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Paramushir is the northernmost island of the Kuril Arc comprising several Holocene volcanoes, of which two are
presently active: Ebeko and Chikurachki. We present the first crustal-scale three-dimensional seismic shear-wave
velocity model of the northern part of Paramushir derived with the use of data of 20 temporary stations operated
in 2021-2022 and one permanent station. The continuous seismic data were used to obtain the Rayleigh wave
dispersion curves for periods ranging from 0.5 s to 12 s through computing ambient seismic noise cross-
correlation functions. Then the 3D shear wave velocity distribution was constructed by seismic tomography.
The synthetic tests demonstrate that the model has sufficient resolution down to 7-10 km depth. We observe a
series of low-velocity anomalies at the depths of 4-6 km below the volcano-origin Vernadsky Ridge. They may
likely represent magma reservoirs that are responsible for Holocene eruptions along the ridge. These anomalies
are overlain by the high-velocity anomalies associated with the rigid cover consisting of an upper-crustal granite-
granodiorite body and consolidated magma intrusions. Along the eastern flank of Ebeko we reveal a thin low-
velocity anomaly at a depth of ~1 km that can be interpreted as a water-saturated layer. The contact of this
layer with hot magma intrusions leads to the formation of a large amount of steam that is ejected during the
frequent phreatic eruptions of Ebeko and from numerous fumaroles in the summit area. On the other hand, this
layer, which is following down to the Pacific Coast, might be promising for the geothermal energy exploitation.

Surface wave
Seismic Tomography

1. Introduction

Volcanic eruptions and related ash and gas ejections might represent
serious hazards to the population, infrastructure and transportation in
surrounding areas. Expanding our knowledge about processes inside
magmatic and geothermal volcanic systems makes it possible to improve
eruption forecast criteria and, therefore, minimize negative effects
caused by the volcanic activity. Furthermore, volcanoes provide an
unlimited green energy source, which can be used for the needs of the
local population (e.g., Wohletz and Heiken, 1992; Duffield and Sass,
2003). These and other reasons require performing geophysical surveys
giving the information about physical properties of the medium.

Ambient seismic noise tomography is among the most powerful
geophysical techniques providing high-quality models beneath vol-
canoes (e.g., Masterlark et al., 2010; Jaxybulatov et al., 2014; Bai et al.,
2021; Mordret et al., 2015; Obermann et al., 2016). It is especially
challenging to study volcanoes located in hard-to-reach areas of Kam-
chatka and the Kuril Islands. One of such sites is active Ebeko Volcano
located on Paramushir Island in the Kuril Arc that is considered in this
study. The volcanic activity in Kamchatka and Kuril Islands is mostly
controlled by the ongoing subduction of the Pacific Plate.

The eruption activity of Ebeko poses serious problems to the popu-
lation and infrastructure of Severo-Kurilsk, a town with ~3000 in-
habitants located at only 6-7 km from the active vent of Ebeko. Due to a
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dominant wind direction from the west, the town suffers from the ash
and gas ejected during the frequent eruptions. Probably the most
harmful event which might threaten the town are lahars. For the last
4.5-5 thousand years five to six powerful lahars have descended along
the Matrosskaya river valley (Laverov et al., 2005). Notably, most part of
the modern Severo-Kurilsk town has been built upon a surface of such
lahar, which occurred 5700 years ago (Melekestsev et al., 1993). A
serious hazard related to the activity of Ebeko requires thorough
monitoring and assessment of the possible catastrophic scenarios
including ashfalls, gas incursions and lahars. The ash clouds from Ebeko
ejecting during strong eruptions may also affect the air and maritime
traffic, which is active in this segment of the Pacific Ocean. All these
reasons determine the importance of conducting multidisciplinary
studies of this volcano.

Another problem is that the electricity and heat for Severo-Kurilsk
town is presently supplied by a diesel-based power plant, and deliv-
ering the fuel to the island is tooexpensive. This determines the impor-
tance of geothermal exploration to provide the cheap and green energy
for the town needs. Based on the existing geophysical and geological
information, the total geothermal energy potential of Paramushir Island
is estimated at 60-100 MW for at least 100 years of exploitation
(Belousov et al., 2002). These resources are mostly associated with the
North-Paramushir hydrothermal-magmatic field around the presently
active Ebeko Volcano. On the other hand, Belousov et al. (2021) claim
that the hydrothermal system around Ebeko is superficial and has a
small volume, therefore, it is not suitable for geothermal energy
exploitation. To shed light on this, reliable and sufficiently detailed
geophysical models of the deep structures below Paramushir Island are
required.

A number of multiscale and multidisciplinary geophysical surveys
have provided the information on structures beneath Paramushir and
surrounding areas at different depths. The shape of the slab was inferred
from the regional and global scale seismic tomography studies based on
the data from the international and regional catalogs (e.g., Gorbatov
et al., 2001; Jiang et al., 2009; Koulakov et al., 2011). The data of the
slab-related seismicity recorded by regional seismic networks of GS RAS
were used by Bergal-Kuvikas et al. (2023) to study the upper mantle and
crustal structures in the junction area of Kamchatka and the Kuril Islands
including Paramushir. However, the resolution of this model was too
low to derive any information about the magmatic and hydrothermal
processes below Ebeko.

