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Abstract The July 29 2025 Mw 8.8 Kamchatka earthquake ruptured the plate interface off the 19 

east coast of the Kamchatka Peninsula along the Kuril-Kamchatka subduction zone. Following 20 

the mainshock, tsunamis were recorded in multiple countries along the Pacific Ocean boundary 21 

and its islands, along with the eruption of several volcanoes in Kamchatka. The mainshock was 22 

preceded by a strong foreshock sequence that began with a Mw 7.4 event on July 20, located 23 

near the mainshock hypocenter. However, the physical mechanisms driving this foreshock 24 

sequence is not completely clear. Here, we present a detailed seismological and geodetic 25 

analysis of the sequence, combining teleseismic back projection, a single-station template 26 

matching detection for foreshocks and aftershocks, a statistical analysis of the entire sequence, 27 

and the GNSS and InSAR data for aseismic deformation. We find that the mainshock ruptured 28 

predominantly to the southwest direction with a total source duration of ~220 s. The M7.4 29 

foreshock sequence triggered afterslip along the plate interface, which likely drove an 30 

expanding aftershock of its own and eventually triggered the mainshock nucleation. The 31 

aftershock productivity of the M7.4 event is also several times higher than several M7+ events 32 

before and after the M8.8 mainshock, which increases the probability of triggering a larger 33 

mainshock. We also find possible segmentation of the megathrust rupture zone along the Kuril-34 

Kamchatka subduction zone that is separated by higher topography in the upper plate. The 35 

integrated approach provides an improved understanding of the physical mechanisms of 36 

foreshocks and segmentation of mainshock ruptures along major subduction zones, which is 37 

directly relevant to short-term forecasting and seismic hazard assessment of megathrust 38 

earthquakes in this and other regions. 39 

  40 
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Major points: 41 

1. The 2025 M8.8 Kamchatka mainshock featured a predominant southwestward rupture 42 

of ~500 km along the subducting plate interface. 43 

2. Afterslip following the 2025 M7.4 foreshock drives its aftershock migration and likely 44 

triggers the M8.8 mainshock. 45 

3. A possible soft barrier near Cape Shipunskiy likely separates the 2025 mainshock and 46 

other recent earthquake ruptures. 47 

Keywords: 48 

Kamchatka, foreshock, aftershock, back projection, afterslip, megathrust earthquake 49 
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1. Introduction 51 

 On July 29, 2025, at 23:24:52 UTC, a moment magnitude (Mw) 8.8 earthquake occurred 52 

off the east coast of the Kamchatka Peninsula (Figure 1). The event occurred in the Kuril-53 

Kamchatka subduction zone, one of the most seismically active plate boundaries around the 54 

Pacific Rim. This plate interface has hosted multiple large interplate earthquakes during the 55 

past century, including a Mw 8.8-9.0 event on November 4, 1952 (Johnson and Satake, 1999; 56 

MacInnes et al., 2010; Bilek and Lay, 2018). The 2025 Mw 8.8 mainshock ruptured a similar 57 

patch and was preceded by a foreshock sequence that started on July 20, with the latest event 58 

being a Mw 7.4 event (Bradley and Hubbard, 2025a; Hubbard and Bradley, 2025a; Stein et al., 59 

2025). The foreshock event occurred close to the mainshock hypocenter, and its productivity 60 

appeared to be higher than other Mw 7+ events that occurred before and after the Mw 8.8 61 

mainshock (Stein et al., 2025).  62 

It is worth noting that a smaller Mw 7.0 earthquake occurred near the hypocenter of the 63 

Mw 7.4 event on August 17 2024 but was not followed by a larger event (Bradley and Hubbard, 64 

2024; Chebrov et al., 2025). This highlights the difficulty of using elevated seismicity alone (i.e., 65 

foreshocks) as a harbinger for larger earthquakes (Peng and Lei, 2025). In other regions such as 66 

the Japan Trench and northern Chile, recent studies showed elevated foreshock rates, 67 

migrating seismicity, and short-term slow slip before some large events (Kato et al., 2012; Ruiz 68 

et al., 2014), whereas other large earthquakes show little or no clear pre-seismic deformation 69 

or precursory signals (Roeloffs, 2006; Peng and Lei, 2025).  70 

With high-resolution earthquake catalogs and geodetic observations, there is a renewed 71 

interest in studying foreshock activity and short-term aseismic transients relating to the 72 

nucleation of the mainshock around the world (Beroza et al., 2021; Zhou et al., 2022; Wang et 73 

al., 2024, 2025; Bletery and Nocquet, 2023, 2025; Bradley and Hubbard, 2024; Martínez-Garzón 74 

and Poli, 2024; Peng and Lei, 2025; Lippiello et al., 2025; Rodkin et al., 2025; Goltz, 2025). In this 75 

study, we assemble a unified seismological and geodetic dataset of the 2025 Kamchatka 76 

sequence to characterize its pre-seismic evolution and co-seismic rupture. We integrate the 77 

teleseismic back projection of P waves to image the mainshock ruptures, and a single-station 78 

template-matching detection to enrich the catalogs of foreshocks and the earliest 79 
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aftershocks. Using these tools, we quantify the statistical behavior before and after the 80 

mainshock, map the timing and migration of high-frequency radiation during the mainshock 81 

rupture, and delineate the geometry, segmentation, and depth extent of the mainshock slip on 82 

the plate interface. We complement the seismic analysis with available InSAR images and GNSS 83 

recordings to place constraints on the onshore displacement, possibly aseismic transients 84 

before the mainshock, and to track the onset of early post-seismic deformation. We also 85 

examine potential segmentations of megathrust ruptures in the study region. 86 

 87 

2. Tectonic Background and the Initial Observations of the M8.8 Mainshock 88 

 The Kamchatka Peninsula is at the northern section of the 2100-km Kuril-Kamchatka arc 89 

(Figure 1), where the Pacific plate subducts beneath the Okhotsk microplate. This subduction 90 

has produced the island chain along the arc, a continuous volcanic front, and the deep Kuril-91 

Kamchatka Trench (Ruppert et al., 2007). The plate convergence near the 2025 mainshock 92 

rupture is rapid and directed to the northwest, with rates estimated to be 80 mm/yr (DeMets, 93 

