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Scismicity and structurc of thc Kamchatka subduction zonc 

Abstract 

Karnchatka subduction zone (KSZ) wus studied using the seismic data registered by regional and 

teleseismic networks. The configuration of the Wadati-Benioff seisn~ic zone. its velocity. structure, stress 

distrlbution in the descending plate. and relation between volcanic activity and subduction ·process, were 

investigated in the present work. 
'e• 

Only events presented in a catalog of the Kamchatka Regional Seismk).J.6tw.;~J.i.·(KR.sN) from 

1964 to 1990 Mw>3.8 with a formal error ofhypocentral deterrnination l;,ss tl~!lri)Ó~·,~.:,~e:utÚized in 

the analysis. Moreover, 12 focal mechanism solutions estimated from P~w,{:;fe flr~~ rn'<:.tf6ii~·; fue 21 formal 

inversions of long-period waveforrns, and 11 centroid moment tens.;r s.;li:iti.;~s '~erá':t1~ed ·in arder to 

determine the stress distribution in the KSZ. 

To the south of -55"N, the slab shows an approximately constant dip angle of :-55º, To the north 

of -55"N, the dip of the slab becomes shallower reaching -35º. The focal mechanism ·solutions and 

earthquake hypocentral distribution reveal the presence of the double-planned seismic zone ·.in the area 

between -50"N to -55"N that probably extends to -56"N. The ma.ximum depth ofthe double seismic zone 

is 170-180 km. The two planes of seismicity are separatcd by 40 km at a depth of 50 km, and by 10-15 km 

at 180 km depth. The focal mechanism solutions ofshallow earthquakes show an abrupt change from the 

thrust events to down-dip compressional events at approximately 60 km depth at the upper boundary of 

thc descending slab. Within the descending slab. the earthquakes with down-dip tensional a.xis form the 

lm.ver plane ofthe double-planed deep seismic zonc. Severa! earthquakes with do,vn-dip tensional axis are 

discovered in a narrow area of the upper seismic zone at the depth of about 50 km. The ma.ximum depth 

of seismicity, Dm. varies from -500 km depth near 50"N to -300 km depth at -55"N. The volcanic frontis 

almost linear along the main part of the KSZ whereas it is sharply shifted landward to the north of -55"N. 

The variation of Dm is apparently consistent with the standard empirical relation D 111 = f(<p). where <pis 

the therrnal parameter oftlle subducted slab. To the north of-SS"N, the slab is shifted to the northwest and 

it is sharply deforrned in a narrow contorted zone which is -30 km wide (-56"N, -161 ºE). To the north of 

this contortion zone, Dm decreascs up to -100 km. The landward shift of the northem part of the slab 

conformes a deviation of the volcanic front to the northwest which follows the -90-160 km isodepth range 

of the subducted slab. The observed value of Dm in the northem segment significantly diverges fron~ the 

global relation Dm = f (<p). ·we interpret this as an effective decrease of the thermal thickness of the 

subducted lithosphere. 
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Apparent correlation between the location of the volcanic front and the configuration of the 

subducted slab may be disclosed by a study of velocity structure of the KSZ. A total of 5270 shallow and 

intern~ediate-depth earthquakes registered by the 32 stations ofthe KRSN were used to assess the P-wave 

velocity structure beneath the Kamchatka peninsula in the western Pacific. The tornographic inversion 

was carried out in three steps. First, a one-dimensional (ID) tomographic problern was solved in arder to 

obtain an initial velocity rnodel. Based on that ID velocity model, 30 tornographic inversions with 

hornogeneous and heterogeneous starting models '-Vere obtained. The Conrad (I5 km depth) and the Moho 

(35 km depth) discontinuities determined from ID tomographic inversion, and the upper boundary ofthe 

subducting slab are taken into account in the heterogeneous starting rnodel far the travel times and ray 

path deterrninations. Both, the velocity structure and the hypocentral locations are deterrnined 

sirnultaneously in the inversion. The spacing of the grid nades is one half of a degree in the horizontal 

direction and 20 to 50 km in depth. A detailed P-wave tornographic irnage was deterrnined down to a 

depth of200 km. The resulting tomographic image presents a prominent Iow-velocity anornaly that shows 

a rnaxirnurn decrease in P-wave velocity of -6% at 30 km depth beneath the chain of active volcanoes. At 

depth, low-velocity anornalies are also observed in the rnantle wedge extending down to a depth of-150 

km. These anomalies apparently are associated with the volcanic activity. The sedirnentary basin of the 

Central Kamchatsky graben, to the west of the volcanic front, and the accretionary prisrn at the trench 

correlate with shallow, Iow-velocity anomalies. High-velocity anornalies observed ata depth of 10 km 

rnay be associated with the Iocation of metarnorphic basernents in the Ganalsky-Valaginskoe uplift and 

upper crust of Shipunsky cape. The results also suggest that the subducted Pacific plate has P-wave 

velocities -2-7% higher than that ofthe surrounding mantle and a thickness of -70 km. 
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RESUMEN 

La zona de subducción de la península de Karnchatka (ZSK) fue estudiada usando los sismos registrados 

por redes sísnúcas regionales y telesí.~micas. En este trabajo se determinó la configuración de la zona Wadati­

Benioff. la remción entre el volcanisrno y los procesos de subducción, el estado de esfuerzos en el interior de 

'a placa en subducción y la estructura de velocidades de las ondas sísmicas en la región. 

La estructura y configuración de la zona Wadati-Benioff fue estudiada con los hypocentros de Jos eventos 

reportados en el catálogo de la Red Sísmica Regional de Katnchatka. entre 1964 y 1990. Solamente se 

·•tilizaron los eventos con tnagnitud M...>3.8 y con un error de determinación hipocentral menor de }.O kin.. 
Además, se determinaron 44 mecanismos focales para estudiar la distribución de esfuerzos en .1á z¿Íla.de 

:-: -.::<: :·.' 
subducción de Karnchatka. 21 mecanismos focales fueron determinados por medio de la modelad~n· de 

.ndas de cuerpo registradas telesfsrnicarnente, y doce rnecanismos focales más fueron obtenid.ós Í::on las 

primeras llegadas de la onda P. Además, se incluyeron once mecanismos reportados por la U.niversidad de 

Harvard. 

Los resultados indican que el ángulo de subducción de la placa Pacífico por debajo. d.e: lá península 

--::>mchatka es de -55º entre los -50"N y -55"N. Al norte de -55"N, la placa sufre una abrupta flexión en una 

_;-:a de -30 km. de ancho y el ángulo de subducción disminuye hasta -35°. La profundidad máxima de la 

sismicidad. Dm. varia de -500 km. (-50"N) a -300 krn.. (-55"N). Al norte de la zona de deformación, D,,. 

di~minuye abruptamente a -100 km.. (-56"N). Esta configuración de la placa subducida permite dividir la 

ZSK en dos partes: la principal de ·-50"N a -55"N y la parte norte de -55"N a -56"N. 

La zona de detbrmación entre la parte principal de la placa y la parte norte se caracteriza, en un corte 

transversal. por la separación de la sisrnicidad en dos bandas. La distancia entre estas dos bandas aumenta en 

,. 'ción de la profundidad. Esta separación ocurre desde una profundidad de -80 km. La presencia de un 

•=canisrno focal cuyos planos nodales son paralelos a la zona de deformación sugiere que la deformación de 

:~, ;:>'aca podría ocurrir por medio de una falla tipo tijeras. 

La distnbución de la sismicidad y de los mecanismos focales nmestran que existe una zona sísmica doble 

··'°se revela claramente entre los -50"N y -55"N. y probablemente se extiende hasta -56"N. La separación 

.e -;:·.ocia! entre los planos de la zona sísmica doble es de -50 km. a una profundidad de -50 km. y de -20 km a 

""ªprofundidad de -180 km. En la parte superior de la zona sísmica doble, los mecanismos focales cambian, 

~ -60 km de profundidad. del tipo cabalgadura. reflejando el movinúento relativo de subducción, a los 



compresionales a lo largo de la placa subducida. Aparentemente, esto significa que el contacto sismogénico 

entre las placas se extiende hasta una profundidad máxitna de -60 km. 

El frente volcánico es lineal a lo largo de la parte principal de ZSK (de -50"N a -55°N) ·y se proyecta 

sobre las isosistas de la placa subducida de -90 a 140 km de profundidad. Al norte de -55"N, el frente 

volcánico se desvía hacia el noroeste siguiendo las líneas de isoprofundidad de -90-140 km. de la parte norte 

de la placa subducida.. Esto indica que la configuración de la placa subducida ·influye· fu~·rtemente en la 

configuración espacial del arco volcánico de ZSK 

La profundidad máxima de la sismicidad parece estar relacionada con el parámetro térmico de la placa. cp, 

el cual depende del ángulo de subducción, la edad de la placa subducida y la velocidad de convergencia.. Para 

analizar la relación entre los parámetros de subducción en la ZSK se obtuvo una relación empírica general 

Drn=f(<p) usando los parámetros de subducción (profundidad máxima de sismicidad, el (mgulo de subducción, 

la edad de la placa subducida y velocidad de convergencia) de diversas zonas de subducción de todo el 

mundo. La comparación del parámetro térmico de ZSK con la relación empírica general demuestra que 

Karnchatka es consistente con Dm=f(cp) entre los -50"N y -55"N. Al norte de -55"N, se observa una 

disminución en valores de D., que no coinciden con la relación empírica general. Esta disminución en el valor 

de D .. sugiere que la edad efectiva, o espesor térmico de la placa oceánica, tendrá que ser dos-tres veces 

menor que la edad estirnada en mediciones directas. Estos resultados se interpretan como consecuencia de un 

rejuvenecinúento térmico de la placa debido a la presencia de los montes marinos Meiji que se subducen en la 

parte norte de ZSK Este probable rejuvenecimiento de la placa en subducción podría provocar la 

disminución de Drn. la disminución del ángulo de subducción y consecuente deformación de la placa 

subducida en la zona de subducción de los montes marinos. 

La aparente relación entre la distribución del volcanismo activo y la compleja configuración de la placa 

sugirió estudiar la distribución de las anomalías de velocidades de las ondas sísmicas. Para este fin, 5270 

sismos registrados en el área limitada entre 50"N y 60"N y 150"E y 165"E, y registrados al menos por cuatro 

estaciones, fueron seleccionados para realizar una inversión tomográfica tridimensional. En realidad se 

realizaron tres inversiones sucesivas con el fin de obtener la imagen tomográfica tridimensional en ZSK. 

Primeramente. se determinó el modelo unidimensional de velocidades sí.~micas como un modelo inicial para 

las siguientes inversiones tridimensionales. Después, se realizó la inversión tridimensional con un modelo 

inicial homogéneo. Finalmente, se añadieran la discontinuidad de Conrad, el Moho y la placa subducida 

definidos como parámetros a priori. La inversión con estos parámetros definidos a priori dio el mejór 

resultado. el cual se tomó como la versión ímal de la tomografía.. 

2 



La imagen tornográfica de Ja ZSK muestra una zona de alta velocidad dentro del manto superior inclinada 

hacia el continente y que se asocia con Ja placa subducida del Pacifico. El ajuste de Jos .1:mrámetros iniciales 

sugiere que la placa subducida tiene un espesor de -70 krny una velocidad de onda P entre -2% y-7%·rnás 

alta que el manto circundante. 

Otra anomalía relevante de Ja velocidad de la onda P se observa bajo el frente volcánico. a i:.na · · 

profundidad de 30 km. Esta anmnalía de baja velocidad (-6%) forma una banda contúma·bajo el arco 

volcánico. Otras zonas de baja velocidad se extienden hasta una profunrudad de -150-200 km. por'debajo.del 

arco volcánico y aparenteinente se asocian con la generación de magina que alimenta al volcanismo en 

superficie. 

Las anomalías superficiales de baja velocidad de onda P cerca de Ja trinchera se relacionan con elprisma 

de acreción y en tierra a las cuencas sedimentarias en el graben central de Kamchatka. Las anomalías de alta 

velocidad en la parte trasera del arco volcánico se correlacionan con los levantamientos Ganalsky­

Valaginskoe de las rocas de basainento. Fmalrnente, zonas de alta velocidad situados cerca de los volcanes 

probablemente se correlacionan con los cuerpos intrusivos. 
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l. Introducción 

La penfusula de Kriinchatka es un margen activo donde Ja placa Pacífico. de edad Cretásica [Rea et al .• 

1993]. se subduce por debajo de Ja placa Norteamericana. El movimiento relativo entre las placas cambia de 

subducción. en la.trinchera Kuril-Kamchatka. a uno de transcurrencia en Ja trinchera Aleutiana. en el punto 

de intersección d~ éstas dos trincheras. El proceso de subducción esta acompañado por una alta sismicidad y 

por un volcanismo muy activo a Jo largo de toda la zona de subducción de Kamchatka (ZSK). Existe dos 

estructuras batimétricas que se subducen en ZSK: los n1ontes marinos de Meiji (-54°N). que forman Ja 

extensión norte de los montes marinos de Emperador. y la zona de fracturas de Kruzenstem (-52"N). 

La placa Pacífico subducida. que es una de las más antiguas del mundo. muestra una abrupta contorsión al 

norte de -55"N. Esta flexión súbita recuerda los cambios de geometría en las placas Il1ás jóvenes. Este 

cambio en la geometría de Ja placa produce un impacto importante en Ja configuración del frente volcánico. 

Sin embargo. la geometría y estado de esfuerzos en ZSK eran poco conocidos. No existía. además. un 

análisis sistemático de grandes eventos telesísmicos. excepto algunos eventos analizados por Kao y Chen 

(1994] en Ja parte sur de Kan1Chatka. Por otro lado. los datos de Ja Red Sísmica Regional de Kamchatka 

(RSRK) no habían estado disponibles a Ja comunidad internacional. Tampoco existían estudios 

tridimensionales completos de Ja estructura de velocidades en ZSK De este modo, excepto algunos pocos 

artículos. no existían muchas publicaciones acerca de ésta zona de convergencia. 

Fedorov [ 1968] y Fedorov et al. [ 1985] fueron Jos prin1eros en estudiar Ja distribución de Ja sisrnicidad en 

ZSK y determinaron una estructura planar para la mayor parte de ZSK. identificando la disminución gradual 

de la sisrnicidad en Ja parte norte. Luego. :ZObin (1991] estimó la distribución general de esfuerzos en ZSK. 

usando los mecanismos focales determinados con las primeras llegadas de la onda P registrados por la Red 

Sísmica Regional de K=hatka. Aunque sus resultados no son concluyentes, los datos sugieren Ja presencia 

de una zona sísmica doble. Kao y Chen (1994] sugieren Ja presencia de una zona sísmica doble al sur de 

-53"N, usando los mecanismos focales determinados mediante la inversión de las ondas de cuerpo 

registrados telesísmicarnente y argumentan que ésta no se extiende mas allá de esta latitud. 

Los estudios de distribución de velocidad de las ondas sísmicas en ZSK principalmente. han sido basados 

en los métodos de refracción. Por ejemplo. la estructura de velocidades en dos din1ensiones ha sido estudiada 

con los inétodos de refracción usando explosiones en el océano y el continente [v.g., Anosov et al .. 1978; 

Selivestrov. 1983; Balesta et al .• 1985]. Estos estudios revelaron un aumento de Ja velocidad de Ja onda P en 

la placa subducida de - 7% y una disminución bajo el frente volcánico de -4%. 
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Los tiempos de llegada regi<trados por la RSRK tarribién han sido usados para determinar la estructura 

tridimensional usando los rriétodos de refracción [Gorshkov. 1958; Slavina and Fedotov. 1974] y la inversión 

tornogr-..ifica [Slavina and Pfrovarova. 1992]. Sin embargo, estos estudios abarcansolarnente áreas limitadas 

de la península. como por ejemplo algunos volcanes específicos [Gorslzkov, 1958], la corteza bajo la red 

sísmica [Slavina and Fedotov, 1974] o el área entre la costa y la trinchera [Slavina and Pivovarova. 1992]. 

Estos estudios sugieren que la velocidad de la onda Pes de -7.6 krn/s en la corteza inferior y de -8.2 kin/s en 

la parte superior de la placa subducida. 

Nuevos estudios de la configuración de la zona Wadati-Benioff en ZSK son necesarios para refinar los 

modelos que relacionan la geometría de subducción y la subducción de las estructuras batimétricas a la 

tectónica de las placas y la actividad volcánica [v.g., Pilger, 1977; Kelle/zer and McCann, 1977; Cross and 

Pilger. 1982; Cahill and Isacks. 1992). Trunbién, estudios adicionales son necesarios para verificar los 

modelos que relacionan la forma de la placa subducida y los parámetros de subducción, tales como la edad de 

la placa y la velocidad de la convergencia [v.g., Kosrog/odov, 1989; Kirby, 1991; Okal and Kirby, 1995]. 

Además, el estudio de la distribución tridimensional de las velocidades de las ondas sísmicas en el interior de 

la ZSK permitirá mejorar nuestro conocinliento sobre la relación entre la actividad volcánica y la tectótlica 

superficial. 

Las metas principales del presente estudio son: l) estudiar en detalle la estructura de la zona de Wadati­

Benioff en ZSK. 2) examinar la configuración y la distribución de esfuerzos de la placa subducida. 3) analizar 

la relación entre los cambios en la configuración de la placa y los parárrietros de subducción. 4) estudiar la 

relación entre la geometría de subducción y el volcatlismo activo en ZSK. 5) obtener una iinagen tomográfica 

tridimensional de la ZSK y relacionarla con la tectótlica regional. 
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11. ProCundidad máxima de la sisn1icidad y el parán1etro térn1ico de la placa 

subducida: relación en1pírica general y su aplicación 

(Acept;ido en: Tectonophy ... ics. ~1S#S 18, January 6. 1997) 

Maximum depth oC seisn1icity and thern1al parameter of the subducting slab: 

general empirical relation and its application 

A. Gorbatov and V. Kostoglodov 

lnsrituto de GeofTsica .• Universidad Nacional Autónoma de México, México D.F .. 04510, México. 

Abstract. The rnaxirnum depth of seismicity (Dm) in subduction zones is limited by sorne physical 

mechanisrns related to the rheological strength of slab material. metastability conditions, failure strength 

etc. The main factors controlling these properties are temperature and pressure within the lithosphere 

sinking into the mantle. These P-T conditions rnay be coarsely assessed from thermal models of slab 

subduction. The observed relationship between Dm. the age of the subducted lithosphere (A) and the 

convergence rate (V) can be used to test the theoretical models and revea! inconsistencies which may 

indicate changes in failure mechanisrns with depth. We analyze the relation between Dn. and the thermal 

parameter of the descending slab (cp). which is a product of the age of the subducted lithosphere and the 

vertical component of convergence rate (V.1.). Seismicity profües across the subduction zones of 

Mex.ico. Chile. Kamchatka. Kuriles. Japan. Sumatra, New Hebrides. Aleutians. Tonga and Marianas are 

used to estímate Dm. The quasi-linear part of the dependence (Dm s; 240 km. and cp $ 2000 km) 

corresponds to relatively young and slowly descending slab and is in general agreement with the 

.. critica! temperature" models of deep earthquakes. Far cp >2000 km. which corresponds to the 

relatively older lithosphere subducting at a higher rate, the Dm = f (cp) dependence is nonlinear. The 

flattening of the empirical Dm = f(cp) curve in the range of 2000 km< cp <3500 km is found to be a 

direct indication of the influence of the equilibrium 01-Sp phase transition on Dm. Models invoking the 

metastable 01-Sp phase transition as a mechanism which controls the deepest seismicity can not be 

dcfinitely constrained by the results of this study. The general dependence D .. = f(cp) rnay be applied as 

a standard relation between Dm. A, and V far the analysis of deep earthquakes and seismotectonic 

studies of the subduction zones. 
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Introduction 

A conductive heating model (McKenzie, 1969) ora lithospheric slab descending into the isothermal 

mantle has been successrul at explaining variations or the maxinmm depth or seislllicity,·Dm. along the· 

Tonga-Kermadec trench (Sykes, 1966). Dm is the maximum depth to which a particular "critical" 

isotherm (Ter = SOOºC) within the subducting slab has penetrated into the mantle. Below the depth Dm 

the material comprising the subducted slab exhibits temperatures greater than Ter. and loses its ability to 

generate earthquak:es. According to the model, Dm should be proportional to the product or the 

convergence rate, V, and the age. A, or the lithosphere. For a slab which is subducting in the non­

isothermal mantle this relation is valid only rora dip angle. a=90º (venically subducting slab). 

The model is also valid for et S 90º if the n1antle exhibits a temperature distribution which is clase to 

adiabatic (McKenzie. 1970). In this case a general relation rora panicular potential temperature T'er is 

Lm~VA, (1) 

where Lm is the maxiinum length or downdip seislllic activity along the subducting slab and A oc H 2
• H is 

a thickness or the oºceanic lithosphere assuming a halfspace cooling model (e.g., Parker and ,9ldenburg, 

1973). A test or relation (1) with data f'Ór different subduction zones shows that the relation .is 

approximately lineai:rcirL,,;up to 600 kln, where VA ~400() km (Molnar et al., 1979; Shionci .Í11ct S~gi. 
1985). 

For a vertical temperature, gradient in the mUf!tle:' ~he ~lab heating sho~Jd depend ·mostly .~n the 

vertical component or the convergence rate; V.i.:=Vsin·a;·'instead or the· totál scaiar>valúe Óf V. Two 

subduction zones with the same values. of :v and:~ bi.Ji· .with different dip angles et1 < a:z· would have 

different Jengths or seismic activity. Lmr> L_,,,'.,: ;· be~'a.use adiabatic heating should raise the temperature 

inside the steeper slab (et2 ) as 'cotnp~~d;·1~·'tl1e?sh~ow one. Therefore it .is better to reformulate 

relation ( 1) in terms oran explicit f~nctiÜri:·6i ·tJ~· ~~~duct ViA (Kostoglodov, 1989); specific.1Ily 

Dm.oc Li..si~a\~;;,{kVAsina+d=k<p+d, · (2) 
.:f.o, 

~ .... _ 

where <p = VAsiná =v ... A• .. ·· is··cJ~:.~:\~~¡:: l<:irb~ .;1:· .i.{•·Ct991);· the '."thermal parameter" or the 
. : ~- .. _ '' .: ·_, ': -; ·_' -' . :--.-: . 

descending lithospheric slab~ and k ~d.d. ar~ cc:ms~.Ínts. Relatioó (2) is' valid if temperature (Ter) is the 
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only parameter controlling the occurrence of deep earthquakes. This concept is applicable for 

earthquakes in the shallow lithosphere (e.g .• '\Viens and Stein, 1983) where the pressure effects are 

small. Ter can not be the dírect physical control for the intermediate and deep seisnUcity in the high 

pressure envíronrnent where the failure mechanism apparently changes with depth. Nevertheless it is 

worthwhile to estímate the empírica! dependence Dm = f (<p) and to compare it with existing theoretical 

thermal models of the slab. This approach is useful in revealing majar discrepancy between the models 

and data. Tbe discrepancy rnay be a consequence of sorne physical effects not considered by the rnodels. 

lt has been shown that relation (2) agrees roughly with the observed Dm S 250-300 km. in the range 

<p =O to 2000 km (Kostoglodov, 1989). In this range, earthquakes occurring at depths Iess than 300 km 

inside the subducting slab are believed to be generated by brittle failure and frictional sliding along the 

fault surface. That occurs probably when sorne minerals. such as serpentine, dehydrate and release 

liquid water (Meade and Jeanloz, 1991). A review ofthe probable rnechanisrns and the physical factors 

controlling deep seisnUcity rnay be found in Frohlich (1989) and Lay (1994). 

For <p > 2000· km the relationship Dm = f (<p) is essentially non-linear and therefore the. "critica] 

ternperature .. model is not applicable. Using a data set of Dm. V and A to analyze the Dm = f(<p) 

dependence. Kostoglodov (1989) suggested that the observed deviation of Dm vs. <p from the expected. 

linear dependence rnay be explained by the influence of the 01-Sp phase transition. and particularly by 

the metastable 01-Sp transition. on the physical mechanism of deep earthquakes. A study of Kalinin and 

Rodkin ( 1982) and other recent studies (Green and Burnley, 1989; Green et al .• .1990;. Kirby et al .• 

1991; Green, 1994) indicate that earthquakes occurring at depths greater than 300 krn rnay be 

associated with solid-state phase transitions. predominantly in metastable olivine . (for example. 

transforrnational faulting. anticrack-associated faulting. etc.). Kirby et al. (1991) argued that the 

distinctive deviation from linearity of D •• = f (<p) for relatively old and rapidly subducting lithosphere 

may favor the transformational faulting rnodel based on the results of Iaboratory experirnents with phase 

transition in ice. 

