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Abstract

The conditional probabilities method is considered to be an alternative approach in
order to estimate the earthquake hazard. For this purpose, this technique was applied
to the western side of South America, one of the most seismogenic regions of the
world. The method is applied in six pre-determined zones which covered the whole
examine area. The occurrence of the earthquakes as a function of time was assessed,
using the conditional probabilities technique. The Kolmogorov-Smirnov test was
applied in order to determine the distribution followed by the inter-arrival times
between the successive past events. The test shows that the lognormal is the best fit
distribution, for the scope of the present work.

The obtained results are in good accordance to the method applied. High probabilities
are estimated for events with Mw>7.0. For the whole western part of South America,
there is a probability about 64% for an earthquake occurrence with magnitude M>8.0,
during a time period of 20 years. Higher probability (=73%) was estimated for a time
period of 50 years and for an earthquake of magnitude M>8.5. This is clearly showed
for the event of 1960, where the next (a posteriori procedure) earthquake of M=8.8
occurred on 2010.

Keywords: conditional probability, Kolmogorov-Smirnov test, lognormal distribution,
seismic zones, South America.

Hepiinym

H extiunon twv vro ovvBixn mbovotitwv ot oetopoloyio Gewpeitar pio evollortikn
TPOGEYYLON TOV VTOLOYIGUOD THG GELOHIKOTNTOG piag wepioxns. H uébodog epopuoobnie
otig ovtikég axtes g Notiog Auepikng n omoio BGewpeitar w¢ pia omo g mAéov
oelouoyeveis mepioyés e Ing. H vmo épevva mepioyn eiye ywpiobei oe é&1 {dves amo
TPONYOVUEVES UEAETES KAl O€ OUTES EYIVE N epapuoyn The uebodooyios. H éklvon twv
OEIOUDV GE TYECN LE TOV YPOVO YEVEGHS TOVG DTOAOYICONKE YPHOWOTOIOVTOS THY
uéodo twv mbavotitwy vrd ovvlikn. To otatiotikd teot Twv Kolmogorov-Smirnov
epopuootnke yio vo kabopiobei n oratiotiky kotavous wov axolovfodv o1 evolduesor
xpOvor Letald d1adoyik®v GEITUOY ToL cLVELNoY ato mopeAdov. To teat édeile oL n
TAEOV EVOEDEIYUEV KOTAVOUN VIO TNV TOPODGO. UEAETH EIVaL 1] A0YaplOUOKOVOVIKT.
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YroloyioOnrav vynlés nués mbovornrwv yia yéveon oeiouwv pe ueyedn M=>1.0.
Eriong Ppébnke yio. 0An v vmo ueiéty meproyn mbavotnto, 64% yio yéveon oelopon
ue ugyeoc M>8,0 kora v didpxeto twv 20 exouevav etwv. Yynlotepn eivar n
mBovotnra yia yéveon oelouwv ue peyédn M>8.5 wov extypaibnke oro 73% o emouevo,
50 ypovie. Zwnv televtaio mepimiwon vmnple n odumrtwon twv Gewpntikwy
OTOTEAEGUATWYV UE TV TPOYUOTIKOTHTO. APoD 50 povio, UETC TV YEVEGH TOV GELOLOD
700 1960 (M9.5), onladn to 2010, ovvéfn cetouog pe péyebog M=8.8.

Aééerg  Kledwd:  omdé  ovvOikn  miboavotyra,  Kolmogorov-Smirnov  zeor,
AoyopiBuorxavovikny katovouy, oeiouixés {wveg, Notio Auepixi.

1. Introduction

South America is one of the most seismically active regions of the world. Especially, Chile and Peru
were ranked in the second and the forth position, respectively, among fifty seismogenic countries of
the world, in terms of their seismicity (Tsapanos and Burton, 1991).

