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Editor's summary

In late July 2025, a moment magnitude 8.8 earthquake struck off the Kamchatka Peninsula coast in Russia, sparking

a trans-Pacific tsunami and triggering volcanic activity in the region. The event highlighted how the recurrence of great
earthquakes may not follow regular patterns. Liu et al. combined teleseismic and satellite data with deep-water tsunami
recordings to estimate the slip history for the 2025 event. Peak slip was greater than for the similarly located 1952
earthquake despite generating a weaker tsunami. Variable recurrence and slip distributions in this region suggest
complex strain release patterns that may heighten seismic risk. —Angela Hessler
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EARTHQUAKES

Simple unilateral rupture of the

great M, 8.8 2025
Kamchatka earthquake

Chengli Liu"?*, Yefei Bai****, Thorne Lay®, Ping He',
Yangmao Wen’, Xiong Xiong®?, Tuncay Taymaz®®

On 29 July 2025, a moment magnitude (M,,) 8.8 great
earthquake ruptured along offshore southern Kamchatka, with
the aftershock region overlapping that of a 1952 M,, 8.8 to0 9.0
event. Like 1952, the 2025 event nucleated at the northeastern
end of the rupture, preceded by intense foreshock activity. Joint
inversion of teleseismic and INSAR (Interferometric Synthetic
Aperture Radar) data for the space-time slip distribution, with
validation by means of forward modeling of deep-water tsunami
recordings, revealed a southwestward elongated large-slip patch
on the curved plate boundary. A slip of up to 14 meters was
located offshore southern Kamchatka and Paramushir Island.
The 1952 earthquake generated stronger tsunami signals in
Hawaii, indicating a different slip distribution. Peak slip in 2025
exceeded the maximum slip deficit accumulated since 1952.
Observations of volcanic eruptions after multiple great
earthquakes in Kamchatka provide compelling evidence of
earthquake-volcano interactions.

The Kuril-Kamchatka subduction zone, which is characterized by a wide
seismogenic zone (7, 2) where the Pacific Plate and the Okhotsk microplate
converge at ~8 cm/year (3), is recognized as one of the most seismically
active regions worldwide (4-8). Kamchatka has experienced numerous
great megathrust earthquakes, including events in 1737 and 1841 (7, 9-12),
the catastrophic 1952 earthquake (13-17), and several more recent
events of moment magnitude (M,,) > 7.5 (Fig. 1A). These underthrust-
ing earthquakes cause strong ground shaking, and the largest ones gener-
ate trans—Pacific tsunamis, making the Kuril-Kamchatka Trench a key
focus of global seismic and tsunami hazard research. Geodetic ob-
servations indicate that the Kamchatka plate boundary was accumulat-
ing substantial strain along the 1952 rupture zone before the latest great
earthquake (18).

On 29 July 2025, at 23:24:52 UTC, a great megathrust earthquake
struck off the coast of the Kamchatka Peninsula, east-southeast of
Petropavlovsk-Kamchatsky, Russia. This was the seventh largest seismo-
logically recorded earthquake since 1900 (19). The hypocenter was
52.498°N, 160.264°E, at a depth of 35 km, as determined by the US
Geological Survey National Earthquake Information Center (USGS-NEIC).
The W-phase focal mechanism indicates thrust faulting, with the best
double-couple strike of 198°, dip 18° and rake 51°; a minor non-double-
couple component (16%); and a seismic moment of 2.22 x 1022 N-m
with a W-phase magnitude (M) of 8.83 (Fig. 1A). Productive foreshock
sequences near the hypocenter occurred in August 2024 and September
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2025, with the largest event being a M., 7.4 thrust event on 20 July 2025
at 06:49:04 UTC (fig. S1). The spatial distribution of early aftershocks
(Fig. 1B) closely overlapped the aftershock region of the 1952 M, 8.8 to
9.0 earthquake (13, 14, 20), and the 1952 hypocentral region also had in-
tensive foreshock activity over several years before that event (7). This
suggests that the 2025 event released accumulated strain along the same
segment of the subduction interface. However, the 1952 event generated
stronger tsunami waves in Hawaii (fig. S2) (2I), indicating that the rup-
tures were not identical repeats.

To understand the rupture process of the 2025 M, 8.8 Kamchatka
earthquake, we first constrained the space-time slip distribution
using teleseismic body and surface wave observations and InSAR
(Interferometric Synthetic Aperture Radar) ground displacement mea-
sures, considering planar faulting and curved-plate interface faulting.
‘We then performed forward tsunami calculations to validate our seismo-
geodetic slip models. The simulations for our preferred model with a
curved plate boundary more successfully reproduced the observed tsu-
nami timing and waveforms, as well as coseismic global navigation satel-
lite system (GNSS)-sensed displacements, confirming the placement
and strength of the associated rupture model. These results emphasize
the value of joint seismic, geodetic, and tsunami analyses, especially for
large offshore megathrust earthquakes with limited data sets.

Slip modeling and tsunami validation

To evaluate the influence of fault geometry on the inferred rupture
behavior, we tested multiple configurations, including a simplified planar
fault and a more realistic model with along-dip variations informed by
the Slab2 geometry (2). We first constructed a rectangular fault plane
that was based on the low-angle nodal plane of the W-phase moment
tensor solution, with the strike slightly adjusted to 217° to align with
the Kuril-Kamchatka Trench (model I) (fig. S3A). Using a nonlinear
finite fault inversion algorithm [supplementary materials (SM), materi-
als and methods], we constrained the spatiotemporal slip history using
teleseismic waveforms (figs. S4 to S6). Model I indicated a complex
rupture lasting ~300 s (fig. S3A), with a seismic moment of 2.25 x 10*2 N-m
(M, 8.82). The inferred slip distribution was very heterogeneous, with
a substantial shallow slip extending toward the trench (fig. S3A).

