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Scismicity and structure of the Kamchatka subduction zone
Abstract

Kamchatka subduction zone (KSZ) was studied using the seismic data registered by regxonal und ’

teleseismic networks. The configuration of the Wadati-Benioff seismic zone, its velocity. structu.re, strcss

distribution in the descending plate, and relation between volcanic activity and subduction | process were
investigated in the present work.

the analysis. Moreover, 12 focal mechanism solutions estimated from P-wave ﬁrst monons, the 21/ formal

inversions of long-period waveforms, and 11 centroid moment tensor solutlons weri

usedin’ o.rder’ to
determine the stress distribution in the KSZ.

To the south of ~55°N, the slab shows an approximately constant dxp a.ngle of ~55° To the north

of ~55°N, the dip of the slab becomes shallower reaching ~35°, The focal mechamsm solutxons and
earthquake hypocentral distribution reveal the presence of the double-planned seismic zo{ne;,“m ‘the area
between ~50°N to ~557N that probably extends to ~56°N. The maximum depth of the double sexsrﬁio zone
is 170-180 km. The two planes of seismicity are separated by 40 km at a depth of 50 km. ond by 10-15 km
at 180 km depth. The focal mechanism solutions of shallow earthquakes show an ab'rupt change from the
thrust events to down-dip compressional events at approximately 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. Several 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 maximum depth
of seismicity, ID;y, 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 shifted landward to the north of ~55°N.
The variation of D)y is apparently consistent with the standard empirical relation Dy, = f (¢), where ¢ is
the thermal parameter of the subducted slab. To the north of ~55°N, the slab is shifted to the northwest and
it is sharply deformed in a narrow contorted zone which is ~30 km wide (~56"N, ~161°E). To the north of
this contortion zone, D,;; decreases up to ~100 km. The landward shift of the northern 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 D,; in the northern segment significantly diverges from the
global relation Dy, =

J (. We interpret this as an effective decrease of the thermal thickness of the
subducted lithosphere. ) :



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
intermediate-depth earthquakes registered by the 32 stations of the KRSN were used to assess the P-wave
velocity structure beneath the Kamchatka peninsula in the western Pacific. The tomographic inversion
was carried out in three steps. First, a one~-dimensional (1) tomographic problem was solved in order to_
obtain an initial velocity model. Based on that 1D velocity model, 3D tomographic inversions with
homogeneous and heterogeneous stax_ﬁng models were obtained. The Conrad (15 km depth) and the Moho
(35 km depth) discontinuities determined from 1D tomographic inversion, and the upper boundary of the
subducting slab are taken 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 detailed P-wave tomographic image was determined down to a
depth of 200 km. The resulting tomographic image presents a prominent low-vefocity 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 sedimentary basin of the
Central Kamchatsky 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 at a depth of 10 km
may be associated with the location of metamorphic basements 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%6 higher than that of the surrounding mantle and a thickness of ~70 km.



RESUMEN

La zona de subduccién de Ia peninsula de Kamchatka (ZSK) fue estudiada usando los sismos registrados
por redes sismicas regionzﬂes y telesismicas. En este trabajo se determiné la configuracion de la zona Wadati-
Benioff, la relacién entre el volcanismo y los procesos de subduccidn, el estado de esfuerzos en el interior de

fa placa en subduccién y la estructura de velocidades de las ondas sismicas en la regidn.

La estructura y configuracién de Ia zona Wadati-Benioff fue estudiada con los hypocentros de los 'evevntos :
reportados en el catdlogo de la Red Sismica Regional de Karnchatka, entre 1964 y 1990. Solamente -se

»tilizaron los eventos con magnitud M.>3.8 y con un error de determinacién hipocentral menor de 10 km. .

‘Ademiis, se determinaron 44 mecanismos focales para estudiar la distribucién de esfuerzos en- ]a zon: de‘

subduccién de Kamchatka, 21 mecanismos focales fueron determinados por medio de Ia modela 6n de

«das de cuerpo registradas telesismicamente, y doce mecanismos focales mis fueron obtemdos con las

primeras llegadas de la onda P. Ademis, se incluyeron once mecanismos reportados por la U_mversxdad de

Harvard. -
Los resultados indican que el dngulo de subduccién de la placa Pacifico por debajo_dﬁ:jlzi 'pem‘nsula

“"nmchatka es de ~55° entre los ~50°N y ~55°N. Al norte de ~55°N, la placa sufre una abrdptaf flexién en una
< ra de ~30 km. de ancho y el dngulo de subduccién disminuye hasta ~35° La proﬁmdidad m:‘xxxma de la
sismicidad, D, varia de ~500 km. (~50°N) a ~300 km. (~55°N). Al norte de la zona de ’deformacién. Dy,
disminuye abruptamente a ~100 km. (~56°N). Esta configuracién de Ia placa subducida permite dividir la
ZSK en dos partes: la principal de ~50°N a~55°N yla parte norte de ~55°N a ~56°N.
La zona de deformacién entre la parte principal de la placa y la parte norte se caracteriza, en un corte
rransversal, por la separacién de la sismicidad en dos bandas. La distancia entre estas dos bandas aumenta en
ci5n de la profundidad. Esta separacion ocurre desde una profundidad de ~80 km. La presencia de un
irx=canismo focal cuyos planos nodales son paralelos a la zona de deformacién sugiere que la deformacién de
2 placa podria ocurrir por medio de una falla tipo tijeras.
t.a distribucién de la sismicidad y de los mecanismos focales muestran que existe una zona sfsmica doble
.= se revela claramente entre los ~50°N y ~55°N, y probablemente se extiende hasta ~56°N. La separacién
= ~¢r2cial entre los planos de la zona sismica doble es de ~50 km, a una profundidad de ~50 km, y de ~20 km a
una profundidad de ~180 km. En la parte superior de la zona sismica doble, los mecanismos focales cambian,

4 ~60 km de profundidad, del tipo cabalgadura, reflejando el movimiento relativo de subduccién, 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 miixima de —60 km.

El frente volcdnico 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
volcinico se desvin hacia el noroeste siguiendo las lineas de isoprofundidad de -90-140 km. de la parte norte
de la placa subducida. Esto indica que la configuracién de la placa subducida’ mﬂuye fuertemente en la
conﬁguracxén espacial del arco volcénico de ZSK.

La profundidad mdxima de la sismicidad parece estar relacionada con el parametro térmico de la placa, ¢,
el cual depende del dngulo de subduccién, la edad de la placa subducida y la velocidad de convergencia. Para
analizar la relacién entre los parimetros de subduccién en la ZSK se obtuvo una relacién empirica general
D,=f(¢) usando los parimetros de subduccién (profundidad mixima de sismicidad, el dngulo de subduccién,
la edad de la placa subducida y velocidad de convergencia) de diversas zonas de subduccién de todo el
mundo. La comparacién del parimetro térmico de ZSK con la relacién empirica general demuestra que
Kamchatka es consistente con D,,=f(¢) entre los ~50°N y ~55°N. Al norte de ~55°N, se observa una
disminucién en valores de DD, que no coinciden con la relaciéon empirica general. Esta disminucién en el valor
de D,, sugiere que la edad efectiva, 0 espesor térmico de la placa ocednica, tendrd que ser dos-tres veces
menor que la edad estimada en mediciones directas. Estos resultados se interpretan como consecuencia de un
rejuvenecimiento térmico de la placa debido a la presencia de los montes marinos Meiji que se subducen en la
parte norte de ZSK. Este probable rcjuvenecimiento de la placa en subduccién podria provocar la
disminucién de D, la disminucién del dngulo de subduccién y consecuente deformacién de la placa

subducida en la zona de subduccion de los montes marinos.

La aparente relacién entre la distribuciéon del volcanismo activo y la compleja configuracién de la placa

sugirié estudiar la distribucién de las anomalias de velocidades de las ondas sismicas. Para este fin, 5270

sismos registrados en el drea 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 inversién tomogrifica tridimensional. En realidad se
realizaron tres inversiones sucesivas con el fin de obtener la imagen tomogrifica tridimensional en ZSK.
Primeramente, se determiné el modelo unidimensional de velocidades sismicas como un modelo inicial para
las siguientes inversiones tridimensionales. Después, se realizé la inversidon tridimensional con un modelo

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

definidos como pardametros a priori. La inversién con estos pardmetros definidos a priori dio el mejor

resuitado. el cual se tomé como la versidn final de 1a tomografia.
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La imagen tomogrdfica de la ZSK muestra una zona de alta velocidad dentro del manto superior inclinada

hacia el continente y que se asocia con Ja placa subducida del Pacifi ico. El ajuste de:los pammetros unc:ales

sugiere que la placa subducida tiene un espesor de ~70 km y una velocidad de onda P entré ~2% y ~7% m{xs'

alta que el manto circundante.

Otra anomalia relevante de la velocidad de la onda P se observa ba_lo el ﬁente volc.’u'uco ‘a una
profundidad de 30 km. Esta anomalia de baja velocidad (~6%) forma una banda contfnua’ ba_)o el a.rco o
volcinico. Otras zonas de baja velocidad se extienden hasta una profundidad de ~150-200 km. po: deb;xJo del °

arco volcdnico y aparentemente se asocian con la generacién de magma que alimenta al volcanismo en
superficie. »

Las anomalias superficiales de baja velocidad de onda P cerca de la trinchera se relacionan con el prisma
de acrecién y en tierra a las cuencas sedimentarias en el graben central de Kamchatka. Las anomalias de alta
velocidad en Ila parte trasera del arco volcdnico se correlacionan con los levantamientos Ganalsky-
Valaginskoe de las rocas de basamento. Finalmente, zonas de alta velocidad situados cerca de los volcanes

probablemente se correlacionan con los cuerpos intrusivos.




I. Introduccion

La peninsula de Kamchalka es un margen activo donde la placa Pacifico, de edad Cretdsica [Rea et al.,
1993], se suﬁqucé'p@f debajo‘de la placa Norteamericana. El movimiento relativo entre las placas cambia de
subducciéi}; 'ep")é,vprix:iéhéra Kuril-Kamchatka, a uno de transcurrencia en la trinchera Aleutiana, en el punto
de interse:céiér! de ésfas dos trincheras. El proceso de subduccién esta acompafiado por una alta sismicidad y
por un volcmﬁsrbo}nuy activo a lo largo de toda la zona de subduccién de Kamchatka (ZSK). Existe dos
estructuras’ batimétricas que se subducen en ZSK: los montes marinos de Meiji (~54°N), que forman Ia
extensién norte de los montes marinos de Emperador. y la zona de fracturas de Kruzenstern (~52°N).

La plach Pacffico subducida, que es una de las mis antiguas del mundo, muestra una abrupta contorsién al
norte de ~55°N. Esta flexién sibita recuerda los cambios de geometria en las placas mds j6venes. Este
cambio en Ia geometria de la placa produce un impacto importante en la configuracién del frente volcdnico.

Sin embargo, la geometria y estado de esfuerzos en ZSK eran poco conocidos. No existfa, ademds, un
andlisis sistemuitico de grandes eventos telesismicos, excepto algunos eventos analizados por Kao y Chen
[1994] en la parte sur de Kamchatka. Por otro lado, los datos de la Red Sismica Regional de Kamchatka
(RSRK) no habfan estado disponibles a  la comunidad internacional. Tampoco existian estudios
tridimensionales completos de la estructura de velocidades en ZSK. De este modo, excepto algunos pocos
articulos, no existfan muchas publicaciones acerca de ésta zona de convergencia.

Fedorov [1968] y Fedotov er al. [1985] fueron los primeros en estudiar la distribucién de la sismicidad en
ZSK y determinaron una estructura planar para la mayor parte de ZSK, identificando la disminucién gradual
de la sismicidad en la parte norte. Luego, Zobin [1991] estimé la distribucién general de esfuerzos en ZSK,
usando los mecanismos focales determinados con las primeras llegadas de la onda P registrados por la Red
Sismica Regional de Kamchatka. Aunque sus resultados no son concluyentes, los datos sugieren la presencia
de una zona sismica doble. Kao y Chen [1994] sugieren la presencia de una zona sismica doble al sur de
~53°N, usando los mecanismos focales determinados mediante la inversién de las ondas de cuerpo
registrados telesismicamente y argumentan que ésta no se extiende mas alld de esta Iatitud.

ILos estudios de distribucién de velocidad de las ondas sismicas en ZSK principalmente, han sido basados
en los métodos de refraccion. Por ejemplo, la estructura de velocidades en dos dimensiones ha sido estudiada
con los métodos de refraccién 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 la velocidad de la onda P en

la placa subducida de ~7% y una disminucién bajo el frente volcdnico de ~4%.
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Los tiempos de llegada registrados por la RSRK también han sido usados para determinar la estructura
tridimensional usando los métodos de refraccion [Gorshikov, 1958; Slavina and Fedalov. ‘179A74] y la inversién
tomografica [Slavina and Pivovarova, 1992]. Sin embargo, estos estudlos abarc.'.m solamente dreas limitadas
de la peninsula, como por ejemplo algunos volcanes especificos [Gorshkov. 1958], Ia corteza bajo la red
sismica [Slavina and Fedotrov, 1974) o el drea entre la costa y la trinchera [Slavma and Pivovarova, 1992].
Estos estudios sugieren que la velocidad de la onda P es de ~7.6 km/s ebn‘lz‘l corteza inferior y de ~8.2 km/s en

Ia parte superior de la placa subducida. E

Nuevos estudios de la configuracién de la zona Wadati-Benioff en ZSK son necesarios para refinar los
modelos que relacionan la geometria de subduccién y la subduccién de las estructuras batimétricas a la
tecténica de las placas y la actividad volcdnica [v.g., Pilger, 1977; Kelleher and McCann, 1977, Cross and
Pilger, 1982; Cahill and Isacks, 1992). También, estudios adicionales son necesarios para verificar los
modelos que relacionan la forma de la placa subducida y los pardmetros de subduccidn, tales como la edad de
la placa y la velocidad de la convergencia [v.g., Kosroglodov, 1989; Kirby, 1991; Okal and Kirby, 1995].
Ademis, el estudio de la distribucién tridimensional de las velocidades de las ondas sismicas en el interior de
1a ZSK permitird mejorar nuestro conocimiento sobre la relacién entre la actividad volcdnica y la tecténica

superficial.
Las metas principales del presente estudio son: 1) estudiar en detalle Ia estructura de la zona de Wadati-

Benioff en ZSK. 2) examinar la configuracién y la distribucién de esfuerzos de la placa subducida. 3) analizar

Ia relacién entre los cambios en la configuracién de la placa y los pardmetros de subduccién. 4) estudiar la

relacién entre la geometria de subduccisén y el volcanismo activo en ZSK. 5) obtener una imagen tomogrifica

tridimensional de la ZSK y relacionarla con la tect6nica regional.
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I1. Profundidad m:ixima de la sismicidad y el parametro térmico de la placa

subducida: relacién empirica general y su aplicaciéon

(Aceptado en: Tectonophysics, MS#S18, January 6, 1997)

Maximum depth of seismicity and thermal parameter of the subducting slab:

general empirical relation and its application

A. Gorbatov and V. Kostoglodov
Instituto de Geofisica,, Universidad Nacional Autdnoma de México, México D.F.,04510, México.

Abstract. The maximum depth of seismicity (D,,) in subduction zones is limited by some physical
mechanisms 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 may be coarsely assessed from thermal models of slab
subduction. The observed relationship between D,, the age of the subducted lithosphere (A) and the
convergence rate (V) can be used to test the theoretical models and reveal inconsistencies which may
indicate changes in failure mechanisms with depth. We analyze the relation between D,, and the thermal
parameter of the descending slab (@), which is a product of the age of the subducted lithosphere and the
vertical component of convergence rate (V.). Seismicity profiles across the subduction zones of
Mexico, Chile, Kamchatka, Kuriles, Japan, Sumatra, New Hebrides, Aleutians, Tonga and Marianas are
used to estimate D,. The quasi-linear part of the dependence (D~ < 240 km. and ¢ < 2000 km)
corresponds to relatively young and slowly descending slab and is in general agreement with the
**critical temperature”™ models of deep eénhquakes. For ¢ >2000 km, which corresponds to the
relatively older lithosphere subducting at a_higher rate, the Dm= f (@) dependence is nonlinear. The
flattening of the empirical Dm = f (¢) éurVe in the range of 2000 km < ¢ <3500 km is found to be a
direct indication of the influence of the equilibrium OIl-Sp phase transition on D,,. Models invoking the
metastable Ol-Sp phase transition as a.mechanism which controls the deepest seismicity can not be
definitely constrained by the results ot" this study. The geheral dependence Dm = f (¢) may be applied as
a standard relation between D., A, and V. for the analysis of deep earthquakes and seismotectonjc.

studies of the subduction zones.




Introduction

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

mantle has been successful at explaining .variations of the maximum depth of seismicity;{D,;.", along:the’ "

Tonga-Kermadec trench (Sykes, 1966). D,, is the maximum depth to which a partieular “critical”
isotherm (7%, ~ 800°C) within the subducting slab has penetrated into the mantle. Below the depthl Dy,
the material comprising the subducted slab exhibits temperatures greater than 7,, and loses its ability to’
generate earthquakes. According to the model, D., should be proportional to the product of 4the
convergence rate, V, and the age, A, of the lithosphere. For a slab which is subducting in the non-
isothermal mantle this relation is valid only for a dip angle, a=90° (vertically subducting slab).

