005/07/01
TB16 KS-2000 DL-24 121.4652 25.0203 2005/06/27
TB17 KS-2000 DL-24 121.5027 25.0170 2005/06/27
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KS-2000

DL-24

121.4367

24.9975

2005/06/28

Table 4. Stations parameters in Taipei Basin project during Phase 2~4. (continued)

Sation Name| Sensor Recorder |Longitude(E)| Latitude(N) | Sart Time
TBI19 KS-2000 | DL-24 121.5592 | 25.0023 2005/07/04
TB20 KS-2000 | DL-24 | 121.3790 | 25.0127 | 2005/06/28
TB21 Trillium | Q330 121.5363 25.1346 | 2005/08/18

GMG40 | 801H 2005/06/25
TB22 121.6050 | 25.0417

KS-2000 | DL-24 2006/03/28
TB23 Trillium |4 Q330 121:5405 25.1188 | 2005/08/19
TB24 KS54000 |.. Q680 121.4971 249735 2004/08/11
TB25 KS-2000 | /DL-24 ~\_121-5840 249797 | 2006/01/29
TB26 KS-2000 DL-2]4;,‘ ""'Ei"il.sws 25.0351 | 2006/08/08
TB27 KS-2000 DL-2;L4 T 5920 250892 2006/03/29
TB28 KS-2000 | DE24 I 13163435 25,0301 2006/05/26
TB31 Trillium | Q330 1215202 | 252614 | 2006/05/08
TB33 Trillium | Q330 121.6412 252112 | 2006/05/17
DANB  |VSE355GR| Q330 121.5268 25.0355 | 2005/10/08
GDUB  |VSE355GR| Q330 121.4684 25.1165 2006/11/03
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Figure 17. The earthquake location and stations distribution. The whole area is the

inversion region and the gray hollow circle represents epicenter.
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Chapter 4 Theory and M ethod

In order to understand the Earth internal properties and further analyze the
seismogenic structures, the seismic tomography, also named seismic image, is a
methodology to simulate the material properties such as seismic wave propagating
velocities and Poisson’s ratio. The modern excavation technique only can excavate
several kilometers into the earthjand the high, heat and pressure felt at these depths
prevents humans from going much deeper, so tﬁe seismic tomography is a widespread
method to depict the underground struetures up-to several hundred kilometers (Thurber
& Atre, 1995; Kurashimo & Hirata, 2004"%:']':2i_‘gs‘et al., 2007; Wuet al., 2007; Clifford et
al., 2008; Matsubara et al,, 2008). Esﬁé’g%ally, in ‘order: to understand the magma
chamber with particular seismic Wa;/e Velocity: propettics, the seismic tomography
method also extensively applies to the volcanic regioﬁ (Patane et al., 2002; Lees, 2007).

A well seismic three-dimension model can be used for accurate earthquake location.
Furthermore, some interesting relationships can be found between the geological and
tectonic setting, the earthquakes distribution and the tomography image (Natale et al.,
2004; Tahara et al., 2008). The velocity model results are also combined with other
geophysical and geological information to infer the geological structures. For instance,
the role of that in controlling the seismic coupling and the rupture nucleation of large

earthquakes has been discussed (Husen et al., 2000; Zhao et al., 2007).

4.1 Local Earthquake Tomography

When earthquake occurs, the seismic energy is emitted out and penetrates the
30



mediums to the surface. It is a good way for seismologists to analyze the intervening
structure and components based on its travel time from the hypocenter to the seismic
station (Figure 18). But, because of the uneven distribution of earthquakes, the
observations of human-made explosions sometimes are carried out to increase the data
set.

Tele-seismic three-dimensional velocity inversion, continental reflection profiling
and local earthquake tomography are the three seismological techniques to demonstrate
the structural heterogeneity of the crust and upper mantle. However, for tele-seismic
method, because of the low frequency content and the narrow angle of incidence of the
rays in one location, the resolution of near-surface structure will remain poor. So, the
local and regional tomography hasidbecome a powerful tool to investigate the structural
heterogeneity of the crustal-écale. Becauge of the higherfrequency content of local

| —

earthquake seismograms and the presenc;tfnthe earthquake sources within the model
ll R |
volume, the local earthquake tomography method has the potential for higher-resolution

|
.

imaging of shallow structure. 3

Since the theory was first proposed (Aki & Lee, 1976), the approach, theoretical
method and its application have been modified and have greatly advanced (Thurber &
Aki, 1987; Um & Thurber, 1987; Thurber & Eberhart-Phillips, 1999; Lin et al., 2007;
Zhao et al., 2007). First of all, an initial model is often assumed first and then compare
the difference between predicted and observed arrivals to reconstruct the velocity
distribution in the real earth. But, it is never completely recovered. Tomographic
inversion should always be seen as lower bounds on the levels of perturbations in the real
earth because of its several inherently constraints (Lees, 2007). The most important thing
to keep in mind is the method of seismic tomography applies to the solid Earth is a

nonlinear process (Pavlis & Booker, 1983). The paths of the seismic rays from the source
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to the receivers depend on the model parameters such as velocity that are being sought. So,
it is a coupled hypocenter-velocity model problem. Thus, some approximate
assumptions and linearized methods are applied into the inversion procedures (Aki & Lee,
1976; Nolet, 1978; Edi Kissling, 1988). In this study, the VELEST and SIMUL2000
program were used to establish one-dimension (1-D) and three-dimension (3-D) model,
respectively. The 1-D model determined by the VELEST is taken as the initial input

model for the SIMUL2000 to calculate the 3-D velocity models.

o -
. . ot=obs -
Seismic Station pred time
5t=0
5t=0 0
= Bt=0
[
£
<
a |
4]
]
Q4
T8
v 4 Earthquak : \\ i |
ESN : N
Seismic Waves
I I I I
0 2 4 6 8 10
km

Figure 18. The concept of tomography method. The cartoon shows relationships
between the earthquake, ray-paths and stations used for a 3-D tomographic
inversion. The travel-time difference can be projected back along the

ray-path (Lees, 2007).