‘We then implemented a five-segment curved-fault model based on
the Slab2 geometry (2), with dip angles varying from 6° in the shal-
lowest segment to 33° in the deepest (model II) (fig. S3B), keeping all
other modeling parameters unchanged and using the same data as for
model I (figs. S7 and S8). This configuration introduced significant
along-dip variations that substantially influenced the slip distribution.
In contrast to model I, model II constrained the rupture to a narrow,
elongated zone, with little shallow slip (fig. S3B), highlighting the
strong influence of fault geometry on the resulting slip distribution.
The rupture duration remained ~300 s (fig. S3B), and the total seismic
moment was nearly identical at 2.26 x 10*2 N-m (M, 8.82).

Last, we refined the inversion by incorporating InSAR line-of-sight
(LOS) displacements over southern Kamchatka (figs. S9 and S10), balanc-
ing the data weighting by expanding the seismic data (model IIT) (fig. S11).
Model IIT has a ~280-s duration unilateral southwestward expansion of
the rupture with an elongate ~250-km-long patch of slip exceeding 4 m,
with a peak slip of ~14 m offshore of southern Kamchatka and along
Paramushir Island (Fig. 2A). This is similar to model II but has substan-
tial differences from both model I and the USGS-NEIC three-segment
fault model (fig. S3). The rupture initiated at a depth of 22 km with rela-
tively minor slip (<3 m) and initially propagated at ~1 km/s during the
first 80 s (figs. S12 and S13). It then accelerated to ~2.5 km/s as it ex
panded southwestward. By 100 s, the rupture had reached shallow depths
near the trench and continued propagating in the same direction. The
main rupture ceased at around 180 s (fig. S13). Large interplate after-
shocks from the Global Centroid Moment Tensor (GCMT) database ex-
hibit a complementary distribution to the coseismic slip, filling in gaps
or outlining edges of large-slip zones (Fig. 2A). Model III can well explain
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Fig. 1. Tectonic setting of the 29 July 2025 Kamchatka earthquake. (A) Gray-filled patches with dashed outlines indicate the aftershock regions of historical events. Blue
dashed and solid contours indicate the aftershock region and rupture area of the 1997 event, respectively (7). The gray star indicates the epicenter of the 1952 earthquake, and
the cyan and red stars indicate the epicenters of the 20 July 2025 M,, 74 foreshock and the 29 July 2025 M,, 8.8 mainshock, respectively. Trenches are indicated with white solid
lines with barbs, and the white arrow indicates the relative motion between the Pacific Plate and the Okhotsk Plate. Black vectors indicate interseismic GPS velocities in the
Kamchatka region (18). Depth contours to the subducting plate interface from the Slab2 model (2) are indicated with gray dashed lines at 20-km intervals. Focal mechanisms
are shown in black for the W-phase solution and in red for those obtained in this study. (Inset) The general location of the study area. (B) Comparison between the aftershock
distribution of the 2025 event during the first 3 months and the rupture zones of the 1904 and 1952 earthquakes.

both InSAR (fig. S10) and teleseismic observations (figs. S14 and S15) and
also provides better fits than the other models for the currently published
Kamchatka GNSS-sensed coseismic displacements (fig. S16). All models
indicated relatively small slip (<5 m) near the hypocenter where the
intense foreshock and larger aftershock activity occurred (Fig. 2 and
figs. S1 and S12), and all have unilateral southwestward propagation
overlapping the estimates of the large-slip area of the 1952 event inferred
from tsunami data (16, 17). The strong unilateral slip effects are clearly
evident in long-period surface wave spectral analysis (22) for the event
(fig. S17). The slip distribution is relatively simple compared with other
events of this size that have well-studied ruptures (for example, the 1960
My, 9.5 Chile, 1964 My, 9.2 Alaska, 2004 M,, 9.2 Sumatra-Andaman, 2010
M, 8.8 Chile, and 2011 M,, 9.1 Japan earthquakes).

To evaluate the reliability of the slip models, we conducted forward
modeling of tsunami waveforms by calculating vertical seafloor and
land surface deformation (fig. S18) and compared the results with ob-
servations from 22 Deep-ocean Assessment and Reporting of Tsunami
(DART) stations (Fig. 3A). We tested our three slip models and the
USGS-NEIC three-segment model (SM materials and methods). Model
I and the USGS-NEIC three-segment model both failed to accurately
reproduce the tsunami waveforms, particularly in terms of arrival times
and waveform, with notable mismatches at DART stations located east
of the epicenter (figs. S19 and S20). Moreover, the USGS-NEIC three-
segment model, which features a maximum slip that exceeds 40 m,
substantially overestimated the tsunami amplitudes (fig. S20). Model
II showed great improvements, capturing both the timing and wave-
form characteristics more accurately (fig. S21). The best overall fit was
achieved with model III, which provided good predictions of the ob-
served tsunami amplitudes and waveforms (Fig. 3B), supported by the
resolution and fault geometry tests (figs. S22 and S23), making it the
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preferred model for broadband motions of periods longer than about
5 s (shorter period motions are not resolved owing to the lack of avail-
able near-field recordings). The shallow slip distribution in model III
is in good agreement with the US National Oceanic and Atmospheric
Administration (NOAA) tsunami source, which also produced a good
fit to the nearby DART data (23). These validation results emphasize
the importance of incorporating accurate fault geometry, especially dip
variations, and applying appropriate weighting across diverse data
types to achieve robust rupture models in subduction zones with lim-
ited observational constraints.

