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A 3D S-wave velocity model (from 0 to 350 km depth) is determined for the region of the Sea of Okhotsk and the Kamchatka
peninsula, through Rayleigh wave analysis applied to the traces of 278 earthquakes registered by 12 seismic stations, both
located within (and nearby) of the study area. This model reveals the principal geological and tectonics features present in the
study area, e.g., the presence of two lower-crust hot plumes located at the northwest of the Sea of Okhotsk, which are shown
as two zones of low S-wave velocity (from 20 to 30 km depth). Also, a conspicuous low S-wave velocity zone is determined at
the southwest of the Sea of Okhotsk (from 35 to 60 km depth), which can be matched up with a high conductivity layer
previously determined from 30 to 65 km depth. For the Kamchatka peninsula, low S-velocities are determined beneath the
volcanic belt from the upper crust (~5 km-depth) down to a depth of ~60 for the southern part, and down to a depth of
~140 km for the northern part. This low S-wave velocity pattern is enlarged in size at the northwest (north of ~55°N),
following the location of the Kliuchevskoi and Sheveluch volcanoes, which confirms that these volcanoes must be a part of the
same subduction-induced volcanic process. The present model shows that the subducting Pacific slab terminates near to the
Aleutian-Kamchatka junction, i.e., no relict slab underlies the extinct northern Kamchatka volcanic arc. This model shows that
this slab shoals towards north, and there exists a gap associated with the loss of this slab beneath Sheveluch and Kliuchevskoi
volcanoes. The low S-wave velocity pattern determined at northwest of the slab edge confirms the presence of the
asthenospheric flow, which would pass through this gap to the northwest around the north slab edge. Finally, the present
model shows the precise location and detailed structure of the asthenosphere, which is a new result that has not been
determined in other previous studies.

1. Introduction

Several surface wave studies of the crust and upper mantle
structure have been conducted for the present study area:
Sea of Okhotsk and the Kamchatka peninsula [1–7]. Unfor-
tunately, the majority of these studies have a grid spacing
relatively large (ranging from 5° to 8° and even degrades at
periods above 100 s or near the periphery of the maps) to
show fine details of this structure, for a relatively small area
as considered in the present study (Supplement 1a). How-
ever, some of these previous studies have a grid spacing rel-
atively short and adequate to give fine details of this
structure, and they are local and short-scale studies limited
to the crust (or limited to the very shallow upper mantle).
These studies have no information about the lithosphere

and asthenosphere structure. For all that, a new 3D S-wave
velocity model is needed with the maxima resolution and
depth possible (i.e., with the resolution and depth increased
as much as possible), which can give the desired fine details
(i.e., with a resolution of ~1°) of the crust and upper mantle
structure (i.e., lithosphere and asthenosphere structure) for
the present study area, and this is the goal of the present
study. As the maximum resolvable resolution of a model is
determined by the data and methods, in the present study,
this resolution will be achieved considering the path cover-
age of the Rayleigh waves within (and nearby) of the study
area, with the maxima depth possible (from 0 to 350 km
depth) considering the wider period range possible (from 5
to 175 s), and using the methods described in Section 3,
which have been proved as a very efficient methodology in
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many similar previous studies (e.g., [8]). On the other hand,
many studies of the crust and upper mantle structure has
been developed for the present study area concerning P-
wave velocities (e.g., [9–14]), while only a few studies con-
cerning S-velocities have been performed for the same area.
However, the knowledge of the S-wave velocity structure is
essential in many practical items, e.g., in the estimation of
the ground motions for future earthquakes, or the improve-
ment of the earthquake locations and the estimation of their
focal parameters. For these practical issues, this new model
can provide a valuable help. This new model also can help
to understand the complicated structures of the crust and
upper mantle that exist in East Asia and West Pacific mar-
ginal sea, from which the present study area is an important
part. Those complicated structures are related to the
dynamic processes of deep earth occurred from Mesozoic
(~150Ma). This new model will complete the 3D S-wave
velocity models performed by Corchete [8, 15] for East Asia
and West Pacific marginal seas. Consequently, this model
joint to those determined by Corchete [8, 15] will be a very
important tool to understand the relationships between the
surface tectonics and the deep earth’s structures, and thus
to understand the evolution of this region.

