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Α Β S Τ R Α C Τ 

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 deterrnine the spatial 
and ternporal fractal dimensions, D and Ο , which characterizeι
the strength of event clustering: the srnaller the dirnension, the 
stronger the clustering. We use two global hornogeneous 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 variatio~s of D in terms of a~ asperity model and 
inspect for possible correlations between D and Ο . We found: 1)ι 
a considerable ternporal c1ustering of event~ in both catalogues; 
2) a significant correlation (r=0.65) between the values of D 
determined using the Ms~5.5 catalogue, and those of D for th~ 

t
first catalogue. Our results imply that the probability of a 
large event is highest imrnediately after a previous large event 
and decays with time. This pattern is generally more pronounced 
in zones with stronger ternporal and spatial clustering of events. 
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Π Ε Ρ Ι Λ Η Ψ Η 

Εφαρμόζονται δύο τεχνικές κλασματικής ανάλυσης για τη μελέτη 

επιφανειακών σεισμών σε 16 σεισμογενείς ζώνες. Για κάθε ζώνη 

υπολογίζονται η χωρική και η χρονική κλασματική διάσταση, D και 

Dt , που χαρακτηρίζουν το μέγεθος της συγκέντρωσης των σειJμών. 
Χρησιμοποιούνται δύο παγκόσμιοι κατάλογοι με μεγέθη M~6.5 και 

Ms~5.5, αντίστοιχα. Οι χωρικές μεταβολές της D ερμηνε~oνται με 
s 

βάση το "μοντέλο εμποδίου" και ελέγχεται η πιθανή ύπαρξη 

συσχέτισης ανάμεσα στη 0s και στη ΟΙ' Βρέθηκε: 1) αξιοσημείωτη 
χρον ι κή συγκέντρωση των σε ι σμών κα ι στους δύο καταλόγουςt 2) 
σημαντική συσχέτιση (r=0.65) ανάμεσα στις τιμές του D, που 

υπολογίστηκαν με βάση τον κατάλογο με μεγέθη Ms~5.5 και ε~είνες 
του Ο που βρέθηκαν με βάση τον κατάλογο με μεγέθη Ms~6.5. Ται 
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αποτελέσματα δείχνουν ότι η πιθανότητα ενός μεγάλου σεισμου είναι 

μέγιστη αμέοως μετά από προηγούμενο μεγάλο σεισμό και ελαττώνεται 

με το χρόνο. Αυτή η συμπεριφορά είναι περισσότερο εμφανής στις 

ζώνες με ισχυρότερη χρονική ~αι χωρική συγ~έντρωση των σεισμών. 

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 οη a11 scales of observation: 
patches or clusters of comparatively high seismic activi ty 
alternate with zones of comparatively low activity. At the same 
time it is well known that οη a short-term time scale seismicity 
is strongly clustered (foreshock-aftershock sequences) • Moreover, 
a number of recent statistical studies imp1y that even the long­
term evolution of seismicity, 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). Ιη 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). 

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

N-r-D (1 ) 

For the range of scales of r where the above relation holds with 
D a constant it is said to define a fractal distribution with 
fractal dimension D. The frequency-size distribution of islands, 
craters, earthquakes, 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 Ν = -bM + a, can be put in 
the form of the fractal distribution (1) with r=A V2 , where Α is 
the fault-break area and D=b is the fractal dimension of the 
fault-length distribution. 

Since Aki' s (1981) piol1eering work, the fractal approach has 
been successfully applied to a wide spectrum of earthquake­
related problems, from fracture mechal1ics to tectol1ics (e.g., see 
Mail1, 1988; Turcotte, 1986; Kagal1 al1d Jacksol1, 1991; Hirata, 
1989) . 

Seismicity studies cal1 be divided into two categories: those 
dealil1g with the distribution of seisrnicity il1 space al1d those 
focus il1g 011 i ts evolutiol1 il1 tirne. Because scale il1varial1ce 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 οη both the long-term and short-term time scales. Οη 

the other hand, fractal distributions of earthquakes in space 
have been observed οη various scales (e.g., Kagan and Knopoff, 
1980; Hirata, 1989; Dimitriu and Papadimitriou, 1990; DeRubeis 
et al., 1993). Two quantities are therefore needed to describe 
the distribution of earthquakes in space and in time: the spatial 
and temporal fractal dimensions, D and D • The two quantities

t
provide a measure of the strengtfι of event cluster ing: the 
smaller the fractal dimension, the stronger the clustering. 

