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Grаdчаl rеstriсtiоп of fracturing tоwагd the рlапе of the futчге mаiп ruрtчrе and iB
subsequent localization пеаr this рlапе аге qualiиfively described Ьу йе avalanche
uпsИЬlе-frасfuгiпg model of earthquake ргесчrsоrs. Localization of fractuгing was rесогdеd
iп фе lаЬоrаtоry during tesB of rock specimens. А snrdy of this effect dчriпg the рrесчrsоry
seismicity of lагgе earthquakes оссчггiпg iп the Kamchatka seismic rеgiоп is rеропеd. The
examined раrаmеtегý wеrе the disвnce R from the сепtеr of mass of the hуросепtеr роiпк
to the fiгst поdаl рlапе of the геlечапt earthquake and ttre disпibution of seismogenic ruрtчrе
density Р, fог Феir Ьеhачiог iп time and space. These quantities wеге combined into а

single parameter, S = RР", which shows the closeness of sebmic ечепБ ю the nodal plane
of а large eaгthquake and the dеgгее of сгасkiпg iп the medium. The геsчlь suggeýt that
seismicý tcnds to Ье localЙed пеаr фе nodal рlапе of а futчrе mаiп rчрtчге, the

localЙation volume рrоЬаЬIу speciffing the location of the futчrе hiф-mаgпiпrdе earthquake
hуросепtег (the place of ruрtчrе nucleation). The mаiп event is followed Ьу afteгshocks
оссчгriпg in а rеgiоп of lоwеr values of Р" close to фе mainshock hуросепtеr, фчs
terminating the fаilчrе ргосеss..

llчтRоDUспоlч

Analysis of the time-space behavior of the seismic рrосеss iп the sоurсе zones of lагgе
earthquakes based оп the avalanche чпstаЬlе-frасtчгiпg model [6] suggeýts that, when
mапу eaПhquake ruрtчгеs take place, they tend toward the futчге mаiп ruрtчrе рlаrrе. А
good соrrоЬоrаtiоп of this theory is fuгпishеd Ьу laboratory ехреrimепts of К. Mogi апd
С. Scholz [13], U5] whеrе rосk specimens wеге subjected to increasing loading. А
sеqчепсе of ехрегimепts to investigate the Ьеhачiог of rylindricat Westerley granite
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526 А. D. ZAVYALOV AND Yu. V. NIKITIN

specimens чпdег uniaxial loads in ап епчirопmепt of constant сопfiпiпg соmрrеssiоп also

led to фе localization of sочгсеs of acoustic pulses [10]. That tlre пчmЬеr of сгасks

increases toward the main ruрtчге is kпоwп from geological evidence [7]. Тhеrе are

comparatively few рареrs оп the time-space distribution of seismicity during the

ргесчrsоry регiоd of а lаrgе earthquake, which rероrtеd the tendency of earthquake

epicenters to оссчr iп а паггоw zопе of фе sаmе direction as the futчrе main rчрtчге [3],

[4], [9], [14]. Sobolev and Zavyalov [11] put foмard а simple algoгithm апd а соmрчtеr

рrоgrаm fоr calculating ршаmеtеrs that сhаrасtегizе this seismicity localization апd

investigated the localization process Ьеfоге the DесеmЬеr 15, 1971, ma8nitude 7.9
UsbKaTrchatsk earthquake.

lп this рарег we rерогt the results of очr rvork conducted with а view to detecting the

above effect during the ргесчrsоry periods of lшgе (К > l4.0) earthquakes оссчrriпg iп
the middle of the Kamchatka seismic геgiоп, using а foгmalized аррrоасh.

sHSMlclTY DATA sET AttlD DATA рпоGЕsSlilG твснlчIоUЕ

Computation аlgогithms. Iэt а 'cloud" of N points (earthquake hуросепtеrs) with
coordinates (хр ур z) Ье distributed in sоmе rеstгiсtеd volume (Fig. 1). The magnitude

of еасh point (earthquake) is specified Ьу giving а weight раrаmеtеr iп the fогm m, = lf ,

whеrе ( is rчрtчге length fоr the Ёth earthquake, cv being ап ехропепt. The length /, is
found fTom the fогmчlа [8]

|gt,=g.244Ki-2.266, (1)

whеге ý is the earthquake епегgу class.

