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THE MARKOV MODEL AS A PATTERN
F(_)R EARTHQUAKES RECURRENCE IN SOUTH AMERICA
T.M. TSAPANOS'

ABSTRACT

The well known stochastic model of the Markoy chains is applicd in south America, in order to search for
tern of great earthquakes recurrence. The model defines a process in which successive state occupancies are
verned by the transition probabilities pij, of the Markov process and are presented as a transition matrix say P,
ich has NxN dimensions. We considered as states in the present study the predefined seismic zones of south
nerica. Thus the visits from zone to zone, which is from state 1o state, carry with them the number of the zone
which they occurred. If these visits are considered to be earthquake occurrences we can inspect their migra-
n between the zones (states) and estimate their genesis in a statistical way, through the transition probabili-
s, Attention is given in zones where very large earthquakes with Ms27.8 have occurred. A pattern is revealed
ich is suggested migration of these large shocks from south towards north, The use of Monte Carlo simulation
ify the defined pattern.

IYNOWH

To oroyoouxd poviého tov Maprofavey ahucidmy EGUOPOoTNHE OTY VOTL APEQUAY] PE OHOTE TNV
EQETVNOT UTTeENS mOOVOD HOVIEAOU YU TV YEVEON peydhwv oewopwy. To povigho Markov naBopiCet i
IO OOV 01 DIEOOYILES RATAAYPELS TV RUTAOTACEWY £EapTiivIal and g mBavomres petdfaomg pij,
Mapzofiaivou povtéhou koL napovotdlovial oay mivaxes petafaons, m.y. P, ot ooton éxovy NN durotaosis.
TOQOVG EQYACIR HEMOORNE 00V XATAOTAOELS TIg TEOXUBOQLONEVEC OELTMIXES QWvES TS VOTLIG ALEQLXIG.
o1 0L petafaoerc and Cuvn og Lovn, dnh. o HaTROTAON OF ROTAOTAON, PETAPEDEL TOV aptBuo mg Lwwng
6 ™) omola mponAbe. Av Bewprooupe auteg T PeTAPAoELs ouv YEVES CELOUOY UTODOURE EUXOML VL
LOCROAOUBNO0VUE THY HETAVAOTEVONTWY CELOUMY PETAED TWV LoV xal va exTujoouvpe ™y mbavinyta g
£0nc Tovg pEow twv mbavonitwy petdfaonc. [daltepn mpoooy d6tnxe oug Juwveg dmou £youy oupfiel
EyAholL oetopol pe pEyetoc Moz7.8. Bpétnue du o1 getopol autol oupfalivouy axohovBuviag €va xmoirno

£ho, . EErvolv and tov voTo pe xaretiBuvon to foppad. Téhog yomowpomonjtnxe n péBodog npogopoimong
onte Carlo yia va yivel 1 amodoyn Tov povIEAOL autou.

WORDS: Markov model, transition probabilities, south-north migration pattern, south America.

INTRODUCTION AND DATA USED

The most common model for earthquake occurrence is the Poisson one which assumes spatial and temporal
dependence of all earthquakes including great events. For example the occurrence of one earthquake does not
fect the likelihood of a similar earthquake at the same location in the next time unit.

Among other models, Markov chain is an alternative probabilistic model of earthquake recurrence, with
rious applications. The Markov process has a basic property which is the memory of one-step. According to
is property the probability of being in some state j at a future time is deduced from the knowledge of the state
it an earlier time t and is-independent of the history of the process up to time t {Anagnos and Kiremidjian,
88). Vere-Jones (1966) and Knopoff (1971) applied the continuous-time and continuous-state Markov proc-
s to describe aftershock sequences as well as sequences of main events followed by aftershocks, respectively.
agliente (1973) proposed a two-state

Markov-chain for earthquake occurrence in specific time interval. Lomnitz-Adler (1983) used a simulation
‘Markov model to give a simplified representation of the spatial distribution of earthquakes on adjacent
ults. In such formulation the energy or stress levels constitute the states of the process. Steps from one state to
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another 1mplv the occurrence of earthquake‘s and are dcscnbed by the transition probabilities (Anagnos an
JKiremidjian, 1988). 4
[Fi The time span covered in the present study is 1899-1992. For this purpose a catalogue of events
! Structedetaking.into.account the easthquakes lisied in.the catalogues of: a)Gutenberg and Richter (
1" Rothe (1969) and ¢) thé ISC bJ._l___E_i'_:tiqs’from 1964 up to [992. This catalogue is improved considering the magnitu
= piven by-Pacheco and Sykes (1992)."The present stidyis restricted to strong (M=>6.5) and shallow (h>60 ki
b earthguakes. Often such earthquakes are responsible for heavy damages and casualties.
[n the presént study a methodologiedl’ propasal is made in @rder to observe the spatial distribution of th
earthquakes in south America, searching in this way for a pattern for shocks recurrence. The pattern can easil
- rcvealec'l_ following the transition prababilities obtained through the Markov process.
2. METHOD APPLIED

