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ABSTRACT

Recent developments and important results of magnetotelluric (MT)
work in Taiwan arebriefly reviewed. Asan important intrinsic property of
the Earth, theresistivity structure of the Earth is sensitive to the presence
of small amounts of conductive minerals, melt or fluids. The latter materi-
alsarevolumetrically minor, but tectonically important constituents of the
Earth’scrust and mantle. This paper first reviewsthetectonic background
of Taiwan in terms of electrical property, and then proposesthe possible
mechanism of fluidsinvolved during the Chi-Chi earthquake. Important
resear ches regarding both the M T work itself and other geological work,
are also suggested in the paper.
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1. INTRODUCTION

It is more and more recognized that fluids play an essential rolein al crustal processes.
Available information on the behavior of crustal fluids is gathered from observations of ex-
posed rocks that resided once at deeper crust. Surface exposures today indicate the presence of
significant amounts of fluids at almost al crustal levels. Fluids were even sampled directly at
about 11 km in depth of the Kola Peninsula drilling hole by the Soviets (Vogel 1995). Severa
lines of evidence suggest that high-pressure fluids in fault zones may control the rupture dy-
namics of earthquakes (e.g., Faybishenko 2000). In particular, to reconcile the competing idea
of high crustal permeabilities and associated hydrostatic fluid pressures with evidences for
elevated fluid pressures of hydraulically impermeable sealed rocks, Nur and Walder (1990)
proposed afeedback processleading to the cycle of hydrofracture, fluid rel ease and rock sealing.

Electromagnetic (EM) sounding is probably the most sensitive geophysical method to
detect tectonically important yet volumetrically minor congtitutes of the Earth’scrugt, i.e., free
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sdlinefluids. EM techniques explore the geological objectivesin terms of their electrical con-
ductivity (S/m) or the reciprocal quantity, the resistivity (ohm-m). One distinct advantage of
using EM methods is that the dynamic range for resistivity, for instance, in the typical fault
environment is very large, with a conductive fault gouge having a factor of 100 contrasted
with acrystalline country rock. Various techniques have been applied to obtain electrical im-
ages of fault zones and the surrounding crust. As with the seismic methods both artificial and
natural energy sources can be utilized. One of the natural source EM methods is the
magnetotelluric (MT) method. In this paper we review the results from MT measurements
conducted in Taiwan, together with the survey and itsimplication for the Chi-Chi earthquake.

2.MAGNETOTELLURICSIN TAIWAN

MT isageophysical prospecting technique, which estimates subsurface electrical proper-
ties of the Earth from measurements of the natural fluctuationsin its electrical and magnetic
fields (higher than 1 Hz caused by thunderstorms, while lower than 1 Hz by solar wind) as
measured at the surface. Thefirst practical approach to MT was put forth by Cagniard (1953).
His model, which is adequate for layered Earth, may yield highly distorted resultsin regions
having complex structures. The tensor impedance model better describes two-dimensional
geological structures, which are often encountered in practical applications of MT. More de-
tailson MT method can be found in, e.g., Kaufman and Keller (1981) and V ozoff (1985).

The deep electrical structures beneath Taiwan were not very much known until MT was
conducted. The first MT in Taiwan was used as part of an integrated project to map 3-D
structures by the Institute of Geophysics, National Central University (NCU) in 1995 (Chen
1998). The instrumentation used was the V5-MT16 (Phoenix Geophysics Ltd., Canada). V5-
MT16 was certainly the most advanced MT data acquisition and processing system of its day.
M easurements were made using five field components of two electric fields (Ex and Ey) and
three magnetic fields (Hx, Hy and Hz) when acquiring an MT sounding. A remote reference
technique (Gamble et a. 1979) using two additional magnetic components was used, so asto
suppress el ectromagnetic noise present at the site. V5-MT16 incorporates a fundamentally
radical approach to time series processing: by frequency-domain analysis at frequencies above
10 Hz, and cascade decimation at frequencies below 10 Hz. It is the broadest bandwidth (384
to 0.00055 Hz) system commercially available that undertakes true real time analysis, i.e.,
data are being analyzed and processed as more data are being acquired. Thereis no halt to data
acquisition.