Suppose there is а рlапе (one of the nodal planes of the futчге large earthquake)

specified as Ах+ф+Сz*D :0. The distance from фе point (х,, ур z) lo the рlапе сап

ье formd frоm

',=l

The wеiфtеd mеап distance R between the сепtеr of the maqs of the hуросепtегs апd the

поdаl plane of the futчrе lаrgе event will then Ье

The wеiфt of ап earttrquake иj waý calculated with the роwеr exponent varied in the

rапgе а = 0-3. Whеп а : 0, all earthquakes make equal contгibutions into the чаlче of
R. when d = З, фе contributionis рrорогtiопаl to the епеrgу released Ьу the respective

earthquake. Iп the lаttег case the result is сопtrоllеd Ьу several relatively lшgеr events,
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the contributiondue to smaller earthquakes being negligible. All results will Ье quoted fоr
с = 1 in what follows. The contribution of ап earthquake into the rеsчlt is ргороrtiопа1
to its ruрtчrе length.

l-th еаrфqчаkе
hуросепtег

Нурсепtеr of
fuпrrе large
earthquake

Nodal рlапе of
fumre lаце
earthquake

Figчrе 1 Model to ýtudy seismicity localization.

The раrаmеtеr R as а function of time fог а lшgе earthquake was investigated Ьу first
selecting а sрhеге centered at the hуросепtеr of the lаrgе emthquake. The rаdiчs of the

sphere was 50 km, which is соmраrаЬlе with the futчrе ruрtчге length as estimated frоm
(1) fоr earthquakes of К > 14. Values of R wеrе calculated in this sфеrе in а moving
time window of 2'уеаrs spaced at intervals of 2 months.

То investigate the раrаmеtеr R in space we used а 200 x200-km earthquake-generating

lауеr extending along the nodal plmre of the large еагthqчаkе (Fig. 1), the lауеr thickness

асrоss the nodal рlапе being 50 km. The lауег was divided аlопg the рlапе into 20Х20-
km elementary шеаs that overlapped Ьу halves, апd values of R wеrе calculated fоr each

elementary аrеа. Also fоr each аrеа, we calculated values of the сопсепtrаtiоп of
earthquake ruрtчrеs Р", which is the гаtiо of the mеап intemrpture length to mеап ruрtчrе

length Il]:
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Р" =N]'/3//"чr,

whеГе N- = пlV is ruрtчrе сопсепtrаtiоп, У the еаrthqчаkе-gепеrаtiпg volume, апd

l"* : ]Ё/,. It has been shown [1], [2], [5], [12], [1б], [17] that high-magnitudeп?l'
ruрtчrеs gепеrаllу оссчr in zones of low Р. values.

We examined the time-space distributions of ý : RP.. We fочпd them.to Ье mоrе
expressive than those of R апd Р". The ратаmеtеr ý is а mеаsчrе of both ho,w close аrе
seismic ечепts to the nodal plane of а lаrgе quake and the degree of сгасkiпg рrеsепt in
the еаrth. The сlоsеr the seismicity in ап еlеmепtаry аrеа to the nodal рlапе of the large
earthquake and the grеаtег the dеgrее,оf сrасkiпg in that аrеа, the smаllеr is the value of
S. Тгеаtеd iп this sense, the р:rrаmеtег ý characterb the сопtгiЬчtiоп of each element
of volume into the ргесчтsоry рrосеsý of а futцrе large eaгthquake.

DATA sET

This study чras based оп the seismicity data contained iп the catalog of the Kamchatka
seismic геgiоп for the реriоd t962-1996. The cutoff епеrgу class of complete rероrtiпg
fоr the entire реriоd of оЬsеrчаtiоп is К > 10.5. Ноwечег, since most of йе events
чпdеr consideгation fall in the аrеа of complete rФоrtiпg fог К > 8.5 earthquakes, we
used а subcatalog with К > 8.5, iп all about 30 000 ечепts in the depth rапgе of Ё <
100 km.