Markov models are useful in describing a unique type of dependence in a sequence of events. For thes
models a state space E={1,2.3,.. N} is defined such that the state may corresponds to various quantities. Thi
process {X(t). t>0} describes the visits to these states which is the Markov-chains process. Anything can b
considered as a state in the Markov model, i.e. stress or energy release levels or magnitudes of earthquakes,
In the present work as states are defined the seismic zones in which the investigated area is divided, follo
modified version of Papadimitriou (1993) zonation, and is coincided with the zones defined by Galanis (2001),
The zones which are considered are six. So we have 6 states. {

Let pij be the probability that Markov process, which entered state i on its last transition, will enter state j o
the nest transition and is computed by the maximum likelihood estimators. The transition probabilities which
completely determine the Markov process must satisfy the following properties:

p; 20 i=123..N i=123,..N (1)
N

and E By =i
=

where N is the total number of states in a system.
Whenever the process enters a state i the likelihood that it will go to state j in the next step is determ
by the transition probability pij, which can be estimated by:

Py =— (3)

where nij is the observed number of the transitions from state i to state j and nl is the observed number of
transitions from state i to all possible states.

The frequency of visits in every state and the transition probabilities between the states can be expre

through the transition probability matrix. A frame work of a transition matrix (2x@) is prescnted below:

state 1 state 2 row total
state 1 n, n, n,
pl] pl!
state 2 n, n,, n,
p‘l pl.‘

In this matrix, the frequency of transitions in every state and the transition probabilities between the
arc demonstrated. Symbols n ....n, denotes frequency of visits in every state, while p ,....p,, are the ¢
sponding transition probabilities of visits from state i to state j and n and n, represent the total number of
In every row.
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PLICATION OF THE MODEL: A PATTERN FOR THE SPATIAL DISTRIBUTION OF THE EARTH-

"-'fF:e area of south America is one of the most seismically active regions of the world. It is bounded between
e lalitudes 47°5 -t and langitudes 850-650W. The spatial distribution of earthquakes in the examined area and
number of each zone (state) is depicted in Figure (1). The whole are has experienced severe and catastrophic
Garihquakes (M27 8).Six of them (with M>7.8) occurred in the present century. Temporally they occurred in
06 with M-8.0;0m 1922 with M=8.1, in 1942 with M-8,0 and the largest of the present century in 1960 with
U=8.5, two'events equal to 7.8 occurred in 1906 and 1985. The places (zones-states) of their occurrence are
glustrated in Figure (2).

3;' 4 The assumption madelss that, if every one of the examined zon€sis considered to be a state in the Markov-
ess, then every shock which occurs.in each one of them will be characterized by the number of the zone.
Then we can check the spatial occurrence of strong earthquakes in a quantitative way because the visits {(which
are considered as occurrence of earthquakes) from on state to another can be expressed through the transition
probabilities. The frequency of visits in every zone and the transition probabilities are presented in Table (1).

Table 1. Frequency of visits (earthquake occurrence) and the transition probabilities (in parenthesis) of strong
earthquakes (M26.5) occurrence in the zones of south America. The probability estimators are multiplied by 100.

1 2 3 4 5 6 row total
1(7.1) 17.1) 2(14.3) 4(28.6) 4(28.6) 2(14.3) 14
1(10.0) 1(10.0) 1(10.0) 3(30.0) 3(30.0) 1(10.0) 10
4(22.2) 1(5.5) 3(16.7) 3(16.7) 3(16.7) 4(222 18
3(15.0) 3(15.0) 7(35.0) 2(10.0) 2(10.0) 315.0) 20
2(12.5) 3(18.8) 4(25.0) 3(18.8) 4(25.0) 16
3(16.7) 4(22.2) 2(11.1) 211.1) {11.1) 5(27.8) 18

A careful look in Table (1) shows that zones 1,2,3 have high transition probabilities for a north-south migra-
tion of earthquakes with M26.5. This is in accordance to Kelleher’s (1972) observations, who suggested a north-
south migration in the same area. On the other hand zones 4,5,6 demonstrate a tendency for a south-north
migration. More clear observations are illustrated when we consider only large (M27.0) earthquakes. In Ta-
ble(2) we tabulated the frequency of visits, as well as the transition probabilities in every zone.

