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THREE-DIMENSIONAL P-AND SWAVE VELOCITY
STRUCTURESOFTHE CHINGSHUI-TUCHANG
GEOTHERMAL AREA INNORTHEASTERN TAIWAN
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ABSTRACT

Crustal velocity structur e of the Chingshui-Tuchang area is
obtained from the analysis of P-and Swave arrivals of 257 local
earthquakesr ecorded by a temporary seismic network in Ilan,
northeastern Taiwan. Theresults of one-dimensional structure
show that a major discontinuity inthe uppercrust isfound at the
depth of 3 km for both P- and S-wave velocities. In addition, a
significantly low S-wavevelocity layer isfound at depth between
10-15km. Thisfeatur eissmilar to that of a par tially molten magma
body found in other geother mal ar eas, such as Yellowstone. Three-
dimensional P-wave velocity gructur esshow that later al variations
in P-wave velocity in the shallow depthsar e generally associated
with the geological structuresnear the surface. The major
geother mal areas such as Chingshui and Tuchang exhibit lower
P-wave velocity. Relocated earthquakes using the three-
dimensional model show that many of the earthquakes ar e located
in high velocity ar eas or areas with large gr adient in the upper
crust.

K ey words: seismictomogr aphy, geother mal ar eas, cr ustal structur es, seismicity,
magma

INTRODUCTION

The Chingshui-Tuchang area is one of the most active geothermd areasin Tawan. Itis
locaed to the south of the Ilan plain, which is believed to bethe westward extenson of the
Okinawatrough (Suppe, 1984; Y ehetal., 1989;Liu, 1995). Many hot sorings have been found
inthisarea, particularly at Chingshui and Tuchang. During the past decade, somegeol ogical
surveysand geophydcal studies have been done(e.g., Tseng,1977; Yuetal., 1977; Tsai etal.,
1978), but detalsregarding the deep structuresinthecrug areabsent while the possible heat
sourceof thisgeothermal areaisnotyet fully understood.
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The major purposeof thisstudy isto Sudy thethree-dimensiond velocity gructuresin the
Chingshui-Tuchang geothermal area. First, the arrivas of both P-and S-wavesgenerated by
257 locd earthquakes and recorded by atemporary seismic network are selected to invert a
one-dimengond veocity model. Based onthismodel, a three-dimensional velocity model is
then inverted. Inthemeantime, all of the earthquakes arerelocated on the basis of the three-
dimensional model. Finally, thevelocity sructuresand relocated earthquakesarediscussedin
two NW-SE profiles perpendicular to the strike of thegeologica structures near the surface.

GEOLOGICAL SETTING AND SEISMIC DATA

The generd geology and main structuresin the Chingshui-Tuchang geothermd areaare
showninFHgure 1. Thisgeothermd areaisl ocated tothe south of thellan plain,which, reportedly,
represents the wegern extension of the Okinawatrough in Taiwan (Suppe, 1984; Y eh etal.,
1989; Liu, 1995). Major faultsinthe Chingshui-Tuchang area from northwest to southeast
include the Neodou, Hsiaonanao, Hanchi and Wumaoshan faults They basically trendin the
NEor NEE directions and dip to the southeast (Tseng, 1978; Ho, 1988). Weg of theNeudou
fault, the rocks beongto the Oligocene. Rocks exposed to the east of the Wumaoshan fault
belong to the Eocene and L ate Paleozoic. The rockscropping outin the Chingshui-Tuchang
areabetween the Neodouand Wumaoshan faultsbelong primarily tothe L ushan Formation of
the Miocene age, with some scattered distribution of the OligoceneKankou Formation, the
Eocene-Oligocene Sandstoneand Eocene Tungshan Formation(Tseng, 1978).
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Figure 1. Locations of temporary stations (triangles) and two TTSN stationsin the Chingshui-
Tuchang areainstalled by the Instituteof Earth Sciences, Academia Sinica (Yu etal.,
1997) and thegeneral geology modified fromHo (1988)and Tseng (1977).
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Sasmic data used inthisstudy were recorded by atemporary seismographic network in
thisarea (Yu et al., 1977). The network was installed by the Institute of Earth Sciences,
Academia Sinica, forthe period from Dec. 28, 1976 toFeb. 12, 1977. Thenetwork, with 13
temporary stations and two permanent stations of the Taiwan Telemetered Seismographic
Network (TTSN), coversan area40 km by 20 km (Fig. 1). During the experiment, some
temporary stationswere moved inorder to record more earthquakes. Arrivals of P-wavesas
generated by 257 local earthquakes and recorded by this network are selected to invertthe
three-dimengonal velocity structures. Theerror of thebesttime pick of thefirst arrival timesis
estimated to be 0.02 sec. Less precise picks arealsoincluded, but are given correspondingly
smallerweghtsduringinversion.

