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Abstract

A 3-D model of the seismic heterogeneities of P- and S-velocities has been constructed down to 1100 km beneath the Kurile–Kamchatka
and Aleutian subduction zones on the basis of the regional tomographic inversion of data from global seismic catalogs. Particular attention
is paid to verifying the data by different tests. A clear image of a classic subducting oceanic slab is observed along the entire Kurile–Kamchatka
arc, which coincides in the P- and S-models and with the distribution of deep seismicity. These data served as a basis for a parametric model
of the upper and lower slab boundaries beneath the Kurile–Kamchatka arc. According to this model, the slab has various thicknesses and
maximum penetration depths in different arc segments. In the southern part of the arc, between depths of 600 and 700 km, the slab moves
horizontally and does not penetrate the lower mantle. Beneath the North Kuriles and southern Kamchatka, it subducts down to 900 km. These
data suggest that the subducting slab becomes a viscous and nonelastic body and the changes in its shape may be due to phase transitions
with increasing temperature and pressure. We attribute its gentler dipping and thickening beneath the South Kuriles to the oceanic “pushing”
mechanism. The lithospheric thinning, steeper subsidence, and penetration into the lower mantle beneath the North Kuriles are due to the
predominant “gravity sinking,” or “slab pull,” mechanism.

Unlike some other researchers, we have obtained a high-velocity anomaly beneath the western Aleutian arc (not as clear as beneath the
Kurile–Kamchatka arc, yet quite reliable). It suggests the presence of a slab subducting down to 200–250 km. In the eastern Aleutian arc, we
clearly observe the Pacific slab subducting down to 500–600 km (somewhat deeper than in the previous studies).
© 2011, V.S. Sobolev IGM, Siberian Branch of the RAS. Published by Elsevier B.V. All rights reserved.
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Introduction

Subduction zones, which demarcate active oceanic margins,
are associated with the most intense geodynamic processes on
the Earth. Here, the highest plate-convergence rate is observed
(can exceed 10 cm/yr). Strong deformations accompanied by
fluid and melt migrations in the crust and mantle within a
relatively narrow zone at the plate boundary cause extremely
intense mechanical and chemical processes. These processes
are responsible for the diversity of geological structures in
subduction complexes. The vast majority of volcanic eruptions
and large earthquakes occur in subduction zones and are,
apparently, related to the processes in the subducting slab.

Studying the relationship between these phenomena is an
important objective, which attracts many geoscientists. 

The general concept of subduction is confirmed by ample
evidence and accepted by most experts. According to the
plate-tectonics theory, an oceanic lithospheric plate originates
near midocean ridges and thickens gradually while moving
toward oceanic margins. In the subduction zone, this cold
oceanic plate sinks into the mantle driven by convection flows
(thermal and gravity instability). In this case the subsiding
lithosphere undergoes structural and compositional transfor-
mations with changing PT-conditions. This releases the fluids,
which migrate upward from the subducting oceanic plate and
cause partial melting of the rocks in the overlying mantle
wedge and crust. These processes are responsible for volcanic-
arc formation along active oceanic margins and seismicity at
great depths. However, there are alternative explanations for
deep seismicity. For example, Sharapov et al. (1984) deny the
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existence of subduction and explain deep seismicity by
oscillating deformations owing to subhorizontal compression
between continental and oceanic segments of the tectono-
sphere. 

Although there is relative consensus about the general
subduction scenario, the details of this process are actively
discussed and debated. A lot of questions remain open;
answering them requires new data and additional studies. For
example, it is not always possible to describe subduction by
a 2-D model of a descending “conveyor.” The distribution of
deep seismicity and the existing seismic-tomography models
demonstrate that the subduction system can show wide lateral
variations. The causes of the latter are a matter of heated
discussion. The extremely heterogeneous composition of lavas
in arc volcanoes on active oceanic margins also invites
questions. Considerably different compositions can be ob-
served in volcanoes tens of kilometers apart or even in the
same volcano at different developmental stages. 

The present study focuses on the Kurile–Kamchatka and
Aleutian arcs (northwestern Pacific). In terms of global plate
tectonics, the recent geodynamics of the study region is
controlled by the convergence of the Eurasian, Okhotsk, North
American, and Pacific Plates (Fig. 1). The plate boundaries in
Fig. 1 are a result of many studies, which has recently been
refined by large-scale GPS measurements (Kogan et al., 2000;
Steblov, 2004) as well as topographic, bathymetric, and
seismic analysis. The existence of the Okhotsk microplate,
which is isolated from the North American Plate, is confirmed
by the slip vectors (Seno et al., 1996) obtained from the focal
mechanisms of earthquakes. The Okhotsk Plate can be subdi-
vided into two parts (Bogdanov and Dobretsov, 2002). The
first one, the Kamchatka–Okhotsk block (KOB) in the north,
is composed of continental rocks. Along with the Sea of
Okhotsk basin, it includes a continental-lithosphere area of the
Kamchatka Peninsula. Subduction under Kamchatka is quite
similar to the Andean subduction, where the oceanic litho-
sphere also subducts under the continent. The second one is
the Okhotsk block (OB) in the southern Sea of Okhotsk. It is
a backarc basin with well-pronounced spreading areas. Origi-
nally, this block consisted of products of oceanic-structure
accretion, which took place as the subduction zone migrated.

In the Commander–Aleutian (northern) part of the study
region, we distinguish the Bering block (BB) and the Western
basin (WB), which are separated by the Olyutor Ridge. The
BB is an accretionary block structurally similar to the OB.
The WB borders in the south on the Commander Islands shear
zone, where no manifestations of arc volcanism were found.
The BB has a small segment separated by the Bauer Ridge
which appears to be the more ancient extension of the Aleutian
arc. 