The empírica] relation Dm = f(<p) was previously evaluated with the broadly averaged subduction 

parameters such as V and A (Kostoglodov. 1989. Kirby et al .• 1991. Kirby. 1995. Kirby et al .• 1996) 

and that introduced large uncertainties. Molnar et al. (1979) and Wortel (1982) demonstrated that !"cr * 
const, on the contrary. it increases with depth. Thus both temperature and pressure may affect the 

seisnUcity cutoff in the subducting slab. Recent numerical modeling of Spencer (1994) revealed that the 

calculated relationship between slab length, Lm. as defined by temperature threshold Ter = 650 ºC, and 
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thc product VA (see eq. (1)) is not linear. Unfortunately, the accuracy of previous empirical 

relationships is not sufficient to resolve the nonlinearity or even distinguish between the models. 

Whatever thc actual physical mechanism of intermediate and deep earthquakes may be, the accurate 

empirical relation Dm = f (cp) would be of great interest for the study of deep seisnúcity and tectonics of 

subduction zones. For example. relation (2) can be applied to subduction zones .with Dm < 250 ktn but 

unknown convergence velocity or age of subducted lithosphere in order to assess these parameters 

(Kostoglodov and Bandy. 1995. Gorbatov et al .• 1997, Kostoglodov et al., 1996), Dm = f (cp) may be. 

also useful for the analysis of deep earthquakes (Gorbatov et al., 1996). 

In this study we carefully examined the most recent data on seisnúcity. A and V for the.subduction· 

zones in Mexico. Chile, Kamchatka, Kuriles, Japan, Surnatra, New Hebrides, Aleutians;. Tonga and 

Marianas. The observed empirical dependence Dm = f (cp) was then analyzed for the con:Sistency. with 

the recent models of slab heating in order to assess a cutoff temperature for the intermediate and deep 

focus earthquakes. Possible applications of the general empirical dependence are discussed. 

Data and mcthod 

To estimate Dm and a. we use cross-sections of the Wadati-Benioff seisrnic zones exarnined in 

previous study (Gorbatov et al., 1996). Those are in Mexico. Chile. Kamchatka, Kuriles, Japan. 

Sumatra, New Hebrides and Aleutians. In addition, severa) more profiles are considered in Kuriles, 

Japan, and Sumatra subduction zones. We also completed various cross-sections in Tonga and 

Marianas. 

The following criterion is used for the selection of the subduction zones and seisnúcity profiles for this 

study: (a) subduction zones with updated age estiniates (by using linear magnetic anomalies) are preferred, (b) 

the subduction regüne should be unperturbed, so the cross-sections n~ust be chosen in sections of subduction 

zone which do not contain prominent subducted bathymelric features. Also. the profiles are selected so that 

Dm values represent the widest possible range of depths up to 700 km. 

'Ve tried to select cross-sections parallel to the vector of subduction velocity to facilitate the 

assessment of Dm anda; otherwise a special correction (Shiono and Sugi, 1985) for the angle between 

the direction of profile and vector V is applied. The value of Dm is taken as the depth of the deepest 

event along the cross-section (see Figure 1). An average dip angle, a, is calculated as arctan( Dml L,) 

where L, is the projection of Lm on the Earth's surface. 
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The uncertainties associated with rnaximurn seismic depths were estimated for each profüe as thc 

separation between the deepest and next deepest event. The uncertainty in the angle of subduction was 

deternúned frorn the uncertainty in Dm. This averaged uncertainty is less than approxirnate!y ±!.5º-2.0º· 

The convergence rutes and the associated uncertainties were calculated frorn the NUVEL lA rnodel 

(DeMets et al., 1994) at the !ocation where the true path of the point corresponding to D,., intersects the 

trench. The error in V estirnates depends on each pair of plates sharing the subduction boundary 

(DeMets et al., 1994). For the subduction zones of Marianas, New Hebrides and Tonga an effect of 

back-arc spreading is taken into account in the estirnates of V. Unfortunately the back-arc spreading 

rates are not wel! known except for the Tonga region where GPS data exist (Bevis et al, 1995). 

The main difficulties usually arise in assessing the age of the subducted lithosphere, because A in 

equations (1, 2) is the age of that segrnent of the oceanic plate now located at depth Dm when it first 

started to subduct. To estirnate this age we use the relation (Shiono and Sugi, 1985) 

A = A,+ Lm I V,. - Lml V. (3) 

where A, is the age of the lithosphere at the trench. Equation (3) assurnes that the half spreading rate, 

V., during the time interval A, to Lm / v. was constant. Picking errors in A, are usually less than 1 rn.y. 

The errors in A and cp are calculated using the error propagation equation (e.g., Bevington, 1969) 

applied to (3) and (2) respectively. In addition to the randorn errors, sorne indefinite systernatic error 

rnay be involved in cp estirnates related to the assurnption that V, = const. 

The seismicity events from ISC Bulletin (NEIC, CD 1964-1987), with a nurnber of registers at seismic 

station greater than 9, are selected to assess the subduction pararneters. The Japan Meteorological Agency 

Bulletin (1961-1993) is used to assess Dm and ex. in the Japan subduction zone. Only events with reliable 

hypoccntral estirnates are selected (index of cornputational method is frorn 1 to 5). Seisrnicity profiles across 

the subduction zone ofMexico are taken frorn Pardo and Suárez (1995). Seisrnic data along the Karnchatka 

subduction zone are frorn Gorbatov et al. ( 1997). 

Aleurians 

Convergence between the North American and Pacific plates along the Alaska-Aleutian trench takes place 

in a northwest direction with the convergence rate of 60-70 rnrn/yr (Figure 2). The oceanic plate becornes 
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progressively older to the south across to the trench (Atwater. 1989). Seismicity defines the downgoing slab 

up to Dm of about 300 krn which is almost constant along the Alaska-Aleutian: are. The dip of the subducting 

lithosphere shallows progressively to the east from -40º, undemeath the Aleutian islands. to -20° beneath the 

Alaska. West of 170°. subduction zone changes gradually into a right lateral transform boundary. The most 

prominent bathytnetric features are the Rat and Arnlia fracture zones. The Rat fracture zone consists of a 

!>-ystem of the fractures. It divides the oceanic plate into two different zones of spreading (Atwater, 1989). 

Amlia F.Z. is distinguished by the age difference. The segrnent of the Aleutian are where the Rat F.Z. is 

subducting is not used in the analysis because of the apparently disturbed subduction regime. The location of 

cross-sections A5 and A6 is selected so that to exclude the effect of subduction of the Anilla F.Z. The Ar. V,,, 

and ti> (azimuth of V,r) were derived from magnetic anomaly lineations published by Atwater (1989). We 

exclude from the analysis the area frorn 156"W to 165"\V since the problem of age estímate at the "T"' 

anomaly zone. In total, twelve cross-sections were selected for the Aleutian trench. 

Chile 

The Nazca plate subducts ENE along the margin ofthe South American plate with the convergence rate of 

-80 mxnlyr (Figure 3). Dm increases along the Peru-Chile trench from south (-100 km depth at -40º5) to 

north (-600 km depth at -20°5) and decreases north of -20ºS to -300 krn depth. The main fracture zones 

(with the largest age offset (Mayes et al .• 1990)) subducting at the trench are the Easter and Challenger. There 

is no clear evidence that two extensive bathyrnetric structures: Perdida ridge and Juan Femandez ridge, enter 

the subduction zone (Kostoglodov. 1994). 5outh of the Challenger F.Z .• the dip angle is shallow -20°. The 

dip angle in the arca between the Easter and Challenger fracture zones increases up to -35°. North of Easter 

F.Z .• the dip decreases to -25º. 

The age of the subducting Nazca plate increases gradually from -19 rn.y. at -40°5 to -50 rn.y. at -30ºS. In 

the area between the Easter and Challenger fracture zones the age increases up to 75-80 rn.y. and drops down 

to -SO rn.y. to the north of the Easter F.Z. (Mayes et al., 1990). Spreading rate v. along the Pacific-Nazca 

(Farallon) plate boundary was essentially irregular during the subduction history. The majar change of V, 

(from-70 mmfyr to -30 mmlyr) had occurred at -42 m.a. (Mayes et al .• 1990). We included that correction 

of V, into the assessment of A (3). To elirninate the influence of fracture zones the segrnents at 28º5 and 18°5 

are excluded from the analysis. Twenty eight cross-sections are selected along the Peru-Chile trench including 

one profile (b in Table 1) corresponding to the deep Bolivian earthquake of June 9. 1994. This profile is 

oriented along and to the south ofthe Easter F.Z. (Gorbatov et al .• 1996). 
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Japan 

The Pacific plate subducts beneath the Japan Islands with the convergence rate of about 90. nun/yr (Figure 

4). D., changes from -400 km to -600 km depth. The dip angle is almost constan! -35º.·The age ·oc the 

subducted Pacific plate A,= 130 m.y .• and it beco mes younger with the depth. The A, and t/J are determined 

from Nakanishi et al. (1992). the v..,. is taken from Nakanishi et al. (1989). Seven cross-sections are selected 

along the trench. The influence of the Kashima F.Z. on D., may be expected only at 41º-42"N. therefore· this 

area is excluded from the analysis. 

Kamclwrka 

In the Kamchatka active margin V= 75-78 mmlyr and A,= 65-70 m.y. The main subducting bathymetric 

features are the Meiji searnounts (north of -54"N) and Kruzenstem fracture zone (at -52"N) (Figure 5). D., 

changes from -500 km in south to -300 km depth in nonh. The spreading pattem has a reverse direction with 

respect to the subduction vector. A, and V..,. are derived from the age estima.tes of Renkin and Sclater ( 1988). 

The segment. whose maximum seismic depth could be altered by Kruzenstem fracture zone subduction. is not 

considered. The area to the north of 55"N is excluded from the analysis because of the strong influence of the 

Meiji serunount subduction. Totally. twelve cross-section were selected based on the study ofGorbatov et al 

(1997). 

Kuriles 

The Pacific plate with A, = 83 m.y. subducts beneath the southern Kurile are with V=82 nun/yr. and a = 

45°, generating seismicity down to -450 km depth. The quiet zone of rnagnetic anomalies to the nonh of 

45"N limits the stuclied area (Figure 6). The age and half spreading rate are derived from Larson et al. (1985) 

and Nakanishi et al. (1992). Only three cross-sections are selected from -43"N to -45"N. 
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In the Mariana subduction zone, A, = 83 ro.y .• V= 34-45 rrunlyr .• a segment of deepest seismicity Dm = 

600 kin is Jocated at -16°N. Dm gradually decreases up to -300 kin to the north from this point. a increases 

frorn -50° (at -24"N) to -70° (at -15"N). The studied area (Figure 7) in the Mariana are is restricted by the 

narrow zone where the magnetic anornaly are identified (from 14"N to 20"N) (Nakanishi et al .• 1992). The 

age of the subducted plate decreases with depth. There are not any known bathyrnetric features which could 

alter Dm. Only three cross-sections are selected in the northem part ofthe Mariana trench from 14"N to 24°N. 

The initiation ofMariana back-arc spreading (Figure 8a) is dated as -6 ro.a. (Seno and Maruyarna. 1984). 

The spreading rate ofthe Mariana ridge is 30-43 n:un/yr (Bibee et al .• 1980; Hussong and Uyeda. 1981). The 

direction ofthe spreading is EW (Carlson and Mella. 1984). Using these data the convergence rate between 

the Philippine and Pacific pintes detennined from NUVEL 1 A can be corrected for the back-arc spreading 

rote (Mr* in Table 1). Since the relative motion between the subducting Pacific plate and the back-arc 

spreading center is not known, we consider the back-arc spreading correction as an uncertainty of V. 

Mexico 

The Cocos plate subducts with a shallow dip (-20°-25°) beneath the North America plate. Dm changes 

frorn -50 km depth (-103°W) to -150 km dcpth (-96"\V). The age of subducted plate varies from -13 rn.y. 

to -16 m.y. in the SE direction along the trench. The A,. V,p and <P are derived from ?v1arrunerickx and 

Klitgord (1982), and Kostoglodov and Bandy (1995). The Orozco and O'Gorrnan fracture zones intersect the 

trench at -102"N and -99"N respectively (Figure 9). These fracture zones are not expressed clearly in the 

bathyrnetry and the age offset across the zones is not significant. Dm does not seern to be perturbed in the 

zones where fracture zones subduct (Kostoglodov and Bandy. 1995). Nine cross-sections are selected equally 

spaced along the Mexican trench. 

New-Hebrides 

In the New Hebrides subduction zone the Australian plate, A,= 50 ro.y .• V=82-91 mrnlyr .• dips steeply 

eastward beneath the Pacific pinte (Figure JO). The seismicity is traced down to the depth of -300 km. Only 

four cross-section in the New Hebrides are are selected for limited segi:nents where rriagnetic. anornaly 
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lineations are known (Larue et al.. 1977; Circum-Pacific Council for Energy and Minerals Resources. 1981; 

Weissel et al .• 1982). 

The age of the back-arc spreading in the North Fiji basin (Figure Sb) is -5.5 m.a. (Chase. 1971; Malahoff 

et al.. 1982). The spreading rate estirnates in this region are 70 rrunlyr (Mal~off et al.. 1982) and 96 rrunlyr 

{Falvey, 1975). There is not evidence that the western párt. of tbe North ·Fiji basin which overrides the 

Australian plate is detached from the Pacific plate (e.g., Eguchi. 1984; Charvis et. al.. 1989). A noticeable 

relative rnove.ment between the Fiji Islands and Australia plate is not · detected (Bevis et al. 1995). The 

direction and rate of the back-arc spreading coincide with the convergence velocity predicted by NUVEL lA 

rnodel for the Pacific and Australian plates (e.g .• Eguchi. 1984). For that reason. no correction for the back­

arc spreading is applied to V between the Pacific and Australian plates at New Hebrides. 

Swnatra 

Convergence of the subducting Australian plate. A, = 64-105. to the northeast along the ·sunda trench 

takes place at -70 rnrnlyr with a =30º (Figure 11). The seisnúcity occurs down to -250 km. There are 

nume:-ous fracture zones subducting in the Sunda trench. Magnetic anomaly lineations are estirnated in the 

area linúted by 6"N to 4ºS. We selected three cross-sections in this area where the deepest· seisnúcity is not 

perturbed by subduction of bathymetric features. The age and half spreading rate were derived from 

Neprochnov et al. (1979) and Mueller et al., (1993). 

Tonga 

The oblique subduction of the Pacific plate. A = 178 m.y .• in the Tonga-Kermadec trench and a lack of 

age estirnates north of 16ºS (Sclater et al.. 1980) linút an area of the study by 28ºS-20ºS (Figure 12). The 

Pacific plate subducts underneath the Australian plate with a dip angle of -50°. The deepest events occur at 

-700 km depth. The half spreading rate is derived from Sclater et al .• (1980). Four profiles are selected in a 

way that two main fracture zones crossing the trench at 26ºS and 22°S do not influence the Dm estirnates. 

The age of opening of the Lau basin (Figure 8b) is less than 4 m.y. (Malahoff et al.. 1982). The 

convergence rate of 164 rrunlyr (at 21°S). obtained from direct GPS measurements (Bevis et al, 1995) 

between the Lau basin and Pacific plate, is taken for the last 4 m.a. The older convergence rate is assumed 

from NUVEL lA between the Australian and Pacific plates. 
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Dependence or Dm on <p 

Figure 13 is a plot of Dm = f(<p} based on the data from Table l. An Íinportant feature oÍ this plot 

is a significantly reduced scatter. of.·Dm and smaller errors of <p estÍinates iri co_mparison with the 

previous studies (Kostoglodov. · 1989. Kirby et al. 1991. Kirby. 1995. Kirby et al .• 1996). The 

approxÍination ofthe general empirical relationship by the best fit polynomial curve (Figure 13) with the 

coefficients a(ao. ai. ...• :4) :d (54. 10-1
• 0.44xl0-2, -0.37xl0-3

• 0.63xlO-') implied in Gorbatov et al. 

( 1996) is consistent with the new data set up to Dm = 620-640 km and <p = 4500 km (thick so lid curve 

in Figure 13); In the. range of <p > 4500 km (thick dashed curve in Figure 13) Dm remains at 680-700 km 

leve! that is probably related to the break down of the relation A ~ H' at A > 70-80 m.y. (e.g .• thermal 

models of Parsons and Sclater. 1977. Molnar et al .• 1979. Stein and Stein. 1992). The ocean lithosphere 

older than 80 ITI.y. apparently should have the same thermal thickness as one with A = 80 m.y., thereÍore 

<p > 4500-5000 km may not have a physical mearung as the thermal parameter. Unfortunately. 

limitations OÍ the halfspace thermal models for the approxÍination OÍ H at old ages are difficult to assess 

(S. Stein_. 1996. personal communication). 

The following procedure is used to compare observed empírica! relation with .the· modeled minÍinum 

temperature distribution in the slab. A set of coldest geotherrns inside the subducting lithosphere with 

different values of <p is found from the results of numerical modeling by Gota et al .• ( 1983, 1985). Each 

OÍ these geotherrns represents (Figure 14) the distribution of minÍinum temperature within the slab as a 

function of depth or pressure in the mantle. Using the value of <p of each modeled geotherm. the Dm 

estÍinate, and its uncertainty from the eÍnpirical dependence Dm = f(<p) in Figure 13. are superimposed 

on that geotherm in Figure 14. The range of empírica! estÍinates of Dm in Figure 14 (shaded curved 

band) defines the P-T conditions of the seismicity cutoff in the subducting slab for the model of Goto et 

al .• (1983. 1985). 

Down to Dm = 240 km and up to <p = 1500-2000 km the critica! temperature changes gradually from 

- 700ºC to - 600ºC (gray circles in Figure 14). These cutoff conditions of the model correspond to a 

relatively young and slowly descending slab. They disagree with the results of Molnar et al. (1979). 

where Ter was rising with depth. The rnodeled Dm = f (<p) curve for Ter= 650ºC was obtained from the 

geotherrns presented in Figure 14 and plotted in Figure 13 as a dashed curve (Goto et al .• 1983, 1985). 
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-! ' As can be seen írom Figure 13, the model does not fit well the empirical Dm = f(<p) -relation for the 

constant Ter· 

A better approximation for the empirical Dm = f ( <p) relation in its quasi~lineár. sec~ion (Dm < 240 

km) is the model of Spencer (1994). In this model the controlling_mechanisms of the seisl'.Ilicity cutoff 

are the drop ofcompressive slab strength below 1013 N/m, and the i;,crea;¡;, ()[ sl~b cor¡,; te~perature of 

more than 650ºC. Above this temperature the calculated slab strength. is'defi~ed C!nlirely by dislocation 

creep in olivine. The Dm = f(<p) dependence from Spencer (1994), ádjLÍstéd tC> the empirical data, ·is 

shown in Figure 13. This rnodel for the temperature cutoff Ter= 650ºC is- very close to the best fitting 

polynomial curve only within the range of <p < 2000 km. 

The next range of <p from 2000 km to -3500 km (relatively older lithosphere subducting at a higher 

rate) is not related to further apparent increase of Dm. It remains approxirnately at the level of Dm = 260 

km (Figure 13). For the rnodel of Goto et al., ( 1983, 1985) Ter in that range of <p decreases even more, 

down to -550ºC, and for the model of Spencer (1994) this decrease is sornewhat less, Ter -600ºC 

(Figure 14). The drop of Ter may be interpreted by the influence of the 01-Sp phase boundary which 

crosses the geotherrns with 2000 km < <p < 3500 km approxirnately at a depth of 260 km (Figure 14). 

Neither of these models includes the effect of" latent heat released by the 01-Sp phase transition which 

should increase the ternperature in the slab core by LlT = l30ºC (e.g .• Turcotte and Schubert, 1971). 

The geother111S roughly corrected f"or L1T are presented in Figure 15. As can be seen, this correction 

produces an increase of Ter with depth (as well as with <p) which is physically more meaningful and 

consistent with the conclusions ofprevious studies (e.g .• Molnar et al., 1979, Wortel, 1982). 

The drastic increase of Dm frorn - 260 km to > 600 km in the narrow range of" 3500 km < <p < 4500 

km (Figure 13) has been considered to favor models invoking the metastable 01-Sp phase transition as a 

mechanism for the deepest seismicity (e.g., Kostoglodov, 1989. Kirby et al., 1991). Unfortunately, th.; 

large uncertainty in Dm and <pin this range and upward deflection of" the geotherms f"or Dm > 450 km (as 

a result of" the model inf"erence, the sinking slab is heating from its downgoing tip (Goto et al, 1983, 

1985)) do not allow us to support this conclusion. The cutoff P-T conditions for observed values of" Dm 

and <p are f"ar beyond the hypothetical kinetic boundary between metastable olivine and stable spinel 

with its characteristic temperature Tch - 700ºC (Sung and Burns, 1976) (Figures 14 and 15). It should 

be noted that in existing thermal rnodels of" the slab the ternperature distribution strongly depends on 

various poorly known rnode1 parameters and could vary by ±200°C (e.g .• Kirby et al., 1996). 

Nevertheless the trend of the cutoff temperature versus <p (Figure 15) is apparently Jess model-
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dependent and can be interpreted as indicating that the deep earthquakes (Dm > 350-400 km) are a 

distinct population with a higher Tch = 800-900°C in cornparison with the shallower earthquakes with T,, 

= 650-700ºC. The rnain conclusion from this observation is that shallow and deep seismicity in 

correction for A in equation (3). On the other hand, it rnay be worth applying the ernpirical dependené:e 

Dm = f(<p) in these subduction zones to asses Ar when Vand Dm are fairly well known. 

We should note that for the srnooth-shaped cross-sections with a seisrnic gap from D'm to the 

deepest events Dm (such as the most of protiles in Chile) usually both points D'., and Dm fit the 

dependence Dm = f(<p). To illustrate that, severa! D'm values for the Chilean cross-sections. Cl3-C21 

and the Bolivian profile (Gorbatov et al., 1996) (cl3-c21 and bl in Table 1) are plotted in Figure 16 

together with the general empirical relation Dm = f(cp). All D'm points are .in good agreernent with 

Dm = f(<p). This unexpected observation deserves further special. and more detailed study. 

Unfortunately D',,, - Dm seismic gap is not so clearly resolved in other subduction zones. To define the 

gap, an approach used, for exarnple. by Helffrich and Brodholt (1991) can be applied for every one of 

the cross-sections. 

Application of the general empirical relation Dm =f(<p) 

Molnar et al .• ( 1979) first proposed to use an empírica! relation between Dm. V and A to analyze 

unknown or poorly known seismotectonic pararneters in subduction zones. The general empírica! 

relation Dm =f(<p), where cp = VAsina, based on the data from Table 1 (Figure 13) is more accurate 

than the similar relations obtained in previous studies (e.g .• Molnar et al .• 1979. Shiono and Sugi, 1985, 

Kostoglodov. 1989, Kirby et al., 1991. Kirby 1995, Kirby et al .• 1996). That perrnits one to apply 

relation Dm = f( <p) in sorne cases to examine the anomalous features of subduction zones. 
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Aleutian - Kamchatka trenchjunction 

The maxirnum depth of seismicity. Dm. in the Kamchatka subduction zone decreases gradually from 

-500 km (50°N) to -300 km (54"N) .(Figure 17). The steep change of Dm from -300 km to -200 km 

occurs at 54.5"N where the.M~iji .seamounts (Figure 5) enter the subduction zone. The arca of relatively 

shallow Dm then continues Úp te:> the Aleutian - Kamchatka trench junction (-55.5"N). The origin of this 

change of Dm is analyzed by applying the general empirical relation Dm =f(cp) (Gorbatov et al., 1997). 

Dm and rp are estirnated for severa! cross-sections (kl3-kl9 in Table 1) in the northerrunost part of the 

Kamchatka trench (Figure 5). Then these estimates are compared with the relation Dm =f(rp) (Figure 

18). lt can be seen that for the assessed values of rp = VAsina for profiles kl3-k19 the observed values 

of Dm are anomalously shallow. In contrast, for the profiles in the southern part of. the Kamchatka· 

pcninsula (Figure 18) the values of Dm fit the empirical curve Dm = f(tp) within the limits of the error 

estimates. 

Profiles k13-kl9 (Figure 5) cross a relatively old segment of the Pacific plate (A, -86 m.y.). The 

convergence rate. dip angle and Dm are well constrained for the area. Using these estirnates it is easy to 

show that Dm would fit the general empirical curve if the age of the Pacific plate in the northern part of 

the Karnchatka subduction zone was about from two to three times younger (see Figure 18). This 

speculation is fairly reasonable taking into account the following concerns. There is not any geological 

or geophysical evidence of an abrupt decrease of V in the northern pan of the KSZ. A variation of the 

dip angle (from -55º to -35°) does not produce a substantial reduction of cp. Heat flow data of Snürnov 

and Sugrobov (1979, 1980 a,b) suggest that the therrnal thickness (the depth of 1200ºC isotherm) of the 

subducting oceanic plate is from two to three times less to the north of the Meiji seamounts chain than 

that to the south of it. Thus the reduced therrnal thickness of the subducted plate at profiles kl3-kl9 

corresponds to the effective age which is lower than the geologic age of the Pacific plate. 

