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Abstract The physical conditions governing earthquake initiation are largely unknown, particularly in the
minutes to seconds preceding rupture. While there is geodetic and seismic evidence of precursory activity in the
hours to weeks prior to large earthquakes, the observational evidence immediately preceding the earthquake
rupture is limited and controversial. Here we present evidence of a well-recorded earthquake from the Minto
Flats fault zone in central Alaska having 43 s of high-frequency precursory signals. Within these signals was a
M,, 3.8 very-low-frequency earthquake (VLFE) on a dipping strike-slip fault. The VLFE was followed by a
M., 4.2 earthquake having the same focal mechanism as the VLFE. The distinct signals and the close similarity
in focal mechanisms between the VLFE and the earthquake provide evidence for a slow-to-fast rupture
transition during earthquake initiation.

Plain Language Summary Earthquakes tend to start without warning and under conditions that are
not understood. There are few reliable observations of seismic activity immediately prior to an earthquake
rupture. In August of 2025 in central Alaska, a M,, 4.2 earthquake occurred and was preceded by 43 s of an
unusual signal containing high-frequency bursts as well as a M, 3.8 low-frequency event. These well-recorded
observations demonstrate connectivity among three types of earthquakes to form a single, larger and longer
event. The observations may be useful for other efforts in laboratory experiments and computer modeling to
understand how earthquakes begin and how they grow.

1. Introduction

The questions of how and when earthquakes begin constitute an elusive quest of seismology. This quest en-
compasses efforts within laboratory experiments, numerical modeling, and observational studies of seismic and
geodetic data. Laboratory studies demonstrate that microearthquakes can nucleate with observable precursory
behavior (Latour et al., 2013; McClaskey, 2019; Ohnaka & Shen, 1999; Yamashita et al., 2021), while numerical
models based on rate-and-state friction provide theoretical frameworks for nucleation and fault frictional insta-
bility (Cattania & Segall, 2021; Dieterich, 1992; R. Ito & Kaneko, 2023; Kaneko et al., 2016; Rubin &
Ampuero, 2005; Yabe & Ide, 2018). Observationally, geodetic measurements have revealed aseismic slip pre-
ceding some large earthquakes, including the 2011 M,, 9.1 Tohoku and 2014 M,, 8.1 Iquique events (Y. Ito
et al., 2013; Kato et al., 2012; Ruiz et al., 2014; Schurr et al., 2014). These observations suggest that slow
deformation may play a role in earthquake initiation, although the extent and generality of such processes remain
debated.

On time scales of seconds to minutes prior to the onset of earthquakes, observational evidence has been
controversial. For example, a nucleation phase identified in earlier studies (Beroza & Ellsworth, 1996; Ellsworth
& Beroza, 1995; lio, 1995) was explained in terms of anelastic attenuation by Mori and Kanamori (1996).
Foreshock signals from the 1999 Izmit earthquake were interpreted as aseismic slip (Bouchon et al., 2011) and
then later identified as a normal foreshock sequence (Ellsworth & Bulut, 2018). Recent syntheses emphasize that
multiple physical processes may contribute to earthquake nucleation, including aseismic slip, stress transfer, and
rock damage, with their relative importance varying across tectonic settings (Gomberg, 2018; Kato & Ben-
Zion, 2021; Martinez-Garzén & Poli, 2024; Peng & Lei, 2025). Observations that can clearly resolve the temporal
and spatial evolution of earthquake nucleation therefore remain rare and valuable.

The Minto Flats fault zone (MFFZ) in central Alaska (Figure 1) is a left-lateral intraplate strike-slip fault zone that
records hundreds of microearthquakes and a few M, 3—4 earthquakes each year (Page et al., 1995; Sims
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Figure 1. Minto Flats fault zone (MFFZ), central Alaska, with source mechanisms of notable events, including four featured
in this study: the VLFE and earthquake on 2025-08-20 (2 yellow beachballs directly under Minto and 123K), an earthquake
on 2019-04-11 (Smith et al., 2023), and an earthquake on 2022-09-19. Other events include the six featured in Tape

et al. (2018) and three larger events: 1995-10-05 M,, 6.0, 2014-08-31 M, 5.0, and 1990-01-07 M; 5.0. MFFZ is depicted by
the two dashed black lines (MFFZ-W, MFFZ-E); a more detailed representation of the fault zone is represented by the black
segments, which are digitized from relocated seismicity (Sims et al., 2026). Among the 41 stations used in this study, three
are within this region: NEA2 (Nenana), 123K (Minto), and MDM (Murphy Dome). The inset map of Alaska depicts the
expanded region as the black box, as well as the plate boundary (red) between Pacific and North America.

