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ABSTRACT

A study of the distribution of the seismicity along Indonesia region is undertaken. This region has
experienced recently a giant and catastrophic earthquake with magnitude M_=9.3. Devastating tsuna-
mis have swept across the Indian ocean triggered by the event on 26™ of December 2004. More than
300.000 people were killed. The temporal distribution of maximum magnitude observed A7 2% per decade
in the suffered area (Sumatra island) shows its minimal values every 30 years. These minimal values
are followed up by a large earthquake with magnitude almost M>8.0. Three such cycles observed in the
investigated area. Unusual low b-values are estimated since 1980, in contrast with those of the previous
years. If we accept that low b-values reveal high stress in an area, we come to the conclusion that the
area has been “preparing” for the giant earthquake of 2004 since the decade of 1980. Earthquakes
probabilistic hazard analysis shows that in years 2000 and 2004, when events with magnitudes 8.3 and
9.3 occurred, the level of probability of occurrence is higher in comparison with the same probability of

the years before and after them.
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INTRODUCTION AND DATA SET

Two of the most outstanding features of indo-
nesia are the high seismicity and the complexity
of the presently active tectonics. The earthquakes
in the area occurred as a result of the interaction
of four major lithospheric plates. These are: the
Philippine sea, India-Australian, Pacific and
Eurasia plates (Fig. 1). The India-Australian plate
moves northeast approximately at rate of around 6
cm/yr at an oblique angle to the Java trenches.
This subducts beneath the southern Indonesia
island along the Java trench and the Timor trough
(McCaffrey et al., 1985).

The Sumatra subduction zone defines one of
the most seismically active margins of the world
with an oblique north-westward convergence of
49 mm/yr (Zachariasen et al., 1999) between the
Eurasian and the Indian/Austaralian plates
(McCaffrey, 1991).

Large earthquakes occurred in the subduc-

tion zones (plate interface) since historical era
like the one of 1833 (M~9.0+0.2), or the other of
1861 (M=38.5).

The seismicity of the area is very high.
McCann et al. (1979) assigned the western por-
tion of the Indonesia arc off Sumatra in those ar-
eas of very high seismic potential. Tsapanos and
Burton (1991) ranked the area in the fourth posi-
tion according to its seismicity. The mean seis-
micity rate, r, the maximum possible magnitude
M P*° andthe b-value of the whole area based
on the maximum likelihood method are estimated
by Tsapanos (2001). The area is ranked in the
regions of high seismicity as Tsapanos (2001)
calculated a seismic index k, which represents
the relative hazard level.

Time dependent seismicity in the Indonesia
region is applied by Papadimitriou and
Papazachos (1994). They estimated probabilities
of main shocks occurred with M>7.0 during the
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Figure 1. Tectonic features of the Indonesia area (after McCaffrey, 1982; Harjono et al., 1991).

period 1992-2001. values equalto 9.58+0.72 and 9.04+0.83, respec-
The most probable maximum magnitude of an  tively for Indonesia and the surrounding area.
earthquake for the time period of 77 vears, for the The earthquake data file of the NEIC with mag-
area, has been found equal to Af ;:x = 8.8 by nitudes M, >5.5 is adopted for the purpose of the
Tsapanos (1985). By the application of Gumbel’s  present study. The data is restricted only to main
3¢ asymptotic distribution and the strain energy  shallow earthquakes (h<60 Km) in the territory of
release technique Makropoulos (1978) estimated  Indonesia (Fig. 2). The main shocks considered
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Figure 2. Epicentral distribution of the earthquakes used in the present study. The region of the island of Sumatra
and the rest of the Indonesia area surrounded by polygons.
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Figure 3. Temporal variation of the large magnitudes (A2 >7.0} in the Indonesia area per decade. The three ti-

me spaces with minimal values are clearly revealed.

cover the time period 1897-2004, a span of 108
years.

