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Deep magma sources beneath
Central Kamchatka inferred from
teleseismic tomography

Ivan Koulakov'?*?, Olga Bergal-Kuvikas®*, Maria Voronova? & Andrey Jakovlev®

Central Kamchatka is a typical Andean-type subduction complex including a linear volcanic arc, back-
arc volcanic complexes and zones of tectonic shortening and extension. With the use of teleseismic
tomography, we investigate the role of mantle processes in the observed volcanic and tectonic activity
in this region. We use the seismic data of permanent stations and a temporary network deployed in
central Kamchatka in 2019-2020. Arrival times of the P waves from events at distances from 15 to

110 degrees are used as input for tomographic inversion to derive a 3D model of the P-wave velocity
anomalies down to the depth of 150 km. In the resulting model, beneath the central part of the study
area, we observe a prominent low-velocity anomaly in the mantle overlain by a high-velocity crustal
block. A chain of the Avacha Group volcanoes is located above the northeastern border of this anomaly,
and Mutnovsky, Gorely and Viluchinsky volcanoes are associated with its southwestern border. We
propose that the hot mantle material, which arrived from the slab window, surrounds the bottom of
the rigid crustal block and ascend along its borders causing the formation of large stratovolcanoes.

Abbreviations

MPZ Malko-Petropavlovsk fault zone

KBGS  Kamchatka Branch of Geophysical Survey of Russian Academy of Sciences
LSQR Least square method with QR factorization

LET Local earthquake tomography

ANT Ambient noise tomography

Kamchatka is the large Peninsula in the Far East of Russia located in the north-western corner of the Pacific
Ocean (Fig. 1B). Most of Kamchatka’s territory remains inhabited and has a very poor road infrastructure. The
eastern coast of Central Kamchatka is the only region with a relatively dense population living in the major cities
of Kamchatka, namely Petropavlovsk-Kamchatsky, Elizovo and Vilyuchinsk. These cities and their surrounding
agglomerations accommodate approximately 250,000 inhabitants, representing around 80% of Kamchatka’s
population. In this study, we consider a large part of Central Kamchatka, which includes these populated areas
to the east and generally non-populated areas to the west (Fig. 1A).

The tectonic and volcanic activity in Kamchatka is mostly controlled by the ongoing subduction of the
Pacific Plate along the Kuril-Kamchatka and Aleutian arcs with the rate of 7.6 cm/year!. More than a hundred
of Pleistocene and Holocene volcanoes can be identified in the Kamchatka Peninsula® (Fig. 1B), of which ~41
exhibited eruption activity in historical times®. A broad range of compositions and eruption regimes of the arc
volcanoes infers that they are fed through a complex system of magma sources in the crust and mantle wedge
that were initially originated on the upper boundary of the dehydrating subducted slab*.

Systematic, multiscale studies of deep structures below such volcanic centers are important to better
understand the processes of magma formation. A relatively well studied part of Kamchatka is an area located
around the main city of the region, Petropavlovsk-Kamchatsky. Because of a serious hazard of earthquakes and
volcanic eruptions, this area is actively studied with the use of different geophysical methods. The long-term land
gravity measurements were performed since the 1960s® and were compiled in a number of density models of the
crust beneath the Avacha group®”. In the same area of central-eastern Kamchatka, more than 1000 measurement
points of magnetotelluric sounding were collected and used to build the electrical resistivity model of the crust®.
The deep seismic sounding was conducted in the area of Avacha volcano in the 1980s. The processing of these
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Fig. 1. Study area. (A) Topography and main geological structures in central Kamchatka. The red dotted

