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Earthquakes start under conditions that are largely unknown. In laboratory analog experi-

ments and continuum models, earthquakes transition from slow-slipping, growing nucleation

to fast-slipping rupture. In nature, earthquakes generally start abruptly, with no evidence

for a nucleation process. Here we report evidence from a strike-slip fault zone in central

Alaska of extended earthquake nucleation and of very-low-frequency earthquakes (VLFE),

a phenomenon previously reported only in subduction zone environments. In 2016 a VLFE

transitioned into an earthquake of magnitude 3.7 and was preceded by a 12-hour-long ac-

celerating foreshock sequence. Benefiting from 12 seismic stations deployed within 30 km of

the epicenter, we identify coincident radiation of distinct high-frequency and low-frequency

waves during 22 s of nucleation. The power-law temporal growth of the nucleation signal

is quantitatively predicted by a model in which high-frequency waves are radiated from the
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vicinity of an expanding slow slip front. The observations reveal the continuity and complex-

ity of slip processes near the bottom of the seismogenic zone of a strike-slip fault system in

central Alaska.

Large faults accommodate relative plate motion through a wide variety of processes ranging

from earthquakes and aseismic transient slip events to stable sliding1. Earthquakes occur within

subducting slabs or are confined to the shallowest, brittle regimes of Earth’s crust, usually no

deeper than 15–20 km for crustal or strike-slip fault systems or 30–50 km for subduction zones.

Aseismic transient slip events tend to cluster near the frictionally unstable-to-stable transition1,

while stable sliding occurs deeper, where the fault zone is frictionally stable or ductile at plate

convergence strain rates.

Earthquake occurrence has traditionally been viewed as a stochastic process, but observations

of foreshock sequences2 have suggested that large earthquakes might be preceded by an extended

nucleation process3–6 which, if recognized, could be used as a predictive measure3, 7, 8. Unfortu-

nately, foreshock sequences have only been recognized as such after the fact and are not observed

in many earthquakes.

The discovery of aseismic transient events at plate margins worldwide1 has led to many

theories and observations attempting to relate slow earthquake phenomena to large earthquake

rupture4, 9–11. Slow earthquake observations, which include geodetically observable slow-slip events1

and seismically observable slow earthquakes such as low-frequency earthquakes (LFEs) and very-

low-frequency earthquakes (VLFEs)12, have provided a physical basis for some foreshock sequences4.
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However, geodetic and seismic observations generally provide a limited view of precursory slow

slip. For example, though it is recognized that aseismic slip preceded the 2011 Tohoku-oki earthquake13,

the inferred slip is limited to the weeks to days prior to the mainshock rupture. This leads to an ob-

servational gap in the nucleation process: What, if anything, is occurring in the minutes to seconds

before mainshock rupture?

Significant efforts to identify a nucleation process have been attempted in theoretical studies14,

in numerical modeling15–18, and in laboratory experiments19–23, but they have proven challenging

in observational seismology4, 24, 25. Laboratory experiments23 show that earthquake nucleation ex-

hibits an early stage, characterized by low (although increasing) rupture velocities until rupture

approaches a critical size, and a later stage, where rupture velocity rapidly increases. Precursory

aseismic transients, observed geodetically26, 27 and interpreted in many cases as drivers of earth-

quake foreshock swarms13, may represent an early stage of earthquake nucleation. Attempts have

been made to seismically observe the later stage of nucleation4, 24, 28. Near-source borehole strain-

meter data from California and Japan have detected slow earthquake transients27, 29 but have not

revealed precursory signals for earthquakes, suggesting that a nucleation process is not common

(or observable) for these fault zones. The continuum of nucleation processes has not been ob-

served in one setting, for example, by a slow earthquake—or a cascade of smaller events—directly

transitioning into a normal earthquake.

In 2012, Tape et al. [28] identified a signal of earthquake nucleation that lasted 24 seconds

before transitioning into a magnitude 3.8 earthquake. The earthquake source mechanism was con-
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sistent with left-lateral strike-slip faulting within the Minto Flats fault zone, a 180-km-long fault

zone with two main faults, one of which produced a magnitude 6.0 earthquake in 1995 (Fig. 1)30, 31.