THE TEMPORAL DISTRIBUTION OF THE MAXI-
MUM OBSERVED MAGNITUDE

The whole time period of 108 years is divided
in successive time intervals of 10 years starting
from 1901-1910. There are only two intervals which
are comprised of 4 years (1897-1900) and of 4
years (2001-2004), respectively. This is because
of the lack of the data. In the last interval the giant
earthquake of 9.3 is excluded from the data set.
Both of the exceptions are comprised of four years
because a) there were no shocks reported before
1897 and b) the aim is to check if the giant Sumatra
shock can be foreshadowed and our data set stops
in November 2004. But as we shall see below these
two exceptions do not really affect to the obtained
results.

For each one of the adopted decades, as well

as the two exceptions, the maximum observed
magnitude M 2% is chosen. In Figure (3) we plot-
ted the M 2% against the corresponding time inter-
val. Every value is plotted at the last year of the
decade (e.g. 1900-7.2,1910-7 4, etc.).

We observed in this figure that there were 3
minimal values of the s 2% , and three picks of lar-
ge earthquake occurrences are followed up. The
minimal values observed in the decades 1930, 1960
and 1990. The corresponding picks of maximal
values were in 1940 (A£°> =8.0), in 1980
(M 2b=8.1) and the last one of 12004 (M 2%=9.3).
The picture obtained by Figure (3) roughly indi-
cates that the M °** temporal variations has an
oscillatory character with a period (minimal val-
ues) of 30 years. A more detailed division of 5
years time intervals shows almost the same pat-
tern. For the specific region of Sumatra the same
pattern is observed (fig. 4). We want to note here

that no earthquake with M>7.0 occurred in the
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Figure 4. Temporal variation of the large magnitudes (M “* >7.0) in the area of the Sumatra island per decade.

max

The three time spaces with minimal values are clearly seen.

decade 1921-1930 in Sumatraisland area (marked
with black circle in figure 4), while a number of
large earthquakes with M>7.0 occurred in the rest
region of Indonesia. This means that for the de-
cade 1921-1930 other earthquakes of shorter
magnitudes (less than 7.0) could occur. But given
that we are dealing with earthquakes greater or
equal to 7.0, we consider that this decade is with-
out earthquakes. That is why in the figure (4) we
indicate this decade with the mark 0.

Both figures (3 and 4) show that after a mini-
mal value of large earthquakes M > >7.0, an
garthquake with M2 >8.0 will occur almost
within 20 years. The only difference is on the or-
der of magnitudes. Events with magnitudes greater
or equal to 8.0 followed the minimal values in whole
indonesia, while shocks greater or equai to 7.5
occurred in the Sumatra.

THE TIME VARIATION OF THE b-VALUES IN
THE AREA OF SUMATRA ISLAND

The parameter b of the magnitude-frequency
relationship introduced by Gutenberg and Richter

(1944) is very important for the seismology. In
order to relate b-values with fracturing of the rocks,
experimental studies in the laboratory have been
made by Mogi (1963, 1967), using heterogeneous
materials and the results obtained strongly sug-
gest an explanation of the difference of b-values in
various tectonic areas. On the other hand Scholz
(1968), conducting the same kind of experiments,
concluded that the parameter b decreases when
the stress is increasing and vice versa. So pa-
rameter b is an indicator of the mechanical prop-
erties of the seismogenic material, such as stress
concentration, crack density and degree of het-
erogeneity. As a consequence, time variation of b
reflect to time changes in the stress field.

The next step is the estimation of the b-values
for the Sumatra island. The b-values were esti-
mated by the maximum likelihood technique (Aki,
1965) in successive time intervals of 10 years.
Reliable b-values considered those for which the
magnitude range, in the sample of data, isM__ -
M__ > 1.4 (Papazachos, 1974), and the number

min

of points in the LogN-M plot is 5 or larger
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Figure 5. Time variation of the b-values in the Sumatra island in 10 year time intervals. Straight line presents the
average b-value (b=0.81) which is estimated through the whole time period considered 1931-2004.