The model is also valid for & < 90° if the mantle exhibits a temperature distribution which is close to

adiabatic (McKenzie, 1970). In this case a general relation for a particular potential temperature 7., is
LmesVA , )y

where L,, is the maxxmum length of downdip seismic activity along the subducting slab and A o H‘ H is
a thickness of the‘oceamc hthosphere assummg a halfspace coolmg model (e.g., Parker and O]denburg, .
1973). A test of elatxon (1) thh data for dxfferent subductxon zones . shows that the relanon xs
approxunately hnear f r'L,.. up to 600 km where VA 4000 km (Mol.nar et al., 1979; Sl'uon aAd Sugx, :
1985). ) v : o N A . B

For a vertxcal temperature gradxent in the ’man

h slab heatmg should depend mostly on the

vertical component of’ the ‘convergence rate, Vi o, mstead of the “total scalar val V. Two

subduction zones with the' same valuesv of “( ! wuh dxfferent dip zmgles oz, < o:z wou]d have

different lengths of seismic actxvny, L adiabatic heatmg should raise the temperature
inside the steeper slab (a-» ) as c allow one. Therefore it-is.better to reformulate

relation (1) in terms of an e‘xplxc‘r ti Pr duct ViA (Kostoglodov, 1989); speciﬁcéxlly

@)

where ¢ = VAsinee =V, A thermal parameter" of the

descending hthosphenc slab and k'an ‘d, are’ constants Relauon (") is va.].ld xf temperature (7., ) is the




only parameter controlling the occurrence of deep “earthquakes. This concept is applicable for
earthquakes in the shallow lithosphere (e.g.. Wiens and Stein, '1983) where the pressure effects are
small. T., can not be the direct physical control for the intermediate and deep seismicity in the high
pressure environment where the failure mechanism apparently changes with depth. Nevertheless it is
worthwhile to estimate the empirical dependence Dm= f (@) and to eompare it with existing theoretical
thermal rrxodels of the slab. This approach is useful in revealing major discrepancy between the models
and data. The discrepancy may be a consequence of some physical effects not considered by the models.

It has been shown that relation (2) agrees roughly with the observed D,. < 250-300 km, in the range
¢ = 0 to 2000 km (Kostoglodov, 1989). In this range, earthquakes occurring at depths less 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 some minerals, such as serpentine, dehydrate and release
liquid water (Meade and Jeanloz, 1991). A review of the probable mechanisms and the physical factors
controlling deep seismicity may be found in Frohlich (1989) and L.ay (1994).

For ¢ > 2000 km the relationship Dm= f(¢) is essentially non-linear and therefore the “crmcal

temperature” model is not applicable. Using a data set of D.,, V and A to analyze the Dm-—f((P)

dependence, Kostoglodov (1989) suggested that the observed deviation of D,, vs. ¢ from the expected\

linecar dependence may be explained by the influence of the Ol-Sp phase transition, and partxcularly by
the metastable OI-Sp transition, on the physical mechanism of deep earthquakes. A study of- Kahmn and
Rodkin (1982) and other recent studies (Green and Burnley, 1989; Green et al., 1990 erby et al.,
1991; Green, 1994) indicate that earthquakes occurring at depths greater than 300 km may be
associated with solid-state phase transitions, predominantly in. metastable ohvme (for example.
transformational faulting, anticrack-associated faulting, etc.).. Kirby et al. (1991) argued that  the
distinctive deviation from linearity of D= f(¢) for relatively old and rapldly subductmg lithosphere
may favor the transformational faulting model based on the results of laboratory experiments with phase
transition in ice. : ‘ v

The empirical relation Dm:= f (@) was previously evaluated with the broadly averaged subd;uction
parameters such as V and A (Kostoglodov, v1:98‘9, Kirby et al., 1991, Kirby, 1995, Kirby et al., 1996)
and that introduced large uncertainvties. Molnar et al. (1979) and Wortel (1982) demonstrated that ?‘c, =
const, on the contrary, it increases with depth. Thus both temperature and pressure may affect the
seismicity cutoff in the subducting s]eb. Recent numerical modeling of Spencer (1994) revealed that the

calculated relationship between slab length, L,., as defined by temperature threshold 7, = 650 °C, and
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the 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 the actual physical mechanism of intermediate and deep earthquakes ma.y be the accurate

empirical relation Dm = f (¢) would be of great interest for the study of deep sensrmcxty and tectomcs of

subduction zones. For example, relation (2) can be applied to subduction zones with D,, < 250 ‘km 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((p) may bef

also useful for the analysis of deep earthquakes (Gorbatov et al., 1996). o
In this study we carefully examined the most recent data on seismicity, A and V for the subduction’

zones in Mexico, Chile, Kamchatka, Kuriles, Japan, Sumatra, New Hebrides, Aleutiansi-: Tongaand

Marianas. The observed empirical dependence Dm = f (@) was then analyzed for t‘he;cbr{s‘ivstAe'ﬁ'c‘y,wyith .

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 method

To estimate D, and o we use cross-sections of the Wadati-Benioff seismic zones examined in
previous study (Gorbatov et al., 1996). Those are in Mexico, Chile, Kamchatka, Kuriles, Japan,
Sumatra, New Hebrides and Aleutians. In addition, several 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 seismicity profiles for this
study: (a) subduction zones with updated age estimates (by using linear magnetic anomalies) are preferred, (b)
the subduction regime should be unperturbed, so the cross-sections must be chosen in sections of subduction
zone which do not contain prominent subducted bathymetric features. Also, the profiles are selected so that
D, values represent the widest possible range of depths up to 700 km.

We tried to select cross-sections parallel to the vector of subduction velocity to facilitate the
assessment of D, and of; otherwise a special correction (Shiono and Sugi, 1985) for the angle between
the direction of profile and vector V is applied. The value of D,, is taken as the depth of the deepest
event along the cross-section (see Figure 1). An average dip angle, o, is calculated as arctan( D../ L,)
where L, is the projection of L,, on the Earth's surface.
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The uncertainties associated with maximum seismic depths were estimated for each profile as the
separation between the deepest and next deepest event. The uncertainty in the angle of subduction was
determined from the uncertainty in D,. This averaged uncertainty is less than approximately %1.5°-2.0>

The convergence rates and the associated uncertainties were calculated from the NUVEL. 1A model
(DeMets et al., 1994) at the location where the true path of the point corresponding to D,, intersects the
trench. The error in V estimates 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 estimates of V. Unfortunately the back-arc spreading
rates are not well 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 segment of t‘he oce;anic plate now located at depth D,, when it first
started to subduct. To estimate this age we ﬁée the relation (Shiono and Sugi; 1985)

A=A+ L/ Vi—LulV, ~ [€))]
where A, is the age of the lithosphere at the trench. Equation (3) assumes that the half spreading rate,
V., during the time interval A; to L=/ V: was constant. Picking errors in A; are usually less than 1 m.y
The errors in A and ¢ are calculated using the error propagation equation (e.g., Bevington, 1969)
applied to (3) and (2) respectively. In addition to the random errors, some indefinite systematic error
may be involved in ¢ estimates related to the assumption that V; = const.

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

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

Bulletin (1961-1993) is used to assess D,, and o in the Japan subduction zone. Only events with reliable
hypocentral estimates are selected (index of computational method is from 1 to 5). Seismicity profiles across

the subduction zone of Mexico are taken from Pardo and Sudrez (1995). Seismic data along the Kamchatka
subduction zone are from Gorbatov et al. (1997). !

Aleutians

Convergence between the North American and P;xciﬁc plates along the Alaska-Aleutian trench takes place

in a northwest direction with the convergence,fate of 60-70 mm/yr (Figuije'Z).r The oceanic. plate becomes
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progressively older to the south across to the trench (Atwater, 1989). Seismicity defines the downgoing slab
up to D, of about 300 km which is almost constant along the Alaska-Aleutian arc. The dip of the subducting
lithosphere shallows progressively to the east from ~40°, underneath the Aleutian islands, to ~20° beneath the
Alaska. West of 170° subduction zone changes gradually into a right lziteral transform boundary. The most
prominent bathymetric features are the Rat and Amlia fracture zones. The Rat fracture zone consists of a
system of the fractures. It divides the oceanic plate into two different zones of spreading (Atwater, 1989).
Amliia F.Z. is distinguished by the age difference. The segment. of the Aleutian arc 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 AS and A6 is selected so that to exclude the effect of subduction of the Amlia F.Z. The A,, V,,
and ¢ (azimuth of Vip) were derived from magnetic anomaly lineations published by Atwater (1989). We

exclude from the analysis the area from 156°W to 165°W since the problem of age estimate at the v
anomaly zone. In total, twelve cross-sections were selected for the Aleutian trench. ‘

Chile

The Nazca plate subducts ENE along the margin of the South American plate with the convérgence rate of
~80 mmV/yr (Figure 3). D,, increases along the Peru-Chile trench from south (~100 km depth at ~40°S) to
north (~600 km depth at ~20°S) and decreases north of ~20°S to ~300 km 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 bathymetric structures: Perdida ridge and Juan Fernandez ridge, enter
the subduction zone (Kostoglodov, 1994). South of the Challenger F.Z., the dip angle is shallow ~20° The
dip angle in the area between the Easter and Challenger fracture zones increases up to ~35°. North of Easter
F.Z., the dip decreases to ~25°.

The age of the subducting Nazca plate increases gradually from ~19 m.y. at ~40°S to ~50 m.y. at ~30°S. In
the area between the Easter and Challenger fracture zones the age increases up to 75-80 m.y. and drops down
to ~50 my. 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 major change of Vi
(from ~70 mm/yr to ~30 mmv/yr) had occurred at ~42 m.a. (Mayes et al., 1990). We included that correction
of V; into the assessment of A (3). To eliminate the influence of fracture zones the segments at 28°S and 18°S
are excluded from yhc 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 of the 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 mm/yr (F' gure
4). D,, changes from ~400 km to ~600 km depth. The dip angle is almost constant ~35 The age of the :
subducted Pacific plate A,= 130 m.y., and it becomes younger with the depth. The A, and ¢ are delenmned o
from Nakanishi et al. (1992), the Vj, 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 41°-42°N, theréfoi’é this

area is excluded from the analysis.

Kamcharka

In the Kamchatka active margin V = 75-78 mm/yr and A, = 65-70 m.y. The main subducting bathymetric
features are the Meiji seamounts (north of ~54°N) and Kruzenstern fracture zone (at ~52°N) (Figure 5). Dy,
changes from ~500 km in south to ~300 km depth in north. The spreading pattern has a reverse direction with
respect to the subduction vector. A, and Vj, are derived from the age estimates of Renkin and Sclater (1988).
The segment, whose mnxxmum seisnﬁc depth could be altered by Kruzenstern 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 seamount subducnon Totally, twelve cross-section were selected based on the study of Gorbatov et al

1997).

Kuriles

The Pacific plate with A, = 83 m.y. subducts beneath the southern Kurile arc with V=82 mmlyr and ¢ =
45°, generating seismicity down to ~450 km depth. The quiet zone of magnetic anomalies to the north of
45°N limits the studied 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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Marianas

In the Mariana subduction zone, A, = 83 m.y., V = 34-45 mm/yr., a segment of deepest seismicity Dy,

600 km is located at ~16°N. D,, gradually decreases up to ~300 km to the north from this point. ¢ increases
from ~50° (at ~24°N) to ~70° (at ~15°N). The studied area (Figure 7) in the Mariana arc is restricted by the
narrow zone where the magnetic anomaly 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 bathymetric features which could
alter D,,. Only three cross-sections are selected in the northern part of the Mariana trench from 14°N to 24°N.
The initiation of Mariana back-arc spreading (Figure 8a) is dated as ~6 m.a. (Seno and Maruyama, 1984).
The spreading rate of the Mariana ridge is 30-43 mm/yr (Bibee et al., 1980; Hussong and Uyeda, 1981). The
direction of the spreading is EW (Carlson and Melia, 1984). Using these data the convergence rate between
the Philippine and Pacific plates determined from NUVEL 1A can be corrected for the back-arc spreading
rate (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 plaie. Dy, changes
from ~50 km depth (~103°W) to ~150 km depth (~96°W). The age of subducted plate varies from ~13 m.y.
to ~16 m.y. in the SE direction along the trench. The A, V, and ¢ are derived from Mammerickx and
Klitgord (1982), and Kostoglodov and Bandy (1995). The Orozco and O'Gorman fracture zones intersect the
trench at ~102°N and ~99°N respectively (Figure 9). These fracture zones are not expressed clearly in the
bathymetry and the age offset across the zones is not significant. D» does not seem 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, 4, = 50 m.y., V=82-91 mm/yr., c_lips steeplyr

eastward beneath the Pacific plate (Figure 10). The seismicity is traced down to the depth of ~300 km. ‘Only :

four cross-section in the New Hebrides arc are selected for limited segments where »niagne_tic. anomaly
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lineations are known (Larue et al., 1977; Circum-Pacific Cougcil for Energy‘and Minerals Resources. 1981;
Weissel et al., 1982). S £

The age of the back-arc spreading in the North Fiji basin (Fxgure Sb) xs ~5. S5 ma (Chase. 1971 Malahoff
et al., 1982). The spreading rate estimates in this region are 70 mm/yr (MaJahoﬁ' et al., 1982) and 96 mm/yr
(Falvey, 1975). There is not evidence that the western part of the North F‘_p basin which overrides the
Australian plate is detached from the Pacific plate (e.g., Eguchi, 1984 Charvis et. al,, 1989). A noticeable
relative movement between the Fiji Islands and Australia plate lS not detected (Bevis et al, 1995). The
direction and rate of the back-arc spreading coincide with the convergence velocntv predicted by NUVEL 1A
model 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.

Swmatra

Convergence of the subducting Australian plate, A, = 64-105, to the northeast along the Sunda trench
takes place at ~70 mm/yr with o =30° (Figure 11). The seismicity occurs down to ~250 km. There are
numerous fracture zones subducting in the Sunda trench. Magnetic anomaly lineations are estimated ih;the'
area limited by 6°N to 4°S. We selected three cross-sections in this area where the deepest:sei'sxrﬁcity 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). Y

Tonga

The oblique subduction of the Pacific plate, A = 178 m.y., in the Tonga-Kermadec trench and a lack of
age estimates north of 16°S (Sclater et al., 1980) limit an area of the study by 28°S-20°S (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 26°S and 22°S do not influence the D estimates.

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 mm/yr (at 21°S), obtained from direct GPS measurements (Bevis et al, 19953)
between the Lau basin and Pacific plate, is taken for the last 4 m.a. The older convergence rate is assumed
from NUVEL 1A between the Australian and Pacific plates.
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Dependence of D,, on @

Figure 13 is a plot of Dm= f (@) based on the data from Table 1.-An i:nportimt feature of this plot
is a significantly reduced scatter ot‘ D,.. and smaller errors: of @ esumates in companson with the
previous studies (Kostoglodov. 1989 Ku'by et aL 1991 Kirby, 1995 Kirby et al., 1996) The
approximation of the general emprmcal relatnonshlp by the best fit polynomial curve (Figure 13) with the
coefficients a(ao, ai, .\ ai) = (54 107, 0.44x10%, -0.37x107, 0. 63x107%) implied in Gorbatov et al.
(1996) is consistent wnh the new data set up to D, = 620-640 km and ¢ = 4500 km (thick solid curve

in Figure 13). In the range of ¢ > 4500 km (thick dashed curve in Figure 13) D,, remains at 680-700 km
level 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 andeclater. 1977, Molnar et al., 1979, Stein and Stein, 1992). The ocean lithosphere
older than 80 m.y. apparently should have the same thermal thickness as one with A = 80 m.y., therefore
@ > 4500-5000 km may not have a physical meanihg as the thermal parameter. Unfortunately,
limitations of thé halfspace thermal models for the approximation of A at old ages are difficult to assess
(S. Stein.. 1996, personal communication).

The following procedure is used to compare observed empirical relation with _thé' modeled minimum
temperature distribution in the slab. A set of coldest geotherms inside the qudhcting lithosphere with
different values of ¢ is found from the results of numerical modeling by Got'o:"e»t al., (11983, 1985). Each
of these geotherms represents (Figure 14) the distribution of minimum tempéfatuyre within the slab as a
function of depth or pressure in the mantle. Using the value of ¢ of each mpdéled geotherm, the D,,
estimate, and its uncertainty from the empirical dependence Dm= f () m Figure‘ 13, are superimposed
on that geotherm in Figure 14. The range of empirical estimates of 'D,, 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 D,, = 240 km and up to ¢ = 1500-2000 km the critical temperature changes gradually from
~ 700°C to ~ 600°C (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 7., was rising with depth. The modeled Dn» = f (@) curve for 7., = 650°C was obtained from the

geotherms 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 from Figure 13, the model does not fit well the empu'lcal Dm —f((p) “relation’ for the

constant 7.