Note that the only one permanent seismic station SKR operated by
Geophysical Survey of Russian Academy of Sciences (GS RAS) is located
on Paramushir. The other nearest seismic stations are located at large
distances: one on the Atlasov Island (45 km) and a few others in southern
Kamchatka (>100 km). All together, they can be used to localize strong
earthquakes, but are not suitable to study the volcano-related seismicity
and structures beneath Ebeko Volcano.

Regional-scale deep seismic sounding was performed in 1957-1958
in areas around Paramushir (Zlobin, 1987). The crustal thickness below
Paramushir Island is estimated as 22-24 km based on the seismic data
(Atlas of Geology and Geophysics in the Kuril-Kamchatka Arc System,
1987). Airborne gravity and magnetic surveys of the northern Kuril
Islands were conducted in the 1960s and in 1991 (Shustova, 1992). A
prominent negative gravity anomaly was identified below the central
cone of Ebeko, which was interpreted as a low-density conduit body.

Local-scale geophysical surveys on Paramushir Island started from
the late 1950s. However, most of the results were not published in open
sources and can only be found in archived technical reports. Electrical
surveys aimed at finding water sources for Severo-Kurilsk were per-
formed within several campaigns from 1960s to 1990s using vertical
electrical sounding (VES) reaching depths of up to 500 m (Bogdanov,
1981). Frequency-domain electromagnetic sounding and some sparse
magnetotelluric measurements were carried out in 1992 (Shmeleva,
1993) and then reprocessed by Kiryukhin (2000). Most of these elec-
trical surveys were conducted near the Pacific coast of Paramushir
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Island and only reached depths of a few hundred meters. The areas of
Vernadsky Ridge and the western flank of the island were never explored
with any geophysical surveys, except for airborne magnetic and gravity
measurements (Shustova, 1992). Therefore, no geophysical information
on the mid-deep structures at depths of >1 km have been previously
obtained on Paramushir yet.

In 1994, several boreholes were drilled in the vicinity of the city of
Severo-Kurilsk. Only one of three deep wells with depths of >1 km has
provided some moderate hot water outcome. The deepest well GP3
reached the depth of 2500 m, but did not reveal any water sources
(Belousov et al., 2002; Rychagov et al., 2002). The maximum measured
temperature of dry rocks in these wells was 210 °C. No boreholes on
Vernadsky Ridge or on its western flanks were ever drilled.

After a generally unsuccessful outcome of the geophysical campaigns
and drilling, any attempts to explore the geothermal resources on Par-
amushir have been stopped for more than twenty years. At the same
time, the fact of very high fumarolic and eruption activity of Ebeko in-
dicates that it is promising for energy production for the town’s needs.
That is why it is important to continue studying the magmatic and hy-
drothermal system structure beneath Ebeko volcano using novel tech-
nologies such as ambient noise tomography. In this study, owing to the
deployment of a seismic network on Paramushir Island, we have ob-
tained the first 3D shear-wave seismic velocity model, which unam-
biguously infers the location of the magma reservoir and indicates
possible hydrothermal structures.

2. Geological settings

Paramushir Island is the second largest island of the Kuril Arc with an
area of approximately 2000 km?, with the length of 100 km and the
width of 20-25 km. It is located in the northern part of the Kuril Arc on
the southern end of continental shelf of Kamchatka peninsula (Mar-
khanov and Potapyev, 1981; Bergal-Kuvikas et al., 2023) (Fig. 1A) and it
separates the Sea of Okhotsk from the northwestern Pacific Ocean. The
tectonic and volcanic activity of Paramushir is controlled by the ongoing
subduction of the Pacific Plate having almost orthogonal direction and a
rate of 7.8 cm/year (Avdeiko et al., 2007).

Paramushir Island is built up of two major rock complexes (State
Geological Map, 2001). The lower one is the Upper Miocene to Pliocene
basement composed of volcanogenic sedimentary and sedimentary
rocks dissected by major faults and broken by Tertiary intrusive massifs
and subvolcanic bodies (sills and dikes). One of such bodies is a large
exhumed sill composing the perfectly flat Aerodrom Plateau, which
during the Second World War was used by the Japanese as an air-force
base. The basement is overlayed by a Quaternary sequence of thick
volcanic formations with the age of Early Pleistocene to Holocene, and
minor glacial, alluvial and other unconsolidated Mid-Pleistocene to
Holocene deposits (Gorshkov, 1970; Fedorchenko et al., 1989; State
Geological Map, 2001).

