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STATIAL"AND TEMPORAL EVOLUTION OF THE
SEPTEMBER 1986, KALAMATA, GREECE, AFTERSHOCK
SEQUENCE

K. MARKOPOULOS. A. TSELENTIS. N. VOULGARIS. J. DRAKOPOULOS

ADBRSTRACT

In this paper the spnacinl and temporal evolution of the aftershock
scquence of Koalnmata. Greece, 1906 enrthquake is examined, by a new
technique called the method of the principal parameters (Ebbling
and Michelini, 19868). This melthod 1is bosed on time and space
cluster analysis principles. Ewch of Lthe clusters to be analysed
consists of m time-successive foci of a window which slides along
the aftershock sequence of n-events, yvielding n-mt¢l sets of events.
For each set of events the variance-covariance spatial matrix is

construetnd, ond its principal paramclers, g T eigenvalues and
cigenvectors, are calculated. By interpreting this mwatrix as a
locul rupture ellipsoid, which 15 fitted through the foeci, the
method is capable of isolating different orientations of active

foult plunes during the evolution of the sequence.

The oapplication of the method. to 515 well locatled aftershocks of
the Kalumato gequence, reveuals trends of Lhe scismicily pattern
which are consistenl with published focul plones based on fault
plane solutions, Furthermore the nctivation of secondary faults of
different orientationuz has been eutablished emphasizing the fact

that the area under stludy is lectonically complex.

CYNOWH
Loinv ecpyvavia auvin cletadctan o KUP IR Ral xpaovikn cZedifn  ttng
MUTAOCIOPI KNG CE1OpI KNG  ocipdg tng Kalapatag, wata tov Lontéufipro
Tou 1986, we tnv Bondcia tng pedoSou Twuy YOPAKTINEIOTIKWY NapauiIpwy
Twy mivaskwy Siaonopag. I ucdodog autn Baoidctar Tulg apxtg nou

Sicnouv tnv avaAuon VvEYOVOlwyY NMOL  NAROULOLAZOUV YPOVIKA Kat TOMmUKN
ouykévipwon. Katad +tnv avdiuow autn unohovifovial Kal OuvkpivovTal
Ta iSroaviopata kar L1 adtonipég twy Sradox it kov mivakwy Sraanapag
nou raokUnTouv ano  Liv pcTakivaon cvdg  xpovikou napaBdpou,
CUVKF AP LHEVOU CUPDUC M YEVOVOTWY . wata tnv  ypovikn eféirZn  Ing
oe Vv padg¢ n yvovowvdtwy, Ocwpdviag 611 kadc €vag and autolg Toug nivakeg
AVTINPOQWNEULT 1o  TONIRG chketyoe1Sege S1dppnéng Twv m yoyvovotwv,
ano&ecikvirtal 61t n pidobog awvin civar 1kavin va Siraxkpiver
SrapopeTinoug npooavaTol i oHong cnineSuv Si1appning, nou
cvepyvoloindnxkay kata tnv Si1apkera tng cZér1Z&ng Ing oelpag.

I egappovn  tng ncdobou or G115 rokd npoobiopilopdcva  cnikevipa Ing
Betagetopikne veipag  ang  Halupdatog  €d6ci1fe 611, exktog Tov  ndn
npogdiopiodéviwv cminédwv Si1dappning., unapyouv kKair Sevtecpetovta
cnincda pé Sragopcrironge npooavatoliopodg, vevovog nou cniBeBardve !
LNV TEKTOVIKR MOAUNAOKG TRTA TG NEPIONAG.
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d. _INTRODWCTION

The [lcontinucus éffort of gettime insight into the nature of
the earthquake phenomenon, leads scismoleogists to approach the
specific problem, by ecilher new techniques @r using methods of
analycis | | Hlireddy kaowsn foeom ) [othér fields, which are suitable to
the séismic "datn  involved. "Thus ! seismic signal analysis, for
example Y is now performed by using technigues originally developed
for electrical [signnl prégessing. In o JSimilar way the general
principles “and lechniques of time sequénce“analysis are applied to
earthquake accurrence, heing regarded as  events along the time
axis. Dy onnonlogy wn altershock sequence mny be regarded as a
cluster in space and time. In fact the ebvious interdependence of
the events within the sequence and their concentration in space and
time., permits uu to treat them as  such, llence cluster analysis
techniques (Davis 1986) could be useful in looking at the spatial
and temporal evolulion of an alterzhock sequeance.

Such o technique bLased on the estimation of eigenvalues and
eigenvectors of the variance-cvovariance matrix, from the centreid
of the cluster to eoch event, is the one introduced by Ebbling and
Michelini, 1986 and further eloboroted by Michellini and DBolt,
1906. The wpplicalion of Lthe method Lo the Friuli, Italy and
Coalinga, California coquences respeciively  has shown this
relatively simple melhod iy copolble of inferring the orientation of
fault ploanes activated during the evolution of the sequence.

Tlie mbove method will be applied to the aftershock sequence
resulting from the Kalamotla, Greece, September 13 1986, mea=6.2 main
shochk in an nttempt to contribute townrds the better understanding
of Lthe mechanism invelved in this  Seiumic poroxysm that destroyed
most of the city.