A better approximation for the empmca] Dm= f(¢p) relation in its quas:-lme:u- sect:on (D,,, <.240
of the selsrmcxty cutoff

km) is the model of Spencer (1994). In this model the controlling mech

are the drop of compressive slab strength below 10'* N/m, and the. mcre

more than 650°C. Above this temperature the calculated slab strength is eﬁned entlrely by dlslocatxon

creep in olivine. The Dm= f (@) dependence from Spencer ( 1994). ad_]usted to the empmcal data is

shown in Figure 13. This model for the temperature cutoff Te = 650°C is’ very close to the best ftlmg

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

The next range of @ from 2000 km to ~3500 km (relatively older hthosphere subducting at a hlgher
rate) is not related to further apparent increase of D,,. It remains approximately at the level ofD,,, =260

km (Figure 13). For the model of Goto et al., (1983, 1985) 7., in that range of ¢ decreases even xjhore,

down to ~550°C, and for the model of Spencer (1994) this decrease is somewhat less, 7., ~600°C
(Figure 14). The drop o} T.r may be interpreted by the influence of the OI-Sp phase boundary which
crosses the geotherms with 2000 km < ¢ < 3500 km approximately at a depth of 260 km (Figure 14).’
Neither of these models includes the effect of latent heat released by the OI-Sp phase transition which
should increase the temperature in the slab core by A7 = 130°C (e.g., Turcotte and Schubert, 1971)
The geotherms roughly corrected for AT are presented in Figure 15. As can be seen, this correction
produces an increase of T, with depth (as well as with @) which is physically more meaningful and
consistent with the conclusions of previous studies (e.g., Molnar et al., 1979, Wortel, 1982)

The drastic increase of D,, from — 260 km to > 600 km in the narrow range of 3500 km < @ < 4500

(Figure 13) has been considered to favor models invoking the metastable Ol-Sp phase transition as a
mechanism for the deepest seismicity (e.g., Kostoglodov, 1989, Kirby et al., 1991). Unfortunately, the
large uncertainty in D,, and ¢ in this range and upward deflection of the geotherms for D, > 450 km (as
a result of the model inference, the sinking slab is heating from its downgoing tip (Goto et alL, 1983
1985)) do not allow us to support this conclusion. The cutoff P-T conditions for observed values of D,,
and ¢ are far beyond the hypothetical kinetic boundary between metastable olivine and stable spinel
with its characteristic temperature 7, ~ 700°C (Sung and Burns, 1976) (Figures 14 and 15). It should
be noted that in existing thermal models of the slab the temperature distribution strongly depends on
various poorly known model parameters and could vary by +200°C (e.g.. Kirby et al., 1996).

Nevertheless the trend of the cutoff temperature versus ¢ (Figure 15) is apparently less model-
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dependent and can be. interpreted as indicating that the deep earthquakes (Dn > 350-400 km) are a
distinct population with a higher. Tt = 800-900°C in comparison with the shaﬂower ea'rthql;a.kes with 7, -

= 650-700°C. The main” conclusxon from this observation is that shal]ow and deep sexsn‘ucny in
subduction zones have different failure mechanisms.

Although a: number of analytical and numerical models have been
structure, only a few (e.g.; Goto et al, 1983, 1985; Spencer, :1994) cons
More adequate models and fnodeﬁng results (for a wide :ange‘of"
transition and metastable Ol-phase in cold slab core are reqﬁi.r‘ed"

of the empirical dependence Dm= f ().

considered in this study because the age estimates for these regxons are not adequate o zmake a proper
correction for A in equation (3). On the other hand, it may be worth applying the ernpu-xcal dependence
Dm= f(@) in these subduction zones to asses A; when V and D,, are fairly well known. S

We should note that for the smooth-shaped cross-sections with a seismic gap from D to tne
deepest events D, (such as the most of profiles in Chile) usually both pomts D,,. and D,.. fit the
dependence Dm = f(®) . To illustrate that, several D’ values for the Chilean cross-—secnons C13-C21
and the Bolivian profile (Gerbatov et al., 1996) (cl13-c21 and bl in Table 1) nre pletted in Figure 16
together with the~genenal enﬁpirical relation Dm = f(¢) . All D’ points are . in good agreement with
Dm= f(@). This unexpected observation deserves further special and rnoxfe"v detailed study.
Unfortunately D% - D, seismic gap is not so clearly resolved in other Subductien ienes. To define the
gap, an approach used, for example, by Helffrich and Brodholt (199 1) can be apphed for every one of

the cross-sections.
Application of the general empirical relation D,, = f(¢)

Molnar et al., (1979) first proposed to use an empirical relation between D, V and A to analyze
unknown or poorly known seismotectonic parameters in subduction zones. The general empirical
relation D,, = f{¢), where ¢ = 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 permits one to apply

relation D, = f{ ) in some cases to examine the anomalous features of subduction zones.
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Aleutian - Kamchatka trench junction

The maximum depth of sexsmxcxty, D, m the Kamchatka subduction zone decreases gradually from
~500 km (50°N) to ~300 km- (54°N) (Flgure 17). The steep change of D, from ~300 km to ~200 km
occurs at 54.5°N where the Mexjx“seaxnounts (Figure 5) enter the subduction zone. The area of relatively
shallow D, then continues up to ’thve ‘Aleutian - Kamchatka trench junction (~55.5°N). The origin of this
change of D,, is analyied by al;plying the general empirical relation D, = f{@) (Gorbatov et al., 1997).
D, and @ are estimated . for several cross-sections (k13-k19 in Table 1) in the northernmost part of the
Kamchatka trench (Figure 5) Then these estimates are compared with the relation D,, = f{¢) (Figure
18). It can be seen that for the assessed values of @ = VAsinx for profiles k13-k19 the observed values
of D,, are anomalously. shallow. 1In g:omrast. for the profiles in the southern part of . the Kamchatka-
peninsula (Figure 18) the values of D,, fit the empirical curve D,, = f(¢) within the limits of the error
estimates. ' -

Profiles k13-k19 (Figure 5) cross a relatively old segmént of the Pacific plate (A, ~86 m.y.). The
convergence rate, dip angle and D,, are well constrained for the area. Using these estimates it is easy to
show that D,, would fit the general empirical curve if the age of the Pacific plate in the northern part of
the Kamchatka 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 part of the KSZ. A variation of the
dip angle (from ~55° to ~35°) does not produce a substantial reduction of ¢. Heat flow data of Smirnov
and Sugrobov (1979, 1980 a,b) suggest that the thermal thickness (the depth of 1200°C jsotherm) 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 thermal thickness of the subducted plate at profiles k13-k19

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

Deep earthquakes in Chile

The empirical dependence Dm= f (@) is applied to the deep seismicity in central Chile (sogth of
25°S). Deep events of Chile north of 23°S and south of the Easter fracture zone qpparehtly oécprred

within the oldest, A > 80 m.y. (Mayes et al., 1990), segment of the subducted Nazca plate




(Kostoglodov, 1994) (Figure 19). The shape of seismicity cross-sections and the assessed a.ge (3) of the
oceanic lithosphere at the depth (~100 m.y.) do not require total slab detachment in this region, as it
have been proposed by Engebretson and Kirby (1992) bf;sed on other age appraisal, to explain the
maximum depth of seismicity. D,, values corresponding to these cross-sections (C13-C21, figure 3) are
in agreement v_vi[h the general Dm = f(¢) dependence (Figure 18). '

Because of a lack of intermediate depth seismicity in the cross-sections corresponding to the deep
events located between 25°S and 29°S, it is not clear whether these events pertain to the Vcon'tin‘uous or
detached slab. The shape of cross-sections C1*-C4* (see Figure 3 for the location) favors the
hypothesis of the detached slab. On the Dm = f (@) plot these events (C1*-C4* in Figure 18 and Table
1) are scattered around some average value of ¢ ~ 3500 km and D, ~ 600 km and shifted from the
general curve to lower ¢ (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 Dwm= f (@) 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 D.,, ¢ estimates between groups of profiles C13-C21 and C1*-C4%*,

Rivera - North America convergence rate

A value of the convergence rate between the Rivera and North American plates is essential to
understand the large-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 models for the convergence rate between those two plates. The first type, the high-rate model
(Bandy, 1992). predicts convergence rates of approximately 50 mun/yr near the southern end of the
Rivera - North America subduction zone and between 20-30 mm/vr at its northern end. In contrast, the
second type, the low-rate models (e.g.. DeMets and Stein, 1990), predicts convergence rate of between
20-33 mm/yr near the southern end of the Rivera - North America subduction zone and between 6-17
mm/yr at its northern end.

To constrain V between the Rivera and North American  plates, Kostoglodov and Bandy (1995)
applied a slightly modified relation Dm = f{¢) in a way similar to that presented in section 4./. The

analysis was done based on the D, = f{ ) relation observed for the Cocos - North American plates pair.
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A comparison of this dependence with D,, and ¢ (calculated for different convergence rate models)
shows that D,, estimates in the Jalisco zone fit D,, = f(¢p) relation only when the corresponding ¢ values
are assessed applying the high-rate model. It is important that two ot‘heri independent. seismotectonic
approaches applied to verify an average V in the Rivera - North America subduction zone (Kosteglodov

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

Discussion and conclusion

A careful analysis has been attempted to retrieve new reliable estimates of D, from the distribution of
seismicity in different subduction zones. The values of A and V were found for each seismicity profile
using the latest published data on the age of. the ocean floor and the corrected global plate motion
model NUVEL 1A (DeMets et al., 1994) Correctxons for the back-arc spreading and the age of the
subducted slab are introduced. The ‘data cont:un significantly smaller uncertainties of D,, and ¢ m'v
comparison with previous studies. ‘A general empirical dependence D= = f(¢) (Gorbatov et al., 1996) :

is corrected using new data and compared with the modeled Dm = f (@) curves from Goto et al- (1983

1985) and Spencer (1994) for 7., = 650°C. The models fit the empirical relation Dm —f(ga) thhm the
uncertainty limits for the range of D,, <« 240-260 km (quasi-linear section), and the better fit 1 R l'
for the model of Spencer (1994) (Figure 13). Prominent deviation of the general empmca] d
Dm = f (@) fromthe model curves in the range of ¢ from 2000 km to ~3500 km is app
effect of equilibrium O1-Sp phase transition which may be elevated up to depth ofb (
relatively cold slab core. S
To examine the influence of the OIl-Sp phase transition on D,, we compared t
D,, and ¢ with the location of the corresponding ‘‘coldest™ geotherms in the P 1
geotherm has been estimated using the results of numerical modeling (Gote et all
temperature distribution within the subducting slab with matching values of V, A and,
T conditions of the seismicity cutoff inside the cold core of the subducting slab + were a]so obtamed m a
similar way applying the empirical fit Dm= f(¢) for slightly extrapolated resul[s of Spencer s (1994)»
model. For both models an apparent decrease of 7., at the depth of 7190f270 km can ‘be observecj'

(Figure 14) which is in contradiction with the conclusions of several previous stud_ies (e.g:, Molnar et
al., 1979, Wortel, 1982). After a rough correction of the geotherms for the latent heat released by the
equilibrium OI-Sp phase transition (Figure 15), the seismicity cutoff temperatur:e apparently remains at

v
[N]



7.y = 650°C down to a depth of ~350 km. That result evidently relates obsecrved upWard dcflection of
the empirical dependence D= = f (@) from the modcled curves to cquxhbnum OQI-Sp* phase transition.
The latent heat of the OI-Sp transition increases the temperature within the sl.xb \vhnch pzu'tly delays a

further increase of Da, in the range of 2000 km < ¢ <3500 km (Figure 13).
“The abrupt increase of D., from ~ 260 km to > 600 km in the range of: 3500 k:n < (p < 4500 km

(Figure 13) can not be interpreted using the results of this study in favor. of the ‘deep’ sexsmxcny being
induced by the metastable OI-Sp phase transition, although we canﬁot dxscard “this - reasonable
mechanism. Significant change of cutoff temperature from relatively shallow to deep ezirthquakes (Dm >
350 km) can be an evidence for different failure mechanisms between those dxstmct populauons of
events. To approach the problem, applying the empirical dependence Dwm= f (@) . an exceptionally
accurate age estimate 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(¢) for studying the relation between convergence parameters and deep seismicity. This
approach has been used in several studies to: (1) estimate the effective thermal age of the Pacific plate
subducting in the region of the Aleutian - Kamcha[ka trench junction; (2) constrain the convergence rate

between the Rivera and North Amg 7 an plateS' (3) analyze the deep seismicity  in the Chilean

subduction zone.
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1111: column abbreviations are: Lat - Latitude, Lon - Longitude (coordinates of the intersection point
between the profile and the trench), Az - Azimuth of the cross-section, V - convergence velocity: 8 -
Azimuth of the convergence velocity, A, - age of the lithosphere at the trench. A€ - age of the subducted

tithosphere as in (3). @ - average dip angle; @ - thermal parameter (2), 8Dm and 8¢ are uncertainties in

- the estimates of Dm and @ respectively.

* Abbreviations are: A- Alcutians: b- Northern Chile-Bolivia: C- Chile: C*- Chile, profiles for the
detached slab; Jp -Japan: K - Kamchatka; k - Northern Kamchatka trench: Ku - Kuriles: Mr - Marianas;
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Mr® - Marianas with the back-arc spreading correction: M - Mexico: N - New Hebrides: Su - Sximmr.;l: T -
Tonga: T - Tonga with the hack -arc spreading correction; ¢, ©* - the same as C and C* in Chile but Do is
D7, - maximum depth ahcad of the ascismic gap. )

* Derivest from DeMets et al. (1994): the convergence velocities for Mr® and T are shown corfcctcd for

back-arc spreading.
€ Alcutians: Atwater (1989); Chile: AMayes et al. (1990): Japan: Nakanishi et al. (1992); Sumatra:

Neprochnov ct al. (1979). Mucller et al. (1993): Kamchatka: Renkin and Sciater (1988): Kuriles: Larson
ct al. (1985), Nakanishi et al. (1992); Marianas: Nakanishi et al. (1992); Mexico: Mammerickx and
Klitgord (1982); New Hebrides: Laruc et al. (1977). Circum-Pacific Council for Energy and Minerals
Resources (1981), Weissel et al. (1982): Tonga: Sclater et al., (1980).




Figure captions

Fligure 1. Scismicity cross-section iflustrating how Zaw. Dm. 8Dm, ¢ and S are measured. Dy, is taken as the
depth of the deepest event along the cross-section.-An average dip angle, ¢, is calculated as arctan(D,./L.),
where L, is the projection of L., on the Earth’s surface. The uncertainties associated with maximum depth of
scismicity are assessed as the separation between the deepest and next deepest event. The uncertainty in the

angle of subduction is determined from the uncertainty of D,,. Dashed line is an approximation of the seismic

surface of the subducting slab.

Figure 2. Tectonic framework of the A]eutm.n subducnon zone. "Numbered letters identify the cross-sections

used in this study. Dashed lines represent ﬁ'acture zone" ‘Arrows show subducuon vector with convergence
Aleutian trench is marke by 6000 m lsodepth contour.

rate in mm/yr. Shaded triangle is "T" :inomaly zone.

Figure 3. Chilean subduction zone. Dashed hnes show Easter and, Challenge:ffracture zones. Arrows show
subduction vector with convergence rate m mrn/yr Peru-Chile trench’ traced by 5000 m isodepth contour.

Other symbols are the same as 1n Figure 2.

Figure 4. Location of the cross—sectxons in the Japan subdu non zone ,Arrows show subduction vector with

convergence rate in rnm/yr Dashed line' i IS  the locauon‘ot‘ the Kashu-na fracture zone. The trench is traced by

6000 m isodepth contour.

Figure 5. General tectonie "setvting ’of'lheV Kamchatka subduction zone. Dashe;i line is Kruzenstern fracture
zone. The trench is traced'by_SOO:O m isodepth contour. Meiji seamounts are marked by 4000 and 3000 m
isodepth contours. Other symbols are the same as in Figure 2. '

Figure 6. Southern Kuriles subduction zone. Trench is shown by 7000 m lsodepth contour.: Other symbols

are the same 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 8a.
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Figure 8. (a). Skctch illustring the back-arc spreading system of the Mariana subduction zone. PAC is the
Pacific pluc and PHIL is the Philippine plate. Double broken line is the arca of spreading. Thin arrows
indiciate the direction of spreading and thick arrows are the subduction vectors in the Mariana trench. (b).
New-Hebrides and Tonga back-arc spreading systems. AUST is the Australian plate and PAC is the Pacific
plate. NF is the North Fiji basin. Shaded ellipse is the location of the Fiji islands. Double thin lines denote the
back-arc spreading zones. Thin arrows show the direction of spreading. Thick arrows are the vectors of

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

Figure 9. Mexico subduction zbne. Dashed lines mark the Orozco and O'Gorman fracture zones. Middle

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

Figure 10. New Hebn'des }téctom setting. OOO m 1sodepth contours mark the trench. Other symbo}s are the
same as in Figure 2. Back—arc spreading system m New Hebndes is dlustrated in Figure 8b.