2. Geological Setting

The present study area comprises the Sea of Okhotsk and the
Kamchatka peninsula. The Sea of Okhotsk (SO) is bounded
on the north and northwest by the eastern Russia (RU), on
the east by Sakhalin (SA), on the west by the Kamchatka
peninsula (KP), and on the south by the Kuril trench (KT),
as shown in Figure 1. The SO and the KP can be considered
parts of the same plate [16]. They examined several well-
constrained focal mechanisms of events occurred in north-
eastern Siberia, to determine the nature of the North
American plate boundary in the northeastern part of Siberia,
concluding that an independent plate exists. They concluded
that the Suntar-Khayata Mountains, the southwestern
Cherskii Mountains, the east-middle of SA, the northern
part of Hokkaido Island, the SO and the major southern part
of the KP lie on a common plate: the Okhotsk plate [17, 18].
The existence of this plate was confirmed by the slip vectors
determined from the earthquake focal mechanisms by Seno
et al. [19] and evidenced in more recent studies developed
in this area (e.g. [10, 13, 20–24]).

The SO is considered a part of the Neozoic marginal
basins called the Cenozoic marginal sea basin with
~8000 km-length and 2500-4000 km-width; from the SO,
the Kuril basin (KB), the Sea of Japan, North China-South
China and the South China Sea to the Philippine Sea [6,
7]. The KB is defined by the contour line of 3000m isobath
in Figure 1 [25]. This block is characterized by thin litho-
sphere (50-100 km thick), thick asthenosphere (100-
200 km-thick) and a low seismic velocity belt located in the
upper mantle [8, 15]. The low-velocity belt is associated to
the East Asian rifting system, which is evidenced by many
geological and geophysical characteristics, e.g., anomalies
in the lithospheric density distribution or temperature dif-
ferences within the lithosphere (e. g., [6, 7, 26, 27]). The lith-

osphere thinning (and its corresponding asthenosphere
thickening) was caused by the asthenospheric material
upwelling since Mesozoic (~150Ma), and the continental
margin continued to develop large-scale rifts and marginal
seas in Cenozoic [6]. The Pacific plate is subducting beneath
SO at the Kuril trench (Figure 1) and its dip angle becomes
gradually smaller from north (45°-50°, southern Kamchatka)
to south (30°, northern Japan) beneath the Kuril arc [28].

The SO is considered by Zeng and Lay [29] as an exotic
terrane without a clear tectonic history defined, which is
characterized by an intermediate thick crust (19-24 km
thick), except for the KB, and an anomalous upper mantle
(with thin lithosphere). According to Christensen and
Mooney [30] a thin continental crust may overlay a weak
and thin lithosphere, and probably this crust is thickened
by subcrustal flow. However, Zeng and Lay [29] consider
that it is unclear whether the SO crust is continuing to
thicken by deformation or underplating. The SO consists
of deformed Cretaceous and Mesozoic (and, perhaps, Upper
Paleozoic) geosynclinal formations [25, 31]. In some out-
crops of the Okhotsk Arch the basement may be probably
older than Paleozoic [31]. The KB has the thinnest crust of
the SO with a thickness of ~10 km, as shown by the studies
on the deep structure developed for this region [25,
31–34]. The deep water basins, as the KB, generally are
assumed to have an oceanic-type crust [35], because it is
commonly accepted that the oceanic crust is a thin crust
(<10 km thick, in general).