Interpretation of the 2012 event as nucleation+earthquake was complicated by the simultaneous ar-

rival of surface waves from a Mw 8.6 earthquake in the Indian Ocean32. It seemed clear that the

Mw 8.6 surface waves triggered the nucleation, but it was not clear that the nucleation and subse-

quent earthquake would have occurred in the absence of the surface waves.

An installation of 13 seismometers in the Minto Flats fault zone in 2015 led to the discovery

of VLFEs, reported next, one of which transitioned abruptly into a typical earthquake. We describe

two unusual events that occurred following the installation.

Very low frequency earthquakes in a strike-slip fault

The first event occurred on 2015-09-12 and was identified on dozens of stations in central Alaska.

The waveforms are characterized by an emergent signal and do not exhibit the distinctive P and S

waves of a typical earthquake (Fig. 2a). However, a weak but identifiable impulse, likely a P-phase

of an initiating earthquake, occurred at the beginning of the event. Analysts estimated a magnitude

of 2.6 based on the P amplitudes. By filtering the seismogram at high frequencies and then plotting

the envelope of the log-scaled amplitudes, we found additional complexity: the event was preceded

by a smaller, similar event 70 seconds earlier.

The long-period (>10 s) filtered seismograms of the 2015 event reveal a VLFE (Fig. 2a),

the first observed in an intraplate setting and the first associated with a strike-slip fault system. A
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remarkably simple set of waveforms is visible on stations out to distances of 1000 km (Fig. S1).

The waveforms provide high-quality estimates for the magnitude (Mw 3.8), centroid epicentral

location, depth (21 km; Fig. S2), and mechanism of the event (Fig. S3). The source duration for

a typical earthquake of this magnitude is about 0.5 s, but the 2015 event lasted 10 s (Figs. S4-S5).

Compared to a normal earthquake with similar amplitude at high frequencies and similar depth, the

2015 event is enhanced at low frequencies (Fig. S6), in a similar fashion to VLFEs in subduction

settings33, 34.

High-frequency and low-frequency waves from VLFEs have been interpreted to represent

two facets of the same process, with two possible interpretations, both involving numerous small

events radiating high-frequency waves. In one interpretation, there is a slow-slipping process em-

anating low-frequency waves, with numerous small events at the margins or inside of the slow-

slipping pulse 35, 36. An alternative interpretation is that the waves from the small events interfere

in a manner that produces the appearance of a simple low-frequency signal 37, 38. Within subduc-

tion settings, VLFEs are associated with LFEs and tectonic tremor, which are best observed in the

∼2–8 Hz range1, 12. The high-frequency components associated with the 2015 VLFE are not band-

limited, and the spectra look similar to those of normal earthquakes, except for the characteristic

enhancement at long periods (Fig. S6).

It is hard to say when the 2015 event started, since the P onset appears within the coda

of an earlier, much smaller event (Fig. 2a). Differential travel times and high inter-station phase

coherence39 between both signals imply that the earlier event originated from the same hypocenter
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and with the same mechanism as the VLFE. The similarity in high-frequency envelopes and in

spectra suggests that the earlier event was also a VLFE but that its long-period signal was below

noise levels. It is plausible that the 2015 event initiated as a small VLFE lasting ∼10 s, and then,

after about 60 s, transitioned into a larger VLFE at 21 km depth that slipped for about 10 seconds

in a left-lateral sense on the Minto Flats fault zone. The P phase at the onset of the larger VLFE

suggests that fast-slipping sources are intertwined with the slow-slip progression.

Finding the 2015 VLFE prompted us to look, though not exhaustively, for other VLFEs in

previous years using regional long-period data. We identified a second, smaller (Mw 3.5) VLFE in

2013 (Fig. 1b) with a source duration of 12 s. As with the 2015 event, the source mechanism is

consistent with left-lateral faulting at 23 km depth (Fig. 1a). The occurrence of the 2013 and 2015

VLFEs, separated by 50 km, suggests that a similar deep slow-slipping process may be possible

throughout the Minto Flats fault zone.

