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Abstract Laboratory experiments and theoretical models suggest that earthquakes are preceded by
extended nucleation phases, perhaps by slow but accelerating slip. However, such nucleation phases are hard to
observe before natural earthquakes. Here we identify clustered foreshock sequences that could be nucleation
signatures. We develop a coherence‐based power metric to detect foreshock sequences along the San Jacinto
fault zone (SJFZ) and then track the temporal evolution of foreshocks' moment‐rate power. The results show that
a small but significant fraction of M ≥ 2.5 earthquakes (19 out of 681) are preceded by 5 to 20‐s‐long clustered
foreshock sequences, which may reflect extended nucleation phases. The sequences preferentially occur near
the base of the seismogenic zone, which likely contains frictionally heterogeneous patches of varying sizes. We
identify a build‐up of 2‐8‐Hz moment‐rate power during the sequences and consider some interpretations: that
the growing power reflects accelerating aseismic slip or growing cascades of ruptures.

Plain Language Summary Earthquake initiation in nature is still a mystery, although lab
experiments or theoretical models suggest that there is a nucleation phase of slow but accelerating slip before the
earthquake rupture begins. Foreshocks are widely used to probe the nucleation process, but the connection
between foreshocks and the mainshock nucleation is still uncertain. Here we study earthquake nucleation along
the SJFZ, where abundant seismicity and good station coverage make it an ideal site. Specifically, we detect
extended and clustered foreshock sequences around the mainshock hypocenter which may indicate extended
earthquake nucleation. We track the temporal evolution of foreshocks' source power by using a new coherence
based power metric. Our results show that 19 clustered foreshock sequences occur near the base of the
seismogenic zone. These observations are rare, but might indicate that prolonged earthquake nucleations occur
under some fault conditions. We discuss possible rupture scenarios under conditions of frictional heterogeneity
that lead to our observations. We observe growth of source power during foreshocks, which might reflect
accelerating aseismic slip or growing cascades of ruptures. Our results provide new constraints on the fault
condition control of earthquake nucleation behaviors along the SJFZ.

1. Introduction
Earthquakes are fast‐slip processes of a fault, releasing stresses accumulated during the interseismic period. In the
past few decades, advances in geodetic and seismic instrumentation have led to discoveries of much slower stress
releasing modes, including slow slip events and accompanied seismic tremor as well as low frequency or very low
frequency earthquakes (Dragert et al., 2001; Ito et al., 2007; Obara, 2002; Shelly et al., 2007). These various types
of slow earthquakes mostly occur along the frictionally unstable to stable transition zone (e.g., Nishikawa
et al., 2023; Obara, 2002; Shelly, 2017). Slow slip sometimes precedes large earthquakes (e.g., Kato et al., 2012;
Meng et al., 2015; Socquet et al., 2017); understanding the role of slow slip in earthquake initiation is thus vital for
earthquake hazard assessment and short‐term forecasting (Obara & Kato, 2016).

In laboratory experiments, theoretical or numerical studies, earthquakes do not start abruptly. They are commonly
preceded by extended nucleation phases dominated by slow slip (e.g., Kaneko et al., 2016; Latour et al., 2013;
McLaskey & Lockner, 2014; Ohnaka & Shen, 1999; Passelègue et al., 2017; Rubin & Ampuero, 2005). On
homogeneous faults, slow slip keeps accelerating and expanding within the nucleation zone until a critical
nucleation length is reached, and then dynamic earthquake rupture propagation begins (e.g., Ohnaka &
Shen, 1999; Rubin & Ampuero, 2005). Nucleation on heterogeneous faults is much more complex, as slow slip
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and foreshocks can interact in a positive‐feedback manner, resulting in episodic accelerations of slow slip and
foreshocks leading up to the mainshock (Cattania & Segall, 2021; McLaskey, 2019).

