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ABRSTRACT

The predictability of earthquakes in Hindukush region has been

examined based on spatio-temporal variations of seismicity patterns
and the theory of Chaos Physics. Since the spatio temporal pattern of
seismicity preceeding earthquakes do not always show a well defined
quiescence in this region, recourse taken through the application
of Chaos Physics gives the fractal dimension of the strange attractor
as 6.9. This implies the possibility of modelling earthquake system in
Hindukush region with atleast seven parameters.

INTRODUCTION

The Hindukush ranges are located in the northeast of Nanga Parbat at the
western extremity of the Himalaya. The spatial distribution of earthquake foci
in the region shows sharply defined E-W alignment about 120 km long and about
25-30 km wide and centered around 36.3°N, 70.5°E; these earthquakes normally
have intermediate focal depths. (Chatterjee and Dube, 1979).

The largest earthquake of magnitude 8.0 in the region occurred on 21 October
1907 and 7 July 1909, The epicentres form more or less a V-shaped region
(Drakopoulas and Srivastava, 1974) which are explained by considering the remnants
of the lithosphere in the Tethys Oceans. Seismicity is attributed to Herat (north
of Kabul) fauit, the Chaman fault and mountain ranges in the Pamur knot. Focal
mechanism of earthquakes in the region has shown thrust fauiting. Tension axis
was found to be nearly vertical for earthquakes of focal depth of 200 km, implying
the sinking of the lithosphere into the mantle due to its greater density. (Tandon
and Srivastava, 1975).

For Hindukush region we shall study whether spatio temporal variation of
seismicity preceding earthquakes shows any well defined seismic gap and whether
earthquake occurrence could be considered as an example of the deterministic
Chaos that many non-linear dynamical systems can exhibit.

DATA

We have considered here earthquakes bounded between latitude 36°N and

37°N and longitude 69°E and 72°E and for the period from 1964 1o 1988 after
the establishment of WWSSN stations by the US Geelogical Survey.. The hypocentres
were obtained from the Bulletins of the International Seismological Centre, UK.
The munimum magnitude of these earthquakes is determined from the spatial
distribution of stations around this region and as this distribution did not change
during the period under consideration, the mimimum magnitude remained the same
whose value was 3.5,
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SPACE TIME VARIATIDN OF SEISMICITY

A major earthquake occurs after sufficient strain energy 1s accumulated
across the faults in the region. It has generally been seen that before a major
earthquake, small earthquakes surrounding this region decrease significantly so that
sufficient energy is accumulated before it is released during the major earthquake.
In space-time diagram of earthquake occurrence of this region, this period of
quiescence s seen as a gap. Thus, during the last two decades attempts have
beer made to use space time variation of seismicity as a tool to predict a major
earthquake (Srivastava et al. 1987, Srivastava and Gautam, |987, Srivastava and
Rao, 1991). In order to investigate such space-time variations, we have considered
the main earthquakes of magnitude 6 and above. The lowest detection threshold
from the ISC for this region is magnitude #.0. The data is considered homogeneous
as explained earlier. The distances of all the earthquakes preceding the major
event were obtained and plotted against time. We have also plotted square of
this distance against time as space time variation diagram. The plotting begins
after the occurrence of an earthquake of magnitude 5.9 or above in the study
region. We have studied two major earthquakes namely the earthquake of 30.7.74
near 36.42°N, 70.76°E of magnitude 6.3 preceded by an earthquake of 24.6.72
of magnitude 5.9 and the earthquake of 27.11.76 near 36.52°N, 71.05°E of
magnitude 6.2 preceded by the major shock of 30.7.74. The figures l-a and
I-b  show the space time variation preceding the major earthquake of 30.7.76.
Ignoring two small earthquakes, the gap is shown in these figures. The figures 2-a
and 2-b show the space time varjation preceding the major earthquake of 27.11.76.
The gap is not discernible. In view of this, earthquake predictability in the Hindukush
region has been examined based on Chaos Physics.