Figure 11. Sumatra subductxon one. Dashed hnes represent ﬁ'acture zones. Trench Iocauon is shown by

4000 m isodepth contour. O(her symbols are the same as in Fj igure 2

Figure 12. Tectonic framework of the Tonga subduction zone.' Dashed hnes are ﬁ'acture. zones.- 6000 m
isodepth contour marks the trench location. Other symbols are the sarnc as in F’ gure 2. Back-arc spreading

system in Tonga is illustrated iu Figure 8b.

Figure 13. Plot of the observed D,, against the thermal ;:;araﬁleter of descending slab, ¢, based on the
data from Table 1. Heavy gray curve is the best-fitting polynomia] Dm = f(9) and thin curves are 95%
confidence bounds. Dashed heavy gray curve is Dm= f () “i‘or @ > 4500 km. Long dashed curves are’
Dm = f(¢) dependencies assessed from Goto et al. (1983, 1985) and from Spencer (1994) for 7., =
650°C. The last one is adjusted to the empirical data (120 km shift for the thickness of the continental
lithosphere in the model). Shaded rectangular areas illustrate the uncertainties in the estunates of @ for

the Marianas subduction zone associated with back-arc spreading cosrection of V.
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Figure 14, Phase diagram and coldest geotherms of the subducting slab (lines annotated with the
values of @) from the thermal modecl of Goto et al. (1983, 1985). The circles indicate Dm for each
geotherm with its particular value of ¢ for the model of Goto et al. (1983, 1985) and diamonds are D,

for the model of Spencer (1994). Open symbols denote interpolated - values. Strzught lines are
equilibrium transitions for different phases (ot—> B~ ) of the composmon (Mgose - Feoi1)a SiOs
(Akaogi et al., 1989). Shaded curved band represents average P-T condit_ions of seismicity cutoff in the
subducting slab (model of Goto et al., (1983. 1985)) with different values of @. Gray long dashed curve
is the expected kinetic phase boundary between the metastable and stable phéses with the characteristic
temperature T.x ~700°C (Sung and Burns, 1976). Host mantle geofiaer’xﬁ (¢ = O) (Von Herzen, 1967)
used in the model of Goto et al.,, (1983, 1985) Dashed black Imes zu-e coarse interpolations of the
geotherms for ¢ =45.3 and go = 55 4 as. 1f the slab in the model of Goto et al. (1983, 1985) were not

heated from its bottom tip.

Figure 15. Same astgure 14;
equilibrium OI-Sp phase: transitio

the o+y phase line are shifted by qt:fédrr 'ciibh;‘ Open circles and diamond denote D, corresponding to
- interpolated and extrapo]até‘:d'_val:xes of @. Topmost dashed line is the mantle geotherm in the model of

Spencer (1994).

Figure 16. Observed Dy against ¢ 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 polynomial
Dm= f(@) and thin curvés are'95% confidence bounds. Legend: Chile - (c*) the same cross-sections
as marked by C* but the deepést 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 hypocentra] pro_)ecuon on the Kamchatka trench axxs (Gorbatov et al., 1997).

Arrow marks the Meiji seamounts and short vertxcal line shows the A]eutxan trench location. Shaded

triangles are active volcanoes. Abrupt decrease of D,,. is observed at 54 5N
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l’-'igurc 18. Upper part (Dm<500 km): Companson of D,... @, data observed for the Kamchatka

subduction zone and the empirical relation Dm—f(¢) fA.rrows mdncate the shift of the observed data
: f t general dependence. Lower part

for the Northern Kamchatka trench (filled dxamonds) t"’ order
for he Chﬂean subduction zone. Cross-

(Dm>500 km): Plot of the observed deepest D, ve u
sections C13-C21 correspond to the oldest (~80 m.y.) egment of the subducted Nazca plate. The
hm’ the; detached fragment of the slab and

deepest events in cross-sections C1*-C4* apparently. p Ci
are shifted from the general relation Dm= f (@) to t‘h't}l\_o er seeFiéure 19).

Figure 19. 3D 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
plate is seen between ~24°-29°S. Dotted lines are strikes of the main fracture zones extrapolated down

dip along the WBSS. Inverted filled triangles are the “roots™ of active volcanoes (projection of locations

of volcanoes on the WBSS).
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II1. Sismicidad y estructura de Ia zona de subduccién de Kamchatka
(Accptado en: J. Geophys. Res.. MS#96JB03491, Noviembre 7, 1996)

Secismicity and structure of the Kamchatka subduction zone

A. Gorbatov, V. Kostoglodov, and G. Sudrez

Instituto de Geoftsica, Universidad Nacional Auténoma de México. México D.F., México.

E. Gordeev

Geophysical Service, Academy of Sci of R ia, Petropaviovsk-Kamcharsky, Russia.

Abstract. The configuration of the Pacific plate subducted beneath the Kamchatka peninsula and the stress
distribution in the Kamnchatka subduction zone (KSZ) were studied using the catalog 6{ the Kamchatka
regional seismic network, focal mechanism solutions estimated from P-wave first motions, the formal
inversion of long-period waveforms, and centroid moment 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 becomes
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 shifted landward to the north of ~55°N. The variation of D,, is apparently consistent with the standard
empirical relation D, = f (@), where @ is the thermal parameter of the subducted slab. To the north of ~55°N,
the slab is offset toward the northwest and it is sharply deformed in a narrow contorted zone which is ~30 km
wide (~56°N, ~161°E). To the north of this contortion, D,, decreases to ~100 km. The landward shift of the
northern part of the slab is reflected by a sharp deviation of the volcanic front to the northwest which follows
the ~90-160 km isodepth range of the subducted slab. The observed value of D, in the northern segment
significantly diverges from the global relation D. = f (). We interpret this as an effective decrease of the

thermal thickness of the subducted lithosphere.

Introduction

The Kamchatka peninsula is an active margin where the Pacific plate (PAC_), of Cretaceous age [Rea et
al., 1993] subducts beneath the North American plate. The relative plate motion changes from underthrusting
of the PAC at the Kuril-Kamchatka arc to essentially strike-slip motion along the Aleutian arc, at the junction
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of the Kamchatka and Alcutian trenches. The subduction process is accompanied by a chain of active
voleanoes along the Kamchatka subduction zone (KSZ). There are two baxhymcmc structures related to “this

whxduction zone: the Meiji scamounts and Kruzenstem fracture zone. The Meiji seamounts whxch are the
54°N (Flgure 1.

northecmmost segment of the Emperor seamounts chain, enter the Kamchatka Lrench at
This is the most prominent bathymetric feature being subducted. The other bathymetnc structure, the

Kruzenstern fracture zone, subducts at ~52°N. i o )
The Kamchatka subduction zone is important in the understanding of convergent margins. Here, the

subducted slab is one of the oldest in the world and there is a sharp contortion in the subduction geometry.
These drastic changes in dip angle are reminiscent of those occurring in younger subduction environments.
As in other regions, the sharp changes in the subduction geometry have important corresponding effects on
the geometry of the volcanic arc. In spite of its relevance, the KSZ is poorly known. No systematic analysis
of the larger 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 unavailable. Thus except for a few articles little has
been published about this convergent margin.

Fedotov [1968] and Fedotov er al. [1985] first studied the distribution of shallow and intermediate depth
seismicity in Kamchatka, and determined a consistent and roughly planar structure of most of the Kamchatka
seismic zone, except for a gradual shallowing of the dip angle to the north. Later, Zobin [1991] estitnated the
average stress distribution in the KSZ using the focal mechanism solutions obtained from P-wave first motion
data of the regional seismic network. Although his results are not conclusive, 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 Kamchatka exists only to the south of.
~53°N. . '
The hypocentral distribution of the earthquakes recorded by the Kamchatka Regional Seismic Ngfivofk
was reexamined recently, together with the focal mechanism solutions estimated from teleseismic. data
[Gorbatov er al., 1994]. These results reveal a double-planed seismic zone developed from ~50°N to ‘~54N;
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 subduction geometry and subduction of bathymetric features to upper—plage
tectonics and volcanic activity [e.g.. Pilger, 1977; Kelleher and McCann, 1977; Dickinson an?l Snyder.
1978; Chung, 1979; Cross and Pilger, 1982; Spence, 1987; Cahill and Isacks, 1992; Geist et al., 1993;
Gavrilov et al., 1994; Kostoglodov and Ponce, 1994]. Moreover, these facts are important for testing models

that relate the shape of the subducted slab and the maximum depth of seismicity to geodynamic parameters of
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the descending lithosphere, such as the age of the lithosphere and the rate of subduction [e.g.. McKenzie.
1969; Kostoglodav, 1989; Kirby et al.. 1991, Okal and Kirby, 1995]. i

The main goals of the present study are: 1) to estimate the detailed structure of the Kamchatka Wadati-
Benioff zonc using the catalog of regional seismicity from 1964 to 1990 and all available teleseismic data. 2)
to study the stress distribution and geometry of the subducted PAC. 3) to study the relation between the
changes in the maximum depth of seismicity and the thermal parameter of the subducted slab in the KSZ. 4)
to analyze the relation between the subduction geometry and subduction of bathymetric features to upper-

plate tectonics and volcanic activity.
Data and methods of analysis
The regional seismic caralog

Regional and teleseismic data were used to define the configuration of the subducted PAC and the stress
distribution within the Wadati-Benioff zone. The Kamchatka Regional Seismic Network (KRSN) consists of
twenty eight, three-component short-period seismic stations (T=1.2 sec), and covers most of the Kamchatka
peninsula (Figure 2 and Table 1). The catalog of seismicity registered by the regional network is available
from 1962 to 1990. This catalog contains the hypocentral locations, errors in their determination, and the

estimated magnitude of the events [Fedotov er al.,1964; Gusev, 1979].

Completeness of the catalog

To analyze the completeness and homogeneity of the catalog, the relations of logNV versus M. and
cumulative number of events versus time were considered (Figures 3a and 3b respectively). Here N is the
number of events and M,, is the moment magnitude. The magnitude in the catalog of the KRSN is listed as a
“klass™, K™, [Fedotov, 1972). The conversion from K™ to M. was done using the following equation

[Gusev, 1991]:

L =0.61 X7 _2.17 (32M,=6.5) 1)

The log/V versus M, plot shows a linear logarithmic decrease of the number of events for M. = 3.8 with an

average b-value of 0.98 (Figure 3a). This suggests that the catalog of the KRSN is complete for events with
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M. = 3.8. The plot of the curmulative number of events versus time shows an almost constant slope with the
excepoion of two relatively small irregularities (in 1972 and 1983) marked as black arrows on Figure 3b.
These two small changes in slope represent less than a ~2% change in the total number of reported events.
There is no evidence that these irregularitics correlate to any notable changes in the network operation; these

small irregularities probably do not bias the homogeneity of the catalog.
The quality of hypocentral location

Unfortunately, the catalog from 1962 to 1990 does not include the arrival times of the phase data and,
qonscquently, the number 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 estimates of hypocentral determination
reported by the KRSN. These studies show that the average mean-sqn.xﬁre errors of the hypocentral
determination of the 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 1o the Poisson ratio. Also, the depth of the Moho was taken at
30 and 40 km. 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
4b and 5).

The synthetic tests show that the average maximum deviation of the hypocentral depth determination is 18
km and the average maxirmum epicentral deviation is 6 km. Maximum hypocentral deviations for the events

with M., = 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 deviation; (~40 km in -

depth and ~20 km in epicenter) than those located closer to the coast (~20 km in depth and ‘~5 km in
epicenter) (Figure 5). Depending on the network coverage, the smallest hypocentral deviations (about 5 km)
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arc observed for cvents within a depth range of 45 to 200 km and located landward. . The  maximum
hypocentral deviation increases as a function of depth and, for the events located deeper than 200 km. it is of

~20 km in depth and ~5 km in epicenter.
In conclusion, the hypocenters that define the slab geometry, the purpose of the present study, are

generally located at depths greater than about 40 km and are inland or close to the coast. As discussed above,
the hypocentral locations of these events were consistently the most stable regardless of the perturbations
applied to the arrival time data or to the assumed Earth structure. The average maximum hypocentral
deviation for events with M, = 3.9 were usually less than ~15 km in depth and ~10 km 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 complete 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 km (Figure 4a) are not

reliable, we decided to exclude from the catalog all events with the Af,, <3.8 and for which the estimated error

in depth was greater than 10 km.

Inversion of long-period P and S waves

To estimate the stress distribution in the KSZ and to constrain the depth of the upper surface of the
descending slab, focal mechanisms were determined using teleseismic data. Events with magnitude nxp=5.5
were selected to determine their focal mechanisms from the inversion of long-period body waves.

Digital seismic traces recorded by the Global Digital Seismograph 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 Nabelek [1984] was used to
determine the source parameters of 21 earthquakes (Figure 6 and electronic supplement'). Seismograms were
selected for stations with epicentral distances in the range of 35° to 75° and all seismograms were normalized
for a magnification of 1500 and an epicentral distance of 40°. The epicentral locations of the events reported
by the KRSN catalog were used in the inversion, assuming that epicenters in these catalog are more accurate
than those published by the ISC bulletin for the Kamchatka area [Gusev, 1974]. The arrival times were taken
from short-period records, when available, or as reported by the ISC bulletin. The inversion determines the
strike and dip of one fault plane and the rake of the slip vector, the centroidal focal source depth, the seismic

60



moment (Af,). and the shape of the source time function parameterized by a series of overlapping isosceles

triangles [Ndbelck, 1983). , .

A half-space source structure is assumed with P-wave velocity of 6.0 ks, a Poisson ratio is of 0.25, and
a density of 2.6x10" kg/m® beneath the scismic stations. A half-space source structure determined for the
Kamchatka arca by Balesta er al. [1985] was used at the source. Additionally, a water layer was included in
the source structurc model for offshore earthquakes according to the bathymetry above the epicenter. The
inelastic attenuation along the propagation path is parameterized using t'=1 s for P-waves and t™=4 s for S-
waves [Langston and Helmberger, 1975]. The focal mechanism, centroidal depth, seismic moment, and
source time function were solved simultaneously in each iteration. For the less reliable solutions, the resulting
formal errors are within =10° for the fault strike, dip and rake, + 1 km for the centroidal depth and +20% for

the seismic moment (Table 2).
The focal mechanism solutions

Harvard Centroid Moment” Tensor Solutions (HCMTS) [Dziewonski et al., 1981; Dziewonski and
Woodhouse, 1983] were also used for the areas where the lack of events with my = 5.5, which can be used
for body-wave inversion. Unfortunately, the northern part of the KSZ (north of ~54°N) does not have a
sufficient number of events »wirth appropriate magnitudes to perform a body-wave inversion or that are
reported in the Harvard catalog. Therefore, P-wave first motions were used to estimate twelve focal
mechanisms 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-Annual Techrnical Report [1990].

In total, twenty one focal mechanism solutions were estimated from the waveform 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’). A comparison between the focal depth
estimates for the events modeled in this study (Table 2) using the body-wave inversion, D;, and the depths of
the same events reported by the KRSN, D, is shown on Figure 8. The uncertainties of the depth values
reported by the KRSN are shown as error bars. The best fit linear dependence D; against D; (dashed line in
Figure 8) is D/=1.01(+0.03)D+ 4.05(%4.1). The average standard deviation of D; predicted from D; is %15
km. Not surprisingly, the best agreement between D; and D; is within the depth range from ~70 to ~300
km (Figure 8). Several events that are shallower than ~70 km or deeper than ~300 km have larger differences
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(more than ~15 km) in focal depth estimates (Figure 8). These results are similar to those obtained in the
hypocentral location quality test realized above.

Geometry of the subducted Pacific plate and its stress distribution

Seismicity profiles

In order to perform a detailed analysis of the spatial distribution of earthquakes beneath the Kan;nchatka
peninsula, the selected catalog of hypocenters reported by the KRSN (M.>3.8 and depth en'or smaller than
10 km) were projected on twenty vertical cross-sections AA' to MM' oriented nomm.l to the trench and on
profile ZZ' which is oriented along the strike of the trench (Figure 9). Profiles AA to IVHVI have widths of 40
km, whereas NN' to TT' have widths of 20 km in order to examine in more detail the change of the dip angle
of the slab in the northern part of the KSZ.

The hypocentral distribution of earthquakes along the Kurﬂe-Kamchatka trénch projected onto profile ZZ
shows a gradual decrease of the maximum depth of seismicity, D,, from ~500 km near 50°N to ~300 km
near 54°N (Figures 10). An abrupt change of D,, (from approximately 300 km to 200 km) is observed where
the Meiji seamounts are subducted. Near the Aleutian arc, 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 defined because of the sparse distribution of seismicity. The average dip angle of the subduction zone
of ~55° is constant from profile AA'to MM’ (Figure 11).