line highlights major calderas. The red dashed lines indicate volcano lineaments. The red crosses indicate
monogenic cones and extrusive domes within the MPZ. The main cities highlighted with blue characters:
PKC—Petropavlovsk-Kamchatsky, El—Elizovo, VI—Viluchinsk. Abbreviations for volcanoes: ZHE—
Zheltovsky; KSU—Ksudach; KHO—Khodutka, ASA—Asacha; OPA—Opala; BIP—Bolshaya Ipelka; MUT—
Mutnovsky; Gor—Gorely; VIL—Vil-yuchinsky, KAR—Karymshina Caldera, TOL—Tolmachev Dol; KOR—
Koryaksky; AVA—Avachinsky; DZE—Dzenzur; Zhu—Zhupanovsky; VAC—Verkhneavachinskaya Caldera;
BAK—Bakening; AKA—Akademii Nauk; KAR—Karymsky; MSE—Maly Semyachik. (B) Location of the study
area (blue rectangle) in the regional map. The blue lines indicate the shape of the slab!. The red dots depict the
Holocene volcanoes?. The rate of the Pacific Plate movement is indicated by arrows. The figure was generated
using the software Surfer (version 13, http://www.goldensofware.com/products/surfer).

data using classical methods of refraction wave analysis®!? and seismic tomography!! resulted in generally
consistent structures with a prominent velocity contrast below Avacha Volcano.

Seismological studies of this region were initially based on the data of the permanent seismic network
operated by the Kamchatka Branch of Geophysical Survey of Russian Academy of Sciences (KBGS) having
a relatively good coverage in central-eastern Kamchatka'?. Large-scale tomography models based on regional
and worldwide seismological catalogs clearly map the shape of the slab in the mantle!*-!. The smaller-scale
seismic models were constructed based on the data of local permanent and temporary stations. In particular,
the Avacha group of volcanoes is covered by seven stations, whose data were used to build local-earthquake
tomography below Avacha and Koryaksky active volcanoes'®. Later this model was considerably improved after
including the data of temporary stations deployed on the Avacha group!”. The data of the permanent seismic
network were also used to study larger scale structures in the entire crust and upper mantle!®, but the coverage
of the stations did not provide sufficient data distributions; therefore, the resolution and reliability of these
models were not very high. The western part of central Kamchatka could not be studied with the data of KBGS
permanent network because of insufficient distributions of seismic stations there.

A significant progress in studying the deep structure beneath the entire Central Kamchatka was achieved
after deploying in 2019-2020 a regional network covering an area from the eastern to western coasts between
the latitudes of 52.7-54 °N"?. The data of these networks were previously used in an ambient-noise tomography
study® to reveal the structure of the S-wave heterogeneities in the entire crust down to ~20 km. The other
study!® used the arrival times of the P and S waves from the local and regional events recorded by the temporary
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and permanent stations to infer the structures in the crust and in the mantle wedge. Note however, that both
methods used in these studies have some limitations and uncertainties that may affect the derived velocity
models. That is probably why, these two models differ considerably in an overlapping depth interval, which
indicates that the information about deep structures is still not definitive and need to be corroborated with
alternative approaches.

Here, we use the same dataset including the seismograms from the temporary network 2019-2020 and
permanent stations in Central Kamchatka to build another model of the crustal and mantle structures based
on a teleseismic tomography algorithm. This gives us a completely independent model that can be used to
corroborate the previous results. Furthermore, this scheme provides more homogeneous ray distributions and
does not face with a problem of the trade-off between the source and velocity parameters that exist in local
earthquake tomography. It may give us a possibility to obtain more reliable results for the mantle part of the
model.

Geological settings

The present geological processes of Kamchatka are mostly determined by the ongoing subduction of the Pacific
Plate that occurs in the northwestern direction nearly orthogonally to the trench orientation with the rate of
7.45-7.81 cm/year!. Kamchatka is a typical subduction complex of the Andean type, which includes a well-
established deep oceanic trench, an accretion wedge, a linear volcanic arc, back-arc volcanic complexes and
several zones of tectonic shortening and extension causing the origin of mountain ridges and rift valleys. At
the same time, the subduction processes below Kamchatka are far from a simple 2D conveyor-type model. For
example, lateral heterogeneities in the slab were presumed to cause a complex shape of the coastal line and jumps
of the volcanic front?!.