The deep interior structure beneath the study region was
discussed in numerous works based on different approaches
and data types. Geological and geophysical studies were
conducted in the Kurile–Kamchatka region as early as 1957–
1959. In this period the crust beneath the offshore areas around
Kamchatka was studied by deep seismic sounding along with
aeromagnetic and marine gravity surveying. These studies

enabled a general understanding of the main structural patterns
in the crust and distinguishing its major types (Gal’perin and
Kosminskaya, 1964). In the late 1961, detailed seismological
observations were started on the Kamchatka Peninsula and the
Commander Islands, and they are still in progress (Fedotov et
al., 1964, 1974; Gordeev et al., 1998). The active geological
and geophysical studies in the Sea of Okhotsk conducted in
the 1960s–1970s permitted compiling the first accurate tec-
tonic maps of the seafloor (Bogdanov and Khain, 2000;
Gnibidenko, 1979; Markov et al., 1967; Pushcharovskii et al.,
1977).

One of the most efficient approaches to studying the mantle
structure is seismic tomography involving natural sources
(earthquakes). The general shapes of subducting slabs in the
study area have been determined reliably by the existing global
models (Bijwaard et al., 1998; Li et al., 2008; Zhao, 2004).
However, these works show some differences which may
prove crucial in explaining lateral variations in the properties
of subduction zones. For example, according to the model in
(Li et al., 2008), there is no clear image of the subducted slab
beneath the Kuriles and Kamchatka. This is probably because
too conservative strong damping parameters were used and
this led to an oversmoothed solution. In our view, the most
reliable model is that in (Bijwaard et al., 1998), which will
be used for comparison with our results. 

A regional tomographic model beneath Kamchatka down
to ~200 km was constructed in (Gorbatov et al., 1997, 1999).
This study was based on the analysis of traveltimes from local
earthquakes. These authors found a fairly clear boundary
between a high-velocity subducting slab and the overlying
low-velocity mantle. However, the patchy structure of the
anomalies in this model may be due to unstable inversion and
high noise level in the data. Another regional study of the
Kurile–Kamchatka and Aleutian regions was conducted by
Gorbatov et al. (2001). It was based on the analysis of global
catalogs with the help of a scheme similar to that used in the
present study. On the basis of this model, they hypothesized
the existence of a mantle plume at the junction of the
Kamchatka and Aleutian arcs. On the basis of a similar dataset,
Gorbatov et al. (2000) proposed a model for subduction-zone
migration with episodic slab breakoff. Catastrophic slab
breakoff beneath Kamchatka is also suggested by Levin et al.
(2002) on the basis of a regional seismic tomographic S-model,
which was obtained with the help of surface-wave data. The
same model was used to explain the absence of the subducting
slab under the eastern Aleutian arc (Levin et al., 2005). Also,
we should mention the paper (Boldyrev, 2005), where, along
with seismic heterogeneity, the distribution of anisotropic
parameters is studied in the seismic focal zone beneath
Kamchatka.

Data from temporary regional networks were used for
teleseismic tomographic inversion, which was based on the
traveltimes from remote earthquakes (Lees et al., 2007; Zhao
et al., 2010). These authors clearly detect the upper boundary
of a high-velocity slab under Kamchatka. However, quasiver-
tical rays, which are used in teleseismic tomography, lead to
a low vertical resolution. This should be kept in mind when
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interpreting the slab images in vertical sections. Data from the
local networks on the Kamchatka Peninsula were also used
for local crustal and uppermost mantle tomography (Nizkous
et al., 2006). However, these studies are beyond the resolution
of the regional scheme used in the present work. 

As shown by the foregoing overview, the deep structure
beneath the Kurile–Kamchatka and Aleutian arcs was studied
by seismic tomography in numerous previous papers. In most
of the cases, the models proposed had similar general features,
but were considerably different in the details. Seismic to-
mography based on noisy data from natural sources is an
imperfect tool. Even the processing of one data set by different
authors often leads to different results. However, if several
models based on different data and approaches lead to similar
results, this is indirect supporting evidence for the reliability
of the results. 

We present models for P- and S-velocity anomalies in the
mantle down to 1100 km beneath a region with the boundaries
at 40°–63° latitude and 140°–190° longitude, which comprises
the Kurile–Kamchatka and Aleutian subduction zones. The
reliability of the structures obtained is demonstrated with the
help of several different tests. Also, we compare our results
with some previous models and provide a geodynamic expla-
nation for the structures derived. These results are used for
constructing the upper and lower slab boundaries beneath the
Kurile–Kamchatka and Aleutian arcs as parametric 2-D sur-
faces. 

Original data and processing algorithm

The present study uses global traveltime data on the P- and
S-body waves from the catalog of the International Seis-
mological Center (ISC, 2001) for 1964–2004. As compared
with data from regional and local networks, the advantage of
this catalog is the long record period and global coverage.
However, the quality of the ISC data is not high enough for
seismic tomography because of the abundance of defective
records and the use of outdated schemes for event localization.
Therefore, these data need preprocessing. The ISC data were
previously redetermined in (Engdahl et al., 1998) by more
sophisticated localization algorithms. We also revised the
global catalog using similar approaches, but with other, less
conservative, criteria for data selection. The algorithm for
event localization and outlier rejection which we used for
revising the ISC catalog is described in detail in (Koulakov
and Sobolev, 2006). The events were localized on the basis
of the spherical 1-D model AK135 (Kennett et al., 1995). The
traveltimes were corrected for the station elevation, the Earth’s
ellipticity, and the crustal thickness according to the global
model CRUST2.0 (Bassin et al., 2000). 