In nature, however, it is challenging to observe slow slip related to earthquake nucleation (Abercrombie
et al., 1995; Kaneko et al., 2017); such slip tends to generate only weak deformation signals at Earth's surface. For
most earthquakes, no preseismic slip transients are detected or reported. However, in some cases, geodetic in-
struments capture slow slip signals in a large space‐time window before large earthquakes. Prior to the 2011M 9.0
Tohoku, Japan and 2014M 8.2 Iquique, Chile megathrust earthquakes, for example, slow slip occurred over days
to years before the mainshock and over tens of kilometers surrounding the mainshock rupture area (Ito
et al., 2013; Socquet et al., 2017). This large‐scale slow slip can be interpreted as an extensive nucleation of
rupture, though it is still under debate whether slow slip occurs immediately before the mainshock (Bletery &
Nocquet, 2023; Hirose et al., 2024). In some other cases, slow slip occurs but appears to be a trigger for
nucleation, not the nucleation process itself. For instance, the 2014 Guerrero, Mexico slow slip event appeared to
perturb stresses in a nearby region and promote the initiation of a M 7.3 earthquake (e.g., Radiguet et al., 2016).

Since slow slip is hard to observe directly, research often focuses on foreshocks: collections of small earthquakes
that precede the mainshock. Foreshocks can be driven by slow slip (Kato et al., 2012; Meng et al., 2015) but can
also trigger each other without the aid of slow slip (Ellsworth & Bulut, 2018; Felzer et al., 2015). Numerous
efforts have been made to identify foreshock features that are likely indicative of slow slip, such as migrating,
repeating, or accelerating foreshocks (Bouchon et al., 2011, 2013; Kato et al., 2012; Tape et al., 2018). However,
there are still relatively few of these observations, and they often have significant uncertainty, so the role of slow
slip in foreshock sequences remains controversial (Martínez‐Garzón & Poli, 2024; Mignan, 2014; Peng &
Lei, 2024). For example, before the 1999 Izmit M 7.6 strike‐slip earthquake, there was a 44‐min‐long foreshock
sequence, which may or may not be driven by slow slip (Bouchon et al., 2011; Ellsworth & Bulut, 2018). Sets of
clustered foreshocks were also observed on the Minto Flats strike‐slip fault zone, Alaska, where 20‐s‐long
concurrent low‐ and high‐frequency seismic signals are found before two M ∼ 3.7 earthquakes, which again
may represent foreshocks triggered by expanding slow slip (Tape et al., 2018). To fully understand clustered
foreshocks, we need more examples to examine. However, it remains uncertain how common these foreshock
sequences are on natural faults. They are challenging to detect; the foreshocks tend to create weak and over-
lapping seismic signals, hampering the identification and extraction of source properties.

The San Jacinto fault zone (SJFZ) is the most seismically active area in southern California, located to the south of
the San Andreas Fault Zone (Figure 1). It consists of several right‐lateral strike‐slip fault branches. In the middle
part of the SJFZ, the Anza seismic gap is devoid of recent large earthquakes; it has not ruptured in M > 7
earthquakes in the past 200 years, drawing much attention to its seismic risk. The abundant seismicity, complex
slow and fast slip modes at depth (Inbal et al., 2017; Ross et al., 2017; Shaddox et al., 2021; Shearer et al., 2023;
Wdowinski, 2009) and dense local seismic networks make the SJFZ an ideal site to study foreshocks during
earthquake nucleation.

Here, we conduct a retrospective detection and source analysis of prolonged foreshock sequences along the SJFZ.
We propose a new procedure to systematically detect clustered foreshock signals and extract the underlying
moment‐rate‐power evolution. Our systematic analysis reveals that 19 out of 681 earthquakes have clustered
foreshock sequences, which exhibit diverse patterns of source power build‐up over the seconds before the
mainshock. Our results shed new light into the complex earthquake nucleation along the base of the seismogenic
zone.

2. Data and Methods
2.1. Synthetic Tests: Recovering Small Foreshocks' Moment‐Rate Power Based on Phase Coherence

Our goal is to identify and understand foreshock sequences that occur over seconds in the lead‐up to the main-
shock. The seismograms in Figure 2, for example, are likely created by tens of foreshocks occurring over around
10 s. Such closely spaced foreshocks can be difficult to identify and disentangle because their waveforms overlap.
So we have developed a modified phase coherence approach (also known as matched field) to detect these small
event clusters and determine their source power.