The атеа of study was chosen to Ье а 600x600-km sqчше whose сепtеr was in the
Gulf of КгопоtsНi (Fig. 2), one side of the square being along the axis of the Benioff
zone. Thirteen К > 14.0 earthquakes оссurrеd iп the аrеа during the observation регiоd
(see Table 1). Аmопg these wеrе three events with К 2 15.0: Petropavlovsk event
(NочеmЬеr 24,1,9'7L, К : 15.9), UsbKamchatskevent (DесеmЬеr 15, 1971, К = 15.4),
and ап earthquake of August 17, 1983, wiй К = 15.4. Because ечепt 1 (see Table 1) had
оссurrеd 1.5 уеагs аftеr thё starting date ofthe catalog, it was discarded. Events 9 and
11 сап Ье геgаrdеd as iпtеrгеlаtеd, since they ате close in time and space, and their поdаl
planes аrе nearly рагаllеl. Fог this rеаýоп we сопsidеrеd the first of the two events only.
Event 12 was discaгded as well, because it had Ьееп caused Ьу the очtЬrеаk of ап eruption
ОП Karymsý Vоlсапо апd seems to have involved а рrесчгsоry рrосеss ресчliат to itself.

Figuге 3 shows R as а function of time fог fочг of the ten remaining quakes. The
value of R at each point was calculated fоr а time window whose riфtmоst end was at the
point.

Figure 4 shows distributions of S along the nodal рlапе fоr the same events. This
calculation was fоr the fочг-уеаг iпtеrчаls ргесеdiпg the mаiп shocks.
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Flgчге 2 Distribution of moderate апd lагgе earthquakes fоr all of Kamchatka: / : epicenters of
К > 14 earthquakes used in analysis (see Table l); 2 - ерiсепtегs of К } 14 earthquakes
discaгded;3-epicentersofmoderate(13<K<14)earthquakes.ThecoordinatesareCartesian;
I - агеа of sшdу. Nчmегаls at symbols rеfег to earthquakes as numbered iп Table l.

RESIJLTý A}[D А DISCUSSIoN

ýeismiciф localization as а function of time. The раrаmеtеr R is seen iп Figs 3, Ь, с,

and d to decTease dчгiпg lопg (5- to 15- уеаr) intervals of time. It haý the lowest value

2-4 уеаrs Ьеfоrе а large earthquake. The miпiшчm is followed Ьу а sliфt iпсrеаýе,

рrоЬаЬlу to Ье inter?гeted as а геlаtiче local seismicity quiescence, апd thеп а lагgе event

occrгS.
А different R Ьеhачiоr was гесоrdеd Ьеfоге the DесеmЬеr 15, 197l, UsгKamchatsk

earthquake (Fig. 3, а) [11]. А significantswarm ofearthquakes оссчrrеd аrочпd the nodal

рlапе in 19б9. It ryas followed Ьу ап appTeciable R iпсгеаsе (а local quiescence)

culminating iп а lшgе earthquake.

Some less рrопочпсеd lows in R wеrе detected Ьеfоrе фе оthеr lаrgе Kamchatkan

earthquakes (see Table 1).
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l9б5 1970 1975 1980 1985 1990 1965 1970 1975 1980 1985 1990

Figчrе 3 Time vaгiations of рагаmеtеr R Ьеfоге lагgе eartlrquakes: а - Dec t5, 197l; D - Aug
17, 1983; с - Oct 4, 1987 d - Nov t3, 1993. Аrгоws mагk times of геsресtiче lаrgе quakes.

То sчm чр, most of the events considered hеге had Ьееп preceded Ьу diminished

values of R. This shows that seismicity Ьеfоrе а large quake tends to Ье localized toward

its futuTe nodal рlапе, i.e., mоrе events occrrr пеш the рlапе (in the fuШrе ruрtчrе rеgiоп)

than fш frоm it. This frасtчriпg throughout the futчrе main ruрtчrе чоlчmе is well known

frоm lаЬоrаtоry ехрегimепts in rосk loading [15].
Seisrniciý localization in ýрасе. The spatial distributions of the рагаmеtег ý displayed

iп Fig. 4 demonstrate that фе hypocenters of all large earthquakes сопсегпеd lie in the

regions of the lowest ý values. Consequently, the seismicity is localized пеш the nodal

R, km

К=l5.4п
ll
V

1965 1970 1975--t980 1985 1965 1970 1975 1980 t
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рlапе of а futчrе mаiп ruрtчге, апd the rеgiоп of its localization indicates the location of
а futчrе lаrgе eaпhquake hуросепtег.