METHODOLOGY

A seismic tomography (Roecker, 1982; Roecker et al., 1987) is usedin thisstudy to
determine the three-dimensional velocity structuresand relocatethe earthquakes. During the
past decade, theauthors had been using thismethod successfully to investigate several places
of tectonic interest and providereliable three-dimengonal images of the Taiwan area (Lin et
al.,1989; Yehetal., 1989). Inthismethod, thevedoditiesin adiscretized mode of thecrus and
uppermog mantle andthehy pocentra parametersaredetermined simultaneously by minimizing
the trave timeresdualsof P-waves from earthquakes recordedlocally. Thedetailed inversion
theoryisdescribed dsewhere (e.g. Roecker, 1982; Roecker etal., 1987). Hereonly theinversion
procedures applied in thisstudy are briefly presented.

Aniterativetwo-step procedure of adamped|east-squaresinversion isused to obtan the
final structures. First, the earthquakesare located by anassumed garting one-dimensonal
structureor, later, by an intermedi ae three-dimensiond structure. The one-dimensiond structure
isparameterized by a set of layersbound by horizontal interfaces, and the three-dimensional
structurebounded by two orthogonal sets of vertical interfaces embedded in thehorizontal
layers Second, thevelocitiesof thisstructureare perturbed on the basisof theresdualsof the
travel timesof the P-wavearrivals. These two sepsareperformediteratively until theresidual
varianceismore or lessequd to the arrival errors.

ONE-DIMENS ONAL STRUCTURE

A suitable one-dimensional structure has to be determined as a starting model for the
three-dimensonal inversion. To find the optimum interfacedepthsin the study area, we first
invert structure from two multi-layer models, M1 and M2, with different depths. The layer
boundariesaresat a1, 3,5,7,911,13, 15,18, 22 and 26 kminmodel M1, and & 2, 4, 6, 8, 10,
12,14,16,20, 24 and 28 kmin model M2 (Fg. 2). Thevdocities of both modelsareassumed to
linearly increase with depth, while the velocity ratio of P- to S'waves isassumed to be 1.78.
Aftertheiterativeprocedureof damped|least-squaresinversion, thevelocity modelsareobtained,
asshownin Hgure 2. In the upper crust, the major discontinuitiesarefoundat 1 kmand 3km
inmodel M1, and & 2kmand 4 km inmodd M2. Velocities do not increase abruptly around
depthsof 5-9 kmin either model. Inthe mid-crugt, someminor discontinuitiesarelocated at 9
kmand 13kminmodd M1, and 10 kmand14 km in model M2. Atdepthsgreater than 15km,
vdocitiesincreasegradually in both models.
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Figure 2. One-dimensional P- and S'wave models(M1, M2 and M3) before (left) and after
(right) tomographic inversions. Valuesin modelsshow velocity (km/sec) ineach layer.
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Onthebagsof models M1 and M2, werecongruct anew model (M3) with 6-layersand
a half-space to invertthe one-dimensiona model. Starting P-wave velocitiesare increased
linearly at depthsof 3, 6, 10, 15, 20and 30 km. The vdocity ratio of P- to Swavesisagain
assumedtobel.78. After theiterative procedure of damped least-squares inversion, velocities
of Pwavesin thefinal modd are4.24,5.87, 6.13, 6.21, 6.67,6.93 and 7.40 km/sec (Fig. 2). It
isinteresting to notethat velocity increasessignificantly at the depth of 3 km, which isamajor
discontinuity inthe study area. Someother minor discontinuitiesin P-wavesare found at the
depthsof 15 kmand 30 km. Vdoditiesdo notchangetoo much a depths between6 and 15 km.