Following previous work (Barajas et al., 2024; Corciulo et al., 2012; Gibbons & Ringdal, 2006; Hawthorne &
Ampuero, 2018; Wang et al., 2015), we use an empirical Green's function approach to remove the seismic wave's
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path effect by cross‐correlating the mainshock signal with a proposed foreshock signal at a number of stations.
This isolates the phase differences of any foreshock sequence's moment rate function (MRF). We compute cross
spectra ( x̂k) between the mainshock record (dm,k) and foreshock record (d f ,k) in the frequency domain,

x̂k = d̂∗
m,k d̂ f ,k (1)

where k is station index and * denotes complex conjugate. The phase differences of target foreshock MRF with
respect to template mainshockMRF should be the same at all stations, so we can detect unknown target sequences
by further looking for phase similarities of x̂k among stations, even if the target sequence has a more complex or
longer MRF than the template event. For detection purposes, Hawthorne and Ampuero (2018) have computed a
coherence parameter Cp at a pair of stations 1 and 2,

Cp = Re(
x̂∗
1 x̂2

| x̂1|| x̂2|
) (2)

More explicit details and real‐world uses are given by Hawthorne and Ampuero (2018). This method is ideal for
our use. We will be able to detect collections of foreshocks that have paths similar to the mainshock even though
the more complex foreshock MRFs will downgrade the similarity between foreshock and mainshock waveforms.

Figure 1. Location map of seismicity and clustered foreshock sequences along the San Jacinto fault zone. (a) The colored dots
are 699 M ≥ 2.5 seismicity within 2000–2023, obtained from the Southern California Seismic Network. Focal mechanisms
are shown for M > 4.5 events. The black lines show active faults, while the inset map shows the tectonic background of the
study area with black triangles denoting seismic stations used (network codes: CI, AZ, PB, PY, II, and NP). (b) The depth
cross section along profile AA′ shown in (a). Stars in (a and b) denote the 19 events with clustered foreshock sequences. The
blue outlined stars are 12 events shown in Figures 2 and 4. The dashed line denotes the mean depth of all events. The right
panel in (b) shows the histogram of earthquake depth.
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In this work, we take a step beyond detection. We modify the normalization term (denominator) of the phase
coherence calculation in Equation 2 to be the product of template power at two stations (see also Hawthorne
et al., 2019). Specifically, we compute,

Ec = Re(
x̂∗
1 x̂2

⃒
⃒ d̂m,1

⃒
⃒2
⃒
⃒ d̂m,2

⃒
⃒2
) (3)

Ec is termed coherent power, which provides an unbiased (if sometimes noisy) estimate of ∑M 0́ target
2
/∑

M 0́ temp
2, whereM 0́ target andM 0́ temp are the MRF of the target and template event, respectively (see Text S1 in

Supporting Information S1 for more details on derivation).

We conduct extensive synthetic tests to demonstrate the robustness of the new procedure. We generate synthetic
seismic records composed of three‐component waveforms at 10 stations for plausible template mainshocks and
target foreshock sequences (Figure 3a). This is done by convolving template and target MRFs with the same set of
random Green's functions (white noises tapered by exponential decay). The target event waveforms are aligned
with the template waveforms and are embedded within longer windows of random noise (Figure 3a).

Figure 2. Examples of identified clustered foreshock sequences along the San Jacinto fault zone. (a–c) Panel (c) shows the
vertical seismic waveforms at 10 closest stations for event 6 (Figure 1), filtered between 2 and 8 Hz. Note that for clarity of
foreshock signals, the mainshock P wave template window between two red dashed lines is scaled down by 10 relative to the
rest of the signal. (a) The corresponding coherent power (in logarithmic scale) calculated from the modified phase‐coherence
method, with red circles and gray triangles being positive and negative values, respectively. The coherent power series stops
at − 4 s to avoid smearing from the mainshock. The blue line denotes the average cross‐correlation coefficients obtained from
matched‐filter analysis, with the green dashed lines showing 9 times the median absolute deviation of the cross‐correlation
trace between − 200 and − 50 s. The gray vertical dotted lines mark the P arrival times of individual foreshocks. (b) Blue dots
show the distance of foreshocks from mainshock centroid (Text S1 in Supporting Information S1). (d–f) Similar to (a–c) but
for event 8.
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The target MRF is designed to mimic a foreshock sequence; it is randomly generated and designed to be small in
amplitude but longer and more complex than the template event MRF. In a sample test shown in Figure 3b, the
template MRF is ∼0.1‐s long while the target MRF is ∼0.6‐s long with multiple peaks. Once we have the
synthetic seismograms, we compute a coherent power time series. At each station and component, we cross‐
correlate the template seismogram (2 s long) with the target seismogram. Then we consider a range of over-
lapping 4‐s windows from cross‐correlation traces with a step of 2 s. For each window, we calculate the power in
the 2–8 Hz band that is coherent among stations. The power is averaged over all station pairs and over all