-80 _40 40

1.2

FiguГе 4 Distributions of S iп а 50-km Iауег аlопg the nodal рIапе Ьеfоrе lагgе earthquakes:
a-Dec15,1971;D-Aug17,1983;c-Oct4,1987;d-Nov13,1993.Thecoordinatesare
Саrtеsiап. ,l - Rчрturе чоlчmе of large earthquake, фе radius being ргороrtiопаl to rчрfuге length
оп the mар scale; 2 - аftегshосks of lагgе earttrquake duriпg а few days аftеr the main shock.

We did some additional computations шd found that Р" апd R behaved iп the same
mаIшеr before most of ttre quakes considered. The раrаmеtеr Р. tells us about the dеgгее

0

о
-40-80 80 km
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of earthquake frасtчriпg, hence сhаrасtегizеs the ability of the existing earthquake ruрtчrеs
to interact апd coalesce. The process is described оп а qualiиtive level Ьу the avalanche

model геfеггеd to above. Iлwеriпgs iп Р" рriог to large eaгthquakes wеге rерогtеd Ьу
mапу wоrkеrs [1], [2], [5], [12], [16], [17]. The раrаmеtеr R tells чs how close the

seismicity in ап еlеmепиry агеа is to the nodal plane of а lагgе earthquake, hепсе gives

the сопtгiЬчtiоп of each еlеmепtаrу volume into the ргесчrsоry process of а future lаrgе

eaTthquake.

The distributions of & апd R along the nodal plane around the hypocenter of а lагgе
quake аге rапdоm in сhаrасtеr whеп оЬsегчеd long before the shock. Опе оr two юпеs
of lowest R values (R < 5 km) арреаr around the hурсепtеr immediately Ьеfоrе the

shock. This shows that low-magшiФde seismicity tends torvard опе of the поdаl planes of
а futчге mаiп earthquake. Its hуросепtег lies either in а юпе of the lowest R оr between

such zones: the 1-day aftershocks fill the area between these zопеý, for the most раrt
whеrе Р. is at the minimum. However, the hуросепtеr of the main qчаkе is localized iп
the rеgiоп of the lowest R values (the distributions of Р" and R along the nodal plane of
а specific event аrе hiДу diffеrепф.

It сап thus Ье infeпed that seismicity is localized пеаr the nodal рlапе 9f п fugmg main

ruрtчrе, апd this localization rеgiоп seems to indicate the hypocenter of the futчге laTge

quake (failure nucleation). Jftg main quake is followed Ьу aftershoclcs оссчrriпg in the

геgiоп of lоwег ,S close to the mainshock hуросепtеr, thus terminating the fаilчге рrосеss
associated with the earthquake of iпtегеst (Fie. а).

coltlcLUSloluS

l. The ргесrrrsоry processes of most of the large К > 14) Kamchatkan earthquakes

involve localization of low-magnitude seismicity in the mainshock sочгсе volume,
expressed as а lowering of R(0. This demonstrates that the low-magnitude frасtчгiпg of
the material mostly оссчrs пеаr the поdаl рlапе of the futчrе lаrgе quake.

2. The hуросепtеrs of all lагgе earthquakes considered wеге localized in the геgiопs
of the lowest S values. This mеапs that high-magnitude ruptures took place in rосk
volumes that had Ьееп аlгеаф weakened Ьу low-magпifude ечепк оссurriпg пеш the

mainshock nodal рlапе.
This wоrk was supported Ьу the Russian Fочпdаtiоп fоr Basic Rеsеаrсh, pýects

94*05- 161 14 апd 96-05-65439.
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