4.2 The Minimum 1-D Velocity M odel

The result of the seismic image of the three-dimensional inversion is deeply affected
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by the initial reference model. Kissling et al. (1994) pointed out that using an
inappropriate initial reference model may not only affect the quality of the 3-D image by
introducing artifacts but also influence the confidence calculations by underestimating
the uncertainties of the result (Figure 19). Thus, they proposed a 1-D tomographic
solution called the “minimum 1-D model” to overcome these problems (Kissling, 1988;
Kissling et al., 1994). The “minimum 1-D model” is thought as a well-suited 1-D velocity
model for earthquake location and for 3-D seismic tomography. In this study, a
“minimum 1-D model” determined by the Fortran computer program named VELEST

with version 3.3 and its algorithm was pro})osjed by Kissling (1995).
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Figure 19. The 3-D images with different initial 1-D model. The 3-D image obtained

with the minimum 1-D model is much closer to the true model than that

obtained with a priori 1-D model. (Kissling et al., 1994)



4.2.1 Hypothesisand I nversion M ethod

The VELEST program is a FORTRAN77 routine that has been designed to derive
1-D velocity model. It was modified, implemented some methods and tested several
times since 1976 (Kissling, 1995). Now, it can be used to simultaneously invert a large
number of earthquake travel time data for hypocentral and velocity model parameters —
P- and S-wave velocities. Because this inversion is a non-linear problem, the solution is
obtained iteratively. One-iteration consists of solving both the forward and inverse

problem once. The briefly procedures as following flow chart:
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BEIGIN

INPUT: parameters and data
]
nitt=0
solve forward problem (by ray tracing)

nitt = nitt + 1

| establish matrix (AtA +A)]
I
solve inverse problem (invert matrix)

| adjust hypocenters, model, station corr.k

solve forward problem (for new parameters)
I

check solution (better or worse?)

hypocenter, model
? : ’
station corr. BACKUP

yes

QUTPUT results of
this iteration step

yes |another
iteration?

no

\ 4
Final OUTPUT
STOP

Figure 20. The procedure flow chart of minimum 1-D model. (Kissling, 1995)

4.2.1.1 Travel Timeof a Single Ray

The travel time between a seismic source and a receiver for a given velocity model
with ray-tracing is a forward problem. And, the arrival times of seismic waves generated
by an earthquake and observed at the seismic stations are a function of the hypocentral

parameters and the velocity model:
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t arrival time

t origin time

t=F(,%: Yo, %,V(XY,2)
%> ¥o» 4y coordinates of hypocenter

V(X Y, 2) velocity model

Consequently, the residual travel time is a function of the differences between the
estimated and the true hypocentral and velocity parameters:

f=t

res obs

—t.. = F(dt,,dx,,dy,,dz,,dV(X, Y, 2))
Applying a first-order Taylor series expansion to the equation, a linear relationship
between the residual travel time-and adjustments to the hypocentral and velocity

parameter is obtained:

te travel time residual

m, the estimated veloeity parameter, is V(X, Y, 2)
OF |

Sh partial derivative of travel time with respect to jth hypocentral parameter
i

— partial derivative of travel time with respect to kth velocity model parameter

om,

This formula contains forward problem and inverse problem.
4.2.1.2 Coupled Hypocenter Velocity M odel Problem

The determination of the unknown hypocentral parameters and the velocity

parameters from a set of arrival time is a coupled hypocenter-velocity-parameter

problem:
oF oF oF oF OoF
L =——oAt +—o0AX +—oAy +—0oAZ + ——oA
T A T A Sy Yot5, %% z“”ém( i
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t; the ith travel time residual

N the total number of observations for this event

Continuously, the formula is written in matrix notation and separated into two matrices
representing the hypocentral and the velocity model parameters. And it was added by an
error vector that contains remaining part of the travel time residual. The remaining part is
what cannot be explained by adjustments to the unknown parameters. The relation can be
written as follows:

t=Hh+Mm+e=Ad+e

t vector of travel time residuals

H matrix of partial derivatives of travel time with respect fo hypocentral parameters
h vector of hypocentral parameter adjus-tg@nts

M matrix of partial derivatives of travel t‘i.l’l’jle with respect to model parameters

M vector of model parameter adjus!:ments .

€ vector of travel time errors

A matrix of all partial derivatives

d vector of hypocentral and model parameter adjustments

And the method used for the formula is solved by full inversion of the damped least
squares matrix.

Although the VELEST algorithm can simultaneously invert P- and S-wave arrival
times for 1-D P- and S-wave velocity models. In this study, 1-D P-wave velocity model
was the only one to be determined by the VELEST algorithm. Then, the Wadati-diagram
was applied to get the Vp/Vsratio in the target area, and the 1-D S-wave velocity model

could be obtained. The procedures to obtain a “minimum 1-D P-wave model” followed
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the guidelines proposed by Kissling et al. (1994). The brief guidelines for a minimum
1-D model as following:

Step 1. Establishing the “a Priori 1-D Model” based on the previous study

Step 2. Establishing the Geometry and the Velocity Intervals of Potential 1-D Model
Step 3. Relocation and Final Selection of Events

Step 4. Calculation of Minimum 1-D Model

4.3 3-D Image Tomogr aphy

Traditionally, seismic arrival times are used to produce a velocity model, especially
the arrival time data of body waves.*Vp and Vs are modeled from P and S arrivals,
respectively. Thurber (1993) propesed an approach. for Vp/VS ratio from tstp. In this
study, computer algorithms ‘(SIMUL200‘O) developed ‘by-Thurber (1983, 1993) and

g |

Eberhart-Phillips (1990) (documentation provided by Evans & al. (1994)).

| iil

4.3.1 Hypothesis and Inv_ersio“n"‘Method 1

The SIMUL2000 program is. a-damped-least-squares and full matrix inversion
intended for using with natural local earthquakes, with or without shots and blasts. The
iterative damped-least-squares method is applied to obtain a solution for the 3-D
structures of Vp and Vp/VSratio, and simultaneously achieves new hypocenter solutions.

P arrivals and S-P times were used in this study. The conceptual approach parallels
that of Aki and Lee (1976) and the velocity of the medium is parameterized by
assigning at a large number of discrete points in three dimensions. The velocity at a
given point is determined by interpolation among the surrounding grid points.

Usually, the problem is formulated as over-determined. So, the

damped-least-squares solution to the linearized problem is obtained from
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M vector of model perturbations
t vector of travel time residuals
m=(M™M +L)"'MTt

L diagonal matrix of damping parameter

M matrix of partial derivatives

Among these parameters, the matrix M is constructed according to the parameter
separation techniques of Pavlis and Booker (1980). After the equation is solved, the
velocity parameter changes are applied to the model and the earthquakes are
individually relocated in the new, model. The simultaneous inversion is repeated
iteratively and the F test (DeGroot, 1975) is used to. select a stopping point for the
procedure.

