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We have investigated the depth variation in the stress state at the northern part of the Chelungpu fault, Taiwan,
which slipped during the 1999 Chi-Chi earthquake (Mw 7.6). In-situ stress around the fault was estimated based
on the stress memory of rocks recovered from five depths (739–1316 m) of a 2-km-deep-hole. The borehole
intersects a fault zone at a depth of 1111 m (FZ1111), which is the best candidate for the Chelungpu fault. Our
main results are: (1) the SHmax direction is parallel to the slip for the Chi-Chi earthquake and agrees with those of
the local, regional, or tectonic scales estimated from various stress indicators; (2) significant aspects of the stress
field are identical to those of paleostress; (3) the horizontal differential stress was significantly reduced just above
FZ1111, which may be attributable to the existence of a significantly deformable zone at this depth.
Key words: 1999 Chi-Chi earthquake, Chelungpu fault, TCDP, crustal stress, stress memory, core method.

1. Introduction
Since crustal stress drives the fault motion, and its distri-

bution affects the distribution of slip on the fault, an investi-
gation of the state of in-situ stress near a fault provides key
information to understanding faulting mechanics. An elu-
cidation of the strength of faults is also very important as
part of any investigation into the deformation processes of
the earth’s crust, as the former may control the strength of
the crust. Fault strength can be directly determined by mea-
suring crustal stress near the fault. Zoback et al. (1987), for
example, estimated the stress state around the San Andreas
fault in central California to find that the direction of maxi-
mum horizontal compression (SHmax ) is nearly normal to the
fault. Sato et al. (2003) measured in-situ stress near the No-
jima fault, central Japan and showed that the shear stress
acting on the fault is significantly small. These results sug-
gest that these faults are weak. In contrast, Scholz (2000)
claimed that fault-normal compression in central Califor-
nia is a result of active folding in this area. He found that
the SHmax direction in southern California has an angle of
30–60◦ to the San Andreas fault, implying that the fault
is strong. Consequently, despite its importance, the fault
strength remains unresolved.
The Chelungpu fault, Taiwan, is a shallow dipping

(∼30◦) thrust fault, which slipped during the 1999 Chi-Chi
earthquake (Mw 7.6). The observed surface exposure along
the fault trace was 80 km in length, and the maximum ver-
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tical offset was found to be as large as 9 m (e.g., Kao and
Chen, 2000; Lee et al., 2001). The dense strong-motion
and GPS networks operating around the fault recorded in-
teresting phenomena related to this large thrust earthquake.
For example, Oglesby and Day (2001) reported an asym-
metric distribution of surface deformation wherein the dis-
placement of the hanging-wall was several times larger than
that of footwall. They performed numerical simulations to
show that this state can arise as a consequence of the in-
teraction between the shallow dipping thrust fault and the
earth’s free surface. The wealth of information obtained by
the dense networks of seismic stations has facilitated inte-
grated and detailed analyses of the faulting process for this
earthquake. Ma et al. (2001) and Zeng and Chen (2001) de-
termined that a large slip with a long rise time occurred at a
shallow part in the northern segment of the fault. Brodsky
and Kanamori (2001) explained this behavior by elastohy-
drodynamic lubrication of the fault. Further, the slip vector
was rotated from a mostly pure reverse faulting one to an
oblique reverse faulting with significant left-lateral compo-
nent during the rupture propagation from south to north. Wu
et al. (2001) proposed that the rotation of the slip vector was
caused by a complicated spatial variation in tectonic stress.
The Taiwan Chelungpu-fault Drilling Project (TCDP)

was initiated to gain an understanding of the effect of the
faulting and rupture processes of the Chelungpu fault on
the Chi-Chi earthquake from a material science perspective.
Deep drilling to a depth of 2 km was carried out 5 years af-
ter the earthquake at a site located on the hanging-wall of
the northern part of the fault (Fig. 1) where the large slip
region was estimated. Since the distance from the surface
trace of the Chelungpu fault to the drilling site is about
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Fig. 1. (a) Map showing the Chelungpu fault trace (thick line) on the island of Taiwan. (b) Geological map showing surface rupture of the Chelungpu
fault (thick line) associated with the 1999 Chi-Chi earthquake. (c) Schematic E-W cross section representing the relation among the fault zones, the
stratigraphy and the major faults around the drilling site. Stars in (a) and (b) indicate the TCDP site. Hexagon in (b) represents the epicenter of 1999
Chi-Chi earthquake. (b) and (c) are modified from Song et al. (2007).