The Kamchatka peninsula (KP, Figure 1) is located at the
east of the present study area, and its tectonic regime is
principally determined by the subduction of the PP under
the Eurasian plate. The PP is subducting beneath the KP at
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Figure 1: Elevation map of the study area [7, 28]. The used
abbreviations are as follows: BF: Bering fault; KB: Kuril basin;
KAT: Kamchatka trench; KT: Kuril trench; KP: Kamchatka
peninsula; OA: Okhotsk Arch, PP: Pacific plate, RU: Russia; SA:
Sakhalin; SJ: Sea of Japan. The 3000m isobath is plotted with
black thin line. The lines AA′ and BB′ denotes the location of
the NW-SE profiles displayed in Figure 4.
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the Kamchatka trench (KAT, Figure 1) and moving along
the strike-slip Bering fault (BF, Figure 1, [36, 37]). In this
peninsula, a chain of active volcanoes (Holocene in age)
along its eastern coast are underlain by the subducting
Pacific slab at ~100 km-depth [14, 38]. The depth of this slab
is defined to a maximum of ~500 km in the southern part of
the Kamchatka, and this depth shoals gradually to ~300 km
towards the north [9, 12, 38]. The dip angle of this slab is
~55° from ~50°N to ~54°N, but a drastic change in the dip
angle is observed north of ~54°N, near the Aleutian-
Kamchatka junction [9]. North of ~54°N, this slab is sharply
deformed and becomes shallower at ~100 km depth [9]. This
drastic change in dip angle (and its corresponding abrupt
shallowing of the slab) may occur in younger subduction
environments such as Peru or Mexico [39, 40], but in
Kamchatka, it take place in one of the oldest subducted slabs
in the world [41]. This controversy can be solved presenting
some model to explain this conspicuous feature, and two
models have been presented. The first model, proposed by
Levin et al. [42], suggests that a relic slab detached from
the westward subduction of the Pacific plate 2Ma ago, but
their model does not show how the slab is separated and
where the relic slab is. The second model, proposed by Jiang
et al. [11], suggests that a gap exists in the subducting slab
(near the Aleutian-Kamchatka junction), and it is associated
with the loss of the slab beneath Kliuchevskoi and Sheveluch
volcanoes, near the northern Pacific slab edge. Then, the
asthenospheric flow can pass through this gap (and around
the slab edge) to the north. The existence of this slab gap is
also suggested by Yogodzinski et al. [43], who located this
slab window beneath the western Aleutian and the
Aleutian-Kamchatka junction, and suggested that the man-
tle flow (asthenospheric flow) can pass through this window
from the Aleutian arc into the Kamchatka peninsula, which
may induce the partial melt to the slab edge in the overlying
mantle [44]. Also, shear-wave splitting studies [45, 46] indi-
cate that the asthenospheric flow passes through a slab win-
dow beneath the junction, similar to that observed in
Apenines [47]. In the model proposed by Jiang et al. [11],
it is observed that the loss of slab mainly occurred near to
the Meiji seamounts. Davaille and Lees [48] suggested that
the presence of the Meiji seamounts can accelerated the
partial melt of the slab in the north. Thus, the thermal
friction originated by the mantle flow (asthenospheric
flow) and the Meiji seamounts jointly cause the diminish-
ment of slab near its edge, i.e., the slab near the edge is
thinner than that under southern Kamchatka, because
the Meiji Seamounts subducting together with the Pacific
plate. This model is consistent with the results presented
by Lees et al. [12]. On the other hand, this abrupt shallow-
ing of the subducted slab has produced that the Kliuchevs-
koi and Sheveluch volcanoes have shifted north-westward
from the volcanic front [9, 11, 49]. All the above indicates
that the seismic velocity structure that could be deter-
mined for the KP is expected to be very complex, due to
the presence of a subducting slab (sharply deformed north
of 54°N), an active volcanic belt, a deep trench (KAT,
Figure 1), and thick sedimentary basins in the Central
Kamchatsky graben [9].

