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ABSTRACT

Two fractal techniques are used to study the spatial and
temporal distributions of shallow earthquakes in sixteen seismic
zones all over the world. For each zone, we determine the spatial
and temporal fractal dimensions, D, and D, which characterize
the strength of event clustering: the smaller the dimension, the
stronger the clustering. We use two global homogeneous and
complete catalogues with the following time spans and magnitude
cutoffs: 1930-1985 (M >6.5) and 1966-1985 (M >5.5). We interpret
the regional variations of D, in terms of an asperity model and
inspect for possible correlations between D, and D,. We found: 1)
a considerable temporal clustering of events in both catalogues;
2) a 51gn1flcant correlation (r=0.65) between the values of D
determined using the M>5.5 catalogue, and those of D, for the
first catalogue Our results imply that the probablllty of a
large event is highest immediately after a previous large event
and decays with time. This pattern is generally more pronounced
in zones with stronger temporal and spatial clustering of events.

MEARETH THZ XQPIKHZ KAI XPONIKHE KATANOMHZ TQN IEIXMON
ZE ZEIZMOTENEIZ NEPIOXEX THE THE ME TH MEOGOAO
THZ KAASMATIKHEI ANAAYIHZ.
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ONEPIAHVYH

Egapudovtal 800 TEXVIHES HAQOUAT LHNE avAALANG YL Tn HEAETH
ETLPAVE LMWV Teloudv e 16 oetopoYeveig {wveg. Tia ndbe Jdvn
voroy(ZovTar n xweLxy MaL n ¥povinig nkacpaTLnn didotaon, D, xal
D,, mov xoapaxtneiouv TO peyeeog NG CUYHEVTPWONG Twv ceLopwv.
XpnoLpomoilobvtal dvo naTuocptot HAXTAAOYOL HE HEYEBN M2>6 5 mat
M2>5.5, avriototxa. Ov xwpinec petaPoréc tng D eppnveuovrat pe
Bdon To “"povtéro eumodiouv" ual eleyxerat n mLBavy  Omoapin
ouoxsrtong avdpeoa atn D, nal otn D,. Bpebnue: 1) afioonueiwth
Xpovixn ouynsvrpwon Twv OELopwv naL ogtoug dvo naraléyoug, 2)
onNuavTixrg ouoxetion (r=0.65) avapecx oTig TLHEG TOL D, TOU
voroyloTnav pe Bdon tov xaTAAOYO HE HEYEBN M >5.5 »al eneLveg
Tov D mou Ppednuav pe PAon Tov »ATAAOYO HE peyeaq M>6.5. Ta
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amoTEAETUaTA e { xvouv STL N TLOAVSTNTA eVSG HEYAAOL geLlgpoy &l vat
HEYLOTN QUEOwg PETH NS TMPONYOUHEVO HEYEAO CELOPS MOL EAXTTWVETAL
HE To XpSvo. AULTH N CUUTEPLEOPAE elval MEPLOOSTEPO EHPAVAG OTLG
CWOVEG HE LOXUPSTEPN XPOVLIMI HAL XWPLHUI] CLUYHEVIPWON Twv JELOUWV.

INTRODUCTION

Clustering in space and in time seems to be a fundamental
feature of seismicity regardless of the scale of observation. The
Earth’s seismicity map shows that the spatial distribution of
earthquakes is strongly nonuniform on all scales of observation:
patches or clusters of comparatively high seismic activity
alternate with zones of comparatively low activity. At the same
time it is well known that on a short-term time scale seismicity
is strongly clustered {foreshock-aftershock sequences). Moreover,
a number of recent statistical studies imply that even the long-
term evolution of seilsmicity, particularly shallow, is
characterized by clustering (e.g. see Kagan and Jackson, 1991,
and references therein). Scale-invariant properties such as
earthquake clustering in space and in time can be conveniently
studied by means of the so-called fractal approach.

The concept of fractals was introduced and developed by
Mandelbrot (1983, and references therein). In a very general
sense, fractal (or scale-invariant, or self-similar) is called
an object, process or phenomenon that preserves its
characteristics regardless of the scale of observation, i.e., if
a power-law dependence is found between at least one
characteristic and scale (the definition of scale invariance).

In geosciences one very often encounters the situation when
the number of objects, N, with size larger than r is related to
r by

N~r? (1)

For the range of scales of r where the above relation holds with
D a constant it is saild to define a fractal distribution with
fractal dimension D. The frequency-size distribution of islands,
craters, earthguakes, rock and mineral fragments, ore deposits
and oil fields often satisfy relation (1) (Turcotte, 1989, and
references therein).

Aki (1981) was the first to introduce the fractal approach
in seismology. He showed that, under certain assumptions, the
Gutenberg-Richter empirical law, log N = -bM + a, can be put in
the form of the fractal distribution (1) with r=al?, where A is
the fault-break area and D=b is the fractal dimension of the
fault-length distribution.

