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ABSTRACT

Temporal b-value variations have been completely obtained for the seismic faulting process of the 4 March 2008 Taoyuan
earthquake (M = 5.2), southern Taiwan. In addition to triggering several hundred aftershocks, the mainshock was preceded by
two groups of foreshocks (64 events) that clustered along the narrow major fault zone. A high b-value of ~1.25, estimated from
the foreshock series, representing fault growth, was significantly larger than the b-values of 0.80 and 0.81, obtained
respectively from aftershocks and background seismicity. Also there were some pre-shocks (i.e., micro-earthquakes) that
occurred one month before the earthquake sequence, with an extremely high b-value of ~2.1. This number might successfully
indicate pre-nucleation seismic features in the vicinity of the fault zone. These seismic characteristics are fundamentally very
similar to general features such as fracture nucleation and growth observed in rock samples under controlled stress in

laboratory experiments, and thus ought to be considered to improve our understanding of crustal fault growth.
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1. INTRODUCTION

Understanding of fault nucleation and growth undoub-
tedly plays an important role in comprehending earthquake
generation mechanisms. To improve our knowledge of fault-
ing processes before large pending earthquakes, temporal
variations in b-values obtained from earthquake seismicity
have been investigated for various tectonic regimes such as:
fault zones, volcanic areas, aftershock zones, and subduc-
tion zones. However, debate continues on the value of low
and high b-values obtained before large earthquakes. Nu-
merous studies have revealed that foreshocks often have low
b-values (Lee et al. 1978; von Seggern 1980; Enescu and
Ito 2001). Those observations have been explained on the
grounds that decreasing b-values before a mainshock might
reflect increasing stress in or around the fault zone (Scholz
1968; Main et al. 1992; Amitrano 2003; Schorlemmer et al.
2005; Wu and Chiao 2006). A well-recognized case is the
1975 Haicheng earthquake in China, which showed a low
b-value of 0.6 in the foreshock series (Wu et al. 1976). How-
ever, there are cases when high b-values have been observed
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before large earthquakes (Comninakis et al. 1968; Gupta et
al. 1972). This conflict in b-values prior to earthquake nu-
cleation has still not been classified even given detailed ex-
amination of b-value variations along the Calaveras fault
based on large amounts of earthquake data (Parsons 2007).

However, besides field observations of b-values, an al-
ternative approach has been to study rock failure processes
under laboratory conditions to ensure controlled axial stress
for improving our understanding of microscopic fracture nu-
cleation and growth. As a typical example of this approach,
Lockner etal. (1991) gives results showing a potential fault-
ing process. They successfully identified micro-cracks in
temporal and spatial variations throughout rock failure. In
addition, variations in b-values were obtained at different
stages: namely pre-nucleation, nucleation and fault growth.
b-value decreases to a minimum at the time of fault nucle-
ation and then recovers to over 50% of'its initial value during
fault growth (Lockner et al. 1991). However, such a micro-
cracking process observed under laboratory conditions has
not yet been confirmed by field seismic observations.

In this study, the earthquake sequence of an event that
occurred on 4 March 2008 in Taoyuan, sourthern Taiwan,
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including the mainshock (M = 5.2) and a cluster of fore-
shocks as well as aftershocks along a narrow fault zone was
recorded by the Central Weather Bureau Seismic Network
(CWBSN) of Taiwan. Examinations of temporal b-value
variations of pre-shocks, foreshocks, and aftershocks on a
macroscopic level for the crust show that their seismic cha-
racteristics are largely similar to those of microscopic frac-
ture nucleation and growth found in laboratory experiments.
These observations might effectively improve our under-
standing of fault growth phenomenon in the crust.