Paramushir Island is divided by two major fault zones into three
terraines - Northern, Middle and Southern. The Northern and Southern
parts corresponding to the Vernadsky and Karpinsky ridges are active
volcanic terrains, while the Middle one is presently volcanically inac-
tive. On Paramushir Island, there are at least 11 volcanoes that have
been active in the Holocene. Ebeko group and several more volcanoes
are located in the northern terrain; Chikurachki, Lomonosov, Tatarinov,
Fuss Peak, and Karpinsky group are in the southern terrain. Two of them,
Ebeko and Chikurachki, presently show eruption activity. Several ridges
of volcanic nature (Vernadsky, Levinson-Lessing and Karpinsky)
constitute the major topographic features of Paramushir Island.

In this study, we mostly focus on the northern part of Paramushir, in
which the major topographic feature is the north-south oriented Ver-
nadsky Ridge having a length of ~25 km and an altitude of around 1000
m (Fig. 1B). Volcanic activity in this area started in the Early Pleistocene
with massive eruptions of lava flows from the vents located in the vi-
cinity of the ridge crest. This led to almost complete transformation of
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northern terrain into thick lava plateau. Some flows reached sea shores
in the northern and western parts of the island (Gorshkov, 1970). This
plateau and eruptive centers had been strongly overprinted by two
Pleistocene glaciation episodes and recently only several remnant pla-
teaus persist at the eastern and northern slopes of the ridge, e.g.
Lagernoye plateau (Fig. 1B).

Another stage of volcanic activity occurred in the Late Pleistocene
corresponding to the pre- and interglaciation periods. The eruptive
centers of this stage are also confined to the Vernadsky ridge crest and
are better preserved than the Early-Pleistocene ones. These centers
erupted multiple lava flows, which covered much smaller areas than the
Early-Pleistocene flows.

Holocene activity of the Vernadsky Ridge mostly occurred in three
distinct volcano groups: Ebeko, Bogdanovich and Vernadsky, containing
>40 eruptive centers (Gorshkov, 1970). The Vernadsky group is the
southernmost group on the Vernadsky Ridge composed of Vernadsky
and Bilibin volcanoes and several monogene centers. Vernadsky is the
largest volcano having an altitude of 1183 m and the basement diameter
of ~20 km. In the recent past, there were some massive effusive erup-
tions in this group, as evidenced by a large Holocene lava flow from
Bilibin Volcano and a shorter flow directed from Vernadsky volcano,
which are clearly identified in the satellite images (Fig. 1C).

The Bogdanovich volcano group located in the central segment of the
Vernadsky Ridge consists of the dominating Kozyrevsky cone, less
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prominent Krasheninnikov and Bogdanovich cones and several more or
less well preserved monogenic eruptive funnels and craters. The most
recent lava flows propagate from Bogdanovich and Krasheninnikov
vents along the eastern and western flanks of the ridge, respectively
(Fig. 1B).

The Ebeko group is the youngest part of the Vernadsky Ridge. It is
developed in the vicinity of strongly eroded early-Pleistocene Vetrovoy
and Vlodavez volcanoes composing the northern edge of Paramushir
Island. Large Holocene lava flows produced by Ebeko, Nezametny and
Neozhidanny cones indicate a large effusive potential of this volcano
complex (Fig. 1D). Ebeko is a complex volcano having an altitude of
1156 m and comprising three major craters with diameters of 250-300
m each (Fig. 1B and D). Most of the erupted products of Ebeko are
composed of andesites and basaltic andesites. The juvenile material of
the ongoing eruption represents highly crystalline and highly viscous
(>108 Pa*s) low-silica (56-58 wt% SiO2) andesite (Walter et al., 2020;
Belousov et al., 2021). The ejected pyroclasts are variably vesicular
bread-crust bombs, lapilli, and ash.

Ebeko is one of the most active volcanoes in Kuril Arc (Kalacheva and
Voloshina, 2022). The eruptions of juvenile material (lava flows and
pyroclasts) started on Ebeko in 420-200 BCE In the 17th-21th centuries
all eruptions of Ebeko were phreatic and phreatomagmatic with sup-
posed large-volume lahars (Melekestsev et al., 1993, 1994). In the 20-21
centuries, Ebeko Volcano erupted in 1934-1935, 1967-1971,
1987-1991, 2009-2011, and the 2016-ongoing. During the most recent
activity phase, powerful phreatomagmatic eruptions occur regularly
(Girina et al., 2019; Belousov et al., 2021; Kotenko et al., 2023). Special
study by (Walter et al., 2020) demonstrated that in the summer of 2021,
average time between individual explosions was 34 min. Kotenko et al.
(2023) reported temporal gaps between individual explosions from 2
min to 3.5 h (average 58 min) in July 2022. In the cases of strongest
eruptions, the height of the ash plume reached 5-7 km. The breadcrust
bombs ejected during the ongoing eruptions (2019-2023) composed of
highly crystalline low-silica (56-58 wt% SiO,) andesites (Belousov et al.,
2021; Kotenko et al., 2023). The ash ejected during this period con-
tained vitreous juvenile material and had similar bulk composition
while in 2022 silica contents of the ash decreased down to 52-56 wt%
(Kotenko et al., 2023). Mineralogical observations on the ash particles
suggest that these eruptions may have been caused by intrusions of
magma into shallow water-saturated country rocks (Kotenko et al.,
2023). However, the buoyancy of magma at this stage is not enough to
produce lava eruptions and extrusions (Belousov et al., 2021).

