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ABSTRACT

High seismicity with spatial heterogeneity in Taiwan makes this region one of the best natural laboratories for seismo-
logical researches. Numerous seismicity studies, including the b-value, have been performed for more than one century. One
of the possible ways to mitigate seismic risk is predicting an impending earthquake through various kinds of seismic precur-
sors observations. The first seismic precursors project in Taiwan started in 1978. The temporal variation in b-value prior to a
forthcoming earthquake has been considered a significant seismic precursor for earthquake prediction. In this review study,
we focus on the studies of b-values of earthquakes in Taiwan, including the spatial distribution of b-values, temporal varia-
tion in b-values, correlation between the b-value and fractal dimension, and correlation between the b- and p-value of Omori
law for aftershocks. Also included is the relation between the spatial distribution of b-values and regional geotectonics. The

properties and controlling factors of b-value and earthquake monitoring in Taiwan will also be briefly described.
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1. INTRODUCTION

A scaling law states that two quantities are proportion-
al to each other and is valid at certain orders of magnitude.
This can be used to calculate the value of one of the quanti-
ties at another order of magnitude. A scaling law usually has
apower-law form. In earthquake seismology, Gutenberg and
Richter (1944) proposed a frequency-magnitude (FM) rela-
tionship for earthquakes in the form: logN = a - bM where M
is the earthquake magnitude and N is the discrete frequency
of events with magnitudes in a small range for M to M + M
or the cumulative frequency of events with magnitudes = M.
This relationship is denoted by the GR law hereafter. An
example of the FM distribution is displayed in Fig. 1. The
GR law is valid in the magnitude range between M, and
M,, which are the lower and upper bounds of the linear por-
tion. Although the b-value varies from area to area and is
also dependent upon the time interval of earthquake data in
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use, its values generally vary from 0.8 - 1.2. This law works
for natural earthquakes and for different kinds of fractures,
including faults (e.g., Otsuki and Dilov 2005), laboratory
rock mechanics experiments (e.g., Weeks et al. 1978; Sam-
monds and Ohnaka 1998), fractures caused by hydrocarbon
recovery (e.g., Lahaie and Grasso 1999), mining-induced
seismicity (e.g., Holub 1996), volcanic earthquakes (e.g.,
Wiemer and McNutt 1997) and so on.

The GR’s FM law can be re-written as N(M) = C10"M
= Ce™P, where C = 10* and [3 = b/log(e) = b/0.4343. Obvi-
ously, this is an exponential function rather than a power-
law function. We can present scaling-law behavior for the
GR law from three different approaches. First, based on the
peak amplitude, A, of a seismogram we have M ~ ylog(A),
thus leading to N ~ A, where o = yb. Secondly, from the
seismic moment, M,, we have M ~ nlog(M,), thus giving
N ~ M,™, where m = nb. Thirdly, the seismic energy, E,
released during an earthquake is related to M in the form:
logE ~ EM, where € is 1 and 3/2 for small and large earth-
quakes, respectively (Ekstrom and Dziewonski 1988). N
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therefore relates to E in the form: N ~ E®, where B = b/E.
The three approaches obviously lead to respective power-
law scaling to characterize seismicity.

In order to examine the effect on N due to a change in
M, we take the derivative of log[N(M)] with relative to M,
that is, d[log(N)]/dM = -b. This indicates that d[log(N)]/dM
is independent of N. Since d[log(N)]/dM = (dN/dM)/N, we
have dN/dM = -bN. Obviously, dN/dM is a function of N.
Considering an increase in M, i.e., dM > 0, the number of
events decreases, i.e., dN = -bNdM < 0. Considering a de-
crease in M, i.e., dM < 0, the number of events increases, i.e.,
dN =-bNdM > 0.

The function F(M) is defined as the cumulative prob-
ability distribution of earthquakes with magnitudes = M, we
have log[1-F(M)] = log[N(M)/N,] where N, = 10* is the total
events in consideration. This gives F(M) = 1 - exp(-pM). The
function f(M) is defined as the single probability (or frequen-
cy) distribution of an earthquake with a magnitude within M
and M + OM, we have f(M) = dF(M)/dM = Pexp(-pM). Let
M" be the magnitude when N(M") = 1, i.e., M" = a/b, and
N(M) the number of earthquakes with magnitudes = M in
a time period. Thus the return period of such events is Ty,
= 1/N(M) = 10°™*M_The b-value or the [-value therefore
plays an important role on seismic hazard assessment.

There are two common methods to calculate the b-val-
ue. In the first method, the b-value is the slope value of the
linear portion of data points of log(N) versus M in the range
between M, and M, using the common least-squared meth-
od. In the second method, the b-value is calculated from
the formula: b = log(e)/(M, - M,), where M, is the average
magnitude, proposed by Aki (1965) based on the maximum
likelihood principle. In general, the stability of evaluating
the b-value is higher from the second method than from the
first. From practical calculations Knopoff (2000) found that
when M, is fixed, the maximum likelihood estimate of b-
value is a function of the variable upon M, and the calcula-
tion stability increases with M,. Of course, the choice of M,
also influences the estimate of b-value.

One of the significant ways to mitigate seismic risk is
predicting a forthcoming earthquake through the observa-
tions of precursors together with physical modeling. Earth-
quake prediction research has generally been an important
issue in countries that are frequently attacked by large
earthquakes (Chen et al. 1992; Aki 1995; Knopoff 1996).
Of course, some seismologists (e.g., Geller 1997; Geller et
al. 1997) argued the low possibility of predicting an earth-
quake. Actually, to date the success rate in predicting an
earthquake is still very low. The temporal variation in b-val-
ue could be a significant precursor for volcano activities and
earthquake occurrences. Gorshkov first observed a decrease
in b-value before the Russian Bezymianny eruption in 1956
(see Aki 1985). Suyehiro (1966) first found a change in
the b-value before and after an earthquake. Knopoff et al.
(1982) also observed a similar phenomenon. Fiedler (1974)

first found an increase in b-value before the 1967 Caracas
earthquake. Numerous studies also exhibit an increase in b-
value prior to an earthquake (Li et al. 1978; Smith 1981,
1986; Wyss et al. 1981; Chen et al. 1984a, b; Kiek 1984;
Aki 1985; DasGupta et al. 2007, 2012; Moatti et al. 2013).
Chen et al. (1984b) also found that the occurrence times and
magnitudes of high b-values are area-dependent.

After analyzing the data from various earthquake pre-
cursors amounting to 418 in number accumulated in Japan,
Rikitake (1975, 1987) proposed a formula to relate the occur-
rence time, T (in days), of a precursor to the magnitude, M, of
the forthcoming earthquake, that is log(T) = -1.83 + 0.76M.
Indeed, he mentioned that different groups of precursors ob-
tained different T versus M relationships. A linear relation
such as: log(T) = q + rM where q and r are the constants,
seems to hold for precursor disciplines such as land deforma-
tion revealed by geodetic survey and tide-gauge observation,
ground tilt observed by a water-tube tiltmeter, anomalous
seismic activity and geomagnetic field changes.