2010). This arc shows a variety in obliquity with the deformation south of the Kamchatka 94 

peninsula partitioned into thrust motion on the megathrust and strike slip in the forearc, while 95 

the north toward Kamchatka becomes more trench normal. The Wadati-Benioff zone is well 96 

defined, and the slab dip shallows under the influence of the Meiji Seamount chain and the 97 

Aleutian transform (Hayes et al., 2018). 98 

 The earthquake productivity in this region is among the highest worldwide, with 99 

megathrust earthquakes occurring near the trench down to the depths of 40-60 km, and 100 

intermediate-depth to deep-focus earthquakes up to 600-700 km in the Sea of Okhotsk (Zhan 101 

et al., 2014). Historic aftershock zones of large events have been used to infer segmented 102 

behavior and to define seismic gaps. For example, the central Kuril sequence started with an 103 

Mw 8.3 earthquake in November 2006 that ruptured a long-standing gap, followed by an Mw 104 

8.1 outer rise normal faulting event in January 2007 (Ammon et al., 2008), forming a notable 105 

doublet. The 2025 event took place in a region that was also ruptured during the 1952 M8.8-9.0 106 

event, which had a devastating tsunami impact (Johnson and Satake, 1999; MacInnes et al., 107 

2010). However, finite-fault slip inversions from teleseismic and geodetic observations show 108 
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that the ruptures of the 1952 and 2025 events appear to complement each other (Mikhailov et 109 

al., 2025; Yagi et al., 2025).  110 

With this magnitude, the 2025 event is categorized as one of the ten largest 111 

earthquakes worldwide since 1900 (Bradley and Hubbard, 2025a). Based on finite-fault slip 112 

inversions, the mainshock slip-plane size was estimated to be 600 km along strike in length, by 113 

140-175 km in width, orthogonal to dip (USGS; Bradley and Hubbard, 2025a; Hubbard and 114 

Bradley, 2025b). The peak slip exceeded 9m across a broad region of the mainshock rupture 115 

zone (Yagi et al., 2025), and the total source duration was about 220 s (Xu et al., 2025). The 116 

location and the focal mechanism of the mainshock are consistent with reverse faulting on the 117 

subduction interface of the Kuril-Kamchatka arc.  118 

The 2025 earthquake generated a Pacific-wide tsunami recorded by tide gauges and 119 

deep ocean sensors, but coastal impacts were uneven. In the Northern Kuril Islands, the 120 

maximum run-up was recorded up to 19 meters (Stein et al., 2025). The Pacific Tsunami 121 

Warning Center (PTWC) observed the amplitudes of 1.74 meters at Maui, Hawaii, and 1.13 122 

meters in Crescent City, California, USA. However, despite the earthquake’s large magnitude 123 

and the basin-wide propagation, there are not many local or distant impacts from the tsunamis. 124 

Additionally, records indicate that multiple Kamchatka volcanoes were activated in the days 125 

following the mainshock, including Mount Klyuchevskoy and Mount Krasheninnikov. Mount 126 

Klyuchevskoy had its continuing and intensive eruption with lava fountains starting July 30, just 127 

hours after the mainshock, with the long ash plumes documented through mid-August 128 

(Smithsonian Global Volcanism). Mount Krasheninnikov had its first eruption on August 2 after 129 

centuries of being inactive, with activity lasting about two weeks (FEB Russian Academy of 130 

Sciences, Smithsonian Global Volcanism). The temporal association between the Mw 8.8 131 

mainshock and these eruptions is consistent with patterns discussed in prior work on 132 

earthquake-volcano interactions (Manga and Brodsky, 2006; Eggert and Walter, 2009). 133 

As noted before, a Mw 7.0 reverse-faulting earthquake occurred east of Petropavlovsk-134 

Kamchatsky on August 17, 2024 (Bradley and Hubbard, 2024; Chebrov et al., 2025). However, 135 

that sequence was not followed by another larger event. On July 20, 2025, a moment 136 

magnitude 7.4 event occurred farther east and initiated a distinct aftershock sequence whose 137 
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activity decayed with time until the 2025 moment magnitude 8.8 mainshock, which nucleated 138 

in the southwest of the 7.4 event (Stein et al., 2025). Two large aftershocks then occurred in the 139 

northern part of the aftershock region, including a Mw 7.4 on September 13, followed by a 140 

magnitude 7.8 on September 19 (Figure 1b). However, these aftershocks occurred in the north 141 

of the Mw 8.8 mainshock, near the 1923 M8.5 and 1959 M8.2 earthquakes (Hubbard and 142 

Bradley, 2025b; Bradley and Hubbard, 2025c). These significant events took place near each 143 

other along the Kuril-Kamchatka subduction zone just outside of Cape Shipunskiy (Figure 1a).  144 

 145 

Figure 1. (a) Map view of the M8.8 Kamchatka earthquake with 10 days of foreshocks (orange), 146 

10 days of aftershocks (purple) and focal mechanism (with magnitude and depth) of the 147 

Mw≥7.0 events. (b) Map view of the local catalog events (blue) from the Geophysical Survey of 148 

the Russian Academy of Sciences (GSRAS) and template-matching detected events (red) with 149 

the location of the Mw≥7.0 events in USGS and GSRAS catalogs. 150 

 151 

3. Mainshock Rupture Properties from a Back-projection Analysis 152 

We first apply a P-wave back-projection method (Wang et al., 2011; Wang et al., 2016; 153 

Kiser and Ishii, 2017) to image the rupture process of the 2025 Kamchatka Peninsula 154 

earthquake using teleseismic data recorded by regional arrays in Europe (EU), the United States 155 
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(US), and Australia (AU) (Figure 2a). The same procedure has been applied to image the rupture 156 

extent following the 2024 M7.5 Noto Peninsula, Japan earthquake (Peng et al., 2025a) and the 157 

2025 M7.7 Sagaing fault earthquake in Myanmar (Peng et al., 2025b). As was done before, the 158 

locations of the maximum energy points are plotted to highlight the primary rupture features 159 

