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Abstract. Using the Taiwan Central Weather Bureau earth-2 Nonextensive earthquake model

quake catalogue, the crustal seismicity of Taiwan was ana-

lyzed by means of a nonextensive approach. The time span din earthquake fragment-asperity interaction model was de-
the analyzed catalogue is from 1 January 1990 to 30 Novemveloped by Sotolongo-Costa and Posadas (2004) and, then
ber 2007, and only earthquakes with magnitagie2.0 were  revised by Silva et al. (2006), in which the earthquake trig-
considered. Our findings reveal that the nonextensive statisg€ring mechanism is given by the interaction between the
tics furnishes a very good prediction of the cumulative mag_irregularities of the fault planes with the fragments between
nitude distribution of crustal seismicity in Taiwan, even if the them, originated by the local breakage of the tectonic plates,
aftershocks are removed, indicating that the approach is roffom which the faults are generated. In this model the rel-

bust for clustered as well as declustered seismicity. ative position of fragments filling the space between the ir-
regular fault planes can contribute to the hindering of their

relative motion. Then, stress increases until a displacement
of one of the asperities, due to the displacement of the hin-
dering fragment, or even its breakage in the point of con-
The well known empirical Gutenberg-Richter (1944) re- tact with the fragment leads to a_relative dis_placgment of the
lationship between the cumulative number of earthquaked@ult planes of the order of the sizeof the hindering frag-

(for magnitude larger than a threshaldy,) with My, ex- ment, producing a liberation of energy(SotoIongo-Cos_tq
plains statistically the seismicity occurrence, but was not re-2nd Posadas, 2004). As large fragments are more difficult
lated with general physical principles. Sotolongo-Costa and© release than small ones, this energy is assumed to be pro-

Posadas (2004) developed a general model for earthquakePrtional to the volume of the fragment, so that the energy
dynamics, and the Gutenberg-Richter law could be consigdistribution of earthquakes generated by this mechanism can

ered a particular case. In this model the mechanism of earthteflect the volumetric distribution of the fragments between
quake triggering is based not only on the slippage of faultPlates (Silva et al., 2006; Vilar et al., 2007). The use of
planes and relative displacement due to the break of the adlonextensive statistics is a suited tool to describe the volu-
perities (De Rubeis et al., 1996), but is also caused by thdnetric distribution function of the fragments. Applying the
fragments filling the space between fault planes and origi-Maximum entropy principle for the Tsallis entropy (Tsallis,
nated from the breakage of the tectonic plates. Using the-988), the Tsallis entropy for our problem is given by
non-extensive Tsallis formalism (Tsallis, 1988), a more re- 1-

alistic magnitude distribution was(deduced, pro)viding an ex-§, = @) (p(a) - 1)da
cellent fit to the seismicities of several seismic regions (Silva
etal., 2006; Vilar et al., 2007), and from regional seismic cat-wherep (o) is the probability of finding a fragment of surface
alogues down to specific seismic areas (Telesca, 2010a, b). s andgq is a real number (Vilar et al., 2007).
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The maximum entropy formulation for Tsallis entropy im- Longitude [degree E]
plies that two conditions have to be introduced (Tsallis et 119 120 121 122 123

oo
al., 1998): 1) the normalization gf(0), [ p(0)do =1; 2)

0
the ad hoc condition about the g-expectation vakig=

N
A

oo
(0)g = [opi(o)do. Forq—1, the last condition becomes

the defi%ition of mean value.

Applying the standard method of conditional extremiza-
tion of the entropy functionab,, we obtain the following
expression for the fragment size distribution:
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which corresponds to the area distribution for the fragments
of the fault planes (Silva et al., 2006; Sotolongo-Costa and
Posadasa, 2004).

