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Abstract Foreshocks provide valuable information on the nucleation process of an upcoming large
earthquake. We applied high-resolution similar-waveform techniques for earthquake detection, location,
and source parameter estimation to understand the space-time evolution of a foreshock sequence and

its relationship to the mainshock hypocenter. The 1999 M,, 7.1 Hector Mine, California, earthquake was
preceded by 50 foreshocks (0.4 < M < 3.7) during the 20 hr before the mainshock. Foreshock activity
did not accelerate leading up to the mainshock. Their locations moved north with time, rupturing adjacent
areas along the fault plane with little overlap, but remained within a compact <2 km3 volume. The
mainshock initiated at a location where previous foreshocks had locally increased the shear stress. These
observations are consistent with a triggered cascade of stress transfer, where previous foreshocks load
adjacent fault patches to rupture as additional foreshocks, and eventually the mainshock.

Plain Language Summary Foreshocks are smaller earthquakes that happen near, but before,

a large earthquake. We can use foreshocks as a tool to help understand how large earthquakes begin.

One model of earthquake initiation holds that small foreshocks directly trigger other small foreshocks by
changing the stress on the fault and, eventually, a large earthquake occurs if the conditions are favorable.
Since earthquakes of all sizes would start out the same way, it is impossible to predict ahead of time which
earthquakes grow large. An alternative explanation holds that smaller foreshocks do not directly trigger the
large earthquake but instead are a symptom of something else happening underground, such as slow fault
movement that does not release ground-shaking waves. Several foreshocks occurred in the 20 hr before the
1999 magnitude 7.1 Hector Mine, California, earthquake. Analyzing records of the ground shaking from
these foreshocks, we found that they are consistent with the former model, where each foreshock triggered
the next one to happen like a line of falling dominoes. We discovered that the large earthquake started

out the same way as the smaller foreshocks, so we could not tell ahead of time that it would eventually
grow large.

1. Introduction

Foreshocks are smaller earthquakes that occur near the location of, but before, an eventual large earth-
quake, which is called the mainshock. About a quarter (Jones & Molnar, 1979; Reasenberg, 1999) to half
(Abercrombie & Mori, 1996) of large earthquakes are observed to have foreshocks. When viewed in retro-
spect, foreshocks are the most obvious precursory signals to the mainshock, so it is important to understand
them. Although foreshocks have been studied at the scale of laboratory stick slip experiments (McLaskey
& Kilgore, 2013; McLaskey & Lockner, 2014; Ohnaka, 1993; Selvadurai & Glaser, 2017) as well as through
direct seismological observations (Bouchon et al., 2011; Chen & Shearer, 2013; Dodge et al., 1995, 1996;
Ellsworth & Bulut, 2018; Savage et al., 2017; Zanzerkia et al., 2003), there remains considerable debate on
how large earthquakes nucleate and what foreshocks tell us about that process.

Earthquake nucleation is often explained in terms of two opposing end-member conceptual models: the
cascade and the preslip models (Beroza & Ellsworth, 1996; Dodge et al., 1996; Ellsworth & Beroza, 1995;
Fukao & Furumoto, 1985; Mignan, 2014). At one end, the cascade model says that foreshocks trigger other
nearby foreshocks and eventually the mainshock, only through stress transfer, with earthquakes starting
at local concentrations of increased stress. The cascade model holds that both small and large earthquakes
initiate in the same way, without knowing ahead of time how large it will eventually get, which implies
that earthquake prediction is effectively impossible (Beroza & Ellsworth, 1996; Ellsworth & Beroza, 1995).
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Figure 1. Map of southern California (red box, inset) with locations of the Hector Mine and Landers earthquakes
shown by right-lateral focal mechanisms. Inverted triangles denote seismic stations used in foreshock detection (blue),
location (blue and cyan), and source parameter calculation (red borders). We obtained Quaternary fault trace data from
U.S. Geological Survey and California Geological Survey (2006) and topography data from Amante and Eakins (2009).

Observations of foreshocks before some large earthquakes have been interpreted to be consistent with the
cascade model (e.g., Ellsworth & Bulut, 2018). The preslip model holds that the foreshocks are triggered by
an underlying physical process, such as aseismic slip, that redistributes the stress along the fault. In this
case, foreshocks are by-products of an underlying process, rather than directly responsible for triggering
each other. The preslip model suggests that the area of the foreshocks may be related to the area of the
underlying aseismic slip, so that the foreshocks contain predictive information about the size of the eventual
mainshock (Dodge et al., 1996). There are other examples of large earthquakes where the foreshock activity
is explained by the preslip model (Dodge et al., 1995, 1996). In addition, recent observations suggest that
some large earthquakes preceded by foreshocks, especially in subduction zones, have been triggered by slow
slip (Bouchon et al., 2013; Kato & Nakagawa, 2014; Kato et al., 2012; Radiguet et al., 2016; Ruiz et al., 2014).