Curves approximating the upper boundary of the subducted slab were traced on the profiles (Figure 11).
The curve origin was set at the trench and it passes through the interplate contact, which is identified by the
hypocenters of events showing thrust mechanisms. The curves obtained from these profiles were used to
construct the isodepth contours of the subducted slab (Figure 12). The isodepth lines were selected at depths
of 40, 60, 80. 100, 140, 180, 300, 400 and 500 km. All isodepth contours were smoothed using a polynomial
interpolation. The relatively 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 located between
profiles OO' and PP’ (Figures 13). The slab on profile PP' is offset with respect to that on profile OO’ by
about 20 km. This deviation takes place without a prominent change of D or dip angle of the slab. Farther
north, D,, decreases from ~180 km (profile PP’) to ~100 km, on profile TT", and the dip angle decreases from

~55°to ~35°.



Stress distribusion in the downgoing plate

Intraplate down-dip tensional earthquakes are observed from ~50°N to ~56°N (Events number 2, 4, 24, .
27, 28. 29, 30. 37, 39, 45 on Figure ! 1); these mechanisms probably indicate the presence of a double-planed
seismic zone along practically the entire KSZ. Gorbarov et al., [1994] showed that the maximum depth of the
double seismic zone is ~180 km. 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 at a depth of about 50
km. Events number 6, 8 and 15 (Table 2 and Figure 7) indicate right lateral strike-slip motion along the

Aleutian trench as predicted by the relative motion of the Pacific and North American plé;tes.
Maximum depth of seismicity and the age of the subducting slab

It was shown above that the maximum depth of seismicity, D.,, decreases gradually from ~500 km (50°N)
to ~300 km (54°N) (Figure 10). The steep change of D,, from ~300 km to ~200 km occurs at 54.5°N, where
the Meiji seamounts chain enter the subduction zone. In order to investigate the origin of this change a
dependence of Dy, against ¢ for KSZ is analyzed, where ¢ = VAsina. is the "thermal parameter" of the
descending slab [Kirby er al., 1991], A is the age of the plate, V is convergence velocity, ¢ is subduction
angle. The main idea is to compare the standard relationship D,, = f () with the data on D,, vs. @ for the
KSZ. fis a global empirical estimate [Kostoglodov 1989; Kirby, 1991; Kirby 1995; Kirby et al., 1996]. The
estimates of f recently obtained from the analysis of different Wadati-Benioff zones [Gorbarov et al., 1996}
were used in the analysis. The dependence of D,, versus ¢ for a given subduction zone may differ significantly
from the general empirical dependence D., = f{g) if the parameters of subduction for the particular
subduction zone are not known well or the subducted slab is inhomogeneous (bathymetric features having
different physical properties).

To estimate D,, and ¢, 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 uncertainties are calculated from
the NUVEL 1A model [DeMets er al., 1994] at the location where the subduction trajectory of the point

corresponding to D,, intersects the trench. The age of the subducted slab in ¢ = VAsina represents the age of
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that scgment of the occanic plate now located at depth D., when it first started to subduct. The relation by
Shiono arnd Sugi [1985] is used to estimate A: : o )

A=A+Lo/ Vi - Lo/V . 2)

where V: is the half-spreading rate, L,, is the length of down d:p seismic’ acuvxty along the subductmg slab
and A, is the age of the oceanic plate at the trench. A, and V; are esumated usmg the. xsochrone lines of the
Northern Pacific obtained by Renkin and Sclarer [1988]. A correction [.S‘Iuano and Sugz, 1985] for the angle
v éxty profiles (Figure
L, on the Earth's

between the direction of profile and vector V is applied. L,, is measured along the se;

11). An average dip angle, ¢, is calculated as arctan(D./Ls) where L, is a prOJe
surface. o

Table 3 summarizes the estimates of D,, and ¢ together with the assessments"of unc rtainties for the

analyzed profiles. The uncertainty of D, 8D.,, is estimated as the separation bet.we the deepest event and
next deepest event for each profile. The uncertainty in the average dip angle, Sa, is then determmed from the
uncertainty in D,. The error of A, GA, 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 unéertainty is not
more than 10 m.y. [Renkin and Sclater, 1988]. Uncenainties in A; and V: are the main contribution to the
error of A (see equation 2). oA is calculated as a result of the error propagation in equation (2). It should be
noted that for the following analysis a relative changes of D,, and ¢ are only important. Because we applied
the same value of uncertainty of 10 m.y. and the same calculation procedure to obtain oA for all profiles, the
main component of G4 can be considered as a systematic error for that group of profiles. It means that a
relativc? change of ¢ has a significantly srnaller random error.

The results of D,, and @ presented in Table 3 are compared with the general empirical dependence D,, = f
(@) [Gorbatov er al., 1996] (Figure 14). For most of the profiles in the southern part of the Kamchatka
peninsula, the observed values of D,, fit the empirical curve D,, = f (¢) (Figure 14) except for profile GG'.
Profile GG' coincides spatially with the subduction of the Kruzenstern fracture zone, which apparently a]térs
the seismic regime and perturbs D,, m that area, ‘as observed for different topographic features in other
subduction zones [e.g. Chung and Kanamon, 1978]. We should note that subduction parameters and age

estimates of Renkin and Sclater [1 988] are fairly rehab]e. Furthermore, the upper Cretaceous age estimated
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from DSDP site 192 [Creager er al.. 1973} is in agreement with the isochronc 6{ %0 m.y. of Rernkin and

Sclater [1988] w1 the drilling sitc. .
In the northern part of the KSZ (profiks OO’ - TT) the observed yn]ues of Dn, are significantly smaller than

those predicted by the gencral empirical relation. That sharz:i,‘de‘creaSc of the maximum seismic depth is
obscrved to the north of the area where the Meiji seamounts enter the trench (Figure 10). The convergence
rate, dip angle, and D,, are well constrained for profiles NN' to TT"; thoyse profiles correspond to a relatively
old segment of the Pacific plate (A, ~ 86 m.y.) and there is no evidence of abrupt changes of the seafloor age
for the KSZ [Creager et al., 1973, Lonsdale, 1988, Rea er al. 1993]. Nevertheless, for the assessed values of
@ 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 m.y.) than the age
reported by Renkin and Sclater [1988] (Table 4).

Heat flow data of Smirnov and Sugrobov {1979; 1980a,b] suggest that the thermal thickness of the
subducted plate (the depth of the 1200°C isotherm) is two to three times less to the north of the Meiji
seamount chain axis than that to the south of it. Thus the reduced thermal thickness of the subducted plate
near profiles NN', OO', PP', QQ', RR', §S’, and TT' corresponds to a lower effective age than the geologic
age of the PAC estimated by Renkin and Sclarer [1988] (Table 4 and Figure 14).

Intraplate island-seamount chains represent density anomalies in oceanic plates [e.g., Cross and Pilger,
1982; Nur and Ben-Avraham, 1983; Geisr et al., 1993]. A difference in relative buoyancy between normal
oceanic lithosphere and a seamount chain may arise from a difference in their thermal thicknesses or effective
ages. Thinner lithosphere of the Meiji seamount chain subducts at a Jower angle than old normal lithosphere
at the KSZ. as has been observed for other island-seamount chains subduction [e.g.. DeLong and Fox, 1977;

Molnar and Anvarer, 1978].

The contortion zone and the shift in the volcanic arc

‘To analyze the contortion zone located near ~55°N, profiles NN', OO', PP, and QQ' were co_mbined into a
wider cross-section NQ (Figure 15). The hypocenters with focal depths of less than ~100 km on the four
superimposed profiles, form a wide seismic band (Figure 15a). At depﬂ'xs greater than ~100 km, the seismic
pattern splits into two seismic sheets. The lower sheet correspond to the main part of the subducted slab
which dips at an approximately constant angle of ~55° from ~50°N to ~54°N. The upper sheet corresponds to
the shifted segment (Profiles PP' to TT" on Figure 11). On the frontal view of cross-section NQ (Figure 15b),
a clear circulur hvpocentral concentration of ~40 km in diameter is observed at depths from ~60 km to ~100
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km It is interesting to note that the change in dip between these two scismic. sheets starts below this
hypoccntral concentration. :

Focal mechunism solutions were determined for nine events in the contortion zone (events 7, 24
28. 29, 30. 32 and 33 in Table 2 and Figure 16). For all of these earthquukes, except event number 7, (Table
2 and Figure 16), the nodal planes of the focal mechanism solutions strike in a direction which is
approximately parallel to the strike of the slab (Figure 16), suggesting that these events are not directly
related with an anomalous stress distribution produced by the contortion of the subducting  plate. Event

. 26, 27,

number 7 is located in the zone of hypocentral concentration where the two seismic sheets are offset. In plan
view (Figure 16), the nodal planes of this 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 Tarswurni et al. [1994] suggested that Klyuchevskoy and Sheveluch volcanic groups
are related to a second, backarc-type volcanic activity, these volcanoes follow the isodepth contours of the
slab corresponding to depths of ~90 to ~160 km, which is approximately of the same range as that for the
main volcanic front. Furthermore, isotopic analyses [Vinogradov er al., 1986]), water and fumarole gases
[Taran er al., 1987], geochemical analysis [Kersting and Arculus, 1994], and the distribution of the trace and
minor elements [Popolitov and Volynets, 1982] in lavas of the Klyuchevskoy and Sheveluch volcanoes show
that the lava genesis apparently occurs at approximately the same depths as those of the volcanoes of the
main volcanic front and are directly related to the subduction process. These results suggest that the
Sheveluch and probably Klyuchevskoy volcanic groups belong to 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 part-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 may be subdivided into two parts: the
main southern part (from ~50°N to ~55°N) and the northern shifted segment. The southern part of the
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subducting slab shows an average dip angle of ~55° The maximum scismic depth, Dm, varies smoothly from
~SO0 km (~50"N) to ~300 km (~-55°N).

In the area to the north of the Meiji scamounts the subducted slab is sharply deformed within a narrow
zone of ~30 km width (~161°E.~56"N). The maximum depth of seismicity , Dm, abruptly decreases from
~300 km to ~200 km in that zone. Farther north from this contortion, the dip angle decreases from ~55°to
~35° and D.. decreases to ~100 km depth. The hypocentral distribution shows that the contortion of the slab
begins at depth of ~100 km (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 configuration of the subducted
slab shows that the location of the mmin volcanic front corresponds approxunately to the ~90-160 km
isodepth limits of the upper surface of the slab, which is common fbr subducuon zones [Cross and Pilger,
1982]. The volcanic front is almost linear for the main part of ;he KSZ (from ~50°N to ~55°), where the dip
angle of the subducted slab is constant. From ~55°N:'to -;56"1\7, thé shift of the northern segment of the
subducted slab and change of the dip angle from ~55° to ~35° prdduées the deviation of the volcanic front to

the northwest following the ~90-160 km isodepth range of the surface of the subducted slab (Figure 12)

The variation of the maximum depth of seismicity in the main part of the KSZ is apparently consistent with
the global empirical dependence Dm = f (¢), whereas the observed D,, in the northern shifted segment of the
subducted slab (fom ~55°N to ~56°N) diverges from this general relation. To the north of the area where the
Meiji seamounts enter the trench, D, becomes significantly shallower than the average estimates of the
maximum depth of seismicity in other subduction zones with similar values of the thermal parameter, ‘go =
VAsina. A plausible explanation of the anomalously low values of D., is the lower effective age (or thermal

of the PAC in
mﬁc front in the

thickness) of the lithosphere.
The Meiji seamount subduction is an important factor which changes the subd

the KSZ. That manifests in the change of dip angle, shallower setsrmcxty-

northern part of the Kamchatka subduction zone.
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Table 1. Caralog of Seismic Stations of the KRSN.

- No.

“Name - Longitude = Latitude Period of operation. yT.
- < . deg. from w

:S\DWQO\M&L»N_

deg.
LAPC:.. L 157.158 52,925 1986 -
“APH 160.840 56.000 1962 - 1988
AVH 158.738 53.265 1969 -
BER 158.450 52270 1963 -
BKI 165.972 55.203 1963 -
BLC 158.800 53.193 1976 - 1988
BLK 158.794 53.193 1976 - 1988
ESO 158.700 55925 1965 -
GNL 157.942 53.695 1988 -
GRL 158.080 52.552 1980 -
KBG 162.705 56.255 1968 -
KLY 160.852 56.313 1961 -
KMN 160.240 55.760 1990 -
KPL 161.296 56.592 1986 -
KRI 161.134 54.596 1966 -
KRK 158.636 53.292 1975 - 1988
KRS 160.558 56213 1987 -
KRY 159,449 53.036 1968 -
KzZL 158.894 53.201 1976 - 1988
KZY 159.900 56.070 1961 -
MED 167.566 54.786 1973 - 1974
MLK 158.630 54,700 1962 - 1964
MLK 158.630 54700 1986 -
NLC 159.345 53171 1984 -
oss 163.060 59.250 1973 -
OZR 160.392 54.692 1967 - 1969
PAU 156.810 51.467 1961 -
PDK 160.780 56.140 1981 -
PET 158.653 53.023 1961 -
RUS 158.507 52432 1987 -
SKR 156.100 50.670 1952 -
SML 159.975 53.108 1961 - 1976
SPN 160.011 53.107 1962 -
sSvL 161.225 56.583 1980 -
TOP 158.041 53.230 1963 -
UBL 156.308 52.842 1961 - 1964
P 160.220 55.770 1977 -
VKM 158.473 53627 1966 - 1971
21N 160.804 56.018 1988 -




Tabic 2. S yof S Par s,

Event® Datc Ongin Tume'  Latude® Longitude' Depth®  Stnike” Dip* Rake’  Magniwude!
T -y s hm c
Modelod eventy ‘
2 43720.5 37=1.8 6.1
1 March I8, 1963 52.43 153.79
2 Now. 24, 1971 5377 71
3 May 27, 1972 54.87 5.7
4 July 23, 1978 54.53 5.8
E Scpt. 21, 1977 51.63 6.1
6 Nov. 9, 1979 55.66 5.6
7 March 22, 1980 55.60 5.8
8 May 31, 1982 55.07 6.3
9 Nov. 14, 1982 52.84 5.3
10 Jan. S, 1983 54.66 5.7
11 April 4, 1983 52.95 5.7
12 July 24, 1983 53.77 6.0
13 March 26, 1984 56.34 162.95 5.2
14 July 27, 1984 52.96 161.35 5.4
15 Dec. 28, 1984 56.17 163.50 6.7
16 March 6, 1985 55.09 162.48 5.6 f
17 May 19, 1985 53.54 160.65 B 5.6 1
I8 May 25, 1985 53.95 161.13 56=0.3 232=1.1 5.6
19 March 2. 1986 51.47 157.43 96x0.2 19=1.3 5.4
20 April 1, 1986 54,33 161.96 5620.2 60=1.4 .. 5.4
2 May 2, 1986 55.07 163.85 8=0.4 160=1.0 68=0.5 -124=1.0 6.0
Mechanisms from first motion *
22 Nov. 11, 1964 56.66 161.33 79 3as 25 -90 5.2
23 Sept. 4, 1967 54.5 159.62 170 71 80 -84 4.6
24 May 18, 1977 55.61 160.87 160 35 77 83 5.0
25 Feb. 14, 1979 55.12 158.86 303 227 29 -65 4.6
26 Nov. 13 1980 55.57 161.73 80 150 53 44 5.4
27 Feb. 10 1982 55.75 161.20 171 176 21 108 5.3
28 April 17, 1982 55.71 161.27 165 7 90 90 5.3
29 April 25, 1983 55.61 160.98 164 30 70 90 4.4
30 Oct. 1, 1983 55.55 161.62 76 45 76 90 5.0
31 June 7, 1984 54.50 159,72 157 63 85 -125 4.6
32 Nov. 14, 1984 55.62 160.91 150 40 81 -90 4.6
33 April 23,1986 56.12 160.83 179 37 7% -50 4.5
Centroidal Moment Tensor Solution ®
34 Nov. 6, 1577 0239:36.9 53.50 159.96 60 36 18 109 5.1
35 Dec. 30, 1979 0418:32.1 52.37 152.52 550 245 16 -1 5.4
36 Oct. 13, 1981 1553:56.6 51.35 157.76 101 318 27 -117 53
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 145]1:58.0 53.30 160.64 30 184 38 47 5.8
40 June 1. 1984 0554:52.8 53.49 159.69 102 134 21 -176 52
41 April 16, 1987 0110:21.0 54.86 158.39 349 329 73 -57 5.0
42 July 6, 1987 2322:06.3 53.32 158.69 150 225 12 -93 5.2
43 Feb. 19, 1988 2237:10.5 52.78 158.25 112 132 13 -175 © 5.2
14 July 25, 1988 2342:33.0 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 : 8.1 :

‘Identification number of events.

*Values reported by the International Seismological Center (I1SC).

‘Epicenters reported by the K hatka Regional ismic Network (KRSN).

“Focal depth obtained by the analysis of long-period waveform inversion and reported by the

KRSN for the rest of
events. B EEEE
Magnitude: M., for the modeled events and my. for the rest of events.
“Centroid moment tensor solutions of Harvard University [Dziewonski et al., 1981; Dzie
1983]. )
“Focal hani s of
inversion scheme.