An important tectonic structure in central Kamchatka is the Malko-Petropavlovsk fault zone (MPZ)
(Fig. 1A), which partly coincides with the Avacha Graben in the onshore part’’. This zone of transverse
dislocations represents a transition between geologically distinct structures in central and southern Kamchatka.
MPZ was identified as a dislocation area that was formed during the collision of the Kronotsky block in the late
Oligocene??, when the volcanic arc migrated from the coastal area to the present location of the Sredinny Range.
The trench-perpendicular fractures along the MPZ can be identified on the surface from structural geological
surveys®® and at depth from the basement structures identified by different geophysical studies®*-2°.

MPZ appears to be located at a continuation of the Avachinsky transform fault in the Pacific Plate separating
the oceanic lithosphere segments of different ages?”?%. The area of MPZ is characterized by a series of fracture
zones, which appear to be associated with hydrothermal magmatic systems®. To the south of this zone, the
slab-related seismicity is observed down to 600 km, whereas in the northern part, the seismicity is shallower?!*.
The crustal seismicity within MPZ is significantly less active than in the other coastal areas to the south and to
the north®!. The area of MPZ is characterized by relatively high mean heat flow (~ 80 mWt/m?) compared to the
surrounding regions (40-60 mWt/m?)2. It also includes some local zones of very high geothermal activity, such
as Paratunka and Koryaksko-Ketkinsky geothermal fields.

The main volcanic arc in central and southern Kamchatka (indicated by the trench-parallel red dashed
lines in Fig. 1A) is composed of two nearly linear segments of Southern Kamchatka and Eastern volcanic belts.
Within each of these belts, the distinct large Holocene stratovolcanoes or volcano groups are separated with
regular intervals of 25-30 km: Zheltovsky—Ksudach—Khodutka—Asacha—Gorely—Vilyuchinsky in South-
Kamchatka volcanic front and Avacha—Zhupanovsky—Karymsky—Maly Semyachik in the Eastern volcanic
front. At the same time, some groups of volcanoes form linear chains in the direction of the subducting plate
displacement, such as four lineaments indicated by trench-perpendicular red dashed lines in Fig. 1A: (1)
Asacha-Opala-Bolshaya Ipelka, (2) Mutnovsky-Gorely, (3) Kozelsky-Avacha-Koryaksky-Arik-Aag, and (4)
Zhupanovsky-Dzenzur-Bakening. It is interesting that the configurations of the trench-parallel and trench-
perpendicular lineaments look symmetrical with respect to the MPZ.

Between Vilyuchinsky Volcano and Avacha Group, there is a gap of ~ 60 km width, coinciding with the MPZ,
where no large stratovolcanoes are observed. At the same time, many manifestations of monogenic volcanism
and little extrusions are observed in this area®. For example, a chain of cinder cones with ages ranging from 2.4
to 10 ka is identified in the valley of the Paratunka River at the southern border of the MPZ**. In the northeastern
part of the MPZ, an extrusive dome of Mishennaya Sopka in the Petropavlovsk-Kamchatsky City and other
similar structures are dated between 400 and 800 ka*>. However, most of them were covered by debris avalanches
of the Avacha Volcano eruption that occurred 30 ka BP**. The small monogenic volcanic structures within
MPZ were presumed to be originated due to decompression melting in the mantle wedge possibly caused by
tearing of the slab below the MPZ*.

Data and algorithms
In this study, we used the data of the temporary network deployed in Central Kamchatka in 2019-2020
supplemented by permanent stations of KBGS located in the same area (red and blue triangles in Fig. 2,
respectively). The temporary network initially included 33 stations provided by several institutions of Russia
and Taiwan; however, some of them were destroyed by animals and got out of order due to other natural factors.
The stations that were used for picking are highlighted with green contour in Fig. 2. The temporary seismic
network was composed of broadband seismic instruments of different types including Gularp 6T(D), Thrillium
Compact 120 s and Meridian Compact MC120-PH2, which were suitable for recording low-frequency waves
from teleseismic sources.