Since BRki’s {1981) pioneering work, the fractal approach has
been successfully applied to a wide spectrum of earthquake-
related problems, from fracture mechanics to tectonics (e.g., see
Main, 1988; Turcotte, 1986; Kagan and Jackson, 1991; Hirata,
1989).

Seismicity studies can be divided into two categories: those
dealing with the distribution of seismicity in space and those
focusing on its evolution in time. Because scale invariance means
absence of a characteristic scale, the fractal method is readily
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applicable to the study of earthquake occurrence in time (indeed,
only a few cases are known where major events occur at more or
less regular time intervals.) Kagan and Jackson (1991) used
declustered catalogues to show that fractal clustering and not
Poissonian or periodic behaviour is the major feature of shallow
earthquakes on both the long-term and short-term time scales. On
the other hand, fractal distributions of earthquakes in space
have been observed on various scales (e.g., Kagan and Knopoff,
1980; Hirata, 1989; Dimitriu and Papadimitriou, 1990; DeRubeis
et al., 1993). Two gquantities are therefore needed to describe
the distribution of earthquakes in space and in time: the spatial
and temporal fractal dimensions, and D,. The two quantities
provide a measure of the strengt of event clustering: the
smaller the fractal dimension, the stronger the clustering.

In our present study we evaluate D, and D, for sixteen of
the Earth’s most active seismic zones, u51ng two complete and
homogeneous global catalogues of shallow earthguakes. We try to
establish whether the obtained values reflect regional
seismotectonic features and check for a possible correlation
between the two guantities.

EARTHQUAKE CATALOGUES AND SEISMIC ZONATION

For a seismic catalogue to be suited for fractal studies it
must be homogeneous, complete and as accurate as possible.
Tsapanos et al. (1988) used some of the best available catalogues
and ISC Bulletine data to compile a homogeneous global catalogue
for the period 1897-1985. The following are the time spans and
the magnitude cutoffs for which the catalogue was found to be
complete: 1898-1985 M >7.0; 1930-1985 M >6.5; 1952-1985 M >6.0;
1966-1985 M >5.5. We found the 1930-1985 and 1966-1985 cataf_gues
to suit our g purposes best.

Gutenberg and Richter (1954) were the first to regionalize
global seismicity using seismotectonic, geologic and seismicity
criteria. Duda (1965) added two more criteria, namely that a
continuous spatial distribution of shocks defines a seismic
region (e.g., the circum-Pacific and Eurasian belts) and that a
change in the trend of epicentre distribution marks a region’s
limit. Tsapanos (1985} relied on the above criteria and the
available seismicity data to draw a refined map of seismic zones.

Here we use the seismic zonation of Tsapanos (1985), with
only two modifications, suggested by the work of Tajima and
Kanamori (1985) (see Fig.l). First, we shifted the northern
border of zone 1 (Chile} to include the 1974 Peru earthquake,
which produced an aftershock expansion pattern typical of the
large Chilean earthquakes rather than the Peruvian ones. Second,
we divided zone 17 (Papua-Solomon islands -New Hebrides islands)
into three smaller zones, to take account of the observed
differences in aftershock expansion patterns.

FRACTAL TECHNIQUES

Several fractal techniques are known that permit to quantify
the distribution of seismicity in space and in time. The methods
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adopted in this study are formal and universal (independent of
arbitrary regionalization of seismicity and any a priori model
of earthguake interaction), robust (capable of treating
relatively small amounts of data), simple and reliable.

For studying the spatial distribution of earthguakes we use
the fractal technique based on the correlation integral
(Grassberger and Procaccia, 1983):

C(r) =2N(R<r) /N(N-1) (2)

where N(R<r) is the number of pairs of events separated by a
distance less than r and N is the total number of events. If the
distribution is fractal, then

c(r) ~r’ (3)

where D_ is the (spatial) fractal dimension (or, more strictly,
the correlation dimension; Grassberger, 1983). D, can be
evaluated from the slope of the best-fitting straight line in the
log-log plot of C(r}) versus r: the smaller its value, the
stronger the spatial clustering of events.

Geometrically, the values of D, are limited to the range
from 0 (point) to 3 ({volume). If epicentres rather than
hypocentres are used (a 2-D distribution), then the highest limit
is 2 (an area completely filled with epicentres).

Gy

1

ekl 3

Fig.l. Zonation of global seismicity (after Tsapanos, 1985).

A crucial issue in determining the fractal dimension is the
optimum number of events required. According to Smith (1988), the
number of events should not be less than 42", where M is the
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integer part of the fractal dimension. Here, since we use
epicentres rather than hypocentres, we expect D_ to be less than
2. In the catalecgue we use to evaluate D, the M>5.5 catalogue,
zone 4 (central America) has the fewest events, 39.