2. DBRIEF DESCRIPTION OF THE METHOD

Although details about the melhod can be found in the above

cited referecnce:, the main assumptions and the step by step
procedure leading to the delermination of the orientation of active
foult planes of the afterushoeck sequence, may be summarized as
follows.

An carthquake sequence is assumed to consist of s large number
of feaults within sn active seismic volume embedded in the regional
stress field. Each rupture causes a redistribution of the stress
field and nccumuloetion of siress on the boundary of the rupture
surfauace and on adjucent faults. These highly stressed ploces are
the locations where the next carthquahke is on the average expected
to occur (Michellini nnd Doll 1986). This progressive character of
the model is supported by the observation that aftershockhs are
clustered in both space ond time, suggesting that they are
dependent of eoch other.

From the above consideration it is expected thot the analysis
of the sputianl distribution of time successive events could get

ingight inte the mechoniuym  involved, by providing additional
information nbout the time uand spoce evolution of the rupturing
system. Dased on  these wnssumptions and observations, the method
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_#fonsists ‘of studying=lhe spread. or varinonce-covariance matrix, of
s successive ; uets of temporol arranged events, within the aftershock

Segitnga " Tis meUFix mayl “bosoregardad ™ dd defining the spatial
ellapsoid, fitted whrough the fodi. whose axes are the eigenvectors
ol st me Ura® , swicth lengthsse cqua'l 1d =wbkhe square roots of the
cigepynlucs. The comparison of the successive principal components,
iLe: wiggnyedtors, nod eigenvaolucds, is next attempted, while certain
criteria’ for the“flattening of the ellipsoid are taken into account
in cardergto lead the comparison betwean the case of successive
goplunardellipsoids .

The principal pacumeters ol eachogroupof coplanar ellipsoids,
are then averaged and projected on o lower hemisphere equal-area
projection. Finally the plunes perpendicular to the direction of
the average of the smullesl eigenvectors, represent the planes that
are the best it of Lhe foci.

The step by step procedure to obtain the time successive fault
orientution and the pattern of secismicity, shown in figure 1, is as
follows:

1._ Creaticon af szets of m events by sliding a time window of
width m, along the n events of a sphericul volume., of radius r
centered ot depth h within the aren of the aftershock

sequuence.arranged in temporal order. The result of this procedure
iz  Lhe creotion of n-m+l sets. The radius and decpth of the center
of the sphericnl volume and width m, depend on the sequence's
properties [(sce neoxt section).

2._ For cnch one of the m successive cevents, the distance from the
cenlroic of the set is colculoted and avernged over the m eventis,
formulating thus the spread matrix of the set. That is:

m a _ . _ m
1 =lj1=1/m ﬁ=1txki-xiltxkj-x.] (1,3=1,2,3}) , xi=1/m L Xy g {L=1,2+:3)

13 J k=1
3._ For ench of the n-mt+l sets, the principnl parameters, i.e. the
eigenvectors and eigenvalues, ore compuled and stored for further

processing.

4.  Because we are mainly interegted for flat ellipscids, only the
eigenveclors with Ty /Ta*a and T:/Tazb, where Ti. Ta. Ts are the
eigenvalues of the ma jor, intermediate and minimum axis
respectively, are selected and stored (for the values a,b see next
section).

5._ The average major and minimum cigenvectors of ecach solution are
next plotted in a lower hemisphere equal-areca projection. From this
plot it is poussible Lu see Lhe spotial migration of successive foci

and to define a genernl trend.

6._ Next the successive coplansr ellipsoids are selected and
averaged. This selection is performed by comparing the ellipseid's
orientation with the first. or refercnce cllipsoid, requiring that
the major and minimum axis of the ellipsoid wunder comparison
satisfies certain tolerance limits (see next seclion). The first
ellipsoid that does not satisfy the criterim, is regarded as the
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ney reference ellipseid in the next compariszon wherecas the previous
ohey represent now a solution of coplunur ellipsoids.

7._ Fimnlly. in order to  igclule 'the Joverange seismicity trends
during Ahe sequence, the planes perpendicular to the direction of

"“the  oaveruge smallest _eigenyvoalues are plotted on a same type of

prajcctionl as before .

By DATA SET

Afler the September 13 Kalumota, Greece., carthquake. a network
of 16 portable seismic stations was installed covering the affected
area. .

Over the period of the first two weeks more than 1500
aftershocks were recorded. These events were located with the
HYPO71 computer program (lLce and Lahr, 1975). Using as location
quality criterin : RMS<0.15 sec, ERZ<1.2 km, ERX<0.6 km, ERY<0.6 km
and in addition at least & DP-wnve wnd 2 S-wave readings for each
event, o totoal number of 515 events, with depths ranging from 0 te
12 km, were selected for further processing. The spaotial
distribution of these events 1s shown in figure 2.