The reason for the high seismicity level and other associated phenomena (e.g. deformation) is related
to the lithospheric process of the region. Nazca plate seems to be of complicated tectonic structure
(Bilek, 2010) and is subducting underneath the South America plate. The seismic activity is mostly
concentrated along the coasts of the Pacific Ocean, where the subduction process takes place and
reverse faulting dominates the tectonic regime (Suarez et al., 1990). The relative velocity of the
convergence is about 9.3 cm/yr (Casaverde and Vargas, 1984), while there were referred velocities
like 8.5 cm/yr (Quezada, 1997) and 9.0 cm/yr (Dewey and Lamb, 1992).The main characteristic of
the area is the generation of large to great earthquakes like the widely known event of 1960 with
moment magnitude My=9.5. Very large earthquakes were referred or recorded since historical era
up to now at the interface between the two plates. Descriptions back to 16th century provide
information about very large shocks (e.g. the event of 1570 in Conception or the one of 1687 in Ica).
The magnitudes and the return periods (100-150 years) of such events indicate that most of the 90%
of the deformation, caused by the relative motion at the interface of the two plates, is released by
earthquakes (Kelleher, 1972; Prince and Scheweller, 1978; Stein et al., 1986, Tsapanos and
Christova, 2000).

Conditional probabilities can be considered as the quantity which allows the estimation of the
likelihood that a region or an active fault is prone for the occurrence of a large event. McCann et al.
(1979) stated a number of criteria in order to categorize the seismic potential. Later on, Nishenko
and McCann (1981) used some tectonic and temporal criteria in order to estimate seismic potential
for large earthquakes generation along segments of some major plate boundaries of the globe. Based
on seismic potential technique, Nishenko (1985) estimated a probability of 59% for the occurrence
of an earthquake of M>7.5 along Chile. His estimation was verified by the occurrence of Valparaiso
(Chile) earthquake (during 1985 with M=7.8). Nishenko (1991) estimated the seismic potential for
plate boundary segments around the Pacific rim in terms of conditional probabilities, in order to find
large earthquakes occurrence during the forthcoming years. Moreover, Tsapanos (2001) proposed
the seismic zone and the magnitude interval (M>7.8) of the 2001 earthquake (near coast of Peru),
by the application of a Markov - chain process. The probability estimated for this particular shock
was about 65%.

The paper confines itself to the reappraisal of the earthquake hazard along the western coast of South
America, in terms of conditional probabilities.
2. Data used

The present study focuses in six pre-determined (Tsapanos, 2001) seismic zones (Fig. 1). These
zones almost coincided with the zones defined by other researchers (Papadimitriou, 1993; Galanis
etal., 2001).
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Figure 1 - Map of earthquake epicentres along the western side of the South America, is
shown. The six zones considered are also revealed.

The initial data set (M>6.5) for South America’s shocks was extracted from the data bank of NEIC.
The data are restricted only to shallow earthquakes. The catalogue is free of depended events, like
fore — and aftershocks, by applying the method proposed by Musson (2000). Due to the high
seismicity of the area, the final catalogue adopted includes only large earthquake (M>7.0). The
magnitude of the events in the catalogue is expressed as moment magnitude, My, In several cases,
especially for historical and/or older earthquakes, the magnitudes were estimated as surface
magnitudes, Ms. In such cases the Ms earthquake magnitudes were converted into Mw applied for
this purpose the relation introduced by Scordilis (2006). The number of the data in each zone and
their time interval, the mean and the standard deviation are listed in Table 1.
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Table 1 - The number of the data used and the time period for which data are available in
each one of the six zones examined. The mean u and the standard deviation ¢ for each zone is
tabulated, as well.

ZONE | Number of data | Time period of data n c
1 13 1797-2013 0.186 | 0.656
2 11 1619-2007 1.007 | 1,520
3 15 1604-2001 0.549 | 1.064
4 21 1796-1995 0.538 | 1.162
5 13 1575-1985 0.515 | 1.145
6 18 1570-2010 0.798 | 1.384

It is obvious that in each zone the data set includes both historical and instrumental events. It is
interesting that the percentage of historical events varies from 47% (zone 3) to 62% (zone 5). The
use of numerous historical events enriches the final data set at each zone and so the results are more
precise.

3. The method applied

Several approaches exist concerning the estimation of the probability of recurrence of large
earthquakes. The most important are the random and the conditional probability models.

The random model assumes that the recurrence time of an earthquake is randomly distributed. It
adopts the Poisson distribution, where the probability of recurrence of an earthquake event is
independent of the time elapsed since the last event.