2. AFTERSHOCKS AND FORESHOCKS

On 4 March 2008, an earthquake sequence with a
mainshock of My = 5.2 took place in the Taoyuan area of
southern Taiwan (Fig. 1). The Centroid Moment Tensor
(CMT) solutions of the mainshock and one of its large after-
shocks (M = 4.6) (Table 1) show that the earthquake se-
quence had a pure thrust-faulting mechanism, which is
generally consistent with regional stress features resulting
from plate convergence between the Eurasian and Philip-
pine Sea plates in Taiwan (Yeh et al. 1991; Lin 2002). Since
this earthquake sequence was recorded by the CWBSN data
quality is excellent due to good coverage by its seismic sta-
tions (Shin et al. 2000), several hundred aftershocks with
local magnitudes (Mp) ranging from 0.4 to 4.8 have been
precisely located. The seismicity of the well-located after-
shocks confirms that the major fault plane strikes NE-SW
(Fig. 1a) dipping in a NW-SE direction (Fig. 1b). The size of
the major fault plane, estimated from aftershock seismicity,
is about 10 km long along the strike and 10 km wide in the
dip direction.

As well, it is quite interesting to see that the earthquake
sequence was preceded by two groups (A and B) of fore-
shocks that clustered along the major fault plane and dipped
in a southeastern direction (Fig. 2). Group A, consisting of
29 micro-earthquakes with local magnitudes (My) ranging
from 0.6 to 2.2, occurred several hours before the main-
shock. And Group B, integrating 35 earthquakes with the
largest foreshock event (M = 4.0) (Table 1), started about
20 minutes before the mainshock. The focal mechanism of
the largest foreshock was extremely similar to that of both
the mainshock and the largest aftershock shown in Fig. 1.

Since these foreshocks were also recorded by seismic sta-
tions of CWBSN well positioned at distances of less than
10 km, extremely small micro-earthquakes with magnitudes
down to 0.4 could successfully be detected. A narrow seis-
mic zone (about 5 x 5 km?) was clearly delineated by two
groups of foreshocks (Fig. 3), which had 64 events in total.
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Fig. 1. Seismicity of the mainshock (M, = 5.2) and its aftershocks of the
Taoyuan earthquake sequence on 4 March 2008. (a) Locations of the
mainshock (plus), aftershocks (circles, their sizes are dependent on
earthquake magnitudes) and seismic stations (triangles). The focal
mechanisms of the mainshock and one of the larger aftershocks are
plotted in the low-hemisphere projection, and a box in the insert map
shows the study area. (b) Depth projection of the earthquake sequence
and focal mechanisms on the NW-SE profile.

Table 1. Locations and earthquake parameters of the mainshock and its large foreshock and aftershock.

Time Long. Lat. Depth Mag. Strike Dip Rake Remark
(dy/hr/mn)  (deg) (deg) Km) (M) (deg)  (deg)  (deg)
04/17/13 120.6978 23.2083 11.58 4.0 29 46 90 Foreshock
04/17/31 120.6957 23.2067 11.32 52 37 48 96 Mainshock
04/22/42 120.7070 23.2125 11.95 4.6 216 53 114 Aftershock
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Fig. 2. Plots of earthquake magnitudes with time of the Taoyuan earth-
quake sequence on 4 March 2008.

Although the seismic zone of the foreshocks was smaller
than the seismic zone (10 x 10 km?) of the aftershocks, both
seismic zones similarly overlaid the major fault plane.

3. TEMPORAL b-VALUE VARIATIONS

The series of fore- and aftershocks that occurred in the
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Fig. 3. (a) Foreshock locations of Groups A (circles) and B (pluses). A
focal mechanism of the largest foreshock (star) is projected on the
low-hemisphere. (b) Depth projection of the foreshocks and focal
mechanism along the NW-SE profile.