Within the vicinity of forthcoming large earthquakes,
Smith (1981) observed an increase in b and then a return
to normal. He related the precursor time, T (in days),
to the earthquake magnitude, M, in the following form:
log(T) = 1.42 + 0.30M. From his Table 1, we can see the
abnormal b-value appears, at least, about one year before
the forthcoming earthquake when M = 4. Obviously, the
value of T is longer from this formula than from Rikitake’s.
This difference might be due to two reasons: the first rea-
son is that the two formulas were inferred from earthquakes
occurring in different regions: Rikitake’s from Japanese
earthquakes and Smith’s from New Zealand events. The
precursor time could vary area to area. The second reason
is that Rikitake’s relationship was made from all kinds of
precursors that he collected and Smith’s only from the b-
value anomaly. Let T” be the time prior to the forthcoming
earthquake when the b-value returns to normal. Hence, T’
is the waiting time for the forthcoming earthquake after the
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Fig. 1. Examples of the plots of log(N) versus M for earthquakes
occurring in northern Taiwan.
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abnormally high b-value begins to decrease. For seven New
Zealand earthquakes with 540 < M < 6.33, Smith (1986)
found T’ = 0.24(T - T’) or T’ = 0.19T, where T - T’ is the
time interval specified with high b-values.

On the other hand, there have been opposite observa-
tions. Weeks et al. (1978) found that the b-value decreases
prior to large slip in rock mechanics experiment using dry
rock. Wyss and Lee (1973) observed a decrease in b-value
before several earthquakes in California. Chen et al. (1984b)
observed a decrease in b-value before the M 7.1 Zhao-tong
earthquake of 11 May 1974. Nanjo et al. (2012) observed a
decrease in b-value in the source regions prior to the 2004
M 9.2 Sumatra and 2011 M 9 Tohoku earthquakes. Their
observations were different from those by DasGupta et al.
(2007). Schurr et al. (2014) observed a decrease in b-value
in the source regions prior to the M 8.1 Iquique, Northern
Chile, earthquake of 1 April 2014.

Taiwan is located at the juncture of the Eurasian plate
and the Philippine Sea plate (Tsai et al. 1977; Wu 1978; Tsai
1986; Lin 2002). The Philippine Sea plate has been moving
northwestward at a speed of ~80 mm year' (Yu et al. 1997)
to collide with the Eurasian plate. The Okinawa Trough has
extended southwestward to approach Taiwan (Eguchi and
Uyeda 1983). Active orogeny due to the collision of the two
plates causes complex geological features and high seismic-
ity in the region (from 119 - 123°E and 21 - 26°N). The com-
plex tectonics in the region result in a non-uniform spatial
distribution of earthquakes (Wang et al. 1983, 1994; Wang
1988, 1998; Wang and Shin 1998). For a detailed explana-
tion of regional geology, readers are advised to refer to Ho
(1975). Only a simple description is given here. Generally
speaking, the region can be divided into two major tectonic
provinces, separated by a narrow, linear feature known as the
Taitung Longitudinal Valley. The fault in the valley strikes
approximately N20°E (almost parallel to the valley) and dips
70° to the east. It is a left-lateral oblique thrust fault. The
eastern province, comprising the Coastal Range and the two
small islands of Lu-Tao and Lan-Hsu, is a remnant Neogene
island arc. The western province is a deformed micro-geo-
syncline with Cenozoic sediments more than 10 km thick de-
posited on top of a pre-Tertiary metamorphic basement. This
province is usually divided into numerous units. From east
to west, the main units are (1) the Central Range, subdivided
into the East and West Ranges; (2) the Western Foothills;
and (3) the Coastal Plains and Terraces. The Tatun Volcano
Group (TVG) is in northern Taiwan.

High and heterogeneous seismicity in Taiwan makes
the region serve as one of the best natural laboratories for
seismological studies. Hence, seismicity studies have been
performed in Taiwan for more than a century (Wang 1998;
Wang and Shin 1998). For a detailed description concerning
seismicity studies, including the b-value, performed before
1998 see Wang (1992, 1998).

Earthquake prediction has received great attention by

Taiwan’s Earth scientists since the Taiwan Telemetered Seis-
mographic Network (TTSN) installation. Tsai et al. (1983)
reviewed the earthquake prediction researches performed
in the region before 1983. However, the temporal variation
in b-value was not included in their review paper. The re-
searches on seismic precursors in Taiwan began in 1978.
Since then several projects for seismic precursors sponsored
by the Ministry of Science and Technology (formerly the
National Science Council), Central Geological Surveys,
Central Weather Bureau (CWB) have been conducted by
different units and individuals over a long time period. Yang
(1986) reviewed the studies on some seismic precursors.

In this review work, we focus on the studies of b-values
of earthquakes in Taiwan, including the spatial distributions
of b-values, b-values for individual earthquakes, temporal
variations in b-values, correlation between the b-value and
fractal dimension, and correlation between the b-value and
p-value of Omori’s (1894) law for aftershocks. Noted that the
data for the correlation b versus p are not limited to Taiwan’s
earthquakes, because the p-values were measured for only a
few events in the region. Noted that the b-value observations
given in some technical reports for engineering purposes are
not included in the review article. Included also in this review
article are the properties and controlling factors of the b-val-
ue. Earthquake monitoring in Taiwan will also be briefly de-
scribed for those who are not familiar with this matter.

2. PROPERTIES AND CONTROLLING FACTORS
OF b-VALUE

Figure 2 shows three types of FM distributions that will
be explained below. Figures 1 and 2 exhibit that the observed
number of events with magnitudes < M, is usually very small.
This phenomenon can be seen for natural earthquakes and for

Fig. 2. Three types of frequency-magnitude (FM) distribution (M, =
the lower bound for the GR’s FM law and M, = the lower bound for
the GR’s FM law): for line 1, the number of larger-sized events is
smaller than the predicted from the GR’s FM law; for line 2, the num-
ber of larger-sized events is predicted from the GR’s FM law; for line
3, the number of larger-sized events is larger than the predicted from
the GR’s FM law.



478 Wang et al.

mine bursts (Holub 1996). This departure has traditionally
been attributed to a deficit of data recorded within a short
time period or due to the detection threshold of the record-
ing network caused by cultural noise and winds (Rydelek
and Sacks 1989). Under these assumptions, a large number
of micro- and small earthquakes which indeed occur are not
detected. On the other hand, some recent studies (e.g., Aber-
crombie 1996) suggested that this reduction, compared to that
expected from a constant b-value, is not just an artifact of the
recording system, but that there really are fewer small earth-
quakes than self-similarity predicts. Aki (1987) determined
magnitudes for earthquakes recorded in a 1.5 km borehole
in southern California and found a decrease in the b-value
below M = 2, but calculated that the catalogue was complete
above M = 0. From the observed seismicity in Hokkaido and
northeastern Japan, respectively, Taylor et al. (1990) and
Umino and Sacks (1993) also found a departure from the
constant b-value below about M = 2.5 to 3.5 even though the
catalogues are complete above about M =2. A decrease in the
b-value for small earthquakes could be due to a breakdown
at such events in the constant stress drop scaling relationship
which governs larger earthquakes (Hanks 1979; Aki 1987;
Rundle 1993). Archuleta et al. (1982) and others observed
an apparent decrease in stress drop below about M = 3, with
smaller events tending to a minimum source dimension of
about 100 m. These observations were controversial, as such
achange in scaling could also be interpreted as resulting from
severe attenuation beneath the recording site (Hanks 1982).
From the source parameters for earthquakes determined from
the seismograms recorded at 2.5 km depth in granite, in the
Cajon Pass borehole, southern California, Abercrombie and
Leary (1993) and Abercrombie (1995) found no breakdown
in constant stress drop scaling in the range 0 < M < 7. They
also observed source dimensions ten times smaller than the
proposed “minimum”. By comparing surface and downhole
recordings of the same events, they stated that the apparent
breakdown in scaling is simply an artifact of the limited spa-
tial resolution of surface stations. Combining the results of
high-gain microearthquake surveys with recorded seismicity
by surface network along three active faults in California,
Abercrombie and Brune (1994) obtained a constant b = 1
for earthquakes with M = 0. Abercrombie (1996) stated that
the decrease in b-value for small events is not just due to in-
completeness of earthquake catalogue, but that small events
are really not as numerous as a constant b-value extrapolated
from moderate and larger earthquakes would predict.

