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Abstract The Mutnovsky and Gorely volcanoes in Kamchatka, located 70–80 km southwest of

Petropavlovsk‐Kamchatsky, pose significant hazard due to their potential for explosive eruptions. Mutnovsky

also hosts the Mutnovsky Geothermal Power Plant (MGPP). This study presents the first crustal‐scale three‐

dimensional seismic velocity model derived from ambient noise tomography, utilizing data from a temporary

2023–2024 seismic network of 65 mixed broadband and short‐period stations, in addition to four permanent

stations. The model reveals multiple low‐velocity zones: a low‐velocity anomaly at 2–5 km depth below sea

level is interpreted as a Mutnovsky magma chamber, while the other one at 2.5–5 km depth beneath the MGPP

likely reflects an active magmatic intrusion sustaining the geothermal system. A shallow anomaly at 0.5–1 km

depth beneath the MGPP is attributed to production intervals associated with geothermal boreholes.

Furthermore, the model indicates hydrothermal connectivity between the Mutnovsky field and the Zhirovskoy

Valley, with no apparent connection to the Vilyuchinsky Valley springs. Beneath the Gorely caldera, a wide

low‐velocity zone suggests the presence of unconsolidated sediments and an underlying magmatic intrusion at

2–4 km depth.

Plain Language Summary Mutnovsky and Gorely are active volcanoes in Kamchatka with the

substantial potential of explosive eruptions. Mutnovsky volcano also hosts a sizable geothermal power plant. To

better understand the magmatic and hydrothermal systems beneath these volcanoes, we installed a network of

seismic stations and used the data to create the first 3‐D velocity model of the subsurface. We found the slow

velocity zones beneath Mutnovsky and Gorely at depths of 2–5 km below sea level, and beneath the power plant

at depths of 2–5 km and 0.5–1 km. The slower velocity likely indicates the presence of fluids such as magma or

water within rock pores. Based on their depth and geological context, the zone beneath Mutnovsky outlines the

magma chamber, while those beneath Gorely and the power plant at 2–5 km indicate hot magmatic intrusions.

The shallow slow velocity zone beneath the power plant likely illustrates water‐saturated rocks used for

geothermal energy production. We also found the connectivity between hydrothermal springs near Mutnovsky

volcano and in the Zhirovskoy Valley, but no apparent connection to the Vilyuchinsky Valley springs.

1. Introduction

This study investigates the crustal structures surrounding the active Mutnovsky and Gorely volcanoes in the

central‐eastern Kamchatka Peninsula. Located approximately 70–80 km from Petropavlovsk‐Kamchatsky, with a

population of ∼200,000, these volcanoes are easily accessible and serve as major tourist attractions. However,

both volcanoes pose significant risks to the region's population and infrastructure (Girina et al., 2018).

Geophysical monitoring and multiscale investigations of the deep structures beneath these volcanoes are essential

for identifying potential eruption scenarios.

The study area includes the Mutnovsky and Verkhne‐Mutnovsky Geothermal Power Plants (MGPP), a coupled

system constructed between 1999 and 2001. Together, they produce 62 MW of electrical energy, supplying

approximately 20%–30% of Central Kamchatka's energy demand. Moreover, the region has significant potential

to expand capacity up to 1 GW (Kiryukhin & Sugrobov, 2019), which could decrease dependence on
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environmentally damaging and costly fossil fuels. Geophysical surveys of the crust near the MGPP are necessary

for assessing the distribution of potential geothermal resources.

For several decades, the Kamchatkan Branch of the Geophysical Survey (KB GS) of the Russian Academy of

Sciences has continuously monitored the Gorely and Mutnovsky volcanoes through video surveillance and

seismological records analysis, providing daily activity reports (Chebrov et al., 2013; Senyukov, 2013). KB GS

maintains one seismic station on Gorely (GRL), one on Mutnovsky (MTV), and two additional remote stations in

the surrounding region (ASA and RUS) (Figure 1). The Institute of Volcanology and Seismology of the Far

Eastern Branch of the Russian Academy of Sciences (IVS FEB RAS) also contributes to monitoring efforts

through satellite remote sensing and periodic field observations (KVERT). Despite limited station coverage,

ongoing monitoring has successfully localized relatively strong seismic events and documented the seismicity

background (e.g., Kugaenko & Nuzhdina, 2009).

Several multiscale seismic tomography models have been obtained in the study area using data from both per-

manent and temporary networks. Regional and global tomography studies (Bijwaard et al., 1998; Gorbatov

et al., 2001; Jiang et al., 2009; Koulakov et al., 2011) have clearly identified a high‐velocity slab in the upper

mantle beneath Kamchatka, as well as distribution of seismicity in the Benioff zone (Lander & Shapiro, 2007).

However, the density of permanent station coverage has been insufficient for investigating shallower structures

corresponding to the mantle wedge and crust, locating microseismic events or revealing the structural features

beneath the volcanoes, as demonstrated by previous tomographic studies (Gontovaya et al., 2008; Koulakov,

Kukarina, et al., 2016). Significant progress in studying the crustal and uppermost mantle structures beneath

Central Kamchatka was made with the deployment of a regional temporary seismic network in 2019–2020,

consisting of 30 seismic stations alongside the existing permanent stations. Bushenkova et al. (2023) used data

from this network to construct a seismic tomography model based on body waves from local seismicity, while

Egorushkin et al. (2024) created another model using surface waves from ambient noise cross‐correlations.

Although these models cover part of the study area, including Mutnovsky and Gorely volcanoes, their resolution

is still limited for robust identification of the magmatic and hydrothermal systems detailed structure in the crust.

Several local‐scale studies have provided structural details beneath specific parts of the study area. For example,

between 2013 and 2014, a temporal seismic network of 20 stations was deployed on Gorely Volcano. Kuznetsov

et al. (2017) used data from this network for local earthquake tomography, revealing zones beneath the volcanic

edifice that were saturated with gases and liquid fluids. These zones were likely responsible for the volcano's

intense degassing activity observed during the study period (Aiuppa et al., 2012). Additionally, the same data was

used to investigate long‐period seismic events associated with the degassing process (Abramenkov et al., 2020).

