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Abstract: This study presents the results of a spatiotemporal analysis of crustal movements and
deformations obtained by processing regional GNSS network data for a five-year period prior to the
2025 Kamchatka megaquake. The control network consisted of twenty-two continuously operating
GNSS stations. Station spacing varied from 100 to 2500 km. An assessment was made of the sparse
regional network’s response capabilities to the preparation of one of the strongest seismic events
in history. Kinematic models were obtained for the evolution of internal displacement deficits,
horizontal shear strains, and dilatation. The area of accumulated displacement deficit is regularly
distributed along the Kuril-Kamchatka Trench, demonstrating resistance to the unidirectional
northwestward translational motion of the Pacific tectonic plate. The evolution of total shear strain
is consistent with the hypothesis of a possible triggering effect on the mature seismic source of the
Kamchatka megathrust. The spatial distribution of accumulated dilatational strain reflects regional
tectonic features previously identified by geophysical and geological studies. The results demonstrate
the effectiveness of using sparse continuous GNSS observation networks to assess general regional
geodynamic and tectonic trends in preparation of the 2025 Kamchatka megathrust.
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1. Introduction

A recent powerful earthquake off the coast of Kamchatka has sparked significant
interest among researchers in studying the processes directly related to its occurrence. This
rare event ranks among the top ten most powerful historical earthquakes, holding the sixth
position in terms of magnitude, and has been the strongest in the region since 1952. One
unexpected circumstance, however, was the complete absence of human fatalities and the
minimal level of damage to buildings and structures. Its epicenter was located about one
hundred and fifty kilometers from Petropavlovsk-Kamchatsky, with the source occupying
an area of approximately 400 x 150 km [Chebrov, 2025]. The earthquake generated a sig-
nificant tsunami, the maximum impact of which was felt on the uninhabited part of the
southern Kamchatka coast [Pinegina et al., 2026]. However, the port of Severo-Kurilsk was
damaged, though human fatalities were avoided.
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Moreover, it is important to note that such a minimal level of destruction and the
absence of fatalities were ensured thanks to the efforts of Russian scientists, among whom
Academician Sergey Alexandrovich Fedotov holds a special place. He is not only the author
of long-term forecasts of the region’s seismic activity [Fedotov and Solomatin, 2019] but
also the principal initiator of engineering measures to strengthen and provide seismic
protection for buildings and structures in Petropavlovsk-Kamchatsky.

The study of crustal movements and deformations in seismically active regions plays
a significant role in researching the preparation phases of strong earthquakes. The authors
of this publication have years of experience in such studies based on data from continuous
GNSS observations. The 2025 Kamchatka megathrust earthquake has sparked interest
in the spatiotemporal analysis of crustal movements and deformations over the five-year
period preceding the event. Given the high magnitude of the earthquake, we analyzed data
from the GNSS observation network covering a fairly large region. For various reasons,
the density of GNSS stations in this network is low. Nevertheless, it is not advisable to
ignore the observation data from these stations. Furthermore, this very fact motivated the
authors to conduct research, including an assessment of the network’s capability to detect
the preparation of one of the most powerful seismic events in history.

2. Regional Tectonics and the Strongest Earthquakes

The main tectonic structures of the region are the Kuril-Kamchatka and Aleutian
island arcs. They were formed under the influence of the interaction between the Pacific
and Eurasian global tectonic plates. This is carried out indirectly through the supposed
Kamchatka and Okhotsk blocks. The North American global tectonic plate adjoins the
region from the north.

The most important tectonic elements of the area affected by the Kamchatka megath-
rust earthquake (July 29, 2025, M = 8.8) are the Kuril-Kamchatka and Aleutian deep-sea
trenches. They were formed by the process of oceanic crust subducting beneath the con-
tinental tectonic plate. Typical structures include forearc basins accompanied by uplifts,
and deep-water back-arc basins on the periphery of the island arc complexes.

Here, the Aleutian tectonic dislocations have a right-lateral strike-slip mechanism,
while the Kuril-Kamchatka branch experiences thrust displacements. The Aleutian fault
system continues onto the Cape Kamchatsky Peninsula, where high rates of crustal uplift
have been recorded. The tectonic model of this zone is presented in this paper [Gaedicke
et al., 2000].