components. This is our estimate of ∑M 0́ target
2
/ ∑M 0́ temp

2
, as described above.

If we examine power at the beginning and end of our synthetic seismograms, where data are dominated by
incoherent noise, the calculated coherent power is scattered around zero (Figure 3c), as expected. Note that the
coherent power can be negative, particularly in noise windows. The coherent power is, after all, only an estimate
of the moment rate power; it is the real part of some normalized cross spectra of the data, averaged over frequency
(see Equation 3). However, the coherent power becomes clearly positive and significantly larger than the
background scatter for about 4 s in the middle of the seismogram. This is when the analysis window includes at
least part of the 0.6‐s‐long target MRF. The coherent power amplitudes are also as expected given the power we
input into synthetic MRFs (Figure 3c).

We further perform 500 random tests by re‐generating target event MRFs and Green's functions, followed by
synthetic waveform convolution, noise addition, and coherent‐power calculation. For each test sample, we
compare the power at time zero of the average coherent‐power series with that of the input power series (e.
g., Figure 3c). The method robustly recovers the 2‐8‐Hz moment‐rate power of the target event over a wide range
of inputs (10− 8 to 1) with a 1‐sigma accuracy around 20% and a R2 (coefficient of determination) score of 0.93
(Figure 3d). The consistency indicates that this modified phase‐coherence method works well to detect target
events with more complex sources than the template event. It also retrieves their relative moment‐rate power with
a precision around 20%; this will be more than precise enough for our foreshock analysis. We note, however, that
the method relies on having known templates with similar focal mechanisms at nearby locations. That reliance
could hamper the method's use for real‐time monitoring or further extractions of additional source parameters.

Figure 3. Synthetic tests of the phase coherence method to recover the moment‐rate power of foreshock sequences. (a) A test sample of synthetic template (blue) and
target waveforms (black). Target event waveforms are aligned with template event waveforms and embedded in a longer window with random noise added. Both
waveforms are bandpass filtered within 2–8 Hz. (b) Input MRFs (normalized) for the template event (blue) and randomly generated small target event (black). To mimic
a foreshock sequence, the moment rate function (MRF) of the target event is designed to be much longer and complex than that of the template event. (c) Comparison of
input coherent‐power series from target‐event MRF (solid line) and output coherent power series (within 2–8 Hz, dashed dotted line) calculated by phase coherence,
with a step of 2 s. The input coherent‐power series is calculated by summing the square of tapered target‐event MRF (within 2–8 Hz) in 4‐s long moving windows,
normalized by the total template‐event MRF power. (d) Consistency of the input and estimated moment‐rate power from 500 realizations, by comparing the value of two
power series at time zero (c). The blue dashed line shows a 1:1 line. The inset histogram shows the distribution of the ratio between estimated and input power.
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2.2. Identification of Clustered Foreshock Sequences Along the SJFZ

