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Large-scale deformation related to the collision

of the Aleutian Arc with Kamchatka

Erie L. Geist and David W, Scholl
1.8, Geological Smrvey, Menlo Park, California

Abstract. The far western Aleutian Island Arc is actively
colliding with Kamchatka, Westward motion of the Aleutian Arc
is brought about by the tangeatial relative motion of the Pacific
piate transferred to major, right-lateral shear zones north and
south of the arc. Harly geologic mapping of Cape Kamchatka (a
promontory of Kamchatka along strike with the Aleutian Arc)
revealed many similarities to the geology of the Aleutian Islands.
Later studies support the notion that Cape Kamchatka is the
farthest west Aleutian “island” and that it has been accreted to
Kamchatka by the process of arc-continent collision.
Deformation associated with the collision onshore Kamchatka
includes gravimetrically determined crustal thickeming and
formation of a narrow thrust belt of intensely deformed rocks
directly west of Cape Kamchatka, The trend of the thrust faults
is concave toward the collision zene, indicating a radial
distribution of maximum horizental compressive stress.
Offshore, major crustal faults trend either oblique to the
Kamchatka margin or paralle]l to major Aleutian shear zones.
These offshore Taults are complex, accommodating both strike-
slip and thrust displacements as documented by focal
mechanisms and seismic reflection data. Earthquake activity is
much higher in the offshore region within a zore bounded to the
north by the northernmost Aleutian shear zone and to the west by
an: apparent aseismic front. Analysis of focal mechanisms in the
region indicate that the present-day arc-continent "contact zone”
is located directly east of Cape Kamchatka, In meodeling the
dynamics of the collision zone using thin viscous sheet theory,
the rheological parameters are only partially constrained 1o values
of n (the effective power law exponent) = 3 and Ar {the Argand
number) £ 30. These values are consistem with & foreare thermal
profile of Kamchaika, previously determined from heat flow
modeling. The thin viscous sheet modeling also indicates that
onshore thrust faulting is a consequence, not only of
compressive stresses resulting from the west directed collision,
but afso of sediment-induced coupling of the subducting Pacific
plate,

Introduction

The intersection between the Kamchatka subduction zone and
the Aleutian Arc is commonly thought o be a passive juncture;
however, recent studies have shown that plate boundary
processes are causing the Aleutian Are to collide end on with
Kamchatka [Warson and Fujita, 1985; Zinkevich et al., 1985;
Scholl e al., 1989; Zonenshain et al, 1990; Baranov el al,
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1991]. The orientation of Pacific plate convergence with the
Aleutian Arc ranges from subnormal near the Alaska Peninsula to
tangential at the westernmost end (Figure 1). Distributed shear
across the Aleutian Are results in westward movement of arc
rocks and subsequent collision with the Kamchatka, 1n addition
o these kinematic infergnces, other authors [Markov et ad., 1569,
Watson and Fufira, 1985, Zinkevich et al., 1985; Geise et al,
1994] have noted previously that Cape Kamchatka is both
structuraily and stratigraphically more akin to the Aleutian Arc
than to the rest of Kamchatka. Thus Cape Kamchatka appears to
be the westernmost Aleutian "island” and is actively being
accreted to the Kamchatka mainland.

COwver the past decade a considerable amount of Russian
geophysical datn has been collected in the region where the
Kamchatka and Aleutian Arc intersect. In 1981 the R/V
Vulkanolog conducted an offshore seismic survey of the
Kamchatka-Aleutian region [Seliverstov, 1984, 1987] that
complemented earlier surveys of the Kamchatka margin
IBuffington, 1973; Gnibidenko et al., 1983]. These data provide
crucial information about offshore structural trends, especially
south of the Aleutian Are. North of the Aleutian Arc, single-
channel seismic reflection data collected by the R/V Vulkanolog
and RV Dmitry Mendeleey in 1988 and multichannel data
coliected by the Northwestern Pacific Geological Prospecting
Expedition from 1980-1986 have detailed the style and timing of
spreading within the Komandorsky Basin [eg., Muzurov e al,
1989; Baranov et ad., 19211, In addition to the seismic reflection
experiments, earthquake focal mechanism studies of the
Kamchaika-Aleutian region by Zebin [1990a, b, ¢, 1991] and
Zobin et al. {1990} and numerous seismicity studies, for example,
Fedotov et al. [1988, 19901, complement studies of the far
western Aleutian Arc performed by Cormier [1975] and
Newberry et al. [1986]. Furthermore, compilation of an
extensive heat flow database and modeling of the thermal
structore in the Kamchatka-Aleutian region is presented by
Smirnov and Sugrobov (1980, 1982], Smirnov el ol {1992], and
Sugrobov amd Yanovsky [1993]. Finally, recent paleomagnetic
studies have revesled that exotic, Late Cretaceous rocks exposed
along the eastern margin of Kamchatka originated hundreds of
kilometers to the south of their present position [Kevalenko,
1990; Razhenov et al., 1992: Heiphetz et o, 1994,

In our study we present further structeral evidence and results
from earthquake studies that the Aleutian Arc is actively
colliding with Kamchatka, More importantly, we use the
available geological and geophysical data to analyze the
deformation that accompanies the arc-continent collision.
Specifically, we document a zone of compressional deformation
directly ahead of the collision zone and adjacent zones strike-slip
faulting to the north and south, much like the collision between
Austratia and the Banda island sre [MeCaffrey and Abers, 19911
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Figure 1. Location map for the northeast Asian margin. Arvow
indicates direction of Pacific North American relative plate
motion (PAC/NAM). QOcesnic continental plate boundaries are
shown by thick, solid line; possible boundaries between
continental plates shown by dashed lines. Okhotsk plate
proposed by Cook et al. [1986)] and Riegel et gl. [1993] is located
between the two dashed lines, Alternatively, study by DeMets
[1992] indicates that the North American plate exiends to
boundary through Japan and Sakhalin {sland. Figure is modified
from DeMaeis [1992) and Riegel et al. [1993).

To understand the dynamics of the collision, we make use of the
thin viscous sheet modeling technique, Comparison of meodel
results to the observed deformation provides constraints for the
boundary conditions and rheological parameters, The optimal
theolegy is then interpreted in terms of the first-order
temperature stracture, determined from heat flow modeling and
average strength of the lithosphere in the region,

Tectonic Setting

In the region of the Kamchatka-Aleutian Arc juncture the
Pacific plate is moving 79 km/m.y. in a northwest direction
toward Kamchatka and parailel to the frend of the far western
Aleutian Arc [DeMety ef al, 1990]. The physiogeaphy of the
Pacific plate includes the northernmost sector of the Hawaiian-
Emperor seamount chain, Near the Aleutian Arc there ig a
counterclockwise bend in the seamount chain such that it is
oriented subnormal to the Kamchatka Trench and approximately
parallel to the divection of convergence [Scholl et al, 1977]. The
sector of the seamount chain north of the bend is fermed the
Obruchev Swell, which includes Meiil Guyot (Figure 2). Melil
to 1.B km [ Scholl et al., 1977]}, which we speculate may increase
sediment-induced coupling of the northernmost part of the
Kamchatka subduction zone. 1In addition, the incipient
subduction of Meiji Guyot is likely to increase stress of the
Kamchatka subduction zone at the latitude of Kronotsky
Peninsula.