Of significant interest in the context of this rare and large-scale seismic event are such
marine structural formations [Pushcharovsky, 2011] as the Emperor Rise and the Shirshov
Ridge. These ridges act as tectonic boundaries between the morphostructural sectors of
the Pacific Ocean and the Bering Sea. They host numerous submarine volcanoes and are
experiencing uplift on geological timescales.

The Emperor Rise is represented by an elongated, sub-meridionally oriented chain
of submarine ridges (guyots), stretching from the Hawaiian Islands to the junction of the
Kuril-Kamchatka and Aleutian deep-sea trenches. The formation of the Emperor Rise is
explained by the movement of the Pacific Plate over a stationary hot spot (mantle plume),
currently located in the Hawaiian Islands region.

Nevertheless, this hypothesis faces objections, for example, from A. A. Peive, who
believed that the primary role in the formation of such oceanic rises lies in deep-seated
faulting and lateral mantle flows with shear displacements [Pushcharovsky, 2011]. An
interesting geotectonic object in the area of the northern termination of the Emperor Rise
is a magmatic plume [Gorbatov et al., 2001]. The authors studied earthquake catalogs
from 1955-1998, obtained from the Geophysical Service of Russia, the International
Seismological Centre, and the National Earthquake Information Center of the US Geological
Survey. Seismic tomography results showed that a low-velocity anomaly beneath Meiji
Guyot originates at a depth of about 1000 km and continues upward to depths of less
than 200 km. In its upper part, it begins to extend sub-horizontally in the direction of
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Table 1. The Strongest Historical Earthquakes in the Kuril-Kamchatka Region from 1900 to 2025

(M >38)

No Date Geographic position Lat. Long. M Depth
1 1918-11-08 Kuril Islands 44.998 152.320 8.1 15.0
2 1923-02-03 Kamchatka Gulf 54.486 160.472 8.4 15.0
3 1952-11-04 Southern Kamchatka 52.623 159.779 9.0 21.6
4 1958-11-06 Kurilsk 44.479 148.485 8.3 35.0
5 1994-10-04 Shikotan 43.773 147.321 8.3 14.0
6 2006-11-15 Kuril Islands 46.592 153.266 8.3 10.0
7 2007-01-13 Kuril Islands 46.243 154.524 8.1 10.0
8 2013-05-24 Sea of Okhotsk 54.892 153.221 8.3 598.1
9 2025-07-29 Kamchatka Peninsula 52.495 160.240 8.8 35.0

the Pacific Plate’s motion. The territorial proximity of this object to the epicentral zone of
the Kamchatka megathrust earthquake necessitates taking it into account in geodynamic
analysis.

According to the plate tectonic model, the primary source of tectonic stress in the
region is the northwestward movement of the Pacific Plate at an average speed of about
7.5 cm/year. Meanwhile, in the southern part of the region, this plate movement is
estimated to be at a higher rate of 8.2 cm/year [Avdeiko et al., 2007; Steblov et al., 2010].

From 1900 to 2025, nine earthquakes with a magnitude greater than 8.0 occurred in
the Kuril-Kamchatka region. The events are presented in Table 1 based on archive data
https://earthquake.usgs.gov/earthquakes/browse/significant.php

The strongest earthquakes occurred near the Kamchatka Peninsula with a recurrence
interval of 73 years and a distance of 32 kilometers between their epicenters.

3. Observation Network, Initial Data and Processing

For the analysis of the spatiotemporal evolution of recent crustal movements and
deformations in the region, a network of 22 continuous GNSS stations was formed. Coor-
dinate solutions for stations located on the Kamchatka Peninsula and the nearest islands,
which are part of the regional KAMNET network, were provided by researchers from the
Kamchatka Branch of the Unified Geophysical Service of the Russian Academy of Sciences.

Coordinate time series for the remaining stations in Russia, Japan, and the USA were
obtained from the web-archive of the Nevada Geodetic Laboratory (Reno, USA) [Blewitt
et al., 2018]. The duration of the time series for each coordinate (East, North, Up) was 2027
values for each GNSS station.