For this study, we used a list of earthquakes from the global ISC catalog®” for the time when the temporary
seismic network operated. We selected the data from events located at distances from 15° to 100° from the
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Fig. 2. Ray paths in map view and vertical projections. The triangles in the map indicate seismic stations. Red
and green filling of the triangles indicate temporary and permanent stations, respectively; the green contour
means that this station is used for the teleseismic data analysis. The figure was generated using the software
Surfer (version 13, http://www.goldensofware.com/products/surfer).

center of the network (Fig. 3). The lower limit of this interval is smaller than used in most of other teleseismic
studies, where the shortest distance was set at 30°. We believe that adding data from the interval from 15° to 30°
is important for two reasons. First, it allows adding weaker events, which would be hardly detectable at distances
of more than 30°. Second, the waves from events at shorter distances arrive to the study area along shallower
ray paths, which improves the variety of ray geometry in the study area and is favorable for the tomographic
inversion. On the other hand, there might be a concern that travel times from events at shorter distances
corresponding to shallower ray paths may be perturbed by structures located outside the study area, which may
create some artefacts in the resulting model. In this study, we will present several tests that are specially designed
to investigate this problem.

To optimize the manual picking procedure and to enable most homogeneous data coverage, we carefully
selected the events according to their magnitude and azimuthal distributions. We defined a linearly increasing
magnitude threshold depending on epicentral distances, which allowed selections of weaker events at smaller
distances and only strong events at larger distances. Then along each azimuthal segment of 1°-degree size, we
selected no more than three events with largest magnitudes. As a result of selection, we obtained 473 events.
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Fig. 3. The distribution of teleseismic events (red dots) used for tomography. The blue dots in the center
indicate seismic stations. The figure was generated using the software Surfer (version 13, http://www.goldensof
ware.com/products/surfer).

To pick the arrival times of seismic waves from teleseismic events, we used the SEISAN software®. Figure 4
presents a typical waveform corresponding to a moderate teleseismic event with the magnitude of 5.5 at a
distance of approximately 70°. At the initial seismogram shown in the left plot, this event is not visible. After
applying several bandpass filters, we selected the frequency range from 1 to 5 Hz, which provided the clearest
arrival phases. However, the quality of seismograms for this and most of other events was not good enough
to perform automated picking using cross-correlation of waveforms. Therefore, we visually inspected all the
waveforms, selected most appropriate filter for each event and manually picked all the phases. When selecting
data for tomography, we took into consideration only events for which we could robustly determine 10 or more
picks. In total, after this selection criterion, we picked 268 events with corresponding 5894 P-wave arrivals (on
average, more than 22 picks per event). The events selected for tomography are shown in Fig. 3. It can be seen
that an only gap of approximately 60° exists in the southeastern direction; the other directions are relatively well
illuminated.

The travel time differences were calculated with respect to the reference travel time calculated in the model
IASP91%. Then the residuals for each event were shifted to enable zero sum of all residuals. If the maximum
residual was larger than a predefined threshold (2 s) it was removed, and then the residuals were calculated with
respect to a new average value.

For the tomographic inversion, we used a classical approach of K. Aki, A. Christofersson and E. Husebye
(ACH)*0. The teleseismic tomography is based on an assumption that the measured residuals along the rays from
remote events are caused by the seismic velocity anomalies in the study area; outside, the velocity distribution is
presumed to be one-dimensional. Similar approach was used in a number of other studies based on teleseismic
travel time tomography*!~4.

The study area was parameterized in an area with the size of 400x400x 250 km using uniform cells with
the size of 6 x6x6 km. In total, it gives 188,539 unknown parameters describing the velocity distribution. The
first derivative matrix was calculated along the ray paths that were constructed analytically in the 1D spherical
velocity model TASP91%. To stabilize the solution of the linear equation system, we supplemented it with
additional equations having two elements of opposite signs corresponding to all combinations of neighboring
cells and zero data vector. Increasing the weights of these equations (W*™) smoothens the resulting velocity
anomalies. Since the cell size is far below the resolution of the model, and the stability is merely determined by
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Fig. 4. A screenshot of the SEISAN software®® with an example of picking an event with the magnitude of 5.5
located at a distance of ~ 70°. The left panel shows the initial seismogram without filtering, in which the arrival
wave is almost not visible. The right panel shows the result of the bandpass filtering in the frequency range of
1-5 Hz, which was found most appropriate in this case. The blue indications highlight theoretical phases, and
the red ones indicate the manual picking results.

