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Block model of sarthquake ssquencs

A.M.Gdabrielov, T.A.Levshina, I.M. Rotvain

Introduction. Mathematical models of lithosphere dynamics are
tools for the study of the sarthquake preparation process and are
especially useful in earthquake prediction studies. Availabls
data often do not constrain the statistical significance of pre-
monitory patterns determinsd empirically befors a few large ev-
ants. An adequate model should indicate ths physical basis of
such premonitory patterns, and suggest new premonitory patterns
inat might exist in real catalogs.

We dsscribe here a model that produces an artificial catalog
of seismicity. The propertlies of this catalog can be comparsed
with and contrasted to the properties of real seismicity catalogs.
By this means it is possible to determine wnich properties of an
sarthquake sequence ¢an be derived from simple assumptions about
the processes that occur in the lithosphere. we consider both the
instability of the process and the possibility that strong eartih-
quaKkes might be predicted.

Earihquake sequences in real catalcgs have some general proper-
ties that appear in spite of different geological structure and le-
vel of seismicity in differing seismic regions. The sequence of
earthquakes is apparently stationary: no noticeable trend has been
discerned in the level of seismicity during the 100 or $0 years of
detalled studies of world wide seismicity. There i3 a considerable

stochastic component in the earthquake sequence; the sequence of
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main shooKs, sarthquakes that remain in a catalog after aftershocks
are excluded, is close to Poissonian. On this statlionary stochastic
background different regular patterns appear. The best Kknown of them
is linear frequency of occurrence law. Ancther type of regular be-
havior is migration of sarthquake epicenters along geologicail struc-
turea.

Earthquakes often appear in clusters. One common clustering
pattern is a main shock followed by & series of its aftershocks
characterized by Omori’s law. The aftershocks can also produce their
own aftershocKk series with the same properties. Foreshock activity
18 not 80 clearly expreased as aftersnock sequences since the num-
ber of foreshocks of stirong earthquakes 1s usually small or zero
while aftershock series of such earthquakes can contain hundreds of
events., Finally, there are "swarms" or series of sarthquakes that
are impossible to divide into main shocH, foreshocks and aftershocks
pecause they have similar magnitudes.

The seismic cycle implies characteristic time intervals bet-
ween the stirongest esarthquakes in a given selsmic¢ region and dif-
ferent characteristics of seismicity in the periods before a strong
earthquake, after a strong sarthquake, and in the period betiween
consecutive strong earthquakes. This is not a cycle in usual sense
of this word silnce the periocds between the strongest earthquakes are
not qqull and can deviate considerably from the average characteris-
tic period. Changes of characteristics of seismicity during seismic
cycle are unclear and can probably only define the time of a forth-
coming strong earthquake within 20-80 years. For more accurats pre-
diction of strong eartnquakes different types of premonitory selsmi-
city patterns, such as abnormal clustering, activation-quisscence,

strong variation of seismic activity in time, have been found,
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Although thers is no adequate theory of the ssiamo-tectonic
process, different propertiies of the lithosphere, such as spatlal
heterogeneity. hierarchical block structure, different types of
nonl inear rheclogy, eravitational and thermodynamic processes, physi-
co-chemical and phase transitions, fluid migration and stiress cor-
rosion are probably relavant to ihese properiies of seismicity. The
quatitative stability of the properties of earthquake sequences
in different seismic regions suggests that the 1ithosphere can be
modelled as & large dissipative system that does not essentially
depend on the particular details of the specific processes active
in a geclogic system.

Dissipative nonlinesr systems appear in many scientific and
engineering problems (1], and have common general properties. They
are usually unstable so that small variations in initisl data or
slight external disturbances cause considerable changes in behavior
of the system after a finite period. This instability leads to ap-
parently stochastic behavior of comparatively simple deterministic
systems, and makes it practically impossible, using the information
on the current state of the system, to0 predict its state afier some
characteristic time period. This stochastic character of & nonlinear
system does not exclude the possibility of prediction but defines
an upper limit for valid prediction. For small times the system
Keeps information on its initial state whereas for larger paricds
the information is lost and behavior bacomes unpredictable.