VLFE precursor to an earthquake

We now turn to the second event, a magnitude 3.7 earthquake that occurred on 2016-01-14 at a

depth of 17 km with an epicenter near the center of our array of stations (Fig. 1a). The earthquake

had clear P waves, S waves, and sufficient low-frequency waves to allow for a source mechanism

to be determined (Fig. S3b). The mechanism is consistent with left-lateral faulting. Given its

magnitude, the source dimension is between 0.5 km and 2.5 km, based on an assumed stress drop

between 0.2 and 20 MPa [40].
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The envelopes of the high-frequency seismograms of the 2016 event reveal a growing nucle-

ation signal lasting about 22 s (Fig. 2b), reminiscent of the 2012 triggered earthquake (Fig. 1b). In

this case, however, there was no remote earthquake, and we have many stations much closer to the

epicenter: 12 within 30 km. We can therefore examine subtle signals associated with nucleation.

A close examination of the low-frequency (<0.1 Hz) seismograms reveals two parts: (1) a

low-amplitude signal occurring during the high-frequency foreshock signal and (2) a high-amplitude

signal occurring during the main earthquake. The novel signal is the first one, plotted at the top

of Figure 2b, and identified on 11 of the 12 closest stations. The low-frequency foreshock signal

clearly arrives at the closest stations before the origin time of the mainshock. Based on the similar-

ity to the 2015 VLFE (emergent high frequency waveforms and coincident low frequency signal),

we classify this low-frequency foreshock as a VLFE.

Although we do not capture enough of the low-frequency foreshock waveforms to directly

invert for a source mechanism, we are able to compare three sets of polarity measurements for

the 2016 event (Tab. S3): the polarity of the low-frequency foreshock signal, the polarity of the

P wave for the Mw 3.7 earthquake, and the predicted polarity from the mechanism inferred from

the long-period waves. The results provide strong evidence for the same left-lateral slip process

occurring during the nucleation stage and rupture of the earthquake.

The exceptional station coverage for the 2016 event allows us to demonstrate that the two

distinct signals of the VLFE and the earthquake (Fig. 2b) originate from the same location and

source mechanism, and are therefore likely to be part of the same continuous process. We apply
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a new technique39 to show that the foreshock signal is no more than 1 km from the mainshock

signal. The technique compares 4-second time windows of high-frequency waveforms from the

mainshock with waveforms from the foreshock signal. We find that the inter-station coherence is

high between 18 and 1.5 s before the mainshock (Fig. 3). A grid search of possible foreshock loca-

tions gives the highest coherence when the foreshocks are assumed to be 0–1 km deeper than the

mainshock centroid, suggesting that the VLFE occurred in the transition zone to more frictionally

stable rocks.

While the high-frequency foreshock signal and precursory VLFE occurred tens of seconds

prior to the 2016 mainshock, the nucleation process may have started hours beforehand. A catalog

of earthquakes within 5 days and ∼20 km of the mainshock (Fig. S7) shows that an accelerating

occurrence of foreshocks began about 12 hours prior to the mainshock. Accelerating foreshocks

have been observed prior to large earthquake and interpreted as aseismic fault slip4, 6, 13.

Interpretations of fault slip processes

Our observations from a 60-km section of the Minto Flats fault zone (Fig. 1) provide evidence

for long-duration earthquakes (VLFEs), ‘normal’ fast-slip earthquakes, and events that display the

transition between the two. The events in the fault zone, at depths between 16 km and 24 km,

provide a window into slip processes near the base of the seismogenic zone.

Our observations allow us to identify and discuss two stages for long-duration events in the

fault zone: (1) nucleation, manifested by ∼20 seconds of simultaneous high-frequency foreshocks
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and a low-frequency signal of a VLFE; and (2) an earthquake initiated by that VLFE. Five events

in this study are summarized in Table S2. Based on observations of the 2016 event, we now

favor an interpretation for the 2012 event28 as a VLFE—evidenced by the 24 s foreshock signal in

Figure 1b—that transitioned into a Mw 3.8 earthquake. The VLFEs of 2013 and 2015 exhibited the

nucleation stage but did not lead to earthquakes. The events of 2012 and 2016 spanned both stages.