3. Data and Methodology

The dataset used in the present study has been the traces of
278 earthquakes (Supplement 1) registered by 12 seismic
stations (Supplement 2). These earthquakes were grouped
in source zones (Supplement 3). Thus, the earthquakes with
very similar coordinates (differences < 1°) are grouped in the
same source zone [50]. Also, some stations show very similar
coordinates (differences < 1°), and these stations were
grouped in averaged stations (Supplement 4). The Rayleigh
wave fundamental-mode group velocities (i.e., the dispersion
curves) was determined for the trace of each event (Supple-
ment 1) registered by each station (Supplement 2), by means
of digital filtering techniques [50]. An example of this pro-
cess is shown in Supplements 5 to 8. These dispersion curves
were averaged by source zones and stations to calculate the
dispersion curves corresponding to the source-station paths
[50], which path coverage is shown in Supplement 9a, with
periods ranging from 5 to 175 s (Supplement 9b). In Supple-
ment 10, the values of these group velocities are presented
for several periods. These source station dispersion curves
were regionalized to calculate the regional group velocity U
ðx, yÞ, where x is the longitude and y is the latitude. Uðx, y
Þ is a continuous function defined over the area covered by
the paths [51]. The values of Uðx, yÞ and its 1-sigma error
are shown in Supplements 11 and 12, respectively. These
group velocities Uðx, yÞ calculated for each period, from 5
to 175 s, are sampled in rectangular grids of 1:25°E × 0:75
°N mesh size to perform their inversion process, following
the inversion method detailed by Corchete et al. [50]. These
grid points are the centers of a grid with rectangular blocks
[52]. These grid data are then inverted obtaining a shear
velocity model (a shear velocity distribution with depth)
for each grid point (or block) of the study area, achieving
thus a 3-D S-velocity model. In this inversion procedure,
the good selection of an initial earth model is a previous
important step before the inversion process [50]. This initial
model must represent all the information available for the
study area, respect to the S-wave, P-wave ,and density distri-
butions with depth (see above in the geological setting of this
paper). In Supplement 13 is listed the initial model prepared
for the example of inversion shown in Supplement 14. For
depths greater than 300 km, the preliminary reference earth
model developed by Dziewonski and Anderson [53] has
been used. On the other hand, an adequate layer thickness
(depth intervals in Supplement 15) must be selected to
improve the solution reliability of the inversion process (i.
e., to achieve the better resolution). The number of layers
(depth intervals) considered in the earth model (S-velocity
model) must be reduced to the minimum, which are neces-
sary to obtain a detailed S-velocity distribution with depth,
as required to satisfy the observed dispersion data (the
regionalized group velocities). Corchete et al. [50] proved
that the selection of smaller layer thicknesses (e.g., 1 or
2 km), with a larger number of layers, gives a bad resolution.
A bad resolution implies the existence of many similar
models (most of them are absurd or meaningless models),
which can fit the observations (group velocities). As an
example of the inversion process performed in the present
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study, Supplement 14 shows the obtained results for the
inversion of the dispersion curve for the block area located
at the coordinates: 55.375°N, 158.125°E. It should be noted
that the S-velocity models (Supplement 14a) and the resolv-
ing kernels (Supplement 14b) are plotted only for depths
above 800 km. This fact is due to the poor resolution
obtained for depths greater than 350 km (Supplement 14b).
Therefore, the results obtained for depths below 350 km
have been omitted. The abovedescribed S-velocity distribu-
tions with depth, obtained for each grid point (or rectangu-
lar block) of the abovementioned grid defined in the study
area, are plotted in contour maps as shown in Supplement
15 (and Figure 2). The 1-sigma errors and the lateral resolu-
tion of these S-velocities (Supplement 15) are shown in Sup-
plements 16 and 17, for several depths. The resolution maps
of Supplement 17 are estimated from the resolving kernels
(e.g., Supplement 14b) calculated in the inversion process,
which is performed for the dispersion curve associated to
each grid point: the value of each resolving kernel at its ref-
erence depth is annotated to be plotted later in a resolution
map, as is shown in Supplement 17. The reference depths
are the media depth of the layers considered in the inversion
process, and their resolution values (resolving kernel values
at the reference depths) can vary from 0 (not resolved) to
1 (perfect resolution). Finally, in Figure 3, the principal
vertical discontinuities present in the earth structure
beneath the study area are shown, determined from the
3D S-wave velocity model [52]: the Moho discontinuity,
the lithosphere-asthenosphere boundary (LAB), and the
asthenosphere base boundary (ABB). The Moho map
(Figure 3(a)) has been calculated considering, for each grid
point of the study area, the first depth in which the S-
velocity value jumps above 4 km/s, i.e., the S-velocities
greater than 4 km/s have been associated to the mantle. This
surface has been considered as the Moho boundary. The
map of the LAB (Figure 3(b)) has been computed consider-
ing the depth in which the S-velocity starts to decrease with
depth, below the Moho discontinuity. The map of the
ABB (Figure 3(c)) has been computed similarly, but now
considering the depth in which the S-velocity starts to
increase below the LAB. The S-wave velocity in which
these decreasing and increasing occur has the value
4.4 km/s, in the present study. Thus, the asthenosphere is
defined, as a low S-wave velocity channel in the upper
mantle, with S-wave velocity values lower than 4.4 km/s.
In general, the S velocities in the asthenosphere are
~4.3 km/s. Nevertheless, these values can be lower than
4.3 km/s in areas that present asthenospheric flow
(Figure 4), where the asthenosphere materials are very hot
and partially melted.

4. Results

4.1. Depth Range: 0-5 km. In Supplement 15, a prominent
low S-wave velocity zone (~2.1 km/s) is shown in the KP
for the Central Kamchatsky graben, and in the SO for the
KB. Also, lower S-wave velocity values (2.1-2.2 km/s) are
determined for the SO.