The model of conditional probability for the earthquake recurrence assumes that there is dependence
between the probability of recurrence and the time elapsed since the large previous earthquake.

In order to use the model of conditional probability, it is proved that the time t of an earthquake
event approximates the lognormal distribution better than the normal distribution. For this aim, the
Kolmogorov-Smirnov test (K-S test) is applied. The test compares the sample of each zone with the
reference probability function. In the case of normal distribution, the K-S test compares the sample
of each zone with the standard normal distribution and the null hypothesis that the sample follows
this distribution is rejected. In the case of lognormal distribution, knowing that if the time t follows
the lognormal distribution, the log(t) is normally distributed, the K-S test compares the logarithms
of data for each one of the six zones with the standard normal distribution and the null hypothesis is
accepted. All the tests were done at level a=0.10.

Equation 1 - Formula for the probability density function of t:

2
f(t) = L exp{-(lnt_g)}
to2m 26

where, the parameters denoted as p and o are the mean and the standard deviation, respectively, of
the logarithm’s variables, which means

(@)

Equation 2 - Formula for the transformation of the log-normal distribution to standard
normal:

— [ltoZ

where, X is random variable, Z is a standard normal variable. Both parameters p and ¢ are portrayed
in Table 1.
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In order to estimate the probability of recurrence of an earthquake, we estimate the conditional
probability within a given time interval from t, to t+to. This conditional probability equals to:

Equation 3 - Formula for the conditional probability:
P(E) = F(tO +t)_ F(tO)
1- F(to) (3)

where, F(t) is the cumulative distribution function of the variable t and can be expressed as the
integral of its probability density function f(x) as follows:

Equation 4 - Formula for the probability density function f(x):

F(x) =, f(t)t @

From the equation (3) the conditional probability is estimated, for the given time interval from t, to
t+to presupposing that no earthquake happened after the last prescribed event.

Fig. 2 delineates that the probability depends on the shape of the curve (1 and o values) and of course
to the width of the time window t. It is obvious that the conditional probability is rising up as the
time window is widening.

Probability density function f(t)

. 'y

t t+At

Time

Figure 2 - Theoretical distribution of conditional probability for an earthquake inter-event
time is shown. The earthquake inter-event time probability in the time interval t, t+At is
presented by the black “column” and is under the probability density curve. The ratio of the
dark “column” area to the sum of the areas with both dark and grey colour outlines the
conditional probability of the inter-event time of the next earthquake.

The data of the six zones, as well as for the whole South America, follow this distribution in a lower
or higher degree.

4. Results and Discussion

In Fig. 3 the plots of the conditional probabilities against the time for the six zones are presented.
As it is depicted in Fig. 3 the shape of the distribution of these probabilities in time depends on the
values of the standard deviation o (http://en.wikipedia.org/wiki/Log-normal_distribution). A
demonstration of the Cumulative Distribution Function, CDF (where u=0) is presented in Fig. 4,
from which it is revealed that the values of ¢ play a key role in the drawing of the distribution. For
instance, when the value of ¢ is equal to 1/8 (0.125) the shape became very sharp (S-shape), e.g.
zone 5.
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Figure 3 - The conditional probability of an earthquake inter-event time is shown, during a
specific time period for the six zones considered, along the western part of South America.

The conditional probabilities seem very high for all time periods (e.g. for zone 1 and for the
magnitudes M>7.0). As it is depicted in Fig.3 the conditional probabilities for magnitudes M>7.5
and M>7.8, are higher than the one of M>7.0 in a time period of 8 and 6 years, respectively. Despite
the values of o, this can be interpreted if the probabilities of M>7.0 would be estimated for longer
time periods (e.g. 20 years). Very large earthquakes occurred in this zone in 1797 (M=8.3), in 1906
(M=8.8), 1958 (M=7.8), 1979 (M=8.1), as the last one generated in 2013 (M=7.0). The event of
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1906 ruptured a segment of about 500 Km long (Kanamori and McNally, 1982).