Deep earrhquakes in Chile 

The empirical dependence Dm = f (cp) is applied to the deep seismicity in central Chile (sout.h of 

25ºS). Deep events of Chile north of 23°S and south of the Easter fracture zone apparently occ.urred 

within the oldest, A > 80 m.y. (Mayes et al .• 1990). segment of the subducted Nazca plate 
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(Kostoglodov. 1994) (Figure 19). The shape of seisrrúcity cross-sections and the assessed age (3) of the 

oceanic lithosphere at the depth (-100 m..y.) do not require total slab detachment in this region. as it 

ha ve been proposed by Engebretson and Kirby ( 1992) based on other age appraisal. to explain the 

maxirnum depth of seisrrúcity. Dm values corresponding to these cross-sections (Cl3-C21. Figure 3) are 

in agreement vvith the general Dm = f(<p) dependence (Figure 18). 

Because of a lack of intermediate depth seisnúcity in the cross-sections corresponding to the deep 

events located between 25º5 and 29ºS. it is not clear whether these events pertain to the continuous or 

detached slab. The shape of cross-sections Cl *-C4* (see Figure 3 for the location) fayors the 

hypothesis ofthe detached slab. On the Dm=f(cp) plot these events (Cl*-C4* in Figure 18 and Table 

1) are scattered around sorne average value of cp - 3500 km and Dm - 600 km and shifted from the 

general curve to lower <p (Figure 18). This may be interpreted to indicate that deep events were taking 

place within the detached fragment of the Nazca plate. Figure 19 illustrates this interpretation 

(Kostoglodov. 1994). However. we should note that the application of Dm = f(<p) dependence to 

analyze deep events in old slabs depends critically on the adequacy of halfspace thermal model of 

oceanic lithosphere with A > 80 m.y. If the model breaks down at A = 80 m.y. there would not be any 

essential difference of Dm. <p estimates between groups of profiles C l 3-C2 l and C 1 *-C4*. 

Rivera - North America convergence rate 

A value of the convergence rate between the Rivera and North American plates is essential to 

understand the largc-scale strain accumulation. recurrence time of. large subduction earthquakes and 

tectonics of the Jalisco block. Mexico (e.g .• DeMets et aL. 1995). There are two significantly different 

types of rnodels for the convergence rate between those two pintes. The first type. the high-rate rnodel 

(Bandy. 1992). predicts convergence rates of approxirnately 50 nunlyr near the southern end of the 

Rivera - North Amcrica subduction zone and between 20-30 rnm/yr at its northem end. In contrast. the 

second type. the low-rate rnodels (e.g .. DeMets and Stein. 1990). predicts convergence rate ofbetween 

20-33 rrunlyr near the southem end ofthe Rivera - North Arnerica subduction zone and between 6-17 

rrun/yr at its northem end. 

To constrain V between the Rivera and North American pintes. Kostoglodov and Bandy ( 1995) 

applied a slightly modified relation Dm = f( <p) in a w~y. similar to that presented in section 4.1. The 

analysis was done based on the .Dm =f(<p) relation observed for the Cocos - North American plates pair. 
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A comparison of this dependence with Dm and <p (calculated for different convergence rate models) 

shows that Dm estimares in the Jalisco zone fit Dm =f(<p) relation only when the corresponding <p values 

are assessed applying the high-rate model. It is importan! that two other independent seismotectonic 

approaches applied to verify an average V in the Rivera - North America subduction zone (Kostoglodov 

and Bandy. 1995) favor the high-rate model too. 

Discussion and conclusion 

A careful analysis has been attempted to retrieve new reliable estirnates of Dm frorn the distribution of 

seismicity in different subduction zones. The vaJues of A and V were found for each seisrnicity profüe 

using the latest published data on the age o{ the ocean tloor and the corrected global plate rnotion 

model NUVEL JA (DeMets et al .• 1994). Corrections for the back-arc spreading and the age of che 

subducted slab are introduced. The data contain significantly smaJJer uncertainties of Dm and <p in 

cornparison with previous studies. ;<\.general empiricaJ dependence Dm = f(cp) (Gorbatov et al., 1996) 

is corrected using new data and compared with the modeled Dm = f(cp) curves frorn Goto et al;-(1983, 

1985) and Spencer (1994) for Ter= 650ºC. The rnodels fit the ernpirical relation Dm = f(<p) within the -

uncertainty lirnits for the range of Dm < 240-260 km (quasi-linear section), and the better fit iséob~~-ed 
for the rnodel ofSpencer (1994) (Figure 13). Prominent deviation ofthe general ernpirical deIJe~~~~ce 
Dm = f(<p) frorn the model curves in the range oí cp frorn 2000 km to -3500 km is apparen'c'J~''~h'~'.ifi~~­

effect of equilibrium 01-Sp phase transition which may be elevated up to depth or . .::.26~·.-JJh :~frJifu t~e 
relatively cold slab core. .. /·:,': ,·,:~~·~~ ::0 5''¿:,i~:::-~.',\ ~-

.¡:~o:' ', ,·']: 

To examine the influence of the 01-Sp phase transition on Dm we cornpared 'the ob~~~~d ·_~at.'.i~íi- of 

Dm and <p with the location of the corresponding .. coldest'" geotherrns in the P~! ph~~:_ciJ~~~#r<E~<;'h 
geotherrn has been estimated using the results of numerical modeling (Goto et aJ;,iI9~3;·::i98S) ¡,_f the' 

ternperature distribution within the subducting slab with rnatching values of V, A and d -_AJ>~;ci~te P~ 
T conditions of the seisrnicity cutoff inside the cold core of the subducting slab \JI/e~¡; al~_.; :c;l:>tainecl in a 

similar way applying the empírica! fit Dm = f(<p) for slightly extrapolated results of Spenéer·s (1994) 

rnodel. For both models an apparent decrease of Ter at the depth of -190-270 _km can _be observed 

(Figure 14) which is in contradiction with the conclusions of severa! previous studies (e.g .• Molnar et 

al., 1979. Wortel, 1982). After a rough correction of the geotherrns for the latent heat released by the 

equilibriurn 01-Sp phase transition (Figure 15), the seisnücity cutoff ternperature apparently rernains at 
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T., - 650°C down 10 a dcpth oí -350 km.. That result cvidcntly relates obscrvcd upward dcllcction of 

thc c111piric.il dc:pcndcncc D- = f(tp) from thc modclcd curves to cquilibrium 01-Sp phasc transition. 

Tbc laten• hcat of thc Ol·Sp tran.,ition incrcases thc rcmpcraturc within the slab. '~hich·pilrtly delays a 

furthcr incrcase of D- in thc rangc of 2000 km < <p <3500 km (Figure 13). 

Thc abrupr increase of Dm from - 260 km to > 600 km in the range of 35.00' km <: <P < ::4500 km 

(Figure 13) can not be interpreted using the results of this study in favor of the deep sei-;rnicity being 

induced by the mctastable 01-Sp phase transition. although we cannot ·.discard this reasonable 

mechanism. Significant change of cutoff temperature from relatively shallow to deep earthquakes (Dm > 

350 km) can be an evidence for different failure mechanisrns betwecn those distinct populations of 

events. To approach the problern, applying the empírica! dependence Dm = f (<P) • an exceptionally 

accurate age estímate in other subduction zones and more adequate modeling are required. 

The best approximating curve (Gorbatov et al.. 1996) can be used as a standard general dependence 

Dm = f ( <P) for studying the relation between convergence parameters and deep seisrnicity. This 

approach has been used in severa! studies to: ( 1) estímate the effective therrnal age of the Pacific plate 

subducting in the region ofthe Aleutian - Karnchatka trenchjunction; (2) constrain the convergence rate 

between the Rivera and Nonh American plates; (3) analyze the deep seismicity in the Chilean 

subduction zone. 

:ºc=:~:~:~::n:n~s::ip:~~~~an~Gj;.rr¡~.~~:?~::·6~-th1:'a:::::a~e:.···{~~:::::: ~a~t::::. 
of very irnportant suggestions ... Tiie G~;~ ~~~t~tri ~6ft~ar~ l:Íy P. Wessel and W. Sinith was utilized in 

this study. 
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~ AJcutians: Atwalcr (1989); Chile: J\.faycs et al. (1990); Japan: Naknnishi et aJ. (1992); Sumatra: 

Ncprochnov et aJ. (1979). l\.fueller et al. (1993); Kamchatka: Rcnkin and Sclatcr (J988); Kurilcs: Larson 

et al. (J985). Nakanishi et al. (!992); 1\-farianas: Nakanishi el al. (1992); Mcxico: Mammerickx a.nd 

KJhgord (198:?): New Hebrides: Laruc et .:iJ. ()977). Circum-Pacitic CounciJ fer Energy 'and Minerats 

Rcsourc.es (J98J). Weisscl et :iJ. (1982): Tonga: Scfaterct al .• (1980), 
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Figure capUons 

na:u~ 1 . Sci'1tlicity cros..,.¡¡,-soc;tion ilJu..-;trJting how z_. Dm. óD-.. a and Oa a.re rnca..o:ourcd. D,,. L'i taken as the 

dcp<h of rhc dccpcsi c:vcnt aJong thc: cross-seclion. An average clip angle. a. is calculated as arctan(D"IL_,). 

whcre L. ic;; thc projection of ,f-r. on the Earth"s surface. The uncertainties associated with maximum depth of 

scL'<rnicity are ussesscd as thc separation between the deepest and next deepcst event. The uncertainty in the 

angle of subduction is dctermined from the uncertainty of Dm. Dashed line is an approximation of the seismic 

surfüce of the subducting slab. 

Figure 2. Tectonic frarnework of the AJeutian.subduction zone. -_Numbered Jetters identify the cross-sections 

used in this study. Dashed lines represent fracture ·;6nes. AlTo~s:sh~w subduction vector with convergence 

rate in mmlyr. Shaded triangle is "T'_' an~maly zone."AJ.;~_t;ari·0:hch iS" fnárked ~y 6000 m isodepth contour. 
:<·~ .. "·,~,:~¿J{:~j\· ~:."·l~.; ';:.:;y· 

Figure 3. Chilean subduction zone. Dashéd ífues shb~~;¿t~)~áciJaJ~'.ng6:fracture zones. Arrows show 

subduction vector with convergence rate in n1m/yi;.PenLcÍuie:tréncli. iS"rraced by 5000 m isodepth contour. 

Other symbols are the sarne as in Figure 2. 

Figure 4. Location ofthe cross~sections in. th~ Ja~an_subctudJ~n zoneJArr~ws show subduction vector with 

convergence rate in mm/yr. Dashed llne Ís the Jocati()ll of the ~Íiürui fracture zone. The trench is traced by 

6000 m isodepth contou_r: 

Figure 5. General tectonic setting of the_ Karnchatka subduction zone. Dashed line is Kruzenstem fracture 

zone. The trench is traced by.5000 m"isodepth contour. Meiji searnounts are. marked by 4000 and 3000 m 

isodepth contours. Other symbols are the same as in Figure 2. 

Figure 6. Southem Kuriles subduction zone. Trench is shown by 7000 m isodepth contour. Other symbols 

are the sarne as in Figure 2. 

Figure 7. Cross-section selected in the Mariana subduction zone. Trench is traceded by 7000 m isodepth 

contours. Other symbols are the same as in Figure 2. Back-arc spreading system in Marianas is illustrated in 

Figure Sa. 
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1. 

FlJ:U"-" 8. fol. Sketch illu."tr.uing rhc hack-arc sprcading systcm of rhe Marirula subduclion zone. PAC is the 

Pacu>e pL•tc and PHIL is rhe P/1ilippine platc. Dauble brokcn line is the arca of sprcading. Thin arrows 

inJicatc rhe dirccrion or spreading and rhick arrows are the subduction vcctors in the Mariana rrench. (b). 

Ncw-Hcbrides and Tonga back-arc spreading sysrelTlS. AUST is the Australian plate and PAC is the Pacific 

piare. NF is rhe North Fiji basin. Shaded ellipse is the location of" the Fiji islands. Double thin Unes denote the 

back-arc spreading zones. Thin arrows show the direction of" spreading. Thick arrows are the vectors or 

relative motion of the PAC and AUST. L - the Lau Basin. 

Figure 9. Mex.ico subduction zone. Dashed lines mark the Orozco and O'Gonnan fracture zones. Middle 

America trench is traced by 4000 m isodepth contour. Other symbols are the same as in Figure 2. 

Figure 10. New Hebrides tecrk¡;jc:-~tt§g:~000 m isodepth contours mark the trench. Other symbols are the 

same as in Figure 2. Back~ári: spreü"dülg ~t,;m in New Hebrides is illustrated in Figure 8b. 
·::r-; :1~·;.:· 

Figure 11. Sumatra subduction'"2()ri'e.- Dashed Unes represent fracture zones. Trench location is shown by 

4000 m isodepth contour. Other symbols are the same as in Figure 2. 

Figure 12. Tectonic framework of the Tonga subduction zone. Dashed Unes are fracture zones. 6000 m 

isodepth contour marks the trench location. Other symbols are the sarne as in Figure 2. Back-arc spreading 

system in Tonga is illustrated io Figure 8b. 

Figure 13. Plot of" the observed D,,, against the thermal parameter of descending slab. <p. based on the 

data f"rom Table 1. Heavy gray curve is the best-fitting polynornial Dm =f(<p) and thin curves are 95% 

confidence bounds. Dashed heavy gray curve is Dm = f (<p) for <p > 4500 km. Long dashed curves are 

Dm = f(<P) dependencies assessed from Goto et al. (198:3. 1985) and from Spencer (1994) for Ter= 

6SOºC. Thc Jast one is adjusted to the empirical data (120 km shift for the tWckness of the continental 

lithosphere in the model). Shaded rectangular areas illustrate the uncertainties in the estimares of cp for 

che-Marianas siJbduction zone associated with back-arc spceading correction of V. 
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FJ¡:ure J4. Pha....: diagrum nnd coldcst gcothcnn.~ of thc subducting slab (Jines annotated with the 

... -..lucs of" tp) from thc: thcrrna.I modcl of Gato et al e 1983, 1985). The circles indicate Dm far cach 

gcotherm with ils particular valuc of" tp t"or thc model of Go10 el al. ( 1983, 1985) and dirunonds are Dm 

far the rnodel of Spencer (1994). Open symbols denote inlerpolated values. Straight lines are 

equilibriurn transi1ions for different phases (<X~ 13~ y) of che composition (Mgo.s9 - Fea.11)2 SiO, 

(Akaogi et al.. 1989). Shaded curved band represents average P-T condicions of seisnúcity cutoff in the 

subducring slab (model of Goto et al .• ( 1983. 1985)) with different values of <p. Gray long dashed curve 

is the expected kinetic phase boundary between the merasrable and stable phases with the characteristic 

ternperature Tch -700°C (Sung and Burns. 1976). Host mantle .geotherln (<p =O) (Von Herzen, 1967) 

used in the rnodel of Goto et al .• (1983, 1985). Dashed black lines are coarse interpolations of the 
. . 

geotherrns for <p = 45.3 and <p = 55A as_ if the slab .in the model of Goto et al. (1983, 1985) were not 

heated from its bottom tip. 

Figure 15. Srune as Figure 14;'e,.cep~:,tlle coldest geotherm5 are corrected for the latent heat effect of 

equilibrium 01-Sp phase transitiÓn; L1T...; ·130ºc,:The points of che maximum seisnúc depth, Dm, below 

the a+y phase line are shifted by that·'éorrection:· Open circles and diamond denore Dm corresponding to 

interpolated and extrapolated values of <p. Topmost dashed line is the mantle geotherm in the model of 

Spencer (1994 ). 

Figure 16. Observed Dm against <p for the Chilean cross-sections (Figure 3 and Table 1) and the 

Bolivian profile (Gorbatov et al .• 1996) (bl in Table 1). Gray curve is the best-fitting polynonúal 

Dm = f(<p) and thin curves are 95% confidence bounds. Legend: Chile - (c*) the same cross-sections 

as marked by C* but the deepest events in the detached slab are not considered; Chile - (c) Chilean 

cross-sections C with D',,, - maximum depth ahead of the aseismic gap. 

Figure 17. Earthquake hypocentral projection on the Krunchatka trench axis (Gorbatov et al., 1997). 

Arrow marks the Meiji searnounts and short vertical line shows· the AJeutian trench location. Shaded 

triangles are active volcanoes. Abrupt dec~ease of Dm is observed.at.54.5"N. 
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Figure J8. Uppcr part (D-<500 km): Campurisan of D"!, 'P, data abserv'ed far the Kamchatka 

subduction zane and the empiricaJ relatian Dm = f(<p). Arrows indicate the shift af the abserved data 

far the Northern Kamchatka trench (filled diamonds) ·~:arder Ú) fit general dependence. Lower part 

(Dm>500 km): Plat af the abserved deepest Dm versu~'q>;J:~~~: tll;,,. Chilean subduction zone. Cross­

sections Cl3-C21 correspond to the oldest (-SOill.y.)!,sfg~fnt:ofthe subducted Nazca plate. The 

deepest events in cross-sections C l *-C4* apparently occür.Svithiri' the detached fragment of the slab and 

are shifted from !he general relation Dm = f(<p) to the l'ciw~1·r;;:(~e~ Figure 19). 

Figure 19. 30 Wadati-Benioff seismic surface (WBSS) of the Chilean subduction zone synthesized 

using ISC catalog of seismicity data (Kostoglodov, 1994). Detached segment of the subducted Nazca 

platc is seen between -24º-29°S. Dotted Jines are strikes of the main fracture zones extrapolated down 

dip along !he WBSS. In verted filled triangles are the .. roots" of active volcanoes (projection of locations 

of volcanoes on the WBSS). 
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111. Sismicidad y estructura de la zona de subducción de Kamchatka 

(ACC"PUado en: J. Genphys. Res .. ~fS#96JB03-S91. l"'o\.·iernbn: 7. 1996) 

Scismicity and structurc oC thc Kamchatka subduction zonc 

A. Gorbatov. V. Kostoglodov. and G. Suárez 

Instituto de Geofísica, Universidad Nacional Autónoma de .\.léxico. ~léxico D.F .. México. 

E. Gordeev 

Geophysical Service. Academy of Sciences of Russia, Petropavlovsk-Kamclu:zrsJ..-y, Russia. 

Abstract. The configuration of the Pacific plate subducted beneath the Karnchatka peninsula and the stress 

clistnbution in the Karnchatka subduction zone (KSZ) were studied using the catalog of the Karnchatka 

regional seismic network. focal rnechaJ!ism solutions estirnated from P-wave first motions. the fonnal 

inversion of Iong-period wavefonns, and centroid mornent tensor solutions. To the south of -55"N. the slab 

shows an approximately constant dip angle of -55°. To the north of -55"N. the dip of the slab becornes 

shallower reaching -35°. The maximum depth of seismicity. D ... varies from -500 km depth near 50"N to 

-300 km depth at -55"N. The volcanic front is almost linear along the main part of the KSZ whereas it is 

sharply shiftcd Iandward to the north of -55"N. The variation of Dm is apparently consistent with the standard 

empirical relation Dm =f(cp). where cp is the thermal parameter ofthe subducted slab. To the north of-55"N. 

the slab is offset toward the northwest and it is sharply defonned in a narrow contorted zone whlch is -30 Jan 

wide (-56"N. -16l°E). To the north ofthis contortion. Dm decreases to -100 kin. The landward shift ofthe 

northern part ofthe slab is reflected by a sharp deviation ofthe volcanic front to the northwest which follows 

the -90-160 km isodepth range of the subducted slab. The observed value of Dm in the northern segrnent 

significantly diverges frorn the global relation Dm = f (cp). We interpret this as an effective decrease of the 

thermal thlckness ofthe subducted lithosphere. 

Introduction 

The Kamchatka peninsula is an active rnargin where the Pacific plate (PAC). of Cretaceous age [Rea et 

al.. 1993) subducts beneath the North American plate. The relative plate rnotion changes from underthrusting 

ofthe PAC at the Kuril-Karnchatka are to essentially strike-slip rnotion along the Aleutian are. at the junction 
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of thc Kamchatka and Alcutirul U'Cnchcs. The subduction proccss is accompanicd by a chain of" active 

\'Olo:anoc:s along úx= K,:unchatka ..ubduction 7.onc (KSZJ. Thcre are IWO bathyn>ctric structures related. to. this 

MJbduction zone: thc )'.fciji seanx>unis and Kru=n.;tcrn fracture zone. The Meiji seamounts, which are the 

nonhcrncnosr ,..,,grn::nr of 1hc Empcror seamounts chain, enter the Karnchatka trench ar'- -54"N (Figure l). 

Thi .... i"'i. thc nJOst prorninent bathyrnetric feature being subducted. The other ~bath~trlC-: struciure* the 

Kruzcnstcrn fracture zone. subducts at -52~. 

The Karnchatka subduction zonc is irnportant in the understanding of convergent margins. Here, the 

subducted slab L'i one of the oldest in the world and there is a sharp contortion in the subduction geometry. 

These drastic changes in dip angle are renúniscent of those occurring in younger subduction envirorunents. 

As in other regions. the sharp changes in the subduction georneuy have important corresponding effects on 

thc geometry of the volcanic are. In spite of its relevance, the KSZ is poorly known. No systematic analysis 

of the Jarger teleseismic events has been undertaken, except a number of events analyzed by Kao and Chen 

[1994], and the data from the regional network had been unavnilable. Thus except for a few articles little has 

been published about this convergent margin. 

Fedotov [ 1968] and Fedorov et al. [1985] first studied the distribution of shallow and intermediate depth 

seismicity in Kan1Chatka, and determined a consistent and roughly planar structure of" most of" the Krunchatka 

seismic zone. except for a gradual shallowing of"the dip angle to the north. Later. Zobin [1991] estiinated the 

average stress distribution in the KSZ using the focal mechanism solutions obtained from P-wave first motion 

data of" the regional seisinic network. Although his results are not conclusíve, the data suggest the presence of" 

a double seismic zone. Kao and Chen [1994], using the results of" waveform inversion of teleseismically 

recorded events, suggested that the double planed seismic zone in KartlChatka exists only to the south of 

-53"N. 

The hypocentral distributíon of" the earthquakes recorded by the Kart1Chatka Regional Seismic Network 

was rcexarnined recently. together with the focal mechanism solutions estimated from teleseismic data 

[Gorbatov et al., 1994]. These results revea! a double-planed seismic zone developed from -SO°N to '-54"N; 

and possibly extending farther north. to -56"N. 

Further knowledge of the Wadati-Benioff seismic zone subduction geometry in Kamchatka are important 

to refine models relating subductíon geometry and subduction of" bathymetric features to upper-plate 

tectonics and volcanic actívity [e.g .• Pilger, 1977; Kelleher and McCann. 1977; Dickinson and Snyder, 

1978; Chung. 1979; Cross and Pilger, 1982; Spence, 1987; Cahi/l and lsacks, 1992; Geisr et al .• 1993; 

Gavrilov et al .• 1994; Kostoglodov and Ponce, l 994]. Moreover, these facts are important for testing models 

that relate the shape ot"the subducted slab and the maximum depth of"seismicity to geodynarnic pararneters of 
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lhe dcsa:nding lithosphcre. such a.s lhc agc of lhc lithosphere and thc ratc of subduction (e.g .• McKen::.ie. 

J 969; Ko:Uo¡;:lodm.·. 1989; Kirby et al.. 1991. Okal anJ Kirby. 1995]. 

Thc rnaín goal.; of thc prescnt srudy are: l) lo csli.rnatc lhc dcluilcd st.rt.1cture of the Krunchatka "Wadati­

BcnjofT zonc using thc catalog of regional scL"rnicity from 1964 lo 1990 and ali available teleseisnúc data. 2) 

10 study 1hc stress dL.;1ribu1ion and geometry of the subducted PAC. 3) to study the relation between the 

changes in thc rnaximum depth ofseismicity and the thennal parameter ofthe subducted slab in the KSZ. 4) 

to analyze the rclation between the subduction geometry and subduction of bathyrnetric features to upper­

plate tectonics and volcanic activity. 

Data and methods of analysis 

T/ze regional seis111ic catalog 

Regional and teleseismic data were used to define the configuration of the subducted PAC and the stress 

distribution within the \Vadati-Benioff zone. The Krunchatka Regional Seismic Network (KRSN) consists of 

twenty eight. three-component short-period seismic stations (T ,.=l .2 sec). and covers most of the Kamchatka 

peninsula (Figure 2 and Table l). The catalog of seismicity registered by the regional network is available 

from l 962 to l 990. This catalog contains the hypocentral Jocations, errors in their determination, and the 

estimated magnitude ofthe events [Fedotov et al .. 1964; Gusev, 1979]. 