The M,, 7.1 Hector Mine earthquake occurred on 16 October 1999 at 09:46:44 UTC (Figure 1), on a
right-lateral strike-slip fault in the sparsely populated Mojave Desert in the Eastern California Shear
Zone (ECSZ; Scientists of the U.S. Geological Survey et al., 2000). The ECSZ is a distributed region of
north-northwest trending faults east of the San Andreas Fault, which accommodates about 25% of the rel-
ative plate motion between the Pacific and North American plates (Frankel et al., 2008). The recurrence
interval between major earthquakes in the ECSZ can be thousands of years (Treiman et al., 2002). The Hector
Mine earthquake was a complex rupture involving multiple faults; the central fault segment was well ori-
ented for failure at N6° W, but the northernmost and southernmost faults were poorly oriented for failure at
N35° W (Hauksson et al., 2002; Ji et al., 2002). The rupture initiated on a previously unknown north-trending
structure and propagated bilaterally on a N6° W fault structure, later named the eastern branch of the Lavic
Lake Fault (Hauksson et al., 2002; Ji et al., 2002). It then reached the surface, rupturing to the north along
the western branch of the Lavic Lake Fault, as well as to the south along the Bullion Fault, in an arcuate
pattern (Treiman et al., 2002).

Seven years before, the 28 June 1992 M,, 7.3 Landers earthquake ruptured a system of right-lateral
strike-slip faults (Figure 1), located only 20-40 km from the eventual site of the Hector Mine earthquake
(Hauksson et al., 1993, 2002; Ji et al., 2002). The Landers earthquake had a 28-event foreshock sequence
in the 7 hr before the mainshock, which was inferred to result from an aseismic nucleation process
(Dodge et al., 1995). Some studies suggested that the Landers earthquake triggered the Hector Mine
earthquake, not by simple Coulomb stress transfer (Scientists of the U.S. Geological Survey et al., 2000)
but possibly through viscoelastic flow in the ductile lower crust and upper mantle (Freed & Lin, 2001;
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Zeng, 2001). Hauksson et al. (2002) and Chen and Shearer (2013) noted increased seismic activity near the
eventual location of the Hector Mine earthquake immediately after the Landers earthquake.

The Hector Mine earthquake was preceded by 18 foreshocks with magnitudes 1.2 < M < 3.7 (Data Set
S1 in the supporting information) as detected by the Southern California Seismic Network (SCSN), during
the 20 hr before the mainshock (Hauksson et al., 2002). Zanzerkia et al. (2003) manually inspected con-
tinuous seismic data to identify 42 foreshocks during these same 20 hr, precisely located them with the
double-difference method (Waldhauser & Ellsworth, 2000), and found that the mainshock initiated on a dif-
ferent fault plane from the foreshocks; this study seeks to independently verify these results and to update
them through more recent high-resolution methods developed to analyze seismicity. Chen and Shearer
(2013) determined source parameters for the Hector Mine foreshocks and concluded that an aseismic tran-
sient triggered the Hector Mine earthquake, based on the similarity of the foreshock sequence to earthquake
swarms in the area.

This study analyzes the relationship between the M,, 7.1 Hector Mine earthquake and its foreshock
sequence, in order to understand the initiation process of the mainshock, and determine whether it is con-
sistent with the cascade model or the preslip model of earthquake nucleation. We revisit this foreshock
sequence with high-resolution seismological techniques, with a common theme of exploiting similar wave-
forms from pairs of nearby foreshocks. To improve the temporal resolution of the foreshocks, and determine
if seismic activity increased leading up to the mainshock, we systematically detect foreshocks with simi-
lar waveforms using the Fingerprint and Similarity Thresholding (FAST) algorithm (Bergen et al., 2016;
Rong et al.,, 2018; Yoon et al., 2015), inspired by recent data-mining techniques (Section 2). We
then precisely locate the foreshocks and mainshock hypocenter with the double-difference algorithm
(Waldhauser & Ellsworth, 2000), using differential travel times derived by cross-correlation between pairs
of foreshock waveforms (Section 3). Afterward, we use the spectral ratio method (Huang et al., 2016;
Imanishi & Ellsworth, 2006) to estimate reliable source parameters using pairs of similar foreshocks. Finally,
assuming a circular fault rupture model, we examine the cumulative slip and stress change at the main-
shock hypocenter from the eight largest foreshocks, to distinguish between competing models of earthquake
nucleation (section 4).