1189



p=0, 6=0.125
p=0, 3=0.25
=0, 0=0.5
p=0, 0=1.0
¥=0, 0=10

1=-0.001967
0=0.076648

0'0|IIIIlllII|IIIIIIIII|IIIIIIIII|
0 1 2 3
®)
Figure 4 - Cumulative Distribution Function for various values of standard deviation (¢) and
the value of mean p=0 (http://en.wikipedia.org/wiki/Log-normal_distribution). We added the
curve (dark black) according to the obtained outputs 6=0.076 and p=0.

In zone 2, the estimated conditional probabilities are low, exceed only the 50% (for M>7.0), in a
time period of 50 years. Lower probabilities (44% and 33%) are also observed and for the other two
magnitude ranges M>7.5 and M>7.8, respectively. They illustrate an ordinary distribution in time.
The very large earthquakes in this zone are: 1619 (M=8.6), 1746 (M=8.7) in 1960 (M=7.8), 1970
(M=7.9) and the last one in 2007, with M=8.0. For a 10 years time period and for M>7.5 a low
conditional probability was estimated (10.3%), while Nishenko (1991) estimated as 13% for the
same time period.

Ordinarily distribution is also observed in zone 3. High conditional probabilities (70.5%), in a time
period of 50 years, is calculated for earthquakes of M>7.0. Slightly lower probabilities of 60% are
observed for magnitudes M>7.5 and definitely lower about 43.5% for magnitudes M>7.8. Very large
earthquakes occurred in this zone since the historical epoch: 1604 (M=8.5), 1615 (M=8.8) in 1687
(M=8.7), 1831 (M=7.8), 1868 (M=9.0) 1877 (M=8.3), 1942 (M=8.2) and the last one is in 2001
(M=8.4). Nishenko (1985) suggested conditional probabilities of 20%, for the next 10 years and for
large earthquakes. Comparable results were estimated in the present study, where the conditional
probability is about at 16.5% level for a 10-years time window.

An unregulated distribution is depicted in zone 4. Statistically, it behaves like the distribution of
zone 1. Very high values are observed for the conditional probabilities, which reached the 90%, in
a time period of 50 years and for M>7.5. The probabilities are slightly lower (83%) for the
earthquakes of magnitude M>7.0 in a time period of 50 years. This lower pattern is observed from
the beginning of the time period up to its end. Conditional probability reached the value of 58% for
earthquakes of magnitude M>7.8 in a time period of 50 years. The very large earthquakes reported
in this zone are: 1819 (M=8.3), 1918 (M=7.9), 1922 (M=8.5), 1946 (M=7.9), 1966 (M=7.8) and
1995 (M=8.0).

Zone 5 is of special interest because for magnitude level M>7.8 it shows an abnormal distribution.
The conditional probabilities estimated are of intermediate values (58.3%, for M>7.0), in a time
period of 50 years, while a bit lower (50%) are the probabilities estimated for the magnitude range
of M>7.5. Both exhibit an ordinary distribution in time. The very large earthquakes of this zone
occurred in: 1730 (M=8.7), 1822 (M=8.5), 1906 (M=8.2) and 1985 (M=8.0). The number of
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earthquakes that occurred during the historical era is predominant (=60%) in this zone. This could
be one of the reasons that the earthquakes having magnitudes M>7.8 show this kind of distribution.
The time interval is generally long (=35 years) and the conditional probabilities are more reliable
for long time periods (Fig. 5). Fig.5a shows the distribution for short time period (50 years), while
Fig. 5b illustrates the same distribution for longer time-window (150 years). Historical records,
concerning the very large earthquakes, point out that the recurrence time period along the examined
area is larger than 60 years (Kelleher, 1972). According to Nishenko (1991) the average recurrence
time for this zone is 95+10 years. But as it is aforementioned the values of ¢ is the key of the shape
of the distribution. For the zone the calculated value is p=-0.0019, which practically is zero or tend
to zero and 6=0.076. Based on these values we set on Fig. 4 the new curve (in dark black), in order
to compare the obtained o value given that the p value is practically the same, (tends to zero). The
new curve fits much better to those values with ¢ less than 0.125. So we conclude that indeed o
controls the shape of the conditional probability curve.
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Figure 5 - The conditional probabilities of zone 5 and for magnitude interval M>7.8 are
shown: a) for a range up to 50-years time period, and b) for a range up to150-years time
period.