4.2. Depth Range: 5-35 km. Low S velocities (~3.6 km/s,
Figure 2(a)) are determined at the northwest of the SO, in
the depth range from 20 to 30 km (Supplement 15), approx-
imately. Also, low S velocities (Figure 2(a)) are determined
beneath the volcanic belt of the KP [54], for both upper
and lower crusts (Supplement 15). On the other hand, high
S velocities (Figure 2(a) and Supplement 15) are determined
for the regions with thinner crustal thickness (Figure 3(a)),
because the S-wave velocity values are influenced by the
presence of the near mantle. For the SO, the crustal thick-
ness varies from ~10 km beneath the KB to ~30 km near to
SA (Figures 1 and 3(a)).

4.3. Depth Range: 35–60 km. For the SO, its older regions
[31] present the higher S-wave velocity (Figure 2(b)), which
is more evident for the Okhotsk Arch (OA, Figure 1). A con-
spicuous low S-wave velocity is determined at the southwest
(Figure 2(b) and Supplement 15). Also, low S-velocities are
determined near to the Kuril arc and along it (Figure 2(b)).
For the KP, low S-velocities are determined beneath the vol-
canic belt (Figures 2(a) and 2(b)), in the same area as in the
previous depth range (5-35 km depth). This low S-wave
velocity pattern is enlarged in size at the northwest, north
of ~55°N (Figures 2(b), 2(c), and 4), following the location
of the Kliuchevskoi and Sheveluch volcanoes [9].

4.4. Depth Range: 60-240 km. The asthenosphere is mapped
as low S velocities (~4.3 km/s) versus depth (Figure 2(c)
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and Supplement 15), between the LAB and the ABB
(Figures 3(b) and 3(c), respectively). The precise location
and detailed structure of the asthenosphere determined in
the present study are a new feature that has not been deter-
mined in other previous studies. On the other hand, the tec-

tonic features of the subduction zones are clearly visible in
terms of S -velocities (Figures 2(b)–2(d)), i.e., the subducting
Pacific slab is shown as a high S-wave velocity pattern, and
its corresponding wedge (above this slab) is shown as a
low S-wave velocity pattern (Figure 4).

4.5. Depth Range: 240-350 km. For the SO, the high S-wave
velocity area (Figures 2(c) and 2(d)) near to the Kuril arc
increased in size gradually, from north to south. For the
KP, the S-wave velocity mapping (Figures 2(c), 2(d), and
4) shows that the subducting slab (Pacific lithosphere) ter-
minates near to the Aleutian-Kamchatka junction. Also,
the S-wave velocity mapping (Figure 4 and Supplement 15)
shows that this slab shoals towards north. In the profile
BB’ shown in Figure 4, no high S-wave velocity associated
to this slab is determined for depths greater than 240 km,
and a low S-wave velocity pattern is determined northwest
of the slab edge (Figures 2(b) and 2(c) and profile BB′ of
Figure 4).

5. Interpretation and Discussion

5.1. Depth Range: 0-5 km. The prominent low S-wave veloc-
ity zone shown for the Central Kamchatsky graben could be
associated to the large sedimentary basins present in this
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area, with thicknesses of up to 5 km [9, 55, 56]. Also, the
low S velocities determined for the KB could be related to
the thick (>4 km) sedimentary beds present in this area
[25]. This thick cover of sediments is unusual for an oce-
anic basin, as the KB [35, 57–59]. In general, the SO
shows lower S-wave velocity values that may be related
with the thicker sedimentary cover present in this region.
The thickness of this sedimentary cover ranges from 0.2
to 0.5 km, but it can reach more than 5-6 km in the base-
ment troughs [31, 60, 61].

5.2. Depth Range: 5-35 km. The low S-wave velocity pattern
determined at the northwest of the SO, in the depth range
from 20 to 30 km (Supplement 15), is clearly associated to
the presence of two lower-crust hot plumes in this area
[62]. The presence of these features in the crust is very
unusual, the plumes are observed in the upper mantle, gen-
erally. Nevertheless, the abovementioned low S-wave veloc-
ity pattern evidences the presence of two hot plumes, in
the depth range from 20 to 30 km (i.e., in the lower crust).
These plumes (imaged in the S-velocities of the present
model) are consistent with the elevated heat flow [25] and
the hydrothermal activity [62] that exist in this area. These
plumes are produced by a partial-melting asthenospheric
diapir, discovered in the upper mantle by Rodnikov et al.
[63, 64]. The low S velocities determined beneath the volca-
nic belt of the KP, for both upper and lower crust, are in
agreement with the abundant volcanic activity existing in
this area [9]. For the SO, the crustal thickness determined
in the present study (Figure 3(a)) tallies with that calculated
by Rodnikov et al. [25]. In general, the Moho map shown in
Figure 3(a) is in agreement with that obtained by other
authors [7, 31]. The crustal thickness of the SO is considered
by Zeng and Lay [29] as an intermediate thick crust, proba-
bly a thin continental thickened by subcrustal flow, by defor-
mation or by some process of underplating. For the KB, the
Moho depth is determined at 11-13 km by Galperin and
Kosminskaya [33]. Their thin crust tallies well with that
determined in the present study (Figure 3(a)), which is con-
sidered a thinned continental crust by Baranov et al. [32], as
testified by their isotopic analysis Sr-Nd-Pb of volcanic
rocks. However, Khain [34] consider that the KB is a back
arc basin, in which a suboceanic crust associated with arc-
rear spreading is assumed. Also, the KB is also assumed as
an oceanic basin by others authors [35, 65, 66], considering
principally the crustal thickness of this basin.