The configuration and motion of the overriding "continental”
plates is less certain (Figure 1). The North American plate most
likely encompasses the Aleutian Arc, eastern Siberia, and
possibly the Kamchatka Peninsola [Chapman and Solomon,
1976]. Howevar, Cook et ol [1986] and Riegel et ol [1993]

identify a separate plate termed the Okhotsk plate, extending
from Sakhalin Island o the Kuril-Kamchatka subduction zone
and northward to Karaginsky Island. Although the boundaries of
the Okhotsk plate are fairly well defined by seismicity, the
relative motion between the Okhotsk plate and the Nortk
American and Burasian plates is less certain.  The North
American-Okhotsk Buler pole of Cook er al. [1986] and Riegel of
al. [19931 results in slight convergence of the two plates from
north of the Aleutian Are o Karaginsky Island (termed the
northeast Kamchatka seismic zone). In conirast (o their model,
DeMeis [1992] demonstrates that a separste Okhotsk plate is not
necegsary to explain slip vector orieniations along the Kuril
Kamchatka Trench. His preferred model includes the North
American plate extending to central Honshu, hetween Sakhalin
1stand and the Kuril-Kamchatka trench (Figure 1.

The transform boundary between the Pacific and North
American plates along the far western Alentian Arc is diffuse,
extending northward from the Aleutian Trench across the width
of the arc to at least the base of its back arc slope. Ekstrém and
Engdahl [1989] and Geist and Scholl [1992] showed that part of
the transcurrent component of relative plate motion is taken up in
the overriding plate along the length of the Aleutian Arc. The
distributed transcurrent motion is manifested in the central part of
the arc by block rotation. o the far western Aleutian Are the
distribited franscurrent motion is manifested by major, are-
parallel shear zones nearly coincident with the Aleutian Trench
and bordering both sides of the arc maseif (Steller and Beringa
fracture zones, Figure 2). These fault zones are mapped using
single channel seismic reflection data (see Seliversiov [1984,
1987], Scholl et al. 19871, and Baranov et al. [1991] for track
line maps and seismic data), The fanlt zones are hundreds of
kilometers long and fruncate basinal reflections on seismic
records, characteristic of sirike-ship faults. Hypocenters of most
of the shallow sarthguakes are concentrated abont Steller and
Beringa fracture zones [Sefiverstov, 1984]. Moreover, right-
lateral, strike-slip motion is corroborated by abundant strike-slip
focal mechanisms (Figure 3) [Newberry et al, 1986] In
particular, recenf motion of the Beringa fracture zone and
focalized arc-parallel spreading in the Komandorsky back arc
basin provide convincing evidence for westward transport of the
Aleulian Arc [Baranov ¢t al, 1991]. Other fracture zones o the
north of Beringa fracture zone ate associated with extinet NW-SE
directed spreading ridges. A localized zone of active spreading,
indicated from the single-channel selstde data, also ocours to the
gouth of the Alentian Arc masef (Steller Basin, Figuee 2} (B. V.
Baranov, personal communication, 1992),

Geodynamics of the Collision

We use a diverse suite of existing geological and geophysical
data to {1) confirm the collision of the Aleutian Arc with
Kamchatka and (2) examine the style and extent of the associated
deformation. These data include seismic refraction/reflection
data and gravity data, onshore and offshore structural mapping,
earthquake seismicity and focal mechanismy, and paleomagnetic
studies.

Deep Crastal Sitadies

Marakhanov and Potap’ev [1981] indicate that the maximom
crustal thickness of Kamchatka from deep seismic data is
coincident with the Sredinny (cemiral) Range. Between the
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Figure 2. Tectonic map of the Cape Kamchatka- Aleatian Arc region. Major onshare faults shown by thin solid
lines are compiled from previous mapping by Markov er al. [1968], Marchenko et al. [1976], Shapiro [1980],
Shapire et al. [1984), Borsuk ef al. [1985], Zinkevich et af. {1985], Tsukanov and Zinkevich [1987], and Tsukanov
and Fedorchuk [1989]. Triangles in direction of hanging wall are for established thrust faults. Offshore faults
shown by dashed lines are compiled from seismic reflection studies [Krasny ef al., 1987; Seliverstoy, 1984,
1987]. Local arcas of extension {i.¢., Komandorsky Graben and Steller pull-apart basin} north and south of the
Aleutian Arc are annotated by small diverging arrows. Large arrow indicstes direction of Pacific-North
American plate convergence [DeMets et of . 1990]. Solid ciccles indicate paleomagnetic sampling localities
along the eagternt Kamchatka margin [Bazhenov et al,, 1992]. Stars indicate active voleanoes. Segments of
single-channel seismic line B-49 and B-47 shown in Figures 4 and 3, respectively, are indicated by thick line.

Bathymetric interval is 1000 m.

latitude of Cape Kamchatka and Kronotsky Peninsula the
maximum cmstal thickness of the Sredinny Range is 40 km and
of the Eastern Ranges is 33 km, Gravity modeling by Paviev and
Yunov [1970] revealed a 50-km-wide zone of significant crustal
thickening (approximately 4-3 ko) coincident with the Kumiroch
Range. The region of crustal thickening of the Kunroch Range
is also suggested in & regional gravity study by Belvaevsky and
Borisov [1964]. Purthermore, Gaibidenko et al [1974] suggest
that the Komroch negative gravity anomaly extends northward to
the eastern part of Ozernoy Peninsula. Crustal thickening along
the Kumroch Range is anomalous compared with the other

Bastern Ranges (Turnrek, Valaginsky, and Ganal) and appears fo
be related to the collision.

Onshore and Offshore Stractaral Mapping

The Kumroch Range, directly west of Cape Kamchatka, is
primarily a thrust belt of intensely deformed rocks, hereafter
termed the Kumroch thrust belt (Figure 2). I consists of many
SE vergent thrust sheets of Late Cretaceons and Paleogene strata
[Markov et al,, 1969; Marchenko et al, 1976; Shapiro, 1980,
Petring et al, 1983; Shapiro et al., 1984, Tsukanov and
Zinkevich, 1987, Tsukanov and Fedorchuk, 1989]. The sequence
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Figure 3. Focal mechanisms for earthquakes larger than magnitude 5 in the Cape Kamchatka region from 1964
to 1992, Focal mechanisms shown on lower hemisphere are equal-arca projections with compressional guadrants
shaded. Foca! mechanisms with dark-shaded quadrants represent "best fit” double-couple sources from centroid
moment tensor (CMT) solutions; focal mechanisms with light-shaded quadrants derived from body wave
analysis. Large-diameter focal mechanisms denote the five largest carthquakes since 1964, Small solid and open
circles show orientation of P and T axes, respectively. See Table 1 for source parameters and references.

of thrusting appears to young to the east as a sequence of
underthrust slices [Shapire et al., 1984; Tewkanov and Zinkevich,
1987]. The easternmost fanlt bounding the Kumroch thrust belt
is thought 1o be the Grechishkin thrust, formed after middle
Miocene time [Shapiro, 1980], although Markev et al. [1969)
proposed that the concealed Ust-Kamchatka fault zone farther 10
the east demarcated the eastern boundary of the Kumroch thrust

belt (Figure 2). The trend of faults within the Kurnroch thrust
belt is concave toward Cape Kamchatka, 4 pattern sugpesting that
the thrust belt formed in response to collision of Cape Kamchatka
with the Kamchatka mainland, Sparse (ransverse, strike-slip
faulting thronghout the Kumroch thrust belt is nriented at angles
of 30°-45" 1o the trend of the thrust fanlts [Trikunov and Petrov,
1973; Petring et al, 1983; Shapiro er al., 1984; Tsukanov and
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Zinkevich, 1987, Tsukanov and Fedorchuk, 19891, further
indicating that the maximum horizontal compressive stress is
approximately normal to the overall trend of faults within the
Kumroch thrust belt, Moreover, the sense of displacement on the
fransverse fanlts is consistent with collision-induced deformation;
nredominantly sight lateral to the north [Tsukanov and Zinkevich,
1987] and left lateral to the south [Marchenko et al, 1976;
Petrina et al., 1983; Shapiro et al, 1984, Tsukanov and
Fedorchuk, 1989]. South of Cape Kamchatka and extending
geross Krenotsky Peninsala, thrust faulting parallels the
Kamchatka margin [Shapiro and Seliverstov, 1973: Shapire,
1980; Petrina gt al., 1983, Shapire er 2l, 1984, Similarly,
faulting parallels-the Kamchatka margin to the north of the
Kumroch thrust belt across Ozemoy Peninsnla [Marchenko et al,
1976: Zinkevich et al., 1984

On southern Cape Kamchatka, shallow ENE dipping thrast
slices and nappes [Zinkevich et al., 1985] expose Late Cretaceous
ophiolitic and island arc rocks. The thrust slices of southern
Cape Kamchatka are bounded to the north by the Pikezh fault
zone, which may be a westward continuation of the right-lateral
shear zone disrupting the Alentian Arc (Figure 2) [Markev et al.,
19691, Most of the thrusi and strike-ship favlts on Cape
Kamchatka are post-Miocene in age and are most likely related to
the arc-continent collision.