In the summit area of Ebeko at an altitude of >1000 m, there are
several fumarolic and solfataric fields and heated sites, which may
change the locations very quickly (Fig. 1B). The temperature of gasses in
the fumaroles in the summit area is generally low (<120 °C), but in some
cases it may reach 500 °C (Kotenko et al., 2007). During the ongoing
activity period, the total amount of ejected gasses from the main active
crater and fumaroles is approximately 9000 tons per day (Rychagov
et al., 2010). Emission of hot gasses with the temperature of up to 98 °C
was observed on the extinct Krasheninnikov Volcano in the middle part
of the Vernadsky Ridge (Kotenko and Kotenko, 2006).

Verkhne-Yuriev Springs is another thermal field on the western flank
of Ebeko Volcano located at a distance of 2.5 km from the crater area at
altitudes of 280-550 m (Fig. 1B). These springs discharge highly acidic
and hot water with the temperature of up to 87 °C, forming the Yuriev
River, which transports a large amount of dissolved matter to the
Okhotsk Sea (Bortnikova et al., 2006; Kalacheva and Kotenko, 2013;
Kalacheva et al., 2016). The daily amounts of ~60-80 t Cl make Yuriev
Springs ranked among the sites with largest chlorine output in the world
(Kalacheva et al., 2016). It is still debated whether the Ebeko’s summit
and Verkhe-Yuriev thermal fields are connected or not (Khubaeva et al.,
2022).

Along the eastern slope of the Vernadsky Ridge, there are several
highly-mineralized lower-temperature hydrothermal sources. Studies of
the chemical and isotopic compositions of solfataric gasses in different
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sites of Paramushir have been carried out since 1957. Based on the re-
sults of geochemical studies, there are both sea-water and fresh
groundwater aquifers above a shallow magma reservoir serving as a
powerful heater (Menyailov et al., 1985). According to the geochemical
analysis of the thermal water and gases, there are near-surface local
aquifers under Ebeko Volcano too (Kalacheva et al., 2016; Kalacheva
and Voloshina, 2022).

Despite a large number of multidisciplinary studies, the deep pro-
cesses causing magmatic and hydrothermal activity on Paramushir re-
mains poorly understood. The data collected by the temporary seismic
network in 2021-2022 give a possibility for the principal advance in
studying the magma plumbing systems below volcanic complexes in the
Northern part of Paramushir.

3. Data and algorithms

We deployed a temporary seismic network composed of 21 seismic
stations equipped with broadband three-component sensors Guralp
CMG-6 T (with periods of up to 30 s) from June 2021 to June 2022
(Fig. 2a). In addition, we used the data from the permanent seismic
station SKR installed in Severo-Kurilsk and equipped with the sensor
Guralp CMG-3 TB (up to 120 s period). In all cases, the recording was
conducted with the sampling rate of 100 Hz. Unfortunately, some sta-
tions got out of order due to animal attacks (bears, foxes) and flooding.
For example, station VER19 was broken three days after the start date
and was not used in the analysis. The majority of other stations gradually
got out of order during the network operation, as shown in Fig. 2b. For
this reason, the numbers of the daily cross-correlations were different at
different station pairs ranging from one to eleven months.

We computed ambient seismic noise cross-correlation functions
(CCF), to obtain the inter-station Rayleigh surface waves dispersion
curves, which included the steps (Bensen et al., 2007):

1. Band-pass pre-filtering of all daily seismic traces in the period range
0.2-30 s;
. Removing of the instrument response;
. Detrending and demeaning of the records;
. Band-pass filtering in the period range 0.25-30 s;
. Down-sampling from 100 Hz to 10 Hz to reduce the amount of the
data;
6. Running  absolute
normalization;
7. Spectral whitening with spectral windowing in the period range
0.25-30 s, applying it to 2-h slices of records;
8. Cross-correlation of 2-h slices with the step of 1 h;
9. Linear staking of all daily CCF for each station pair in the available
time interval.

a b wN

mean normalization as time-domain

Before applying all filters and Fourier transform in all steps, the
seismic signals were tapered.

Fig. 3a shows an example of the vertical-vertical CCF for the pair of
stations SKR and VER12 with the presentation of the daily CCFs. It can
be seen that the CCFs are regularly shifted relative to the zero point
during the observation period. As a result, the daily CCFs are not sum-
med coherently as can be seen in the bottom panel in Fig. 3a. This shift
indicates that at least at one station, the communication with GPS sat-
ellites was lost, and it caused loss of clock synchronization and gradual
accumulation of the internal clock time errors (Sens-Schonfelder, 2008).
Only three seismic stations (VER02, VER11, VER12) have the time er-
rors. We cannot use a method based on a reference cross-correlation
function because most daily CCFs have a time shift. So, we decided to
apply a method without the reference CCF (Belovezhets et al., 2022).
First, we applied denoising CCFs based on the singular value decom-
position with Wiener filtration (Moreau et al., 2017). Second, we
computed Pearson correlation coefficients (Hable et al., 2018) and
associated time-shifts between all daily CCFs. Then for correlation
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coefficients at a single pair of stations we used the Monte Carlo Markov
Chain (MCMC) approach as suggested by Taylor and Hillers (2020) to
estimate the clock drift and correct every raw (before denoising) CCFs.
Also we applied denoising CCFs based on the singular value decompo-
sition with Wiener filtration (Moreau et al., 2017) after the clock
correction. In Fig. 3 (b) an example of filtered and corrected CCF is