Taoyuan earthquake sequence have provided an opportunity
to examine temporal variations of b-values throughout the
seismic cycle (Fig. 4). The b-values can be empirically esti-
mated from the earthquake frequency-magnitude relation-
ship (Ishimoto and lida 1939; Gutenberg and Richter 1942),
Log N =a - b M, where N is the number of earthquakes
larger than magnitude M, and a and b both are positive, real
constants. First of all, a regression line with a b-value of
~0.80 is obtained from the several hundred aftershocks
(Fig. 4a). Such a regression result is reliable because re-
lativity (R?) calculated by Microsoft Excel is greater than
0.99. The b-value of ~0.80 is almost identical to the h-value
of ~0.81 estimated from background seismicity during the
past 17 years in the vicinity of this earthquake sequence area
(23.0-23.4°N; 120.4 - 120.9°E). Second, a larger b-value of
1.25 with R? > 0.99 is estimated from each of the 64 fore-
shocks of the two groups (A and B) that occurred along the
major fault plane several hours and tens of minutes before
the mainshock. So it is worth saying that the b-value of the
foreshocks is significantly higher than the b-values of the
aftershocks and background seismicity.
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Fig. 4. Earthquake magnitude-frequency plots for determining b-values. (a) The b-values of background seismicity (1990 - 2006), aftershocks and
foreshocks of the Taoyuan earthquake sequence. (b) The b-values of micro-earthquakes from one to three months before the Taoyuan earthquake.

In addition, the b-values of pre-shocks that occurred
three months before the mainshock (Molchan et al. 1999) in
the vicinity of the Taoyuan earthquake sequence are calcu-
lated (Fig. 4b). Similar to background seismicity, a b-value
of ~0.81 was obtained from pre-shocks for the same area
(23.0 - 23.4°N; 120.4 - 120.9°E) in December 2007 and
January 2008, respectively — three and two months before
the Taoyuan earthquake sequence. However, there were
some significant changes in the b-values for the same area in
February 2008 (Fig. 4b), one-month prior to the earthquake
sequence in Taoyuan. The regression line of the earthquake
frequency-magnitude relationship can be separated into two
segments. For the smaller earthquakes with local magni-
tudes (M) between 1.4 and 2.0, the b-value is around 0.82
with a regression relativity (R?) of 0.97. However, the
b-value increases significantly (up to ~2.1) with a regression
relativity (R*) of 0.92 when a limit of micro-earthquakes of
local magnitudes greater than 2.0 are taken into account.
The increase in b-value results from the decrease of larger
micro-earthquakes (M > 2.0) that took place just one month
before the Taoyuan earthquake sequence.

4. DISCUSSIONS

The Taoyuan earthquake sequence gives an excellent
case for efficiently representing seismic characteristics of
fault growth in the crust. Foreshocks might well be con-
sidered as the crustal fractures during fault growth within
the fault zone according to the following evidence. Firstly,
seismicity of the foreshock zone similarly overlays that of
the aftershock zone, showing that the foreshocks had taken

place in the same major fault zone exactly as that of the
mainshock and aftershocks. Secondly, the foreshocks oc-
curred within a short time (from several hours to tens of
minutes) before the mainshock, providing an unambiguous
indication that they were immediate crustal fractures during
fault growth within the major fault zone. Finally, the extreme
closeness of focal mechanisms between the mainshock and
the largest foreshock further confirms that they were under
the same tectonic stress and then slipped along the same fault
plane.

In fact, the faulting process of the Taoyuan earthquake
(ML = 5.2) sequence is extremely similar to the typical fail-
ure process observed in a brittle granite sample under con-
trolled axial stress in laboratory testing. Based on a detailed
study (Lockner et al. 1991), fracture nucleation and growth
in brittle rocks can clearly be separated into three stages. At
first, prior to fault nucleation, cracks are evenly distributed
throughout the sample with the largest b-value. Secondly,
fault nucleation starts with intense cracks, clustering in a
narrow zone, and demonstrating an extremely low b-value.
Finally, the fault grows with more cracks, developing along
the nascent fault plane and the b-value recovers to about a
half of that prior to nucleation. A similar rock failure process
seems to have been observed in the Taoyuan earthquake
sequence. The highest h-value (~2.1) for pre-shocks, i.e.,
the micro-earthquakes (M > 2.0) occurred one-month be-
fore the Taoyuan earthquake, perhaps reflecting distributed
cracks at the pre-nucleation stage. It is significantly larger
than the b-value of ~0.81 representing the background seis-
micity. Furthermore, the b-value of 1.25 estimated from two
groups of foreshocks might largely represent fault growth
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before the mainshock. Unfortunately, the b-value of the fault
nucleation phase could not be observed for the Taoyuan
earthquake sequence as the nucleation process was most
likely too short to produce enough earthquakes for deter-
mining any b-value.