Offshore of Cape Kamchatka, fault orlentations are generally
either oblique to the Kamchatka margin or striking parallel to the
NW-SE trending Aleutian shear zones (Figure 2). Most of the
faulis offset the seafloor and presumably exhibit recent
displacement [Sefiverstov, 1984, 1987]. The oblique faulis,
which include the NNW irending faults south of Cape
Kamchatka and the NE trending breaks coincident with Pokaty
Canyon and an unnamed canyon north of Cape Kamchatka
(Figure 4) [Krasny et al., 1987] are most likely strike-slip shears
based on their expression in the seismic reflection data and
nearby focal mechanisms (Figure 3). The focal planes most
closely aligned with the obligue faults sonth of Cape Kamchatka
suggest that the sense of slip is consistently right lateral.
Arguably though, post-Miocene thrust faclting mapped on Cape
Kamchatka [Markov er al,, 1969; Zinkevich et gl, 1985] seems to
be aligned with the offshore faulting to the south and, with
evidence of a reverse component in some of the focal

mechanisms, also suggests contractional deformation oblique to.

the subduction zone in the offshore reglon, Purtherimore, near the
Kamchatka Trench, single-channel seismic reflection data
indicate that the oblique faults have a2 thrust component
associgted with the development of an dccretionary wedge
(Figure 5). It is apparent therefore that both thrust and strike-slip
displacements occur on offshore faults adjacent to the collision
zone,
Seismicity

In: the vicinity of a collision zone, earthquakes provide the best
indicator of the present-day stress regime. A map of epicenters
{magnitude 2 and greater) was compiled from the Soviet "SSR"
catalog available from the National Earthquake Information
Center's global hypocenter database (Figure 6). Epicenters
displayed in Figure 6 are from 1965, after the installation of the
Kamchatka scismic station network in the early 1960s [Fedotoy

et al.,, 1990], through 1989. Epicenters within the latitude range
54,0°N-38.0°N, longitude range 160°E-164.5°E and hypocentral
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Figure 4. Single-channel seismic reflection ling B-49 across
Pokaty Canyon showing evidence for major fault at base of slepe.
Data were collected on USNS Barilett in 1970 [Buffington,
19731, Vertical exaggeration (V.E) is indicated on figure. See
Figure 2 for logation.

depths from 0-50 km are included. A 30-s and 13-km radivs
difference restriction was used in an attempt to eliminate
duplicate events.

Most of the earthguakes are concentrated in the offshore
region south of Beringa fracture zone and east of an apparent
aseismic front. From the data shown in Figure 6 and data from
Tarakanov [1987] and Fedotov er al [1988, 19907 the
Kamchatka ascismic front is characterized by a sharp decrease in
seismicity approximately 130 kin inland from the trench, similar
to the aseismiic front described by Yoshii [1975)] and Honda
[1985] for the Japan Arc. In lapan, Yoskii [1975] and Honda
[1985] also observe that trenchward of the aseismic front, the
upper plane of the downgoing slab is characterized by interplate
thrust-type earthquakes, whereas arcward of the aseismic front,
the upper part of the slab is characterized by within-plate
downdip compression. Below about 40 km the Wadati-Benioff
zone becomes apparent for the Kamchatka subduction zone south
of Cape Kamchatka. In map view the Wadati-Benioff zone
between S0 and 200 km bends sharply (30° counterclockwise)
north of Kronotsky Peninsula [Fedowv et al, 1988, 1990],
correlating with the inland shift of the volcanic axis to the north,
We speculate that the bend of the focal zone may be a result of
buckling the downgoing Pacific plate at the arc-arc junction.

Locally, concentrations of seismicity occur north of Cape
Kamchatka near Pokaty Canyon and #n unnamed canyon to the
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Figure 5, Single-channel seismic reflection line B-47 across the northern Kamchatka subduction zone. Data
wete collected on USNS Bartlett in 1970 {Buffingron, 1973]. Note evidence for sizable scoretionary wedge and
thrust faults disrupting the seafloor. Much of the sedimentary deposits from the Melji sediment tongue appear to
be subducted beneath the frontal part of the accretionary wedge. See Figure 2 for location,

north {Figure 4}, indicating active faulting in these areas. At the
latitude of Kronotsky Peninsula, transverse zones of shallow
selsmicity (< 50 km) scross the width of the Kamchatka
Peninsola indicate the presence of large-scale, transverse faulting
of the overriding plate [Suprunenko, 1970; Suprunenko et al.,
1973; Gordeyev et al, 1992] and, we believe, are related either o
extrusion tectonics of the Okhotsk plate or o the incipient
subduction of Meiji Guyot.

Landward of the offshore concentration of seismicity, the
Kuamroch thrast belt is associated with low-level earthguake
activity. We interpret that only the frontal part of the collision
zone or, conceptually, the contact beiween the Aleutian Arc and
Kamchaika is selsmically active. Conversely, delormation
related to the collision landward of the contact zone is largely
aseismic. Low-level earthquake activity I8 also coincident with
the voloanic axis.

Focal Mechanisms

Analysis of focal mechanisms of moderate to large
carthquakes provides additional information on the present-day
stress regime of the region (Figure 3). Table 1 is a catalog of
previously published focal mechanisms from 1964-1992. Foeal
mechanisms of earthquakes from 1964-1977 were determined
from body wave first arrivals [Cormier, 1973, Stauder and
Mualchin, 1976; Zobin and Simbireva, 1977, Newberry et al,
1986]. From 1977-1992, "best fit" fault plane solutions are from
the Harvard centroid moment tensor {CMT) calalog (references
for 1977-1991 solutions provided by Drziewonski et al. [1992]).
The CMT technigue is described by Dziewonski et al. [1981] and
Deiewonski and Woodhouse [1983]. The location of earthquakes
determined by the CMT technigue (centroid coordinates) is

different from the epicenters plotted in the seigmicity map of
Figure 6; the implications of the shifts in this region are discussed
in detail by Zobin [1991]. Also listed in Table | i5 the
compensated Hnear vector dipole (CLVI) ratio (fy,¢). whichis a
measure of the deviation from a "pure” double-couple source
[Frohlich and Apperson, 1992, For a pure double-couple source,
forva = 0, and for a pure CLVYD source, faeg = 0.5, Several
earthaquakes have fove > 0.30, indicating complex source
dynamics. Moreover, Zobin [1990b] illustrates that most of the
nondouble-couple earthguakes along the Kamchatka subduction
zone are concentrated at its terminus with the Aleutian Arc and
attribartes their origin to encved fanlt planes.