The tomographic inversion in the present paper is per-
formed separately in three overlapping circular areas with a
radius of 10°, which cover the study area (Fig. 2). The study
area was defined down to 1100 km. As demonstrated by
Koulakov and Sobolev (2006), the depth/width ratio ensuring

Fig. 1. Main geographical and tectonic units in the study region, with a topographic/bathymetric base map. Orange lines show tectonic-plate boundaries; violet ones
were drawn by us. The movement speed of the Pacific Plate is after (Avdeiko et al., 2007; Steblov et al., 2010). Red triangles show active volcanoes after (Simkin
and Siebert, 1994). WB, Western Basin; KOB, Kamchatka–Okhotsk block; OB, Okhotsk block.

652 I.Yu. Koulakov et al. / Russian Geology and Geophysics 52 (2011) 650–667



the best ray intersection is 1 : 2; this determined the dimen-
sions of the areas in our work.

Two groups of data were used for the tomographic
inversion. The first one comprised the times of wave arrival
from the events within the current circle, which were recorded
at stations of the global network at all the possible distances.
In the present paper, we used events with more than 50
recorded times. The second group comprised data from the
stations in the current area which recorded remote earthquakes.
In this paper, the minimum number of such stations per event
was 25. In total we used ~670,000, 250,000, and 270,000 rays
for each of the three areas. 

Regional tomographic inversion was performed by the
algorithm developed by Koulakov et al. (2002). In later works
this algorithm was modified substantially and used for study-
ing the upper-mantle structure beneath some regions: the
Pamirs and Hindu Kush (Koulakov and Sobolev, 2006), Iran
(Alinaghi et al., 2007), the East African Rift (Koulakov, 2007),
Europe (Koulakov et al., 2009), Asia (Koulakov, 2011), and
others. It is based on a linearized approach. All the calculations

are done on the basis of the rays constructed in the 1-D model
AK135 (Kennett et al., 1995). Note that a nonlinear algorithm
with 3-D ray tracing (for example, LOTOS (Koulakov, 2009))
is quite easily adaptable for this purpose. However, this would
make the calculation considerably longer, thus making it
difficult to evaluate the optimum inversion parameters. The
velocity distribution was set by node parametrization (Kou-
lakov et al., 2002). In our study the nodes were installed at
15 depths (50, 100, 150, 220, 290, 360, 430, 500, 570, 640,
710, 800, 900, 1000, 1100 km). At each level the nodes were
placed on parallel lines depending on the ray density. The
minimum distance between the nodes is fixed in areas with
high ray density. Where the ray density is below 10% of the
average, nodes are not installed. To minimize artifacts related
to the grid orientation, four models based on grids with
different basic orientations at 0°, 22º, 45°, and 67° are
calculated independently and then averaged in one model. 

The first-derivative matrix Aij, which is responsible for
variations in the seismic velocities in the study area, is
calculated along the rays constructed in the 1-D model. Along

Fig. 2. Distribution of data used in the paper. Colored dots are earthquake hypocenters within the corresponding depth intervals; yellow triangles are stations from the
ISC catalog; dark blue lines show the three circles where inversion was performed. Brown lines show the tectonic boundaries from Fig. 1.
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with the distribution of P- and S-velocities, the matrix includes
elements responsible for correcting the coordinates and the
origin times of the sources (four parameters per source) as
well as for station corrections. The matrix was inverted by the
LSQR method (Paige and Saunders, 1982; van der Sluis and
van der Vorst, 1987). Regularization, which ensures the
smoothing of the velocity anomalies, is performed by intro-
ducing an additional matrix block. Each of its lines has two
nonzero elements, 1 and –1, which correspond to the parame-
ters at the adjacent nodes. The inversion algorithm is described
in more detail in (Koulakov and Sobolev, 2006).

When performing the inversion, one faces the problem of
weighting different-dimension parameters (distribution of ve-
locities and source parameters, station corrections) and deter-
mining the smoothing parameters. This is an extremely
difficult and hardly formalizable problem. In our studies the
weighting parameters are estimated from synthetic tests, which
were done with realistic noise and under the same inversion
conditions as in case of real-data processing.

The main model in the present paper was obtained by
averaging 12 inversion results (four models for each of the
three circles). All of them were combined in one model

dV sum = ∑ 
i=1

M

C (d
cen) D (d

node) dVi / ∑ 
i=1

M

C (d
cen) D (d

node),

where dVi is the value of the velocity anomaly in the ith
model; M, number of models; C, a function of dcen, the
distance from the center of the current circle (for distances
smaller than R/2, where R is the circle radius, C = 1; for
distances between R/2 and R, C decreases linearly from 1 to
0); D is a function of dnode, the distance from the nearest
parametrization node in one of the grids. The values in the
summary model are shown only in the areas where the distance
from the nearest node does not exceed the predefined distance
dmin.

It is worth noting that the stations are nonuniformly
distributed over the study region (Fig. 2). For example, along
a more than 1000-km segment of the Central and North
Kuriles, there are only two stations providing the data for our
study. The stations are also very sparsely distributed between
Kamchatka and the central Aleutian Islands. In principle, the
regional tomographic scheme can operate without data from
regional stations, only on the basis of the data on earthquakes
in the study region recorded by the global-network stations.
However, regional networks improve the accuracy of source
location and the model quality. Therefore, the interpretation
of results for the two above-mentioned arc segments requires
particular caution. For such areas, it is especially important to
take into account the results of resolution tests (“checker-
board”) and the influence of random noise (test with even and
odd data). The reliability problem is discussed in more detail
in the next section.

Results and verification

The summary models for the P- and S-velocity anomalies
are shown in 12 horizontal sections (Fig. 3, A, B). Also, we
present 13 vertical sections for the Kurile–Kamchatka arc
(Fig. 4) and nine across the Aleutian arc (Fig. 5). The areas
with insufficient data coverage, where the distance from the
nearest node of the parametrization grid exceeds 80 km, are
shaded. 

It is known that tomographic inversion always enables a
solution. Therefore, the main objective of tomography is not
to show the results of actual-data inversion but to provide
convincing arguments that they reflect real structures in the
Earth. To ensure satisfactory verification of the model, we
have to do some tests and compare it with data from other
sources. 