The coordinate time series for the KAMNET network were derived by processing
dual-frequency GNSS phase measurements using the double-differenced GPS carrier phase
method, with reference to 190 stations of the IGS network. The processing by the Nevada
Geodetic Laboratory was performed using the Precise Point Positioning (PPP) method.
In both cases, the final products of the International GNSS Service (IGS) were utilized.
The coordinates of all stations were determined in the ITRF2020 reference frame with
sub-centimeter accuracy. A map of the established GNSS network is presented in Figure 1.

It can be seen that the control network covers an extensive region, a large part of
which is a marine area. Consequently, the GNSS stations are relatively sparsely distributed.
The mutual distances of GNSS stations from each other in the formed control network are
generally in the order of several hundreds of kilometers. Given that the seismic source
of the megathrust earthquake extends several hundred kilometers and coseismic crustal
displacements can propagate for thousands of kilometers, it was decided to use this selected,
non-dense network for a general assessment of crustal movements and deformations over
a long time interval.
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Figure 1. Map of the study region. Observation network, principal tectonic elements, and the
strongest earthquakes of 2024-2025. To the right of the GNSS station triangle symbol in all il-
lustrations, its four-character official name is written. The sides of the triangles of the Delaunay
triangulation are shown in light blue. The frame values of the cartographic coordinate grid of the
UTM projection (zone 57N) at all figures are given in meters. Red stars — the 2025 megathrust
earthquake and its strong aftershock. Orange stars — strong earthquakes preceding the megath-
rust earthquake. White star — the 1952 megathrust earthquake. Focal mechanisms are sourced
from https://earthquake.usgs.gov/earthquakes/browse/significant.php.

The initial epoch for the coordinate time series was set to 2020-01-01, and the final
epoch to 2025-08-01. Gaps in the observation continuity were eliminated by interpolating
coordinates for the missing dates using Hermit splines.

To correlate crustal movements and deformations with the progression of the seismic
process, an earthquake catalog obtained from the National Earthquake Information Center
(NEIC) was used. https://earthquake.usgs.gov/earthquakes/search/. A total of 1,653
seismic events with magnitudes greater than 4.5 were selected.

To analyze the contribution of specific strong earthquakes to the geodynamic process,
a set of strong earthquakes with M > 6.5, presented in Table 2, was utilized.

The geographical positions of volcanoes in the region that have been active in historical
times were obtained from the online resource https://volcano.si.edu/reports_bgvn.cfm
(based on data from the Global Volcanism Program, Smithsonian Institution, USA).

Let us consider the equation of motion for a system of material points within the
framework of classical mechanics

YF; =Fy+Xf;, (1)

where FO — the resultant of external forces, ]_‘i - internal forces, i — the running index of
a material point.
Expanding the expressions for the forces, Equation (1) can be written as:

):Eimi :EOZmi +):E;mi, (2)

where @; — total accelerations, @; — internal accelerations, @, — resultant external acceleration,
m; — masses of material points.
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Table 2. Strong Earthquakes in the Study Region for 2021-2025

No. PR ’ ciﬁgigrrlife}:?") in UTl\slzg;)r;ri(I)ljztci?on (m)  Depth(km)  Magnitude
Latitude Longitude East North
1 52:221(5);6235 52.5116 160.3244 589878 5818766 35 8.8
2 (2)224%2?1220 48.9638 157.6955 404517 5424251 57.8 7.5
3 52245981285 52.8271 160.7907 620648 5854539 34 7.4
4 12321%)%;270 52.9308 160.1331 576162 5865173 29 7
5 128;23%:22136 45.6161 148.959 -282758 5100664 143 7
6 382059(5);;39 52.1605 159.9138 562507 5779283 25.3 6.9
7 5223572?%222 50.5804 157.7988 414955 5603854 35 6.8
8 1232447362976 47.2996 151.236 —86808 5267763 146 6.8
9 522253%524 52.8703 160.7934 620710 5859349 22.1 6.6
10 32:%57‘:%32?3 52.6981 160.8332 623877 5840264 10 6.6
11 5(6)22%(1)%20 52.9286 160.6233 609115 5865561 23 6.6
12 12;]2318(2’?;;3 54.7368 163.1803 769075 6073524 13.2 6.6
13 522248(3)2;31 47.223 144.7915 —574759 5328738 402 6.5
14 322135121251 44.596 149.0388 —290637 4986574 31 6.5
15 52%362‘;235 52.7227 158.4935 465791 5841544 101 6.5