AN ¥ A AmE Sy Sotmai = At s s

deled events arc pr d with corr di formal errors determined -in the
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Tabic 3. S y of D, Ex and ather Parameters Used for Thermal Parameter, @, Calculation.
L . "w. Az L ‘e Ba ‘D, &D. V., ‘Az, v A, e PA K4 5o
i l’.:l. £ G::' cmiyr deg. cmAyT  deg km cmfyr  deg.  onvyr m.y. km. m.y. 10°%km.
3 g .0 05 482 41 2.89 150 3.15 1035 706 73.03 40.20 5.69
304 IN% 383 75% 3%en 73% 69 02 305 34 3Es i35 33 1833 38 3%y anEY %
c 509 1602 303 776 3071 773 450 05 482 153 289 150 3.1+ 1038 658 7431 1336 7.6
D 513 1606 302 7274 3075 7.70 450 3.0 482 131 289 150 3.13 103.5 706 71.77 39.09 6.84
E 517 1608 302 7.72 307.7 7.68 47.0 3.0 424 18 2,89 150 3.12 1025 600 7548 4239 6.07
F 52,1 161.1 302 7.69 3079 7.65 525 2.5 329 10 2.70 158 3.12 92.0 471 70.76 4295 6.30
G $2.5 1615 302 7.67 3083 7.62 43.5 05 235 i1 2.70 158 3.11 90.5 353 74.52 39.11 5.31
H 52.8 1619 302 7.65 3086 7.60 450 0.5 423 117 340 150 3.65 93.0 600 68.67 36.88 6.00
I $3.1 1624 302 7.62 309.0 7.56 43.0 1.0 34l 23 3.40 150 3.64 91.4 517 7037 36.29 5.27
J 53.5 1628 302 7.60 309.3 7.53 455 3.5 335 35 3.40 150 3.63 91.0 506 7036 37.81 5.92
K 53.8 163.0 302 7.57 3096 7.51 430 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 7.48 435 4.5 282 70 3.40 150 3.62 90.2 424 7283 37.50 6.22
M 54.5 1634 302 7.53 3099 7.46 450 0.5 298 27 340 150 3.62 89.8 424 72.40 38.19 536
N 54.7 1635 302 7.52 310.1 7.44 420 035 211 10 3.40 150 3.62 89.4 320 7588 37.79 5.03 :
o 54.9 1635 302 7.51 310.2 7.44 450 3.5 182 10 340 150 3.61 89.0 294 7691 430.44 5.85 i
P 55.0 1635 302 7.50 3102 7.43 450 0.5 182 11 340 150 3,61 88.6 282 77.00 40.44 5.30 :
Q 55.2 1636 302 749 3103 7.42 405 3.5 176 12 3.40 150 3.61 88.2 294 76.09 36.65 5.52 i
R 55.3 1638 302 748 3105 7.40 37.5 3.5 171 47 3.40 150 3.61 87.8 312 7493 33.76 5.34 ‘
S 55.5 1639 302 747 3106 7.39 310 05 111 5 3.40 150 3.60 87.4 235 77.70 29.56 3.85 !
T 55.7 1642 302 7.45 3109 736 250 0.5 94 11 3.40 150 3.60 87.0 235 77.28 24.05 3.7 f

'Azimuth of profile.
:Convergence velocity.

*Azimuth of convergence vector.
“Corrected convergence velocity rate.
*Dip angle and uncertainties of its determination respectively.
“Maximum seismic depth and uncertainties of its determi i pectively.,
'Spreading rate [Renkin and Sclater, 1988].

*Azimuth of spreading {Renkin and Sclater, 1988].

“Corrected spreading rate.

"Age of the Pacific plate at the trench [Renkin and Sclater, 1988].

'Length of seismic slab activity in the slab.

'*Age of the subducted slab at the maximum seismic depth,
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Table 4. Comparison Between the Age Obuained from Renkin
and Sclater (1988] and that Predicted by the General Empirical

Dependence D= fl¢p).
erf.. . Ar Ar
. - 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 77.28 10

A* is the age of the subducted slab at the maximum seismic depth
derived from Renkin and Sclater [ 1988] (scc Table 3). ;
AP is the age predicted from the general empirical dependence

D.=p).

o haawea s e
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Figure Captions

Figure 1. Tectonic framework of the Knrnchﬁukn shbduclion zonc. Solid triangles are volcanoes. The arrow
represents the subduction velocity vector. Thc Me:_)n scamounts’ are shown by the 4000 m and 5000 m
bathymetric contours. The dashed line is, the locauon of the Kruzenstem fracture 'zone and the shaded wide
lines mark the volcanic front. Star points the DSDP sxte number 192 [Creager et aL 1973]

Figure 2. Distribution of the seismicity regxstered between 196” an

990 by the KRSN Numbers identify
the seismic stations shown on Table 1. Black dots are events located deeper than 00 km and gray dots are
events shallower than 300 km.

Figure 3. (a) Gutenberg-Richter relation, logN~M,,, for the catalog of the KRSN where N is the number of
earthquakes. The dashed line approximates the linear part of the relauonsh.lp The catalog is apparently
complete for magnitudes 3.8 £ M., < 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 observanon period. Black arrows
“point to the two relatively small irregularities observed in 1972 and 1983. -

Figure 4. (a) Histogram showing the number of events in the KRSN catalog for dxﬂ‘erent erfor intervals both
in focal depth and epicenter. (b) Maxlmum deviation’ of hypocentr

locatxons between -the "original
hypocenters and the perturbed locations as a function of mngrutude. Thc cxrcles represent the larger devxanon

in longitude, squares are the larger deviation in latitude, and crosses in depth'b

lmes usmg the same symbols
represent the average larger deviations in hypocentral locauon. i 3

Figure 5. Summary of the estimated errors in hypocentral locations perturbing the phase arrival times and
Earth structure as described in the text. Ellipses 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 eventis located inland and close to the coast have smaller maximum hypocentral deviation than
offshore events.
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Figure 6. Exampk of three of the twenty one focal mechanisms determined in this study using a formal
inversion of long-period tekescismic P and SH waveforms [Ndbelek, 1984]; the rest are presented in the
electronic supplement'. The focal mechanisms are shown in a lower hemispheric projection. Observed (solid
line) and synthetic (dashed line) waveforms of P wave (top) and SH wave (bottom) are shown. The source
time function is shown in the central part of the figure. The event number (Table 2) and date of the event are

shown at the top.

Figure 7. Distribution of the focal mechanism so]thions where the black compressional quaﬁrant are
determined from wave form inversion; the dark gray compressional quadrant from the centroidzﬂ moment
tensor solutions reported by the Harvard University (HCMTS) [Dziewonski et al., 1981; Dziewonski and
Woodhouse, 1983]; and the light gray compressionél ‘quadrant are from first motion focal mechanisms. The

numbers identif}ilhe events on Table 2. Other symbols are the same as those on Figure 1.

Figure 8. Comparison between the depth estimates for the events modeled in this study (Table 2) using the
body-wave inversion (D;) and the depihs of the same events reported by the KRSN (D)). Error bars are the
uncertainties of the depth va.lue; reportea by the KRSN (when available). The dashed line is the best fit linear
dependence of D, against D;; D[ ’=li01(;0.03)D; + 4.05(24.1).

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 1.

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 ’I'T,'iacréss the KSZ (Figure 9). Focal mechanism sq]utions are
shown on side-view, lower hemispheric projeétion; The numbers identify the events in Table 2‘.';1731a_‘ck;a:nd‘
white dots on the focal mechanisms are the location of P and T axes respectively. Triangles represen[ the -
volcanoes. The dashed lines show the approximate configuration of the upper surface of the’s\ﬁbqﬁ'cted siab.

Other symbols are the same as those on Figure 7.
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Figure 12. kodcp‘h comouxs in_ Ldomcu:rs approxumung Lhe uppcr surface of the subducted slab m the

Figure 14. Maximum seismic depth D,.., versus themm.l parameter @, of the subductmg slab The sohd line
is the empirical dependence D,, = f (¢) obt:uned ﬁ'om data for dxfferent subductxon zones [Gorbatav et al.,
1996]). The thin lines indicate the 95% conﬁdence hrmts [Garbatov et al.. 1996] Largacu'cles are data for the
KSZ (Table 3). Vertical and horizontal bars are error esnmates of D,,, and ¢ respectxvely (Table 3). The
letters identify the profiles (see Figure 9 and Table 3). An-ow pomts to the new posmon of the data (rom N

to T) fitting the general empirical curve (Table 4)

Figure 15. (a) Side projection of proﬁ]e NQ (b) Frontal projection of proﬁle NQ (seen from the east) Tlcks
on the lower axis indicate the w;dth of the NN . QQ proﬁ.les Gray tnangles are vo]canoes Focal rnechamsm

solution for event #7 (Table 2) is shown on a s:de—vxew ]ower henixsphenc prOJecuo

Figure 16. Focal mechanism solutions of earthquakes near.the transitibnwzb‘n'e. B]aqk an ;w‘}_utc.‘cx;c"lgbs‘oh
the lower hemisphere represent compressional and tensional arrivals respecéfx(fely; y ler ‘th
events on Table 2. Gray triangles are volcanoes. The solid curves are Jsodep(h curves i
Kiyuchevskoy and Sheveluch volcanoes are marked as K and S respectively. Other symbo are the same. as

those on Figure 7.
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IV. Zona sismica doble en Kamchatka determinada con datos regionales y telesismicos
(Publicado en: Gephys. Res. Lent., 21, 16, 1675-1678, 1994)

A double-planed seismic zone in Kamchatka from local and

teleseismic data

A. Gorbatov, G. Sudrez and V. Kostoglodov

Instituto de Geaofisica, Universidad Nacional Autdnoma de México, México D.F., México.

E. Gordeev

Insti of Vol logy., Academy of Sci aof R ia, Petropaviovsk-Kamchatsky, 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 microearthquake hypocenters from the local seismic network of the Institute of
Volcanology of Kamchatka and 22 focal mechanism solutions from the formal inversion of long-period
P and SH waves for events with mb255 Additionally, 11 focal mechanism solutions estimated from the
first motion of P-waves and 12 centroid moment 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 at a depth of 50 km, and by 10-15 km at 180 km depth. The focal mechanism solutions of
shallow earthquakes show an abrupt change from the thrust events to down-dip compressional events at
approximately 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. Several earthquakes with down-dip t_ensional 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 ~52°N 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 Kamchatka based on

focal mechanism solutions determined with P-wave first motion data from local earthquakes. Although
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the results are not conclusive, his data suggest the prcscncc of a double seismic zone. Recently Kar) andr ]
Chen [1994] using the results of waveform mvcrsxon of telescismic recorded events:with m,,as =
demonstrated that the double scismic zone can be traced in the central part of Kamchatka, and it tuyrnsv
inxé a regular Wadati-Benioff zone with down-dip compression in the northeastern part of Kamchatka
trench. The purpose of this paper is to reexamine the seismicity beneath the Kamchatka peninsula in
order to perform detailed analysis of the spatial distribution of earthquakes, both using the local catalog
and focal mechanism solutions of accurately located hypocenters estimated 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.=1.2s) seismic stations, and covers most of the Kamchatka peninsula
(Figure 1). The catalog of local seismicity of Kamchatka includes epicenters, depths and magnitudes of
the events and errors of their determination [Fedorov et al., 1964; Gusev, 1979] from 1962 to 1990,
For the analysis of 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 peninsula remains constant from ~51°N to ~55°N. Between ~55°N to ~56°N, it sharply
changes and becomes shallower [Gorbarov er al., 1993]. Cross-sections A-A' and B-B' (see insert in
Figure 2) are selected according to the configuration of the descending slab to represent the general
characteristics of the subduction process in Kamchatka. ;

The separation of the intermediate-depth seismicity into two planes is clearly seen on cross sectlon

A-A' (Figure 3a). The hypocenter estimates for the region of this cross-sectlon :u'e more accurate

because of the denser coverage of the seismic stations (Figure 1). The dxstzmce between two planes of"

seismicity is ~40 km at a. depth of 50 krn. and it decreases gradually to about 10 -15.-km’at’a depth of
=20°% less’ than the .

~180 km. The dip of the upper pla.ne is about 55°. The lower seismic sheet has a

upper sheet.

In cross-section B-B' (Fxgure 3b) the. separauon of the two planes of seismicity.is not-as’clear.as on -

(Figure 1).
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Stress distribution from teleseismic data

The determination of focal mechanisms is based on a least square inversion of long-period P and SH
waveforms [Ndbelek, 1984]. In total, 22 teleseismicaly recorded events (m»=5.5) were modeled
(Gorbatov et al., manuscript in preparation, 1994) (Figure 2), using the data from the National
Earthquake Information Center (NEIC) World-Wide Standardized Seismograph Network (WWSSN)
dataset. Additionally, twelve centroid moment tensor solutions reported by Harvard University
(HCMTS) [Dziewonski »ét al., 1981; Dziewonski and Woodhouse, 1983] were included together with
eleven focal mechanism solmiohs (Gorbatovv et al., manuscript in preparation, 1994) estimated from thc g
P-wave first motion arrivals reported by the International Seismological Center (ISC) bulletin (Figure
2). . ) :
Some part of those focal mechanism solutions are presented in Table 1. It should be noticed that our
set of the modelled events extends further to the north than the data set of Kao and Chen [1994] (which'
is limited by 54°N) and only four events are the same in the both sets. These mutual events have
practically similar focal mechanisms but the hypocentral depth systematically differs by 10-20 km,
probably because we used for the inversion the local velocity model of Balesta et al. [1985], while kao
and Chen [1994] applied an averaged modification of the whole Earth velocity model [Kennet} énd
Engdahl, 1991]. '

The homogeneous structure of the Wadati-Benioff zone in Kamchatka between SI1°N io: 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 km, reflecting the seismogenic contact between the Pacific and North America plates. Below this
depth, the focal mechanism solutions change to down-dip compression in the upper seismic plane
(Figure 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 the Wadati-Benioff zone (numbers' 19 and 44 in
Figure 3a and Table 1) show tensional mechanisms. Those tensional events are located at a depth of
~50 km, near the lower edge of the interplate contact. E )

Four focal mechanisms are presented on cross-section B-B' (Figure 3b). Although the distribution of

the local seismicity does not reveal the double seismic zone as clearly as on cross-section A-A', those

105



four focal mechanisms certainly suggest a double-planed distribution of stresses (Figure 3b and Table
1). Unfortunatcly. a dearth of tclescismicaly recorded earthquakes and the diffuse Vdistribunfoanrf lqcal

scismic stations give us no opportunity to study this area in more detail.
Discussion

It is interesting to compare the structure of the double seismic zone of Kamchatka 'o‘btai:n'edk in- this
study with the results for other double seismic zones. The shape of the double seismic zone of
Kamchatka is similar to that of Tohoku (Japan) in both the maximum depth and spatial separation of thé
two seismic bands [Hasegawa et al., 1978a, b]. Assuming that the thermoelastic stress regime of the
subducﬁng lithosphere, as defined by the subduction parameters, controls the existence and strucfure of
double seismic zones [Fujita and Kanamori, 1981; Goto er 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 cn/yr, o= 33°) and in Kamchatka (A = 77
m.a., V = 7.7 cm/yr, o = 55° ) [Cande er al., 1989; DeMets et al., 1990; Hasegawa et al., 1978 a, bl.
Probably each one of these parameters itself does not affect significantly the shape of the double seismic
zones but somehow their combination might be of the same order of influence on both seismic zones
that produces this similarity of shapes.

Kao and Chen [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
mechanism 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 partiéu]ar, the -
events numbered 4, 29 and 31 ( Figure 2 and Table 1) lay to the north of 53°N and mdxcate the
authenticity of the double seismic zone (Figure 3b). o .

A correlation between the changing in time coupling at the interplate thrust zone a.nd the occurence :
of normal faulting earthquakes, immediately down-dip from the coupled interface” was proposed by
Astiz er al. [1988). The location of tensional events numbered 19 and 44'in the upper pla.ne of sexsmxcxty
may be in favor of that model. However further study is required to understand the: spaua_l and tempora]

variations in the stress regime of the Kamchatka subduction zone.
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Conclusion

Our results show that a double-planed seismic zone with a dip angle of ~55° exists along most of the
subduction of Kamchatka up to ~55°N, and probably 55°-56°N. The stress d:strxbuuon wnl—un the Pacxﬁc
plate descending bencath the Kamchatka peninsula is similar to that observed in the Tohoku (Japan)

subduction zone farther south, where a sheet of tensional events lies beneath one show

compression, from ~50 km to ~200 km depth.
The maximum depth of seismogenic coupling is confirmed by the presence of thru ventsc
depth of ~60 km. Below this depth, the focal mechanisms show an abrupt ,éha;;ge, to do@h-dip
compressional events in the upper sheet of seismicity. The lower seismic pléme is"rébre”‘s‘venied by the
down-dip tensional events at depths between ~50 kmn and ~180 km. ) EE :
Two tensional events were discovered at the upper seismic 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 studies.
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Table 1. Summary of Source Parameters
Event’' Date® Latitude’ Longitude® Depth® Strike Dip
YymMD N YE km deg deg deg

"™ 610318 52.43 153.79 437 47
52.77 159.66 o5 165 10 40

»
3
o
J

o
b3
s
&
[
N

2™ 711124
3™ 720527 54.87 156.48 4118 23 78 -93 5.7
4™ 750823 54.53 160.35 151 122 30 1 58
s™ 770921 S51.63 15537 241 47 71 -89 6.1
7™ 800322 55.60 161.82 77 69 58 74 5.8
10™° 821114 52.84 158.98 88 47 73 -91 5.3
11™ 830105 54.66 163.01 13 9 75 99 5.7
57 23 56 101 5.7

12" 830404 52.95 160.02
13™" 830723 53.77 158.62 168 . 217 81

18™ 850519 53.54 160.65 55 40 58
56 232 51 -105

)
w
DA LK
[ X- ¥RV

19™° 850525 53.95 161.13
21™ 860401 54.44 161.96 56 60 56 79 54
29' 820417 5571 161.27 165 7 9 90 5.3
31" 831001 55.55 161.62 104 45 76 90 5.0
34" 860423 56.12 160.83 179 37 79 90 4.5
36" 771106 53.50 159.96 60 36 18 109 5.1
37" 791230 5237 15252 S50 245 16 -3l 54
38" 811013 S1.35 15776 101 318 27 -117 5.3
39" 820808 50.69 157.20 117 279 14 164 5.1
40" 830415 53.30 160.6% 30 184 38 47 5.8
41" 840601 5349 159.69 102 34 21 -176 5.2
42" 870706 $3.32 158.69 IS0 235 12 .93 52
43" 880219 5278 158.25 112 132 13 -175 5.2
43" 880725 50.92 158.00 42 101 24 -9 5.6

104 297 53 -160 5.1

45" 880728 S50.80 157.35

2 and Figure 3.