For S'wav e velocities, some other features are of interest. In addition to the major
discontinuity a 3 km, thereisasignificantly low velocity layer at depths between 10-15km.
Thisfeature smilarly found in the geothermal areas of Y dlowstone National Part (Chatterjee
et al.,1976) and The Geysers (Mae and McEvilly, 1976) whereapartially molten magma
exhibits low Swavevelocity. Thus, thelow S-wave vel ocity inthe mid-crustin thissudy might
further imply tha thewestern opening of the Okinawa trough extendstonot only thellan plan
(Suppe, 1984; Yehetal., 1989; Liu, 1995) butalso beneath the Chingshui-Tuchang area.

THREE-DIMENSIONAL STRUCTURE

Theinitid modd of three-dimensional velocity structuresis constructed from theone-
dimensond vdocity model, asdescribedin the previous section. Each layerisdividedintoa
number of rectangular prismsby two orthogonal sets of vertical interfacesto simulate athree-
dimensional structure. Judging from the mgor strike of the surface geology, one set of the
interfacesisoriented dong N50°E, whereas the other isin the N40°W direction. The positions
of the vertical interfacesin layer 1 are chosen such that each station basically occupies a
separateblock.

Theinverted velocitiesin each layer areilludratedin the contour maps in Figure 3. To
show thereliability of the three-dimensonal structures weonly plot the contourswithinthose
blockswith inverted resolutiongreater than 0.5. Thelower velocity areaismarked withan"L",
and the higher velocity areais marked with an "H".

Inthe firstlayer (0-3 km), the general pattern of the velocity Sructuresiscompatiblewith
the surface geological feaures. Thegeneral trend of P-wavevelocity isparallel tothestrike of
most faults striking inthe NE-SW direction. Velocitiesincreasing southeasward reflect the
rock characteristics exposed on the surface. For example, high velocity (H1) is probably
asociated with the Paleogenerocks inthe eastern part of the gudy area. Low velocity (L1),
onthe other hand, isrelated to the Neogene rocksinthe southwestern part of the study area,
jug eag of theNeodou faullt.

Inthesecond layer (3-6 km), velocity sructures are more complicated than thoseinthe
first Two local higher areas (H1 and H2) are found in the eastern and western parts of the
study area, respectively. The higher velocity area(H1) isprobably rdated to H1 in thefirst
layer, butit shiftsto the southeast slightly. Another higher velocity area(H2) isjust beneath the
low velocity (L1) inthe first layer. It should be noted that many earthquakes occur in high
velocity areas, particularly near H2. A low velocity area(L1) isfound in thesouthern part
where earthquakesare totally absent.
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Figure3. P-wavevelocity sructures are presented by contoursin theareas wheretheinverted
resolution isgreater than 0.5. Vaues marked along the contours are P-wavevelocity (km/
sec). Earthquakeswith different depths are dso plotted with different markers: plus(0-10
km), cross(10-20km)and circles (20-30 km).
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Inthe third layer (6-10 km), thegeneral trend of the veocity structuresis significantly
different from those in the upper two layers. Unlikethetrending inthe NE-SW directionin the
upper two layers, the general trend of thevelocity structures isalong the NW-SE directionin
the third layer. Two higher velocity areas (H1 and H2) are also found in the eastern and
westemn partsin the study area, respectively. Compared with the higher velocity regionsin the
second layer, both high velocity areasinthislayer shifttotheeast and becomelarger. Again,
mog earthquakes arelocated in the high velocity area (H1). Thereisalower velocity region
(L1) betweenthetwo higher velocity regions.

Inthedeeperlayers, lateral variation inthe vel ocity structuresbecomessimple. Thismight
depend on whether the raypath density istoo sparse to invert detailed sructuresor lateral
vaiationsreally become smple. Regardless, veoditiesin the eastern part of the gsudy areaare
generally lower than those in the western partin the fourth (10-15 km) and fifth (15-20 km)
layers. In addition, only afew earthquakesarelocated inthelower velocities. Inthesixth layer
(20-30km), high velodities are found in the central part of the gudy area.