1η our present study we evaluate D and D for sixteen oft
the Earth's most active seismic zones, ~sing two complete and 
homogeneous global catalogues of sha110w earthquakes. We try to 
establish whether the obtained values reflect regional 
seismotectonic features and check for a possible correlation 
between the two quantities. 

EARTHQUAΚE CATALOGUES AND SE1SM1C ΖΟΝΑΤ1ΟΝ 

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 1SC 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 Μ>6.0; 

1966-1985 Μ >5.5. We found the 1930-1985 and 1966-1985 cata~gues 
to suit ouro-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 οη the above criteria and the 
available seismicity data to draw a refined map of seismic zones. 

Here we use the seismic 2onation of Tsapanos (1985), with 
only two modifications, suggested by the work of Tajima and 
Kanamori (1985) (see Fig.1). First, we shifted the northern 
border of zone 1 (Chi1e) to include the 1974 peru earthquake, 
which produced an aftershock expansion pattern typical of the 
large Chi1ean earthquakes rather than the Peruvian ones. Second, 
we divided zone 17 (Papua-Solomon islands -New Hebrides is1ands) 
into three smal1er zones, to take account of the observed 
differences in aftershock expansion patterns. 

FRACTAL TECHN1QUES 

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 forma1 and universa1 (independent of 
arbitrary regiona1ization of seismicity and any a priori mode1 
of earthquake interaction), robust (capab1e of treating 
re1ative1y small amounts of data), simple and reliab1e. 

For studying the spatia1 distribution of earthquakes we use 
the fractal technique based οη the corre1ation integra1 
(Grassberger and Procaccia, 1983): 

C(r) =2N(R<r) !N(N-l) (2 ) 

where N(R<r) is the number of pairs of events separated by a 
distance less than r and Ν is the tota1 number of events. If the 
distribution is fractal, then 

C(r) _rV' (3 ) 

where D is the (spatial) fracta1 dirnension (or, rnore strict1y, 
the co~re1ation dimension; Grassberger, 1983). D can be 
evaluated frorn the slope of the best-fitting straight 1ine in the 
10g-10g p10t of C(r) versus r: the sma11er i ts va1ue, the 
stronger the spatia1 c1ustering of events. 

Geornetrica11y, the va1ues of Ο are 1imited to the range 
frorn Ο (point) to 3 (vo1urne). I~ epicentres rather than 
hypocentres are used (a 2-D distribution), then the highest 1imit 
is 2 (an area comp1ete1y fi11ed with epicentres). 

Fig.l. Zonation of globa1 seismicity (after Tsapanos, 1985). 

Α crucia1 issue in determining the fracta1 dimension is the 
optimum number of events required. According to Srnith (1988), the 
nurnber of events shou1d not be 1ess than 42", where Μ is the 
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integer part of the fracta1 dimension. Here, since we use 
epicentres rather than hypocentres, we expect 0s to be 1ess than 
2. Ιη the cata10gue ~e use to eva1uate Ο.' the M~5.5 cata1ogue, 
zone 4 (centra1 Amerlca) has the fewest events, 39. 

For studying the tempora1 dist~ibution of events we adopt 
the method e1aborated by Kagan and Jackson (1991). The method 
uses a quantity they termed 'time-distance statistic moment': 

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

here N(T<t,r) is the number of pairs of events separated in time 
by 1ess than t and in space by 1ess than r (fixed) and n =(Ντ/Τ ) 
[t (2Τ -t) J is the expected number of event pairs if th~ even€s 
fo11oted a Poissonian distribution (Νι is the tota1 number of 
pairs of events separated in space by less than r and Τ is the 
cata10gue span). Α tempora1 distribution of events is fr~cta1 if 

(5 ) 

Ιπ (5), Ο is the (tempora1) fracta1 dimension. It can be 
eva1uated from the slope of the best-fitting straight 1ine in the 
10g-10g p10t of m(t) versus t. 0t=l corresponds to a Poissonian 
distribution, and O~=O to a11 events concentrated in one point in 
time. For intermediate va1ues of 0t the process is sca1e 
invariant. 