The first informal verification criterion for tomographic
models is the comparison of the independently obtained
distributions of P- and S-velocity anomalies. In theory, P- and
S-velocities do not always show correlation, but, in practice,
large objects in the Earth are similar in P- and S- models. If
the P- and S-velocity patterns show no correlation, particular
attention should be paid to testing the data and algorithm. In
our case the P- and S-velocity anomalies are of qualitatively
similar shape, which may suggest that the inversion results are
stable.

Another informal reliability criterion is comparison with
geological structures whose existence was proven on the basis
of independent sources. In our case it is a subducting oceanic
slab, which is delineated by earthquake hypocenters in the
Benioff zone. It is common knowledge that the subducting
slab is considerably colder than the surrounding mantle and,
correspondingly, must be manifested in a high-velocity seismic
anomaly. It is seen from the vertical sections (Figs. 4, 5) that
a dipping high-velocity anomaly lies along the zone of deep
seismicity, exactly where the subducting slab is expected. 

One of the most important verification criteria for to-
mographic data is comparison with the existing models
obtained for the study region by other authors. In Fig. 6 we
compared our result with a fragment of the global model from
(Bijwaard et al., 1998), which is currently among the best ones
by resolution and reliability. As the figure shows, the general
features of both models coincide. Since they were obtained
by different authors on the basis of different data and
algorithms, such good correlation suggests that the models are
highly reliable.

Also, our models show good correlation with other previous
regional models. For example, the S-velocity distribution at a
depth of 150 km in (Levin et al., 2005), which was based on
surface-wave analysis, shows approximately the same struc-
tures as the distributions of P- and S-velocity anomalies at the
corresponding depth obtained by us. The shape of the
anomalies beneath the Kurile–Kamchatka arc calculated in
(Gorbatov et al., 2000) from the analysis of the global catalogs
looks very similar. However, our model yields a clearer image
of the subducting slab under the Aleutian arc. In (Gorbatov
et al., 2000), an elongated high-velocity anomaly is observed
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Fig. 3. Result of real-data inversion and distribution of P- (A) and S- (B) velocity anomalies at various depths. Gray areas are those with insufficient data for inversion.
Violet lines show the tectonic boundaries from Fig. 1.
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at depths below 700 km beneath the Kamchatka and Chuck-
chee Peninsulas and interpreted as a remnant of a separated
slab. This anomaly is also observed in our model, but it is
shorter there. It is worth noting that our model included
additional data from the global catalogs for ten years (1995–

2004), which were not available to the authors of (Gorbatov
et al., 2000). 

Also, our model can be compared with the result of the
regional-data inversion in (Gorbatov et al., 1999), which was
obtained from the traveltimes from local earthquakes recorded

Fig. 3 (continued).
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Fig. 4. Result of real-data inversion and P- and S-velocity anomalies in vertical sections across the strike of the Kurile–Kamchatka arc. Lines show the upper and
lower slab boundaries. Dots are earthquake hypocenters along a strip no more than 50 km from the profile. The position of the sections is shown in the bottom
right-hand corner of the map.
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Fig. 5. Result of real-data inversion and P- and S-velocity anomalies in vertical sections across the strike of the Aleutian arc. Dots are earthquake hypocenters along
a strip no more than 50 km from the profile. The position of the sections is shown in the bottom right-hand corner of the map.
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by the Kamchatkan stations. This paper clearly demarcates the
boundary between a high-velocity anomaly in the west and a
low-velocity one under the continent, which is interpreted as
the upper slab boundary. In our paper this boundary is similar:
at a depth of 100 km, it passes under the eastern coast of
Kamchatka; at a depth of 200 km, it shifts ~150 km deep into
the peninsula. Comparison with the previous results shows that
the models are highly reliable, and this permits using their
quantitative characteristics for interpretation. 

As pointed out above, the ISC data are very noisy.
Although efforts were made to preprocess them and reject
those with serious error, the noise is not eliminated and can
play a substantial role in the inversion. The level of incoherent
noise can be estimated from the residual decrease after the
inversion. In our case the residuals of the P-wave traveltimes
decreased by ~50%, whereas those of the S-wave traveltimes
decreased only by 30–35%. This is higher than the values
yielded by the regional models for Asia (Koulakov and
Sobolev, 2006; Kulakov, 2008). The considerable decrease in
the residuals in the present paper can be explained by the
presence of large-scale high-contrast anomalies in the subduc-
tion zones, which generate large time anomalies and increase
the signal-to-noise ratio. 

The influence of random noise on the result of tomographic
inversion is estimated by a test with even and odd sources
(Koulakov and Sobolev, 2006). All the data in this test are
divided randomly into two equal groups, for example, with
even and odd source numbers. Afterward complete inversion
is performed for these subsets and comparison is drawn. If
noise plays a great role, it generates random anomalies, which
will differ in two independent subsets. When the test results
are compared, the anomalies which are not repeated in two
models may prove unreliable and therefore require careful
interpretation. The results of the test with even and odd events
for the P- and S-models in our case are shown in Fig. 7. All
the large-scale anomalies are resolved similarly in both
models, and this is evidence for their reliability. The smaller-
scale anomalies, which show differences, are, in all prob-
ability, accidental and have to be neglected in the
interpretation. We consider only the anomalies distinguished
reliably in both models.