2. Foreshock Detection

We first automatically detect as many of the smallest foreshocks as possible to improve the temporal reso-
lution of the foreshock sequence. Continuous seismic data from the SCSN is available at the seven nearest
stations (Figure 1, blue triangles) during the 20 hr immediately before the mainshock (Table S1), even
though continuous data were not routinely collected and archived by the SCSN back in 1999. We com-
plete a systematic, comprehensive search for foreshocks, using waveform similarity as a detection criterion,
with the FAST earthquake detection method (Bergen & Beroza, 2018; Bergen et al., 2016; Rong et al., 2018;
Yoon et al., 2015). This data set served as a test case for the newly developed FAST algorithm, which takes
an unsupervised data-mining approach to identify earthquakes with similar waveforms in continuous data,
without requiring prior knowledge of the desired signal. First, FAST independently runs on each compo-
nent of continuous data at each station, with parameters in Table S2, to output a list containing pairs of
times with similar earthquakes. We then combine the FAST outputs from each station through pair-wise
pseudo-association (Bergen & Beroza, 2018), with parameters in Table S3, to detect earthquakes over the
network of seven stations. Finally, we visually inspect waveforms of our detections to set empirical detection
thresholds on the number of stations and the combined FAST similarity (Table S4). Through this procedure
we detected a total of 50 foreshocks during the 20-hr time period, including all 18 foreshocks in the SCSN
catalog (Data Set S1; Figure S1) and 32 uncataloged foreshocks (Data Sets S2 and S3; Figure S2), as well as
three other earthquakes (Figure S3) and four false positive detections (Figure S4). The 50 foreshocks have
similar waveforms at the nearest station HEC (Figure S5). In comparison, Zanzerkia et al. (2003) detected 42
foreshocks by visually inspecting the continuous data, which are all included in the 50 foreshocks detected
by FAST. We computed magnitudes of the 32 uncataloged foreshocks, which range from —0.4 to 1.6, using
the principal component relative-amplitude estimation method in Shelly et al. (2016), described in more
detail in section S1. Figure 2a shows that the 32 smaller uncataloged foreshocks (blue) occur close in time
to the 18 larger foreshocks in the catalog (red) and that the 5-hr quiet period between the two bursts of
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foreshock activity reported by Zanzerkia et al. (2003) remains intact.

Magnitude

t 18/18 catalog events
t +32 new events

Foreshock activity did not accelerate immediately before the mainshock.

|

3. Foreshock Location

We relocate the 42 largest foreshocks and the mainshock using
the double-difference location (hypoDD) algorithm (Waldhauser &

Ellsworth, 2000) to increase the spatial resolution of the foreshock
[ [ NHH sequence and determine precisely the relative location between

20

10 5 0 the foreshocks and mainshock hypocenter, since they have sig-

Hours before mainshock nificant location and depth uncertainties in the existing catalogs

(Figure S8). Section S2 includes full details of the location procedure

b) 34.6°'N

34.59°N -

34.58°N

(Deichmann & Garcia-Fernandez, 1992; Hauksson et al., 2012; Schaff
et al., 2004; Trugman & Shearer, 2017). We use 14 stations to locate the

foreshocks: the seven nearest stations already used for detection (Table
S1; Figure 1, blue triangles) and seven additional stations located farther
away (Table S5; Figure 1, cyan triangles). Inputs to hypoDD include P
and S differential times computed between pairs of foreshocks on each
station through a cross-correlation technique, as well as differential

times between the P arrival at each foreshock and the initial amplitude
rise (first 0.08 s after P arrival) of the mainshock, also obtained through
B cross-correlation. It is important to precisely locate the mainshock rel-
ative to the foreshocks, because a key question we want to answer is
whether the mainshock initiated at a location of increased stress, or
km decreased stress, from the foreshock ruptures. If we cross-correlate an

1 2 extended waveform around the P arrival for a large magnitude mainshock
and a small magnitude foreshock, they would have low similarity and

116.29°'W

1ne2rw 116.26'W thus a low correlation coefficient, due to the presence of clipping in the

Figure 2. Overview of foreshock activity before Hector Mine earthquake: mainshock waveform and differences in frequency content (Zanzerkia
18 catalog foreshocks from Southern California Seismic Network (red), 32 et al., 2003). However, if we limit the cross-correlation window to a short

newly detected smaller foreshocks (blue), of which 24 are located.
(a) Magnitude-time plot of foreshock activity. (b) Map view of foreshock
sequence (circles sized by relative magnitude) and mainshock (hypocenter

time (0.08 s) past the P arrival, the mainshock waveform would not be
clipped, and we would match on the initial amplitude rise of both the

denoted by star) with focal mechanism (Hauksson et al., 2002), with mainshock and foreshock, which can be highly similar (Figure S7).

Quaternary fault traces from U.S. Geological Survey and California
Geological Survey (2006). The blue box indicates the region displayed in
Figure 3a, and depth profiles B-B' are shown in Figure 3b.