Distinct foreshock sequences and rupture heterogeneity

Relative to the well-known foreshock sequences preceding the 2014
Iquique, Chile, earthquake (M, 8.1) and 2011 Tohoku, Japan, earth-
quake (M 9.0) (24), a distinctive feature of the 2025 M,, 8.8 Kamchatka
earthquake was the occurrence of two highly productive foreshock
sequences over the prior year (fig. S1). The first foreshock sequence
began on 17 August 2024 with a M, 7.0 earthquake, and the second
started on 20 July 2025 with an M, 7.4 event. The migration directions
of these two sequences were markedly different (fig. S1). The deeper
2024 foreshocks migrated upward and after 2 days reached the region
where the 2025 foreshock sequence later occurred (fig. S1C), suggesting
a stress-loading effect. The shallower 2025 foreshock sequence showed
rapid migration southwestward up-dip of the mainshock hypocenter
(fig. S1D), apparently triggering nucleation of the mainshock. Both
sequences occurred far northeast of the main large-slip area and re-
flect a progressive failure-onset process. Their spatial distribution, on
the periphery of the mainshock hypocenter, implies stress transfer and
possible aseismic deformation along adjacent fault segments, poten-
tially weakening the fault before rupture (25). However, no clear geodetic
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Fig. 2. Preferred slip model of the 29 July 2025 M,, 8.8 mainshock. (A) Slip model
derived from joint inversion of teleseismic and InSAR data. The black and red dashed
contours outline the aftershock zone of the 1952 earthquake and the interseismic
coupling region (18), respectively. GCMT focal mechanisms are superimposed on the
slip models, with normal faulting events indicated in red and thrust faulting indicated
in blue, and the size is scaled by moment magnitude. The cyan and red stars indicate the
epicenters of the 20 July 2025 M,, 7.4 foreshock and the 29 July 2025 M,, 8.8 mainshock,
respectively. Gray circles indicate aftershocks (M, > 5.0) within the first 3 months
from the USGS-NEIC catalog. (Inset) The moment rate functions. (B) A cross section
of the model geometry and the aftershock distribution from the USGS-NEIC catalog.
The red and blue solid circles indicate the locations of the GCMT focal mechanisms
illustrated in (A).

evidence of precursory slow slip was observed at the GNSS station in
Petropavlovsk (PETT).

The inverted rupture pattern of the 2025 M, 8.8 Kamchatka earthquake
is notably characterized by a spatially confined large slip concentrated in
the 15- to 30-km-depth range on the megathrust, with a little slip near the
trench and closely corresponding to the identified zone of potential great
earthquakes along the Kamchatka arc (26). Geodetic studies had identified
a highly coupled megathrust zone overlapping much of the 1952 aftershock
area (Fig. 2A) (18), which is consistent with decades of strain accumulation.
However, the 2025 mainshock rupture was spatially limited to only about
half of the inferred coupled zone and extended southwestward along
Paramushir Island into an area of geodetically inferred lower coupling
(Fig. 2A), although occurrence of a large, deep, outer-rise compressional
event in 2020 suggested large compressional strain accumulation there (27).
This suggests that along-strike variations in frictional properties, structural
segmentation, or stress heterogeneity played a key role in constraining rup-
ture propagation (28, 29).
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Coseismic slip near the hypocenter was modest (<5 m) and located
slightly up-dip from the hypocenter. This indicates that the main rupture
nucleated in a relatively weak, partially locked area (18), with a much
greater slip concentrated about 100 km along-strike from the initiation
point. The distribution of vigorous foreshock activity, encircling but not
overlapping the zone of hypocentral slip, suggests that the nucleation
process may have been influenced by complex local stress conditions and
fault heterogeneity, and a similar process appears to have preceded the
1952 rupture that nucleated nearby.

The 2025 Kamchatka earthquake was the seventh instrumentally re-
corded megathrust event to have a magnitude of at least 8.8. Although
similar in magnitude to the 27 February 2010 Maule earthquake in Chile,
the two events exhibited striking differences in rupture behavior, slip
pattern, and tsunami impact (fig. S24: and table S1). The 2025 Kamchatka
earthquake exhibited a highly elongated, southwestward unilateral rup-
ture with a single large-slip patch. It lacked sizable shallow slip extending
to near the trench but did have outer-rise normal faulting seaward of
the large-slip region (Fig. 2), apparently with a seaward-dipping pattern
as indicated by a Coulomb stress change analysis (fig. S25). By contrast,
the Maule earthquake featured a bilateral rupture with a heterogeneous
slip distribution, prominent shallow slip in two patches along the mega-
thrust, and intensive normal faulting in the outer-rise region seaward of
the two shallow large-slip zones (30), as also observed for the 2011 Tohoku
and 2006 Kuril events (31). Shallow large slip was associated with stron-
ger tsunami generation for the 2006 Kuril, 2010 Maule, and 2011 Tohoku
events. The peak slip during the Kamchatka earthquake (~14 m) was
slightly lower than that of the Maule event (~17 m) (32), despite the
Kamchatka event having a longer rupture duration than both the 2010
Maule and 2011 Tohoku events. This reflects differences in stress drop,
rupture velocity, frictional properties, and coupling degree along the
plate interfaces.

These differences emphasize that earthquake magnitude alone does
not determine tsunami potential or rupture complexity (33). The depth
and distribution of slip, rupture directivity, and coupling conditions at
the plate interface play critical roles. The relatively uniform slip patch of
the 2025 Kamchatka event indicates a tightly confined rupture lacking
near trench slip, potentially because of structural barriers, presence of
clay, or variations in pore fluid pressure along the plate boundary (12).
This analysis underlines the need for region-specific hazard assessments
and the importance of integrating geodetic, seismic, and tsunami data
to understand rupture dynamics and associated hazards in subduc-
tion zones.