The effect of the (fixed) distance interva1 r in (4) οη the 
va1ue of 0t is essential. Thus, if a sma11 r is chosen, on1y a 
few events wi11 be located close to the reference event, and 
these events most like1y will occur near the time of the 
reference event. N(T<t,r) will be constant for 1arge time 
interva1s, and m(t) wi1l decay with time as l/t for sma1l 
interva1s, meaning a Ο close to ο. aπ the other hand, for very 
1arge r, the events wili be independent and distributed uniformly 
in time. This situation corresponds to a Poissonian distribution 
(Ot=l) . 

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. Ιπ computing of the spatia1 and temporal 
fracta1 dimensions, Ο and Οι ' we used earthquake epicentres 
rather than hypocentr~s, because the depth determination is 
incomplete and unre1iable. 

As discussed previously, to evaluate Ο and ΟΙ of an 
earthquake distribution it is essentia1 to usJ an appropriate 
interevent distance range. Α fundamental requirement is that the 
earthquake spatia1 distribution shou1d satisfy re1ation (3) in 
this distance range. At the same time, this range should be 
neither too small (too few points) nor too large (not 1arger than 
the size of the sma1lest zone considered). We found 30-200 km to 
be the optimum distance range for our purposes. 

Ιη Figures 2 and 3 we show examp1es of evaluations of D and 
for two representative seismic zones, name1y Alaska anJ theΟίΑ eutians (9) and Japan (12) (see Fig. 1). 
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Ιη Figures 2a, 3a we show the log{C(r)) versus log(r) plots 
used to evaluate Ο • The interevent distance range used was 32­
200Km. Note that Je took the shortest distance interval to be 
slightly over 30 Jαn, which is the epicentre-location error. 
Notice the linearity ο! the plots, signifying the scale­
invaciance ο! the event spatial distributions. 

Figures 2b, 3b show examples ο! the log(m(t)) versus log(t) 
plots used to evaluate D with the Μ >5.5 catalogue, whereas 

t
Figures 2c, 3c represent the Μ>6.5 cata~ogue. We set the maximum 
interevent distance to be 200K~ The gaps in the p10ts 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 ο! the values ο! Ο and D for the sixteen 
seismic zones considered is presented In Table

t 
1. For evaluating 

Ο we used the Μ >5,5 cata1ogue. For calcu1ating D we used a 
tlme-interva1 ra~e from 2 to 552 days for the

t 
1966-1985 

cata10gue and from 22 to 1744 days for the 1930-1985 cata1ogue. 
The corre1ation ana1ysis performed for the Ds data set οπ 

the one hand and the two D data sets οη the other shows weak 
corre1ation (r=O. 36) between

t 
Ο and D for the Μ >5,5 cata10gue 

and significant correlation (r~0.65) 
t 
between Ο sιind D for the 

Μ >6.5 cata10gue (see Fig. 4). s 
t 

s-

DISCUSSION ΑΝD CONCLUSIONS 

The low values ο! Ο obtained for both catalogues used (see 
Table 1) imp1y considerab1e earthquake c1ustering (interaction) 
in time and seem to preclude quasi-periodic or Poissonian 
behaviour (D =l) in the zones studied. Kagan and Jackson (1991), 
who used five

t 
catalogues (four globa1 and one loca1), found, for 

sha110w seismicity (depth υρ to 70 Jαn) and a maximum interevent 
distance ο! 204.8 Jαn, simi1ar va1ues ο! D • As expected, our 

t 
Μ >5.5 cata10gue yie1ds somewhat lower va1ues of D , meaning

t
shonger c1ustering, than the Μ >6.5 one. Exceptions are zones 9, 
17a and 22, where the 1arger e~ents show stronger interaction, 
but such behaviour is not unknown (Kagan and Jackson, 1991). Οη 

the other hand, apparent1y 'anoma1ous' D va1ues may be caused by
t

multi-fracta1 behaviour ο! seismicity, as exemp1ified by zone 9 
(Fig. 2b). 

Thus, even though our cata10gues contain foreshocks and 
aftershocks, the fact that our Ms~6.5 cata10gue gives D~ va1ues 
we11 be10w 1 supports Kagan and Jackson's (1991) conc1us~on that 
the probabi1ity ο! a 1arge event is highest immediate1y after a 
previous 1arge event and decays with time. This pattern is 
expected to be more pronounced in zones with low D than in zones 

t
with high Dt , The implication for long-term earthquake prediction 
is that a region's seismicity is governed by a1ternating phases 
of increased-decreased mant1e deformation rate and, as a 
consequence, the longer the time since the 1ast major event, the 
higher the probabi1ity that the region is entering a quieter 
seismic period (Kagan and Jackson, 1991). 
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Table 1. The values of D and D for the seismic zones s t
considered. 