We run hypoDD with parameters from Table S6 and weights from Table
S7, starting with the same initial location for all 42 foreshocks and the
mainshock, with a 1-D layered velocity model from Kamer et al. (2017)
(Table S8). We cannot constrain the absolute depth of these earthquakes
because there are no nearby stations (Ji et al., 2002); the distance to the
nearest station HEC is 26 km, which is at least several times their likely source depths. Therefore, we test
five different trial depths, all plausible, for the starting location used in hypoDD: 3, 5, 8, 10, and 15 km
(Figure S9), which are representative of the range of depths for these earthquakes reported in the literature
(section S2). Location uncertainties are within the range of 10-120 m horizontally and 40-700 m vertically
for most events. The location of the largest M 3.7 foreshock, which has P phases that are not as highly corre-
lated with the other foreshocks, varies depending on the starting depth and has the largest uncertainty (up
to +1.2 km vertically). Although the relocated earthquake depths are dependent on the starting trial depth,
we are primarily interested in observations of robust common features in the relative locations between the
foreshocks and mainshock, which are insensitive to the assumed starting depth. In Figures 3 and 5, we
report locations from the 8-km starting trial depth (Figure S9c).

The foreshocks and mainshock hypocenter are located on the eastern branch of the Lavic Lake Fault, which
did not rupture to the surface (Figure 2b) (Hauksson et al., 2002; Ji et al., 2002; Treiman et al., 2002). Most
foreshocks are located on a N10° W fault plane (Figures 2b and 3a), consistent with the orientation of one
nodal plane of the mainshock focal mechanism (Hauksson et al., 2002), and the focal mechanisms for the
largest foreshocks, which have considerable errors from 16° to 54° in fault plane orientation (Yang et al.,
2012). The mainshock hypocenter is located on the same fault plane as the foreshocks (Figures 2b and
3a), which was also observed by Chen and Shearer (2013), but is inconsistent with Zanzerkia et al. (2003),
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Figure 3. Space-time evolution of 42 located foreshocks (circles sized by relative magnitude, colored by time) of the
Hector Mine earthquake (mainshock hypocenter denoted by star): (a) map view, (b) depth cross section along
southeast-to-northwest profile B-B' parallel to fault strike, and (c) along-strike time evolution of foreshocks leading up
to mainshock. Locations were obtained with a trial starting depth of 8 km. Circles with thick edges in (a) and (b)
indicate the eight largest foreshocks for which source parameters and rupture dimensions are calculated in Figure 5. In
(a), the mainshock focal mechanism is from Hauksson et al. (2002), and the focal mechanisms for the eight largest
foreshocks in Figure 5 (except for foreshock 4) are from Yang et al. (2012).

who found that the mainshock initiated about 0.5 km east of the fault plane containing the foreshocks.
The foreshocks during 20-13 hr before the mainshock started tightly clustered together (red-orange circles,
Figure 3). Starting 8 hr before the mainshock, the foreshocks migrated mostly to the north along the fault
(Figure 3c; cyan-blue circles, Figure 3), although remaining in a compact <2-km? volume. Some of the fore-
shocks in Figures 2b and 3a (foreshocks labeled as 3 and 7) are located along a conjugate fault plane striking
~60° northwest relative to the primary N10° W fault plane containing most of the foreshocks, although the
existence of this conjugate fault plane is uncertain since it is not apparent in the foreshock locations from
other trial starting depths such as 3, 5, and 15 km (Figure S9). The mainshock (black star, Figures 2b and 3)
initiated near the north end of the foreshock zone, close to the later foreshocks.

4. Source Parameters and Slip Models of Largest Foreshocks

We extend our analysis beyond point source locations by estimating spectral source parameters for the
eight largest foreshocks to model their rupture areas. From this we analyze how the slip and stress changes
from each foreshock affect subsequent foreshocks and eventually the mainshock nucleation. Although
the foreshock waveforms are similar, knowing their source dimensions allows us to distinguish between
two possible scenarios: nonoverlapping ruptures of neighboring fault patches, which would support the
cascade model; versus repeated rupture of the same fault patch, which would support the preslip model.
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Figure 4. Source parameter estimation for eight largest foreshocks with an eGf approach, using the spectral ratio method (Imanishi & Ellsworth, 2006). Each
plot has a spectral ratio estimate between the master event (always the M 3.7 largest foreshock with SCSN id 9108606) and a different eGf event (smaller
foreshock with magnitude and SCSN id in title). Spectral ratio estimates at a given station that are above the signal-to-noise threshold (thin colored lines labeled
by station) are used to calculate the average spectral ratio (thick gray line), which is fit to a Boatwright spectral model (equation 1, Boatwright (1980); thick red
line) to estimate the master event corner frequency f,;, eGf event corner frequency f,,, and their ratio of seismic moments M, = My; /M,. The lower right plot
compares the M,, moment magnitudes calculated from the ratio of seismic moments (blue; Table 1, column 6) with the catalog magnitudes (red; Table 1,
column 2) for all eGf events, assuming that M,, = 3.7 from the catalog for the master event. See section S3 for full details about the spectral ratio calculation and
corner frequency estimation.