MODELLING EARTHQUAKE OCCURRENCE

Earthquake risk assessment is generaily based on some statistical technique
based on the past history of earthquakes. Srivastava and Dattatrayam (1986) have
computed the return periods of earthquakes in the Hindukush region using Gumbel's
statistics which compared well with those based on Gutenberg Richter's relation-
ship. However, when the number of earthquakes for each 10 days block during
1964 to 1988 is piotted {Fig. 3), it is noted that the frequency of earthquakes shows
Irregularity of recurrence with could be attributed to the complexity in the under-
lying mechanism and to the geological heterogeneity of the earth. Over the last
decade, scientists of many disciplines have developed physics of Chaos which
offers information about a model, if any, directly from the observation. The
realisation that highly irregular and quasi-random behaviour may be generated
from simple deterministic dynamics led to search of deterministic chaos in many
fields.

A dynamical system can be described by trajectories in the state space which
consist of the variables for describing evolutation of the system. Normally all
trajectories converge and remain on a submanifold of the total available space.
The submanifold which attracts the trajectories is called the attractor. Knowing
the evolution of such a system from an initial condition, we can predict the
evolution of the system from some other initial condition. Such attractors which
have integer dimensions are called non-chaotic attractors. However, there are
other dynamical sysitems where trajectories remain on an attracting submanifold
that Is not topological. Such manifold is a strange attractor which is associated
with a new geometrical object called a fractal set and hes a non-integer, dimension
{Mandelbrot, 1977; and Peitgen and Richter, 1986}, Thus, following the equations that describe
the system, the state of the system after some time can be anything even though
the imitial conditions were close to each other. This tmposes limits on prediction
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ard even if the system is described by equations, the system shows randomness.
Such systems are chaotic dynamical systems and their attractors are called strange
or chaotic attractors. The dimension D of an attractor (chaotic or non-chaotic)
indicates the minimum number of independent variables present in the system
(Moon, 1987). Thus, if D =1+ p, where [ 1Isan integer and Ogp <i, then
minimum number of independent variables of the system is 1+ l. Thus, determina-
tion of dimension of the attractor helps us in modelling the system. ’

DIMENSION OF THE ATTRACTOR FOR EARTHQUAKES IN STUDY AREA

We may consider the dynamics of a system, such as earthquakes, simulated
by partial differential equations describing underiying physical processes. These
equations can be transformed to a set of n time dependent ordinary differential
equations :

vj = f](vli V2, vens y Vn) H l = l’ 2! veessy N (l)

where prime denotes differentiation with respect to time t. The time
evolution of the system from an initial condition can be described by trajectories
in n-dimensional state space with coordinates v, =V, «q Vo which are n different
variables, The system (1) can be reduced w a singie differential equation of
one of the variables v({t), say v{t) if all others are eliminated by differentiation.
This gives an n th orfler nonlinear differential equation as

(n)

v = f [vy Vieoorny ¥

(r}-l)]

so we replace the state space with v, V') e V(N'”

tion about the dynamics of the system,

without any loss of informa-

According to the theorem of Takens (1981) D-dimensional manifolds can
be embedded into m = 2D + 1 dimensional space. Thus, for deriving the dimension
of an attractor from a single state variable, at is sufficient to embed them into
anng'ndlmensmnal space spanned by v and its {m-1) derivatives L.e. ¥, V', V'jerene
v Thus, it is not necessary to know the original state space and its dimension .
n as long as ™ is chosen large enough. Ruelle (1981) suggested that instead
of continuous vdriable w(1). and its derivatives, a discrete time series v(t) and
its shifts (m-1) time lags by a delay parameter T can be considered.

We may begin computation with a time series of a dependent or independent
variable v of the system. We choose here v as the number of earthquakes in
10 days block. The delay parameter is chosen either 10 days or 20 days and
then the convergence is checked. Let the series be  V,, Vay e N? where N
is total no. of data and in our case N = %00, The va?ues are embedded to
construct peints Xul in-an - m - dimensional embedding space

)

1=1, Zie N-m + 1 ( =k, say). For embedding dimension m, the correlation
integral (C_(r} as a function of correlation length r s given by {Grassberger
and Procaccm, 1983). :

k
C i = l/k0 : )i::

X = (Vl' vyt A T

i m-1

A
k
I Hir -1 X. - X.1}» ‘ - (D
1 = Lo ‘

i+l



26 Bulletin of the Indian Society of Earthquake Technology, December 1592,

where H(x) is a Heaviside function

Hix) = 1 for x >0
= 0 for x <0

and k_ = K(K-1)/2 is the number of disunct pairs of points x and x,. In equation

above, *|x. - X.| s the distance between X and X. and 1s obtained Ly conventio-
nal Euclidkan fheasure of distance L. by square boot of the sum of the squares
of components. .The correlation of fractal dimension 1s defined by :

m  14e 90N C ©]

T r+0 mew _d_(l;;)_ (3

Thus, to obtain correlation dimension of attractors of earthquakes in Hindukush
region, we have obtained C_(r) for different valyes of r using the relation (2).
C (r) 1s plotted against Inr "in figures 4 and 5 fort = 10 and T = 20 respectively.
™ obtan D using equation (3) we require the slope v of the straight line passing
through the points corresponding to each embedding dimension m. However,
C_{(r) saturates at large values of r due to finite size of the attractor and at
small values of r due to fimite N..