This method uses the pseudo-bending ray-tracing algorithm (Um and Thurber, 1987)
to find the rays and calculatesithe travel t'i-r;gtc..s Between the events and seismic stations.
The algorithm utilizes direct minimizaition of the/travel time: an initial path estimate is
perturbed by using a geometric interpretation of thé ray equations, and the travel time

along the path is minimized in a piecewise fashion. The perturbation is iteratively

performed until the travel time converges.

4.3.2 Grid Method

There are many strategies to set the model values within a model such as regular
node, block spacing, non-regular block sizes and variable-sized tetrahedral model
elements. In traditional local earthquake tomography research, the regular node has
been in widespread use. However, the highly irregular source distribution and
non-uniformly spaced stations are always the major puzzles in inversion research. If one

might wish to have localized area of denser model gridding, the denser gridding must
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extend across the full grid in regular gridding approach. (Figure 21B). Eberhart-Phillips
et al. (1995) shows that solving for a coarse node-grid prior to a fine node-grid typically
gives much more accurate results. Thus, Thurber and Eberhart-Phillips (1999) proposed
an alternative ‘flexible’ gridding strategy combing regular gridding with fixed-node
capability to adjust the inversion grid to the target dataset (Figure 21C). Flexible
gridding inversion permits the use of denser grid in localized area and grid nodes to be
linked where sampling is sparse. Besides, Flexible gridding strategy also can be used
after an inversion with regular gridding is completed, because the result of a preliminary
inversion with relatively uniform grid spacing can be treated as the master node sets.
Meanwhile, the areas with highest and lowest resolution can be identified.

In this study, the flexible gridding method wassadopted in during 3-D tomography
inversion. After a minimum ‘l-D P-wave‘ Velqcity model“was obtained, the minimum

| —

1-D model was used as thé starting model-forsthe \coarse 3D velocity inversions. Since
ll R |
the preliminary inversion resultis the coarse'nodetgrid inversion. Then, more nodes in

|
1

the interested region-TVG and ‘the TaipeiBasin aréaﬂn were added for the fine node-grid
inversion. The nodes outside the targetregion was set linear link to one of neighboring
nodes. The intervals of inversion grid points for the whole coarse node-grid inversion
were 5 km (Figure 22A) and that for the fine node-grid were 2.5 km in the interesting

regions (Figure 22B).
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Figure 21. Gridding approach. When “one might wish to have localized area of denser
model gridding such as Figure A, the denser gridding must extend across full
grid in regular gridding approach (Figure B). The flexible gridding can be
introduced in localized area (gray circles) and the values of nodes extending
away from target area (open circles) can be linked (arrows) to values at

adjacent nodes (black circles) (Figure C). (Thurber and Eberhart-Phillips,

1999)
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Figure 22. Gridding distribution in inversion. The coarse (Figure A) and finer (Figure B)
gridding distribution during 3-D tomographic inversion in distribution

during 3-D tomographic inversion in this study.
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4.3.3 Damping Parameters

Damping is introduced to efficiently handle the underdetermined part of the
inversion problem (Nolet, 1978, 1987). Traditionally, the appropriate damping
parameters are determined on the basis of a trade-off curve between data variance and
model variance (Eberhart-Philips, 1990). It is chosen empirically by running a series of
single-iteration inversions with a large range of damping values and the trade-off curve
is a concave, roughly hyperbolic curve. The proper damping is a value that is a good
compromise between a large data variance (too smooth a model) and a large model
variance (too complex and fitting to Hoise in-the data)."If below some damping value,
the modeling results start to wandet away from this. Simple hyperbola, it indicates that
the inversion is not behaving iinearly and must ‘be chosen somewhat above that damping

value. ~
1l m |

In order to choose an optimal da}mping- parameters for-Vp and Vp/Vs ratio, in this

study, Vp was chosen with a tréde-of‘f curve with hdlding Vp/V/s damping fixed at a large

value—=800 to reduce the effect of the S*P data as small as possible. Then, Vp/Vs

damping was obtained as 150 while keeping Vp damping as the optimal

parameter—200 chosen in the previous step (Figure 23).
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Figure 23. The trade-off curve of choosing Vp and Vp/Vs damping values.
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4.3.4 Resolution Test

4.3.4.1 Checkerboard Resolution Test

The basic idea of the checkerboard resolution test (CRT) was given by Humphreys
and Clayton (1988) and has been applied by Grand (1987) and Inoue et al. (1990). The
test has been used widely to evaluate the resolution of the solution. Thus, the steps of
CRT method as followings:

(1) Make a checkerboard — First step is to assign the positive and negative velocity
perturbations to the 3-D blocks'of a homogeneous veloeity model at the same interval.
(2) Calculate a set of synthetic travel times — Then; a set of travel time delays that
result from tracing rays through the synthf?tic structure is\catculated.

| —

(3) Invert again — Finally, invert those delays-as if they are real data and then compared
ll R |
the synthetic inversion result with the initialssyntheti¢ structure. The resolution of the

|
1

solution is judged by examinihg whether thessolution. after inversion is returned to the

checkerboard or not.
4.3.4.2 Restoring Resolution Test

In order to check the reliability of the tomographic solution, Restoring Resolution
Test (RRT; Zhao et al., 1992) was carried in this study. The RRT is used to examine how
the reliability of the tomographic image is affected by errors or noise in the data during
inversion. The significant error is the picking uncertainties for the arrivals. Besides, the
test also can inspect how well of the velocity structure can be retrieved from the
inversion. The stability of the solution is judged by inspecting whether the solution in

returned to normal tomographic images or not. The steps of RRT method as followings:
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(1) Set a synthetic model — The tomographic image obtained by the normal inverting
the real data set is taken as the synthetic model.

(2) Calculate a set of synthetic travel time — Then, synthetic arrival times are
calculated from three-dimensionally tracing rays in the synthetic model and added the
random error as that contained in the real data set to the synthetic data set.

(3) Invert again — By inverting the synthetic data set by using the same inversion
algorithm in normal inversion, the restoring image of the synthetic data is obtained.