Having reduced equal mass sums and time intervals in (2), for the velocity vectors of
the movements v; of the displacements %;, we obtain the following:

51‘ ZVZ‘ _VO and ﬁi Zﬁi —Uo.

To identify areas of internal displacement deficit, the magnitudes of the cumulative dis-
placement vectors [u;| from the initial day to the current day were calculated.

For determining deformation characteristics, the horizontal strain tensor was used
(with the coordinate axes n and e directed north and east, respectively).

The tensor components are equal to the partial derivatives of the displacements u,, and u,

with respect to the coordinate axes n and e: ¢, = %, £, = %, and ¢€,, = &,, = %( 39”6” + %),

n
respectively, where % + % = Yne = Ven 18 the engineering shear strain.

In our study of the spatiotemporal evolution of the seismodeformational process, the
following invariant characteristics were used.

1. Principal strains ¢; and ¢,

_1 N 2, .2
51,2—5 Ent e tr(ey— &) + Ve |-
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1/2
2. Total shear y = ((en —e)’ + 7/5'3) 2,

3. Dilatation A = €1 + &;.

During the calculation of the strain components, an algorithm was applied [Wu et al.,
2006].

The displacement vector modules, dilation and total shear values, as well as vertical
displacements, were interpolated onto a regular grid to obtain digital and graphical models
of their spatial distribution. For each day, frames of the spatial distribution of deformation
characteristics and epicenters of occurring earthquakes were generated, overlaid on maps
depicting coastlines, deep-sea trenches, submarine ridges, and active volcanoes.

The resulting frames were compiled into synoptic animations, enabling a heuristic
comparative analysis of the behavior of movements and deformations throughout the
seismic process.

4. Internal Displacement Deficit and Seismicity

For spatiotemporal analysis of the preparation processes of strong earthquakes, we
utilize the value of the internal crustal displacement deficit. This parameter represents
the minimal magnitude of the horizontal internal displacement vector at a GNSS station.
It is close to the well-known geodetic indicator of seismic hazard — the slip deficit on the
surface of a seismogenic fault [Kocharyan et al., 2014; Materna et al., 2023; Plata-Martinez
et al., 2024], but not as detailed.

The effectiveness of identifying this parameter depends on the spatial density of the
GNSS network stations and the duration of the observation period. The denser the GNSS
network and the longer the observations, the higher the accuracy in localizing the zone of
elastic strain accumulation.

The evolution of the displacement deficit from 2020 to 2025, with a daily time interval,
is tracked in the synoptic animation we created [Dokukin et al., 2025b)].

For a comparative analysis of regional seismicity and the behavior of the displacement
deficit, the publication presents key frames showing the state immediately before a strong
(M > 6.5) seismic event and immediately after it (Figures 2-9).

The first two frame pairs of Figure 2 show the absence of visible localized areas of
displacement deficit (dark brown zones) in relation to the strong seismic events of February
and March 2020. This is explainable by the insufficient time for strain accumulation —
approximately four months from the start of observations.

Other contributing circumstances are the significant hypocentral depths of the events,
58 km and 143 km. This indicates a less pronounced surface response to such a deep
initiation of seismic source rupture.

At the same time, after nine and a half months, a zone of interaction between the Pacific
Plate and the island arcs became clearly visible in the region. The 2 cm isoline, representing
the boundary of minor displacements, consistently outlines the Kuril-Kamchatka arc. It is
noteworthy that this isoline shifted northwestward following one of the region’s deepest
earthquakes (M = 6.4), which occurred beneath the Earth’s crust in the central part of the
Kamchatka Peninsula.