Earthquake supercycle
It is widely accepted that large megathrust earthquakes release a sub-
stantial portion of the strain accumulated during the interseismic period,
resetting the slip and moment deficit (34). The 2025 Kamchatka earth-
quake largely overlapped the rupture area of the 1952 event and exhibited
a peak slip of ~14 m versus peak slip of ~10 to 12 m for the 1952 rupture
(Fig. 4A). Given an estimated convergence rate of ~8 cm/year (3), the
expected slip deficit since 1952 would have been approximately 6 m. This
implies that both the peak and average slip of the large-slip region in the
2025 event substantially exceeded the anticipated deficit. However, in the
epicentral region, the slip closely matches the slip deficit since 1952, sug-
gesting that the same nucleation patch may have ruptured in both events,
effectively releasing most of the local deficit. An alternative possibility is
that the epicentral region may not efficiently accumulate strain, owing
to frequent release by multiple major earthquakes, including the 2024
M, 7.0 and 2025 M, 74 foreshocks, as well as the two large aftershocks
on 13 September 2025 (M, 74) and 18 September 2025 (M, 7.8). This pat-
tern highlights substantial strength heterogeneity along the subduction
interface (fig. S14:).

If the 1952 earthquake (M, ~ 8.8 to 9.0) is considered to have released
the slip deficit accumulated over roughly 215 years since the Kamchatka-
spanning 1737 event (M, ~ 9.3) (7), the estimated slip would have been
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Fig. 3. Tsunami predictions for the preferred slip model inFig.2A. (A) Maximum sea surface elevation maps extending from the source region across the whole North Pacific
predicted from the preferred model shown inFig.2A. DART stations are indicated with white dots, with station names labeled close by. The red star indicates the epicenter of

the 2025 M, 8.8 mainshock. (B) Comparison of observed and simulated tsunami waveforms for model Il shown inFig. 2A. Black lines indicate (left) observed time series and

(right) amplitude spectra, and the predictions are indicated with red lines.
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from tsunami data (16). The gray ellipse indicates the estimated rupture area of the 1737 earthquake (7). Black dashed contours outline the historical rupture areas of the 1841,
1904, 1915,1923, and 1959 events, respectively. Blue dashed and solid contours indicate the aftershock region and rupture area of the 1997 earthquake, respectively (8). (B) The
1952 and 2025 Kamchatka great earthquake rupture areas together with historical volcanoes. The white triangles indicate the historical volcanoes, and colored triangles indicate
volcanoes that erupted in association with the 1737,1952, and 2025 great earthquakes. The colored basemap depicts the rock pressure change field caused by the 2025 event.

about 17 m. Therefore, the 1952 event may not have released all ac-
cumulated strain. A large event in 1841 that produced a tsunami runup
in central Kamchatka comparable with the 1737 and 1952 events (11)
may have reduced strain in the northern portion of the 1952 and 2025
rupture zones (Fig. 4A), with other large events located farther north-
east in 1923, 1959, and 1997 (35). The cumulative earthquake occur-
rence since 1737 indicates a segmented rerupture pattern. This behavior
may be influenced by structural complexities such as the subduction
of the Krusenstern fracture zone (36). The 2025 event may have re-
leased the remaining deficit in the southern portion of the 1737 rupture
zone, suggesting a cascading release of strain that had built up over
centuries. Geodetic observations indicate that north of 53°N, the sub-
duction interface undergoes substantial aseismic slip, which corre-
sponds to the lower seismic moment (M < 8.5) of earthquakes along
this segment (18). By contrast, the southern portion of the rupture
zone has experienced fewer clustered large events and longer periods
of seismic quiescence.

This behavior reflects an earthquake supercycle (37-40), in which
great megathrust earthquakes repeatedly rupture the same subduction
zone segment at irregular intervals through complex patterns of strain
accumulation, partial ruptures, aseismic slip, and episodic full ruptures.
The sequence of earthquakes since 1737 along southern Kamchatka pro-
vides evidence for such a supercycle and further confirms numerical
modeling results showing that earthquake supercycles in subduction
zones are controlled by the width of the seismogenic zone (). This frame-
work helps explain the irregular timing, segmented nature, and local
variability of large ruptures along the Kamchatka subduction zone, as
well as differences in tsunami generation between successive events.

Science 19 FEBRUARY 2026

Recognition of supercycle characteristics has important implications
for future seismic hazard assessments, particularly in subduction zones
that have recently experienced great earthquakes. For example, the 2016
Chiloé My, 7.6 earthquake in southern Chile may have signaled renewed
seismic activity along the south-central Chile megathrust within the
broad 1960 M,, 9.5 Valdivia earthquake rupture zone (4I). Seismic haz-
ard assessments based on an idealized earthquake cycle that assumes
regular recurrence within fixed segments can underestimate the true
risk. A more realistic framework that incorporates episodic, incomplete,
and spatially heterogeneous strain release provides a better basis for
evaluating potential seismic hazards in subduction zones worldwide.

Earthquake-volcano interactions

The Kamchatka Peninsula is one of the most volcanically active regions
worldwide, with more than 300 volcanoes, many of which remain active
(42). Large earthquakes can trigger volcanic unrest or eruptions through
stress changes that perturb magmatic and hydrothermal systems, par-
ticularly in volcanoes already near a critical state (43-46). Historical
records show that both the 1737 and 1952 great earthquakes in
Kamchatka were followed by increased volcanic activity (7, 45). The
1737 event triggered widespread eruptions, such as the eruption of
the Klyuchevskoy volcano, which was the strongest eruption in the
recent history of Kamchatka. After the 1952 earthquake, the volcano
Bezymianny reawakened in 1955 and has remained persistently active
ever since (47). After the 2025 earthquake, multiple eruptions were again
observed (Fig. 4B and fig. S26). These include renewed activity at the
volcanoes Klyuchevskoy and Bezymianny, which also erupted after the
1737 and 1952 events, respectively, highlighting their susceptibility to
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seismic perturbations. In addition, 3 days after the mainshock, the vol-
cano Krasheninnikov erupted for the first time since 1550 (fig. S26).