Completeness of tlze catalog 

To analyze the completeness and hoillOgeneity of the catalog, the relations of logN versus Mw and 

cumulative number of events versus time were considered (Figures 3a and 3b respectively). Here N is the 

number of events and Mw is the moment magnitude. The magnitude in the catalog of the KRSN is listed as a 

""klass", K"6H, [Fedotov, 1972]. The conversion from K"" to Mw was done using the f'ollowing equation 

[Gusev, 1991]: 

Mw= 0.61K68 -2.17 (3 ;::;Mw;::; 6.5) (l) 

The logN versus Mw plot shows a linear Jogarithmic decrease ofthe number of events f'or Mw;:: 3.8 with an 

average b-value of'0.98 (Figure 3a). This suggests that the catalog ofthe KRSN is complete f'or events with 
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M. ~ 3.8. The plot of the currw.dativc numbcr of cvents versus time shows an almost constanl slopc with thc 

cx.ocp<ion oí t"-'O rcb1i-."Cly srnaIJ irregularitics (in 1972 and 1983) markcd as black arrows on Figure 3b. 

"l'"heoic 1 ... '0 srnall cltangCS in slopc represen! les.~ than a -2% changc in thc total numbcr of rcportcd events. 

Tilcrc i~ no C'\tidcncc that thcse irrcg:ularitics corrclate to any notable changcs in the network operation; these 

srnall iJTcgularities probably do not bias the homogeneity ofthe catalog. 

Tire quality of hypocenrral location 

Unfortunately. the catalog from 1962 to 1990 does not include the arrival times of the phase data and. 

c:onsequently. the nurnber and distribution of seismic stations used to locate each event. Therefore. it is 

impossible to analyze the reliability of the hypocentral determination other than using the errors reported in 

the catalog (Figure 4a). Gusev [1974; 1979) analyzed the error estirnates of hypocentral determination 

reported by the KRSN. These studies show that the average mean-square errors of the hypocentral 

determination ofthe KRSN are 15 km in depth. 6 km in longitude and 12 km in latitude [Gusev. 1974; 1979). 

Fortunately. complete catalog including phase readings of -2000 events exists for events that occurred 

between 1985 and 1987. These data offer the possibility to analyze in more details the quality of hypocentral 

determinations. Synthetic tests were applied to those events for which phase readings exist. The goal of these 

tests was to evaluate the maximum error of hypocentral determination caused by changes in the assumed 

earth structure and the network geometry. For this purpose. the hypocenters of the events recorded during 

1985-1987 and the station sets that registered each event were used to generate synthetic travel times to 

which random noise was added. The added noise was normally distributed with a standard deviation of 0.2 s 

for P and 0.8 s for S waves. The events were then relocated using different velocity models applying a ±5% 

perturbation to the P-wave velocity model and to the Poisson ratio. Also. the depth ofthe Moho was taken at 

30 and 40 kin. It may be assumed that the quality of hypocentral location is reflected by the magnitude of the 

largest hypocentral deviation between the original location and the perturbed relocated hypocenter (Figures 

4band5). 

The synthetic tests show that the average maximum deviation of the hypocentral depth determination is 18 

km and the average maximum epicentral deviation is 6 kin. Maxirnum hypocentral deviations for the events 

with M w ;a: 3.9 are about half of those observed for the events with smaller magnitudes (Figure 4b). Shallow 

earthquakes (0-45 km depth) offshore and near the trench have larger hypocentral deviations (-40, km in 

depth and -20 km in epicenter) than those located closer to the coast (-20 km in depth and -5, krii in 

epicemer) (Figure 5). Depending on the network coverage. the smallest hypocentral deviations (about 5 km) 
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are obscn'Cd for c'\'cnts within a dcpth r.mgc of 45 to 200 km and locatcd Jandward. ·· The nuximum 

h)poccntral dcvi;ition inc:rca.""" a.~ a function ofdepth and. for the cvcnts Jocatcd dccper than 200 Ion. it is of 

-20 km in dcplh and -5 km in epiccntcr. 

In conclusion. che hypoccntcrs tlllit define the slab geomeuy, thc purpose of the present study, are 

gcner.úly focated a< depths greater than about 40 km and are inland or close to the coast. As discussed above, 

the hypocentral Jocations or these events were consistently the rnost stable regardless of the penurbations 

applied to the arrival time data or to the assumed Eanh structure. The average maxirnum hypocentral 

deviation for events with Mw;:: 3.9 were usually Jess than -15 km in depth and -10 Jan in epicenter (Figure 

4b), giving us confidence of the observed geometry and structure of the subducted slab. Although the 

synthetic tests have been applied only to events occurring between 1985 and 1987. we assume that these 

results are valid for the COJ1lP)ete catalog. Thus, taking into account the analysis of the completeness of the 

catalog and supposing that the events with estimated errors in depth greater than 10 Jan (Figure 4a) are not 

reliable, we decidcd to exclude from the catalog ali events with the M..,S'.3.8 and for which the estimated error 

in depth was greater than 10 kxn.. 

I1Zversion of lollg-period P and S -.uves 

To estimate the stress distnbution in the KSZ and to constrain the depth of the upper surface of the 

descending slab, focal mechanisms were determined using teleseisnúc data. Events with magnitude mr,;::.5.5 

were selected to determine their focal mechanisms from the inversion oflong-period body waves. 

Digital scisrrtic traces recorded by the Global Digital Seisrnograph Network (GDSN) and the digitized 

analog seismograms of the World-Wide Standardized Seismograph Network (WWSSN) were used for the 

body wave inversion. The teleseismic body wave inversion technique of Nábelek [1984] was used to 

determine the source parameters of21 eanhquakes (Figure 6 and el=tronic supplement1
). Seismograms were 

selccted for stations with epicentral distances in the range of 35° to 75° and ali seisrnograrns were norrnalized 

for a magnification of J 500 and an epicentral distance of 40°. The epicentral locations of the events reponed 

by the KRSN catalog were used in the inversion. assurning that epicenters in these catalog are more accurate 

than those published by the ISC buUetin for the Kamchatka area [Gusev, 1974]. The arrival times were taken 

from shon-period records, when available, or as reponed by the ISC buUetin. The inversion determines the 

strike and dip of one fault plane and the rake of the slip vector, the centroidal focal source depth. the seisnúc 
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rnomenl <-'f-). and thc shapc of lhc sourcc time function paramctcrizcd by a series of ovcdapping isosccles 

ui:angJc:s (Ndbd~k. 1984). 

A half"-spacc soun::c structure is a.«.~um<>d with P-wavc vclocity of 6.0 klnls, a Poisson ratio is of 0.25, and 

a dcn...¡ity of" 2.6xJO' kg/m:. bcneath thc sci~rnic stations. A half'-space source strUcture determined for the 

Kaznchatka arca by Ba/esta et al. (1985] was used at the source. Additionally, a water !ayer was included in 

che source structure model far offshore earthquakes according to the bathymetry above the epicenter. The 

inelastic auenualion along the propagation path is parameterized using t"=l s for P-waves and t-=4 s for S­

waves [Langston and Helmberger, 1975]. The focal mechanism. centroidal depth, seismic ITlOment, and 

source time function were solved sinlultaneously in each iteration. For the less reliable solutions. the resulting 

formal errors are within ±10º for the fault strike, dip and rake, ± 1 kin for the centroidal depth and ±20% for 

the seisrnic rnoment (Table 2). 

The focal 1neclzanis111 so/utions 

Harvard Centroid Moment ·Tensor Solutions (HCMTS) [Dziewonski et al., 1981; Dziewonski and 

Woodhouse, 1983] were also used for the arcas where the lack of events with lil¡,;;;: 5.5. which can be used 

for body-wave inversion. Unfortunately. the northem part of the KSZ (nonh of -54"N) does not have a 

sufficient nurnber of events with appropriate magnitudes to perforrn a body-wave inversion or that are 

reponed in the Harvard catalog. Therefore, P-wave first motions were used to estimate twelve focal 

rnechanisms in this area using the data from the ISC Bulletin of Hypocenter Associated Phase & Comment 

Data from 1964 to 1987. Only stations with arrival time errors (RMS) smaller than 1.5 s were used. Stations 

with reported inverted polarities are corrected according to the NEIC Semi-Am1Ual Teclmical Repon [ 1990]. 

In total. twenty one focal mechanism solutions were estimated from the waveforrn inversion analysis. 

twelve solutions were constructed using the first motions of P-waves, and twelve mechanisms were taken 

from HCMTS (Table 2. Figure 7. and electronic supplement 1
). A comparison between the focal depth 

estirnates for the events rnodeled in this study (Table 2) using the body-wave inversion, D,, and the depths of 

the srune events reported by the KRSN, D1. is shown on Figure 8. The uncenainties of the depth values 

reponed by the KRSN are shown as error bars. The best fit linear dependence D1 against D, (dashed line in 

Figure 8) is D 1=1.01(±0.03)D,+ 4.05(±4.1). The average standard deviation of D 1 predicted from D, is ±15 

km. Not surprisingly. the best agreement bctween D1 and D, is within the depth range from -70 to -300 

km (Figure 8). Severa! events that are shallower than - 70 kin or deeper than -300 kin have larger differences 
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(man: rilan -15 bn) in focal dcpth estimare:.<; (Figure 8). Thcsc rc.<>ulrs are sinillar ro rhosc obrained in lhc 

hypoccntral ~ion q\l'1lity ICSI reali7.cd abo\"C. 

Gc.""Ornetry or the subductcd Pacific plate and its stress distrihution 

Seisrniciry profi/es 

In order 10 perform a delailed analysis of rhe spatial dislribution of earthquakes _ beneath 1he Kamchatka 

peninsula, 1he selected catalog of hypocenters reponed by the KRSN (M..>3.8 and depth error smaller than 

1 O km) were projected on twenty venical cross-sections AA' to MM' oriented norlnal to. the trench and on 

profile ZZ.' which is oriented along the strike of the trench (Figure 9). Profiles AA' to MM' have widths of 40 

km.. whereas NN' 10 TT' have widths of20 km in order to exrunine in more detall the change ofthe clip angle 

ofthe slab in the nonhern part ofthe KSZ. 

The hypocenrral distribution of earthquakes along the Kurile-Kamchatka trench projected onto protile ZZ' 

shows a gradual decrease of the maximurn depth of seismicity, Dm. from -500 km near 50"N to -300 km 

near 54"N (Figures 10). An abrupt change of Dm (from approximately 300 km to 200 km) is observed where 

the Meiji searnounts are subducted. Near the Aleutian are, a diffuse shallow seismicity is apparently related to 

the strike-slip motion observed in that zone. The configuration of the downgoing plate in the Aleutians can 

not be defmed because of the sparse distribution of seismicity. The average dip angle of the subduction zone 

of -55º is constan! from protile AA' to MM' (Figure 11). 

Curves approximating the upper boundary of the subducted slab were traced on the pretiles (Figure l 1 ). 

The curve origin was set at the trench and it passes through the interplate contact, which is idenrified by the 

hypocenters of events showing 1hrust mechanisms. The curves obtained from these pretiles were used to 

construct rhe isodepth contours ofthe subducted slab (Figure 12). The isodepth Iines were selected at depths 

of 40, 60, 80. l 00, 140, 1 80, 300, 400 and 500 km. Ali isodepth contours were smoothed using a polynomial 

interpolation. The rela1ively sharp change in the shape of the subducted slab and the dip angle begin near 

profile NN' (Figures 11, 12 and 13). The zone of rapid change in the dip of the slab is locared between 

profiles 00' and PP' (Figures 13). The slab on profile PP' is offset with respect to that on profile 00' by 

about 20 km. This deviation 1akes place without a prominent change of D,.. or clip angle of the slab. Farther 

nonh, D,.. decreases from-180 km (profile PP') to -100 km. on profile TT', and the clip angle decreases from 

-55º to -35°. 
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lntrJplate down-dip tensional eanhquakes are obscrved from -50"N to -56°N (Events number 2, 4, 24, 

27, 28. 29, 30. 37, 39. 45 on Figure 11); these mechanisrns probably indicate the presence ofa double-planed 

seismic zone along practically the en tire KSZ. Gorbatov et al .• [ 1994] showed that the maximum depth of the 

double seismic zone is -180 Jan. The zone of interplate seismogenic coupling is defined by the change from 

interplate thrust to down-dip compressional events at the depth of-60 km [ Gorbatov et al .• 1994]. 

Events number 18 and 44, showing down-dip tensional mechanisms are unusual given their hypocentral 

location (Figure 11). These events occur in the region where thrust events take place ata depth of about 50 

Jan. Events number 6, 8 and 15 (Table 2 and Figure 7) indicate right lateral strike-slip rnotion along the 

Aleutian trench as predicted by the relative motion ofthe Pacific and North American pintes. 

Maximum depth ofseismicity and the age ofthe subducting slab 

It was shown above that the maximum depth of seismicity, Dm. decreases gradually from -500 km (50"N) 

to -300 km (54"N) (Figure 10). The steep change of Dm from -300 km to -200 km occurs at 54.S"N, where 

the Meiji seamounts chain enter the subduction zone. In order to investigate the origin of this change a 

dependence of Dm against <p for KSZ is analyzed. where <p = VAsina is the "thermal parameter" of the 

descending slab [Kirby et al .• 1991], A is the age of the plate, V is convergence velocity, a is subduction 

angle. The main idea is to compare the standard relationship Dm =f(<p) with the data on Dm vs. <p for the 

KSZ.fis a global empirical estirnate [Kostoglodov 1989; Kirby, 1991; Kirby 1995; Kirby et al., 1996]. The 

estimates offrecently obtained from the analysis ofdifferent Wadati-Benioffzones [Gorbatov et al .• 1996] 

were used in the analysis. The dependence of Dm versus <p for a given subduction zone may differ significantly 

from the general empírica! dependence Dm = .fl.<p) if the pararneters of subduction for the particular 

subduction zone are not known well or the subducted slab is inhomogeneous (bathymetric features having 

different physical properties). 

To estímate Dm and a, profiles from AA' to TT' (Figure 11) and cross-section ZZ.' (Figure 10) of the 

Wadati-Benioff seismic zone are used. The convergence rate and associated uncenainties are calculated frorn 

the NUVEL lA model [DeMets et al.. 1994] at the location where the subduction trajectory of the point 

corresponding to Dm intersects the trench. The age ofthe subducted slab in <p= VAsina represents the age of 
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1ha1 ,,.,grncnt of lhe OCC<lSlic plalc now localcd al dcpth D~ whcn it fin;t stancd to subduct. Thc rclation by 

Slriono and Su¡.:i ( 1985) is u.'iCd to cstimatc A: 

A =A,+L,,,;'V, - L,,,;'V (2) 

where V..- is the half-spreading rate, L.., is the Iength of down clip seisrnic activity along the subducting slab 

and A, is the age of the oceanic pinte at the trench. A, and V, are estitnated using. the. isochrone Iines of the 

Nonhern Pacific obtained by Renkin ami Sclater [1988]. A correction [Slziono a1':'2Sug.i. 1_985] for the angle 

between the direction of pro file and vector V is applied. Lm is measured along Jhé .'seisffiicity pro files (Figure 

11). An average dip angle. ex. is calculated as arctan(D.,IL.,) where L., is a prój~é:tiori:~r;L., on the Eanh's 

surface. 

Table 3 sununarizes the estimates of Dm and <p together with the assessments. of theíÍunc;;rtainties for the 

analyzed profiles. The uncertainty of D~ oDm, is estimated as the separation betw~en 'the. deepest event and 

next deepest event for each profile. The uncertainty in the average clip angle, oa. is then deterrnined from the 

uncertainty in D.,. The error of A, aA. is assessed using the uncertainty of age estimates by Renkin and 

Sclater [1988]. For the Pacific plate subducting beneath Kamchatka (87-105 m.y.) this uncenainty is not 

_. more than 10 rn.y. [Renkin and Sc/ater, 1988]. Uncertainties in A, and V, are the main contribution to the 

error of A (see equation 2). aA is calculated as a result ofthe error propagation in equation (2). It should be 

noted that for the following analysis a relative changes of D,.. and <p are only importan!. Because we applied 

the sarne value ofuncertainty of 10 rn.y. and the same calculation procedure to obtain aA for ali profiles, the 

main cornponent of aA can be considered as a systematic error for that group of profiles. It means that a 

relative change of <p has a significantly srnaller randorn error. 

The results of D., and <p presented in Table 3 are compared with the general empírica! dependence D., = f 

(<p) [Gorbarov et al., 1996] (Figure 14). For most of the profiles in the southern pan of the Kamchatka 

peninsula. the observed values of D., fit the empírica! curve Dm = f ( <p) (Figure 14) except for pro file GG'. 

Profile GG' coincides spatially with the subduction of the Kruzenstern fracture zone, which apparently alters 

the seismic regime and perturbs Dm in that area. as observed for different topographic features in other 

subduction zones [e.g. Chung 'mui Kanamori, · 1978]. We should note that subduction parruneten; and age 

estimates of Renkin and Sclater [1988] are fairly reliable. Furthermore, the upper Cretaceous age estimated 

64 



r-
1' 

I""" 
' ji 

' '·• 

frum OSDP si1c 192 [Crrager et al .• 1973) is in agrccmenl with the i-.ochrone of 90 m.y. of Renkin and 

Sclarrr r J98RJ al rhc drilling sitc. 

In rhc nonhcrn parr ofrhc KSZ (profücs oo· - "rr) rhc obscrvcd v-J.lues of" D,,, are significantly smaller than 

U><>sc prcdicrcd by rhc gcnerJ.I cmpirical rcúuion. That shnrp decrease of" the · max.imum seismic deprh is 

obscrvcd 10 rhc north of" rhe arca whcre rhe Meiji seaznounts enter the rrench (Figure 10). The convergence 

rare. dip angle. and D,,, are well constrained for profiles NN' to 'IT'; those profiles correspond to a relatívely 

old segrnent of the Pacific piare (A, - 86 m.y.) and there is no evidence of abrupt changes of the seatloor age 

for the KSZ [Creagereral., 1973, Lonsda/e, 1988. Rea eral. 1993]. Nevenheless. for the assessed values of 

<p the observed values of D,,, are anomalously shallow. In order to fit the general empirical curve, the age of 

the Pacific plate in that zone should be about two to three times younger (A, - 25-55 rn.y.) than the age 

reponed by Renkin and Sc!ater [1988] (Table 4). 

Heat tlow data of Smirnov and Sugrobov [1979; 1980a,b] suggest that the thermal thickness of" the 

subducted pinte (the depth of the 1200ºC isothenn) is two to three times less to the north of the Meiji 

searnount chain ~ than that to the south of it. Thus the reduced thermal thickness of the subducted plate 

near profiles NN', 00', PP', QQ', RR', SS', and 'IT' corresponds to a lower effective age than the geologic 

age ofthe PAC estimated by Renküz ami Sclater [1988] (Table 4 and Figure 14). 

Intraplate island-seamount chains represent density anornalies in oceanic plates [e.g., Cross and Pilger, 

1982; Nur and Ben-Avralzam, 1983; Geisr et al., 1993]. A difference in relative buoyancy between normal 

oceanic lithosphere and a serunount chain may arise from a difference in their therrnal thicknesses or effective 

ages. Thinner lithosphere oÍ the Meiji seamount chain subducts at a lower angle than old normal lithosphere 

at the KSZ. as has been observed for other island-seamount chains subduction [e.g .. DeLong and Fox, 1977; 

Mo/nar ami Arwarer. 1978]. 

The contortion znne and the shift in the volcanic are 

To analyze the comonion zone located near -55"N, profiles NN'. 00', PP'. and QQ' were combined into a 

wider cross-section NQ (Figure 15). The hypocenters with focal depths OÍ less than -100 km on the four 

superimposed profiles, forma wide seismic band (Figure 15a). At depths greater than -100 km. the seismic 

pauern splits imo two seismic sheets. The lower sheet correspond to the I11l1in part of the subducted slab 

which dips at an approximately constant angle of" -55° frorn -50"N to -54°N. The upper sheet corresponds to 

the shifted segment (Profiles PP' to 'IT' on Figure 1 !). On the frontal view oÍcross-section NQ (Figure 15b). 

a clear circular hypocentral concentration oÍ-40 km in diarneter is observed at depths from -60 km to -100 
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1.:zn. 11 is intcrcsling 10 nolc 1hal lhc changc in dip bclwcen lhcse 1wo scismic shccis s1ans bclow 1his 

hypoccntral conccntr.Uion. 
r-ocaJ rn::cha.n~ solution..."i. '\Aten: dctcnnincd far nine cvcnts in thc: contonion zonc (cvcnts 7 .. :24 .. 26 .. 27 .. 

28. 29. 30. 32 and 33 in Table 2 Wld Figure 16). For ali oC these earthquakes. except evenl number 7. (Table 

2 and Figure 16). the noda.I planes oC lhe Cocal mechanism solutions s1rike in a direction which is 

approxirnately parallel to che strike oC the slab (Figure 16). suggesting that these events are not directly 

related with an anomalous stress distribution produced by the contortion of the subclucting plate. Event 

number 7 is located in the zone ofhypocentral concentration where the two seismic sheets are offset. In plan 

view (Figure 16). the nodal plane5 ofthis event focal mechanism is perpendicular to the isodepth curves and 

oriented along the contortion zone. This mechanism may represent scissor-type faulting occurring along the 

contortion zone. 

The volcanic front in Kamchatka lies about 200 to 250 km landward from the trench axis. According to the 

configuration of the subducted slab obtained in this study. the volcanic front from -50"N to -54"N coincides 

with a depth of the subducted slab of about 90 to 140 km (Figure 12). To the north of_56"N. the volcanoes 

Klyuchevskoy and Sheveluch (Figures 12 and 16) are shifted (-100 km) to the west of the main axis of the 

volcanic front. Although Tarsumi et al. [ 1994) suggested that K!yuchevskoy and Sheveluch volcanic groups 

are related to a second. backarc-type volcanic activiiy. these volcanoes fol!ow the isodepth contours of !he 

slab corresponding to depths of -90 to -160 knl. which is approXÍinately of the saine range as that far the 

main volcanic front. Furthennore. isotopic analyses [Vinogradov et al.. 1986]. water and fumarole gases 

[Taran et al.. 1987). geochemical analysis [Kersting and Arculus. 1994 J. and the distribution of the trace and 

minar elements [Popolitov and Volynets. 1982) in lavas of the K!yuchevskoy and Sheveluch volcanoes show 

that the lava genesis apparently occurs at approxirnately the same depths as those of the volcanoes of the 

main volcanic front · and are directly related to the subduction process. These resul1s suggest that the 

Sheveluch and probably Klyuchevskoy volcanic groups belong 10 the volcanic front. which is shifted to the 

northwest from the main axis of the volcanic front due to the lower subduction angle in the northern pan ·of 

the KSZ. 

Discussion and conclusions 

The seismotectonics and structure of the Kamchatka subduction zone was studied using a dataset of 

regional (from 1964 to 1990). and teleseismic earthquakes. The KSZ rnay be subdivided into two pans: the 

main southern pan (from -50"N to -55"N) and the nonhern shifted segment. The southern pan of the 
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subducting slab ..t>ows an average dip anglc of -SS'. The maximum sci.'<rnic dcpth. Dm. varíes SITlOothly from 

-500 km <-50'-X) 10 -300 km <-SS'N). 
In rhc .ura lo thc north of the Mciji scrunounls 1hc subducrcd slab is sharply dcfonned wíthin a narrow 

z.onc of-30 km widrh (-16J"E.-S6"N). The maxirnum depth of seismicity, Dm. abruptly decreases from 

-300 km to -200 km in 1hat zone. Farther north from llús conrortion, the dip angle decreases from -55° to 

-35° and Dm decrea.scs to -100 knl depth. The hypocentral distribution shows that the contorrion of the slab 

begins at depth of -100 knl (Figure 15). A notable hypocentral concentration is associated with the 

shallowest section of the contortion zone. 

An analysis of the relationship between volcanism in Kamchatka and the contiguration of the subducted 

slab shows that the location of the main volcanic front corresponds approximately to the -90-160 km 

isodepth limits of the upper surface of the slab, which is common :t'or subduction zones [Cross and Pilger, 

1982]. The volcanic frontis almost linear for the main part ofthe KSZ (from -50°N to -55"), where the dip 

angle of the subducted slab is constant. From -55°N. to -56°N, the shift of the northem segment of the 

subducted slab and change ofthe clip angle from -55º to -35° produces the deviation ofthe volcanic front to 

the northwest following the -90-160 km isodepth range ofthe surface ofthe subducted slab (Figure 12). 

The variation ofthe maximum depth ofseismicity in the main part ofthe KSZ is apparently consistent with 

the global empirical dependence Dm =f(<p), whereas the observed Dm in the northern shifted segment ofthe 

subducred slab (from -5S"N to -56"N) diverges from this general relation. To the north of the area where the 

Meiji searnounts enter the trench, Dm becomes significantly shallower than the average estimares of the 

rnaximum depth of seismicity in other subduction zones with similar values of the therrnal parameter, <p = 
VAsina. A plausible explanation of the anomalously low values of Dm is the lower effective age (or thennal 

thickness) of"the lithosphere. 