(4) Comparing the images — By comparing the two result images between the normal
inversion and the RRT, how well the main trend or some special structures in the real

result is realistically restored can be fotind out:"

4.3.4.3 Derivative Weight Sum

Solution quality is alSo described b;ﬂ" :W‘eighted hit count called the "Derivative
weight sum (DWS)", an estimate of 'rally defislity @ear a grid'point weighted by ray-node
separation and ray-path length" inthe: vicinity of tﬂe‘:nnode (Evans et al., 1994). The DWS
describes the amount of data actually~conStraining the velocity at that node. So, the
DWS was taken into account in this study. The DWS values of 200 and 500
approximately are equal to recovery rates of 0.4 and 0.6 (Nakamichi et al., 2007). The
recovery rate is zero when the resulting velocity perturbations are zero or have signs

opposite the initial ones. Thus, the results with adequate ray coverage had DWS values

of 200 or greater were used for analysis in this study.
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Chapter 5 Procedure and Result

5.1 Study Procedure

Because the local seismicity is rather low in Taipei surrounding region, the study
area was extended southward in order to increase more earthquake records and to offer
more ray-paths for velocity inversion. The inversion region is bounded by latitude
24.50°N-25.31°N and longitude 121.15°E-122.00°E (Figure 17).

Because of the different monitoring purpeses, the detection lower limit of
earthquake magnitude of those networks that their records were used in this study is
different. For instance, the network at TVGUisy small enough to monitor the

micro-earthquakes those can not be deteeted in/the CWBSN. Thus, the arrivals of events

—
g—

recorded by two temporal networks wgﬁe mpicked manually (see appendix 1) to
increase the ray-paths in this.study: "fhen, .;t-hese: earthquakes were relocated by using
3DCOR computer program proposed by Wu et 4l.(2003) with the velocity model
determined by Wu et al. (2007).

Consequently, the events with good quality were selected to determine Vp and
Vp/Vs structures as well as focal mechanisms. Totally, 486 events including 5517 P
arrivals and recorded by 286 stations were used for minimum 1D P-wave velocity
model. These events were selected for at least 9 stations with station coverage gap less
than 180°. All of the stations with epicenter distances were less than 50 km and the
picking weightings of P arrival were less than 3 (Figure 25, Figure 26, Table 4). The
P-wave velocity within the study region of the Wu’s tomographic model was averaged
as the priori model to obtain the minimum 1-D P-wave velocity model. The depths of

the grid points are 0, 2, 4, 6, 9, 13, 17, 21, 25, 30, 35, 40, 50, 70, 90, 110, 140, 300 and
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700 km. Because of the uncertainties of the S-wave arrivals, the Wadati diagram was
calculated to obtain the Vp/Vsratio in this target (Figure 28).

Results of the minimum 1-D P-wave velocity model, the value of Vp/Vsratio from
the Wadati diagram analysis and the appropriate damping parameters were taken as the
initial models for the 3-D velocity model inversion. Totally, 6861 events were used with
gap less than 270° and recorded by at least 7 stations with picking weighting of arrivals
less than 3. The numbers of P-arrivals and S-P times for 6,861 events at 310 stations are
63,544 and 51,030, respectively. The P arrivals and S-P times were used in the inversion
to determine Vp and Vp/Vsratio model. In addition, the SIMUL2000 program also takes
into account accuracy and reading err(?; of arri.\'/"(:ll time by the manual weighted factors.
The coarse tomographic resu‘llg‘” was obtained ﬁrst and“ then calculated the finer

tomographic result. The bri‘élﬂgl prociﬂﬁégﬂowjfc_:ﬁ%rt was shown as following:
o) = el

—
| pick and combine data |~
>

latitude 24.50°N-25.31°N

longitude 121.15°E-122.00°E
>= 9 stations with P arrival time picking | relocation by Wu's 3-D model L_:—-___W‘_.__TI_T__I__LI_ H200%

w_eighting between A and C, epicenter
distance <= 50km and GAP <= 180° whole Taiwan 3D model & 3DCOR location

m select data for 1-D inversion | (Wuetal., 2003; Wuetal., 2007)

e

«

| minimum 1-D inversion (VELEST) |

== 7 stations with P arrival time picking
weighting between Aand C and GAP <= 270"

"

— | select data for 3-D inverison |

7

[relocation by minimum 1-D model |

ks

| simultaneously coarse 3-D inversion (SIMUL2000)|

K

O

inversion (SIMUL2000) |

new 3D model & 3DCOR location

[ relocation by the new 3-D model wux:

| simultaneously finer 3-

s

| calculate focal mechanism by genetic algorithml

Figure 24. Data processing and analysis flow chart in this study.

5.2Minimum 1-D Modd Result

The VELEST program minimized the total estimated location errors with
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corresponding station residuals (Figure 29). All of the station corrections were respect to
a reference station. In this study, TWA station (red square in Figure 29) near the center
of the inversion region and offers a large amount P and S arrivals. It was chosen as the
reference station and maintained its initial delay as zero. Generally speaking, the
stations with negative travel time residuals should lie in local high-velocity areas with
respect to the reference station and those with positive travel time residuals should
locate at the areas with local low-velocity. From the station residuals distribution in
Figure 29, it does make some geological sense such as most of the stations in
sedimentary region with positive tr’]avervl Elmf rfsi;luals and those in mountain region

| . ) P
with negative travel time residuals. So; the stat}?jn residual distribution does not violate
"l“ | == - -5 o

A . -'l—' = -
a priori information within study r

o
VI

Besides, the average “toot-me

N rﬂ""
S) of ‘éhe hypocenter location was

!
|
1gure130)' and the average GAP was
¥J"i
daﬁre shown in Figure 27.
~ 122°00°E

reduced from 0.155 to _5;096 "

102°. The priori and ﬁnél mini

121°00'E
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Figure 25. The ray-paths between earthquakes and recording stations.
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Figure 26. The recordingﬁlﬁﬁlﬁi‘bpﬁ ‘ ﬁﬁ}hows seismic recording
number in e;"ch sta Ijon d VEL H ST, (;ee Table 4).
Th;}t:?le; s
Station [Number -" \ ;

TWA | 416 | TAP | 2 u:r MOS |, 73" 1 035 31
Twe | 416 | BGs | 178 | Boes'| 72 31

ENT | 403 |TWS1| 155 |YMO6 | 72 |YMO2| 43 E010 31

TWC | 384 | NNS 139 | TWU 69 E037 42 E026 30

TWBI1 | 359 | E032 91 YMO8 | 68 EHC 41 TWZ 29

INWF 335 | TWY 82 | YMO7 | 63 E005 40 E014 29

ENA | 330 | YMOI 77 E055 57 E008 37 E059 28

ILA 329 | E027 75 NCU 54 TB09 35 TBO08 27

NSK | 299 |YMO3 | 75 E031 53 ANP 32 E060 27

TAPI | 220 JYMO4 | 73 E046 49 E041 32
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Figure 27. 1-D P-wave velocity model. The priori P-wave velocity model (black line)

and the final minimum P-wave velocity model (red line).
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Wadati Diagram
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Figure 29. Station residuals of 1-D Vp model. The corresponding station residuals in the

final minimum 1-D P-wave velocity model.
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Figure 30. The RMS reduction in VELEST. RM'S"'?of the hypocenter location was
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5.3 Resolution Testy || 41 ||

== ||

In order to check the rehablhty OL’ the3-D to!il‘lograf)h;c solution, the Checkerboard
Resolution test (CRT; Grand, 1987) and the Restorlng Resolution test (RRT; Zhao et al.,
1992) were carried out. The checkerboard velocity model was constructed by assigning
the velocity perturbations of +3% and —3% to the grid points and it lead to 69%
velocity discontinuity across the boundary of checkerboard boxes. The block size in
CRT is the same as that in coarse 3-D inversion.

