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THE MARKOV MODEL AS A PATTERN
FOR EARTHQUAKES RECURRENCE IN SOUTH AMERICA
T.M. TSAPANOS'

ABSTRACT

The well known stochastic model of the Markov chains is applied in south America, in order to search for
pattern of great earthquakes recurrence. The model defines a process in which successive state occupancies are
governed by the transition probabilities pij, of the Markov process and are presented as a transition matrix say P,
which has NxN dimensions. We considered as states in the present study the predefined seismic zones of south
America. Thus the visits from zone to zone, which is from state to state, carry with them the number of the zone
in which they occurred. If these visits are considered to be earthquake occurrences we can inspect their migra-
tion between the zones (states) and estimate their genesis in a statistical way, through the transition probabili-
ties. Attention is given in zones where very large earthquakes with Ms>7.8 have occurred. A pattern is revealed
which is suggested migration of these large shocks from south towards north. The use of Monte Carlo simulation
verify the defined pattern.

ZYNOWH

To otoyaotxd poviého twv Mapxoflavdv alvcidwv eQaouéoTre 0T VOTLO. AREQLXY] HE OROTO TNV
drepevivnon VraEng mbavol poviéhou yia Ty yéveon peydhwv oswopdv. To poviého Markov xaBopiter wa
drodueaoio Grov ot SLodoYIrES RATOMPELS TV RATAOTAOEWY E0QTAVTOL atd TLg BVt TES HETAPaong pij,
oV Magxofawvot poveéhov xou taovotdtovron ooy mivaxes petdfaong, m.x. P, ov omoiot €xovv NyN dwaotdoeis.
v nagovoa EQYasic OEWEOUNE OOV RATACTACELS TG TEORADOQLOUEVES OELORES CAVES TNG VOTLOG APEQLRYG.
Etou ou petofdoeis and Ladvn og Lavn, Oh. and ratdotaon oe ®atdotoon, HETAPEQEL TOV aELBus g Tovng
and ) omoia mponABe. Av Beworiooupe aUTég Tig UETAPATELS CaV YEVEDY OELOUOT UITOQOUNE EUXOAQ V.
TOQAKOAOVOOOVUE TNV HETAVACTEVONTWV OELOUMY HETOED TWV TWVEHV Raw VO EXTIUIICOVPE TNV TBavITHTO TNG
yévearis tovg péom twv mbavorjtwv petdfaons. Idwaitepn mpocoxy d6Onxe ot Ldveg Grmov €xouvv oupPel
ueyahotr oswopoi pe péyebog Mo27.8. Bpébnue dtu oL oglopoi avtoi ovpfaivouv axorovddviag va xwowrd
novtéro, SnA. Eextvoiv amd Tov viTo pe rotetBuvon to Boped. Télog xenotpomouiBnxe n néBodog mpocopoiwong
Monte Carlo yia va yiver 1 arodoyii Tou povtélov autoy.
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1. INTRODUCTION AND DATA USED

The most common model for earthquake occurrence is the Poisson one which assumes spatial and temporal
independence of all earthquakes including great events. For example the occurrence of one earthquake does not
affect 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
various applications. The Markov process has a basic property which is the memory of one-step. According to
this property the probability of being in some state j at a future time is deduced from the knowledge of the state
i at an earlier time t and is-independent of the history of the process up to time t (Anagnos and Kiremidjian,
1988). Vere-Jones (1966) and Knopoff (1971) applied the continuous-time and continuous-state Markov proc-
ess to describe aftershock sequences as well as sequences of main events followed by aftershocks, respectively.
Vagliente (1973) proposed a two-state

Markov-chain for earthquake occurrence in specific time interval. Lomnitz-Adler (1983) used a simulation
of Markov model to give a simplified representation of the spatial distribution of earthquakes on adjacent
faults. In such formulation the energy or stress levels constitute the states of the process. Steps from one state to

1. Aristotle University of Thessaloniki, School of Geology, Geophysical Laboratory, 54006 Thessaloniki, Greece
- 1611 -



another imply the occurrence of earthquakes and are described by the transition probabilities (Anagnos and
Kiremidjian, 1988).