shown.To increase the quality of the data we use signal-to-noise (SNR)
criteria — every daily CCF should have SNR to be >10 to be averaged.
The corrected CCFs are presented in Fig. 3b. It can be seen that they are
stacked coherently and reveal a clear Green function in the CCF.

We applied Frequency Time Analysis (FTAN) to the ZZ-components
of the CCFs (Dziewonski et al., 1969; Levshin et al., 1989) to measure
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the interstation Rayleigh wave group velocity dispersion curves. Fig. 4 a,
b shows two examples of FTAN for two pairs of stations, representing the
normalized energy of CCF filtered in a series of narrow-band filters. The
high-energy zone clearly indicates the dispersion of the Rayleigh surface
wave fundamental mode. As the number of interstation pairs was not
very high, we visually examined the quality of each CCF and manually
picked the dispersion curves by following the energy maxima and
avoiding abrupt jumps in group velocity variations. We separately
picked group velocity dispersion curves based on the left and right sides
of CCF, as well as on the stacked CCF on both sides. Although in some
cases, the dispersion curves for the same source-receiver pair differed
significantly, they were all used in the least squares inversion procedure.
In this case, possible outliers were removed during the tomography step.
The dispersion curves were picked from the smallest period of 0.5 s. The
largest period was defined according to the interstation distance corre-
sponding to one wavelength with the average group velocity of the
Rayleigh wave in the crust (2 km/s). For stations located on the opposite
sides of the network the largest period reached 12 s. Fig. 4c presents the
distributions of all manually picked dispersion curves. It can be seen that
they vary in a large range of group velocities indicating that the struc-
ture beneath the study area is highly heterogeneous. Same conclusion
follows from the initial FTAN analysis in Fig. 4a,b. It can be seen that for
the station pair SKR-VER12, the group velocities at periods of 0.5-2 s is
between 1000 and 1500 m/s, whereas for the pair of VER02-VER17, the
velocity in the same interval of periods is between 1800 and 2000 m/s.
In the latter case, the ray path travels along the western flank of the
Vernadsky Ridge, implying high velocity at shallow depths.

The derived dispersion curves are used as input files for the two-step
tomography inversion with the use of the SURF_TOMO code (Koulakov
et al., 2016) to compute the 2D group velocity maps (first step) and then

to derive the 3D shear-wave velocity model (second step). The 2D group
velocities are calculated for the periods ranging from 0.5 to 12 s with the
step of 0.5 s. The number of rays for different periods varied from 383 to
11. The 2D tomography inversion was performed iteratively. The
average constant group velocity for each frequency was used as a
starting model. The rays were traced using the bending method taking
into account the topography and velocity heterogeneities after updating
the velocity model (see an example for one period in Fig. 5a). The
parameterization nodes were defined regularly with the step of 1 km in
areas with sufficient ray coverage (>0.1 of the mean ray density), as
shown in Fig. 5b. Between the nodes, the velocity is approximated using
the bi-linear interpolation. The inversion was performed using the least-
square algorithm with QR normalization, LSQR (Paige and Saunders,
1982; Nolet, 1987). The solution stability was controlled using the
smoothing and amplitude damping terms, which were included with the
coefficients of 6 and 3, respectively. In total, for the stage of 2D group
velocity calculations, we performed three iterations. The distributions of
group velocities for selected frequencies are presented in Fig. 6.

The resulting 2D group velocity distributions at different frequencies
were used to obtain the mean dispersion curve (blue line in Fig. 7c),
which was then converted to the reference 1D distribution of Vs. To
perform this conversion, we calculated sensitivity kernel A; showing the
deviation of group velocity at the i-th period due to the unit S-wave
velocity variation in the j-th depth interval (Fig. 7a). The forward
modeling (calculation of group velocity based on the given 1D S-wave
velocity distribution) was performed using the algorithms developed by
Herrmann (1987). Besides the S-wave velocity, this code requires the
distributions of the P-wave velocity and density; however, they have
minor effects on the group velocities. Therefore, in our case, they were
defined in a simplified way: the Vp was calculated from Vs using a
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constant value of Vp/Vs = 1.7, and the density was presumed to be equal
to Vs. To approximate the target 1D velocity model, the parameteriza-
tion nodes were distributed uniformly with the spacing of 0.5 km. The
inversion was performed using the LSQR algorithm with implying
smoothing and amplitude damping. After computing the 1D model, the
new sensitivity kernels and updated residuals were calculated, and then
inverted into the next 1D velocity model. In total, to calculate the final
reference 1D velocity model, we performed five iterations. The sensi-
tivity kernels and results of the 1D model optimization for the average
model are shown in Fig. 7.