(Hatzidimitriou, et al., 1994, Tsapanos and
Papazachos, 1988). Only ane exception exists in
decade 1951-1960 where the difference M -
M. > 1.2. This may explain why for this decade
we estimated the highest b-value, which may be
doubtful. On the other hand the values 1.2 and 1.4
are not far from each other so we can consider the
obtained b-value as a reliable one. These two con-
ditions fulfilled for data after 1930, so our first de-
cade here is 1931-1940. Every b-value is plotted
atthe last year of the decade (e.g. 1940-0.83, eic.).
Only one exception exists. An interval of 4 years
(2001-2004), because of the lack of data. In the
last interval the giant earthquake of 9.3 is excluded
from the data set. In Figure (5) we plot the esti-
mated b-values per decade against time. There
are eight values plotted. We observed that the first
four b-values are higher than the mean
(% =0.807 = 0.81), while the last four b-values are
significantly lower than the mean. The lower val-
ues are obviously (fig. 5) after the decade 1971-
1980. In Table (1) the values of the parameters
considered in the present chapter are tabulated.

Itis obvious that there are two individual groups
of b-values estimated per decade. The first one (g1)
with high values is from 1931 up to 1970, and the
second group {(g2) with low values started in 1971
and ended at 2004. A test to check the statistical
significance of the difference between the two b-
value groups has been applied. in order to check
whether the two distributions of the b-values (be-
tween g1 and g2) have the same means, the t-test
has been applied. For g1 the mean b-value is b, =
0.97 and the variance is VAR, =0.022, while for g2
the mean b-value is b, = 0.65 and the variance is
VAR,=0.006. The resuits showed that the param-
eter T=3.69409 and the prabability PROB the two
b-values distributions to have the same mean is
0.0010159. In practice this means that the mean b-
values between the groups g1 and g2 are different.

Based on these results and taking into ac-
count that b-value decreases when the stress is
increasing we conclude that in the Sumatra island
the procedure for the occurrence of the giant earth-
quake of 26" of December 2004, started during
the decade 1971-1980.

Wnoiakn BiBAI0BAKN "OedppacTog” - TuRua Mewloyiag. A.MN.O.



Table 1. The time intervals, the b-values, the maximum
observed magnitude for the corresponding interval, and
the number of points in LogN-M plot, are listed. The
M 2% =9 3inthe interval 2001-2004 is in parenthesis

which means that it is not taken into account in the
estimations.

Time intervais  b-values M LogN-M
1831-1940 083 7.5 6
1841-1950 1.05 74 5
1851-1960 114 6.7 7
1961-1970 086 7.5 7
1871-1980 0.66 7.2 14
1581-1990 0.68 71 7
1991-2000 ort 83 16
2001-2004 052 (9.3) 7

THE TIME VARIATION OF THE SEISMICITY IN
THE AREA OF SUMATRA ISLAND AND INDONE-
SIA

Researches on seismicity regularities include
observations on the behavior of the seismic activ-
ity during a seismic cycle, quiescence in seismic
activity before large earthquakes, change in num-
ber of shocks, among others.

As we have mentioned before our data con-
sidered reliable after 1930. During the next de-
cades in the area of the Sumatra island we can
observe a time variation of the number of earth-
quakes generation. More precisely it seems that
smali and large number of earthquakes alternate
through the corresponding decades. In decade
1931-1940 the number of earthquake occurrence
is larger than the occurrence of earthquakes in
the next decade 1941-1950 during which the num-
ber of events is smaller. In Table (2) the change of
the number of earthquakes through the decades
are listed. Such pattern does not exist in the rest
of Indonesia where according to the observations
small number of earthquakes in one decade is
followed by a small or large occurrence of earth-
quake. In the same Table the maximum abserved
magnitudeM 2> per decade is tabulated, as well.