On the right-hand side of the FM distribution, the
pattern often changes from small/moderate to large earth-
quakes, with a break magnitude M, as shown in line 1 of
Fig. 2. The M, values measured by Pacheco et al. (1992)
vary from 5.9 - 7.5 for various areas. For example, consider-
ing worldwide earthquakes listed in Abe’s (1981) catalogue
the b-value changes at M, = 7.5 from 1.04 + 0.03 for small/
moderate earthquakes to 1.51 + 0.08 for large ones. The

two b-values are quite different. Pacheco et al. (1992) ar-
gued that M, corresponds to the finite depth of seismogenic
zone. Thus, small/moderate earthquakes could scale differ-
ently from large ones. Rydelek and Sacks (1989) and Ward
(1998) assumed that such a change is attributed to a defi-
cit in data recorded within a short time period. The deficit
of large earthquakes would lead to an effect on reliability
of seismic hazard assessment. Kisslinger (1992) asked a
question: how exactly are the seismologists to compensate
for this problem in seismic hazard assessment? In order to
resolve these problems, some seismologists took non-GR
laws to interpret the observations (for examples, Utsu 1974;
Purcaru 1975; Lomnitz-Adler and Lomnitz 1978, 1979;
Main 1992; Raschke 2015).

However, based on a complete data set for earthquakes
in southern California Knopoff (2000) stressed that such a
change does not exist and thus the GR law is valid in a large
range of magnitudes as displayed by line 2 in Fig. 2. Ac-
cording to the self-organization spinodal model proposed by
Rundle et al. (2000), the FM distributions can be classified
into three types (as displayed in Fig. 2) associated with three
time terms during an earthquake cycle. The three types of
FM distributions contain almost all observations.

Okal and Romanowicz (1994) considered that the
change in b-value is due to the saturation of moment-magni-
tude relationship caused by source finiteness. When a single
magnitude scale is used, a b-value of unity can be expected
only in a smaller range of earthquake size because the rel-
evant magnitude is saturated for the event with size larger
than the upper bound value. They argued that the widely
expected b = 1 should be from the practice of using a het-
erogeneous magnitude scale, e.g., M; for large events and
m, for smaller ones.

Indeed, a number of factors can influence the b-value.
For a review of these factors see Frohlich and Davis (1993).
According to geological survey data and laboratory results,
Scholz (1968) stressed the importance of the rock type,
stress, and confining pressure on the b-value. Ductile rock
has a higher b-value than brittle rock. King (1983) correlated
the b-value to self-similar geological structures. From labo-
ratory experiments on precursory microcracking in stressed
rock samples, Main et al. (1989) considered two types of
models from the stress-time behavior: the first model for
elastic failure (time-predictable model) and the second one
for anelastic failure (involving precursory strain energy
release). Their new model can explain the major temporal
fluctuations in b-value in terms of the underlying physical
processes of time-varying applied stress and crack growth
under a constant strain rate. The model predicts two minima
in the b-value, separated by a temporary maximum inflexion
point; a corollary being that a single broad maximum would
be expected in scattering attenuation. These fluctuations in
b-value are consistent with reported ‘intermediate-term’ and
‘short-term’ earthquake precursors separated by a period of
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seismic quiescence. From the analyses of small scale fracture
processes expressed by acoustic emissions (AEs) through X-
ray computer tomography (CT) scans of faulted rock samples
with spatial maps of b-values, Goebel et al. (2012) found that
the geometric asperities identified in CT scan images were
connected to regions of low b-values, increased event densi-
ties and moment release over multiple stick-slip cycles. Their
experiments underline several parallels between laboratory
findings and studies of crustal seismicity, for example, that
asperity regions in the lab and field are connected to spatial
b-value anomalies. These regions appear to play an important
role in controlling the nucleation spots of dynamic slip events
and crustal earthquakes. Goebel et al. (2012, 2013) investi-
gated variations in seismic b-values for AE events during the
stress buildup and release on laboratory-created fault zones.
They showed that b-values mirror periodic stress changes
that occur during a series of stick-slip events, and are cor-
related with stress over many seismic cycles. Moreover, the
amount of b-value increase associated with slip events indi-
cates the extent of the corresponding stress drop. Hence, they
concluded that b-value variations can be used to approximate
the stress state on a fault: a possible tool for the advancement
of time-dependent seismic hazard assessment.

From the observations of b-value related to coda-Q,
Aki (1985) and Patane et al. (1992) observed the correla-
tion between the two parameters and suggested that higher
structural heterogeneity leads to larger b-value. However,
Wang et al. (1989) observed that the coda-Q did not change
prior to the 1986 Hualien, Taiwan, earthquake, but it abrupt-
ly reduced after the event. Hence, the correlation between
the parameters was low before the earthquake. Main et al.
(1992) pointed out that lower stress intensity and/or greater
material heterogeneity produces higher b-value.

The spatial distribution b-value is considered to be
highly correlated to tectonics by numerous authors (e.g.,
Miyamura 1962; Wang 1988; Tsapanos 1990; Khan et al.
2011). Wang (1988) observed that a stronger hydrothermal
activity, especially in the volcanic area, can yield a higher
b-value. Schorlemmer et al. (2005) addressed that the b-
value varies systematically for different styles of faulting.
They observed that normal faulting events have the highest
b-values, thrust events the lowest, and strike-slip events in-
termediate values. Given that thrust faults tend to be under
higher stress than normal faults they inferred that the b-val-
ue acts as a stress meter that depends inversely on differen-
tial stress. However, their results are different from Wang’s
(1988). From a comparison between the spatial distribution
of b-values in Wang (1988) and spatial distribution of stress
field inferred from both focal mechanisms of earthquakes
and micro-tectonic analyses of rocks as shown in Wang et
al. (1994), we could not find a positive correlation between
the b-values and focal mechanisms as well as stress field.

Numerous researchers theoretically studied the physics
of the GR law based on different models. Bak et al. (1987,

1988) suggested a sandpile (or cellular automaton) model
for the interpretation of power-law phenomena. This model
shows the important property of self-organized criticality
(SOC): from any initial state, the system evolves into a criti-
cal state characterized by a power-law distribution of activi-
ties. Based on the SOC concept, a model mathematically
equivalent to the lattice model in the limit of zero-mass of
the blocks has also been widely used by numerous authors
in studying the FM relation. The statistical physics models,
including the percolation theory, and numerical simulations
based on a 3-D quasi-static elastic model have also been used
to simulate the FM relation. A description concerning those
models can be seen in Turcotte (1992) and Main (1996).

Burridge and Knopoff (1967) proposed a 1-D dynami-
cal lattice model (abbreviated as the 1-D BK model hereaf-
ter) to approach fault dynamics. This model has since been
applied to dynamically simulate earthquake occurrences and
then simulation results were applied to interpret the GR’s
FM law of earthquakes (Otsuka 1972; Yamashita 1976;
Rundle and Jackson 1977; Cao and Aki 1984, 1986; Carlson
and Langer 1989; Carlson 1991; Carlson et al. 1991; Wang
1991, 1994a, 1995, 1996, 1997; Knopoff et al. 1992; Shaw
et al. 1992; Shaw 1994, 1995; Schmittbuhl et al. 1996). A
detailed review about the model and its applications can be
seen in Wang (2008).