Assuming the energy scale-r3, the proportionality be-

Latitude [degree N]

N
N

21

2
tween the released energyandr becomesr —o, = (£)3, 6000 -4000 2000 O 2000 4000

a
whereo scales with-? anda (the proportionality constant Elevation [m]
betweere andr3) has dimensions of volumetric energy den-
sity. This scale is in full agreement with the standard theoryFig. 1. Spatial distribution of the Taiwanese seismicity from 1 Jan-
of seismic moment scaling with rupture length (Lay and Wal- uary 1990 to 30 November 2007. The data were extracted from the

)§ Central Weather Bureau catalogue.

lace, 1995). Thus, using the transformatior- o, = (f—‘

the following form for the energy distribution function of the
earthquakes follows:

Cle%de This not trivial result incorporates the characteristics of
ple)de= 1 : (3)  nonextensivity into the distribution of earthquakes by magni-
[1+ czg%] (¢-1 tude. The g-value is a quantitative measure of the length scale
of the spatial interactiong.~1 indicates short-ranged spatial
with C1=—2, andC, = _(1;(»2_ The probability of energy ~ correlations; ag increases, the physical state becomes much
3a3 (2—q)a3 more unstable; high values gf mean that the fault planes

p(e)=n(e)/N, wheren(e) is the number of earthquakes of 516 not in equilibrium and more earthquakes can be expected
energys andN the total number of earthquakes. Therefore, (Sotolongo-Costa and Posadas, 2002).

the cumulative number of earthquakes can be calculated as
the integral of Eq. (3):
3 Data analysis

N (& > ¢&th) i
— N = /P(E)d& (4)  The Taiwanese seismicity from 1 January 1990 to 30 Novem-
£th ber 2007 was investigated. The data were released from
the Central Weather Bureau (CWB) earthquake catalogue
(Fig. 1). The minimum magnitud® for which the catalogue
can be considered complete is 2.0 (Telesca et al., 2009).
Figure 2 shows the normalized cumulative magnitude dis-
tribution (NCMD) of the Taiwanese crustal seismicity. The
fitting of NCMD with Eq. (5) was performed by means of the
Levenberg-Marquadt nonlinear least square method (Leven-

WhereN (¢ > ¢in) is the number of earthquakes with energy
larger than the thresholgh.

Due to the relationship: = llog(e), wherem is the mag-
nitude, the following formula for the distribution of the num-
ber N of earthquakes whose magnitueieis larger than the
thresholdMi, normalized to the total number of events is ob-

tained: berg, 1944; Marquardt, 1963). When using this method, the
Iog<N(m>Mth)) initial valuesgo andag are firstly fixed, then the algorithm
N furnishes the values far anda that best fit the data and lie
" within admissible ranges that, in this study, were [1, 2]for
_ (2—_61)|og 1- < 1-q ) 102t (5) and [10°%, 10" for a. The best fitting is established atfter
1—¢q 2—q a2/3 the minimum least square fitting errerhas been reached.
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Fig. 2. Normalized cumulative magnitude distribution of the crustal Ty
Taiwanese seismicity (open circles) and fitting curve (solid line). oo e e e 1 10 10 10
The values of the parameters grel.679 andi=1.4x 107. The dot- (a) 8,
ted line indicates the Gutenberg-Richter relationship, wt0.919. —m—qg=1.1
—m—q=12
1734 9,13
—m—q=14
g,=1.5
. L A . . 1724 —m—q,=16
Since a priori the initial valuegg andag giving the mini- | q=17
mum estimation erroe are not known, the errar was cal- 1o ~mq=18
culated varying the initial values efy andgg. The errore | —®—0q,=19

[op

is given by the square-2 norm of the residual, which is the 1704

difference between the original data and the values evaluated

by the fitting nonlinear function. Figure 3 shows the ewpr 160
the parameterg anda, respectively, varying the values @f ]

andag. The value of the error is stable forag>10%; in this \/Eé. ——
range the obtained values gfanda are also quite stable,

1.68- whole catalog

with ¢ around 1.68 and of the order of 16. The minimum 10° 100 100 10 100 100 10° 10 10°
error is~0.2868 and was obtained fgg=1.4 andag=10’; (b) a,

then, these initial values were used to find the best fitting pa- Letd =

rameters;=1.679 andz=1.4x10’. The fitting curve is also | whole catalog

shown in Fig. 2 as a solid line. The agreement between the R

NCMD with Eq. (5) is very good, indicating that the nonex- 1.2x10"1

tensive fragment-asperity interaction model is well suited to 1.0x10" 7

describe the crustal seismicity of Taiwan. ox10

In the Taiwanese territory many strong earthquakes occur « g 0]
and the aftershock activity is, therefore, also quite intense.
In order to verify if aftershocks could influence the values
of ¢ anda, the nonextensive analysis was also performed on