et al., 2026; Tape et al., 2015). A small portion of these events have produced intriguing observations of
precursory signals, including a M, 3.8 earthquake in 2012 that was preceded by a 24 s high-frequency fore-
shock triggered by distant surface waves (Tape et al., 2013), and a M,, 3.8 very-low-frequency earthquake
(VLEFE) in 2015 characterized by long-duration, low-frequency energy (Tape et al., 2018). A subsequent M|, 3.7
earthquake in 2016 exhibited both high-frequency and low-frequency signals without remote triggering, sug-
gesting that VLFEs may play a recurring role in earthquake initiation within the MFFZ.

In August 2025, a M, 4.2 earthquake occurred in MFFZ and was immediately preceded by a well-recorded M,,
3.8 VLFE, which in turn was preceded by a high-frequency signal. This three-part event provides a rare op-
portunity to examine the temporal and spatial relationship between a VLFE and a subsequent earthquake. Here we
analyze low-frequency and high-frequency seismic observations to constrain the source properties of both events
and to characterize their temporal evolution.

2. Methods and Results

We analyze the events in MFFZ by estimating moment tensors and by carefully examining waveforms filtered
with different pass bands. We retrieve three-component seismic recordings for broadband stations within 300 km
of the epicenters. We extract 400 s time series (100 s before the origin time, 300 s after), we remove the instrument
response, and we convert the recordings to displacement.
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Table 1

Source Parameters of Events in This Study

Event Origin time Longitude Latitude Depth Magnitude

(UTC) S ) ©) (km)

2015 earthquake ~ 2015-10-22 13:16:15.8 [C] - —149.0388 [C]  64.7334 [C] 21 [T] M, 2.85[T]
2019 earthquake ~ 2019-04-11 10:42:45.5 [C] - —149.1890 [C]  64.7350 [C] 14 [T] M, 4.20 [T]
2022 earthquake ~ 2022-09-19 01:15:28.8 [C] - —149.2350 [C]  64.7370 [C] 15 [T] M, 4.50 [T]
2025 earthquake ~ 2025-08-20 20:35:27.7 [C] 0 —149.0810 [C]  64.7440 [C] 18 [T] M, 4.15 [T]
2025 VLFE 2025-08-20 20:35:04.1 [T] -23.6 —149.0810 [T]  64.7440 [T] 18 [T] M, 3.80 [T]

2025 HFF signal ~ 2025-08-20 20:34:45.2 [C] —42.5 —149.0890 [C]  64.7240 [C] 16.0 [C] M, 3.0 [C]

Note. The letters denote the source of values: C = AEC catalog, T = this study. The third column is the origin time relative to
the 2025 earthquake origin time. The AEC catalog depth and magnitude for the 2025 earthquake are 15.4 km and M, 4.2.
Estimated source mechanisms are listed in Table S1. VLFE = very-low-frequency earthquake; HFF = high-frequency
foreshock.

In addition to the three-part 2025 M,, 4.2 event, we examine two comparison earthquakes in the fault zone: 2019
M, 4.2 and 2022 M, 4.5. We estimate double-couple moment tensors by fitting P waves and surface waves from
all three components. The moment tensor is parameterized by four parameters: magnitude (M,,) and three angles
(strike, dip, rake) defining the orientation. For each magnitude and mechanism, we calculate synthetic seismo-
grams using a standard 1D Earth model for the region (tactmod: Beaudoin et al., 1992; Ratchkovski & Han-
sen, 2002), and we quantify the waveform misfit between synthetic seismograms and observed seismograms. The
estimated moment tensor is the one that provides the minimum misfit. This grid search is implemented in the
software MTUQ (Thurin et al., 2025), which builds upon previous efforts (Silwal & Tape, 2016; Zhao &
Helmberger, 1994; Zhu & Helmberger, 1996).

Table 1 lists a combination of source parameters determined by the Alaska Earthquake Center (AEC) and by this
study. AEC analysts picked P waves for the 2025 earthquake, as well as P waves for an emergent high-frequency
foreshock (HFF) signal that started about 40 s earlier (Figure S1 in Supporting Information S1). The catalog
hypocenter of the earthquake differs from that of the HFF signal by 2.3 km (2.2 km horizontally and 0.6 km
vertically). Given the uncertainty in the HFF onset times (Section 2.2), we assume the uncertainties in the HFF
hypocenter are a few km.