Burridge and Knopoff (1967) mentioned that the sys-
tem exhibits the GR law, with b = 1. Rundle and Jackson
(1977) showed that the linear behavior of the FM relation
is not an immutable law but is dependent on the mechanical
properties of a fault. Carlson and Langer (1989) divided the
simulation events into three types as shown in Fig. 3: mi-
croscopic, localized, and de-localized events. Only the lo-
calized events in the magnitude range from M, to M, show

.
localized delocalized

microscopic
events l events

events

Frequency

Magnitude

Fig. 3. The general pattern of the FM relationship: M, = the smallest
event, M, = the lower bound for the GR’s FM law, M, = the lower
bound for the GR’s FM law, and M, = the largest event. The micro-
scopic, localized, and delocalized events are defined, respectively, for
M<M,;,M,; =M =< M,, and M > M, by Carlson and Langer (1989).
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a power-law function. Carlson and her co-workers (Carl-
son and Langer 1989; Carlson et al. 1991) stated that the
magnitude range, i.e., the range from M, to M, in Fig. 3, of
localized events is essentially influenced by several factors
including the speed of the moving plate, the stiffness ra-
tio, s, which is the ratio of the spring constant between two
sliders over that between the moving plate and a slider, and
the amount of the initial change in the frictional force from
static to dynamic. Knopoff et al. (1992) stated that the GR
law is a correlate of the geometry of localization.

Friction can affect the FM distribution and thus the
b-value (e.g., Carlson and Langer 1989; Shaw 1994, 1995;
Schmittbuhl et al. 1996; Wang 1996). Carlson and Langer
(1989) stressed that the b-value is affected by a parameter
o, which is the ratio of the largest characteristic slipping
speed to the speed at which the friction strength is appre-
ciably reduced. The b-value first increases with o and then
becomes a constant when « is larger than a certain value.
Wang (1995) studied the effects on the GR’s FM law due
to the friction drop ratio, g, and the maximum value of the
breaking strength, F,,,.. His results show that the b-value
is larger for smaller g (a large friction drop) than for larger
g (a small friction drop) and only weakly dependent upon
Foumx- Wang (1996) observed that the weakening rate, r, of
the dynamic frictional force with sliding velocity remark-
ably affects the FM relation and the b-value decreases with
increasing r. Large r is more capable of localizing the events
and prohibiting the generation of de-localized events than
small r and the b-values are different for the three types
of friction: the largest b-value for supersonic friction, the
intermediate one for sonic friction, and the smallest one
for subsonic friction. Shaw (1994, 1995) stressed that slip
complexity due to slip-weakening friction can also produce
the GR’s FM law. Schmittbuhl et al. (1996) stated that for
friction laws allowing local reversal backslipping, the FM
distribution does not exhibit a GR’s FM law.

When a slider stops moving after sliding, the healing
of dynamic friction to static friction, including the type and
delay time of healing, would influence the next rupture. In
other words, non-instantaneous healing must be significant
for seismicity (Rundle and Jackson 1977). Wang (1997)
showed that the healing effect obviously affects the seismic-
ity pattern, yet only has a small effect on the GR law.

Wang (1994a, 1995) stressed that the b-value of the cu-
mulative FM relation is less than that of the discrete FM re-
lation. This is similar to the result observed by Main (1992).
Wang (1995) found that there is a power-law correlation
between b and s: b ~ s?? for the cumulative frequency and
b ~ 572 for the discrete frequency. Lower fault stiffness re-
sults in a higher b-value. Wang and Huang (2001) found
that a higher degree of non-uniform friction strengths leads
to a higher b-value.

There is a question: can we predict the maximum earth-
quake, i.e., My as shown in Fig. 3, in a certain area from

logN = a - bM, obtained from the earthquakes that oc-
curred in the area over a certain time period, just by letting
logN = 0? The answer is not definite. There are two mod-
els that describe the problem (Wesnousky et al. 1983, 1984;
Shimazaki 1986; Kagan 1993, 1996). The first is the b-value
model, from which the answer is positive. The second is the
M,,.x model, from which the answer is negative. Experience
shows that the former works when the data are incomplete
and the latter is valid when the data are complete. Carlson’s
(1991) theoretical results exhibit the existence of the de-lo-
calized event with a magnitude of My, that depends strongly
on the total rupture or fault length, as shown in Fig. 3. Such
ade-localized event cannot be predicted from the GR law for
localized events. Noted that the generation of de-localized
events in her study is due mainly to a uniform distribution of
frictional strengths. Simulations based on a non-uniform dis-
tribution of frictional strengths cannot result in de-localized
events (Wang 1991, 1994a, 1995, 1996, 1997).

Self-similarity or scale-invariance is a universal prop-
erty of natural phenomena. Mandelbrot (1982) proposed the
fractal geometry concept with fractal dimension, D, to de-
scribe the scale-invariant natural phenomena. This concept
has been widely applied to describing the spatial distribu-
tion and temporal variation in earthquakes and fault activi-
ties (cf. Scholz and Aviles 1986; Aviles et al. 1987; Turcotte
1989, 1992; Wang and Lee 1995, 1996).

Aki (1981) first postulated a positive relation between
the b-value and the D value in the form D = 3b/c, where c is
the slope of the log moment versus the magnitude relation,
and thus c is about 1.5. The theoretical relation between the
two parameters is b = D/3 according to Turcotte (1986a) and
b = D/2 according to Turcotte (1986b) based on different
models. Hirata (1989) reported a negative correlation be-
tween the two parameters for earthquakes in Japan. He also
argued that the fractal dimension of the geometry of fault
planes used by AKki is a special case of the capacity dimen-
sion of either an asperity or a barrier distribution in which
all asperities or barriers are connected to each other without
isolation, and where the dimension can be regarded as the
fractal dimension of the surface of the fault plane. Yet, this
is not necessarily true for the observed seismicity produced
from various fault planes.

Omori (1894) first found that the number of aftershocks,
n(t), decays with time in the following form: n(t) = k/t’, where
k and p are, respectively, the coefficient and the scaling ex-
ponent. This is the first scaling law of seismology and called
the Omori law. The Omori law and the GR law are two basic
scaling laws for earthquakes, and thus it is necessary to com-
pare the scaling exponents of the two laws.

3. EARTHQUAKE MONITORING IN TAIWAN

Before 1896, only the historical documents reporting
earthquake-induced damage were available (cf. Hsu 1983a,
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b). In 1897 when the Japanese occupied Taiwan, routine
seismological service was started at Taihoku (Taipei) Me-
teorological Observatory. A history on the construction of
seismic network in the Japanese period can be found in Hsu
(1961, 1966) and Shin and Chang (2005). A simple history
is described below. From 1897 - 1901 seismographs were
installed at Keelung, Taipei, Taichung, Tainan, Penghu, and
Hengchun. Later, the Wiechert seismographs were installed
at Taipei in 1928, at Tainan, Hualien, and Alishan in 1933,
at Taitung and Hengchung in 1934, and at Taichung in 1935.
The Japanese seismologists constructed 17 stations in total
in Taiwan, each equipped with three-component, low-gain
displacement seismometers. The old-fashioned accelerom-
eters were also installed at some stations. The seismograms
for all stations were recorded in the analog form. The clocks
at the stations were not synchronous, because the techni-
cians at the local stations individually timed the clocks.
This is the main shortcoming of the network. There were
remarkable errors for the arrival times, thus resulting in high
uncertainty in earthquake location (Chan and Wang 1990).
At the end of the Second World War, this seismic network
was transferred to the Taiwan Weather Bureau (TWB, now
the CWB). A detailed description of the seismographs and
operation of the network can be seen in Lee (1983, 1985).
Since 1953 an earthquake bulletin including the phases and
arrival times has been published (four volumes annually)
first by the TWB and then by the CWB. The magnitude
scale used in this period was Hsu’s magnitude, i.e., My,
which is comparable with M, (Wang 1992).