5.3. Depth Range: 35–60 km. The S-wave velocity shows that
the SO and the major southern part of the KP lie on a com-
mon plate: the Okhotsk plate [16], because similar S veloci-
ties are displayed in all study area (e.g., Figures 2(b) and 2
(c)). The difference in S-wave velocity values that can be
observed in all this area is associated to its different tectonic
features (principally: different age regions, presence of par-
tial melting, the volcanic belt in the KP, and the wedge asso-
ciated to the Pacific subduction slab), and they are not
associated to the existence of different plates. For the SO,
the conspicuous low S-wave velocity determined at the
southwest (Figure 2(b) and Supplement 15) tallies with a

high conductivity layer determined by Lyapishev et al. [67],
in the depth range from 30 to 65 km, which nature can be
related to partial melting [25]. Also, this low S-wave velocity
is in agreement with deep temperatures in the upper mantle,
seismic research, and other geophysical data (e.g., [23, 68]).
The low S velocities determined near to the Kuril arc (and
along it) show the presence of the wedge associated to the
Pacific subducting slab. For the KP, the low S-wave velocity
pattern determined beneath the volcanic belt is clearly
defined from the upper crust (~5 km-depth) down to a depth
of ~60 for the southern part of the volcanic belt (Figure 2(b)
and profile AA′ of Figure 4) and down to a depth of
~140 km for the northern part (Figure 2(c) and profile BB′
of Figure 4). In this area, it is observed that the number of
earthquakes decreases drastically, and an anomalous electri-
cal conductivity is identified from magnetotelluric sounding
data [54]. Moroz and Nurmukhamedov [69] suppose that it
is due to a high fluid saturation of the upper mantle, which
may feed the active volcanoes of the volcanic belt. This low
S-wave velocity pattern is enlarged in size at the northwest
(north of ~55°N), following the location of the Kliuchevskoi
and Sheveluch volcanoes, confirming that these volcanoes
must be a part of the same subduction-induced volcanic pro-
cess [9], and not back arc volcanoes as suggested by Tatsumi
et al. [49].

5.4. Depth Range: 60-240 km. The LAB and the ABB
(Figures 3(b) and 3(c), respectively) are in agreement with
previous values of lithosphere and asthenosphere thickness
obtained by other authors [6, 7, 25, 54]. For the SO, the loca-
tion and thickness of the asthenosphere (determined in the
present study) are both the expected for this region, because
the SO is considered a part of a geological block (the Ceno-
zoic marginal sea basin) characterized by thin lithosphere
and thick asthenosphere.

5.5. Depth Range: 240-350 km. For the SO, the high S-wave
velocity area (Figures 2(c) and 2(d)) associated to the slab
(near to the Kuril arc) increases in size gradually from north
to south, because the dip angle of this slab decreases gradu-
ally southwards, from ~50 degree near southern Kamchatka
to ~30 degree under Hokkaido in northern Japan [13, 23, 28,
70]. For the KP, the present S-wave velocity mapping
(Figures 2(c), 2(d), and 4) shows that no relict slab underlies
the extinct northern Kamchatka volcanic arc, as suggested
by Levin et al. [42]. They suggested two episodes of slab loss
under northern Kamchatka, but their model is limited to
200 km depth, i.e., their model has not enough depth to
reveal the detached slab. Also, the S-wave velocity mapping
(Figure 4 and Supplement 15) shows that the slab shoals
towards north. Lees et al. [12] considered the thermal ablat-
ing related to asthenosphere as the cause of this feature. The
present 3D S-wave velocity model (Supplement 15) supports
the hypothesis proposed by Jiang et al. [11], in which there
exists a gap associated with the loss of the slab beneath She-
veluch and Kliuchevskoi volcanoes, near the northern part
of this slab, because no high S-wave velocity associated to
this slab is determined for depths greater than 240 km (pro-
file BB’, Figure 4). Then, the asthenospheric flow would pass
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through the gap to the northwest, around the north slab
edge. The low S-wave velocity pattern observed at northwest
of the slab edge, confirms the presence this asthenospheric
flow (Figures 2(b) and 2(c), and profile BB′ of Figure 4).
The loss of slab is a feature already observed in other slab
edges (e. g., [47, 71, 72]).