The spatial resolution of the model is estimated by the
synthetic “checkerboard” test. We use a synthetic model with
alternating rectangular positive and negative anomalies. In the
P-model, the lateral cell size was 2° × 2°; in the S-model,
3° × 3°. The sign of the anomalies was reversed with depth
(every 200 km): 200, 400, 600, and so on. The synthetic
modeling is based on the same ray configuration as the
real-data inversion. It is worth noting that we are using a
linearized approach, that is, the ray paths from the 1-D model.
Such approximation is aimed at shortening the calculation time
and doing as many tests as possible, which is important for
setting the optimum free parameters for the inversion. Random
noise is superimposed on the synthetic times. Its amplitude is
selected so that the residuals after the inversion decrease
similarly for real and synthetic data. In our case the mean
noise level was 0.4 s for the P-wave traveltimes and 0.8 s for

those of S-waves. The synthetic traveltimes were processed
under the same scheme and with the same free parameters as
in the case of real-data inversion. 

In the case of inversion in selected circular areas, part of
the paths of some rays is beyond the study area, whereas the
synthetic times were calculated in a model with laterally
unlimited velocity anomalies. Thus, the anomalies lying
beyond the study area make a contribution to the synthetic
data which can be considered nonrandom noise. This test
shows the influence of external anomalies on the inversion
data and results. The test result in Fig. 8 demonstrates how
the algorithm can separate internal (useful) from external
anomalies, which are regarded as incoherent noise. 

As is seen from Fig. 8, the “checkerboard” cells are restored
more reliably in areas with higher ray density. Noteworthy is
the vertical resolution, which is fairly good for seismic
tomography. The sign reversals of the anomalies in three
layers at depths of 0–200, 200–400, and 400–600 km are
restored reliably. According to this test, anomalies 200,
300 km, and larger in size are restored reliably in the P- and
S-models, respectively. 

Note that this synthetic model was used in searching for
the optimum set of the values of free parameters for the
real-data inversion such as the weight of the velocity-distribu-
tion parameters, corrections for the sources and receivers, and
the parameters of amplitude damping and smoothing. The
optimum values of these parameters are determined so as to
ensure the best restoration of the synthetic model. Thus,
real-data processing alternated with synthetic simulation in
search of the optimum parameters.

Model description and discussion

In this section we will give a detailed description of the
P- and S-velocity anomalies obtained beneath the Kurile–
Kamchatka and Aleutian regions by regional tomography
(Figs. 3–5). 

Anomalies beneath the Kurile–Kamchatka arc 

Along the Kurile–Kamchatka arc, in the upper horizontal
section, which corresponds to a depth of 50 km (Fig. 3, A),
the lithosphere is clearly divided into the oceanic part with
higher seismic velocities and the backarc lithosphere with
lower seismic velocities. The boundary between these zones
passes precisely through the Kuriles and near the eastern coast
of Kamchatka. Such zoning can be explained by the different
structure and lithospheric composition in these parts. For
example, the lithosphere in the southwestern Sea of Okhotsk,
apparently, consists of accretion products (Bogdanov and
Dobretsov, 2002; Hindle et al., 2006) and differs considerably
from the highly consolidated, cold, and relatively ancient
lithosphere of the Pacific oceanic plate. An intense low-veloc-
ity anomaly is observed in the southwestern Sea of Okhotsk
between Sakhalin Island and the Kurile arc. We think that it
is due to abnormal lithospheric heating, which was caused by
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a rollback flow in the mantle wedge over the subducting slab.
This flow causes spreading and gives rise to a new ocean basin
with thinned lithosphere (Baranov et al., 2002). The low-ve-
locity seismic anomaly under Kamchatka in the upper section
can, apparently, be explained by the thickened crust and
continental lithosphere. 

At a depth of 100 km, the structure of the P-velocity
anomalies beneath the Kurile–Kamchatka arc does not change
radically (Fig. 3). Nevertheless, the high-velocity anomaly
corresponding to the Pacific Plate shifts to the backarc area
and becomes less uniform. Local decreases in the velocity are
observed beneath the central Kurile arc. This may reflect
variations in the thickness of the Pacific lithosphere; in the
case of an ancient oceanic plate, these variations may be due
to the influence of plumes and local roller convection cells,
which heat or cool the lithosphere as it develops (Ballmer et
al., 2007; Dobretsov et al., 2001). 

At a depth of 150 km, the high-velocity anomaly along the
Kurile–Kamchatka arc assumes the shape of a strip, except
some areas where zones of elevated velocities are observed

beneath the ocean (North Kuriles). These anomalies can be
explained by a local thickening of the oceanic lithosphere. At
a depth of 220 km, the continuous high-velocity linear
anomaly corresponding to the Pacific slab under the Kurile–
Kamchatka arc is the most prominent feature and shifts even
farther into the backarc area. 

In deeper sections (290, 360, 430 km), this anomaly is
divided into two parts. The middle, where the high-velocity
anomaly is the weakest, lies under the southern extremity of
Kamchatka and the northern Kurile arc. Apparently, this gap
is due to the fact that the slab in this part of the arc is thinner
than 100 km, which is comparable with the resolution of
tomographic inversion. Note that the gap lies where a local
positive anomaly is observed at depths of 100–150 km near
the junction between the OB and KOB. This may imply that
subduction under the North Kuriles was blocked for some
reason. This may have led to the accumulation of lithospheric
matter in the upper part and its deficiency in the subducting
slab. Another possible cause of the lithospheric thinning is the

Fig. 6. Comparison of our results (upper row) with a fragment of the global model from (Bijwaard et al., 1998) (lower row).  Horizontal sections are shown at depths
of 220 and 500 km.
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variable rate of the slab subduction, which will be discussed
in more detail below.

In horizontal sections below 450 km, the slab under the
Kurile–Kamchatka arc becomes homogeneous again. The
lower slab boundary is prominent in the models, but its upper
boundary is not distinguished everywhere. Note that the shape

of the lower slab boundary at depths of 500–700 km coincides
in the P- and S-models and correlates with the modeling in
(Bijwaard et al., 1998); this suggests that the result is highly
reliable. 