During the 1973 - 1992 period, the TTSN was operated
by the Institute of Earth Sciences, Academia Sinica (ASIES).
This network consisted of 24 stations, each equipped with
a vertical, high-gain and analog velocity seismometer. A
detailed description of this network can be seen in Wang
(1989a). An earthquake catalogue including four volumes per
year was published by the ASIES. The magnitude scale used
in this period was the duration magnitude, M (Wang 1992).

Since 1991 a new seismic network, named as the Tai-
wan Seismic Network (TSN) operated by the CWB, has been
upgraded from the old CWB seismic network. Many new sta-
tions were constructed. In 1992 the TTSN was merged into
the TSN. A detailed description about the TSN can be seen in
Shin (1992) and Shin and Change (2005). At present, the TSN
is composed of 72 stations, each equipped with three-com-
ponent, digital velocity seismometers. These seismograms
are recorded in both high- and low-gain forms. This network
provides high-quality digital earthquake data to seismological
communities. The magnitude scale used by the TSN is the
simulated local magnitude, M, , proposed by Shin (1993).

4. OBSERVATIONS OF 5-VALUES IN TAIWAN
4.1 Spatial Distributions of b-Values

Hsu (1971) first calculated the b-values for the whole

Taiwan region and three seismic zones: Western Seismic
Zone (WSZ), Eastern Seismic Zone (ESZ), and Ryutai Seis-
mic Zone (RSZ) from earthquake data with My, = 4 recorded
by the old CWB seismic network. His calculated b-values
are 0.82 for the WSZ, 0.89 for the ESZ, 0.95 for the RSZ,
and 0.95 for the whole region. The number of earthquakes
used for estimating the b-value is 155 for the WSZ, 286 for
the ESZ, 1124 for the RSZ and 1624 for the whole region.
The number of events used for the last two is much larger
than those for the first two. Hence, the similarity in the b-
values for the latter two is obvious. For the My = 5 earth-
quakes occurring during the 1954 - 1968 period, Lin (1970)
measured the b-values for the four sub-regions of Taiwan
from earthquake data recorded by the old CWB seismic net-
work. His b-values vary from 0.4 - 0.9.

After the construction of TTSN, Tsai et al. (1993b) mea-
sured the b-values for Taiwan from two data sets: one for
earthquakes with 2.0 < My, < 54 occurring from 1 April to
30 June 1973 and the other for the pre-1972 earthquakes with
4.0 < My < 7.6. The b-values are almost 1 for the two data
sets. Tsai et al. (1981) estimated the b-values for Taiwan and
its three seismic zones from My = 3 earthquakes occurred
between 1973 and 1979. In the western zone, where only
shallow earthquakes were located, the b-values are 1.19 for
its northern part and 1.18 for its southern part. The b-value
is 1.14 for the eastern zone, which has a great majority of
shallow events with a small fraction of intermediate-depth
events. In the northeastern zone, where both shallow and
intermediate-depth events were located, the b-values are 1.12
for shallow earthquakes and 0.97 for deep events. Obviously,
the b-value is depth-dependent for the northern zone.

Chen and Wang (1985) divided the Taiwan region into
several ten 20 x 20’ units, and then calculated the b-values
for My, = 1 earthquakes with depths less than 40 km occur-
ring during the 1973 - 1985 period. Wang (1988) plotted the
equal-b contours of the region (see Fig. 4) using the results
obtained by Chen and Wang (1985), with some revisions,
and also interpreted the results. The b-value map is shown
in Fig. 4. The average b-value is about 1.1 and the equal-b
contour of this value is almost along the eastern coastal line
of Taiwan. The average b-value is similar to those obtained
by Tsai et al. (1981). Wang’s results show that the b-value
is in general smaller offshore than on land. On land, the b-
value decreases from east to west. Small b-values appear at
the leading edge of the subducting slab of the Philippine Sea
plate. A large b-value appears in northern Taiwan including
the TVG. This implies the existence of geothermal activity
under the area. This is consistent with the high heat flux in
the area (Lee and Cheng 1986).

Wang (1988) related the equal-b contours to regional
tectonics and geology. The b-value contours are oriented in
a NNE-SSW direction. Generally speaking, the b-values are
smaller offshore than on land. To the west of the Longitu-
dinal Valley in eastern Taiwan, with a few exceptions, a
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positive correlation exists between the b-value distribution
and the geotectonic map. In addition to the similar orienta-
tion, the b-values are corrected with the degree of metamor-
phism of rocks. Both decrease in the same trend from the east
to the west. Around the leading edge, where the Wadati- Be-
nioff zone of the Philippine Sea plate begins its subduction,
the small b-values may reflect high stress due to bending in
the oceanic plate. Large b-values are found in the Tatun and
Chilungshan volcano groups and cover a wider area than
the surface distribution of igneous rocks. In central Taiwan,
the low Bouguer gravity anomalies coincide with small b-
values. Offshore in eastern Taiwan, over the transition from
the continental crust on the west side to the oceanic crust on
the east side, the small b-values are accompanied by large
Bouguer gravity anomalies with a large gradient of about
4 mgal km™'. The spatial distribution of b-values will be sig-
nificant for understanding the geotectonics.

Cheng and Yeh (1989) compiled a catalogue from
several catalogues for Taiwan’s earthquakes during 1604 -
1988. The magnitude scale is the local magnitude proposed
by Yeh and Hsu (1985). They transformed the magnitude
scale from My to M, for earthquakes before 1972 through
the M;-My conversion formula inferred by them and from
M, to M, for those since 1972 through the M, -M,, conver-
sion formula inferred by Yeh and Hsu (1985). Noted that the
local magnitude, M, , defined by Yeh and Hsu (1985) is dif-
ferent from that defined by Shin (1993). Based on the new
catalogue with M, , they estimated the b-values for Taiwan
for three time periods: b = 1.06 (6 < M, < 8) for the 1898
- 1935 period, b = 1.17 (6 < M, < 7) for the 1936 - 1972
period, and b = 1.12 (4.0 < M < 6.5) for the 1973 - 1988
period. Essentially, it is insignificant to compare the three
b-values, because they did not examine the completeness of
the three data sets. The number of smaller-sized earthquakes
for the first period is much smaller than those for the last
two. Meanwhile, the magnitude scales for the first two pe-
riods are different from that for the third period. However,
their b-value for the third period is similar to that measured
by Wang (1988) and Tsai et al. (1993b).

Based on the CWB’s catalogue with M, for Taiwan
earthquakes located by the TSN, Shin and Chang (1992)
calculated the b-value for earthquakes (2.8 < M; <5.4) in
1992 and their value is 0.99. Chang and Shin (1994) cal-
culated the b-value for the earthquakes (3.2 < M| <5.6) in
1993 and their value is 1.08. Although the two b-values are
slightly different, we cannot exactly distinguish them be-
cause the authors did not provid the standard errors.