Our observations suggest that the high-frequency nucleation signal will coincide with VLFEs,

which in turn may or may not transition into earthquakes.

We consider different mechanisms for explaining the two stages of nucleation and earth-

quake, as shown in the cartoon in Figure 4, which is based on high-quality seismic observations

as well as on modeling efforts (see Methods). For each of the two stages, we consider two pos-

sibilities, leading to four scenarios (a → b, a → d, c → b, c → d) for the 2016 event. For the

Mw 3.7 earthquake of the 2016 event, its dynamic rupture could transition directly from a slow

slip event (Fig. 4b) or it could be triggered from a local event, without slow slip (Fig. 4d). For

the nucleation stage, the combined high-frequency and low-frequency signals could either be a

slow-slipping event with associated high-frequency bursts (Fig. 4a), analogous to aseismic slow

slip associated with tremor41, or they could be a cascading sequence of small events24, 37, without

underlying slow slip, that collectively generate the appearance of a long-period signal38 (Fig. 4c).

Smaller events are present within the longer-duration events in our study, as evidenced from

phase coherence analysis, source time functions, and analysis of spectra. Phase coherence mod-

eling of observations (Fig. 3) for the 2016 event showed that the high-frequency foreshocks orig-
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inated within 1 km of the Mw 3.7 earthquake, similar to the case of the 2012 event39. High-

frequency (f ≤ 4.5 Hz) modeling of waveforms produced a source time function with multiple

peaks, representing distinct subevents. Phase coherence within the 2015 VLFE (and also to the pre-

ceding, smaller VLFE) revealed the presence of smaller events. The source time function estimated

for the 2015 VLFE (Fig. S4a) revealed 8–10 subevents within the 10-s VLFE duration. This com-

plex source time function, along with an analysis of the displacement spectra (Section S1), imply

that it is possible that most of the VLFE slip accumulates in ∼10 closely spaced Mw 3.2 earth-

quakes. However, it is exceedingly uncommon to observe 10 Mw 3.2 earthquakes in 10 seconds

without some underlying mechanism, such as pore fluid diffusion42, rock damage43, or aseismic

slip14–23.

Aseismic slip is an appealing mechanism—which could accommodate much of the moment

in the 2015 and 2016 events—because the evolution of seismic amplitude prior to the 2016 earth-

quake matches the growth predicted by frictional models of earthquake nucleation. For the 2016

event the high frequency foreshock signals lasted 22 s and grew according to tk, where t is time

and where the exponent k is estimated from different stations to be between 2 and 4 (Fig. S8).

Similar exponents are found for the spatial growth of expanding earthquake nucleation fronts in

recent numerical modeling44 and laboratory observations23 (Fig. 5). A plausible interpretation is

that the growing seismic amplitudes reflect a number of small foreshocks being triggered as the

slow rupture propagates outward (see Methods).

Aseismic slip preceding the 2016 VLFE and earthquake is supported by observations of the
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∼12-hour accelerating foreshock sequence (Fig. S7). Globally, large earthquakes have been pre-

ceded by accelerating foreshock sequences and geodetically observed slow slip5, 9, 26. For the 2016

event it seems plausible that aseismic slow slip transitioned into a seismically observable VLFE

with associated high-frequency foreshocks (Fig. 4a). Unlike the 2016 event, the 2015 VLFE did

not exhibit an accelerating foreshock sequence. Thus other VLFEs may start like most earth-

quakes: without any warning. The 2012 triggered VLFE was preceded by a small swarm of ∼10

earthquakes, indicating that aseismic processes may have already been underway when the large

surface waves triggered the VLFE, and the 2013 VLFE was preceded by two possible foreshocks.

Recent laboratory experiments and numerical models45–47 imply that the slow-slipping (Fig. 4a)

and cascading (Fig. 4c) nucleation processes may be concurrent, with both playing a role. In this

regard, the two scenarios could be thought of as end members. For two events presented here, the

nucleation process was manifest in novel observations lasting ∼20 s (24 s in 2012; 22 s in 2016)

before transitioning into an earthquake.