From figure 2 it can be seen thot the aftershocks are mainly
clustered into two areas: the northern cluster (a). north of the
Kalomata city. containing the hypocenter of the main shock and the
southern one (b), containing the major aftershock. Based on the
above observation and taking also into account that the cluster
analysis method requires clusters to be as dense as possible, it
was decided to study these two areas separately,

As it was mentioned in the previous section, before sampling,
the rndius and deplh of Lthe center of the spherical subvelume, has
to be defined, These quantities depend on the cluster’'s density and
the depth of the events. Thus for the northern cluster a radius of
6.6 hkm and a center depth of 6.7 km were selected, while for the
southern cluster the radius and center depth were set to 6.7 and -
7.0 km respectively.

A second requirement of the method is te deline the Optfmum
width m of 1the uliding window. This choice i dictated by the fact
that for smaller windows the spreand of lhe cigenvectors is caused
by a small number of foci wused, while for larger windows
information about the rupture directions may be lost due to
smoothing coused by nveraging o large number of events. In practice
the oplimal widith 1is chosen by calculating the average ratio Q
between Lhe intermediate. Tz, and smallest, Ta, eigenvalues of the
scatter matrices, for different window widths., By plotting the Q
values for different values of m, the smallest volue of m for which
Q@ is nearly equal to the constant value is chosen. As it can be
seen from figure 3. in our case a value of m=25 was chosen for both
cases.

As  for Lhe ratios of Ty ,Tz,Ts, which define the flottening of

the acceplable ellipsoids (see step 4 of previous section), the
values of Ti:/Ta22.5 Ti/T222.0 and T:/T2>1.5, were chosen in order
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Mo obtain o satisfaéleory resélution.

A [innl requirement of the method is Lo define the tolerance
lim ivs for which quceessive elliptield:. can be regarded as coplanar
{sce  slap 6 previousisseclion). I aur case Lhe volues of 10° and
30% for“Lhe angles of major and smollest cigenveclors respectively.,
were schosen.

4. RESULTS AND DISCUSSION

For the two subvolumes considered’ in“this study, see previous
section, the vigenveclors with the largest (U..+) ond the smallest
(Ua A) cigenvalues hove been plotted on & lower hemisphere
equal-aren projection in figure 4 {a,b). This plot represents the
results after the conclusion of step 4 in section 2. showing the
migration and genernl lrend of successive flat ellipsoids. For each
of these subvolumes the results anre as follows:

I._ Northern cluster: From figure 1n. it coan been seen, that the
smanllest eigenvectors, which are perpendicular to the focal plane,
arce in the ESE part of the projection, showing that the expected
plones will have a dip ronging from 45° Lo 90° and a strike ranging
from o N-5 to o HNE-OGW direction. This is confirmed by figure 5
where Lhe seolutions resulting from the naveraging of successive
coplannr ellipscvids are plotted on the same Lype of projection. In
this [figure Lwo types of solutions can be distinguished:

a._ A solution wilh on average strike N32°E *4° and an average dip
of B1° 47° (solution type A). This planes werec activated at the
beginning (soelutions 1,2) and reactivated at about the middle
(solutions 10,11) of the sequence, This type of solution is in
agreement with the soluticon proposed by Papazachos et ml. 1986 for
the FTocal mechanism of Lhe main shock of this series,

b._ Another type of orientation i5 represenled by solutions
4.5.6,7.9.,13-21, which display an average strike of NS°E *13°.This
genernl group can be subdivided into three subgroups, Bi,Ba2,Bs with
avernge dips of  47°423° 63°15* and 85°%5H° respectively. These
solulions are similar to the one suggested Ly Delibasis et al.,,
1987. )

In nddition, ligure G recpresents the fault type solution
combined with the depth und time evolulion of the sequence. Thus
from Lhis figure, we cnn scee thal the type A solution starting from
shallower depths ot the beginning of the sequence. appears again in
the middle of the sequence but this time at much greater depth.
Another foeunture to be noted is the ropid increase of the depth of
focli towards the middle ond o gradunl  decrense towards the end of
Lhe sequence.

I1._ Southern cluster: In ligure 1b. where the largest (+) and
smallest (A) eigenvectors, colculated for the second subvolume, are
plotted, the overall picture is different,from that of the previous
cluster, with the smallesl c¢igeveclors nppearing in a highly
concenternted group in the NE seclor of the projection, showing that
all expected solutions of coplanar ellipsoids should be very
similar, displuying HNW-5E strike and an average dip of about 50°.
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/This is vefified | dn ~figuye "7 where it is obvious that all
colculated solulions" can be combincd in to one, with an average
silrike of jNAG®*W 12° und an average dip of 52°16°. For the same

arca; similar galutiofis"were cotvimatled by Lyen-Caen et al., 1987,
Ine Conclusion, Lthe results of the progedure followed in this
s tady., chow thot the areon LS tectonically complex. This |is

suggested p shy sthe voriely el opientations and dips calculated for
the' =mubfoualts activated during the aftershoch sequence. Thus, the
analysis of the northern cluster, indicates the existance of 2
types” ©of oricntation, which are dippings in in 4 different angles,
while the "soulhern cluster is choracterised by a rather uniform
behaviour, activated lnter in the sequence.
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