Focal mechanisms determined for the earthquakes listed in
Table | vary greatly in the region of the intersection between the
Kamchatka and Aleutian Arcs (Table 1 andd Figore 3). Several
tools are available to analyze the regional stress field from these
earthquakes. First, using a technique developed by Frohlich and
Apperson [1992] and Frehlich [1992], the principal stress axes
are plotted on a ternary graph where the three vertices represent
normal, strike-slip, and thrust mechanisms (Figure 7). (The
azimuthal gnomonic projection formula Usted by Frohlich and
Apperson [1992] and Frohlich 119921 contains a misprint, The
correct formula [Richardus and Adler, 1972] is used in Figore 7.}
The focal mechamisms generally fall in the strike-slip and thrust
fields, although there is a significant number of earthquakes that
can be classified as "odd" [Frohlich and Apperson, 1992;
Frohlich, 1992]. In addition, a contour stereonet plot of the P
axes from all of the earthquakes (Figure 8) indicates at least two
azimwthal trends with shallow dip. One trend is in line with the
direction of Pacific-North America relative plate motion [DeMets
et al,, 19901, The second wend at 11° is approximately paralle] to
the Kamchatka Trench, while a minor trend at 340° is obligue 1o
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Figare 6. Shallow seismicity (0-30 km} for the region near Cape Kamchatka from 1963 to 1990, Earthquakes
are magnitude 2 and greater and are located between 54.0°N-58.00°N, 160.0°E-164.5°FE. Radius of circle is

proportional to magritude on a seale of 2-8.

the trench. The diversity of focal mechanisms and multiple
trends of P axes indicate a complex stress regime that cannot be
characterized by a single stress tensor. The complexity of the
stress feld is most Hkely due to the dynamics of the collision,
The best method of analyzing the seismogenic deformation of
this region is to demarcate zones of similar deformation that can,
in turn, be related to the kinematics of the collision. Five zones
of similar deformation, along with their composite focal
mechanisms, are defined in Figure 9. The composite focal
mechanisms were calculated by summing the moment tonsors
{readily available only for CMT solutions) within a given zone.
The seismic consistency parameter C, of Frohlich and Apperson
[1992] 1s a useful measure of the similarity among carthquakes
within a specific region. As shown in Table 2, the seismic

consistency for the whole region is low {0.68), but for separate,
predefined regions of similar deformation the seismic consistency
increases to approximately 1.0, as one would expect,

Zone | is a region of right-lateral shearing distributed across
the width of the Aleutian Azc, if the NW-SE trending nodal plane
correspending to the trend of major shear zones is interpreted as
the faull plane. Alternatively, Newberry et al [1986] propose
that left-lateral fauliing parallel to the Kamchatka margin can
explain these focal mechanisms, although there is no structural
evidence of left-lateral transverse shearing of the far western
Aleutian Arc. Zone 7 is a region of combined strike-ship faulting
and compressional deformation normal 1o the Kamchatka margin.
We interpret this zone as the seismogenic compression zone from
the Aleutian Are-Kamchatka collision. North of Cape
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Table 1. Earthquake Coordinates and Source Parameters
Time, Lat, Long, Pepth, T Axis N Axis P Axis
Hvent Date urT N "B km Mag Az ] Az PI Az Pl fetvg  Reference

1 Nov, 4, 1964 0337 54.44 163.04 § 5,9: 314 20 264 64 220 20 Z

2 Oct. 16, 1965 2001 3607 164,68 4 5,2* 234 7 333 54 141 36 N Z
3 July 24, 1963 1145 5435 163,14 10-20 4,8* 7 5 54 3% 222 535 Z

4 July 19, 1966 0148 5624 164,83 26 §,3'* 253 4 144 80 345 9 72
5 Oct, 22, 1966 1247 54.58 162.26 30 SxS* 105 5 320 84 195 3 Z

8 Dec. 14, 1966 0159 3641 16128 10-15 4,6* 93 13 297 th 4 y: Z

7 Jan. 8, 1967 0302 36477 163.06 10-20 5.1* 286 1§ 143 64 20 i8 Z

g Jan. 8, 1967 0643 5533 10l 14 0.5 5.1* 220 12 102 &4 316 24 2z

9 Jan. 8, 1967 (832 56.08 HXN Y -5 4‘9* 282 15 145 74 18 13 Z
10 Feb. 6, 1968 (0447 54.48 6216 20 »«‘:»,8* 214 15 345 N 120 14 zZ

i3 Jan, 21, 1969 2312 5548 163.22 13 4,8* 185 3 282 30 56 & Z
12 Jan. 22, 1964 (042 5549 163.02 16 53?15 178 10 38 8 270 10 Z
13 Jan, 22, 1969 4317 5547 163.21 58 '5;()* 280 20 07 68 12 3 Z
t4 Jan. 22, 1969 0354 5547 163.10 3t 43@ 178 25 20 62 275 14 Z
15 Jan. 25, 1969 1210 5350 163.16 it 4,9és 322 34 130 40 36 & Z
H) Jan. 26, 1969 1595 53.84 162.93 16 53 265 73 80 16 i 3 C.Z
17 Jan. 29, 1969 0518 3544 163.03 10 N:ﬂ\& 262 18 94 44 310 44 Z
18 Feb. 12, 1969 153% 55.46 163.10 510 5.1 116 40 330 48 222 16 Z
19 Nov. 22, 1969 2310 576 163.54 33 ?,71 319 38 UL 2 112 29 5,CZ
0 Dec. 2, 19659 0412 5718 163,48 320 5.4 163G 15 35 45 268 4G Z
21 Bec. 8, 1959 0518 57.07 163.05 G-8 465 170 43 40 40 288 26 Z
22 Blec. 23, 1969 1322 57.32 163,140 33 547 282 38 74 2% 170 13 C.Z
23 Feb. 6, 1970 Q012 34,31 163.39 49 56" 120 > 325 50 210 2 Z
24 hine 19, 1970 1’53 5728 163.30 10 527 185 10 52 6 26 10 Z
25 Pee. 15,1971 {829 56.00 163.26 33 78% 338 43 223 16 126 38 502
26 March 4, 1973 1758 548 161.6 32 61" %0 W 5 136 20 5
27 Jan, 28, 1975 1153 56,06 164.66 7 515 247 13 92 w37 2 N
28 April 12, 1977 0354 3564 164.5¢ 42 50" 76 | & It F IR ()] 3 N
26 Ot 20, 1977 o818 5639 i64.36 15 5‘43" 98 i 333 84 189 3 008 3
30 March 2, 1978 1435 55,10 164.50 15 st 106 W 322 78197 7 (.088 )
31 March 3, 1978 1053 53.03 164.21 17 &Q$ 104 4 346 82 194 7 05 D
32 Nov. 2, 1979 1345 5584 164.19 40 578 2 40 42 49 183 19 4102 D
33 Nov. 13, 1980 1952 5534 161,96 49 568 348 62 227 14 131 24 (.089 D
34 Feb. 9, 1981 1248 5503 165.71 21 5.5% 226 i3 128 31 336 35 Dot ]
35 May 31, 1982 1021 5532 164.65 18 55? 265 18 19 5 163 33 0088 D
36 MNov, 21, 1982 2327 53.29 163.38 ig 62F 317 63 216 5 i24 % 0074 D
37 Jan. 5, 1983 201 54.37 163.72 11 5.8$ 328 &2 218 i 123 2% 0.010 D
38 Jan. 9, 1983 2104 54.73 16426 i3 s0f 318 216 4 124 260002 D
349 Aug. 17,1983 1056 55.30 161,78 77 704 k¥ 6 239 19 147 7 0057 D
40 March 26, 1984 2312 56.21 163.26 41 545 46 62 252 2 160 28 0056 D
41 Aung. 4, 1984 (812 55.66 163.06 32 545 110 3 12 W I 15 0086 3
42 Nov. 1, 1984 1843 55.23 163.58 14 63% 266 5 167 6% 0 31 028 D
43 Dec. 28, 1984 1037 5624 163,80 22 &1+ 223 3z 24 56 127 5 0264 4]
44 Jan, 30, 1985 (324 56.52 163.47 34 53t 226 62 9 23 166 8 042 »
45 March 6, 1985 232 3508 162.45 43 5o a2 " 216 b 124 4 (1199 D
46 July 29, 1683 0632 56.37 t64.82 23 56t 260 10 24 72 167 15 007 D
7 Jan, 1, 1986 2210 36.18 164.76 28 s1F 0 a3 H o7 g 189 16 01491 b
48 April 1, 1936 1341 54.46 161.94 47 ﬁ.éf 323 o 21 5 120 13 0.003 D
49 May 2, 1935 14630 5542 163.53 24 6.1% 272 3 173 66 3 24 (348 D
30 Sept. 23,1986 H41 36.14 164.13 32 5.3? 14 T 110 i 200 13 0300 D