(Figure 2). These three arrays (EU, AU, and US) are located to the northwest, southwest, and 160 

northeast of the epicenter, respectively, with epicentral distances ranging from 30° to 90°, 161 

which is the optimal range for teleseismic P-wave back-projection (Kiser and Ishii, 2017). While 162 

the results from these arrays differ slightly, their primary features are mutually consistent: the 163 

mainshock ruptured predominantly southwestward along the subduction interface with a 164 

rupture length of approximately 500 km. The total source duration is about 220 s, consistent 165 

with the finite-fault inversion results (Xu et al., 2025), and the average rupture speed is ~2.3 166 

km/s. However, the mainshock source functions likely contained 3-4 sub-events, and the 167 

rupture speeds were not uniform, indicating multiple peaks of high frequency energy radiations 168 

during the mainshock. 169 

 170 

Figure 2. Teleseismic P-wave back-projection of the 2025 Kamchatka Peninsula Fault 171 

earthquake. (a) (Top) Locations of the Europe (EU), Australia (AU) and United States (US) 172 

regional seismic arrays. (Bottom) The normalized amplitudes as a function of time for three 173 

arrays. (b) Top: spatial distribution, timing, and amplitude of maximum-correlation back-174 

projection using the EU array for the 2025 Kamchatka Peninsula Fault earthquake. Bottom: 175 
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time–distance plot showing the rupture propagation speed of the maximum energy point over 176 

time. The yellow star indicates the mainshock epicenter. (c) and (d) Same as (b), but using the 177 

AU and US arrays, respectively. 178 

 179 

4. InSAR Data Analysis 180 

To capture the coseismic deformation field, we analyze three Sentinel-1A/C 181 

interferogram pairs: one descending pair (track 060, 19–31 July 2025) and two ascending pairs 182 

(track 111, 23 July–4 August 2025; track 038, 18–30 July 2025). Standard interferometric 183 

processing steps ensured precise image alignment and reliable phase retrieval, after which the 184 

interferograms were geocoded into the UTM projection. Atmospheric delays were corrected 185 

using GACOS products (Yu et al., 2018), which proved particularly effective in volcanic regions 186 

where steep relief commonly amplifies tropospheric phase distortions. 187 

The unwrapping interferograms (Figure 3) reveal pronounced coseismic deformation 188 

across the onshore Kamchatka region, despite the earthquake occurring offshore more than 189 

100 km far from the nearest coastline. Retrieved line-of-sight (LOS) displacements range from 190 

−22.7 to 91.9 cm for descending track 060, from −108.4 to 18.3 cm for ascending track 111, and 191 

from −28.8 to 13.6 cm for ascending track 038 (Figure 3a–c). The deformation field is 192 

characterized by opposite LOS polarities between ascending and descending geometries, a 193 

broad spatial extent exceeding 400 km, and a smooth gradient (Figure 3d). These features 194 

indicate that the rupture was dominated by a moderate horizontal component accompanied by 195 

substantial vertical uplift. Such a wide and gentle deformation pattern is diagnostic of slip on a 196 

shallowly dipping offshore megathrust fault. 197 
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 198 

Figure 3. The interferogram of the coseismic deformation from the Kamchatka earthquake. (a)-199 

(c) Retrieved line-of-sight for three different tracks. (d) LOS deformation field in comparison to 200 

the along-profile distance. 201 

As noted before, the mainshock was reported to have triggered activity at seven 202 

Holocene volcanoes, including a strong eruption of Krasheninnikov (GVP, 2025). Because the 203 

eruption of Krasheninnikov occurred several days after the mainshock, it falls outside the 204 

temporal coverage of the InSAR pairs analyzed in this study. Moreover, no clear volcanic 205 

activity–related deformation signals are detected at the other six volcanoes. In contrast, subtle 206 

deformation features are suggested at Ksudach and Opala (Figure 3d). Overall, these findings 207 

underscore the heterogeneous nature of earthquake–volcano interactions, with only certain 208 

volcanic systems responding measurably to large subduction earthquakes (Walter & Amelung, 209 

2007; Eggert & Walter, 2009). 210 

 211 

5. Foreshock and Aftershock Patterns from Local and Template Matching Catalogs  212 

In this section, we analyze the microseismicity before and after the mainshock from 213 

both local and global earthquake catalogs and a template-matching-based catalog. Due to the 214 

offshore source geometry and data access, continuous recordings from a single nearby 215 

broadband station IU.PET was available. A high-resolution earthquake catalog was therefore 216 
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constructed by applying a single-station template matching to the continuous data. Matched-217 

filtered detection uses waveform similarity to recover small earthquakes that original catalogs 218 

miss, which lowers the magnitude of completeness and sharpens clustering in space and time 219 

(Gibbons and Ringdal, 2006; Peng and Zhao, 2009; Yang et al., 2009; Ross et al., 2019). With this 220 

method, we enhance our observation of spatio-temporal evolutions of the July 20 foreshock 221 

sequence and events right after the Mw 8.8 mainshock. 222 

Using the catalogs from the United States Geological Survey (USGS) and the local seismic 223 

network called the Geophysical Survey of the Russian Academy of Sciences (GSRAS), a single 224 

station template matching detector was applied to recover events that were poorly recorded or 225 

absent from the original catalogs. Firstly, we extract all events recorded by station IU.PET from 226 

the local catalog, obtaining a total of 9,143 events spanning August 1, 2024, to September 22, 227 

2025. Each event is then processed using EQTransformer for automatic phase picking, with 228 

thresholds of P_threshold = 0.1 and S_threshold = 0.1. We retain only those events that 229 

contained both P and S arrivals within the same record, resulting in 3,441 qualified events. 230 

Subsequently, we apply a 1–10 Hz band-pass filter to both the continuous and template 231 

waveforms at IU.PET. For each waveform, we extract a time window extending 5 s before the P-232 

wave arrival and 8 s after the phase arrivals. Finally, we compute the mean cross-correlation 233 

coefficients (CCCs) between the template and continuous waveforms, and considered detections 234 

with CCC ≥ 0.7 as valid new events. 235 

In total, 523 templates produced successful detections, resulting in 999 new events with 236 

mean correlation coefficients (cc) ≥ 0.7 during a 78-day period from 6 July to 22 September 2025 237 

surrounding the M8.8 mainshock. A relatively high correlation threshold was chosen, rather than 238 

a conventional median absolute deviation (MAD) criterion, to ensure the reliability of the newly 239 

detected events. Since only a single continuous station (IU.PET) was available, the detected 240 

events were assigned the hypocenters of their corresponding templates, meaning their mapped 241 

locations coincide with those templates rather than being independently relocated. The 242 

magnitudes of the detected events were estimated based on their relative amplitudes with 243 

respect to the templates. Immediately after the mainshock, early aftershocks are recovered with 244 

a match-filtered technique while still embedded in the coda. Figure 4 shows an example of a 245 
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detected early aftershock event using the matched-filter technique. The newly detected event 246 

occurred at 27100s (~7.5 hours) following the mainshock and had an inferred magnitude of 3.9.  247 