the smoothing value, this type of parameterization is quasi-continuous and almost not dependent on the cell
geometry. The smoothness coeflicients in inversion were defined depth dependent: at the surface the W™ =30,
at 250 km depth W*™ =150, and in between it was linearly interpolated. Furthermore, we defined an amplitude
damping presuming adding equations with only one non-zero element with the value W*™ corresponding to
each cell (in our case, W =20). In addition, we determined an additional correction for each event that allowed
us to shift the time residual, which includes all the factors affecting the ray tube between the source point and
the bottom of the study area. All values of these controlling parameters were obtained after several trials during
inversions of experimental and synthetic data. The best values aimed at avoiding oversmoothed and patchy
solutions in the case of experimental data, and provided the best recovery of models in synthetic tests. In total
we got a system with 747,728 equations that was inverted using the Least Square method with QR factorization
(LSQR)44’45.

Synthetic modeling

Prior to considering the results of experimental data inversion, we present the results of synthetic tests that
provide the information about the spatial resolution of the resulting model. To calculate the synthetic data, we
used the actual geometry of the ray paths corresponding to the data in the main model. Note that at this step,
we considered the entire ray paths between sources and receivers. This gives a possibility to explore the effect of
anomalies located outside the study area. The synthetic times were perturbed with random noise with a Gaussian
statistical distribution. In all tests presented here, we used noise with the mean value of 0.3 s in L1 norm. To
recover the model in the study area, we repeated the same inversion procedure and used the same controlling
parameters as in the case of computing the main tomography model.

In the first series of tests presented in Fig. 5, we defined the three-dimensional checkerboard model with
cubic anomalies of 50 km size and 15 km of empty intervals in x, y and z directions and anomaly values of + 10%.
In the first trial, we defined the checkerboard patterns only within the area, in which we performed inversion
(upper two rows in Fig. 5). The results of the recovery are shown in two horizontal and two vertical sections; the
initial synthetic anomalies are highlighted with dotted lines. It can be seen that at least three layers of alternated
anomalies are correctly recovered in areas with sufficient station coverage. At a depth of 150 km, the area of the
best resolution is shifted to the south, where most of the rays are directed. In the vertical sections, we can observe
fair resolution of the anomalies below the central part of the model. However, at large depths in the marginal
parts, we observe some diagonal smearing mostly caused by dominant orientations of the ray paths. This type of
artifacts should be considered while interpreting the results of experimental data inversion.

In this study, we used a non-traditional ray configuration with shorter epicentral distances than usually
considered in teleseismic tomography, which presumes that some rays cross not only the bottom, but also side
limits of the study area. This causes some concerns that anomalies located outside the study area in neighboring
regions may affect the resulting model. To address this concern, in the next test shown in two lower lines in
Fig. 5, we considered the checkerboard model that took into account the anomalies located outside the study
area. In this case, we created a model with the same geometry of anomalies as in the previous test, but defined
in a cube of 770 x 770 x 700 km, which is much larger than the size of the study area (400 x 400 x 250 km). When
computing the synthetic travel times, we integrated along the entire ray path and accumulated the contributions
of anomalies located both inside and outside the study area. Then we carried out the tomography inversion
merely within the study area. It can be seen that in this case, the main recovered patterns can be observed in
correct locations, but look more disturbed than in the previous test. This means that the outside anomalies affect
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Fig. 5. Results of two checkerboard tests showing the effect of anomalies located outside the resolved area.
The upper two lines present the test for the Model 1, in which the synthetic anomalies are defined in the
investigated area only, and the lower two lines show the test for the Model 2 with an unlimited checkerboard
model. The left column presents the synthetic models on a larger scale in horizontal and vertical sections.
Rectangles indicate the limits of the study area. The 2nd and 3rd columns present the recovery results in two
horizontal and two vertical sections. In the resulting images, the shapes of the initial synthetic patterns are
highlighted with the dotted lines. The locations of the sections are shown in the maps. The figure was generated
using the software Surfer (version 13, http://www.goldensofware.com/products/surfer).
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the data as noise that does not create a considerable large-scale coherent contributions in the space of the model,
but only produces smaller-scale perturbations.