To derive the 3D model of shear-wave velocities, we calculated the
local dispersion curves for every parameterization node, where at least
one value of group velocity was calculated. For every node, we calcu-
lated the sensitivity kernels, similarly as described in the previous
paragraph, and group velocity residuals. The inversion was performed
using the LSQR algorithm for all nodes simultaneously attributing
smoothing between the nodes in horizontal and vertical directions. After
inversion, the updated 3D Vs model was used to calculate the new
sensitivity kernels and residuals. In total, the final 3D velocity model
was calculated after two iteration steps.

To assess the resolution of the derived model for our data configu-
ration, we performed several synthetic tests. The synthetic model was
defined as a superposition of the reference 1D velocity and 3D anoma-
lies. Based on the three-dimensional synthetic model, using the Herr-
mann (1987) algorithm, we calculated the 2D group velocity
distributions for different periods. Then for the same pairs of stations as

exist in the experimental dataset, we calculated the synthetic travel
times in the derived 2D group velocity models using the bending ray
tracing algorithm. This synthetic dataset is used as an input for the same
tomography workflow as was implemented to process the experimental
data. The recovery results are compared with the actual distribution of
synthetic structure, which gives an idea about spatial resolution of the
inversion. Fig. 8 presents an example of the recovery of the checker-
board model with alternated positive and negative anomalies having the
size of 8x8x5 km and amplitude of +8%. It can be seen that the anom-
alies in this model are correctly recovered in three layers down to the
depth of at least 10 km.

4. Results and discussion

The main result of this study is the model of 3-D S-wave velocity
distribution beneath the northern part of Paramushir Island derived
from ambient noise tomography. In Fig. 9 the deviations of the S-ve-
locity with respect to the average 1D model are given in four depth
levels. Note that in this case, the depths are measured with respect to the
surface, therefore the visualization levels are parallel to topography.
Fig. 10 presents the distribution of the velocity anomalies and absolute
shear-wave velocity in three vertical sections. As inferred from the
checkerboard test, we can robustly recover the seismic velocity het-
erogeneities to at least 7-10 km depth. The schematic interpretation of
the derived distributions of the velocity anomalies is presented in
Fig. 11.
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4.1. High-velocity rigid cover of Vernadsky Ridge

The most prominent feature of this model is the high-velocity
anomaly below the Vernadsky Ridge at shallow depths. This anomaly
is visible in the group velocity maps at periods of 1 s, 2 s and 3 s (Fig. 6).
Approximately the same shape of the high-velocity anomaly is observed
in the distributions of S-wave velocity anomalies in horizontal sections
at 0.5 and 2 km depth (Fig. 9). This anomaly seems to consist of two
isolated parts. The southern part follows the southern segment of the
Vernadsky Ridge and includes the volcanic centers Vernardsky, Bilibin,
Krasheninnikov and Bogdanivich. In the northeastern side, this anomaly
covers the Lagernoe Plateau. The northern high-velocity anomaly starts
at Ebeko Volcano and propagates northwest roughly along the Yuriev
river. It also includes parts of extinct Vlodavez and Vetrovoy volcanoes,
which might have the common basement.

The high-velocity anomalies associated with a volcano edifice is a
rather typical feature observed in tomography models for many vol-
canoes in the world, such as Vesuvius (Zollo et al., 1998), Mt. Etna (Diaz-
Moreno et al., 2017), Ushkovsky in Kamchatka (Koulakov et al., 2020)
and Teide in Tenerife Island (Koulakov et al., 2023). In all these cases,
the high-velocity anomalies within volcano edifices were interpreted as
highly consolidated cover gradually formed during volcano evolution
(Christensen, 1996). We propose that the same interpretation is valid for
the volcanic centers along the Vernadsky Ridge. In the southern part of
the Vernadsky Ridge, the prominent shallow high-velocity anomaly may
indicate the location of the solidified rigid body beneath the group of
Vernadsky and Bilibin volcanoes. Such a body is prominent in the State
Geological Map sheets M-56-XII, XVII, XVIII and XXIV (State Geological
Map, 2001). According to the supplementary materials to the Map, this
body is Prozrachnensky massif, composed of granite-granodiorites and

diorite-quartz diorites. It is well exposed to the south of the study area
(Fig. 1B). However, in the deep valleys upstream of Zaozernaya river,
running from the SE flank of Vernadsky volcano to the Sea of Okhotsk,
the diorite-quartz diorites of this massif, outcrop beneath its lava flows
(Fig. 1B), indicating that the massif continues northward under their
cover. As follows from our tomography, this upper crustal body may
reach Krasheninnikov and Bogdanovich volcanoes.

It can be seen that the shallow high-velocity anomalies beneath the
northern and southern segments of the Vernadsky Ridge appear to be
separated by a zone of relatively low velocity, which corresponds to
local lowering on the Ridge. This implies that the northern and the
southern groups of volcanoes on the Vernadsky Ridge turn out to be
isolated and may have developed independently, or have been differ-
ently modified by hydrothermal activity since then (Heap et al., 2021).