The observed pattern in not clear, as to large
earthquakes with M °*>7 5 in the Sumatra island

max’
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Table 2. The time variation of the number of earthquake
occurrence during each studied decade for the Sumatra
island and the rest part of Indonesia.

Timeintervals Sumatra Indonesia M
{exceptSumatra)
1831-1840 13 24 75
1941-1950 7 26 74
1851-1960 15 37 6.7
1961-1970 12 86 75
1971-1980 39 144 72
1981-1990 16 70 71
1991-2000 48 1M 83
2001-2004 18 50 93

are inclined to occur in time intervals which
substain small or large number of events. But we
can see the large earthquake occurrence with
M 2% =7 5inthe decade 1931-1940 and the one
of the decade 1991-2000 with A 2% =8.3 occurred
intime intervals with large number of earthquakes.
Time series analysis show that the expected num-
ber of large earthquakes in the decade 2001-2010
will be 4 having in mind that this number is esti-
mate from a small data set. This is in accord to the
obtained pattern which suggest that in the decade
2001-2010 a small number of earthquakes will gen-
erate if we eliminate from the data set the after-
shocks of the giant event of 2004.

The data used in a study for an earthquake
hazard using conventional probabilistic seismic
hazard assessment can be used for probabilistic
analysis processing the simulation method of
Monte Carlo. The technique allows the modifica-
tion of the form of the seismic model used (e.g.
non-Poissonian) without extensive reprogramming
{Musson, 2000). Uncertainty in input parameters
can be modeled very flexible, the use of a standard
deviation (S.D.) instead of the discrete branches
of alogic tree is referred as an example. Almost all
studies of earthquake hazard suppose that it does
not vary with time and that values are the same
irrespective of recent occurrence or lack of gen-
eration of large earthquakes in a region. On the
other hand the technique has been used in diffe-
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Figure 6. Time varying probability of an earthquake occurring of magnitude M>8.0 during the time span 1996-
2003 in the Sumatra island. Figure was calculated using 10.000 Monte Carlo simulations fitting the model. The a-
posteriori control of the probability of occurrence of the earthquake of 2000 is very successful.

rent areas of the globe but limited studies (e. g.
Johnson and Koyanagi, 1988; Ebel and Kafka,
1999; Musson, 2000) were published. A study
made by Musson et al. (2002) demonstrated thata
simple equation relates the time interval between
successive earthquakes and the magnitude, and
this has been successfully applied to data from
Greece, as well as from Japan. The essence of the
Monte Carlo technique is very straightforward as
well described by Musson (1999) and this method
is adopted in the present study. According to this
itis possible to calculate the probability of an earth-
quake occurring in any specific time window. Its
length depends on the requirements of the study
and the calculated probability will be a function of
the time pattern of previous earthquakes in the
same area. Based on that one can draw graphs
which foreshadow the varying probability of an
earthquake as a function of time.

The first step is then to construct synthetic

earthquake catalogues using the Monte Carlo ap-
proach. Each catalogue represents a version of
what may happen in the way of earthquakes in the
area under study in the next years that would be
consistent with the past behavior. The 10.000 simu-
lations of 500 years is accepted for the present
paper. It is known that during 2000 an event with
magnitude 8.3 occurred in the south part (4.70°S
and 102.10° E) of Sumatra island. This earthquake
and the giant one of December 2004 seem to be-
long to the Sumatra subduction interface. The
Sumatran fault is a 1900 Km long structure that
accommodates right lateral shear associated with
the oblique convergence along the plate margin
with a slip rate which varies from 6 to 27 mm/year
(Petersen et al., 2004).