Table 2. Frequency of visits (earthquake occurrence) and the transition probabilities (in parenthesis) of large
earthquakes (M27.0) occurrence in the zones of south America. The probability estimators are multiplied by 100,

1 2 3 4 5 6 row total
1 1(20.0) 2(40.0) 1(20.0) 1(20.0) 5
2 1(16.7) 2(33.3) 3(50.0) 6
3 1(12.5) 1(12.5) 2(25.0) 1(12.5) 3(37.5) 8
4 1(7.1) 2(14.3) 4(28.6) 2(14.3) 2(14.3) 3(21.4) 14
5 2(25.0) 3(37.5) 2(25.0) 1(12.5) 8
6 3(23.1) 4(30.7) 1(7.7) (7.7) 2(15.4) 2(15.4) 13

We can conclude from Table (2) that zone 1 (state 1) is most likely to move into zone 4, while zone 2 shows

a preference to visit zone 5. High transition probabilities are observed of the order of 40.0% and 50.0%, respec-

tively. High (37.5%) transition probability is shown when zone 3 moved to zone 6. Also probabilities less than

40% but still higher than others in the row are observed for the zones 4, 5 and 6. A transition probability (28.6%),

which is distinguished from the other ones, is demonstrated when zone 4 visits zone 3. Steps of zone 5 to zone 4

and of zone 6 to zone 2 are observed with high transition probabilities, which are 37.5% and 30.7%, respectively.

It is important that one and only one distinguish transition probability value corresponds to a particular visit, for
earthquakes with M=7.0.

We remind that, we seck for a pattern of spatial distribution of large (M=7.0) and very large (M27.8) earth-

~ quakes in the area. The number of shocks having magnitudes M=7.8 is very limited for a Markov process modeling.

However, we can assume that hggiars BBAGOHRAYOESpaaTok]y Thvue ThuNoyide aaery@id and for the largest
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events (Mz7.8) as well. “We also observed ' that the total number of the steps (visits) in Table (2) is not larg
emough, 54 trapsitions are countéd, J
. =" For these réasons the Morite Carlo Simulation technique is applied. The essence of the Monte C
“ proach is; very %!ralghlfomard Since the seismic source model deseribes as completely as possible, both
and I.gn']pa(}mllﬁ the way, in.which earthquakes dccur ina region, it is a fairly straightforward matter to u
model 10 gencraté synthetic i, random Markov'sichains. trajectory, using the matrix of probabilities whi
have hi¢ge obtained as an estimate from the real data. Although this is not a new method, it is very useful in
! where the numberiof theidata are poor. /A samplewith length of 10000 trials (the trial includes 54 time st
LG]‘I‘\}ldpl‘ed f::-( oblammg the synthetic transition matrix of the Markov model for the 54 earthquakes tab
with magnitudes M=7.0;
Tabie(3) is asynthetic matrixWhith presents the estimations through Monte Carlo realizations of the
chain. This is the mean matrix of transition probabilities for 10000 trials. Every cell in this matrix con
reliable estimates of the probability of transition.

Table 3. A synthetic matrix (10000 steps) of transition probabilities for occurrence of earthquakes with M27.0 in
the zones of south America. The probability estimators are presented.

1 2 3 4 5 6
1 0.1993 0.3992 0.2045 0.1970
2 0.1407 0.3389 0.5204
3 0.1277 0.1154 (0.2497 0.1249 0.3824
4 0.0723 0.1441 0.2893 0.1334 0.1441 0.2166
S 0.2589 0.3834 0.2303 0.1273
6 0.2330 0.3164 0.0755 0.0776 (.1556 0.1419

The synthetic outputs from Table (3) is in very good agreement with the obtained results from Table (2).
indicated that the transition probabilities adopted for large earthquakes with magnitude M=7.0 are valid and there
is no dependence on the number of the steps, given that small number of steps are revealed in Table (2).

Now taking into account the transition probabilities of Table (2) and the occurrence of very large sho
with M27.8 (Fig. 2) in the six zones some interesting results can be derived. An earthquake with M=8.0 oci
in 1906 in zone 5 (state 5, 3308-720W). According to Tables (2) the highest transition probability of 37.
indicates a step towards zone 4 {state 4). The next earthquakes occurred in 1922 in zone 4 (state 4, 28,
71.50W) and it is in accord to the probability of transition which appeared in Table (2). Visit from zone 4 (sta
4) to zone 3 (state 3) shows transition probability of 28.6%, and this comes true with the earthquake of M=8
followed in 1942 in zone 3 (state 3, 14.508-74.80W). We believe that, at this time, the pattern stopped
northwards. Both picks of high probability 37.5% and 25.0% (Table 2) in the row, indicated a southwa
migration. Zone 3 (state 3) is most likely 1o move in zone 6 (state 6), with transitions probability of 37.
where the earthquake of 1960 with M=8.5 (38.108-73.30W) occurred. According to the transition probability
30.7% derived from Table (2 ) we expected the next earthquake occurrence in zone 2 (state 2), where in 1966 an
earthquake with magnitude M=7.8 (10.908-78.80W) occurred, The trend of the pattern for northwards continu-
ation is again terminated. From zone 2 (state 2) there are high probability 50.0% (Table 2) for visiting zone_
(state 5). We believe that the pattern for a south-north migratinn of earthquakes occurrence began again
the genesis of carthquake in 1985 with M=7.8 in zone 5 (state 5, 33.105-71.90W) which is in accord to the
obtained transition probability. Also Comte et. al. (1986) estimated the associated rupture lengths of older
events and concluded that the nearly constant repeat time for this zonc is 83+ 7 years. Since the earthquake et
1906 the years (79) that passed for the generation of the earthquake of 1985 are into the interval of the r
time given by the last referred authors.