Two alternative approaches were used for drawing the relief
maps of the upper and lower slab boundaries. In the first one,

Fig. 7. Results of the test with even/odd event numbers. Columns 1, 2, and 3 correspond to depths of 100, 220, and 500 km. Row A, P-velocity anomalies, even events;
row B, P-velocity anomalies, odd events; row C, S-velocity anomalies, even events; row D, S-velocity anomalies, odd events.
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the slab shape was determined by analyzing the results only
in the horizontal sections of the P-model; in the second one,
by analyzing the vertical sections of both the P- and S-models.
There is a difference between these approaches concerning the
result analysis. For example, in the case of linear interpolation
between the vertical sections, some fine structures disappear.
Also, in the second approach, the shape of the slab boundaries
was simplified to ensure the best coincidence with both the
P- and S-models, whereas in the first approach only the
P-model was analyzed. Besides, the difference between the
results of the slab-shape interpolation is due to the different
averaging level used for visualizing the horizontal and vertical
sections. 

In the first approach, the relief of the upper and lower slab
boundaries under the Kurile–Kamchatka arc (Fig. 9) was
mapped with the help of the maps of P-velocity anomalies in
the horizontal sections (Fig. 3, A). For this purpose a presum-
ably slab-related anomaly was distinguished at each depth and
its envelope was drawn along the sign-reversal line. As the
figure shows, both the upper and lower slab boundaries shift
to the backarc area with depth. The lower slab boundary is
prominent down to 1000 km. 

In the second approach, the subduction zone under the
Kurile–Kamchatka arc was mapped on the basis of the vertical
sections (Fig. 4). The upper and lower slab boundaries were

based mainly on the analysis of P-velocity anomalies in the
vertical sections. The distributions of seismicity and S-velocity
anomalies were used for additional correction. One can see
that the slab boundaries are superimposed quite well on the
anomalies in the P- and S-models; this shows their good
correlation. An algorithm was developed to convert the lines
on the profile into the values on the map. These values are
used for mapping the depths of the upper and lower slab
boundaries in Fig. 10. These maps employ an interpolation
algorithm based on linear triangulation. 

The depth maps of the upper and lower slab boundaries
(Figs. 9, 10) show the main features of the subduction zone
along the Kurile–Kamchatka arc. The slab subducts more
gently under the South Kuriles than under the central and
northern Kurile arc. It subducts more gently again under
central Kamchatka. Interestingly, this peculiarity correlates
with the variation in its thickness at depths of 300–400 km:
the thicker the slab, the more steeply it subducts. Where it
subducts most steeply, the high-velocity anomaly penetrates
below the 670-km discontinuity and reaches at least a depth
of 900 km. No slab is observed in the lower mantle beneath
the South Kuriles and central Kamchatka. 

Now let us dwell upon the slab shape on the basis of the
vertical sections (Fig. 4). Sections 1–3 show that, under the
southern Kurile arc, the Pacific slab subducts to the transition

Fig. 8. Synthetic “checkerboard” test. The restoration results for P- and S-velocity anomalies are shown at depths of 100, 300, and 500 km, which correspond to the
middle of the layer between the boundaries where the synthetic anomalies change their sign. The synthetic anomalies measure 2° × 2° for the P-model and 3° × 3° for
the S-model. 

662 I.Yu. Koulakov et al. / Russian Geology and Geophysics 52 (2011) 650–667



zone at a constant angle and then flattens out along the
upper/lower mantle boundary at a depth of 670 km. The
presence of a horizontal slab in the transition zone was also
demonstrated in other studies (Zhao, 2004). According to
(Zhao et al., 2010), this horizontal slab part can spread for
thousands of kilometers within Asia. However, since the
resolution area is limited in our study, we can neither confirm
nor refute this statement.

In sections 5–7, the subduction zone reshapes itself radi-
cally. The P- and S-models show clearly that the slab subducts
approximately down to 900 km. It subducts more steeply and
thins in its upper part, above a depth of 400 km. Also,
noteworthy are some peculiarities directly unrelated to the
subducting slab. For example, sections 5–6 show lowered
seismic velocities under Sakhalin Island approximately down
to 300 km. Under the Sea of Okhotsk, a complex pattern of
high-velocity anomalies is observed, which are repeated in the
P- and S-models. The origin of these structures calls for
separate investigation, which we are going to conduct in the
nearest future. Now we can only presume that these anomalies
are due to the peculiarities of the lithosphere under the Sea
of Okhotsk accretion zone. Some fragments of the previously
accreted lithosphere may have thickened owing to local
peculiarities (for example, in areas of underwater volcanism),
and now they separate owing to gravity instability. Another
cause may be the traces of the previous zones of subduction,
which migrated actively in the recent geological past (Avdeiko
et al., 2007; Gorbatov et al., 2000). 

In sections 8–10, which run past the southern extremity of
Kamchatka, the slab is not so prominent in its shallow part as

in more southerly sections. This may be due to the thinner
lithosphere in this arc segment. Below a depth of 400 km, the
P-velocity anomaly in the slab is sizable and traced down to
800–900 km. In the S-model this peculiarity is not so
well-pronounced as in the P-model, and this is probably due
to a lack of data. 

In sections 11–12, which correspond to continental Kam-
chatka, the upper slab part is fairly prominent. Below a depth
of 600 km, a positive anomaly is observed; however, it is quite
weak and of dubious reliability. Section 13 runs past the
northern end of the arc, and the slab here is traced only down
to 400 km. Afterward the profile leaves the subducting
lithosphere.

An interesting peculiarity of the sections is the changing
character of the slab-related P-anomalies at a depth of
~400 km. For example, the P-anomaly is very large and
intense in sections 1–3 above this depth. It thins dramatically
at a depth of 400 km, and this is accompanied by increased
seismicity. This anomaly thickens again below. We think that
this may be due to the reaction of the subducting slab to the
phase-transition discontinuity at a depth of 410 km. In sections
6–10, the slab shape is absolutely different, but even here
typical changes take place at a depth of 400 km. Above this
boundary the slab seems thinner and hardly visible in the given
sections, but it thickens dramatically at great depths. 