If we want to see {using the Monte Carlo pro-
cess) what will accur in the future we have to check
firstif it works in the already known occurred events.
We examined a-posteriori if the shock of 2000 can
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Figure 7. Time varying probability of an earthquake occurring of magnitude M>8.0 during the time span 1996-
2007 in the Sumatra island. Figure was calculated using 10.000 Monte Carlo simulations fitting the mode!, The high
level probability of occurrence of the earthquakes of 2000 and 2004 are clearly picked out.

be forecasted, having the highest probability to be
occurred, if our data set stops to 1999. We do not
pay attention if the requested probability has high
or low value but it is important if it is picked out
clearly among the other probability values. We
started from 1996 to estimate the annual probability
of occurrence of earthquakes with magnitudes
M=> 8.0, and stopped one year before the giant earth-
quake of 2004, in other words in 2003. Figure (6)
depicts such a graph, using data for the seismically
active area the of Sumatra island. Each column
shows the percentage probability of an earthquake
occurring of magnitude equal or greater to 8.0 in the
investigated area. It is very interesting that the year
2000 shows the highest probability among the oth-
ers of the time period 1996-2003. It is clearly de-
monstrated that the probability is increasing as we
approach the year of occurrence (2000) and is de-
creasing after that. We did exactly the same proce-
dure for the giant earthquake (M=9.3), as well, co-

vering the time span 2001-2007 given that both
events are closely connected with the same tecton-
ics, as we mentioned above. ltis very exciting that
the highest probability of an earthquake occurrence
reveals in year 2004. Putting all together we created
Figure (7) covering the time period 1996-2007. The
two picks of high probability in years 2000 and 2004
are very clearly illustrated. This is very important
because in this way we can find out the future prob-
ability levels of occurrence of earthquakes having
size greater or equal to a specific magnitude. The
years after 2004 (i.e. 2005, 2006 and 2007) show
almost a stable level of probability of occurrence
around 5% (for the whole area of Sumatra island),
more than 1.5times fower in contrast with the prob-
ability level of the year 2004 occurrence.

DISCUSSION AND CONCLUSIONS
The present work concerns the seismic be-
havior of the earthquakes in the Indonesia arc and
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mere precisely the seismicity of the Sumatra is-
land, where the giant shock of M, =9.3 occurred
in 26/12/2004. ltisthe second largest earthquake
of the world since 1900, while firstis still the events
with M, =9.6 which occurred in Chile in 1960.

As it is shown both the Indonesia arc and the
Sumatra island indicated three minimal values in
the distribution of the maximum observed magni-
tudes with time. These minimal values revealed in
a time span of 30 years and they were followed up
by a large shock within a time of 20 years. Taking
the Indonesia arc as a whole, we calculated the
mean return period, T , for the earthquakes with
magnitudes M>7.0 and we found that this is equal
to 4.48 years. This is in accordance to the obser-
vations, which means that in every time interval of
5-years we have at least one event of this magni-
tude. For earthquakes with magnitude M> 8.0 the
mean return period. T, is 39.35 years. The two
earthquakes occurred in 1938 (with magnitude
M=8.0) and in 1977 (with magnitude M=8.1) have
a time difference equal to 39 years which is very
similar to the calculated mean return period for
earthquakes with magnitude M>8.0.

According to the methodology of Kijko and
Graham (1998) the maximum regional magnitude,
for the Sumatra island, is M % =9.31+0.34,
while the mean rate activity is A=2.40+0.27. This
estimated magnitude is in good agreement with
the results presented by Okal (Stein and Okal, 2004)
in EGU General Assembly (in Vienna 24-29 April
2004), speaking about a re-assessment of the mag-
nitude of the giant earthquake in 9.3, instead of the
accepted up to the present as 9.0.

The time variation of b-values illustrated that
there are two groups of high and low values in the
area of the Sumatra island. The first group, g1, is
estimated from decades which consist the time
period 1931-1970, while the second one, g2, co-
vers the decades in the period 1971-2004 (event
of M=9.3 excluded). Two conditions were taken
into account in order to get reliable estimations. A
test to check the statistical significance of the dif-
ference between the two b-value groups has been

applied, in arder to check if the two distributions of
the b-values (between g1 and g2) have the same
means. The results demonstrated that the two
groups are significantly different, with g2 having
the lower values. If the close connection between
stress increasing and low b-values holds, we con-
clude that the preparation of the area for the oc-
currence of the event of 2004 began during the
decade 1971-1980.