Interdisciplinary local‐scale geophysical studies have been conducted in the Mutnovsky geothermal field to

support the exploration and exploitation of its geothermal resources. Several studies have described combined

electromagnetic, gravity, and magnetometric surveys (Belousov et al., 2005; Pahkevich et al., 2018; Spichak

et al., 2007). A three‐dimensional geoelectric model of the Mutnovsky geothermal field was constructed using

magnetotelluric data (Nurmukhamedov et al., 2010). Additionally, a local temporal network of 10 stations,

installed on the Verkhne‐Mutnovsky geothermal field with an aperture of approximately 1 km, identified seismic

emission zones linked to geothermal activity at depths of 1–2 km (Kugaenko et al., 2004).

A temporal seismic network deployed in 2023–2024 across Mutnovsky, Gorely, and the surrounding areas was

designed to cover a middle‐scale gap between regional and local‐scale seismic surveys. In this study, we for the

first time analyze continuous seismic data from this network using ambient noise tomography to create a three‐

dimensional model of shear wave velocity in the upper crust down to approximately 10 km. This model is crucial

for identifying the crustal roots of magma plumbing systems beneath Mutnovsky and Gorely volcanoes, which

can aid in assessing potential eruption scenarios. Additionally, it provides insights into the localization of heating

zones beneath the hydrothermal systems of these volcanoes, which is valuable for identifying prospective areas

for geothermal energy exploitation and expanding the capacity of the Mutnovsky Geothermal Plant.

2. Geological Settings

The study region's geological development is primarily driven by the ongoing subduction of the mature Pacific

Plate with the age of 90–105 Ma along the Kuril‐Kamchatka arc (e.g., Syracuse & Abers, 2006). Kamchatka

exhibits all the characteristics of a classical subduction zone, including a clearly traced Benioff zone of deep
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seismicity (Lander & Shapiro, 2007), a well‐developed trench, a continuous volcanic arc, and manifestations of

back‐arc volcanism. Nevertheless, the complex interactions between the oceanic plate, which contains island arcs

and seamount remnants, and the overlying continental lithosphere have led to distinct tectonic features that cannot

be modeled by a simple two‐dimensional conveyor‐type subduction model. In particular, to the north of the study

area, the Malko‐Petropavlovsk zone of lateral dislocations marks a transition in the subduction regime between

the central and southern segments of Kamchatka around the latitude of ∼53° (Avdeiko et al., 2006; Gordeev &

Bergal‐Kuvikas, 2022). To the south, where the study area is located, the slab is older (100–105 Ma) compared to

the northern segment and dips with an angle of approximately 45° (Gorbatov et al., 1997; Syracuse &

Abers, 2006) down to at least 600 km, as marked by seismicity in the Benioff zone (Lander & Shapiro, 2007;

Levina et al., 2013).

The South Kamchatkan volcanic front presents a continuous arc of long‐living volcanic complexes that started

developing in the Late Oligocene (Avdeiko et al., 2006). Our study area includes active volcanoes (Gorely,

Mutnovsky) and the extinct Vilyuchinsky and Asacha volcanoes, each with distinct eruptive histories, structural

features, and geophysical characteristics. Mutnovsky and Gorely volcanoes align along a trench‐perpendicular

lineament following toward the Tolmachev Dol, where recent monogenic volcanic activity was observed

(Ponomareva et al., 2007; Figure 1). The gradual increase in the subducting slab's depth along this line from ∼90

to 100 km below Mutnovsky to ∼120 km below Gorely determines different eruption regimes and compositions

of these volcanic complexes (Duggen et al., 2007; Gorbatov, 1999).

Figure 1. Study area. (a) Map of the Kamchatka Peninsula with the location of the study area indicated with the blue rectangle. The red dots depict the Holocene

volcanoes, and contour lines indicate the relief. (b) Topography map of the study area. The red dotted lines highlight the caldera of Gorely Volcano and the volcanic

centers of Mutnovsky Volcano edifice. The blue triangles depict the permanent seismic stations of KB GS RAS. Blue squares indicated by MGPP and VMGPP are the

Mutnovsky and Verkhne‐Mutnovsky Power Plants. The yellow symbols are locations of hydrothermal discharges (fumaroles and hot springs): (1) Mutnovsky Active

Crater; (2, 3) Donnoe and Upper fumarolic fields; (4, 5) North‐Mutnovsky Fields; (6) New 2003; (7) Dachny; (8) Radon; (9) Medvezhy; (10) V‐Mutnovsky; (11)

Piratovsky hot springs; (12) V‐Zhirovskoy; (13) Gorely Crater Fumarole; (14) Voinovsky Springs; (15) N‐Zhirovskoy fumaroles and hot springs; (16) Viluchinsky hot

springs. (c) Enlarged area (corresponding to the black rectangle in panel (b)) of the Mutnovsky hydrothermal field with boreholes indicated by the red dots. M1, M2, M3

and M4 indicate four volcanic centers of Mutnovsky.
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Below, we provide a brief overview of these volcanoes, focusing on their geological evolution, recent activity,

and studies that have illuminated their subsurface structures and magmatic systems.

Gorely Volcano has a complex evolutionary history and currently presents as a flat stratovolcano with a relative

elevation of ∼800 m and an absolute altitude of 1,799 m. The volcano is situated within an elliptical caldera,

measuring 9 × 13 km (outlined by the red dotted line in Figure 1), which was formed by a powerful explosive

eruption that ejected approximately 100 km3 of andesitic to andesitic‐dacitic tephra (Braitseva et al., 1995) or by

multiple eruptions forming several nested calderas (Bindeman et al., 2010; Seligman et al., 2014). While most

studies date this eruption to 38–40 ka (Selyangin, 2009), additional dating suggests that some of Gorely's welded

tuffs may originate from older mid‐Pleistocene eruptions, around 361 ka (Bindeman et al., 2010).

Post‐caldera activity at Gorely has produced extensive Hawaiian‐type lava flows, primarily composed of basalt

and andesitic‐basalt, which originated from the summit crater and several flank cinder cones (Seligman

et al., 2014). During the Holocene, the volcano has exhibited moderate explosive and effusive activity. The most

recent magmatic eruption in 1986 created a large crater now occupied by a lake, with several active fumaroles.

Between 2010 and 2013, Gorely experienced intense degassing, with gas fluxes reaching up to 11,000 tons per

day (Aiuppa et al., 2012).

At the margin of the study area lie two large stratovolcanoes, Viluchinsky and Asacha, both currently considered

dormant. Viluchinsky Volcano, with an elevation of 2,175 m, primarily formed during the Late Pleistocene. In the

Early Holocene, approximately 7,600–10,000 years ago, the volcano produced a lava flow and moderate fallout

from basaltic‐andesite cinder cones (Romanova et al., 2015). Hydrothermal activity is evident on the southeastern

flanks of Vilyuchinsky, and minor gas emissions from the summit were reported in the 1950s (Sirin, 1958).