2 km, it was expected that the drilled hole should inter-
sect the Chelungpu fault at a depth of about 1 km. At least
six significant fault zones were found at depths of 1111 m
(FZ1111), 1153 m (FZ1153), 1220 m (FZ1220), 1580 m
(FZ1580), 1712 m (FZ1712), and 1812 m (FZ1812) (e.g.,
Song et al., 2007). However, pseudotachylyte was observed

only in FZ1111, indicating that the dynamic slip occurred in
FZ1111. Kano et al. (2006) carried out temperature logging
around FZ1111 and found a thermal anomaly, indicating re-
cent activation of this fault zone. Tanaka et al. (2007), how-
ever, reported that the thermal anomaly detected by Kano et
al. (2006) should be caused by depth variations in thermal
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conductivity. Based on these results, from the point of view
of material science it can be considered that FZ1111 is the
best candidate for the Chelungpu fault, which was activated
for the 1999 Chi-Chi earthquake, while further investiga-
tions are required to determine this definitively.
We report here our investigation of the state of the in-situ

stress around the Chelungpu fault on the basis of the stress
memory of rocks. The so-called core methods were applied
to cores collected from five depths of the TCDP hole. The
main purpose of this study is to the constrain faulting pro-
cess for the Chi-Chi earthquake from the perspective of the
stress state.

2. Method
2.1 Outline of the techniques
There are many techniques that can be used to estimate

the crustal stress. These are divided into two categories: (1)
on-site methods, including the hydrofracturing test and the
stress relief; (2) core methods, based on the stress memory
of rocks, which is the ability of rocks to accumulate, retain
and, under certain conditions, reproduce information on the
stress history (Lavrov, 2003). Although the principle of on-
site methods is clear, it is sometimes hard to apply these
methods to such a deep hole as that drilled by the TCDP
due to technical difficulties. In addition, such methods
require a lot of time and money. We therefore applied
three techniques of the core method to estimate the crustal
stresses around the Chelungpu fault: (1) deformation rate
analysis (DRA; Yamamoto et al., 1990, 1993; Yamamoto,
1995), acoustic emission rate analysis (AERA; Yabe, 2004;
Yabe et al., 2004), and the AE method (Kanagawa et al.,
1977). All three techniques can be simultaneously applied
to a single specimen under uniaxial cyclic loading. The
main difference among these is the method used to evaluate
the inelastic behavior of the specimen relating to the stress
memory.
It is sometimes argued whether the stress memory of

rock actually exists. The principal mechanisms of the AE
method and DRA have been discussed in detail by Hol-
comb (1993) and Yamamoto (1995), respectively. Holcomb
(1993) proposed that relaxation cracks would be generated
when the core sample was retrieved from a depth, and AE
activity may be generated by the closure of these cracks
whose surface is perpendicular to the loading axis of the
uniaxial compression test. Yamamoto (1995) makes the as-
sumption that the nonuniformity in the stress distribution
in rocks is minimized at sites and, on the basis of theory,
concluded that the magnitude of the in-situ stress can be re-
produced from the inelastic behavior of rocks, even if it is
measured under the uniaxial compression test. In a practi-
cal setting, Villaescusa et al. (2002) demonstrated that the
stress states estimated by both DRA and AE methods un-
der varying geological environments are in good agreement
with those obtained by the conventional overcoring method.
2.2 Preparation of specimens
Specimens having sizes of 12×12×32 mm3 were cut

from the TCDP cores (Fig. 2) for the reconstruction of the
axial stress embedded parallel to the long axis. Two pairs of
strain gauges and two piezoelectric transducers (PZT) were
attached onto the free surfaces of each specimen. As we
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Fig. 2. Schematic illustration of the method employed for sample prepa-
ration in the present study. A set of specimens is first cut from a core
sample. R indicates the reference azimuth of the core sample, which is
taken perpendicular to the bedding direction.