It is also interesting that the area of relatively rapid displacements extended north-
ward, encompassing the western segment of the Aleutian Arc.

Observations of the displacement deficit throughout 2021 showed that the area of
slow displacements began to narrow, while continuing to consistently follow the alignment
of the Kuril Island arc (Figure 3).

The first earthquake of 2021, with M = 6.6, occurred east of the Kamchatka Peninsula,
180 km from the coast. Its epicenter coincided with the deep-sea trench line. This event
disrupted the configuration of the displacement deficit area, shifting its extreme (the dark
brown area) towards the Japanese Archipelago.

The next earthquake, with M = 6, was also displaced in the direction of the displace-
ment deficit’s migration. It occurred in the area of Onekotan Island without significantly
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Figure 2. Evolution of the displacement deficit during 2020. a & b — before and after the earthquake
of 2020-02-13 (M = 7, Depth = 143 km). ¢ & d — before and after the earthquake of 2020-03-25
(M =7.5, Depth = 58 km). e & f — before and after the earthquake of 2020-09-15 (M = 6.4, Depth =
344 km). For additional information about the legend, see Figure 1.

altering the zone of slow displacements, which may be explained by the absence of opera-
tional GNSS stations in this region.

However, just a month later, the configuration of the displacement deficit anomaly
changed substantially, forming a bay-like westward retreat of the zero isoline and an expan-
sion of the area of rapid displacements. This change coincided with the deep earthquake of
2021-09-20 with M = 6.6.

The set of earthquakes in 2021 demonstrated a migration of their epicenters in a south-
westerly direction.

Interestingly, the year 2022 is also characterized by three major seismic events, similar
to previous observation years, but this time within the Aleutian Arc zone. Two of these,
with M = 6.3, occurred in the area of the Aleutian Islands of Alaska (Figure 4a, b, e, f) and
had practically no impact on the configuration of the displacement deficit that had formed
in the days preceding the events. Their hypocenters were located at relatively great depths
of 73-105 km, which may explain the absence of a detectable surface response.

In contrast, the shallow earthquake of 2022-09-20 near Bering Island (Figure 4c, d)
with M = 6 broke the general pattern, occurring in an area of relatively rapid displacements
near the 10 cm isoline. It is noteworthy that Bering Island demonstrates the highest mobility
in the region. Like other GNSS stations in the Aleutian Arc, it is moving northwest due to
internal movements, but at a higher rate of 3 cm/year.
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Figure 3. Evolution of the displacement deficit during 2021. a & b — before and after the earthquake
of 2021-03-16 (M = 6.6, Depth = 13.2 km). ¢ & d — before and after the earthquake of 2021-08-24
(M =6, Depth = 35 km). e & f — before and after the earthquake of 2021-09-20 (M = 6.1, Depth =
137 km). For additional information about the legend, see Figure 1.

The greatest interest, however, lies in the synoptic analysis of seismicity and the
evolution of the displacement deficit during the period of 2023-2025.

By 2023, the displacement deficit anomaly had formed an elongated area in the back-
arc region, with its eastern edge overlapping the elongated zone of earthquake epicenters
along the Kuril-Kamchatka arc (Figure 5).

The first major event of the year, with M = 6.5, occurred in Avacha Bay, 60 km south
of Petropavlovsk-Kamchatsky, at a relatively great depth (Figure 5a,b). This characteristic
presumably prevented it from affecting the configuration of the displacement deficit
anomaly. Nevertheless, the local GNSS network of the Avacha geodynamic testing area
recorded a clear response to this event [Kaftan et al., 2025].