A low-frequency waveform—characterizing the VLFE—occurs concurrently with the 2025 HFF signal, begin-
ning approximately 20 s after the onset of the HFF signal. The VLFE waveforms were not analyzed by AEC
analysts and therefore there is no catalog hypocenter or origin time. For modeling purposes, we choose to assign
the VLFE hypocenter to the earthquake hypocenter (Table 1), and later we discuss the location of the VLFE
relative to the earthquake.

2.1. Low-Frequency Analysis of the 2025 Events

Figure 1 displays moment tensors from previous studies and from the four events featured in this study. These
events are well-covered by the regional network (e.g., Figure S2 in Supporting Information S1), enabling robust
estimation of source mechanisms. The stability of the mechanisms is also reflected in the grid searches over depth
(Figure S3 in Supporting Information S1).

The first moment tensor we estimated was for the 2025 earthquake; the surface wave fits (bandpass 16-30 s) are
exceptionally good, as shown by the 13 closest stations in Figure 2b. The P waveforms (bandpass 1.5-4.0 s) also
appear to fit well, though there are clearly unfit observed waveforms prior to the synthetic P wave (e.g., NEA2 at
17 km epicentral distance); these waves turn out not to be noise but are associated with a preceding event. To
demonstrate the reliability of the recorded P waves and the stability of the estimated moment tensor, we perform a
P-wave only inversion (McPherson, 2025).

The low-frequency waveforms for the 2025 event revealed lower-amplitude signals starting about 2025 s prior to
the main (surface wave) earthquake arrival. These signals—unassociated with any P wave—form the basis of our
interpretation of the foreshock event as a VLFE. The signals of both the earthquake and the VLFE were strongly
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Figure 2. Source mechanism and waveform fits for the 2025 VLFE and the 2025 earthquake that occurred 23.6 s after the VLFE. Refer to Thurin et al. (2025) for details
on figure headers. (a) 2025 VLFE. The waveforms are displayed for three components (Z vertical, R radial, T transverse) for data (black) and synthetics (red), both

filtered between periods 12.5-27.5 s.

Waveform fits from 41 stations were used in the inversion; displayed here are the 13 closest stations, all within 120 km of the

epicenter. (b) 2025 earthquake. For this inversion, P waves (Z and R components) were used in addition to surface waves (Z, R, T).

dependent on the choice of bandpass, and therefore we performed a large number of moment tensor estimations
using a set of 55 different pass bands defined by periods between 2.5 and 40.0 s in increments of 2.5 s. The results
(Figure S4 in Supporting Information S1) identified an optimal bandpass of 12.5-27.5 s (0.036-0.080 Hz) for the
VLFE, and they also showed that the moment tensors did not depend significantly on the choice of bandpass.
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Figure 3. Determination of AT, which is the time shift associated with our interpreted alignment between the VLFE waveform and the earthquake waveform. With the
assumption of collocated hypocenters for the VLFE and earthquake, AT, is the earthquake origin time minus the VLFE origin time. (a) Summary map of AT
measurements. The dashed circle, with epicentral radius 120 km, encloses 13 stations used to calculate the mean value of 23.6 s. (b) Recorded waveform for example,
station MDM, vertical component, filtered 12.5-27.5 s; its location is labeled in panel (a). In the lower subplot, the blue window is the VLFE, the red window is the
earthquake. The upper subplot shows the cross-correlation (CC) value obtained by sliding the VLFE waveform across the full seismogram; the blue star marks self-
alignment, and the red star marks the interpreted alignment with the designated earthquake waveform. The CC-determined value is generally very close to the time shift
between peaks, depicted by the horizontal bar in the lower plot. The optimally shifted VLFE waveform is plotted in dashed blue. The red vertical line is the catalog P pick
for the earthquake, the blue dashed line is 23.6 s earlier, representing the hypothetical P arrival for the VLFE. (c) Example station CCB. A complete set of plots is provided
in the Supplement (Figures S8—S12 in Supporting Information S1).

The estimated moment tensors and waveform fits for the 2025 VLFE and earthquake are shown in Figure 2. The
VLEFE is smaller: M,, 3.80 versus M,, 4.15. The most striking feature is the similarity between the earthquake
mechanism (Figure 2b) and the VLFE mechanism (Figure 2a): the minimum angle between the two mechanisms
is only 8°.