The Meiji seamount subduction is an importan! factor which changes the subdúdÍ::,n ieghzie:.6r th~ PAC in 
, ·: - -~- ¡ ·, ¡. 

the KSZ. That manifests in the change of" dip angle, shallower seismicity; and. shifted volcanic front in the 

norrhern part ofthe Krunchatka subduction zone. 

Acknowledgments. We wish to thank A. Gusev and Yu; Taraii~~or;usdi11iscussions and suggestions. 
· .. · ._·; ":_ ,_·.:. · .. ,--' 

Essentíal critical comments and recommendations were ~dé by G.,.Abei-S; L:. AStiz, and one anonymous 

reviewer. The GMT-System software by P. Wessel and W. Smith was utilized. in this. study. 

67 

.. 
; ; 

! 



Referenccs 

BaJc,,t.a.. s. T .• and L f. Gonto,'aya. Thc sei~mic modcl of thc E<trth's crust in thc A'<iatic-Pacific transition 

zonc (in Russian). Vo/canology and Seisn10/ogy, 4, 83-90. 1985. 

Cahill. T. and B. L. Isacks. Seismicity and shape of the subducted Nazca plate, J. Geophys:. Res., 97, Bl2. 

17503-17529. 1992. 

Chung, W. Y. and H. Kanamori. Tectonic anomalies in aseismic ridges súbduction iit the New. Hebrides are, 

Tectonophysics. SO. 29-40. 1978. 

Chung. W. Y .• A seismological investigation of the subduction rnechanÍsm of aseismic ·ridges ·(part-2). Ph.D. 
- . ' ... .· .. . ., 

thesis. 197 pp .• Ca. Inst. ofTech .• Pasadena. 1979. 

Creager, J. S .• D. W. Scholl, et al., Initial Repons of the Deep Sea Drilling Project, v. 19,:,913'pp., U.S. 

Goverrunent Printing Office, Washington, 1973. 

Cross. T. A. and R. H. Pilger Jr .• Controls of subduction geometry, location of magmatÍc arcs; ~d tectonics 

of are and back-arc regio ns, Geol. Soc. Am. Bull .• 93. 54~-562, 1982. 

DeLong. S. E., and P. J. Fox, Geological consequences ofridge subduction, in Island ares. deep sea rrénclzes 

and back-arc basins, edited by M. Talwani and W. C. Pitman ID, pp. 115-122, Arn. Geophys. Union, 

Maurice Ewing Ser. 1, 1977. 

DeMets, C., R. G. Gordon, D. F. Argus, and S. Stein, Etfect of recent revisions to the geomagnetic reversa! 

tilne scale on estimares ofcurrent piare motions, Geophys. Res. Lerr .• 2I. 20, 2191-2194, 1994. 

Dickinson, W. R. and W. S. Snycler, Plate tectonics ofLarrunide Orogeny, Geol. Soc. Am. Mem., ISJ, 355-

366, 1978. 

Dziewonski, A.M .• T.-A. Chou, and J. H. Woodhouse, Determination ofearthquake source parameters from 

waveform data for stuclies ofglobal and regional seismicity. J. Geophys. Res., 86, 2825-2825, 1981. 

Dziewonski. A. M., and J. H. Woodhouse, An experirnent in the systematic study of global seismicity: 

Centroid-moment tensor solutions for 201 moderate and large earthquake of 1981, J. Geophys. Res., 88, 

3247-3271. 1983. 

Fedotov, S. A., I. P. Kuzin, and M.F. Bobkov, Detailed seismological studies in Kamchatka in 1961-1962 

(in Russian), lz;v. Acad. Sci. USSR Geoplzys .• ·3;·102-111, 1964. 

Fedotov. S. A., On deep suucture, propenies of the upper mantle, and volcanism of the Kuril-Kamchatka 

island are a=ording to seismic data, Arn.Geophys.Un .• Geophys. Monogr., 12, 131-139. 1968. 

Fedotov, S. A.. Energy classification of the Kurile-Kamchatka earthquakes and the problem of magnitudes 

(in Russian), Moscow. Nauka, J 11 pp., 1972. 

68 



(. 

¡ ~.; 

r""Cdo1ov. S. A.. A .. A GU."iC\". L S. Shumilina; and G. V. Chcmyshova .. Thc sci•mofocal zonc of Krunchatka 

(in Ru.'ó.""1tl). Vc>lcanolo¡:y anJ Selrnwlogy • ./. 91-107. 1985. 

c;.¡,,rilov. s. v .. A. s. Bo)i<o. ando. B. AJcksandrova.. Llchospherc bcnding ncar lhcjunclion ofthe Aleutian 

and KuriJc-K;unch.atk3 crenches. Ph."" So/id Earth. 3U'. 1. 26-30. 1994. 

Gci.~t. E. L.. M. A. F1Shcr. and D. W. Scholl. Large-scale deforrnation associated wich ridge subduction. 

Geophys. J. ínr. 11 5. 344-366. 1993. 

Gorbatov. A •• G. Suárez. V. Kostoglodov. and E. Gordeev. A double-planed seismic zone in Kamchatka 

from local and teleseismic data. Geophys. Res. Lett .• 21. 16.1675-1678. 1994. 

Gorbatov. A.. V. Kostoglodov and E. Burov. Maximum seismic depth versus thermal parameter of 

subducted slab: application to deep earthquakes in Chile and Bolivia. Geofísica lnrernacional. 35, 1, 41-

50, 1996. 

Gusev. A. A .• The errors of deterrnination of parameters of earthquake foci in Kamchatka (in Russian). in 

The properries of rlze upper mantle and tlzeir relarion ro volcanism in Ka111charka •. edited by .S. A. 

Fedotov. pp. 66-81. Nauka, siberian branch of Ac. Sci. USSR. Novosibirsk; 1974;.:· .. • ,. . · 

Gusev. A. A., Computer detennination of hypocenters of near earthquakes iÍ1 :~ha~~''on :R,ussian), 

VolcanologyandSeismology, l. 74-81, 1979. . . :;., ·if: .. ,':{,.,;'.~·~:}r.> 
Gusev. A. A .• Interrnagnitude relationslúp and asperity statistics. Pageoplz. 136,4; 5lS~S27Xl99I:; · .. 

. . : ~:·.-· ... ';."'--:--: ·.· .. ;~·;5'".:<>\;:~·-=>_:_s-,,_: .. ;. .. ·' .. :·;: --... ~, -.- -
Kao. H.. and W.-P. Chen. The double seismic zone in Kuril-KamchatkU: The tale o(two, qverlapping single 

zones.J.Geoplzys.Res .. 99, B4. 6913-6930. 1994. . ', t,:.;¡~\~~ll;.!~Jl: ·'·.\ . 
Kelleher. J. and W. McCann, Bathymetric highs and the development'ofcon~ergem plate bciundaries. in 

Island ares, deep sea rrenclzes and back-arc basins. edited by ·~L~;J~Jti':~;;:wt:-8. ':Pitrohn m. pp. 115-

122. Ain Geophys. Union. Maurice Ewing Ser. l, 1977. , . \ :~.:·;~, fér .. , ~~~~f!~'í/~~~. . 
Kersting. A. B .• and R. J. Arculus. Klyuchevskoy volean<!. ·Karnchatka;~Russia:;':The .. roJe of high-flux 

recharged. tapped. and fi:actionated magma chamber(s) m t~ _i~~~~~'.'~:f;'~il;~~;¿3'. fro~ high-MgO 

basalt. J. Perrology. 35. l. 1-41. 1994. ,1~;~:.:~ ~~r;· 
Kirby. S .• \V. B. Durham. and L. A. Stem. Mantle phase changes and dee?:-eaithqÍlak~ fauJtirig ~ subduction 

lithosphere. Science, 252. 216-225, 1991. 

Kirby. S. H .• Intraslab earthquakes and phase transition in subduction lithosphere~ U.S. NmL Rep.Inr. Union 

Geod. Geoplzys. 1990-1994, Rev. Geoplzys •• 33. 287-297. 1995. 

Kirby. S. H .• S. Stein. E. Okal. and D. Rubie. Metastable mantle phase transformations and deep earthquakes 

in subducting oceanic lithosphere. Rev. Geoplzys., 34. 261-306. 1996. 

69 



Kostoglodov. V. V .• Ma.'timum dcpth of canhquake.'i and pha....: tr:m..;forrnation within the lithospheric slab 

~ins in the mantle (in Rus.,.ian). in Pliysic.v and Interior Stn1cture of tlie Earrli. edited by V. A. 

Jl,ia¡;rúL<J<y. :Sauka. Mo'-COW. 1989. 

Kostogk><:Sov. V. V ... and L. Poncc. Rclationship bctwccn subduction and ~ismiCi~-~ .~ .. ~!1:~-.. ~e~c~,.?ari of 

thc Middlc America trcnch. J. Geophys. Res., 99, Bl. 729-742. 1994. . · . ·. · 
',-·· • - ~ ;·:-· :· '·, .· _.' ·<"' - " ... · ·. 

Langston. c. A .. and D. V. Helmberger. A procedure for modeling shallow dislocatÍ\)(1 ~~urc~,;; Geophys. J. 

R.Astron. Soc., 42. 117-130. 1975. ···)· <•·: ·-.·.•· · ... -
- ·:_:-:: /"'(/./:;'~ .--~--

Lonsdale. P .• Paleogene history of the Kula pinte: offshore evidence and onsh6i:e -~~~atio,Íis;·•. GeoL Soc. 

Anz. Bull .• 733-754. 1988. ·· 

McKenzie. D. P .• Speculations on the consequence and cause of plate motion5; GeopJz';_s.:,'J ·R¡,y ... Astron. 
.. 

Soc .. 18. l. 1-32,. 1969. ·_ · ·: -· 

Molnar. P .• and T. Atwater. Interarc spreading and cordilleran tectonics as alternat.e~r~lat~~ to the .age of 

subclucted oceanic lithosphere, Earrll and Planetary Se. Lett., 41. 330-340. l 97S. 
'.,·.,- : ' 

Nábelek. J. L .• Deterrnination ~f earthquake source parameters from inversion of bOdy .waves. Ph.D. thesis • 
. : : .. :~~ .. ·: · .. · . 

361 pp .• Mass.lnst. ofTech .• Cambridge. 1984. 

NEIC serni-annual technical report. Open File Repon 90-267, 2, 1. 35 pp.; National E~hqllake Infurmation 
'. _,, ,. :·,7•'' "~"; '' • . • 

Center. U .. S .. Geol. Surv ... Dept .. ofthe Interior, 1990.. :;.:~'._· ·· · ·--~--: 

Nur. A. and Z. Ben-Avraham. Volcanic gaps dueto oblique consurnption ofiiSeiSini~~~~~s. Tecto11ophysics. 
99, 355-362, 1983.. '. ' ;;~· :-,: ·~/ '. ~~ ,_, .·· ·:>~·-· 

Okal. E. A. and S. H. Kirby. Frequency-moment distributioi:i ofcl;;eJ;,;_e~hJ4~e~; Irnplications for the 

seismogenic zone at the bottom of slabs. Phys. Earrh Pla11'ei: lnter;;-:92?'ú';g:'187.'199S; .. ;.. . '. 

Pilger. R. H .• Jr .• Plate reconstruction. aseisrnic ridges and Iow-angle subduétion ~neath the Andes. abstract. 

EOS. Am. Geoph. Un. Tra11sactions, 58, 1232. 1977. 

Popolitov. E. l .• and O. N. Volynets. Geochernistry ofquaternary volcanic rocks from the Kurile-Kamchatka 

island are, J. Volcanol. Geotlzen1L Res., 12. 299-316. 1982. 

Rea. D .• l. Basov, T. Janecek. E. Arnold. J. Barren. L. Beaufort. J. Bristow. P. de Menocal. G. Dubuisson. 

A. Gladenkov. T. Hamilton. L. Ingram. L. Keigwin. R. Keller. A. Kotilainen. L. Krissek. B. McKelvie. J. 

Morley. M. Okada. G. Olafson. R. Owen. D. Pak. T. Pedersen. J. Roberts. A. Rutledge. V. Shilov. H. 

Snoeckx. R. Stax. R. Tiedemann. and R. Weeks. Paleoceanographic record of north Pacific quantified. 

EOS. AnL Geoph. Un. Tra11sactions, 74, 36. 406-411. 1993. 

Renkin. M. L .• and J. G. Sclater. Depth and Age in the North Pacific. J. Geoplzys. Res .• 93, B4. 2919-2935. 

1988. 

70 



r 
-¡. 

¡' 

'' 

. ; 

S!Uono, K... and N. Sugi, Llfo of an occanic plale: cooling lúrc and a.'<similation lime, Tectnnophysics, I 12. 

35-SO. 1985. 

Srnirrxw. Ya.. n., and v. Af. Sugrobov, Terrc..;trial hc.at llow in rhc KuriJc-Krunchatka and AJeutian provinces. 

l. Hcat llow and 1cc1onics (in Russi'1n). Volcm10logy and Seismology. 1, 59-73. 1979: 

Smimov Ya. a., and v. M. Sugrobov, Terrestrial heat f!ow in the Kurile-Kamchatka ;md Ále~tillll provinces. 

ll. Th~ map ofmeasured and background hear flow (in Russian), Volcanology and Se;';',,,t:,;,;;y,·.·1, ·.16-31, 

1980 a. ''.:: .. ·:.',: 

Smimov, Ya. B., and V.M. Sugrobov, Terrestrial heat flow in the Kurile-~hatk~ and ...:.ieut~;m ~f~vinces. 
m. Assessments of temperature at depth and thickness of the lithosphere (in •. R~ssian{ 'l)i,/cdn~l~gy and 

-- . . '. ·(;;' - . . . ' 

Seismology, 2, 3-18, 1980 b. , > 

Spence. W., Slab pull and lhe seismotectonics of subducting lithosphere, Rev. Geophys .• 25,' '1. Ss.~69-'. 1987.' 

Taran, Yu. A., T. P. Kirsanova. E. A. Vakin, A. D. Esilmv, and A. L. Cheshko, Isot~pif't=c;',ii;~§ili~~ of 

water offurnarole gases ofvolcanoes ofKamchatka (in Russian), Izv. Acad .. Sci. USSR d~°;;ji)"gY;9, 124~ 
127, 1987. ' :': ; . 

Tatsumi, Y., Y. Furukawa. T. Kogiso, Y. Yamanaka. T. Yokoyama. and S. Fedotov,'.A'thirdvolcanic chain 

in Kamchacka: thermal anomaly at transfonnfconvergence plate boundái)', C;;;'c,ph.. ·J?es. ¡;r;., 21, 7, 537-

540. 1994. 

Vinogradov, v. I., V. S. Grigoriev, and B. G. Pokrovsky. Isotopic coinposition ~ftheoxygen and strontium 

in the rocks of the Kurile-Kamchatka island are - key for sorne genetic constructions (in Russian), in 

Evo/urion ofrhe sysrem Crusr-Manr/e, edited by Yu. A. Shukolyukov; 78-102, Nauka. Acad. Sci. USSR., 

Moscow, 1986. 

Zobin. V.M .• Initial rupture.and the main fault ofearthquakes: a comparison ofthe body wave first arrivals 

and CMT data for the Kamchatka-Comxnander region, Phys. Eanh and Planer. Inrer., 67, 313-329, 1991. 

71 



' 
.., .. Table J. CDl.alog of Seis mi e Stntions of the KRSN • 

No. N"""' L.ongitudc L.;U..itudc Pericx:I of opcration. yr. 
deg. deg. from 'º ... 1 APC IS7.JS8 52.925 1986 

2 APH 160.840 S6.000 1962 1988 
3 AVH 158.738 SJ.265 1969 

\ 
4 BER 158.450 52.270 1963 _, s BKI 165.972 55.204 1963 
6 BLC 158.800 S3.193 1976 1988 
7 BLK 158.794 53.193 1976 1988 

~ 8 ESO 158.700 55.925 1965 
9 GNL 157.942 53.695 1988 _., 
10 GRL 158.080 52.552 1980 
11 KBG 162.705 56.255 1968 
12 KLY 160.852 56.313 1961 
13 KJl.IN 160.240 55.760 1990 
14 KPL 161.296 56.59:? 1986 
IS KRI 161.134 54.596 1966 
16 KRK 158.636 53.292 1975 1988 
17 KRS 160.558 56.214 1987 
18 KRY 159.449 54.036 1968 
19 KZL 158.894 53.201 1976 1988 
20 KZY 159.900 56.070 196) 
21 MEO 167.566 54.786 1973 1974 
22 MLK 158.630 54.700 1962 1964 
22 MLK 158.630 54.700 1986 
23 NLC 159.345 53.171 1984 
24 oss 163.060 59.250 1973 
2S OZR 160.392 54.692 1967 1969 

' 26 PAU 156.810 51.467 1961 
27 PDK 160.780 56.140 1981 
28 PET 158.653 53.023 1961 
29 RUS 158.507 5:?..-B:! 1987 
30 SKR 156.100 50.670 195:?. 
31 SML 159.975 54.108 1961 1976 
32 SPN 160.011 53.107 1962 
33 SVL 161.2:?.S 56.583 1980 
34 TOP 158.041 53.:?.30 JQ63 
3S UBL 156.308 5:?.842 1961 1964 
36 VDP 160.::?:?.0 55.770 1977 
37 VIOo.1 158.473 54.627 1966 1971 
38 ZLN 160.804 56.018 1988 .... 

...,; 
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Tabk 2- Sumrnary oC Soun:z: Par.unc:<c:n. 

E-.:mº o.ae OnsmTllft'IC:" Uuludc' l..nng1tudc' OC'pth•" Stnlo.c" D1pº RaLc" !\1.agnitudc" 

L"T ""' ·E lm 

AloJ~lrd #"~·rnlt 

1 Ma.rch IK. 1964 0437::?!5.7 S:?.43 1!53.79 437=<>.5 47:1.8 H4:t:l.7 -63:eJ.9 6.1 

2 Nov. :?4. 1971 1935::?8.S S:?:.77 159.66 95:0.9 165::?.7 IO:t:::?.1 40:t:2.7 7.J 
3 May 27. 1972 0406:49.6 54.87 156.48 418:0.6 :?3::tl.6 78.:t:l.6 -93:e5.6 5.7 
4 July 23. J 97.S 13Sl::?3.0 54.53 160.35 IS l=<>.5 J.:?:::?::!::2.3 30:2.4 l~.4 5.8 
5 Sept. 21. 1977 2101:44.4 51.63 155.37 241=<>.7 47:t:9.5 71:t:l.9 -89::!::9.8 6.1 
6 Nov. 9. 1979 1345:46.7 SS.66 164.12 31=<>.4 76:t:2.7 54:t:J.2 50:.2.2 5.6 
7 Mnrch 22. 1980 I027:37.7 55.60 161.82 77::!:0.4 69::tl.4 58:0.6 74:t:l.2 5.8 
s Mny 31. 1982 1021:16.8 55.07 165.48 14:tll.8 204:1.2 63:2.4 3:t:l .4 6.3 
9 Nov. 14, 1982 0829:20.6 52.84 158.98 88=0.2 47::1.2 73:1.l -91:1.6 5.3 
JO Jan. S. 1983 0201:00.0 54.66 163.01 13::0.5 9:t:l.5 75±0.4 99±2.3 5.7 
11 April 4. 1983 1904:22.l 52.95 160.02 57±0.3 23::!:1. I 56±0.3 101±0.8 5.7 
12 July 24, 1983 2307:31.8 53.77 158.62 168;!;:().3 217:tl>.8 SJ±0.5 103±1.5 6.0 
13 March 26. 1984 2312:36.0 56.34 162.95 22;!;:().3 84::!:1.9 67::!:1.0 91±3.4 5.2 
14 July 27. 1984 1251:09.8 52.96 161.35 3:?±0.3 107::!:3.4 36::!:1.J 56±2.2 5.4 
15 Dec. 28. 1984 1037:54.4 56.17 163.50 9±0.S 360:tl>.7 77±1.0 33±1.9 6.7 
16 Murch 6, 1985 2231:S1.9 SS.09 162.48 44±0.2 34±1.4 59±0.3 95:!:1.3 5.6 
17 May 19, 1985 0807:47.0 53.54 160.6.5 55±0.3 40±1.2 58±0.3 85±1.0 5.6 
18 May 25. 1985 2329:22.0 53.95 161.14 56±0.4 :?32±1.J 51±0.2 -105±0.7 5.6 
19 Mnrch 2. 1986 0314:43.2 51.47 157.43 96±0.2 19±1.3 65±0.5 -89±1.7 5.4 
20 April 1, 1986 1340:45.9 54.44 161.96 56±0.2 60±1.4 56±1.3 79:1.0 5.4 
21 May 2, 1986 1030:02.9 55.07 163.85 8±0.4 160±1.0 68±0.5 -124±1.0 6.0 

/\lec:hani!im.'i fromfir.'it motion 

22 Nov. ll, 1964 1818:57.0 56.66 161.33 79 35 25 -90 5.2 
23 Sept. 4, 1967 1930:12.9 54.5 159.62 170 71 80 -84 4.6 
24 May 18, 1977 0357:14.5 55.61 160.87 160 35 77 83 5.0 
25 Fcb. 14, 1979 0104:35.9 55.12 158.86 303 227 29 -65 4.6 
26 Nov. 13 1980 1951:39.l 55.57 161.73 80 150 53 44 5.4 
27 Fcb. JO 1982 0113:46.9 55.75 161.20 171 176 21 !08 5.3 
28 April 17. 1982 2037:09.7 55.71 161.27 165 7 90 90 5.3 
29 April 25, 1983 2324:24.1 55.61 160.98 164 30 70 90 4.4 
30 Oct. 1, 1983 :?336:03.0 SS.SS 161.62 76 45 76 90 5.0 
31 Junc 7, 1984 2155:16.5 54.50 159.72 157 63 85 -125 4.6 
32 Nov. 14, 1984 1055:34.9 55.62 160.91 150 40 81 -90 4.6 
33 April 23.1986 1008:58.9 56.12 160.83 179 37 79 -90 4.5 

Centroida/ ,\fornen/ Tensor Solurion • 

34 Nov. 6, 1977 0239:36.9 53.50 159.96 60 36 18 109 s.1 
35 Dcc. 30. 1979 0418:32.1 52.37 152.52 550 245 16 -41 5.4 
36 OcL 13. 1981 1553:56.6 51.35 157.76 101 318 27 -117 5.3 
37 Aug. 8. 1982 0614:09.4 50.69 157.20 117 279 14 164 5.1 
38 Sept. 26. 1982 0109:28.6 50.27 158.62 31 235 55 -121 5.5 
39 April 15. 1983 1451:58.0 53.30 160.64 30 184 38 47 5.8 
40 Junc l. 1984 0554:52.8 53.49 159.69 10:? 134 21 -176 5.2 
41 April 16, 1987 0110:21.0 54.86 158.39 349 329 73 -57 5.0 
42 July 6, 1987 :?3:?2:06.3 53.32 158.69 150 225 12 -93 5.2 
43 Fcb. 19. 1988 ::!237:10.5 52.78 158.25 112 13::! 13 -175 5.2 
44 July :?S. 1988 234:?:34.0 50.92 158.00 42 101 24 -9 5.6 
45 July 28, 1988 0358:17.7 50.80 157.35 104 297 53 -160 5.1 

'ldcntificnlion numbcr of cvents. 
::va.lucs reponed by thc Jntcrnationa.1 Seismologica.1 Centcr (ISC). 
'Epiccntcrs reponed by thc Ka.mchatka. Regional Scismic Network ( KRSN). 
•Focal dcpth obtaincd by the analysis of long-period wnvefonn inversion and reportcd by lhc KRSN for lhc rcst of 

cvcnts. 
'Magnitudc: M_. for thc modclcd cvcnts and m,.. for thc rcst of cvcnts. 
"Ccntroid momcnt tensor solutions of Hnrvard Univcrsity [D;:ie"-cm ... ki I!/ al .. 198 1; D::.iewonski and \Vondhouse. 

1983). 
·Focal mcchanism panunctcrs of modcled cvcnts are prcscnted with corrcsponding formal errors dctcrmincd in thc 

invcrsion schcmc. 
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T•hlr 3. Summa.ry or D. &ti mates and o&hcr Par:lmctcrs Uscd for Thcrmal Paramcter. 'P. C.alculation. 

r.< ...... Lea ...... •\':., 'Al.- •\.·- 'a &a •r' .. t>n_ .,, .. 'Az.. 
... _ 

~,.. "'- ••A• "' 6"' .,., 'E '""e cm/)T ~- ct"'>T de~. Lm ~ d~g. cmtyr m.y. km. m.y. ro:km. 