Kim et al. (2005) calculated the b-value for shallow
earthquakes with 2.0 < Mp < 5.4. The earthquake data were
taken from the TTSN for the time period from 1973 - 1990
and from the TSN since 1991. Their b-value is 0.94, which
is smaller from those calculated by Tsai et al. (1983, 1993b)
and Wang (1988), but similar to that by Hsu (1971). Kim
et al. (2005) calculated the b-value after the 1999 Chi-Chi

earthquake. That earthquake caused many larger-sized af-
tershocks. This would increase the weighting of moderate
and large events on the calculation of b-value, thus leading
to a smaller b-value.

Wu et al. (2013) evaluated the GR’s FM relationship for
Taiwan’s earthquakes reported by the CWB since 1900. A
break in the FM distribution for large earthquakes is observed.
The b-value is about 1 when M < 7 and 1.5 when M = 7.
If the GR scaling for M < 7 earthquakes is extrapolated to
larger earthquakes, an M > 8 earthquake is expected in the
region about every 25 yr. However, their analysis shows a
lower frequency of occurrence for large earthquakes so that
the expected frequency for M > 8§ earthquakes is about 200 yr.
They claimed that the level of seismicity for smaller earth-
quakes in Taiwan is about 12 times higher than that in Southern
California and the possibility for the occurrence of an M = 9
earthquake in north or south Taiwan cannot be ruled out.

Several authors calculated the b-values from local seis-
micity. Yeh (1973) calculated the b-value (= 1.38) of the Jui-
sui area from a micro-earthquake survey after the 24 April
1972 Jui-sui earthquake. Wang and Chin (1984) calculated
the b-value of microseismicity with My = 0.9 in the middle
part of the Taitung Longitudinal Valley and its vicinity from
a seismic survey. They divided the area into five zones. The
calculated b-values are 1.46, 1.08, 1.83, 1.33, and 1.29 for
zones 1,2,3,4,and 5, respectively. They also correlated the
b-values with local geology and geothermal activities. From
the M = 4 earthquakes that occurred during the 1973 - 1988
period recorded by the TTSN, Wang (1989b) measured the
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Fig. 4. The constant b-value contours in the Taiwan region (after Wang
1988).
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b-values for four zones in the southernmost part of Okinawa.
The b-values vary from 0.71 - 1.44 for various zones, and
the value is 0.97 for the whole area. Wang et al. (1990) mea-
sured the b-value (= 1.23) for earthquakes occurred in the
Juisui area during the 1973 - 1987 period from earthquake
data recorded by the TTSN. Their value is smaller than that
calculated by Yeh (1973). Ou (1996) measured the b-value
in the Chiayi-Tainan area from earthquake data recorded by
the seismic network of a local seismic array operated by the
Institute of Seismology, National Chung-Cheng University.

Wang (1988) observed a higher b-value around the
TVG in northern Taiwan than in others. From shallow earth-
quakes occurred in the TVG during 1973 - 1999, Kim et al.
(2005) estimated b = 1.22 + 0.05 for the magnitude range
2.1 - 3.5. They also stated that the earthquake data in the
study area should be completed when M > 2. Wang et al.
(1994) observed that except for the earthquakes in the sub-
duction zone, the events occurring in northern Taiwan are
usually shallow. Kim et al. (2005) also obtained similar re-
sults for M > 2 events. They also found that three M > 2.8
events occurring below the TVG show normal faulting. Tsai
et al. (1993a) observed that most of earthquakes occurring
in the TVG show normal faulting. Chen and Yeh (1991) ob-
served that most of micro-earthquakes (0.2 <M, < 3.0) in the
TVG were located at depths shallower than 10 km and show
normal faulting. Lin et al. (2005) stressed that earthquakes
occurring underneath the TVG are located mainly at a depth
range of 2 - 4 km. From the depth profile of micro-earth-
quakes with M; < 2.8, Konstantinou et al. (2007) observed
that all events have a focal depth less than 6 km. Hence, in
the area, high b-values (= 1.17), shallow focal depths, and
normal faulting might all show strong geothermal activities
with high temperatures caused by past volcanic activities.
Based on the concept proposed by Scholz (1990), these stud-
ies also imply that the seismogenic zone below the TVG is
thinner than other zones.

The problem of depth dependence of FM distributions
(cf. Mori and Abercrombie 1997) is also significant for un-
derstanding the seismogenic-zone structures, tectonics, and
seismic hazard assessment. As mentioned above, Tsai et al.
(1993b) first observed different b-values for earthquakes of
different focal depths in northern Taiwan: 1.12 for shallow
earthquakes and 0.97 for deep events. Chen and Yeh (2014)
calculated the b-values from earthquakes that occurred from
1991 - 2014 in the Yun-Chia-Nan area, southwestern Tai-
wan and constructed a 3-D structure of b-values. The cal-
culated b-values vary from 0.6 - 1.2. The b-value is clearly
depth-dependent and low b-values appear in the depth range
5 - 15 km. Lower b-values appear below the Chi-Yi City
and Chung-Pu Township.

Previous studies show that the average b-value for the
entire Taiwan region is around 1.0, but it is also slightly de-
pendent upon the earthquake data in use, including the study
area, time period, focal depth, and magnitude scale. Local

b-values vary area to area and time to time. Earthquake data
recorded over a long time period is necessary in order to
obtain a stable b-value in an area.

Wang (1983) used the double exponential function,
which is not a GR law: In(N) = a’ - c’exp(b’M), where a’,
b’, and ¢’ are three constants that describe the FM distribu-
tion of M = 3.5 earthquakes from 1935 - 1983 in Taiwan.
Although the model fit to the observations is not too bad, he
claimed that the double exponential FM relation is less use-
ful than the GR law.

4.2 b-Values for Individual Earthquakes

The b-values were also estimated for foreshocks and/or
aftershocks from some larger-sized earthquakes by several
authors. Lee and Tsai (1981) calculated the b-value of after-
shocks (3.0 = Mp < 5.4) for the 23 July 1978 My, 6.0 Lanhsu,
Taiwan, earthquake from the TTSN data. Their b-value is
1.04. Chen and Wang (1984) calculated the b-values of
background seismicity (before May 6), foreshocks (May 6
to May 10), and aftershocks (after May 10) of the 10 May
1983 M, 5.7 Taipingshan, Taiwan, earthquake from the
TTSN data. Their b-values for 2 < My <4 are 1.13 £ 0.02
for background seismicity, 0.99 + 0.08 for foreshocks, and
1.20 + 0.06 for aftershocks. After the March 1991 Chia-li,
southwest Taiwan, earthquake sequence, Shin et al. (1994)
observed that the b-value for earthquakes in the source area
is about 0.93 from earthquake data recorded by the TSN.
Chen et al. (1996) calculated the b-value for aftershocks of
the 16 September 1994 M, 7.3 southern Taiwan Strait earth-
quake. Their b-value is 0.9 for 3.0 < M| < 5.5. This is the
first b-value for the Taiwan Strait.