Figure 1b shows GSRAS locations for the ten days of aftershocks following the M 8.8 248 

mainshock, with template-matched detections overlaid. Because only one continuous station is 249 

available, detections were assigned the hypocenter of their used templates; thus, the mapped 250 

locations of detected events are colocated with the templates rather than independently 251 

relocated. A systematic catalog offset is also evident, in which for events of magnitude 7.0 and 252 

larger, USGS epicenters plot consistently to the northwest of the corresponding GSRAS 253 

solutions (Figure 1b). This difference likely reflects distinct networks or velocity models and is 254 

noted when interpreting spatial patterns. Our conclusions are based on relative distributions 255 

within each catalog rather than on absolute epicentral agreement. 256 

 257 

 258 

Figure 4. Example of a detected early aftershock. (a) Mean cross-correlation (CC) functions for 259 

the template event 20250917184901. The black dots are detections exceeding the absolute 260 
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threshold (red dashed line), and the red dot corresponds to the detected M 3.90 event 261 

matched with the M 3.85 template. (b) The histogram of the mean correlation coefficient 262 

functions. (c) A comparison of the template waveforms (red) and the continuous waveforms 263 

(grey). 264 

When events are viewed in trench parallel coordinates along the Kamchatka-Kuril plate 265 

interface (Figure 5), foreshock activity beginning around the Mw 7.4 event is found to 266 

concentrate near the Mw 8.8 mainshock hypocentral region, with additional clusters 267 

distributed along the plate interface. In the first 20 hours after the Mw 7.4 event, detection 268 

events are concentrated in both northern and southern areas of the event, and the activity 269 

remains close to the hypocentral area. From July 21 to 28 2025, the foreshock distribution 270 

broadened mainly along strike toward the southwest while remaining confined in trench 271 

normal distance (Figure 5). 272 
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 273 

Figure 5. Observation of the Kamchatka sequence in the trench parallel distance. (a) The 274 

magnitude frequency distribution from 1 August 2024 to 25 September 2025. (b) Earthquake 275 

migration toward the rupture initiation point of the mainshock. Space-time diagram of all local 276 

catalogue events and detected events between 1 August 2024 and 23 September 2025, with 277 

earthquake origin locations indicated in terms of the distance along the trench axis (the width 278 

of the profile is 100 km). (c) Zoomed in on the smaller area of the sequence in figure b (black 279 

box). The aftershocks of the M8.8 event, starting from 20 August 2025 to 23 September 2025, 280 

included the M7.4 aftershock and M7.8 aftershock. 281 

The aftershocks following the M7.4 foreshock appear to show systematic migrations 282 

aligned with the trench parallel direction (Figure 5c). To further quantify their migration 283 

patterns, we attempt to fit the seismicity front with two spatial migration functions: sqrt(t) for 284 
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fluid-driven seismicity (Shapiro et al., 1997; Sheng et al., 2022; Lei et al., 2024), and log10(t) for 285 

afterslip-driven seismicity (Peng and Zhao, 2009; Ross et al., 2017; Perfettini et al., 2018). Both 286 

fits capture a clear decelerating expansion of activity (R² ≈ 0.67 for √t and R² ≈ 0.80 for log10(t); 287 

Figure 6c–d), suggesting a systematic migration of seismicity with time. From Figure 6c-d, the 288 

rear events following the aftershock expansion are fitted as R = –0.09√t + 19.68 or R = –289 

29.64log10(t) + 136.83. Although both curves are close to each other in shape, the log10(t) 290 

function fits the aftershock expansion at the southern front slightly better when compared to 291 

the sqrt(t) function. We also examine the spatial expansion for the M7.0 event in 2024, the 292 

M8.8 mainshock, and two M7+ aftershocks (Figure 5c). While a minor aftershock expansion is 293 

observed following the 2024 Mw 7.0 event, its spatial extent is limited. We also observe a 294 

minor expansion of aftershocks in the NE direction following the 2025 Mw 8.8 mainshock. 295 

However, most of them occurred within the region marked by the dashed line (Figure 3c), until 296 

the two Mw>7 events in September 2025. 297 

 298 

 299 
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Figure 6. Spatiotemporal evolution of seismicity along the fault. Panels (a) and (b) show the 300 

distribution of events with time since the reference origin (t₀) plotted on linear and logarithmic 301 

x-axes, respectively. Each dot represents an individual event, and the along-strike distance is 302 

measured relative to the mainshock location. Panels (c) and (d) present trend analyses for the 303 

same catalog, where the red points indicate the events used for fitting. Two empirical 304 

relationships are tested: the red solid line corresponds to a √t fit (R2 = 0.67), and the green 305 

dashed line corresponds to a log10(t) fit (R2 = 0.80).  306 

 Next, we examine the continuous five-minute-sampling GNSS recording at PETT. We 307 

first rotate the two horizontal components from north-south and east-west to trench parallel 308 

and normal components using a strike of 217 degrees from the M8.8 mainshock (Figure 7). The 309 

co-seismic offset for the Mw7.4 foreshock and the Mw8.8 mainshock is obvious. In the 310 

foreshock window after the 20 July Mw 7.4 event, the trench normal component shows a 311 

steady landward motion of a few centimeters that is well described by a simple logarithmic 312 

time fit, d = 36 + 12log10(1 + 
𝑡

1.71
). On the other hand, the other two components do not show 313 

any obvious co-seismic offset and post-seismic deformation (Figure 7b). Right after the 29 July 314 

mainshock, both trench normal and along strike components grow with a similar log-time form, 315 

d = 466 + 39log10(1 + 
𝑡

0.02
) and d = 344 + 33log10(1 + 

𝑡

0.02
) respectively, and reach several tens of 316 

centimeters by mid-August (Figure 7a). The onset of the trench normal motion closely tracks 317 

the rise in cumulative local aftershocks. 318 

 319 
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Figure 7. (a) GNSS station PETT data in trench parallel, trench normal, and vertical starting from 320 