The similarity of the VLFE and earthquake mechanisms prompted additional efforts to quantify the timing be-
tween these events (Figures S5 and S6 in Supporting Information S1). Given that the 2025 earthquake and VLFE
hypocenters are very close and given that moment tensors are very similar, it should be possible to identify the
relative time between these two events by carefully examining low-frequency waveforms.

Figure 3 presents a data-only perspective on the earthquake and VLEFE signals. For each of the 41 stations used to
estimate the VLFE mechanism, we chose one of the three components (Z, R, T) and identified two time windows
that best contained the VLFE and earthquake waveforms. We then cross-correlated the VLFE waveform with the
full-length waveform, which reveals an oscillatory function having a maximum value of 1 (when the VLFE is
aligned with itself) and a high value associated with optimal alignment between the VLFE waveform and the
earthquake waveform. For the two example stations in Figure 3, the differential time between VLFE and earthquake
waveforms is 23.9 s (MDM) and 23.7 s (CCB). The differential times for all 41 stations are displayed in Figure 3a.
Using the closest 13 stations within 120 km of the epicenter, we calculate a mean value of 23.6 + 0.5 s. The lack of
apronounced spatial pattern of differential times (Figure 3a) indicates that the VLFE and earthquake epicenters are
close to each other, which, combined with the similarities in depths (17.2 km vs. 18.6 km: Figure S3 in Supporting
Information S1), led us to model the VLFE with the same hypocenter as the earthquake. Using the value of 23.6 s
(Figure 3a) and the origin time of the earthquake, we directly determine the VLFE origin time (Table 1).

Closer inspection of the differential times in Figure 3a shows that they are slightly larger to the east (24 s) than to
the west (23 s), suggesting that the VLFE is offset to the southeast from the earthquake (Figure S13 in Supporting
Information S1). However, a more rigorous analysis would need to take into account the extreme 3D structural
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variations in this region (Tape et al., 2015; Van Kooten et al., 2012) and consider modeling the high-frequency
waveforms (e.g., Hawthorne & Ampuero, 2017). Based on the low-frequency analysis in Figure S13 in Sup-
porting Information S1, we consider the VLFE to be 0-2 km from the earthquake. For comparison, the
approximate source dimension for a M, 4 event is 1.3 km, assuming a stress drop of 2 MPa.

2.2. High-Frequency Analysis of the 2025 Events

The high-frequency waveforms for the 2025 events provide important context for the low-frequency signals.
Figure 4a displays waveforms for a comparison earthquake: 2022 M, 4.5 (Figure 1). Two versions of the vertical-
component waveform at NEA2 are shown: high-frequency and low-frequency. The low-frequency seismogram is
causally (one-pass) filtered, which is why the low-frequency waves begin after the high-frequency P onset
(att = 0).

The same filtering is then applied to the 2025 event, shown in Figure 4b. Two differences from the 2022
earthquake signal are apparent: (a) there are pre-P high-frequency waveforms, and (b) there are pre-P low-fre-
quency waveforms. Extracting a 60 s portion of Figure 4b, we obtain Figure 4c, which sets the stage for the
timeline of the 2025 event.

The HFF signal originated at 2025-08-20 20:34:45.2, represented by the left limit of the x-axis in Figure 4c. 3.4 s
later, the waves reach station NEA2, 15 km from the HFF epicenter and 21 km from the hypocenter. This marks
the start of the HFF signal, which lasts for 19.4 s (light blue shading) before being joined by the VLFE (light
purple shading). The VLFE extends 24.3 s, at which point the M,, 4.2 earthquake occurs. Thus, the three colors
define the three main episodes of the 2025 event: HFF (blue), VLFE + HFF (purple), and earthquake (red).
Similar waveforms to those at NEA2 (Figure 4c) can be seen at all 41 stations examined in this study. Considering
all measurements, the durations of the precursory stages are 18.9 s (HFF) and 23.6 s (VLFE + HFF), for a total of
42.5 s of precursory signals.

How did the 2025 event start? What is clear is that it did not start with an impulsive P wave. It begins with an
emergent HFF signal, 42.5 s before the M|, 4.2 earthquake. The inset of Figure 4c displays the onset of the HFF
signal for one example station (NEA2); others can be found in Figure S15 of Supporting Information S1.
Qualitatively, there are no coherent waveforms among recordings at the 13 closest stations. Zooming into the first
waves to emerge from each station's background noise level, we cannot discern any coherent waveform.
Waveform coherence emerges after 18.9 s, with the low-frequency M,, 3.8 VLFE.