These systems display different types of self-organization
that arise in the process of evolution of the system The impor-
tant characteristic of self-organization is an atiractor of the
system. If all the phase space trajectorieés of the system sven-

tually move closer to a subset of the phase space we call this

' subset an attractor. An attractor could be a complicntod struc-
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ture such as a Eantor set but inx dumanaianaity s weuully Taws
+han that of the full phase space. This often permits adequate
description of multi- or infinite-dimensional systems by & com-
paratively small number of pPArameters. Unfortunately, we do not
have szplicit constitutive equations for the lithosphers as & non-
linear system, the characteristic regularities of earihquake sequen-
cos are different from standard patterns of dynamical aystems (1],
and we do not even Know what Kind of nonlinear system the lithos-
phere might be. Nevertheless, the artificial catalog produced bY

the model displays many of the known properties of earthquake sequen-
ces, including premenitory seismicity patterns, as well as some ty-
pical features of dissipative nonlinear sYstems.

The model exploits the hierarchical plock structure of the
1ithosphere{s]. Blocks of the lithosphere are connected by compara-
tively thin, weak, less consolidated boundary layers, such as tran-
sition zones, lineaments, tectonic faults. In the seismo-tectonlc
process major deformation and most earthquakes occur 1n such boun-
dary layers. The boundary layers themseives have blocK structure
and can be considered as systems of blocks of lesser scale.

In the model a seismically active region is represented as a
system of absolutely rigid plocks divided by infinitely thin boun-
dary layers. Relative displacement of all blocks is supposed to be
sinfinitely small relative to their geometric size. The system of
plocks moves &% & conssquencs of prescribed motion of boundary blocks.
A3 the blocks are rigid, all deformation takes place in the boundary
layers. The corresponding stresses depend on the value of relative
displacement of blocks. This dependence 1s assumed to be linear elas-

tic until strength thresholds are excesded. At that point this boun-




dary layer breaks, straas drops, and thess breaks ars oconsidersd as
earthquakes.

The pressnce of different time scales 15 an essential property
of the modesl. Tne boundary blocks move with a constant rate in "siow”,
or tectonic time. The slowness of this time means that the whole sys-
tem of Dlocks should be in & quasistatic equilibrium state in which
the sum of all the forces and moments acting on each block i3 zero.

After a break the system of blocks moves to a new squilibrium state

in “fast® time, while the position of the boundary blocks is unchanged.

puring this motion some other boundary layers can be broken. When the
system reaches a new equilibrium state elastic interaction and
;trencth are restorsd and slow time resumes. This healing 1s ne-
Cessary to snsure the process is stationary.

An lmportant assumption is contained in the statement that boun-
aary blocks move at a constant rate and that earthquakes occur under
essentlially constant displacement boundary ¢onditions. The model
assumes that the stresses that drive plates do not directly affect
seismotectonic zones but that rather the seismo-tectonic zones are
controled by the constant motion generated by these plate driving
stresses. If we were to drop this assumption and treat the model
as having constant stress boundary conditions earthquake ruptures
in the model would never reach equilibrium

A3 slow time evolves an artificial cataleog of earthquakes 1s
generated. Bach svent 1s characterized by its time of occurrence,
source or the pattern of breaks, and magnitude defined as the lo-
garithm of the energy released by the system of blocks betwesn the
old and the new equilibrium states.

Dascription of the model. The selsmically active medium 13 rep-

resentad Iin the modsl by a system of rigid, two-dimensional poly-
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gonal blocka whoss position is determined by the position of a point
1n the block and rotation angle about this point (X, ¥, #). All rels-
tive displacements of the Dlocks are supposed Lo be infinitely small
in comparison tc their geometric size. The blocks are connectsd by
infinitely thin and linear eslastic boundary layers.

The elastic interactlion 1s defined as follows. If z is common
to two blocKs, and 8z 1is the vector of relative displacement of
these blocks at the point z, we define bz; and ¥z, &s tangent and
normal component of &z. Positive 3z; corresponds to the right shear,
a negative slgn corresponds to the left shear. Fesitive 3z, correspond
s to sxtension, a negative sign corresponds tc compression. Tangent
and normal stresses J, and op At the point z are defined as

Oy = Ky 8z¢, Op = K BZp. (1)

K¢ and K, are shear and compressional elastic constants of the
boundary layer. All the boundary layers are divided into small seg-
ments and stresses are calculated only at the centers of asuch seg-
ments.