From the P-wave velocity results of CRT, it shows only the portion with depth
shallow than 9 km is well return to the checkerboard model in Taipei Basin and Tatun
region. The small green squares in Figure 31 and 32 represent the station distribution of
the seismic networks in metropolitan Taipei and the small seismic monitoring at TVG.

The resolution is good within the region covered with the seismic stations. Moreover,
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the Vp/Vsresolution is poor than P-wave velocity resolution and it is only good in layers
at depths shallow than 6 km in target region. It is because that most of earthquakes
occurred within the target region are shallow than 10 km and seldom earthquake
occurred between 10 and 60 km (Figure 33). Those earthquakes with depth larger than
60 km are associated with the subducting slab. So, the poor resolution in the target
region makes sense. Thus, the results on the shallow portion of the target region were
discussed.

On the other hand, the reliability of the coarse solution was checked by RRT. The
arrival time data was made by adding random errors with standard deviations of 0.02 s
for P-wave and 0.05 s for S-wave to theoretical data set; respectively. It is because that
S-wave is generally contaminated by the P-wave coda“and then has larger picking errors.
Moreover, the same picking errors| wete us¢d in Nakamichi et al., (2007) and its

| —

inversion region is approxitmately the same ds-the targetregion in this study. In order to
ll R |
understand the image recovery, a quantity €alled|the “récovery rate” was introduced

|
1

(Nakamichi et al., 2007). It is ‘d‘ravslln‘ in.black Whén the’ tomographic result of coarse
normal inversion is completely recoveréd or alittle bit over-recovered and is
approximately white when the resulting velocity perturbation is zero or has sign
opposite the tomographic result of coarse normal inversion. If the tomographic result of
RRT is widely over-recovered, the region is drawn in light purple. In Figures 35 to 39,
most of area is over-recovered, especially beneath TVG. But the main pattern of the
tomographic results does not have significant difference. So, it means the main
geological trend and structures is approximately imaged upon the data set. Besides, the
recovery results seem to correlate with the hypocenter and station distribution. It means
it is deeply influenced by the ray-paths of seismic waves. Thus, the lack of events in the

target region is a dominant influence in obtaining the detail tomographic images.
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Figure 31. The checkerboard test result of P-wave velocity.

55




Lotitude(N)

248

248 25 252 254

25.2 254

25

248

24.4

25.4

252

248

24.6

Depth 002 km, Vp/Vs = 1.73

Depth 002 km, Vp/Vs = 1.73

248 25 25.2 25.4

246

i i 1
Fil 121.5 122

244

Depth 006 km, Vp/Vs = 1.72

254

5.2

248

2486

21 BT - 122
Longitude(E)

Depth 009 km, Vp/Vs = 1.72

24.4

Longitude(E)

Depth 070 km, Vp/Vs = 1.73

48 25 25.2 254

248

i 'l i
21 121.5 122

-
-
™

I .
121.5

Figure 32. The checkerboard test result of Vp/VSratio.

56




121.25°E  121.5°E 121.75'E  122°E

- ! L L
25.25'N
25°N -+
2475'N
24.5'N - . :
0 50 100 150 200
Depth (km)
p—
=X
~100 -
K —
.
Q.
Q 150 -
(=] .
200 Yl d W e T
Figure 33. The reloca akes “?iiistribution.
= A - . B
121°30'E 121°45'E
km O Epicenter with depth 0f 0-10km
; = 1- © Epicenter with depth Of 10~20km
. 5 @ Epicenter with depth Of 20~40km
Late Pleistocene fault ¢ ppicenter with depth Of 40~60km
Suspect active fault  ® Epicenter with depth 0f 60~100km
————— Fault concealed or inferred
25°15'N 25°15'N
25°00'N

121°30'E 121°45'E

Figure 34. Locations of profiles A to E.

57



N
>
T

> ’
o A >
TR 8.5 w _ 1.9
B k£ 1
= 65 M = 8
£ 10 g% / E-1 : 1.7
(=3 P-wave Velocity ] S a
8 0 10 20 30 e 8 0 10 20 30 "o
Distance (km) Distance (km)
= ] = ’
o A A @ A
L 6 gg L 6 _ 1 e 1.9
E : sk E 4
X g‘.g m = 1.8
< o i [ 2o -
P-wave Veloci :
§' i 5 ty. T gfs §' .VPN & : 1.6
0 10 20 30 0 10 20 30
( C) Distance (km) Distance (km)
© L ©
10y = 100
> £ 2
o -~ o
= 05 S c 0.5 >
a o o o
[0} " 00 © ) 00 @
Q o 10 20 30 X A o 10 20 30 o
Distance (km) Distance (km)

Figure 35. Reliability test along profile AA’. (A) Results of the coarse normal inversion
along AA’. (B) Results of the RRT along profile AA’. (C) Tomographic

recovery rate along profile AA’.

58



]
3. B B
wé. 35
€ mKoE
X 88 m s~ 18
£ 10 g:g /| =- 17
a P-wave Velocity 4’8 S "6_ Vp/Vs
o0} . . 35 [35) : 1.6
O o 10 20 30 O o 10 20 30
Distance (km) Distance (km)
]
3 .,B B 3
w 3 8.5 . w 1.9
< 10 28/ =- 17
a P-wave Velocity 43 S &
[b] T T T T 35 Q . 1.6
[m) 0 10 20 30 ()] 0 10 20 30
( C ) Distance (km) Distance (km)
3 2 B o
i S e m
g 10 & E 10 X
> >
= 0.5 g < 0.5 E
£ e g™ :
o . o0 g | oo @
(] 0 10 20 30 () 0 10 20 30
Distance (km) Distance (km)

Figure 36. Reliability test along profile BB’. (A) Results of the coarse normal inversion
along BB’. (B) Results of the RRT along profile BB’. (C) Tomographic

recovery rate along profile BB’.