The Minto Flats fault zone in central Alaska, capable of M > 6 earthquakes, is a natu-

ral laboratory for studying earthquake nucleation and the continuum of fault rupture processes

that can occur on large-scale faults. With multiple observations distributed along the fault zone,

the MFFZ appears to have the right specialized conditions to generate extended nucleation se-

quences, unlike other well instrumented faults such as the San Andreas Fault where earthquake

precursors have been searched for unsuccessfully. From our modeling, the size of the nucleation

zone is proportional to the critical nucleation length, which depends on the effective normal stress
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and temperature-controlled frictional properties of fault-zone rocks44, 48. Critical nucleation lengths

would be larger near the base of the seismogenic zone due to high fluid pressure or velocity-neutral

frictional properties of the fault-zone rocks. Therefore the transitional region is prone to generat-

ing nucleation sequences with large aseismic moment and numerous accompanying foreshocks.

Foreshocks (localized rapid slip) during slow nucleation could be promoted by heterogeneity deep

within the fault zone. In a view that has emerged from a decade of observations of tectonic tremor

during slow slip1 and deep high-frequency radiation during large earthquakes49, fault zone materi-

als in the deep transition zone are thought to be highly heterogeneous, with intermingled seismic

and aseismic behavior.

We have observed a nucleation process that has previously been limited to laboratory experiments20, 23,

where slip processes are examined within cm-scale faults creating earthquakes with magnitudes

less than −4 [22, 23]. The events identified in our study, with magnitudes 3.4–3.9, provide an obser-

vational bridge from laboratory to real world environments.

Methods

Methods, including statements of data availability and any associated accession codes and refer-

ences, are available in the online version of this paper.

Seismogram processing. Instrument responses were deconvolved from all seismograms using

Seismic Analysis Code. The details of deconvolution and subsequent filtering and processing

are important for our analysis, because we are discussing precursory low-frequency signals. To
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avoid any potential for precursory ringing due to filtering, we employ only one-pass causal filters

throughout instrument deconvolution and subsequent processing. As a result, the sign of the phase

and onset timing of arriving low-frequency signals are preserved (e.g., arriving low-frequency

signals will not be arriving early due to filtering).

We examine the onset of the precursory low-frequency signal, which we identify as a VLFE,

to the 2016 earthquake (Fig. 2, Figs. S10–S12). Using causal filters and in the presence of noise,

we expect the picked arrivals to be later than the actual arrivals of the low-frequency waves. With

Figure S9, we attempt to determine the amount of time lag expected in the presence of noise. We

create an artificial signal (an upward pointing triangle function beginning at t = 0 and with a

width of 20 seconds), add Gaussian noise, apply a causal bandpass filter, and pick the onset of the

resulting low-frequency signal above the noise level. From 10% to 40% SNR noise levels, the pick

times range from 8.3 to 11.2 seconds, suggesting that the low-frequency onset time we picked is

likely delayed by ∼8–12 seconds from the actual onset time of the signal.

Source mechanism inversions and estimation of source duration. We estimated source mecha-

nisms using the method of ref 50, which uses five time windows of waveforms for each station: P on

the vertical component, P on the radial component, Rayleigh on the vertical component, Rayleigh

on the radial component, and Love on the transverse component. Different bandpass filters are

applied for body waves and surface waves in order to maximize the signal-to-noise ratios.

Figure S3 shows fits between observed seismograms and synthetic seismograms computed

using the source mechanisms indicated by the beachball focal mechanisms. The estimated depth
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for each event is shown in Figure S2.

Careful examination of signal-to-noise ratios allowed us to isolate some of the unusual events

and processes in this study. Figure S1 shows a record section for the 2015 VLFE, filtered showing

clear long-period signals (20–50 s) for stations out to 1000 km from the epicenter. Figure S6 shows

signal and noise spectra for the 2015 VLFE and a comparison earthquake. The spectra show how

the VLFE is characterized by amplified seismic energy at periods above 10 s.