To quantitatively estimate the earthquake’s potential impact on
volcanic eruptions, we calculated the coseismic rock pressure change
(P; as defined by eq. S1) experienced by the magma chambers after the
earthquake (SM materials and methods). The results indicate that the
2025 My, 8.8 Kamchatka earthquake likely affected several nearby
volcanic eruptions, with the Krasheninnikov volcano experiencing
relatively large coseismic compression (Fig. 4B and fig. S27), which
likely contributed to promoting its centers. Although earthquakes can
trigger eruptions through promoting gas exsolution and overpressure
in magma chambers, mobilizing trapped bubbles, volumetric deforma-
tion, and increasing permeability in the surrounding rocks, particu-
larly in volcanoes nearing eruption and located within a few fault
lengths of the rupture zone (43-46, 48-50), the specific triggering
mechanism remains difficult to quantify. Volcanoes in Kamchatka
(Fig. 4B) characterized by vertical, pipe-shaped conduits (such as
Klyuchevskoy); shallow, dispersed magma and gas reservoir systems
(such as Bezymianny); or low-viscosity, volatile-saturated basaltic mag-
mas (such as Tolbachik) (51, 52) appear more susceptible to seismic
triggering, potentially advancing eruption timing. Overall, the critical
state of a volcano varies greatly across systems and may manifest in
different ways, making earthquake-induced eruptions highly depen-
dent on the specific dynamics of each volcanic system. Detailed model-
ing of each volcanic system will be required to fully quantify the
interactions between earthquake and volcano.

Nevertheless, the repeated observation of volcanic eruptions after
great earthquakes in Kamchatka provides compelling evidence of
earthquake-volcano interactions. These findings highlight the impor-
tance of closely monitoring volcanoes situated in great earthquake
rupture zones (for example, the 1960 Chile M, 9.5, 1964 Alaska M.,
9.2, and 2004 Sumatra-Andaman My, 9.2 earthquakes) and incorporat-
ing earthquake-induced volcanic hazards into future eruption forecast-
ing and hazard mitigation strategies. This is particularly relevant for
governmental agencies responsible for issuing volcanic alerts.
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Editor's summary

In late July 2025, a moment magnitude 8.8 earthquake struck off the Kamchatka Peninsula coast in Russia, sparking

a trans-Pacific tsunami and triggering volcanic activity in the region. The event highlighted how the recurrence of great
earthquakes may not follow regular patterns. Liu et al. combined teleseismic and satellite data with deep-water tsunami
recordings to estimate the slip history for the 2025 event. Peak slip was greater than for the similarly located 1952
earthquake despite generating a weaker tsunami. Variable recurrence and slip distributions in this region suggest
complex strain release patterns that may heighten seismic risk. —Angela Hessler
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Materials and Methods

Teleseismic data

We selected teleseismic P-waves, SH-waves, and surface waveforms from the Incorporated
Research Institutions for Seismology (IRIS) data management center, ensuring good azimuthal
coverage and high signal-to-noise ratio within distances of 30° to 90° (figs. S4 and S11). For the
inversion, we applied bandpass filters of 2-330 s to body waves and 166-333 s to surface waves.
Initial alignment of body waves was based on theoretical P- and SH-wave arrival times calculated
using the reviewed hypocenter location of the USGS-NEIC and travel-time tables of IASP91 (53),
with subsequent minor adjustments manually guided by preliminary inversion results (54).

Geodetic data

We analyzed the coseismic surface deformation associated with the 29 July 2025 Kamchatka
earthquake using Synthetic Aperture Radar (SAR) data acquired by the Sentinel-1A/C satellites in
both ascending and descending orbits. The descending dataset corresponds to track T060D,
spanning acquisitions from 19 July 2025 to 31 July 2025, while the ascending dataset corresponds
to track T111A, spanning 23 July 2025 to 4 August 2025. Interferometric processing was
performed using the GAMMA software package (53), following standard procedures including
precise orbit correction, image co-registration, interferogram generation, adaptive filtering, and
phase unwrapping. Topographic contributions were removed using the 30 m Shuttle Radar
Topography Mission (SRTM) DEM (56), while atmospheric artifacts were corrected using the
Generic Atmospheric Correction Online Service for INSAR (GACOS) (57).

The resulting interferograms exhibit high coherence across the onshore Kamchatka region
(fig. S9), allowing for reliable retrieval of coseismic deformation. Line-of-sight (LOS)
displacements range from -5 to 100 cm for descending track TO60D and from -126 to 2 cm for
ascending track T111A. Maximum LOS deformation approaches 1 m near the southeastern
peninsula coast. The spatial pattern reveals significant subsidence in the hanging wall and uplift in
the forearc, consistent with shallow reverse slip on the subduction interface. These results provide
robust geodetic evidence for large thrust motion along the Kuril-Kamchatka subduction zone. For
the final inversion, the interferograms were down sampled to a total of 2,219 points (figs. SI0A
and S10D).

To further verify the reliability of our models, using Didger 3 software
(https://didger.software.informer.com/3.0/), we digitized the data from the GNSS coseismic
displacement map released by Institute of Earthquake Prediction Theory and Mathematical
Geophysics, Russian Academy of Sciences (https://www.itpz-ran.ru/en/rupture-model-of-the-
kamchatka-megathrust-earthquake-of-29-july-2025-mw-8-7-8-8-derived-from-gnss-
observations/), to tentatively compare with the displacements predicted from our slip models. We
do not invert these data, as the final solutions and their uncertainties have not yet been fully
released. Our preferred model fits the GNSS data very well, and we expect that if and when the
precise data and uncertainties are released, their inclusion in joint inversions will not modify our
preferred model significantly.