In the late 1990s, several factors came together to spur rapid evolution of V5-MT16 to
MT-2000. These include advances in electronics and microprocessors, need of far remote
reference to reduce the high cultural noise and much wider applications of MT in explorations
(for geothermal fields, metal deposits, oils and gases) and in researches (to look for earth-
guake-induced effects, to map deep geological structures and to monitor the natural EM figlds).
The basic concept of MT-2000 coversadistributed MT system, in which most data acquisition
units measure two components of the electric fields while some measure three components of
the magnetic fields, and the use of timing system broadcasted by GPS (Global Positioning
System) satellitesto synchronize all the recording units. In 2000, National Chung Cheng Uni-
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Fig. 1. Locations of MT soundingsin Taiwan are indicated by inverted triangles.
Also shown is the tectonic setting of Taiwan region. The tectonic and
geological boundariesare: | =the Taitung Longitudina Valley; Il =Lishan
fault; 111 = Chuchih fault; 1V = Laonungchi fault. The geological units
are: 1 = Coastal Range; 2 = eastern Central Range; 3 = western Central
Range; 4 = Western Foothills; 5 = Coastal Plains. Thick arrow indicates
the relative motion between the Philippine Sea plate and the Eurasian
plate.
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versity (NCCU) became the first one to acquire a 10-channel time series data of MT-2000 in
Taiwan, joining MT research of Taiwan. With the advantages of MT-2000, NCU also up-
graded its V5-MT16 to MT-2000 in 2001.

More than 100 tensor MT soundings (Fig. 1) have been made for different prospecting
purposes around Taiwan. Results from those surveys have been published in both domestic
and international scientific journals (Chen and Chen 1998; Chen et al. 1998; Chen and Chen
2000a; Chen and Chen 2000b; Chen and Chen 2002; Chen et al. 2002). We will review impor-
tant results from these studies below in the Section 4.

3. CRUSTAL ELECTRICAL CONDUCTORSAND CRUSTAL FLUIDS

Good electrical conductors in the crust are induced by severa factors. One trivia inter-
pretation for crustal electrical conductors is the metal deposits, which provide an electronic
conducting path within the rock. The large-scaled mutual connectivity of deposits could,
however, fail in ayoung orogenic belt such as Taiwan, where the active mountain-building
processes probably destroyed the connections between conducting paths. Another candidate
for crustal conducting mechanism thusinvokes crustal fluids of utilizing agueous electrolytic
conduction instead of electronic conduction.

Aqueous electrolytic conducting pathways such as pores, fractures, faults and shear zones
control the bulk resistivities of normal crust from surface to more than 15 km of depth (Ward
1990). Two typical sources of agueous electrolytic conduction in the crust are crustal saline
fluids and magma reservoirs. There is no evidence of any active volcano near the Western
Foothills of Taiwan (Ho 1975). Therefore, it seems reasonable to suggest that the crustal elec-
trical conductorsin the Western Foothills are not related to a magma reservoir but rather to the
presence of saline fluidsin the crust since MT survey has revealed prevailing electrical con-
ductors beneath Taiwan.

On the other hand, abnormal geothermal gradient may also cause good conductorsin the
crust as depth increases to more than 10 km. If the crustal electrical conductor beneath Taiwan
isonly caused by the elevated temperature, the temperature should reach as high as 800-1100
°C based on the relationship between electrical conductivity and temperature in rocks (Keller
and Frischknecht 1966). However, the temperature elevation at the depth of 9 km beneath the
Western foathills of Taiwan is only 300°C more or less based on recent geothermal modeling
(Lin 2000). This temperature rise is not sufficient to produce a distinct high conductivity
anomaly. Thus, the detectable crustal electrical conductor in the upper crust beneath Taiwan
reguires the presence of fluids.

4. CHI-CHI EARTHQUAKE: FLUIDS PARTICIPATED?

In this section we summarize the important results of MT measurements both around
Taiwan and in the hypocentral area of the Chi-Chi earthquake (Chen and Chen 1998; Chen et
al. 1998; Chen and Chen 2000a; Chen and Chen 2000b; Chen and Chen 2002; Chen et al.
2002). Such summary should provide areview of the tectonic background based on the electri-
cal viewpoint, and then suggest the possible mechanism involved in the Chi-Chi earthquake.
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The first report on crustal resistivity structures of Taiwan orogen was published in
Tectonophysics by Chen and Chen in 1998, which implemented simplified 1-D MT interpreta-
tion to the complicated orogen in Taiwan. It is not possible to extract detail variations on
structures from these over-simplified electrical models. Although we lose the depth resolution
of electrical models in such an interpretation, it is still fair to conclude that there exist in
general electrical conductive layers beneath Taiwan orogen. Comparing to the ancient conti-
nental crust, e.g., the Canadian Shield, around the world, the younger crust in Taiwan exhibits
more electric conductive, even in the metamorphic terrain of Central Range.