Ellsworth and Bulut (2018) performed a similar analysis of the four largest foreshocks preceding the 1999
M, 7.1 Izmit, Turkey earthquake, which also had a right-lateral strike-slip mechanism, and determined that
the foreshocks progressed unidirectionally as a series of linked ruptures to the mainshock. Their conclusion
disagreed with Bouchon et al. (2011), who concluded that the waveform similarity of the Izmit foreshocks
implied the existence of aseismic slip driving the mainshock.

We start by estimating the corner frequency f, from the spectrum of the seismic source for each of the
eight largest foreshocks (2.2 < M < 3.7), following the spectral ratio method (Huang et al., 2016;
Imanishi & Ellsworth, 2006). This method is based on an empirical Green's function (eGf) approach, which
uses two nearly colocated earthquakes with very similar waveforms, one larger (the master event) and one
smaller (the eGf event), in order to cancel out path and site effects common to both earthquakes, leaving
behind the source signature. At four SCSN broadband stations (Figure 1, red triangles; Table S9), we take a
10.24-s time window around the S arrival and compute the frequency spectrum for both earthquakes. We
divide the spectrum of the master event by the spectrum of the eGf event to get the spectral ratio at each
station, then compute the average spectral ratio over all stations (Figure 4, thick gray line). To estimate the
corner frequencies f,; and f,, for the master and eGf events, respectively, and their seismic moment ratio
M, = M, /M,, (Figure 4), we fit the average spectral ratio to a Boatwright spectral model (Boatwright,

r

1980) with y = 2:

w(f) My “(fé)m 7 1)
u,(f) Mg, 1+<fL>yn ’

where f is frequency, u, (f)/u,(f) is the average spectral ratio, n = 2 is the high-frequency falloff rate, and y
is a constant that controls the sharpness of the spectrum corner. Columns 3 and 4 in Table 1 contain f, and
M, = M,,/M,, estimates, respectively, for the eight largest foreshocks. Section S3 describes the spectral
ratio calculation and corner frequency estimation in detail, while section S4 (Taylor, 1997) explains how we
determined uncertainties for the f, and M, estimates and propagated these errors to the calculated source

parameters in Table 1.
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Figure 5. Cumulative static stress change (MPa) on fault plane from eight largest foreshocks in time order. Locations were obtained with a trial starting depth
of 8 km (Figure 3). Source parameters (radius R, average slip D, constant stress drop Ao for the current foreshock in the upper left corner) for this figure were
calculated using k = 0.21 (Madariaga, 1976), with parameters in Table 1. Models for slip (equation (5)) and the cumulative static stress change are from
Andrews (1980). Foreshock locations (white numbers next to black error bars) and mainshock hypocenter (black star) are from Figure 3. In the last plot, the
green rectangle is the smallest box containing all foreshock hypocenters including their uncertainties, while the black rectangle is the smallest box containing
all foreshock rupture areas along the fault. It is possible that foreshocks 3 and 7 are located on a conjugate fault plane instead of the primary N10° W fault plane
(Figure 3a), but this conjugate fault plane is not apparent in foreshock locations from other trial starting depths (Figure S9).

We assume a circular fault rupture model for the foreshocks, with radius R given by

kv

S

:TC,

where v, = (3.54 + 0.25) km/s for the S wave velocity at the 8-km foreshock depth (Table S8), f, is the
estimated corner frequency, and k is a constant that depends on the particular theoretical rupture model
relating corner frequencies to the source dimension (Kaneko & Shearer, 2014). The uncertainty in v, comes
from the range of possible v, values in the velocity model at the trial depths, from 3 km (v, = 3.29 km/s) to
15 km (v, = 3.78 km/s). We calculate the source radius for two end-member rupture models to represent
a range of possible source dimensions. At one end, k = 0.37 for S waves in the Brune (1970) model, which
is a kinematic model with instantaneous rupture within the circular crack. At the other extreme, k = 0.21
for S waves in the Madariaga (1976) model, which is a dynamic model with constant rupture velocity 0.9,
propagating radially outward in the circular crack. This range of source dimensions includes intermediate
values that may result from other rupture scenarios, such as Sato and Hirasawa (1973) (k = 0.29 for S waves)
or Kaneko and Shearer (2014) (k = 0.26 for S waves). Column 7 in Table 1 has R values for the eight largest
foreshocks.

R 2

The average slip D on the circular fault patch is

M,

= —, 3
s 3

where M, is the seismic moment, 4 = 30 GPa is the assumed shear modulus, and R is the source radius from
equation (2). M, is computed directly from the catalog magnitude M,, = 3.7 for the largest foreshock, while
M, is computed from the moment ratio M, = M, /M,, estimates for the other seven foreshocks (section
S3). Columns 5 and 8 in Table 1 contain M, and D values, respectively, for the eight largest foreshocks.