4.0x10° 4

2.0x10°

the aftershock-depleted catalogue. For the algorithm of re- 007 —

moving aftershock, we had applied the method of spatiotem- -2.0X10" TS
poral double-link cluster analysis to eliminate aftershocks in e
the catalogue. This method is similar to the single-link clus- © %

ter analy5|s proposed by Dav_ls and Frohlich (1991). _G|venFig_ 3. The errore (a) and the parametess (b) anda (c) versus

a magnitude threshold of main shocks, the declustering aliitial value ag, calculated for the whole seismicity. The different
gorithm specifies two linking parameters in the time and colored curves are obtained with different values;gf The value
space scales, 3days and 5km for example. An event wouldf the errore is stable forag>10?; in this range the obtained values
be identified as an aftershock when its epicenter and occuref ¢ anda are also quite stable, with around 1.68 and of the
rence time lay within the prescribed spatiotemporal windoworder of 10. The minimum error is~0.2868 and was obtained for
of some main shock. Then, the procedure iteratively searchego=1.4 andag=10’; then, these initial values were used to find the
for secondary aftershocks, i.e. the aftershock of an earlier afbest fitting parameters=1.679 andi=1.4x 10’ for the fitting curve,
tershock. The whole catalogue turns out to be separated b§*oWn in Fig. 2.
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Fig. 4. Normalized cumulative magnitude distribution of the 0 100 100 100 100 100 100 200 10
declustered crustal Taiwanese seismicity (open circles) and fitting(a) 8,
curve (solid line). The values of the parameters @+&.685 and —m—q=11
a=1.1x10’. The dotted line indicates the Gutenberg-Richter rela- 1.744 —m—q=12
tionship, with»=0.899. q,=13
173 —m—q=14
q,=1.5
—®—q=16
1.72 q,=1.7
many sequences of main shock and aftershocks. By using the ::: gii:g
temporal and spatial linking parameters of 3days and 5km, o 1714 ’
we had removed the aftershock events generated from main
shocks withM| >4.5. Those linking parameters were usu- 1.704
ally used for declustering the CWB catalogue (Wu and Chen,
2007). Y%7 geclustered catalog \

Figure 4 shows the NCMD for the declustered catalog Ll i
along with its fitting curve, which was obtained similarly to 1681 - - - - - - - .
the whole case. Figure 5 show the erepr, anda varying 0o oo e e e e
the initial values ofzg andqqg, like in the whole catalogue. (b) %

The errore shows an almost flat behavior fag>10* and l_mo,_" declustered catalog

for any @ value. This feature does not allow to estimate a ] 7'\7\:X /-

minimum errore, in order to find the suited initial values of 1.0x10" .

ap andgqo, and, in turn, the value for the fitting parameters N

anda. But, due to the very small variation of the obtained ] ey

parameterg anda in the same range as the eregit is rea- o 60x10'] 22;1:3

sonable to estimate these as the mean of the obtained values 1 —m—q=14

for ap>10% thus¢=1.685 andz=1.1x10’; such values are 4010°7 7_7202'2

very close to those obtained for the whole catalogue, indicat- ZMOG_' q2=1:7

ing that the nonextensive model is robust with the presence ] —=—q,=18

of aftershocks. 00 — —m—qFL9
10° 10 10° 10° 10 10° 10° 10’ 10°

4 Conclusions (© &

The crustal seismicity of Taiwan territory has been analyzed” iigtji.a?'v;zi e"ocr;léi)la?gg ;gftﬂirirf?;fﬁ ((:bk) di”;:tég) :;:;’]iscity
. . . aop, - f
by metans_o_z atn(:EextenSI\l/et_appro?rc]:h. lhe appl_ltca(l;tlog_orphe different colored curves are obtained with different values of
”9”9?‘ ensivity o the cumulative earthquaxe magn_l u_ € dis; o- The errore shows an almost flat behavior fobzlo"' and for
tribution has revealed that such the fragment-asperity interacp,, , o value. The parametetsanda were estimated as the mean
tion model fits very satisfactorily and robustly the real case,qf the obtained values farp>10%, thusg=1.685 andu=1.1x 107

even in the case of aftershock declustering. (see text for details).
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