b3 | Jan. 19, 1987 0648 5492 163.49 36 S,éf 225 1 98 9 195 2 0019 B
82 Feb. 14, 1987 1642 34.30 161.73 33 55% 225 65 23 4 U8 8 0108 D
53 by 10, 1987 1850 85.33 165.19 28 6‘35 79 4 349 67 170 23 0014 )
54 Fufy 11, 1987 1452 3537 16521 34 5.1 76 28 295 36 176 18 0189 D
55 Aug. 12, 1987 (434 54.87 162,36 22 3% 764 ag 1% 27 134 48 01 D
56 Sept. 26, 1987 0531 5564 164.84 17 55 273 2 37 74 181 130143 B
5% July 26, 1988 (632 55.82 163.98 [+ 5.4% T4 3G 239 59 340 G 0203 D
58 Jan. 27, 1989 0835 56.54 164.05 24 6.3 71 4 323 79 162 0 3140 D
39 April 27, 1989 194G 56,53 164.14 35 53t 4 28 37 39 144 11 0130 D
60 May 24, 1989 1331 36,42 164.05 44 63t 24z 12 73 78 332 2 0063 D
&1 Aug. 30, 1989 307 54.20 163.18 33 5.3+ it Mo 210 16 119 5 Q303 D
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Time, Lat, Fong, Bepth, T Axis N Axis P Axig
Bvent Date UT N °E kin Mag Az Pl Az ¢! Az Pl Jolvd  Reference
62 Oct. 15, 1989 0506 5597 15400 33 52% 93 5 339 ™ 185 13 013t D
63 June 23, 1990 0719 5638 164.45 28 528 236 & 186 B4 346 6 0037 D
64 Dec. 26, 1991 1136 54.42 163.07 138 s4F s 60 228 13 1x 21 0112 D
65 Jume 19, 1992 04903 54.37 160.69 KE 49t 204 63 58 15 153 0 0384 D
66 July 4, 1992 0326 54.08 162.48 a4 5.3% 30 73 213 | A Vs i 418l D
&7 Nov. 27, 1992 0133 54.87 162.86 15 sat 13 63 210 26 117 6 0.209 5

Abbreviations include lat, lasitude; Jong, fongitude; mag, magnitude; az, azinuth, in degrees; pl, plunge, in degrees; fo|vd. compensated linear

veotor dipole ratic. References are Z, Zobin and Simbireva [1977]; N, Newberry et al. (1986]; C Cormier [V9751, § Stauder and Mualchin [1975];
B Harvard centroid moment tensor (CMT) database (see Dziewonski et el [1592] Tor references).

agMagniiuds is mp, body wave magnitade,
M  is serface wave magnitude.
gMW is moment magnifude.

Kamchatka, zone 3 represents four moderste, offshore strike-slip
earthquakes (Figure 3) and concentrations of seismicity
coincident with offshore canyons (Figure 6). Zone 4 s 4 region
of strike-slip faulting with right-lateral offset based on the
correspondence between mapped faults and NW-SE trending
nodal planes. There is some overlap between zones 2 and 4 just
south of Cape Kamchatka. Relating these zones to the collision
process, there is a significant component of compressional
deformation directly east of Cape Kamchatka that is surrounded
by zones of strike-glip faulting. In our view, zone | indicates
westward transport of the Aleutian Arc, whereas zone 2
represents the arc-continent contact, and flanking zones 3 and 4
are regions of strike-slip deformation adjacent to the collision
zone. Zone 3, at the latitude of Kronotsky Peninsula, represents a
region of reverse and thrast faulting of the overriding plate linked
to the incipient subduction of Meiji Guyot (Figure 5).

A ¢imilar type of deformation analysis has been performed by
Zobin [19908, ¢, 1991] aleng the Kamchatks subduction zone,
although with significantly different results. Zones 2, 3, and 4 of
Figure 9 are included in one zone by Zobin [1990a, ¢, 1991] that
is characterized by normal and strike-slip fauiting, In addition,
his zone that extends along the Aleutian Arc cast of Cape
Kamchatka is characterized by pormal faulting rather than strike-
slip faulting as shown in Figure 9. However, farther south along
the subduction zone, Zobin's results are consistent with thrust and
reverse faulting of the upper plate. Eartlier studies [Zobin and
Stmbireva, 1977; Zobin, 1979] delimit zoncs that are similar in
both extent and style of deformation to the zones shown in Figure
9. Zobin [1990a, c] and Zobin et al. [1990] also calenlate the
average strain tensor from the sum of moment tensors over 25-

Kamchatka, they estimate positive vertical strain rates and
shortening parallel fo the trend of the Aleutian Arc, consistent
with collision-induced stresses and with the above observations.

Paleomagnetic Besults

Paleomagnetic data from Oligocene to Miocene rocks directly
south of Cape Kamchatka (Figure 2) indicate 49°+13° of
counterclockwise rotation [Bazhenov ef gl, 1992]. The sense of
rotation is consistent with the dynamics of collision, although a
similar amount of rotation is also estimated for middle Eocene
sumples from farther south on Kronotsky Peninsula.

Summary of Deformation Indicators

The previously described geological and geophysical mapping
and earthguake studies all indicate that the Aleutlan Arc is
actively colliding with Kamchatka and that deformation related to
the collision extends inland and to the north and south of the
colfision zone. As indicated by the composite focal mechanisms,
the zone of active collision is directly east of Cape Kamchatka
(Figure 9), although seismicity indicates that this zone may
extend to the Ust-Kamchatka fault zone (Figure 6). This
seismogenic zone can be thought of as the contact between the
Aleutian Arc and the Kamechatka margin, with deformation
related to the colliston occurring aseismically inland to the
Kumroch Range and seismically offshore to the north and south

Strike-Slip

Normal

Figore 7. Triangle diagram of earthquakes shown in Figure 3
using method of Frohlich and Apperson [1992] and Frohlich
[1992]). Vertices represent vertical T, B, and P axes. Strike-slip
and normal mechanisms are defined as having B and Paxes dip >
60° and throst mechanisms as having T axis dip > 30°
Earthquakes satisfying none of these criteria are defined as "odd.”
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& 1=
A0 !

Figure 8. One-percent area conicur plot of P axes from
earthquakes shown in Figure 3. Plot is lower hemisphere equal-
area projection. Thick line represents trend of Pacifie-North
American plate convergence. Thin lines indicate two other minor
trends, Contour interval is 2% of the total number of earthquakes
(N=67),

of Cape Kamchatka. Deformation associated with the Aleutian
Arc-Kamchatka collision involves {1} uplift and crustal
thickening coincident with the Kumroch Range, (2) curvilinear
thrust faulting of the Kumroch Range generally concave toward
the collision zone, and (3) complex offshore strike-slip faulting
with a significant component of shortening obligque to the margin
north and south of the collision zone,

Deformation Modeling

The observed deformation can be related 1o the dynamics of
the arc-continent collision using recently developed continuum
models. Although movement along individual faults can not be
estimated by continuum modeling, the strain rate tensor and
therefore the style of deformation can be determined. I addition,
messures of finite strain (e.g., crustal thickening and finite
rotation) derived from the modeling can be compared with
available field data. We ugse the thin viscous sheet theory
formulated by Eagland and McKenzie [1982, 1983] and Vilotte et
al. [1982] o study the deformation associated with the arc-
continent collision. Previously, this approach has been used
extensively to analyze the dynamics of the India-Asia collision
zone [Vilonie et al., 1984, 1986; England and Houseman, 1986,
1988, 1989, Howseman and England, 1986], transcurrent plate
boundaries [Sender et al., 1986], continental extension [Sonder
and England, 1989), and island arc deformation [Geis? and
Scholl, 1992; Geist er g, 1993]. A variation of thin sheet
modeling has also been employed by Bird [1989] to take into
account a stratified or vertically varying rheology, which was

used to study the Laramide orogeny of the western United States
[Bird, 1988, 1989]. An additional variation developed by
Wdowinski er al. [1989] and Wdowinski and O'Connell [1991]
uses thin viscous sheet theory coupled with the effects of
asthenospheric corner flow to model continental deformation
assoclated with subduction zones.