What is the significance proposed by this point? Higher fluid content, as discussed in the
previous section, may induce more conductive crust in Taiwan no matter how the fluids are
generated. Both the dehydrated (Suppe and Wittke 1977) and the mantle-sourced (Chou et al.
1989) fluids are candidates, and a small amount of sedimentary water (Bailey 1990; Tarney et
al. 1991) resided in young crust of Taiwan is also possible. The answer to the sources of
crustal fluidsis beyond present MT observations, and needs a multidisciplinary cooperation.
In addition, the fluid composition is another topic to be concerned because it isimportant in
determining the resistivity of electrical unitin MT modeling (Neshitt 1993; Chen et al. 1998)
and other tectonic and geochemical problemsin Taiwan orogen (Irwin and Barnes 1980; Liou
1981; Chou et al. 1989).

Whilst fluids prevail in the orogenic crust in Taiwan, the migration and concentration of
crustal fluids becomes the consequent scenario. As a consequence, abnormal pore-fluid pres-
sures frequently occur in the active fold-and-thrust belt of Taiwan (Suppe and Wittke 1977),
and possibly induce related hydraulic faulting (Ague 1998; Chen and Chen 2000a; Chen and
Chen 2002). In this case, electrical conductors bridge the relationship of the observations be-
tween the crustal fluids and the seismic events. MT survey in Sanyi-Puli areaillustrates such
an example. Soundings were conducted across the distinct Sanyi-Puli seismic zone, aNW-SE
trending linearity of seismic eventsin the fold-thrust belt of NW Taiwan. While preliminary 1-
D resistivity model (Chen and Chen 2000a) suggests the existence of a mid-crustal electrical
conductor beneath the Sanyi-Puli seismic zone and raises the possibility of fluids triggering
the frequent seismic events, the sophisticated 2-D re-interpretation (Chen and Chen 2002)
proposes an important fact that the mid-crustal electrical conductor exactly locates at the bot-
tom of the seismogenic layer.

It is frequently asked why the Chi-Chi earthquake generated large surface deformation,
high stress drop and the spectacular bend at the northern end of the Chelungpu thrust. From the
spatial view, Sanyi-Puli seismic linearity seems to terminate the rupture of the Chelungpu
thrust. The mid-crustal conductor beneath the Sanyi-Puli seismic zone initiates the high possi-
bility of fluid pressurization and thus arouses the echo that fluid pressurization largely results
in the aforementioned rupture behaviors associated with the northern part of the Chelungpu
thrust. Maet al. (2000) speculated this fluid pressurization earlier. It is noticed that the north-
ern ICDP drilling well at Fungyuan had met a large amount of water. The origin of fluids
encountered in the drilling hole seems crucial to evaluate the fluid pressurization hypothesis.

Aswell asthe northern part of the Chelungpu thrust, fluids had been possibly detected by
MT survey around the hypocenter of the Chi-Chi earthquake (Chen and Chen 2000b; Chen et
al. 2002). Measurements along an east-west transection across the hypocenter of the Chi-Chi
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earthquake were conducted by the collaboration of NCU and NCCU MT groups. Both the
previous 1-D inversions (Chen and Chen 2000b) and the recent 2-D resistivity models (Chen
et al. 2002) confirm aclear electrical conductor indicating fluids beside the hypocenter. It
implies that deep-crustal fluids may affect and participate in the rupture process around the
hypocentral area. Comparing to the study by Lee et al. (2002) of coseismic and postseismic
hydrologic changes associated with the Chi-Chi earthquake, the electrical conductor beside
the hypocenter islinked to their predicted over-pressurized zones. Aftershocksin their model-
ing mainly occurred on the dilatational zones of the footwall along the southern end of the
Chelungpu thrust, where Coulomb stress and pore pressure increased after the mainshock are
expected. Thus, these independent yet consistent data strongly suggests that seismic faulting
of the Chi-Chi earthquake may have created the fluid-overpressurized zone and caused |ow-
resistivity anomaly.

5. CONCLUSION

This paper reviews important results from deep EM imaging, i.e., MT method, of active
deformational Taiwan, and attempts to correlate deep crustal resistivity structure with the
seismogenic zone of the Chi-Chi earthquake. Although there isincreasing evidence that fluids
may play a significant role in the earthquake rupture process, direct observation of fluidsin
active fault zones remains difficult. The presence of an electrical conducting fluid definitely
influences the overall conductivity of crustal rocks, and EM methods offer great potential for
overcoming this difficulty. However, in order to distinguish various theoretical models, detail
mapping the distribution of fault zone fluids is necessary, by focusing on the resolution of EM
methods. The resolution analysisis of great importanceparticularly for evaluation of the con-
ductor beside the hypocenter of the Chi-Chi earthquake, and itsrelation to deep fluid partici-
pation during the rupture process, thus comprises the fateful phase in the future work.
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