10 July 2025 to 13 August 2025 with curve fit. (b) Zoom in on the blue box time range in (a) 321 

between 16 July 2025 and 26 July 2025. 322 

 323 

6. Statistical Analysis of Foreshock and Aftershock Sequence  324 

In this section, we analyze the statistical aspects of the sequence, which include the 325 

mainshock, its strong foreshock sequence starting from July 20, 2025, and three significant 326 

aftershocks of the Mw 8.8 mainshock. Three analyzed aftershocks include a Mw 6.9 event that 327 

occurred 45 minutes after the mainshock, a Mw 6.8 that occurred on August 3, and a Mw 7.8 328 

event that occurred on September 18. This is consistent with what is expected from Båth’s law, 329 

which states that, on average, the magnitude difference between the mainshock and the 330 

largest aftershock is approximately 1.2 (Shcherbakov and Turcotte, 2004). 331 

Because the local GSRAS catalog is likely not complete for aftershocks that are relatively 332 

far away from the Kamchatka Peninsula, the global earthquake catalog from the USGS is 333 

primarily used in this section. To model the sequence, we subdivide the seismic events 334 

according to three main time episodes. The first episode of the sequence constitutes events 335 

that occurred before the Mw 7.4 foreshock, starting from July 29, 2024, which can be treated as 336 

background seismicity. The second episode is characterized by the aftershocks of the Mw 7.4 337 

event right before the occurrence of the Mw 8.8 mainshock, and the third episode comprises 338 

the main aftershock sequence. 339 
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 340 

Figure 8 Spatial distribution of events before and after the Mw 8.8 July 29, 2025, Kamchatka 341 

megathrust mainshock. Three episodes of the sequence are illustrated: the foreshocks of the 342 

Mw 7.4 event - purple sympols, the aftershocks of the Mw 7.4 event - orange symbols, and the 343 

aftershocks of the Mw 8.8 mainshock - blue symbols. The inset shows the frequency magnitude 344 

distribution of each episode of the sequence. Two panels on the right and bottom provide the 345 

depth distribution of the corresponding events. 346 

The frequency-magnitude statistics of each episode of the sequence are plotted as an 347 

inset in Figure 8. To model the observed frequency magnitude statistics, we use the Gutenberg-348 

Richter (GR) relation (Gutenberg and Richter, 1944): log10 (N) = a – bM. For the foreshocks of 349 

the M7.4 event, we use all earthquakes above magnitude 4.5 and during the time interval 350 
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starting on 29 July 2024 and ending right before the Mw 7.4 event. For the second time range, 351 

we consider all events between the Mw 7.4 event and the Mw 8.8 mainshock and above 352 

magnitude 4.5. Similarly, the aftershocks of the Mw 8.8 event are used above magnitude 4.5 up 353 

until November 4, 2025. There is a notable change in b-value between foreshocks of the Mw 354 

7.4 event and the subsequent aftershock sequence (Figure 8).    355 

In addition, we also model the rate of the occurrence of events during the evolution of 356 

the sequence. We fit the Epidemic Type Aftershock Sequence (ETAS) model to the sequence, 357 

including both foreshocks and aftershocks of the mainshock. The conditional intensity function 358 

l(t,Ht) of the ETAS model is defined as follows (Ogata, 1988; Harte, 2010): 359 

   (1), 360 

where m, K, c, p, a are model parameters and μ specifies the average background rate of 361 

seismicity. The summation term represents the contribution to the total seismicity rate by n(t) 362 

preceding events, which is performed over the occurrence of all past events above magnitude 363 

m0 before time t.  The parameters are estimated using the maximum likelihood approach. 364 
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 365 

Figure 9. The evolution of the 2025 Kamchatka earthquake sequence between April 1 and 366 

November 4, 2025. All events above magnitude 4.5 are shown as blue solid rhombus symbols. 367 

The fit of the ETAS model is given as a dark orange highly variable curve that gives the 368 

estimated conditional seismicity rate, l(t,Ht).   369 

 The result of the fitting of the ETAS model to the sequence for all events above 370 

magnitude 4.5 and during the target time interval [Ts, Te] between 1 April 2025 and 4 November 371 

2025, is plotted in Figure 9. We specify a time interval [T0, Ts] between 1 March and 1 April 372 

2025, to properly calibrate the rate in the target time interval. The estimated ETAS parameters 373 

are [m, K, c, p, a] = [0.08, 6.63, 0.022, 1.29, 1.30]. To illustrate how the ETAS model describes 374 

the seismicity rate, we also plot the events and the cumulative numbers in Figure 9. Overall, the 375 

model describes the sequence rate reasonably well with a slight underestimation of the rate in 376 

the August and September period of the aftershock sequence. 377 

 378 

7. Waveform Analysis of Event Productivity and Statistical Properties  379 
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The above analysis on the foreshock and aftershock behaviors is based on regular or 380 

enhanced earthquake catalogs, which are known to be incomplete immediately following the 381 

mainshock (Kagan, 2004), even after applying template-matching or machine-learning methods. 382 

Recently, several studies directly used amplitude distributions of the high-frequency envelope 383 

functions to quantify their statistical behaviors (Sawazaki, 2021; Shearer et al., 2025; Clements 384 

et al., 2025), including an attempt to discriminate between potential foreshocks and regular 385 

mainshock/aftershock sequences (Lippiello et al., 2025). 386 

Here, we apply two methods to further quantify the statistical properties and event 387 

productivity following 5 Mw>7 events (including the Mw 7.4 foreshock and the Mw 8.8 388 

mainshock). In the first method, we use the square sum of the 2-16 Hz band-pass-filtered 389 

envelope function to compute the amplitude of completeness Ac(t) before and after each target 390 

event (Clements et al., 2025). We use 5 days of continuous waveforms recorded at station 391 

IU.PET for the five events. A 5-day background curve before the 2025 Mw7.4 foreshock was 392 

also computed to illustrate the background noise and seismicity variability. Following Clements 393 

et al. (2025), we measure Ac(t) as the 84% percentile of the logarithmic ground motion within a 394 

time window T. Here, we use a logarithmic time window length of 0.2, with a logarithmic sliding 395 

time window step of 0.01.  Figure 10(a) shows that Ac(t) functions for all 5 target events decay 396 

logarithmically with time. However, their productivity levels are different. As expected, the 397 