We estimated the source duration of the events using two approaches. In the first approach,

we allowed the source duration to be varied within the source mechanism inversion. For the 2015

VLFE, the best-fitting synthetics were generated using a source duration that was much longer than

expected for an earthquake with the same magnitude (Mw 3.8). In the second approach, we use

each P and SH wave for each station to estimate a source-time function (Fig. S4) using Landwebber

deconvolution51. Stations were selected based on waveform fits, using a criteria of 50% variance

reduction when using the estimated source time function versus a delta function. Both approaches

yielded a duration of about 10 s for the 2015 event.

Envelopes of high-frequency seismograms. High-frequency seismograms are conveniently ana-

lyzed using log-scaled envelopes of the seismograms 28, 52. The processing steps to calculate the

envelopes E(t) can be summarized as

E(t) = SN [log
10
|H (F [v(t)]) |] , (1)

where v(t) is the velocity seismograms with instrument response removed, F represents a bandpass

filter over the range 2–8 Hz, H is a Hilbert transform, and S is a N-point median smoothing filter
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(we use N = 10).

Examples of envelopes are shown for station MDM for several different events in Figure 1b.

Laboratory experiments and numerical experiments offer insights as to the possible func-

tional relationships that may occur during nucleation. We consider a variety of functions in order

to fit the observed log-scaled high-frequency envelopes for different events and different stations.

Our preferred function for the HFF is a log function,

log
10
f(t) = k log

10
(t− t0) + b (2)

which is equivalent to

f(t) = 10b (t− t0)
k . (3)

Examples of curves of Eq. 2 are shown for all 34 stations in Figure S16. The values of the exponent

k cluster between 2 and 4 for stations within 80 km of the epicenter (Fig. S8).

Estimating the hypocenter for the high-frequency foreshock signal. We use a matched field

technique based on inter-station phase coherence39. The method is designed to identify co-located

signals, even if their sources have complex, long-duration source time functions. We can therefore

consider a sequence of closely spaced foreshocks as a single complex source, and search for its

location relative to the mainshock.

To prepare the data, we bandpass filter between 0.75 and 20 Hz. We extract 5 seconds of

the mainshock signal to use as the template, tapering in the first and last 0.5 seconds. For stations

farther than 40 km from the source, these 5 seconds start 0.5 seconds before the P arrival. For
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more nearby stations, the template starts 0.5 seconds before the expected S arrival, taken to be

1.3 times the P-wave picks, so that each template includes only one of the two arrivals. We then

take the foreshock data—before the mainshock P arrival—and taper the seismograms to zero after

mainshock P arrival, in order to avoid large apparent noise associated with the mainshock.

We cross-correlate the mainshock template with the entire foreshock signal at each station. If

the mainshock and foreshocks are co-located, these cross-correlations should eliminate the Green’s

functions phases, leaving the relative phases of the source time functions, which should be the

same across all stations. So we compute the inter-station phase coherence between the cross-

correlations in 4-second intervals, averaging over frequencies in the 1–10 Hz band. The calculated

phase coherence is larger than the 95% range expected for noise during much of the precursor

(Fig. S19a), suggesting that the mainshock and foreshocks are nearly co-located.

To better estimate the allowable foreshock locations, we consider the phase coherence for a

grid of possible foreshock locations within 3 km of the mainshock. For each proposed foreshock

location, we shift the foreshock seismograms by the difference in travel time between that location

and the mainshock, and then compute the phase coherence as described above. The expected

travel times are calculated using the same 1D model that is used by the Alaska Earthquake Center

to locate earthquakes in this region. Figures 3, S20, and S21 illustrate the phase coherence as a

function of the proposed foreshock locations. The highest phase coherence places the foreshocks

< 1 km to the north and 0–1 km below the average mainshock location.
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Accelerating foreshock swarm prior to the 2016 event. The 2016 event was preceded by about

12 hours of accelerating foreshock occurrence (Fig. S7). We utilize a network matched filter ap-

proach to obtain a catalog of seismicity ±5 days and ±20 km of the mainshock. We set a relatively

high threshold of 10 times the median absolute deviation, across 39 channels in the 13-station

FLATS network (XV), to ensure false positives are not impacting our conclusions. We find that

foreshock seismicity started ∼12 hours before the mainshock, with a total of ∼20 events before the

mainshock. For comparison, we repeat this process for a 2014 Mw 5.0 earthquake that occurred at

the northern end of the Minto Flats fault zone, to show a regular mainshock–aftershock sequence,

without detectable foreshocks.