3. Discussion and Conclusions

This study documents an earthquake immediately preceded by a VLFE having nearly the same mechanism as the
earthquake. The VLFE occurs within a HFF signal lasting 42.5 s in total, indicating 18.9 s of HFF prior to the
occurrence of the VLFE. In the context of previous activity in Minto Flats fault zone (Tape et al., 2018), the 2025
event provides the best-documented example of a VLFE associated with earthquake initiation. In contrast to the
2016 MFFZ event, for which low-frequency signals were weak and difficult to resolve, the 2025 sequence
provides well-constrained timing, location, and source properties for both the VLFE and the subsequent
earthquake.

The 2025 event exhibits three stages depicted by colors in Figure 4c: HFF signal, VLFE, and earthquake. The
close agreement in location (separated by 0-2 km), timing (23.6 s apart), and moment tensors between the VLFE
and the earthquake strongly suggests a causal relationship. The absence of a clear P wave for the VLFE indicates
that slip occurred slowly relative to seismic rupture, consistent with a slow-slip process. The accompanying high-
frequency energy can be interpreted as radiation from localized brittle failure at the margins of the slipping region,
similar to patterns inferred in earlier MFFZ events (Tape et al., 2018; Figure 4a). These observations indicate that
slow slip and seismic radiation coexist during the initiation process and that the VLFE marks a transitional stage
between aseismic deformation and dynamic rupture.

The tectonic setting of the Minto Flats fault zone provides important context for this behavior. The prevailing
tectonic perspective of the central Alaska fault zones, including MFFZ, is that they form bookshelf faulting (Page
et al., 1995): northeast-striking left-lateral strike-slip faults situated between the two larger-scale right-lateral
strike-slip fault systems of Denali (south) and Kaltag-Tintina (north). The MFFZ has two main faults (MFFZ-W,
MFFZ-E: Figure 1) that are offset and form a transtensional setting, with Nenana basin between the two main
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Figure 4. Seismic recordings at station NEA2, which is at an epicentral distance of 15 km. In each plot, two seismograms are displayed. One (black) is the unfiltered
seismogram, the other (gray) is causally filtered between periods 12.5-27.5 s (a) 2022 M, 4.5 earthquake. The time axis is referenced and centered on the P arrival at

t = 0; the absolute time is listed at the bottom. (b) 2025 VLFE + earthquake. The signals prior to the P onset at ¢ = 0 represent the VLFE. (¢) Zoom-in on (b), showing the
three stages of the event: HFF signal, VLFE + HFF signal, and earthquake. The x-axis limit of # = —47.0 s is the HFF origin time. The inset plot displays the first 5 s of the
high-frequency signal; the y-limits are 3000 counts. The blue stage starts at t = —43.7 s, which is the duration of precursory signals recorded at NEA2.

faults (Tape et al., 2015). Recent enhanced and relocated seismicity catalogs reveal a more complex picture of
MFFZ (Figure 1) that includes conjugate faulting as well as northwest-dipping faults between MFFZ-W and
MFFZ-E and directly below Nenana basin (Sims et al., 2026). The moment tensors for the 2025 events (Figure 2)
are consistent with left-lateral slip on a northeast-striking fault dipping to the northwest, at depths of approxi-
mately 18 km (Figure 1). In this context, the relative differences in depths and epicenters suggest that the VLFE
occurred updip, southeast, and adjacent to the earthquake.
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A future analysis using phase coherence of high-frequency waveforms (Figure S15 in Supporting Information S1)
could help identify microsources, as demonstrated by Hawthorne and Ampuero (2017) and Tape et al. (2018) for
events in Minto Flats fault zone. Such an analysis could provide a better estimate of the relative distance between
the 2025 VLFE and the following earthquake. These high-frequency waves could also be used to estimate a
source-time function, as done by Tape et al. (2018) for a VLFE in 2015.