Abraham et al. (1986) showed that 1t 1s possible to obtain D  with small
set such as N = 3500 by proper choice of scaling region wheremn the plot In C_(r)
15 hnear to In r. Thus, the slope v of the straight line through the points in
scaling region 1s obtained. The value of vy ts obtained for Increasing Sequence of
embedding dimension and plotted n figure 6. It is seen that it increases unti
saturation value of v i1s reached at m = l4% and the saturation value :5 6.9 for
both 7= 10 days and 20 days. This gives fractal dimension D = 6.9 of the attractor
and since the dimension 1s a non-linear, 1t 1s a strange attractor. Thus, miumum 7
independent variables are necessary to model the dynamics of earthquake system
in Hindukush region.

DISCUSSION

Considering the seismicity pattern in Hindukush region, it was noted that
the earthquakes were not necessarily preceded by well defined seismic gaps. In
the Dharamshaja - Dalhousie region, however, an increase of seismic activity
followed by a period- of relative quiescence was noted in the neighbourhood of
epicentres of earthquakes 1968 and 1978, The aftershock and migration patterns of
earthquakes differed for these earthquakes (Srivastava et al. 1987). But no well
defined gap could be observed prior 1o the Dharamshala earthquake of 1986 in the
same region. In the India Nepal region, while the earthquake of 1980 Sshowed a
quiescence before the occurrence of mamn earthquake, no such quiescene area
could be found preceding the 1966 shock although the aftershock activity extended
tll 1967 {Srivastava and Gautam, 1987). The earthquake of 1988 near Nepal Bihar
Border also did not show a seismic gap. However, the Manipur Burma border
region showed a definite increase in seismicity for several years and a seismic gap
prior to the main shock of the August 1988 (Srivastava and Rao, 1991). -

Based on a catalogue of 15,196 small earthquakes from Parkfield for the
period 1980 1o mid 1986, Horowitz (1989) constructed a 15-dimenstonal parameter
space and found that there 1s an underlying structure with only about six degree
of freedom. Thus, a dynamical system based on six variables can describe the
seismic behaviour of the region, implying that a chaotic process 1s involved.
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In the Dharamshala - Dalhousie region in Western Himalaya which lies near
the complex zone of Indian Eurasian plate boundary, Bhattacharya (1990) reported
a fractal dimension of 9.8 implying atleast 10 independent variables. This is
three order more as compared to Hindukush region which 1s characterised by V
shaped l:thosphere extending upto a depth of 250 km or so. Thus, fractal dimension
or the low predictability of earthquakes in the Western MHimalaya compared to
Hindukush region is attributed to complex tectonic nature in Ularamshala Dalhousie
region.

It may, therefore, be summarised that although a few earthquakes in the
Himalayan region have shown a specific pattern of seismicity preceding earthquakes,
different patterns of seismicity for earthquakes of simiiar magnitude and source
mechanism at the same location (tectonics} do suggest complexities in deriving a
model for earthquake prediction. This is supported by the application of the theory
of chaos in the Dalhousie-Dharamshala and Hindukush regions. However, earthquake
predictability 1s relatively better with only six or seven variables in the Hindukush
region which can be used to model earthquake system.

' CONCLUSIONS
The above study has brought to light the following interesting conclusions :

1. Based on the theory of Chaos, the fractal dimension is 6.9 1mplying predic-
tability in Hindukush region is almost similar to that for 5an Andreas region.
We require atleast seven variables to model the earthquake system in
Hindukush region.

2 The spatio temporal pattern of seismicity preceding earthquakes does not
show a well defined gap in Hindukush region as was reported in the case of
a few earthquakes in other regions of Himalayas. Thus, present study of
the chaotic nature of earthquakes in the Hindukush region is useful to mode!
earthquake system.
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