M8.8 curve has the highest productivity. The M7.4 foreshock and the M7.8 aftershock have the 398 

second-highest productivity, while the 2024 M7.0 event and the M7.4 aftershocks have the 399 

lowest aftershock productivity. Their Ac(t) curves almost become flat near the end of the 400 

analysis time windows. 401 

For comparison, we also compute the seismicity rates following these 5 M7+ events, 402 

based on earthquakes listed in the USGS and USGS catalogs. We define the aftershock zones as 403 

the 2 times the source radius as determined by the USGS finite-fault solutions for the four M7+ 404 
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events. For the M8.8 mainshock, we select its aftershock zone as the region immediately 405 

surrounding the mainshock rupture from the USGS finite-fault solutions. We also use the sliding 406 

data window that begins with 4 aftershocks and ends with 200 aftershocks (Ziv et al., 2003). 407 

Figure 10b shows that the aftershocks following the M7.4 foreshock appear to have the highest 408 

aftershock productivity within the time scales of hours to days. The aftershock rate of the M8.8 409 

mainshock is in the middle, likely reflecting a significant lack of early aftershocks due to 410 

overlapping arrivals (Peng et al., 2007). 411 

 412 

Figure 10. (a) Amplitude of completeness Ac(t) curves for the 5 M7+ sequences. The horizontal 413 

dashed lines mark the approximate 5-day background levels before the Mw 7.4 foreshock. (b) 414 

Aftershock rate decay for 5 M7+ sequences with M>3 based on GSRAS and USGS catalog. The 415 

horizontal dashed lines mark the approximate 10-day background levels before the Mw 7.4 416 

foreshock. The dashed lines mark the Omori-law decay constant p value of 1, 0.8 and 0.5, 417 

respectively. 418 

The second method attempts to quantify potential waveform differences and abnormal 419 

behaviors between the M7.4 foreshock and the rest 4 M7+ events (Lippiello et al., 2025). We 420 

calculate the Q value, which is another measure of the productivity of the sequence (Lippiello 421 

et al., 2025), as follows: 422 
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           (2)， 423 

where nobs is determined following the method of Peng et al. (2007) for μ(t) within the first 45 424 

minutes after the mainshock, counted manually. The coefficient K is introduced as described in 425 

Lippiello, Petrillo, Godano et al. (2019), and is based on statistical results. Here we use a value 426 

of 100. Both δμ and μM are obtained from the band-pass-filtered envelopes, using a time 427 

window of 400 s before and 45 minutes after the original time, with a smoothing parameter of 428 

5. The parameter β is approximately equal to the b-value of the Gutenberg–Richter law. We 429 

consider cases with β = 1.0, 0.8, 0.7, and 0.4. Lippiello et al. (2025) found a possible threshold of 430 

Q = 0.18 for selected M>6 events around the world, above which the target event could be 431 

considered as a possible foreshock, defined as an earthquake that is followed within 10 days by 432 

a larger event within 50 km. 433 

Figure 11 shows the 2-16 Hz band-pass-filtered envelope functions and the 434 

corresponding Q values. The case with β=1 corresponds to Q’, the Q value without 435 

multiplication by nobs in Equation (2), representing the minimum possible value. Specifically, for 436 

the events on 17 August 2024, 20 July 2025, and 13 September 2025, the corresponding Q’ 437 

values are 2.0, 0.8, and 1.6, respectively. Regardless of the choice of nobs, these values remain 438 

greater than 0.18. For the M7.8 aftershock on 18 September 2025, the number of observed 439 

aftershocks (nobs) is significantly larger than 8, also leading to Q > 0.18. The only exception is the 440 

M8.8 mainshock, whose Q value is relatively small and inconsistent with the observed 441 

seismicity. The Q value associated with each β value can be found in Table S1 in the 442 

Supplementary. 443 

To further test the general applicability of this method, we extend the calculation to all 444 

events with magnitudes larger than 6.0 occurring between 17 August 2024 and 23 September 445 

2025 (Figure 12). In this broader analysis, we set nobs=1 and K=1, thereby obtaining the 446 

minimum possible Q values. The Q values fluctuate over time and do not show any obvious 447 

patterns. For example, the events on 30 August 2024 (M6.1) and 30 September 2024 (M6.2) 448 
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were not followed by larger events within 10 days, yet their minimum Q values still exceeded 449 

0.18 (Figure 12). 450 

 451 

 452 

Figure 11.  Examples of envelope fitting and Q value calculation for four mainshocks with M > 7. 453 

The black curves show the smoothed logarithmic envelopes (smooth sample=5), while the 454 

vertical lines indicate the fitting windows for μM, μB, and μL. The calculated Q values are 455 

reported for different β parameters (β = 1.0, 0.8, 0.7, 0.4). These results illustrate that the 456 

obtained Q values strongly depend on the assumed β, but even the minimum values (β=1) are 457 

significantly larger than the threshold of 0.18 for most events, suggesting that these 458 

earthquakes can be considered potential foreshocks. 459 

 460 
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 461 

Figure 12. Temporal distribution of Q’ values for earthquakes with M > 6 between July 2024 462 

and September 2025, calculated with β = 1, K=1, and nobs =1. Black circles represent events with 463 

6.0 < M < 7.0, and red circles represent events with M > 7.0. The dashed red line marks the 464 

threshold of Q = 0.18. 465 

 466 

8. Discussion and Conclusions 467 

In this study we present results before, during and after the 29 July 2025 Mw 8.8 468 

Kamchatka earthquake sequence using a combination of multiple approaches and techniques, 469 

including one-station template matching with the obtained catalogs, seismicity statistical 470 

analysis, teleseismic back-projection, and geodetic constraints. We observe the spatiotemporal 471 

evolution from foreshock through early aftershocks of the Mw 8.8 event, with the emphasis on 472 

the possibility of afterslip-driven seismicity expansion between the largest foreshock event and 473 

the mainshock. We also find a relatively high aftershock productivity of the M7.4 foreshock 474 

when compared with other M7+ events in this region.  475 
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Here we compare our results of the mainshock rupture properties with other recent 476 

studies in this region. Our back-projection of teleseismic P waves from three continental arrays 477 

all show a predominant southwest rupture for 500 km over about 220 s, with an average 478 

rupture speed near 2.3 km/s. This is largely consistent with other back-projection results (e.g., 479 