Finite fault inversion

We use a kinematic finite-fault inversion approach (58, 59), which performs a space-time slip
inversion in the wavelet domain for teleseismic body and surface waveforms (figs. S4 and S11),
along with down-sampled InSAR-based ground deformation (figs. S10A and S10D). A simulated



annealing algorithm is employed to simultaneously invert for rake angle, rise time, slip amplitude,
and average rupture velocity. For Model I, the fault plane is parameterized with 27 and 15 subfaults
along the strike and dip directions, respectively. For Model 11, the fault geometry adopts the dip
direction and angle from the Slab2 model (2) and is discretized into 27 subfaults along strike and
18 along dip. Model III shares the same geometry as Model II but excludes the bottom three
subfaults in the dip direction. All models use a uniform subfault size of 25 km (along strike) by 15
km (along dip). The hypocenter for Model I is set at 52.512°N, 160.324°E, with a depth of 35 km,
based on the USGS-NEIC catalog. For Models II and III, the hypocenter is set at the same
epicentral location but adjusted to 22 km depth to align with the Slab2 interface (2). Absolute depth
of the interface is not tightly constrained in Slab2, so there is at least 5-10 km uncertainty in the
absolute depths of slip in all models. During the inversions, slip is allowed to vary between 0.0
and 20.0 m, rise time is constrained between 3 and 30 s, rake angle between 6° and 156°, and
rupture velocity between 0.5 and 3.5 km/s. To approximate the Earth's structure in the source
region, we adopted a 1D layered velocity model interpolated from the global Crust1.0 dataset (60).
Synthetic seismograms for body waves and long-period surface waves were computed using the
first-motion approximation method (6/) and the normal mode summation technique (62),
respectively.

Joint inversions always present challenges in assigning relative weights to different datasets,
especially for the highly uneven distribution of near-field datasets. In this study, considering the
characteristics of the teleseismic waveforms and InSAR displacements, we adopted a trial-and-
error approach to test various weight assignments for different datasets, guided by independent
tsunami simulations (63, 64). Ultimately, we allocated a weight of 1/8 to the InNSAR data relative
to the teleseismic waveforms.

Resolution test and model uncertainty analysis

Checkerboard tests provide a direct way to visualize the resolution of finite-fault inversions
(65). Here, we conducted such analysis to assess the resolution of our joint inversion. Following
the same procedure as for the real data, we used the identical fault geometry and subfault
discretization as in Model III. The checkerboard pattern consisted of slip patches spanning 3x6
subfaults, with a size of 75 km x 90 km. Synthetic data were computed for the same stations as
those used in the real-data inversions (figs. S10 and S11), employing the same Green’s functions.

The results show that the joint inversion can successfully recover the rupture process and
achieve high resolution across the entire fault model, particularly for slip near the trench (fig. S22).
demonstrating that our joint inversion approach can provide a high-resolution and reliable rupture
model for the 2025 My 8.8 Kamchatka earthquake.

Simulated annealing inversions often show slight sensitivity to the choice of random seed, as
different seeds produce distinct initial fault models. To evaluate the impact of random seed
selection and to characterize uncertainties of the Model III, we performed 50 finite-fault inversions
for the mainshock, each initialized with a different random seed. All 50 inversions yielded similar
results, the mean coseismic slip distribution and the associated standard deviation are shown in fig.
S22. Slip variability is generally low across most of the fault, except for a patch in the southwestern
portion of the fault.

We further assessed the influence of fault geometry by constructing three additional candidate
models based on the Slab2 interface (2) and the aftershock distribution. All other parameters and
inversion procedures were kept identical to those of Model III. These models were subsequently
evaluated using tsunami simulations. Variations in dip angle have a pronounced effect on the



resulting slip distribution. Similar to the differences observed between Model I and Model II, the
three test models can well the seismic waveforms and InSAR data but exhibit substantial
differences in their tsunami predictions. All three models provide noticeably poorer fits to the
tsunami observations than Model III (fig. S23). Therefore, Model III is considered the most robust
and 1s adopted as our final preferred model.

Tsunami modeling

Tsunami recordings at far-field DART stations are modeled by the Non-hydrostatic Evolution
of Ocean WAVE model (66) to validate the distribution of large slip during the 2025 Kamchatka
earthquake. NEOWAVE is a well-established non-hydrostatic tsunami model that augments the
nonlinear shallow-water equations with depth-averaged vertical velocity and nonhydrostatic
pressure, enabling the modeling of quasi three-dimensional free-surface flow (67, 68). The
governing equations allow the model to accurately describe key tsunami processes, including
generation from time-dependent seafloor deformation within finite rise time (69), frequency
dispersion during trans-oceanic propagation (70, 71), wavenumber-dependent shoaling on slopes
(72), and sea-surface oscillations of runup and drawdown over steep topography (73, 74). The
numerical formulation is discretized upon a staggered finite difference scheme with two-way
nested grids in spherical coordinates to describe multi-scale wave processes (735). Its performance
has been comprehensively verified through theoretical analysis, numerical investigation, and
benchmarking against mathematical models, numerical solutions, laboratory data, and field
measurements (76). The model has been widely utilized to investigate earthquake and tsunami
sources, near-field and far-field wave dynamics, and coastal inundation processes in historical and
hypothetical events (33, 77-81).

Given the inverted finite fault solution of each earthquake source model, the near-field
evolution of seafloor displacement is obtained through the elastic half-space solution (§2) to
generate tsunamis for propagation (fig. S18). The vertical displacement at each time step is
augmented by horizontal motion of the continental slope (83). The computational domain in this
study extends across the northwest Pacific with a 2-arcmin (~3600 m) resolution to cover the
earthquake source region and 22 DART stations for tsunami validation (Fig. 3A). The digital
elevation model is obtained from GEBCO 2024 and Manning coefficients of 0.025 and 0.035 are
utilized respectively to describe the roughness of the seafloor and terrain. The computation spans
up to 16 hours of elapsed time to yield tsunami signals for comparison with the measurements in
terms of time series and amplitude spectrum (figs. 3A, S19, S20, and S21).