Theory

Thin viscous sheet models use a power law constitutive
relation and approximate deformation by vertically averaging
stress and velocity over the thickness of the lithosphere [England
and McKenzie, 1982, 1983; Vilotee er al, 1982}, Forces involved
in deforming the lithogphere arg tectonic (boundary) forces and
buoyancy forces that arise from horizontal gradients in crustal
thickness [Arryushkov, 1973]. The two primary model param-
eters are the effective power law exponent n and the Argand
number Ar, which is & measure of the vertically averaged strength
of the lithosphere [England and McKenzie, 1982; Sonder and
England, 1986]. The Argand number is defined as

i)

- {
PRI LT o
Buy

where g is the gravitational acceleration, L is the thickness of the
lithosphere, up, is the characteristic convergence velocity, and g,
and p,, are the crust and mantle densities, respectively. B is a
constant that includes the emperature dependence of rheology
averaged throughout the lithesphere, which for a constant
geothermal gradient 1 approximated by

2 A
BaA Or exp( RT, ] 4

In this expression, A is the preexponential constant in the power
law relation, Ty is the Moho temperatute, R is the gas constant,
¢} is the activation energy, and v is the geothermal gradient
[Englund, 1983; Sonder and England, 1989]. Punctionally, the
Argand number regulates buoyancy forces opposing tectonic
forces in deforming the Hthosphere. An Argand number of zero
indicates that large contrasts in crustal thickness can be sustained
and as Ar—yw, deformation approaches plane horizontal strain
[Sonder and Englond, 1986). Negative values of Ar, indicating
that buoyancy forces augment rather than oppose the driving
forces [Sonder and England, 1989), are not used for this study,
The power law exponent » ranges between 2 and 3 for most crust
and mantle rocks [Kirby, 1983; Kirby and Kronenberg, 1987}
Because the rheology is vertically averaged throughout the
iithosphere, however, higher values of the effective power law
exponent take into account brittle and perfectly plastic behavior
of rocks in the upper crust and the upper mantle [Sonder and
England, 1986]. Also, Ranalli [1984] and Mackwell {1992]
postulate that under specific rheological conditions, n may he < 2
for rocks in the upper mantle . For these reasons, we test a wide
range of Ar and » values.

Boundary Conditions

The boundary of the collision zone is interpreted to the
western limit of seismicity in the western part of Cape
Kamchatka {(Figure 63. The boundary could be farther eastward
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Figure 9. Zones of earthquakes with similar focal mechanisms. Composite focal mechanisms were calculated
from moment tensor sum of CMT solutions (zone 3 has no CMT solutions). Single-line patterned areas represent
zones of predominant strike-slip deformation; erose-lined aress, compressional deformation, Finer cross-lined
arga near southern Cape Kamchatka denotes overlap between zones 2 and 4. Source parameters and selsmie

consistency for each zone are given in Table 2.

as defined by the "contact zone” in Figore 9, although strike-slip
deformation related to the westward transport of the Aleutian Arc
probably extends through Cape Kamchatka, Inasmuch as there is
uncertainty in the location of the collision zone boundary, it is
even less clear as to how the boundary evolved during the
collision. For modeling purposes we chose the simplest case of 2
stationary boundary coineident with the western edge of zone 2
shown in Figure 9.

Boundary conditions are stated in terms of velocity rather than
stress to model the collision of the Aleutian Arc with Kamchatka.
Although temporally constant velocity boundary conditions
imply that the tectonic force must increase with increasing and
opposing buoyancy lorces [Wdowinski and O'Connell, 1990],
velocity boundary conditions are better constrained hy plate
motions than are constant stress bonndary conditions, Owing to
slip partitioning of the Aleutian Arc [McCaffrev, 1992], the
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Table 2. Seismic Consistency and Composite Solutions for Zones of Uniform Deformation

Composite Sclution
Zone Nurber of Focal Number of CMT  Seismic Consistency, £ A%is T Axis
Mechanisms Solutions Cq Az Pl AL M
Whole region &7 38 .68 — o
Zone | 21 16 (.89 164,20 257.%8
Zone 2 4 4 1.00 27,9 223,33
Zone 3 4 G R — ———s
Zone 4 13 4 (.98 82 278,04
Zone 5 17 H .99 146,7 35,70

CMT, centroid moment tensor; az, azimuth, in degrees; pl, plunge, i degrees. See Figure 9 for

dingran of zones,

granscurrent velocity of are rocks s estimated 4l 35% of the
tangential component of relative Pacific plate motion by Geist
and Schell 11992] and 60% by Lkstrom and Engdahl [1989] in
the cerdral sector of the Aleutian Arc. At the far western end of
the Alegtizn Arc it is snelear how much of Pacific-North
Asnerican plate motion is transmitted 0 westward motion of the
arc massif. Also, #t is likely that only part of this transcurrent
motion is applied at the collision zone, the rest being taken up by
subduction beneath Kamchatka. Therefore rather than
predefining the velocity of the Aleatizn Arc at the collision zone,
we adjusted the magnitude of the boundary velocity so that the
predicted crustal thickening matched the crustal thickening
determined by Pavlov and Yunov 19701

Two sefs of boundary conditions are examined (1) zero
velocity adjscent to the collision zone and (2} constant velocity
south of the collision zone relating to horizontal compression
along the Kamchatka subduction zone. It is ualikely that the
boundary velocity abruptly increases at the edges of the Alentian
Arc, Therefore a sinusoid shape function is used for the
boundary conditions (similar to the boundary conditions specified
for ridge subduction by Geist ef af. [1993]) that represents
decreased coupling along the flanks of the Aleutian Arc.
Analytically, the boundary conditions are specified as follows:

H{Xp,¥) =i, sir%(yi) Osysw BCset |
n)

3
O0<ysw

yal

. 7
g yy=u, sxz{y»:;)

Xy, y) =00,

BC set 2

where the v axis is paralle! to the Karchatka subkinction zone,
the x axis is parallel to the Alentian transform boundary, w is the
width of the Aleutian Arc, u, is the empirically derived velocity
of the far westerr: segment of the Aleutian Are relative {0
Kamchatka, and u,, is the relative convergence of the Pacific plate
toward Kamchatka., South of the collision zone for boundary
condition (BC) set 2, a proportionality constant (¢, analogous to
coupling) is used to account for the fact that not all of the Pacific-
North America relative velocity is applied to the Kamchatka
margin. The values for the parameters described above are given
in Table 3, except for u, and ¢y, which are given in the figure
caption for each model.

The duration of the model s 3 m.y. based on the approximate
onset of collision of Cape Kamchatka. The onset of collision is

estimated 1o be at the end of Miocene time based on movement
along the Grechiskkia thrust that placed Cretaceous racks of the
Kumroch Range over early fo middie Miocene sedimentary
deposits [Markov et al., 1969; Shapire, 1980; Tsukanov and
Zinkevich, 19871, The collision may have initiated earlicr than 5
Ma if the 15 Ma switch from transtensional to franspressional
regime zlong the western Alentian Arc was caused by the
collision [Yogodzinski ef al, 1993]. Concurrent with the 5 Ma
age, however, accelerated deformation related to increased
interplate coupling affected the Aleutian Arc and included block
rotation and shearing of the arc massif and compresstonal
deformation of the ouler foreare [Scholl et al,, 1987, Geist ef al.,
1988; Rvan and Scholl, 1989]. Thus lateral movement of the are,
if not initiated at approximately 5 Ma, accelerated to provide the
driving force for the arc-continent collision.