We use the phase‐coherence power calculation to search for clustered foreshocks in the seconds before all
699 M ≥ 2.5 earthquakes that occurred from 2000 to 2023 along the SJFZ. In our analysis, we first extract high‐
quality multi‐station, multi‐channel P‐wave template waveforms by selecting 2‐s long windows around the
mainshock P‐wave arrivals and requiring them to have a high signal‐to‐noise ratio (>5). As a result, 681 events
are retained, with the majority recorded by over 15 stations within 50 km epicentral distance (Figure S1 in
Supporting Information S1). As for the synthetics tests, we cross‐correlate the template waveforms with the pre‐
mainshock seismograms and then compute the power that is coherent across stations in 4‐s windows, starting
every 2 s in the 200 s before the mainshock. Our goal is to identify clustered foreshock sequences. So we first
identify events which have a median coherent power within the last 6–50 s that exceeds 10 times the absolute
background coherent power. Then we use a standard matched filter approach to check that the power comes from
multiple foreshocks. We cross correlate the mainshock template with the pre‐mainshock seismogram and retain
only events that have at least two peaks in the last 20 s. This additional criteria helps identify foreshocks with
clustered features instead of only a single foreshock (see Text S1 in Supporting Information S1 for more details on
detection threshold and data processing).

3. Results
We find that 19 (M 2.5–4.7, Table S1 and Figures S2, S3 in Supporting Information S1) among 681 events have
clustered foreshocks. The 19 events are only a small fraction of the total analyzed events; a collection of all 681
coherent‐power series shows that most events are not preceded by elevated coherent power (Figure S4 in Sup-
porting Information S1). However, the newly detected clustered foreshocks are still significant, as such accel-
erating immediate foreshocks have rarely been observed in nature (e.g., Peng & Lei, 2024; Tape et al., 2018). The
detections of 19 sequences remain significant when we vary the parameters of frequency band or window length
during coherent‐power calculation (Figures S5 and S6 in Supporting Information S1).

Note that our 19 detections exclude a number of earthquakes that appear to have a single immediate foreshock.
For example, 12 earthquakes, including the 2016M 5.2 Borrego Springs event, appear to have a foreshock within
4 s of the mainshock. These events show elevated coherent power in the last time window and only one cross‐
correlation peak (Figure S7 in Supporting Information S1). Our focus, though, is on the evolution of clustered
foreshock sequences, so we exclude such events for further discussions.

The identified sequences are mostly located along the central fault strand of the SJFZ (Figure 1a). All 19 se-
quences identified via coherent power are also clearly visible as 5 to 20‐s‐long seismic signals that lead up to the
mainshock (Figures 2a and 2b; Figure S3 in Supporting Information S1). For instance, Figure 2 shows the se-
quences before event 6 and 8, with the enlarged pre‐P waveforms showing enduring seismic signals in the 2–8 Hz
band. The coherent power series provides new constraints on the temporal evolution of total source power around
the template, which is not available from the matched‐filter cross‐correlation coefficients. During the time periods
of moment‐rate power build‐up, the average correlations exhibit multiple peaks with high significance, validating
that multiple sources radiate P waves intensely within seconds. A search over 3‐D location grids shows that these
significant correlation peaks correspond to at least 4 or 6 foreshocks located within ∼130 m from their respective
mainshock centroids (Text S1 and Figures S8–S12 in Supporting Information S1). The foreshock location appears
to change with time; we see a changing distance from the mainshock centroid in Figures 2b and 2e. However, the
∼130‐m spatial distribution of foreshocks is small enough that foreshocks could be migrating within the rupture
zone of the M ∼ 2.5 mainshocks; a M 2.5 earthquake with a 0.3 to 30‐MPa stress drop has a diameter around
60–270 m.

Figure 4 shows the precursory coherent‐power evolution for 12 selected sequences (see Figure 1 for location).
Results for the remaining 7 events are provided in Figure S3 in Supporting Information S1. Foreshock sequences
generally show a growth in power during the tens of seconds before the mainshock, but there is variability in the
duration and smoothness of the build‐up phase. For example, for event 8, the build‐up phase lasts ∼13 s, while
event 9 has a ∼5 s‐long build‐up phase. The smoothness of the build‐up phase also varies: events 1, 2, 5, 6, 8, 9,
10, and 12 are preceded by relatively continuous power build‐up; power build‐up is more episodic before events 3,
4, 7, and 11, and before the remaining 7 events shown in Figure S3 in Supporting Information S1. Note that power
build‐up can only be resolved for time periods longer than 4 s, as the windowing smooths over that interval.
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Interestingly, all 19 identified clustered foreshock sequences occur near the bottom of the seismogenic zone of the
SJFZ (Figure 1b). The depths of the identified sequences range from 10.3 to 16.2 km (mean:∼13.4 km), all below
the mean depth of the whole catalog (∼10.0 km). The proportion of events having clustered foreshocks within the
10.3–16.2 km depth range is ∼5.3%, higher than the overall rate of clustered foreshocks (∼2.8%). This indicates a
tendency of clustered foreshocks to occur at the deeper part of the seismogenic zone.