Coulomb failure stress and rock pressure

The Coulomb failure stress (4ACFS) change can be defined as (84): ACFS=At+u Aoy, where
At and Aoy are changes in the shear stress and normal stress on a receiver fault, respectively, caused
by the earthquake. In this study, the friction coefficient (x’) was set to 0.4, as a common choice.
The values of At and AcoN are defined with respect to the slip and normal directions of the receiver
fault, respectively. Hence, the positive value of ACF'S indicates that the earthquake-induced stress
changes push the receiver fault closer to rupture, while a negative value of ACFS suggests the
opposite.

Using the code PSGRN/PSCMP (85), we calculated the coseismic Coulomb stress change at
outer-rise environments caused by the My 8.8 earthquake, for the receiver faults, we used two
different dipping directions, averaged from the GCMT solutions shown in Figure 2. One nodal



plane dips east with strike=33°, dip=43° and rake=-100°, and the second nodal plane dips west
with a strike=228°, dip=50° and rake=-80°.
In addition, to quantitatively estimate the earthguake's possible impact on the volcano
eruptions, we also calculated the change of rock pressure (P) caused by the My 8.8 earthquake,
P=-(o1t02t03)/3, (S1)
where 01,3 are the increases in the three principal stresses (positive in tension and negative
in compression) after the earthquake.
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Fig. S1. Foreshock sequences and migrations before the mainshock. (A) and (B) show data from
the USGS-NEIC and KB GS RAS catalogs, respectively. Stars indicate earthquake locations from
the USGS-NEIC catalog, while squares represent those from the regional catalog of Kamchatka
Branch, Federal Research Center, Geophysical Survey, Russian Academy of Sciences (KB GS
RAS) catalog. There is a systematic discrepancy between the two catalogs; however, the KB GS
RAS catalog contains a larger number of earthquakes. So, we use the KB GS RAS catalog to
investigate the seismic migration 9 days after the 2024 My 7.0 earthquake (C) and the 2025 My

7.4 earthquake (D), respectively.
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Fig. S2. Comparison of maximum tsunami wave heights generated by the 1952 and 2025
Kamchatka earthquakes (27). Note the significantly larger tsunami in 1952 observed in Hawaii.
Observations for the Northern Kuril Islands are not yet available for 2025.
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Fig. S3. Comparison of Slip Models. (A) and (B) Teleseismic slip models determined using a
planar fault and a curved fault, respectively. (C) The final USGS-NEIC model, which includes 3
fault segments. The black dashed contour outlines the aftershock zone of the 1952 earthquake.
GCMT focal mechanisms are superimposed on the slip models, with normal faulting events shown
in red and others in blue, and the size is scaled by moment magnitude. The cyan and red stars
indicate the epicenters of the 20 July 2025 Mw 7.4 foreshock and the 29 July 2025 Mwy 8.8
mainshock, respectively. Gray circles show aftershocks (M = 5.0) within the first three months
from the USGS-NEIC catalog. Insets in the bottom right corners of the upper panels show the
moment rate functions. The lower panels display cross-sections of the three model geometries and
the aftershock distribution from the USGS-NEIC catalog.
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Fig. S4. Distributions of teleseismic broadband stations providing body-wave (left) and surface-
wave (right) ground displacement observations used in the inversions for Model I and Model II.
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Fig. S5. Comparison of observed (black) and synthetic (red) teleseismic P wave ground
displacements for Model I shown in fig. S3A. Data and synthetic seismograms are manually
aligned on the first arrivals. Station names and phase-type are indicated on the left of each
comparison. The azimuth (above) and epicentral distance (below) in degrees are shown at the
beginning of each record. The number above the right portion of each comparison is the peak
amplitude of the observed ground displacement in um.
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Fig. S5. Continued, for SH waves.
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Fig. S6. Comparison between observed teleseismic long-period Love wave ground displacement
waveforms (black lines) and synthetic seismograms (red lines) generated by Model I shown in fig.
S3A. The wave type and the station name are shown at the top of each trace, along with azimuth
and epicentral distance in degrees.
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Fig. S6. Continued, for Rayleigh waves.
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Fig. S7. Comparison of observed (black) and synthetic (red) teleseismic P wave ground
displacements for the Model II shown in fig. S3B. Data and synthetic seismograms are manually
aligned on the first arrivals. Station names and phase-type are indicated on the left of each
comparison. The azimuth (above) and epicentral distance (below) in degrees are shown at the
beginning of each record. The number above the right portion of each comparison is the peak
amplitude of the observed ground displacement in um.
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Fig. S7. Continued, for SH waves.
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Fig. S8. Comparison between observed teleseismic long-period Love wave ground displacement
waveforms (black lines) and synthetic seismograms (red lines) generated by Model II shown in
fig. S3B. The wave type and the station name are shown at the top of each trace, along with azimuth
and epicentral distance in degrees.
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Fig. S8. Continued, for Rayleigh waves.
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Fig. S9. Coseismic interferograms for the 2025 My 8.8 Kamchatka event. (A) and (B) show the
coseismic interferograms from the descending Sentinel-1 track TO60 and the ascending track T111,
respectively. Arrows indicate the satellite trajectory and line-of site for the interferograms.
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Fig. S10. Comparison of the observed InSAR displacements and predictions for Model III in Fig.
2A. (A) and (D) show the unwrapped LOS displacements of the descending track T060 and
ascending tracks T111, respectively. (B) and (E) indicate the corresponding predictions from the
Model I11. (C) and (F) show residuals along the ascending and descending paths, respectively.
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Fig. S11. Distributions of the expanded number of teleseismic broadband stations providing body-
wave (left) and surface-wave (right) ground displacement observations used in the inversions for
Model III.