A 50.2 1!19..4 ~2 7.81 306.$ 7.7K 45.0 0.5 4H2 41 :?:.89 150 3.1$ 104.5 706 73.03 40.:?0 5.69 
u 50.6 1!59.8 302 7.78 306.H 7.76 43.!5 0.5 400 24 2.89 150 3.14 104.2 600 77.38 41.31 5.45 
e 50.9 160.2 302 7.76 307.1 7.73 49.0 0.5 482 153 :?:.89 ISO 3.14 103.8 658 74.31 43.36 7.16 
D 51.3 160.6 302 7.74 307.!5 7.70 4!5.0 3.0 482 141 2.89 ISO 3.13 103.5 706 71.77 39.09 6.84 
E 51.7 160.8 302 7.72 307.7 7.68 .n.o 3.0 424 18 2.89 ISO 3.12 102.5 600 75.48 42.39 6.07 
F 52.1 161.I 302 7.69 307.9 7.65 52.5 2.5 329 10 2.70 158 3.12 92.0 471 70.76 42.95 6.30 
G 52.5 161.S 302 7.67 308.3 7.62 43.5 o.s 235 11 2.70 ISS 3.JI 90.5 3S3 74.52 39.J I 5.31 H 52.8 161.9 302 7.65 308.6 7.60 45.0 o.s 423 117 3.40 ISO 3.65 93.0 600 68.67 36.88 6.00 [ 53.1 162.4 302 7.62 309.0 7.56 ·B.O 1.0 341 23 3.40 150 3.64 91.4 517 70.37 ~6.29 5.27 J 53.5 162.8 30:? 7,60 309.3 7.53 45.5 3.5 335 35 3.40 150 3.63 91.0 506 70.36 37.81 5.92 K 53.8 163.0 302 7.57 309.6 7.51 43.0 1.5 306 6 3.40 150 3.63 90.6 471 71.35 36.53 5.26 L 54.2 163.2 302 7.55 309.8 7.48 43.5 4.5 282 70 3.40 ISO 3.62 90.2 424 72.83 37.50 6.22 M 54.5 163.4 302 7.53 309.9 7,46 45.0 o.s 298 27 3.40 ISO 3.62 89.8 424 72.40 38.19 s.36 N 54.7 163.5 302 7.52 310.1 7.44 42,0 o.s :?JI IO 3.40 150 3.62 89.4 329 75.88 37.79 5.03 o 54.9 163.5 302 7.51 310.:? 7.44 45.0 3.5 182 10 3.40 150 3.61 89.0 294 76.91 40.44 s.8s p 55.0 163.5 302 7.50 310.2 7.43 45.0 0.5 182 11 3.40 150 3.61 88.6 282 77.00 40.44 5.30 Q 55.2 163.6 30:? 7.49 310.3 7.42 40,5 3.5 176 12 3.40 150 3.61 88.2 294 76.09 36.65 5.52 R 55.3 163.8 302 7.48 3J0.5 7.40 37.5 3.5 171 47 3.40 150 3.61 87.8 312 74.93 33.76 5.34 s 55.5 163.9 302 7.47 310.6 7.39 31.0 0.5 111 5 3.40 150 3.60 87.4 235 77.70 29.56 3.85 T 55.7 164.2 302 7.45 310.9 7.36 25.0 0.5 94 11 3.40 150 3.60 87.0 235 77.28 24.05 3.17 

1Azimuth of profile. 
:convergence vclocity. 
'Azimuth of convcrgence vector. 
'Corrccted convcrgencc vclocily rate. 
'Dip ::ingle nnd uncenainties of ils dctermination respectivcly. 
"'Maximum seismic depth and uncennintics ...,r its dcterminntion respcctivcly. 
TSprending rate (Renkin and Sc:la1er. J 988]. 
•Azimuth ofspreading (Rf!!nkin and Sclater. 1988). 
"'Corrcctcd spreading rate. 
'ºAge of thc Pacific pl:ite at the trcnch (Renkin and Sclater. 1988]. 
11Length of seismic sl:ib activity in lhe slab. 
12Age of thc subductcd slab at lhc mnximum seismic dcplh. 
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Table 4. Comparison Bctwccn thc Age Obtaincd from Renkin 
andSclater[l988J and that Prcdictcd by the General Empiric:1.I 
Depcndcnce D.,.=fttp). 

Prf". A" A• 
m.y. m.y. 

N 75.88 30 
o 76.91 20 
p 77.00 20 
Q 76.09 20 
R 74.93 20 
s 77.70 20 
T 77.:?8 10 

A"' is thc .:1.ge of thc subductcd sl.:1.b :n thc maximum scismic depth 
dcrivcd from Renkin and Sclarer l 1988) (scc Table 3). . 

AP is the agc predictcd from lhe gcner.:1.J empirical dcpendencc 
D.=f{<p). 
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•q:urr l. TcctoÑC fr.llllCwork of thc Kamchatka subduction zonc. Solid triangles are volcanoes. The arrow 

n:prcscnts thc subduction vclocity vector. ~- ~ejji sca.rnounts .are shown. by the 40CX> m ·and SCX>O m 

bathymctric contours. The dashed line is, the localion of the Kru.zenst"'m fracture'zone and the shaded wide 

lines murk the volcanic front. Star points the DSDP site number 192 [Creager et al., 1973]. 

Figu.-e 2. Distribution ofthe seismicity registered between 196:Í and·l990 by thé K:RSN, Numbers identify 

the seismic stations shown on Table l. Black dots are events located deepeí-,'tharÍ'3Q() km and gray dots are 

events shallower than 300 ktn. 

Figu.-e 3. (a) Gutenberg-Richter relation, logN-M~ for the catalog of the KRSN;··where Nis the number of 

earthquakes. The dashed line approximates the linear part of the relationship; The catalog is apparently 

complete for magnitudes 3.8 S Mw S 6.5. (b) Cumulative number of events from 1962 to 1990 from the 

KRSN catalog. The quasi-linear dependence of the cumulative number of events versus time indicates that 

the properties of the regional seismic network did not change during the observation period. Black arrows 

"-point to the two relatively small irregularities observed in 1972 and 1983,. 

Figu.-e 4. (a) Histogram showing tI:te number of events in the KRSN catalog for é:lifferent error intervals both 

in focal depth and epicenter. (b) MaximU:m deviation of .hypoceritrai:locatioÍ:ts between .the original 
'' ' 

hypocenters and the perturbed locations as a function of magnitude. T~·ckcles r;;prese~t th;. larger deviation 

in longitude. squares are the larger deviation in latitude, and cr~ss~s in. depth; lines using the sarne symbols 

represent the average larger deviations in hypocentral location. 

Figure 5. Summary of the estimated errors in hypocentral locations perturbing the phase arrival times and 

Earth structure as described in the text. Elipses and crosses represent the maximum deviation between the 

original hypocenter and the various perturbed locations for epicenter and focal depth respectively. The tests 

show that the events located inland and close to the coast have smaller maximum hypocentral deviation than 

offshore events. 
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•"'l¡:ure 6.. cJ<.a1t1ple of 1.hn:c of rile 1wc:n1y onc focal mcc~i"m." delcrminc:d in 1hi.s sludy using a fonnal 

in\."CrSion of long-pcriod 1clcsei«rnic p and SH wavcfonns [Nábelek. 1984]; lhe rest are prcsented in the 

elcctronic supplemcnl 1• The focnl rnechanisms are shown in a lower hemispheric projection. Observcd (solid 

Jine) and synthetic (dashed line) wavefonns of P wave (top) and SH wave (bottom) are shown. The source 

thne function is shown in the central pan ofthe figure. The event number (Table 2) and date ofthe event are 

shown at the top. 

Figure 7. Distribution of the focal mechanism solutions where the black compressional quadrant are 

determined from wave form inversion; the dark gray compressional quadrant frorn the centroidal moment 

tensor solutions reported by the Harvard University (HCMTS) [Dziewonski et al .• 1981; Dziewonski and 

~Voodlzouse, 1983]; and the light gray compressional quadrant are from first motion focal mechanisms. The 

numbers identify_ the events on Table 2. Other symbols are the same as those on Figure 1. 

Figure 8. Comparison between the depth estirnates for che events modeled in this study (Table 2) using the 

body-wave inversion (D1) and the depths of the sarne events reponed by the KRSN (D1). Error bars are the 

uncertainties ofthe depth values reponed by the KRSN (when available). The dashed line is the best fit linear 

dependence of D1 against D,; D1 =l.Ol(::!:0.03)D; + 4.05(±4.1). 

Figure 9. Location of the profiles used in the study of the subducted slab configuration. The letters identify 

the profiles shown on Figures 10 and 11. Other symbols as in Figure l. 

Figure 10. Projection of the seismicity recorded by the KRSN · shown along profile ZZ' (Figure 9). Solid 

triangles are volcanoes. 

Figure 11- Seismicity profiles from AA' to TT'across the KSZ (Figure 9). Focal mechanism solutions are 

shown on side-view. lower hemispheric projection. The numbers identify the events in Table 2. ·Black.and 

white dots on the focal mechanisms are the location of P and T axes respectively. Triangles represent the 

volcanoes. The dashed lincs show the approximate configuration of the uppcr surface of the subducted slab. 

Other symbols are the sarne as those on Figure 7. 
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Figure J.2.. Jsodcpch contours in kilomcters approximating thé uppcr:surface of the ~'.'bdu':ted slab in the 

KSZ. For the main part of" the KSZ. · frorn -50"N to. -5S°N, · the dip 'angle: is: constant ·e ~55")~ ·. The . .'nonhern 
.. ' ·. . . .. - . --o:.' ··- -_ . - - - - ·- .· .. - .. , ·"· ' " : -· _, .- .. 

segment of the slab, from . ~55"N . tó -56°N,' is. shifted ·to · the northwest. KlyÜchevs_koy/ IJJl_d Sheveluch 

volcanoes are marked as K and ·s iespectiv~ly. Th~ ?1&,r ,;ynilio~ nré:. the·s~ as o~ Rgu;.;..1\ .•. ':.· 
. :. ·.::, - :.:L,·· ~: ;~:::,- )~.'W~.·-.:.·.--" . 

, ".- if';~-' ;'., ' 

Figure 13. Superposition of th6_ upper. bc,unctaii~s cif th~seismicity in the suJ:idJcted.~Iab: f~~'.'i;r~fil~s MM' -

Tf'. The horizontal distance is meas_ured fi:o?tth~ line approXhnating the trench ;trikJ,'Y' i:;"; '. /. · • .· · 

Figure 14. Muximum seismic depth, Dm. versus thennaI parameter, <p, of the. ~u~uc:_~g slab. The solid Iine 

is the empirical dependence D,. = f (<p) obtained from data fÓr different subdtictio.n zones [Gorbatov et al., 

1996]. The thin Iines inclicate the 95% confidence limits [Gorbmov e;. al., 1996]. Large.circles are data for the 

KSZ (Table 3). Venical and horizontal bars are error estirnates of D,. and <p respectively (Table 3). The 

letters identify the profiles (see Figure 9 and Table 3). Arrow ~oints tC>.the.new posiÚon ofthe data (from N 

to T) fitting the general empirical curve (Table 4). 

Figure 15. (a) Side projection ofprofile N~. (b) F~~nt~ pr~j~ction~·()f f,rC>füe NQ (seen from the easr); Ticks 
. - - __ ,._ -·- ' - -. -:.··,. - •' . - .- . '.. . -

on the lower axis indicate the width ofthe NN'~ QQ'prom..S:'ó,:.;;y trlMgres are.volcanoe5. Focal mechanism 

solution for event #7 (Table 2) is shown C:.n a side-vlew Iower h~irus~heri~ projeci:ion, 

Figure 16. Focal mechanism solutions of eanhquakes near the transition zonC:. BI;¡ck and white éiri::Jes on 

the Jower hemisphere represent compressional and tensional arrivals respectively: Th~ n'~~bers identify: the 

events on Table 2. Gray triangles are volcanoes. The solid curves are isodepth curves _in. kil()meters. The 

Klyuchevskoy and Sheveluch volcanoes are marked as K and S respectively~ Oth~~ symbC.'Is are the ~ame as 

those on Figure 7. 

78 



55º 

"' 
,. . .. 155º 

.. 

.. 

.. 
,. 

160º 

Figure l . 

Bering sea 

165º 1 70º 

ESTA TES\S N@ DEll 
SAUR DE Lñ B\~lltlllCl 



58º 

56º 

Figure 2. 



.. '" . ~ ....__ 

3 '· "-
§: "" "" """ .s 2 ~ ...... 

' 
" >-"'.· 

~ 
o 

a) 3 4 5 6 7 6 
M,,, 

30000 

... 
"' ..::> 
s 

20000 c 
e 
"' ~ 
"' "5 
s 
"' 10000 u 

• 
o 

b) 62 64 66 68 '70 72 74 76 78 ea a2 B4 es ea so 
Ye ar 

Figure 3. 



r 
1' 

-1 

'. 

.!J 
e .. 
t .. 

:5 -o ... .. 
.o 
E 
"' z 

a) 

150 

E 
6 
e:: 100 

~ ·¡;: 
Q) 
-o 
E 
"' -~ 50 

"' :E 

o 

b) 

18000 

16000 l- ~2fc}!1nterJ 
14000 

12000 

10000 

ªººº 
6000 

4000 

2000 

o ~~~~~~~~~~~~~~~~~~~ 
o 5 10 15 20 25 30 

Error (km) 

o ·LongitUde 

a - Lalitude 

7 

Figure 4. 

¡f 
1: 
1Í 

11 1¡ 
i 

'i 



Figure 5. 



1) March 18, 1964 

mM, .. /~ 

BKS 

~Jlt 

6 
lllH 

"' 

i~L ... 
1 n10111• 

"' KEV 

~ 

- - ·---• • . 1 L .I L .1 L. 1 !. _ 1 i ( :-·-:-1 

2) Nov. 24, 1971 

NW~ 
'8S ld • '~/ G~ 
~w1~~~ 

MSH 

tL ~ .. . ,. . " ... 

Figure 6. 

3) May 27, 1972 



-~ 

Figure 7. 



-'' 

500 

~ 

400 

--¡;: 300 

g 
cS 200 

100 

o 
o 100 200 300 400 500 

Di (km) 

Figure 8. 



r 
1 ' -i. ~ . ~ 

-! 

,.... 
: l -

Figure 9. 



o 

-100 

-200 

E 
e,.-300 
..<= 
Ci.. 
¿g-400 

-500 

z 

o 100 

... :-. 
•. !" •• ·:~: 

11 Aleutian Z' 
tren ch 

' 

200 300 400 500 600 700 
Distance along the trench (km) 

800 900 

Figure 10. 



• 1 - 1 

e.e· 
... ~ .. ~·· 
?·~ ... 

.:'"' 

.~~1' ... ., 
·''! ,, ... 

./' 

44 et.._i,!.•' . ·; 
100 1 A·A' "'' . .:•_.... ¡ · ,., L 

200 t 5~ ,......-:.~~~ ,~,.· :ia 

300 l ~ ....... . 39 45 

4001 '\/ 
,. 

B·B' 
·:· ;:,-. J.t ..... 

'&fi'. 
¡·.~ ... . 

D·D' 

i 
500l--..;..-....-.-..---.--....---f--..,-.-.---,,..-...--...--1~.;.--...--.-.-..--.--+-.-.;---.--..--,..--..-~ 

~ 100 • E·E' 
E ::. 
.¡; 200 
Q. 
Ql 

Q 300 

400 

1 
500 

1~~ 
200 

300 \ 

f·F' 

,'. 

;• .. 

g~ w 
~~­

~~~ ~ 
~ 

/· 2 

... .. ·- ' . ... -.. 

34 • 

~ 

K·K' 

.. 
42 :,.;¡;~ 

. &-t•' '• 
... ~ 

:'·· 

. "!f.' .. · 
:.~;··:·· 

.·~ 
25 :' • 

11Y 
0 

"":. ~;/!!/~ ~:-lt 
12~/ 14 

ª&--,' 

L·L' 

~01--....---.-.-..--...-.-..---1--,...--..-..----.-.--.--+..--.-....---...--...-.......... .._~-..-.-...--.---.~ 
••a•woao•anioo@o•anwoaom~D~~o 

Distance lrom the lrench (km) 

Figure 11. 

~-~·-·-·--··-·-·--,~----·-~~~"'"'"' 



r 
1. 

-¡ 
i' 

¡. 
¡ .. 

o-o· 

200 

~ 

== 

Jt ~:11-_ª-_ª_' -6>-33 _;;._: ... t_~": _ _=¡~_']'-_R-~R-' ___ · .. :_;~_.J_-=-~--1·1 

20

:¡ I--S-S' _ ... ~~_;·:·~:-::"-1--·¡ T_-T' ~0--=-,, :~_.·.;·::---!~'. J 
600 400 200 o 400 200 o 

Distance from the trench (km) 

Figure I 1 continued. 



154" 156" 158" 160" 162" 164" 

Figure 12. 



o-..-~~-'-~~~~~~_._~~~~~~-'-~~=-~=-~+ 

100 

~ 
:6 
c... 
Q) 200 Cl 

300 
.··~ .. / 

300 200 100 o 
Distance from the trench axis (km) 

Figure 13. 



o 

100 

200 

E 300 ~ 

_¿ 
li 400 Q) 
o 

f 
500 ~ 
600 r 

700 
o 10 20 30 40 50 60 

·"'! cp, 102 km 
""' 
i~ ... 
f • 

'"" Figure 14. 
1 • 
; 

""' 
! • ... 
t; 

t!9 

!"'11 



50 

~100 
= 
~150 

200 

250 -+--~-~-~-~-..,....;<:....ª..:.>+ 
300 250 200 150 .100 50 o 

Oistance from the trench (km) 

Figure 15. 

N O P Q 
pretiles 



56º 

161 º 162º 163º 

Figure 16. 



1) March 18, 1964 

CHG 

~¡:\_ --n 
HKC 

~ 

6 
"''' 

GDH ~~ 
CMC 

~~-~ 

BKS 

~ 

iml 
·~ t nMn.l<D 

2) Nov. 24, 1971 3) May 27, 1972 

rt 
KEV 

G~ ~ 
~lf*" ~1~ 

MSt~l ~!W ~1uc BAG ."» ~( '- ~A.NAÁt.. " · · · 11 ... 1_111.1. ,, .. ;.. nr ,.,,~ .. 
' . ' "~Jhl ~ ; . 1r·v•r"T'v-: ,{:S'~º . 

rll ,,vv"J1 ... L t!J~ . LJ l ... ........ ·... ~ L 
iec • •;,• • 

AAU ¡_ KEV .1 '"''~ 
KEV ¡JH~~I . '.:.,.. ~V) Gl>l "' 

rl .. l'-Wt 1. . •1v¡w• :lMi: ~ . ~ 
"' "' 

,,,.~L '\¡)- "" ~ __ ·11r' M .. a+ 
'" f~\oo ~ ~ • ~ ~ ~ l1~N 
~ 1::~ ~ i:~ iL ~ !"'"" 

',,.,. ... 
"' 

Eleclro11ic Supplement. 

' -· ·-· ·-·-·"-·-·· ··-· ... ·---~·~·-·---~-.-._,,_..._..,._..,..._.~~,~---·"· 



4) July 23, 1975 

~~~ 

Gil!! 

~f~ 
"º 

u.~."' --- rl~f"~ 

~ 

5) Sept. 21, 1977 

NO! 

BK5 

~ 

Electronic S11pp/e111e11t. 

·-··· ··---"-"h""-""'"·-"'•"""~-·-..-.,,.-.....-.-.~.·-- ~---~~ """""' 

6) Nov. 9, 1979 

SHK~ 

[J 
• 1 1 * 

"' 

KBS 

~ 

~AG 

(L ... 
"' 

POO 

t--t ~· KBS 

CHG @ ; 
~r....-.: 
'Y -· 1 

SH~ ~' M~ 
l ... L 
... ..... 

"' 



>
 o 

z: 

°" 

- 0
0

 

=
 00 
~
 

Ñ
 
~
 

..e: 
~
 

"" 
:E

 
r=:-

~=i 

~
 

e 
·-

¡; 

~
 

o
.
 

--

~
 

~ 
-

!
~
·
 

-
~
 

I 
sf 

_j~ll 
~ 

! 

~~ 
f 

cJ~!I 
~ 

3! 
i
~
 

~
 





13) March 26, 1984 1 14) July 27, 1984 1 15) Dec. 28, 1984 

KONO 

KEV +-J\r-..! ~C 
KOOO DER t'\"-1 ! f 

GDH GRfO 

lAAfli ~ 
¡vv¡ ' . 

""º 
GAC .,/\ /\._; 

"'º ~-~.-.• , tN'4 1·v • 1 

~ 
1

~~··. °"º.L •. ~~\~rNM 
ANMO TATO CIAO r~v·vr; 

....... ..~ .. , ;.Al\.-¡ GUMO TATOJ 11.. ~ 
í ··¡ •¡vv¡ ¡•y· l W1 rlt1 TVVV1f1 GUMO 

D t::L i . , . ; ~ 
".:." ·:..· 6 CL A. !'ML 

•. ,Jt •••• m ... 
KEV GOH 1 sec OER • ''.:C'' 1 :ec• 

""º .AA. OOH .AA~ 
1vv1 ~ ... ~t~v: W'1 

GAC 1 ~~r'k-fy ~ -~ . ~ 0. 

tVv1 .... ~ 1 ""ºtllf\ti .· ·.·J·1 .. A ." ·.· , . . .. ~v.'rt 
LOO 

1::L ~ WV1 1 "'º~GIM)M rv-1 ""º!Atu ¡ ,A1'{:1 
·:· .• rv! G\'k1 t'VVí 

! L "'º tl\/Vi tJV\ti .• OML WVi ' ,... ·~ t . 1 1 
•• 1 1 .... 

"' 

Electro11ic Supplement. 

..,-.. -.... .,.~··--·-~--- - ·-·· --· ·-. -- . 





'° 
0

0
 

°' 

§-i-
~
4
 

~i 

g f 
t· 

_
_
J
:
~
 

! 
! . 

-· 



IV. Zona sísmica doble en Kamchatka determinada con datos regionales y telesísmicos 
{Publicado en: Gephys. Rc.•s. Lett., 21, 16, 1675-1678, 199-J) 

A double-planed seismic zone in Kamchatka from local and 

teleseismic data 

A. Gorbatov. G. Suárez and V. Kostoglodov 

Instituto de Geoffsica. Universidad Nacional Autónoma de México. México D.F .. México. 

E. Gordeev 

Institute of Volcanology. Academy of Sciences of Russia, Perropavlol'skwKamcharsJ..-y, Russia. 

Abstract. The fine structure of ·ª double-planed deep seismic zone is studied over a wide area of the 

Kamchatka peninsula. This prominent feature of deep seismic zone configuration is ascertained through 

the analysis of núcroearthquake hypocenters frorn the local seismic network of the Institute of 

Volcanology of Kamchatka and 22 focal rnechanism solutions frorn the formal inversion of long-period 

P and SH waves for events with ~.5. Additionally. 11 focal mechanisrn solutions estirnated frorn the 

first rnotion of P-waves and 12 centroid rnoment tensor solutions of Harvard University are used. The 

maximum depth of the double seismic zone is 170-180 km. The two planes of seismicity are separated 

by 40 km ata depth of 50 km. and by 10-15 km at 180 km depth. The focal mechanisrn solutions of 

shallow earthquakes show an abrupt change from the. thrust events to down-dip compressional events at 

approxirnately 60 km depth at the upper boundary of the descending slab. Within the descending slab. 

the earthquakes with down-dip tensional axis form the lower plane of the double-planed deep seismic 

zone. Severa! earthquakes with down-dip tensional axis are discovered in a narrow area of the upper 

seismic zone at the depth of about 50 km. The double seismic zone is revealed clearly in the area 

between -52ºN to -54°N and probably extends up to -56°N. 

Introduction 

The first indication for the presence of a possible double seismic zone in Kamchatka was reported by 

Fedotov [1968]. Later, Zobin [1990] discussed the average stress distribution in Karnchatka based on 

focal mechanism solutions determined with P-wave first motion data from local earthquakes. Although 
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thc rcsulls are not conclusivc. his data suggc."t Lhe prescnce of a double scismic zonc. Rcccntly Kao and 

C/ll!:n ( 1994) using thc rcsults of wavcfonn invcrsion of telescismic recordcd cvcnts with ~.5 

dc010n.o;tr-Jtcd thal thc double sci"núc zone can be lrJccd in thc central part of Kamchatka. and it turns 

í 1- int~ a regular \Vadati-BeniofT zone with down-dip compression in the northeastern part of Kan1chatka 

trench. Thc purposc of this paper is to reexamine the seismicity bcneath the Kamchatka península in 

¡ , arder to perform detailed analysis of the spatial distribution of earthquakes. both using the local catalog 

and focal mechanism solutions of accurately Jocated hypocenters estirnated from teleseismic data. Those 

data allow us to infer the fine morphology of a double seismic zone under the Kamchatka peninsula. 