One may state that this checkerboard test is not totally adequate to estimate the contribution of outside
anomalies, because the alternated positive and negative anomalies in a large volume compensate effects of each
other, and in total do not create biased patterns in distributions of the residuals. To answer such a potential
criticism, we have created a series of synthetic models with free-shaped anomalies shown in Fig. 6. In these cases,
the anomalies were defined by a set of polygons in the vertical section oriented across the subduction zone. In
Model 1, we defined a large mushroom-shaped low-velocity mantle upwelling and several high-velocity patterns
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Fig. 6. Synthetic tests for three free-shaped models defined in the vertical section 1 (same as in Fig. 8). The
left column presents the initial synthetic model in the same section, but on a larger scale, and the right column
presents the recovery results for the corresponding models. The numbers indicate the values of the synthetic
anomalies in percent. The dotted lines in the resulting images highlight the shapes of the synthetic anomalies.
The rectangles in the left column highlight the limits of the study area. The figure was generated using the
software Surfer (version 13, http://www.goldensofware.com/products/surfer).
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representing crustal and mantle structures discovered in the main model. In Model 2, to all the same anomalies
as in Model 1, we have added a high-velocity slab. In Model 3, we supplemented Model 2 with four additional
fancy stars of different signs located outside the study area.

The recovery results show that in all cases, the main contours of the central low-velocity anomaly are generally
well recovered, whereas for the shallow high-velocity patterns, we only observe some local reduction of the low-
velocity anomaly intensity. For Models 2 and 3, we can see that the inversion cannot recover the slab in its correct
limits. We only obtain some weak high-velocity anomaly above the upper part of the slab and stronger high-
velocity anomaly above its lower part. This result demonstrates that we cannot expect clear images of the slab
in our tomography results due to unfavorable ray geometry. Finally, we do not observe any difference between
the recovery results of Models 2 and 3. It means that the external stars do not have any contribution into the
teleseismic tomography results. Based on the results of synthetic tests shown in Figs. 5 and 6, we can conclude
that in the case of our ray configuration, the anomalies located outside the study area have a minor effect on the
tomography result.

Velocity model and interpretation

The resulting anomalies are visualized in a set of horizontal and vertical sections (Figs. 7, 8). Schematic
interpretation of the result in one of the vertical sections is presented in Fig. 9. When preparing visualization of
the results, we calculated the 3D distribution of the ray density (total length of rays in each cubic cell with the
size of 6 km) and then smoothed it. In sections, we show the results only if the ray density is larger than 5% of the
average value; otherwise, the areas with insufficient ray coverage are blanked. According to the resolution tests,
the resolved area in vertical sections has a shape of an inverted triangle with the upper size coinciding with the
network area and the bottom point at approximately 150 km depth (dotted line in Fig. 9). Outside this triangle,
the anomalies may be smeared and should be considered with prudence.

This model can be compared with the results obtained in other studies for the same region including
the tomography models by Bushenkova et al.!’, which was based on body waves from the local earthquake
tomography (LET), and by Egorushkin et al.?’ based on ambient noise tomography (ANT). There is some
similarity of our results with the LET model at the depth of 20 km. In particular, a low-velocity anomaly between
Gorely, Mutnovsky and Viluchinsky volcanoes looks very similar in both models. Similar low-velocity anomalies
at 20 km depth are also identified in areas of Shipunsky Cape and Sredinny Ridge. Higher-velocity structures in
both models are associated with the Avacha Graben and Ganalsky Ridge. Similar patterns are identified in our
model and in the ANT model for the depths of 20 and 40 km in the area of the Avacha group of volcanoes. Some
similarity between our and LET models is also observed at a depth of 60 km, where a large low-velocity anomaly
dominates in the central part of the study area in the both models, except for the Nalychev Valley, for which
opposite signs of anomalies were identified. Note that the consistent positive anomalies below the Nalychevo
Valley at 40 km depth are observed in our and ANT models.