TIdentification number of events in Figure
Indices mark the type of events: m -~ focal mechanism obtained from

long-period wave form inversion: f - first arrivals: h - centroid
of Harvard University (HCMTS)

tensor solutions
iewonski and Woodhouse, 1983); * -

moment

[Dziewonski er al., 1981;: Dz

also analyzed by Kao and Chen [1994].
2Y: year: M: month: D: day.

3Estimates reported by the VK.
“For modeled events the depths are from analysis of long-period

wave form inversion and for the rest of events the depth are

assigned as reported by the IVK.
SMagnitude M. for the modeled events and my for the rest of

events.
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Figure Captions

Figure 1. Location of carthquakes (1962-1990) registered by the local scismic network of the Institute

of Vokancology of Kamchatka (IVK).

Figure 2. Lower hemisphere ean.hquake mechamsms From wave form inversion (black compressional
quadrant); centroid moment tensor solutxons reported 'by‘H‘.';.lrvard University (HCMI‘S) [Dziewonski et
al., 1981; Dziewonski and Woodhouse'/' 1983] (dark gray compressxonal quadrant); from first arrivals
(light gray compressional quadrant) The numbers 1dentlfy the events in Figure 3 and Table 1. Black

triangles are active volcanos. Insert shows vthe Iocation of cross-sectxons 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 selected. Focal 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 Figuré 2

and Table 1. Gray triangles are active volcanos. Crosses are seismic stations.
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V. Imsgen tomogrifica de onda P bajo la Peninsula de Kamchatka

(Enviado en: J. Geophys. Res.. 1997)

Tomographic imaging of the P-wave velocity structure beneath the Kamchatka

peninsula.

A. Gorbatov, J. Dominguez, G. Sudrez, and V. Kostoglodov

Institwto de Geofisica, Universidad Nacional Auténoma de México, México D.F., México.

E. Gordeev
Geophysical Service, Academy of Sci of Ri

, Petropavlovsk-Kamchaitsky, Russia.

Abstract. A total of 5270 shallow and intermediate-depth eanhquakes regxstered by the 32 stations of the
regional! seismic network of the Institute of Volcanology of Kamchatka Were used to assess the P—wave s
velocity structure beneath the Kamchatka peninsula in the western. Pacific. The tomographic inversion was‘ i
carried out in three steps. First, a one-dimensional (1D) tomographic problem was solved in order to obtain :
an initial velocity model. Based on that 1D velocity model, 3D tomographic inversions with homogeneous -
and heterogeneous starting models were obtained. The Conrad (15 km depth) and the Moho (35 km depth)
discontinuities determined from 1D tomographic inversion, and the upper boundary of the subducting slab are
taken 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
detailed P-wave tomographic image was determined down to a depth of 200 km. The resulting tomographic
image 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 sedimentary basin of the Central Kamchatsky 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 at a depth of 10 km may be associated with the location of metamorphic basements in the
Ganalsky-Valaginskoe uplift and upper crust of Shipunsky cape. The results also suggest that the subducted
PAC has P-wave velocities ~2-7% higher than that of the surrounding mantle and a thickness of ~70 km.
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Introduction

The Pacific plate subducts westward beneath the Kamchatka peninsula at a rate of ~8 cm/yr, with a dip
angle of about 55° from ~50°N to ~54°N. A Whadati-Benioff seismic zone defines the downgoing slab to a
maximum depth of ~500 km in the southern part of the Kamchatka subduction zone (KSZ) that shallows
gradually to ~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 reminiscent of those occurring
in younger subduction environments like Peru [Cahill and Isacks, 1992] and Mexico [Pardo and Sudrez,
1995]. In Kamchatka, however, they take place in one of the oldest (~80 m.a.) [Rea et al., 1993] subducted
slabs in the world. This abrupt shallowing of the subducted slab produces a sudden offset of the volcanic front
(volcanoes Kliuchevskoi and Sheveluch) to the northwest. That complexity of the subducted slab and the
sharp offset of the volcanic front prompted several authors [e.g., Tarsumi et al., 1994] to suggest that
Kliuchevskoi and Sheveluch are not typical subduction-related volcanoes, but that instead théy are originated
by back-arc volcanic activity and are part of a second volcanic arc. _

The seismic velocity structure of the Kamchatka subduction zone is very complex due to the presence of
an active volcanic belt, a deep trench, and thick sedimentary 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.

Several studies have proposed two-dimensional, crustal velocity models beneath Kamchatka using arrival
times observed from seismic explosions on land and in the ocean [e.g. Anosov er al., 1978; Selivestrov, 1983;
Balesta er 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 10 ~4% beneath the volcanic front in the central part of the Kamchatka peninsula.

Arrival times from regional earthquakes were also used to study the crustal structure of Kamchatka by
Gorshkov [1958] and Slavina and Fedorov [1974]. Although studies using refraction methods exist for
limited zones, such as several individual volcanoes [Gorshkov, 1958] or the crust covered by the regional
seismic network [Slavina and Fedotov, 1974], their results consistently show relatively low seismic velocities

beneath the volcanic front at the apparent crust-mantle boundary (~7.5 knvs), and relatively high velocities

(~7.9 kmvs) related to the subducted slab.
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A three-dimensional tomographic inversion for the arca between the coast and trench was performed by
Slavina and Pivovarova [1992]). Although the results are restricted due to the limited area of their study, the

data suggest that the P-wave velocity values are ~8.2 knmvs in the oceanic plate and ~7.6 knV/s in the lower

continental crust.
The wide Kamchatka 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 detail the tomographic images of the crust and
upper mantle beneath the Kamchatka peninsula. The purpose of the present study is to infer the 3D velocity
structure of the crust and upper mantle in the Kamchatka 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 regime and the complex volcanic activity in the region.
Data and methods of analysis

Regional earthguake 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 ‘strzitiohs covering most of the
Kamchatka peninsula. The majority of the stations are located in the central pa.rt of Kamchatka and along the
coast (Figure 2). A total of 5270 events, occurring in the area limited by 50"1\'1 to 60°N and 150°E to 165°E,
which were registered by more than four seismic stations with a formal errorb.qf hypocentral determination of
less than 10 km [Gorbatov et al., 19971, were selected for 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 2 tomographic image of the Kamchatka subduction zone three inversions were carried out
sequentially. First, a one-dimensional (1D) tomographic inversion [Roecker, 1981; 1982] was applied in order
to obtain a starting 1D velocity model for the subsequent 3D inversions. Then, a 3D tomographic problem
with 2 homogeneous starting model was resolved using the technique developed by Zhao [1991] and Zhao et

al. [1992]. Finally, using the same method, a 3D inversion with a heterogeneous starting model was

estimated.

117



The 1D inversion
Although there are several studies suggesting velocity models for the KSZ [e.g. Gorshkov, 1958; Stavina
ard Fedotov, 1974; Anosov er al., 1978; Selivestrov, 1983; Balesta et al., 1985; Slavina and Pivovarova,
1992]. these velocity models show differences among themselves. In order to obtain the initial 1D velocity
mode! the method proposed by Roecker [1981, 1982] was used. The initial homogeneous medium was

divided into nineteen flat layers (each 5 km thick) down to a deprh of 95 km. Layers with a thickness of 25
kmm were then used for the depth range between 95 to 300 km. For the final inversion, only 1657 events with

errors in hypocentral determination of less than 5 km were used. The thickness of the layers down to a depth
of 40 km was changed slightly (in 1 km steps) in order to refine the resulting model. After six iterations, the

velocity variance in the inversion scheme reached 0.1 %. Neighboring layers with differences between velocity

values smualler than 0.15 km/s were merged into thicker layers and the inversion performed again. The
resulting 1D velocity model was accepted as the initial model for future iterations.
Table 1 shows the final 1D velocity model consisting of 8 layers where the average Poisson ratio is 1.71.
The resolution coefficient is ~1 for the depth range between 15 and 200 km; however, the resolution
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)
respectively. The layers deeper than 200 km do not have sufficient resolution (resolution coefficient is ~0.1)
due to limited number of earthquakes located beneath that depth. Three layers are distinguished in the crust
(Table 1). The upper (5 km) low-velocity layer is apparently associated with large sedimentary basins and
voleanic ash deposits. Although the resolution is relatively poor for that layer (Table 1), the presence of the
low-velocity upper layer in the 1D model gives more stable final results in comparison with the model without
that layer. The velocity discontinuity at depth of ~15 and ~33 km cosrespond apparently to the Conrad and

Moho discontinuities respectively.

The 3D inversion with homogeneous starting model

The inverssion scheme of Zhao et al. {1991, 1992] differs from other 3D velocity inversion schemes that
are normally used. The main reasons are: a) a 3D inhomogeneous velocity model with several velocity
discontinuities of complex shape ( such as the Conrad and Moho discontinuities, or the upper boundary of the
subducted siab, for example) can be included in the inversion as initial, a priori, information; b) the velocities
at any point in the model are calculated by the linear interpolation of the velocities at eight grid nodes
surrounding that point; c) the ray tracing method of Zhao [1991], and Zhao er al. [1992] iteratively uses the
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pseudobending technique of Um and Thurber [1987] and Snell's law to determine the ray path; d) converted

and refracted phases (such as Pn, P°, PS, SP, SmP) can also be included in the inversion. s
Firstly. the 3D tomographic inversion with homogencous initial velocity model was camed out.  The

starting 1D velocity model was defined by the 1D model obtained previously, from which we assume.the

crustal thickness and structure, and the iasp91 earth model [Kennett and Engdahl, 1991]. Thus the:‘lD :

velocity model determined with method of Roecker [1981; 1982] was used down to a depth of 35 km and the
iasp91 earth model [Kennert and Engdahl, 1991] is used for depths greater than 35 km. : S
In order to conduct the 3D tomographic inversion with the initial homogeneous starting model, the studied

area is gridded in a half-degree-spaced steps in the horizontal direction and at depth steps of 10, 30 60, lOO :

150, 200 and 350 km. The velocity structure and hypocentral location are simultaneously detemuned. The
root-mean-square (RMS), travel time residual which was 0.625 s before the inversion is reduced to 0.517 s
after the inversion. Only grid nodes with more than 10 rays passing near each grid node (hit counts) we}e used
in inversion. A cross-section of the 3D, P-wave velocity perturbations in percentages determined by the
inversion are shown on Figure 4. The perturbation variance changes from approximately -7% to 7%. A low-
velocity perturbation 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 with inhomogeneous starting model

The Conrad, Moho and upper boundary of subducted slab are sharp seismic velocity discontinuities [e.g.
Fisher et al., 1983] which should be taken into account in the ray tracing scheme in order to improve the final
tomographic image. When these discontinuifies are included in the model, the hypocenters are better located
and ray coverage can be refined because ray trajectories are more accurately traced than under the assumption

of a simple medium without the crustal reflectors and the subducted slab [ Zhao, 1991; Zhao er al., 1992;

Zhao and Hasegawa, 1993; 1994].

To refine the results obtained with the homogeneous starting model, a tomographic inversion with an
inhomogeneous starting model was carried out. The study area was divided into three layers separated by the
Conrad (15 km depth) and the Moho (35 km depth) discontinuities; these three layers correspond to the
upper crust (V,=5.74 km/s), lower crust (V,=6.74 kmnvs), and upper mantle respectively. The starting 1D

velocity model is the same as that used in the homogeneous tomographic inversion. The results of the
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homogenecous 3D inversion suggest that the subducting Pacific plate has P-wave velociti s 2-7% higher than
the normal mantle. Therefore, a high-velocity zone with an average vclb,crit; 4%'iﬁghex‘ lﬁan‘suxtoundix'xg
mantle was introduced in the model to represent the subducted Pacific plate. The é’qxiﬁéﬁra:idn of the upper
boundary of the subducted slab is taken from Gorbatov er al. [1996] V(Figure 5). The P-wave velocity
structurc of the upper mantle beneath the subducted plate is the same as that beneqth the continental crust.
The hypocentral location of the earthquakes and the P-wave velocity structure are solved simultaneously.
Several inversions were carried out changing the initial thickness and the P-wave velocity of the subducted

slab. Although some variations occur in the inversion residuals (Figures 6 a and b) and in the magnitude of the
velocity anomalies, the resulting tomographic image does not change appreciably when the initial slab
thickness is changed from 10 to 110 km, and the initial slab velocity perturbation is varied from 1 to 7%
(Figure 6). These tests indicate that the stability of the tomographic inversion does not depend strongly on the
assurned initial model. However, the reduction in RMS residuals shown on Figure 6 indicate broad minima in
both the definition of the slab thickness and average fractional velocity perturbations. Also these tests show
that the inversion performed with an initial slab thickness of 70 km and slab velocity 4% higher than that of
the normal mantle gives the minimum residuals in a root mean square sense (RMS). The average RMS travel
time residual is 0.602 s before 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 199
compared to that of the inversion with a homogeneous starting model, an ftest [Draper and Smith, 1966;
Zhao er al., 1995] is done in order to evaluate the statistical significance of the RMS residual reduction. The F
ratio is defined as F=((SSR,-SSR:)*DF:)/((DF,-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 account 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
homogeneous starting model, DF;=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 SSR=12911.14 and
SSR2=12153.73. The resulting F ratio is 8.94. Considering that DF: is a very large 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 (DF;-DF23) is F(271, ©0,0.99)<1.32 [ Beyer. 1991]. The results of the f~test show that the F ratio
obtained in the test is larger than the value given by the F probability distribution at the 1% level. Therefore,
the inversion with inhomogeneous starting model significantly improve the final results at a 999 confidence

level.



Resolution test

A checkerboard resolution test (CRT) [Humphreys and Clayron, 1988; Zhao et al., 1992] was applied to
evaluate the resolution of the tomographic results. A simple, checkerboard synthetic structure with positive
and negative perturbations of 3% and -3% was applied to the starting 1D 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. Finally, 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
seismic stations in Kamchatka. The resolution is good where inversion results have the same velocity
amplitude and checkerboard pattern as those of the original synthetic structure. Conversely, in areas where the
initial pattern and amplitude are distorted the resolution is poor.

The checkerboard tests show that adequate resolution is obtained when the node separation in plan view is
greater than 50 km. The resolution is good for most of the study area down to a depth of 60 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 is located, decreasing to the north and south of the seismic 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. In conclusion, the resolution of the 3D inversion is good for most of the study area and

it is best in the central part of the Kamchatka peninsula where the correct test pattern is recovered down to a
depth of 200 km.

Discussion

The results of the 3D tomographic 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 information in the initial model gives a final RMS travel
time residual smaller than that of the inversion with homogeneous starting model. Therefore, the tomographic
image obtained with the 3D tomographic inversion using an inhomogeneous starting model was taken as the

final result. 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 from studies of Rayleigh wave dispersion data [e.g., Leeds et al.,
1974] of an oceanic lithosphere with an age of ~80 m.a., similar to that of the 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 lower plane of a double-planned seismic zone, which can be seen clearly in the profiles a and b
(Figure 9), is traced approximately in the central part of the subducted slab. The Wadati-Benioff zone extends
down to a maximum depth of ~500 km in southern Kamchatka, and ~300 km in the northern part of the
peninsula [Gorbatov er al, 1997]. Unfortunately, the regional seismic data used in the study allows us to
determine only the structures that are shallower than of ~200 km. Regional and teleseismic data that trace rays
to depths greater than 200 km are necessary in the tomographic inversion in order to determine the deeper
structures in the KSZ.