By considering the source duration as an inversion parameter, we were able to further distinguish the 2025 VLFE
from the earthquake. The preferred duration for the M,, 4.2 earthquake is < 1.0 s, while the preferred duration for
the M,, 3.8 VLFE is 8.0 s (Figure S18 in Supporting Information S1). The low-frequency signals are best
explained by a VLFE initiating 24 s before the earthquake with an effective duration of ~8 s, leaving a gap of
roughly 16 s that may have included aseismic or low-amplitude slip. The moment and duration of this VLFE fall
between the slow and fast earthquake scaling trends (Figure S19 in Supporting Information S1; Ide & Ber-
oza, 2023) and lie just outside the lower bound of previously reported VLFEs in subduction zones (Takemura
etal., 2019), suggesting that such events are relatively rare in nature and may represent a slow-to-fast transitional
rupture.

The 2025 event further supports the conditions of MFFZ that produce VLFEs and earthquakes with initiation
signals (Tape et al., 2018): magnitudes M,, 3.5-4.2, strike-slip faulting, and lower-crustal depths of 17-23 km.
These observations reinforce the view that the lower crust beneath the MFFZ favors mixed-mode faulting and
repeated initiation behavior. From the 2025 VLFE and earthquake mechanisms, the inferred southwest-directed
motion of the northwest fault block above 18 km is potentially related to the eastern extent of proposed crustal
extrusion of southwestern Alaska (Cross & Freymueller, 2008; Redfield et al., 2007).

The observed sequence of high-frequency activity, VLFE, and dynamic rupture can be interpreted within several
conceptual frameworks, including two end-member scenarios. In one scenario, a slow aseismic slip front
propagates along the fault and intermittently generates microseismicity, while the accompanying slow slip
manifests as a VLFE that ultimately nucleates the earthquake (Tape et al., 2018). In the other end-member
scenario, the signals preceding the mainshock arise from clustered microearthquakes, with the high-frequency
component generated by individual small events and the apparent VLFE representing the long-period super-
position of their S waves rather than a distinct slow-slip episode (Gomberg et al., 2016; Ide, 2008). Between these
end members, the VLFE may arise from a mixture of seismic and aseismic slip on a fault with heterogeneous
frictional properties (Ando et al., 2012; R. Ito & Kaneko, 2023), causing the rupture to propagate slowly through
repeated acceleration and deceleration and thereby producing a long-duration event. Future numerical modeling
informed by our observations will be important for distinguishing among these possibilities and advancing un-
derstanding of the physical mechanisms governing slow-to-fast rupture transitions.

Regardless of the underlying slip process, the 2025 MFFZ event provides one of the clearest observational links
between slow deformation and earthquake initiation yet documented. The detailed temporal resolution, spatial
coherence, and similarity of moment tensors between the VLFE and the earthquake place strong constraints on
models of nucleation. Together with previous MFFZ events, these observations highlight the value of this fault
system as a natural laboratory for studying interactions between slow and fast deformation processes during
earthquake initiation.
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S1. Moment tensor estimation for the
2025 events

The similarity of the VLFE and earthquake moment ten-
sors (Figure 2) prompted additional efforts to quantify the
timing between these events and to elucidate the influence
of different choices within the estimation procedure. Using
wider time windows containing both the VLFE and earth-
quake arrivals, filtered 12.5-27.5 s, we estimated both mo-
ment tensors by only changing the allowable time shifts.
The origin time used is the high-frequency foreshock (HFF)
event in the catalog (2025-08-20 20:34:45.2). In Figure Sba,
we allow +30 s time shifts between data and synthetics;
the best-fitting moment tensor is that of the VLFE, and
we can see that the synthetic waveforms align with the
early, lower-amplitude portion of the observed waveforms.
In Figure S5b, we allow £50 s time shifts between data
and synthetics; the best-fitting moment tensor is that of the
earthquake, and we can see that the synthetic waveforms
align with the later, high-amplitude portion of the observed
waveforms. Thus, by changing only the allowable time shift
limits, we estimate either the VLFE or the earthquake.

Figure S6 provides a one-to-one comparison of the VLFE
and earthquake moment tensor estimation, where the same
stations and time windows (stations, window length, and
Z/R/T) have been selected. In these cases, as well as within
the full suite of inversions depicted by Figure S4, the window
lengths are 65 s, which is chosen to minimize the interfer-
ence of the (later) earthquake waveforms with the (earlier)
VLFE waveforms, while also capturing at least one cycle of
the longest allowable period (40 s) within all bandpasses.
The start and end times of the time windows are based on
the assumed 1D velocity model, using the default settings
in MTUQ (Thurin et al., 2025). The allowable time shifts
are specified to the relatively small value of £3.0 s, in order
to minimize cycle-skipping while also accommodating defi-
ciencies of the 1D Earth model in modeling the true Earth
structure. In estimating the 2025 VLFE moment tensor, the
factors listed in order from most to least importance, are:
1) the origin time derived from the low-frequency waveforms
(20:35:04.1), 2) the allowable time shifts, 3) the bandpass
(e.g., Figure S4), and 4) the window length.