The static constant stress drop Ac within the circular fault patch (Eshelby, 1957) is
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For the eight largest foreshocks, the stress drops from the Brune (1970) model (k = 0.37) are relatively low,
between 0.1 and 1.9 MPa, while the stress drops from the Madariaga (1976) model (k = 0.21) have more
typical values ranging from 0.4 to 10.5 MPa (Table 1, column 9). These results are consistent with the low
stress drops (median value 1.04 MPa) determined for these foreshocks by Chen and Shearer (2013), who
used a different method to estimate corner frequencies.

We also calculate source dimensions using a third model, making the commonly used assumption ofa Ac =
3 MPa stress drop for each foreshock (e.g., Dodge et al., 1996). Setting M, as the catalog magnitude (Table 1,
column 2), we solve for the seismic moment M, using equation (S6), then use equation (2) to solve for the
source radius R (Table 1, column 7), and subsequently compute the average slip D (Table 1, column 8). These
R and D values, calculated assuming Ac = 3 MPa, do not depend on the spectral ratio f, and M, estimates.
Even if the f, and M, values estimated from the noisy spectral ratios in Figure 4 are inaccurate, the resulting
R and D source parameters can be compared against those calculated with the Ac = 3 MPa assumption.

For each foreshock, we model the slip within the circular fault rupture using this function from Andrews
(1980):

3

d(r) = D[l‘(ﬁﬂz r<Rr. s)
0

r>R

where r is the radius within the circular fault rupture, R is the source radius (equation (2)), and D is the
average slip (equation (3)). The static shear stress change derived from this slip model does not have a non-
physical singularity at the rupture edge (Andrews, 1980). With this model, each foreshock decreases the
stress within the source radius, while the stress immediately outside the fault rupture increases locally but
quickly decays with distance away from the rupture. This model, also used by Ellsworth and Bulut (2018)
to study foreshocks of the Izmit earthquake, can help us examine how local stress changes from previous
foreshocks influence later foreshocks and the mainshock.

We assume that the eight foreshocks with measured source dimensions and the mainshock hypocenter are
located on the same fault plane, since our precise locations show that most foreshocks lie on a fault plane
consistent with the mainshock focal mechanism (Figures 2b and 3a), and the largest foreshocks have similar
focal mechanisms to each other and to the mainshock (Hauksson et al., 2002; Yang et al., 2012; Zanzerkia
et al., 2003), with consistent first motions at the 14 stations used for location (Figure 1; Table S5). For each
foreshock, we project its location onto the fault plane (Figure 3b), use equation (5) to model slip on a circular
patch centered at this location, and calculate the resulting shear stress change (Andrews, 1980). We can do
this because the double-difference location uncertainties (section 3) are comparable to, or smaller than, the
source radius R estimates. It is possible that foreshocks 3 and 7 are located on a conjugate fault plane instead
of the primary N10° W fault plane (Figure 3a), but this conjugate fault plane is not apparent in foreshock
locations from other trial starting depths (Figure S9), so we consider the most general case that all eight
largest foreshocks are on the N10° W fault plane.

Figure 5 shows the cumulative shear stress change along the fault from the eight largest foreshocks in time
order, for a trial starting depth of 8 km (Figure 3), with source parameters calculated from the Madariaga
(1976) model with k = 0.21 (Table 1). Most of the foreshocks rupture on a part of the fault adjacent to, but
not overlapping with, ruptured areas from previous foreshocks, often initiating at a location where previ-
ous foreshocks have locally increased the stress (red), which is consistent with a cascade of stress transfer
between neighboring foreshocks. Foreshocks 3 and 7 appear to be exceptions, rupturing almost the same
fault patches as foreshocks 2 and 1 (blue), respectively, but if these events are located on the apparent con-
jugate fault plane striking ~60° northwest relative to the main N10° W fault plane (Figure 3a), there is very
little overlap between rupture areas of previous foreshocks. Finally, the mainshock (black star, bottom right)
nucleates just outside foreshock 8, at a local stress concentration around this compact, higher-stress-drop
foreshock.

Figure S10 displays a more detailed uncertainty analysis of the cumulative shear stress changes from the
eight largest foreshocks, and the eventual mainshock hypocenter, for different trial starting depths (each
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Mainshock Moment vs Foreshock Radius
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Figure 6. Observed scaling between foreshock area and mainshock size for
six strike-slip earthquakes in California, modified from Dodge et al. (1996).
This study adds a data point for the Hector Mine earthquake. Green squares
indicate the area of the smallest rectangle containing all foreshock
hypocenters including their uncertainties (green boxes for each trial starting
depth for Hector Mine, Figure S10), while black squares show the area of
the smallest rectangle containing all foreshock rupture areas along the fault
(black boxes for each trial starting depth for Hector Mine, assuming the
Madariaga, 1976, rupture model; Figure S10). The vertical axis plots the
radius of the circle with the same area as these rectangles. The horizontal
axis denotes the mainshock seismic moment, and thus magnitude. Black
dots show estimates of source radius for other earthquakes from the
Ellsworth and Beroza (1995) study of the seismic nucleation phase, and the
red dot denotes the radius of the Hector Mine foreshocks as estimated by
Chen and Shearer (2016). The diagonal straight lines are a least squares fit
to the data and the 1o boundaries from the fit by Dodge et al. (1996).