4. Discussion
Through a systematic search before 681 M ≥ 2.5 seismicity along the SJFZ, we find 19 clustered foreshock
sequences, where source power is elevated in the 5–20 s before the mainshock. These rare observations are useful,
as they may be associated with nucleation processes before M 2.5–4.7 natural earthquakes. Two features of our
detections are of particular interest: the build‐up of source power before mainshocks and the tendency for
clustered foreshock sequences to occur near the base of the seismogenic zone. This may suggest that foreshocks
cluster and build up in power under some range of fault conditions.

The moment‐rate power build‐up toward the mainshocks indicates that the observed foreshocks tend to grow in
magnitude or frequency toward the mainshock time. This behavior differs from typical mainshock‐aftershock
sequences (Mogi, 1963), where earthquakes are followed by smaller aftershocks and the seismicity rate decays
with time (Omori, 1894). At least three possible scenarios could account for the moment‐rate power growth. In the

Figure 4. Elevated coherent power before 12 identified earthquakes along the San Jacinto fault zone. Red circles and gray triangles denote positive and negative coherent
power, respectively, while blue lines are average cross‐correlation coefficients (see Main Text). Green dashed lines denote 9 times the median absolute deviation of the
cross‐correlation trace between − 200 and − 50 s. Results for the remaining 7 events are shown in Figure S3 in Supporting Information S1. The mainshock information is
shown in the title. The event labels are marked alongside with locations shown in Figure 1.
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first scenario, there are hierarchical asperities on the fault (Ellsworth & Beroza, 1995; Ide & Aochi, 2005; Okuda
& Ide, 2018), resulting in sequential ruptures from smaller asperities to larger ones (Figure 5a). In the second
scenario, there are numerous densely packed, similarly sized small asperities that break more and more often with
time (Figure 5b). These two scenarios are types of cascade triggering (Ellsworth & Bulut, 2018), where fore-
shocks trigger each other via event‐to‐event static or dynamic stress transfer.

The third scenario, on the other hand, is a preslip model, where foreshocks are mainly driven by slow slip
(Bouchon et al., 2011; Kato et al., 2012; Meng et al., 2015; Tape et al., 2018). In this scenario, foreshock asperities
are more sparsely distributed; they rupture increasingly frequently in response to accelerating slow slip in the
nucleation area (Figure 5c). All three scenarios can explain the sequential rupture of asperities building up in
power. But for the cascade‐triggering scenarios 1 and 2 to explain the seconds‐long power build‐up, which is
much longer than the duration of individual foreshocks, some physical process for delayed triggering needs to be
invoked; this could be an external process like slow slip or fluid flow (e.g., Hill et al., 1993; Kaneko et al., 2019),
or it could be a minimum timescale for foreshock nucleation (as in, e.g., Gomberg et al., 2005).