The weakening of the anomaly in sections 6–10 above a
depth of 400 km may be due to the lowering of the
phase-transition boundary to 410 km in the area where the
slab subducts. Quasivertical seismic rays, which are used in
tomography, interpret this lowering as a low-velocity anomaly,

Fig. 9. Shape of the upper and lower slab boundaries, which delineate the positive P-velocity anomalies in the horizontal sections from Fig. 3. Numbers on the lines
show the depth (km). Violet lines show the tectonic boundaries from Fig. 1. Dotted line shows presumably slab-unrelated branches of the anomaly. 

I.Yu. Koulakov et al. / Russian Geology and Geophysics 52 (2011) 650–667 663



which partly compensates for the effect of the high-velocity
slab. However, our tests clearly show the variable slab
thickness along the Kurile–Kamchatka arc.

Estimated rate of slab subduction 
under the Kurile–Kamchatka arc 

The slab-thickness variations obtained in different sections
can be used for estimating the subduction rates of the oceanic
lithosphere. The oceanic plate before the subduction is pre-
sumed to have nearly constant thickness (no more than
70–100 km). As the subducting slab heats up, it can behave
as a viscous body (boundary zones lose elasticity, and the
high-velocity part of the slab thins). Also, the slab reshaping
at great depths may be due to phase transitions. Besides, the
oceanic lithosphere may also be stratified: it is denser and
colder in the upper part and more viscous in the lower one
(Fig. 11, dark and light areas, respectively). In this case the
lower lithosphere may begin to deform and thicken already in
the ocean, when it meets an obstacle in the form of a
subduction zone. The dense part of the subducting slab heats
up, and the slab probably behaves as a viscous drop rather
than an elastic body starting from certain depth. 

Under the principle of matter continuity, its volume passing
through the section is inversely proportional to the rate. In
Fig. 11 the slab-subduction rate is estimated in three most
typical sections from the analysis of variations in the width
of the high-velocity anomaly. For example, section 3 shows
a slab which thickened dramatically (up to 200 km) just after
the subduction started. The same value was obtained in most

of the other models (Bijwaard et al., 1998; Zhao, 2004) and
seems quite reliable, considering the large body of data.
Therefore, the plate subduction has to be at least half as quick
as its movement in the ocean. Thus, if a plate in the ocean
moves at ~7–8 cm/yr, it subducts at a rate lower than
3–4 cm/yr. The slab thickening may be due to the fact that
the subduction in this segment is caused by the “pushing” of
the lithosphere from oceanward. The “slab pull” of the
subsided lithosphere, which has to cause slab stretching, is not
so influential in this arc segment. 

The slab under the Central and North Kuriles behaves
absolutely differently (Fig. 11, sections 7, 10). It has the same
thickness in the upper part of the subduction zone as the
oceanic lithosphere. In some places, where the slab nearly
disappears from the vertical sections, it may be no thicker than
70 km, which is below the resolution of the method. It can
be presumed that the “slab pull” in this arc segment, which
causes the slab to thin, is key to the balance of forces. Here,
the estimated rate of its subduction (8–10 cm/yr) may be
higher than in the ocean. However, below a depth of 400 km,
the slab thickens dramatically and subducts more slowly. Here,
it probably meets an obstacle, which is marked by dramatically
increased viscosity at the 670-km discontinuity (in passing
from the upper to the lower mantle). This causes the
subduction to slow down considerably and matter to accumu-
late in the transition zone between the 410- and 670-km
discontinuities. When the critical mass is reached over the
670-km discontinuity, the droplike body starts to submerge
into the denser and more viscous lower mantle, as is seen from
the seismic tomograms of the arc center.

Fig. 10. Depth of the upper and lower slab boundaries under the Kurile–Kamchatka arc, determined by interpolating the slab contours from 13 vertical sections
(Fig. 5). Numbers show the slab depth (km). Violet lines show the tectonic boundaries from Fig. 1.
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Anomalies beneath the Aleutian arc

The boundary along the Aleutian arc between the Pacific
Plate and the backarc areas at a depth of 50 km is not so
prominent in the seismic models as that along the Kurile–
Kamchatka arc (Fig. 3). For example, the western Bering Sea
(Western Basin) is marked by higher velocities, suggesting
that it is structurally similar to the part of the Pacific Plate
lying within the study region. The eastern Aleutian arc shows
local low-velocity anomalies, which may reflect rollback flows
in the mantle wedge over the subducting Pacific Plate. 

At depths of 100 and 150 km, the P-velocity anomalies
under the Aleutian arc change their structure radically. In the
P-model, we see an elongated high-velocity anomaly, whose
position coincides with the distribution of deep seismicity,
which is caused, apparently, by the subducting slab. This
anomaly is not so prominent as that along the Kurile–Kam-
chatka arc, but its presence is obvious at the qualitative level.
Under the western Aleutian arc, we traced the slab down to
250–300 km. This positive anomaly is not prominent in the
S-model, probably because of the considerably lower resolu-
tion, which is due to the smaller amount of data and their low
quality. A local low-velocity anomaly is observed in the
P-model at the junction of the Kamchatka and Aleutian
trenches. It clearly separates the high-velocity areas corre-
sponding to the slabs subducting under Kamchatka and the
Aleutians. This anomaly is evidence that the Kamchatka and
Aleutian slabs, which are parts of the Pacific Plate, are clearly
separated from each other at depth.