Asacha Volcano, with an elevation of 1,910 m, is located to the southwestern side of the Mutnovsky and Gorely. It

initially formed as a shield basaltic volcano, which was later overlain by several Pleistocene lava cones. During

the Holocene, several basaltic cinder cones and lava flows developed on its western and southern flanks (Koz-

hemyaka et al., 1988). In 1983, a significant seismic unrest was observed (Tokarev, 1984), but it did not result in

volcanic activity. These observations suggest that both Vilyuchinsky and Asacha may still exhibit some level of

volcanic activity. However, the lack of comprehensive geophysical studies limits a more detailed investigation of

their current state.

Mutnovsky Volcano is an active stratovolcano with a maximum elevation of 2,323 m, located approximately

15 km east of Gorely Volcano. According to the geological studies summarized by Selyangin (1993, 2009) and

Simon et al. (2014), the volcano consists of four distinct stratocones that have developed since the Late Pleis-

tocene. The oldest cones, Mutnovsky‐I and ‐II, are located 3 km apart and were active 60–80 ka and 30–40 ka,

respectively. These cones produced large volumes of lava and pyroclasts, totaling 58 and 24 km3, respectively,

with compositions ranging from basalts to rhyodacites. The Mutnovsky‐III cone, located between cones I and II,

has a significantly smaller volume of 5 km3.

Mutnovsky Volcano features a large crater, measuring 1.5 × 2.0 km, formed by a violent explosive eruption.

Several basaltic‐andesitic cones and an extrusive dacitic dome, formed 4,000 years ago, are present inside the

crater. The most recent cone, Mutnovsky‐IV, hosting an active vent, originated around 11,000 years ago,

approximately 1 km north from the center of the Mutnovsky‐III crater. Mutnovsky‐IV is composed of basaltic

lavas and pyroclastic deposits, with a total volume of 3.8 km3. Currently, it has a well‐defined circular crater and

exhibits strong, continuous degassing.

During the Holocene, Mutnovsky's activity has been primarily characterized by moderate phreatic and phrea-

tomagmatic eruptions within its summit crater (Melekestsev et al., 1987). The most recent explosive eruption

occurred in 1960 (Waltham, 2001). The volcano contains several fumarolic fields that emit significant volumes of

gas. After a 40‐year dormancy, hydrothermal explosions and ash emissions were recorded in the crater in March

2000 April 2007, May 2012 July 2013, February 2018, and spring 2020 (Kiryukhin et al., 2022). Geochemical

analyses of radiogenic isotopes and trace elements in Mutnovsky's magmatic rocks indicate contamination of the

mantle source with melt components from Gorely Volcano, suggesting trenchward mantle wedge corner flow

(Duggen et al., 2007).

The Mutnovsky Geothermal Field, located in an elongated zone to the north of Mutnovsky Volcano, exhibits

significant hydrothermal activity (see Figure 1c for details). The geological, hydrogeological, and thermal

characteristics of the Mutnovsky geothermal area are described in studies by Vakin et al. (1986) and
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Sugrobov (1986). Strong degassing occurs at three distinct locations in the summit area of Mutnovsky Volcano:

the Active Crater (1), Donnoe (2), and Upper (3) fumarolic fields. On the northern slope, two areas of hydro-

thermal activity are associated with the North‐Mutnovsky fields (4 and 5). Existing boreholes, such as O35,

produce significant steam output. The strongest hydrothermal activity is observed within the Dachny field (7) and

its neighboring fields, Radon (8) and Medvezhy (9), where the Mutnovsky Geothermal Power Plant (GeoPP) is

located. To the southeast of Dachny, the New field (6) became particularly active after 2003. In March 2024, a

large ground collapse around borehole O22 resulted in the formation of a crater measuring 200 × 120 m laterally

and reaching a depth of 30 m (Kiryukhin et al., 2025). Further north, several distinct thermal fields are observed in

the Zhirovskoy and Vilyuchinsky Valleys, although the temperatures of these sources have declined in recent

decades, likely due to the active exploitation of the Mutnovsky Geothermal Field.

3. Data Analysis

3.1. Seismic Records

In collaboration between industrial exploration (JSC “Zarubezhneft”) and fundamental research (Russian Science

Foundation, RSF) within Institute of Petroleum Geology and Geophysics Siberian Branch of the Russian

Academy of Sciences (IPGG SB RAS), we deployed an extensive temporary seismic network around Mutnovsky

and Gorely volcanoes. The network consisted of both short‐period (SP) and broadband (BB) stations, supple-

mented by four permanent KB GS stations (ASA, GRL, MTV, RUS). To investigate the thermal fields, we

installed two high‐density survey lines in Zhirovskoy (20 SP stations) and Vilyuchinsky (10 SP stations) valleys.

This integrated network provided great coverage, with 65 operational stations during 2023–2024. Detailed station

geographical distribution is shown in Figure 2.

The deployment included a wide range of seismic equipment:

• Nanometrics Trillium PH broadband velocimeters (120 s period) with Nanometrics Centaur data loggers;

• Güralp CMG‐6T broadband velocimeters (30 s period) with DiGOS Omnirecs DATA‐CUBE3 data loggers;

Figure 2. Distributions of seismic stations used in this study. The contours indicate the topography with the step of 200 m.

The gray lines connect the station pairs with existing correlation functions used for ambient noise tomography. Abbreviations

for volcanoes: GOR, Gorely; MUT, Mutnovsky; VIL, Viluchinsky. MGPP and VMGPP are the Mutnovsky and Verkhne‐

Mutnovsky Power Plants.
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• R‐sensors CME‐4111 broadband velocimeters (60 s period) with DiGOS Omnirecs DATA‐CUBE3 data

loggers;

• R‐sensors CME‐6111ND broadband velocimeters (60 s period) with integrated data loggers;

• Geospace GS‐One LF 5 Hz short‐period (0.2 s period) velocimeters with SPB‐SI SCOUT data loggers;

• OKB IFZ SM3 short‐period velocimeters (∼0.8 Hz corner frequency) of the KB GS RAS's telemetered

seismic stations network (Chebrov et al., 2013).