Xu et al., 2025). Multiple bursts of high-frequency energy are seen with short pauses, consistent 480 

with failure of multiple patches on the plate interface obtained from finite-fault modeling (Yagi 481 

et al., 2025; Xu et al., 2025). Another robust feature from our and other studies is that the 482 

mainshock slip appears to stop near Cape Shipunskiy. The 1952 Mw8.8-9.0 Kamchatka 483 

earthquake ruptures shared some similarity to the 2025 event, although the 1952 mainshock 484 

slip appears to complement with the 2025 rupture (Mikhailov et al., 2025; Yagi et al., 2025),  485 

and its aftershocks showed possible slip northeast of Cape Shipunskiy (MacInnes et al., 2010; 486 

Yagi et al., 2025). 487 

 Figure 12a shows that, in addition to the 1952 and 2025 mainshocks, other events, such 488 

as the 1923 M8.4, 1959 M8.3, and 1971 M7.6 events (Chebrov, 2025), as well as the 2024 M7.0 489 

(Chebrov et al., 2025) and 09/13/2025 M7.4 and 09/19/2025 M7.8 earthquakes, all occurred on 490 

either side of Cape Shipunskiy. We argue that the segment near Cape Shipunskiy acts as a “soft 491 

barrier” (Wang et al., 2025), where the segment may occasionally stop earthquake rupture 492 

from propagating through, but in other cases, it may participate in the rupture or initiate 493 

ruptures. Such a soft barrier can exist in the down-dip directions, such as the serpentinized 494 

mantle wedge in the Chile subduction zone (Wang et al., 2020, 2025), or in the along-strike 495 

directions, such as the possible “soft barrier” is the tip of the Kii Peninsula in the Southwest 496 

Japan subduction zone, which separated the 1944 Tonankai Mw 8.1 and the 1946 Nankai Mw 497 

8.4 earthquakes into distinct rupture zones (Ando, 1975; Kodaira et al., 2006). However, in 498 

previous earthquake cycles, these adjacent rupture zones either ruptured in one single event 499 

(e.g., the 1707 Mw8.7 Hōei earthquake), or two events in the 1854 Ansei great earthquake 500 

sequences that were only 31 hrs apart. Bassett and Watts (2015a, 2015b) found negative free-501 

air gravity anomalies in the large earthquake rupture zones surrounding Cape Shipunskiy where 502 

an extended continental shelf can be seen from the sea floor bathymetry (Figure 13a). In 503 

continental thrust faults, recent studies also revealed potential contributions of the hanging 504 



 

 27 

wall topography and excess weight in controlling the segmentation of large thrust earthquakes 505 

such as the 2008 Mw7.9 Wenchuan earthquake (Styron and Hetland, 2015; Tan et al., 2018). 506 

These studies highlight the need to better understand the interplay among the geometry and 507 

material properties of overriding (and incoming) plates, the frictional properties, and diverse 508 

fault-slip behaviors along the plate interface.  509 

 510 

Figure 13. (a) Kamchatka Peninsula map with rupture zones of significant historical earthquakes 511 

(orange) with the focus estimated rupture zones of the 1952 event (red) and the 2025 event 512 

(dashed yellow). The inset shows zoomed in of Cape Shipuskiy region with 5 mentioned 513 

focusing events. (b) The schematic diagram of the proposed foreshock model for the sequence 514 

of the Mw 7.4 foreshock and the Mw 8.8 mainshock. 515 

 In this study, we find a clear along-strike expansion of seismicity following the largest 516 

foreshock of M7.4 that occurred 10 days before the M8.8 mainshock. The expansion fits the 517 

log10(t) function slightly better than the √t function, which would argue for an afterslip-driven 518 

mechanism. At the same time, we also find a similar log10(t) decay in the trench normal 519 

displacement following the M7.4 foreshock, consistent with the log10(t)-type aftershock 520 

expansion. Hence, we propose yet another foreshock model (Figure 13b) where the largest 521 

foreshock and its subsequent afterslip trigger the mainshock nucleation. Note that this model is 522 

not new, because similar models, such as the rate-dependent cascade-up model (McLaskey, 523 
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2019), have been proposed before. In addition, Noda et al. (2013) have shown that precursory 524 

earthquakes (i.e., foreshocks) can be followed by larger afterslip than non-precursory ones. In 525 

the migratory slow-slip model (Wang et al., 2024), a migrating slow slip occurs before the 526 

largest foreshock. Here, the largest foreshock occurs first, triggers afterslip (likely larger than 527 

expected), and then the mainshock. It is possible that slow slip occurred before the M7.4 528 

foreshock, but besides several moderate-size events (M5-6) occurring before, we do not have 529 

any additional evidence to argue for the existence of precursory slow slip before the M7.4 530 

foreshock and the M8.8 mainshock. In addition, we find that the M7.4 foreshock was indeed 531 

followed by an energetic aftershock sequence with more expansion and higher productivity 532 

than the other three M7+ events in the same region. However, the 2024 M7.0 event was 533 

smaller and deeper, and the other two events (M7.4 and M7.8) were aftershocks of the M8.8 534 

mainshock, and their properties might also be different. A systematic comparison of similar-535 

sized events in other regions is needed to better establish the uniqueness of this foreshock 536 

sequence. 537 

Migrating foreshocks preceding great subduction earthquakes have been documented 538 

before the 2011 M9.1 Tohoku-Oki and 2014 M8.1 Iquique earthquakes (Kato et al., 2012, 2014; 539 

Ruiz et al., 2014). In both cases, slow slip was invoked as the driving mechanism for the 540 

foreshock migration and mainshock nucleation, and geodetic instruments also recorded both 541 

long and short-term slow slip signals (Ito et al., 2013; Ruiz et al., 2014), although the 2-hour-542 

long precursory slip before the 2011 Tohoku-Oki and other large earthquakes is still in debate 543 