The relative proximity of this event to the epicenter of the future 2025 Kamchatka
megathrust earthquake (126 km) provides a basis for the hypothetical suggestion of its
influence on the early weakening/damage of the source zone of the region’s main event.
Our assumptions are based on the fact that the focal length of this mega-earthquake is
approximately 200-300 km. Our research shows that slow shear deformation waves with
propagation velocities of up to 100 km per year can trigger subsequent seismic events
[Kaftan and Melnikov, 2019; Kaftan and Tatarinov, 2022]. A similar trigger mechanism is
considered as plausible in the work [Kishkina and Kocharyan, 2026] for other events closer
in time to the Kamchatka megathrust earthquake.
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Figure 4. Evolution of the displacement deficit during 2022. a & b — before and after the earthquake
of 2022-06-04 (M = 6.3, Depth = 105 km). ¢ & d — before and after the earthquake of 2022-09-20
(M =6, Depth = 10 km). e & f — before and after the earthquake of 2022-12-14 (M = 6.3, Depth =
73 km). For additional information about the legend, see Figure 1.

The next strong earthquake on 2023-12-28, with M = 6.5, occurred near the Japanese
Archipelago islands and did not affect the shape of the displacement deficit anomaly. It is
noteworthy that by this time, a significant positive anomaly had formed near Bering Island.

In August 2024, over a two-week period, two strong seismic events with M = 6-7 oc-
curred 50 km north of the future Kamchatka megathrust earthquake’s epicenter, at a depth
of about 30 km — almost identical to that of the future mainshock. This close proximity
to the future main rupture provides grounds to consider these events hypothetically as
foreshocks. Notably, the M = 6 event was a natural and expected aftershock of the M =7
earthquake.

Following the event of 2023-04-03, the displacement deficit in this area decreased
from 6 to 10 cm (Figure 5). The peak of rapid displacements increased to 18 cm.

Another strong earthquake with M = 7.4 occurred 9 days before the Kamchatka
megathrust earthquake, 47 km to the northeast (Figure 6a, b), continuing to rupture the
area of the displacement deficit. The hypocenter of this foreshock was located at a depth of
34 km.

The coseismic effect of the Kamchatka megathrust earthquake is presented in Fig-
ure 6¢—f. It can be observed that during and after the megathrust earthquake, seismicity
propagated southwestward along the deep-sea trench, accompanied by the release of the
displacement deficit. The vectors of coseismic displacements demonstrated a direction of
movement opposite to their previous interseismic state.
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Figure 5. Evolution of the displacement deficit during 2023-2024. a & b — before and after the
earthquake of 2023-04-03 (M = 6.5, Depth = 101 km). ¢ & d — before and after the earthquake of
2024-08-17 (M =7, Depth = 29 km). e & f — before and after the earthquake of 2024-08-30 (M =6,
Depth = 26 km). For additional information about the legend, see Figure 1.

In the internal reference system, the GNSS stations on the eastern coast of Kamchatka
shifted southeastward by distances of up to 2 meters. A pattern typical of the elastic
rebound model was observed [Pevnev, 2021; Reid, 1910, 1911; Savinykh and Pevnev, 2013].
The rapid displacements fully encompassed the extent of the Kuril-Kamchatka Trench.
This is evidenced by the isolines of the light areas in Figure 6d, e, f, the values of which
reached decimeters and meters.

A notable observation is that after the release of the elongated zone of horizontal
displacement deficit, its extreme (the area of stress accumulation) shifted to the west of
the Kamchatka Peninsula coast. We suggest that this area warrants particular attention in
terms of anticipating subsequent strong seismic events, which, while less powerful than
the Kamchatka earthquake, may be no less hazardous.

5. Analysis of Earth’s Crust Movements and Deformations

Based on continuous GNSS observations, the evolution of crustal movements and
deformations over more than five years preceding the Kamchatka megathrust earthquake
has been investigated.

The nature of spatiotemporal changes in horizontal movements was discussed in the
previous section. The analysis of vertical movements (geodetic heights in the ITRF2020
reference frame) did not reveal significant systematic patterns, with the exception of
a contrasting coseismic subsidence of Kamchatka’s eastern coast by approximately 0.4 m.
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Figure 6. Formation of the displacement deficit during 2025. a & b — before and after the earthquake
of 2025-07-20 (M = 7.4, Depth = 58 km). ¢ & d — before and after the earthquake of 2025-07-29
(M = 8.8, Depth = 35 km). e & f — postseismic development of the source following the main event.
For additional information about the legend, see Figure 1.