All SP stations exhibited extended frequency capabilities suitable for ambient noise tomography. This approach

was inspired by the use of Mark L‐4C‐3D sensors, which have a nominal 1‐s corner frequency, but have been

successfully used for periods up to 20 s (Jaxybulatov et al., 2014). Pre‐deployment field tests also confirmed the

reliable performance of the GS‐One sensors down to at least 0.1 Hz (10‐s periods). Additionally, the CM‐3

sensors from the KB GS RAS permanent network demonstrated reliable performance up to 10‐s periods, as

shown in previous studies of Kamchatka's North Volcano Group (Gómez‐García et al., 2018; Soubestre

et al., 2018, 2019). These short‐period systems are particularly advantageous for dense temporary deployments

due to their low power consumption, high reliability in extreme environments, and cost‐effectiveness. This

configuration enabled effective recovery of ambient noise signals across the network up to at least 10‐s periods,

making the short‐period stations highly applicable for crustal‐scale passive seismic surveys.

The seismic network operated with different sampling rates: broadband (BB) stations recorded at 100 Hz,

temporary short‐period (SP) stations equipped with GS‐One stations were sampled at 125 Hz, and permanent

stations maintained a fixed 200 Hz sampling rate.

3.2. Ambient Noise Correlation

This study focuses on the extraction and analysis of Rayleigh waves using vertical‐component seismic records

with daily duration. The processing workflow begins by defining frequency bands for all filtering procedures

based on station type: 0.033–4 Hz for broadband (BB) stations and 0.1–4 Hz for short‐period (SP) stations.

Following Bensen et al. (2007), we apply the standard processing sequence as follows:

• Bandpass filtering within station‐specific frequency ranges;

• Removal of instrumental responses;

• Removal of mean and linear trends followed by secondary bandpass filtering;

• Downsampling to 25 Hz for computational efficiency;

• Cutting records into 1‐hr windows with a 50% overlap;

• Frequency domain normalization of the time‐windowed signals using spectral whitening with spectral win-

dowing in the frequency range;

• Time‐domain normalization of the time‐windowed signals by smoothed absolute value of prewhitened traces;

• Computation of hourly cross‐correlation functions followed by linear stacking to produce daily cross‐

correlations.

In the daily cross‐correlation gathers, we observe strong waveform changes beginning at the early February 2024

(Figure S1 in Supporting Information S1). These changes are concentrated around zero correlation times, sug-

gesting the potential presence of seismovolcanic tremor activity (Gomez‐Garcia et al., 2018; Green et al., 2020).

To test this hypothesis, we investigate the eigenvalue distribution of the network's covariance matrix by esti-

mating the spectral width (Seydoux et al., 2016). The spectral width serves as a proxy for the number of inde-

pendent seismic sources detected by the network. A high spectral width indicates noise from multiple sources,

while a low spectral width suggests a localized, coherent seismic source.

To identify the seismovolcanic signals, we selected 25 stations that operated continuously from October 2023 to

May 2024. Using the CovSeisNet package (Tong et al., 2024), we computed the spectral width of the network

covariance matrix with a 20‐min averaging window and 50% overlap. The spectral width matrices (Figure S2 in

Supporting Information S1) reveal that significant tremor activity began in early February 2024, characterized by

a frequency band of 1.5–5 Hz. To mitigate the tremor's influence, we applied a 1 Hz low‐pass filter to the daily

cross‐correlation gathers (Figure S1 in Supporting Information S1).

To further enhance the signal‐to‐noise ratio (SNR), we applied the singular value decomposition (SVD)‐based

Wiener filtering (Moreau et al., 2017) on the daily cross‐correlation gathers (Figure S1 in Supporting Informa-

tion S1). This procedure involved truncating the singular spectrum and applying Wiener filters to the singular
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vectors, retaining only the top half of the singular values. We used a Wiener

filter of 4 days and 1.1 s. Finally, we phase‐weight stacked the daily cross‐

correlations (Green et al., 2020), applying a SNR selection criterion, where

daily cross‐correlations were excluded with SNR < 7.

Figure S3 in Supporting Information S1 shows the cross‐correlation functions

computed between different sensor types, revealing no significant visual

differences between the results from broadband (BB) and short‐period (SP)

seismometers. This reaffirms the suitability of SP GS‐One stations for seismic

interferometry applications. Figure 3a presents the cross‐correlation functions

for all station pairs, organized by inter‐station distance. These results

consistently show well‐defined Rayleigh waves dominating the empirical

Green's functions. The station pairs producing the highest‐quality surface

wave signals are mapped in Figure 2, illustrating the spatial distribution of

paths between station pairs.

We performed frequency‐time analysis (FTAN) (Levshin et al., 1972) on all

station‐pair cross‐correlation functions to extract Rayleigh wave group ve-

locity dispersion curves. For each station pair, the FTAN was performed on

the causal, acausal, and symmetrically averaged parts of the correlation

function. The measurement from the variant yielding the highest signal‐to‐

noise ratio and the most coherent dispersion curve was selected for subse-

quent tomographic inversion. This analysis provided over 1,000 high‐quality

dispersion measurements, which are shown in Figure 3b. The derived group

velocities range from 1.0 to 5.0 km/s, reflecting substantial velocity hetero-

geneity within the medium, both laterally and vertically. However, some of

these anomalous picks might be erroneous. Therefore, the following inversion

procedure presumes a quality control with elimination of exessively large

residuals.

4. Algorithms for 1D, 2D, and 3D Inversions of Surface
Wave Data

In this study, we use the surface‐wave tomography algorithm previously

developed by Koulakov, Maksotova, et al. (2016). The process of optimizing

a one‐dimensional shear wave velocity model based on a given dispersion curve is illustrated in Figure S4 of

Supporting Information S1. The 1D velocity distribution Vs(z) was determined to provide the best match between

the calculated and observed average group velocity curves. The velocity model was adjusted iteratively based on

the solution of the system of linear equations. For this purpose, sensitivity kernels were calculated, meaning the

variations in the calculated group or phase velocity of the surface wave at a specific frequency (period) due to a

unit variation in Vs(z) at a specific depth. The group velocity calculation for a given 1D Vp(z), Vs(z) and ⍴(z)
distributions was performed using a solver developed by Herrmann (2013). The calculated sensitivity kernels for

the Rayleigh wave group velocity at periods from 0.5 to 10 s are shown in the lower left part of Figure S4 in