(Bletery and Nocquet, 2023, 2025; Hirose et al., 2024). However, we expect that moderate to 544 

large foreshocks are followed by its own aftershocks that expand with time, which are likely 545 

triggered by afterslip that propagates outwards following the log10(t) expansion (Kato, 2007; 546 

Peng and Zhao, 2009), as well as decaying with time similar to the Omori’s law aftershock decay 547 

(Perfettini and Avouac, 2004, 2007; Hsu et al., 2006; Utsu et al., 1995). Other stress-triggering 548 

mechanisms can also trigger aftershocks (Freed, 2005). Hence, the presence of the expanding 549 

aftershocks and afterslip following a moderate-to-large earthquake is not enough to guarantee 550 

that it will be followed by a larger event. However, one can potentially examine whether the 551 
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expanding speed and region of aftershocks following the M7.4 foreshock (and other foreshocks 552 

such as the 2011 M7.3 foreshock before the M9.1 Tohoku-Oki earthquake) is abnormal or not. 553 

 In recent years, multiple methods have been used to study whether a large event is a 554 

mainshock itself or a foreshock to a larger event by investigating the sequence statistical 555 

behavior, which includes tracking the changes in b-value, amplitude of completeness, and 556 

calculating the immediate envelope-based productivity Q (Schorlemmer et al., 2005; Nanjo et 557 

al., 2012; Gulia and Wiemer, 2019; Lippiello et al., 2019; Lippiello et al., 2025). In this 558 

Kamchatka sequence, an increase in b-value is observed from the background before the Mw 559 

7.4 foreshock window to the aftershocks of the Mw 8.8 mainshock (Figure 8). This is different 560 

with the interpretation of a drop in b-value drop during a potential foreshock sequence (Gulia 561 

and Wiemer, 2019). The largest change in the b value occurred before and after the mainshock 562 

(Figure 8). However, a change in b value around the mainshock is somewhat expected, which 563 

can be caused by a combination of factors such as changes in the magnitude of completeness 564 

(Mc) or changes in the differential stress levels following the mainshock (Tormann et al., 2015; 565 

Gulia and Wiemer, 2019; van der Elst, 2021; Ito and Kaneko, 2023). We do not attempt to 566 

compute a more fine-scale changes in b-value in this study, mainly because the catalog we have 567 

obtained (a combined local GSRAS catalog and a single-station template-matching catalog) still 568 

misses many aftershocks, especially immediately following the M7.4 foreshock and the M8.8 569 

mainshock (Figure 5). 570 

Our amplitude-decay analysis result shows consistent Omori’s law-type decay pattern 571 

but highlights different productivity rankings with the M8.8 sequence dominating in the 572 

amplitude proxy because many early aftershocks overlap and elevate the envelope level (Figure 573 

10). The M7.4 foreshock appears to be the second most productive, with its aftershock levels 574 

matching that from the M7.8 aftershock. High foreshock productivity is often followed by 575 

enhanced short-term aftershock productivity, consistent with a cascade-type response of the 576 

system (Marsan et al., 2014). A transient aseismic slip can further amplify this pattern, as 577 

documented for the 2017 Valparaiso sequence (Moutote et al., 2023). This observation is 578 

consistent with the finding by Stein et al. (2025), indicating that more productive moderate-size 579 

earthquake sequences may have higher potential to become a foreshock sequence (Wetzler et 580 
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al., 2023). In the Q calculation, our results show a consistency with a strong early productivity 581 

sequence, where events exceed the Q > 0.18 threshold with reasonable choices of β and 582 

window (Peng et al., 2007; Lippiello et al., 2019; Lippiello et al., 2025). However, this method 583 

shows several false positives when extending the same calculation to many M6 to M7 events in 584 

this sequence (Figure 12). We argue that the Q analysis (Lippiello et al., 2025) is sensitive to β, 585 

the early time count, and completeness in the first few hours, which cannot be easily applied in 586 

a real-time setting to discriminate between real foreshocks from normal earthquake sequences. 587 

         Our preliminary results are affected by the limitation of the data availability and station 588 

coverage. Continuous waveforms were available from one nearby broadband station only 589 

(IU.PET), and only one GNSS station (PETT) had accessible 5-min displacement recording. The 590 

matched-filter detections are limited by the template event from the obtained catalog, in which 591 

the absolute locations of detected events remain uncertain due to the assignment of template 592 

locations. In addition, the number of new detected events is not significant compared to those 593 

with more station coverage (Peng and Zhao, 2009; Neves et al., 2024), as it is a challenge to 594 

achieve all the hidden events from one station’s waveforms. Although the GNSS record has a 595 

high sampling rate (5-minute per sample), it is still a limitation to observe any immediate 596 

change in displacement within short time window right before the Mw 8.8 mainshock, which is 597 

essential to observe any precursory signals large earthquake (Bletery and Nocquet, 2023). To 598 

further improve this study, a more complete continuous seismic and geodetic data coverage is 599 

required to build a high-resolution catalog. Combining with multi-station geodetic recordings 600 

and other geophysical observations (Shelly, 2024), the physical mechanisms of the foreshock 601 

generation and mainshock nucleation can be better refined (Peng and Lei, 2025). Accurately 602 

identifying those sequences with abnormal behaviors can help to improve our ability to 603 

forecast short-term low-probability events (Hardebeck et al., 2024), which is essential for 604 

operational earthquake forecasting (Jordan et al., 2011; Goltz, 2025). 605 

Taken together, the observations support a segmented rupture on the Kuril-Kamchatka 606 

interface and a plausible afterslip between the Mw 7.4 foreshock and the Mw 8.8 mainshock 607 



 

 31 

within the limits of the available data. Back projection, the enhanced catalog, and the geodetic 608 

record give a consistent picture of southwest directivity, with several sub-events rupturing 609 

during the mainshock, and a deficit of seismic activity to the northeast of the mainshock 610 

hypocenter. The Q values and the change in b value summarize the strong immediate 611 

productivity of the largest events and are used here as descriptive indicators rather than 612 

predictors. This combined approach sets a clear starting point for further analysis such as high-613 

resolution seismicity and subduction-zone imaging, updated finite fault models for this unique 614 

earthquake sequence, afterslip and other postseismic deformation and potential pre-seismic 615 

slip, and forecasting of future large earthquakes in this and other subduction zones. 616 

 617 
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