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Synopsis

We use seismic data and borehole temperature data to infer characteristics of the faulting
process of the 1999 Chichi, Taiwan earthquake. Inversion of strong-motion data and
associated observations of surface faulting show that the northern portion of the Chelungpu
fault had very large displacements in excess of 10 m, while the southern part of the fault
had much smaller displacements of 1-2 m. In contrast the levels of accelerations and
damage show a very different pattern, with much more severe high frequency ground
motions in the south and extensive damage to small buildings. In the north the levels of
acceleration and associated damage are relatively low, considering the very large fault
displacements. These differences in observed ground motions are attributed to differences
in dynamic fault behavior during the earthquake. Determinations of radiated seismic
energy and estimates of frictional heat produced by the earthquake are used to put together
the energy budget for the earthquake. We obtained a total radiated energy of 1.1x1016 J
and frictional heat of 2x1017 J. These values give a seismic efficiency of about 5%. We
also looked at the energy balance separately for the northern and southern portions of the
Chelungpu fault. The northern part produced much lower heat, even though the dip was
much larger, implying a lower value of friction. Also, the northern part produced more
radiated seismic energy, so the seismic efficiency for the north is higher than for the south.
The low values of friction for the northern portion, provide a good explanation for the low
levels of high frequency radiation and the lower levels of damage in the nearby areas.

Keywords: Chichi, Taiwan earthquake, frictional heat, radiated energy, temperature

1. Introduction
The September 21, 1999 Chichi,
earthquake (Mw 7.6) is notable for the large surface

Tawan

fault displacements (up to 8 m) that were observed
aong the northern portion of the Chelungpu fault (Ma
et a., 1999).
observations from the earthquake is that the areas
close to the portions of the fault that had the largest

One of the most interesting

displacements, had relatively low acceleration levels
and relatively low levels of damage to small (1-3
stories) buildings (Ma et a., 1999). The strong
motion data recorded near the fault in the north show

very large ground velocities, indicating that the fault

dip velocity was very fast, but the relatively low
levels of high frequency indicate a very ‘smooth’
rupture (Ma et al., 2003). An example of the lack of
damage close to the fault are shown in Fig 1. In
contrast, the regions close to the fault in the south,
where the surface fault displacements were much
smaller (1-2m), had higher levels of accelerations and
more severe damage to smal buildings (Fig. 2).
Since the earthquake was very well recorded on the
dense array of strong-motion instruments that was
installed in Taiwan (Liu et al., 1999), the recorded
seismic data provides a good opportunity to study the

characteristics of the faulting process and compare



the differences between portions of the fault that had
very large dip and relatively small dip. In addition,
boreholes were drilled on the northern and southern
portions of the fault, which yielded samples of the
faulting surface and temperature profiles with depths .
The combination of seismic and temperature data
provides some new insights into the characteristics of
the fault, especially the frictional and stress levels
associated with the earthquake.

Fig. 1. Undamaged brick wall near northern portion
of the Chelungpu fault. Person in far right
background is standing on the fault.

Fig. 2. Collapsed first story of building in ChungLiao
Town, near southern portion of the Chelungpu fault,
where 95% of the buildings were severely damaged.

2. Large Asperity

There are have been numerous source inversions of
the Chichi earthquake using teleseismic data, strong-
motion data, Global Positioning System (GPS) data,
and combinations of these data sets (e.g. Kikuchi et
al., 2000, Maet a., 2000, Maet a., 2001, Wue et a.,

2001, Zeng and Chen, 2001, Oglesby and Day, 2001,
Chi et al., 2001, Ji et al., 2001, Y oshioka, 2001). One
common feature of al the source models is the large
area of dip in the north, which has displacements of
10-20 meters, depending on the specific models. Fig.
3, shows the dlip distribution from a model by Ma et
a., 2001, which clearly showsthe large area of dipin
the north. Thisareaof large dip islargely recognized
as an ‘asperity’ or region of large slip on the fault
plane. The locations and sizes of ‘asperities have
recently been the focus of numerous studies, since
they may control the faulting process in the large
earthquakes and aso control the distribution of
strong ground motions in calculated simulations (e.g.
Irikura, 1986).