Hypocentral distribution 

The seismic network of the Institute of Volcanology of Kamchatka (IVK) consists of twenty 

permanent. short-period (T ,.= l .2s) seismic stations. and covers most of the Kamchatka península 

(Figure l). The catalog of local seismicity of Kamchatka includes epicenters, depths and magnitudes of 

the events and errors of their deterrnination [Fedotov et al., 1964; Gusev. 1979] from 1962 to 1990. 

For the analysis ·or hypocentral distribution, only the earthquakes with reported depth errors of less than 

10 km were selected. The distribution of seismicity shows that the dip of the descending slab beneath 

the Kamchatka península remains constant from -5 l"N to -55"N. Between -55"N to -56"N, it sharply 

changes and becomes shallower [Gorbarov et al.. 1993]. Cross-sections A-A' and B-B' (see insert in 

Figure 2) are selected according to the conflguration of the descending slab to represen! the general 

c.haracteristics of the subduction process in Kamchatka. 

The separation of the intermediate-depth seismicity into two planes is clearly seen on cross-section 

A-A' (Figure 3a). The hypocenter estünates for the region of this cross-section are. more: accurate 
,-_ ·- - ' 

because of the denser coverage of the seismic stations (Figure 1). The distance.between two plaries of 

seismicity is -40 km at a depth of 50 km. and it decreases gradually to about: lO~l·S kin'ri~"ri depth of 

-180 km. The dip of the. upper plane is about 55°. The lower seismic sheet iia1 a.cfi~)·~i?01~ss than the 

upper sheet. · ·:,· ;;:;;" :·> 

In cross-section B-B ~ (Figure 3_b), the separation of the two planes of seii~i::~~y .. ~{~~i ru;':.~le;:rr as on 

A-A' (Figure 3a). This is ~r~bably ~cause of a less dense distributioii of~;,-¡5ri;¡c\~iatÍÓ~~·;~ ~orthern 
Kamchatka resulting in Iess accu'iate hypocentral locations tharÍ inºthe .. c~ntr.tl·~~ cif- th~ península 

(Figure 1). 
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Stres.'< di..;trihution f'rom teleseismlc data 

Tiic detcrnúnation of focal rncchani"tlTl."i i...¡ bascd on a Jeast square inversion of Jong-period P a.nd SH 

wavefonn.~ CNdbclek. 1984J. In lolal. 22 leleseisnücaly recorded evems (~.5) were modeled 

(Gorbalov el al .• manuscripl in preparalion. 1994) (Figure 2), using lhe data from the National 

Earthquake Informalion Cenler (NEIC) World-Wide Standardized Seismograph Network (\VWSSN) 

dataset. Additionally, twelve centroid moment tensor solutions reponed by Harvard University 

(HCMTS) [Dziewonski et al., 1981; Dziewonski and ivoodhouse, 1983] were included together with 

eleven focal mechanism solutions (Gorbatov et al., manuscript in preparation, 1994) estimated from the 

P-wave f"u-st motion arrivals reponed by the International Seismological Center (ISC) bulletin (Figure 

2). 

Sorne part of those focal mechanism solutions are presented in Table L It should be noticed that our 

set ofthe modelled events extends further to the north than the data set of Kao and C/zen [1994] (which 

is funited by 54"N) and only four events are the same in the both sets. These mutual events have 

practically sinülar focal meehanisms but the hypocentral depth systematically differs by 10-20 km. 

probably because we used for the inversion the local velocity model of Da/esta et al. [ 1985], whi!e Kao 

and Clzen [1994] applied an averaged modification of the whole Earth velocity model [Ke1111ett and 

Engdalz/, 1991]. 

The homogeneous structure of the Wadati-Benioff zone in Karnchatka between 5l"N to 55"N 

assessed from the local seismicity data allows us to project most of the focal mechanisms on cross­

section A-A' (Figure 3a and Table 1). These focal mechanisms show thrust faulting down to the depth 

of -60 Jan. reflecting che seismogenic contact between the Pacific and North America piares. Below this 

depth, the focal mechanism solutions change to down-dip compression in the upper seisrnic plane 

(Fjgure 3a). A deeper sheet of seismicity. ranging in depth from -50 km to about 180 km. shows focal 

mechanisms with down-dip tensional axis. At depths greater than 180 km, both seismic planes seem to 

merge into one, where the focal mechanisms show consistently down-dip compression (numbers 1, 3 

and 37 in Table 1). 

Two relatively shallow events in the upper part of che Wadati-Benioff zone (numbers 19 and 44 in 

Figure 3a and Table 1) show tensional mechanisms. Those tensional events are located ata depth of 

-50 kin, near the lower edge ofthe interplate contact. 

Four focal mechanisms are presented on cross-section B-B' (Figure 3b). Although the distribution of 

the local seisrnicity does not revea! the double seismic zone as clearly as on cross-section A-A', those 
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four focal mechaJ¡isrns ccnainly suggcst a doublc-plancd dLo;tribution of stresses (Figure 3b and Table 

1 ). Unfonunately. a deanh of telesei.o;rrücaly recorded eanhquakes and the diffusc di.o;tribution of' local 

'-Ci.~mic st:uion....¡, g.ivc us no opportunity to study this arca in more dctaiJ. 

Dlscus..o;lon 

It is interesting to compare the structure of the double seismic zone of Kamchatka obtairied in this 

study with the results for other double seism.ic zones. The shape of the double s.eism.ic zone of 

Kamchatka is similar to that of Tohoku (Ja pan) in both the maximum depth and spatial separation of the 

two seismic bands [Hasegawa et al., 1978a, b]. Assuming that the thermoelastic stress regüne of the 

subducting lithosphere, as defined by the subduction parameters, controls the existence and structure of 

double seismic zones [Fujita and Kanamori, 1981; Goto et al., 1985: Kawakatsu, 1986], this similarity 

is surprising considering that the subduction parameters: age (A), convergence velocity (V), and dip 

angle (a), are different in Tohoku (A= 130 m.a., V= 9.5 cmlyr. ex= 33°) and in Kamchatka (A = 77 

m.a .• V= 7.7 crnlyr, ex= 55°) [Cande et al., 1989; DeMets et al., 1990; Hasegawa et al., 1978 a, b]. 

Probably each one of these pararneters itself does not affect significantly the shape of the double seismic 

zones but sornehow their combination nught be of the sarne order of influence on both seismic zones 

that produces this sirrillarity of shapes. 

Kao and Citen [ 1994] concluded that the double seismic zone in the central Kamchatka alters to a 

single seismic sheet of down-dip compression near 53"N. However our local seismicity data and focal 

rnechanisrn solutions suggest that double seismic zone extends at 56"N. It is evident that the down-dip 

tensional events exist along the whole subduction zone of Kamchatka (Figure 2), in particular, the 

events nurnbered 4, 29 and 31 ( Figure 2 and Table 1) lay to the north of 53"N and indicate the 

authenticity ofthe double seismic zone (Figure 3b). 

A correlation between the changing in time coupling at the interplate thrust zone and the occurence 

of normal faulting earthquakes, immediately down-dip from the coupled interface".was proposed by 

Asti::. et al. [1988]. The Iocation oftensional events numbered 19 and 44 in the upper piarie ofseismicity 

rnay be in favor ofthat model. However further study is required to understand the spatial and temporal 

variations in the stress regime ofthe Kamchatka subduction zone . 
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Concluslon 

Our rcsulls show that a doublc-plancd seism.ic zone with a dip anglc of -SSº exists along most of the 

subduction of Kainchatka up to -SS"N. and probably S5º-S6°N. The stress distribution within the _Pacific 

plate descending beneath the Kamchatka península is similar to that observed in th:e, _ T~hok_u (Japan) 

subduction zone f"arther SOUth. where '1 Sheet OÍ tensionaJ eventS lies bencath one -ShowiÍlg ,dO~nCdjp 

compression. from -SO km to -200 km depth. 

The maxirnum depth of seismogenic coupling is confirmed by the presence of thrÚst ev~ntsdo~n to a 

depth of -60 km. Below this depth, the focal mechanisms show an abrupt change-- to- down-dip 

compressional events in the upper sheet of seismicity. The lower seismic plane is represented by the 

down-dip tensional events at depths between -50 km and -180 km. 

Two tensional events were discovered at the upper seism.ic plane. located just near the deeper edge 

of the interplate contact zone at a depth of -50 km. The origin of these events do not have a clear 

explanation and requires further detailed gudies. 

Acknowledgments. The authors would like to thank J. Pacheco and A. Gusev for useful discussions 

and suggestions. Valuable critica! comments and recommendations were made by Kazuya Fujita and 

two anonymous reviewers. 
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l1dentitico::nion number oí cvents in Figure :? and Figure 3. 

lndices mark lhe type oí events: m - focal mechanism obtained from 

Jong·pcriod wave form invcrsion: f • firsr arrivals; h - centroid 

moment tensor solutions of Harvard Unh:ersity (HCMTS) 

[D::ieh·onski er al .• J 98 J : D~ieu-onski and lVoodhouse. l 983}; • -

aJsoanaJyzcd by Kao and Citen (1994]. 

::y: ye.ar:~!: month; O: day. 
3 Estimates rcportcd by the IVK. 

"For modeled cvenls the depths are from am1Jysis of Jong-pcriod 

wave form inversion and for the rest of events the dcpth are 

assigncd ns reponed by thc IVK • 

.:i:Magnítude M.., for the modeled cvents nnd mb for. lhc rest of 

cvents. 
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Fi¡:ure CaptJons 

Figure l. Loca1ion ofearthquakes {1962-1990) rcgistcred by 1hc local scismic network ofthe Instilute 

of Volcanology of Kanx:halka (IVK). 

Figure 2. Lower hemisphere earthquake Illechani_s.m5._ f~om wave .fÓrm inversion (black compressional 

quadrant); centroid moment tensor' solutions reported by·Harvard University (HCMTS) [Dziewonski et 
,.,' ' .. . 

al .• 1981; Dziewonski and Woodhouse. 1983] (dark gray compressional quadrant); from first arrivals 

(light gray compressional quadrant). The numbers · identify the events in Figure 3 and Table 1. Black 

triangles are active volcanos. Insert shows .the Jocation of cross-sections A-A' and B-B '. 

Figure 3. (a) Cross-section A-A•. All events recorded by the local seismic network within a band of 20 

km on each side of the cross-section are selected. (b) Cross-section B-B'. All events within a band of 5 

km on each side of the cross-section are seJected. Focaj mechanism solutions are shown on a side­

looking lower hemispheric projection (symbols as in Figure 2). The black and white dots on the focal 

mechanisms are the locations of the P and T axes respectively. Numbers identify the events in Figure 2 

and Table 1. Gray triangles are active volcanos. Crosses are seismic stations. 
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V. Jmágcn tomográfica de onda P bajo la Pcninsula de Kamchatka 

<E.n,.13&.., en: J. Geoph.••s. Res .. 1997) 

Tomographic imaging of thc P-wa•1c vclocity structurc bcneath the Kamchatka 

península. 

A. Gorbatov. J. Oomínguez. G. Suárez. and V. Kostoglodov 

Jnsriruro de Geofisica, Universidad Nacional Autónoma de A-léxico. fl.féxico D.F .. .\fé:cico. 

E. Gordeev 

Geophysical Service. Academy of Sciences of Russia, Petropavlovsk-Kamcl1C11sJ..-y, Russia. 

AbstracL A total of 5270 shallow and intennediate-depth earthquakes registered by the 32 stations of the 

regional seisrnic network of the Institute of Volcanology of Karnchatka were used to assess the P-wave 

velocity structure beneath the Kamchatka península in the western Pacific. The tomographic inversion was 

carried out in three steps. FJ.rSt, a one-dimensional ( 10) tomographic problem was solved in order to obtain 

an initial velocity model. Based on that 10 velocity model. 3D tomographic inversions with homogeneous 

and heterogeneous starting models were obtained. The Conrad (15 km depth) and the Moho (35 km depth) 

dio;continuities determined from 10 tomographlc inversion. and the upper boundary ofthe subducting slab are 

t<lken into account in the heterogeneous starting model for the travel times and ray path determinations. Both. 

. .• the velocity structure and the hypocentral locations are determined simultaneously in the inversion. The 

spacing of the grid nodes is one half of a degree in the horizontal direction and 20 to 50 km in depth. A ... 
'"' 
1' 

"" 
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detailed P-wave tomographlc image was determined down to a depth of 200 km. The resulting tomographlc 

irnage presents a prominent low-velocity anomaly that shows a maximum decrease in P-wave velocity of -6% 

at 30 km depth beneath the chain of active volcanoes. At depth. low-velocity anomalies are also observed in 

the mantle wedge extending down to a depth of -150 km. These anomalies apparently are associated with the 

volcanic activity. The sedirnentary basin of the Central Kamchatsh.-y graben. to the west of the volcanic front • 

and the accretionary prism at the trench correlate with shallow. low-velocity anomalies. High-velocity 

anomalies observed ata depth of 10 km may be associated with the location of rnetamorphlc basements in the 

Ganalsky-Valaginskoe uplift and upper crust of Shipunsh.-y cape. The results also suggest that the subducted 

PAC has P-wave velocities -2-7% higher than that ofthe surrounding mantle anda thickness of-70 kin.. 
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lntroduction 

Thc Pacific piare subducts we.o;tward beneath the Kamchatka pcninsula at a rate of -8 crnlyr. with a dip 

angle of about 55° from -SO"N to -54"N. A Wadati-Benioff seismic zone defines the downgoing slab to a 

rnaximum depth of -500 km in the southern part of the Kamchatka subduction zone (KSZ) that shallows 

gradually ro -300 km toward the north. North of -54"N. the subducted lithosphere is sharply deformed and 

the subducted slab becomes shallower. These drastic changes in dip angle are retniniscent of those occurring 

in younger subduction environments like Peru [Calzill ancl Isacks, 1992] and Mexico [Pardo and Suárez, 

1995]. In Karnchatka, however. they take place in one of the oldest (-80 rn.a.) [Rea et al .• 1993] subducted 

slabs in the world. This abrupt shallowing ofthe subducted slab produces a sudden offset of the volcanic front 

(volcanoes Kliuchevskoi and Sheveluch) to che northwest. That complexity of the subducted slab and the 

sharp offset of the volcanic front prompted severa! authors [e.g .• Tatswni et al., 1994] to suggest that 

Kliuchevskoi and Sheveluch are not typical subduction-related volcanoes. but that instead they are originated 

by back-arc volcanic activity and are part ofa second volcanic are. 

The seisITiic velocity structure of the Kamchatka subduction zone is very complex due to the presence of 

an active volcanic belt, a deep trench. and thick sedirnentary basins (Figure 1 ). Also, the subducted lithosphere 

and the abundant volcanic activity cause large seismic velocity heterogeneities within the crust and upper 

mantle. Many of these tectonic features of the Kamchatka subduction zone should be visible as seismic 

velocity anomalies. Unfortunately, detailed regional studies of the seismic velocity structure, such as a three­

dimensional tomographic inversion for the whole Kamchatka subduction zone including inland and offshore 

regions. has not been carried out to date. 

Severa! studies have proposed two-dirnensional, crustal velocity models beneath Karnchatka using arrival 

times observed from seismic explosions on land and in the ocean [e.g. Anosov et al., 1978; Se/ivestrov, 1983; 

Ba/esta et al., 1985]. These studies suggest that the oceanic lithosphere has higher P-wave velocities (-7%) 

than the continental crust located near the trench. At these shallow depths, the value of P-wave velocity 

decreases up to -4% beneath the volcanic front in the central pare ofthe Kamchatka peninsula. 

Arrival times frorn regional earthquakes were also used to study the crustal structure of Kamchatka by 

Gorshkov (1958] and S/avina and Fedotov [1974]. Although studies using refraction rnethods exist for 

limited zones, such as severa! individual volcanoes [Gors/zkov, 1958] or the crust covered by the regional 

seismic network [Slavina ancl Fedotov, 1974], their results consistently show relatively Iow seismic velocities 

beneath the volcanic front at the apparent crust-mantle boundary (-7.5 kmls). and relatively high velocities 

(-7.9 krrl/s) related to the subducted slab. 
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A thrcc-d.iincn•iona.I lomogr.iplllc inversion for thc area bclwcen lhc coa.'il and lrcnch wa.o; peñonned by 

Shn-ina cmd Pfrowzrtn'a ( 1992). Although thc rcsults are rcstrictcd duc 10 lhe limitcd urea of lheir sludy, the 

cfuta suggcst that thc P-wa,•c vclocity values are -8.2 krnls in the oceanic plate and -7.6 km/s in the lower 

continentaJ cru....;t. 

Thc wide Krunchatka Regional Seismic Network (KRSN) has operated since 1962 reporting about six 

hundred earthquakes each year. The abundant seismic activity and the relatively dense seismic station 

coverage (Figure 2) provide the opportunity to determine in detall the tomographic irnages of the crust and 

upper mantle beneath the Kamchatka península. The purpose of the present study is to infer the 3D velocity 

structure ofthe crust and upper mantle in the Karnchatka subduction zone (KSZ), applying a 3D tomographic 

inversion to the regional seismic data. That information may help to improve our understanding of the 

~ dynamic processes that control the subduction regirne and the complex volcan.ic activity in the region. 

Data and methods of analysis 

Regional eanlzquake data 

The arrival times recorded by the KRSN from January 1985 to December 1992 were used in this study 

(Figure 2). The network consists of" thirty two, three-component seismic stations covering rnost of the 

Krunchatka península. The rnajority of the stations are located in the central pan of Kamchatka and along the 

coast (Figure 2). A total of 5270 events, occurring in the urea limited by 50°N to 60"N and 150"E to 165"E, 

which were registered by more than four seismic stations with a fonnal error of hypocentral determination of 

less than 10 km [Gorbatov et a/., 1997]. were selected far the analysis. The distribution of the number of 

earthquakes versus focal depth shows that most earthquakes occurred at depths shallower than -200 km and 

a relatively small number of events are deeper than -200 km (Figure 3). 

To obtain a tomographic image of the Karnchatka subduction zone three inversions were carried out 

sequentially. First. a ene-dimensional (ID) tomographic inversion [Roecker, 1981; 1982] was applied in order 

to obtain a starting ID velocity model far the subsequent 30 inversions. Then. a 3D tomographic problem 

with a homogeneous starting model was resolved using the technique deve!oped by Zlzao [1991] and Zlzao et 

al. (1992]. Fmally. using the same method, a 30 inversion with a heterogeneous starting model was 

estünated. 

117 

1 
í 



.. 

' ... 
,.... 
j .. , 

-
...... 

The ID ün·ersion 

AJthough thcrc are scveral studies suggest.ing velocity rnodel" f'or the KSZ [e.g. Gorshkov. 1958; Slavina 

an4 Fedorov. 1974; Anosov eral .• 1978; Selfresrrov. 1983; Balesra eral,. 1985; S/avina and Pivovarova, 

l992J. these velocíty rnodels show d.ifferences among thernselves. In order to obtrun the inicial ID velodty 

rnodel the method proposed by Roecker [1981. 19821 was used. The initial homogeneous medíum was 

divided into nineteen tlat .layers (each S km thick) down to a depth of 95 km. Layers with a thickness of 25 

km were then used for the depth range between 95 to 300 Ion. For the final inversion. only 1657 events with 

errors in hypocentral determination of Jess than 5 km were used. The thickness of the Jayers down to a depth 

of 40 km was changed slightly (in l km steps) in arder to reñne the resuJting model. After six íterations, the 

velocity variance in the inversion scheme reached 0.1 %. Neighboring layers with dífferences between velocity 

values sznaller than 0.15 kmls were merged into thicker layers and the inversion performed again. The 

resulting 1 D velocity model was accepted as the initial model for future íterations . 

Table 1 shows the final l D velocity model consisting of 8 layers where the average Poisson ratio is 1. 71. 

The resolution coefücient is -1 for the depth range between 15 and 200 km; however, the resoJution 

coefficient is not good for the first two shallow layers for which it is 0.28 (0-5 km) and 0.56 (5-15 km) 

respectívely. Tbe Jayers deeper tban 200 km do not have sufficient resolution (resolution coefficient is -0. I) 

due to limited number of eartbquakes Jocated beneath that depth. Three layers are distinguished in the crust 

(Table 1). The upper (5 km) low-velocity Jayer is apparently associated with large sedimentary basins and 

volcaníc ash deposits. Although the resolution is relatively poor for tbat !ayer (Table 1). the presence of the 

Jow-velocíty upper !ayer in the ID model gíves more stable final results in comparison with the model without 

that !.ayer. The velocity discontínuity at depth of -15 and -35 km correspond apparently to the Conrad and 

Moho discontinuitíes respectively. 

77ze 3D inversion with homogeneous startli1g model 

The inversion scheme of Zhao et al. [1991. 1992] differs from other 30 veJocity inversion schemes that 

are nonnally used. The main reasons are: a) a 3D inhomogeneous veJocity model wich severa! velocity 

discontinuities of compJex shape ( such as the Conrad and Moho discontinuities. or the upper boundary of the 

subducced slab. for example) can be íncJuded in the ínversion as initia!. a priori. information; b) the velocities 

at any poinc in the model are calculated by the linear ínteipolation of the veJocities at eight grid nodes 

surrounding tha.c poínt; e) che ray tracing method of Zl1ao [ 1991 J. and Zhao et al. [ 1992] iteratively uses the 
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pscudobcnding 1cchnique of Um and 77iurber [ 1987] and Snell's law 10 delemüne lhe ray palh; d) convened 

and rcfr-JCted phases (such as Pn. Pº. PS. SP. SrnP) can aL'><> be included in lhe inversion. 

FU"St.ly. thc 30 tomographic inversion with homogeneous in.ilial velocity model was catried out. The 

starting ID velocity modcl was def"mcd by the ID model obtained previously. from which we assume the 

crustal thicknes.'< and structure. and the iasp91 eanh n10del [Kennett muí Engdalzl. 1991). Thus the 10 

velocity inodel detennined with method of' Roecker ( 1981; 1982] was used down to a depth of' 35 km and the 

iasp9 J eanh model [Kennett and Engdahl. 1991] is u sed for depths grealer than 35 km. 

In order to conduct the 30 tomographic inversion wi1h the in.itial homogeneous slaning model. the studied 

area is gridded in a half'-degree-spaced sleps in 1he horizontal direction and at depth sleps of' 10. 30. 60. 100. 

150. 200 and 350 km. The velocity structure and hypocentral location are simultaneously de1ermined. The 

root-rnean-square (RMS). travel time residual which was 0.625 s befare the inversion is reduced io 0.517 s 

after the inversion. Only grid nodes with more than 10 rays passing near each grid nade (hit counts) were used 

in inversion. A cross-section of' lhe 30. P-wave velocity penurbations in percentages determined by 1he 

inversion are shown on Figure 4. The perturbation variance changes from approxirnately-7% 10 7%. A Jow­

velocity penurbation is observed mainly beneath the active volcanoes. An inclined high-velocity zone dipping 

to the west is clearly observed in the upper mantle. This high-velocity zone has a P-wave velocity which is 2 

to 7% higher than "normal" mantle velocities. This high-velocity structure reflects the high-velocity subducted 

slab. 

The 3D inversion ivitlz inlzo1nogeneous staning n1odel 

The Conrad. Moho and upper boundary of subducted slab are sharp seismic velocity discontinuities [e.g. 

Fislzer et al., 1983) which should be taken into account in the ray tracing scheme in order to improve the final 

tomographic image. When 1hese discontinuities are included in 1he model. the hypocenters are better located 

and ray coverage can be ref"med because ray trajectories are more accurately traced than under the assumption 

of' a simple mediurn without the crustal reflectors and the subducted slab [ Zhao. 1991; Zhao et al .• 1992; 

Zlzao and Hasegawa. 1993; 1994]. 

To refine the results obtained with the hornogeneous staning model, a tomographic inversion with an 

inhomogeneous staning model was carried out. The study area was divided into three layers separated by the 

Conrad (15 km depth) and the Moho (35 krn depth) discontinuities; these three layers correspond to the 

upper crust (Vr=5.74 lanls), lower crust (V,,=6.74 lanls). and upper mantle respectively. The staning ID 

velocity model is the sarne as that used in the hornogeneous tornographic inversion. The results of' the 
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homogencous 30 inversion suggest that the subducting P:icific plate has P-wave_ velocities_ 2-7% higher than 

the normal mantlc. Tñerefore. a high-vclociiy zonc wi1h an avcrJge vclocity 4%- higher than surroundlng 

inantle wa.~ in1roduccd In 1hc modcl to rcprescm the subducted Pacific plate. ThC configuration of the upper 

bound;uy of the sulx:luctcd slab is taken from Gorbarov er al. [ 1996] . (Figure 5). The P-wave velocity 

structurc ofthc upper mantle bcncath the subducted plate is the saine as that beneath the continental crust. 

The hypocentral Jocation of the eanhquakes and the P-wave velocity structure are solved simultaneously. 