Resuits

We first examine the two sets of boundary conditions to
determine which best approximates the fanlt trends of the
Kumroch throst belt,  For this test, #=3, corresponding to the
experimentally derived value of s for most lower crustal and
mantle rocks [Ashby and Verrall, 1977, Goeze, 1978; Weermman,
1978: Brace and Kohlstedt, 1980; Karate er al,, 1986], and
Ar=10, corresponding to the upper limif of optimal values of Ar
determined by Houseman and England 11986} for the India-Asia
collision. For the first set of boundary conditions {collision only}
the maximum horizontal stress axes symmetrically radiate out
from the colfision zone (Figure 10g). Note that the compressive
stress axes are approximately perpendicular to the trend of the
faults within the thrust zone to the north, but to the south the
correspondence breaks down, The second set of boundary
conditions (collision with subduction related compression to the
gouth} results in maximum horizontal compressive siress axes
approximately normal to the fault frends both north and south of
the colliston zone (Figure 106).

Regions of different styles of faulting are also indicated in
Figures 10a and 10b by the two-letter mnemonic as described by
Housemear: cnd England T1986) and Bird [1989]. The first letter
denotes the primary style of faulting (N, aormal; T, thrust; S,
strike slip), with the second letter denoting the secondary style of
faulting. For gxample, NS represents normal faulting with a
minor strike-slip component; TT represents thrust faulting
parallel to both horizontal principal stress axes. For both sets of
boundary conditions the style of deformation includes primary
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Table 3. Parameters Used in Caloulagons

Definition Value
W width of are 128 kem
z gravitationa! accelerstion 28ms
b, erust depsity 28x10kgm
2, mantle density 33x10kgm
L Hthosphere thickness 80 km
Ton brittle-ductile 300°C
temperatie
R gas constant §.314 I mol K
Q. activation energy for quartz 2,19 % 10% J mol!
power law flow
¥ fower crostal gectherm 20°Ckm
g steain rate 50% 118 g T
A canstant for quartz power 5.0x 16% g  Mpa®
law flow
2, activation energy for olivie 5.2 % 16° ) mol!
power law flow
A, constant for olivine 7.0x 104 s MPa
power law flow .
¥, mantle geotherm 18°%CKkm; 20°Ckam; 24°Chkm
‘Iif Moo temperature 650°C; 750°C; 850°C"
6y -6y )39 stress difference at britle- 240 MPa; 200 MPy; 160 Mpa®
ductile trangition
Ten depth at brittie-ductile 20km; I5km; 10 km”
trangition

" First value refers to "cold” lithosphere; second to "sormal” lithosphere: third to

"hot" lithosphers.

thrast fanlting (TS) in front of the cellision zone and primary
strike-siip faulting (8T} to the north of the collision zone. Unlike
the first set of boundary conditions, bowever, the region to the
south of the collision zone for the second set of boundary
conditions is characterized by thrust faulting parallel 1o hoth
principal horizontal stress axes (TT), owing w the combination of
compression radiating from the collision zone and the imposed
convergent boundary condition related to subduction of the
Pacific plate south of the collision zone. As shown previously by
the focal mechanism studies (Figure 9), incipient subduction of
Meiji Guyvot and increased coupling from the large amount of
sediment being subducted north of Melji Guyot, is likely to
locally increase compressive stress along the Kamchatka

 subduction zone, The second set of boundary conditions (a
combination of collision and subduction zone coupling to the
south) best matches the orlentation of faults within the Kumroch
thrust beit and thus will be used to further investigate the effects
of varving n and Ar.

Finite strain indicators {crustal thickening and finite rotation)
indicate that deformation is concentrated within approximately
100 km of the collision zone. Figures 10c and 10d are maps of
ctustal thickness and finite roration, respectively, for the second
set of boundary conditions, As shown in Figure 10¢, the collision
produces locally thickened crust in front of the collision zone
with the maximum crustal thickening located 40 km from the
boundary. The finite rotation field (Figure 10d) is caleulated by
integrating half the vorticity over the duration of the model. This
quantity represents the rotation of bodies with small dimensions
relative to the deforming medium and is distinguished from the

rotation of material vectors between two points within the
medium by McKenzie and Jackson [1983]. The bipolar pattern
of finite rotation signifies clockwise rofation north of the
collision and counterclockwise rotation to the south, with a larger
amourt of rotation to the north corresponding to the radiating
stress field. The predicied sense of finite rotation south of the
collision zone {counterclockwise) is the same as that for the
paleomagnetic analysis of Oligocene to Miocene rocks in this
same region [Bazhenov el al, 1992], although the
paleomagnetically measured rotation is much greater than that
estimated by the models.

We now vary the effective power law exponent n to observe
how the collision- induced deformation is affected. The effect of
increasing # is to concenirate deformation in regions of highest
stresg, 8 phenomenon known as shear thinning {England and
McKengie, 1982]. The stress flelds (Figure 11) and ¢rustal
thickening maps (Figure 12) are calculated for values of #
between | and 7. For n=1 the principal compressive stress axes
radiate about the collision zone, more so than for »=3 (Figore
11}, Also, the dominant style of faulting is strike slip with a
minor thrusting component (§T) rather than primary thrust
faulting (T8). As n increases, thrust faulting becomes more
predominant. Crustal thickening becomes greater and more
compressed near the collision zone with increasing » (Figure 12},
In addition, crustal thinning adjacent north and south of the
collision zone is evident for a=1, 3 but not for higher 5. There is
little change in the finite rotation field with increasing n (aot
shown). Thus increasing » from 1 to 7 results in a change from
diffuse deformation to deformation concentrated near the
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collision zone and from predominantly strike-ship faulting to
thrust faulting.

Muodel results for » = 3 are compatible with the trend of throst
fauite througheut the Kumroch Range and the lateral extent of
erustal thickening. For the case where a=1, stress magnitudes
and orientations are inconsistent with the orientation of thrust
faulting in the southern part of the Kumroch thrust belr.
Moreover, thrust faulting is secondary o strike-slip faylting for
#=] in the region of the thrust belt. This model also yields a zone
of crustal thickening much larger in lateral extent than is
predicied by the gravity data [Paviev and Yunov, 1970;
Gnibidenko ¢t al, 19741, For models where 5 2 3, the mazimum
horizontal compressive stress is consistently normal to the rend
of the thrust faults and the predicted region of crustal thickening
is restricted fo near the collision zone, consistent with the gravity
modeling, Forthermore, as n increases to 5 and greater, crustal
thickening is predicted south of the collision zone, as s also
indicated by the gravity data. We interpret that southward
extension of the zone of crustal thickening is linked to
subduction-related compression, For a=3 the regions of crustal
thinning adjacent to the collision zone correlate spatially with
Pokaty and Nerpiciyye Canyons, If these canyons are structurally
controlled and formed in response to the collision, n is
consteained to a value of 3 because depressions in the crustal
thickness do not form for n>3. However, this is a weak
constraint at best. Thus, based on the lateral extent of crustal
thickening and stress orientation and magnitude in the southern
Kumroch thrust belt, the effective power law exponent can only
be constrained to values of 3 or greater.