took the average of the strain data obtained by two pairs of
gauges on an analogue circuit, we recorded only one time
series of strain. We did, however, separately record AE data
measured by individual PZT transducers. The identification
number of 1 or 2 was assigned to each PZT transducer to
distinguish the time series of AE activities.
We assumed that one of the principal axes of the crustal

stress is vertical; then we estimated the vertical and hori-
zontal stresses in four directions at 45◦ intervals. We pre-
pared three specimens in each direction and assigned iden-
tification numbers from 1 to 3 for convenience so that in-
dividual specimens could be provided with their own name
in a form of TCDPdddd-V-s for the vertical specimens or
of TCDPdddd-aaa-s for the horizontal specimens, where
dddd, s and aaa stand for the depth, the identification num-
ber of specimen and azimuth, respectively. For example,
the first specimen cut from a core recovered from 739 m to
estimate the vertical stress was designated TCDP0739-V-1.
2.3 Reading the stress memory
For the case of DRA, we detected the stress memory us-

ing the strain difference function: �εi j (σ ) = εi (σ )−ε j (σ ),
where σ and εk(σ ) is the applied axial stress and the axial
strain for k-th loading, respectively, and i > j . The stress
memory is recognized as a discontinuous change in the gra-
dient (bending) of this function, as schematically shown in
Fig. 3(a). In the ideal case (top function in Fig. 3(a)), the
function has only one bending. However, since the function
is sensitive to fluctuation in stress rate, it is sometimes bent
twice or more by a small fluctuation in ram stroke of the
loading apparatus (second to fifth functions in Fig. 3(a)).
The stress rate in different loading cycles does not neces-
sarily fluctuate at the same magnitude of applied stress. We
also estimated the magnitude of memorized stress in each
azimuth using at least two specimens. The magnitudes of
applied stress at which the bending of the function due to
the fluctuation in stress rate occurs should depend on the
combination of loading cycles (i and j) used to calculate the
strain difference function and the specimen. On the other
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Fig. 3. Schematic illustration of (a) the strain difference function, (b) the AE rate ratio function, and (c) the relationship between applied stress and AE
rate. Arrows indicate the inelastic behavior of functions. Shaded area represents a stress magnitude range in which the inelastic behavior commonly
observed on all of the strain difference functions, the AE rate ratio functions, and the relationship between applied stress and AE rate.

hand, the magnitude of applied stress at which the bending
representing the stress memory occurs does not depend on
either the loading cycles or the specimens, as shown in the
shaded area in Fig. 3(a).
Since, in our experience, the AE activity is less af-

fected by the fluctuation in stress rate, we employed the AE
method and AERA in addition to DRA. The outputs of the
PZT transducers are rectified by analog circuits to obtain
the envelope. The envelopes for the first and the second
loading cycles are recorded continuously at a sampling fre-
quency of 100 kHz. AE events with peak amplitudes greater
than a threshold value are discriminated from the envelope
data after the completion of the experiment. The thresh-
old amplitude to discriminate AE was set by trial and error.
The threshold amplitude for AERA is typically as small as
1.5- to 2-fold the noise level, while it is typically three- to
fourfold that of the noise level in the AE method.
In case of the AERA, the stress memory is reproduced

from the AE rate ratio function: ARR(σ ) = N1(σ )/N2(σ ),
where Nk(σ ) is the AE rate for the k-th loading. The func-
tion is convex in nature, and the magnitude is generally
less than unity. The stress memory can be recognized as
a discontinuous change in the gradient of the function, as
schematically illustrated in Fig. 3(b). In an ideal case (top
panel of Fig. 3(b)), the gradient changes only at the mag-
nitude of applied stress corresponding to the memorized
stress.
For the AE method, the stress memory is evaluated from

the non-linear relationship between the magnitude of ap-
plied axial stress and the occurrence rate of large AE events
during the first loading, as schematically shown in Fig. 3(c).
In an ideal case (top panel), AE activity is insignificant
when the magnitude of applied stress is low, but it increases
rapidly once the applied stress reaches a critical value. This
critical value of the applied stress corresponds to the mag-
nitude of stress embedded in the specimen.
AE activity is sometimes contaminated by such noises