Furthermore, one day prior to the mainshock, minor subsidence of about 2-4 cm accumu-
lated near its epicenter; however, these values are close to the determination errors and do
not provide sufficient grounds to claim precursors (Figure 7a, b).
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Figure 7. Vertical crustal movements. a) one day before the megathrust earthquake. b) immediately
after the megathrust earthquake. For additional information about the legend, see Figure 1.

The dilation deformation evolution [Dokukin et al., 2025¢c] revealed interesting features
(Figure 8). Figure 8 presents key frames of the deformation process. The resulting dilatation
distribution pattern indicates the presence of two distinct deformation mechanisms in the
region. To discuss this fact, the Kuril-Kamchatka seismic zone is conditionally divided
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into two segments. They are separated by the white line segment in Figure 8d, located
approximately in the middle of the trench at the transition from tension to compression
and at the termination point of the aftershock propagation of the Kamchatka megathrust
earthquake. In the southern part, seismicity developed under compression up to 1 x
107, which is consistent with the mechanism of the Pacific Plate pressing against the
Okhotsk Block (Figure 8). The northern segment of the trench is subject to extension with
a maximum of 5 x 1077 in the area of the mantle plume head, which creates a local source
of pressure and high temperatures beneath the Meiji Guyot [Gorbatov et al., 2001]. Weak
compression along the Kamchatka Peninsula suggests the injection of pressure from the
mantle flow onto the peninsula’s crust, creating an obstacle to the extensional forces.

The anomalous extension grew over more than five years (Figure 8a, b, c). After the
megathrust earthquake, the crust of the Kamchatka Peninsula shifted southeastward,
forming a zone of compression at the front of the movement and a zone of extension in the
rear part (Figure 8d).

The presumed underflow of subcrustal material from the mantle plume, which created
extensional strains of up to 5 x 107 west of the seismic rupture (Figure 8d), influenced
the mechanism of one of the strongest aftershocks (M = 6.8, Figure 1). This event exhib-
ited normal faulting, in contrast to the thrust mechanisms of the mainshock and other
foreshocks and aftershocks located near the hypocentre (Figure 1). The area of anomalous
compression dilatation at the position of the epicenter of the Kamchatka mega-earthquake
is consistent with the focal mechanism of the main event and aftershocks (Figure 1).
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Figure 8. Evolution of dilatational strain from 2020-01-01 to 2025-08-01. a & b — before and after the
earthquake in Avacha Gulf on 2023-04-03 (M = 6.5, Depth = 101 km). ¢ & d — before and after the
earthquake on 2025-07-29 (M = 8.8, Depth = 35 km). For additional information about the legend,
see Figure 1.

Intense extensional strain of the Earth’s surface, associated with the preparation and
occurrence of a series of strong earthquakes, was previously identified in the region of
the Hikurangi superplume [Dokukin et al., 2023; Kaftan et al., 2024]. The strongest among
these was the earthquake near the Kaikoura triple junction (New Zealand) with M =7.8.
Extensional strains were also recorded above the submarine base of the Etna volcano edifice
[Kaftan and Rodkin, 2019] in the waters of the Catania Gulf (Italy). A recent intrusion in
the Santorini volcano region showed similar extension [Dokukin et al., 2025a].
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Interesting features of the total shear strain evolution in relation to the development
of seismicity are demonstrated in a synoptic animation [Dokukin et al., 2025d]. The most
significant frames are presented in Figure 9.

It can be observed that during the interseismic period, the total shear strain (Fig-
ure 9a, b, ¢), as well as the dilatational strain, were relatively small, up to 1 x 107°. Never-
theless, two extremes formed: one in the southern segment of the Kuril-Kamchatka arc,
which is expected due to the motion of the Pacific Plate; and, unexpectedly, in the region of
Bering Island.

This area is characterized by the fastest horizontal movements of station BRNG.
Research by [Chekhovich et al., 2014] indicates that the tectonics of the Aleutian Trench are
governed precisely by strike-slip displacements along its strike. A study of aftershocks
from megathrust earthquakes in 1938-2021 revealed a seismic gap in the Bering Island
area regarding the expectation of a megathrust earthquake [Tupe and Lomax, 2022]. This
circumstance is also discussed in [Lobkovsky et al., 2014].