The system of Dlocks moves according to the prescribed motion of
boundary blocks. This motlon is supposed to be slow, 8o that at each
moment the system of blocks is In quasistatic equilibrium stats. This
means that sum of all forces and moments acting on each Dblock is zero.
Here the force F; acting on i-th block is the integral of stress over
the boundary of this Dlock, and moment M; is the integral of the mo-
ments of the stresses. Since the ralative displacements of all the
plocks are infinitely amall the equllibriwn equations

Fy = Oand H; =0 )
are linear in %3, Y3, and ¢;. Thiz results in 34 linear oquitionl

for 3N variables, where H 13 the number of Dblocks.
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The slastic esnsrgy of the aystem of blocks is the integral of
AaE : (8z4 Oy ¢ 8Zp Op)/E
over all the boundariss. The energy E is quadratic in X, Y. and
v). It 13 positive definite 1f there is at least one boundary block
and the system of blocks is connected. The solution of (2) coincides
with minimum of energy BE. So the system (2) is not degenerate.

The formulas (1) for elastic interaction are vaiid only when
stresses are bealow certain strength thresholds op = C and
|ot| T =A un + B, The first corresponds to tensile strength ;nd
the second corresponds to "dry friction", or the Byerles law ta21.

I1f one of the thresholds 13 exceeded, a break occurs and stresa
arops.

Three possible types of failure, tension fracture, right shaar,
and left shear, are possible in the model. A tension fracture ap-
pears 1f o, > O at the moment of the break. After this op = © and
oy = 0. A right (left) shear fallure appears 1if op § O, and o4 > O
{0y < O) at the moment of the break. After this op = Kp 8zn is de-
f#ined in the same way as for elastic interaction, and o4 * -4 Op
{0y = & on) i3 defined according to a dynamic friction law, O {1 & § A.

This change of the stresses implles & change of the equilibrium
state which can bs computed on the assumption that no other failures
occur. We assume mt this point that the system of blocks starts
moving towards this new squilibrium state in "fast” time. This means
that the position of the boundary blocks does noti change during this
_ motion. During this motion it is possible that strength thresholds
may be exceeded slsewhere. Once this occurs & new equilibrium state
1s computed and the motion continues in a new dirsction towards a
this equilibrium state until the system of blocks sither stabilizes

or another faillure reorients the fast timew evelution of the system
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Once the system stabilizes elastic interaction is restored with shear
211p value A takKen into account by the stiress values
Oy = Epl82y -~ &)y Op = Ep bzp. ")

The value of A 13 defined by ihe requirement that the atressos

do not change in the process of hesling:
o = Ky (b2Zy = &) = & Op.

Correspondingly, expression for elastic energy should be re-

written as
dE = {(8Zy - A) Oy * 8Zp Op)/2.

A tension fracture heals only when the normal component of re-
lative displacement equals O in the process of motion. The value
A of shear slip is defined in this case by

Oy = Ko (b2 - A} = O
at the moment of healing. After the healinsg the system of Dlocks
continues to move in "slow* time, until the next break.

This process of transition of the system of blocks from one
equilibrium state to another is considered an earthquake in our
mode). An esrthquake is characterized by its time moment in "slow®
time, its source composed of all the broken boundaries, the first
of which is the epicentsr, and the elastic energy released by the
system of blocks. The sequence of earthgquskes produced by the mo-
del forms an artificial catalog.