Supporting Information S1. It can be seen, for example, that for a wave with a period of 0.5 s, the maximum

sensitivity is achieved at zero depth; for 2 s, at a depth of 1 km; for 3.5 s, at a depth of 2 km; and for 6 s, at a depth

of 6 km. It should be noted that as the periods increase, the absolute values of sensitivity decrease, meaning the

stability of the solution becomes lower. Based on these sensitivity kernels, a system of linear equations is con-

structed, where the data vector is composed of residuals between the observed and calculated group velocities,

and the unknown variables are the S‐wave velocity deviations at different depths. This system is solved using the

LSQR algorithm (Paige & Saunders, 1982). After inversion, the velocity model is updated, new sensitivity

kernels are calculated, and a new inversion is performed. In our case, three iterations were performed to determine

the average reference velocity model Vs(z). The resulting one‐dimensional model is shown in the lower right part

of Figure S4 in Supporting Information S1 (green line). The corresponding dispersion curve is presented in the

upper part of the figure (green line). It can be seen that the observed average dispersion curve (red line) has a

maximum in the period range of 4–5 s and a local minimum at 6–7 s. These variations correspond to a zone of

Figure 3. Data processing results: (a) all correlation functions ranged

according to the interstation distances; (b) all dispersion curves before the

quality control.
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increased velocities at a depth of 4 km and a zone of reduced velocities around a depth of 6 km. Further, at greater

depths, the velocity increases to 4.5 km/s.

Further steps in constructing a three‐dimensional seismic model are based on the surface‐wave tomography al-

gorithm developed by Koulakov, Maksotova, et al. (2016). This algorithm involves calculations in two stages. At

the first stage, two‐dimensional maps of Rayleigh wave group velocities at various frequencies are calculated. For

this purpose, all station pairs with available group velocity data at each frequency are selected, and ray paths are

constructed using the bending method based on the Fermat's principle. During the first iteration, a constant ve-

locity is used, but some deviations of waves due to topography are taken into account, because the surface waves

follow the earth surface. In cases of strong topography features, the path with minimum time may be non‐straight

in the map view. The model is parameterized with nodes distributed in areas with sufficient ray coverage with a

regular spacing (1.5 × 1.5 km in our case). A system of linear equations is supplemented with two additional

blocks of equations controlling the amplitude and smoothness of the model. The coefficients for smoothing and

amplitude damping (0.4 and 7, respectively), as well as the number of iterations (5) were determined according to

the results of synthetic modeling to enable maximum resemblance of the original and recovered models. Note that

changing these coefficients only affected the amplitudes of the anomalies, whereas the shapes of the anomalies

remained stable for a large range of the varied parameters. The inversion is performed using the LSQR algorithm

(Paige & Saunders, 1982) After performing the inversion, a two‐dimensional velocity distribution is obtained, and

new rays are constructed in the updated 2D distributions of group velocities using the bending method. In our

case, we used five iterations. For data selection (Figure S6 in Supporting Information S1), in the first iteration, we

excluded the data with time residuals exceeding 35% of the total travel time. In the following iterations, this

threshold was reduced to 20% to filter outliers and improve model robustness. Examples of two‐dimensional

distributions of group velocity anomalies after five iterations for various periods are shown in Figure S7 of

Supporting Information S1.

We calculated the values of the mean absolute time residuals (in L1 norm) and variance reduction for each period,

which are presented in Table S1 of Supporting Information S1. It can be seen that at short periods, the values of

variance reduction are larger than in cases of long periods indicating higher confidence of picking results in the

high‐frequency part. The distributions of the residuals computed in the starting flat and final 2D models of group

velocities are shown in Figure S5 and S6 of Supporting Information S1. It can be seen that the inversion leads to

more concentrated distributions of the residuals around a zero level. Note that the threshold to select the data was

dependent on the absolute travel times. Therefore, for the long rays, large residualts were allowed, which are

visible in the final plot on Figure S5 in Supporting Information S1.

Using the calculated group velocity distributions, local dispersion curves U(x,y,T) are obtained at each point in

the study area. Using the one‐dimensional forward modeling algorithm based on the solver by Herrmann (2013), a

sensitivity matrix similar to the one shown in the lower left part of Figure S4 in Supporting Information S1 is

calculated at each point (x,y) in the study area. After this, a simultaneous inversion is performed for the entire

study volume, with additional constraints imposed on smoothing the velocity distribution and damping the

amplitude of anomalies. Once the three‐dimensional velocity model is obtained, new sensitivity kernels are

calculated at each point (x,y), and the new inversion is performed. In our case, two iterations were carried out to

obtain the final three‐dimensional model Vs(x,y,z). Table S2 in Supporting Information S1 presents the root‐

mean‐square of group velocity residuals and their reduction during the inversion procedure after two itera-

tions. It can be seen that mean deviations of the observed and calculated group velocities in local dispesion curves

varies from 0.0991 km/s in the 1D Vs model to 0.0325 km/s in the final 3D Vs model, which gives the variance

reduction of 67.2%.

The resulting distributions of S‐wave velocity anomalies are presented in horizontal sections (Figure 4) and in

vertical profiles (Figure 5). The absolute values of the shear wave velocities are shown in the vertical cross‐

sections in Figure S8 of Supporting Information S1. Note that the horizontal sections display depths relative to

the Earth's surface (e.g., the section at 0.2 km depth in Figure 4, for a plateau with an average elevation of

∼1,000 m, corresponds to ∼0.8 km above sea level). For the vertical sections, near‐surface structures are plotted

relative to the topography. At greater depths, the influence of topography is gradually phased out, becoming

negligible below a predefined depth of 3 km. This approach reflects the physical reality that higher‐frequency

Rayleigh waves, which constrain shallow structures, are sensitive to topographic variations, whereas lower‐

frequency waves, which constrain deeper structures, are largely unaffected by topography.
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BELOVEZHETS ET AL. 8 of 18

 21699356, 2026, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JB

032025 by T
echnische U

niversität W
ien, W

iley O
nline L

ibrary on [11/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



5. Synthetic Modeling

To assess the resolution of the obtained model, we performed synthetic tests. We employed several anomaly

patterns, including a checkerboard model with alternating positive and negative anomalies, as well as free‐shaped

anomalies defined in horizontal and vertical sections. In all cases, the anomalies, expressed as percentage de-

viations, were superimposed onto a 1D S‐wave velocity model. The inversion of the 3D structure was then

performed using a separate 1D reference model, which was determined during the inversion procedure based on

the recovered average group velocities.