A test is made in order to check the validity of the results, The Markov process is applied in the data
covered the period 1961-1992; these are the events which occurred after the 1960 earthquake in zone 6. The {
set includes events with magnitude M=26.5. There is a transition probability of 66.7% that zone 6 will move
zone 2. Then zone 2 with a transition probability of 50.0% steps towards zone 5. These agree with the patten
estimated for the whole time period, as well. 3
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Fig. 1. Spatial distribution of the epicenters of the earthquakes used in the present study. The division of the
examined area into six zZones (states) is also depicted

4, RESULTS AND CONCLUSIONS

A methodological proposal is presented in order to search for a spatial pattern of the earthquakes occur-
rence in South America. The Markov process is applied for this purpose and we define as states the six predeter-
mined zones in which South America is divided. The assumption is that if every one of these zones is a state in
the Markov process, then every shock which occurs in each one of them will be characterized by the number of
the zone. The found pattern suggests a migration of the large (M27.0) earth%uakcs in a south-north direction.

Because the number of the vis i?.sgpﬁfgp'; Eq%;"%’h"ﬁﬁ?‘fﬂﬁgg%m{EEj’“A?@rﬂHé Ymﬁg"(ﬂiese large earthquake
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Fig. 2. Sketch of the pattern found for the large earthquakes in south America. Solid arrows illustrate the south-
north direction of the pattern, while the dashed arrows show the restarting zone of the pattern. The years in which
the large earthquakes occurred are depicted in the corresponding zones.

magnitudes, the efficient Monte Carlo technique is adopted, in order to check the validity of the obtained re-
sults. A set of synthetic trials is applied, consisting of 10000 steps, respectively. Comparisons between the real
and the synthetic outputs manifested that the obtained transition probabilities are valid and the pattern holds

for earthquakes with ME';‘LQH %ﬁ%‘)ﬂ&érﬁ&f“éﬁd’&lsd%%“@ ?ﬁﬁiﬂ’?’%ﬂh‘&%ﬁg‘.h&ﬂ?@?”a“““s made for the six

earthquakes with M>7.8 which occurred in the whole area during the present century. The last of these earth-
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-. m::u;nd in 1985 (M 7.8} in zone 3 (state 5) and according the pattern there is a probability that the
tho k with MZ?S de ogcur m zone: 4 (sxau. 4) where the eanhquake of 1922 w:lh M 8.1 gcncrated

conade;red an area of relatively high seismic risk. The conditional probabilities for this region, assum-
or 104 years for the Fecurrence of the. carthquaka of 1922, was found to be ranged between 21%-24%

rehab!c estimate of the displacement, while the correspondmg repeat times range from 74 to 135 years for an
e erage of 104 years According t6 the bulltins of WSGS/NEIC an earthquake of MW=8.0 occurred in this
fone (23. 3doS- 70 290W, focal depth 45 km) on July 30, 1995. As it was referred three people were killed and 630
fiomeless. The temporal difference from the event of 1922 is 74.years which is the lowest value of repeat time
Jnterval which is suggested by Nishenko (1985). This could be.¢onsidered as good test for the pattern’s existence

}it is obvious that the pattern "works”, because the transition probability of Table (2) which 1s 37.5%, sug-
gested for a move from zone 5 to zone 4. The expected place in which the next earthquake (M=7.8) will oceur is
probably zone 3. Kelleher (1972} defined in this zone, a gap south of Lima (about 12.5°-14.5° §) which
should be considered a region of relatively high earthquake risk, emphasized that no time estimate can be made
{or the occurrence of future major earthquake. Based on the first successful "work" of the defined pattern and in
accordance with it we conclude that there is a reliable probability that the next earthquake with M=27.8 will
probably strike zone 3. The estimated transition probability (28.6%) derived from the Table (2) strongly sup-
this conclusion. In view of the public importance of this statement it should be mentioned that, of course,
is estimate ignores the time parameter, which is needed for a most reliable earthquake prediction.
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