Fig. 3. Slip distribution model from Ma et al., 2001
showing the large amounts of dip on the northern
portions of the fault.

3. Radiated Energy Estimate

We estimated the
earthquake following Kanamori et al., (1993) using
We used 63

records that had good azimuthal coverage around the

radiated energy for the

the regional strong motion records.

fault. We did not use the records that were very close
to that fault, since they are dominated by near-field
terms from portions of the fault close to the recording
station, and do not accurately represent the radiatated
energy for the whole earthquake. We obtained an
average value of 1.1 x 1016 J for the radiated energy.
This value is also consistent with the values obtained



from for teleseismic recordings (0.88 x 1016 J) by
Venkataraman (2002)
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Fig. 4. Map of surface rupture of the Chelungpu fault
and locations of the two borehole sites.

4. Temperature Profilesin Boreholes

Two boreholes were drilled into the northern and
southern portions of the Chelungpu fault during
December 2000 to January 2001, 15 to 16 months
following the earthquake. The locations of the
boreholes is shown in Fig. 4. The northern borehole
penetrated the fault at a depth of about 325 m, and the
southern borehole penetrated the fault at about 175 m.
Following the drilling, the temperature was measured
in the borehole using a downhole fiber thermometer.
The temperature profiles at depths close to the fault
are shown in Fig. 5. Note that there is a dlight rise in
temperature in both boreholes where the temperature
profiles cross the fault. In the north the temperature
anomaly is about 0.1 C°, and in the south about 0.4
Co.

Since both boreholes show a temperature change
close to the fault, we interpret this temperature
increase as due to faulting during the earthquake. A
simple explanation is that the temperature increase is
due to frictional heating. Very little is known about

the frictional heat due to faulting, but simple
calculation show that the temperature rise at the time
of the time of the earthquake could be on the order of
100 to 1000 CO, depending on the stress levels and
thickness of the fault zone (Kanamori and Heaton,
2002).

The higher temperatures on the southern part of the
fault, are also consistent with the observations of
psuedotachylites that were found in the fault zone for

the core sample in the south.
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Fig. 5. Temperature profiles in northern and southern
boreholes. Note that there is a dlight increase of
temperatures in both profiles in the region of the fault.

5. Estimates of Frictional Heat

Using the simple model of Lachenbruch and Sass
(1980) frictional heat produced by a fault, we tried to
model the temperature anomaly observed across the
fault. We assumed the physical constants shown in
Table 1 and then found values of the coefficient of
frictionand heat diffusivity that best fit the data.

Table 1. Constants used to model borehole
temperature profiles

North South
Time t(s): 436107 4.36*107
Normal stress (MPa) 6.44 464
Displacement (m): 4.0 1.0
Density (kg/m3): 2600 2600
Specific heat (Jkg - K): 1140 1140

Heat conductivity (W/m - K): 1.5 15




For the north the dlip was large but the temperature
change was relatively small. This results in a low
coefficient of friction of 0.1 to 02. In the south, the
larger temperature change associated with a smaller
fault displacement gave a larger value of 0.9 to 1.0
The heat diffusivity,

which is controlled by the width of the temperature

for the coefficient of friction.

anomaly , was estimated to be 2.0 106 m2/sec and

5.0+ 107 m2/sec for the north and south, respectively.
Fig. 6, shows the modeling of the temperature using
these parameters along with the observed data.

u=0.1-02 p=0.8 - 1.0
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Fig. 6. Modeling of temperature profiles in the
northern and southern boreholes.

A interesting result is the difference in the
coefficient of friction between the different portions
of the fault. If these results are correct, they indicate
different dynamic friction levels for the large asperity
as compared to the rest of the fault. Using these
values for the coefficient of friction, we can estimate
the total heat production for the earthquake, assuming
that the normal stress is equal to the lithostatic
pressure. For the large dip in the north, we assume
an area of 20 x 30 km? and with a coefficient of
friction of 0.2, we obtain a heat production of 3.2 x
1016 ], For the rest of the fault, we use an areaof 60
x 30 km?2 and a coefficient of friction of 0.8 to obtain avalue of
of 1.7 x 1017 J. The sum of these two values gives a

total frictional heat of 2.0 x 1017 J.