as the occurrences of AE events that do not relate to the

stress memory or the instability of the ground potential of
the measurement system. As a result, the gradient of AE
rate ratio function is sometimes changed twice or more. An
increase in AE that is not related to the stress memory is
occasionally observed in the AE method. However, the per-
turbations on the outputs of two transducers differ from one
another as long as AE activity that does not relate to the
stress memory is localized. The instability of the ground
potential varies from one circuit to another. Further, these
phenomena are not necessarily reproduced in another spec-
imen. Thus, the magnitude of applied stress at which AE
activity relating to stress memory is contaminated by noises
depends on both the transducer and specimen. Conversely,
the change in AE activity relating to the stress memory must
occur at a particular magnitude of applied stress indepen-
dent of either the transducer or specimen, as schematically
shown in shaded area in Figs. 3(b) and (c).
In addition to the contamination by noises stated above,

the inelastic behavior relating to the stress memory is some-
times unclear due to the presence of other factors. The
change in the gradient of strain difference function and/or
AE rate ratio function is minor. The increase in the occur-
rence rate of large AE events is gradual rather than steep.
One possible reason for these observations can be that the
magnitude of the maximum applied stress is either too large
or too small. At least two specimens in each azimuth
must be tested under different magnitudes of the maximum
stress.
In summary, we cannot determine the stress memory of

rocks from individual functions; they must be surveyed in
combination. We applied the following constraints in deter-
mining the stress memory: (1) the magnitude of the memo-
rized stress does not depend on the maximum applied stress;
(2) the magnitude of memorized stress does not depend on
the estimation technique; (3) for DRA, the magnitude of
memorized stress does not depend on the combinations of
loading cycles; (4) for AERA and AE method, the mag-
nitude of memorized stress does not depend on the PZT
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transducer; (5) the magnitude of vertical stress does not
significantly differ from the overburden pressure; (6) the
dependence of horizontal stress on azimuth obeys a sinu-
soidal function; σ(θ) = σm + σa cos(2(θ − θ0)), where θ is
the azimuth, θ0 is the azimuth of the maximum horizontal
compression, and σm and σa represent the magnitudes of the
isotropic and deviatoric components of horizontal stress, re-
spectively.

3. Results
Figure 4 shows a typical loading history and the stress-

strain relationship obtained from a vertical specimen of
739 m depth. The loading rate was 0.1 MPa/s. There were
five or seven loading cycles, depending on the quality of
data. As it was expected that the stress state in the crust
tends toward the lithostatic state, we assumed that the mag-
nitudes of horizontal stress do not significantly differ from
the vertical stress. We therefore did not carry out tests with
the maximum stress larger than threefold the vertical stress.
Figure 5 shows the strain difference function, the AE rate

ratio function, and the dependence of large AE rate on stress
for vertical specimens at a depth of 739 m. The expected
overburden pressure at this depth is 17.4 MPa for a density
of 2400 kg/m3, which is the average density measured by
logging. The only one bending occurs at about 18 MPa in
both ε35 of specimen TCDP0739-V-1 and ε45 of specimen
TCDP0739-V-2, which is close to the expected overburden
pressure. There are two significant bendings in ε34 of spec-
imen TCDP0739-V-1 at about 16 MPa and about 23 MPa,
respectively. The latter is much larger than the expected
overburden pressure. Two bendings at about 12 MPa and
18 MPa are found also in ε34 of specimen TCDP0739-V-
2. The former is too small compared with the expected
overburden pressure. The shaded area in Fig. 5(a) indicates
a stress magnitude of 18±2 MPa. The above four func-
tions have bending in this stress range. The ε23 of speci-
men TCDP0739-V-2 bends at about 14 MPa, and although
this is slightly smaller than the stress magnitude at which
bendings in other functions occurred, the bending is rela-
tively clear. Consequently, we consider this bending to be
possibly related to the stress memory. The gradient of the
AE rate ratio function (ARR) obtained by PZT2 of speci-
men TCDP0739-V-1 (Fig. 5(b)) changes at about 18 MPa,
while that obtained by PZT2 of specimen TCDP0739-V-2
(Fig. 5(c)) changes twice, at about 14 MPa and 20 MPa.
Although the significances of the two gradient changes are
similar, the latter is more consistent with the stress magni-
tude at which inelastic behavior is observed on other data.
The AE rate observed by PZT2 of specimen TCDP0739-
V-1 (Fig. 5(d)) and by PZT1 of specimen TCDP0739-V-2
(Fig. 5(e)) increased at about 18 MPa and 16.5 MPa, re-
spectively. These values are consistent with the stress mag-
nitudes estimated by DRA and AERA. We therefore esti-
mated the magnitude of vertical stress to be about 18 MPa.
Figure 6 shows the strain difference function, the AE rate