In a similar manner wo vary Ar soad note the corresponding
changes in deformation. Increasing Ar decreases the ability of
the lithosphere to sustain crustal thickness contrasts. For the case
of the Alemtian Arc-Kamchatka collision the radiating pattern of
maximun: compressive stress axes becomes more evident as Ar
increases from 0 to 100 (Figure 13). For Ar=0 the maximum
compressive stress axes south of the collision zone are oriented
rormal 10 the boundary, whereas for Ars=100 these stress axes are
highly obligue to the boundary. Moreover, the zone of
predominant strike-slip faulting (8T} north of Cape Kamchatka
expatids southward with increasing Ar.  As expected, the
magnitude of crustal thickening in front of the collision zone
decreases with increasing Ar (Figure 14), The finite rotation field
does not change appreciably from what is shown in Figure 10d,
Thus values of Ar between 0 and 30 are similar and consistent
with the orientation and extent of thrust faulting. For Ar > 30 the
extent of dominant strike-slip faulting and the orientation of
tnaximuin compressive stress in the southern part of thrust belt
are inconsistent with the observed style of deformation.

We are able te model the style and extent of deformation
related o the arc-continent collision using thin viscous sheet
theory. Values of # and Ar are loosely constrained w0 1 2 3 and
Ar % 30, Whereas, for example, the extent of crustal thickening
and style of faclting are well matched with the modeling, the
magnitude of finite deformation {crustal thickening and finite
rotation) may not be as well estimated. This is related to the fact
that modeling finite deformation is dependent on the magnitude
of the boundary velocity condition and the duration of its
application, both of which are poorly known, Therefore the
obiserved style and extent of faulling, focal mechanisms, and
extent (rather than magnitude) of crustal thickening are most
ugeful in evaluating the deformation models.

Implications for Average Physical Properties
of tlie Lithosphere

The results of the previous section can be interpreted in terms
of measurable rock properties following the analyses of England
{1983] and Sonder and England |1986]. An equivalent definition
of the Argand number is

. gpr(l_?v!pm)[}&{lbz#f)
£y

Ar

@

written in terms of F;, the vertically integrated strength of the
lithosphere, rather than the rheological coastant B [Sender and
England, 1986). In tarm, F; is estimated by separately estimating
the integrated strength of the upper crust (Fpyed, lower crest
{Fre), and mantle (Fyy). Hxpressions for each of these values are
derived by England [1983] and Sonder and England {1986] and
gre given below

Gn <200MPa (5)

Fye 24255(0,-03),,

where zyp is the depth to the brittle-ductile transition and G, is
the effective normal stress on a fault [Bverlee, 1978; Brace and
Kohisted?, 1980}

3 .
Fw - TB,&??CR {i] ex ?{ Qc J &

- Qc‘f ¢ Ac I’fc R TBD

where £ is the average strain rate, Tpp is the absolute
temperature at the brittle-ductile transition, v, is the lower crustal
geothermal gradient, R is the gas constant, and A, n, and O, are
constants for the quanz flow law; and

lin
Fyw Tigny R £ ﬁexp 9 ¢
"T0, 4, n,RTyy

where Ty is the absolute temperature at the moho, v, is the
mantle geothermal gradient, and Ap, 1, and Qp gre constants for
the olivine flow law. Constants for the above expressions are
given in Table 2. We use typical values for @, 0. A, and A,
from Kirby and Kronenberg [1987]. By using a single value for
n {le, n=n, = n,) over the thickness of the lithosphere, the
relationship between # and Ar can be examined (Figure 15). For
most lower crustal and mantle rocks, the value of n ranges
between 2 and 3 [Kirby, 1983; Kirby and Kronenberg, 19871,
whereas higher values of n reflect the dominance of low-
temperature, high-stress plasticity in the upper mantle [Ashby and
Verall, 1977, Tsenn and Carter, 1987)] and friction on faulis in
the upper crust [Sonder and England, 19861, Three cases are
considered based on different possible thermal structures for the
Hthosphere, labeled “cold,” "notmal,” and "hot” lithosphere in
Figure 15. If we fix the temperature at the brittle-ductile
transition to 300°C [Sibson, 1984], zpp can be determined from
the thermal structure derived by Smirnov and Sugrobov [1980]
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crastal thickness [Paviov and Yunov, 1970]. Lines are dashed where exirapolated based on trends indicated by
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Figure 18, Effective power law exponent »n versus the Argand number Ar for three thermal and strength profiles
applivable to the Kamchatka subduction zone [Smirnov and Sugrobov, 1980; Sugrobov and Yanovsky, 1993].
Values for Ar were obtained from equations derived by Englaad [1983] and Sonder and England [1986] by
separately esiimating the vertically integrated strength of the upper and lower crust and mantle. Dotied area
represents region where Fyy » Frye; unshaded, where Fe > Fyy . Prrameters used in the calculations for each
of the three cases are listed in Table 3. Optimal ranges of # and Ar from medeling results are indicated by dashed

lines.

and Sugrobov and Yanovsky [1993]. Likewise, Ty is determined
frora the combination of the thernmal strecture and the crustal
structure of Marakhanoy and Powap'ev [19811L The stress
difference at the brittle-Juctile transition is approximated using
curves published by Sibson 119841 Regions where Fye =Fyy
and where Fy >Fye are also shown in Figure 15,

As expected, Ar is higher for lithosphere with an elevated
thermal structure corresponding to lower vertically integrated
strength. As n increases, the curves approach a constant vahue of
Ar, representing the dominance of the Fye term. For very high
{>1000, not shown), Fy - increasingly contributes to F;, whereas
for lower values of n, Fre-is insignificant in its contribution to Fp,
[Sonder and England, 1936].

Optimal values of n23 and Ar<30 from deformation modeling
correlate with the normal or cold lithesphere in Figure 15. From
the Kamchatka thermal data [Smiémoy and Sugrobov, 1980, 1982;
Sugrobov and Yanovsky, 1993] the normal and cold lithosphere
corresponds to the thermal structure of the foreare and trench,
while the hot lithosphere corresponds to the arc or back arc (Sea
of Okhotsk) thermal structure, The cold lithosphere also
corresponds to the thermal structure of the Kamchatks margin
north of Cape Kamchatks as determined by Kepezhinskas [19931
Thus we can roughly diseriminate hetween pimary ditferences in
the thermal structure of the arc lithosphere, although we are
unable to identify whether the upper crust or the mantle is the
sirength-controlling layer (Figure 15). Most likely, both the
mantle and upper crust significantly contribute to the strength of

the lithosphere. Interestingly, although there does not seem to
exist an expression relating the contribution of the strength of the
upper crust to the effective power law exponent, Sonder and
England [1986] note that even when the strength of the upper
crast and mantls are comparable, a power law relationship is
retained. This supports the use of a single power law exponent
applicable to the whole lithosphere even though each layer has a
different rheology [Sonder and England, 1986].

Conclusions

Distributed strike-slip motion across the westernmost or
Komandorsky segment of the Aleutian Arc results in the collision
of arc rocks with the Kamchatka Peninsula. The collision is
manifested onshore by a zone of thrust faulting and intense
compressional deformation, concave aboui Cape Kamchatka,
The seismogenic confact zone between the Aleutian Arc and
Kamchatka seems 1o be located just offshore of Cape Kamchatka.
Active strike-slip and thrust faulting is present offshore, north
and south of Cape Kamchatka, as revealed by seismic reflection
data and focal mechanisms, Thin viscous sheet modeling
indicates that the trend of faults within the Kamroch thrust belt is
related to compression from both the collision zone and from
sediment-induced coupling of the subducting Pacific plate to the
south. The modeling also indicates that strike-slip faulting north
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of the collision zone is related o the collision. Comparison of
the observed deformation to model results constrain the values of
n and Arto nz3 and Ars30. Although the range of optimal
values that best describes the collision process dees not

conpletely constrain the rheology of the continental lithosphere,
the valoes are consistent with a forears thermal structure,

Many questions regarding the dynamics of the Aleutian Arg-
Kamchatka collision are left to be answered, For example, if is
unclear if and how the Aleutian Arc is consumed beneath
Kamchatka. Also, geological studies to date have not resolved
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