Based on the synthetic model, the group velocities of Rayleigh waves at specific periods were calculated at each

point (x,y) of the study area using the one‐dimensional forward solver by Herrmann (2013). Next, in the obtained

two‐dimensional group velocity models, we calculated travel times for all available station pairs using the two‐

dimensional bending ray tracing algorithm. These travel times served as the synthetic data set, which was used to

reconstruct the synthetic model through the exact same steps and with the same free parameters as in the inversion

of the experimental data. The anomalies obtained from the inversion were compared with the original synthetic

structures, and based on this comparison, we made conclusions about the resolution of the model.

Figure 4. Horizontal sections of the three‐dimensional distributions of shear wave velocity at different depths. The average

velocities (Vsaver) are indicated in each panel. The yellow symbols are locations of hydrothermal discharges (fumaroles and

hot springs), the dotted lines highlight the caldera of Gorely Volcano and the volcanic centers of Mutnovsky Volcano edifice

and contour lines indicate topography with the interval of 200 m.
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In the first synthetic test, a checkerboard model was used as a synthetic velocity distribution, in which periodic

rectangular anomalies with alternating signs were defined in all three dimensions. In Figure S9 in Supporting

Information S1, these anomalies are shown by dashed lines in two horizontal and two vertical cross‐sections.

Figure S9 in Supporting Information S1 presents the recovery result of the three‐dimensional checkerboard model

with a horizontal anomaly size of 7 km and a vertical step of 4 km. It can be seen that, in general, the periodic

structure of the anomalies is correctly reconstructed both horizontally and vertically. In horizontal sections at

depths of 0.2 and 4.5 km, we can observe robust recovery of anomalies with opposite signs, corresponding to

different layers in the model. However, in some parts of the area, significant smearing of the anomalies in the

diagonal direction is observed, which is associated with the dominance of rays along the corresponding azimuths.

This kind of smearing leads to some deformation of the anomalies, causing the boundaries of the reconstructed

anomalies to shift relative to the true boundaries. There is also some deviation of the horizontal boundaries from

their true positions, which is visible in the vertical cross‐sections. Such artifacts must be taken into account when

interpreting the results of the experimental data inversion.

Figure 5. Vertical sections of the three‐dimensional distributions of shear wave velocity anomalies. The locations of the

sections are shown in the map. The red symbols in the map indicate the locations of hydrothermal discharges (fumaroles and

hot springs), the red dotted lines highlight the caldera of Gorely Volcano and the volcanic centers of Mutnovsky Volcano

edifice, and contour lines indicate topography with the interval of 200 m. Abbreviations for volcanoes: GOR, Gorely; MUT,

Mutnovsky; VIL, Viluchinsky. MGPP is the Mutnovsky Geothermal Power Plant. ZHIR, Zhirovskaya Valley. ROD,

Rodnikovaya.
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To evaluate the influence of rays from remote permanent stations on model artifacts, we performed an additional

test excluding stations ASA and RUS (Figure S10 in Supporting Information S1). This test confirmed that the

pronounced diagonal smearing artifacts in the peripheral regions are eliminated when these stations are removed.

However, this also resulted in a loss of resolution in the central part of the model due to reduced ray coverage.

Consequently, for the final model, we retained the full data set. The results in the marginal parts of the model,

particularly features aligned with rays to these remote stations, should therefore be interpreted with caution.

In another test shown in Figure 6, synthetic anomalies with realistic shapes were defined by free‐shaped polygonal

blocks in two depth intervals. The amplitudes of the anomalies are indicated in maps with the original synthetic

models (upper row in Figure 6). The recovery results show generally the same structures as defined in the model,

which are similar to the results of the experimental data inversion. However, some details appear to be smeared

due to the limited horizontal resolution. Also, at the depth of 6 km, we observe a phantom low‐velocity anomaly in

the southeastern part of the study area located in the area where a flat high‐velocity anomaly was defined in the

original model. The same structure is observed in the experimental data results (Figure 3), therefore it should be

considered with prudence.

Figure 6. Synthetic test with realistic free‐shaped anomalies defined in two depth intervals (upper row). The values of the

original synthetic anomalies are indicated. Lower row presents the recovery results in two depth levels. The shapes of the

original synthetic anomalies are depicted by dotted lines. Contour lines show the topography.
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A final test was designed to evaluate the vertical resolution and separation of anomalies beneath the Mutnovsky

Geothermal Plant. We constructed a synthetic model for a vertical cross‐section (profile 3A‐3B) in which the

anomalies were set within polygonal prisms of free shape defined along the vertical section. In the perpendicular

direction, the thickness of these prisms was defined as 10 km. Figure 7 presents a synthetic model containing a

deep low‐velocity body (representing a magmatic intrusion) and a separate, shallower low‐velocity layer (rep-

resenting a fluid‐saturated reservoir). The inversion result demonstrates that the algorithm can robustly recover

both anomalies and distinguish between them, supporting our interpretation of separate magmatic and hydro-

thermal sources beneath the MGPP. We note that the recovered anomalies in Figure 7 appear slightly deeper than

their input counterparts. This minor depth shift is a known effect of the smoothing constraints applied during the

inversion process. The regularization, which is necessary for stability in an ill‐posed problem, tends to smear

anomaly boundaries vertically, which can result in a downward bias for the recovered depth of shallow structures.

Therefore, based on this test, we can infer that in the real model, the true positions of the near‐surface anomalies

are likely slightly shallower than they appear in the vertical sections.

6. Discussion of the Tomography Results

The results of the inversion of Rayleigh wave data from the regional seismic network are presented as shear wave

velocity anomalies in four horizontal sections in (Figure 4) and seven vertical cross‐sections in Figure 5. The

absolute Vs velocities are shown in the vertical cross‐sections in Figure S8 of Supporting Information S1.

In the horizontal cross‐sections at depths of 0.2 and 1 km, the most prominent structure is a large low‐velocity

anomaly around Gorely Volcano, with an amplitude exceeding 20%. It can be assumed that this anomaly may

be associated with the presence of a caldera around the volcano, which is filled with a thick layer of poorly

consolidated sediments deposited after the catastrophic eruption occurred approximately 40,000 years ago

(Braitseva et al., 1995; Selyangin, 2009). Since this caldera is a large depression in the topography, it accumulates

Figure 7. Synthetic test with free‐shaped anomalies for vertical cross‐section 3A‐3B (see Figure 5 for location). (a) Original

synthetic S‐wave velocity model. Anomalies are defined as percentage deviations from the 1D reference model. (b) Model

recovered through the full inversion procedure. The test demonstrates the algorithm's ability to resolve and distinguish

between a deep magmatic storage and a shallower hydrothermal reservoir. Indications: MUT, Mutnovsky volcano; VIL,

Vilyuchinsky volcano; MGPP, Mutnovsky Geothermal Power Plant; ROD, Rodnikovaya sources.
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a significant amount of meteoric water, which can seep to great depths due to the high porosity of the rocks filling

it. The poor consolidation of the sediments and the high water content are likely responsible for the anomalously

low S‐wave velocities to significant depths.