For studying the temporal distribution of events we adopt
the method elaborated by Kagan and Jackson (1991). The method
uses a quantity they termed ‘time-distance statistic moment’:

m(t) =N(T<t, 1) /n, (4)

here N(T<t,r) is the number of pairs of events separated in time
by less than t and in space by less than r (fixed) and n =(N,/T}
[t(2T -t)1 is the expected number of event pairs if the events
followed a Poissonian distribution (N, is the total number of
pairs of events separated in space by Eess than r and T, is the
catalogue span). A temporal distribution of events is fractal if

m{t) ~£2t (5)

In (5), D, is the (temporal) fractal dimension. It can be
evaluated from the slope of the best-fitting straight line in the
log-log plot of m(t) versus t. D=1 corresponds to a Poissonian
distribution, and D.=0 to all events concentrated in one point in
time. For intermeéiate values of D, the process 1is scale
invariant.

The effect of the (fixed) distance interval r in (4) on the
value of D, is essential. Thus, if a small r is chosen, only a
few events will be located close to the reference event, and
these events most likely will occur near the time of the
reference event. N(T<t,r) will be constant for large time
intervals, and m(t) will decay with time as 1/t for small
intervals, meaning a D, close to 0. On the other hand, for very
large r, the events will be independent and distributed uniformly
in time. This situation corresponds to a Poissonian distribution
(D,=1).

RESULTS

Here we present the results of applying the above fractal
methods to the shallow seismicity of the sixteen major seismic
zones shown in Figure 1. In computing of the spatial and temporal
fractal dimensions, D . and D,, we used earthquake epicentres
rather than hypocentres, because the depth determination is
incomplete and unreliable.

As discussed previously, to evaluate D, and D, of an
earthquake distribution it is essential to use an appropriate
interevent distance range. A fundamental requirement is that the
earthquake spatial distribution should satisfy relation (3) in
this distance range. At the same time, this range should be
neither too small (too few points) nor too large (not larger than
the size of the smallest zone considered). We found 30-200 km to
be the optimum distance range for our purposes.

In Figures 2 and 3 we show examples of evaluations of D_ and
D, for two representative seismic zones, namely Alaska and the
Aleutians (9) and Japan (12) (see Fig. 1).
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In Figures 2a, 3a we show the log{C(r)) versus log(r) plots
used to evaluate D . The interevent distance range used was 32-
200Km. Note that we took the shortest distance interval to be
slightly over 30 km, which is the epicentre-location error.
Notice the linearity of the plots, signifying the scale-
invariance of the event spatial distributions.

Figures 2b, 3b show examples of the log(m(t)) versus log(t)
plots used to evaluate D, with the M>5.5 catalogue, whereas
Figures 2c¢, 3c represent the M >6.5 cata ogue. We set the maximum
interevent distance to be 200Km. The gaps in the plots correspond
to time-interval increments without event pairs. Noteworthy is
the ‘bi-linear’ behaviour in Fig. 2b, suggesting a bi-fractal
temporal distribution of earthquakes in zone 9.

The summary of the values of D and D, for the sixteen
seismic zones considered is presented 1in Table 1. For evaluating
D, we used the M>5.5 catalogue. For calculating D, we used a
time-interval range from 2 to 552 days for the 1966-1985
catalogue and from 22 to 1744 days for the 1930-1985 catalogue.

The correlation analysis performed for the D  data set on
the one hand and the two D, data sets on the other shows weak
correlation (r=0.36) between D, and D, for the M >5.5 catalogue
and significant correlation (r 0.65) ‘between D, and D, for the
M>6.5 catalogue (see Fig. 4).

DISCUSSION AND CONCLUSIONS

The low values of D, obtained for both catalogues used (see
Table 1)} imply considerable earthquake clustering (interaction)
in time and seem to preclude quasi-periodic or Poissonian
behaviour (D,=1) in the zones studied. Kagan and Jackson (1991},
who used flve catalogues (four global and one local), found, for
shallow selsm1c1ty (depth up to 70 km) and a maximum interevent
distance of 204.8 km, similar values of D,. As expected, our
M>5.5 catalogue ylelds somewhat lower values of D,, meaning
stronger clustering, than the M_>6.5 one. Exceptions are zones 9,
17a and 22, where the larger events show stronger lnteractlon,
but such behaviour is not unknown (Kagan and Jackson, 1991).
the other hand, apparently ’'anomalous’ D, values may be caused by
multi-fractal behaviour of seismicity, as exemplified by zone 9
(Fig. 2b).