ratio function, and the dependence of large AE rate on stress
for specimens in the reference azimuth at a depth of 739 m.
Although there are two bendings in some of the strain
difference functions, all strain difference functions have
bending within a stress magnitude range of 16.5±2 MPa

0

10

20

30

40

50

0 1000 2000 3000

TCDP0739-V-1

ax
ia

l s
tr

es
s,

 M
P

a

time, s

0

500

1000

1500

2000

2500

3000

3500

0 10 20 30 40 50
st

ra
in

, p
pm

axial stress, MPa

(a)

(b)

Fig. 4. Examples of (a) loading history and (b) a stress-strain curve for a
vertical specimen at a depth of 739 m. Arrows in (b) indicate increase
in time.

(shaded are in Fig. 6). The occurrence of large AE events
also becomes significant when the applied stress exceeds
this stress range. We therefore considered that the in-situ
stress magnitude in this azimuth should be within this stress
range. Although the gradient changes of ARR observed by
PZT2 of TCDP0739-000-1 (Fig. 6(b)) and TCDP0739-000-
2 (Fig. 6(c)) occur at about 13 MPa, being slightly smaller
than the above stress range, we also adopted these inelastic
behaviors as a representation of stress memory since they
are clear.
Figure 7 presents the data for the azimuth of R45 at a

depth of 739 m. All strain difference functions, ARR func-
tions, and the applied stress dependences of AE rate indi-
cate inelastic behavior within a stress range of 13±2 MPa
(shaded area in the figure). We therefore regarded the in-
elastic behaviors within this stress range to be a representa-
tion of the stress memory.
Figure 8 is for specimens in the azimuth of R90 at 739 m

depth. Except for the relationship between axial stress and
AE rate observed by PZT2 of specimen TCDP0739-090-2
(Fig. 8(e)), inelastic behavior is observed on all functions
within the stress range of 20±2 MPa. Non-linear behav-
ior on the relationship between applied stress and AE rate
observed by PZT2 of specimen TCDP0739-090-2 occurred
at about 24 MPa. Since the increase in AE rate is relatively
significant, we accepted this stress as the in-situ stress mem-
orized in this specimen.
Figure 9 represents the strain difference function, the AE

rate ratio function, and the dependence of large AE rate on
stress for specimens in the azimuth of R135 at a depth of
739 m. All of the functions show inelastic behavior within a
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Fig. 6. Same as Fig. 5, but for horizontal specimens parallel to the reference direction at a depth of 739 m.

stress magnitude range of 23±2 MPa, although some strain
difference functions have two bendings. We considered that
inelastic behavior in this stress range represents the stress
memory.

Up to this point we have only presented a rough range of
the stress magnitude determined as the in-situ stress for the
purpose of simplicity. The magnitude of the applied stress
at which the inelastic behavior relating to the stress memory
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Fig. 7. Same as Fig. 5, but for horizontal specimens at an azimuth of 45◦ from the reference direction and at a depth of 739 m.
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Fig. 8. Same as Fig. 5, but for horizontal specimens at an azimuth of 90◦ from the reference direction and at a depth of 739 m.