The time span covered in the present study is 1899-1992. For this purpose a catalogue of events was con-
structed taking into account the earthquakes listed in the catalogues of: a)Gutenberg and Richter (1954), b)
Rothe (1969) and c) the ISC bulletins from 1964 up to 1992. This catalogue is improved considering the magnitudes
given by Pacheco and Sykes (1992). The present study is restricted to strong (M=6.5) and shallow (h=60 km)
earthquakes. Often such earthquakes are responsible for heavy damages and casualties.

In the present study a methodological proposal is made in order to observe the spatial distribution of the
earthquakes in south America, searching in this way for a pattern for shocks recurrence. The pattern can easily
revealed following the transition probabilities 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 these
models a state space E={1,2,3,...,N} is defined such that the state may corresponds to various quantities. This
process {X(t), t>0} describes the visits to these states which is the Markov-chains process. Anything can be
considered as a state in the Markov model, i.e. stress or energy release levels or magnitudes of earthquakes, etc.
In the present work as states are defined the seismic zones in which the investigated area is divided, following a
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 on
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:

Pl_] 2 0 = 1,2,3,...N _’ = 132539---N (1)
N

and d.p=1 @
j=1

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 determined
by the transition probability pij, which can be estimated by:
Py = 3 3
i 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 expressed
through the transition probability matrix. A frame work of a transition matrix (2x@) is presented below:

state 1 state 2 row total
state 1 n, n, n,
p 11 plZ
state 2 n, n, n,
le pZZ

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

The area of south America is one of the most seismically active regions of the world. It is bounded between
the latitudes 47°S-0° and longitudes 850-650W. The spatial distribution of earthquakes in the examined area and
the number of each zone (state) is depicted in Figure (1). The whole are has experienced severe and catastrophic
earthquakes (M=>7.8).Six of them (with M>7.8) occurred in the present century. Temporally they occurred in
1906 with M-8.0, in 1922 with M=8.1, in 1942 with M-8.0 and the largest of the present century in 1960 with
M=8.5. two events equal to 7.8 occurred in 1906 and 1985. The places (zones-states) of their occurrence are
illustrated in Figure (2).

The assumption made is that, if every one of the examined zones is considered to be 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.
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 (M2>6.5) occurrence in the zones of south America. The probability estimators are multiplied by 100.

1 2 3 4 5 6 row total
1 1(7.1) 1(7.1) 2(14.3) 4(28.6) 4(28.6) 2(14.3) 14
2 1(10.0) 1(10.0) 1(10.0) 3(30.0) 3(30.0) 1(10.0) 10
3 4(22.2) 1(5.5) 3(16.7) 3(16.7) 3(16.7) 4(22.2) 18
4 3(15.0) 3(15.0) 7(35.0) 2(10.0) 2(10.0) 3(15.0) 20
5 2(12.5) 3(18.8) 4(25.0) 3(18.8) 4(25.0) 16
6 3(16.7) 4(22.2) 2(11.1) 2(11.1) 2(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 M>6.5. 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 (M>7.0) 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) 1(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 seek for a pattern of spatial distribution of large (M>7.0) and very large (M>7.8) 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 the conclusions derived for earthquakes with M>7.0 are valid and for the largest
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events (M>7.8) as well. We also observed that the total number of the steps (visits) in Table (2) is not large
enough, 54 transitions are counted.

For these reasons the Monte Carlo simulation technique is applied. The essence of the Monte Carlo ap-
proach is very straightforward. Since the seismic source model describes as completely as possible, both spatially
and temporally, the way in which earthquakes occur in a region, it is a fairly straightforward matter to use the
model to generate synthetic i.e. random Markov’s chains trajectory, using the matrix of probabilities which we
have here obtained as an estimate from the real data. Although this is not a new method, it is very useful in cases
where the number of the data are poor. A sample with length of 10000 trials (the trial includes 54 time steps) is
considered for obtaining the synthetic transition matrix of the Markov model for the 54 earthquakes tabulated
with magnitudes M>7.0.