We admit that the total amount of data in Bushenkova et al.'” was much larger than in our study. However,
the workflow used in that study had several issues that may disturb their model. In particular, most of events
in their study were located below the Pacific Ocean at one side of the network. This does not provide good ray
crossing at mantle depths below the network, which limits the resolution of tomography for the mantle wedge.
Furthermore, joint inversion for the source locations and velocity distributions gives some trade-off between
these parameters for the deep and out-of-network events, which may cause some artefacts in the velocity model.
In our model, the data distribution is more homogeneous and the residuals used in teleseismic tomography
are not coupled with source hypocenter coordinates, which makes the inversion more stable compared to the
LET tomography. Our model reveals some important patterns that can be used for interpretation in terms of
geological processes.

In the mantle depths, the most prominent structure is a large low-velocity anomaly that is seen in the center
of the study area below the depth of 40-50 km. In map view, we see that this anomaly roughly corresponds
to the Avacha Graben and Malko-Petropavlovsk Zone of transverse dislocations (MPZ). According to some
authors, MPZ is located at a continuation of the Avacha transform fault in the oceanic Pacific Plate separating
two segments with different ages and properties and possibly coinciding with slab tear?”-2%. Of course, our model
cannot reveal the fact of the slab tear because of insufficient resolution, and we can only hypothesize about it from
indirect observations*. In this case, the observed prominent low-velocity anomaly below MPZ might represent
overheated asthenospheric material in the mantle wedge that ascended through the slab window (red arrows in
Fig. 9). This hypothesis is supported by a relatively high heat flow within MPZ compared to the surrounding
areas®2. The typical magma generation zone of frontal volcanoes is approximately 120 km above the slab?.
However, the recorded low-velocity anomaly from depths greater than 150 km (Fig. 8, section 3, 4) indicates
that the phenomenon can be attributed to a slab window rather than mantle heterogeneity. Furthermore, the
distribution of monogenetic cones does not correspond to the main magma generation zone and does not exhibit
a correlation with distance to the trench®. The isotopic and petrological investigation of the large-voluminous
(~800 km?) Karymshina caldera suggests the formation of rising basalts in the upper crust, which subsequently
melted the surrounding crust and gave rise to a series of strong eruptions between 4 and 0.5 Ma*®.

At crustal depths (in a section at 20 km), above the mantle low-velocity anomaly, we observe a dominating
high-velocity anomaly within the MPZ. This high-velocity structure might represent a rigid crustal block that
prevents the propagation of the hot material from the mantle wedge to the surface. We see that this area of MPZ
corresponds to a clear gap in the distribution of large stratovolcanoes and volcanic complexes, as highlighted in
Fig. 1A. The rigid properties of the crust in this location can also be proven by a relatively flat topography in this
area, which was initially affected by regional tectonic stresses, but could not be deformed due to high rigidity. On
the other hand, within MPZ, we observe a series of relatively small monogenic cones®* that mostly match with
the high-velocity anomaly in the crust and low-velocity in the mantle wedge. We can propose that the rigid block
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Fig. 7. Resulting anomalies of the P-wave velocity in horizontal sections. The thin contour lines indicate the
topography with the interval of 500 m. The black dotted line highlights the Malko-Petropavlovsk fracture

zone (MPZ). The red dotted line highlights major calderas. The red crosses indicate monogenic cones within
the Avacha Graben. PKC—Petropav-lovsk-Kamchatsky City. Abbreviations for volcanoes: KHO—Khodutka,
ASA—Asacha; OPA—Opala; BIP—Bolshaya Ipelka; MUT—Mutnovsky; Gor—Gorely; VIL—Vilyuchinsky,
KAR—Karymshina Caldera; KOR—Koryaksky; AVA—Avachinsky; DZE—Dzenzur; Zhu—Zhupanovsky;
VAC—Verkhneavachinskaya Caldera; ZAV—Zavaritskogo; BAK—Bakening; AKA—Akademii Nauk; KAR—
Karymsky; MSE—Maly Semyachik. The figure was generated using the software Surfer (version 13, http://www
.goldensofware.com/products/surfer).