In addition to fault growth, the Taoyuan earthquake
sequence provides temporal b-value variations of post-
faulting status and background seismicity for the under-
standing of a complete cycle of the faulting process in the
crust (Fig. 5). Nearly similar b-values (~0.81 and ~0.80) es-
timated respectively from the aftershocks of the Taoyuan
earthquake and long-term background seismicity might well
be considered as a stable reference for showing increased
b-values as the pre-nucleation and fault growth processes.
Such a standard reference has not been achieved from rock
failure processes under laboratory conditions (Lockner et al.
1991). Therefore, the » = 0.81 obtained from background
seismicity indicates general rock behavior under regional
stress. A significant increase in the b-value to ~2.1, esti-
mated from pre-shocks, occurred one month before the
Taoyuan earthquake showing pre-nucleation characteristics
in the vicinity of the nascent fault zone. The drop in the
b-value to ~1.25, estimated from foreshock occurrences,
represents fault growth. Unfortunately, no b-value is avail-
able for showing fault nucleation characteristics due to in-
sufficient earthquakes within the short period of time that it
took for nucleation to occur. Finally, the b-value returns to
~0.80 during the aftershock sequences.

Although the temporal b-value variations of the Tao-
yuan earthquake sequence are similar to those obtained from
for the rock sample under laboratory conditions (Lockner
et al. 1991), the high b-values obtained from the foreshocks
of the Taoyuan sequence are different from many previous
studies that show low b-values before the mainshock. The
difference is most likely attributable to variations in fore-
shock selection. In the previous studies, most of the b-values
were estimated by using earthquake data in the vicinity of
the mainshock area. In this study, however, only foreshock
events in the narrow fault zone have been considered. In
fact, a high b-value in the fault zone might well be more
appropriate in representing the faulting process and could
thereby successfully provide a potential precursor for large
earthquakes. However, some reservations and concerns do
exist with this result. Although the observational data is well
described, the total number of foreshocks (64) might not be
high enough to obtain the high b-value actually obtained.
Thus, the possibility of high b-values in the fault zone has to
be confirmed through further observation.

5. CONCLUSIONS

This study gives complete temporal b-value variations
for the entire faulting process of the Taoyuan earthquake
(ML =5.2) sequence including pre-shocks, foreshocks, after-
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Fig. 5. Schematic plot of temporal b-value variations throughout a
complete earthquake faulting process. The h-value increases at the
pre-nucleation stage, decreases to a minimum at the time of fault nucle-
ation and then recovers during the fault growth.

shocks and background seismicity. A high b-value of ~2.1
obtained from pre-shocks in the month prior to the main-
shock is consistent with rock failure studies of the pre-
nucleation stage under laboratory conditions. Foreshocks
clustered along the nascent fault plane show a general fea-
ture of fault growth. The b-value of 1.25 from the foreshocks
is also significantly higher than the -values 0f 0.80 and 0.81
obtained from aftershocks and background seismicity. These
seismic characteristics are generally consistent with obser-
vations of rock failure under controlled stress in laboratory
experiments, which show that h-value decreases to a mini-
mum at the time of fault nucleation and then recovers to over
50% of its initial value during the fault growth. Thus, high
b-values of both the pre-shocks and foreshocks might be
considered as a potential precursor for large earthquakes if
other influential seismic characteristics are confirmed by
further observation.
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