In vertical cross‐sections 5 and 6 (Figure 5), we can see that the low‐velocity anomaly beneath the Gorely volcano

is distinctly stratified. At depths of up to 2 km, the most intense low‐velocity anomaly is observed, which may be

associated with the caldera deposits. Deeper, down to 4 km below the surface, another low‐velocity anomaly is

also observed, but it has a lower intensity and appears to be separated from the upper anomaly. This part may have

a different origin, such as being related to the lateral intrusion of magmatic material into the crust. Interestingly, at

depths from 4 to 6 km in vertical cross‐sections 5, 6, and 7, directly beneath the summit of Gorely Volcano, a low‐

velocity column is observed, which may reflect the presence of a magma conduit. The same anomaly beneath the

summit of the Gorely volcano is also clearly visible in the horizontal cross‐section at a depth of 5 km (Figure 4).

Beneath the center of Mutnovsky Volcano, at shallow depths down to 1 km b.s.l., we observe a contrasting high‐

velocity anomaly, which may represent the rigid core of the stratovolcano. It should be noted that such high‐

velocity structures are observed beneath most stratovolcanoes for which seismic tomography studies have

been conducted, such as Mt. Etna (Díaz‐Moreno et al., 2018) and Vesuvius (Zollo et al., 1998), Teide on Tenerife

(Koulakov, D’Auria et al., 2023) and Augustine in Alaska (Koulakov, Qaysi, et al., 2023). This kind of rela-

tionship is explained by the fact that large stratovolcanoes are formed through the accumulation of consolidated

magmatic material, which has significantly higher velocities compared to the surrounding areas dominated by

relatively loose and porous volcaniclastic sediments. Here, a fundamental difference between the Mutnovsky and

Gorely volcanoes can be observed. While the core of the Mutnovsky stratovolcano was built over several hundred

thousand years through the consolidation of intrusions composed of mostly basaltic magmatic material, the

Gorely volcano experienced a powerful explosion ∼40,000 years ago, which completely destroyed its old edifice

and created a large depression—a caldera measuring 9 by 13 km. As a result, the Gorely volcano complex is

dominated by low‐velocity anomalies, whereas Mutnovsky volcano exhibits high‐velocity anomalies.

As can be seen on cross‐sections 3 and 7, directly beneath the crater of the Mutnovsky volcano, in the depth range

from 2 to 5 km below sea level, an isometric low‐velocity anomaly is observed, which may reflect the location of

an active magma chamber beneath the volcano. This anomaly is also clearly visible in the horizontal cross‐section

at a depth of 5 km.

A prominent low‐velocity anomaly is detected beneath the Mutnovsky Geothermal Power Plant (MGPP). In

vertical cross‐sections 1–4, the geometry of this anomaly can be traced in detail along multiple azimuths. The

observations reveal an extensive low‐velocity body at depths of 2–5 km, which likely represents an intrusive heat

source retaining residual magma and/or partial melt. This deep anomaly may act as a magmatic reservoir,

thermally driving meteoric fluid circulation in the upper crust. The presence of such a magma body beneath the

Dachny springs is further supported by long‐period seismic events, which were frequently recorded in 2024 near

Dvugorbaya Sopka, adjacent to theMGPP. To investigate this seismicity, researchers from the KBGS deployed in

the autumn of 2024 two additional seismic stations in close proximity to the geothermal plant.

It is instructive to compare the seismic tomography results with existing temperature estimates for the Mutnovsky

geothermal field obtained by Kiryukhin et al. (2018) based on ∼450 borehole measurements and hot spring

temperature data. In Figure 8, we overlay contour lines of the temperature distribution at 250 m above sea level

(corresponding to depths of 500–1,000 m below the surface) with velocity anomalies at 3 km depth below the

surface. A striking correlation emerges: a pronounced low‐velocity anomaly south of the MGPP coincides with a

high‐temperature zone (>220°C). This anomaly also encloses most hydrothermal activity manifestations. For

instance, sources 6–9 (labeled in the figure) align with the peak amplitude of the low‐velocity anomaly. Notably,

the anomaly's center corresponds to the New‐2003 geothermal field, where a major collapse in March 2024

formed a large crater (Kiryukhin et al., 2025).

The seismic tomography results at 3 km depth show the strongest correlation with the temperature distribution at

500–1,000 m below the surface. However, as seen in Figure 4, velocity anomalies at shallower depths exhibit an

inverse relationship, with high‐velocity anomalies coinciding with hydrothermal fields. These features suggest

that the deep heat source at ∼3 km depth and deeper (imaged as a low‐Vs anomaly) controls the shallow thermal

anomaly at 500–1,000 m depth. This overlay was chosen to visually demonstrate this causative link between the

deep‐seated magmatic intrusion and the shallower geothermal reservoir it heats. This suggests that the
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tomography model may delineate deep heat sources located beneath the

productive formations that supply steam to the Mutnovsky Geothermal field.

The same structures are visible in Figure 9, which combines the seismic to-

mography inversion results in vertical section 3A‐3B with complementary

data from Kiryukhin et al. (2018) for the same profile, including the 3D

temperature model cross‐section, interpreted geological structures and pro-

jected boreholes with production intervals. The most striking feature in the

tomography model is a low‐velocity anomaly between 2.5 and 5 km depth (b.

s.l.), centered directly beneath the MGPP. We interpret this as a hot magmatic

body that heats the overlying hydrothermal reservoirs. While Kiryukhin

et al. (2018; Figure 2) proposed a magma source in the same lateral position,

their model placed it shallower (1–2 km b.s.l.). However, they acknowledged

uncertainty about the source's exact depth, representing it schematically.