Zone 6 seems to be the active seismogenic part of the examined area and more specifically during
the historical epoch, given that about 70% of the very large earthquakes along the western coast of
South America occurred in this zone. The estimated conditional probabilities are high 67.3% (for
M>7.0), in a time period of 50 years. Lower probabilities (61.2% and 50.8%) are also observed and
for the other two magnitude ranges M>7.5 and M>7.8, respectively. The very large earthquakes in
this zone are: 1570 (M=8.3), 1575 (M=8.5), 1647 (M=8.5), 1657 (M=8.0), 1751 (M=8.5), 1835
(M=8.2), 1837 (M=8.0), 1914 (M=8.2), 1960 (M=9.5) and the last one occurred in 2010 with M=8.8.
Conditional probabilities for time periods of 10, 20, 30, 40 and 50 years, for earthquakes with
magnitude M>7.0 in the six zones in which South America was divided, are listed in Table 2.
Conditional probabilities in time are also estimated for earthquakes ranged in magnitudes M>8.0
and M>8.5 (Table 3).

Numerous earthquakes of such magnitudes occurred along the entire western coast of South America.
The area is very productive in such events and already three earthquakes occurred during the present
century (2001 M=8.4, 2007, M=8.0 and 2010 M=8.8).
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Table 2 - Conditional probabilities estimated for earthquakes with M>7.0 in each zone for
the next 10, 20, 30, 40 and 50 years from the present time.

Years /Zones 10 20 30 40 50
1 22.62 59.30 79.65 89.54 94.40
2 18.81 31.70 41.10 48.30 54.01
3 24.77 42.30 54.74 63.78 70.52
4 38.15 58.48 70.55 78.25 83.44
5 18.48 32.41 43.14 51.58 58.33
6 26.32 42.75 53.70 61.51 67.34

Table 3 - The conditional probabilities estimated of earthquakes with magnitudes M>8.0 and
M2>8.5, along the western side of South America. The estimations are for the next 10, 20, 30,
40, 50 and 100 years, from the present time.

Time Periods M>8.0 (%) M28.5 (%)
10 38.25 17.19
20 62.77 37.75
30 76.41 53.70
40 84.34 65.25
50 89.19 73.53
100 97.52 91.70

Due to these shocks, low conditional probabilities are computed for the next 10-years. The
probabilities are high during the next 30 years. It is very interesting that the “recent” earthquake of
2010 (M=8.8) occurred fifty years after the 1960 (M=9.5) earthquake, the largest event of the world
up to now. The conditional probability along the west side of South America for a 50-years time
window and for earthquakes with M>8.5 is estimated equal to 73.5%.

5. Conclusions

It is widely known that an earthquake is the result of the strain energy released in a location, which
originates a seismic slip in the collision of two lithospheric plates. This energy is accumulated in the
interface of two plates for tens or hundreds of years and depends, between others, on the velocity of
the under-thrusting plates. Slow and fast collision velocities reflect to longer or shorter recurrence
time for an earthquake, respectively. The inter-event time of earthquakes as a function of time, as
well as their recurrence time were assessed, using the conditional probabilities technique. This
technique was applied in six pre-determined zones along the western side of South America, one of
the most seismogenic regions of the world, due to the collision between Nazca and South America
plates. In two of them (zones 4 and 5) some abnormalities observed showed that greater events have
greater probability of inter-event time. This may due to the quality of the data because we have
greater number of large earthquake during the historic epoch than in present era (20" and 21
century). As a general conclusion we can say that the results of the detailed analysis of the last event
inter-event time show that the technique of the conditional probability seems to be a more advanced
methodology and considered as a useful tool for the earthquake hazard mitigation. It is interesting
that zone 1 showed the highest conditional probabilities for an earthquake occurrence with
magnitude, Mw>7.0. During the review process of the present paper and specifically on 16™ of April
2016, an earthquake with Mw=7.8 struck the coastal region of this zone, given that the previous
event with Mw>7.8 occurred during 1979 (=40 years). For this time span the estimated conditional
probability is about 90% (Table 2).
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