Nucleation phase in a continuum model of a rate-and-state fault. We analyze rupture growth in

a physics-based models of shear-slip nucleation44 in order to relate the observed foreshock signals

to the potential nucleation process of the 2016 Mw 3.7 earthquake. Kaneko et al.44 used a two-

dimensional (2D) in-plane elastodynamic model53 in which shear-slip events (i.e., earthquakes)

are simulated as a part of spontaneously occurring earthquake sequences on a fault embedded

into an infinite elastic medium. The model setup was motivated by the laboratory experiments

of ref 23 (Fig. S22a,b). The fault constitutive response is represented by rate-and-state friction

laws with the so-called slip law for the state-variable evolution54, 55. The fault is divided up into

three segments consisting of a central rate-weakening patch and the surrounding rate-strengthening

segments, and is loaded by a background time-independent stressing rate uniformly applied along

the fault (Fig. S22b). The detail of the model set-up is described in ref 44.

Using this relatively simple model, ref 44 reproduced the characteristics of shear-rupture
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nucleation as observed in these laboratory experiments (Fig. S22c). In particular, the evolution

of the rupture front under a range of normal stresses σ closely matches the laboratory results

(Fig. S22d,e). In laboratory experiments and in simulations, three distinct phases of rupture evo-

lution were observed regardless of σ: quasi-static propagation characterized by the first low slope,

the acceleration phase (high slope), and dynamic rupture propagation with its speed comparable to

the shear wavespeed of the polycarbonate (Fig. S22d,e). The nucleation process is characterized

by the propagation of a pulse-like rupture front.

Figure S23 shows the evolution of rupture front position and rupture length in these sim-

ulations. The growth of the rupture length during the quasi-static phase can be fit by the same

functional form that we used in fitting the seismic observations, namely Eq. (3), plotted as ma-

genta dashed curves in Figure S23. The exponents k = 2.5–3.2 are similar to those estimated from

the high-frequency (HF) ground velocity envelopes in our observations (e.g., Fig. S16). The expo-

nent increases with effective normal stress because the rupture front is more quickly accelerating

for a larger effective normal stress. The flat line (at rupture length ∼0.1 mm) in Figure S23 is an

artifact arising from the limit of spatial resolution; the rupture length is essentially zero over the

flat part. The duration of the quasi-static phase is shorter for smaller normal stresses because the

slip during the dynamic rupture becomes smaller, which leads to a shorter inter-event period and

duration of the quasi-static phase.

Guided by the results of numerical modeling, we interpret the HF seismic observations as

follows. The similarity of growth exponents of HF ground velocity envelopes (v) and slip zone

radius (R) is consistent with the following two different models. In the ‘ring model,’ the sources
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of HF waves are uniformly distributed over a ring of finite width W near a circular slip front (HF

area A = πRW ) and their HF waves interfere coherently (v ∝ A). In the ‘disc model,’ the HF

sources are uniformly distributed over the whole slip area (A = πR2) and their HF waves interfere

incoherently (v2 ∝ A). Both models lead to v ∝ R and hence same growth exponent of velocity

envelopes and slip zone radius. In both models the radiated HF power per unit of fault area is

uniform, as if HF waves were generated by small foreshocks on a uniformly distributed set of

small asperities.

Our numerical modeling results imply that the observed growth of high-frequency seismic

signals—either via the ring or disc models—is the nucleation phase of an earthquake rupture that

is characterized by the propagation of a slow-slip pulse. Very-low-frequency waves emerge from

both the HF sources and the slow slip.

Data availability. All seismic data used in this study, notably from the FLATS (XV) seismic net-

work (doi:10.7914/SN/XV_2014), are publicly available from the IRIS Data Management

Center (http://ds.iris.edu/ds/nodes/dmc/). Expanded results of moment tensor in-

versions are available in ref. 56.
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Figure 1: Minto Flats fault zone of central Alaska. (a) Beachballs represent source mechanisms for

earthquakes (EQ) and very-low-frequency earthquakes (VLFE) discussed in this study (Tab. S1).