There are severad maor uncertainties in this
analysis, one of which is whether of not the
temperature measurements from relatively shallow
depths are representative of the seismic faulting. It is
hard to evaluate this problem, however, the similar
temperature signatures across the fault for both the
north and south boreholes suggest that we are
observing real temperature changes associated with
the faulting. Another problem, is that in this simple
analysis, we assume all the heat is redistributed by
conduction. The presence of fluids can significantly
ater this process, and further work needs to be done

to account for this possibility.

6. Discussion

Using the values of radiated energy and frictional
heat, estimated in the previous sections, we show the
energy balance of the earthquake in Fig. 7. This
figure shows the stress level on the fault, as a
function of dip*fault area. This type of figure is
commonly used to show the stress levels before,
during, and after an earthquakes (e.g Lachenbruch
and Sass, 1980).
amount of total radiated energy and the lower

The upper triangle shows the

rectangle shows the amount of frictional heat. In this
simple interpretation, we assume that the fracture
energy is relatively small. If the rupture energy is
close to the shear velocity, as observed in most of the
source models, is smal

(Kanamori and Heaton, 2002).

the fracture energy
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Fig. 7. Total energy budget for the earthquake

Adding the two types of energy, gives an estimate
of the absolute stress level prior to the earthquake.

For this stress level, we obtain an average value of



about 25 to 30 MPa. The ratio of the radiated energy
to the total energy gives an estimate of the seismic
efficiency. The average seismic efficiency we obtain
is 5%. Estimates of stress level and seismic efficiency
for large earthquakes are generally difficult to obtain,
since there are very few measurements of the heat
generated by large earthquakes. The values presented
here are some of the first observational values for

these parameters from large earthquakes.
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Fig. 8. Energy budgets for the northern (asperity) and
southern portions of the fault.

The northern and southern portions of the fault appear
to have ruptured differently during the earthquake.
The large displacements and velocities of the fault in
the north imply a large amount of radiated energy.
Looking at teleseismic records, the large asperity in
the north accounts for about 70% of the total radiated
energy. The estimates of heat and coefficient of
friction are much smaller in the north. Combining
these observations of radiated energy and frictiona
energy, we obtain the total energy budget for the
north, as shown in Fig. 8. The large radiated energy
and smaller frictional heat gives a smaller value of
absolute stress and seismic energy compared to the
average for the whole earthquake (Fig. 7). In the
south, the radiated enery is relatively low and the
frictional heat is high, which results in high levels of
stress and seismic efficiency (Fig. 8).

The low level of friction in the north may give an
explanation for the low levels of acceleration and

damage. It has been proposed that the reduction of

dynamic friction for the large dip in the north may
have been caused by fault lubrication (Maet a, 2003)
or other mechanisms such as fault melting or fluid

pressurization.

7. Conclusions

From strong motion records and borehole
temperature measurements, we obtain estimates of the
stress levels and total energy budget for the 1999
Chichi , Taiwan earthquake. These are some of the
first observational values of these parameters for a
large earthquake. For the whole earthquake, we
obtain a radiated energy of 1.1x1016 J. and frictional
heat generation of 2.0x1017 J.

values gives a seismic efficiency of 5% and an

Combining these

absolute level of stress prior to the earthquake of
about 28 to 30 MPa.

The large portion of fault that had very large dip in
the north appears to have behaved very differently
from the portion that had smaller dlips in the south.
The northern portion seems to have generated less
heat, even though the dlip was larger. This implies a
lower level of dynamic friction. The coefficients of
friction for the north and south are estimated to be
0.1to 0.2 and 0.7 to 1.0, respectively. The seismic
efficiency in the north and south is estimated to be
1% and 15%, respectively. The lower level of
dynamic friction may provide a explanation for the
smooth dlip in the north that produced relatively low
levels of acceleration and relatively less damage to

small buildings.
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