4.2. Low-velocity magma sources below Vernadsky Ridge

Atlarger frequencies and at larger depths, the anomalies appear to be
reversed with respect to the shallow structures: a prominent latitudi-
nally oriented low-velocity anomaly is observed along the Vernadsky
Ridge and it is surrounded by high-velocity anomalies below the eastern
and western flanks. The checkerboard test in Fig. 8 has demonstrated the
capacity of the tomography with the present dataset to robustly recover
this transition. Note also that this velocity reversal could be predicted
from the result of the 1D velocity optimization showing slight S-wave
velocity decrease at depths of 4-5 km (Fig. 7).

This low-velocity anomaly along the Vernadsky Ridge at 6 km depth
appears to be not homogeneous. There are at least two anomaly maxima,
one of which is located below the Vernadsky and Krasheninnikov vol-
cano clusters, and another one is associated with the Ebeko group. It can
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be seen in vertical sections of absolute velocities (right column in
Fig. 10) that the low-velocity anomalies are located at 4-6 km depth.
These low-velocity anomalies likely represent two large reservoirs of
eruptible magma below the Vernadsky Ridge that are responsible for the
Holocene volcanic activity in this area.

The southern low-velocity anomaly appears to be stronger and
larger, although it is located below the volcanoes that are presently not
active. This observation can be explained by the existence of a large
high-amplitude positive velocity anomaly at shallower depths that

probably represents a rigid granodiorite cover that prevents magma to
ascend. At the same time, in the geological map and in satellite images,
we can observe massive lava flows from the cones of Vernadsky, Bilibin,
Bogdanovich and Krasheninnikov in this part of the ridge covering large
areas and propagating to large distances (Fig. 1). It shows that episod-
ically magma from the reservoir at 4-6 km depth finds ways to the
surface through the rigid cover, which results in large effusive eruptions.
Such magma pathways below the southern part of Vernadsky Ridge are
schematically depicted with purple veins in Fig. 11. A very similar
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scenario was realized in the recent eruption of Cumbre Vieja Volcano on
La Palma in 2021 (D’Auria et al., 2022). In that case, magma accumu-
lated for a long time in a deep reservoir, and after reaching a critical
pressure, it fractured the rigid brittle cover and quickly ascended to the
surface. The volume of the lava flows on La Palma is compatible with
those on the southern segment of the Vernadsky Ridge on Paramushir.

Below Ebeko, we observe a smaller low-velocity anomaly likely
representing a magma reservoir at 4-6 km depth overlain by the high-
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velocity anomaly. It looks smaller and less intensive than the anomaly
below the southern part of the Vernadsky Ridge. Therefore, below
Ebeko, it might be more permeable for ascending magmas and fluids. In
this case, there might be some pathways (dikes, sills) that presently
deliver magma upward, as schematically depicted by the red veins in
Fig. 11. However, the total volume of these hot magma bodies is rela-
tively small and they cannot be resolved by our tomography model; they
just have an integral effect by lowering the amplitude of the high-
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velocity anomaly in the rigid cover. This is consistent with the general
concept of eruption mechanisms of Ebeko proposed by Belousov et al.
(2021). In their final conceptual scheme, they hypothesized that the top
of the main magma storage is located at approximately 5 km depth.
Above this storage, they presume the existence of small diapirs that
slowly ascend due to their positive buoyancy. When crossing water- and
sulfur-bearing layers (blue lenses in Fig. 11), they produce a large
amount of gasses that ascend to the surface and exit from the active vent
of Ebeko and summit fumaroles.

Another hypothesis could associate the observed low-velocity
anomalies below 6 km depth with storages of hydrothermal fluids.
However, if these fluids are of meteoric origin, it is very unlikely that
they can reach such depths. According to McIntosh and Ferguson
(2021), the meteoric fluid circulation may theoretically reach the depth
of 5 km; however, in this case, the fluid concentrations in deeper layers
is dramatically lower than in the shallower parts. Therefore, we do not
believe that meteoric fluids are capable of forming such voluminous
reservoirs, as we observe in our tomography model. An alternative could
be the presence of juvenile fluids that arrived from the dehydrated slab
and mantle wedge. In this case, the most probable migration method of
such fluids is transportation in a dissolved form together with ascending
magmas. In this case, the anomalies that we observe in our tomography
model may indeed contain some juvenile fluids, but they are stored in
large magmatic reservoirs.