From north to south, these are: 1995-10-06 Mw 6.0 EQ (18 km), 2015-09-12 Mw 3.8 VLFE

(21 km), 2012-04-11 Mw 3.8 VLFE+EQ (16 km), 2015-10-22 Mw 2.6 EQ (18 km), 2013-03-12

Mw 3.5 VLFE (23 km), 2016-01-14 Mw 3.7 VLFE+EQ (17 km), 2015-10-31 Mw 3.4 EQ (25 km).

The thick black lines denote the two left-lateral faults of the Minto Flats fault zone. Inverted trian-

gles denote seismic stations, with MDM at far right. (b) Envelopes of high-frequency seismograms

at station MDM for five events in (a). For a typical earthquake (top), there is no high-frequency

foreshock (HFF) signal prior to the P wave of the earthquake. Other events show an increasing

signal that is associated with nucleation and VLFEs. The arrows labeled VLFE indicate the onset

time of low-frequency waves such as those shown in Figure 2a.
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Figure 2: Seismic waveforms for the 2015 and 2016 events observed at stations FTGH (red traces)

and F6TP (black traces). (a) The 2015 very-low-frequency earthquake (VLFE). Top: seismogram

causal-filtered 20–100 s. Middle: seismogram filtered 2–8 Hz. Bottom: envelope of the high-

frequency seismogram, plotted with log scaling. (b) The 2016 VLFE+Earthquake, with high-

frequency foreshock (HFF) nucleation signals. Top: seismogram causal-filtered 20–100 s, cut at

the earthquake S time and zoomed in on the vertical scale to show the shape of the waveform, with

an expanded view of the precursory VLFE in the gray box above. Middle: seismogram filtered

2–8 Hz. Bottom: envelope of the high-frequency seismogram. The dashed line is the P wave

arrival for the Mw 3.7 earthquake.
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Figure 3: Phase coherence between foreshock signal and mainshock signal for the 2016 event,

filtered between 1–10 Hz. Each subplot is a 4 s time window in a north-south oriented vertical

plane; time 0 s is the mainshock P wave.



Nucleation (VLFE)
stage 1 (~20 seconds):

(a) slow slip and

high-frequency foreshocks

OR

(c) dozens of earthquakes

as a cascading process

fault surface brittle

ductile

Earthquake
stage 2 (~1 second):

(b) VLFE transitions into an

earthquake rupture (M3.7)

OR

(d) VLFE triggers an

earthquake (M3.7)

fault surface brittle

ductile

rupture fron
t

fault surface brittle

ductile

fault surface brittle

ductile

rupture fro
n
t

a b

c d

Figure 4: Alternative interpretations for the two stages of nucleation and rupture. Our preferred

interpretation for the 2016 event is a→b, that the Mw 3.7 earthquake nucleated from a very-low-

frequency earthquake (VLFE) associated with slow slip. Alternative interpretations are a→d,

c→b, and c→d. The 2015 VLFE event comprised stage 1 (a or c) but did not transition into an

earthquake.
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Figure 5: Comparison between rate-state modeling and observations of power-law growth of the

rupture stage interpreted as nucleation. (a) Evolution of non-dimensional rupture length as a func-

tion of non-dimensional time for the cases shown in Figure S23. The rupture length and time are

non-dimensionalized by h∗

RR
and σ(b − a)/τ̇ , respectively, where h∗

RR
is theoretical estimate of

nucleation size, σ is the effective normal stress, b − a is the rate-and-state parameter, and τ̇ is the

background loading rate44. Time t = 0 is defined as the time at the end of the acceleration phase.

(b) Dimensional rupture length vs. time. We assume that h∗

RR
= 100 m and σ(b− a)/τ̇ = 0.15 s.

(c) Example of the observed high-frequency foreshock (HFF) amplitude growth for the 2016 event

for station MDM (see Figure 1b). See Figure S16 for more examples.