A sharply defined feature is the broad low-velocity anomaly located 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 Kamchatka, from the upper crust down to a depth of ~100 to ~150 km
(Figure 9). The largest negative velocity perturbations (~-6%) occur at a depth of ~30 km and are observed
along the whole volcanic front (Figure 8). These low-velocity perturbations form a continuous belt that is
almost linear beneath the volcanic front between 51°N and 55°N. North of 55°N, the low-velocity anomaly is
sharply shifted to the northwest following the location of Klinchevskoi and Sheveluch volcanoes. These
results show that Sheveluch and Kliuchevskoi volcanoes are part of the same subduction-induced volcanic

process and not back-arc volcanoes as suggested by Tarswuni er al. [1994].
Figure 9 shows that the low-velocity anomalies extend down to a depth of ~50 km in the southern part of

KSZ (profile a). To the north, the extension of the low-velocity anomalies increases reaching a depth of -J:SO

km. Although the volcanic front coincides approximately throughout the KSZ with a depth of the subducted
slab of ~100 km (Figure 5), the low-velocity zones related to the active volcanoes extend to depths of ~150
km (Figure 9). Unfortunately, the lack of resolution in the northern part of the KSZ (profiles e and f on Figure
9) limits our observation to a depth of ~100 knm. )

The good resolution of the inversion for most of the study area down to a depth of 60 km (Figure 7) gives
the opportunity to correlate the resulting velocity heterogeneities, located down at depths of about 10 km. to
the upper crust geology of the KSZ. For example. a low-velocity band is spatially correlated with the
Kamchatka trench (Figure 8). Apparently, this low-velocity band is associated with the acerctionary prism. In
particular, the low-velocity zone ( —1%) in the Kamchatsky bay correlates with the large sediment Jdeposits

located in that arca [e.g. Dickinson, 1978; Selivestrov, 1983].
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Other prominent and shallow low-velocity zones are observed in the Central Kamchatsky graben that
probably corresponds to the large sedimentary basins that reach a thickness of up to ~5 km {e.g. Moroz, 1984;
Zinkevich, 1993]. Several local high-velocity structures exist in the upper continental crust (10 km layer on
Figure 8). Most of these zones are located 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 high-velocity zone is associated with the Ganalsky-Valaginskoe uplift formed by
metamorphic rocks and uplifted Cretaceous basement [Rikhirer, 1993; Konstantinovskaya et al., 1993;
Zinkevich, 1993]. Shipunsky cape (Figure 1) is characterized also by the presence of high-velocity zones in
the upper crust (Figures 8 and 9). That cape is composed by uplifted exotic Cretaceous basement [Zinkevich;
1993] which is apparently responsible for the high-velocity structures of that area. ‘ S : B

The final three-dimensional velocity model shows the existence of large lateral heterogeneities (~%7%) in
P-wave velocity in the Kamchatka subduction zone, due to the high level of volcanic activity and to thg
subduction of the Pacific plate (Figures 8 and 9). To evaluate the differences between using a simple 1D
model and our final 3D velocity structure, the hypocenters relocated during inversion are compared with
those determined with a 1D velocity model (Figure 10). The hypocenters of the events relocated using the
inversion results show that a laterally varying velocity structure gives more accurate hypocentral location. For
example, the double-planned seismic zone on cross-section of Figure 10a, that corresponds to cross-section b
on Figure 1, is more distinct using the hypocenters relocated in the 3D inversion (Figure 10a) than that using
the hypocenters determined with the initial flat 1D velocity model (Figure 10b). This difference is probably
due to the fact that the flat 1D velocity model does not include an inclined high-velocity subducted slab.
Seismic rays from earthquakes located in the lower sheet of the double-planned seismic zone go through this
high-velocity zone which is not included in the flat 1D velocity model. Therefore, some of the hypocenters
determined with a simple 1D model are located shallower than their real location.

Conclusions

The 3D, body wave tomography method was used to study the seismic velocity structure beneath the
Kamchatka peninsula. A total of 5270 regional earthquakes. and 32 seismnic stations were used to infer the
detailed P-wave tomographic images down to a déplh of 200 km. The obtained results suggest that the
subducting Pacific plate has an average thickness of about 70 k. The P-wave velocitics in the subducted
plate are ~2-7% higher than that of normal mantle. A prominent Jow-velocity zones exist in the crust and in

the upper mantle beneath the active volcanocs down to a depth of ~150 km. The lowest values of these
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velocity anomalies lie at a depth of ~30 km beneath the volcanic front. High-velocity zones were found in the
upper crust that apparently correlate with the intrusive bodies, uplifts of metamorphic rocks and Cretaceous
basements that are observed in the local geQAlogy.'The low-velocity zones in the upper crust are associated

with the thick sedimentary basins of the Central Kamchatsky graben and to the accretionary prism of the
Kamchatka trench. : '

Acknowledgments. We thank D. Zhao for a copy of his inversion codes, useful discussions and suggestions.
‘We benefited from discussion with Yu. Taran, A. Gusev, and N. Shapiro.



References

Anosov, G. I., S. K. Bikkenina, A. A. Popov, K F. Sergeev, V. K. Utnasin, and V. I Fedorchenko Deep
seismic sounding of Kamcharka (in Russian), 129 pp., Nauka, Moscow, 1978. -
Balesta, S. T., and L. I. Gontovaya, The seismic model of the Earth's crust in the Asiatic-Pacific transition -

zone (in Russian), Volcanology and Seismology, 4, 83-90, 1985,
Beyer, W. H., Standard Mathematical Tables and Formulae, CRC Press, Boca Ratoﬁ,‘i Fla., 1
Cahill, T., and B. L. Isacks, Seismicity and Shape of the subducted Nazca plate, /. Gqﬁ}z[;y.sj

17529, 1992.
Dickinson, W. R., Plate tectonic evolution of north Paciﬁc rim, in Geod)namic".s' aof tlz

by S. Ueda, R. W. Murphy, and K. Kobayasl'u pPp- 1 19, Japan Scxentxﬁc Socnene P,

1983.
Gorbatov, A., V., Kostoglodov, |
subduction zone, J. Geaphys.
Gorshkov, G. S., Some quesuans £
35, 1958. o
Humphreys, E., and R. W. Clayton
problems, J. Geophys. Res., 93, ‘;()73-
Kennett, B. L. N., and E. R. Engdmﬁ;
Geophys. J. Int., 105, 429-465, 1991. S
Konstantinovskaya, Ye. A., V. P. Zinkevich, N. V. Tsukanov. and S. A, Garaniha. Composition and structure

for global éa‘fthquaké;bclat‘i‘on‘ and phase _fdeﬁtiﬁcation,

of the upper Cretaceous to lower Paleogene lithostructural comp]exes in the eastern ranges of Kamchatka
and their belongmg to certain formatxons (in Russian), in Accretional tectonics of eastern Kamcharka,

edited by Yu. M. Pusharovsky, pp. 59-114, Nauka, Moscow, 1993.
Leeds, A. R., L. Knopoff, and E. G. Kausel, \_/ariations of upper mantle structure under the Pacific Ocean,

Science, 186, 141-143, 1974.
Moroz, Yu. F., On deep structure of east K.n'nch.xtka according to magnetotelluric sounding (in Russian).

Volcanology and Seismology. 5. 85-90, 1984.



Pardo, M., and' G. Sudrez, Shape ‘'of subducted Rivera and Cocos plates .in southern Mexico: seismic and
tectonic u-nplxcauons,.l Geophys. Res., 100, 12357-12373, 1995.

Rea, D., I. Basov, T. Janecek, E. Amold, J Barron, L. Beaufort, J. Bristow, P. de Menocal. G. DubulSSOn. A.
Gladenkov, T. Hamilton, L. Ingram, L Keigwin, R. Keller, A. Konlmnen, : Knssek B. McKelvie, J.
Morley, M. Okada, G. Olafson, R. Owen, D. Pak, T. Pedersen, J.* Roberts Rﬁtledge. V. Shilov, H.
Snoeckx, R. Stax, R. Tiedemann, and R. Weeks, Pnleoceanographxc record ‘of north’ Pacxﬁc quantified,
EOS, Am. Geoph. Un. Transactions, 74, 36, 406-411, 1993,

Rikhter, A. V., Metamorphic formations of eastem Karnchatk
Kamcharka, edited by Yu. M. Pusharovsky, pp. 28—58 Nauka, Moscowi1993;

Roecker, S. W., Seismicity and tectonics of qumr—Hmdu 'Kush region of central ‘Asia; Ph D.
MIT, Cambridge, 1981. ) : ;

Roecker, S. W., Velocity structure of Pa.rmr-Hmdu 'Kush regxon possxbly evxdence of subducted crust, J.
Geophys. Res., 87, B2, 945-959, 1982. ' . o e .

Selivestrov, N. 1., Structure of the junction zone of the Kurile-Karnchatka and Aleutian Elaﬁd arcs accdrdi.ng

ional i tectonics of eastem

thesis. 256 pp..

to data from continuous seismic profiling (in Russian), Volcanology and Seismology, 2 5367, 1983.
Slavina, L. B., and S. A. Fedotov, The velocities of longitudinal waves in the" upper mantle beneath
Kamchatka (in Russian), in Seismicity and earthquake prediction, the properties of the upper marntle and
their relation to volcanism in Kamchatka, edited by S. A. Fedotov, pp. 188-200, Nauka. Moscow, 1974.
Slavina L. B., and N. B. Pivovarova, Three-dimensional velocity models of focal zones and reﬁnement of
hypocentral parameters, Phys. Earth and Planetary Int., 75, 77-88, 1992, o
-Um, J., and C. H. Thurber, A fast algorithm for two-point seismic ray traci g,Bu » Svei;mal.:Sbc. Am., 77,
972-986, 1987. o 3
Zhao, D., A tomographic study of seismic velocity structure in’ the:
Tohoku Univ., Sendai, Japan, 1991. B
Zhao, D., A. Hasegawa, and S. Horiuchi, Tomographic unagmg of
northeastern Japan, J. Geophys. Res., 97, 19,909-19,928, 199.._.'
Zhao, D., and A. Hasegawa, P-wave tomographic imaging of the ci"us”
Islands, J. Geophys. Res., 98, 4333-4353, 1993. :
Zhao. D., A. Hasegawa, and H. Kanamori, Deep structure of Japan, subducuon zone as denved from locaL

Ph.D Lhess 301 pp.,

cture beneath-

regional, and teleseismic events, J. Geophys. Res.. 99, 22,313-22.329, 1994.



Zinkevich, V. P., Structural zonation of eastern Knmchatka and characteristic features of its deep-seated

structure (in Russian), in Accretional tectonics of eastern Kamchatka edited by Yu. M. Pusharovsky, pp.
16-27, Nauka, Moscow, 1993, :



Table 1.-1D P—,w:ive'vel'ocity"mo&cly. s

Depth = 7. W Error.“#: .- - Resolution
° 028
s " 0.59
15 © 099
.35 1.00
60 "1.00
75 1.00
100 0.99
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Figure Captions

Figure 1. Tectonic framework of the Ka.mchatl\a ‘subduction zone. Tnzmgles are . volcanoes and the arrows
represent the relative plate motion mmm/yr The Mel_]l seamounts are delmeated by the’ -4000 and -5000 m

bathymetric contours. Lower case bo d letters denote the locauon of the 40 km wide cross-sections used in
this study. Cha.racters B, K and 5 are the Bakemng. Khuchevskon, and Sheveluch volcanoes respectively.

Figure 2. Distribution of earthquakes located by the KRSN ﬁ'om 1985 to 1992 (black dots). Squares are

seismic stations.

Figure 3. Number of earthquakes as a funcuon of focal depth Not1ce that most of the events are located at

depths shallower than 50 km.

Figure 4. Cross-section b (Figure 1) of the yfrarctional P-wave velocity perturbations resulting from the
homogeneous 3D velocity inversion. The scale relating the size of the symbols to the velocity perturbations is

shown in the insert. Solid triangles are volcanoes.

Figure 5. Isodepth contours in kxlometers approximating the upper surface of the Pac1ﬁc subducted slab (

from Gorbatov et al. [1997]). ‘Other symbols are the same as on Figure 1.’

Figure 6. (a) Travel time residuals of the inhomogeneous 3D inversion in a root meansquares sense (RMS)

versus initial slab thickness taken as a priori information in the inversion. P—wave velocxty. f the slab is
assumed to be 4% higher than that of normal rnantle. (b) RMS travel time resxdua]s versu uimal fractional P-

wave velocity perturbation for a 70 km thick subducted slab.

Figure 7. Result of the checkerboard resolution test. The depth of each ]ayerisv shown 'in-the. lower right
corner of each map frame. Solid triangles are volcanoes. Solid and open circles dehote fast and slow velocities

respectively. The scale relating the size of the symbols to the velocity perturbations is'ehown at the bottom



Figure 8. Tomographic image of Kamchatka shown as fractional P-wave velocity perturbations for various
depth slices. Red and blue shading shows slow and fast velocities respectively, according to the scale shown at
the right. The depth of the each layer is shown in the lower right comer of each map frame. White triangles

are volcanoes.

Figure 9. Tomographic image of 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 fast velocities respectively,
according to the scale shown at the bottom. Red triangles are volcanoes and white dots are the earthquakes
used in the inversion. A light-colored mask covers the area where resolution is considered to be poor. Vertical

black bars mark the locatjon of the coastline and arrows point the location of the trench.

Figure 10. Hypocentral prOJectxon of the events on cross-section b (40 km wxde) (see Figure 1 for location).
(a) Events relocated with the resulung 3D velocxty structure from the mhomogeneous tomographic inversion.
(b) The same earthquakes located- w:th a ‘1D velocxty model Nouce that the scatter is reduced and the

double-planned seismic zone is more clearly deﬁned when the more reahstxc 3D mversnon results are used.
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VI. Conclusiones

Las caracteristicas de la subduccién de la placa del Pacifico bajo la placa Nonteamericana en la zona de la
peninsula Kamchatka han sido estudiadas utilizando los datos registrados por las redes regionales 'y

telesismicas. Las principales conclusiones de este estudio son las siguientes:

El dngulo de subduccién es de ~55° en la parte sur de ZSK entre ~50°N y ~55°N. Al norte de ~55°N, la

placa se deforma en una zona de ~30 km de ancho y el dngulo de subduccién disminuye drﬁsticatnenie a
~35°, :

Los mecanismos focales y l-a distribucién de la sismicidad en la zona de deformacién Sugiéfeh due la
contorsién de la placa puede ocurrir por una falla de tipo tijera. o

La profundidad mdxima de la sismicidad, D,,, varia de ~500 km (~50°N) a ~300 km (~55°N) Al none de
la zona de deformacién, D,, disminuye a solo ~100 km de profundidad.

El frente volcdnico corresponde con la linea de isoprofundidad de ~90-140 km de la placa subducida. El
frente volcdnico es lineal en la parte principal de ZSK y en la parte norte se desvia abruptamente hacia el
noroeste siguiendo las lineas de isoprofundidad de ~90-140 de la placa subducida. Por lo anterior, Tlos

volcanes Sheveluch y probablemente Klychevskoy, ubicados en la parte norte, pertenecen al frente volcdnico.

La distribucién de la sismicidad y la orientacién de los mecanismos focales indican la presencia de una
zona sismica doble entre ~50°N y ~55°N, la cual se extiende probablemente hasta ~56°N. La separacién de
los planos es de ~50 km a una profundidad de ~50 km y de ~20 km a una profundidad de ~180 km. Los
mecanismos focales localizados en la parte superior de la zona sismica doble cambian su orientacién de tipo
cabalgadura al de compresidn a lo largo de la placa subducida a una profundidad de ~60 km. Esto marca

probablemente la profundidad msixima de la zona del contacto seismogénico entre las placas.
La relacién empirica general D,=/{). obtenida mediante la recopilacién de los pardmetros de subduccién

de numerosas zonas de subduccién de todo ¢! mundo, permite usarla como una curva estdndar para estudiar

la relacién entre los pardmetros de subduccién en la zona de Kamchatka.
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El cambio de D,,. (de ~50"N a ~55°N) en ZSK es consnsteme con la relacxén empmca general. Al norte de

~55°N, D, tiene. una profun dad an rma.lme te somera que mterpreta como > una dxsmmucxén de entre dos o

tres veces d lespesv

de ZSK con i

La imagén to
probablemente

el ancho de la p]aczi

La penurbaé:ién
profundidad de ~30 k

aparentemente con la presencia de magma inmediat el arco volcanico. .’

Las anomalias de baja velocidad ‘se observan ‘hasta-unaprofundidad de ~150-20‘(),:km debajo ‘de los

volcanes y se asocian con la generacién de magma.

Los resultados de la inversién tomogrifica se correlacionan bien con:la geélogx’a superficial de la
peninsula de Kamchatka. Las zonas de baja velocidad coinciden especialmente con el prisma de acrecién y
los depdsitos de material sedimentario en el graben central de Kamchatka. Las zonas de alta velocidad se
correlacionan con los levantamiento Ganalsky-Valaginskoe constituidos por rocas metamérficas y el
levantamiento de rocas del basamento de la peninsula Shipunsky. Las zonas de alta velocidad cerca de los

volcanes probablemente se correlacionan con cuerpos intrusivos.
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