Full results for the moment tensor estimations can be
found in McPherson (2025).

S2. High-frequency record sections

The waveforms at the start of each event are captured
by the high-frequency record sections in Figures S15-S17.
These waveforms are unfiltered, with units of counts. The
2025 VLFE onset (Fig. S15a) is emergent on all stations.
The 2025 earthquake onset (Fig. S15b) has a clear P wave
at some stations (123K, NEA2, POKR), but it is compli-
cated by the pre-P signal arising from the preceding VLFE.
By comparison, there is no visible signal prior to the P wave
at the reference earthquakes in 2019 (Fig. S16) and 2022
(Fig. S17).
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Table S1: Sources mechanisms estimated in this study. Origin times and epicenters are listed in Table 1. Figure 1 displays
these mechanisms. SW = surface wave. The depth in parentheses is the best-fitting depth, which in some cases differs
from the depth chosen for the study.

ID Event Magnitude Depth P wave SW Fault 1 Fault 2
(Mw) (km) bandpass  bandpass strike/dip/rake strike/dip/rake

M1 2015 earthquake 2.85 1(21) 0.7-2.5 Hz - 210/28/-15 313/83/-117
M2 2019 carthquake 4.20 4(14) 1540s  1630s 198/70/-9  291/82/-159
M3 2022 earthquake 4.50 5(15) 1.5-4.0s 16-30 s 186,/83/-39 281/51/-171
M4 2025 earthquake 415 8(19) 154.0s  16-30s 210/52/-3 302/88/-142
M5 2025 earthquake [P only] 4.15 (18) 1.5-4.0 s - 210/54/-3 302/88/-144
M6 2025 earthquake [SW only]  4.25 6 (26) - 16-30 s 210/54/-9 305/83/-144
M7 2025 earthquake [SW only] 4.10 8 (13) - 12.5-27.5 s 210/52/-9 306/83/-142
M8 2025 VLFE 3.80 8 (17) - 12.5-27.5 s 210/44/-9 306/84/-142

sta nagnitude ml
EA2 1.89 3.00 8/20/25 (232

2.68 3.00 B/20/25
2.45 3.00 B/20/25 (232
2.45 3.00 B/20/25
2.88 3.00 B/20/25 (232
2.52 3.00 B/20/25
2.85 3.00 B/20/25 (232
2.64 3.00 B/20/25
3.32 3.00 B/20/25 (232
3.44 3.00 B/20/25
3.53 3.00 B/20/25 (232
3.57 3.00 B/20/25
3.64 3.00 B/20/25 (232
3.63 3.00 B/20/25
3.64 3.00 B/20/25 (232

a.
a.
a.
a.
a.
a.
a.
a.
a.
a.
1.
1.
1.3
1.3
1.

Figure S1: Screenshot provided by Alaska Earthquake Center seismologists, showing the single-station magnitude (Mz:
2nd column) estimates for the 2025 high-frequency foreshock signal. The columns are: station, single-station magnitude
(Mv), event magnitude (My), P onset time, signal-to-noise ratio, and epicenteral distance (in degrees). The single-station
magnitude is calculated from waveforms within a time window from the P onset (tp) to 2(ts —tp), where tg is the predicted
S arrival based on a 1D Earth model. Because the high-frequency foreshock signal grows (Figure 4c), the single-station
magnitude estimates increase with increasing distance, from My, 1.89 for NEA2 to My, 3.64 for KTH. The average M, for
all 15 stations is the event magnitude (3.0), which is the formally reported magnitude for the event.