It is worth noting that our model beneath the western
Aleutians differs considerably from the seismic structures
obtained by Levin et al. (2005), which are based on surface-
wave analysis. These authors did not find any slab-related
high-velocity anomalies there. On the contrary, Levin et al.
(2005) observed a low-velocity pattern beneath the western
Aleutians, which is interpreted as a slab window. This suggests
massive movement of mantle matter through the “window” in
the subduction zone in the western Aleutian arc. We attribute
such a structural difference to the lower horizontal resolution
of surface-wave tomography as compared with that in our
approach. This factor “smears” the low-velocity anomaly at
the junction of the Aleutian and Kamchatka arcs and “erases”
the fairly weak high-velocity anomaly under the Aleutian arc.
A slab is also not distinguished under the western Aleutian
arc in (Gorbatov et al., 2000), probably for the same reason.
The lower resolution in this study may be due to the
considerably smaller amount of data as compared with that in
the present study. 

The existence of a slab under the western Aleutian arc is
debated actively. The main problem in explaining the origin
of the subduction in this area is that the movement vector of
the Pacific Plate is oblique to the Aleutian trench. Thus, no
normal component of this movement is observed now, and the
boundary between the Pacific and North American Plates is
marked only by strike-slip faults. However, the junction
between the Aleutian and Kamchatka arcs is shifting north-
eastward, according to geological data. For example, this area
lay near the southern extremity of Kamchatka at 30 Ma (Geist

Fig. 11. Sketch map of the slab in vertical sections 3, 7, and 10 (Fig. 5). In each section the slab thickness and movement speed are roughly estimated. Arrow lettered
“T” shows the position of the trench. Dark area shows the denser upper part of the slab, whose existence is discussed as a possibility in the text. 1, extension;
2, compression.
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and Scholl, 1994). In this case the normal component of the
movement of the Pacific Plate with respect to the Aleutian
trench was enough for full-fledged subduction. Apparently, the
high-velocity anomaly in the western Aleutian arc shows the
remnants of a now-passive subduction complex. The gradual
breakoff of the cold parts of the stagnant slab in this place is
discussed in (Avdeiko et al., 2007). Interestingly, the situation
in Myanmar is very similar. The subduction of the Indian Plate
is confirmed by the earthquake depth and seismic tomography
(Huang and Zhao, 2006; Koulakov, 2011; Replumaz et al.,
2010). However, the recent movements there are represented
by pure strike-slip faults without movement across the junc-
tion. 

In the eastern Aleutian arc, the subducting slab is traced
fairly reliably in the P- and S-models, at least down to 500 km.
This is deeper than estimated in (Gorbatov et al., 2000; Levin
et al., 2002). In the eastern part, the normal component of the
Pacific Plate movement is enough for full-fledged subduction.

Conclusions

On the basis of the ISC global seismic catalog, a model
has been constructed for the seismic heterogeneity of P- and
S-velocities in the mantle under the Kurile–Kamchatka and
Aleutian arcs down to 1100 km. Additional data from more
than decade-long observations permitted increasing the model
resolution and reliability as compared with the previous studies
(Bijwaard et al., 1998; Gorbatov et al., 2000). Much attention
is paid to verifying the model and its comparison with the
previous studies. A parametric model has been constructed for
the upper and lower slab boundaries under the Kurile–Kam-
chatka and Aleutian arcs. It has many applications, for
example, in numerical simulation.

The following peculiarities of the Kurile–Kamchatka arc
have been distinguished.

1. A clear image of a classic subduction zone is observed
along the entire Kurile–Kamchatka arc. It coincides in the P-
and S-models and with the distribution of deep seismicity.

2. The subducting Pacific Plate has variable thickness,
which peaks (over 200 km) under the South Kuriles and Japan.
The slab has minimum thickness (less than 70 km) under the
North Kuriles. 

3. Under the continuity principle and assuming that the slab
behaves as a viscous body, we estimated its subduction rate.
We presume that the slab thickens if the predominant mecha-
nism is “pushing” from oceanward and thins if the predomi-
nant mechanism is “slab pull.” 

4. The observed depth of the lithospheric subduction
changes dramatically along the Kurile–Kamchatka arc and
correlates with the character of the slab subduction estimated
from its thickness. The slab does not penetrate the lower
mantle when the “pushing” mechanism operates under the
South Kuriles and Japan and slides horizontally along it on
reaching the 670-km discontinuity. In the case of “slab pull”
under the Central and South Kuriles, the denser slab matter

accumulates in the transition zone and subsides slowly into
the lower mantle, at least down to 900 km. 

5. In the vertical sections, the slab image in the P-velocity
anomalies is related to the position of the 410-km discontinu-
ity. In some sections above this discontinuity, the anomalies
in the slab lose their intensity. We think that, along with
geodynamic causes, this result can be partly explained by
variations in the depth of the 410-km discontinuity, which can
serve as low-velocity anomalies compensating for the positive
anomalies in the slab.

6. We distinguish the northern boundary of the slab under
the Kamchatka arc, which appears to be clearly separated from
the Aleutian slab. 

The following conclusions can be drawn about the Aleutian
arc.

1. In the western part of the arc, the Pacific Plate moves
obliquely to the trench, and the normal component of the
movement, which is necessary for subduction, is absent there.
The previous studies (Gorbatov et al., 2000; Levin et al., 2002,
2005) denied the existence of subduction in this segment. In
our model we distinguished a high-velocity anomaly, which
suggests the presence of a slab subducting down to 200–
250 km (not so strongly as in the Kurile–Kamchatka arc, yet
quite reliably). The subduction mechanism in the case of
oblique motion remains unclear. Maybe, now we observe
remnant subduction, which was active when the Aleutian arc
lay much farther south. A similar situation is observed in
Myanmar. 

2. In the eastern Aleutian arc, we clearly observe the Pacific
slab subducting down to 500–600 km, which is somewhat
deeper than in the previous studies. High-velocity anomalies
of P- and S-velocities coincide with the distribution of deep
seismicity and can be considered a reflection of a classic
subduction zone.
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