Further insights about the physical processes involved in nucleation may come from the location of clustered
foreshock sequences. In the shallow seismogenic zone of a fault, the friction generally decreases when slip ve-
locity increases (it is velocity‐weakening, VW), while as the fault goes deeper, conditions transition to a regime
where the friction increases when sliding velocity increases (velocity‐strengthening, VS). The VW and VS re-
gimes promote unstable and stable fault slip, respectively (Scholz, 1998). The clustered foreshocks identified
along the base of the seismogenic zone of the SJFZ are likely located near the transition from VW to VS friction.
Complexity in this region could facilitate complex fault slip patterns (Ando et al., 2010; Barnes et al., 2020;
Dublanchet et al., 2013; Luo & Ampuero, 2018; Skarbek et al., 2012). This transition zone of the SJFZ has been
widely studied by various approaches. For instance, Wdowinski (2009) used geodetic and seismic data to identify
deep creep (10–17 km depth) that could promote excess small earthquakes near the base of the seismogenic zone.
Abolfathian et al. (2019) used high‐resolution stress inversions to show the change of stress field at >9 km depth,
implying a change of fault mechanical behavior at the transition zone. Numerical simulations have shown that
frictional heterogeneity in the transition zone can permit observed shallow geodetic fault locking (Jiang &
Fialko, 2016). Previous studies have also observed slow‐slip transients near this zone of the SJFZ using geodetic
data and repeating earthquakes (Inbal et al., 2017; Shaddox et al., 2021). The inferred repeating earthquakes and
aseismic‐slip transients overlap spatially with the clustered foreshock sequences in this study (Figure S13 in
Supporting Information S1).

Our identified foreshock sequences differ from another phenomenon identified near the seismic‐aseismic tran-
sition: from tectonic tremor. The identified foreshocks have similar impulsive P waves (e.g., Figure 2) as the

Figure 5. Sketch of possible fault ingredients for extended source‐power build‐up during foreshocks. (a) Different‐sized asperities nested in a hierarchical structure.
Gray indicates velocity‐weakening, unstable patches capable of generating earthquakes, while orange indicates velocity‐strengthening, stable patches or patches with
slow‐slip rheology. (b) Densely packed similar‐sized foreshocks and a nearby larger mainshock. (c) Sparsely distributed foreshocks embedded within velocity‐
strengthening or slow‐slip zones, with the mainshock patch having larger average Lc than foreshocks.
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mainshock and thus likely reflect fast‐slip seismic ruptures of smaller asperities. This implies that their source
processes are different from other slower seismic processes such as tectonic tremor widely found along the base of
the seismogenic zone near Parkfield (Shelly, 2017) in the central San Andreas fault. The clustered foreshock
sequences may bear more source similarities to repeating or hierarchical earthquakes (Okuda & Ide, 2018; Uchida
et al., 2012): they both interact with nearby aseismically slipping regions. Compared to repeaters re‐rupturing the
same asperity, clustered foreshock sequences may involve more frequent ruptures of different small asperities.
Globally, larger‐scale days‐to‐months long slow slip events are also observed near the VW to VS transition in
subduction zones (e.g., Dragert et al., 2001; Ito et al., 2007; Nishikawa et al., 2023; Obara & Kato, 2016). Though
frictional transition appears to be common fault conditions, the physical mechanism that creates extensive and
various‐scale slow slip remains unclear (Harbord et al., 2017; Huang & Hawthorne, 2022; Ide & Beroza, 2023;
Liu & Rice, 2005; Rubin, 2008).

Our observations of closely spaced foreshocks and mainshocks could imply that the transition zone on the SJFZ
contains numerous patches with a range of sizes and frictional properties. Foreshock sequences may occur in the
transition zone because rupture starts rapidly on a small unstable patch, slows when it reaches a stable region at
the patch edge, but then continues and accelerates into another, larger foreshock when it reaches a nearby patch.
These foreshocks may cascade into a mainshock. Alternatively, our observations could imply that the frictional
properties of the transition zone promote preslip. The frictional properties of the fault control the earthquake
nucleation size Lc: the smallest area that can accelerate independent of its surroundings (Chen & Lapusta, 2019;
Harbord et al., 2017). The total mainshock area may have a relatively large Lc, as expected near the VW to VS
transition. This large Lc would allow a large (∼100‐m) region to accelerate aseismically. But small foreshock
patches within that region could have smaller Lc and permit localized seismic slip during the mainshock
nucleation. It is noteworthy that cascade and pre‐slip scenarios may oversimplify nucleation processes (Martínez‐
Garzón & Poli, 2024). The combined effects of cascade and preslip are also possible, as recent laboratory studies
show that a fault patch may have temporally shrinking Lc caused by increasing loading rate and is finally ignited
by a small foreshock (Guérin‐Marthe et al., 2019;McLaskey, 2019). During this process, slow slip and foreshocks
can interact in a positive‐feedback manner, resulting in overall slow acceleration of foreshocks (Cattania &
Segall, 2021).