column: 3, 5, 8, 10, and 15 km) and source parameters calculated using
different model assumptions (Table 1): two end-member rupture mod-
els from (a) the Madariaga (1976) model with k = 0.21 to (b) the Brune
(1970) model with k = 0.37, as well as (c) the commonly assumed
Ac = 3 MPa stress drop. The location of foreshock 6, which is the largest
foreshock (M 3.7) with a relatively low stress drop, varies depending
on the trial starting depth. However, we make the following observa-
tions from the Madariaga (1976) model that are robust, regardless of the
starting trial depth: Most of the foreshock rupture areas lie adjacent to
each other with little overlap, and the mainshock hypocenter is located
where previous foreshocks increased the shear stress. These observations
are consistent with a cascade of stress transfer from foreshock to fore-
shock to mainshock. In contrast, with the Brune (1970) model, the slip
is spread out over a larger area, so the peak cumulative slip and stress
drops are lower, there is some degree of overlap between foreshock rup-
ture areas, and the mainshock sometimes (though not always) nucleates
in an area where previous foreshocks have reduced the stress. However,
we prefer the Madariaga (1976) model for our interpretations, because
it is a more realistic dynamic model with a finite rupture propagation
velocity, than the Brune (1970) model, which assumes instantaneous
rupture propagation. The foreshock rupture areas determined from the
Ao = 3 MPa stress drop assumption, which are completely independent
of the spectral ratio estimates in Figure 4, closely resemble the rupture
areas from our preferred Madariaga (1976) model with comparable stress
change levels; our observation of adjacent rupture areas with little over-
lap, with the mainshock nucleating at a location of increased shear stress,
remains valid.

5. Discussion

The M,, 7.1 Hector Mine mainshock nucleated at a location along the
fault that had been loaded by a sequence of several foreshocks in the pre-
vious 20 hr; the simplest explanation, and our preferred interpretation,
for this earthquake sequence is that they triggered each other through a
cascade of stress transfer. This observation holds regardless of the start-
ing trial depth, so the interpretation is robust despite the uncertainty in
absolute depth. It is not necessary to invoke aseismic slip nor high fluid
pressure to explain the foreshocks and mainshock nucleation process
for the Hector Mine earthquake. However, given existing observations
of these earthquakes, we cannot rule out these external physical driving

mechanisms either. No independent geodetic observations of aseismic slip before the Hector Mine earth-
quake have been measured, but it is possible that aseismic slip below the geodetic detection threshold of M,
4.5 may have been present (Mellors et al., 2002; Roeloffs, 2006). In contrast to our interpretation, Chen and
Shearer (2013) inferred that the Hector Mine foreshocks and mainshock were triggered by an underlying
aseismic transient, since these earthquakes had similar characteristics to other swarms in the ECSZ thought
to be triggered by fluid flow: systematic spatiotemporal migration of the foreshocks with diffusion-like speed,
and low stress drops. Based on a statistical analysis of earthquake catalogs, Chen and Shearer (2016) argued
that foreshocks of M > 5 earthquakes in California (including the Hector Mine earthquake) are indepen-
dent of mainshock nucleation processes, whether cascading or aseismic, and that it is difficult to distinguish
foreshocks from random clusters of small earthquakes that do not culminate in a large mainshock. Regard-
less of the physical triggering mechanism for the Hector Mine earthquake and its foreshocks, the question
of how and why the rupture sometimes gets large, and sometimes does not, remains.

Dodge et al. (1996) observed a scaling relationship between the radius of the area covered by the foreshocks
and the seismic moment of the eventual mainshock for six strike-slip earthquakes in California (Figure
6), which is consistent with the preslip model, where foreshocks are by-products of aseismic slip in the
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earthquake nucleation process. Chen and Shearer (2016) revisited this scaling relationship by analyzing
14 mainshocks in California with swarm-like foreshock sequences, including the Hector Mine earthquake.
Although their estimate of the Hector Mine foreshock radius (Figure 6, red dot) agreed with this scaling
relationship, they ultimately concluded, based on the rest of their foreshock-mainshock data, that the fore-
shock area has no correlation with the eventual mainshock magnitude and furthermore that foreshocks are
independent of the mainshock nucleation process. We find that the radius for the Hector Mine foreshocks,
calculated from the models in Figure S10a for the full range of starting trial depths, is inconsistent with the
Dodge et al. (1996) scaling relationship (Figure 6); the foreshock area is much smaller than expected for an
eventual M,, 7.1 mainshock, lying outside the 1o boundaries of the least squares fit that defines the scaling
relationship. This observation provides additional evidence to support the “cascade model” for foreshocks
and mainshock nucleation for Hector Mine.