of the MPZ behaves in a brittle way. In a case of excessive pressure on its bottom, a system of hydro-fractures
(thin black lines in Fig. 9) may quickly form and bring low-viscous basaltic magma to the surface to produce a
single eruption episode that formed a monogenic cone (red triangles in Fig. 9). However, in such conditions, no
large intercrustal magma reservoirs can be formed that could feed long-term activity of large stratovolcanoes.
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Avacha and Koryaksky volcanoes appears to be located at the border between the low and high-velocity
anomalies. The local low-velocity anomaly at 20 km depth to the southwest of Avacha and Koryaksky volcanoes
corresponds to a prominent low-density anomaly inferred from the gravity inversion’. Similar pattern was
identified based on the inversion of more than 1000 of magnetotelluric measurements showing low resistivity to
the southwest of Avacha and high resistivity to the northeast®. Although the active-source seismic survey covered
much shallower depth intervals, it demonstrates the same feature: low velocity to the southwest of Avacha and
high velocity to the northeast®™!!. Same feature is identified from the ambient noise tomography studies on a
local-scale!! and on a regional-scale?’. This feature can be explained by weaker mechanical properties of suture
zones between different geological formations that make easier propagation of fluids and melts along such
contacts.

On the other side of the MPZ, Viluchinsky, Mutnovsky and Gorely volcanoes are also located close to
the contact zone between low- and high-velocity zones. This presumes a similar mechanism of feeding these
volcanoes from the mantle sources as in the case of Avacha and Koryaksky volcanoes. As we see in sections 3 and
4 in Figs. 8 and 9, a large low-velocity anomaly below MPZ may represent ascending hot material that reached
the bottom of the crust and propagate along it to the borders of the block, where it ascends to the surface and
form large complexes of stratovolcanoes.

The clustering of volcanoes such as Kozelsky- Avacha-Koryaksky volcanoes and Mutnovsky-Gorely volcanoes
are low-velocity areas, formed perpendicular to the trench (Figs. 1, 8). These observations are similar to those
made and called as a finger-like volcano chain in Northern Japan, where these volcanoes were also formed as hot
regions in the mantle wedge®”.

To the northeast of the Avacha Group, we observe the high-velocity anomaly coinciding with the Nalychevo
valley. This valley is nearly flat and tectonically not strongly deformed, which may indicate that it also
corresponds to another rigid crustal block. Some observed manifestations of active geothermal activity in the
Nalychevo Valley*® may be caused by lateral migration of fluids in the crust from active volcanoes of the Avacha
and Zhupanovsky groups, and are probably not related to direct heating by deep sources in the mantle wedge,
which appears to be not sufficiently hot.

Unfortunately, we did not have seismic stations in the area of Zhupanovsky and Dzenzur volcanoes, therefore
we have a gap in our tomography at crustal depths. At the same time, if we extrapolate deeper structures, we
can propose that these volcanoes might be also located at a contact between high- and low-velocity anomalies.
We also see some low-velocity anomalies between Karymsky Volcano, but for this area, we have too little data,
therefore, we should be prudent to this result.

Conclusions

Based on the data of a temporary seismic network and permanent stations, we have obtained a new model of the
P-wave velocity anomalies for the mantle wedge and crust beneath central Kamchatka, where several large active
volcanic centers are located.

In the mantle, we observe a large low-velocity anomaly coinciding with the location of the MPZ. We propose
that this anomaly represents hot material that was ascended through the slab window at a continuation of a
transform fault on the Pacific Plate. At crustal depths, the area of Avacha graben is associated with dominated
high velocity anomalies that may represent the presence of a rigid block. In this case, it prevents the origin
of large crustal magma chambers, and therefore, in this area we observe a gap in the distribution of large arc
stratovolcanoes. At the opposite borders of the mantle low-velocity anomaly, we observe two symmetrical pairs
of active volcanic systems: Avacha—Koryaksky to the northeast and Gorely—Mutnovsky to the southwest. We
propose that the hot material surrounds the bottom of the rigid crustal block of the Avacha Graben, follows
weakened zones along its borders and when reaching the surface, it causes the formation of active volcanoes.
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