The temporal variation of seismicity demon-
strates a pattern, which exists only for the area of
Sumatra. This is the alternation of small and large
number of earthquakes in every examined decade
after 1930.

An effort is undertaken to see if probabilities
for earthquake hazard are promising for earth-
quakes forecasting. For this purpose, synthetic
earthquake catalogues through Monte Carlo tech-
nique are constructed. We produce graphs with
columns which shows the percentage probability
of an earthquake accurrence with magnitude
greater or equal to 8.0. The results illustrated that
the probabilities estimated for the earthquakes of
2000 and 2004, are picked up among the others
for the time period 1996-2007. Plots which fore-
cast the varying probability of an earthquakes as
a function of time seem to be very useful not only
from scientific point of view but can be consi-
dered as atool for engineers, regulators and plan-
ners to mitigate adverse social or/and economic
effects of a large earthquake occurrence.
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NEPIAHWH
ZEIZMIKOTHTA THZ INAONHZIAZ. MEAETH TOY IZXYPOTATOY ZEIZMOY
THX Z0YMATPAZ (26/12/2004, M,=9,3)

Ocodwpos M. Toamavog
AptototéAeto lMaveromipo Ocooaovine, Tumua lewAoyias, Epyaotipio Fewpuoaic, 541 24 Beooalovikn

Xmv napouoa epyaoia peAetdrain gelopkatnTa me ivbownaiag. Tnv apoppn £dwAE 0 KATasTpoPL-
KOG OEL0UGG Mo EMANEE Ty TepLoxT aTig 26/12/2004 pe péyeBog M, =9.3. AuTGG kat o ToouvauL oy
akoAouBnoe aenoav Tiow toug nepi toug 300.000 vekpous. EEetdomke n xpovikr katavopr avd 10etia
TWV PEYAAWV gelopwv (M>7.0)rou £xouv yia my mepioyr g Zoupdtpag ka Bpednke 4t napouaia-
{ouv &va KukAo epgavidovtag éva pivipoup kGBe 30 mepimou Xpovia. Tnv pivigoup auts T akoAouBolv
getapol e peyedog M>8.0. ‘Exouv péxpt OTIYHRS eppaviaTei 3 TEtolol kUkAoL. EEeTaommke eniong N
XPOVIKI| Katavopn me napapgtpou b (g ax€ang ouxvdmrag-peyéboug. Bpébnke 61in neptoyr and
mv dekaetia tou 1980 eixe avefiynta xaunA£g TéS me napapétpou autiq. Aexopevol Aomov 4t ol
XAUNAES TIHES ™G MapapETpou b onpaivouv auEnuéveg TAoeLS O€ pia Tieploxn, paivetal angd 1o anoté-
AEQA GTLN MEPIOXT| TIPOETOIAlOVTAY YIa TOV 0€I0U6 auTd amnd to 1980. Me yprion g pebodou Monte
Carlo €yive pEAE TN G GEIONKAG ETIKIVOUVOTTAS. TN MEPOXT| ™Q Zoupdtpag éyvav 2 geI0poi 10
2000 ka1 to 2004 pe avtigToxa pey£0n 8.3 kat 9.3. O BavOTITES YEVEONS QUTWV TWV OEIOPWV TV
OUYKEKPLUEVT) KAOE popd xpovid , eival 0agwg BIaKPLTES ard T TPONYOUHEVES KAL TIC EMOUEVES
nBavomteg. Mnopouaape enopévwg va Siakpivoupe 4t 1o 2004 nnieployn eixe auénuévn mbavdmra
va dwoel oelops pe M> 8.0, av 1 peBodohoyia aut eixe avaruyBei mpwv and kaipad.
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