This study is limited by the lack of near seismic stations needed to resolve key details about the foreshock
rupture areas and their relationship to the mainshock (Figure 1). Without nearby stations (the nearest
station HEC is 26 km away), we have uncertain depth estimates for the foreshocks and mainshock hypocen-
ter. Without additional constraints, we estimate source dimensions for the foreshocks using circular fault
patches (Figure 5), with a limited number of broadband stations that are not adversely affected by clipping
or excessive noise (Figure 4). If we had a denser seismic network with more stations located near the fore-
shocks, we could get more detailed fault structure information (Ruhl et al., 2016; Savage et al., 2017) and
more precise source parameter estimates from a circular fault model (Ruhl et al., 2017). If we had finite slip
distributions of the Hector Mine foreshocks, they might resolve the heterogeneous stress distribution on
the fault with greater detail, which could constrain our interpretation. For example, two different studies of
the M 4.3 foreshock to the 1992 M, 6.1 Joshua Tree, California, earthquake reached opposite conclusions;
Dodge et al. (1996) used circular fault models and a range of plausible fault dimensions to conclude that the
Joshua Tree mainshock ruptured the same part of the fault as its foreshock, while Mori (1996) calculated a
finite slip model for the foreshock and concluded that the Joshua Tree mainshock rupture was adjacent to,
but did not overlap, the foreshock rupture zone. When in the future a foreshock sequence to a large earth-
quake is captured by a dense “large-N” seismic network with hundreds of stations (Li et al., 2018), there will
be potential for imaging small foreshocks down to magnitude 2 or below with finite fault models, which
would advance our understanding of the relationship between foreshocks and mainshock nucleation. Inde-
pendent near-field geodetic observations of aseismic slip and measurements of fluid pressure would also be
necessary to determine to what extent these potential triggering mechanisms are involved.

Due to observational limitations, our study assumed that the foreshocks occurred on either a single vertical
fault plane, or on two conjugate vertical fault planes, but we cannot rule out the possibility that they hap-
pened on different subparallel fault structures in a distributed damage zone (Savage et al., 2017). Fault zone
complexity and heterogeneity have been associated with foreshocks (Dodge et al., 1996). Cheng and Wong
(2016) found that foreshocks to large strike-slip earthquakes are more likely if an extensional bridge zone
heterogeneity exists between two subparallel fault structures, which is true for the complex Hector Mine
earthquake rupture (Hauksson et al., 2002; Ji et al., 2002; Treiman et al., 2002). Chen and Shearer (2016)
found that foreshocks in California are more likely to occur at extensional stepovers, high heat flow regions,
and complex fault zones.

6. Conclusions

This study exploits waveform similarity among earthquakes to detect, precisely locate, and reliably estimate
source parameters for foreshocks of the 1999 M,, 7.1 Hector Mine earthquake. We found that 50 foreshocks
occurred in the 20 hr before the mainshock, including 32 small uncataloged foreshocks with magnitudes
—0.4 to 1.6 (Figure 2a), without any acceleration of foreshock activity leading up to the mainshock. The
42 largest foreshocks, located on a N10° W fault plane consistent with the mainshock focal mechanism
(Figures 2b and 3a), moved north with time but remained within a compact <2-km3 volume (Figure 3). The
mainshock initiated at the north end of the foreshock zone, along the same fault plane as the foreshocks
(Figures 2b and 3), contrary to Zanzerkia et al. (2003) who located the mainshock hypocenter on a different
fault from the foreshocks. Finite source modeling of the cumulative slip and stress changes from the eight
largest foreshocks (2.2 < M < 3.7), assuming a circular rupture model, revealed that their rupture areas
adjoined each other but did not overlap much. The mainshock initiated at a location where the stress had
increased locally, having been loaded by previous foreshock ruptures. These observations can be explained
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by a simple cascade model of earthquake nucleation, where the foreshocks trigger neighboring foreshocks
by transferring stress to adjacent fault patches and eventually trigger the mainshock that grows large. Our
interpretation does not require the existence of an underlying physical process, such as aseismic slip or fluid
flow, to influence the Hector Mine foreshocks and mainshock; observational evidence of these processes is
lacking (although they cannot be ruled out), and the foreshock area is smaller than expected for a M, 7.1
earthquake triggered by aseismic slip (Figure 6). Future progress in understanding foreshock sequences and
large earthquake nucleation requires improved observations, including denser nearby seismic networks to
enable detailed finite source imaging of foreshock sequences.
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