With just our observations, it is not possible to distinguish the above three scenarios, especially based on seis-
mological data alone. Cascade and pre‐slip scenarios could result in similar characteristics in foreshock se-
quences, such as clustered or accelerating foreshocks (e.g., Bouchon et al., 2011; Ellsworth & Bulut, 2018). Pre‐
slip models involve slow‐slip propagation thus may result in systematic migrations of foreshocks. Our obser-
vations show that four to six individual foreshocks before two events are evolving in space (Figure 2) but the
pattern is not systematic. Geodetic data are critical to nail down the relative contribution of aseismic and seismic
deformation (e.g., Socquet et al., 2017), but is difficult to be applied to seconds‐long scale here. Nevertheless,
some speculations might be made to compare our results with existing laboratory or natural earthquake obser-
vations. For example, if we go ahead and speculate that foreshocks are embedded in a pre‐slip region (scenario 3),
we can use our observations to make some inferences about the evolution of slip during nucleation. To do so, we
assume that foreshocks are simply caused by aseismic loading, such that the foreshock rate is proportional to the
slow‐slip moment rate. If we assume that foreshock magnitudes are independent of time, this means that the
moment‐rate‐power growth rate we observe should be proportional to the slow‐slip moment rate. We find that for
three mainshocks (event 6, 8, and 12) which have simple power build‐up phases, the moment‐rate power evo-
lution can be well fit by an exponential or power‐law function (Figure S11 in Supporting Information S1). Such
evolutionary functions are consistent with exponential accelerations of rupture velocity or seismicity rate seen in
M < 0 laboratory earthquake experiments (Hulbert et al., 2020; Latour et al., 2013; Passelègue et al., 2017;
Yoshida & Ogawa, 2004), stacked foreshock rates of M > 7 interplate earthquakes (Bouchon et al., 2013), and
pre‐mainshock (M > 7) stacked GPS time series (Bletery & Nocquet, 2023). This consistency could imply that
nucleation phases obey similar functions across different scales, but the scaling is uncertain and warrants further
investigation.

Our observations also have implications for detectability of natural earthquake nucleations. Numerical simula-
tions and laboratory experiments show that fault conditions such as stress heterogeneity (Cattania & Segall, 2021;
McLaskey, 2019), geometry (Yamashita et al., 2021) or pore fluid pressure (Goebel et al., 2024) control the scale
of earthquake nucleation. We show that only a small subset (19 out of 681) of earthquakes near the base of the
seismogenic zone of the SJFZ have detectable nucleation signals. Although our observations of clustered
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foreshocks may be partially limited by resolution and further detections are possible, our results may indicate that
nucleation scales depend on fault conditions and vary along the same fault zone. Under the framework of fric-
tional heterogeneity, the majority of analyzed events (662) that do not show detectable extended nucleation may
occur on fault patches with less VW/VS heterogeneity and/or less density than that outlined in Figure 5. As more
observations accrue, it would be interesting to further test this hypothesis as well as explore other types of
heterogeneity such as stress, geometry or fluids in controlling the nucleation scale of natural earthquakes. On the
other hand, it is unclear whether nucleation scales depend on mainshock magnitudes. However, the measurement
of nucleation time scales for natural earthquakes is somewhat ambiguous because the nucleation process may
consist of several stages (e.g., Martínez‐Garzón & Poli, 2024; Socquet et al., 2017). The 5 to 20‐s‐long seismic
signals prior to 8 events (M 2.57–3.25) with relatively continuous source power growth in our study (e.g., Fig-
ures 2a and 2d) could result from the last stage of nucleation, which appears to be shorter than the duration of
similar clustered seismic signals preceding twoM ∼ 3.7 events (22 and 24 s) in Alaska (Figure S12 in Supporting
Information S1, Tape et al., 2018). The shorter nucleation preceding these smaller events are enticing, and
warrants further work to assess whether temporal and spatial nucleation scales correlate with mainshock
magnitude. To address this problem, we envision a systematic analysis across different magnitude ranges and
tectonic settings.
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