was found in each function was precisely measured in the
following analyses.
The average difference between stresses estimated from

different specimens in the same orientation was found to
be about 2 MPa, which provides a rough estimate for the
magnitude of the error in stress along each orientation. Fig-
ure 10 shows the azimuthal dependence of the stress mag-
nitude estimated at a depth of 739 m. The error involved

in fitting the sinusoidal function was 0.3–0.7 MPa for the
isotropic component and 0.4–0.9 MPa for the deviatoric
component. Thus, the overall error involved in estimating
the magnitude of horizontal stress was 3–4 MPa in general.
The cores were orientated by comparing the bedding ob-
served on the core and the FMI image of the borehole. The
accuracy of this process is estimated to be about 10◦. Fur-
ther, misalignment of cores in preparing the specimens can
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Fig. 10. Dependence of the estimated horizontal stress on azimuth at a
depth of 739 m. Open circles, squares, and diamonds represent stress
magnitudes derived from the DRA, AERA, and AE methods, respec-
tively. Solid circles indicate the average values of stress magnitude es-
timated from the three methods for individual specimens. Solid line
represents the best fit sinusoidal function to the average values. Shaded
zone represents the range of the estimated vertical stress.

be 10–20◦. Thus, the error in the azimuth of the maximum
horizontal compression is 20–30◦, whereas the error in fit-
ting for θ0 is negligibly small (∼1◦).
Figure 11 shows the azimuthal dependence of stresses es-

timated at depths of 927 m, 1082 m, 1122 m, and 1316 m.
Table 1 summarizes the estimated stress states with the
lithology. Figure 12 shows the depth dependence of the
magnitudes of principal stress. The rock densities from the
surface to a depth of 1.3 km were measured by logging, and
an average density of 2400 kg/m3 was determined. We cal-
culated a theoretical profile of vertical stress (dashed line
in Fig. 12) using the logging data of density. The depth de-
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Fig. 11. Same as in Fig. 10, but for depths of (a) 927 m, (b) 1082 m, (c)
1122 m, and (d) 1316 m.

pendence of Sv generally agrees well with the profile within
the error, thereby showing the reliability of our estimation.
Critical inspection, however, revealed that the gradient of Sv
seems to change at a depth of 1082 m. This may be related
to the change in the stratum from the Cholan Formation to
Chinshui Shale at a depth of 1029 m.
Both magnitudes of maximum (SHmax ) and minimum hor-

izontal compressions (Shmin ) do not seem to increase linearly
with depth. The magnitude of SHmax at a depth of 1082 m,
which is just above FZ1111, was found to be significantly
smaller than that at other depths and almost equal to Shmin .
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Table 1. Estimated stress state and geological information.

Depth, m Sv, MPa SHmax , MPa Shmin , MPa SHmax azimuth† Lithology Stratum Bedding direction
739 18.2 23.1 14.2 146 shale/siltstone Cholan Fm. N109E
927 20.9 22.9 15.2 83 strong bioturbated formation Cholan Fm. N099E
1082 22.4 16.3 13.7 164 strong bioturbated formation Chinshui Shale N102E
1122 21.6 33.4 19.1 113 strong bioturbated formation Chinshui Shale N112E
1316 31.3 31.6 12.9 83 sandstone Kueichulin Fm. N127E

†The azimuth is measured clockwise from the north.
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Fig. 12. Dependence of the magnitudes of the principal stress on depth.
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respectively. Dashed line shows the depth dependence of overburden
pressure calculated from the logging data of density.
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This will be handled in more detail in Discussion.
Figure 13 shows the depth dependence of the SHmax az-

imuth. Considering the relatively large errors in SHmax az-
imuth (∼20–30◦), their values at individual depths are not
significant. The average of the estimated azimuth of SHmax

is N118E (short-dashed line in Fig. 13). Since the devia-
toric component of horizontal stress at a depth of 1082 m is
small, the reliability of the SHmax azimuth at this depth would
be lower than that at other depths. When this data set is
omitted, the average azimuth was found to be N106E (solid
line in Fig. 13). In general, the strike of the Chelungpu fault
is about N5E, while it is about N65E at the northernmost
portion of the fault (Fig. 1). It can therefore be said that the
average azimuth of SHmax is roughly normal to the general
strike of the fault.