6. Conclusions

The principal geological and tectonics features, present in
the study area, have been imaged in a high-resolution 3D
S-wave velocity model (from 0 to 350 km depth), for the first
time. These features are summarized as follows:

(1) In the depth range from 0 to 5 km: low S-velocities
are determined for areas in which are present large
sedimentary basins, with thick sedimentary cover

(2) In the depth range from 5 to 35 km: the low S-
velocities determined at the northwest of the SO
(from 20 to 30 km depth) are associated to the pres-
ence of two lower crust hot plumes, and the low S-
velocities determined at the eastern part of the KP
(from 5 to 35 km-depth) are associated to its volcanic
belt. On the other hand, the high S-velocities are
associated to the regions with thinner crustal thick-
ness (as the KB), influenced by the near mantle
materials

(3) In the depth range from 35 to 60 km: the present 3D
S-wave velocity model shows that the SO and the
major southern part of the KP lie on a common plate
(the Okhotsk plate), because the different S-wave
velocity values determined in the study area are not
associated to the existence of different plates, but to
the tectonic features present in this area. For the
SO, the higher S-wave velocity values are associated
to the older regions, which is more evident for the
Okhotsk Arch. A conspicuous low S-wave velocity
is determined at the southwest (from 35 to 60 km
depth), which tallies with a high conductivity layer
previously determined from 30 to 65 km depth, with
deep temperatures in the upper mantle, seismic
research, and other geophysical data. The low S
velocities observed near to the Kuril arc (and along
it) show the presence of the wedge associated to
the Pacific subducting slab. For the KP, low S-
velocities are determined beneath the volcanic belt,
in the same area as in the previous depth range.
This low S-wave velocity pattern is clearly defined
from the upper crust (~5 km-depth) down to a
depth of ~60 for the southern part of the volcanic
belt and down to a depth of ~140 km for the north-
ern part. This low S-wave velocity pattern is
enlarged in size at the northwest (north of ~55°N),
following the location of the Kliuchevskoi and She-
veluch volcanoes, which confirms that these volca-
noes must be a part of the same subduction-
induced volcanic process

(4) In the depth range from 60 to 240 km: the astheno-
sphere is mapped as low S velocities between the
LAB and the ABB. The precise location and detailed
structure of the asthenosphere determined in the
present study is a new feature that has not been
determined in other previous studies. For the SO,
the location and thickness of the asthenosphere both
coincide with the expected for this area, which is part
of a geological block (the Cenozoic marginal sea
basin) that is characterized by thin lithosphere and
thick asthenosphere. The subducting Pacific slab
(for the SO and the KP) is shown as a high S-wave
velocity pattern, and its corresponding wedge (above
this slab) is shown as a low S-wave velocity pattern

(5) In the depth range from 240 to 350 km: the high S-
wave velocity area associated to the slab (near to
the Kuril arc) increases in size gradually from north
to south, as the dip angle of this slab decreases. For
the KP, the present 3D S-wave velocity model shows
that the subducting slab terminates near to the
Aleutian-Kamchatka junction, i.e., no relict slab
underlies the extinct northern Kamchatka volcanic
arc. This model shows that the slab shoals towards
north, and there exists a gap associated with the loss
of this slab beneath Sheveluch and Kliuchevskoi
volcanoes. The low S-wave velocity pattern
observed at northwest of the slab edge confirms
the presence of the asthenospheric flow, which
would pass through the gap to the northwest
around the north slab edge
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Supplementary 1. Supplement 1. List of the events used in
this study (278 events). The agency according to which has
been listed the epicenter coordinates and origin times, is
the National Earthquake Information Center (NEIC).
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Supplementary 2. Supplement 2. List of the stations used in
this study (12 stations).

Supplementary 3. Supplement 3. List of the source zones
used in this study (77 source zones).