Zone D 
s 

(std err) 
Μ >5.5 cat. 

s-­

0.75 (0.02 ) 

Dt (std err) 
Μ >6.5 cat. 

s-­

0.21 (0.01) 

Dt (std err) 
Μ >5.5 cat. 

s-­

0.27 (Ο. 01)22 
3 0.86 (0.04 ) 0.23 (0.04 ) 0.17 (Ο. 01) 
1 1.01 (0.09 ) 0.23 (Ο. 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 (Ο. Ο 1) 
21 1.14 (Ο.08) 0.37 (0.02 ) 0.34 (ο. 01) 

9 1.14 (0.04 ) 0.31 (ο. 01) 0.57 (0.02 ) 
15 1.14 (0.02) 0.52 (0.03) 0.37 (Ο. Ο 1) 
23 1.17 (0.02 ) 0.49 (0.05 ) 0.37 (0.04) 
18 1.23 (0.06 ) 0.50 (Ο.Ο3 ) 0.51 (0.02 ) 

4 1.25 (ο. 04) 0.47 (0.04 ) 0.36 (0.03 ) 
17a 1.30 (0.08 ) 0.31 (0.02 ) 0.43 (Ο. Ο 1) 
11 1.31 (0.09 ) 0.55 (0.02) 0.25 (Ο. 01) 
17c 1.36 (0.04 ) 0.44 (0.02 ) 0.30 (Ο. 01) 
12 1.37 (0.03 ) 0.40 (0.02 ) 0.36 (Ο. 01) 

5 1.59 (0.10 ) 0.46 (0.03 ) 0.37 (0.03) 
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Fig.4. Correlation between Ο (1966-1985 catalogue) and D (1930­
S t1985 catalogue) for the 16 shallow-earthquake seisrnlc zones 

considered (see Fig. l)ί correlation coefficient r=0.65. 

Our Ο values characterize the areal distribution of shocks 
(we used epicentres) and rnay reflect regional differences in the 
stress field and rnechanical properties of the rocks. 

Tajima and Kanamori (1985) attempted to regionalize world 
seismicity by quantifying 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 remarkabl~ clustering of seismic activity there. 
The highest value, 1.59, is found for Mexico (zone 5), indicating 
a sparse distribution of earthquakes in space. Ιη terms of the 
asperity model, a low D could 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 dist!ibuted 
asperities. Geometrically, the cases D <1, D =1 and D >1 represent 
clustered, alligned and sparse S aspefity drstributions J 

respectively. 
Our zonation by the spatial fractal dimension (Table 1) 

agrees quite well with Tajima and Kanarnori's (1985) results, 
based οη a study of aftershock-area expansion. Thus the rnajor 
shocks in our zones with progressively higher values of D also 
exhibit progressively larger aftershock-area expansions. Th~ only 
striking exception is zone 5 (Mexico), which has the highest D 
but limited areal expansion. Αη inspection of our catalogue helpi 
to explain this discrepancy: the two major shocks studied by 
Tajirna and Kanamori (1985) had only a few aftershocks with Μ >5.5 
and so had little inf1uence οη the eva1uation of D . ο-

Α notable result of our study is the significant correlation 
(r=0.65) we found between the values of D determined using the 
Μ >5.5 catalogue and the values of D computed using the Μ >6.5 

t
c~alogue. The correlation can be improved if the the sta~ard 
errors of D and D are considered (in οηε of the trials we 
obtained r=d'.83). T~is means that the earthquakes with Μ >6.5 
occurring in zones with a stronger spatial clustering of s~cks 
generally show a stronger temporal interaction (clustering) than 
the earthquakes in zones with a cornparatively weaker spatial 
clustering of shocks. The irnplication for earthquake prediction 
is that a large event is more likely to be followed by another 
large event if it occurs in a zone with spatially clustered 
seismicity (low D ) than in a Ζοηε with a sparse distribution of 

. s
shocks (h~gh D ).s 
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