4. Discussion
4.1 Comparison with the in-situ stress state estimated

by conventional methods
Two deep holes were drilled within the framework of the

TCDP project: Hole-A, from which the core samples used
in the present study were recovered, and Hole-B, which
was drilled at several tens of meters from Hole-A. Wu
et al. (2007) analyzed the borehole breakout observed by
the logging of Hole-A. They estimated that the azimuth of
SHmax is N115E, being parallel to the regional stress. Wu
et al. (2005) and Hung et al. (2008) measured the S-wave
anisotropy by wire-line logging in Hole-A and they found
that, on average, the fast S-wave is polarized in the ESE-
WNW direction. The SHmax axis can then be considered to
be in this direction, if the S-wave anisotropy was caused by
preferentially oriented cracks in the crust.
Hung et al. (2008) performed hydraulic fracturing test in

Hole-B and estimated the magnitude of Shmin to be about
16 MPa. They also analyzed the borehole breakouts and
the drilling induced tensile fractures in a depth range from
930 m to 1330 m in Hole-B and found that the SHmax direc-
tion is, on average, N120E or N130E, except for just above
the Chelungpu fault.
The Shmin magnitude and SHmax azimuths determined from

our study are nearly identical to those obtained by other re-
searchers using conventional methods. We therefore con-
clude that the in-situ stress state around the Chelungpu fault
was successfully reconstructed in our study on the basis of
stress memory.
4.2 Comparison with the SHmax azimuth estimated

from other indicators of the stress field
The island of Taiwan resulted from a collision between

the Luzon arc belonging to the Philippine Sea plate and the
Chinese continental margin of the Eurasian plate. As the
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Philippine Sea plate moves in the direction of N60W rela-
tive to the Eurasian plate in the vicinity of Taiwan (Seno,
1977; Yu et al., 1997), the SHmax azimuth of the tectonic
stress in the island of Taiwan is expected to be oriented
in a range between SE-NW and ESE-WNW. Rau et al.
(1996) determined the focal mechanisms of small to mod-
erate earthquakes occurring in the western Taiwan and the
Central Range area from 1991 to 1994. They showed that
the P-axis of the events generally lies in the direction of
ESE-WNW, which is nearly parallel to the relative direc-
tion of plate motion, even though both strike-slip and thrust
events also occurred. These results suggest that the regional
or tectonic stress field on the scale of the island of Taiwan
is dominated by the ESE-WNW compression. Thus, the
SHmax azimuth estimated in this study is in agreement with
the expected direction of tectonic compression on a regional
scale.
Angelier et al. (1986) analyzed fault-slip and fold pat-

terns in the western Taiwan for reconstructing the pale-
ostress field for the last 2–3 Ma. They showed that the axis
of maximum compression was horizontal during the Qua-
ternary and that its azimuth was about N110E (long-dashed
line in Fig. 13) in the central part of western Taiwan, where
the Chelungpu fault exists. Further, the axis of intermediate
compression dipped close to the vertical during this period.
The present stress field around the Chelungpu fault, as es-
timated in this study, is similar in some aspects to the pale-
ostress field. That is, the maximum and intermediate princi-
pal compressions were horizontal and vertical, respectively.
Further, the SHmax azimuth of N106E approximates that of
the paleostress. The major difference between the present
stress and the paleostress fields is in the relative magnitudes
of the principal compressions. The present magnitude of
Sv is significantly larger than that of minimum compression
(Shmin ), while those in the case of paleostress were estimated
to be nearly equal to each other.
4.3 Implication for the faulting process of the 1999

Chi-Chi earthquake
Although it is known from the CMT solution estimated

by USGS, Harvard, or Wu et al. (2001) that the Chi-Chi
earthquake was a thrust faulting event, the vertical stress
was not estimated as the minimum principal compression
in our study. At depths of 739 m, 927 m and 1122 m, the
Sv is the intermediate principal compression, indicating that
the stress state is of the strike-slip faulting type. The mag-
nitudes of SHmax and Sv are nearly equal to each other at a
depth of 1316 m, implying the possibility of the occurrence
of both strike-slip and normal faulting—if the weakness of
the crust distributes randomly. Further, the stress state of
the normal faulting regime is estimated at a depth of 1082 m
proximately above the Chelungpu fault (FZ1111).
When the coseismic slip vector for the Chi-Chi earth-