Table (3) is a synthetic matrix which presents the estimations through Monte Carlo realizations of the Markov
chain. This is the mean matrix of transition probabilities for 10000 trials. Every cell in this matrix contains a
reliable estimates of the probability of transition.

Table 3. A synthetic matrix (10000 steps) of transition probabilities for occurrence of earthquakes with M>7.0 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
5] 0.2589 0.3834 0.2303 0.1273
6 0.2330 0.3164 0.0755 0.0776 0.1556 0.1419

The synthetic outputs from Table (3) is in very good agreement with the obtained results from Table (2). They
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 shocks
with M>7.8 (Fig. 2) in the six zones some interesting results can be derived. An earthquake with M=8.0 occurred
in 1906 in zone 5 (state 5, 330S-720W). According to Tables (2) the highest transition probability of 37.5%,
indicates a step towards zone 4 (state 4). The next earthquakes occurred in 1922 in zone 4 (state 4, 28.50S-
71.50W) and it is in accord to the probability of transition which appeared in Table (2). Visit from zone 4 (state
4) to zone 3 (state 3) shows transition probability of 28.6%, and this comes true with the earthquake of M=8.0
followed in 1942 in zone 3 (state 3, 14.50S-74.80W). We believe that, at this time, the pattern stopped going
northwards. Both picks of high probability 37.5% and 25.0% (Table 2) in the row, indicated a southwards
migration. Zone 3 (state 3) is most likely to move in zone 6 (state 6), with transitions probability of 37.5%,
where the earthquake of 1960 with M=8.5 (38.10S-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 (10.90S-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 5
(state 5). We believe that the pattern for a south-north migration of earthquakes occurrence began again with
the genesis of earthquake in 1985 with M=7.8 in zone 5 (state 5, 33.10S-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 zone is 83+7 years. Since the earthquake of
1906 the years (79) that passed for the generation of the earthquake of 1985 are into the interval of the repeat
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 data
set includes events with magnitude M>6.5. There is a transition probability of 66.7% that zone 6 will move to
zone 2. Then zone 2 with a transition probability of 50.0% steps towards zone 5. These agree with the pattern
estimated for the whole time period, as well.
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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 zones (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 (M=>7.0) earthquakes in a south-north direction.
Because the number of the visits (steps) between the zones (states) are small (54) for these 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 M>7.0. The obtained results are in good agreement with the observations 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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quakes occurred in 1985 (M=7.8) in zone 5 (state 5) and according the pattern there is a probability that the
next shock with M=>7.8 will occur in zone 4 (state 4) where the earthquake of 1922 with M=8.1 generated.
According Kelleher (1972) parts of this zone are probably under considerable tectonic strain, so the region
should be considered an area of relatively high seismic risk. The conditional probabilities for this region, assum-
ing a cycle of 104 years for the recurrence of the earthquake of 1922, was found to be ranged between 21%-24%
(Nishenko, 1985). The same author suggested that the event of 1922 is typical for the region and 600 to 1100 cm
is a reliable estimate of the displacement, while the corresponding repeat times range from 74 to 135 years for an
average of 104 years. According to the bulletins of USGS/NEIC an earthquake of MW=8.0 occurred in this
zone (23.340S-70.290W, focal depth 45 km) on July 30, 1995. As it was referred three people were killed and 630
homeless. The temporal difference from the event of 1922 is 74 years which is the lowest value of repeat time
interval which is suggested by Nishenko (1985). This could be considered as good test for the pattern’s existence
and it is obvious that the pattern "works", because the transition probability of Table (2) which is 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 occur is
most probably zone 3. Kelleher (1972) defined in this zone, a gap south of Lima (about 12.5°-14.5° S) which
should be considered a region of relatively high earthquake risk, emphasized that no time estimate can be made
for 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>7.8 will
probably strike zone 3. The estimated transition probability (28.6%) derived from the Table (2) strongly sup-
port this conclusion. In view of the public importance of this statement it should be mentioned that, of course,
this estimate ignores the time parameter, which is needed for a most reliable earthquake prediction.
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