Supplementary 4. Supplement 4. List of the averaged stations
defined in this study (2 new codes).

Supplementary 5. Supplement 5. Steps followed in the filter-
ing process of each event-station seismogram to obtain its
dispersion curve [50]. The circles are used to denote the
application of a digital filtering technique and the rectan-
gles are used to denote the results obtained. The enhanced
rectangles are used to show the initial data and the final
result.

Supplementary 6. Supplement 6. (a) Observed seismogram
corresponding to the event 267 (Supplement 1) recorded
at station MDJ (IC network, Supplement 2), instrument
corrected. (b) Contour map of relative energy normalized
to 99 decibels, as a function of the period and the group
time (white points denote the group times inferred from
the energy map). (c) Group time curve inferred from the
energy map. (d) Group velocities calculated from the
group times and the epicentral distance (group velocity is
the epicentral distance divided by the group time for each
period).

Supplementary 7. Supplement 7. (a) Observed seismogram
corresponding to the event shown in Supplement 6a. (b)
Group velocity dispersion curve obtained after application
of the MFT (as shown in Supplement 6). (c) Time-variable
filtered seismogram.

Supplementary 8. Supplement 8. (a) Time-variable filtered
seismogram obtained after application of the TVF, as shown
in Supplement 7. (b) Contour map of relative energy nor-
malized to 99 decibels as a function of the period and the
group time (white points denote the group times inferred
from the energy map). (c) Group time curve inferred from
the energy map. (d) Group velocities calculated from the
group times and the epicentral distance.

Supplementary 9. Supplement 9. (a) Path coverage of the
Rayleigh waves (253 paths). The rectangle plotted with black
thick line shows the area considered under study, as shown
in Figures 1–3. (b) Number of paths calculated for each dis-
persion data period determined from the Rayleigh-wave
analysis.

Supplementary 10. Supplement 10. Group velocities obtained
for the 253 source-station paths considered in this study.
The standard deviation (1-sigma error) of the group veloci-
ties is for all paths ranging from 0.03 to 0.07 km/s, with a
media value of these errors of 0.05 km/s.

Supplementary 11. Supplement 11. Rayleigh-wave group
velocity Uðx, yÞ, computed by regionalization using Fourier
seires. The isolines interval is 0.1 km/s.

Supplementary 12. Supplement 12. Error in the Rayleigh-
wave group velocity ΔUðx, yÞ, arisen in computation of the
regionalized velocity Uðx, yÞ shown in Supplement 11. The
isolines interval is 0.01 km/s.

Supplementary 13. Supplement 13. Initial earth model (α: P-
wave velocity, β: S-wave velocity, and ρ: density) considered
for the inversion of the group velocities (obtained by region-
alization), for the block area located at the coordinates:
55.375°N, 158.125°E.

Supplementary 14. Supplement 14. (a) Shear-wave velocity
(final model) obtained after the inversion process for the
block area located at the coordinates: 55.375°N, 158.125°E,
plotted with blue line only from 0 to 800 km of depth. The
horizontal bars show standard deviation for each layer con-
sidered in this inversion process. The shear velocity distribu-
tion of the initial model listed in Supplement 13 is plotted
with red line, only from 0 to 800 km of depth. (b) Resolving
kernels of the inversion problem posed (plotted only from 0
to 800 km of depth). The reference depths are marked by
vertical bars for the media depth of each layer considered.
(c) The theoretical group velocity obtained from the final
model plotted in Supplement 14a, is shown with blue line.
The theoretical group velocity obtained from the initial
model listed in Supplement 13 (and plotted also in Supple-
ment 14a), by means of forward modelling, is plotted with
red line. The dots line denotes the average group velocity,
calculated by regionalization, for the above-mentioned block
area (considered as observed data). The vertical bars show
the standard deviation in group velocities at each period
(1-σ errors in the observed data).

Supplementary 15. Supplement 15. Geographical distribu-
tion of the S-wave velocity as a function of depth. The inter-
val between isolines is 0.1 km/s.

Supplementary 16. Supplement 16. Geographical distribu-
tion of the 1-sigma errors arisen in computation of the S-
velocities shown in Supplement 15. The interval between
isolines is 0.01 km/s.

Supplementary 17. Supplement 17. Resolution maps of the
inversion process performed to calculate the S-velocities
shown in Supplement 15, plotted from 0 (not resolved) to
1 (perfect resolution). The interval between isolines is 0.1.
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