Tsai et al. (2006) applied the dense-gridding technique
proposed by Wiemer and Katsumata (1999) to study the spa-
tial distributions and temporal variations of b-values in the
source region of the 1999 Chi-Chi, Taiwan, earthquake. They
considered three regions over the north, central and south
parts (i.e., regions A, B, and, C, respectively) of the Che-
lungpu fault (see Fig. 4a in their article). Their technique uses
overlapping grids centered at nodes 5 km apart with 20 km
in radius. Tsai et al.’s (2006) primary objective was to find
areas where the b-value significantly changed before the Chi-
Chi earthquake. In one grid there are n; and n, earthquakes,
respectively, with magnitudes My; (i=1,2,3, ... n;) for 1994
- 1995 and My, i = 1, 2, 3, ... n,) for 1997. The average
magnitudes are M, and M,, and the corresponding b-values
are b, and b,. The standardized b-value change is defined by
a Z-value, which is the estimated variance of b; (i = 1, 2),
proposed by Shi and Bolt (1982). Therefore, a grid is claimed
to have an anomalous change, at an approximate significance
level of 0.10, if IZI > 1.282. The spatial distributions of Z-
values obtained by Tsai et al. (2006) suggest a significant
increase in b-value to the west of the northern Chelungpu
fault together with a significant decrease in b-value to the
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east of the central Chelungpu fault just north of the epicenter.
Moreover, in region C, the increase and decrease in b-values
were significant in the southwest and east, respectively, of
the Ruey-Li epicenter. Again, such a seismicity anomaly in-
dicates a possible precursor of the Ruey-Li earthquake.

4.3 Temporal Variations in b-Value

Chen et al. (1990) studied premonitory phenomena pri-
or to the My, 5.7 Taipingshan, Ilan, Taiwan, earthquake of 10
May 1983. Before the mainshock, a low seismicity zone ap-
peared in the source area, where foreshocks and aftershocks
were located. The epicentral pattern of aftershocks showed
a significant correlation with an unexposed fault zone. The
monthly frequency of events displayed abnormal seismicity
both in the source area and its neighborhood. This abnormal
seismicity migrated somewhat from the outside area into the
source area. About one and a half years before the main-
shock, the b-values, especially in the source area, increased
markedly but then decreased about one year before the main-
shock. However, in the surrounding area the b-values did not
change too much. In other words, their results showed area-
dependence in abnormal b-value as mentioned above.

Chen (2003) plotted the FM distributions of earth-
quakes that occurred in Taiwan preceding the 1999 Chi-
Chi earthquake. The FM distributions were made for three
terms: (a) the earlier term from 1991 - 1993, (b) the midterm
from 1994 - 1997, and (c) the precursory term from 1998 -
1999. The FM distributions in the three time terms are like
those from lines 1 - 3 as shown in Fig. 2. For the earlier
term, the distribution changes at the crossover magnitude,
M, = 5, from small/moderate earthquakes to large events.
M, is just M, as displayed in Figs. 1 - 3. The distribution can
be described using the GR law when M < M_, and there is
a fall-off in the cumulative frequency when M > M.. In the
midterm, the fall-off almost disappears. The FM distribu-
tion, like line 1 in Fig. 2, was found for earthquakes that oc-
curred from 1991 - 1993, and that like line 2 was observed
for the earthquakes from 1994. The earthquakes happened
in the precursory term (after 1998 and before the Chi-Chi
mainshock) exhibited a higher activity of moderate-size
events with M > 5. However, he did not calculate b-values
for the three terms.

Tsai et al. (2006) investigated the possible precursory
changes in seismicity preceding the Chi-Chi earthquake.
They calculated the b-value of three regions (regions A, B,
and C from north to south) in the source area. Based on
complete recordings of M, = 2.0 earthquakes within 40 km
in depth, they examined the temporal variations in b-values
from 1 January 1994 to 31 August 1999 in each region. The
b-values were computed using a 100-event window sliding
by 10 events. Their results show that the highest b-value in
region A appeared in early 1997, and the b-value in region
B reached its peak in late 1997. The b-values in the two re-

gions obviously increased about two years prior to the main-
shock, and thus such anomalies could be a possible precur-
sor of the mainshock. Although there were relatively high
b-values in region C during 1997, the b-value dramatically
decreased to 0.65 after the M; 6.2 Ruey-Li earthquake of 1
July 1998. Hence, the b-value anomaly in region C might be
contaminated by aftershocks of the Ruey-Li earthquake.

Wu et al. (2008) plotted the FM distributions of earth-
quakes that occurred in southern Taiwan preceding the
Pingtung doublets (M = 6.7 and 6.4) of 26 December 2006.
They found the data set is complete when M; > 3.2. The
events occurred from March 2004 about three years before
the Pingtung doublets were taken into account. The FM dis-
tributions were made for the whole time period in use and
three intervals: the first from 1 January 2000 to 15 March
2002; the second one from 15 March 2002 to 1 March 2004,
and the third one from 1 March 2004 to 25 December 2006.
The FM distributions in the three time intervals are like
those shown in Fig. 2. From the FM distributions, they ob-
served a deficit in moderate events with magnitude 5 ~ 6
before March 2002 and a gradual increase in the number
of moderate events from March 2002 to March 2004. After
March 2004 and before the Pingtung doublets the number of
moderate events increased further, indicating the precursory
activation of moderate earthquakes in the study area. How-
ever, they did not calculate the b-values.

Lin (2010) obtained the temporal variations in b-values
for the 4 March 2008 M, 5.2 Taoyuan earthquake in southern
Taiwan. There were two groups of foreshocks (64 events),
clustered along the narrow major fault zone, and several hun-
dred aftershocks. A high b-value of ~1.25 calculated from
the foreshocks was significantly larger than those from af-
tershocks (b = 0.80) and background seismicity (b = 0.81).
About one month before the earthquake sequence, some
micro-earthquakes, with an extremely high b-value of ~2.1,
appeared. He assumed that this anomaly indicated pre-nucle-
ation seismic features near the fault zone.

Chan et al. (2012) investigated the spatial and temporal
variations in b-values before twenty-three earthquakes with
M, = 6 in Taiwan from 1999 - 2009. They estimated the spa-
tial distribution of b-values in five years with a unit of one
year before respective mainshocks. Results exhibit that the
epicenter of each earthquake in the study was located pre-
dominately in an area with low b-values. The b-values were
slightly lower during the year prior to the target earthquakes
than those in the periods two to five years earlier. They pro-
posed that such anomalies might offer spatiotemporal con-
straints for earthquake forecasting. Nevertheless, from the
five-year time variations (with a unit in one year) in average
b-values for twenty-three earthquakes (see Fig. 5 of their
paper) we can see that the highest average b-value appeared
in the fourth time period from one year to two years prior to
the forthcoming earthquakes. Although the average b-value
in the fourth time period is only slightly higher than those in
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the first three time periods, the results still suggest the ap-
pearance of slightly higher b-values one year prior to forth-
coming earthquakes.

Previous studies show that abnormally high b-values
appeared in general about one year or more years prior to
the mainshock. The occurrence time for the b-value anoma-
ly is on average shorter forearthquakes in Taiwan than those
in New Zealand.