59



>

>

o 3 C
_wé 85 it SE—— T
E EE: r'; E ‘ 1.8
f— 6.0 -

55 [
£« -10 Y -10 - 1.7
"g P-wave Velocity g:g S %_ Vp/Vs .
O o 10 20 30 ' a o 10 20 30 '
Distance (km) Distance (km)

3 ks

Tk; 8.5 i 19
£ kg
3 Bm S -
< -0 . 88 / < - 17
% P-wave Velocity g:é S % Vp/Vs e
O 0 10 20 30 ' O o 10 20 30 '

( C ) Distance (km) Distance (km)

553 o 2
L 4 100
g > >
X
= 0 9 05 g
£ 3 o
o 5 0.0 &
8 0 10 20 30 o

Distance (km) Distance (km)

Figure 37. Reliability test along profile CC’. (A) Results of the coarse normal inversion
along profile CC’. (B) Results of the RRT along CC’. (C) Tomographic

recovery rate along CC’.

60



3 D’

g 88
£ _ 73
3 §§ m
£ -0 g‘.g é
o P- :

& | wavelVelocity! . g‘,g
(] 0 10 20 30

Distance (km)

P-wave Velocity

Lo OOy~ ~ICO 0o
omootio;iom
w~3x

10 20 30

Distance (km)

& o
Recovery Rate

e
=}

10
Distance (km)

20 30

1.9

E 1.8
X
- 1.7
S | vowvs
[1)] T T 1.6
O o 10 20 30

Distance (km)

>

)

w 1.9
E’ 1.8
o~ - 1.7
a
@ | vP o , ' , 1.6
0o 0 10 20 30

Distance (km)
Q
[0
1.0
o
052
g :

% = 0o ®

a o 10 20 30

Distance (km)

Figure 38. Reliability test along profile DD’. (A) Results of the coarse normal inversion

along profile DD’.

(B) Results of the RRT along profile DD’.

©

Tomographic recovery rate along profile DD’.

61



P
>
Mms—~

I E’ 3,E
£ Bm E 18
£ -10 g;?} / c -10 1.7
‘| P-wave Velocity 43 S B Vp/Vs
g | _ . . 38 2 16
0 10 20 30
Aqg Distance (km) Dlstance (km
z E E =
o § i i § 19
£ émE 18
c 10 g% /< 0 17
ey P-wave Velocity %8 S &8 Vp/Vs
8 0 10 20 30 ° 8 0 30 e
( C ) Distance (km) D|stance (km)
3. E E’ Q@ 3. E E’ o
mg < mg ©
—_— 1.0 14 — 1.0 14
= > £ >
= 05 S = 05 £
= 10 "g g ~ 3
- - 5]
Q 02 00 @
8 0 10 20 30 o 8 0 10 20 30 @
Distance (km) Distance (km)

Figure 39. Reliability test along profile EE’. (A) Results of the coarse normal inversion

along profile EE’. (B) Results of the RRT along profile EE’. (C)

Tomographic recovery rate along EE’.

62



5.4 3-D Velocity M odel Result

Detail tomographic images and the relocated hypocenters distribution were shown
in Figure 40 to 44. The earthquakes within 2 km to the profile are plotted. Figure 46
shows the recordings number of each station was used in this study. In Figure 40, Figure
41 and Figure 44, the Taipei Basin is well imaged as the high Vp/Vs ratio in the
near-surface portion.

A significant lower Vp/Vs ratio zone which seems associated with the Chinshan
and Shanchiao fault is observed through entire region. Chang (2004) studied the 3-D Vp,
Vp/Vs and Qp structures beneath TVG and also found the significant high Vp, high Vs
and low Vp/Vs ratio inclining toward southeast beneath TVG. Because the Chinshan
fault is formed earlier than thé eruption of Tatln volcanoes; they inferred the feature to

| — ]

the solidification igneous “rock along Cf-ﬁ?‘i“fshan fault. But, the significant zone is a

| ,‘E‘

continuous feature through entire study regi'k;n in this study'(Figure 44). Because of the
poor resolution of the depth 1érger :than 9 km 1n Ta,ipei Basin and 6 km in TVG, the
feature might reflect the hard rock site“relative to_the upper soft sedimentary. Besides,
most of the earthquakes occurred beneath Taipei Basin are located within this zone. The
feature also well depicts the half-graben shape of Taipei Basin in Figure 44.

A high Vp and low Vp/VSs ratio region beneath TVG at subsurface zone should
represents the solidified igneous rock (Figure 42, Figure 43). In Figure 45, the Vp and
Vs perturbation maps also show the shallow portion with higher Vp and higher Vs
relative to the surrounding region.

Result of depth larger than 10km in Figure 42 and 43 due to lack of earthquakes, it
is not clear to identify that a region with relatively high Vp/Vsand low Vp exist or not. It

may be caused by inadequate ray-paths passing through and the unsuitable ray tracing
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algorithms used in this study. Zhao et al. (1992) pointed out the pseudobending
technique fails to work when velocity discontinuities exist and it only can be applicable
to continuous velocity models. So, if a magma chamber or fluid saturated zone really
exists, the pseudobending technique may be inappropriate.

Based on the earthquakes locations, there seems that a seismogenic zone is
perpendicular to the Chinshan fault beneath TVG. This zone with seismicity may

correlate with the Chinshan fault. This part will be discussed in next section.
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5.5 Seismicity & Focal M echanism

First motion focal mechanisms determined by genetic algorithm are used in this
study (Wu et al., 2008). The events are recorded by at least 7 stations and offer equal or
more than seven polarity readings. Only the solutions with quality factor Q larger than
0.1 were discussed hereafter.

The hypocenter distribution was plotted and examined in three-dimension with
Gocad program (Mallet, 1989, 1992). Most of the earthquakes beneath TVG occurred at
depth shallow than 8 km and most of the focal mechanisms of these earthquakes are
dominantly in normal fault type with*sfrike-slip, component. The double-couple focal
mechanisms in this area varied ‘greatly even the eveénts are close in time and spatial
windows (Figure 47). The lbcations of t‘hree earthquake“pairs with focal mechanism

| — ]

solutions can be identified in Figure 48 aﬁ?ﬁei‘r locations (red, blue and purple circle in
4 5
Figure 48) are beneath the Tayukeng; and l\Lfétsao Te€gions.