Results of calculmtions. A 3-layer system of 24 blocks including
& boundary blocks (Fig. ia} was taken for the calculations. The boun-
daries were divided intoc edges of the length 0. 2%, so0 for & typical
plock 1ts horizontal boundary was divided into 8 edges, and its ver-
tical Doundary was divided into 4 edges. Parameters of the model

defining interaction and faliure conditions were taken the same for
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all the sdges:

Ky = 0.8, K = L., Az 0,6, B:0.8 C€: 08, az O

The upper and lower boundary blocks are moving Ln opposite di-
rections, as it is shown by arrows on Fig. 1a, with constant rate
vt 1.5, and the right and left boundary blocks are rotating with
constant rate -1.0, in agreement with the motion of the first iwo
boundary blocks. All the bouﬂdarr Dlocks are initially ahifted
towards the center of the picture to create hydrostatic pressure.
The value of this shift is 6.0, Initial values of inelastic sllp
A are taken to be O for all edges. Its energy-frequancy relation
{Fig. 2a) is close to linear for the values of energy relesase between
0.25 and 25. Decay of the graph below theses valued 15 connacted with
minimal possible size of fracture, and dscay above these values
is connected with the silze of the system BSeveral regular patterns
can be found 1n the aystem, such as quiesacence, foreshocks, mig-
ration of epicenters. There are practically no afterashocks in the
catalog. It could be expected, as the model has ne time delay mecha-
nism that may produce aftershock activity. A bigger S-layer model of
54 Dlocks (Fig. ib) wiih the same parameters &3 the 3¥-layer model
put vi2. 8 was alao considered. The earthquake sequences in both mo-
dels appear to have similar properties. For example, energy-fraquency
relation for the S-layer model (Fig.2b) is similar to that for the
3-layer model.

Instability. Dependence ¢n initial data was studled for the

3-layer model in the following way. First, a segment of an arti-
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ficial catalog was calculated for the period of time T between O
and 100 to exclude influence of zero initial data for T:=0. After
this the value of inelastic slip A for one of the edges was chang-
ed 1nto A+e, where t varied from 0.1 to 10-%, and calculation con-
tinued. Fig. Y presents plots of the total energy of the system

of blocks as a function of time for ¢:zC. 04 and for undisturbed va-
riant. The two plots ars practically the same for T < Tgp 85 25, then
they begin to diverga, and finally the two catalogs are absolutely
different. The same behaviour was found fcr othsr variants, Tep va-
rying from 1% to 150. This behaviour is typical for unstable non-
linear systems, and imposes & theoretical restriction on the pos-
3ibility of prediction for the time intervals larger than these
characteristic values of Top.

Premonitory patterns. Algorithm CE for intermediate-term pre-
diction of strong earthquakes [6) has been applied to the arti-
ficial catalog generated dy the model. This algorithm uses para-
meters of seismic regime that were found empirically for the
California catalog for prediction of strong earthquakes with
H ! 6.4 . It was then successfully applied in other regions [7].

Paramaters of seismicity are presented as function of time,
defined on a sequence of main shocks in the region within a slid-
ing time window.

Level of selismic activity
H - number of main ahocKs with the magnitude above some threshold
T - the total energy of main shocks
G - the ratio of numbers of main shocks in two magnitude range

Seismic queiscence

q - "deficlency" of the selsmic activity
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Variation of seismicity
¥ - Difference between numbers of Main shocks at two successive
tims-intervals
Spatial concentration
Smax - the average area of fractures at foci
Zmax - the ratic of the average radius of fractures at foci to the
average distancs between them
Clustering in time and space
Punax - Mazrimal number of aftershocks
Scme combinations of these functions for the time periocds before
strong erthquake - periods D and the periods of time far from strong
srthquake - periods N had been found in (8] for California and Reva-
da catalogs. These combinations are called atirjibutes D and H resapec-
tively.

"To apply algorithm CHN to the artificial catalogs we have to
transfer conventional units of energy release and time into mag-
nitude and time that correspond to a real cathlog. To do this,
magnitude is defined as

M zalog(4B) + v,
where AE 1is elastic energy release, and the coefficjents o = -1
end ¥y z 5 are chosen s¢o that the slope of the mnlnltude-froquenéy
distribution is c¢lose to I, and the gap in this distribution 1is
at M : 6.3, the same as in Californis catalog. Time scale 2
(one unit of time in artificial catalog corresponds to 2 years)
18 chosen 80 that earthquakes with M 1! 6. 4 appeéar, on the

average, once in 7 years, as it is in California.
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Algorithm CM. Time of Increased Probability (TIF) of appearance

of strong erthquake is announced in the region at the moment t 1f:

1.4(t) s nyg - np I

2.0(t) ¢+ 2.
Here n; and np are numbers of attridbutes D and R, o(t) estimates
the total fracture arsa for three preceding years, The Tip lasts
a year.The TIP may be cancelled: either if a strong earthquake with
M ) Mg (o(t) 1 E) occurred, or swarm of earthquakes with total
energy more then I occured (this swarm may include the esarthquakes
with H | Mgy). Consecutive TIFs may overlap and prelong each other.
if no strong earthquake occured during the TIF it 1s called a false
alarm; strong sarthquake which was not preceded by a TIP is & failure
to predict, The total duration of TIPs ia called alarm time .

To apply this algorithm to the artificial catalogs, genersted dy
S-layer and S-layer model, we have to exciude all attributes con-
taining the functicn Bpay, because the artificial cataloeg does not
include aftershocks. All the rest parameters were not changed.

First we studied initial 52 years of the artificial catalos,
generated by 3-layer model, the same quration as in California te).

The values A(t),o(t) were computed for the discrete moments
of time with ¢ months step. The thresholds § = 3, F = 2.8 are cho~-
séen to get best results of prediction. After this we have applied
this rule to examine the rest 668 years of the artificial cataloes.

Tne same ruls for TIF has been applied then to the artificial

catalog, generated by S-layesr model,




Results of TIP diagnostics. Result of prediction for two arti-
f#icial catalogs are shown in Table i1 (the first line of the table
corresponds to the three layer model, the second one corresponds to
five layer model). TIPs cover 30Z of total time and precede 47 of
strong erthquakes.

It 13 rather difficult to sstimate the significance of pre-
diction, because the alarm perlods depend on the moments of strong
sarthquakes due to the conditicn (2) in the definition of algorithm
CH.

Table 1

Results of TIP diagnostics for artificial catalogs.

Number of atrong
Time interval Duration of TIP
earthquakes

N for diagnos-

tics(in yearj)|total |inside years 4

TiP

H T20 92 43 218, 2 .7
2 720 89 42 2o2. 8 29. 8

The resulis of prediction for the artificial catalogs have
been compared with the results of the retrospective prediction
for real catalcgs in several regicns [6,7,8). For this purpose the
artificial catalogs have been divided into time intervals compat~
ible with duration of the real catalogs. The results are presen-
ted 1n Table 2. Quality of prediction for real and artificial ca-
talogs 13 almost the same. The smaller number of fallures-to-pre-
dict in the real catalogs can be explained by the difference in
adjusting parameters of the algorithm for these two cases. In the

real catalogs discretisation thresholds, magnitude Hy of strong
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sarthquakes and lavel E of energy releass were redefined for
aach region. In the artificlial catalogs these paramsters werse
found for the initial 52 year period and fixed for the other seg-
ments of the cataloga. It is possible that the number of failures
t¢ predict in the real catalogs will increase when we shall start
forward prediction.

The results of prediction of strong sarthquakes in the arti-
ficial catalogs using CR algorithm suggest that our model reflecis
some reaal regularities of the earthquakes preparation process.
This result is also important for verification of the CN algorithm
itaelf: for the first time it was applied here to & catalog long
snough to allow statisticsl verification of the results of predic-
tion.

The authors thank G. M. Molchan for uaeful comments and discus-

sions.
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Table 2

Results of prediction for artificial catalog and real

catalogs of seismic regions of USSR.

artificial catalog real catalogs -

number of number of|alarm fnumber of number oflalarm

earthquakes|successes|time /jearthquakes|successes time 7
5 3 2% L 3 23
5 2 36 & 11
8 3 21 1 1 16
] 3 32 3 2 17
8 3 27 3 2 L
& 1 39 2 2 26
s 1 34 4 L) 36
5 2 20 3 4 51
9 S 19 ¢ 8 51
L] 3 40 2 - 19
S 2 as -4 3 18
T L) 40 3 3 4]
L) L] 32 -] L 27
-] & 27 9 9 49
T 3 21
ki 1 i8

1.

X,

8.
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Fig. 1 System of Dlocks a) 3-layer model, b) S-layer model
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