(a) 2025 VLFE (b) 2025 earthquake

(c) 2019 earthquake (d) 2022 earthquake

Figure S2: Station coverage for four events in our study. The stations are plotted at their ray-path piercing point on
the lower-hemisphere of the beachball. Upward ray paths are depicted by the X symbols and plotted at their antipode.
Downward ray paths are depicted by the circle symbols. (The radial coordinate of each symbol depends on the choice of
1D Earth model.) All stations are within 300 km of each epicenter.
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Figure S3: Depth grid searches for four events in our study (Tabs. 1 and S1). The depth search increment is 1 km, the
magnitude increment is AM, = 0.05. The white triangle marks the best-fitting depth, and the uncertainty is depicted by

the horizontal line, which marks a misfit value 5% higher than the global minimum. Note that in (a), the horizontal line
lies outside the limits of the plot.
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Figure S4: Variations in best-fitting moment tensors as a function of bandpass for the 2025 VLFE (a) and the 2025
earthquake (b). The x-axis is the minimum period of the bandpass, and the y-axis is the maximum period. In total, there
are 55 different bandpasses. Each moment tensor beachball is colored by its misfit. The allowable time shifts are +3 s. The
beachball inside the black square is the overall lowest misfit solution among all the bandpasses. Our choice of 12.5-27.5 s

is based on the VLFE results in (a).
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Figure S5: The impact of adjusting the allowable time shifts for the 2025 events. The origin time is set to the AEC VLFE
onset time of 20:34:45.2. The seismograms are filtered 12.5-27.5 s. (a) Allowable time shifts of 30 s. The estimated
source is for the first event, which is a VLFE. (b) Allowable time shifts of £50 s. The estimated source is for the second
event, which is an earthquake. These results are similar to those in Figure S6.
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Figure S6: Same as Figure 2, but here the earthquake moment tensor estimation in (b) is set identically to (a), in terms
of the chosen stations, time windows (65 s for Z, R, and T only), and bandpass (12.5-27.5 s). As a result, the estimated
source parameters for the earthquake are slightly different (Table S1). See also Figure S5.
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Figure S8: Figures S8-S12 shows the cross-correlation time shift measurements between the VLFE and earthquake wave-
forms for the 41 stations displayed in Figure S7. See main paper for details.
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Figure S9: Figures S8-S12 shows the cross-correlation time shift measurements between the VLFE and earthquake wave-

forms for the 41 stations displayed in Figure S7. See main paper for details.
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Figure S12: Figures S8-S12 shows the cross-correlation time shift measurements between the VLFE and earthquake
waveforms for the 41 stations displayed in Figure S7. See main paper for details.
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Figure S15: Unfiltered record sections for the vertical component for the closest 12 stations to the 2025 VLFE+earthquake.
Seismograms are sorted by increasing epicentral distance from top to bottom. (a) 2025 M,, 3.8 VLFE. ¢ = 1 (blue line)
marks the catalog onset time for this event. (b) 2025 M, 4.2 earthquake. ¢t = 3 (red line) marks the P onset time. The
pre-P signals are not noise; they are from the preceding VLFE.
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Figure S16: Unfiltered record sections for the vertical component for the 2019 M., 4.2 earthquake. Seismograms are sorted
by increasing epicentral distance, with the distance labeled next to the station name. ¢ = 3 (red line) marks the P onset
time. Note the lack of pre-P signal, in comparison with the 2025 M, 4.2 earthquake in Figure S15b.
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Figure S17: Unfiltered record sections for the vertical component for the 2022 M,, 4.5 earthquake. Seismograms are sorted
by increasing epicentral distance, with the distance labeled next to the station name. ¢t = 3 (red line) marks the P onset
time. Note the lack of pre-P signal, in comparison with the 2025 M, 4.2 earthquake in Figure S15b.
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Figure S18: Estimating the source duration for the 2025 VLFE (a) and earthquake (b) using the bandpass of 1-40 s and
three full-length time windows for vertical, radial, and transverse components. For each event, we estimate double-couple
moment tensors using 11 different source half-durations ranging from 0.5 s to 10.0 s. The magnitude and orientation of
each moment tensor are allowed to vary. The source time function used is a trapezoid with unit area, symmetric around
t = 0, where the base of the trapezoid is defined by 27,, where 7, is the half-duration, and the top of the trapezoid is
defined by 2(7, —7¢), where 7, is the rise time. (a) 2025 VLFE. The best-fitting half-duration is 4.0 s. (b) 2025 earthquake.
The best-fitting half-duration is 0.5 s (or lower).
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Figure S19: Annotated version of Figure 3 of Ide and Beroza (2023), with the two magenta circles depicting the durations
and magnitudes of the 2025 VLFE (8.0 s, My 3.80) and the 2025 earthquake (1.0 s, M 4.15). The durations are from
Figure S18, and the preferred magnitudes are from Figure 2. Also plotted are two orange circles for the 2013 and 2015
VLFEs reported in Tape et al. (2018). The three VLFEs (2013, 2015, 2025) are close to the ellipse representing the events
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