In this context, the relatively rapid motion of Bering Island is natural, as rapid
movements do not facilitate the accumulation of elastic stresses at a given point.

Two maxima of total shear strain in the northeast and southwest of the region (Fig-
ure 9a—c) revealed a seismic quiescence precisely in the area of the future rupture zone
of the Kamchatka megathrust earthquake. The merging of these anomalies into a single
entity after the mainshock is consistent with the hypothesis of their trigger effect on the
future seismic source [Kaftan and Melnikov, 2019; Kaftan and Tatarinov, 2022].

s

05

Figure 9. Evolution of total shear strain from 2020-01-01 to 2025-08-01. a & b — before and after the
earthquake in Avacha Gulf on 2023-04-03 (M = 6.5, Depth = 101 km). c & d — before and after the
earthquake on 2025-07-29 (M = 8.8, Depth = 35 km). For additional information about the legend,
see Figure 1.

Figure 9c shows that prior to the Kamchatka megathrust earthquake, the density of
epicenters in the southern part of the Kuril-Kamchatka Trench was higher than in the
northern part. Here, stress was released more uniformly compared to the northern part,
which was awaiting the strongest shock and the swarm of its aftershocks. As a result of the
megathrust earthquake, the coseismic total shear strain increased up to 1075.
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6. Discussion and Conclusion

Despite the significant spatial extent and low station density of the GNSS network, the
research has shown that such a network provides valuable information on the kinematics
of crustal movements and deformations in this region.

The behavior of the displacement deficit demonstrated its systematic concentration
along the main seismogenic zone of the Kuril-Kamchatka arc. Over the five years preceding
the megathrust earthquake, it clustered into a relatively narrow area, delineating a uni-
fied seismic hazard zone. Earthquakes of different magnitudes and depths contributed
differently to its release through seismic rupture formation. A more detailed study of this
phenomenon will allow for a more reliable assessment of the potential for using surface
movements and deformations to evaluate the response of deep-seated processes.

The migration of the seismic hazard zone (the area of minimum displacement deficit)
towards the western coast of Kamchatka, according to our assumptions, indicates an
increased probability of subsequent strong earthquakes in this area. At the same time,
it must be taken into account that the displacement deficit extreme is located in an area
without GNSS stations and was obtained through interpolation. This reduces the confidence
in our estimates for this region.

As research experience shows, strong earthquakes often occur in the transition zone
from fast to slow crustal internal movements. For the eastern margin of this extreme,
strong crustal seismicity cannot be ruled out.

The evolution of horizontal dilatational strain revealed two distinct deformation
regimes for the segments of the Kuril-Kamchatka arc attributed to the Okhotsk and the
supposed Kamchatka microplates. The first is subjected to unidirectional compression
from the pressure of the Pacific Plate. In the northern segment of the arc, extensional strain
accumulated, coinciding in its location with the “head” of the Meiji Guyot mantle plume.

This phenomenon can be interpreted as the underflow of subcrustal masses beneath
the eastern coast of central Kamchatka, creating stress at its contact with the more rigid
crust. Bering Island falls within this zone of intense extension and rapid movements. This
circumstance may indicate a low probability of the strongest earthquakes in this area.

These results, combined with other studies, demonstrate that the contemporary dy-
namics of active mantle plumes can be reflected in changes of the Earth’s surface.

Regional features of the horizontal total shear deformation revealed the formation
and growth of two extremes in the southern segment of the Kuril-Kamchatka arc and in
the region of Bering Island. These zones coincide with an area of relatively rapid internal
crustal movements. Following the occurrence of the Kamchatka megathrust earthquake,
these extremes merged into a single area of coseismic megashear.

Combining this fact with the results of previous studies suggests a bilateral trigger
effect of the preseismic total shear deformation extremes on the rupture of the Kamchatka
megathrust earthquake source.

The applicability of a sparse regional GNSS network for studying crustal movements
and deformations over long time intervals holds promise for obtaining new knowledge on
the preparation and rupture nucleation of strong earthquakes.
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