Fig. S12. Surface projection of slip in Model III near the epicentral region. Dashed contours
delineate the historical rupture zones of the 1841 and 1952 earthquakes. Focal mechanisms are
GCMT solutions, scaled by moment magnitude. Blue circles and the blue star represent the
aftershocks and epicenter of the 17 August 2024 My 7.0 earthquake, respectively. Cyan circles
and the cyan star represent the aftershocks and epicenter of the 20 July 2025 Mw 7.4 earthquake,
respectively. The USGS-NEIC slip distributions (>0.5 m) for the 2024 Mu 7.0 and 2025 Mw 7.4
events are shown as transparent blue and cyan patches, respectively.
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Fig. S13. Snapshots of the rupture history for Model III of the 29 July 2025 My 8.8 Kamchatka
earthquake with a time interval of 20 s. The red dashed contour denotes the position of a reference
rupture front with a rupture velocity of 2.5 km/s, and colors indicate the slip magnitude.
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Fig. S14. Comparison of observed (black) and synthetic (red) teleseismic P wave ground
displacements for Model III shown in Fig. 2A. Data and synthetic seismograms are manually
aligned on the first arrivals. Station names and phase-type are indicated on the left of each
comparison. The azimuth (above) and epicentral distance (below) in degrees are shown at the
beginning of each record. The number above the right portion of each comparison is the peak
amplitude of the observed ground displacement in um.
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Fig. S14. Continued, for SH waves
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Fig. S15. Comparison between observed teleseismic long-period Love wave waveforms (black
lines) and synthetic seismograms (red lines) generated by Model III shown in Fig. 2A. The wave
type and the station name are shown at the top of each trace, along with azimuth and epicentral
distance in degree.
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Fig. S15. Continued, for Rayleigh waves.
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Fig. S16. Comparison between digitized observed (black) and computed static GNSS
displacements for the slip models shown in fig. S3A (cyan), fig. S3B (orange), and Fig. 2A (red).
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Fig. S17. Long-period surface wave spectral amplitudes. Long period Rayleigh wave short-arc
(R1) and long-arc (R2) spectra for periods of 157.54, 256.00, and 341.33 s are shown versus
azimuth on the left column and Love wave short-arc (G1) and long-arc (G2) spectra for the same
periods are shown on the right column. Group velocity windows were used to isolate the phases
and the spectra were corrected for propagation distance and attenuation back to the source. For a
shallow thrust event with no spatial finiteness, the Rayleigh wave pattern should be symmetric
with two lobes and the Love wave pattern should have four lobes. Finiteness of the source modifies
the effective radiation pattern, with unilateral southwestward rupture causing deviations from the
point-source expectations. This is demonstrated by the blue curves, which are for a unilateral line-
source rupture with azimuth 220° and rupture velocity 2.44 km/s with uniform slip along 300 km
of the plate boundary, a rise time of 40 s, and focal mechanism given by the average value for
Model Il in Fig. 2A. This simple model approximates the favored slip Model I1I, and accounts for
the observed period dependent-change in both the Rayleigh and Love wave spectra well,
demonstrating the simplicity of the source rupture.
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Fig. S18. Vertical seafloor and land surface deformation computed from Model I (A), Model II
(B), Model III (C), and the USGS-NEIC model (D), respectively.
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Fig. S19. Similar to Fig. 3, but showing maximum sea surface elevation map (A) and comparison
of tsunami waveforms and predictions for Model I shown in fig. S3A (B). Black lines indicate the
observed time series (left) and amplitude spectra (right), while red lines represent the predictions.
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Fig. S20. Similar to Fig. 3, but showing maximum sea surface elevation map (A) and comparison
of tsunami waveforms and predictions for the USGS-NEIC three-segment model shown in fig.
S3C (B). Black lines indicate the observed time series (left) and amplitude spectra (right), while
red lines represent the predictions.
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Fig. S21. Similar to Fig. 3, but showing maximum sea surface elevation map (A) and comparison
of tsunami waveforms and predictions for Model II shown in fig. S3B (B). Black lines indicate the
observed time series (left) and amplitude spectra (right), while red lines represent the predictions.



Fig. S22. Resolution test and model uncertainties. (A) Input slip model used to generate the
synthetic data sets. (B) Inverted slip model obtained from these synthetic data. (C) Mean slip
distribution from 50 plausible solutions, each derived using a different random seed. (D) Standard
deviation of the slip distribution among the 50 plausible models.
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Fig. S23. Comparison of tsunami waveforms predicted by the preferred model (Model III) and the

test models with alternative fault geometries.
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indicating the target fault geometries.
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Fig. S26. A daily timeline of volcanic activities of 11 closely monitored volcanoes in Kamchatka
occurring before and after the My 7.4 foreshock and Mw 8.8 mainshock. Some volcanoes appear
to have increased activity after the foreshock/mainshock sequence (Klyuchevskoy, Karymsky,
Krasheninnikov, Kambalny, possibly Alaid and Ebeko), while others appear to have intervals of
decreased activity (Sheveluch, Bezymianny, Avachinsky, Mutnovsky, Gorely).
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Fig. S27. Coseismic rock pressure at upper crustal depths caused by the 2025 My 8.8 earthquake
for eleven volcanoes with time series shown in fig. S26.



Table 1. Comparison of Source Parameters of the 2025 My 8.8 Kamchatka Earthquake and the
2010 Mw 8.8 Maule Earthquake.

2025 Kamchatka Earthquake 2010 Maule Earthquake
(This study) (Yue et al., 2014)
My 2.26x10%> N'm 2.6x10%> N'm
E./My 0.37x107° 1.1x10°°
Peak slip ~14m ~17m
Depth of peak slip ~22 km ~15 km
Rupture velocity 2.2 km/s 2.6 km/s
Rupture duration 270s 120 s
Rupture length ~520 km ~560 km
Depth extension 10-60 km 10-60 km

Static stress drop ~10 MPa ~7 MPa
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