4.4 Correlation Between b-Value and Fractal
Dimension

A fractal set is defined as one for which the Hausdorff-
Besicovitch (HB) dimension strictly exceeds the commonly-
used topological dimension (Mandelbrot 1982). The fractal
dimension is a characteristic index of a fractal set. How-
ever, it is not easy to practically apply the HB dimension
to estimate the fractal dimension. Several alternatives have
been suggested (cf. Takayasu 1990). Similarity dimension
Dy is defined for an exactly self-similar set as Dg = log(L)/
log(N), where L is the linear size and N is the number of
the similar daughters. Capacity dimension D¢, is defined as
Dca = log[N(r)]/log(1/r), where N(r) is the smallest number
of covering of a set with a size of r. Information dimen-
sion Dy is defined as D; = 2Zp;(r)log[pi(r)]/log(r), where r is
the distance between two points, based on the probabilistic
distribution p;(r), which will be described below. Correla-
tion dimension D¢ is defined from the correlation integral
C(r) in the following relation: C(r) ~ rP¢, where d is the
spatial (or topological) dimension (2 and 3 for the 2D and
3D spaces) and C(r) is defined for the epicentral distribu-
tion {r;} i=1,2,3,...,N)as C(r) = 2N(R < 1)/N(N - 1),
where N(R < r) is the number of pairs of events with a dis-
tance R < (cf. Grassberger and Procaccia 1983). In general,
Dg = Dca = Dy = D, and D¢ is the smallest value of the
four fractal dimensions. The equality Dg = D¢y = Dy = D¢
holds only in the case of a homogeneous fractal set. Most
natural fractals are not completely self-similar and actually
multifractal. For such fractals, Dg = Doy > D; > D¢. Hence, a
single fractal dimension is not sufficient to characterize the
multifractal properties. Therefore, Grassberger (1983) and
Hentschel and Procaccia (1983) suggested the idea of gen-
eralized fractal or multi-fractal dimension, D,. Wang and
Lee (1995) proposed that a D,-q relation rather than the first
three values of D, can completely represent the multifractal
behavior of a time series.

As mentioned above, a positive relation between the
b-value and the D value was postulated in the following
forms: D = 3b/c (c = 1.5) by Aki (1981); b = D/3 by Tur-
cotte (1986a); and b = D/2 by Turcotte (1986b). However,
Hirata (1989) reported a negative correlation between the
two parameters for earthquakes in Japan. He also argued the
possible problem given by Aki as mentioned above.

Wang (1991) studied the correlation between the b-

value and the fractal dimension of the distribution of the
breaking strengths from synthetic seismicity based on the
1-D BK model. His simulations exhibit weak dependence
of the b-value upon the D value. This conclusion is differ-
ent from the theoretical postulation made by Aki (1981)
and Turcotte (1986a, b) and from the observations (Hirata
1989). A possible reason for the difference might be that
the D used by Wang (1991) concerns the distribution of the
breaking strengths on a fault while the D used by the others
is related to the fault geometry.

Wang and Lin (1993) measured the (correlation) frac-
tal dimensions, D, of epicentral distributions of earthquakes
of two zones, separated by the latitude of 24°N, in western
Taiwan. Results show that D, = 1.3 for the north zone is
less than D, = 1.6 for the south zone. This indicates that
the distribution of northern events is less dense than that
of southern ones. From Fig. 4, we can see that the average
b-value is higher in north zone than in the south zone. The
D value is negatively correlated with the b-value as pointed
out by Hirata (1989). Wang and Lee (1996) measured the
generalized fractal dimension for the epicentral distribution
of earthquakes in western Taiwan. They divided the whole
area into two zones, i.e., north and south zones, and then
they further separated the two zones into three sub-zones
for the former and two for the latter. They also constructed
the D,-q relations for q =0, 1, 2, ..., 15 for the two zones
and five sub-zones. Results show significant multifractal
behavior and spatial variation in multifractality for epicen-
tral distributions of earthquakes in western Taiwan, and the
D value is negatively correlated with the b-value as pointed
out by Hirata (1989).

4.5 Correlation Between b-Value and p-Value

Omori (1894) first proposed a power law to describe
the variation in the number of aftershocks with time:
n(t) = k/t*. This power law is called the Omori law, which
is the first scaling law in seismology. Several studies were
done to interpret the physics of b and p-values. Mogi (1967)
found that the regions where aftershocks decrease rapidly
with larger p-values are specified with high heat flow and
then suggested that the residual stress at the aftershock re-
gion relaxes fast in the high-temperature state due to rock
flow. He also related the power law to the mechanism that
the stress rapidly decreases immediately after the mainshock
and gradually approaches a constant value. Scholz (1968)
suggested that aftershocks are produced by creep rupture
due to stress corrosion in the regions of stress concentration
following the mainshock. Yamashita and Knopoff (1987)
considered two models to interpret aftershock activity: (1)
aftershocks are assumed to be caused by subsequent slip on
asperities of a fault that lock during the fracture in the main-
shock; and (2) aftershocks are caused by catastrophic co-
alescence of nearby small fractures with the fracture surface
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of the mainshock. Subcritical stress corrosion cracking is
usually assumed to be the main fracture mechanism for the
two cases. Considering aftershocks to be decayed responses
to stress changes induced by the mainshock, Chen et al.
(2012) assumed that the mechanical Maxwell or Kelvin ele-
ment must play a role in aftershock generation and simu-
lated aftershocks based on the 1-D BK model. Their simu-
lation results reveal the existence of aftershocks specified
with the Omori law with p = 0.8 and changes in the stiffness
or strength of materials control aftershock generation.

Since the b- and p-values represent the states of fracture
and the stresses of the source area, the correlation between
them must show significant constraint for the construction
of a model to interpret aftershock activity. Under the consid-
eration of seismic energy decay with time in the form of the
power law, Utsu (1961) concluded that the b-value is posi-
tively correlated with the p-value. He also plotted the data
points of b versus p-values for Japanese earthquakes. How-
ever, the data points in his article somewhat form a cluster,
and the correlation was not studied; hence, his conclusion is
questionable. Through dynamical modeling, Burridge and
Knopoff (1967) postulated that the cumulative energy re-
leased in aftershocks since the onset of the sequence is in
the exponential function. From the aforementioned models,
Yamashita and Knopoff (1987) theoretically derived a posi-
tive correlation between b- and p-values, especially for the
late-occurring aftershocks. However, for nine large Chinese
earthquakes Ma et al. (1990) suggested a negative correla-
tion between the two parameters. Wang (1994b) observed
a negative correlation between the two parameters from a
larger set of observed data of b- and p-values for tens of
worldwide earthquakes. Nevertheless, the data points of b
versus p in Wang (1994b) are scattering due to uncertainties
of evaluating the b- and p-values, especially for the former.
It is necessary to collect more data to examine the corre-
lation in advance. Unfortunately, the origin of the relation
between p- and b-values is still unknown.

5.SUMMARY

High seismicity with spatial heterogeneity in Taiwan
makes the region one of the best natural laboratories for
seismological studies. Hence, seismicity studies, including
the b-value, have been performed in Taiwan for more than
a century. One of the possible ways to mitigate seismic risk
is predicting an impending earthquake through the observa-
tions of seismic precursors. The research on seismic precur-
sors started almost in 1978. Since then, several projects of
seismic precursors have been conducted by different agen-
cies. This review study focuses on the studies of b-values of
earthquakes in Taiwan, including spatial distribution of b-
values, temporal variation in b-values, correlation between b-
value and fractal dimension, and correlation between b- and
p-value of Omori’s law for aftershocks. Also included is the

relation between spatial distribution of b-values and regional
geotectonics. Intrinsic properties and theories of b-value and
earthquake monitoring in Taiwan are also briefly described.
Several conclusions can be made and are described be-
low. The average b-value for the entire Taiwan region is
around 1.0, but it is also slightly dependent upon the earth-
quake data in use, including the time period and magnitude
scale. Local b-values are of time-, area-, and depth-depen-
dent. In order to obtain a stable b-value in an area, the earth-
quake data recorded over a long time period is necessary.
The spatial distribution of b-values is strongly related to
regional geotectonics. Abnormally high b-values appeared
in general about one more years prior to the mainshock for
Taiwan’s earthquakes. The fractal dimension of earthquakes
is negatively proportional to the b-value. The p-value of af-
tershocks is negatively proportional to the b-value.
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