Figure 9 reveals that the magma‐associated anomaly appears connected to a

shallow low‐velocity structure extending toward the surface along Mutnov-

sky Volcano's southern flank indicated by the downgoing blue arrows. We

interpret this feature as a potential meteoric water aquifer, transporting

surface‐derived fluids to depths of ∼3 km. This interpretation is supported by

the fact that the S‐wave velocities show particular sensitivity to liquid phases,

with water‐saturated layers typically exhibiting pronounced velocity re-

ductions. While Kiryukhin et al. (2018) proposed a similar meteoric water

circulation system, their model placed the recharge zone near the volcanic

summit, whereas our model suggested the southern flank as the primary

infiltration area.

Our interpretation scheme (Figure 9) suggests meteoric water may interact

with the hot magmatic body, generating superheated fluids that ascend within

an area corresponding to the distance of 10–12 km along the profile, as

indicated by upgoing red arrows. A portion of these fluids may recirculate

toward Mutnovsky Volcano's summit, potentially sustaining the observed

fumarolic activity, though our tomography resolution remains insufficient to

conclusively trace this pathway.

Most of the ascending fluids appear to accumulate beneath the Mutnovsky

geothermal field, forming a shallow reservoir evidenced by a low‐velocity

layer near sea level (500–1,000 m depth below surface). This reservoir correlates spatially with both the pro-

duction intervals of geothermal boreholes (marked by red stars in Figure 9) and the thermal anomaly's peak

intensity at∼16 km along the profile, where Kiryukhin et al. (2018) temperature model shows the 100°C isotherm

reaching its shallowest depth.

The hydrothermal‐associated anomaly further extends northward from the MGPP location toward the Piratovsky

and Verkhne‐Zhirovskoy fields (labeled 11 and 12 in Figure 9). This deep structural connection may explain the

fact of documented temperature decline in Verkhne‐Zhirovskoy's hot springs following the Mutnovsky field's

intensive exploitation since the early 2000s. Continuous low‐velocity anomalies in our tomography model

provide physical evidence supporting hydraulic connectivity between these spatially separated (>6 km) fields.

At the same time, our model reveals no connectivity between the Mutnovsky geothermal reservoir and the

Vilyuchinsky Valley thermal springs (labeled 12 in Figure 9). The Zhirovskoy and Vilyuchinsky valleys are

separated by a prominent high‐velocity massif ‐ likely remnants of the Zhirovskoy paleovolcano. This structural

barrier consists of consolidated magmatic rocks, which typically exhibit high seismic velocities. Given this

structural separation, the Vilyuchinsky hydrothermal variations likely represent an independent system unaf-

fected by Mutnovsky's GPP operations. Instead, these thermal springs may derive their heat from alternative

sources, potentially associated with the Gorely Volcano system where our tomography identifies another sig-

nificant low‐velocity anomaly.

Figure 8. The resulting S‐wave velocity distribution at the depth of 3 km b.s.l.

Overlapped by the temperature distribution at a level of 0.25 kma.s.l. depicted

by purple lines (Kiryukhin et al., 2018). The dotted lines highlight the caldera

of Gorely Volcano and the volcanic centers of Mutnovsky Volcano edifice

and contour lines indicate topography with the interval of 200 m. The yellow

symbols are locations of hydrothermal discharges (fumaroles and hot

springs): (1) Mutnovsky Active Crater; (2, 3) Donnoe and Upper fumarolic

fields; (4, 5) North‐Mutnovsky Fields; (6) New 2003; (7) Dachny; (8) Radon;

(9) Medvezhy; (10) V‐Mutnovsky; (11) Piratovsky hot springs; (12) V‐

Zhirovskoy; (14) Voinovsky Springs.
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7. Conclusions

A dense joined seismic network of mixed broadband and short‐period instruments was deployed across the

Mutnovsky–Gorely–Vilyuchinsky volcanic complex (Kamchatka) during 2023–2024, with support from the

Russian Science Foundation and JSC “Zarubezhneft.” Ambient noise tomography applied to the data of this

network produced the first crustal‐scale three‐dimensional S‐wave velocity model based on over 1,000 Rayleigh

wave dispersion curves. The model reveals distinct subsurface structures linked to regional volcanism and

geothermal activity.

Beneath Gorely Volcano, a low‐velocity anomaly coincides with its ∼40,000‐year‐old caldera deposits, sug-

gesting deep infiltration of meteoric water. A secondary, less pronounced low‐velocity anomaly at 2–4 km depth

may reflect a lateral magmatic intrusion into the crust. In contrast, Mutnovsky Volcano features a central high‐

velocity core reflects its consolidated stratovolcanic edifice. Beneath this zone, an isometric low‐velocity

anomaly at 2–5 km depth below sea level likely corresponds to a Mutnovsky magma chamber.

A prominent low‐velocity anomaly at 2.5–5 km depth beneath the Mutnovsky Geothermal Power Plant (MGPP)

and Dachnye springs likely indicates a hot magmatic intrusion. This deep heat source connects to the surface via a

fluid pathway along Mutnovsky's southern flank, where meteoric water reaches ∼3 km depths. Shallower

anomalies (∼500–1,000 m depth) delineate the MGPP's production zone, matching both borehole data and

existing temperature models. The strongest velocity reduction occurs 2–3 km south of MGPP, indicating potential

untapped geothermal resources.

The model further demonstrates northward extension of these structures to the Zhirovskoy Valley's hydrothermal

fields, supporting its connectivity with the Mutnovsky field and explaining observed temperature declines linked

to MGPP operations. In contrast, no connectivity exists with Vilyuchinsky Valley's springs due to the intervening

high‐velocity Zhirovskoy paleovolcanic massif—a barrier of consolidated magmatic rocks. Vilyuchinsky's

thermal regime appears independently fed, potentially by Gorely Volcano's magmatic system. These findings

provide a robust framework for optimizing geothermal exploitation while assessing interconnected hydrological

impacts across the volcanic complex.

Figure 9. The distribution of the S‐wave velocity in vertical Section 3 overlapped by a geological model and with projected boreholes from Kiryukhin et al. (2018). Stars

indicate production intervals in the boreholes. Temperature distribution is estimated by Kiryukhin et al. (2018) based on measurements in the boreholes. The location of

the magma body is retrieved based on the velocity model in this study. The yellow symbols are locations of hydrothermal discharges (fumaroles and hot springs): (1)

Mutnovsky Active Crater; (2, 3) Donnoe and Upper fumarolic fields; (4, 5) North‐Mutnovsky Fields; (6) New 2003; (7) Dachny; (8) Radon; (9) Medvezhy; (11)

Piratovsky hot springs; (12) V‐Zhirovskoy; (16) Vilychinsky Springs.
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