Severa! inversions wcre carried out changing the initial thickness and the P-wave velocity of the subducted 

slab. Although sorne variations occur in the inversion residuals (Figures 6 a and b) and in the rnagnitude ofthe 

velocity anomalies, the resulting tomographic irnage does not change appreciably when the initial slab 

thickness is changed from 10 to 110 Jan. and the initial slab velocity penurbation is varied from 1 to 7% 

(Figure 6). These tests indicate that the stabilily of the tomographic inversion does not depend strongly on the 

assurned initial modeL However, the reduction in Ri.VlS residuals shown on Figure 6 indicare bread mínima in 

both the definition of the slab thickness and average fractional velocity penurbations. Also these tests show 

that the inversion peñormed with an initial_slab thickness of 70 km and slab velocity 4% higher than that of 

the normal mantle gives the rninimum residuals in a root mean square sense (RMS). The average RMS travel 

titne residual is 0.602 s befare the inversion and is reduced to 0.419 after three iterations. 

Although the RMS residual of the inversion with a priori assumed information is reduced by 19% 

compared to that ofthe inversion with a homogeneous staning model. anf-test [Draper and Smith. 1966; 

Zhao et al .• J 995) is done in order to evaluate the statistical significance of the RMS residual reduction. The F 

ratio is defined as F=((SSR,-SSR,)*DF,)/((DF1-DF,)*SSR,). where SSR is the summa of the squared 

residuals and DF is the number of degrees of freedom for the inversion with homogeneous (subscript 1) and 

inhomogeneous (subscript 2) starting models. Taking into accoum that the number of P-wave arrivals is 

60.935 and that the number of nodes with hit counts greater than 10 is 697 for the inversion with 

hornogeneous staning model. DF1=60935-(697-+4*5270)=39158. In the case of the inversion with an 

inhomogeneous starting model DF,=60952-(985-+4*5270)=38887. Other values are SSRr=1291 l.14 and 

SSR2=12153.73. Thc resulting F ratio is 8.94. Considering that DF, is a very Jarge number. the value of 

infinity is used to select the F ratio from the tables. The corresponding F ratio for the decrease of 271 degrees 

of freedom (DF1-DF2 ) is F(271. co,0.99)<1.32 [ Beyer. 1991]. The results of thef-test show that the F ratio 

obtained in the test is Iarger than the value given by the F probability distribution at the l % level. Therefore, 

the inversion with inhomogeneous starting model significantly improve the final ·results at a 99% confidence 

leve!. 
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Rcsolutlon test 

A chcckcrboard rcsolution test (CRT) [Hump!rreys and Clayro11, 1988; Zhao et al., 1992] was applied to 

cvaluatc thc rcsolution of the tomographic results. A simple, checkerboard synthetic structure with positive 

and negative perturbations of 3o/o and -3% was applied to the starting ID model. The grid interval of the 

medium is the same as that in the tomographic inversion and a set of travel time delays resulting from ray 

tracing through the synthetic test structure were determined. Random errors corresponding to a normal 

distribution with a standard deviation of 0.1 s were added to the arrival times calculated for the synthetic 

model. Fmally, the synthetic travel time delays were used in the tomographic inversion in order to recover the 

initial synthetic structure. A comparison of the synthetic inversion image and source synthetic structure allows 

us to recognize the areas where good resolution exists for the spatial distribution of available earthquakes and 

seisrnic stations in KlllllChatka. The resolution is good where inversion results have the sarne velocity 

runplitude and checkerboard pattern as those ofthe original synthetic structure. Conversely. in areas where the 

initial pattern and amplitude are distorted the resolution is poor. 

Thc checkerboard tests show that adequate resolution is obtained when the node separation in plan view is 

greater than 50 km. The resolution L<; good for most ofthe study area down to a depth of60 km (Figure 7). In 

the case of the 100 km deep slice. the resolution is acceptable inland and only near the area where the 

subducted Pacific plate L., located. decreasing to the north and south of the seisrnic network. For depths 

beneath the 150 km deep slice the resolution is poor and a correct test pattern is retrieved only in the central 

part of the study area. ln conclusion. the resolution of the 30 inversion is good for most of the study area and 

it is best in the central part of the Kamchatka península where the correct test pattern is recovered down to a 

depth of 200 km. 

Dlscussion 

The results ofthe 30 tmnographic inversions (Figures 8 and 9) show a prominent continuous high-velocity 

zone in the upper mantle dipping landward which may be associated with the subducted Pacific plate. The 

introduction of a subducted Pacific plate as a priori inforrnation in the initial model gives a final RMS travel 

time residual smaller than that of the inversion with hornogeneous starting model. Therefore. the tornographic 

image obtained with the 30 tomographic inversion using an inhomogeneous starting model was taken as the 

ímal rcsult. The inversion suggests that the subducting Pacific plate has an average thickness of about 70 km 
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and a P-wave velocity which is 2 to 7% higher than that of normal mantle. The obtained average thickness of 

the subducted slab fits the results obtained frorn studies of Rayleigh wave dispersion data [e.g., Leeds et al., 

1974) ofan oceanic lithosphere with an age of-80 rn.a., similar to that ofthe Pacific plate in the KSZ [Rea et 

al., 1993). The Wadati-Benioff seismic zone is located near the upper surface of the subducted slab (Figure 

9). The Iower plane of a double-planned seisrnic zone, which can be seen clearly in the profiles a and b 

(Figure 9), is traced approximately in the central pan ofthe subducted slab. The Wadati-Benioffzone extends 

down to a rnaxirnurn depth of -500 km in southern Karnchatka, and -300 km in the northern part of the 

península [Gorbatov et al, 1997). Unfonunately, the regional seismic data used in the study allows us to 

determine only the structures that are shallower than of -200 lan. Regional and teleseisrnic data that trace rays 

to depths greater than 200 km are necessary in the tornographic inversion in arder to determine the deeper 

stnictures in the KSZ. 

A sharply defined feature is the broad Jow-velocity anornaly Iocated beneath the volcanoes and apparently 

associated with the present volcanic activity in the peninsula (Figure 8). The low-velocity zone is clearly 

defined beneath the volcanic front of Krunchatka. from the upper crust down to a depth of-100 to -150 km 

(Figure 9). The largest negative velocity perturbations (--6%) occur ata depth of-30 km and are observed 

along the whole volcanic front (Figure 8). These low-velocity perturbations form a continuous belt that is 

alrnost linear beneath the volcanic front between 5l°N and 55"N. Nonh of 55"N, the low-velocity anornaly is 

sharply shifted to the northwest following the location of Kliuchevskoi and Sheveluch volcanoes. These 

resulcs show that Sheveluch and Kliuchevskoi volcanoes are pan of the srune subduction-induced volcanic 

process and not back-arc volcanoes as suggested by Tatswni et al. [1994]. 

Figure 9 shows that the Iow-velocity anornalies excend down to a depth of -50 km in the southern pan of 

KSZ (pro file a). To the nonh, the extension of the Iow-velocity anornalies increases reaching a depth of -150 

km. Although the volcanic front coincides approxirnately throughout the KSZ with a depth of the subducted 

slab of -100 km (Figure 5), the Jow-velocity zones related to the active volcanoes extend to depths of -150 

km (Figure 9). Unfonunately, the Iack ofresolution in the northern part ofthe KSZ (profiles e and f"on Figure 

9) limits our observation to a depth of-100 lan. 

The good resolution of the inversion far rnost of the study area down to a depth of 60 krn (Figure 7) gives 

the opportunity to correlate the resulting velocity heterogeneities, Jocated down al depths of about 1 O Jan. to 

the upper crust geology of the KSZ. For exarnple. a Jow-velocity band is spatially correlated with the 

Karnchatka trench (Figure 8). Apparencly, chis Jow-vclocity band i." associated with thc accn:tionary prisrn. In 

particular. the low-velocity zone ( --4%) in the Krunchatsk-y bay correlatcs with rhc lar¡;e ~-ditnent ~it,; 

located in that arca [e.g. Dickinson. 1978; Se/frestrov, 1983). 
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Other prominent and shallow low-velocity zones are observed in the Central Karnchatsky graben that 

probably corresponds to the large sedirnentary basins that reach a thlckness ofup to -5 kin [e.g. Moro::., 1984; 

Zinkevich, 1993]. Severa! local hlgh-velocity structures exist in the upper continental crust (10 km Jayer on 

Figure 8). Most ofthese zones are Jocated close to the volcanoes and probably correspond to intrusive bodies. 

On the other hand, one of those zones can be seen clearly about 25 km east of Bakening volcano on profile b 

on Figure 9. Apparently, this hlgh-velocity zone is associated with the Ganalsh.-y-Valaginskoe uplift forrned by 

metarnorphic rocks and uplifted Cretaceous basement [Rikluer. 1993; Konstantinovskaya et al., 1993; 

Zinkevich, 1993]. Shlpunsh.-y cape (Figure 1) is characterized also by the presence of high-velocity zones in 

the upper crust (Figures 8 and 9). That cape is cornposed by uplifted exotic Cretaceous basernent [Zinkeviclz, 

1993] whlch is apparently responsible for the high-velocity structures ofthat area. 

The final three-dirnensional velocity rnodel shows the existence of large lateral heterogeneities (-±7%) in 

P-wave velocity in the Krunchatka subduction zone, due to the hlgh leve! of volcanic activity and to the 

subduction of the Pacific plate (Figures 8 and 9). To evaluate the differences between using a simple ID 

rnodel and our final 3D velocity structure, the hypocenters relocated during inversion are cornpared with 

those deterrnined with a lD velocity model (Figure 10). The hypocenters of the events relocated using the 

inversion results show that a Jaterally varying velocity structure gives more accurate hypocentral location. For 

example, the double-planned seismic zone on cross-section of Figure lOa. that corresponds to cross-section b 

on Figure 1, is more distinct using the hypocenters relocated in the 3D inversion (Figure lOa) than that using 

the hypocenters deterrnined with the initial flat lD velocity model (Figure IOb). This difference is probably 

due to the fact that the flat lD velocity model does not include an inclined high-velocity subducted slab. 

Seisrnic rays from earthquakes located in the lower sheet of the double-planned seismic zone go through this 

hlgh-velocity zone whlch is not included in the flat ID velocity rnodel. Therefore, sorne of thc hypocenters 

determined with a simple 1 D model are located shallower than their real location. 

Conclusions 

The 30, body wave tomography method was used to study the seisrnic velocity structure beneath the 

Kamchatka peninsula. A total of 5270 regional earthquakes and 32 seisITiic stations were uscd to infer the 

detailed P-wave tornographic irnagcs down to a d~pth of 200 km. Thc obtained rcsults suggcst thal thc 

subducting Pacific plale has an average thickness of aboul 70 km. The P-wa''C vclocitics in thc subductcd 

plate are -2-7% higher than that of nonnal rnantle. A promincnt low-,·elocity zones exist in thc crust and in 

the uppcr rnantle beneath the active volcanocs down to a depth of -150 km. Thc lowest valucs of thL"SC 
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velocity anomalies lle at a depth of -30 kin beneath the volcanic front. High-velocity zones were found in the 

upper crust that apparently correlate with the intrusive bodies, uplifts of rnetarnorphic rocks and Cretaceous 

basernents that are observed in the local geology .. The low-velocity zones in the upper cnist are associated 

with the thick sedirnentary basins of the Central Karnchatsky graben and to the accretionary prism of the 

Karnchatka trench. 
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1. 

Table 1. ID P-wave velocit)imodel. 

Depth v.,. Error Resolution 

km. ·km/S knlts 
o 3.65 0.13 ,• 0.28 

s ·s.74' 0.24 o:s9 

~ 
IS ;6:74 0.05 0.99 

}-'. - : 
35 .7.37.: .. 0.02 1.00 

60 .7.64. o.o3 1.00 

75 7.84 0.03 1.00 

100 8.00 0.06 0.99 

160 8.22 o.2s 0.90 

200 8.30 0.79 0.08 
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Figure Captions 

Figure l. Tectonic frarnework of th~ Kamchatka subduction zone. _Triangles are _ volcanoes and the arrows 

represent the relative plate motion in ffimryr. -The Meiji searnounts are delineated by the -4000 and -5000 m 

bathymetric contours. Lower casé- bO!cÍ letters :denote the location of the.40 km wide cross-sections used in 

this study. Characters B. K and s~ the Bakening, Kliuchevskoi. and Shev~luch volcanoes respectively. 

Figure 2. Distribution of earthqUakes Jocated by the KRSN from 1985 to 1992 (b!ack dots). Squares are 

seisrnic stations. 

Figure 3- Number of earthquakes as a function of focal depth. Notice that most of the events are located at 

depths shallower than 50 km. 

Figure 4. Cross-section b (Figure 1) of the- fractional P-wave velocity perturbations resulting from the 

homogeneous 3D velocity inversion. The scale re!ating the size ofthe symbols to the velocity perturbations is 

shown in the insert. Solid triangles are volcanoes. 

Figure S. Isodepth contours in kilometers approximating the upper surface of the Pacific subducted slab ( 

from Gorbatov et al. [ 1997]). Other symbols are the sarne as on Figure I. 

Figure 6. (a) Travel time residuals of the inhomogeneous 3D inversion in a root me_an squarec5 sense (RMS) 

versus initial slab thickness taken as a priori information in the inversion. P-wave -v~Iocity_' of the slab is 

assumed to be 4% higher than that ofnormal mantle. (b) RMS travel time residuals ve~~~~hÜtial fractional P­

wave velocity perturbation for a 70 km thlck subducted slab. 

Figure 7_ Result of the checkerboard resolution test. The depth of each Iayer is shown in the Iower right 

comer of each map frame. Solid triangles are volcanoes. Solid and open circles denote fast and slo-.v velocities 

respectively. The scale relating the size ofthe symbols to the velocity perturbations is sho-.vn at the bottom. 
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Figure 8. Tomographic image or Kamchatka shown as fractional P-wave velocity perturbations for various 

depth slices. Red and blue shading shows slow and rast velocities respectively, according to the scale shown at 

the right. The depth or the each !ayer is shown in the lower right comer or each map frame. Wlúte triangles 

are volcanoes. 

Figure 9. Tomographic image or Kamchatka shown as fractional P-wave velocity perturbations projected on 

40 km wide cross-sections (Figure 1). Red and blue shading reflect the slow and füst velocities respectively, 

according to the scale shown at the bottorn. Red triangles are volcanoes and white dots are the earthquakes 

used in the inversion. A light-colored rnask covers the area where resolution is considered to be poor. Vertical 

black bars mark the location orthe coastliné and arrows point the Jocation orthe trench. 

Figure JO. Hypocentral projection orthe events on cross-section b (40 km wide) (see Figure 1 for Jocation). 

(a) Events relocated with the resultirÍg· 30 velocity structure from the inhomogeneous tomographic inversion. 
" .. · ' ' . 

(b) The same earthquakes located·.with a ID velocity model. Notice that.the scatter is reduced and the 
. ' .•. . ·- '·! 

double-planned seismic zone is more clearly defined when the more Teanstic 30 inversion results are used. 

130 



56º 

54º 

52º 

Figure l. 

~füfü~H ~;i¡ftalsky-Va\aginskoe 

Central Kamchatsky 
graben 



58º 

1¡3ering Sea 

56º 

54º 

52º 

Pacific plate 

Figure 2. 



1100 

1000 

"' 
900 

::.> 
...: 
"' 

800 

~ 700 

.... 600 
"' "' ...... 500 o .... 

400 "' .;: 
§ 300 
z. 200 

100 

o 
o 50 100 150 200 250 

Focal deplh (km) 

Figure 3. 

300 350 



Coas! Trench 
04"-.. '--~~~~--"!!1""!111 ..... ~~~~~--''~~~.¿,...~~~~~~~·~~-+ 

+- ººº ººº + o o o o - + 
o o o o o o o o o o 

ººººººººº o o o o 

o o o o o o o o o 
o o o o o o o o o o 

o o o o o o + + + 

100 o o o o 

• o - + -

o + 
-7 -3 O",(, 3 7 

200+-~~~~~~~~~-,....~~~~~~~~~-+-~~~~~~~~~-+ 

o 100 
Distance (km) 

200 300 

Figure 4. 



I~ 

.. 
, . ..J 

.. 

58º 

~ Kamchatka 

" 56º 

~ 

54• 

52º #' 
0:-

~e~ 
#''1> 

es:' 

so· '*-~ Pacific 
154º 156º 158º 160º 162º 164º 166º 

Figure 5. 



0.50 

0.49 

0.48 

<? OA7 
CJ 

~ 0.46 :; 
'::;:l 

,,0.45 -::::: 
·¡¡; 
CJ ,0.44 ..... 

tlJ 

~ 0.43 

0.42 

0.41- a) 
0.40 

10 20 30 40 50 60 70 80' 90 100 110 

Plale Thickncss {km) 

0.50 

0.49 

0.48 

<? , 0.47 
CJ 

~ 0.46 
d 
:::: 0.45' -::::: 

·¡¡; 
CJ 0.44, ..... 

tlJ 
;::;;¡ 0.43 e:: 

0.42 

0.41 b) 
0.40 o 1 2 3 4 5 6 7 

Fraclional vclocit.y pcrlurbalion~ (7.) 

Figure 6. 



54" 

52" 

54• 

52" 

Result of a checkerboard resolution test 

. •°"o'º. o 
• · •Jl<eoº•-0. o• 

•. • o•~•o•(o • .. º 

• o ·0~*904'0•. 
•Q~eO• 

.... -~o•O•o · · 

~
, •O~._~•O•o 

-o~o•o•· • ., oeoeo · 
~ eO• º • 

~-oeo· 
.),Y .• º. 

r 
• 0 • opt:JDeó'el • 

••• o ,,#-:>•tDe'6· . 
• 

0 
• 01o•of•o • · 
-o•.~·~•o· 
oe~:::i· 

11 

: :;411.~~~~~ ~ . 
1
\.. • ·o~e6.o • · · 
·~A•o•o•· 

\ · ~:fao•o · 
~~•O•O• 
-~·o . 

.•. :· .i\ o 

50·11...~~~~~~~~-==1~0=0~K~rn~""-~~-=~~~~~~~1~5=0~K~m~.._~~~~~~~~-==2=0=0=:,,Km.;;.;.;_. 
15a· 150· 1e2· 1e4· 15s· 150· 152· 154· 15a· 160· 152· 154· 

• o o 
-3 -2 -1 o 1 2 3 

Fractional velocity perturbations (o/o) 

Figure 7. 



(" r· 
1 

se: 

ss! 

54 

53 

-? 1 No data 

-6 ~ 
-5 r/l e 

51 

10km! 
' 

.. ______ _ J_Q_k_l)1 ,__________ 60 km i 

-4 .9 
"Cj 

-3 .e .. 
-2 € 
-1 u 

o. 
:... o o 

1 '¡j 

2 
o 
"ii 

3 ;. 

4 ;; 
e 

5 .9 
6 tí 

~ 
7 ¡¡,, 

!\ 

50
¡ 100km1 ! 150 km 

156 158 160 162 164 156 158 160 162 164 156 158 160 162 164 

Figure 8. 



o 

50 

100 

150 

200 
o 

50 

~100 
o.. 
<U 

CI 

50 

d 

e 

e "f 
-------- ----------------~----~ 

100 150 200 250 300 50 100 150 200 250 300 

Distance, krn Distance, km 

Fractional vclocity pcrturbations, % 

JllllIIJii 
-7 -6 -5 -4 -3 -2 -1 o 1 2 3 4 5 6 7 

Figure 9. 



o 

50 

100 

150 

200 

250 
E =-..e: o g. 
Cl 

50 

100 

150 

200 

250 

300 
o 

-... -· ... . ; . 
~ . . 

:··· : -
·:· 

. . ......... 
• :~., •• r­

... ...,,.": ... 
:~ ... ... 

. . 
... -:··· .. .. . ... . 

;·:; ..... 
.... . . 

•; . .... .. -

a) 

b) 

50 100 150 200 250 300 
Distance (km) 

Figure 10. 



VI. Conclusiones 

Las características de Ja subducción de la placa del Pacifico bajo Ja placa Norteamericana en la zona de la 

península Krunchatka han sido estudiadas utilizando Jos datos registrados por las redes regionales y 

telesísmicas. Las principales conclusiones de este estudio son las siguientes: 

El ángulo de subducción es de -55º en Ja parte sur de ZSK entre -50°N y -55°N. Al norte de -55°N, Ja 

placa se defonna en una zona de -30 km de ancho y el ángulo de subducción disminuye drásticamente a 

-35°. 

Los mecanismos focales y Ja distribución de Ja sismicidad en la zona de deformación sugieren que Ja 

contorsión de Ja placa puede ocurrir por una falla de tipo tijera. 

La profundidad máxima de Ja sismicidad, Dm, varia de -500 km (-50°N) a -300 km (-55°N);. Al norte de 

la zona de deformación, Dm disminuye a solo -100 km de profundidad. 

El frente volcánico corresponde con Ja línea de isoprofundidad de -90-140 km de Ja placa subducida. El 

frente volcánico es lineal en Ja parte principal de ZSK y en la parte norte se desvía abruptamente hacia el 

noroeste siguiendo las líneas de isoprofundidad de -90-140 de Ja placa subducida. Por Jo anterior, -Jos 

volcanes Sheveluch y probablemente Klychevskoy, ubicados en Ja parte norte, pertenecen al frente volcánico. 

La distribución de la sismicidad y Ja orientación de Jos mecanismos focales indican Ja presencia de una 

zona sísmica doble entre -50°N y -55°N, Ja cual se extiende probablemente hasta -56°N. La separación de 

Jos planos es de -50 km a una profundidad de -50 km y de -20 km a una profundidad de -180 lcrn. Los 

mecanismos focales localizados en Ja parte superior de la zona sísmica doble cambian su orientación de tipo 

cabalgadura al de compresión a Jo largo de la placa subducida a una profundidad de -60 km. Esto marca 

probablemente la profundidad máxima de Ja zona del contacto seismogénico entre las placas. 

La relación empírica general D,,,=f(<p). obtenida mediante la recopilación de los par..llnctros de subducción 

de numerosas zonas de sul:xiucción de todo el mundo. pcrnüte usarla corno una cun.-a estándar pani estudiar 

la relación entre los parámetros de subducción en la zona de Karnchatka. 
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El cambio de Dm (de· -'-50°N a -55"N) en ZSK es con5istente con la relación empírica general. Al norte de 

-55°N, Dm tiene una profundidad anorrnairnCnte somera .que interpreta como una disminución de entre dos o 

. -: ~L :-i: .z:..:·.'.=.·-j' ··~:t~ ~-:_ t-~:-- ~}~_:_·: .:~-'.;~., _. _ 

La subduc,;ión ·U~ i~¡¡\~~~tl~ -~o;'M.;,iji provocan '1~ar~nte~nte un impacto significativo en el 

régimen de·~~~~i~}~-g~~~i'~~~%.~-~:fl ~acifico~:Debid;, ~ell~, laplaca oc~ánica se deforma en la parte norte 

de ZSKcon uria'coriSééi.iente'disnünución de Dm y del ángulo.de subducción. ··,.--,"; <~t~.;~ .. :~.-->,·::.-~ "''::·"' -~ -.· . . . 
;:· ... ;·:>·;-~=(-" 

La imagen tcm1Ógdfléa>',;;n",tres dimensiones muestra ui:ia zona _incliriada de alta velocidad, que está 
'•·";.01-

probablemente a5ocillda. ·éo~ Ja placa subducida del Pacífico. El ajuste de _los pan~rrietros. iniciales sugieren que 

el ancho de la placá es' de-70 km y la velocidad de la ondá p e;;_7o/o may~r. que en el manto superior. 
----.· 

La perturbación·.~ absoluta (--6%) de la onda.· P se.' .;,ncuentra. bajo el· frente volcánico a una 

profundidad de -3Ó 'krri_ Es¡a anomalía forma una banda co~~k~·a qJ~ ·~·lln~at en l~ piirteprincipal de ZSK y 
• . -. - - - - •" . -.. - . ~ 1' - • . ,- - . 

se desvía hacia at ·noroeste en la parte norte siguiendo el frente' voléánico.•Esta _Mcirnalía 5e relaciona 

aparentemente con la presencia de magma inmediat~I}t~ b~o'.~i~~¿, ~olcánico., 

Las anomalías de baja velocidad se observan h3sta: una profundidad de -150-200 km debajo de los 

volcanes y se asocian con la generación de rnagriia.: · 

Los resultados de la inversión tomográfica se correlacionan bien con la geología superficial de la 

península de Karnchatka. Las zonas de baja velocidad coinciden especialmente con el prisma de acreción y 

Jos depósitos de material sedimentario en el graben central de Karnchatka. Las zonas de alta velocidad se 

correlacionan con Jos levantamiento Ganalsky-Valaginskoe constituidos por rocas metamórficas y el 

Jevantarn.iento de rocas del basamento de la península Shipunsk")'. Las zonas de alta velocidad cerca de los 

volcanes probablerriente se correlacionan con cuerpos intrusivos. 
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