Based on the hypocentéf ‘dis{ribution, all | of .earthquakes occurred within the
hanging wall and extended to the surface. Those earthquakes can be divided into two
groups with different trends (Figures 50, 51). These two seismogenic zones at the
shallow portion are coincident with the surface hydrothermal regions with hot spring and
fumaroles. Those regions include Chishing Mountain, Matsao and Tayukeng (Figure
52).

Chan et al. (2006) applied high-resolution airborne LiDAR-derived digital terrain
model to characterize the TVG and they discovered clear distribution and pattern of the
joints and fractures in TVG. Lee et al. (2008) also observed a short-term increasing

trend in HCI concentration, SO,/H,S ratio and the temperature of fumaroles and they

proposed that the ascending of more magmatic or primary hydrothermal fluid along the
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fractures likely caused the change. In Figure 49 and Figure 52B, the earthquake
distribution pattern is vertical near the surface. Thus, it seems that these earthquakes are
weakly correlated with the nearest fault - Chinshan fault. Those earthquakes may occur
around the broken zone and unobstructed conduits exist beneath the Matsao, Tayukeng
and Chishing mountain regions for the gas and liquid passing through will be suggested
in this study. Besides, the clear unobstructed conduits also can explain that the *He/*He
data obtained from Tayukeng show consistent variation and independent with the
rainfall (Ho, 2001). Furthermore, the unobstructed conduits could maintain the
outgasing system at relatively steady status.

In Figure 48 and 52B,there Seems no obvious. fracture between these two
seismogenic zones and these two_zones incline tondifferent directions. The seismicity
beneath Chishing mountain fnclines to the southeast. Base on the result of seismicity

| —

and geochemistry analysis, Konstantinou'r_‘;f:"'ﬁ-l; (2007) and Lee et al. (2008) concluded
ll R |
that a magma chamber might exist beneath in the area. Wright et al. (2006) studied the

|
1

Nubia-Arabia plate boundary "a‘n‘d concludedsthe nﬁagma itrusion would be rather via
dyke pattern than segmented normal faulting. Motoki and Sichel (2008) proposed that
the magma pressure, depth and local stresses conditions are important to define the
cause of the intrusion. One is that tensile fracture formation for dyke intrusion takes
place and the other one is the magma intrusions filled along pre-existing fractures. They
also inferred that in an extensional stress field such as an active back-arc volcanoes,
new fractures open relatively easily and magma does not fill the parallel normal faults.
The dykes are formed by tensile fracturing and vertical. On the contrary, faults are
formed by shear fracturing and show a high to low-angle dip. These two seismogenic
zones (Figure 50, 51) may imply that they are different passageways for the

hydrothermal fluid and gas to ascend along from different sources.
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The swarm activity around active volcano is generally accompanied with vertical
deformation (Hill et al., 2003). But, based on the precise leveling result, a total
subsidence of 10mm was detected for 14 months from June 2006 to August 2007
around Chishing mountain (Murase et al., 2007). Thus, the micro-seismic activity and
the opening fracture seem more closely related.

Based on gravity and magnetic surveys, Yang et al. (1994) pointed out the
Chishing mountain has local high gravity zone but a low magnetic anomaly. It could be
the result of hydrothermal alternation. The continuous and well-developed fracture zone

beneath Chishing mountain seismological _e}/idence in this study can support that the
P [l X T
magnetic minerals in the rocks-have hl‘gl-fﬂposslb_ée been removed or transformed already.
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represent the locations of the other focal mechanism solutions in Figure 47.
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Figure 50. Two earthquake groups benedth TVG. Most of the earthquakes recorded by
7~10 stations can befidentified into ‘twoiclusters (green and red groups)

based on its hypocenter distribilﬁOI{;‘ H :‘
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Figure 51. Two earthquake groups beneath TVG. The bigger blue balls represent the
events were recorded by at least 11 stations and most of them still occurred

within the two clusters.

74



a - Datlin Mountain

b - Shamao Mountain

c - Chishing Mountain
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| (Figure B)
Figure 52. The earthquake clusters distribution beneath TVG and related localities.

Taking the topography out, these two seismogenic zones are coincident with

the surface significant hydrothermal regions with hot spring and fumaroles.
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Chapter 6 Conclusions

In this study, a detail tomography was taken in order to understand the seismogenic
structures, earthquake and volcanic activities in Northern Taiwan region especially in
Taipei Basin and TVG regions. According to the analysis and discussion several results

are obtained as follows:

(1) A significant half-graben shape is depicted in the tomography image with low Vp/Vs
ratio through entire region. The feature might reflect the hard rock site relative to the

upper soft sedimentary.

(2) The earthquakes occurred in the FVG.region|may correlate to local hydrothermal

g—

activity rather than Chinshan fault base on restlts from tomography, seismicity and
I 11

s;
focal mechanism, especially a considerable variation in focal mechanisms solutions.

(3) Two seismogenic zones beneath TV.G are coincident with the surface hydrothermal
regions. The unobstructed conduits may exist beneath the Matsao, Tayukeng and

Chishing mountain regions.

(4) Because of no connection between these two seismogenic zones beneath the TVG. It

may imply that there are two different hydrothermal sources.

The accurate earthquake location is very important to recognize the conduits
beneath TVG. So, the tomography algorithm including calculating the difference of

absolute travel-time between neighboring event pairs such as tomoDD (Zhang and
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Thurber, 2003) should be an appropriate tool to study this region. Besides, because of
the abundant seismogram recordings due to combining the data from different networks,

it is worthy to more detail analyze the waveform information in the future.
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Appendix

I —1. An example of earthquake swarm and manual picking quality.
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event 2 event 4

89



I —1. An example of earthquake swarm and manual picking quality.

(continued)

90



I —1. An example of earthquake swarm and manual picking quality.

(continued)
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I —2. The detail waveform of event 1.
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I —2. The detail waveform of event 1. (continued)
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I —3. The detail wavefor m of event 2.
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I —3. The detail waveform of event 2. (continued)
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I —4. The detail wavefor m of event 3.
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I —A4. The detail waveform of event 3. (continued)
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I —5. The detail waveform of event 4.
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I —6. The detail wavefor m of event 5.
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I —6. The detail waveform of event 5. (continued)
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II . Detail focal mechanism solutionsin TVG.

1996,/04/15, 16:32:25.77, M2.7
Lot.: 25.121, Long.: 121.568
Depth: B.2 km
eup

CDown

01

A, Strike: 45, Dip: 83, Roke: —25.
B. Strike: 138, Dip: 65, Roke:—172.