Thus, even though our catalogues contain foreshocks and
aftershocks, the fact that our M>6.5 catalogue gives D, values
well below 1 supports Kagan and Jackson'’s (1981) conclusion that
the probability of a large event is highest immediately after a
previous large event and decays with time. This pattern is
expected to be more pronounced in zones with low D, than in zones
with high D . The implication for long-term earthquake prediction
is that a reglon s seismicity is governed by alternating phases
of increased-decreased mantle deformation rate and, as a
consequence, the longer the time since the last major event, the
higher the probability that the region is entering a quieter
seismic period (Kagan and Jackson, 1991).
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Fig.2. Plots used to evaluate D_ and D for the Alaska
islands seismic zone (zone 9, see Fig. 1).
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Fig.3. Same as Fig. 2 for the Japan seismic zone (zone 12, see
Fig.l).
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Table 1. The values of D, and D, for the seismic zones
considered.

Zone D, (std err) D, (std err) D, (std err)
M>5.5 cat. M>6.5 cat. M >5.5 cat.
- s =

22 0.75 (0.02) 0.21 (0.01) 0.27 (0.01)
3 0.86 (0.04) 0.23 (0.04) 0.17 (0.01)
1 1.01 (0.09) 0.23 {(0.01) 0.24 (0.01)
16 1.09 (0.03) 0.42 (0.04) 0.34 (0.01)
17b 1.13 (0.05) 0.35 (0.04) 0.19 (0.01)
21 1.14 (0.08) 0.37 (0.02) 0.34 (0.01)
9 1.14 (0.04) 0.31 (0.01) 0.57 (0.02)
15 1.14 (0.02) 0.52 (0.03) 0.37 (0.01)
23 1.17 (0.02) 0.49 (0.05) 0.37 (0.04)
18 1.23 (0.06) 0.50 (0.03) 0.51 (0.02)
4 1.25 (0.04) 0.47 (0.04) 0.36 (0.03)
17a 1.30 (0.08) 0.31 (0.02) 0.43 (0.01)
15 1.31 (0.09) 0.55 (0.02) 0.25 (0.01)
17¢ 1.36 (0.04) 0.44 (0.02) 0.30 (0.01)
12 1.37 (0.03) 0.40 (0.02) 0.36 {0.01)
5 1.59 (0.10) 0.46 (0.03) 0.37 (0.03)
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Fig.4. Correlation between D, (1966-1985 catalogue) and D, (1930-
1985 catalogue) for the 16 shallow-earthquake seismic zones
considered (see Fig. 1); correlation coefficient r=0.65.

Our D, values characterize the areal distribution of shocks
(we used epicentres) and may reflect regional differences in the
stress field and mechanical properties of the rocks.

Tajima and Kanamori (1985) attempted to regionalize world
seismicity by gquantifying the areal expansion of aftershocks of
large earthquakes. They explained the observed differences in
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terms of an asperity model in which a fault plane is represented
by a distribution of strong spots (asperities) surrounded by weak
zones. We use the asperity model to interpret our results and
compare them with those of Tajima and Kanamori (1985).

The lowest value of D_, 0.75, is observed for Asia (zone 22)
and reflects the remarkable clustering of seismic activity there.
The highest value, 1.59, is found for Mexico (zone 5), indicating
a sparse distribution of earthquakes in space. In terms of the
asperity model, a low Dscould mean the predominance in a seismic
region of sources composed of one or a few relatively large
asperities separated by small weak zones, whereas a high D_ could
signify the predominance of smaller sparsely distributed
asperities. Geometrically, the cases D <1, D=1 and D_>1 represent
clustered, alligned and sparse asperlty distributions,
respectively.

Our zonation by the spatial fractal dimension (Table 1)
agrees gquite well with Tajima and Kanamori’s (1985) results,
based on a study of aftershock-area expansion. Thus the major
shocks in our zones with progressively higher values of D_ also
exhibit progressively larger aftershock-area expansions. The only
striking exception is zone 5 (Mexico), which has the highest D_
but limited areal expansion. An inspection of our catalogue helps
to explain this discrepancy: the two major shocks studied by
Tajima and Kanamori ({1985) had only a few aftershocks with M >5.5
and so had little influence on the evaluation of D_.

A notable result of our study is the SLgnlflcan% correlation
(r=0.65) we found between the values of D  determined using the
M>5.5 catalogue and the values of D, computed using the M >6.5
catalogue The correlation can be improved if the the standard
errors of D and D, are considered (in one of the trials we
obtained r=0. 83). fhls means that the earthquakes with M >6.5
occurring in zones with a stronger spatial clustering of shocks
generally show a stronger temporal interaction {clustering) than
the earthquakes in zones with a comparatively weaker spatial
clustering of shocks. The implication for earthquake prediction
is that a large event is more likely to be followed by another
large event if it occurs 1in a zone with spatially clustered
seismicity (low D.) than in a zone with a sparse distribution of
shocks (high D).
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