RELOCATED SEISMICITY

A total of 257 earthquakes are relocated using the three-dimensional velocity model
(Fig.4). Improvement in the average quality of the relocaed earthquakes can be seenfrom
the statistical comparison of the root-mean-square (RMS) and errorsin the horizontal and
vertical components (ERHZ) between the original and the relocated earthquakes (Fig. 5).
The RMS and ERHZ of the earthquakes relocated using the three-dimensional model are
better than those before the rel ocation and those from the one-dimensional model.
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Figure4. Projections of 257 earthquakes(+) relocated using the three-dimensional modd.
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Figure 5. Statistical comparisonsof (a) RMS and (b) ERHZ between the original and the
relocated earthquakes.

Most of the relocated earthquakes (Fig. 4) are limited between the Neodow and
Wumaoshan faults, particularly around Tuchang. Many of thefoca depthsof these earthquakes
are lessthan 20 km. Projection of hypocenters on the north-south profile showsthethickness
of thisseismiczoneincreasestoward the south, from10 kmto 20 km (schematized by adashed
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linein Figure 4). Inother words, shallower earthquakes are locaed inthe northeast portion
near thellan plain, whiledeeper onesarelocated in the southwesternportion. A smilar feature
can also be roughly seenfromthe hypocenter projection on the east-wes profile.

DISCUSS ON

In order to describethe lateral variationsin velocity structuresand seismicity in more
detail, velocity perturbations of the Rwaves areplotted along twoprofilesthatare perpendicular
tothe grikeof the main structures. Theseprofilesincludethe Chingshui and Tuchanggeothermal
area.

InProfile A (Fg. 68 which cutsthrough the Chingshui area, the perturbation of the P-
wavesnear thesurface (0- 3 km in depth) increasessignificantly toward the southeast between
the Neodou and Wumaushan faults The mostnegativeperturbation (L1 with -14%)isfoundin
ashallowregion of the NW portion around theNeodou fault, whichmergestowardthe northeast
beneath thellan plain (Tseng, 1977). This negativeperturbation, extending tothe depth of 6 km,
probably reflectsthewestern extension of thellan plain. Ontheother hand, themost paositive
perturbationsin the uppermos crustarelocated intwo areas. the onewith +10% perturbation
(H1) isaround the Wumaushan faultat the depthsof 0-3 km and the other with+9% perturbation
(H2) isbeneath the Tanao formation at the depths of 3-6 km. The generd pattern of velocity
perturbationsin themid-crustis oppositeto that in the uppermost crust. In the northwestern
portion, a+5%postive perturbation (H3) occupying thedepths of 10-15 kmisjust the negative
perturbation of L1. In the southeastern portion, a-4.5% negativeperturbation (L2) isfound at
depthsof 6-15 kmjust beneath the positive perturbations(H1 and H2).

InProfileB (Fig. 6b), which cutsthrough the Tuchang area, velocity perturbations do not
vary significantly near the surface, except for amajor negative perturbation (L1 with-5%)in
the middle of the profilearound the Hanchi and Hsiaonanao faults. The Tuchang geothermal
areaisnear the Hsiaonanao fault. East of the Wumaoshan fault, velocity perturbations are
negativeand the most negative perturbation (L2 with -9%) islocated a thedepth of 3-6 km.
Onthe other hand, the most positive perturbationin this profileislocated at depth between 15-
20 kmjust beneaththe Tuchang geotherma region.

CONCLUSIONS

One-dimensgonal modelsof both P-and Swavevelocitiesshow that amajor discontinuity
inthe uppercrustisat thedepth of 3kmintheChingshui-Tuchang geothermal area. A sgnificantly
low S-wave velocity layer at depths between 10-15 km in the mid-crug islikely to indicate
existenceof apartially moltenmagma Three-dimensional veocity structuresshow that the
lateral variations of P-wave velodity inthe shallow depthsare generally associated withthe
geologicd structuresnear thesurface andthat |ower velocitiesare foundin themgor geothermal
areas. Relocated earthquakesusing the three-dimensional model show that most earthquakes
arelocated in high velocity areaswithinthe upper crust. Shallower earthquakes arelocaed in
the northeast portion near thellan plain, while deeper onesin the southwestern portion of the
study area.
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Figure 6. Perturbations of the P-wave velocity along two profilesin the NW-SE direction.
Profile A cutsthrough the Chingshui geothermal area, while Profile B cuts through the
Tuchang geothermal area. The locationsof theNeodou fault, Hsiaonanao fault, Hanchi
fault and Wumaoshan fault are marked by ND, HNA, HC, and WMS, respectively, atthe
top of both profiles.
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