quake is projected onto the horizontal plane, its azimuth
ranges between N113E and N125E (shaded area in Fig. 13).
This is parallel to the SHmax axis estimated in the present
study. Further, as stated in the previous section, the SHmax

axis is nearly perpendicular to the Chelungpu fault strike.
In other words, the Shmin axis is parallel to the fault plane
and perpendicular to the slip vector. This means that the
fault motion for the Chi-Chi earthquake was not driven by

the differential stress between the maximum compression
(SHmax ) and the minimum compression (Shmin ), but by the dif-
ferential stress between the maximum compression (SHmax )
and the intermediate compression (Sv). This result suggests
that the fault motion for the Chi-Chi earthquake was con-
trolled by the geometry of the weakness in the crust as well
as by the stress state.
4.4 A possible cause of anomalous stress state just

above the Chelungpu fault
Figure 14 shows the depth dependence of the Young’s

modulus estimated from the stress-strain curve for the case
of the first loading. The Young’s modulus takes a mini-
mum value at a depth of 1082 m, proximately above the
Chelungpu fault (FZ1111). Although the residual strain af-
ter the first loading was generally as large as 20–30% of the
peak strain (Fig. 4(b)), the peak strain for the second load-
ing was nearly equal to that for the first loading. As a result,
Young’s modulus estimated from the stress-strain curve for
the second loading is significantly larger than that of the first
loading. Although the residual strain is increased progres-
sively by repetitive loading, the value of Young’s modulus
is stable after the second cycle. We calculated the increase
rate of Young’s modulus, �E = (Ea − E1)/E1 for evaluat-
ing the deformability, where E1 and Ea is the Young’s mod-
ulus of the first loading and the average of Young’s moduli
after the second loading, respectively. At a depth of 1082 m,
the increase rate was found to be a maximum and as large
as 75%. Both the small Young’s modulus and the large in-
crease rate at the 1082 m depth suggest the existence of a
significantly deformable zone at this depth. This inference
is supported byMa et al. (2006) and Song et al. (2007), who
reported the thickness of the damaged zone around FZ1111
to be wider in the hanging-wall than in the footwall by ana-
lyzing the TCDP core.
The deformable damaged zone can not sustain the differ-

ential stress, as observed by Sato et al. (2003) in the case
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of the Nojima fault, central Japan. If the deformable dam-
aged zone extends along a fault plane, significant relaxation
of differential stress in the damaged zone may occur, which
will result in one of the principal axes being normal to the
fault. In the case of the Chelungpu fault, as the Shmin axis is
parallel to the fault plane, it would not be rotated by the re-
laxation of the differential stress in the deformable damaged
zone. Further, the magnitude of Sv would be constrained by
the overburden pressure. Only SHmax can be perturbed by the
deformation in the damaged zone. The small magnitude of
SHmax at the proximity above the Chelungpu fault could be
caused by the relaxed stress field in the damaged zone.

5. Conclusion
We estimated the stress state near the Chelungpu fault,

which slipped at the Chi-Chi earthquake (Mw 7.6) in 1999,
using boring core samples retrieved from five depths of
a 2-km deep hole drilled by the TCDP. Although more
data are required to draw a definitive conclusion, there are
three main results from this study. (1) the SHmax azimuth
is N106E on average and is perpendicular to the strike of
the Chelungpu fault and parallel to the coseismic slip vec-
tor of the Chi-Chi earthquake. Further, it agrees well with
other indicators of stress field, such as focal mechanisms for
small to moderate earthquakes in western Taiwan and the
relative plate motion direction in the vicinity of the island
of Taiwan. (2) The main aspects of the stress field, such as
SHmax azimuth and orders of magnitude among SHmax , Sv, and
Shmin obtained in this study, are nearly identical to those of
paleostress. (3) The magnitude of SHmax is significantly re-
duced at the proximity above the Chelungpu fault (FZ1111).
This may be due to the relaxation of shear stress in the de-
formable damaged zone at this depth.
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