P—axis. Azimuth: 359, Plunge: 23.
T—oxis. Azimuth: 94, Plunge: 12,

1997/06,/24, 16:37:13.00, M3.4

Lot.: 25.129, Long.: 121.570 N
Depth: 7.0 km
®lp
ODown

02

A, Strike: 22, Dip: 70, Roke: —29.

S P—axis. Azimuth: 340, Plunge: 34,
B. Strike: 123, Dip: 63, Roke:—157.

T—aoxis. Azimuth: 74, Plunge: 5.

2006/04/24, 03:00:56.89, M3.1
Lot.: 25.164, Long.: 121.567
Depth: 4.3 km
oup

CDown

03

A, Strike: 34, Dip: 70, Raoke: —23. g
B. Strike: 132, Dip: 68, Roke:—158.

P—axis. Azimuth: 353, Plunge: 30.
T—axis. Azimuth: 83, Plunge: 1.

2006/10/12, 06:52:13.86, M2.5

Lat.: 25.187, Long.: 121.586 N
Depth: 4.8 km
elUp
ODown

04

A. Strike: 220, Dip: 78, Roke: 151,

S P-gxis. Azimuth: 271, Plunge: 11.
B. Strike: 317, Dip: 62, Roke: 14,

T—oxis. Azimuth: 175, Plunge: 29,

2007/01/29, 11:02: 4.38, M1.9
Lot.: 25.132, Long.: 121.563
Depth: 6.1 km
eUp

QDown

“ 05

A, Strike: 234, Dip: 58, Rake: —39.
B. Strike: 347, Dip: 58, Roke:=141.

P—axis. Azimuth: 200, Plunge: 49,
T—axis. Azimuth: 291, Plunge: 0.

2007/02/04, 09:38:16.07, M1.9
Lat.: 25,171, Long.: 121.547
Depth: 2.1 km

oUp
QDown

A. Strike: 25, Dip: 26, Rake: -7. s
B. Strike: 121, Dip: 87, Roke:=116.

P—axis. Azimuth: 7, Plunge: 42,
T=axis. Azimuth: 234, Plunge: 37.
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2007/03/14, 12:24:52.04, M2.2

e 1 G 5 5 N
Lat.: 25.165, Long.: 121.543 r
Depth: 4.2 km o 0
- 3

LN / .
CDown / ./ o

! //. / \ EI‘-.\\

4 | h

[ J .././

A Strike: 46, Dip: 48, Roke: —71 < " Poxis. Azimuth: 27, Plunge: 76
T-axis. Azimuth: 123, Plunge:

B. Strike: 199, Dip: 45, Rakei—110

2007/04,/25, 05:47: 8,16, M3.1
Lot: 25.176, Long.: 121.585

LIS 2
ODown P o o
y

7
/
/@
/

A Strike: 51, Dip: 25, Roke: —75
B. Strike: 215, Dip: 66, Rake: —97.

N

Depth: 3.9 km /Im.,—'/f__'.__ﬁa‘“mx\ 0 8

P-axis. Azimuth: 111, Plunge: BE.
T-asis. Azimuth: 310, Plunge: 21.

2007/04/25, 05:52:55.30, M2.5

Lat: 25.179, Long.: 121.586 K
Depth: 3.8 km //"_’_\.\
-

LI L P s O
®

ODown = ,-/ M "
r', T Fd ,
i A \\
/ /
i
) /
L
S/ \
/ :
i \
.r’f
W ® /" -+ 3
U
N O / /
_ ./
. /
B [
A Strike: 92, Dip: 40, Raoke: —31 z ~ P-oxis. Azimuth: 78, Plunge: 51

B. Strike: 207, Dip: 71, Rake:—126.

T-axis. Azimuth: 322, Plunge: 18.

| 2007/04/25, 12:25:27.01, M28

Lat: 25.177, Long.: 121.584

e
ODown

A, Strike: 106, Dip: 53, Roke: —21
B. Strike: 209, Dip: 73, Roke:=141

—

s

S ||

P—agxis. Azimuth: 74, Plunge: 39
T—oxis, Azimuth: 333, Plunge: 13,

2007/04/25, 12:

2007/04,/25, 12:25:56.18, M2.3
Lat: 25.176, Long.: 121,582 _'“d_ 1 1
Depth: 4.3 km T

LIS

CDown

A, Strike: 11, Dip: 67, Raoke:
B. Strike: 266, Dip: 59, Rake; -27

T—oxis. Azimuth: 137, Plung-

S P-gxis, Azimuth: 231, Plunge: 40

5

2007/05/10, 12:24:45.35, M2.0
Lot.: 25170, Long.: 121.551

Depth: 1.7 km —
el /
O Down /
/

\ © o

A, Strike: 21, Dip: 89, Roke:—156
B. Strike: 291, Dip: 66, Rake: -1

)

12

P—axis, Azimuth; 248, Plunge: 17
T-axis. Azimuth: 153, Plunge: 16
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2007/05/29, 14:28:568.04, M2.2
Lot.: 25.171, Long.: 121.566
Depth: 3.2 km
®lp

ODown

A. Strike: 26, Dip: 83, Roke: 121,
B. Strike: 127, Dip: 32, Roke: 13.

S P—oxis, Azimuth: 91, Plunge: 31,
T—oxis. Azimuth: 326, Plunge: 43.

2007/05/29, 14:29: 2.71, M3.0
Lot.: 25172, Long.: 121.565

Depth: 3.4 km
el
QDown
W .!

A, Strike: 190, Dip: 29, Roke: 163 P-axis. Azimuth: 48, Plunge: 31.
B. Strike: 295, Dip: 82, Raoke: 62. T—axis. Azimuth: 177, Plunge: 46.

2007/05/29, 14:31:19.46, M3.4
Lat.: 25.174, Long.: 121.566
Depth: 3.5 km
®lp

ODown

A, Strike: 79, Dip: 26, Roke: —1.

B. Strike: 170, Dip: 90, Rake:=116.

S P—axis. Azimuth: 56, Plunge: 40.
T-aoxis. Azimuth: 283, Plunge: 39.

2007/07/14, 08:15: 9.93, M2.5

Lat.: 25.170, Long.: 121.568 N
Depth: B km

®lp
ODown

A. Strike: 243, Dip: 85, Rake: -7. 5 P-axis. Azimuth: 198, Plunge: 8.
B. Strike: 334, Dip: 83, Roke:=175. T—axis. Azimuth: 288, Plunge: 1.
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