4.3. Traces of aquifers and shallow sediments

Another interesting feature that can be observed in Fig. 10 is a thin
nearly horizontal low-velocity layer located at a depth of ~1 km, which
is most clear below the eastern flank of Ebeko in Section A3-B3. It might
represent a water-saturated layer that connects the Ebeko hydrothermal
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system with the Pacific coast area. Such an aquifer was predicted by
different authors (e.g., Kalacheva et al., 2016; Rychagov et al., 2002).
However, no aquifer was revealed by the deep drilling in the GP3
borehole reaching the depth of 2500 m (Belousov et al., 2002; Rychagov
et al.,, 2002). As shown in Section A3-B3, this borehole gets to the
location, where the aquifer-related anomaly almost disappears. It may
indicate that the borehole crossed the location where the existence of the
aquifer is less probable. To the left of the borehole in Section A3-B3, we
observe a low-velocity anomaly that seems to be connected with the
magma reservoir anomaly. It might represent a magma and/or fluid
pathway, possibly associated with a fault zone schematically depicted by
thin lines in Fig. 10 at 10-12 km of Section A3-B3. Note that a fault in
this location was identified by Khubaeva et al. (2022). Our results infer
that the GP3 borehole was drilled in a wrong location, where the
probability of geothermal resources is minimal. Moving it up or down to
a few hundred meters along the slope would likely increase a chance to
get to a hot-water-bearing layer suitable for geothermal exploration.
The similar low-velocity layer is observed in Section A1-B1 between
Krasheninnikov and Ebeko Volcanoes. The top of the Vernadsky Ridge is
covered by a non-permeable layer consisting of lava flows. At the same
time, according to our field observations, between Bogdanovich and
Ebeko volcanoes, there is an elongated zone of hydrothermally altered
rocks that might be associated with a regional fault. This fault appears to
be associated with valleys of the Gorshkov and Matrosskaya rivers and it
was indicated in the State Geological Map (2001). Highly permeable,
strongly altered rocks along this fault might serve as a pathway for
meteoric fluids that penetrate to depths of up to 1.5 km below surface, as
follows from the shape of the low-velocity anomaly in this zone (Section
A1-B1 in Figs. 10 and 11). Our result clearly shows that fluids in this
zone are directed southward to Krasheninnikov Volcano, where they
may get in contact with remaining hot magma bodies and cause active
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degassing (Fig. 11). This could explain episodic fumarole activity
observed in this volcano cluster (Kotenko and Kotenko, 2006).

It should be taken into account that the relationships between
faulting, hydrothermal alteration of rocks and permeability might be not
obvious. For example, as shown by Heap et al. (2021), in some condi-
tions, alteration might abruptly decrease permeability that might
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increase fluid pressure inside active volcanoes. In our opinion, this
scenario is not valid for Ebeko and surroundings, as it exhibits almost
permanent strong gas emission demonstrating that the ongoing fluid
currents do not cause closing pores, as suggested by Heap et al. (2021).
Active faults in most cases are presumed to be more permeable for fluids
(e.g., Gudmundsson, 2000); however, in some cases of high fluid
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mineralization and low displacement rates, the permeability in fault
zones might decrease.

In the uppermost part of Section A3-B3 in Fig. 9, we can observe a
thin low-velocity anomaly located along the eastern slope of Ebeko. We
propose that it may represent a layer of strongly disintegrated rocks
formed due to glacial erosion of pre- and inter-glacial lava flows. Some
additional soft material might be accumulated due to pyroclastic flows
whose traces were recorded by Melekestsev et al. (1993, 1994). These
highly permeable rocks are strongly saturated by meteoric water coming
from very active precipitation and ice melting. These factors give strong
seismic velocity reduction down to a few hundred meters depth.

5. Conclusions

In this study we present the first crustal-scale shear-wave seismic
velocity model of the northern part of Paramushir using the data
recorded in 2021-2022 by the temporary seismic network and one
permanent seismic station. We computed ambient seismic noise cross-
correlation functions to obtain the Rayleigh wave group velocity
dispersion curves and then used them by the ambient noise tomography.
We performed synthetic tests that confirmed fair resolution of our
tomographic results down to 7-10 km depth.

Along the volcanic Vernadsky Ridge, we obtain the low-velocity
anomaly at the depth of 4-6 km associated with magma reservoirs,
which is overlaid by a prominent high-velocity anomaly representing
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the rigid cover. The most prominent anomalies are observed below the
southern and central segments of the Vernadsky Ridge, where no present
volcanic activity is identified, but there are traces of massive Holocene
lava flows. Thus, the presence of a large rigid cover prevents the
continuous feeding of the volcanoes and leads to accumulation of large
volumes of high-pressured magma that episodically come out to the
surface during large effusive eruptions. Below Ebeko, the intensity of the
anomalies is not as strong, which may indicate that the cover is not as
resistant in this case and it allows for continuous ascent of magma in-
trusions leading to the long-term continuous eruption activity.

At a depth of ~1 km, we observe a thin, nearly horizontal low-
velocity anomaly that may represent a water-saturated layer. Below
Ebeko it may get in contact with ascended hot magma bodies and may
produce a large amount of steam coming out during frequent phreatic
eruptions of Ebeko and continuous fumarole activity in the summit area.
This aquifer layer is traced along the eastern flank of Ebeko down to the
Pacific coast of Paramushir, where the town of Severo-Kurilsk is located,
which makes it very promising for the geothermal energy exploitation.
However, more detailed characteristics of this layer should be identified
using alternative geophysical surveys, such as magnetotelluric
sounding.
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